Lidocaine-Ibuprofen lonic Liquid for Dermal Anesthesia
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Local anesthesia in the skin occurs approximately 1 h after application of a commercial topical formulation of lidocaine
and prilocaine prepared as a eutectic mixture. A number of lidocaine salts was screened and lidocaine-ibuprofen was
found to form a room-temperature ionic liquid. When applied to the skin of rats, local anesthesia of skin was achieved
within 10-20 min in the rats’ paws and tails with no apparent adverse effects to the skin as determined by histological
analysis. We believe that the lidocaine-ibuprofen ionic liquid increased lidocaine absorption into the skin due to the
high lidocaine concentration in the ionic liquid and due to possible interactions between the ionic liquid and the skin to
increase skin permeability. These findings suggest that lidocaine-ibuprofen ionic liquid may provide a more rapid
method of drug delivery to the skin for local anesthesia. © 2015 American Institute of Chemical Engineers AIChE J,

61: 2732-2738, 2015
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Introduction

Transdermal drug delivery is a safe and noninvasive drug
administration method that is used both for systemic delivery
across the skin and for local delivery within the skin. When
used for local drug delivery, the transdermal route provides a
targeted delivery method that can increase efficacy and
decrease side effects compared to systemic delivery strategies
(e.g., oral route and injections) that expose the whole body to
the drug.' Transdermal drug formulations can be prepared in
different forms, such as patches, that are more expensive and
often used for sustained, systemic delivery over 1 or more
days, and creams/ointments that are less expensive and typi-
cally used for local delivery to the skin for shorter times.
Active pharmaceutical ingredients (APIs) are often in a solid
form at ambient conditions, but are prepared as pharmaceuti-
cal products in a liquid or semisolid form for topical adminis-
tration to the skin.” This is typically done by dissolving the
API in a solvent (e.g., water) in a suitable form (e.g., gel, oint-
ment, or cream).3

A limitation of preparing an API as a solute in a liquid sol-
vent is that the concentration of the API is limited by its solu-
bility in the solvent. Due to this limitation, the pharmaceutical
product is largely solvent and only a small portion is APIL.
Another limitation is that relatively few solvents are safe for
use in patients, which limits the range of possible physico-
chemical properties that the pharmaceutical product can
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have.* To address these limitations, we and others are develop-
ing APIs that are in the form of room-temperature ionic liquids
or liquid salts, which allows us to prepare liquid drug products
without the need for a solvent.””

Ionic liquids are salts that are in the liquid state at atmospheric
or body temperature and pressure.8 Unlike API salts that use con-
ventional counterions like Na* and CI~, ionic liquids involve
larger counterions with properties that inhibit the fusion process
and maintain the salts in a liquid state at relatively high tempera-
tures and pressures. Preparing an API as an ionic liquid has a
number of expected advantages. By eliminating the need to dis-
solve the API in a solvent, the API concentration can be high; the
vapor pressure of the ionic liquid is almost zero, which essen-
tially eliminates problems associated with evaporation; and the
stability of the API is often increased because interactions with a
solvent are eliminated.®”” In addition, ionic liquids have differ-
ent physicochemical properties compared with liquid solutions,
which has been widely studied for industrial applications outside
of pharmaceuticals® and has received limited attention in pharma-
ceutical scenarios.”'!"!

An ionic liquid is typically composed of a cation and an
anion. The cation could be an API, the anion could be an API
or both could be APIs.”'>!'" Absorption of an API across a
keratinized (e.g., skin) or nonkeratinized (e.g., cornea, oral,
and gastrointestinal mucosa) epithelial barrier depends on the
concentration (i.e., chemical activity) of that API at the sur-
face of that barrier.! Because an ionic liquid often has a con-
centration of an API ion that is 50% on a molar basis (e.g., the
ionic liquid is composed of 50% cation and 50% anion, with
no solvent), this provides a very high API concentration that
typically exceeds the concentration that could be achieved by
dissolving the API in a solvent.
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Scheme 1. Synthesis of lidocaine-ibuprofen ionic liquid.
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Lidocaine hydrochloride (upper left) and sodium ibuprofen (lower left) were reacted in aqueous medium and the resulting
lidocaine-ibuprofen ionic liquid (upper right) was extracted into chloroform.

Ionic liquids are known to have unusual physicochemical
properties because they have the fluid properties and densities
of a liquid (often including high viscosity) and the ionic prop-
erties of a salt.® As a result, the absorption into a tissue of an
API in an ionic liquid form can occur differently from the
absorption of an API in a solution form. For example, ionic
liquids are often more lipophilic than dissociated salts (i.e.,
that carry a charge) in aqueous solution. This increase in lipo-
philicity should increase API permeation across the skin by
increasing partitioning into the lipophilic environment of the
skin’s barrier layer.! It is also well known that the use of dif-
ferent solvents in transdermal drug delivery affects the parti-
tioning of drugs into the skin and the diffusion of drugs
through the skin." There is evidence that the use of ionic
liquids can likewise alter the drug delivery process in skin.
Some prior work has taken the approach of converting the API
into an ionic liquid, as we propose in the study too, whereas
other prior work has dissolved API (i.e., not as an ionic liquid)
into an ionic liquid solvent,'-12:13

Conversion of an API to an ionic liquid form may also have
drawbacks. For example, ionic liquids have increased molecu-
lar mass relative to dissociated salts, which should decrease
API permeation due to reduced diffusivity.! In addition, the
increased viscosity characteristic of many ionic liquids com-
pared with conventional pharmaceutical solutions would also
decrease API permeation due to reduced diffusivity.

If the API itself is an ionic liquid, it may be important to
know if and when the ionic liquid may dissociate after admin-
istration to the body and become dissolved in the body’s
(aqueous) fluids as ions, thereby losing the properties of an
ionic liquid. Moreover, it is not known if an API will have the
same biological activity in the body when in the form of an
ionic liquid (either miscible or immiscible in the body’s fluids)
as when in the form of a solute in aqueous solution.

Many minor surgical procedures performed on the skin
cause patient pain. This pain and associated stress are signifi-
cant clinical concerns that can be reduced with local anesthe-
sia. Lidocaine is the most widely used local anesthetic, and
local anesthesia using lidocaine can be achieved rapidly by
intradermal injection.'* However, most patients find the injec-
tion procedure painful or uncomfortable and, in addition, intra-
dermal injections cannot be easily self-administered. An
alternative is the use of a topical formulation called EMLA
(an abbreviation for eutectic mixture of local anesthetics),
which is a eutectic mixture of equal quantities of lidocaine and
prilocaine and is marketed as a 5% oil-in-water emulsion
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incorporated in a cream base.'> EMLA must be applied at least
1 h before local anesthesia is needed, which typically pre-
cludes its use in the busy clinical environment. Given these
inadequate options for local anesthesia, many procedures are
performed without anesthetic and the ones that must have
anesthesia usually employ intradermal injection.

In this study, we hypothesized that preparation of lidocaine
as an ionic liquid would increase lidocaine absorption into the
skin and thereby shorten the time to achieve local anesthesia.
After screening a number of candidate counterions, we showed
that a lidocaine-based ionic liquid could be synthesized using
ibuprofen as the counterion. Following physicochemical char-
acterization of the lidocaine-ibuprofen ionic liquid, we applied
it to the skin of rats to assess its absorption, as determined by
two different measures of local anesthesia.

Materials and Methods

To prepare lidocaine-ibuprofen ionic liquid, lidocaine
hydrochloride (10 mmol, Sigma Aldrich, St. Louis, MO) and
sodium ibuprofen (10 mmol, Sigma Aldrich) were dissolved
in deionized (DI) water (100 mL) with stirring and heating
(80°C) for 1 h to drive the reaction (Scheme 1). The products
were extracted with chloroform (100 mL, Sigma Aldrich). The
chloroform phase was then washed with water to remove inor-
ganic salt (NaCl) and the solvent was removed. The resulting
product was placed in a chemical hood for 1 day and subse-
quently in a low-pressure chamber (<400 mm Hg) for 10 min
to remove residual solvent. A silver nitrate test was performed
to confirm that chloride ions associated with the inorganic salt
were removed.'® A similar method was used to prepare other
salts by combining the hydrochloride salts of bupivacaine,
dibucaine, lidocaine, prilocaine, procaine, and tetracaine with
the sodium salts of ampicillin, diclofenac, ibuprofen, nap-
roxen, saccharin, sulfacetamide, and valproic acid and the
potassium salt of acesulfame (Sigma Aldrich).

The synthesis of lidocaine-ibuprofen ionic liquid was veri-
fied in four ways. First, the product was examined visually to
determine if it was in a liquid or solid state. Second, 'H NMR
spectra were recorded at 300 MHz on a Bruker DSX-300 spec-
trometer (Bruker, Coventry, UK) in deuterated chloroform
(Sigma-Aldrich). Third, electrical conductivity (o) was calcu-
lated from electrical resistance measurements (R) as ¢ = L/RA,
where L is distance between the two electrodes (0.2 cm)
and A is cross-sectional area (0.07 cm?) of the electrode
(EVOM2, World Precision Instruments, Sarasota, FL). Lastly,
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Figure 1. Photographic images of reactants and prod-
ucts of the lidocaine-ibuprofen synthesis
reaction.

(a) Lidocaine hydrochloride powder, (b) sodium ibupro-
fen powder, (c) lidocaine-ibuprofen ionic liquid, and (d)
NaCl powder.

thermogravimetric analysis (TGA; STA 449 F1 Jupiter,
Netzsch, Germany) was performed at a ramp rate of 2 K min™".

Delivery of lidocaine into the skin was assessed by meas-
uring local anesthesia in vivo in male hairless rats (280-340 g,
CD hairless rats, Charles River, Wilmington, MA) using two
different tests. All experiments were performed with approval
from the Georgia Tech Institutional Animal Care and Use
Committee.

In the first test (i.e., thermal test), rats were acclimated to
the test cubicles for 30 min prior to testing. Either EMLA
cream or lidocaine-ibuprofen ionic liquid was administered
topically to cover the plantar surface of a hind-paw using a Q-
tip. Excess cream or ionic liquid was removed after 5 min.
Local anesthesia was measured periodically after topical drug
administration using the hot-plate test as described previ-
ously.'”'® The apparatus was equipped with a timer and a
thermocouple to maintain a constant temperature of 55°C. At
each test exposure, the left and right paws were tested 1 min
apart in random order. The time required for paw licking or
lifting from the heated surface was taken as the response
latency time. If an animal did not remove its paw within 20 s,
the heat stimulus was automatically stopped to prevent injury
to the animal. Each animal served as its own negative control
first to get baseline latency and the same animal was used to
measure the effect of EMLA or ionic liquid anesthetic. The
response latency of the rat for a given test represents the aver-
age of the time to paw withdrawal.

In the second test (i.e., tactile test), approximately 1 mL of
lidocaine-ibuprofen or EMLA cream was applied to the mid-
dle of the tail of an animal. At various times, dermal anesthe-
sia was assessed using the Von Frey Hair test, which assesses
the threshold for touch sensation.'” To conduct this test, Von
Frey hairs of progressively larger diameters were applied to
the tail at the site of local anesthetic application until the tac-
tile threshold was identified. Each hair is designed to produce
a given force precisely upon buckling. Thus, the minimum
force to evoke a tail flicking threshold was determined. Each
hair was applied 10 times with 5 s intervals. The tactile thresh-
old was defined as a tail flicking response in 8 of the 10 trials
of a given stimulus intensity.

In a set of experiments to assess safety, lidocaine-ibuprofen
was applied to the dorsal skin of hairless rats for 5 min and
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then wiped off. Animals were later euthanized by carbon diox-
ide gas asphyxiation and the treated skin was collected using
an 8-mm biopsy punch. After fixation in formalin, the skin
was prepared for histopathological analysis by sectioning and
staining with hematoxylin and eosin followed by microscopic
examination by a dermatopathologist at Emory University
School of Medicine.

Results and Discussion
Ionic liquid screening and characterization

The first step in this project was to identify candidate ionic
liquids that could be used for dermal anesthesia. As local anes-
thetics, we considered hydrochloride salts of six different topi-
cal anesthetics: bupivacaine, dibucaine, lidocaine, prilocaine,
procaine, and tetracaine.'* As anionic counterions, we consid-
ered the sodium and potassium salts of acesulfame, ampicillin,
diclofenac, ibuprofen, naproxen, saccharin, sulfacetamide, and
valproic acid, all of which are either drugs or excipients that
are safely used in pharmaceutical products.” To determine if
combinations of these ions would form ionic liquids, pairs of a
cation and an anion in their salt forms were added to water

Table 1. Ion Pairs that did not Appear to Form Ionic

Liquids
Cation Anion Observation®
Bupivacaine Acesulfame NP
Bupivacaine Ampicillin NP
Bupivacaine Diclofenac NP
Bupivacaine Naproxen SP
Bupivacaine Ibuprofen Sp
Bupivacaine Saccharin NP
Bupivacaine Valproic acid Sp
Dibucaine Acesulfame SP
Dibucaine Ampicillin NP
Dibucaine Diclofenac NP
Dibucaine Ibuprofen Sp
Dibucaine Naproxen SP
Dibucaine Saccharin SP
Dibucaine Sulfacetamide NP
Dibucaine Valproic acid SP
Lidocaine Ampicillin SP
Lidocaine Diclofenac NP
Lidocaine Naproxen SP
Lidocaine Sulfacetamide SP
Prilocane Acesulfame NP
Prilocane Ampicillin NP
Prilocane Ibuprofen NP
Prilocane Saccharin NP
Prilocane Sulfacetamide NP
Prilocane Valproic acid NP
Procaine Acesulfame Sp
Procaine Ampicillin Sp
Procaine Diclofenac SP
Procaine Ibuprofen SP
Procaine Naproxen SP
Procaine Saccharin SP
Procaine Valproic acid SP
Tetracaine Acesulfame NP
Tetracaine Ampicillin NP
Tetracaine Diclofenac NP
Tetracaine Ibuprofen SP
Tetracaine Naproxen SP
Tetracaine Saccharin Sp
Tetracaine Sulfacetamide NP
Tetracaine Valproic acid SP

“NP, no product; SP, solid product formed after synthesis reaction and
extraction.
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Figure 2. Electrical conductivity of aqueous solutions
as a function of lidocaine-ibuprofen ionic lig-
uid (diamonds) and lidocaine hydrochloride
(squares) concentration.

Measurements were carried out at room temperature
(23°C) and pressure (1 atm) and represent the average

of 10 replicate measurements. Positive error bars are
contained within the data points.

and allowed to react. Products were extracted with chloroform
and dried.

Eighteen of the combinations did not appear to make an
ionic liquid, because no residual material was observed after
evaporating off the chloroform (Table 1). Twenty-two other
combinations appeared to undergo a chemical reaction, but
did not produce an ionic liquid at room temperature, because
only a solid material was observed after evaporating off the
chloroform (Table 1). Only the combination of lidocaine
hydrochloride and sodium ibuprofen produced a liquid at
room temperature after evaporating off the choloroform,
which is believed to be the ionic liquid lidocaine-ibuprofen
(Figure 1).

The synthesis of lidocaine-ibuprofen ionic liquid was veri-
fied in a number of ways. First, a liquid product was formed at
the end of the reaction-purification process, as noted above.
The only species present during the reaction were lidocaine
hydrochloride, sodium ibuprofen, and the solvents water and
chloroform. Because there is no reason to expect reaction with
the solvents, the only expected reaction products are
lidocaine-ibuprofen and NaCl. Because the reactants and NaCl
are solids at room temperature and the solvents should have
evaporated off during the drying step, the only candidate lig-
uid to be present at the end of the process would be the ionic
liquid lidocaine-ibuprofen.

Second, 'H NMR spectroscopy showed peaks at 1.01 and
7.24 ppm, which correspond to the methyl groups of lido-
caine’’ and the aromatic ring of ibuprofen,”' respectively
(Supporting Information Figure S1). The integral numbers
show that molecular ratio of each compound is 1:1, which is
the expected ratio for lidocaine-ibuprofen ionic liquid. The
other peaks on the NMR spectrum correspond to other groups
found on the lidocaine and ibuprofen molecules. None of the
peaks correspond to chloroform or water.

Third, TGA gave a single-step decomposition (Tynset59, =
181°C), which is consistent with the presence of a single chemi-
cal species with relatively high thermal stability (Supporting
Information Figure S2). Finally, electrical conductivity analysis
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is also consistent with the formation of an ionic liquid, as dis-
cussed immediately below.

Electrical conductivity

The electrical conductivity of ionic liquids is known to be
different from that of, for example, nonpolar liquids or dissoci-
ated ions in solution.?>**> We, therefore, measured the electri-
cal conductivity of lidocaine-ibuprofen ionic liquid at various
concentrations in water and compared it with solutions of lido-
caine hydrochloride in water. Lidocaine hydrochloride shows
the expected behavior of a salt dissolved in water, where the
conductivity increases with increasing salt concentration
(Figure 2).

In contrast, lidocaine-ibuprofen shows different behavior.
At low concentrations, conductivity increases with increasing
lidocaine-ibuprofen concentration in water, suggesting that the
ionic liquid has dissociated and the free ions are carrying
charge in a manner similar to lidocaine hydrochloride. At a
concentration of 0.02 M, the conductivity peaks and then
decreases as a weak function of increasing concentration up to
1 M. At higher ionic liquid concentrations, the conductivity
drops sharply as a function of concentration, ultimately
achieving a conductivity of 102 mS cm ™' for pure lidocaine-
ibuprofen (i.e., with no water). The electrical conductivity at
the peak is approximately 100 times higher than the value of
pure ionic liquid. This nonlinear behavior of ionic liquids has
been seen before, where conductivity peaks at an intermediate
concentration of ionic liquid in water.”**

Altogether, these data suggest that (1) at high lidocaine-
ibuprofen concentration, the lidocaine and ibuprofen ions are
in the form of an ionic liquid with low conductivity due to
reduced ionic mobility attributed to cation-anion interactions
and increased viscosity, (2) at low lidocaine-ibuprofen concen-
tration the ionic liquid dissociates into free lidocaine and ibu-
profen ions in solution, such that conductivity increases with
lidocaine-ibuprofen concentration due to increased charge
density, and (3) at intermediate concentrations, the lidocaine
and ibuprofen ions may have different degrees of cation-anion
interactions distributed among the ionic liquid state, the free
ion state and possible intermediate states.”*

Local anesthesia: Thermal test

We next assessed the hypothesis that lidocaine in the form
of an ionic liquid would be absorbed more efficiently into the
skin and therefore be more effective at inducing local anesthe-
sia. The kinetics and extent of local anesthesia induced by the
lidocaine-ibuprofen ionic liquid was compared with the com-
mercial lidocaine product EMLA in rats by measuring the paw
withdrawal latency time after applying heat to the paw.

In all three experimental groups, at the beginning of the
experiment (time = 0), the mean paw withdrawal latency was
9.0 £ 2.0 s. In the negative control group, which received no lid-
ocaine, there was on average a small decrease in latency time,
but this change was not statistically significant (one-way analysis
of variance (ANOVA), P = 0.67, Figure 3a). In the positive con-
trol group, which received EMLA, there was essentially no
change in latency time for the first 40 min (Figure 3a). After 1 h,
the latency time increased (one-way ANOVA, P =0.18) and
then slowly decreased over time, indicating that it took 1 h for
EMLA to induce significant local anesthesia in the skin, which is
consistent with prior findings.*

When the lidocaine-ibuprofen ionic liquid was applied to
the skin, there was a significant increase in latency time at the
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Figure 3. Effect of lidocaine-ibuprofen ionic liquid on
rat paw withdrawal latency response.
(a) Comparison of pharmacodynamic response to
lidocaine-ibuprofen (diamonds), EMLA (squares), and no
local anesthetic (circles). (b) Pharmacodynamics of

lidocaine-ibuprofen with greater time resolution. Data rep-
resent the average of 8 replicates * standard deviation.

first data point at 20 min (one-way ANOVA, P =0.018, Fig-
ure 3a). A closer examination of the paw withdrawal response
after application of the ionic liquid revealed that there was a
steady increase in latency time over the course of the first 20
min (one-way ANOVA, P =0.00015, Figure 3b). After just
10 min, the latency time was significantly longer than the
value at time = 0 (one-way ANOVA, P = 0.0009) and not sig-
nificantly different from the latency value 1 h after EMLA
application (one-way ANOVA, P = 0.25). We, therefore, con-
clude that the time for onset of action by lidocaine-ibuprofen
is 10 min, which is significantly faster than the 1 h onset time
for EMLA.

Local anesthesia: Tactile test

As an additional test, the Von Frey Hair test was performed
to measure local anesthesia in the skin to tactile sensation
on the rat’s tail. In this test, nylon filaments of varying diameter
(i.e., Von Frey hairs) were pressed against the skin with a con-
trolled force to identify the threshold of sensation, as indicated
by a flick of the rat’s tail. In negative control animals (receiving
no local anesthetic), the tail flick sensation threshold was con-
stant over time at 5.3 g (Figure 4). When EMLA was applied to
the skin, the sensation threshold increased over the first hour,
indicting the onset of local anesthesia, and then decreased over
the second hour, indicating a reduced local anesthesia (one-way
ANOVA, P <0.05). The sensation threshold was not signifi-
cantly changed relative to the time = 0 value until 30 min after
EMLA application (one-way ANOVA, P = 0.33).

When lidocaine-ibuprofen was applied to the skin, the sensa-
tion threshold also increased during the first hour and decreased
during the second hour (one-way ANOVA, P < 0.05, Figure 4).
However, the threshold was significantly higher in the animals
receiving the ionic liquid compared with those receiving
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EMLA (two-way ANOVA, P < 0.05). In addition, the sensation
threshold was significantly higher than the initial value 20 min
after ionic liquid application (one-way ANOVA, P = 0.00027).
Altogether, these results indicate that lidocaine-ibuprofen
induced a faster and stronger local anesthetic effect compared
with EMLA.

Histopathological analysis

We assessed the safety of lidocaine-ibuprofen ionic liquid
applied to the skin through histopathological analysis of skin
biopsies 10 min, 4 h, and 1 day after exposure to lidocaine-
ibuprofen on the skin (Figure 5). Examination by a board-
certified dermatopathologist revealed no significant damage to
the epidermis or any marked inflammatory infiltrate within the
dermis or subcutis. Visual observation of the skin on the rat
paws and tails after treatment showed no evidence of ery-
thema, edema, or other adverse effects. We conclude that the
ionic liquid was well tolerated by the skin.

Discussion

Although ionic liquids have received extensive attention for
their potential use in industrial applications,8 there has been
only limited research on developing ionic liquids composed of
drug molecules to serve as novel pharmaceuticals.”® Here, we
screened salts of local anesthetics and showed that lidocaine-
ibuprofen forms a room-temperature ionic liquid. Lidocaine
was selected as the cation for its use as a local anesthetic.” Ibu-
profen was selected as the anion because of its excellent safety
record in medical use.” While ibuprofen has anti-inflammatory
properties and is sold as a topical gel to reduce local inflamma-
tion (e.g., Ibugel, Dermal Laboratories), we did not specifi-
cally seek to use its anti-inflammatory properties in this study.

This study showed that application of lidocaine-ibuprofen
to the skin of rats had significant local anesthetic effects as
determined by two different tests, and that this effect was sig-
nificantly greater and with faster onset compared with the
commercial product, EMLA. In addition, there were no
adverse side effects observed in the rats or their skin. The
greater efficacy could be due to a number of reasons. First, the
ionic liquid formulation required no solvent and therefore was
50% lidocaine on a molar basis. In contrast, EMLA is only 5%
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Figure 4. Effects of lidocaine-ibuprofen ionic liquid on
the rat tail flick threshold determined by the
Von Frey Hair test.
The pharmacodynamic response is compared among
lidocaine-ibuprofen (diamonds), EMLA (squares), and

no local anesthetic (circles). Data represent the average
of 10 replicates = standard deviation.
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Figure 5. Represe

e histopathology images of skin sections taken from the dorsal region of the hairless rat.

Skin was either (a) not treated (i.e., negative control) or exposed to lidocaine-ibuprofen for 10 min and then excised (b) 10 min, (c)
4 h, or (d) 1 day later. Skin sections were stained with hemotoxylin and eosin. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

API (i.e., 2.5% lidocaine and 2.5% prilocaine, which is also a
local anesthetic). This high concentration of lidocaine in the
ionic liquid formulation should increase the rate of drug deliv-
ery into the skin due to an increased driving force.

Second, the skin almost certainly has a different permeabil-
ity to the ionic liquid form of lidocaine-ibuprofen than the lid-
ocaine base or cation. Skin permeability depends largely on
oil-water partition coefficient and molecular weight. Although
we did not determine a partition coefficient for lidocaine-
ibuprofen, the ionic liquid is likely to partition differently
from the lidocaine base or cation, given the different physico-
chemical properties of ionic liquids, which would favor
increased skin permeability if the ionic liquid has a greater oil-
water partition coefficient. Given that the ionic liquid was iso-
lated by extraction from water into chloroform indicates that
its oil-water partition coefficient was much larger than unity.
In contrast, lidocaine-ibuprofen (440 Da) has a significantly
larger molecular weight than lidocaine (234 Da), which sug-
gests decreased skin permeability for the ionic liquid. How-
ever, a molecular weight of 440 Da is still small enough to
enable good skin permeability, based on prior observations."

Third, lidocaine-ibuprofen may alter the microanatomical
structure of skin due to its solvation properties. Solvents, such
as ethanol and dimethyl sulfoxide are often applied to the skin
to increase skin permeability by a mechanism that often
involves fluidization and/or extraction of the lipid bilayers
found in the skin’s stratum corneum barrier.' Given the
unusual solvation properties of ionic liquids,® it is possible
that lidocaine-ibuprofen could alter skin permeability due to
these effects.

Finally, this study assessed the pharmacological effect of
lidocaine-ibuprofen on local anesthesia and did not directly
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measure transdermal transport. However, we expect that this
increased pharmacological effect can be best explained by
increased lidocaine delivery into the skin. It is also possible
that the increased local anesthesia was not (completely) due to
increased dermal absorption, but was due to more potent phar-
macological properties of lidocaine in the ionic liquid form.
However, we do not suspect that this is the correct explana-
tion, because our electrical conductivity measurements suggest
that when lidocaine-ibuprofen is significantly diluted into
water (as it would be in the aqueous environment of the skin),
the lidocaine and ibuprofen dissociate and become separate
ions in solution, thereby losing their ionic liquid properties. It
is also possible that the increased effectiveness of the ionic lig-
uid could be explained by increased systemic delivery of the
drug, but we do not expect this to be the case, because other
evidence of systemic exposure (e.g., lethargy) was not
observed in the animals.

Considering possible medical applications, there is a large
need for local anesthesia of the skin to carry out procedures
including excising tumors, collecting tissue biopsies, or just
giving injections or drawing blood. Locally anesthetizing the
skin by injection of lidocaine is painful for patients and admin-
istering EMLA takes too long. Products have been developed
using iontophoresis (e.g., LidoSite, Vyteris and Iontocaine,
Tomed), ultrasound (e.g., SonoPrep, Sontra Medical), or jet
injectors (e.g., Zingo, Powder Pharmaceuticals) to drive lido-
caine into the skin faster, but these products have either been
discontinued or otherwise have had little impact on medical
practice in large part because of the complexity of using
sophisticated delivery devices and the associated expense.
Administration of lidocaine-ibuprofen ionic liquid involves
rubbing a viscous liquid onto the skin, which should be
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inexpensive and simple. For this reason, lidocaine-ibuprofen
may provide an easy, cost-effective, and relatively rapid
method of local anesthesia for medical procedures.

Conclusions

This study supports the hypothesis that lidocaine salt pre-
pared as an ionic liquid results in faster and more potent local
anesthesia than the commercial product EMLA, which is
believed to be due to increased lidocaine absorption into the
skin. We achieved this result by screening lidocaine salts and
identifying that lidocaine forms a room-temperature ionic lig-
uid when combined with ibuprofen as a safe counterion.
Lidocaine-ibuprofen was found to have a thermal decomposi-
tion temperature of 181°C and an electrical conductivity that
reached a maximum when diluted in water at a concentration
of 0.02 M, suggesting that in the presence of little or no water,
lidocaine-ibuprofen is largely in the ionic liquid form, but in
the presence of more water, the ions dissociate.

When applied to the skin of hairless rats, lidocaine-
ibuprofen caused significant local anesthesia within 10-20
min according to two different sensory tests with no adverse
side effects, which was much faster than after the application
of EMLA, which had an onset time of up to 60 min. These
faster onset kinetics suggest that lidocaine-ibuprofen ionic lig-
uid may be well suited for providing local anesthesia rapidly
in time-constrained clinical settings. Overall, this study sug-
gests that drug salts prepared as ionic liquids may provide a
novel approach to enabling transdermal delivery of lidocaine,
as well as other drugs in the future.
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