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Predicting the efficacy of opioid
sequestration by intravenous
lipid emulsion using biologically
relevant in vitro models of drug
distribution

Marta Tikhomirov®?, Pawet Jajor®?*, Tomasz Sniegocki®? & Btazej Pozniak "

Intravenous lipid emulsions (ILE), among other uses, are utilized in the treatment of poisonings caused
by lipophilic substances. The body of evidence regarding the benefits of this treatment is growing but
information about opioids-ILE interaction is still very scarce. In this work, the impact of ILE on the
distribution of buprenorphine, fentanyl and butorphanol used in various concentrations (100-500 ng/
ml) was investigated. Two different in vitro models were used: disposition of the drugs in plasma after
ultracentrifugation and distribution into the simulated biophase (cell monolayer of 3T3 fibroblasts

or J774.E macrophages). We confirmed the ability of ILE to sequester the three drugs of interest

which results in their decrease in the aqueous part of the plasma by 34.2-38.2%, 11.7-28.5% and
6.0-15.5% for buprenorphine, fentanyl and butorphanol, respectively. Moreover, ILE affected the drug
distribution to the biophase in vitro, however, in this case the drug concentration in cells decreased by
97.3+3.1%, 28.6 +5.4% and 13.0 + 7.5% for buprenorphine, fentanyl and butorphanol, respectively.
The two models revealed notable differences in ILE’s potential for drug sequestration, especially for
buprenorphine. Similar, but not as pronounced tendencies were observed for the two other drugs.
These discrepancies may result from the difference in protein abundance and resulting drug-protein
binding in both systems. Nevertheless, the results obtained with both in vitro models correlated well
with the partition coefficient (logP) values for these drugs.

Intravenous lipid emulsions (ILE) have an established position in the management of local anesthetic toxicity'™.
After the success in this field, ILE was used in clinical conditions for multiple types of overdoses® and rand-
omized clinical trials have demonstrated a benefit of ILE in multiple toxicities®®. Numerous reports investigate
the potential use of ILE in overdoses of such miscellaneous substances as propranolol'?, cocaine!!, diltiazem'? or
caffeine'®, to name just a few. The majority of published works tend to test the lipid rescue therapy in a clinical
setting on animals or humans®>”'*!*. Under clinical conditions, the results of such an intervention shed light on
the true therapeutic relevance and all sources of variability and mechanisms involved are operative. Consequently,
in vivo studies are indispensable to assess its efficacy. However, it is known that not all drug poisonings respond
well to ILE treatment™>!%!” and the trial-and-error attempt seems risky and inefficient. The enormous number of
molecules that may interact with ILE giving a potentially beneficial outcome in rescue attempts requires a more
high-throughput approach. That is why in vitro models can be especially useful in the predictions of ILE efficacy.

One of the earliest proposed, and still valid today, mechanisms of ILE action is the so-called “lipid sink”
complemented with “lipid shuttle”*'®!1°. Based on the ability to sequester the toxicant in the lipid droplets and
transport them to the less vulnerable organs, most in vitro works concentrate their efforts on the investigation of
the drug’s lipophilicity?®-?% In the classical drug development studies, the lipophilicity of the active compound
is reported as the partition coeflicient®. This parameter, typically measured between n-octanol and water, pro-
vides information about the drug’s ratio of concentrations measured between the two immiscible solvents under
equilibrium conditions®. Nevertheless, this simple test does not reflect the conditions and factors present in
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the living organism. Therefore, some in vitro tests in this field tend to explore the compound’s lipophilicity, but
under more biologically relevant conditions?*?*%.

In our work, we investigated the interactions between ILE and three selected opioids, namely buprenorphine
(BPN), fentanyl (FTL) and butorphanol (BTL). The selection of opioids was based on the relatively high lipophi-
licity of some drugs belonging to this class*’** as well as high prevalence and serious societal consequences of
overdose cases related to these drugs®. Even though opioid receptors’ antagonists, as naloxone, are frequently
utilized in opioid overdose cases, their use is associated with some limitations*'~**. Moreover, the use of naloxone
in some opioid poisoning, like buprenorphine, can be ineffective in clinical setting, due to the drug’s high affinity
for p-opioid receptors and long duration of action that may outlast the naloxone action®®. Thus, the examination
of alternative or complementary treatments seems justified®. In the present study, the lipophilicity of BPN, FTL
and BTL was tested in conditions created to mimic biological systems. The drug lipophilicity was anticipated
to be important in predicting the ILE-drug interaction based on the postulated mechanism of ILE’s action®!5*?
since drug sequestration and redistribution are partially dependent on this parameter. The experiments in this
study were designed to account for potentially relevant factors that may influence the success or failure of the
lipid therapy. Thus, the potential of ILE to sequester the drugs was first explored in rabbit plasma where protein
binding is the major factor affecting drug distribution. After that, the same potential was investigated under
more complex conditions, where disposition to the cultured cells (macrophages or fibroblasts) simulating the
biophase was measured. The latter experiments were carried in protein poor medium where the distribution
of the free fraction of the drug (pharmacologically active) is assessed. The collected data was used to compare
the distribution of drugs and to identify the key factors that may contribute to the effective sequestration by the
model ILE - Intralipid 20%.

Material and methods

Determination of buprenorphine, fentanyl and butorphanol concentration in plasma. The
details regarding the development and validation of analytical methods for BPN and FTL have already been
reported®®*. In brief, the HPLC-MS? method for BPN was developed for a wide concentration range (0.25-
2000 ng/ml) and was proved to be linear. The liquid-liquid extraction provided high method selectivity, sensitiv-
ity and recovery. The within-day repeatability and between-day reproducibility was 5.8% and 9.3%, respectively.
The method LOQ was evaluated to be 0.25 ng/ml. The same detection technique was implemented for FTL,
and the full validation report is presented elsewhere®”. The method linearity was confirmed in the range of
0.02-80 ng/ml. The liquid-liquid extraction provided high sensitivity, selectivity and satisfactory recovery. The
maximum observed within-day repeatability was 7.9% and between-day reproducibility was 8.7%. The matrix
effect was confirmed to be < 10%. The limit of quantification (LOQ) was 0.02 ng/ml. The method was validated
for two types of matrices (standard rabbit plasma and lipemic plasma) and both provided results suitable for the
current application.

For BTL measurement, HPLC Waters Alliance 2695 Separation Module equipped with a Waters 2475 Multi A
Fluorescence Detector was used. The excitation wavelength was set up to 278 nm and the emission was detected
at 333 nm. The chromatographic separation was conducted on Hypersil GOLD column (4.6 x 150 mm, 5 pm,
Thermo Scientific, USA) with a dedicated precolumn, in temperature set to 25 °C. The mobile phase consisted
of 81% 0.05 M CH;COONa with pH 4.0 and 19% acetonitrile, at isocratic flow rate of 1 ml/min. The sample was
subjected to liquid-liquid extraction by addition of ethyl acetate:hexane (1:1 v/v) solution to a 500 ul of plasma
sample and vortex mixing for 1 min. The upper organic layer was then transferred to the new vials, evaporated
in a vacuum concentrator (Eppendorf, Germany; vacuum mode, 30 °C) and redissolved in 100 pl of methanol.
No internal standard (IS) was used.

The analytical method validation was based on the construction of 9 validation curves analysed in 3 consecu-
tive days. Analytical standard of BTL (Sigma-Aldrich, Darmstadt, Germany) was added to the blank plasma at 6
concentration levels of 1.5, 4, 10, 24, 60 and 150 ng/ml. Selectivity and specificity of the method was confirmed
based on 6 blank rabbit plasma batches originated from different animals. The plasma samples were obtained
from untreated experimental New Zealand rabbits housed in the Faculty of Veterinary Medicine in Wroclaw
and the procedure was approved by the Local Animal Experimentation Committee in Wroctaw (permit number
42/2017). The calibration samples and the blank samples were subjected to the aforementioned extraction and
analysis. The sensitivity of the method was based on the signal-to-noise ratio, with 3:1 ratio used for LOD and
10:1 for LOQ. For construction of validation curves, the signal was plotted against the nominal concentrations.
Recovery was calculated based on the signal comparison of the BTL-loaded matrix subjected to the extraction
procedure and the matrix supplemented with the drug only after the matrix extraction.

Determination of buprenorphine, fentanyl and butorphanol concentrationin cell lysates. The
analysis of the three opioids of interest was conducted using Waters Alliance 2695 Separation Module connected
to Waters MICROMASS QUATTRO micro API Tandem Quadrupole Mass Spectrometer (Waters, Milford Mas-
sachusetts, USA). The MassLynx 4.0 software was used for hardware control, data acquisition and processing.
Analytical standards of BPN (LGC Standards, Teddington, UK), FTL (Sigma-Aldrich, Darmstadt, Germany)
and BTL (Sigma-Aldrich, Darmstadt, Germany) were used for the method optimization and validation. The
buprenorphine-D4 (Sigma-Aldrich, Darmstadt, Germany) was used as IS for BPN and fentanyl-D5 (Sigma-
Aldrich, Darmstadt, Germany) was used as IS for FTL and BTL. Electrospray ionization was working in positive
ion mode for all drugs. The capillary voltage of 1 kV was set up for BPN, and 3.5 kV was managed for FTL and
BTL. Desolvation gas flow was set to 800 L/h for BPN and FTL, and 1000 L/h in case of BTL. Source temperature
of 150 °C was uniformed in all the methods, and desolvation temperature was 500 °C for BPN and 350 °C for
FTL and BTL. For all drugs, the stationary phase consisted of a Waters Atlantis T3 3 um (3 x50 mm) column,
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Precursorion | Daughter ions | Dwell time Cone energy Collision Retention time
DRUG Analyte [m/z] [m/z] [sec] [V] energy [eV] [min]
BPN Buprenorphine | 468.3 396.3 0.3 70 55 4.8
55.0 0.3 70 55
Buprenorphine -
D4 (IS) 472.5 414.4 0.3 70 48 4.82
FTL Fentanyl 337.5 188.0 0.3 31 20 5.08
105.0 0.3 31 44
Fentanyl -
D5 (IS) 342.0 105.0 0.3 41 44 5.1
BTL butorphanol 328.0 310.0 0.3 45 20 4.97
Fentanyl -
D5 (IS) 342.0 105.0 0.3 41 44 5.01

Table 1. Characterisation of analytical methods developed for buprenorphine, fentanyl and butorphanol
determination in cell lysates.

guarded with a dedicated precolumn, maintained at a constant temperature of 30 °C. Dedicated mobile phases
were selected for different drugs but the flow rate was always 0.3 ml/min. For BPN solvent A was methanol and
solvent B was pure water supplemented with formic acid (0.1%). The gradient started with 2% of A. From 0.75
to 0.83 min A level was raised to 98% and maintained at this level for 4 min. After 4.5 min, for the next 2 min,
A concentration decreased to 2% and this level was kept for 3 min for column regeneration. For FTL, the same
gradient was selected, however solvent A was acetonitrile. A different gradient was developed for BTL. Solvent A
was in this case acetonitrile, and solvent B was water supplemented with formic acid. The elution started with 5%
of solvent A and up to 3.33 min its concentration was raised to 100%. The pure acetonitrile flow remained until
4.67 min and after that its concentration gradually declined to 5% (until 6.67 min) and was maintained at this
level until 10 min. The triple-quadrupole mass spectrometer was working in multiple reaction monitoring mode
and all detection parameters are summarized in Table 1. The validation was conducted based on the calibration
curves (3 curves analysed on each of 3 consecutive days).

The blank matrix necessary for validation was obtained by the lysis of confluent cell monolayer (J774.E and
3T3) carried out by the complete removal of the culture medium from the petri dish and subsequent addition of
2% sodium dodecyl sulphate solution. The extraction procedures were similar in all drugs and started from the
addition of IS to each sample. For BPN, the buprenorphine-D4 was added at a concentration of 40 ng/ml, for FTL
the fentanyl-D5 was added at a concentration of 50 ng/ml and for BTL fentanyl-D5 was added at a concentration
of 60 ng/ml. During the optimization of the extraction step, special attention was paid to the necessary removal
of excessive amounts of sodium dodecyl sulphate, as the matrix was very rich in this compound. To handle this
issue, an additional step was introduced at the beginning of the extraction of cell lysates following the protocol
developed by Zhou et al.?*. Precipitation of potassium dodecyl sulphate was obtained by the addition of 4 M
potassium chloride to the 300 pl (in case of BPN and FTL) or 100 pl (in case of BTL) of the sample. After that,
the sample was centrifuged and only the clear sediment-free fraction was subjected to further liquid-liquid
extraction. Fife hundred pl of 25% ammonia water solution (v/v) (Stanlab, Lublin, Poland) was added to each
sample to facilitate the migration of the drug to the organic solvents. For BPN and FTL the extraction solution
composed of 1-chlorobutyl:acetonitrile solution (4:1 v/v), but in the case of BTL ethyl acetate:hexane (1:1 v/v)
was used. The extraction was only 1 min vortex mixing for FTL and BTL, whereas for BPN it was prolonged to
20 min. After that, the clear upper layer was collected and evaporated until dryness in a vacuum concentrator
(Eppendorf, Hamburg, Germany; vacuum mode, 30 °C). The residues were redissolved in 100 ul of methanol.

Evaluation of the distribution coefficient in biological setting. The typical parameter used to char-
acterise the lipophilicity of the substance is the partition coefficient measured between octanol and water®. In
this study a related parameter, the distribution coefficient, was measured. This parameter, in contrast to the
partition coefficient, is measured in biologically relevant conditions and in the range of physiological pH values
where the degree of drug’s ionisation reflects the situation in vivo*. To evaluate this parameter, we used normal
fresh rabbit plasma obtained as describe earlier. Plasma was in vitro supplemented with 2% addition (v/v) of
Intralipid 20% (Fresenius Kabi, Uppsala, Sweden) and then spiked with 250 ng/ml and 500 ng/ml of FTL, BPN
and BTL. Intralipid 20% is a commercially available lipid emulsion consisting of soybean oil, egg yolk phos-
pholipids, glycerin and water*!. The final Intralipid concentration to which cells were exposed was based on
the expected concentration in human subjects obtained after the recommended bolus emulsion administration
during lipid rescue therapy (1.5 ml/kg) and the amount evaluated by French et al.* to produce adequate drug
sequestration under in vitro conditions. Since the opioid poisoning cases may vary significantly in terms of the
dose, we selected the concentrations of the drugs that fairly exceed their therapeutic ranges and in clinical condi-
tions would undoubtedly produce severe toxicity. The same analytical standards as during the method validation
were used for BPN (LGC Standards, Teddington, UK) and FTL (Sigma-Aldrich, Darmstadt, Germany), but in
the case of BTL, pharmaceutical grade standard kindly provided by Richter Pharma AG (Wels, Austria) was uti-
lized. After spiking with respective drugs, all plasma samples were mixed on a horizontal shaker and incubated
in 37 °C for 30 min. After that, each sample was divided into two parts: one was analysed according to standard
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procedures, and the second was ultracentrifuged first. The ultracentrifugation was performed in 133 000 g for
20 min (Optima L-90 K ultracentrifuge, Beckman Coulter). The bottom lipid-sparse layer was carefully collected
using syringe and needle, and each tube was punctured from the bottom. The clear plasma was slowly and care-
fully collected to ensure that no lipids were collected alongside. The concentration of each drug was evaluated
according to the procedures as described in the earlier sections.

Relative change in plasma concentration was calculated according to the equation:

C —C,
%Lip _ whole centr % 100%

Cuhole

where %Lip is a percent of a drug that was located in the lipid layer, C, is @ concentration of a drug that was
observed in a homogenous sample before centrifugation, C,, is a concentration of a drug that was measured
in a separated clear plasma after centrifugation. The percentage of the drug in the clear lipid free plasma was
calculated by simple subtraction %Plasma = 100%—%Lip. The distribution coefficient (K,) was calculated as a
%Lip/%Plasma ratio. The experiment was performed in three independent repetitions.

The differences between the tested concentrations (250 ng/ml and 500 ng/ml) of the same drugs were tested
by Mann-Whitney-Wilcoxon test. Kruskal-Wallis test was conducted to assess potential differences between the
opioids. Dunn’s test was used as a post hoc test. p <0.05 was considered as indication of an important difference
in all tests. All statistical calculations performed in the present study were conducted using R (version 4.0.3, The
R Foundation, Vienna, Austria) and RStudio (version 4.1.0, RStudio, Boston, MA, USA) software.

Disposition of the drugs to the cell monolayer. To simulate tissue drug disposition, the transfer
of three opioids to the biophase was investigated in vitro. J774.E murine macrophages and 3T3-Swiss albino
murine fibroblasts cell lines were used as the biophase model. 3T3 cell lines was bought from the American Type
Culture Collection (ATCC, Rockville, MD, USA) and the J774.E cell line was obtained from Hirszfeld Institute
of Immunology and Experimental Therapy - Polish Academy of Sciences (Wroctaw, Poland). The two lines were
selected based on their physiological features. The J774 macrophages are an established model for the process
of chylomicron remnants uptake*~*>. These particles are very similar to the lipid droplets found in Intralipid*®
and J774 macrophages are known to internalise triglycerides from Intralipid®”. On the other hand, the 3T3
fibroblasts are of much lesser importance in terms of lipids metabolism and are not as efficient in lipid capture*.
Therefore, the use of these two cell lines allowed for the determination of the possible role of active lipid droplet
uptake (presumably by phagocytosis) in the potential modification of the distribution of lipid-bound fraction
of opioids.

In this experiment, 4 x 10° and 1.5 x 10° cells were seeded on petri dishes (TPP, Switzerland) for J774.E and
3T3, respectively. The number of cells was selected to ensure conditions close to confluent culture. All experi-
ments involving cell cultures were carried out using the same standard media composed of RPMI-1640 solution
(Institute of Immunology and Experimental Therapy, Wroctaw, Poland) with 10% addition of foetal bovine serum
(Gibco, USA), L-glutamine (Sigma, United Kingdom) and antibiotics (penicillin and streptomycin, Sigma, Ger-
many). During the experiment the cells were frequently controlled by light microscopy to ensure the adequate
cells’ appearance, vitality, and their ability to multiplicate. The cells were incubated overnight at 37 °C in a
humidified atmosphere of 5% CO,. After that, to each pair of plates FTL, BPN or BTL was added to the culture
medium to obtain the concentrations of 100, 250 and 500 ng/ml. All plates were incubated on horizontal shaker
(37 °C, 5% CO,) for 10 min to allow free drug distribution to the cells. Then, Intralipid 20% was added to one
dish of each pair to obtain a concentration of 2% (v/v) and an equal volume of culture medium was added to the
control dishes (in all cases the total volume of final incubation solution was 10 ml). The dishes were stirred and
incubated under the same conditions as before for further 4 h. After that time, all medium was carefully removed.
One ml of 2% sodium dodecyl sulphate was then added to the dishes and they were incubated overnight for a
complete lysis of the cells. All lysates were subjected to the drug concentration evaluation to determine the drug
concentration in the cell monolayer. The experiment was conducted in at least three independent repetitions for
each drug. After the evaluation of the results, an additional repetition for BPN at the concentration of 250 ng/ml
and 500 ng/ml was performed using 3T3 cell line. This additional repetition was conducted to ensure that the very
large differences between this drug and other tested opioids did not result from human or analytical mistakes. The
cells were additionally observed under the inverted optical microscope (Zeiss, Primo Vert, Germany), to detect
any signs of morphological changes (i.e. opaque appearance due to lipid droplet uptake into the cytoplasm).

The Mann-Whitney-Wilcoxon test was used to explore the differences between the two cell lines. The
Kruskal-Wallis test followed by Dunn’s test was used to assess potential differences of distribution coefficient
between the tested opioids and between the different concentrations of the same drug. p <0.05 was considered
as an indication of important difference in all tests.

Evaluation of Intralipid cytotoxicity. To exclude the possibility of toxic effects of high concentrations
of Intralipid 20%, viability test on J774.E and 3T3 cells by means of the MTT assay was performed. The proce-
dure for both lines was the same. Cells were seeded in 96-well plates (TPP, Switzerland) at the concentrations
of 10* cells per well for J774.E and 3 x 10° cells per well for 3T3 line. They were incubated overnight in standard
medium at 37 °C in a humidified atmosphere of 5% CO,. Then, aliquots of Intralipid 20% concentrations pre-
pared in cell medium were added to obtain 0.0625%, 0.125%, 0.25%, 0.5%, 1%, 2%, 4% and 8% concentration
of the final commercial emulsion (v/v). After 48 h incubation (37 °C, 5% CO,), medium was exchanged for a
fresh one and MTT assay was carried out*®. The test is based on the enzymatic reduction of the tetrazolium
salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) in living, metabolically active cells.
After MTT addition, cells were incubated for 4 h and lysis buffer was added. The metabolite, purple-colored
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formazan, was measured colorimetrically after 24 h. The absorbance was evaluated using a spectrophotometric
microplate reader (Tecan Spark 10 M, Switzerland) at a wavelength of 570 nm (reference 630 nm). The absorb-
ance of control cells was taken as 100%. Cell viability was determined as follows: % viability = (mean absorb-
ance in the test wells/mean absorbance for control wells) x 100. During the experiment the cells were frequently
looked at by means of light microscopy to ensure the adequate cells’ phenotype and proliferation. The results
were obtained from 3 independent experiments.

Plasma protein binding. The ultrafiltration method was used to evaluate the free fraction and protein
binding of BPN and FTL in the rabbit plasma. The plasma was originated from the same pool as described in
2.3. Evaluation of the distribution coefficient in biological setting section. Centrifugal devices (Nanosep Omega
10 k, Pall Corporation, Puerto Rico) were pre-treated with Tween 20 to reduce the nonspecific binding to the
membranes®. Then, 500 pl of fresh rabbit plasma, spiked with 5, 20 or 100 ng/ml of BPN or FTL, were inserted
to the devices and incubated with constant mixing at 37 °C for 1 h. After that time, the samples were centrifuged
in 1000 g for 10 min and then in 2000 g for 20 min and the filtered fraction was subjected to the drug analysis
alongside with the initial plasma sample. The extent of the non-specific binding to the membrane was addi-
tionally investigated using the same drug concentrations and the same experimental protocol but phosphate-
buffered saline was used as matrix instead of plasma. The drug free fraction and protein binding were calculated
using following equations:

Crp

Ju= (1 — NSB) x Crp

%PB = 100 x (1 — f;)

where f, is fraction unbound, Cj; is free plasma concentration, Cyp is total plasma concentration, NSB is non-
specific binding and %PB is protein binding™. Each experiment was performed in three independent repetitions.

Comparison of the measured in biologically relevant conditions distribution coefficient to the
logP values. The Kendall rank correlation coefficient test was used to compare the obtained results of the
drugs lipophilicity with the values of octanol:water partition coefficient obtained from the published scientific
literature””~*°. The value of p<0.05 was considered as an indication of statistical significance. The distribution
coefficient obtained after ultracentrifugation and cell culture distribution was compared to each other for each
drug using Mann-Whitney U test.

Results

Analytical methods for buprenorphine, fentanyl and butorphanol in rabbit plasma. The results
regarding the validation of analytical methods for BPN and FTL in rabbit plasma have already been reported
elsewhere®*?’. The analytical method for BTL was developed purposely for this study. It is characterized by very
good selectivity as confirmed by the inspection of blank samples. The method was linear (R*=0.9999) in the
range of all concentrations observed in this study (1.5-150 ng/ml). The intra-day coefficient of variation was
10.72%, whereas between-day coeflicient of variation was 19.05% for the concentration of 1.5 ng/ml. The recov-
ery of the extraction ranged from 71 to 82%. Based on signal to noise ratio, limit of detection (LOD) and LOQ
were calculated to be 0.16 and 0.54 ng/ml, respectively. All elaborated and validated analytical methods were
concluded to be suitable for the purpose of this study. The obtained results were within the acceptance criteria
consistent with the European Medicines Agency guidelines®'. The range of the methods was always adequate to
the concentrations found in a given matrix.

Analytical methods for buprenorphine, fentanyl and butorphanol in cell lysates. The methods,
elaborated and validated separately for each drug, resulted in very good sensitivity, selectivity, range, linearity,
recovery, precision and accuracy. All these parameters are summarised in Table 2. The methods were concluded
to be suitable for further application in the evaluation of drug distribution to the biophase.

Evaluation of the distribution coefficient in rabbit plasma. The ultracentrifugation of the rabbit
plasma samples resulted in efficient separation of the upper lipid layer from the clear aqueous fraction of plasma.
The percentage of drug distributed to ILE-free plasma and ILE layer can be appreciated in Table 3.

The statistical analysis indicated that the distribution coefficient was not influenced by the concentration of
the tested drug. The only difference between the opioids was found between BPN and BTL for concentration
250 ng/ml (p=0.0036).

Disposition of the drugs to the cell monolayer. Figure 1 shows the differences in drug concentrations
evaluated in the cell monolayer incubated with and without Intralipid 20%. Although each drug was adminis-
tered to the petri dish at the same concentrations (to obtain the final concentration in medium of 100, 250 and
500 ng/ml), sharp differences were revealed between the three drugs. The most prominent change can be seen
for BPN. Drug concentrations in the control cells (incubated without Intralipid) were very high in both tested
cell lines indicating very intensive BPN distribution to the cells as compared to the other drugs. However, the
addition of Intralipid led to a shift and intracellular BPN concentration plummeted, suggesting that a significant
fraction of the drug was preferentially distributed to the lipid droplets in the medium.
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Parameter Buprenorphine | Fentanyl Butorphanol

LOD [ng/ml] 0.3 0.3 1

LOQ [ng/ml] 1 1 5

matrix effect 9.75+8.57% 9.45+3.64% | 0.23+4.68%
concentration range [ng/ml] 1-800 1-400 1-300
determination coefficient (R?) 0.9994 0.9999 0.9996

calibration curve y=2.1137x y=0.1632x y=0.0134x+0.0126
recovery 82.7-101.7% 96.1-101.8% | 110.1-121.1%
within day variability 6.5-11.0% 3.7-17.5% 1.0-10.5%
between day variability 6.5-11.7% 6.7-16.9% 4.7-9.8%

Table 2. Validation parameters obtained for three opioids in cell lysates. LOD—limit of detection, LOQ—
limit of quantification. The results were obtained from 9 validation curves, except for the within day variability
where 3 curves were considered.

Drug buprenorphine fentanyl butorphanol
Concentration %Plasma 65.21-65.85" 71.47-83.39% 87.97-93.99¢
250 ng/ml
%Lip 34.15-34.79° 16.61-28.53% 6.01-12.03"
K, 0.53+0.01¢ 0.31+0.10% 0.10+0.04"
Concentration %Plasma 61.83-65.26 71.77-88.34 84.46-86.45
500 ng/ml
%Lip 34.74-38.17 11.66-28.23 13.55-15.54
K, 0.58+0.04 0.2240.15 0.17+0.02

Table 3. In vitro disposition of the investigated opioids, between aqueous plasma and lipid layer. %Plasma—
percentage of the drug that was found in lipid-free plasma, %Lip—percentage of the drug that was found in the
upper lipid layer, Ky—distribution coeflicient evaluated in rabbit plasma and lipids originated from Intralipid,
n =3, values that do not share a superscript letter at the same row are considered statistically different,

lack of superscript latter indicates lack of statistical difference. No differences were found between tested
concentrations for the same drugs.

Buprenorphine 300 | Fentanyl 250 | Butorphanol
B drug concentration in
control cells
drug concentration in
250 ILE-treated cells
200
200 }
[ 150 }
150
I
100
100 [
; I |
50
I s0 W1 I
- T T
_ il N 5 0 0
100 250 500 100 250 500 100 250 500 100 250 500 100 250 500 100 250 500
J774.E 3T3 J774.E 3T3 J774.E 3T3

Figure 1. Concentrations of different drugs in cells incubated with or without Intralipid. Each drug was tested
at three different concentrations in two cell lines, as denoted on the horizontal axes. Black columns show
concentrations in cell monolayer incubated with the drugs and without Intralipid, and light grey columns show
the concentrations after incubation with Intralipid. Vertical bars represent standard deviation.
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DRUG buprenorphine fentanyl butorphanol

cell line J774.E

Concentration in medium [ng/ml] Ratio of drug concentration

100 0.011+0.001¢ 0.749 +0.044° 0.833+0.055"

250 0.013+0.002¢ 0.688+0.033% 0.838+0.100°

500 0.019+0.005° 0.733+0.0327 0.841+0.026"
Percent change in concentration

100 98.91+0.15%" 25.11 £4.39% 16.67 +5.46%"

250 98.71+£0.24%"* 31.21 £3.30% 16.20+10.01%"

500 98.12£0.50%" 26.72+3.19%% | 15.87+2.55%"

Cell line 3T3

concentration in medium [ng/ml] ratio of drug concentration

100 0.015+0.015% 0.676 £0.016% 0.970+0.058"

250 0.034+0.031° 0.705+0.075% 0.933+0.074°

500 0.058+£0.054* 0.746+0.113% 0.849+0.016"
Percent change in concentration

100 98.45+1.53%" 32.40+1.59%" 2.99+5.83%°

250 96.65+3.11%" 29.53 £7.51% 6.65+7.41%"

500 94.18+5.42%" 25.42+11.29% | 15.12+1.58%"

Table 4. The ratio of drug concentration evaluated in the cells in Intralipid positive group and Intralipid free
group (n=3), as well as percent change in the concentration caused by the Intralipid addition. The results are
presented as mean + standard deviation. Values in a row that do not share a superscript letter are considered
statistically different (p <0.05). No differences were found between tested concentrations and cell lines used
within the same drug for every tested opioid.

This enormous difference is also reflected in the values presented in Table 4. The difference between the two
incubations (with or without Intralipid) is expressed as percent change, and it is visible that, compared to the
other tested opioids, BPN showed the most pronounced ratio change. The comparison of distribution coefficients
revealed significant difference between the values for BPN and BTL in all tested concentrations in both cell lines.

A different situation was observed in the case of FTN and BTL. The concentrations of both drugs in the
control cells were much lower than in the case of BPN, and the impact of Intralipid was not as pronounced. In
the case of both drugs, the ratio of change in the intracellular drug concentration was independent of the cell
type and the drug concentration.

The distribution of lipid droplets was additionally investigated optically with the inverted optic microscope
and revealed that the cytoplasm of J774.E cells was more granular and opaque after the incubation with Intralipid.
In 3T3 cells, this effect was much less pronounced, as can be seen in Fig. 2.

The measured cell viability in both cell lines exposed to ILE is depicted in Fig. 3. The two cell lines presented
a very different pattern of response in the MTT assay. Fibroblasts (3T3-Swiss albino) showed a stable level of
metabolic activity, oscillating around 100% (baseline of the control cells) regardless of the concentration of
ILE. A different trend was observed in the macrophage line (J774.E). At higher concentrations, ILE stimulated
the metabolic activity of cells which resulted in an almost two-fold increase in response at the concentrations
exceeding 2% of ILE as compared to the untreated control. Even the smaller addition of ILE resulted in the
increased metabolic activity in comparison to the control cells. Nevertheless, no apparent viability inhibition
was observed in either cell line.

Plasma protein binding. Despite the fact that during the procedure all efforts were made to prevent the
nonspecific drug binding, in the case of BPN the results revealed that more than 99% of the drug was bound to
the filtration membrane. Thus, credible calculation of protein binding for BPN was not possible. In case of FTL,
the maximal calculated non-specific binding was 34.89%, thus evaluation of protein binding was possible. The
values of fraction unbound and protein binding, corrected for the non-specific binding, are gathered in Table 5.
The assay showed that regardless of FTL concentration, the protein binding was on a stable level of 80-85%,
indicating that only relatively small fraction of the drug can be found in the plasma as a free drug.

Experimentally evaluated distribution coefficient vs. logP. In the present work, one of the objec-
tives was to investigate whether a classically evaluated partition coefficient between octanol and water is a good
predictor of drug sequestering potential of ILE under biological conditions. To assess that, the results of the two
aforementioned experiments were compared with the logP of the drugs. The distribution coefficient evaluation
in plasma revealed the same tendency as logP—BPN is the most lipophilic among the drugs used in this study
(mean distribution coeflicient of 0.552), FTL is distinctly less lipophilic (mean distribution coeflicient of 0.264),
and BTL is the least lipophilic from the three opioids (mean distribution coefficient of 0.133). These results are
well in agreement with the measurements obtained in standard octanol:water partitioning approach (logP of 5.0,
4.1 and 3.8 for BPN, FTL and BTL, respectively)*’~?. Kendall rank correlation coefficient test demonstrated high
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Figure 2. J774.E and 3T3 cell lines after the exposure to Intralipid (8%) (ILE), in comparison to the cells
cultured in standard conditions (CTRL).
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Figure 3. The impact of Intralipid on the viability of two cell lines. The values are presented as mean viability
compared to the control cells, and vertical bars indicate the standard deviation associated with the result (n=3).

correlation of these results (Fig. 4). The more complex investigation of the drug distribution in the cellular model
also resulted in a significant correlation with the octanol:water partitioning coefficient (Fig. 4). In this case, the
correlation was even stronger, with tau=0.807.

The comparison between the two models (cell-free plasma and monolayer cell culture) revealed that the
method of testing did not have an impact on the results obtained in the case of BTL (p=0.4537). However, for
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FTL concentration [ng/ml] 5 20 100
fu 0.18+0.02 0.17+0.02 0.16+0.01
%PB 82.34+1.93 82.58+1.95 84.44+0.89

Table 5. The fraction unbound (f,) and protein binding (%PB) of fentanyl in rabbit plasma (n=3). The results
are presented as mean + SD values.
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Figure 4. Partition coefficient values of three tested opioids plotted against the decrease in drug concentration
resulting from the addition of 2% Intralipid (v/v). Two different media were explored: fresh rabbit plasma (left
panel, n=6), and cell culture (right panel, n=18). For each relationship the Kendall rank correlation coefficient
was calculated (tau), and the equation for the regression line was provided. As indicated by p <0.05, in both
cases the correlation was significant.

BPN and FTL important differences were noted depending on the selected method of the disposition coeflicient
measurement (p=1.8x 10~ and p=1.5% 1072 for BPN and FTL, respectively).

Discussion

Poisonings with synthetic opioids are one of the major concerns for many health agencies®. Their substantial
potency as well as high availability from both legal and illegal sources cause significant impact on public health
including societal and economic adverse effects®’. Considering this significant impact, searching for measures to
address the issue at different levels is vital. One countermeasure that can be offered is fast and effective treatment
of poisoned individuals. In recent years several new strategies have been developed to extend possible treatment
options beyond the standard administration of the opioid antagonist, naloxone. Intranasal administration of
nalmefen, another opioid receptor antagonist, offers higher affinity, rapid onset and longer duration of action®.
Another novel drug, methocinnamox, may provide not only reversal of toxicity but also protects against opioid
overdose™. Naloxone stabilized by nanoparticles and serotonin used as a respiratory stimulant have also been
reported®. Other options include the so-called biomimetic “nanosponges” that, after intravenous administration,
can prevent migration of opioids into the central nervous system®. Several antibody-based strategies were pro-
posed as well 3 and, recently, cyclodextrin scaffolds have been proposed to specifically bind fentanyl in blood*’.
However, some of these strategies have never left the laboratory setting.

In our work we decided to test a drug with an established position on the market—ILE. The relative simplic-
ity of the solution and high availability of this product should be considered as an advantage of this approach.
Moreover, its efficacy has been confirmed in some other resuscitation protocols.

In literature, the assessment of ILE rescue therapy effectiveness is predominantly based on in vivo and clinical
studies®® . Nevertheless, there are many in vitro models that may deliver useful mechanistic insights and may
allow predictions of ILE efficacy regarding interactions with different molecules??*¢-2 In the present study, two
different approaches were used to test ILE’s capability to sequester selected opioids and measure possible “lipid
sink” effect. First, we employed ultracentrifugation technique to destabilize the plasma-emulsion system and
evaluate how concentration of opioids changed during the process. Secondly, the drug removal from cell mon-
olayer (sequestration in the medium) was investigated. The former experimental setup was inspired by French

Scientific Reports|  (2022)12:18683 | https://doi.org/10.1038/s41598-022-21790-4 nature portfolio



www.nature.com/scientificreports/

et al.?’. In the cited experimental work, they investigated the distribution coefficient of eleven miscellaneous
drugs using human serum and Intralipid with a protocol identical to the present study. The authors observed a
strong correlation between the octanol:water partitioning coeflicient and the distribution coefficient of drugs
measured in plasma. Moreover, to a lesser extent, the drugs’ volume of distribution was also correlated with the
measured distribution coefficient. They did not include any opioid drug in their experiments but, based on the
developed model, they predicted that 2% (v/v) addition of Intralipid 20% should decrease FTL serum concentra-
tion by 35%. This value is not far from the results of the currently presented experiment (Table 2). Unfortunately,
no predictions for BPN and BTL were provided.

In contrast to the ultracentrifugation test, the cell culture model of drug distribution to the biophase devel-
oped in the present work is, to our best knowledge, rather unique in its application to the studies on lipid
emulsions. Other models using isolated cells or tissues aimed rather at the assessment of the pharmacodynamic
efficacy of the ILE treatment under ex vivo conditions®*-*. The advantages of the model described in the current
study are relative simplicity and the ability to deliver key information about the sequestration potential of ILE for
a given drug. In this simple system consisting of cell monolayer (the biophase), medium and Intralipid, two cell
lines with different physiology and morphology were tested. Despite the initial expectations, no important differ-
ences were found between the cell types (Table 4). Since J774.E macrophages are known to efficiently accumulate
chylomicrons®, it was expected that they could serve as a viable model for the “lipid shuttle” theory* where the
cellular uptake of lipid droplets may translate at a larger scale to the increased clearance of the drug entrapped
in these droplets. However, the results suggest that this process may be of limited importance or at least has a
limited impact on the intracellular drug concentrations. Simple diffusion through the cell membrane was likely
far more important than the possible effects related to the active uptake of opioid-rich lipid droplets suggesting
that the “lipid sink” mechanisms rather than the “lipid shuttle” is operative in the current model. Moreover,
possible cytotoxic impact on the cell lines was also excluded (Fig. 3) and changes in opioids’ concentrations
observed in the disposition study could not be attributed to the decrease in cell viability and loss of integrity.

In the tested environment, all three drugs exhibited different sequestration potential by the lipids, but BPN
was by far the most efficiently bound one (Fig. 1, Table 4). The drug was so efficiently redistributed from the cell
monolayer, that additional repetition of the experiment was conducted to verify this effect. Despite moderate
differences in the logP values (5.0, 4.1 and 3.8 for BPN, FTL and BTL, respectively?’-?’) the sequestration of BPN
by lipids, regardless of its concentration and cell line used, was extremely efficient. The origin of this intriguing
effect cannot be entirely elucidated based on the conducted experiments, however, the very nature of the logP
can offer a possible explanation. Namely, logP is a parameter calculated based on the log-transformed ratio of
the compound’s concentrations measured in two phases”. Thus, even a small apparent change in the logP value
can translate to a major change in drug distribution when measured in a linear scale, as it is in the case of the
current study.

The two in vitro models applied in this work for the assessment of lipophilicity and the prediction of tissue
distribution (plasma ultracentrifugation and the biophase distribution) provided different results. The experi-
ments indicated that the lipid-bound fraction in plasma (plasma ultracentrifugation test) is lower than the
ILE-induced decrease in the drug concentration in the cell monolayer (the biophase model) in case of BPN and
FTL (Tables 3 and 4). For BPN, around 36% of the plasma drug was sequestrated in ILE lipids whereas the drug
concentration in cells dropped by as much as 97% after the addition of Intralipid to the medium (at the same
concentration as in plasma). In contrast, for FTL approx. 20% was sequestered in the ILE lipids in plasma which
corresponded to 29% drop in cell drug concentration. For BTL 12% was sequestered in the ILE lipids in plasma
and the addition of ILE led to the decrease in cell drug concentration of only 13%. This may suggest that, espe-
cially for BPN, even relatively small drop in the plasma disposition coefficient does not exclude an important
impact of ILE on drug penetration into cells.

These discrepancies in the results of the two tested approaches can be caused by many factors like drug
metabolism, degradation, and also plasma protein binding. The analytical methods applied in this study quan-
tify the total drug concentration, without distinguishing between the protein-bound fraction and the free drug.
However, some authors argue that only the free drug can be efficiently sequestered in the ILE droplets'®®”. Thus,
the more the drug is bound to the proteins, the less of it will be available for transition into the lipid fraction®.
What is fundamentally important in this context is the fact that only the free fraction is both, pharmacologically/
toxicologically active and available for elimination. The free and the bound fraction (whether protein-bound or
entrapped in lipid droplets) are in dynamic equilibrium, therefore any change in the relevant conditions (e.g.
increase in the affinity of binding or in the volume of the reservoir for binding) will immediately affect the latter
fraction. According to the “lipid sink” theory, by using intravenous emulsions in the patient we simply aim at
increasing the inactive fraction (bound to both proteins and lipids in plasma). However, using the full plasma
(acellular) system we cannot distinguish fractions bound to proteins and lipids. Furthermore, the higher the
protein-bound fraction of the drug, the more biased are the measurements of the disposition coefficient. The
protein binding data for opioids seem to explain the results of the present study. More than 90% of BPN is bound
to plasma albumin, gamma-globulin and alpha-acid glycoprotein®-7!. Thus, the small free fraction available
for lipid sequestration may be responsible for the relatively low value of disposition coefficient obtained in the
ultracentrifugation test. The two other opioids bind to plasma proteins to a lesser extent [around 80% for FTL as
evaluated in this study is bound to proteins and similar values were reported for BTL in literature’?], thus, lipid
sequestration in plasma should be less biased than in the case of BPN. All these considerations lose relevance,
however, when the drugs are tested in the cell culture conditions. The complete culture medium contains only
10% foetal bovine serum so plasma proteins are at least 10 times diluted as compared to full plasma used in the
first experiment. Since the protein concentration can have an impact on the free drug concentration’ it is pos-
sible that under these conditions the majority of the drug remains in the free form. This may explain why BPN
could be so efficiently sequestered in the medium and later washed away from the biophase. However, in plasma,
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the sequestration is likely to be hampered by a strong drug interaction with the abundant proteins. Combining
the information from these two systems (plasma and cell culture) provides us with the insight into the relations
between the biologically relevant fractions and allows better predictions for in vivo scenarios. E.g. if the free
drug is avidly bound by lipid droplets but is also showing high protein binding (BPN case), we can conclude that
despite high lipophilicity, the clinical benefit may be limited as the available protein-unbound fraction is very
small and we cannot add much drug immobilization with the emulsion. This hypothesis should be confirmed
by additional evaluation of distribution coefficient under biological conditions when only the free fraction is
measured. Unfortunately, such tests are problematic for BPN as it binds to many types of membranes used for
these studies. This issue was reported in the literature® and was observed also during the tests conducted in
our laboratory.

The use of diluted proteins in cell culture medium can be seen as biologically less relevant as compared to
plasma or serum. Nevertheless, as the ILE addition can sequester only the free fraction of the drug13'67, the inves-
tigation of the emulsion’s impact on the unbound fraction in cell culture medium is, paradoxically, of superior
value as compared to plasma measurements which are further complicated by plasma proteins. Taking this into
account, the disposition to the biophase seems to provide less biased predictions of the ILE efficacy in the drug
sequestration, as this model accounts for two crucial factors: the impact on the free fraction exclusively and the
drug penetration to the cells. However, this hypothesis should be confirmed in conditions where only the free
drug concentrations would be measured.

It may be argued that the experimental setting would be more complete if the cellular arm of our study would
have additional incubation of cells in full rabbit plasma. However, most cells do not tolerate well high concentra-
tions of plasma/serum and their physiology would have probably been severely affected. Adding bovine serum
albumin to the medium to increase total protein concentration would also not make the setting more relevant
as opioids bind to other, less abundant protein fractions””%. Although the lack of such additional comparison
in the cellular experiments may be perceived as a limitation, we believe that the aforementioned factors signifi-
cantly limit its feasibility.

A possible limitation of the study is that the concentration of metabolites was not measured and the metabo-
lism capacity of the selected cell lines is not well known. The activity of cytochrome P450-3A4, involved in the
metabolism of opioids’, is very unlikely in the 3T3 fibroblasts’® but in J774.E macrophages it cannot be entirely
excluded”. Nevertheless, the study design applied in this research is expected to account for any possible residual
metabolism that should be similar in the ILE-treated and control culture dishes. The MTT test showed that ILE
had little to no impact on the cells’ viability, but its impact on the cytochrome P450 remains unknown. Thus,
the possibility of the different metabolic rates may also be considered as a potential source of variability in the
two in vitro models.

Despite all these discrepancies, the results of the cell-free studies using plasma as well as the results of the
in vitro biophase model correlated well with the LogP values for the opioids under investigation suggesting a
good predictive value of these tools for the assessment of the drug:ILE interaction (Fig. 4). However, the relation
was far from a simple y =x function. It should be kept in mind that physicochemical drug properties (as partition
coefficient) are indeed very important in the modulation of interaction with ILE, but other valid factors should
not be overlooked in the attempt of translating these properties to the biological conditions. One of these crucial
factors revealed in the present investigation is protein binding. Thus, while predicting the possible benefits of the
use of ILE in the modulation of toxicant/drug disposition under clinical conditions, the partitioning coefficient
evaluated in octanol:water experiments should be used with caution, as it does not account for many factors
present in the biological conditions like distribution to different cells and tissues and interactions with other
components of body fluids.

Findings presented in this work cannot replace the in vivo studies investigating interactions between ILE and
opioids during the poisoning. However, the present work provides valuable predictions of the potential suscep-
tibility of different opioids to sequestration in lipids and provides an alternative approach for the evaluation of
biologically relevant relation between drug lipophilicity and distribution to the components of the biological
milieu. Therefore, the proposed approach may contribute to future design of efficient therapeutic protocols utiliz-
ing the potential of ILE to modulate pharmaco- or toxicokinetic scenarios under clinical conditions. Moreover,
it may easily be applied other classes of drugs and xenobiotics.

Data availability
The datasets generated and/or analysed during the current study are available in the Zenodo repository, https://
zenodo.org/record/6091872#.Y gvMky8wOcg.

Received: 11 February 2022; Accepted: 4 October 2022
Published online: 04 November 2022

References

1. Ok, S. H.,Hong, ]. M,, Lee, S. H. & Sohn, J. T. Lipid emulsion for treating local anesthetic systemic toxicity. Int. . Med. Sci. 15(7),
713-722. https://doi.org/10.7150/ijms.22643 (2018).

2. Kang, C. et al. The effects of intravenous lipid emulsion on prolongation of survival in a rat model of calcium channel blocker
toxicity. Clin. Toxicol. 53(6), 540-544. https://doi.org/10.3109/15563650.2015.1045979 (2015).

3. Neal, J. M. et al. The third American Society of Regional Anesthesia and Pain Medicine practice advisory on local anesthetic
systemic toxicity: executive summary 2017. Reg. Anesthesia Pain Med. 43(2), 113-123. https://doi.org/10.1097/AAP.0000000000
000720 (2018).

4. Fettiplace, M. R. & Weinberg, G. The mechanisms underlying lipid resuscitation therapy. Reg. Anesth. Pain Med. 43(2), 138-149.
https://doi.org/10.1097/AAP.0000000000000719 (2018).

Scientific Reports |

(2022) 12:18683 | https://doi.org/10.1038/s41598-022-21790-4 nature portfolio


https://zenodo.org/record/6091872#.YgvMky8w0cg
https://zenodo.org/record/6091872#.YgvMky8w0cg
https://doi.org/10.7150/ijms.22643
https://doi.org/10.3109/15563650.2015.1045979
https://doi.org/10.1097/AAP.0000000000000720
https://doi.org/10.1097/AAP.0000000000000720
https://doi.org/10.1097/AAP.0000000000000719

www.nature.com/scientificreports/

10.
11.
12.
13.

14.
. Fettiplace, M. R. & Pichurko, A. B. Heterogeneity and bias in animal models of lipid emulsion therapy: A systematic review and

16.
17.
18.
19.
20.
21.

22.

23.
24,
25.
26.
27.
28.
29.
30.

31.
32.

33.
34.
35.

36.

37.
38.
39.
40.
41.

42.

43.

. Cao, D., Heard, K., Foran, M. & Koyfman, A. Intravenous lipid emulsion in the emergency department: A systematic review of

recent literature. J. Emerg. Med. 48(3), 387-397. https://doi.org/10.1016/j.jemermed.2014.10.009 (2015).

. Elgazzar, E. M., Elgohary, M. S., Basiouny, S. M. & Lashin, H. I. Intravenous lipid emulsion as an adjuvant therapy of acute clozapine

poisoning. Hum. Exp. Toxicol. 40(7), 1053-1063. https://doi.org/10.1177/0960327120983873 (2021).

. Majeed, S., Malik, A. H. & Dar, B. A. Evaluation of intravenous lipid emulsion as a novel therapeutic antidote in severe organo-

phosphorous poisoning- a prospective randomized, comparative study. Al Ameen J. Med. Sci. 12(3), 160-165 (2019).

. Dureau, P,, Mazoit, J.-X., Navarro, V., Benhamou, D. & La, C. B. Toxicité Systémique Des Anesthésiques Locaux Peut-Elle Etre

Prévenue Par I'Intralipide® 2. Ann. Fr. Anesth. Reanim. 33, A7-A8. https://doi.org/10.1016/j.annfar.2014.07.021 (2014).

. Dureau, P, Charbit, B., Nicolas, N., Benhamou, D. & Mazoit, J. X. Effect of Intralipid® on the dose of Ropivacaine or Levobupiv-

acaine tolerated by volunteers. Anesthesiology 125(3), 474-483. https://doi.org/10.1097/ALN.0000000000001230 (2016).
Harvey, M. G. & Cave, G. R. Intralipid infusion ameliorates propranolol-induced hypotension in rabbits. J. Med. Toxicol. 4(2), 71.
https://doi.org/10.1007/BF03160958 (2008).

Jakkala-Saibaba, R., Morgan, P. G. & Morton, G. L. Treatment of cocaine overdose with lipid emulsion. Anaesthesia 66(12),
1168-1170. https://doi.org/10.1111/j.1365-2044.2011.06895.x (2011).

Montiel, V., Gougnard, T. & Hantson, P. Diltiazem poisoning treated with hyperinsulinemic euglycemia therapy and intravenous
lipid emulsion. Eur. J. Emerg. Med. 18(2), 121-123 (2011).

Muraro, L. et al. Intralipid in acute caffeine intoxication: A case report. J. Anesth. 30(5), 895-899. https://doi.org/10.1007/s00540-
016-2198-x (2016).

Weinberg, G. L. Lipid emulsion infusion. Anesthesiology 117(1), 180-187. https://doi.org/10.1097/aln.0b013e31825ad8de (2012).

meta-analysis. Clin. Toxicol. 59(1), 1-11. https://doi.org/10.1080/15563650.2020.1814316 (2021).

Zausig, Y. A. et al. Lipid emulsion improves recovery from bupivacaine-induced cardiac arrest, but not from ropivacaine-or
mepivacaine-induced cardiac arrest. Anesthesia Analgesia 109(4), 1323-1326 (2009).

Tampakis, K. et al. Intravenous lipid emulsion as an antidote in clinical toxicology: A systematic review. Eur. Rev. Med. Pharmacol.
Sci. 24(12), 7138-7148 (2020).

Kuo, I. & Akpa, B. S. Validity of the lipid sink as a mechanism for the reversal of local anesthetic systemic toxicity: A physiologically
based pharmacokinetic model study. Anesthesiology 118(6), 1350-1361. https://doi.org/10.1097/ALN.0b013e31828ce74d (2013).
Weinberg, G. et al. Partitioning effect in lipid resuscitation: Further evidence for the lipid sink. Crit. Care Med. 38(11), 2268-9
(2010).

French, D. et al. Partition constant and volume of distribution as predictors of clinical efficacy of lipid rescue for toxicological
emergencies. Clin. Toxicol. 49(9), 801-809. https://doi.org/10.3109/15563650.2011.617308 (2011).

Clark, L. A., Beyer, J. & Graudins, A. An in vitro analysis of the effects of intravenous lipid emulsion on free and total local anaes-
thetic concentrations in human blood and plasma. Crit. Care Res. Pract. 2014, 236520. https://doi.org/10.1155/2014/236520 (2014).
Ruan, W., French, D., Wong, A., Drasner, K. & Wu, A. H. B. A mixed (Long- and Medium-Chain) triglyceride lipid emulsion
extracts local anesthetic from human serum in vitro more effectively than a long-chain emulsion. Anesthesiology 116(2), 334-339.
https://doi.org/10.1097/ALN.0b013e318242a5f1 (2012).

Kwon, Y. Handbook of Essential Pharmacokinetics, Pharmacodynamics and Drug Metabolism for Industrial Scientists; Springer
Science & Business Media, 2001.

Lokajova, J., Pukkila, J., Holopainen, J. M. & Wiedmer, S. K. In vitro capturing of various lipophilic illicit drugs by lipid dispersions.
An electrokinetic capillary chromatography and fluorescence polarization study. Eur. J. Pharm. Sci. 41(3), 515-522 (2010).
Lokajova, J., Holopainen, J. M. & Wiedmer, S. K. Comparison of lipid sinks in sequestering common intoxicating drugs. J. Sep.
Sci. 35(22), 3106-3112. https://doi.org/10.1002/jssc.201101038 (2012).

Kryshtal, D. O., Dawling, S., Seger, D. & Knollmann, B. C. In vitro studies indicate intravenous lipid emulsion acts as lipid sink in
verapamil poisoning. J. Med. Toxicol. 12(2), 165-171. https://doi.org/10.1007/s13181-015-0511-y (2016).

Avdeef, A., Barrett, D. A., Shaw, P. N, Knaggs, R. D. & Davis, S. S. Octanol-, chloroform—-, and propylene glycol dipelargonat—
water partitioning of morphine-6-glucuronide and other related opiates. J. Med. Chem. 39(22), 4377-4381 (1996).

Mather, L. E. Clinical pharmacokinetics of fentanyl and its newer derivatives. Clin. Pharmacokinet. 8(5), 422-446. https://doi.org/
10.2165/00003088-198308050-00004 (1983).

Grabowski, T., Jaroszewski, J. ]. & Piotrowski, W. Correlations between no observed effect level and selected parameters of the
chemical structure for veterinary drugs. Toxicol. Vitr. 24(3), 953-959. https://doi.org/10.1016/j.tiv.2010.01.003 (2010).

Shipton, E. A., Shipton, E. E. & Shipton, A. J. A review of the opioid epidemic: What do we do about it?. Pain Ther. 7(1), 23-36.
https://doi.org/10.1007/s40122-018-0096-7 (2018).

Martin, W. Drugs five years later: Naloxone. Ann. Intern. Med. 85(6), 765-768. https://doi.org/10.7326/0003-4819-85-6-765 (1976).
Clarke, S. E J., Dargan, P. I. & Jones, A. L. Naloxone in opioid poisoning: Walking the tightrope. Emerg. Med. J. 22(9), 612-616.
https://doi.org/10.1136/emj.2003.009613 (2005).

Van Dorp, E. et al. Naloxone reversal of buprenorphine-induced respiratory depression. Anesthesiology 105(1), 51-57. https://doi.
0rg/10.1097/00000542-200607000-00012 (2006).

Zuckerman, M., Weisberg, S. N. & Boyer, E. W. Pitfalls of intranasal naloxone. Prehospital Emerg. Care 18(4), 550-554. https://
doi.org/10.3109/10903127.2014.896961 (2014).

Kim, H. K. & Nelson, L. S. Reducing the harm of opioid overdose with the safe use of naloxone: A pharmacologic review. Expert
Opin. Drug Saf. 14(7), 1137-1146. https://doi.org/10.1517/14740338.2015.1037274 (2015).

Tikhomirov, M., Pozniak, B. & Sniegocki, T. High-performance liquid chromatography-tandem mass spectrometry for buprenor-
phine evaluation in plasma—application to pharmacokinetic studies in rabbits. Molecules https://doi.org/10.3390/molecules260204
37 (2021).

Tikhomirov, M., Sniegocki, T. & Pozniak, B. Lipemia in the plasma sample affects fentanyl measurements by means of HPLC-MS2
after liquid-liquid extraction. Molecules https://doi.org/10.3390/molecules26154514 (2021).

Zhou, J. Y. et al. Simple sodium dodecyl sulfate-assisted sample preparation method for LC-MS-based proteomics applications.
Anal. Chem. 84(6), 2862-2867. https://doi.org/10.1021/ac203394r (2012).

Miller, M. M., Wasik, S. P,, Huang, G. L., Shiu, W. Y. & Mackay, D. Relationships between octanol-water partition coefficient and
aqueous solubility. Environ. Sci. Technol. 19(6), 522-529. https://doi.org/10.1021/es00136a007 (1985).

Manners, C. N., Payling, D. W. & Smith, D. A. Distribution coefficient, a convenient term for the relation of predictable physico-
chemical properties to metabolic processes. Xenobiotica 18(3), 331-350. https://doi.org/10.3109/00498258809041669 (1988).
Rotenberg, M. et al. Physico-chemical characterization of Intralipid™ emulsions. Biochim. Biophys. Acta - Lipids Lipid Metab.
1086(3), 265-272 (1991).

Ellsworth, J. L., Kraemer, F. B. & Cooper, A. D. Transport of beta-very low density lipoproteins and chylomicron remnants by
macrophages is mediated by the low density lipoprotein receptor pathway. J. Biol. Chem. 262(5), 2316-2325. https://doi.org/10.
1016/50021-9258(18)61656-4 (1987).

Napolitano, M., Avella, M., Botham, K. M. & Bravo, E. Chylomicron remnant induction of lipid accumulation in J774 macrophages
is associated with up-regulation of triacylglycerol synthesis which is not dependent on oxidation of the particles. Biochim. Biophys.
Acta - Mol. Cell Biol. Lipids 1631(3), 255-264. https://doi.org/10.1016/S1388-1981(03)00042-8 (2003).

Scientific Reports |

(2022) 12:18683 | https://doi.org/10.1038/s41598-022-21790-4 nature portfolio


https://doi.org/10.1016/j.jemermed.2014.10.009
https://doi.org/10.1177/0960327120983873
https://doi.org/10.1016/j.annfar.2014.07.021
https://doi.org/10.1097/ALN.0000000000001230
https://doi.org/10.1007/BF03160958
https://doi.org/10.1111/j.1365-2044.2011.06895.x
https://doi.org/10.1007/s00540-016-2198-x
https://doi.org/10.1007/s00540-016-2198-x
https://doi.org/10.1097/aln.0b013e31825ad8de
https://doi.org/10.1080/15563650.2020.1814316
https://doi.org/10.1097/ALN.0b013e31828ce74d
https://doi.org/10.3109/15563650.2011.617308
https://doi.org/10.1155/2014/236520
https://doi.org/10.1097/ALN.0b013e318242a5f1
https://doi.org/10.1002/jssc.201101038
https://doi.org/10.1007/s13181-015-0511-y
https://doi.org/10.2165/00003088-198308050-00004
https://doi.org/10.2165/00003088-198308050-00004
https://doi.org/10.1016/j.tiv.2010.01.003
https://doi.org/10.1007/s40122-018-0096-7
https://doi.org/10.7326/0003-4819-85-6-765
https://doi.org/10.1136/emj.2003.009613
https://doi.org/10.1097/00000542-200607000-00012
https://doi.org/10.1097/00000542-200607000-00012
https://doi.org/10.3109/10903127.2014.896961
https://doi.org/10.3109/10903127.2014.896961
https://doi.org/10.1517/14740338.2015.1037274
https://doi.org/10.3390/molecules26020437
https://doi.org/10.3390/molecules26020437
https://doi.org/10.3390/molecules26154514
https://doi.org/10.1021/ac203394r
https://doi.org/10.1021/es00136a007
https://doi.org/10.3109/00498258809041669
https://doi.org/10.1016/s0021-9258(18)61656-4
https://doi.org/10.1016/s0021-9258(18)61656-4
https://doi.org/10.1016/S1388-1981(03)00042-8

www.nature.com/scientificreports/

44,

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Zhao, W,, Wang, L., Haller, V. & Ritsch, A. A novel candidate for prevention and treatment of atherosclerosis: Urolithin B decreases
lipid plaque deposition in ApoE —/— mice and increases early stages of reverse cholesterol transport in Ox-LDL treated macrophages
cells. Mol. Nutr. Food Res. https://doi.org/10.1002/mnfr.201800887 (2019).

Getz, G. S. & Reardon, C. A. Apoproteins E, A-I, and SAA in macrophage pathobiology related to atherogenesis. Front. Pharmacol.
10(MAY), 1-11. https://doi.org/10.3389/fphar.2019.00536 (2019).

Férézou, J. et al. Intralipid 10%: Physicochemical characterization. Nutrition 17(11-12), 930-933. https://doi.org/10.1016/S0899-
9007(01)00667-0 (2001).

Manual, D. J. K., Hansen, I. H. & Deckelbaum, R. J. A need to analyze radiolabeled cholesteryl ethers for biological stability before
use. The FASEB J. 31, 653-5. https://doi.org/10.1096/fasebj.31.1_supplement.653.5 (2017).

Morgan, D. M. L. Tetrazolium (MTT) Assay for Cellular Viability and Activity 179-184 (Springer, 1998).

Lee, K.-J. et al. Modulation of nonspecific binding in ultrafiltration protein binding studies. Pharm. Res. 20(7), 1015-1021. https://
doi.org/10.1023/A:1024406221962 (2003).

Whitlam, J. B. & Brown, K. E. Ultrafiltration in serum protein binding determinations. J. Pharm. Sci. 70(2), 146-150. https://doi.
0rg/10.1002/jps.2600700208 (1981).

Agency, E. M. Guideline on Bioanalytical Method Validation. Eur. Med. Agency, 2011.

Yeung, D. T, Bough, K. J., Harper, J. R. & Platoff, G. E. National institutes of health (NTH) executive meeting summary: Developing
medical countermeasures to rescue opioid-induced respiratory depression (a trans-agency scientific meeting)—August 6/7, 2019.
J. Med. Toxicol. 16(1), 87-105. https://doi.org/10.1007/s13181-019-00750-x (2020).

Krieter, P, Gyaw, S., Crystal, R. & Skolnick, P. Fighting fire with fire: development of intranasal nalmefene to treat synthetic opioid
overdose. J. Pharmacol. Exp. Ther. 371(2), 409-415. https://doi.org/10.1124/jpet.118.256115 (2019).

Broadbear, J. H. et al. Methocinnamox is a potent, long-lasting, and selective antagonist of morphine-mediated antinociception in
the mouse: Comparison with Clocinnamox, p-Funaltrexamine, and p-Chlornaltrexamine. J. Pharmacol. Exp. Ther. 294(3), 933-940
(2000).

France, C. P. et al. Countermeasures for preventing and treating opioid overdose. Clin. Pharmacol. Ther. 109(3), 578-590. https://
doi.org/10.1002/cpt.2098 (2021).

Federico, I, Federico, E, Rojas, E, Zapf, ]. & Esmaeli-Azad, B. A Medical countermeasure against drugs of abuse with detoxifying
biomimetic “Nanosponge” decoy receptors directed against opioid drugs and methamphetamines. FASEB J. 34(S1), 1 (2020).
Mayer, B. P, Kennedy, D. J., Lau, E. Y. & Valdez, C. A. Solution-state structure and affinities of Cyclodextrin: Fentanyl complexes
by nuclear magnetic resonance spectroscopy and molecular dynamics simulation. J. Phys. Chem. B 120(9), 2423-2433. https://
doi.org/10.1021/acs.jpcb.5b12333 (2016).

Weinberg, G. L., VadeBoncouer, T., Ramaraju, G. A., Garcia-Amaro, M. F & Cwik, M. J. Pretreatment or resuscitation with a lipid
infusion shifts the dose-response to bupivacaine-induced asystole in rats. . Am. Soc. Anesthesiol. 88(4), 1071-1075 (1998).
Weinberg, G., Ripper, R., Feinstein, D. L. & Hoffman, W. Lipid emulsion infusion rescues dogs from bupivacaine-induced cardiac
toxicity. Reg. Anesth. Pain Med. 28(3), 198-202. https://doi.org/10.1053/rapm.2003.50041 (2003).

Hicks, S. D. et al. Lipid emulsion combined with epinephrine and vasopressin does not improve survival in a swine model of
bupivacaine-induced cardiac arrest. Anesthesiology 111(1), 138-146. https://doi.org/10.1097/ALN.0b013e3181a4c6d7 (2009).
Clark, L. A., Beyer, J. & Graudins, A. An in vitro analysis of the effects of intravenous lipid emulsion on free and total local anaes-
thetic concentrations in human blood and plasma. Crit. Care Res. Pract. https://doi.org/10.1155/2014/236520 (2014).

Wagner, M. et al. Lipid rescue reverses the bupivacaine-induced block of the fast Na+ current (INa) in cardiomyocytes of the rat
left ventricle. Anesthesiology 120(3), 724-736. https://doi.org/10.1097/ALN.0b013e3182a66d4d (2014).

Weinberg, G. L. et al. Lipid infusion accelerates removal of bupivacaine and recovery from bupivacaine toxicity in the isolated rat
heart. Reg. Anesth. Pain Med. 31(4), 296-303. https://doi.org/10.1016/j.rapm.2005.02.011 (2006).

Stehr, S. N. et al. The effects of lipid infusion on myocardial function and bioenergetics in L-bupivacaine toxicity in the isolated
rat heart. Anesth. Analg. 104(1), 186-192. https://doi.org/10.1213/01.ane.0000248220.01320.58 (2007).

Aumeier, C. et al. Lipid emulsion pretreatment has different effects on mepivacaine and bupivacaine cardiac toxicity in an isolated
rat heart model. Br. J. Anaesth. 112(4), 735-741. https://doi.org/10.1093/bja/aet353 (2014).

Wagner, M. et al. Lipid rescue reverses the bupivacaine-induced block of the fast Na+ current (INa) in cardiomyocytes of the rat
left ventricle. Anesthesiology 120(3), 724-736 (2014).

Litonius, E. S., Niiya, T., Neuvonen, P. J. & Rosenberg, P. H. Intravenous lipid emulsion only minimally influences bupivacaine
and mepivacaine distribution in plasma and does not enhance recovery from intoxication in pigs. Anesth. Analg. 114(4), 901-906.
https://doi.org/10.1213/ANE.0b013e3182367a37 (2012).

Kalitynski, R., Dawidowicz, A. L. & Poszytek, J. Influence of intralipid on free propofol fraction assayed in human serum albumin
solutions and human plasma. Acta Pharmacol. Sin. 27(12), 1637-1641. https://doi.org/10.1111/j.1745-7254.2006.00454.x (2006).
Garrett, E. R. & Chandran, V. R. Pharmacokinetics of morphine and its surrogates VI: Bioanalysis, solvolysis kinetics, solubility,
PKa' values, and protein binding of buprenorphine. J. Pharm. Sci. 74(5), 515-524. https://doi.org/10.1002/jps.2600740505 (1985).
Mistry, M. & Houston, J. B. Glucuronidation in vitro and in vivo. Comparison of intestinal and hepatic conjugation of morphine,
naloxone, and buprenorphine. Drug Metab. Dispos. 15(5), 710-717 (1987).

Nanovskaya, T. N., Bowen, R. S., Patrikeeva, S. L., Hankins, G. D. V. & Ahmed, M. S. Effect of plasma proteins on buprenorphine
transfer across dually perfused placental lobule. J. Matern. Neonatal Med. 22(8), 646-653. https://doi.org/10.1080/1476705080
2610328 (2009).

Gillis, J. C., Benfield, P. & Goa, K. L. Transnasal butorphanol. Drugs 50(1), 157-175. https://doi.org/10.2165/00003495-19955
0010-00010 (1995).

Zini, R., Riant, P,, Barré, J. & Tillement, J.-P. Disease-induced variations in plasma protein levels implications for drug dosage
regimens (Part I). Clin. Pharmacokinet. 19(2), 147-159. https://doi.org/10.2165/00003088-199019020-00004 (1990).

Bower, S. Plasma protein binding of fentanyl: The effect of hyperlipoproteinaemia and chronic renal failure. J. Pharm. Pharmacol.
34(2), 102-106 (1982).

Coller, J. K., Christrup, L. L. & Somogyi, A. A. Role of active metabolites in the use of opioids. Eur. J. Clin. Pharmacol. 65(2),
121-139. https://doi.org/10.1007/500228-008-0570-y (2009).

Yamada, M. et al. Controlled formation of heterotypic hepatic micro-organoids in anisotropic hydrogel microfibers for long-term
preservation of liver-specific functions. Biomaterials 33(33), 8304-8315. https://doi.org/10.1016/j.biomaterials.2012.07.068 (2012).
Raza, H. & John, A. Differential cytotoxicity of acetaminophen in mouse macrophage J774.2 and human hepatoma HepG2 cells:
Protection by Diallyl Sulfide. PLoS One 10(12), €0145965 (2016).

Acknowledgements

The authors would like to kindly thank Richter Pharma AG for the provision of butorphanol standard used in
this study. The research conducted in the study was part of Marta Tikhomirov’s PhD thesis. This research was
funded by Wroclaw University of Environmental and Life Sciences, grant number B020/0012/19 as a part of
Innovative PhD Work program. The manuscript does not contain clinical studies or patient data.

Scientific Reports |

(2022) 12:18683 | https://doi.org/10.1038/s41598-022-21790-4 nature portfolio


https://doi.org/10.1002/mnfr.201800887
https://doi.org/10.3389/fphar.2019.00536
https://doi.org/10.1016/S0899-9007(01)00667-0
https://doi.org/10.1016/S0899-9007(01)00667-0
https://doi.org/10.1096/fasebj.31.1_supplement.653.5
https://doi.org/10.1023/A:1024406221962
https://doi.org/10.1023/A:1024406221962
https://doi.org/10.1002/jps.2600700208
https://doi.org/10.1002/jps.2600700208
https://doi.org/10.1007/s13181-019-00750-x
https://doi.org/10.1124/jpet.118.256115
https://doi.org/10.1002/cpt.2098
https://doi.org/10.1002/cpt.2098
https://doi.org/10.1021/acs.jpcb.5b12333
https://doi.org/10.1021/acs.jpcb.5b12333
https://doi.org/10.1053/rapm.2003.50041
https://doi.org/10.1097/ALN.0b013e3181a4c6d7
https://doi.org/10.1155/2014/236520
https://doi.org/10.1097/ALN.0b013e3182a66d4d
https://doi.org/10.1016/j.rapm.2005.02.011
https://doi.org/10.1213/01.ane.0000248220.01320.58
https://doi.org/10.1093/bja/aet353
https://doi.org/10.1213/ANE.0b013e3182367a37
https://doi.org/10.1111/j.1745-7254.2006.00454.x
https://doi.org/10.1002/jps.2600740505
https://doi.org/10.1080/14767050802610328
https://doi.org/10.1080/14767050802610328
https://doi.org/10.2165/00003495-199550010-00010
https://doi.org/10.2165/00003495-199550010-00010
https://doi.org/10.2165/00003088-199019020-00004
https://doi.org/10.1007/s00228-008-0570-y
https://doi.org/10.1016/j.biomaterials.2012.07.068

www.nature.com/scientificreports/

Author contributions

Conceptualization, M.T. and B.P; methodology, M.T. and B.P;; validation, PJ., T.S., M.T;; formal analysis, M.T;
investigation, M.T.; resources, M.T.; data curation, M. T.; writing—original draft preparation, M.T.; writing—
review and editing, B.P, T.S and PJ.; visualization, M.T; supervi-sion, B.P.; project administration, M.T., B.P;;
funding acquisition, M.T., B.P. All authors have read and agreed to the published version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022)12:18683 | https://doi.org/10.1038/s41598-022-21790-4 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Predicting the efficacy of opioid sequestration by intravenous lipid emulsion using biologically relevant in vitro models of drug distribution
	Material and methods
	Determination of buprenorphine, fentanyl and butorphanol concentration in plasma. 
	Determination of buprenorphine, fentanyl and butorphanol concentration in cell lysates. 
	Evaluation of the distribution coefficient in biological setting. 
	Disposition of the drugs to the cell monolayer. 
	Evaluation of Intralipid cytotoxicity. 
	Plasma protein binding. 
	Comparison of the measured in biologically relevant conditions distribution coefficient to the logP values. 

	Results
	Analytical methods for buprenorphine, fentanyl and butorphanol in rabbit plasma. 
	Analytical methods for buprenorphine, fentanyl and butorphanol in cell lysates. 
	Evaluation of the distribution coefficient in rabbit plasma. 
	Disposition of the drugs to the cell monolayer. 
	Plasma protein binding. 
	Experimentally evaluated distribution coefficient vs. logP. 

	Discussion
	References
	Acknowledgements


