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Abstract: Pain is a common symptom that impairs the quality of life for people around the world. Lo-
cal anesthetics widely used for pain relief have a number of side effects, which makes the development
of both new drugs and new ways to control their activity particularly important. Photopharmacology
makes it possible to reduce the side effects of an anesthetic and control its biological activity in the
body. The purpose of this work was to create a new light-controlled local anesthetic and study its
biological activity in animals. A compound with a simple scheme of synthesis was chosen to shift the
UV-Vis absorption band towards the visible range of the spectrum and was synthesized for the first
time. Some computer calculations were performed to make sure that the aforementioned changes
would not lead to loss of biological activity. The micellar form of the new compound was prepared,
and in vivo biological studies were carried out in rabbits. The existence of a local anesthetic effect,
which disappeared almost completely on irradiation with light (λ = 395 nm), was shown using the
surface anesthesia model. Moreover, the possibility of multiple reversible changes in the biological
activity of ethercaine under the action of light was demonstrated. The latter compound manifests no
local irritating effect, either. The data obtained indicate the prospects for the development of new
compounds based on azobenzene for light-controlled local anesthesia.

Keywords: ethercaine; fotocaine; photopharmacology; photoswitchable local anesthetic; azobenzene;
micelles; corneal anesthesia

1. Introduction

Pain is one of the most common pathological conditions that can significantly impair
the quality of a patient’s life. The use of local anesthetics (LA) is a traditional method of
pain relief, along with opioids and non-steroidal anti-inflammatory drugs. At the same
time, according to statistics, about 46% of patients have at least one risk factor if they
use local anesthetics, and the incidence of side effects is about 4.5% of all use cases [1,2].
Over the past century, many LA molecules have been invented, including widely used

Int. J. Mol. Sci. 2022, 23, 5352. https://doi.org/10.3390/ijms23105352 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23105352
https://doi.org/10.3390/ijms23105352
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-2245-4946
https://orcid.org/0000-0003-4388-8911
https://doi.org/10.3390/ijms23105352
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23105352?type=check_update&version=4


Int. J. Mol. Sci. 2022, 23, 5352 2 of 16

ones such as articaine, lidocaine, procaine, benzocaine, mepivacaine, and bupivacaine, etc.
(Figure 1) [3].

Figure 1. Chemical structures of the most common local anesthetics: mepivacaine (a), benzocaine (b),
bupivacaine (c), lidocaine (d) and articaine (e).

Almost all clinically approved LA are non-selective blockers of voltage-gated sodium
channels. They act by blocking the transmission of the action potential in peripheral
neurons. Despite the advances in the development of new LA, their clinical application
still has a number of drawbacks. The effect of anesthetics outside the area of therapeutic
interest or the local side effects can lead to a wide range of various complications, including
systemic toxicity, cardiotoxicity, local allergic reactions, anaphylaxis, paresthesia and a
local irritative effect [4–9]. All of this dictates the need for spatiotemporal control of local
anesthesia that might allow doctors to control the effect of a drug on the patient’s body.

Several strategies, one of which involves the use of the controlled drug delivery system
(DDS), including nanomedical constructs such as liposomes, nanoparticles and microgel
systems loaded with anesthetics, have been developed to overcome the LA drawbacks
outlined above [10–12]. In addition to ultrasonic, magnetic or electrical exposure, light is
one of the most promising ways to control the effect of drugs [13,14]. Light radiation is a
non-invasive tool for monitoring the local anesthetic activity inside a body. Photosensitive
nanocarriers for pain relief, including liposomes loaded with tetrodotoxin (TTX), liposomes
containing a photosensitizer and gold nanorods, and a photosensitive microgel system with
ropivacaine and a light-controlled microneedle system loaded with lidocaine, were reported
in the literature [15–17]. However, another approach to light-controlled anesthesia involves
the use of a prodrug strategy in which an anesthetic is modified with light-degradable
chemical moieties and linkers. Examples of such compounds include light-activated
analogs of propofol, tetracaine, and morphine [18–20]. In 2017, J. Font et al. reported the
creation of a prodrug based on the mGlu5 receptor inhibitor that showed light-dependent
activity in models of chronic and acute pain in mice [21]. Recently, the same scientific
team created a photodegradable prodrug based on morphine, which made it possible to
implement light-activated anesthesia without side effects inherent in opioids [22]. However,
despite the significant advances in this field, light irradiation of anesthetics loaded into
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DDS and the use of photolabile prodrugs results in an irreversible drug release and a
pharmacological effect.

In addition to the improvement of delivery methods for well-known drugs, light
makes it possible to develop new pain control strategies, including optogenetics and pho-
topharmacology [23–25]. Currently, optogenetics is successfully used to study various ways
of transmitting pain signals [23,26,27]. This method is based on the directed expression of
photosensitive proteins (rhodopsins, bacteriorhodopsins, etc.) in certain types of body cells,
depending on the selected promoter [28]. In particular, examples of using this approach to
monitor the activity of Nav1.8- expressing nociceptive afferents, which makes it possible to
control pain in mice, were reported [27,29]. However, the need for the targeted impact on
the genome is the main limitation for the application of this method in clinical practice.

Photopharmacology is among the most promising methods to control the activity of
drugs inside a body by means of light [30]. The essence of this method involves creating
agents capable of reversible transition between two forms, one of which has a biological
activity, whereas the other one has none. To date, several photoswitchable compounds are
known that can act as blockers of nerve impulse transmission, including photoswitchable
modulators of metabotropic glutamate receptors 4 (mGlu4) and 5 (mGlu5), azo-propofols,
azo-derivatives of fentanyl, a photoswitchable inhibitor of glycine transporter 2, and azo
derivatives of capsaicin [31–37]. The most promising photoswitchable blockers of voltage-
gated sodium channels (Nav) to date are QAQ and fotocaine [38,39].

However, the ability of the QAQ molecule to penetrate through the cell membrane
is limited, which significantly limits its applications. In 2014, D.Trauner’s group reported
the creation of fotocaine, an azologized derivative of the local anesthetic fomocaine [39].
Fotocaine was found to be a promising Nav channel blocker; however, no continuation of
studies on the local anesthetic activity of fotocaine in vivo is available in the literature.

In this paper, we report on the synthesis of a new fotocaine derivative and a study of
its local anesthetic activity using a model of surface anesthesia in rabbits.

2. Results and Discussion
2.1. Design

We chose a fotocaine analogue, an azobenzene ether, as a key compound in this work.
This compound that we named ethercaine has the 4-(2-(N-morpholino)-ethoxy)-azobenzene
structure (Figure 2).

Figure 2. Optimization of the photoswitchable anesthetics’ chemical structures.
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Replacement of the methylene group closest to the aromatic ring with an ether group
causes a bathochromic shift of the characteristic absorption band in the electronic spectrum
of ethercaine. Thus, one can expect an improvement in spectral characteristics that would
allow switching between the isomers at the border between UV and visible range, which
can reduce the adverse effects of UV light on the body and increase the depth of light
penetration into tissues.

A comparison of the calculated 3D structures of the E-isomers of ethercaine and
fotocaine with fomocaine shows that all the main pharmacophore points retain their spatial
positions (Figure 3). Calculated 3D structures of the Z-isomers of ethercaine and fotocaine
are similar to each other and differ from fomocaine.

Figure 3. Comparison of predicted 3D structures of fotocaine and ethercaine in trans (A) and cis
(B) forms. Fotocaine, ethercaine, and fomocaine are shown in green, orange, and cyan, respectively.

Analysis of the spatial structures of the compounds allowed us to assume that ether-
caine would have photoswitching properties and retain activity only in the trans form,
similarly to fotocaine.

Molecular docking calculations were performed to evaluate the possibility of ether-
caine binding to the voltage-gated sodium channels. Local anesthetics bind in the inner
part of the pore region of Nav channels, which is known to have a high degree of sequence
identity among all known Nav isoforms. Nav1.7 isoform is a genetically validated target
for pain treatment [40], so the structure of this isoform (PDB ID: 6J8H, [41]) was used to
further calculations (Figure 4).
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Figure 4. (A) Structure of the Nav1.7 channel (PDB ID: 6J8H) with docked structures of fotocaine,
ethercaine, and fomocaine (shown in green, orange, and cyan, respectively). (B) Ligand interactions
with the binding site of the Nav1.7 channel.

Obtained results demonstrate similar binding poses for fomocaine, fotocaine, and
ethercaine without significant differences. Exploring ligand interactions reveal the interac-
tion with Phe1748 (numbering for the canonical Nav1.7 isoform sequence, in some protein
isoforms, this residue is numbered Phe1737). This residue is conserved among Nav iso-
forms and is believed to be very important for local anesthetic binding [42,43]. The results
obtained are consistent with published data on the mode of anesthetic drugs binding to
Nav channels [43–45].

2.2. Chemistry

The original scheme of fotocaine synthesis involves the nitration stage, which may give
regioisomers as side products, and employs an expensive palladium catalyst. The scheme
of ethercaine synthesis that we suggested involves the synthesis of N-(2-chloroethyl)-
morpholine (3) and 4-hydroxyazobenzene (5) followed by O-alkylation. The required
N-(2-chloroethyl)-morpholine (3) was obtained from morpholine (1) via intermediate N-(2-
hydroxyethyl)-morpholine (2) (Scheme 1).

Scheme 1. Conditions and reagents: (i) 2-bromoethanol, K2CO3, CH3CN, reflux, 3 h, yield 63%; (ii)
SOCl2, CHCl3, reflux, 4 h, yield 83%.

In turn, compound 5 was obtained from aniline 4 by diazotization and azo coupling
with phenol. The synthesis of the target compound 6 is demonstrated in Scheme 2.
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Scheme 2. Conditions and reagents: (i) NaNO2, HCl/H2O, 30 min, then phenol, KOH/H2O, 1 h,
yield 71%; (ii) (3), K2CO3, KI, CH3CN, reflux, 8 h, yield 85%.

Ethercaine (6) manifests a bathochromic shift of the π-π* absorption band maximum
(∆λ ≈ 20 nm, measured in DMSO (Supplementary Materials, Figure S21) compared to the
published fotocaine UV/Vis spectrum in the corresponding solvent). Ethercaine (6) turned
out to be almost insoluble in water and poorly soluble in water/DMSO systems that are
suitable for biological studies. It was dissolved in 4% micellar aqueous solution Kolliphor
® ELP, which is a versatile solubilizer for hydrophobic compounds in biological assays. The
maximum permissible concentration of the compound such that the solution is stable at
room temperature was found to be 0.6%. The micelles thus obtained were characterized by
the dynamic light scattering method. The hydrodynamic size derived from measurements
by volume showed no statistically significant difference for the micellar solution of E- and
Z-forms of ethercaine. The size of micelles was 16.54 ± 6.11 and 10.45 ± 4.07 nm for E- and
Z- form solutions (the polydispersity indexes were 0.254 and 0.236, respectively).

2.3. Photoswitching Properties

The photoswitching properties of the micellar solution of compound 6 were studied
using UV/Vis spectrophotometry. Despite the successful use of UV light in a number of
medical procedures [46], exposure to UV-A and UV-B light is still potentially harmful to
humans. In order to diminish the possible negative impact of UV radiation on the body
in biological studies, a light source with a wavelength of λ = 395 nm, which is at the edge
of the visible range, was used. When the cell with a solution is irradiated, a transition
to another photostationary state with the predominance of the Z-isomer in the solution
occurs, as it follows from the changes in the electronic absorption spectrum characteristic
of this class of compounds (Figure 5) [39,47,48]. The solution was irradiated stepwise with
increasing exposure time, and it was determined that the time sufficient for the equilibrium
with the predominance of Z-form is 30 s.
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Figure 5. UV/Vis absorption spectra of ethercaine (6) before and after irradiation of its solution.

A short-term study of the stability of a solution of the Z-form of ethercaine in the dark
at room temperature for 5 min did not show any significant changes in the absorption
spectrum, which indicates that the Z-form of the compound is sufficiently stable. The
half-life of the Z-form of ethercaine in micellar solution was ca. 65 min (determined by the
absorbance at 430 nm on UV-Vis spectra). Irradiation of the solution with regular white light
(λ = 420–700 nm) for 30 s led to the recovery of the compound to the photostationary state
with the predominance of the more stable E-form. Subsequent irradiation with white light
did not lead to a change in the absorption spectrum. After several hours, the equilibrium
reached the same state as it was at the beginning of the experiment via the back relaxation
of the remaining amount of the Z-isomer. Thus, irradiation with light at the indicated
wavelengths allows compound 6 to be switched reversibly between the E- and Z-forms.

2.4. Biology

In vivo studies are mainly used to estimate the local anesthetic properties of new
compounds, since in vitro studies practically do not allow a complex model of pain signal
transmission to be simulated. To study the local surface anesthetic effect, the Regnier
method was chosen, which involves determining the sensitivity of the cornea of the rabbit’s
eye under tactile impact [49].

The addition of 0.6% micellar solution of ethercaine (6) to the conjunctival sac of a
rabbit led to a pronounced local anesthetic effect lasting 32 ± 5 min. When conducting
a similar experiment with light irradiation at a wavelength of λ = 395 nm, nearly no
local anesthetic effect was observed. The difference in the Regnier index values for 0.6%
ethercaine solution in the presence and in the absence of irradiation reaches one order
of magnitude, which indicates that the biological response depends on the presence or
absence of irradiation (Table 1).
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Table 1. Studies of the local anesthetic effect of ethercaine (6) in vivo.

Compound Under Study

Regnier Index (min—13, max—1300)

In the Dark Under Irradiation
(λ = 395 nm)

Lidocaine 2% 451 ± 40 (n = 8) * 469 ± 37 (n = 8)
Ethercaine (6) (0.6% solution

in 4% Kolliphor ® ELP) 232 ± 50 (n = 8) 22 ± 3 (n = 8)

4% Kolliphor ® ELP 13 (n = 4) 13 (n = 4)
* Note: All data are expressed as the mean ± standard deviation.

As expected, the local anesthetic activity of 2% lidocaine solution selected as a control
anesthetic manifests no statistically significant differences with and without irradiation. A
4% micellar solution of Kolliphor ® ELP used as a negative control had a minimum Regnier
index, which indicated that local anesthesia was completely absent.

With a micellar solution of compound 6, there were no signs of redness or enlargement
of the conjunctiva, sclera, or eyelids, which indicated the absence of a local irritating effect.

The next stage was to obtain experimental proof of the possibility of multiple reversible
photoswitching of ethercaine between the E- and Z- forms in vivo. To do so, before starting
the experiment, the solution was irradiated with light at a wavelength of λ = 395 nm, after
which it was instilled in the conjunctival sac of the rabbit’s eye. The first measurement
corresponding to 8 min after addition confirms the transition of ethercaine (6) to an inactive
form under light impact (λ = 395 nm) (Figure 6). Before each subsequent measurement, the
eye was irradiated for 30 s by alternating conventional white light (λ = 420–700 nm) and
UV light with a wavelength λ = 395 nm.

Based on the data in Figure 6, one can see that ethercaine (6) can reversibly switch
between biologically active and inactive forms under the action of light with the correspond-
ing wavelengths. No significant loss of depth and duration of anesthesia was observed for
the active form of ethercaine after multiple reversible photoswitching compared to results
obtained for the active form of ethercaine in the dark.
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3. Materials and Methods
3.1. Materials

All the chemicals were obtained from commercial sources (Merck KGaA, Darmstadt,
Germany; Acros Organics—part of Thermo Fischer Scientific, Waltham, MA, USA) unless
specified otherwise and were used without further purification. For micellar solutions
preparation Kolliphor ® ELP was used (BASF, Ludwigshafen, Germany). All deuterated
solvents were purchased from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA,
USA). Organic solvents were purchased from the CHIMMED company (Moscow, Russia),
distilled, and dried using standard procedures. Silica gel 60 (Merck KGaA, Darmstadt,
Germany) was used for column chromatography. Analytical TLC was performed on
aluminum plates with Kieselgel 60 F245 silica gel (Merck KGaA, Darmstadt, Germany).

Electronic absorption spectra were obtained using a Shimadzu UV1800 UV/VIS spec-
trophotometer (Shimadzu Corporation, Kyoto, Japan) in a 10 mm thick quartz cell. NMR
spectra were obtained on a Bruker DPX300 and Bruker Avance 600 spectrometers (Bruker
Corporation, Billerica, MA, USA) using CDCl3, DMSO-d6 and D2O as solvents. Tetram-
ethylsilane or residual solvents were used as the reference standard for spectra calibra-
tion. Coupling constants, when given, are reported in hertz (Hz). The hydrodynamic
size of micelles was measured using a Zetasizer Nano ZS (Malvern Panalytical, Malvern,
United Kingdom).

Analytical HPLC was performed on a Vanquish liquid chromatographic system cou-
pled to a Q-Exactive HF-X high-resolution hybrid mass spectrometer (Thermo Fischer
Scientific, Waltham, MA, USA) using a «Pyramid» C18 column (75 mm × 2 mm, 1.8 µm)
(Macherey-Nagel, Düren, Germany). Detailed elution and detection conditions are pro-
vided in the Supplementary Materials (Table S1). Parameters of the mass spectrometer
ionization source are presented in Table S2, and operating parameters of the mass spec-
trometer modes are presented in Table S3.

Non-anesthetized mature male rabbits of the Soviet chinchilla breed weighing 2–3 kg
obtained from the KrolInfo farm (Orekhovo-Zuyevo, Russia) were used in this study.
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Animals were kept under standard conditions (humidity 50–60%, temperature 19–22 ◦C). A
12-h lighting cycle was maintained in the animal premises, where each animal was kept in
a separate cage. Animals were given ad libitum access to standard extruded feed stuff for
rabbits “CHARA” (CJSC “Assortiment-Agro”) and clean drinking water. Water treatment
was performed using a “7 TECHNOCOM” block modular system (LLC “7 TECH”). For
in vivo surface anesthesia measurements, an in-house anesthesiometer was made. This
device had a similar appearance to the Cochet-Bonnet anesthesiometer and had a fixed
nylon filament with constant parameters (1.0 cm length, 0.125 mm diameter) at the end.

Statistical analysis was performed and plotted using Origin 9.7 (OriginLab Corporation,
Northampton, MA, USA) software. All data are expressed as the mean ± standard deviation.

3.2. Design
3.2.1. Ligands 3D-Structures Alignment

The 3D geometry of compounds was optimized using an MM2 force field in Chem3D
software (Perkin Elmer Informatics, Inc., Waltham, MA, USA). Alignment and graphical
presentations were made using a Discovery Studio Visualizer (version 21.1.0.20298, Dassault
Systems Biovia Corp., San Diego, CA, USA).

3.2.2. Molecular Docking Calculations

The crystal structure of the Nav1.7 channel was obtained from the Protein Data Bank
(PDB ID: 6J8H). The morpholine nitrogen atom was manually protonated and the ge-
ometries were minimized using an MM2 force field in Chem3D software (Perkin Elmer
Informatics, Inc., Waltham, MA, USA). All of the torsional bonds of the ligands were free to
rotate, while protein was held rigid. The Gasteiger partial charges were calculated, atom
types were assigned, and non-polar hydrogen atoms were merged using the AutoDock-
Tools 1.5.7 (The Scripps Research Institute, La Jolla, CA, USA). A grid box of dimensions
40 × 40 × 40 with a spacing of 1 Å was created and centered on the mass center of the
ligand. Energy grid maps for all possible ligand atom types were generated by using Auto-
grid 4 before performing docking. The Autodock 4.2.6 (The Scripps Research Institute, La
Jolla, CA, USA) was used for docking calculations using the Lamarckian genetic algorithm
(LGA) [50]. Ligand interactions were determined, and graphical representations were made
using the Discovery Studio Visualizer (version 21.1.0.20298, Dassault Systems Biovia Corp.,
San Diego, CA, USA).

3.3. Synthesis
3.3.1. Synthesis of N-(2-Ethanol)-Morpholine (2)

Morpholine (1) (10.00 g, 114.81 mmol) was dissolved in acetonitrile (40 mL), then
K2CO3 (20.63 g, 149.25 mmol) was added to the solution. The reaction mixture was stirred
for 5 min at room temperature, then 2-bromoethanol (17.93 g, 143.51 mmol) was added
to the suspension. The solution was stirred for 3 h under reflux, the reaction mixture was
filtered, and the filtrate was concentrated in vacuo. The resulting product was distilled
under reduced pressure. The total yield was 63%. The substance was obtained as a
colorless liquid.

Rf (SiO2, ethyl acetate/methanol = 5:1) = 0.44
1H NMR spectrum of compound 2 (300 MHz, DMSO-d6) δ, ppm: 4.40 (t, J = 5.4 Hz,

1H, -OH); 3.54 (m, 4H, 2 × CH2); 3.48 (q, J = 6.2 Hz, 2H, CH2); 2.35 (m, 6H, 3 × CH2).
13C NMR spectrum of compound 2 (75 MHz, D2O) δ, ppm: 66.3; 59.5; 58.1; 53.0.
HRMS (FTMS + cESI) m/z: [M+H]+, calculated for (C6H14NO2)+ 132.1020, found 132.1021

3.3.2. Synthesis of N-(2-Chloroethyl)-Morpholine Hydrochloride (3)

N-(2-Ethanol)-morpholine (2) (1.0 g, 6.71 mmol) was dissolved in chloroform (10 mL)
at 0–5 ◦C. A solution of thionyl chloride (1.20 g, 10.09 mmol) in chloroform (5 mL) was
added with stirring to the resulting solution over 15 min. The reaction mixture was stirred
for 4 h under reflux, and the product was concentrated in vacuo. The residue was dissolved
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in ethanol, and the resulting solution was poured into 50 mL of cold diethyl ether. The white
crystals that precipitated were filtered off and dried in vacuo. The total yield was 83%.

Rf (SiO2, ethyl acetate/methanol = 5:1) = 0.70
1H NMR spectrum of compound 3 (300 MHz, DMSO-d6) δ, ppm: 11.85 (s, 1H, •HCl);

4.07 (t, J = 6.9 Hz, 2H, CH2); 3.85 (m, 4H, 2 × CH2); 3.48 (m, 4H, 2 × CH2); 3.15 (m,
2H, CH2).

13C NMR spectrum of compound 3 (75 MHz, D2O) δ, ppm: 63.6; 58.0; 51.9; 36.8.
HRMS (FTMS + cESI) m/z: [M+H]+, calculated for (C6H14ClNO)+ 150.0681, found

150.0682 (100%), 152.0655 (40%)

3.3.3. Synthesis of 4-Hydroxyazobenzene (5)

Aniline (4) (1.00 g, 10.74 mmol) was added to the aqueous solution of hydrochloric
acid (18%, 8 mL) at 0–5 ◦C. The resulting mixture was stirred for 5 min. Then sodium
nitrite (0.74 g, 10.74 mmol) in water (3 mL) was added, and the mixture was stirred for
30 min with cooling. Phenol (1.40 g, 14.88 mmol) was dissolved in 3.5N NaOH (10 mL),
after which the mixture was added to a solution of a diazonium salt. The reaction mixture
was stirred for 1 h at 0–5 ◦C. The brown precipitate that formed was filtered off, dried and
purified by column chromatography (SiO2, hexane/ethyl acetate = 5:1). The total yield was
71%. Compound 5 was obtained as yellow-orange crystals.

Rf (SiO2, hexane/ethyl acetate = 5:1) = 0.70
1H NMR spectrum of compound 5 (300 MHz, DMSO-d6) δ, ppm: 10.31 (s, 1H, -OH);

7.81 (m, 4H, 4 × CH); 7.52 (m, 3H, 3 × CH); 6.95 (m, 2H, 2 × CH)
13C NMR spectrum of compound 5 (75 MHz, DMSO-d6) δ, ppm: 161.0; 152.1; 145.2;

130.5; 129.4; 124.9; 122.1; 116.0.
HRMS (FTMS + cESI) m/z: [M+H]+, calculated for (C12H11N2O)+ 199.0871, found 199.0866
HPLC retention time: 8.95 min

3.3.4. Synthesis of 4-(2-(N-Morpholino)-Ethoxy)-Azobenzene (6)

K2CO3 (349 mg, 2.53 mmol), N-(2-chloroethyl)-morpholine hydrochloride (3) (282 mg,
2.52 mmol) and KI (168 mg, 1.01 mmol) were added to a solution of 4-hydroxyazobenzene
(5) (200 mg, 1.01 mmol) in acetonitrile (6 mL). The reaction mixture was stirred for 8 h
under reflux. The progress of the reaction was monitored by TLC. After separation of the
precipitate, the filtrate was extracted with ethyl acetate from water. The organic phase was
washed with brine and dried with Na2SO4, then the solvent was removed in vacuo. The
product was purified by column chromatography (SiO2, ethyl acetate/methanol = 5:1) and
concentrated in vacuo. The total yield was 85%. The substance was obtained as orange
crystals. Purity by HPLC ≥ 95%.

Rf (SiO2, ethyl acetate/methanol = 5:1) = 0.56
1H NMR spectrum of compound E-6 (600 MHz, CDCl3) δ, ppm: 7.91 (m, 2H, 2 × CH,

J = 9.0 Hz); 7.88 (m, 2H, 2 × CH); 7.50 (m, 2H, 2 × CH); 7.44 (m, 1H, 1 × CH); 7.02 (m,
2H, 2 × CH); 4.22 (t, J = 5.7 Hz, 2H, 1 × CH2); 3.76 (t, J = 4.7 Hz, 4H, 2 × CH2); 2.86 (t,
J = 5.7 Hz, 2H, 1 × CH2); 2.63 (m, 4H, 2 × CH2).

13C NMR spectrum of compound E-6 (150 MHz, CDCl3) δ, ppm: 161.27; 152.93; 147.32;
130.55; 129.18; 124.89; 122.72; 114.98; 66.99; 66.26; 57.69; 54.25.

1H NMR spectrum of compound Z-6 (600 MHz, CDCl3) δ, ppm: 7.28 (m, 2H, 2 × CH);
7.16 (m, 1H, 1 × CH); 6.89 (m, 2H, 2 × CH, J = 9.0 Hz); 6.85 (m, 2H, 2 × CH); 6.75 (m, 2H,
2 × CH); 4.08 (t, J = 5.7 Hz, 2H, 1 × CH2); 3.73 (t, J = 4.7 Hz, 4H, 2 × CH2); 2.79 (t, J = 5.7
Hz, 2H, 1 × CH2); 2.58 (m, 4H, 2 × CH2).

13C NMR spectrum of compound Z-6 (150 MHz, CDCl3) δ, ppm: 161.57; 152.78; 147.17;
129.09; 123.82; 119.96; 115.03; 114.44; 66.99; 66.26; 57.69; 54.25.

HRMS (FTMS + cESI) m/z: [M+H]+, calculated for (C18H22N3O2)+ 312.1707, found 312.1709
HPLC retention time: 2.70 min (Z-form of 6); 4.75 min (E-form of 6).
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3.3.5. Preparation of a Micellar Solution of 4-(2-(N-Morpholino)-Ethoxy)-Azobenzene (6)

A solution of 4-(2-(N-morpholino)-ethoxy)-azobenzene (6) (12.0 mg) in dichloromethane
(1 mL) was added dropwise to a freshly prepared 4% aqueous solution of Kolliphor ® ELP
(2 mL) heated to 45 ◦C with continuous argon bubbling. Bubbling was continued until
strong foaming started. A clear orange solution with a concentration of 0.6% was obtained,
which was subsequently filtered in turn through a 0.45-µm PTFE filter and then through a
0.22-µm PTFE filter.

3.3.6. Measurement of the Hydrodynamic Size of Ethercaine Micelles Using Dynamic Light
Scattering (DLS) Method

DLS measurements were performed on a Malvern Zetasizer Nano ZS series device
(Malvern Panalytical, Malvern, United Kingdom) with a He–Ne laser (633 nm). The
measurement took place in a 12 mm square disposable polystyrene cuvette at 25 ◦C. A 0.6%
micellar solution of ethercaine was diluted with 4% aqueous solution of Kolliphor ® ELP to
concentrations suitable for DLS measurements. All the micellar test solutions were kept
in the dark for at least 24 h before the analysis. For Z-form measurements, the solution
in the cuvette was irradiated with UV light (λ = 395 nm) for 30 s, placed in the device,
and measurements were started immediately. All manipulations were performed in the
darkened room. Zetasizer software (Malvern Panalytical, Malvern, UK) was used for data
curation and representation.

3.4. Biology

All manipulations with animals were approved by the Committee of National Medical
Research Radiological Centre of the Ministry of Health of the Russian Federation for
bioethical control over the maintenance and use of laboratory animals for scientific purposes
(Minutes №14 dated 3 March 2021) and performed in accordance with the national and
international rules for the humane treatment of animals (European Convention for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes,
Council of Europe (ETS 123), Eighth Edition of the Guide for the Care and Use of Laboratory
Animals (NRC 2011)) [51]. All materials, methods, and experimental procedures where
animals were used are described in accordance with ARRIVE rules [52].

3.4.1. Preparation of Animals and Arrangement of Groups

Four animals with a baseline sensitivity threshold of 1–2 touches with the anesthe-
siometer’s filament to the eye until a closure of the eyelids were selected for further
experiments. These animals were used in the experiments repeatedly with an interval of at
least 7 days between the experiments. Each eye was considered as a separate experimental
point. Two test groups (the test compound with and without irradiation), two positive
control groups (with and without irradiation), and two negative control groups (with and
without irradiation) were used in the experiment. A 4% aqueous solution of Kolliphor
® ELP was chosen as a negative control, while a 2% lidocaine solution (Lidocaine, 2%
injection solution, Borisov Plant of Medical Drugs, Borisov, Republic of Belarus) served as
a positive control. Four animals were used in the experimental groups and in the positive
control groups (n = 8). Two animals per negative control group (n = 4) were used due to the
expected lack of effect and to minimize the number of animals in the experiment. Animals
were randomly chosen for the negative control group. Each animal was used only once
within the same group. Before an experiment, the animals were immobilized using the
fixing bag (VetNode bag No. 3, VetNode, Moscow, Russia) leaving the head free. Before
each experiment, the animals’ eyelashes were cut out and the basic threshold of sensitivity
of the eye cornea to tactile contact was determined using an anesthesiometer.

3.4.2. Irradiation Modes

Experiments with animals were carried out in a dark room with totally shaded win-
dows. Since experiments cannot be performed in total darkness, a 50 W LED light source
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with a wavelength of 625 nm, which lies outside the absorption bands of the UV/Vis
spectrum of the test compound, was used for illumination. It was located in the corner of
the room at a distance of approx. 2 m from the animal and turned away from the animal
and the experimenter in order to avoid direct exposure to bright light on the eyes. In some
of the experiments, where it is stated, rabbit eyes were irradiated with a wavelength of
395 nm (LED flashlight, 3 W) or conventional white light (λ = 420–700 nm, LED flashlight,
0.5 W). Irradiation was carried out from a distance of about 10 cm from the eyes. Irradiation
duration was 30 s unless otherwise noted. Before the start of the experiments, a test solution
was kept in the dark for at least 24 h. Before the test solution instillation in a conjunctival sac
during the experiments with UV-light exposure, test solutions were preliminarily irradiated
for 5 min with light at a wavelength of 395 nm (LED flashlight, 0.5 W). In the experiments
with UV irradiation, the instillation of the test solution was also performed under 395 nm
irradiation; in addition, in these experiments, before each measurement, the test eye was
irradiated with 395 nm UV light for 30 s.

3.4.3. Determination of the Rabbit Eye’s Cornea Sensitivity Using the Surface
Anesthesia Method

This method was adapted from Regnier method [49]. After immobilizing an animal in
the fixing bag and cutting off the eyelashes, the animal was allowed to adapt to the darkness
in the room for 10 min. Before the drug administration, the conjunctival sac was pulled
back with the help of the thumb and forefinger while pinching the lacrimal canal with the
middle finger. The test solution (0.2 mL) was instilled into a conjunctival sac, after which
the conjunctival sac was held for 30 s with the help of fingers. The same procedure was
carried out with the second eye (this experiment can be performed both using one or two
eyes in parallel). After the instillation, the sensitivity threshold of the eye’s cornea to tactile
impact was determined for each eye with the anesthesiometer. The first determination was
performed at the 8th minute from the moment of the instillation and then at the 10th, 12th,
15th, 25th, 30th, 35th, 40th, 45th, 50th, 55th and 60th mins (13 values overall for each eye).
Each time, the minimum number (but not more than 100) of the anesthesiometer’s filament
touches with the same strength and rhythm, causing closure of the eyelids was recorded.
The Regnier index was calculated for each eye as a total of 13 values using the formula
(Equation (1)):

Regnier index (RI) =
13

∑
i=1

ni (1)

where n is the number of touches before the eyelids closed. The experiment was repeated
for each animal in the group (two animals (n = 4) for the negative control group and four
animals (n = 8) for other groups).

3.4.4. Determination of the Rabbit Eye’s Cornea Sensitivity Using the Surface Anesthesia
Model during Multiple Reversible Photoswitching

The experiment was carried out according to the method described above using the
adapted Regnier method. Due to the need for frequent exposure to different light sources,
experiments with multiple reversible photoswitching were not performed with two eyes in
parallel (i.e., only one eye was used in each experiment). Before the instillation, the test
substance solution was irradiated with 395 nm light for 5 min, after which, before each
measurement, the eye was irradiated with the corresponding (395 nm UV or white) light
for 30 s (for more details on irradiation modes, see the corresponding subsection). The
experiment was repeated 8 times using four animals.

3.4.5. Determination of the Local Irritating Effect

Simultaneously with the local anesthetic activity determination, the local irritating
effect of the test compound was determined by visual observation of test compound’s
effects on the eyes during the experiment. The key parameters for estimating the negative
impact included the hyperemia and induration of the conjunctiva, nictitating membrane,
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edges and tissues of eyelids, and sclera. The local irritating effect was estimated with each
administration of the test and control compounds throughout the entire experiment (0–60
min from the instant of administration) in 5 min increments, and additionally 24 h after the
end of the study.

4. Conclusions

In this work, we obtained a new photoswitchable derivative of fotocaine, a known
photoswitchable blocker of potential-dependent sodium channels. We named it ethercaine.
The resulting compound is an ether of 4-hydroxyazobenzene and N-(2-hydroxyethyl)-
morpholine, which was synthesized by a simple scheme and has enhanced spectral charac-
teristics. Ethercaine was studied in vivo using a surface anesthesia model in rabbits and
was shown to have photoswitchable local anesthetic properties. The mean values of the
Regnier index for the E- and Z-forms differ by one order of magnitude, which illustrates
that biological activity clearly depends on the presence or absence of light exposure. A
micellar solution of ethercaine (6) has no local irritating effect. The results obtained show
that it is promising to use compounds of this class for the development of new photoswitch-
able agents with improved solubility in water and optimal photobiological properties for
clinical use.
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