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Emulsions are an important class of carriers for the delivery of hydrophobic drugs. While knowledge of drug
release kinetics is critical to optimizing drug carrying emulsions, there remain many open questions about the
validity of standard characterization methods such as the commonly used reverse-dialysis. In this paper, the
kinetic parameters of isoflurane release in perfluorotributylamine emulsions determined from both reverse-
dialysis and nuclear magnetic resonance (NMR) dilution experiments are compared. The NMR-determined ki-
netic parameters of isoflurane release were found to be approximately seven orders of magnitude larger than those

determined from conventional reverse-dialysis and were also shown to be consistent with prior in vivo obser-
vations of the anesthetization of rats.

1. Introduction

Emulsions are a subject of interest as drug carriers with many clin-
ically approved formulations already available in the marketplace
(Zhong et al., 2018; Salva et al., 2017). A necessary step in the design of
drug/emulsion formulations is the characterization of the drug release
kinetics. Dialysis, filtration, and centrifugation are among the most
common techniques that have been used to perform kinetic studies on
nanoparticulate drug delivery systems (Shen and Burgess, 2013;
D’Souza and DeLuca, 2006; Solomon et al., 2017). Alternative methods
based upon flow cytometry have also been used (D’Addio et al., 2016;
Petersen et al., 2010). However, questions about the validity of such
methodologies to accurately capture release kinetics have been raised
(Levy and Benita, 1990; Bernkop-Schnurch and Jalil, 2018; Washington,
1990; Washington, 1989; Zambito et al., 2012). For example, a study by
Washington et al. demonstrated using a stop flow technique that drug
release kinetics can be occurring on timescales much faster than the
detection limits of conventional approaches (Salmela and Washington,
2014).

One of the most common methods for characterizing drug release
kinetics is reverse-dialysis (Levy and Benita, 1990), whereby a
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nanocarrier’s drug release kinetics are determined by monitoring the
drug concentration inside a dialysis sac that is impermeable to the
nanocarrier. An important assumption in using reverse-dialysis to
characterize drug release kinetics is that the drug can freely enter the
dialysis sac on a timescale that is much faster than the drug release from
the nanocarriers. However, it has been pointed out that this assumption
can be violated if drug release rates are much faster than the timescale of
drug diffusing into the dialysis sac and/or if the drug is poorly water-
soluble (Modi and Anderson, 2013; Abouelmagd et al., 2015). In such
cases, modest discrepancies between drug release times derived from
reverse-dialysis and alternative measurement methodologies have been
previously noted (Forrest et al., 2018; Moreno-Bautista and Tam, 2011;
Xie et al.,, 2015). In spite of these potential pitfalls, reverse-dialysis
continues to be one of the most common methods for characterizing
nanocarrier drug release kinetics.

Albeit to a lesser extent than reverse-dialysis, nuclear magnetic
resonance (NMR) has also been employed to characterize the real-time
slow release of drugs using quantitative or q-NMR techniques (Agra-
hari et al.,, 2017). Unlike reverse-dialysis and q-NMR, however, the
majority of NMR drug release studies do not monitor drug release in
real-time but are instead performed under equilibrium conditions (Hey
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and Al-Sagheer, 1994). In such cases, information about the drug release
kinetics can still be determined by exploiting differences in a drug’s
spectral and/or physical parameters between the aqueous or organic
phases. For example, diffusion-based NMR methods (Johns and Hol-
lingsworth, 2007) have been used to provide drug release kinetics of
propofol in emulsions due to differences in propofol’s self-diffusion co-
efficient in aqueous and organic environments (Momot et al., 2003;
Momot and Kuchel, 2003). Monitoring NMR chemical shift changes
using titration/dilution experiments has also been used to determine Kp,
which is a drug’s partition coefficient between aqueous and hydropho-
bic phases within an emulsion (Kreilgaard and Pedersen, 2000; Omran
et al., 2002). As was the case with reverse-dialysis, it is challenging to
extract drug release kinetic parameters using the above NMR techniques
in situations where the drugs are poorly water-soluble and/or where the
drug release kinetics are faster than the differences in spectral
parameters.

Recently, the authors demonstrated that kinetic exchange rate con-
stants in emulsions could be determined from a series of NMR dilution
experiments by fitting both chemical shifts and line widths (Gong et al.,
2021). In this work, both reverse-dialysis and NMR-dilution experiments
were used to measure the in vitro release of the poorly water-soluble
drug, isoflurane, from an injectable anesthetic composed of an emulsi-
fied solution of isoflurane in perfluorotributylamine (FC43) (Ashrafi
et al., 2018; Pretto et al., 2016; Pretto et al., 2018). As will be demon-
strated, the NMR-determined isoflurane release times were found to be
approximately seven orders of magnitude faster than those determined
from conventional reverse-dialysis measurements.

2. Materials and methods
2.1. Emulsion preparation and characterization

Temperature controlled high pressure (15,000 PSI) homogenization
using a ShearJet™ HL60 from Dyhydromatics (Maynard, MA, USA) was
used to emulsify a 1:1 v/v isoflurane/FC43 solution in a 20% v/v ratio
with a saline solution [normal saline (sodium chloride(aq) 0.9% w/v)
containing 2% w/v of the surfactants, pluronic F68 and F127, in a 1:1
ratio to stabilize the emulsion droplets (see Ref. (Fraker et al., 2012) for
more details)]. All preconcentrates were prepared between 8 and 12 °C.
The hydrodynamic diameters for two different emulsion formulations,
denoted as E1 and E2, were characterized by dynamic light scattering
(DLS) experiments performed on a Malvern Zetasizer Nano ZS with a non-
invasive back scatter configuration at 13 + 173 degrees. The diluent used
was normal saline, which has a viscosity of 1 cP at T = 298 K. The al-
gorithms available through the Zetasizer software used a general purpose,
non-negative least squares method by Lawson and Hanson (1974) to fit
the particle size distribution. The average hydrodynamic diameters are
given in Table 1. As shown in Supporting Information, dilutions greater
than 40x were needed in order to reduce the effects of particle-particle
interactions and multiple scattering on the apparent hydrodynamic
radius.

The isoflurane content of the emulsions was determined using high
performance liquid chromatography (HPLC). First, standard samples
were prepared by mixing 100 pL, 50 pL, and 25 pL of isoflurane with
900 pL, 950 pL, and 975 pL of methanol in 1.25 mL shell vials (Fisher

Table 1
Characterization of the undiluted emulsions used in this study.

Emulsion (Is0],, (mM)* dgmut (nm)” i cm? .
Specific area | —
mL
El 750 + 20 191.8+1.2 6.00 x 10*
E2 787 +9 161.9+1.0 7.30 x 10*

@ Total isoflurane concentration determined by HPLC.
b Determined from DLS at 100x dilution.
¢ Calculated using dg,, and the volume fraction of the emulsion droplets.
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Scientific). These standards were then diluted 10x twice to produce a
total of nine standards corresponding to 10%, 5%, 2.5%, 1%, 0.5%,
0.25%, 0.1%, 0.05%, and 0.025% isoflurane. Pure methanol was used as
the 0% standard, and fresh standards were prepared for every mea-
surement. For the HPLC measurements of the emulsions, 100 pL of
emulsion was mixed with 900 pL of methanol in a 1.25 mL shell vial,
capped and vortexed for 1 min to break up the emulsion. The resulting
solution was transparent with an immiscible layer of FC43 at the bottom.
Both methanol and FC43 are maximally miscible with isoflurane, which
was the rationale for using methanol in the emulsion fracture.

All HPLC measurements were acquired on a Hitachi Lachrom Elite
instrument. The quantitative measurements were performed at 30 °C on
an Ascentis® C18 (15 cm x 4.6 mm i.d., 5 pm) with photodiode array
detection at 203 nm. The mobile phase was water:acetonitrile, 40:60 (v/
v). Elution was done at 0.6 mL/min for 10 min. A 20 pL injection was
used for both standards and samples, and a 100 pL injection was used for
the dialysis samples described below. Each sample was run 3 times, and
the column was washed between each run by running 10 pL of pure
methanol. Standard samples were run only once. The peak at 6 to 7 min
corresponded to isoflurane and was integrated using the commercial
software provided with the instrument.

2.2. Stability of the emulsions under dilution

Samples of both E1 and E2 emulsions were diluted by adding 17.17
pL, 6.83 pL and 3.41 pL of the emulsion to 1700 pL of a diluent to
produce 100 x , 250x and 500x dilutions, respectively. Two diluents
were used: saline and isoflurane saturated saline (the preparation of
which is described in Supporting Information). Each sample was pre-
pared in triplicate. Samples were sealed, mixed by shaking and placed
inside a temperature controlled oven at 29 + 2 °C. One replicate of each
sample was removed at 1 h, 2h, 4 h, 6 h, 24 h, and 96 h time points, and
its particle size was measured using DLS. For each configuration, one
sample was measured by DLS at t = 0 without experiencing elevated
temperature as a control.

2.3. Reverse-dialysis measurements

Reverse-dialysis was performed using Thermo Fisher Scientific’s
Snakeskin™ 10 k MWCO, 22 mm dialysis tubing. The tube was cut into
5 cm pieces and soaked in deionized water for 30 min. It was then folded
and clamped on both ends, holding 1.5 mL of saline inside. Each sac
along with a magnetic stirrer were placed inside a 100 mL glass media
bottle containing 128.5 mL normal saline [each media bottle (Duran®,
Schott AG) had an actual available volume of approximately 138 mL
when measured up to the bottle’s lip]. The bottles were then capped and
placed in an oven at 29 + 2 °C. For the reverse-dialysis measurements of
the emulsions, 1.314 mL of a given emulsion was added to each bottle,
resulting in an overall dilution of 100 x . The bottles were then sealed
and stirred at 60 rpm at 29 +2 °C. Eight bottles were prepared as
described above with a bottle removed from the oven at times 5 min, 10
min, 20 min, 30 min, 45 min, 60 min, 90 min, and 120 min after addition
of the emulsion. Once removed, 1 mL samples were taken from inside
and outside of the dialysis sac. The isoflurane content of each sample
was measured using HPLC as described above without breaking the
emulsion in methanol. The above procedure was repeated n = 3 times
for each emulsion.

As a control experiment, bottles were also prepared with 130 mL of
isoflurane saturated saline solution ([Iso]aq = 9.7 mM) that were capped
and placed in an oven at 29 + 2 °C. For the reverse-dialysis measure-
ments, magnetic stirrers and dialysis sacs containing 1.5 mL of saline
were added to the seven such bottles, which were then sealed and stirred
at 60 rpm. A bottle was removed from the oven at times 5 min, 10 min,
20 min, 30 min, 45 min, 60 min, and 120 min after the addition of the
dialysis sacs, whereupon 1 mL samples were again taken from inside and
outside of the dialysis sac with the isoflurane content of each sample
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measured using HPLC. This procedure was repeated n = 3 times. Plots of
the isoflurane content inside the dialysis sacs relative to the isoflurane
content outside the dialysis sacs are given in Fig. 2b.

2.4. NMR dilution measurements

The 'H NMR spectra were acquired on a 300 MHz Bruker AVANCE.
NEO spectrometer equipped with an automatic sample changer using
the pulse sequence “zgcpgppr” available in the Bruker library. The
transmitter was always set to the water resonance, and a 50 Hz pre-
saturation pulse was applied to suppress any residual water signal. The
following acquisition parameters were used in all experiments: a repe-
tition time of 30 s, a dwell time of 333 ps (corresponding to a spectral
width of 10 ppm), and an acquisition time of 3 s. The number of scans
(NS) was varied for different dilution samples to achieve a desired
signal-to-noise ratio with NS <512. All 1H NMR spectra were acquired
within 24 h of sample preparation as the DLS results in Fig. 1 indicated
that the emulsions were stable over this time period (dilution protocols
are given in Supporting Information). The determination of rate con-
stants in emulsions from the NMR dilution spectra has been presented
elsewhere (Gong et al., 2021). Briefly, isoflurane chemical shifts and line
widths were determined at each dilution by deconvolving the individual
isoflurane resonances in the 'H NMR spectrum. The kinetic rate con-
stants were then determined by simple algebraic calculations using the
observed chemical shifts and line widths as inputs.

2.5. NMR diffusion studies

Self diffusion coefficients were measured for isoflurane and FC43
using a stimulated echo with bipolar gradient and longitudinal eddy
current delay (LED) sequence [Fig. 4a], implemented by the
“ledbpgp2s” pulse program in the Bruker library (Gibbs and Johnson,
1991). All experiments were performed on a 400 MHz Bruker spec-
trometer with an LED time of A;gp = 5 ms. Both 'H and '°F NMR were
used to measure the self-diffusion coefficients of isoflurane and FC43,
respectively, by fitting the decay of the NMR signals with increasing
gradient strength, g, to the standard decay curve(Sinnaeve, 2012) given
by:

In (%) = —4D(oygs)’ <A + w - r) @

where y is the gyromagnetic ratio for a given nucleus (*H or 1°F), D is the
self-diffusion coefficient, § is the gradient pulse length, 7 is the gradient
stabilization delay, and A is the diffusion time. In Eq. (1), 6,x, and 4 are
numerical parameters that are determined by the particular pulsed

dilution in saline: O100x, O 250x,

190| |

185/ | { I i
180 : :
175
170
165
160| ) % I
155f ? %

150

dEmuI (nm)

500x
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gradient pulse shape used in the diffusion sequence in Fig. 4a. For the
smoothed rectangular gradient pulses used in this work(Sinnaeve,
2012),6 =55,4 =3, and k &~ 0.3495. In the diffusion studies, 16 constant
time gradients with varying g were used to generate the experimental
diffusion decay curve for the FC43 and isoflurane resonances that were
fit to Eq. (1). Different NS, §, and A were used to obtain a desired signal

to noise ratio along with a full decay curve given by Eq. (1) such that

S(g)
5(0)

<0.05 for the largest g used. A dwell time of 250 ps and a total

acquisition time of 1.5 s were used in all diffusion studies.
3. Results and discussion
3.1. Reverse-dialysis

A sketch of a reverse-dialysis setup is shown in Fig. 2a, where the
exchange of isoflurane between the aqueous and organic phases (the
latter represented by spherical droplets) and the exchange of isoflurane
between the external aqueous phase and a dialysis sac that is imper-
meable to the emulsion droplets are illustrated. The basic kinetic
equations can be written as:

R.D.

Iso+Emul = ISOgmu (@)
kS
kdp
Iso = Isog 3)
vﬂkdh

Vab

where Is0,Is0g 1, and Isog, denote isoflurane in the aqueous phase, in an
emulsion droplet, and in a dialysis sac, respectively, and Emul denotes an
emulsion droplet. Egs. (2) and (3) represent a simplified version of
measuring drug release rates via reverse-dialysis, where an instanta-
neous, homogeneous equilibration of the isoflurane concentration in the
aqueous phase is assumed (see Ref. (Modi and Anderson, 2013) for more
detailed models of reverse-dialysis). With this simplified model, how-
ever, if (I) the volume of the dialysis sac (Vg,) is much smaller than the
volume of the aqueous phase outside of the dialysis sac (V,4) such that
Vab +Vaq = Vyq is a reasonable approximation, and (II) the exchange of
isolfurane between the aqueous phase and the dialysis sac in Eq. (3)
KRD-" then the

represents a fast equilibrium, i.e., ka>kRXD[Emul] & ki,

(sotoa =52,

concentration of isoflurane within the dialysis sac e

where nys b (t) is the number of moles of isoflurane in the dialysis sac)
will reflect the instantaneous concentration of isoflurane within the

y t .
= "‘V—;(), where nyg o4 (t) is the number of moles

aqueous phase ([Iso(t)]

dilution isoflurane saturated saline: O 500x

; E1

1 2 4 6

//
//

24 96

Time (h)

Fig. 1. : Particle size measured by DLS after incubation at 29 + 2 °C of the E1 (top, dgmy = 184 + 4 nm) and E2 (bottom, dg,u = 156 + 4 nm) emulsions for different
dilutions in normal saline [100x (blue), 250x (red), 500x (green)] and in isoflurane saturated normal saline [500x (magenta)] at timesof 1 h, 2h, 4 h, 6 h, 24 h,

and 96 h. These results suggest that the emulsions were stable in excess of 96 h.
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Fig. 2. Reverse-dialysis measurements of isoflurane release. a Schematic for the reverse-dialysis measurements illustrating isoflurane (Iso) release from emulsions
(denoted by spheres) under 100x dilution and transport into a dialysis sac (green cylinder). b Experimental release profile of isoflurane measured by reverse-dialysis.
Each measurement was repeated n = 3 times [experimental results for (green circles) E1 and (red squares) E2 emulsions and for the (black asterisks) control ex-
periments using an isoflurane saturated saline solution]. Solid curves represent the best fit curves to Eq. (5) for the emulsions and to Eq. (10) for the control

experiments.

of isoflurane in the aqueous phase) at all times, i.e., [Iso(t)]y, ~ [Iso(t)]
With these assumptions, [Iso(t)]

aq*
aq €an be determined by solving the
following kinetic equations derived under the conditions of mass bal-

ance (see Supporting Information for more details):

dIso(1)], _ VFC43

S = A Emuls0(0)], + D 15000
Ats0loma _ Yaa w0 (] frs0(1)],, — K4 Is0 (0 @
dr Vecas u

Tliso,org ()
VEca3

within the emulsion droplets with respect the total FC43 volume, Vgc4s,
and [Emul] represent the sample molar concentration of emulsion
droplets with respect to the total sample volume, V. Since the total
number of moles of isoflurane is constant,
Misotot = Viot[180] o & Vg [Iso(t)]aq +Vicas[Iso(t)]| gy at all times ¢, Eq. (4)
can be solved to give:

where [Iso(t)]gn, = represents the concentration of isoflurane

[Iso(t)]y, ~ [Iso(t)]aq = [Iso]aq’eq -+ ([Iso(O)]aq - [Iso]aq)eq)exp( — %) 5)
150y = K57 (1], ©)

1500 s = 56T+ (15000~ [50e)exp( =) )
150ty = R (Bl fsol, ®
where 7g p. is the isoflurane release time given by:

TrRD. = ! ! 9

«RD-[Emul] + &P

.D.
out kR

exch

For the control experiments, only the diffusion into and out of the
dialysis sac in Eq. (3) are relevant, which gives:

=)
Teontrol

[Iso(£)]5"" = [Iso],,, (1 - exp( - (10)

where Teonrol 1S given by:

Vo
(Vaq + de)kdb

_ Ve
Viotkdo

1)

Tcontrol =

In Fig. 2b, the results from reverse-dialysis measurements are shown for
the E1 and E2 emulsions (Table 1) that were initially diluted 100x in
normal saline to simulate the dilution of an induction bolus dose in the
bloodstream (Ashrafi et al., 2018). The buildup of isoflurane within the
dialysis sacs was fit to Eq. (5) using the “fit” function in MATLAB from
which both kR~ and k*P- were determined. Both the kinetic parameters
and release times [Eq. (9)] determined from the reverse-dialysis mea-
surements given in Fig. 2b are listed in Table 2. The steady-state values

for bWle in Fig. 2b were (77 +1)% and (76 + 3)% for the E1 and E2

emulsions, respectively, which were approximately 88 —89% smaller
than the predicted value of 87% found using the Kp of isoflurane be-
tween FC43 and saline (see Supporting Information for more details).
Similarly, a fit of the control data to Eq. (10) is also shown in Fig. 2b
[black curve and asterisks] which gave 7conror = (1740 £ 60) s. Thus the
time constant for isoflurane entering a dialysis sac was comparable to
the apparent isoflurane release time determined from reverse-dialysis, i.
€., Tcomrol ~ TrD.- This suggests that the assumption that isoflurane
entering the dialysis sac was much faster than isoflurane release from
the emulsion droplets, which was used to derive [Tsog, (t)] = [Is04q(t)] in
Eq. (4), does not appear to be justified.

3.2. NMR studies

As shown in Fig. 3a, isoflurane contains two chemically distinct 'H
nuclei, H, and Hy. As a result of spin-spin couplings to neighboring '°F

Table 2

Kinetic parameters for isoflurane in emulsions determined by reverse dialysis
experiments at 100x dilution shown in Fig. 2b. The uncertainties represent the
standard deviations after averaging over 3 replicates.

Emulsion KD (x 1074 s71) RP(x 10* M1 s71) . (8)
E1 39401 13+1 1960 + 90
E2 3.8+0.1 7.6+0.7 2040 + 90
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H Fig. 3. Experimental '"H NMR spectra of

Hﬁ HB HB @ isoflurane in an E1 emulsion. a) Struc-
ture of isoflurane, which contains two

unique H nuclei, H, and Hy, that are

assigned in all spectra. 'H NMR spectra

H
b BH e

l l Iso@saline

: of isoflurane in b) pure saline, ¢) pure
FC43 solvent (45% isolfurane), d) in an
undiluted E1 emulsion and for e) 50x
and f) 100x dilutions of the emulsion.
By modeling the chemical shift and line
broadening as a function of [Emul]
using the Bloch-McConnell equations

E1@50x

Hoc
c Hg  Hp Hp f

Iso@FC43(45% iso)

(McConnell, 1958), both «¥MR and MR

out
in Eq. (12) were determined in e and f.

E1@100x

70 7 68 66 64 62 6 58 70 7
S (ppm)

nuclei, the 'H NMR spectra consists of a quartet for the H, spin and
either a doublet of doublets (found in [Fig. 3c] FC43 and in the
[Figs. 3d—f] emulsions) or a triplet [Fig. 3b in saline] for the Hy spin. The
differences between the isoflurane spectra in saline and FC43 [Fig. 3b vs.
Fig. 3¢] are due to differences in the chemical environment that iso-
flurane experiences within the emulsion droplets and in the aqueous
phase.

In an emulsion, isoflurane continuously exchanges between emul-
sion droplets and the aqueous phase:

NMR

Iso + Emul L 1SOEmu 12)
NMR

out

Since the NMR spectra are acquired under equilibrium conditions, the
forward and reverse rates in Eq. (12) are equal, i.e.,

Kin ¥ [Is0] . [Bmul] = ko™ [Is0gmu]q (13)

in out

where [Iso]eq and [IsoEmul]eq represent the sample equilibrium isoflurane
concentrations in the aqueous phase and in the emulsion droplets,
respectively, which are given by:

m MR MR
Iso],, = —H = o _[[s0],,, = —=_[Iso
[ ]cq Viot kzﬁdR + KiIiMR [Emul][ ]lol k:(]t/ﬂ([ ]tol

= Prob}’ , ([Emul]) Iso]

14)

tot

Msogmul e K{:MR [Emul] S
[ISOEmul]eq = VElml A = VR [Iso],, =P rObL:ml.eq([Em“l])[ISO]M (15)
where Probgﬁul.’eq([Emul]) and Probgf;eq([Emu]}) are the probabilities of

isoflurane to be in either an emulsion droplet or in the aqueous phase,

respectively, and ke = koo« +«NMR[Emul] is the exchange rate con-

stant with the corresponding isoflurane release time measured by NMR
given by:
1

TNMR = TNMR
kexch

(16)

Although the emulsion samples were always at equilibrium, the ex-

change process in Eq. (12) still affects the observed NMR spectra depending

NMR
exch

and the difference in isoflurane reso-
s —
Al/ Iso ‘ -

upon the relative magnitude of k,
nance frequencies between the aqueous and organic phases,

B B
7| D | 0,0 Iso,a 7| D | 150, Is0,/3
(5;.;0 - §FC43) 2% <5;qO - 5FC43)

2
are the chemical shifts (in ppm) of the a/f resonances in the aqueous

and |Af,| = , where 85>/ and

5190,(1//}

Emul

6.8 66 6.4 6.2 6 58

5 (ppm)

and organic phases, respectively, and |§\ is the magnitude of the applied

NMR alp
exch Iso

magnetic field. If k <<27r‘ Avy |, the dynamics, as measured by NMR, are

in the slow exchange regime, in which case the NMR spectrum would
typically consist of a set of isoflurane resonances in both the aqueous phase

[with relative weight of Probizl‘feq([Emul])] and in the emulsion droplets

[with relative weight of ProbIFj‘jml‘cq([Emul])} unless either Probt° , ([Emul]

Emul.eq
~ Iso
)~ 1 or Probgy, .,

would be observed. If on the other hand kNMR»Zn‘Ay“/ b

exch Tso

([Emul]) =~ 0, in which case only one set of resonances

, the dynamics are

in the fast-exchange regime, in which case the NMR spectrum would consist
of only a single set of isoflurane resonances resonating at the observed
frequencies:

I/Lﬁ'"/ S Prob:“:‘feq([Emul])yﬁf"’/ by Probg;u]yeq([Emul])yS;;/ # a7)

where vly
frequency in the aqueous phase and in the emulsion droplets.

The 'H spectrum of the undiluted E1 emulsion is shown in Fig. 3d
where only a single set of isoflurane resonances was observed. This
suggests that the exchange of isoflurane was either in the fast-exchange

is simply the weighted average of the isoflurane resonance

regime or in the slow-exchange regime but with ProbE;u]‘eq([Emul]) ~ 1.
To distinguish between these two possibilities, dilution experiments
were performed in order to reduce the forward rate in Eq. (13) by
reducing [Emul]. The observed frequency shifts of the isoflurane reso-
nances in Figs. 3e and f with increasing dilution were not consistent with
Probgﬁlu,_’eq([Emul]) ~ 1, and hence the dynamics could not be in the slow-
exchange regime but were instead in the fast-exchange regime. In fact,
for the dilution spectra shown in Figs. 3e—f, the observed resonance

frequencies were found to fit to the predicted values in the fast exchange
regime in Eq. (17) while the observed line widths, AI/Z{) /I;, were found to
3

fit to the predicted line widths in the fast-exchange regime:

1 ! !
s (N (18)
3obs r TZ./iflrinsic T;/c/ich

where
< ! > _ Probiy, ([Emul)) | Probiy, ., ((Eml) 1)
p alp B
Ygé/nlrinsic T2./a/q T(Z’,/E/mul

represents the weighted average of the transverse relaxation rates in the
aqueous phase and in the emulsion droplets while
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I (onAu) Probly ([Emul Probis,, ., ((Emul) 0

72
T(ZX‘cxch

kcxch

represents the contribution due to chemical exchange to the line
broadening in the fast-exchange limit. As previously demonstrated

(Gong et al., 2021), both kYR and k)~ in Eq. (12) can be determined at
each dilution by matching the experimentally observed resonance fre-
quencies and line widths to Egs. (17) and (18), respectively. Simulations

using the Bloch-McConnell equations (McConnell, 1958) with «xX\MR and

kNMR

o were found to match the experimental spectra and were consistent

with the dynamics being in the fast-exchange regime. Furthermore, the
shifting resonances and line broadening followed by line narrowing with
increasing dilution observed in Fig. 3 were similar to the behavior found
in NMR ligand binding studies in the fast-exchange regime (Fielding,
2007; Lenkinski and Reuben, 1976; Feeney et al., 1975; Sudmeier et al.,
1980).

The self-diffusion coefficients for both isoflurane and FC43, which
are given in Table 4, were also consistent with the dynamics being in the
fast-exchange regime as only a single diffusion coefficient was observed
in the decay curves shown in Figs. 4 for the E1 and E2 emulsions. FC43’s
self-diffusion coefficient was over two-orders-of-magnitude smaller in
the emulsion [Fig. 4c] than in an FC43/Iso mixture, further indicating
that FC43 was confined to slow moving droplets. The diffusion of iso-
flurane was also over an order-of-magnitude smaller in the emulsions
[Fig. 4b] than in either saline or in pure FC43 as given in Table 4. This
was indicative of isoflurane undergoing fast-exchange between the
aqueous phase and slow moving droplets.

3.3. Potential limitations and challenges of NMR dilution experiments in
determining drug release kinetics

NMR dilution experiments presented in this work are mainly suited
towards studying fast releasing drugs from nanocarriers under the
conditions where (I) kexn can change by at least a factor of two with
dilution and (II) where there exist dilutions such that the line width is

dominated by exchange broadening, i.e., Avy s & —1_ From the model

T2 exch
used in this work and in Ref. (Gong et al., 2021), it was further assumed

a

T

—
| N
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that spectral parameters like the intrinsic transverse relaxation times
and spin-spin couplings were not changing with dilution and that the
intrinsic chemical shifts in the aqueous and hydrophobic phases were
determined by a local composition model (Deng et al., 2003; Gong et al.,
2021). Deviations from these assumptions or if there are other broad-
ening mechanisms, such as those due to chemical shift anisotropy
(Vallurpalli et al., 2008) or residual dipolar couplings (Igumenova et al.,
2007) could lead to errors in the NMR-determined rate constants if not
properly taken into account (Gong et al., 2021).

Furthermore, the use of dilution experiments requires that the sta-
bility of the emulsion droplets under dilution has to be verified in order
that the NMR-determined rate constants can be attributed solely to
release dynamics and not due to decomposition of the emulsion droplets.

For example, it is empirically found that the NMR release time scales

with the emulsion droplet volume, i.e., Tnurxds,,, (see Supporting In-

formation for more details). This suggests that a 20% decrease in dgmu
could lead to almost a 50% decrease in tywr. The rate constants K)MR
kNMR

and especially k,

were also found to change with dilution (see Sup-

porting Information). The observed dilution-dependence of kgﬁ\fR was

attributed to a crowding effect (Gong et al., 2021) that occurs when the
distance between emulsion droplets is smaller than the diffusion length
over a time 7w, Lp = /6Drs04q7nmr- For emulsion droplet separations
that are larger than Lp, khy would correspond to the true rate constant
for drug release from an emulsion droplet whereas for droplet separa-
tions less than Lp, kNMR would be less than the true release times (for the
emulsions studied in this work, k;x was about a factor of 2 —2.5 times
smaller at low dilutions when compared to higher dilutions). While
NMR dilution experiments would likely not be appropriate for more
slower exchanging drugs, NMR exchange spectroscopy or EXSY (Jeener
etal., 1979) could be still used if the exchange rates were faster than the
longitudinal relaxation times, or as described in the introduction, g-
NMR (Agrahari et al., 2017) could be used to monitor the slow release of
drugs in real time. In any case, the NMR methodology presented in this
work can be used in a complimentary fashion in order to validate the
kinetic parameters derived from other techniques.

Fig. 4. Diffusion Studies in E1 and E2
emulsion for a series of dilutions. a The self-
diffusion coefficients were measured using
the stimulated echo with bipolar gradients

N[a

| N

> | S
) S
|

c Bt T« Bt

and longitudinal eddy delay sequence (Gibbs

A and Johnson, 1991), where A is the diffusion

T LED time, § is the pulsed field gradient length, and
Argp is the longitudinal eddy current delay.

B

crusher

B

crusher Experimental decay curves, In <§é—§;> in Eq.

b . . . C . . . (1), acquired on a 400 MHz Bruker spec-
1 19
0— H Diffusion of Iso in E1 - F Diffusion of FC43 in E1 trometer for (b, H NMR) isoflurane and for
1 \\\E=(4.89 +0.02) x 107 cm2s™! ] \\\\ D=(1.77 + 0.02) x 10 cm2s™! (c, 19F NMR) FC43 as a function of the square
- ) - ! : ¢
S(g) ). T~ S(g) ~~—_ of the pulsed field gradient strength (g) in the
In(S(O) 2 A =150 ms \\ In S(0)/-2 A =400 ms \\ (top) E1 and (bottom) E2 emulsions. Blue
B 5=4ms \\ § =12ms \\ dots indicate experimental observations
-4 -3 while the red lines represent the best fits to
Eq. (1). The following parameters were used
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4. Comparison of kinetic parameters derived from reverse-
dialysis and NMR

4.1. In vitro comparisons

NMR
in

kNMR

oot and

The average at 100x dilution, which are given in

Table 3, were roughly seven-orders of magnitude larger than ks,f' given in

Table 2. Furthermore, the reverse-dialysis results in Table 2 suggest that
the exchange of isoflurane should be in the slow-exchange regime. To

see this, the relationship between «\MR and kffft’“{ in Egs. (12) and (13)

with «RP and k%> in Eq. (4) needs to be addressed. The observed signals
in NMR are proportional to the amount of isoflurane within the detec-
tion volume (V) whereas in the reverse-dialysis measurements, only
the concentration of isoflurane within the aqueous phase is measured.
Comparing 7nvr in Eq. (16) to 7rp. in Eq. (9), the effective rate

constants derived from reverse-dialysis and NMR are related by:

KNMR — KR.D.

2D
= e
For the E1 emulsion, kX5 = 7~ 5 x 10"*Hz based on the kinetic pa-

rameters derived from reverse-dialysis, and since |Az/’/ ’ ~ 190 —260

Iso
Hz, kexch<<2ﬂ\Az/f;/f and so the exchange of isolfurane should be in the

slow-exchange regime according to the reverse-dialysis results. From the
rate constants determined by reverse-dialysis in Table 2,
Probpsg,) o ([Emul]) = 0.43 and Proby,, ([Emul]) = 0.57, and so isoflurane
resonances in both the aqueous phase and in the emulsion droplets
should be observed in the NMR spectrum in Figs. 3d-f, which was not
the case. Therefore, the results from reverse-dialysis were inconsistent
with the observed NMR spectra of the emulsions. Again, the fact that
Teontrol ~ TR.D. SUggests that the reverse-dialysis measurements were not
capturing the release of isoflurane from the emulsion droplets but were
mainly measuring the transport of isoflurane into a dialysis sac.

4.2. Comparison of reverse-dialysis and NMR-derived rates with respect
to in vivo anesthetization of rats: a retrospective analysis

From Table 3, the isoflurane release times derived from NMR were
between 106 and 180 ps for the emulsions studied in this work, whereas
the release times from reverse-dialysis were roughly seven orders of
magnitude larger, Trp. ~ 2 x 10% s. Previous in vivo experiments in male
Lewis rats (Ashrafi et al., 2018) found an average time for loss of reflexes
(ciliary, righting, and pain) of between 69 + 20 s using an injection rate
of the isoflurane emulsion per rat mass of 26.45 pL kg~ s~! (corre-
sponding to an isoflurane content injection rate of 3.81 mgkg~'s™!) and
a recovery from anesthetization after stopping injection of ~200 s. For
inhalational dosing of isoflurane, anesthetization in rats was achieved in
a time of 38 + 4 s, corresponding to a dosing rate per rat mass of 1.5 +
0.2 mg kg~! s~ Based on an average rat mass and blood volume of 0.27
kg and 20 mL, respectively, the estimated dilution of the emulsion in the
blood was roughly (29-54) x fold. According to the drug release times

Table 3
NMR-determined rate constants and release times at 100x dilution for the
spectrum in Fig. 3f.

Emulsion ' (% 103 s71)? KAMR (% 101 M1 s71)? o (hs)”
El 52+05 44+£04 180+ 20
E2 87+0.6 49+08 106 +8

@ Isoflurane rate constants determined from NMR and averaged over three
different replicates at 100x dilution for better comparison to kinetic rate con-
stants derived from reverse-dialysis given in Table 2.

b Calculated using Eq. (16)
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Table 4
Self-diffusion coefficients of isoflurane and FC43 at T = 300 K.

2 2
Diso ( x 1077 ﬂ)" Dl.c43( x 108 ﬂ) b
S N

El 4.89 +£0.02 1.77 £0.02
E2 5.18 £0.04 2.22+0.06
Iso saturated saline 97 +£5 -
(1:1 v/v) Iso/FC43 203.4+0.6 890 + 30

2 gelf-diffusion coefficients for isoflurane measured using 'H diffusion ex-
periments in Fig. 4b.

b Self-diffusion coefficients for FC43 measured using '°F diffusion experi-
ments in Fig. 4c.

measured using reverse-dialysis, only 2 —3% of isoflurane would have
been released from the emulsion droplets within 69 + 20 s, corre-
sponding to an average dosing rate of 100 pg kg~! s~1. This also corre-
sponds to roughly { of the amount of isoflurane necessary to achieve
anesthetization by inhalation. As a result, drug release rates measured
using reverse-dialysis were inconsistent with previously observed in vivo
effects. From the NMR results presented in this work, however, between
72% and 85% of the isoflurane in the emulsion droplets would have
been released into the blood, corresponding to an average dosing rate of

3.14 mg kg ! 57! over the 69 20 s time period, although based on

KNMR 'it should be mentioned that the release of isoflurane would have

occurred within a time of 0.52-0.85 ms, roughly five orders of magni-
tude faster than the time for anesthetization to be observed. From these
results, the isoflurane release rate does not control the overall phar-
macokinetics, and roughly twice more isoflurane needed to be released
into the bloodstream from the emulsion to achieve anesthetization than
was required from inhalation.

5. Conclusions

In summary, NMR measurements of the isoflurane release times in an
emulsified solution of isoflurane in FC43 were found to be seven orders of
magnitude faster than those measured using conventional reverse-
dialysis. Furthermore, the NMR derived isoflurane release times were
consistent with prior in vivo observations in rats (Ashrafi et al., 2018)
whereas those derived from reverse-dialysis were not. The discrepancy
between the two measurements is related to fundamental differences
between drug release into a dialysis sac as measured by reverse-dialysis
versus drug release from sub-micron particles as measured by NMR.
NMR is sensitive to differences in the chemical environments between
the aqueous and organic phases and is therefore capable of probing the
exchange kinetics between phases, even when the exchange is fast. For
isoflurane, it appears that the reverse-dialysis measurements in Fig. 2b
were only indicative of the rate of diffusion of isoflurane into the dialysis
sac, which occurred on a much slower time scale than the actual iso-
flurane release times from emulsion droplets. Drug release kinetics
derived from NMR should prove to be a complementary tool to the
development drug/emulsion formulations in the pharmaceutical in-
dustry, especially for poorly water-soluble drugs and/or those with fast
drug release times.
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