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Neurological conditions such as epilepsy can have a significant impact on people’s lives. Here, we discuss a
new perspective for the study/treatment of these conditions using photopharmacology. A multimodal,
intracranial implant that incorporates fluidic channels for localised drug delivery, electrodes for recording and
stimulation, and a light source for photoswitching is used for in vivo administration and deactivation of a
photoresponsive AMPA antagonist. We review current advancements in the relevant disciplines and show
experimentally that the inhibition of seizure-like events induced in the hippocampus by electrical stimulation
can be altered upon switching the drug with light. We discuss the interconnection of the drug's
photopharmacological properties with the design of the device by modelling light penetration into the rat
brain with Monte Carlo simulations. This work delivers a new perspective, including initial experimental and
computational efforts on in vivo photopharmacology to understand and eventually treat neurological
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Introduction

The dysfunction of hippocampal neurological circuits is a
pressing issue, leading to severe neurological conditions that
significantly impact patients’ lives." Memory disorders®* and
epilepsy* are just two examples. The imbalance between exci-
tatory and inhibitory activity, caused by, e.g. overexpression of
glutamate, is credited to be the origin of epileptic seizures.’
Glutamate overexpression can lead to neuronal excitotoxicity.®
Excitotoxicity in epilepsy is associated with neurodegeneration
(death of neurons), and is hypothesised to be a factor in some
neurodegenerative diseases. Therefore, it is crucial to develop
local and rapid interventions to prevent long-term effects and
manage short-term symptoms caused by abnormal neuronal
activity.””® An option is the systemic administration of antic-
onvulsant medication. Not only is this prone to cause grave side
effects but, for the example of epilepsy, ca. 30% of patients
show pharmacoresistance.”'® Local drug delivery is under
intense preclinical investigation, holding great potential for a
precise yet mostly invasive treatment. This can be achieved
using various methods and delivery mechanisms, e.g., con-
vection-enhanced via a (micro)fluidic system;''™* electro- or
iontophoretically, where an electric field drives charged
drugs;'**° or passively by diffusion out of a systemically
administered or locally implanted carrier.>’”*> Two examples
of a local administration of inhibitory agents are the local

This journal is © The Royal Society of Chemistry 2024
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release of GABA,"*" the universal inhibitory neurotransmitter
via electrophoretic ‘“dry” drug delivery or the convection-
enhanced delivery of MPQX, and glutamate antagonist for the
AMPA receptor.>® Aside from pharmacological in vivo neuro-
modulation, other modes of action are being investigated.
Externally induced excitatory actions on neurological circuits
are well-studied, while inhibitory actions are more challenging.
Electrical stimulation protocols have been investigated to
induce inhibition in the rat cortex.> Deep brain stimulation
is famously used to inhibit dysfunctional circuits causing
tremors and Parkinson’s disease.”>*® Temporal interference
can be used to achieve deep brain stimulation within the
hippocampus (HC).>”*°

Pharmacological inhibition is highly precise in a biochemical
sense, as specific molecular targets are addressed. However, it
lacks pace and on-demand controllability, as observed in the
example of Proctor et al.'*" Between the initiation of the
delivery and a visible therapeutic effect in the electrophysio-
logical signal, up to 60 s can pass due to diffusion from the
implant side into the targeted tissue. Moreover, local over-
dosing can still be an issue. Electric neuromodulation methods
are far more rapid®' yet less selective, and overstimulation and
severe tissue damage are possible.>' Optogenetics uses light as
a trigger through cells with photoresponsive transmembrane
proteins.**> 1t allows the most rapid neuromodulation,
yet these photoresponsive proteins do not naturally occur in
vertebrates. The expression requires the treatment of the target
tissue with a gene vector prior to the modulation.

Photopharmacology utilises reversible photoswitches incor-
porated into the drug’s chemical structure to alter its pharma-
cological effect. An in vivo application presents a promising
alternative for neuromodulation, surpassing the aforemen-
tioned limitations.’*™*' Photopharmacological agents’ prepara-
tion, administration, characterisation and transfer into a clinic
application can be conducted analogously to “normal” (not
photoresponsive) drugs through well-established processes.

Transferring photodrugs from the in vitro experiment to the
in vivo environment is a highly interdisciplinary endeavour (see
Scheme 1). Organic synthesis, photochemistry, and pharmaco-
logical aspects must be paired with medical device engineering,
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Scheme 1 In vivo photopharmacology, an interdisciplinary endeavour.
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including bioelectronics and photonics, as well as local drug
delivery. The incorporation of multiple functions, namely (flui-
dic) drug administration, electrophoretic recording and light
illumination, into a single, concise implant is an ongoing
engineering challenge. These so-called multimodul probes are
essential tools for applying photopharmacology.

Here, we give a concise overview of photopharmacology,
summarise the cutting-edge advancements in device technol-
ogy, and offer a new perspective on the in vivo application of
photodrugs. Initial experimental and computational findings will
substantiate this perspective. Lastly, we outlay a path towards an
overarching model. This computational bridging of instrumenta-
tion and photochemical properties opens a pathway to streamline
device design and photodrug application.

Current state & challenges
in photopharmacology

Numerous modes of intervention with biological processes by
photochemical means have been studied. Besides optogenetics,
where proteins are intrinsically photoresponsive, and photo-
dynamic therapy,*>** which uses the photogeneration of
reactive oxygen species, other modes of action are investigated.
Photophamacological effects are achieved by irreversible photo-
uncaging and reversible photoactivation, to name just two. The
latter uses photochromic ligands (PCLs), which undergo rever-
sible photoreactions (photoswitching) between two (or more)
forms, with each form having a different absorption spectrum.
Depending on the form, the PCLs have a higher or lower affinity
to the binding site of the biological target, i.g., in a host-guest
interaction (see Fig. 1a). Trauner and coworkers not only
provided a comprehensive review of molecular advances in
the field but also pioneered photopharmacology targeting
neurologically relevant targets.??*4>?

A variety of structural motifs are under investigation for
photopharmacological applications;** among others azoben-
zenes, bistable diarylethene and hemithioindigo photoswitches.
The azobenzene motif is the most used structure among the
molecular photoswitches. It undergoes an E = Z isomerisation
upon light illumination. The change in pharmacodynamic proper-
ties upon the photoreaction is primarily allocated to the shift in
steric demand and, consequently, in host-guest interactions with
a target. However, a change in the dipole moment amongst the
two isomers can also affect intermolecular interactions. The
E-isomer commonly responds to shorter wavelengths, while the
Z-isomer exhibits a bathochromic shift in its absorption spec-
trum. Generally speaking, a strong red shift for both photoreac-
tions is desirable, as the light penetration depth into organ tissue
is strongly increased for longer wavelengths. Thus, the target of
ongoing research efforts is an (infrajred photochromic compound
without impairment of the photoswitching performance.>*®
Ideally, a new chemical motif is synthetically easily accessible
and as universally applicable as the azobenzene.®” ortho substitu-
tions of azobenzene moieties with oxy groups are one example
studied, achieving a strong bathochromic shift while preserving
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Fig. 1 From in vitro optical control of AMPA receptor to in vivo photopharmacological inhibition of hippocampal activity. (a) schema depicting the mode
of action, chemical structure and in vitro optical control of action potential firing in hippocampal CA1 neurons using 1 in the presence of excitatory
neurotransmitter glutamate; (b) exploded-view drawing of a multilayerd probe design ((1) bottom PAC layer (2 um), (2) 3D printed, flexible body with
microfluidic system (200 um), (3) middle PAC layer (2 pm) with p-fluidic in- and outlet, (4) 10 nm titanium-100 nm gold electrodes (5), top PAC layer
(2 um) with etched p-fluidic in- and outlets as well as electrical contacts, (6) Drop-on-demand inkjet-printed PEDOT:PSS layer (77 + 11 nm)), a SEM
pictures of the printed p-fluidics and a microscopy picture of the gold electrode array; (c) exploded-view drawing of the assembled device incorporating
(14) a bi-colour SMD-LED chip with dome lens, (7) 3D printed socket with (8) integrated alignment pins, (9) medical-grade double-sided adhesive tape,
(10) pogo pins (85 pum), (11) 3D printed fluidic and electric interface with M0.6 thread, (12) 1/32” polyethylene tubing (0.8 mm OD, 0.4 mm ID) and (13)
tailored FPC cable (5 ways, 1 mm pitch) left insert shows a picture of the assembled device with a one GBP coin for scale and the right insert show a freely
moving rat with implanted device and headcap; (d) under anaesthesia in vivo rodent models to conceptually prove the photopharmacological inhibition
of hippocampal activity, using the multimodal implant. Top: Neural recording from rat HC, showing decreasing amplitude of interictal-like spiking activity
after drug administration (n = 1). In response to electrical stimulation (red line) after delivery of the active photodrug, neural recording shows minor
interictal-like spiking, indicating successful suppression by the photodrug. Bottom: The delivery of active photodrug is followed by blue light illumination
prior to electrical stimulation. The stimulation in the presence of the inactive photodrug leads to large amplitude interictal-like spiking activity. (a) and (b)
as well as the inserts in (c) were reproduced from ref. 23 and 47 with permission from the Royal Society of Chemistry.

good switching properties.®*®* Alternatively, two-photon absorp-
tion, up-conversion or radioluminescent nanomaterials are under
investigation to bypass a limited light penetration depth.®>
The E-isomer is, besides particular substitution patterns, the
thermodynamically favoured form. A thermal interconversion
back to the E-isomer strongly depends on the substitution
pattern and can be tuned, ranging from a few milliseconds to
years in terms of the half-life time (t1,,).°>”® Fluorine substi-
tuents are known to prolong the half-life, while push-pull
motives shorten it substantially.>’* An ideal reaction rate of
the thermal backreaction strongly depends on the contem-
plated application. Reductive milieus can cause conversion of
the azobenzene (-N=N-) to hydrazine (-HN-HN-),”>’° inter-
fering with the thermal stability. Electron-withdrawing substi-
tuents, like fluorine, increase the electron affinity and, hence,
decrease the stability towards this reduction. Intramolecular

71-73
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hydrogen bonds to the nitrogens of the azobenzene motif are
also known to change thermal stability.”” The chemical equili-
brium of a drug binding to its target largely defines its
pharmacodynamic properties. The difference in this binding
among two photoisomers determines the alteration in the
pharmacodynamic properties. If host-guest interactions influ-
ence the photochemical reactions, i.g., if the bind azobenzene
undergoes a Z — E isomerisation or if only the free molecule
converts back, is under debate.””””°

Optogenetic as well as photophamacological systems can be
characterised by their light responsiveness (the wavelength-
dependent product of the molar extinction coefficient &;(4)
of the photoresponsive entity i and quantum yield ¢,(4) of a
photophysical or photochemical process ij).5°®> A large spec-
tral difference among the E- and Z-isomers is desirable, as it is
one way to alter light responsiveness significantly. An ideal

This journal is © The Royal Society of Chemistry 2024
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system has two distinctly addressable wavelengths at which
either E - Z or Z — E isomerisation can be conducted:

ep(A) @rz(4) # 0 and ez(1)-@zx(1) = 0; (1)
or

ep(4)-Qrz(4) > &A1) @ze(2) (2)

where ¢5(4) and &4(1) are the molar extinction coefficient of the
E- and Z-isomer, respectively; ¢z-(4) and ¢zz(1) the quantum
yield of the photoisomerisations is at a given exposure wave-
length. In this ideal case, light exposure results in a complete
conversion. As a system diverges from condition (2), a mixture
of isomers is observed at the photostationary state. When a fast
thermal interconversion is present, the light responsiveness is
insufficient to characterise the system comprehensively. The
photon flux (proportional to the irradiance) must be included,
as the thermal and photochemical reaction rates must be put
into relation to each other. Hence, detailed information about
the photochemical properties of the PCLs and of the local
irradiance must be included for a comprehensive description
of a photophamacological system.

We used the photodrug 1 (Fig. 1a) for in vivo photopharma-
cological inhibition of hippocampal activity. The photodrug
has been develop and characterised in vitro by Trauner and
coworker.?” It is an AMPA antagonist in its E-isomer. It inhibits
the signal transfer in the dark or upon irradiation at 620 nm.
The irradiation with 460 nm permits action potential firing in
hippocampal CA1 neurons when glutamate is present.

A thermal backreaction occurs in the dark, leading to a
significant increase in the antagonism. A half maximal inhibi-
tory concentration ICso of 3.1 uM was determined in the dark,
which is a little less potent than its non-photoswitchable
analogue, Fanapanel (also MPQX, 0.12 uM).%®

Compound 1 is inhibiting in its thermodynamically stable
Z-isomer, which is a major drawback. The pharmacological
effect is deactivated by light, demanding constant irradiation to
control action potentials precisely. Rephrasing the inhibiting
effect of 1 is active by default. A so-called signal inversion has
been explored for a few other photodrugs using bridged azo-
benzenes where the E-isomer is the thermodynamically stable
form.®” Applied to compound 1 in a new derivative would allow
an inactive default state.

PCL 1 shows a change in the absorption spectrum when
mixed with r-arginine. This reinforces the general question of
whether the ex vivo-determined photochemical properties (&,(1),
¢ze(2), and t,,,) are valid in the in vivo environment.

Multimodal implants

Multimodal penetrating brain probes allow simultaneous
functionality such as light exposure, electrophysiological
recording, electric stimulation, electrochemical sensing and
drug delivery.?”*>%¥°° various reviews on this topic have been
published, e.g. by Qazi et al.’" They show general and ongoing re-
search objectives among all modules concerning miniaturisation,

This journal is © The Royal Society of Chemistry 2024
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wireless data and energy transfer, chronic biocompatibility and
long-term device performance, and scaling in fabrication.
Recently, the operation of multimodal implants has been
demonstrated in unrestrained animals using head-mounted
and fully implanted approaches.

Light delivery

The momentum in optogenetics led to a wide range of setups to
illuminate the target tissue,”*°® where miniaturisation was a
driving force. Early setups used the combination of an external
light source, e.g. a laser with optical fibres or other wave-
guiding approaches. Incorporating this with a measuring elec-
trode, the first optrode was developed in 2007 and designed for
simultaneous irradiation and read-out.”” The latest generation
incorporates surface-mount device (SMD)- micro light emitting
diodes (ULED) into the tip of the probes.’®**° Although more
challenging fabrication-wise, these setups increases the power
output at the targeted tissue. However, heat dissipation into the
tissue has to be considered. Mounting the stiff hLED on flexible
substrates allowed for mechanical matching to soft tissues, like
the brain, and increased compatibility accordingly.'®" Further-
more, the mounted LEDs require encapsulation to ensure long
lifetimes and biocompatibility.'°>'°* Organic LEDs have been
explored as flexible, large-area light sources.'®* "% However,
power output and lifetime are still unfavourable compared to
LEDs, preventing their broader application.

Recording and sensing

The integration of a recording site allows for a closed-loop
operation mode.'®” ' It describes the adjustment of a neural
modulation or treatment to electrophysiological measurements
or chemical sensing. Plastic electronics is having a substantial
impact. It uses nanometer-thin metal films on a polymer
substrate and organic conductive materials like conjugated
polymers or graphene, achieving flexible devices with improved
signal-to-noise ratios.''® PEDOT:PSS-coated gold electrodes
have become the gold standard in that regard, as they show a
reduced impedance in contact with aqueous media, which is
highly beneficial for electrophysiological recordings. Ongoing
efforts are made to develop improved materials. Organic elec-
trochemical transistors (OECTs) are laborious to manufacture
and require more elaborate instrumentation while recording yet
yield even better signal-to-noise ratios.'*'*> Furthermore, they
can be functionalised for biochemical sensing,"*'** e.g., sodium
ions,""® dopamine,'*® cortisol,""” amyloid-B,"** and more.

The current challenges are long-term stability and avoiding
delamination under chemical or mechanical stress.'****? Here,
the metal layers on polymer substrates seem to be a weak point,
while organic materials show better adhesion and potentially
allow for a covalent attachment.

Drug delivery

Local drug delivery systems mainly make use of convection-
enhanced delivery."' " Significant efforts focused on miniatur-
isation and approval of medical devices of the drug pump and
reservoir. Convection-enhanced delivery has several drawbacks,

J. Mater. Chem. B, 2024, 12, 9894-9904 | 9897
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e.g. unintended, constant leakage of drug and increasing
intracranial pressure throughout the injection. To overcome
the drawbacks of convection-enhanced delivery, alternative
delivery mechanisms are under development, e.g. by electrical
means.'*° Choosing an appropriate ion-selective membrane
material fitting to the delivered drug and ideal electrical
operation protocols are ongoing challenges."*>'** To avoid an
electrochemical reaction of the drug at the working electrode,
e.g. the previously discussed reduction of the azobenzene, and
to achieve a constant drug output, the separation of the drug
solution and the working electrode is beneficial. We developed
a redox flow iontophoresis for continuous drug delivery, until
now, for cationic drugs.?® The technology must be adopted for
anions, as photodrug 1 is, and then be transferred into a
multimodal probe in future.

Multimodal probe for in vivo photopharmacological inhibition
of hippocampal activity

Currently, considerable efforts are being made to develop
scalable fabrication methods that will greatly impact larger
numbers of patients. This includes standardised manufactur-
ing protocols and uniform devices. Dividing from this, we see
anatomic or patient-specific implants as a promising approach.
It will fully use computer-aided design at a digital twin of the
patient and subsequential computer-aided manufacturing.'>>'?¢
Hence, we explored 3D printing as a manufacturing technique
and how to combine it with classic microfabrication to create a
hybrid fabrication scheme. To administer a drug, record and
stimulate neural activity, we previously designed and fabricated
a multimodal probe (Fig. 1b), followed by the heterointegration
into a device for rodent model (Fig. 1c).*

We extended our previously developed device. A simple butt-
coupling of a bi-colour SMD-LED, integrated in the headstage
allowed for effective illumination.: We calculated a power
output of 58.5 + 0.2 mW (460 nm) and 33.6 + 0.2 mW
(610 nm)."”” Multiday implantations have been conducted into
freely moving rats, although actual experiments still require a
tether.'”®

Perspective on the application of

in vivo photopharmacological
inhibition

The research on pharmacoresistant epilepsy aims for an
enhancement in the success of the treatment and minimisation
of side effects. Measuring the hippocampal activity coupled to
an intracranial drug injection, inhibiting action potential fir-
ing, is a potent way to reach those aims. Even though a precise
measurement of brain activity is possible, the exact prediction
of both the seizure’s occurrence and intensity is still out of
reach. This fact makes a high temporal control over the anti-

seizure drug concentration in the target area vital to ensure
treatment can be delivered with minimal latency following

i Original research data first published here.
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seizure detection. The diffusion of the drug strongly limits
the existing technologies. Using a photopharmacological agent
which can be injected in its inactive form and reversibly
activated on demand has a vast potential to bypass this
problem and improve epilepsy treatment. Especially closing
the loop with simultaneous electrophoretic measurement of
neuronal activities will allow a timely adjustment of active drug
concentration to the actual seizure intensity.

In a first study, we showed the application of the non-
photoswitchable derivative, MPQX.>®> For that purpose, an
implantation protocol of the built multimodal probe for an
acute drug administration into a rat’s HC has been established.
Both recordings of hippocampal activity, as well as electrical
stimulation, were conducted using the gold-PEDOT:PSS elec-
trode array. Electrical stimulation of the naive rat brain pro-
duced large amplitude interictal-like spikes. Subsequent to
MPQX administration, electrical stimulation resulted in a
significantly lower number of interictal spike development
compared to naive brain stimulation.

Here, we show original data, extending the first study.i
We examined the administration of photodrug 1 (Fig. 1a), using
an upgraded probe (with light source, Fig. 1c) and the same
protocol for the in vivo experiments. In its dark (active) state,
electrical stimulation only caused low levels of interictal spik-
ing (Fig. 1d top, and Fig. S2, ESIf). When illuminated with
460 nm before the stimulation to inactivate the photodrug, the
stimulation led to higher amounts of activity (Fig. 1d bottom
and Fig. S2, ESIt). In the absence of photodrug 1, blue light
alone has no effect in seizure prevention (Fig. S3, ESIt). This
experiment is the first indication of the validity of the in vivo
inhibition of seizure-like events using photodrug 1. Future
studies will aim to reproduce the in vivo experiments for larger
amounts of rodents. Moreover, we aim to extend our in vivo
protocols towards spontaneous evolving seizure-like events, e.g.
through injection of 4-aminopyridine and their counteracting.
This will allow a comparison with traditional treatment meth-
ods, e.g. resective epilepsy surgery for drug-resistant epilepsy.

Besides the short-term objective to solidify the experimental
proof for an in vivo photopharmacological inhibition, medium-
and long-term objectives must be addressed. For instance, a
new derivative of compound 1 must be developed, which copes
with the shortcoming of a drug active by default. For a reason-
able application, the photoresponsive AMPA antagonist should
be inactive by default and activated by light. Such a photodrug,
combined with constant monitoring of neural activity, will
enable a new perspective for the treatment of focal, drug-
resistant epilepsy. The recording in the target brain area will
allow predicting the likelihood of a seizure. Suppose the fore-
cast indicates an increased likelihood of an epileptic event,
i.g., due to detecting a specific signal structure, the inactive
photoresponsive AMPA antagonists will be injected, not affect-
ing the neural activity. In case of an actual seizure, the photo-
drug will be irradiated on demand, suppressing active potential
firing within milliseconds. Depending on the measured inten-
sity of the seizure, the light power and ratio of activating and
deactivating light will be modulated, affording precise control.

This journal is © The Royal Society of Chemistry 2024
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The reversibility of the photoswitch enables control over the
dose and deactivation within the tissue after the pathologic
event. This will prevent overdosage and minimise side effects.
Computational (AI) methods could optimise such a monitoring
— injection — detection — activation = deactivation loop.
Applied to other brain regions, such a concept could be used in
conditions other than epilepsy. Examples of this may be the
study of neuronal circuit function through fast pharmaco-
logical intervention (e.g. deactivating certain populations of
neurons during a behavioural task), or the treatment of condi-
tions benefiting from time-dependent or closed-loop delivery of
therapy such as depression and chronic pain.”**"*° The fast
and controlled pharmacological intervention enabled by this
technology holds great potential to both enable new treatments
and decrease dosage and side effects of existing ones.

Connecting engineering with
chemistry

Rationalising device engineering and understanding the funda-
mental behaviour of the photodrug within the tissue requires
the interconnection of multiple disciplines. In vivo photophar-
macology, on its own, leaving bioelectronic recording and
stimulation at a side involves the interconnection of micro-
fluidics and pharmacokinetics, including drug diffusion within
the tissue. Moreover, it requires an understanding of light
propagation within the biological tissue and the photokinetics
of the photodrug.

Computational modelling will give access to the most relevant
insights for the application of existing compounds: What area can
be treated? What light power output is required to reduce thermal
strain? How can the active drug concentration be controlled? What
is the response time? Moreover, it can also loop back into new
photodrug development: What photo- and pharmacodynamic
properties are actually required for a particular application?

Monte Carlo simulations hold the potential for comprehen-
sive modelling of all relevant processes when fed with sufficient
experimental values. Both drug diffusion'®" and light propagation
in highly scattering media'**'** have been studied. The starting
point is the combination of photochemistry with biophotonics
into an in vivo photokinetic model. Such a concept has already
been discussed in photodynamic therapy.'** For the Monte Carlo
simulation, a section of the target tissue is divided into individual
cuboids of defined size, holding the physical properties (see
Scheme 2). For light propagation, this includes absorption coeffi-
cient p,, scattering coefficient ug, Henyey-Greenstein scattering
anisotropy factor g, and refractive index n(Z), extensively sum-
marised by Prof. Jacques."*

High-resolution MC modelling of light delivery in a rat braini

For our purpose, an anatomic 3D model of a rat brain with the
target tissue is required. Comprehensive, high-quality segmen-
ted 3D data, including all relevant tissue types, are currently
unavailable. Hence, we combined data from three different
MRI studies to generate a model, including white and grey

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 Toward in vivo photokinetic modelling via Monte Carlo simu-
lation, involving a variety of interwoven variables and experimental values:
absorption coefficient u,(2) [cm™, scattering coefficient ug(2) lcm™,
Henyey—Greenstein scattering anisotropy factor g, refractive index n(4),
irradiance /() [W c¢cm™] o photon flux Epe(d) [El, molar absorption
coefficients &£(2) and ¢2(A) [L mol™* cm™Y, quantum yield ¢z£(2) and @eA4),
path length d, and concentration Cg and C. (1) represent a wavelength-
dependent function.

matter, blood vessels, nerve tissue, cerebrospinal fluid (CSF),
and bone (see Fig. 2a).**'*® The resulting model must be seen
as a rough estimation. Various digital artefacts are present, e.g.,
lines between brain regions originating from the digital seg-
mentation or misfitting of the inferior vascular system. A digital
model of the probe, including the printed acrylic body and PAC
layers, has been placed, penetrating the HC (Fig. 2b). Parts of
the scull have been digitally removed, and a butt-coupled LED
light source has been simulated. High-resolution modelling is
required as the PAC layers are just 4 um thick, and a sufficiently
large area must be considered to make a useful simulation.
Accordingly, a section of 0.4 x 0.4 x 0.8 cm® with cuboids
4 x 4 x 8 pm® was used, resulting in a matrix with 1.56 x
10° elements. A high-performance computer cluster was used to
calculate ca. 7.9 x 10° photons per wavelength over 10 min
simulation time. As expected, red light penetrates deeply into
the tissue, not requiring a waveguide (see supporting informa-
tion Fig. S1, ESIt). Blue light strongly benefits from the wave-
guide. Without the probe, delivering the light, an illumination
of the HC is not feasible.

Towards in vivo photokinetic model

Azobenzene switching is a photochemical equilibrium between
the E and Z isomers. The final equilibrium Kj at the photo-
stationary state and the time to reach it depend on molecular
properties and the used wavelength. As azobenzenes, including
the used photodrug 1, are T-type photoswitches, both photo-
chemical and thermal interconversion must be considered.

e
o ()
kZE+kZE
CZ khu
Kiy=2=__"E2__ 4
Ck k/}VE + k;; )
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Fig. 2 MS Simulation. (a) Rat head model segmented into six different
kinds of tissue; (b) head section and probe in HC with; (c) heatmap
depiction of the irradiance within the head section for 460 nm.i

where C, and Cj are the concentration of the Z- and E-isomer;
k., the rate constant of the interconversion of E to Z photo-
chemically through illumination with light of the wavelength 4;
Ky the rate constant of the corresponding photochemical
backreaction and k2 of the thermal backreaction.®* General-
ising, a rate constant of a given photoreaction of the substrate i
to photoproduct j is dependent on various parameters:

k; :f(EPF(;L) X, Yy Z)? 81’0“)7 Q)y(i), d: .u'a(/lyt)), (5)

where Epr is the photon flux, which is proportional to the
irradiance modelled; ¢,(4) molar absorption coefficients; ¢;(2)
is the quantum yield of the interconversion i — j through
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illumination with light of the wavelength /, d the path length
and u,(4, ) the total yet time-dependent absorption at a given
wavelength.

An accurate interconnection of biophotonical Monte Carlo
simulations with photokinetics holds a variety of challenges:
foremost, there is a lack of experimental data quantifying the
molecular properties of the photodrug. Besides, the photoreac-
tion changes the total absorption coefficient within a cuboid
over time. Multiwavelength models add a level of complexity
to the modelling. Furthermore, it is unclear if the ex vivo-
determined data concerning the molecular properties holds
up in an in vivo environment.

However, combining the modelled photostationary state
with a concentration profile and pharmacodynamic data, for
our example, the half maximal inhibitory concentration ICs,
will allow for mapping the inhibited and unaffected cuboids.
In the first approximation and to establish the model, a
constant concentration profile of photodrug could be assumed.
Later, the concentration profile will require more refinement
using pharmacokinetic data. This includes the data to quantify
liberation and distribution, i.g., diffusion from the probe into
the tissue, as well as metabolism and excretion, removing the
photodrug from the side.

In summary, we made the first step into the computational
modelling of in vivo photopharmacological inhibition by set-
ting up a high-resolution rat model for the Monte Carlo
simulation of light propagation into brain tissue. Moreover,
we laid out a path towards a more comprehensive model.

Conclusion

Photopharmacology can be a potent method to modulate
neural activity. However, its practical application requires a
broad combination of expertise. Here, we discussed the state of
the art, highlighted current challenges and relevant technolo-
gies and presented new results.

The combination of simultaneous electrophysiological mea-
surements of neuronal activities, drug delivery with light-driven
de/-activation of an inhibiting photodrug represent an intri-
guing perspective for a future application in treating epilepsy.
The here presented original results give a first projection of the
validity of this concept. They motivate us to pursue exploring
the demands for the application of photopharmacology.

Author contributions

J. G. acquired funding and conceptualised as well as supervised
the project. He design-engineered and fabricated the implants
and contributed to the investigation and the corresponding
data curation. He adapted the MCmatlab, visualised the data
and wrote the original draft. T. E. N. contributed into investiga-
tion, data curation and visualisation. A. C. L. acquired funding.
He developed the i vivo methodology and led their investigation.
He visualised the data and revised the original draft. A. K. H.
developed MCmatlab, helped to adapt it and revised the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01117a

Open Access Article. Published on 15 2024. Downloaded on 05.12.2025 01:39:49.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

manuscript. G. G. M. acquired funding and conceptualised the
project. He reviewed the manuscript.

Data availability

The data supporting this article have been included as part of
the ESLt The MATLAB script is available on GitHub (https://
github.com/ankrh/MCmatlab).

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors acknowledge Prof Stefan Hecht, Dr Michael Pétzel
and Jutta Schwarz for reproducing the synthesis to provide
photodrug 1. 3D data on the vascular system in the rat brain
were kindly provided by Prof Hyung Joon Cho. The authors
acknowledge Dr Dominik Marti for co-developing and main-
taining MCmatlab. Furthermore, J.G. thanks Prof. Emil List-
Kratochvil for the support and fruitful discussion, in particular,
at the beginning of the project. J.G.’s special gratitude goes to
Prof. Alexander Boker at the University of Potsdam® and Fraun-
hofer IAP¢, who gave space and support needed to work on his
scientific vision as a Junior Group Leader. J.G. acknowledges
the support from the German Research Foundation (Deutsche
Forschungsgemeinschaft DFG via Research Fellowships Gz. GU
2073/1-1). A.C.L. acknowledges Welcome Trust for a Junior
Interdisciplinary Fellowship. T.E.N. acknowledges funding
from EPSRC Cambridge NanoDTC (EP/L015978/1). This work
was funded by the EPSRC IRC in Targeted Delivery for Hard-to-
Treat Cancers, EP/S009000/1. We gratefully acknowledge the
fruitful discussions with the members of the Bioelectronics
Laboratory®.

Notes and references

1 T. Bartsch, The Hippocampus in Neurological Disease, in
The Clinical Neurobiology of the Hippocampus: An integrative
view, ed. T. Bartsch, Oxford Academic, Oxford, 2012.

2 T. R. Stoub, L. deToledo-Morrell, G. T. Stebbins,
S. Leurgans, D. A. Bennett and R. C. Shah, Proc. Natl. Acad.
Sci. U. S. A., 2006, 103, 10041-10045.

3 C. M. Roux, M. Leger and T. Freret, Int. J. Mol. Sci., 2021,
22, 12082.

4 A. Chatzikonstantinou, Epilepsy and the Hippocampus, in
The Hippocampus in Clinical Neuroscience, ed. K. Szabo and
M. G. Hennerici, S. Karger AG, 2014.

5 K. Staley, Nat. Neurosci., 2015, 18, 367-372.

6 X.-X. Dong, Y. Wang and Z.-H. Qin, Acta Pharmacol. Sin.,
2009, 30, 379-387.

7 H. F. Bradford, Prog. Neurobiol., 1995, 47, 477-511.

8 M. Barker-Haliski and H. S. White, Cold Spring Harbor
Perspect. Med., 2015, 5, a022863.

This journal is © The Royal Society of Chemistry 2024

9

10

12

13
14

15

16

17

18

19

20

21

22

23

24

25

26

27

View Article Online

Journal of Materials Chemistry B

M.-C. Picot, M. Baldy-Moulinier, J.-P. Daures, P. Dujols and
A. Crespel, Epilepsia, 2008, 49, 1230-1238.

A. Fattorusso, S. Matricardi, E. Mencaroni, G. B. Dell’Isola,
G. Di Cara, P. Striano and A. Verrotti, Front. Neurol., 2021,
12, 674483.

R. R. Lonser, M. Sarntinoranont, P. F. Morrison and
E. H. Oldfield, J. Neurosurg., 2015, 122, 697-706.

O. Lewis, M. Woolley, D. Johnson, A. Rosser, N. U. Barua,
A. S. Bienemann, S. S. Gill and S. Evans, J. Neurosci.
Methods, 2016, 259, 47-56.

J. S. Speed and K. A. Hyndman, Sci. Rep., 2016, 6, 26251.
I. Uguz, C. M. Proctor, V. F. Curto, A. M. Pappa, M. ].
Donahue, M. Ferro, R. M. Owens, D. Khodagholy, S. Inal
and G. G. Malliaras, Adv. Mater., 2017, 29, 1701217.

C. M. Proctor, A. Slézia, A. Kaszas, A. Ghestem, 1. del Agua,
A.-M. Pappa, C. Bernard, A. Williamson and G. G.
Malliaras, Sci. Adv., 2018, 4, eaau1291.

S.-T. Chen, C. M. Proctor and G. G. Malliaras, Sci. Rep.,
2020, 10, 7185.

L. Waldherr, M. Seitanidou, M. JakeSova, V. Handl,
S. Honeder, M. Nowakowska, T. Tomin, M. Karami Rad,
T. Schmidyt, J. Distl, R. Birner-Gruenberger, G. von Campe,
U. Schéfer, M. Berggren, B. Rinner, M. Asslaber, N.
Ghaffari-Tabrizi-Wizsy, S. Patz, D. T. Simon and R. Schind],
Adv. Mater. Technol., 2021, 6, 2001302.

A. Roy, A. Bersellini Farinotti, T. Arbring Sjostrom, T.
Abrahamsson, D. Cherian, M. Karaday, K. Tybrandt,
D. Nilsson, M. Berggren, D. J. Poxson, C. I. Svensson and
D. T. Simon, Adv. Ther., 2023, 6, 2300083.

V. Hand], L. Waldherr, T. Arbring Sjostrom, T. Abrahamsson,
M. Seitanidou, S. Erschen, A. Gorischek, I. Bernacka-Wojcik,
H. Saarela, T. Tomin, S. E. Honeder, J. Distl, W. Huber,
M. Asslaber, R. Birner-Griinberger, U. Schifer, M. Berggren,
R. Schindl, S. Patz, D. T. Simon and N. Ghaffari-Tabrizi-
Wizsy, J. Controlled Release, 2024, 369, 668-683.

T. E. Naegele, J. Gurke, E. Rognin, N. Willis-Fox, A. Dennis,
X. Tao, R. Daly, U. F. Keyser and G. G. Malliaras, Adv.
Mater. Technol., 2024, 9, 2301641.

J. Perry, A. Chambers, K. Spithoff and N. Laperriere, Curr.
Oncol., 2007, 14, 189-194.

B. Bjorkblom, P. Jonsson, P. Tabatabaei, P. Bergstrom,
M. Johansson, T. Asklund, A. T. Bergenheim and
H. Antti, Br. J. Cancer, 2020, 122, 221-232.

J. Gurke, T. E. Naegele, S. Hilton, R. Pezone, V. F. Curto,
D. G. Barone, E. J. W. List-Kratochvil, A. Carnicer-Lombarte
and G. G. Malliaras, Mater. Horiz., 2022, 9, 1727-1734.

C. Gavrilovici, S. D’Alfonso, M. Dann and M. O. Poulter,
Eur. J. Neurosci., 2006, 24, 1373-1384.

S. J. Groiss, L. Wojtecki, M. Stidmeyer and A. Schnitzler,
Ther. Adv. Neurol. Disord., 2009, 2, 379-391.

A. M. Lozano, N. Lipsman, H. Bergman, P. Brown,
S. Chabardes, J. W. Chang, K. Matthews, C. C. McIntyre,
T. E. Schlaepfer, M. Schulder, Y. Temel, J. Volkmann and
J. K. Krauss, Nat. Rev. Neurol., 2019, 15, 148-160.

E. Acerbo, A. Jegou, C. Luff, P. Dzialecka, B. Botzanowski,
F. Missey, I. Ngom, S. Lagarde, F. Bartolomei, A. Cassara,

J. Mater. Chem. B, 2024, 12, 9894-9904 | 9901


https://github.com/ankrh/MCmatlab
https://github.com/ankrh/MCmatlab
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01117a

Open Access Article. Published on 15 2024. Downloaded on 05.12.2025 01:39:49.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

28

29

30

31

32

33

34
35

36

37

38

39

40

41

42

43

44

45

46

E. Neufeld, V. Jirsa, R. Carron, N. Grossman and
A. Williamson, Front. Neurosci., 2022, 16, 945221.

I. R. Violante, K. Alania, A. M. Cassara, E. Neufeld, E.
Acerbo, R. Carron, A. Williamson, D. L. Kurtin, E. Rhodes,
A. Hampshire, N. Kuster, E. S. Boyden, A. Pascual-Leone
and N. Grossman, Nat. Neurosci., 2023, 26, 1994-2004.

X. Zhu, J. Howard, Z. Bailey, A. Williamson, R. A. Green,
E. D. Glowacki and N. Grossman, Brain Stimulation, 2023,
16, 341-342.

E. Acerbo, B. Botzanowski, D. Dellavale, M. A. Stern,
E. R. Cole, C.-A. Gutekunst, M. L. Gantt, M. Steiner,
F. Missey, A. Cassara, E. Neufeld, K. Berglund, V. Jirsa,
R. E. Gross, D. L. Drane, E. D. Glowacki, A. G. Pakhomov
and A. Williamson, bioRxiv, 2024, DOIL: 10.1101/2024.
01.11.575301.

E. Sivanesan, R. B. North, M. A. Russo, R. M. Levy,
B. Linderoth, S. M. Hayek, S. Eldabe and S. F. Lempka,
Neuromodulation, 2024, 27, 1-12.

S. Shimizu-Sato, E. Huq, J. M. Tepperman and P. H. Quail,
Nat. Biotechnol., 2002, 20, 1041-1044.

B. V. Zemelman, G. A. Lee, M. Ng and G. Miesenbdock,
Neuron, 2002, 33, 15-22.

K. Deisseroth, Nat. Methods, 2010, 8, 26.

V. Emiliani, E. Entcheva, R. Hedrich, P. Hegemann,
K. R. Konrad, C. Liischer, M. Mahn, Z.-H. Pan, R. R.
Sims, J. Vierock and O. Yizhar, Nat. Rev. Methods Primers,
2022, 2, 55.

R. H. Kramer, A. Mourot and H. Adesnik, Nat. Neurosci.,
2013, 16, 816.

J. W. Jeong, J. G. McCall, G. Shin, Y. Zhang, R. Al-Hasani,
M. Kim, S. Li, J. Y. Sim, K. I. Jang, Y. Shi, D. Y. Hong, Y. Liu,
G. P. Schmitz, L. Xia, Z. He, P. Gamble, W. Z. Ray,
Y. Huang, M. R. Bruchas and J. A. Rogers, Cell, 2015,
162, 662-674.

J. Broichhagen, J. A. Frank and D. Trauner, Acc. Chem. Res.,
2015, 48, 1947-1960.

K. Hill, J. Morstein and D. Trauner, Chem. Rev., 2018,
118, 10710.

J. A. Frank, M.-]. Antonini, P.-H. Chiang, A. Canales,
D. B. Konrad, I. C. Garwood, G. Rajic, F. Koehler, Y. Fink
and P. Anikeeva, ACS Chem. Neurosci., 2020, 11, 3802-3813.
V. A. Gutzeit, A. Acosta-Ruiz, H. Munguba, S. Hifner,
A. Landra-Willm, B. Mathes, J. Mony, D. Yarotski,
K. Borjesson, C. Liston, G. Sandoz, ]J. Levitz and
J. Broichhagen, Cell Chem. Biol., 2021, 28, 1648-1663.

T. J. Dougherty, C. J. Gomer, B. W. Henderson, G. Jori,
D. Kessel, M. Korbelik, J. Moan and Q. Peng, J. Nat. Cancer
Inst., 1998, 90, 889-905.

W. Zhang, Y. Lv, F. Huo, Y. Yun and C. Yin, Adv. Mater.,
2024, 36, 2314021.

M. Volgraf, P. Gorostiza, S. Szobota, M. R. Helix, E. Y. Isacoff
and D. Trauner, J. Am. Chem. Soc., 2007, 129, 260-261.

P. Stawski, M. Sumser and D. Trauner, Angew. Chem., Int.
Ed., 2012, 51, 5748-5751.

A. Reiter, A. Skerra, D. Trauner and A. Schiefner, Biochem-
istry, 2013, 52, 8972-8974.

9902 | J Mater. Chem. B, 2024, 12, 9894-9904

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

View Article Online

Perspective

D. M. Barber, S.-A. Liu, K. Gottschling, M. Sumser,
M. Hollmann and D. Trauner, Chem. Sci., 2017, 8, 611-615.
F. W. W. Hartrampf, D. M. Barber, K. Gottschling,
P. Leippe, M. Hollmann and D. Trauner, Tetrahedron,
2017, 73, 4905-4912.

B. Cheng, D. Shchepakin, M. P. Kavanaugh and
D. Trauner, ACS Chem. Neurosci., 2017, 8, 1668-1672.

R. Durand-de Cuttoli, S. Mondoloni, F. Marti, D. Lemoine,
C. Nguyen, ]J. Naudé, T. d’lzarny-Gargas, S. Pons, U.
Maskos, D. Trauner, R. H. Kramer, P. Faure and
A. Mourot, eLife, 2018, 7, e37487.

B. Cheng, ]J. Morstein, L. K. Ladefoged, ]J. B. Maesen,
B. Schigtt, S. Sinning and D. Trauner, ACS Chem. Neurosci.,
2020, 11, 1231-1237.

D. Bléger and S. Hecht, Angew. Chem., Int. Ed., 2015, 54,
11338-11349.

J. Moreno, M. Gerecke, L. Grubert, S. A. Kovalenko and
S. Hecht, Angew. Chem., Int. Ed., 2016, 55, 1544-1547.

S. Fredrich, R. Gostl, M. Herder, L. Grubert and S. Hecht,
Angew. Chem., Int. Ed., 2016, 55, 1208-1212.

D. Bléger and S. Hecht, Strategies for Switching with Visible
Light, in Photon-Working Switches, ed. Y. Yokoyama and
K. Nakatani, Springer Japan, Tokyo, 2017, pp. 93-114.

K. Klaue, Y. Garmshausen and S. Hecht, Angew. Chem., Int.
Ed., 2018, 57, 1414-1417.

K. Klaue, W. Han, P. Liesfeld, F. Berger, Y. Garmshausen
and S. Hecht, J. Am. Chem. Soc., 2020, 142, 11857-11864.

L. Hou, W. Larsson, S. Hecht, J. Andréasson and B. Albinsson,
J. Mater. Chem. C, 2022, 10, 15833-15842.

M. Gao, D. Kwaria, Y. Norikane and Y. Yue, Nat. Sci., 2023,
3, €220020.

B. Baumgartner, V. Glembockyte, R. Mayer, A. Gonzalez-
Hernandez, R. Kindler, A. Valavalkar, A. Wiegand,
A. Miller-Deku, F. S. Lutz Grubert, C. Gross, M.
Reynders, V. Grenier, J. Broichhagen, S. Hecht,
P. Tinnefeld, A. Ofial, B. Dietzek-Ivansic, J. Levitz and
0. Thorn-Seshold, ChemRxiv, 2023, DOL: 10.26434/chemrxiv-
2023-37sv4.

B. Baumgartner, V. Glembockyte, A. ]. Gonzalez-
Hernandez, A. Valavalkar, R. J. Mayer, L. L. Fillbrook,
A. Miiller-Deku, J. Zhang, F. Steiner, C. Gross, M.
Reynders, H. Munguba, A. Arefin, A. Ofial, J. E. Beves,
T. Lohmueller, B. Dietzek-Ivansic, ]. Broichhagen,
P. Tinnefeld, J. Levitz and O. Thorn-Seshold, ChemRxiv,
2024, DOI: 10.26434/chemrxiv-2024-vim4n3.

M. J. Hansen, M. M. Lerch, W. Szymanski and B. L.
Feringa, Angew. Chem., Int. Ed., 2016, 55, 13514-13518.

S. Samanta, A. Babalhavaeji, M.-X. Dong and G. A. Woolley,
Angew. Chem., Int. Ed., 2013, 52, 14127-14130.

S. Samanta, A. A. Beharry, O. Sadovski, T. M. McCormick,
A. Babalhavaeji, V. Tropepe and G. A. Woolley, J. Am. Chem.
Soc., 2013, 135, 9777-9784.

J. S. Klein, C. Sun and G. Pratx, Phys. Med. Biol., 2019,
64, 04TRO1.

Z. Chen, V. Tsytsarev, Y. Z. Finfrock, O. A. Antipova, Z. Cali,
H. Arakawa, F. W. Lischka, B. M. Hooks, R. Wilton,

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1101/2024.&QJ;01.11.575301
https://doi.org/10.1101/2024.&QJ;01.11.575301
https://doi.org/10.26434/chemrxiv-2023-37sv4
https://doi.org/10.26434/chemrxiv-2023-37sv4
https://doi.org/10.26434/chemrxiv-2024-vm4n3
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01117a

Open Access Article. Published on 15 2024. Downloaded on 05.12.2025 01:39:49.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81
82

83

84

85

86

87

D. Wang, Y. Liu, B. Gaitan, Y. Tao, Y. Chen, R. S.
Erzurumlu, H. Yang and E. A. Rozhkova, ACS Nano, 2021,
15, 5201-5208.

M. Klimezak, J. Chaud, A. Brion, F. Bolze, B. Frisch,
B. Heurtault, A. Kichler and A. Specht, Adv. Healthcare
Mater., 2024, 2400354.

M. Dudek, N. Tarnowicz-Staniak, M. Deiana, Z. Pokladek,
M. Samo¢ and K. Matczyszyn, RSC Adv., 2020, 10,
40489-40507.

A. Kerckhoffs, K. E. Christensen and M. J. Langton, Chem.
Sci., 2022, 13, 11551-11559.

S. Axelrod, E. Shakhnovich and R. Gomez-Bombarelli, ACS
Cent. Sci., 2023, 9, 166-176.

C. Knie, M. Utecht, F. Zhao, H. Kulla, S. Kovalenko, A. M.
Brouwer, P. Saalfrank, S. Hecht and D. Bléger, Chem. -
Eur. ., 2014, 20, 16492-16501.

Z. Ahmed, A. Siiskonen, M. Virkki and A. Priimagi, Chem.
Commun., 2017, 53, 12520-12523.

X.-M. Liu, X.-Y. Jin, Z.-X. Zhang, J. Wang and F.-Q. Bai, RSC
Adv., 2018, 8, 11580-11588.

H. M. D. Bandara and S. C. Burdette, Chem. Soc. Rev., 2012,
41, 1809-1825.

H. Gilman and R. M. Pickens, J. Am. Chem. Soc., 1925, 47,
2406-2416.

L. Zhang, Y. Qian, R. Feng, Y. Ding, X. Zu, C. Zhang,
X. Guo, W. Wang and G. Yu, Nat. Commun., 2020, 11, 3843.
M. Lohse, K. Nowosinski, N. L. Traulsen, A. J. Achazi,
L. K. S. von Krbek, B. Paulus, C. A. Schalley and S. Hecht,
Chem. Commun., 2015, 51, 9777-9780.

D. Wang, W. Zhao, Q. Wei, C. Zhao and Y. Zheng, Chem-
PhotoChem, 2018, 2, 403-415.

L. Pesce, C. Perego, A. B. Grommet, R. Klajn and G. M.
Pavan, J. Am. Chem. Soc., 2020, 142, 9792-9802.

R. Govindjee, S. P. Balashov and T. G. Ebrey, Biophys. J.,
1990, 58, 597-608.

J. Tittor and D. Oesterhelt, FEBS Lett., 1990, 263, 269-273.
K. Heyne, T. Stensitzki, V. Muders, ]J. Heberle and
R. Schlesinger, Front. Mol. Biosci., 2015, 2, 41.

M. H. Deniel, D. Lavabre and J. C. Micheau, Organic
Photochromic and Thermochromic Compounds: Volume 2:
Physicochemical Studies, Biological Applications, and Ther-
mochromism, ed. J. C. Crano and R. J. Guglielmetti,
Springer US, Boston, MA, 2002, pp. 167-209.

G. Gauglitz, Photophysical, photochemical and photoki-
netic properties of photochromic systems, in Photochro-
mism Molecules and systems, ed. H. Diirr and H. Bouas-
Laurent, Elsevier, Amsterdam, 2003, pp. 15-63.

Y. Hontani, M. Marazzi, K. Stehfest, T. Mathes, I. H. M. van
Stokkum, M. Elstner, P. Hegemann and J. T. M. Kennis,
Sci. Rep., 2017, 7, 7217.

L. Turski, A. Huth, M. Sheardown, F. McDonald,
R. Neuhaus, H. H. Schneider, U. Dirnagl, F. Wiegand,
P. Jacobsen and E. Ottow, Proc. Natl. Acad. Sci. U. S. A.,
1998, 95, 10960-10965.

J. B. Trads, K. Hiill, B. S. Matsuura, L. Laprell, T. Fehrentz,
N. Gorldt, K. A. Kozek, C. D. Weaver, N. Klocker,

This journal is © The Royal Society of Chemistry 2024

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

View Article Online

Journal of Materials Chemistry B

D. M. Barber and D. Trauner, Angew. Chem., Int. Ed.,
2019, 58, 15421-15428.

R. Qazi, A. M. Gomez, D. C. Castro, Z. Zou, J. Y. Sim,
Y. Xiong, J. Abdo, C. Y. Kim, A. Anderson, F. Lohner,
S.-H. Byun, B. Chul Lee, K.-I. Jang, J. Xiao, M. R. Bruchas
and J.-W. Jeong, Nat. Biomed. Eng., 2019, 3, 655-669.

B. Habelt, C. Wirth, D. Afanasenkau, L. Mihaylova,
C. Winter, M. Arvaneh, I. R. Minev and N. Bernhardt,
Front. Bioeng. Biotechnol., 2021, 9, 770274.

Y. Wu, M. Wu, A. Vazquez-Guardado, J. Kim, X. Zhang,
R. Avila, J.-T. Kim, Y. Deng, Y. Yu, S. Melzer, Y. Bai, H.
Yoon, L. Meng, Y. Zhang, H. Guo, L. Hong, E. E. Kanatzidis,
C. R. Haney, E. A. Waters, A. R. Banks, Z. Hu, F. Lie,
L. P. Chamorro, B. L. Sabatini, Y. Huang, Y. Kozorovitskiy
and J. A. Rogers, Nat. Commun., 2022, 13, 5571.

R. Qazi, C. Y. Kim, I. Kang, D. Binazarov, J. G. McCall and
J.-W. Jeong, ChemPhotoChem, 2020, 5, 96.

Z. Jiayi, L. Farah, A. K. Jennifer, U. Hayato, W. Rick Van,
S. Yoon-Kyu, W. C. Barry, Z. Feng, D. Karl and V. N. Arto,
J. Neural Eng., 2009, 6, 055007.

J. T. Paz, T. J. Davidson, E. S. Frechette, B. Delord,
I. Parada, K. Peng, K. Deisseroth and J. R. Huguenard,
Nat. Neurosci., 2012, 16, 64.

M. I. Zibaii, L. Dargahi, A. Ronaghi, F. Abedzadeh,
S. Pandamoz, S. Salehi, Z. Fattahi, A. Haghparast and
H. Latifi, Optogentics and optrode technology to brain
function manupulation, in 4tk International Conference on
Photonics in Optics asnd Laser Technology, 2016, pp. 1-12.
E. Iseri and D. Kuzum, J. Neural Eng., 2017, 14, 031001.
M. T. Alt, E. Fiedler, L. Rudmann, J. S. Ordonez, P. Ruther
and T. Stieglitz, Proc. IEEE, 2017, 105, 101-138.

A. M. Aravanis, L.-P. Wang, F. Zhang, L. A. Meltzer,
M. Z. Mogri, M. B. Schneider and K. Deisseroth, J. Neural
Eng., 2007, 4, S143.

K. Y. Kwon, A. Khomenko, M. Haq and W. Li, Integrated
slanted microneedle-LED array for optogenetics, in 35th
Annual International Conference of the IEEE Engineering in
Medicine and Biology Society, 2013, pp. 249-252.

R. Scharf, T. Tsunematsu, N. McAlinden, M. D. Dawson,
S. Sakata and K. Mathieson, Sci. Rep., 2016, 6, 28381.

J. Hee Lee, S. Lee, D. Kim and K. Jae Lee, Adv. Drug Delivery
Rev., 2022, 187, 114399.

S. H. Lee, J. Kim, J. H. Shin, H. E. Lee, L.-S. Kang, K. Gwak,
D.-S. Kim, D. Kim and K. J. Lee, Nano Energy, 2018, 44,
447-455.

S. L. Park, D. S. Brenner, G. Shin, C. D. Morgan, B. A. Copits,
H. U. Chung, M. Y. Pullen, K. N. Noh, S. Davidson, S. J. Oh,
J. Yoon, K.-I. Jang, V. K. Samineni, M. Norman, ]J. G. Grajales-
Reyes, S. K. Vogt, S. S. Sundaram, K. M. Wilson, J. S. Ha, R. Xu,
T. Pan, T.-I. Kim, Y. Huang, M. C. Montana, J. P. Golden,
M. R. Bruchas, R. W. Gereau and J. A. Rogers, Nat. Biotechnol.,
2015, 33, 1280-1286.

M. Mariello, K. Kim, K. Wu, S. P. Lacour and Y. Leterrier,
Adv. Mater., 2022, 34, 2201129.

A. F. Rausch, M. E. Thompson and H. Yersin, J. Phys. Chem. A,
2009, 113, 5927-5932.

J. Mater. Chem. B, 2024, 12, 9894-9904 | 9903


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01117a

Open Access Article. Published on 15 2024. Downloaded on 05.12.2025 01:39:49.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

J. T. Smith, B. O. Brien, Y. Lee, E. ]J. Bawolek and ]. B.
Christen, J. Disp. Technol., 2014, 10, 514-520.

D. Kim, T. Yokota, T. Suzuki, S. Lee, T. Woo, W. Yukita, M.
Koizumi, Y. Tachibana, H. Yawo, H. Onodera, M. Sekino
and T. Someya, Proc. Natl. Acad. Sci. U. S. A., 2020, 117,
21138-21146.

E. S. Edward, A. Z. Kouzani and S. ]J. Tye, J. Neural Eng.,
2018, 15, 021002.

M. F. Bolus, A. A. Willats, C. J. Whitmire, C. J. Rozell and
G. B. Stanley, J. Neural Eng., 2018, 15, 026011.

G. Soleimani, M. A. Nitsche, T. O. Bergmann, F.
Towhidkhah, I. R. Violante, R. Lorenz, R. Kuplicki, A.
Tsuchiyagaito, B. Mulyana, A. Mayeli, P. Ghobadi-Azbari,
M. Mosayebi-Samani, A. Zilverstand, M. P. Paulus,
M. Bikson and H. Ekhtiari, Transl. Psychiatry, 2023, 13, 279.
I. Gablech and E. D. Glowacki, Adv. Electron. Mater., 2023,
9, 2300258.

A. G. Polyravas, N. Schaefer, V. F. Curto, A. B. Calia,
A. Guimera-Brunet, J. A. Garrido and G. G. Malliaras, Appl.
Phys. Lett., 2020, 117, 073302.

S. Han, A. G. Polyravas, S. Wustoni, S. Inal and G. G.
Malliaras, Adv. Mater. Technol., 2021, 6, 2100763.

N. Saraf, E. R. Woods, M. Peppler and S. Seal, Biosens.
Bioelectron., 2018, 117, 40-46.

S. L. Bidinger, S. T. Keene, S. Han, K. W. Plaxco, G. G.
Malliaras and T. Hasan, Sci. Adv., 2022, 8, eadd4111.

X. Meng, T. Zou, M. H. M. Chan, D. T. M. Chan, A. C. O.
Tsang, G. K. K. Leung, S. Zhang and P. K. L. Chan, Adv.
Sens. Res., 2024, 3, 2300097.

1. Soliman and C. Gunathilake, Next Mater., 2024, 3, 100160.
O. Parlak, S. T. Keene, A. Marais, V. F. Curto and A. Salleo,
Sci. Adv., 2018, 4, eaar2904.

S. Wustoni, S. Wang, J. R. Alvarez, T. C. Hidalgo, S. P.
Nunes and S. Inal, Biosens. Bioelectron., 2019, 143, 111561.
S.-M. Kim, C.-H. Kim, Y. Kim, N. Kim, W.-]. Lee, E.-H. Lee,
D. Kim, S. Park, K. Lee, J. Rivhay and M.-H. Yoon, Nat.
Commun., 2018, 9, 3858.

G. Dijk, A. L. Rutz and G. G. Malliaras, Adv. Mater. Technol.,
2020, 5, 1900662.

S. L. Bidinger, S. Han, G. G. Malliaras and T. Hasan, Appl.
Phys. Lett., 2022, 120, 073302.

P. Oldroyd, J. Gurke and G. G. Malliaras, Adv. Funct. Mater.,
2023, 33, 2208881.

R. Gabrielsson, M. Sandberg, M. Berggren, D. Simon, D. ]J.
Poxson and T. F. Abrahamsson, Ion pump with hyperbranched
polymers, Patent Version Number US11357971B2, 2016.

9904 | J Mater. Chem. B, 2024, 12, 9894-9904

124

125

126

127

128

129

130

131

132

133

134

135
136

137
138

View Article Online

Perspective

S.-T. Chen, M. N. Renny, L. C. Tomé, J. L. Olmedo-
Martinez, E. Udabe, E. P. W. Jenkins, D. Mecerreyes,
G. G. Malliaras, R. R. McLeod and C. M. Proctor, Adv.
Sci., 2021, 8, 2003995.

D. Afanasenkau, D. Kalinina, V. Lyakhovetskii, C. Tondera,
O. Gorsky, S. Moosavi, N. Pavlova, N. Merkulyeva, A. V.
Kalueff, I. R. Minev and P. Musienko, Nat. Biomed. Eng.,
2020, 4, 1010-1022.

M. Massetti, S. Zhang, P. C. Harikesh, B. Burtscher,
C. Diacci, D. T. Simon, X. Liu, M. Fahlman, D. Tu,
M. Berggren and S. Fabiano, npj Flexible Electron., 2023,
7, 11.

The power output has been calculated using the optoelec-
tronic parameters, given by the product data sheet (Kingb-
right Part Number: KPBD-3224QBDSEKC) at the operating
conditions of 3.25 4+ 0.01 V and 2.10 £ 0.01 V both at 20.00
£ 0.01 mA, and typical energy conversion efficiencies of
90% (460 nm, InGaN LED) and 80% (610 nm, AlGaInP
LED).

S. Middya, A. Carnicer-Lombarte, V. F. Curto, S. Hilton,
A. Genewsky, A. L. Rutz, D. G. Barone, G. S. Kaminski
Schierle, A. Sirota and G. G. Malliaras, Adv. Electron. Mater.,
2023, 9, 2200883.

K. W. Scangos, A. N. Khambhati, P. M. Daly, G. S. Makhoul,
L. P. Sugrue, H. Zamanian, T. X. Liu, V. R. Rao, K. K.
Sellers, H. E. Dawes, P. A. Starr, A. D. Krystal and
E. F. Chang, Nat. Med., 2021, 27, 1696-1700.

P. Shirvalkar, T. L. Veuthey, H. E. Dawes and E. F. Chang,
Frontiers in Comput. Neurosci., 2018, 12, 18.

K. Kosmidis and G. Dassios, J. Pharmacokinet. Pharmaco-
dyn., 2019, 46, 165-172.

G. Yona, N. Meitav, I. Kahn and S. Shoham, eNeuro, 2016,
3, €0059-15.2015.

D. Marti, R. N. Aasbjerg, P. E. Andersen and A. K. Hansen,
J. Biomed. Opt., 2018, 23, 121622.

W. B. Karl, P. Evgueni, P. Mary, M. K. Michele and
C. Z. Timothy, J. Biomed. Opt., 2019, 24, 035006.

L. J. Steven, Physics in Medicine & Biology, 2013, 58, R37.
B. M. Pohl, F. Gasca, O. Christ and U. G. Hofmann, 3D
printers may reduce animal numbers to train neuro-
engineering procedures, in 6th International IEEE/
EMBS Conference on Neural Engineering (NER), 2013,
pp. 887-890.

M. Kang, S. Jin, D. Lee and H. Cho, Sci. Rep., 2020, 10, 4989.
H. Kleven, I. Bjerke, F. Clasca, H. Groenewegen, J. Bjaalie
and T. Leergaard, Nat. Methods, 2023, 20, 1822-1829.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb01117a



