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Abstract Text. Molecular motors (MM) are molecular machines, or nanomachines, that rotate
unidirectionally upon photostimulation and perform mechanical work on their environment. In
the last several years, we have shown that the photomechanical action of MM can be used to
permeabilize lipid bilayers, thereby killing cancer cells and pathogenic microorganisms and
controlling cell signaling. Our work contributes to a growing acknowledgement that the
molecular actuation characteristic of these systems is useful for various applications in biology.
However, the mechanical effects of molecular motion on biological materials are difficult to
disentangle from photodynamic and photothermal action, which are also present when a light-
absorbing fluorophore is irradiated with light. Here, we offer an overview of the key methods
we and other research groups use to distinguish the effects of photomechanical, photodynamic,
and photothermal action. We anticipate that this discussion will be helpful to the community
seeking to use MM to develop new and distinctive medical technologies that result from

mechanical disruption of biological materials.

1. Introduction

Molecular motors (MM) are molecular nanomachines that rotate unidirectionally and
exert mechanical forces on their environment when activated by a stimulus, typically light.[=>]
Over the last 20 years, the synthesis, rotary properties, and excited-state dynamics of MM based
on sterically overcrowded alkenes, also referred to as Feringa motors, have advanced to the
point where motors rotating in the MHz-speed regime!*°! are now able to perform tasks such as
to locomote on a surfacel® or in solution.[”! In the last several years, MM have been shown to
have a wide range of photomechanical applications in the medical field, including the
mechanical opening of lipid bilayers,®! inducing cancer cells to necrose,” Kkilling

[13,14

microorganisms,!'% 2] facilitating ion transport in cells,!*!* and controlling mechanosensitive

cell signaling pathways.!>1¢]



WILEY-VCH

The appeal of MM in medicine centers on the principle that the biological effects they
elicit depend in some way on the ability of MM to actuate in response to irradiation. In some
cases, these effects are thought to be directly driven by MM exerting mechanical force on
tissue.l>!”] In other cases, the effects are attributed to some other downstream effect, such as
local increases in temperature, caused by the molecular motion of the MM.['%] However,
isolating the effects of molecular actuation is challenging. The irradiation of light-absorbing
molecules within cells is known to drive a wide variety of effects outside of molecular motion,

(211 effects. In photothermal systems, heat

especially photothermal™! and photodynamic
generation is used to drive a desired biological outcome. In photodynamic systems, the
generation of reactive oxygen species (ROS), including superoxide, hydroxyl radicals, or other
reactive radicals, is used for the same. Both strategies have shown promise as approaches for
disease diagnosis and treatment.?°2!) However, to develop therapeutics leveraging the unique
behavior of MM, we must be able to distinguish between the effects of molecular actuation and
the potential photothermal and photodynamic confounding effects also present in
photostimulation experiments.?]

To distinguish the effects of the various phenomena caused by the irradiation of light-
absorbing fluorophores and to isolate the effects of molecular motion, researchers have adopted
a diverse set of criteria and methods. Here, we offer a perspective from our group that uses a
mixture of new experiments and previous work to detail the methodology we use to distinguish
photomechanical, photodynamic, or photothermal effects driven by the activation of different
types of MM with light. We also include select work from other groups, highlighting
particularly useful experiments and surprising results that further develop the discussion. In the
process, we aim to provide an experimental roadmap for the investigation of the underlying
mechanisms driving various light-driven effects in biology. We hope that this discussion will

contribute to a robust criterion for identifying the influence of molecular motion on biological

and medical outcomes.
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2. Investigating the Effects of Photomechanical Action.

A negative control molecule with known rotary properties serves as the linchpin to
isolate the effects of molecular motion. An ideal negative control system should mimic the
properties of the experimental system as closely as possible while changing its photomechanical
properties in a known way. In our work, we use slow-rotating and non-unidirectional controls
alongside fast, unidirectional MM to serve as these negative controls.’®! These slow or non-
unidirectional MM are typically designed to be as chemically similar to our fast, unidirectional
lead compounds as possible while following motor designs with previously studied rotary
properties. Slow-rotating MM are designed through the use of rotor and stator structures that
invoke steric hindrance during the thermal helix inversion, the rate-limiting step in motor
actuation (see Figure S1 for a depiction of motor actuation).[**) Meanwhile, non-unidirectional
MM are engineered by removing a single methyl allylic to the central alkene, resulting in
energetically equivalent opposing photoisomer directions.!'s! In some studies, several different
classes of slow!!!l or fast!!®) MM are employed. This strategy is especially powerful to isolate
the effects of molecular motion.

As an example, Figure 1 shows a set of MM tested for their ability to stimulate
mechanosensitive calcium waves in HEK293 cells.!'®) These MM were appended with amine
moieties to allow for their activation with visible light and their direct observation with

9161 The MM library (Figure 1a) employed two distinct classes of fast

fluorescence microscopy.|
MM with different stator structures (MM 1 and MM 2), one class of slow-rotating controls
(MM 3 and MM 5), and a bidirectional control (MM 4). One of the slow MM (MM 3) was
found to have a lower absorption coefficient for the wavelength of light being used; therefore,
this MM was used at 3% the concentration and stimulated with 2x the light intensity of the other
molecules. MM 3 was further supplemented with another slow MM (MM 5) containing the

same rotor and stator but lacking the appended aniline group. The aniline groups served to

introduce a bathochromic (red)-shift the absorption spectrum of each molecule to permit
4



WILEY-VCH

activation with visible light. However, since MM with a fluorene stator, like MM 3 and MM 5,
naturally possess a more red-shifted absorption spectrum than MM with a sulfur-bearing stator,
the use of a fluorene-based MM without the appended aniline group resulted in an increased
molar absorption coefficient in MM 5 when compared to MM 1.1 In addition to the absorption
coefficient, the partition coefficient and polar surface area of each MM were taken into
consideration to ensure that the MM were as comparable as possible. Comparing the MM for
their propensity at stimulating calcium waves revealed that the two fast, unidirectional motors
robustly elicited calcium transients, while the slow and bidirectional MM did not (Figure 1b).!¢]

This exercise illustrates the strategy behind the selection of MM for a coherent study of
photomechanical behavior. We have consistently exercised this methodology across all our
research involving the use of MM for biological applications. In aggregate, the results show a
consistent hierarchy of effectiveness: fast MM drive more activity than bidirectional MM,
which, in turn, drive more activity than slow MM or solvent-only controls (Figure 2).

When the results of our studies do not follow this consistent hierarchy, it is an indication
that other light-driven phenomena, including photodynamic or photothermal effects, might be
in play. We recently investigated another class of motors?*! based on an hemithioindigo core,
for antibacterial applications (Figure 3a). In this specific study, our experiments showed that
hemithioindigo switches (HTI 5-7) displayed a higher bactericidal potency than
unidirectionally rotating motors (HTI 1-4; Figure 3b). Further investigation revealed that the
killing of bacteria by these molecules was mitigated by the presence of free radical scavengers
(Figure 3c). Therefore, through these and a set of complementary confirming experiments, we
concluded that this set of molecules killed bacteria by acting as photosensitizers and generating
ROS.

The photodynamic action of the hemithioindigo motors stands in stark contrast to our
classic experiments with overcrowded alkene motors, in which slow motors do not kill cells

despite generating more ROS than fast-rotating motors.['') Nonetheless, we were able to
5
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identify a non-photomechanical mechanism of action through the use of slow and non-rotating
controls. These two case studies underscore the importance of control systems that closely
approximate the properties of rotationally active molecules when working with MM. In
hemithioindigo motors, our experiments pointed to photodynamic effects as the mechanism of
cell death. In overcrowded alkene motors, the Feringa-type, our experiments pointed to
photomechanical effects.

Other concepts for non-rotating control motors can also be found in the literature. In
experiments using overcrowded alkene motors, studies often employ the isolated “stator” or
“rotor” halves of the full motor as a non-rotating control (Figure 4a).*] These molecules are
attractive as controls since they are intrinsically chemically analogous to the active motor
compound. However, they can have drastically different optical properties due to a difference
in the size of the conjugated system. Therefore, researchers should account for this by including
optical characterization when employing these controls. Furthermore, episulfide-locked
variants of overcrowded alkene-based motors have also been used as controls in various
biological'*! and materials studies (Figure 4b).[?°! These molecules are excellent controls since
they closely approximate the structure of the active motor while also possessing a similar
molecular weight. With the episulfide, however, desulfurization can occur, resulting in the
photoactivated crowded alkene motor. Hence, further tests must be done to ensure the episulfide
integrity. Both the isolated rotor and stator and the locked variants, employed strategically, can
be useful as negative controls intended to isolate the effects of molecular motion in biological
experiments.

Further mechanistic experiments can be employed to investigate the hypothesis of a
mechanical mode of action. Gadolinium ions (Gd*") administered to cells can modulate the
fluidity and electrostatic potential of the phospholipid bilayer.[*¢?’! This effect can be used
pharmacologically to determine whether the membrane properties have any bearing on the

mechanism of elicited biological action. Similarly, the disruption of either actin filaments (by
6
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Cytochalasin D) or microtubules (by nocodazole) can be used as mechanistic experiments to
determine the effects of mechanical force transmission across the cytoskeleton.?®! The
cytoskeleton maintains cellular structural integrity and is known to play a role in the
transmission of mechanical force and mechanosensitive signaling pathways.[>’!

We previously used both Gd*>* and Cytochalasin D to investigate the mechanism by
which MM elicited intracellular calcium signals. Gd*" had no effect, indicating that
extracellular mechanical forces or mechanosensitive plasma membrane channels likely did not
contribute to MM-induced cellular calcium transients. However, disruption of the cytoskeleton
by Cytochalasin D completely abolished these calcium transients,!'9! indicating that MM might
drive intracellular signaling by affecting the cytoskeleton.!"¥! This is consistent with
fluorescence microscopy results which showed that in HEK293 cells, most of the MM
conjugated with anilines were internalized within cells and not embedded within the plasma

membrane.

3. Investigating the Effects of ROS.

The generation of ROS should be considered when irradiating any light-absorbing
fluorophore with light, even a MM. Various experimental strategy can be employed to identify
potential contributions of ROS in photostimulation experiments. Our previous work has tracked
the production of ROS in mammalian cells using ROS-sensitive fluorescent dyes, such as
MitoROS, and comparing the production of ROS by MM to that elicited by a photosensitizer
(chlorin e6) or MM in the presence of a free radical scavenger, N-acetyl cysteine (NAC).’) We
have found that the most useful experiments for isolating the effects of ROS are those
employing of ROS scavengers, such as NAC, at high concentrations (~1 mM or higher) under
the photoactivation conditions.!'!***% These experiments effectively differentiate ROS-driven
processes (Figure 3) from processes driven by molecular mechanical action, and they remain

applicable for both lipophilic and hydrophilic motor designs.!-2
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We provide an example of the use of ROS scavengers in MM experiments in Figure 5,
where we conduct a series of time-to-necrosis experiments using a mouse fibroblast cell line
(NIH 3T3) and fast-rotating MM 6 (Figure 5a) at varying concentrations. When this MM is
activated with 355 nm light, propidium iodide (PI) is eventually detected within the nucleus of
the cell. The time-to-necrosis is defined as the first time point at which a detectable amount of
PI uptake into the nucleus occurs and serves to differentiate the rate of membrane
permeabilization between different conditions. We determined the time-to-necrosis in the
presence and absence of MM 6 and various ROS scavengers. Figures S2-S8 show the raw
micrographs used to generate this data.

We employed the superoxide and hydroxide radical scavenger NACP-# and the
superoxide scavenger thiourea (TU),* which are well-tolerated by and effective in most cell
types, including NIH 3T3 cells. Irradiation of cells treated with 0.5 uM of MM causes rapid
cell death (Figure 5b-c), with a time-to-necrosis of ~290 s, regardless of the concentration of
NAC or TU (Figure 5d). Interestingly, the addition of NAC has a small impact on the time taken
for UV-induced necrosis to occur in the absence of MM 6. In the absence of NAC, PI uptake is
first observable 510 s after irradiation of the control slide. In the presence of 1 mM NAC, PI
uptake is first observable after 690 s (Figure 5d). This result is consistent with the idea that the
UV light (355 nm) eventually causes necrosis of cells by a photodynamic mechanism.®!

We then test the effects of MM at 100x higher concentrations. These experiments give
more ambiguous results. At a 50 uM concentration of MM 6, the time-to-necrosis is similar
(~290 s) and remains constant at 0 mM, 1 mM, and 5 mM of NAC (Figure 5¢). However, the
time-to-necrosis increases by ~90 s in the presence of higher (1 mM to 5 mM) concentrations
of TU (Figure 5f). This is not observed at low (0.5 uM) concentrations of MM 6. These results
underscore the fact that different processes may take effect in different concentration regimes.
This observation is in agreement with the literature, which shows that the photoisomerization

yield of MM can decrease at higher concentrations due to aggregation in a phenomenon known
8
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as aggregation-induced emission.*”] Judging by the results obtained with TU, at large
concentrations (~50 uM) of this MM, a photodynamic effect can contribute to MM-induced
cell death. However, at lower concentrations (~0.5 uM), the data do not support the presence
of a photodynamic contributor. These excessive concentration effects can lead to erroneous
results, suggesting a photodynamic mechanism of action while masking a mechanical effect.
Such misleading data is further exacerbated when no slow-rotating or other control molecules
are used.!??! While the cellular trafficking and localization of MM is expected to remain similar
across different concentration regimes (Figure S9 and Table S1), even in the event that a larger
portion of MM become localized to the cell membrane or intracellular compartments, this
change would not be expected to affect the sensitivity of MM activation to typical ROS
scavengers.®!

These experiments with free radical scavengers remain important even in the cases
where fast MM elicit the desired biological effect and slow MM do not. Singlet oxygen
generation is often possible when irradiating a fluorophore with energetic light. Therefore, we
may eventually encounter a class of MM that works through a synergy of photosensitization
and molecular motion. For example, in Candida albicans, MM cause a series of biological
changes related to mitochondrial dysfunction (Figure 6).'?1 Although C. albicans were
insensitive to slow-rotating MM, fluorescence microscopy experiments with MM 1-treated C.
albicans revealed the production of ROS during irradiation (Figure 6a-b). It is unclear whether
this increase in ROS concentration is due to the photodynamic action of MM or
photomechanically induced disruption of cellular respiration. However, even though the ROS
levels of cells return to normal after stimulation, the cells eventually necrose. Furthermore,
treatment of C. albicans with the mitochondria-specific ROS scavenger MitoTempo is
insufficient to prevent necrosis despite keeping ROS levels at pre-stimulation conditions
(Figure 6¢-d). This indicates that ROS produced during irradiation is not directly driving the

necrotic death of C. albicans.
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Finally, when using controls with different rotary properties, a direct investigation of
the capability of each molecule to generate ROS can also be helpful. Figure 7 shows additional
experiments conducted with the free radical detector 1,3-diphenylisobenzofuran (DPBF) using
the previously presented fast and slow-rotating MM 1 and MM 3, respectively. In addition to
the fast MM and the slow MM, we also test for DPBF decomposition in the absence of any
photosensitizer. DPBF is a highly sensitive ROS detector and may decompose even when
exposed to the small amount of ROS generated by simple photolysis in the absence of a
photosensitizer (Figure 7a).*) Despite this sensitivity, the addition of 8 uM of fast-rotating
MM 1 or slow-rotating MM 3 does not result in additional DPBF decomposition under the same
irradiation conditions (Figure 7b-d). We also confirm that the photodecomposition of DPBF is
attributable to ROS generation by conducting a control experiment using sodium azide (40 mM)
as a quencher (Figure 7d). The inclusion of sodium azide results in much less decomposition

(P =0.008 < 0.01) than under typical conditions.

4. Investigating the Effects of Heating.

Local heat generation can also influence the responses of cells to photostimulation.
Previous experiments have shown that an increase in temperature to 42 °C can potentiate the
sensitivity of tumors to conventional treatments by affecting blood flow, nutrient supply, and
immune responsiveness, while an increase in temperature to 45 °C results in death by
necrosis.[*’ Thermal stimulation can also lead to intracellular calcium release,*'! enhanced
diffusion,*?! and other phenomena that might be confused with photomechanical effects driven
by MM.

In a photothermal process, heat is generated by the irradiation of a system containing a
light-absorbing thermal agent, commonly a molecular dye or nanoparticle. In this system,
incident photons are absorbed by the thermal agent, which then transfers this energy to the

surrounding tissue. Therefore, the relative amount of heat generated in this process is related to
10
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the amount of light absorbed by the thermal agent, which is described by the Beer-Lambert

Law:“3

I = e

Equation 1: The Beer-Lambert Law.

Where € describes the molar absorption coefficient, [ describes the path length, ¢ describes the
concentration, I, describes the initial light intensity, and I describes the light intensity after
absorption. Therefore, the amount of heat generated in a photothermal process is tied to the
concentration and absorption coefficient of the thermal agent.

Our previous work has measured temperature elevation in the culture medium during
photostimulation experiments and compared them across control groups, showing that cells do
not experience additional heat in the presence of fast MM.*!!l Meanwhile, in vivo, the

414445

temperature of irradiated tumors can be directly monitore I However, the measurement of

the suspension or tissue temperature may not account for localized heating at the cellular level.
Therefore, experiments with slow MM with a similar or higher molar absorption coefficient
play an important role in revealing potential photothermal effects in our experiments.'*-!!]

In some systems, molecular motion itself has been suggested to cause temperature
spikes that can be used for medical purposes such as photothermal therapy. In particular, studies

[47]

have shown that the molecular motion of triazide!*® and triphenylamine!*”! moieties and

tetraphenyethylene motors!!”!

can contribute to increases in temperature that can be used for
effective photothermal therapy. This phenomenon was termed “intramolecular motion induced
photothermy”, or iMIPT.!'”) Similar to the examples covered thus far, these experiments use
controls with different rotary properties. For example, Zhang et al investigated

tetraphenylethylene (TPE) motors by controlling their aggregation characteristics using spacers

of variable length (Figure 8).['”! The quantum yield of photoisomerization in these systems
11
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decreases upon aggregation. Therefore, by attaching alkyl spacers to actuating molecules,
aggregation can be prevented, resulting in higher levels of molecular motion that are then linked
to elevated temperature.

In future experiments, the amount of local heating at the cellular level can be tracked by
fluorescent methods. The quantum yield of fluorescence in a fluorophore is temperature-
dependent, allowing changes in local fluorescence to be used as an approximate indicator of
local temperature. Yoo et al. previously used the fluorescence of transfected mCherry, a red
fluorescent protein, to assess local heating in primary cortical neurons treated with
ultrasound. ] Marino et al. took this methodology a step further and used a “fluorescent
thermometer,” a molecule whose fluorescence was especially sensitive to local temperature
changes, to assess local heating in C2C12 myotubes.*’! Accordingly, fluorescence can be a
valuable tool in assessing local temperature changes that may drive processes like cell death.
Finally, changes in the expression of heat shock proteins can be employed to assess potential

photothermal effects.!!’]

5. Conclusion.

MM hold great promise for biological materials applications leveraging their unique
photomechanical properties. However, to expand our understanding of MM-based
biotechnology, it is essential that the effects they elicit are correctly attributed to
photomechanical, photothermal, or photodynamic driving forces. Our intent in delivering this
perspective is to share the methodology we use for the identification of effects that depend on
rapid, unidirectional molecular rotation that mechanically disrupt biological materials.

These criteria critically involve comparison of control motors of similar optical and
physicochemical properties. The inclusion of a slow or non-rotating motor is essential for the
identification of effects that depend on molecular rotation. Ideally, optical characterization

should also be included to provide information regarding possible photothermal effects.
12
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Furthermore, experiments with ROS scavengers and detectors as well as direct measurement of
suspension temperature can offer additional information about the propensity of the molecules
employed to generate ROS or cause temperature elevations. These and other experiments
presented in this article have thus far been effective at isolating the mechanical effects of
molecular motion in biological materials,®! identifying effects that are driven exclusively by
non-motion driven effects,>’ and even identifying potential synergies between the different
effects.l'?l We hope that this framework spurs the development of new and interesting

techniques using MM.
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Figure 1. A sample MM test set using multiple classes of fast MM and slow or non-
unidirectional control motors'®. (a) The MM set containing fast, unidirectional rotating MM 1
and MM 2, slow-rotating MM 3 and MM 8§, and bidirectional MM 4. Blue: Fast, unidirectional
MM. Red: Slow or non-unidirectional MM. (b) Representative normalized fluorescence
intensity traces of calcium-sensitive dye Fluo-4 in HEK293 cells treated with each MM. The
solid line represents the average responses of n>6 independent cells, and the shaded area
represents the standard error of the mean. Images were collected at 0.94 frames per second.
Traces were normalized to the first 10 data points. MM 1, MM 2, MM 4, and MM 5 were
administered to cells at 8 uM. MM 3 was administered to cells at 24 pM. Stimuli for cells
treated with MM 1, MM 2, MM 4, and MM 5 used a 250 ms pulse width delivered to a circular
area of diameter 5 um at 3.2x10? W cm™. Stimuli for cells treated with MM 3 were administered
at 6.4x10> W cm™. Irradiation used a 400 nm, 15 mW photodiode laser operating at a pixel
dwell time of 140 ms using a 212 um x 212 um field of view. For all plots, the cyan line

indicates the time of stimulus presentation. Figures adapted from Beckham, J. L. et al.['®]
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Figure 2. Change in photomechanical potency with respect to MM structure. Examples of MM

employed in previous studies by our group with respect to their relative hierarchy of activity.

Side chains (other than anilines) were omitted for clarity. Blue: Fast, unidirectional MM. Red:

Slow or non-unidirectional MM.
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Figure 3. Bactericidal effects and mechanistic experiments of a class of molecules whose
biological activity is driven by ROS. (a) Structure of hemithioindigo (HTI) molecules 1-7.
Blue: Medium (kHz), unidirectional HTI motors. Red: HTI switches. (b) Time-dependent
reduction in colony forming units (expressed as the logarithm of base 10 of the ratio between
the colony forming unit value at every time point and the colony forming unit value at time
zero) of different exponentially growing Gram-positive bacterial strains in the presence of 1%
DMSO (solvent control) + 455 nm light at 65 mW cm 2, 1x MIC of each HTI + 455 nm light
at 65 mW cm 2, or 2x the MIC of conventional antibiotics. The dashed line denotes the limit of
detection of the method. All results are shown as the mean of at least three biological replicates
+ standard error of the mean. (c¢) Representative spot plate of S. aureus grown with and without
iron (DP) or ROS scavengers (NAC, TU) and then challenged with 1% DMSO or 1x MIC of
HTI 3 and irradiated with 455 nm light (39 J cm2). TU: thiourea (1 mM), NAC: N-acetyl
cysteine (1 mM), DP: dipyridyl (0.5 mM). Figures adapted from Santos, A. L. et al., Adv. Sci.,

2022.231
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Figure 4. Unidirectionally rotating motors and non-rotating controls from two studies from

different groups. (a) A unidirectionally rotating, amine, and stator-only control scheme used in

Zhou, Q. et al., Sci. Adv., 2020. Figure adapted with permission/?*! (b) A fast, unidirectionally

rotating motor and a non-rotating episulfide locked control scheme used in Zheng, Y. et al., Nat.

Commun., 2021, 12, 3580. Figure adapted with permission!!”
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Figure 5. Cell-permeabilizing ability of a fast-rotating MM at various concentrations in the
presence of free radical scavengers. (a) Structure of MM 6. (b) Microscopic observation of cell
death caused by excitation at 355 nm (UV-exposure times are shown for each image), quantified
by the observation of PI fluorescence within the nucleus for NIH 3T3 cells loaded with 100 nM
PI and either 0.1% DMSO, 0.1% DMSO and 1 mM NAC, 0.5 uM MM 6, or 0.5 uM MM 6 and
I mM NAC. All image sets were collected after 30 min incubation after dosing procedure.
Overlaid channels of PI fluorescence (Aex = 543 nm, 0.2 mW; Aem = 600-700 nm), and
mitochondrial autofluorescence (Aex = 355 nm, 20 mW, 400 nJ per voxel; Aem = 440-460 nm).
All scale bars are 25 um. (c-d) Normalized fluorescence intensity plots of NIH 3T3 cells treated
with different combinations of MM 6 and free radical scavenger (¢) NAC or (d) TU at a low
(0.5 uM) concentration of MM 6. (e-f) Normalized fluorescence intensity plots of NIH 3T3

cells treated with different combinations of MM 6 and free radical scavenger (e¢) NAC or (f)
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TU at a high (50 uM) concentration of MM 6. Individual data points represent fluorescence
values calculated from the mean fluorescence intensity of each image. Images were taken every

30 s.
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Figure 6. MM cause an increase in mitochondrial ROS in the eukaryotic C. albicans, but
quenching this ROS is not sufficient to stop cell death. (a) Mitochondrial ROS levels detected
by confocal microscopy using the MitoROS 580 probe in C. albicans treated with MM 1 at 1%
the minimum inhibitory concentration (MIC) before and after light activation under the
microscope. The bar indicates the scale. (b) Temporal profile of MitoROS 580 fluorescence
detected by confocal microscopy, shown as the average fluorescence intensity (line) and
standard error of the mean (shaded area). (b) Fluorescence intensity traces of MitoROS in
individual C. albicans cells. MM light activation was performed in situ with a SOLA LED using
a DAPI excitation filter (395/25 nm, 166 mW c¢cm 2 from a 3 W LED) for 5 min. ROS increases
during irradiation and decreases after irradiation stops. (¢) C. albicans treated with MM 1 and
administered MitoTempo (1.5 pM) experience significantly less ROS production than positive
controls. (d) Administration of MitoTempo is insufficient to prevent cell death in C. albicans

treated with MM 1 (1x MIC). Figures adapted from Santos, A. L. et al.['?
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Figure 7. Direct quantification of ROS generation in the presence of various MM using DPBF.
(a) Absorption spectra of a solution of DPBF (50 uM) in dimethylformamide before and after
sequential 3 s doses of 405 nm light. (b) Absorption spectra of a solution of DPBF (50 uM) and
MM 1 (8 uM) in dimethylformamide before and after sequential 3 s doses of 405 nm light. (c)
Absorbance at 410 nm over several lengths of irradiation time of solutions containing either
DPBF alone (50 uM; n=3), DPBF alongside fast and slow MM (8 uM; n=4), or DPBF in the
presence of NaN3 (40 mM; n=3). Irradiation was conducted using a 405 nm LED (Prizmatix).

(d) Change in the absorbance of each solution at 410 nm over 15 s of irradiation. Individual
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data points are overlaid as a scatter plot. Absorbance is normalized to the starting absorbance.
Irradiation was performed using a Prizmatix 405 nm LED at an irradiance of 12.5 mW cm™.
Statistical significance tests were conducted using a one-tailed Welch’s t-test. Comparisons

marked “n.s.” are not significant. ** P =0.008051 <0.01
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Figure 8. A scheme depicting the design of a photothermal agent based on a

tetraphenylethylene (TPE) MM. Top: Unconjugated TPEs aggregate in biological systems,

resulting in fluorescent aggregates as the quantum yield of photoisomerization is diminished.

Bottom: TPEs attached to naphthalene diimide-fused 2-(1,3-dithiol-2-ylidene)acetonitriles with

long alkyl chains, which act as spacers to maintain sufficient distance for isomerization. This

additional molecular motion results in increased heat generation. AIE: Aggregation-induced

emission. iMIPT: Intramolecular motion induced photothermy. Agg.: Aggregation. Figure

adapted with permission from Zhao, Z. et al., Nat. Commun., 2019, 10, 768.117]
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