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Abstract

The interest in the photochromism and functional applications of donor-acceptor Stenhouse adducts
(DASASs) soared in recent years, owing to their outstanding advantages and flexible design. However,
their low solubility and irreversible conversion in aqueous solutions hampered exploring DASAs for
biology and medicine. It is notably unknown whether the barbiturate electron acceptor group retains
the pharmacological activity of drugs like phenobarbital, which targets y-aminobutyric acid (GABA)
type A receptors (GABAxRS) in the brain. Here, we have developed the model compound DASA-
barbital based on a scaffold of red-switching second-generation DASAs and we demonstrate that it is
active in GABAARs and alters the neuronal firing rate in physiological medium at neutral pH. DASA-
barbital can also be reversibly photoswitched in acidic aqueous solutions using cyclodextrin, an
approved ingredient of drug formulations. These findings clear the path towards the biological

applications of DASAs and to exploit the versatility displayed in polymers and materials science.



Introduction

Donor-acceptor Stenhouse adducts (DASAs) are an alluring class of photochromic compounds that
can be efficiently switched using visible and near-infrared (NIR) light'2, display high absorption
coefficient, high conversion rate®, and great flexibility of design. The linear triene colored form is
thermally stable and is reversibly photoconverted to a cyclic colorless form (Figure 1) which has about
half the size, a remarkably different geometry, and higher polarity.? As the photoproduct is colorless
(T-type negative photochromism) and does not absorb the excitation light, conversion of the molecule
enhances light penetration and thus propagates from the surface into the bulk of the material. The
backward reaction is thermally activated and takes place in the dark on different time scales, which

depend on the solvent and on the chemical features of the molecule*S.

Their use in chemistry and materials science is favoured by the fact that polymer chains can be
functionalized with DASA molecules to endow them with photoswitchable properties. This approach
enabled creating artificial nanosystems such as polymersome nanoreactors*, photopatterning of
polymer surfaces,® and polymer dots for thermal- and chemo-sensors.”® These compounds have also
been used to irreversibly release drugs with light for nanomedicine.®'® The broad range of reported

applications of DASAs has been reviewed recently>'! and continues to grow.

The DASA switching mechanism has been elucidated combining experimental and theoretical
approaches, revealing its intermediate steps and the guidelines to design DASA photoswitches %14,
These studies have identified different isomerization and rotation steps, followed by an
electrocyclization and proton transfer mechanism that leads to the final cyclized form of the
compound.’ DASA compounds absorb red light because of their highly conjugated push-pull structure
and planar backbone, which shifts their absorption to wavelengths up to 750 nm'S. Their accessible
synthetic route has enabled developing a library of DASA derivatives with variable donors,'s
acceptors,'” and spacer linkers'®'° to customize physicochemical and photochromic properties. The
cyclic compound obtained by photoconversion sets apart the first and subsequent generations of
DASAs. In the first generation,? the donor moiety features a secondary aliphatic amine, which results
in a zwitterionic cyclic-colorless photoproduct. In the second and third'” generations, the use of an
aniline donor moiety yields mainly nonzwitterionic photoproducts. This modification has expanded the
potential applications of DASA photoswitches: first generation DASAs can be photoisomerized only in
nonpolar solvents, whereas later generation DASAs can be reversibly switched also in organic polar

solvents and polymer matrices.'®

The isomerization process depends on the solvent, temperature, chemical substituents, and



concentration*2%-22 put low solubility and spontaneous and irreversible conversion of the linear form

into the cyclic form are unavoidably observed in water. 52324

The hurdles to operate DASAs in aqueous solutions are most aggravating since they are native
red/NIR-absorbing, negative photochromic compounds that would afford low scattering and deep
penetration in tissue without incurring phototoxicity in biological applications?. These properties are
appealing for photopharmacology, which aims at controlling drug action on demand at selected
locations using light, to enable precise responses and reduce unwanted side effects of treatments, or
to manipulate specific cell types and neural circuits for investigational purposes.?®?” Many
photoswitchable bioactive molecules have been reported that offer high pharmacological specificity
and potency for a diversity of targets, including ion channels?®-3°, G protein-coupled receptors®'-3* and
enzymes®37. Most are based on aryl azo compounds®-° which are difficult to isomerize using
orange-red light without introducing substituents that often perturb the pharmacological properties of
the original compound.*'** Photoswitching with continuous NIR light has been achieved in
diazocines*? and using two-photon (2P) excitation of simple azobenzenes®4445 in neurons but the
latter requires pulsed lasers and precision optics*®4’. Thus, developing compounds that can be directly
photoswitched in vivo with continuous-wave red or NIR light using portable devices (e.g. LEDs)
remains an unmet need in basic and applied photopharmacology. They would enable noninvasive

drug-based phototherapies and facilitate their translation to the clinic.

DASAs offer unique opportunities in that respect because (1) they intrinsically photoisomerize with
long-wavelength light and (2) the barbiturate moiety that acts as electron acceptor also constitutes the
pharmacologically active group in essential drugs like phenobarbital*® and pentobarbital (Figure 1a),*°
which target y-aminobutyric acid (GABA) type A receptors (GABAaRs). These ion channels
hyperpolarize the cell membrane and inhibit action potential firing in neurons upon binding of GABA,
thereby mediating inhibitory neurotransmission in the mammalian central nervous system and playing
central roles in nociception, memory formation, and cognition®. However, the intriguing question of
whether the barbiturate moiety of DASAs retains GABAaR-binding properties has never been

addressed.

We developed the model compound DASA-barbital (Figure 1b) based on a scaffold of red-switching
second-generation DASAs'™ and we demonstrate that it can be solubilized and reversibly
photoswitched in aqueous solution using the molecular cage cyclodextrin, an approved excipient in
drug formulations. We also show for the first time that DASA-barbital is active in neurons and that its
effects are mediated by GABAARs. These results may be applicable to other DASAs and bear

relevance for clinical applications of photopharmacology.



Results
The DASA scaffold is amenable to rationally design red-switching barbiturate ligands.

Molecular design. We examined whether the barbiturate electron-acceptor group DASAs' matches
the pharmacophoric properties of GABAAR allosteric potentiators®!. Single N-alkylation of barbiturates
increases their lipid solubility, shortens the duration of drug action, and strengthens their antiepileptic
properties, whereas alkylation at both nitrogen atoms causes convulsive effects®. Clinically approved
barbiturates are unsubstituted (barbital, phenobarbital) or have one methylated nitrogen
(methylphenobarbital) (Figure 1a). In principle, non-substituted nitrogens of the barbituric acid are
compatible with its role as acceptor group in a Stenhouse scaffold because they do not affect the
energy barrier for the ring-closing reaction and thus preserve the photoswitching process®. For
simplicity, we kept both —NH groups free as a trade-off between photochromic performance, synthetic
accessibility, and GABAAaR binding.

The hypnotic and anticonvulsant pharmacological activity of barbiturates also requires the addition of
a side chain to the barbituric acid. All clinically approved barbiturate drugs feature branched alkyl
chains and/or bulky aryl groups (Figure 1a). The pharmacophore thus appears generally compatible
with the DASA scaffold. Branched substitutions were not included as they would disrupt
photoswitching at this position. Besides, the photochromic properties of the molecule can be adjusted
by introducing aromatic rings as donor groups in the structure that bathochromically shift its absorption
peak towards the far visible-red region of the spectrum, as featured in the second and third generation
DASA molecules.”™' We chose the indoline group because it is reported to provide good
photoswitching efficiency and to extend the conjugation of the molecule in the linear form leading to

absorption maxima above 600 nm,"® all desirable properties in photopharmacology.38%*

Synthesis. DASA-barbital has a good synthetic accessibility and can be prepared in two steps
following a pathway similar to that described for its parent DASA compound bearing a 1,3-dimethyl
malonylurea'® (Figure 1b). The barbituric acid—furan adduct (1) can be prepared in near-quantitative
yield by reacting a mixture of barbituric acid and 2-furaldehyde in water at room temperature. Several
solvents and reaction times were tested to optimize the conditions for the ring-opening reaction with
the secondary aniline (indoline). All the organic solvents typically used for this reaction, like
tetrahydrofuran, acetonitrile and dimethylformamide, gave low yields probably due to the low solubility
of the malonyl urea (Figure 1c). In contrast, DASA-barbital (2) was obtained in sufficient yield by
stirring a solution of 1 and indoline in methanol for 4 hours. The ratios between linear-DASA-barbital

and cyclic-DASA-barbital forms in the dark and after illumination were determined by 'H NMR analysis.



Freshly prepared deuterated dimethylsulfoxide (DMSO-dg) solutions of the solid compound kept in the
dark showed a 68:32 ratio between the linear:cyclic forms, in agreement with the ratio reported for the
dimethylated reference molecule®. Upon illumination with a wide-spectrum halogen lamp (peak
emission at 600-700 nm), the mixture composition was inverted and displayed a 24:76 ratio (Figure
1d).
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Figure 1. Synthesis and characterization of DASA-barbital. a) Chemical structure of GABAAR-
binding barbiturates (phenobarbital, methylphenobarbital, pentobarbital, barbital) that inspired the
design of DASA-barbital (right). b) Synthetic route of DASA-barbital and chemical structure of its two
isomers: linear-DASA-barbital (blue in DMSQ) isomerizes to cyclic-DASA-barbital (colorless in DMSO)
by absorption of light and spontaneously reverts back to the linear, colored form. ¢) Course of reaction
in different solvents expressed as the ratio between product and starting material (in %) measured by
peak integration of HPLC chromatograms after a reaction time of 1 h and 4 h. d) Composition of the
compound mixture (linear and cyclic forms were identified by '"H-NMR analysis, DMSO-ds) before and
after 10 min illumination with a 150 W halogen lamp (broad emission band between 600-700 nm).

DASA-barbital can be reversibly photoswitched in water using a pharmaceutical excipient.

The UV-vis absorption spectrum of DASA-barbital in DMSO (Figure 2a) shows a narrow absorption

band around 615 nm that is consistent with the bright blue color of the solution (Figure 1). Upon



illumination, the absorption band decreases as the molecule switches from the colored linear form to
the colorless cyclic form. In the dark and at room temperature, the molecule spontaneously converts
back to the linear form. The absorption peak after 100 min is recovered by half (exponential time
constant, tau 2 = 17 min) and the composition is stable for at least 180 min after recovery (Figure 2b
and Figure S6 and S10).

However, in water (pH 8, 50 uM, 0.5% DMSQ) DASA-barbital undergoes a spontaneous and
irreversible fast conversion from the linear to the cyclic form (exponential time constant, tau 2 = 2.6
min) (Figure 2c and Figure S11). This behavior prevents controlling the photoswitching of the
compound and is generally reported for DASA switches.® The stability of linear-DASA-barbital can be
improved at pH 5 (0.5% DMSO in water) and is maintained for hours (Figure 2d). These conditions
allow on demand photoconversion of the compound to the cyclic form but in an irreversible manner,

i.e. no spontaneous back-conversion to the linear form is observed even at temperatures up to 50 °C.

Reversible photoswitching can be achieved at higher DMSO concentration (20% in water at pH 5),
which allows the colorless cyclic-DASA-barbital to spontaneously re-open in the dark and give the
linear, colored form (tau 2 = 0.8 min) (Figure S9). Since the colored solution (containing a mixture of
linear- and cyclic-DASA) is stable for hours in DMSO (Figure 2b), in 30% DMSO in water at pH 5 it
can undergo multiple cycles of photoswitching and relaxation in the dark (tau 2 = 1.2 min) (Figure
2e). Although biological experiments generally cannot be performed in solutions containing more than
1% organic solvent, the reversible photoswitching of DASA-barbital observed over 20% DMSO hints
that a hydrophobic environment can stabilize the colored form in the presence of water (Figure S10).
Based on this evidence, we reasoned that a cage-complex approach®® might afford transferring DASA-

barbital in water and reversibly photoswitching it in physiological medium.

We used (2-hydroxypropyl)-B-cyclodextrin (HP-3-CD) as the complexing element to operate the
photoswitch in pure water. Cyclodextrins are macrocycles of glucose subunits that are widely used to
form inclusion complexes in drug formulation as delivery carriers due to their non toxicity.*® The
structure of B-cyclodextrin features a hydrophobic core (~7 A diameter) and HP-B-CD is the
hydroxyalkyl derivative, which gives improved water solubility and toxicology profile. HP-B-CD can
accommodate the DASA compound and, thanks to its hydrophilic shell, allows its dispersion in water.
Indeed, the solubility of DASA-barbital reaches mM concentrations in pure water with 25% w/v HP-3-
CD (Figure S12). Remarkably, DASA-barbital can undergo reversible and repeatable cycles of
photoswitching and thermal relaxation in pure water with 10% w/v of HP-B-CD in the formulation
(Figure 2f). This result opens the way to using DASA derivatives in physiological media and to explore

the application of this class of compounds in biology, which was deemed impossible so far.



To find out whether HP-B-CD stabilizes linear-DASA-barbital in aqueous environment following a
similar mechanism to that observed with supramolecular vessels,%*® we examined the absorption
spectra of the different formulations. The solvatochromism observed in the normalized UV-vis spectra
of the molecule confirms that HP-3-CD immerse DASA-barbital in a hydrophobic environment (Figure
29g). The narrow peak of DASA-barbital at 615 nm in DMSO undergoes a hypsochromic shift when it
is dissolved in water (pH 5 and 8, absorption maximum at 490 nm) and a bathochromic shift when
HP-B-CD is added to the aqueous solution, yielding a maximum of 605 nm, near the value observed

in the organic solvent (DMSO, absorption maximum at 615 nm).
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Figure 2. Reversible photoswitching of DASA-barbital in organic and aqueous media. a) UV/vis
absorption spectra of 50 yM DASA-barbital in DMSO as prepared, after illumination with a halogen
lamp, and after thermal relaxation in the dark. b) Time course of 50 uM DASA-barbital absorption at
peak (615 nm) in DMSO under illumination (orange bar) and relaxation in the dark at room
temperature. ¢) Spontaneous, irreversible conversion of 50 yM DASA-barbital in 0.5% DMSO:water
at pH 8. d) Photo-induced irreversible conversion is possible with 50 yM DASA-barbital in 0.5%
DMSO:water at pH 5. Time course at absorption peak (490 nm). e) Time course of 50 yM DASA-
barbital during photoswitching cycles (1 or 5 min) in 30:70 DMSO:water at pH 5 at absorption peak
(590 nm). f) Reversible photoswitching of 500 yM DASA-barbital in water at pH 5 can be achieved
with 10% w/v HP-B-CD. Time course at absorption peak (605 nm) g) Normalized UV/vis absorption
spectra of different solutions of DASA-barbital: water pH 5 (dark purple), water pH 8 (pink), DMSO
(blue), and water and HP-B-CD 10% w/v pH 5 (light blue). DASA-barbital is thus exposed to a
hydrophobic environment in HP-3-CD.



DASA-barbital is active in neurons via GABAA receptors.

Based on the close structural similarity between DASA-barbital and common barbiturate drugs (e.g.
phenobarbital in Figure 1a), we asked whether it displays pharmacological activity in neurons. To
measure the responses to drugs, we performed patch clamp electrophysiological recordings at pH 7.4
in 0.5% DMSO (note that HP-3-CD alone was observed to increase the neuron firing frequency and
was not included in assays with DASA-barbital). Indeed, we observed that the firing frequency of
cultured hippocampal neurons readily increases upon perfusion of 300 uM DASA-barbital (Figure 3a-
e), whereas the vehicle only induces a slight decrease in the frequency (Figure 3b). We compared
this behavior to that of phenobarbital, which blocks firing at 300 uM (Figure 3c), and to that of the
GABAAR antagonist bicuculline (25 uM), which produces a similar response to DASA-barbital (Figure
3d). The increase in firing frequency induced by DASA-barbital suggests that it is an antagonist of
GABAARSs; however, this effect could also be caused by other ion channels and receptors that are

expressed in hippocampal neurons.

To test whether the activity of DASA-barbital is directly mediated by GABAARs, we recorded
GABAergic miniature inhibitory post synaptic currents (mIPSCs) in the presence of 1 uM tetrodotoxin
(TTX) to block action potential-dependent release of GABA, and in the presence of glutamate
receptors antagonists (10 uM 6-cyano-7-nitroquinoxaline-2,3-dione CNQX and 40 uM (2R)-amino-5-
phosphonopentanoate APV) to block excitatory currents. Bath application of 300 yM DASA-barbital
reduces the amplitude of GABAaR-mediated synaptic currents by 55%, from 41 pA to 19 pA (see
example trace in Figure 3f and quantification in Figure 3h; n = 6 cells; p < 0.01). In particular, the
frequency of low amplitude events (below 20 pA) increases after application of DASA-barbital, and
the events with amplitude higher than 60 pA disappear (Figure 3g). In addition, we tested whether
DASA-barbital influences glutamatergic receptors by recording the amplitude of miniature excitatory
post synaptic currents (MEPSCs) in the presence of 1 yM TTX and 25 uM bicuculline (see example
trace in Figure 3i). The distribution and mean amplitude of the mEPSCs are not significantly altered
upon bath application of 300 uM DASA-barbital (Figure 3jk, n = 3 cells, p > 0.05). Overall, these results
demonstrate that the effect of DASA-barbital in neurons is primarily mediated by GABAARs and that

the compound is a pharmacological antagonist of these receptors.
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Figure 3. DASA-barbital is pharmacologically active in neurons and its effects are mediated by
GABAARSs and not glutamate receptors. a. Application of 300 yM DASA-barbital increases the firing
frequency of cultured hippocampal neurons. b. Application of the vehicle (0,5% DMSO, pH 7.4) does
not increase neuronal firing. ¢. Application of 300 uM phenobarbital blocks action potential generation.
d. Application of 25 uM bicuculline increases the neuronal firing frequency. e. Cumulative data showing
the dose-dependent effect of DASA-barbital on the inter-event interval of neuronal action potentials
(n=3 cells for each concentration, * - p < 0,05). f. Neuronal GABAxR-mediated mIPSCs before (black
trace) and during bath application of 300 yM DASA-barbital (red trace). g. Distribution of mIPSCs
amplitudes before and after application of 300 yM DASA-barbital (black and red histograms,
respectively). h. Box plot showing the effect of 300 uM DASA-barbital on the mean mIPSCs amplitude
(n=6 cells, ** - p < 0,01). i. Neuronal glutamate receptor-mediated mEPSCs before and after
application of 300 uM DASA-barbital (black and red traces, respectively). j. Distribution of mMEPSCs
amplitudes before and after application of 300 yM DASA-barbital (black and red histograms,
respectively). k. Box plot showing that 300 uM DASA-barbital does not significantly alter the mean
amplitude of mMEPSCs (n=3 cells).



Discussion

Our results show that DASA-barbital is active in neurons via GABAaRs, which raises exciting
prospects for photopharmacology and neurobiology. Interestingly, receptor binding is retained in the
cyclic form despite its bulky structure and the absence of branching, which is in contrast to most
barbiturates.®? The branching carbon is key to preserve the photochromism of DASAs regardless of
the specific donor and acceptor groups chosen in future designs. Although barbiturates generally act
as GABAAR potentiators, the antagonist character of DASA-barbital is also observed in structural
analogs like bemegride,* and could be a useful tool in neurobiology as antidote or neurostimulant.
Modification of propofol and benzodiazepine has also produced antagonists in some cases.3%6061
Different substitutions in the barbiturate ring of DASA-barbital (see below) might lead to compounds

with agonist or potentiator properties that can be used as CNS inhibitors.

Besides their interest as neuroactive compounds, DASAs are widely appealing because they can be
photoswitched with red and NIR light.">'""® Compared to the UV light used in GABAAR
photopharmacology so far,3%%%-62 the deep tissue penetration of longer wavelengths would overcome
an important hurdle towards controlling neuronal activity noninvasively using transcranial illumination.
Here, we have presented evidence of reversible photoswitching of DASA-barbital in water up to pH 5
and 10% HP-B-CD. Expanding these conditions to a range compatible with neuronal physiology (pH
7.4) is feasible and future experiments will aim at more hydrophilic and pH-independent DASA
derivatives that can be reversibly photoswitched with low concentration of organic solvents and HP-
B-CD. The rank of cyclodextrins as approved drug excipient is another compelling incentive in this

q uest 53,63,64

In conclusion, we have demonstrated for the first time that (1) the barbiturate acceptor group of DASA
photoswitches is active in neuronal GABAARs and alters the firing rate of untransfected neurons in
physiological medium at neutral pH, and (2) DASA-barbital can be reversibly photoswitched in acidic
aqueous solutions compatible with drug formulations. Together, these contributions constitute a
breakthrough to use native red activated DASAs in biology and to exploit their remarkable versatility

displayed in polymers and materials science.

Methods

The procedures for DASA-barbital and phenobarbital synthesis, purification, chemical and
photochemical characterization, primary hippocampal neuron culture, electrophysiological recordings

and data analysis are described in the Supplementary Information section.
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