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ARTICLE INFO ABSTRACT

Keywords: Propofol is the preferred anaesthetic for induction and maintenance of sedation in critically ill mechanically
Propofol ventilated COVID-19 patients. However, during the outbreak of the COVID-19 pandemic, regular supply chains
Parenteral lipid nano-emulsion could not keep up with the sudden increase in global demand, causing drug shortages. Propofol is formulated as
](Dxr):gns)l;t?tage an .oil—in—water emulsion wh.ich is .adrninistereq i.ntravenously. T}Tis stud¥ explores the extemporaneo.us prepa-
Compounding ration of a propofol emulsion without specialized manufacturing equipment to temporally alleviate such

shortages. A commercially available lipid emulsion (IVLE, SMOFlipid 20 %), intended for parenteral nutrition,
was used to create a propofol loaded nanoemulsion via addition of liquid propofol drug substance and subse-
quent mixing. Critical quality attributes such as mean droplet size and the volume-weighted percentage of large-
diameter (>5um) droplets were studied. The evolution of droplet size and propofol distribution was monitored in
situ and non-destructively, maintaining sterility, using Spatially Resolved Dynamic Light Scattering and Near
Infrared Spectroscopy, respectively. Using response surface methodology, an optimum was found for a 4 % w/v
propofol formulation with a ~15 min mixing time in a flask shaker at a 40° shaking angle. This study shows that
extemporaneous compounding is a viable option for emergency supply of propofol drug product during global
drug shortages.

1. Introduction

In early 2020, the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) led to the outbreak of the coronavirus disease 2019
(COVID-19) pandemic. Patients infected with SARS-CoV-2 may develop
acute respiratory distress syndrome (ARDS), a life-threatening form of
respiratory failure (Bhatraju et al., 2020; Huang et al., 2020; Wang et al.,
2020). Treatment of ARDS includes invasive mechanical ventilation

which requires intensive care unit (ICU) admission. Deep sedation is
often required during mechanical ventilation to reduce levels of patient
anxiety, pain and agitation (Jacobi et al., 2002). Propofol is the drug of
choice to achieve such sedation (Adams et al., 2020; Ammar et al.,
2021). However, the sudden and drastic increase in global demand,
resulted in shortages of this essential drug.

Propofol (2,6-diisopropylphenol, Fig. 1) is a highly lipophilic
anaesthetic drug (Log P = 3.8, (Thompson and Goodale, 2000)), which
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dynamic light scattering; DoE, design of experiments; GABA, gamma-aminobutyric acid; ICU, intensive care unit; IVLE, intravenous lipid emulsion; MA(H), marketing
authorization (holder); MCT, medium chain triglycerides; NIR, near-infrared; NFS, NanoFlowSizer; OA, oleic acid; OO, olive oil; PAT, process analytical technology;
PFATS5, percentage of fat residing in droplets larger than 5 um; PDI, polydispersity index; propofol, propofol drug substance; PDP, propofol drug product propofol
nanoemulsion; RMSEP, root mean square error of prediction; RVG, register verpakte geneesmiddelen (authorization number at Dutch regulatory agency); SMD,
sauter mean diameter; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SMOF, soy bean, medium chain triglyerides, olive oil, fish oil; SPOS, single
particle optical sizing; USP, united states pharmacopoeia; Z,,, intensity weighted mean hydrodynamic size; ZS, Zetasizer Nano S.
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Fig. 1. Chemical structure of (left) propofol (2,6-diisopropylphenol) and the
main oxidative degradant (right) impurity J (2,6-diisopropyl-1,4-
benzoquinone).

easily crosses the blood-brain barrier (Baker and Naguib, 2005; Walsh,
2018). Propofol primarily acts on the gamma-aminobutyric acid (GABA)
receptor, potentiating the action of the inhibitory neurotransmitter
GABA, resulting in decreased signal transduction (Walsh, 2018). Seda-
tion with propofol is fast, easily controllable and patients generally
rapidly recover from its exposure due the short half-life. Rapid recovery
allows for faster weaning from mechanical ventilation, which is
preferred both due to ventilator associated patient health risks and to
optimize ICU bed usage during high occupancy. Propofol’s unique
pharmacological properties make it the drug of choice to sedate me-
chanically ventilated patients (Jacobi et al., 2002; Shang et al., 2020).

Due to the lipophilic nature of propofol (i.e. oily liquid at room
temperature), commercially available propofol drug products (PDPs)
are formulated as parenteral lipid emulsions (Baker and Naguib, 2005).
During manufacturing, propofol drug substance is first blended with an
oily vehicle which is then emulsified with purified phospholipids. The
resulting coarse emulsion is subsequently homogenized with a high
pressure homogenizer to further reduce droplet size and narrow down
the droplet size distribution. The whole procedure is typically carried
out under an inert atmosphere (e.g. nitrogen) to protect the product
against oxidation. Finally, the emulsion (i.e. propofol drug product) is
filled under an inert atmosphere and terminally sterilized using a
rotating autoclave. The production of such an emulsion is complex and
requires specialized production equipment for emulsification, homoge-
nization and sterilization. The few global manufacturers with such ca-
pabilities were not able to keep up with the sudden surge in demand.

In the Netherlands, several initiatives were taken to prevent an
imminent shortage of PDP. For example, treatment guidelines were
adapted to propofol sparing regimens (Landelijk Coordinatiecentrum
Geneesmiddelen, 2020), PDPs were imported having a marketing
authorisation outside the EU (e.g South Korea, (Inspectie Gezond-
heidszorg en Jeugd, 2020a)) and veterinary PDPs temporarily received
authorisation for human use (Inspectie Gezondheidszorg en Jeugd,
2020Db). In this paper, we describe the fourth strategy: extemporaneous
incorporation of propofol (i.e. the drug substance) to a commercially
available parenteral lipid emulsion (IVLE) intended for parenteral
nutrition to obtain a PDP. The feasibility of this approach was demon-
strated previously (Peeters et al., 2003), but the IVLE used in that study
is no longer commercially available (Table S1).

The present study uses a widely available IVLE and investigates how
mixing parameters and propofol content affect emulsion quality attri-
butes. Specific attention is given to the volume percentage of large
diameter (>5 um) droplets (PFATS). Increased PFATS5 values are early
signs of physical emulsion instability, which, for example via floccula-
tion, coalescence, Ostwald ripening and/or creaming may lead to phase
separation (Driscoll, 2015, 2006; Driscoll et al., 2001). Increased PFAT5
values are therefore linked to decreased infusion safety as the likelihood
of droplet entrapment in blood capillary networks increases, potentially
leading to pulmonary embolisms and/or liver damage (Driscoll, 2006;
Driscoll et al., 2005). In the present study, using multiple Process
Analytical Technologies (PAT), the mixing performance and propofol
uptake in the emulsion was monitored non-invasively, thereby
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maintaining IVLE sterility (Fig. S1). Physicochemical properties of the
IVLE and PDP, aspects of the mixing process relevant for the emulsion
stability and PDP quality attributes were also evaluated.

2. Material and methods
2.1. Materials

The commercially available parenteral lipid emulsion used in this
study was SMOFlipid 20 % (hereinafter named “IVLE”, derived from
“intravenous lipid emulsion”) supplied in 100 ml glass bottles (Fresenius
Kabi AG, Bad Homburg, Germany). The 20 % lipid fraction (w/v) in the
IVLE is composed of 30 % soy bean oil, 30 % medium chain triglycerides,
25 % olive oil and 15 % fish oil. Furthermore, the formulation contains
1.2 % egg lecithin, 2.5 % glycerol, 0.02 % a-tocopherol, 0.03 % sodium
oleate, (all w/v) water for injection and sodium hydroxide to pH ~8.
Propofol (2,6-diisopropylphenol) with a purity of > 97 % and sodium
chloride were obtained from Sigma Aldrich (Burlington, MA, USA). All
solvents used to make HPLC eluent were HPLC grade. Highly purified
medium chain triglycerides, soybean oil and olive oil were acquired
from GustavHeess GmbH (Leonberg, Germany) and purified fish oil was
kindly provided by Lipoid AG (Steinhausen, Switzerland).

2.2. IVLE density

The liquid density of the IVLE was measured in triplicate using the
oscillating tube principle (Densito 30PX, Mettler Toledo, Greifensee,
Switzerland) at 20 °C following the equipment manufacturer’s
instructions.

2.3. Sample preparation

Screening experiments were conducted with 20 ml IVLE in 30 ml
glass vials (Screening Devices, Amersfoort, the Netherlands). Mixing
was performed using a Vortex 3 at 2500 rpm (IKA, Staufen, Germany)
for a fixed duration of 10 min. Follow-up optimization studies were
conducted in the original glass bottles in which the IVLE was supplied.
The original fill level was maintained by removing equal volumes of
blank IVLE prior to addition of the required propofol volume. Optimi-
zation studies were conducted using a SF1 flask shaker (Cole-Parmer,
Stone, UK), the shaking angles varied between 0 and 180°, the operating
speed was kept constant at 800 oscillations/min and the mixing time
varied between 1 and 20 min. During both studies the propofol con-
centration ranged from O to 10 % w/v. The prepared emulsions were
visually inspected to detect the presence of floating propofol droplets or
phase separation.

2.4. Dynamic light scattering (DLS), zeta-potential and pH measurements

A Zetasizer Nano S (Malvern Instruments ltd., Malvern, UK) was used
to measure hydrodynamic droplet size (Z,) and polydispersity index
(PDI) on samples diluted 100 x in distilled water (173° backscattering,
T = 25 °C, using the refractive index and viscosity of water). Zeta-
potential measurements were conducted on a Zetasizer Nano Z (Mal-
vern Instruments Itd., Malvern, UK) and calculated from the electro-
phoretic mobility measured at 20 °C using the instruments dip cell with
samples diluted 200 times in a 10 mM NaCl solution. The pH was
measured using an Aquatrode plus electrode using a 913 pH Meter
(Metrohm AG, Herisau, Switzerland) of individual samples prior to the
measurement.

2.5. Spatially resolved dynamic light scattering (SR-DLS)
Spatially Resolved DLS is a recently introduced technology (Nano-

FlowSizer, NFS, InProcess-LSP, Oss, the Netherlands) for the non-
invasive (inline and online) real-time measurement of highly turbid
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nanoparticle suspensions, both under static and dynamic flow condi-
tions (Besseling et al., 2021, 2019; Schuurmans et al., 2022). SR-DLS is
based on low coherence interferometry, which uses NIR broad band
light (1200-1400 nm) and measures spectral interferograms of 180°
backscattered light. Fourier transformation of each interferogram yields
scatter intensity resolved versus depth in the sample. High speed (~50
kHz) measurement of these profiles yields depth resolved intensity
fluctuations, from which depth resolved correlation functions are ac-
quired (Fig. S2). Multiple scattered light can thus be spatially filtered,
which allows the NFS to measure Z,, and PDI for highly turbid, undi-
luted emulsions in the original IVLE glass container. In concentrated
emulsions, the usual Stokes Einstein relation linking measured diffusion
to droplet size (valid for dilute emulsions) requires a correction factor to
account for hindered diffusion due to droplet interactions and crowding
effects. This is further discussed in Section 3.5.

2.6. Diffuse reflectance near infrared Spectroscopy (DR-NIRS)

Simultaneously with the in-situ SR-DLS droplet size characterization,
Diffuse Reflectance Near Infrared Spectroscopy (DR-NIRS) was used for
the in situ non-invasive determination of propofol content in the original
glass container (Fig. S1). DR-NIR spectra were recorded between 1000
and 2500 nm (resolution 0.25 nm) on a MPA II multi-purpose FT-NIR
analyser (Bruker, Billerica, MA, USA) using a fibre optic probe. Mea-
surements were performed with the probe positioned at half height of
the container; acquisition was performed once the solution had come to
rest after shaking.

2.7. Single particle optical sizing (SPOS)

Single Particle Optical Size (SPOS) was used to visualize the tail of
the droplet size distribution, which allowed calculation of the volume
percentage of large diameter droplets (>5 pym, PFAT5). SPOS measure-
ments were conducted with an AccuSizer 780AD (Entegris Inc., Billerica,
MA, USA) equipped with a LE400 sensor. The instrument operated in
auto-dilution mode to obtain a count rate of < 9000 counts/ml and used
0.2 um filtered distilled water as diluent. The detection threshold was set
at 1.8 um with an upper limit of 50 um. The average results of 120, 180
and 240 s measurement durations are reported. Only the 180 s mea-
surement results have been used as input for the Design of Experiments
(DoE). The PFAT5 was calculated following the procedure outlined by
Gonyon et al (Gonyon et al., 2007). For the calculations an oil density of
0.93 g/cm® (the weighted average density of the oils used in the IVLE)
was used and the total fat content was expressed as the standard fat
volume fraction of the IVLE (¢ = 0.2) plus any added propofol drug
substance.

2.8. Equilibrium partition coefficient

The partition coefficient of propofol between water and the different
oils was determined using the method as described by Damitz et al.
(Damitz and Chauhan, 2015). Briefly, mixtures of propofol, oil and
water were vigorously mixed for at least 72 h at room temperature (IKA
multi position stirrer at 1200 rpm). The oil layer was removed each time
after three consecutive centrifugation steps of 60 min at 3000g (20 °C).
Finally, the aqueous phase was carefully removed and analysed for the
propofol concentration. The partition coefficient was calculated from
the aqueous drug concentration and the known masses, volumes and
densities of oil and water using the following equation:

F,

K = Lprer (Fw/ Corop /paq)
Foit Corop / Poi
Here, F,p, Fqq and F,; are the mass fractions of propofol, water and

oil, respectively. C,, is the aqueous propofol concentration (m/v) as
determined by HPLC and p,, and p,; are the densities of water and the

€9)
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respective oil phase.
2.9. Propofol concentration

Propofol concentrations were determined using normal phase High-
Performance Liquid Chromatography (HPLC) on a Shimadzu Promi-
nence system equipped with an SPD-M20A diode array detector (Shi-
madzu Corp., Kyoto, Japan). Chromatographic separation was achieved
on a Luna® Silica (2) (4.6 x 150 mm, 3 pm, Phenomex Inc., Torrance,
CA, USA) column with an isocratic mixture of n-hexane: acetonitrile:
anhydrous ethanol (990:7.5:1.0, v/v/v) running at 2.0 ml/min. The
injected volume was 4 pl with the column and autosampler temperature
set at 25 °C and 15 °C, respectively. All samples were diluted at least 25
x times in isopropyl alcohol (IPA) prior to injection. Propofol was
detected at a wavelength of 271 nm. Equilibrium partition samples were
analysed on a XTerra RP1g (3.5 x 250 mm, 3 pm, Waters Corp., Milford,
MA, USA) column with a mobile phase consisting of methanol: 0.05 v/v
% ammonia (650: 350, v/v) running at 0.9 ml/min. The aqueous phase
was directly injected (50 pl) onto the column with temperature set at
25 °C using a autosampler temperature of 20 °C. A calibration curve
with known sample concentrations (~50-400 pg/ml in IPA, for RP
system first dilution step in IPA thereafter mobile phase) was used to
determine the sample concentration.

2.10. Response surface methodology

A response surface design (central composite) was made in Design
Expert V12 (Stat-Ease, Minneapolis, USA) with propofol concentration
(4-8 % w/v), shaking angle (40-80°) and shaking time (5-15 min) as the
processing variables, yielding a design of 20 runs allowing to fit up to a
full quadratic model (design table in Table S2). Backward model selec-
tion, starting from a full quadratic model in which terms with p > 0.1
were removed, was used to model the experimental results.

2.11. Terminology

For the sake of clarity, in this paper drug substance refers to the active
pharmaceutical ingredient propofol (2,6-diisopropylphenol), whereas
drug product refers to the finished dosage form. The term remote drug
loading is used to describe the addition and incorporation (loading) of
the drug substance propofol into an existing blank intravenous lipid
emulsion (IVLE), thereby yielding the propofol drug product (PDP).

3. Results and discussion
3.1. IVLE selection

The preparation of a remotely loaded propofol lipid emulsion was
based on the procedure previously outlined by Peeters et al. using Lip-
ofundin® MCT/LCT 10 % (B. Braun Melsungen, Melsungen, Germany)
(Peeters et al., 2003). This product is no longer available and of the
currently available registered alternatives in the Netherlands (Table S1)
SMOFlipid 200 mg/ml (hereinafter “IVLE”, Fresenius Kabi AG, Bad
Homburg, Germany) was deemed most suitable due to its ample supply
and availability in glass bottles. Preparing a PDP in the primary IVLE
packaging was highly desirable as this would yield a “simple” process
where propofol can be aseptically added to the IVLE, followed by a
mixing procedure to obtain the PDP. Mixing an infusion bag containing
the IVLE to which propofol has been added will very likely result in poor
absorption of propofol by the emulsion, especially when shaken by
hand. There was a need for a solid container, such as a glass bottle
(preferably with headspace), to facilitate the transfer of mechanically
generated shear forces onto the emulsion during mixing.

Currently registered PDPs contain 1-2 w/v% propofol. Increasing
the propofol concentration has two major benefits. First, considering
that the availability of the IVLE would form the first limitation in the
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studied approach, the total number of final drug products increases with
increasing the propofol concentration. Secondly, as the mean duration
of mechanical ventilation in COVID-19 patients ranges from 7 to 12 days
there is a high risk of hypertriglyceridemia (Anesi et al., 2021; Raman
et al., 2017; Saad et al., 2022). By using a more concentrated PDP the
total caloric load reduces, thereby delaying the onset of hyper-
triglyceridemia (Raman et al., 2017).

3.2. Characterisation of blank IVLE

The density of the blank IVLE was 0.991 g/cm?, allowing gravimetric
dosing of propofol to the desired concentration (w/v%). The mean hy-
drodynamic diameter (Z;) of the emulsion droplets in the IVLE
measured by conventional DLS (Zetasizer Nano S, ZS) after 100 x
dilution in RO-water was 332 + 1 nm with a polydispersity index of 0.11

+ 0.02 (n = 3). Similarly, analysis by spatially resolved DLS (Nano-

FlowSizer, NFS) resulted in a Z,, of 369 + 1 nm and PDI of 0.08 + 0.01
(n = 3). This slight difference of ~35 nm in the intensity based mean size
Zq, obtained with SR-DLS (NFS) versus conventional DLS (ZS) can be
fully attributed to the differences in light source wavelength (633 nm vs
1300 nm, respectively) and angles at which light scattering is detected
(173° vs 180°, respectively). Conversion to a volume based size distri-
bution consistently yields a mean size of 415 + 5 nm and a relative
variance of 0.12 + 0.01 for both techniques. Overall it is concluded that
the measurement results of both techniques are in good agreement with
each other.

The volume-weighted large-diameter fat droplets, expressed as the
percentage of fat residing in droplets>5 um (PFAT5), must be<0.05 %
for parenteral lipid emulsions according to < USP 729> (United States
Phamacopeial Convention, 2019). The PFAT5 of blank IVLEs was
measured with SPOS and ranged between 0.0095 + 0.0011 % and
0.0021 + 0.0004 % depending on lot number and shelf-life.

10 min
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3.3. Feasibility remote loading propofol

Propofol is easily oxidized by oxygen, by which its slightly yellow
colour is transformed into deep orange due to the formation of degra-
dation products (i.e. 2,6-diisopropyl-1,4-benzoquinone, Ph Eur impurity
J, USP related compound B, Fig. 1). The presence of degradation prod-
ucts in the employed propofol drug substance (purity 98.7 + 0.4 %, refer
to Fig. S3 for typical HPLC chromatograms) aided the visual detection of
residual phase separation (Fig. 2). The concentration of this impurity
would be restricted to not more than 0.05 % in both the drug substance
and product by the European and United States Pharmacopeia
monographs.

3.3.1. Increase in droplet size

Variable quantities of propofol (1-10 %, w/v) were added to the
blank IVLE in 30 ml glass vials (10 ml head space) and placed on a vortex
mixer for 10 min. Visual examination did not reveal indications of
remaining free (unabsorbed) propofol directly after mixing. After 48 h
free oil droplets could be visually observed in the 10 % w/v propofol
sample. Droplet size was measured, within 48-hours post-mixing, by
conventional DLS and increased linearly with propofol content from 332

+ 1 nm to 387 + 4 nm (Fig. 3A). Assuming that the added propofol

fraction is fully taken up by the original IVLE lipid droplets, no subse-
quent volume contraction takes place and assuming a monodisperse
emulsion, the relative change in droplet size can be calculated from
volume conservation using:

Zo _of 0054 4
Zavo bo 3¢y

Here, Z,,, is the initial lipid droplet size in nm, ¢, = 0.2 is the initial
IVLE lipid volume fraction and ¢, the propofol volume fraction (refer to
Supplementary material for derivation). The measured droplet size
matches well with the model prediction (Fig. 3A), providing strong

@

3 min 4 min

15 min

Fig. 2. Appearance of a 250 ml IVLE bottle with 6 % w/v propofol at different timepoints during exploratory mixing trials (SF1 flask shaker; 800 oscillations/min;

35° shaking angle; fill level 250 ml).
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Fig. 3. A). Effect of increasing propo-
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evidence that propofol is absorbed by existing lipid droplets.

3.3.2. PFATS increase during mixing

Using single particle optical sensing (SPOS) the tail of the droplet size
distribution could be clearly visualized for calculation of the PFAT5
(Fig. 3B). Besides an increase in droplet size (Fig. 3A), increasing the
propofol content also caused a profound growth of the PFAT5 after 10
min of continuous mixing on a vortex mixer (Fig. 3C). To remain within

Propofol content (w/v%)

specifications (PFAT5 < 0.05 %), it may be concluded from Fig. 3C that
the maximum amount of propofol remotely loaded to the IVLE is ~2 %
w/v. This is in line with currently registered propofol products, which
range between 1 and 2 % w/v, but not in line with previous reports up to
6 % w/v (Peeters et al., 2003).

The data in Fig. 3C shows data as a function of propofol content and
does not provide information on the potential evolution of PFATS5 as a
function of mixing time. Fig. 3D shows that PFAT5 indeed grew as a
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function of mixing time, with a faster increase with increasing propofol
concentration. These findings are in line with previous observations by
Green et al who showed that vigorous shaking of an IVLE increased
PFATS (Green et al., 2014). Similarly, Han et al showed that shaking a
propofol emulsion increased PFAT5 which eventually (>8 h of contin-
uous shaking) led to the presence of free floating oil droplets (Han et al.,
2001). Exploring this further, Fig. 3CDE show that the used mixing
apparatus (SF1 vs vortex) and container type (30 ml glass vial vs 100 ml
glass bottle) impact PFATS5 development over time as well. To under-
stand why PFATS5 increased after complete absorption of propofol, the
pH, the zeta-potential, the partition coefficient of propofol and the
emulsifying capacity of the phospholipids present in in the IVLE was
further studied.

Parenteral IVLEs are stabilized by a mixture of phospholipids which
acts as surfactants. Depending on the IVLE generation (Table S1), they
are further stabilized by the addition of sodium oleate. The majority of
phospholipids in the employed IVLE (i.e. SMOFlipid) are phosphatidyl-
choline and phosphatidylethanolamine which are zwitterionic at phys-
iological pH. However, the addition of sodium oleate and the presence of
anionic phospholipids gives rise to a negative surface charge at physi-
ological pH (Otto et al., 2018). This surface charge contributes to the
colloidal stability and substances altering the pH or electrolyte balance
may therefore influence the physical stability (Bhattacharjee, 2016).
Propofol is a phenolic compound and thus has the potential to decrease
the pH with increasing concentrations. However, Fig. 3F shows that the
pH of the solution is unaffected by the addition of propofol up to 10 %
w/v. The same trend is observed for the zeta-potential which remains
constant at —20.7 + 6.5 mV when diluted 200 x in 10 mM NacCl solu-
tion. Therefore, PFAT5 growth due to changes in droplet surface charge
is unlikely.

The specific surface area, the area of emulsion droplets per unit
volume, is given by Aq = 6¢ /ds2, where ¢ is the dispersed volume
fraction and ds > the Sauter Mean Diameter (SMD). The latter is usually
obtained via laser diffraction analysis, which becomes challenging in the
sub-micron range. The hydrodynamic diameter (Z,,) obtained by DLS
may be transformed to d3» via dz2 = Zg /(1 +PDI)3 as described by
Thomas (Thomas, 1987). However, this relationship only holds for small
particles of unimodal size demonstrating Rayleigh scattering (typically
< 1/10 of DLS incident wavelength). In the present case, with a Z,, of
332 nm, the particle size leads to Mie scattering. The DLS intensity
distribution can thus be directly transformed using Mie theory to a
volume distribution which in this instance leads to Z,, ~ d3 5. For the
blank IVLE, based on a Z;, of 332 nm, the specific surface area is
calculated to be 3500 m2/L. Assuming a single surfactant (LIPOID E80)
concentration of 1.2 % w/v phosphatidylcholine, with an average area
per molecule of 65 A2 a molecular weight of 762 g/mol and Avogadro’s
number an effective emulsifying area of 6100 m?/L is obtained (Wabel,
1998). This provides a theoretical coverage of 170%, a surplus of
emulsifier, possibly also explaining the presence of empty vesicles
observed by transmission electron microscopy by other researchers
(Placzek and Kosela, 2016; Rotenberg et al., 1991). From Fig. S4 it can
be seen that the theoretical emulsifier coverage drops as a function of the
propofol loading via the predicted Z,, (Eq. (2)). However, the emulsifier
surplus is well maintained, even for propofol content up to 10 % w/v.
From Fig. 3D it becomes evident that an IVLE loaded with 2 % w/v
propofol already showed increased PFAT5 values. It is therefore
concluded that a decreased emulsifier coverage is not the primary
reason for PFATS growth during intensive mixing.

Although propofol is immiscible with water, it is not insoluble in
water. In a ‘simple’ ternary mixture of propofol, oil and water, the
relative aqueous propofol solubility can be assessed by determination of
the partition coefficient. Commercially available IVLEs vary in their oil
(and lipid) composition (Table S1) and of the four commonly used oils in
IVLEs, soy bean oil had the lowest partition coefficient and Medium
Chain Triglycerides (MCT) the highest, log (K) 3.61 versus 3.88
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respectively (Table 1). Although these difference appear small, they
translate to a ~2x absolute difference in the aqueous propofol solubility.

Thus an IVLE with a high proportion of MCT most effectively reduces
the aqueous propofol concentration (Cyrpp). Such reduction is favourable
from a clinical point of view as the free propofol concentration is asso-
ciated with the intensity of pain upon injection (Baker and Naguib,
2005; Damitz and Chauhan, 2015; Klement and Arndt, 1991). But
equally important, the aqueous propofol concentration (Cpp), can also
influence physical emulsion stability as the Ostwald ripening rate in-
creases. To explain, during Ostwald ripening larger droplets grow in
time at the expense of smaller droplets which is driven by the local
solubility difference between droplets varying in size. The effect of
droplet radius on its surrounding solubility is given by the Kelvin
equation (Tadros, 2013):

2V
ct) = clesjen(22) ®

Here, C(r) is the solubility surrounding a droplet of radius r, C(co) the
bulk solubility, y the interfacial tension, V,, the molar volume of the
dispersed phase, R the gas constant and T the absolute temperature.
Ostwald ripening is described by the Liftshitz and Slyozoz and Wagner
(LSW) theory (Wooster et al., 2008). The Ostwald ripening rate, w, is
given by:

_di)’ 8 {M} @)

dt 9| puRT

Here, D is the diffusion coefficient of the dispersed phase and p,; the
density of the dispersed phase. Thus, in the ‘classical representation’ of
the LSW theory, Ostwald ripening is a diffusion mediated process at rest,
for example as experienced by the formulation during shelf life. It has
been demonstrated that concurrent convective flow (at low Reynolds
number) gives a significant increase in the rate of Ostwald ripening,
which may be explained by droplet movement due to flow rather than
solely diffusion-driven movement (Ratke and Thieringer, 1985). It is
hypothesized, that during intensive mixing (at high Reynolds number),
Ostwald ripening may be further accelerated.

3.3.3. Interim conclusion

Based on the above findings it is concluded that remote loading of
propofol in a blank IVLE via vortex mixing is indeed possible. When the
oily propofol has been added, the PFATS5 will first decrease over mixing
time, caused by absorption of propofol in existing lipid droplets. Pro-
longed mixing, after propofol has been fully absorbed, results in a sub-
sequent increase in PFATS5. In order to prevent excessive increase of the
PFATS, processing and formulation variables need to be balanced to find
an optimum between mixing efficiency and the risk of overmixing.

3.4. Mixing process development

To study process and formulation settings in a multi-factorial way on
the PFATS5, response surface methodology was applied. The goal of the
optimization process was not to characterize the entire region of oper-
ability, but to find the optimum processing conditions. Exploratory ex-
periments confirmed a large impact of the shaking angle on the rate of
PFATS change (Fig. S5).The region of interest for the shaking angle was
therefore narrowed to 40 — 80°. The input concentration range was set

Table 1
Partition coefficients of propofol between water and the various oils which are
used in the IVLE.

Matrix Partition coefficient (log;o K)
Olive oil, refined 3.65 + 0.05
Soy bean oil, purified 3.61 + 0.02
Fish oil, purified 3.73 £0.03
Medium Chain Triglycerides 3.88 £0.11
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at 4-8 % w/v propofol and based on visual assessment of the mixing
process (Fig. 2), the minimum and maximum shaking durations were set
at 5 and 15 min, respectively.

The results in Figs. S5 and S6 show that the residuals (error) were a
function of the magnitude of the response, therefore the data was
transformed by taking the inverse of the response. By design, the
experimental model was capable of fitting up to a full quadratic model,
however some higher order cubic terms could be included as they were
net aliased with other terms. A reduced cubic model resulted in the best
fit of the data which was highly significant (p < 0.0001) with a non-
significant lack of fit (0.0688). The model R-squared value (R2 =
0.9353) closely agrees with the adjusted R-squared (Rz'adj = 0.8883)
which is corrected for the amount of model terms. The predicted R-
squared indicates how well the model predicts new observations and
indicates a reasonable predictive value (Rz-pred = 0.6699). To maintain
hierarchy in the model, the main effect ‘time’ was included although not
significant on its own (p = 0.1750). The fit parameters and results from
the ANOVA are displayed in Table S3. The final equation in terms of
coded factors is given by:

1/PFAT5 = 20.75 + —4.13*A + —2.10*B + 1.01*C 4 2.75* AB

+ —532*BC + —342%B2 + —2.52%C? + —2.56* AB2 5)

By expressing the equation in coded factors (low = -1, high = +1) a
direct comparison between coefficients (Table S3) is possible. This
equation shows that PFAT5 is especially dependent on the propofol
concentration (A) and the interaction between the shaking angle (B) and
shaking duration (C). Fig. 4 shows model graphs presenting all parent
terms and their relative interaction.

From Fig. 4 it is concluded that a 4 % w/v propofol formulation in a
SF1 flask shaker at a 40° angle for 15 min would provide the most
desirable outcome in terms of the lowest PFAT5. However, when the
criteria of PFATS5 is not>0.05 % is maintained other combinations are
also possible. For example, 6 % propofol at a shaking angle between 40
and 55°.

3.5. Process analytical Technologies (PAT)

When propofol is aseptically added to an individual glass container
and mixed, each container constitutes an unique batch. Classical in-
process controls or quality control of the end product would require
opening of each bottle, voiding the sterility requirements of the
formulation. Therefore, it was desirable to employ non-destructive
measurement (PAT) techniques to monitor the evolution of droplet
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size and distribution of propofol. This was realized by simultaneous DR-
NIR and SR-DLS measurements (Fig. S1).

To determine the propofol concentration non-invasively, a DR-NIR
calibration curve was established based on the second derivative NIR
spectra (Fig. 5). Variable quantities (0-10 % w/v) of propofol were
added to the blank IVLE in 10 ml glass vials (8 ml head space) and placed
on a vortex mixer for 5 min. The calibration curve was constructed using
the peak at 1688 nm, related to aromatic C—H bending vibrations,
abundantly present in propofol (Mizushima et al., 2011; Wilson et al.,
2015). This peak was selected for further evaluation as it correlated well
with the propofol content and showed negligible contribution of the
IVLE. A single wavelength linear regression model at 1688 nm was ob-
tained with R-squared 0.9988, a Root Mean Square Error of Prediction
(RMSEP) of 0.04 % absolute and 0.7 % relative (Fig. 5C). These results
indicate excellent model predictive capacity to quantitatively assess the
propofol content directly through the IVLE glass container.

Simultaneously with the DR-NIR content measurement, SR-DLS was
used to measure the size of the emulsion droplets in through the IVLE
glass container in a non-invasive way. First an offline calibration was
performed to account for the hindered diffusion in concentrated emul-
sions. The dilution series for a 4 % w/v propofol content emulsion in
Fig. 6A demonstrates that the apparent size Z,, (~660 nm) in the undi-
luted emulsion decreased by ~40 % to a plateau (>50x dilution) rep-
resenting the actual droplet Z,. The latter increased linearly with the
propofol concentration (Fig. 6B, left axis). The apparent Z,,, normalized
by its value in the pure IVLE (Z,,), also increased linearly with the
propofol concentration (Fig. 6B, right axis). The evolution of droplet size
in the undiluted system can thus be directly followed by Z,,/Z;,, as a
function of time.

The combined SR-DLS and DR-NIR data for relative droplet size and
propofol concentration of a 4 % w/v propofol sample mixed for 15 min
in the SF1 Flask shaker at a 40° shaking angle is shown in Fig. 6C-D. The
largest change was observed within the first five minutes, whereafter
both the propofol content and Z,, plateaued. Exponential fits to the data
resulted in a reasonable fit for droplet size evolution (R2 = 0.8371) and
an excellent fit for the propofol content (R? = 0.9988) as a function of
time (Fig. 6C-D).

Finally, short term physical stability was studied for the 4 % w/v
formulation during 14 days at room temperature. Over time a slightly
yellow coloured band appeared at the surface which was too small to
analyse with DR-NIR. Samples were therefore withdrawn at different
positions (top, middle and bottom) from the glass container and ana-
lysed offline by HPLC. A gradient was found from top to bottom: top
118.6 %, middle 100.1 % and bottom 93.9 % (Fig. S7). The Brownian
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Fig. 4. 2D response surface contour plots of the AB (left) and BC (right) interactions on PFATS5, indicated by the labels of the contour lines, ranging from 0.03 to 0.1.
Left) propofol content (%w/v) versus the shaking angle (°) with time fixed at 15 min and right) time (min) versus shaking angle (°) with propofol content fixed at 4%

(w/v).
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nm region. B) Zoom-in of the 16601700 nm region C) Results of linear regression analysis for propofol content versus reflectance intensity at 1688 nm (R? = 0.9988,
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motion of the lipid droplets was insufficient to overcome gravitational
separation (creaming) over time. The reversible nature of this process
was clearly demonstrated by gently shaking the sample bottles: top
100.5 %, middle 99.4 % and bottom 99.5 % (Fig. S7). Creaming of IVLEs
is an intrinsic property of such emulsions and underscores the need for
gentle shaking prior to administration, which is in line with the manu-
factures instructions (Chi and Rice, 2016; Damitz and Chauhan, 2015).

3.6. Perspective

In this study we have illustrated how a blank IVLE can be loaded with
a lipophilic drug to transform it into a drug carrier. Although this paper
focusses on propofol as a drug substance, other lipophilic drugs could
benefit from the same approach. Key selection criterium for the drug
substance is a high solubility in the dispersed oily phase, typical drug
substances which are likely to be suitable are vitamin k, ubiquinone,
idebenone, diazepam, amphotericin, paclitaxel and cyclosporine. The
benefit of propofol is its low melting point, allowing easy addition to the
IVLE via a syringe. Drug substances which are in their solid state at room
temperature, may first need to be dissolved in an oily co-solvent.
Although the manufacturing process of the blank IVLE is complex,
converting it into a drug carrier is - as demonstrated in the present study
- straightforward and does not require expensive equipment and or
infrastructure.

Due to the non-invasive nature of both PAT techniques key quality
attributes of the final drug product could be measured without
compromising the sample integrity. NIR spectroscopy has already the
status of being an industry standard PAT solution. In this work we have,

for the first time, demonstrated the dual use with a novel secondary PAT
technique (i.e. SR-DLS). Most often DLS is performed offline in a labo-
ratory environment, meaning that the sample integrity will be
compromised during sampling. DLS techniques are also available of-
fering in-line and at-line particle size and distribution analysis, often
after automated sample dilution. Although this might work in a
manufacturing process where the drug product is produced in bulk, it
this does not work in the presented remote loading strategy of a blank
IVLE in a glass bottle. This is where the unique capabilities of SR-DLS
come into play (Fig. S2). SR-DLS is capable of measuring highly turbid
dispersions under flow, which is impressive as the measurement prin-
ciple of normal DLS relies on Brownian motion. This provides the pos-
sibility of integrating the technology online for real-time particle size
feedback. SR-DLS strongly distinguishes itself as an online PAT tech-
nique during a manufacturing process, in the current work it was used as
a static and offline analysis tool but without compromising the sample
integrity.

4. Conclusion

In this paper, preparation of propofol emulsions via simple remote
loading and subsequent mixing of propofol in a widely available IVLE
(SMOFlipid 200 mg/ml) was studied. By assessment of different mixing
protocols, the influence of propofol content and physicochemical
properties of the IVLE relevant for emulsion quality (PFATS5), it was
shown that extemporaneous preparation (at 4 w/v% propofol) is a
viable option to rapidly obtain propofol emulsions, for example during
emergency drug product shortages. The combination of two PAT
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Fig. 6. A) Effect of dilution on the Z,, and PDI of a 4 % w/v propofol emulsion measured by SR-DLS. B) Effect of increasing propofol concentrations (0-10 w/v%)
remotely loaded into blank IVLE lipid droplets using a vortex mixer for 10 min on the diluted Zg, (200 x RO-water) and normalized apparent size Z,,(f,)/Z,,,
measured directly in the undiluted emulsion. C) Evolution of propofol concentration as a function of time measured with DR-NIR at the middle of the flask. D)
Normalized droplet size Z,,/Z,, , as a function of time for a 4 % w/v remotely loaded propofol emulsion in the SF1 flask shaker at a 40° shaking angle. Symbols and
error bars depict the mean and standard deviation (n = 3), if no error bars are shown the value is smaller than the symbol value.

techniques, DR-NIR and the novel SR-DLS technique, eliminated the
need for destructive sampling whilst still allowing quality control of
individual containers on two critical quality attributes, namely propofol
distribution and droplet size distribution.
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