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PhotoswitchableMerocyanine-Amphiphileswith
ProgrammableSelf-AssemblyTimes
Man Him Chak,[a] Laura Wimberger,[a] Bailey Richardson,[b] Natalie E. Newman,[a]

EmmaM. V. Johansson,[c] Jake P. Violi,[a] Anna Sokolova,[d] Hendrick Frisch,[b] Felix J. Rizzuto,[a]

William A. Donald,[a] Martina H. Stenzel,[a] Joakim Andréasson,[e] and Jonathon E. Beves*[a]

A merocyanine-based amphiphile was self-assembled into ellip-
soids that can be disassembled by irradiation with visible light
and reassemble in the dark after a delay of ∼70 minutes.
Above a threshold concentration, the reassembly occurs when
the ratio of protonated merocyanine to spiropyran reaches 7:3,
suggesting both isomers are involved in the assembly. The ther-
mal isomerization of the amphiphile when assembled (half-life

∼13 minutes) is significantly slower than that in dilute solution
(half-life ∼3.6 minutes). The self-assembly behavior was con-
firmed by UV-vis spectroscopy, dynamic light scattering (DLS),
small-angle neutron scattering (SANS) and small-angle X-ray
scattering (SAXS). The delay between the isomerization and the
assembly processes can be tuned between minutes and hours
by adding differently charged co-surfactants.

1. Introduction

Amphiphiles can self-assemble into structures with diverse
functions, including for drug delivery,[1] to act as actuators,[2]

or hydrogels.[3] Where the amphiphiles are suitably responsive
molecules, these self-assemblies can be dynamically controlled,
for example, by pH,[4] temperature,[5] redox reactions,[6] or
light.[7] Light is a convenient means for manipulating chemical
systems, as it provides high spatial and temporal precision and
allows for noninvasive remote control.[8] One way to introduce
photo-responsiveness is by using molecular photoswitches.
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A variety of photoswitches have been incorporated into
amphiphile self-assembled systems, including azobenzenes,[9]

arylazopyrazoles,[10] indigos,[11] dithienylethenes,[12] and
spiropyran/merocyanines.[13] Spiropyrans[13c,f] have the advan-
tage that their polarity and the overall charge change upon
isomerization between the spiropyran and the merocyanine
forms, resulting in significant changes to self-assembly proper-
ties. Spiropyran amphiphiles can assemble at interfaces,[13l,m] or
form liquid crystals,[13n] micelles,[13d] or vesicles.[13e] Such pho-
toresponsive materials can have functions including for cargo
delivery[13m] or foam stabilization.[13h] The photo- and thermal-
switching properties of photoswitches can change significantly
when they are no longer in free solution.[14] For example,
thermal isomerization rates can be strongly altered when the
photoswitch is bound within a cavity,[15] or by binding a guest[16]

or transition metal ion,[17] or by being aggregated.[18] A seminal
matter to understand in studying photocontrolled self-assembly
of any type is how the photoinduced and the thermal isomeriza-
tion rates of the photoswitch correlate with the corresponding
assembly/disassembly rates of the structures. In some cases, the
rates monitored by UV-vis spectroscopy (reflecting isomerization
rates) match the corresponding rates measured by techniques
such as small-angle X-ray scattering (SAXS)/small-angle neutron
scattering (SANS)[19] (reflecting assembly/disassembly rates),
strongly suggesting that the formation of the structures is
directly controlled by the isomerization of the photoswitch. In
other examples, isomerization and assembly/disassembly occur
at different rates,[20] allowing for the formation of transient
structures and interesting nonlinear behavior.

Herein we report a photoswitchable merocyanine which
self-assembles into ∼100 nm structures in the dark and disas-
sembles upon visible light irradiation (Figure 1). Unlike previous
photoswitchable assemblies, there is a long delay (∼70 min-
utes) between when the light is switched off and when the
self-assembly occurs. Once above a threshold concentration,
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Figure 1. a) Photoswitchable merocyanines 1–3. b) Single X-ray crystal
structure of 2-MCH. c) Photoswitching of the self-assembly of compound 2.

the delay is largely independent of the concentration and is
tunable from 40 minutes to 3 hours via the addition of a
co-surfactant.

2. Results and Discussion

We designed two new merocyanine amphiphiles based on a
merocyanine photoacid 1, which is able to generate basic-to-
acid pH changes.[21] The merocyanine scaffold was chosen as it
can be operated with visible light, displays good water solubility
and fatigue resistance. To form an amphiphile for self-assembly,
the methoxy group on the indole moiety of 1 was replaced
with 8- or 16-carbon hydrocarbon chains, giving compounds 2
and 3, respectively (see Supporting Information-1 to Support-
ing Information-2 for details). Compound 3 has poor solubility
in water, or even pure DMSO, and cannot act as a useful
amphiphile, so was excluded from further experiments.

A single-crystal X-ray structure of 2 confirmed the expected
trans-configuration and a molecular length of 2.4 nm (Sup-
porting Information-2.6.1). Packing of compound 2-MCH in the
solid state displayed a strong intermolecular hydrogen bond
between the phenol OH and the sulfonate group (O···O dis-
tance of 2.600(2) Å), which could also be important when
self-assembled in the aqueous phase. Surprisingly, the molecules
do not pack with close contacts between the greasy chains,
with other intermolecular interactions dominating the packing
(Supporting Information-2.6.1, Figure S14).

The optical and photoswitching properties of compound
2 were characterized in aqueous solutions (20 μM with 0.5%
v/v DMSO, Supporting Information-3, Supporting Information-4,
Supporting Information-5) using reported methods.[22] The effec-
tive pKa values of compound 2 in the dark (pKadark = 7.5,

Supporting Information-4.1) and under irradiation with 467 nm
light (pKahν = 3.2, Supporting Information-4.1) are similar to
those of the parent merocyanine 1.[21] At pH 4.8 and low con-
centration (9 μM), compound 2 is almost quantitatively in its
protonated merocyanine form (2-MCH) in the dark, as mea-
sured by UV-vis spectroscopy (Supporting Information-4.3, Table
S3). When irradiated with 467 nm light, it is almost exclusively
(94%) in the spiropyran form 2-SP (Supporting Information-5.2,
Table S4).[21] This is consistent with the expected photophysical
properties being similar between the methoxy and any alkoxy
derivative. At pH 4.8, where the 2-MCH form dominates, the vis-
ible absorption maximum is at 437 nm, consistent with that for
1-MCH (434 nm[21]). A sample of 2 at high pH (pH 11.8) shows the
visible absorption of the MC form is centered at 533 nm (Sup-
porting Information-4.1, Figure S24), again consistent with that
for compound 1-MC (528 nm[21]). The thermal isomerization rate
is strongly pH dependent, as expected,[22,23] and the thermal half-
life of compound 2-SP was determined to be ∼3.6 minutes at
pH 4.8 and 9 μM (Supporting Information-5.4, Table S6). This is
consistent with the reported value for compound 1-SP (4.1 min-
utes, pH 4.61).[21] At higher concentrations, we expect these
amphiphiles to self-assemble and their switching properties to
change.

2.1. Self-assembly Behavior of Amphiphile 2

To study the self-assembly behavior of 2-MCH, we used dynamic
light scattering (DLS) to determine the critical aggregation
concentration (CAC) (0.5% DMSO/water (v/v),[24] buffered at pH
4.8; see Supporting Information-6.1). The derived count rates
were measured in the dark for 2, ranging from 7 μM to 284 μM
(Figure 2a). From this data, we estimate a CAC for compound 2
at pH 4.8 to be 25 μM. When the concentration of 2 increased
beyond 200 μM, the derived count rate plateaus, suggesting
more complicated aggregation behavior at higher concentra-
tions. In the dark, DLS data indicated that compound 2 forms

Figure 2. Change in the derived count rate of increasing concentrations of
compound 2 a) in the dark and b) immediately after irradiation, monitored
by DLS. Experimental conditions: 0.5% DMSO in water; [phosphate buffer]
= 20 mM; pH 4.8, irradiation time = 15 min, λ = 467 nm, T = 25 °C.

Chem. Eur. J. 2025, 31, e02399 (2 of 7) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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self-assemblies with a diameter around ∼100 nm (Figure 3d).
Cryo-transmission electron microscopy (CryoTEM) and trans-
mission electron microscopy (TEM) images of the assemblies
are consistent with large assemblies in the dark (Supporting
Information-9 Figure S54, S55). All subsequent studies were
conducted with a concentration of 2 of 190 μM, where stable
assemblies appeared to be formed. At such high concentration,
a new red-shifted absorption shoulder is observed, centered
around 520 nm, close to where 2-MC absorbs (533 nm, Support-
ing Information-5.1, Figure S26). This suggests that when 2 is
aggregated, the pKa of 2-MCH is lower, favoring the formation
of 2-MC, which in turn implies formation of 2-SP in thermal
equilibrium with 2-MC.

Both 2-SP and 2-MC have stronger absorption at 250 nm than
2-MCH, so some caution is required when using the UV absorp-
tion to estimate speciation. The stabilization of the SP isomer
has been previously shown for spiropyran compounds interact-
ing with membranes,[25] and concentration-dependent equilibria
between MCH and SP have been reported.[13i,26] Absorption at
longer wavelengths (>600 nm) is consistent with scattering
from particles, which we will also use as a proxy for particle
formation.[27]

2.2. Photoswitching of Self-assembled Amphiphile 2

The self-assembly of amphiphile 2 in the dark and under irra-
diation was characterized by UV-vis spectroscopy, DLS, SANS,
SAXS, and CryoTEM. When a sample of 2 (190 μM, pH 4.8) was
irradiated with 467 nm light for 15 minutes, the absorbance at
437 nm, characteristic of 2-MCH, decreases while the absorbance
at 250 nm, characteristic of 2-SP (and 2-MC), increases (Figure 3a),
as expected for MCH→SP isomerization.[28] The decrease in
absorbance at 437 nm corresponds to 84% of 2-MCH being iso-
merized to 2-SP upon irradiation (Supporting Information-5.2,
Table S4), which is less than that found for dilute (9 μM) sam-
ples of 2 (94%, pH 4.8, Supporting Information-5.2, Table S4). This
effect is likely caused by the formation of 2-MC in the aggre-
gates. Compound 2 (9 μM) showed poor photoswitching at pH
11.8, where 2-MC is the dominant form (52% switched, Support-
ing Information-5.2, Figure S29, Table S5). The quantum yield of
photoinduced ring closing of related MC compounds is low com-
pared to that of MCH, suggesting most photoswitching is due
to absorption by trace MCH.[22b] Prolonged irradiation did not
result in further photoswitching from 2-MCH to 2-SP but decom-
position of compound 2, presumably by established hydrolysis
pathways from the MC form[28] (Supporting Information 5.6,
Figures S35 and S36).

After irradiation with 467 nm light, the measured DLS data
had a significant decrease in the derived count rate and is
consistent with the formation of some smaller assemblies with
diameters of 20–50 nm (Figure 3b,d). The derived count rate
is much lower than that in the dark, and there is no clear
CAC observed for concentrations between 7 μM and 280 μM
(Figure 2).

SANS was measured on a sample of 2 in the dark (190 μM,
pH 4.8). The resulting scattering profile was fit as oblate ellip-

Figure 3. Photoswitching of compound 2 self-assembly. a) Change in
characteristic absorbance measured by UV-vis spectroscopy of 2-MCH
(orange) and 2-SP (purple) upon and after irradiation ([2] = 190 μM,
467 nm, 5 min). b) Derived count rate monitored by DLS of compound 2
self-assembly solution ([2] = 190 μM) before and after irradiation. c) SAXS
scattering intensity of solution of compound 2 ([2] = 570 μM) Q = 0.02215
Å−1 before and after irradiation. d) Size distribution of compound 2
self-assembly ([2] = 190 μM) measured by DLS before and after irradiation.
Experimental conditions: 0.5% DMSO/water, pH = 4.8, [phosphate buffer] =
20 mM, T = 25 °C, irradiation time = 15 min, λ = 467 nm. Irradiation time
is indicated with a light blue rectangle. The vertical dashed line indicates
71 minutes after the light is switched off.

soids, similar to reported anisotropic assemblies.[29] The polar
and equatorial radii were estimated to be 17.0 ± 0.5 nm and
91.0 ± 1 nm, respectively (Supporting Information-7, Table S9).
Upon irradiation with 445 nm light, a significant decrease in the
scattering intensity was observed between the Q range of 0.003-
0.03 Å−1, along with a change in scattering profile (Supporting
Information-7, Table S9). The decrease in scattering intensity is
consistent with the formation of smaller objects, and the scat-
tering profile could not be reasonably fit to the ellipsoid model.

2.3. Thermal Re-assembly of Amphiphile 2

We monitored the thermal recovery of these assemblies in
the dark by UV-vis absorption to verify that the light-induced

Chem. Eur. J. 2025, 31, e02399 (3 of 7) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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assembly changes of amphiphile 2 are reversible (Figure 3a).
A sample of compound 2 (190 μM in 0.5% DMSO/water (v/v)
buffered at pH 4.8) was irradiated at 467 nm for 15 minutes. After
the light was switched off, the absorbance at 437 nm gradually
increases, while the absorbance at 250 nm decreases, consistent
with the thermal recovery of 2-SP → 2-MCH (Figure 3a). The
apparent half-life of compound 2-SP at 190 μM is ∼13 minutes
(Supporting Information-5.4, Table S6) and is approximately con-
stant from 47 to 379 μM (Figure 4, Supporting Information-5.4,
Table S6) and significantly longer than that of more diluted sam-
ples (9 μM, ∼3.6 minutes, Supporting Information-5.4, Table S6).
This indicates that the self-assembly process influences the rate
of the thermal isomerization of 2-SP→2-MCH.

More interestingly, after ∼70 minutes in the dark, the
absorbance at 250 nm rapidly increases, together with appar-
ent absorbance at 650 nm, which is consistent with scattering
by particles.[27] We attribute this change to the self-assembly of
the large structures, which change the local environment of the
photoswitch. This is supported by the simultaneous increase in
the derived count rate measured by DLS as the smaller assem-
blies disappear (Figure 3b, Supporting Information-6.2, Figure
S39) and the structure profile changes in SAXS after irradiation
(Figure 3c, Supporting Information-8, Figures S51 and S53). This
demonstrates that the photoinduced morphological change of
the self-assemblies of amphiphile 2 is reversible. The increase in
absorbance at 250 nm after 70 minutes in the dark (Figure 3a) is
consistent with isomerization from 2-MCH → 2-SP, but depro-
tonation of 2-MCH to form 2-MC may also be a reasonable
explanation.[30]

A delayed (dis)assembly response (∼2 minutes) has been
reported for a lipid-azobenzene surfactant mixed system,[20a]

suggesting the behavior we have observed could be general
to other switchable amphiphiles. To the best of our knowledge,
this is the first example of self-assembly of merocyanine-based
amphiphile with a long (>1 hour) delay between thermal isomer-
ization and assembly rearrangement. The ability to program a
structural change in the materials ahead of time could be useful
in creating complex molecular systems with nonlinear kinetics.

After 6 hours in the dark, the SANS scattering profile recov-
ered and was fit to the ellipsoid model with dimensions (polar
radius: 11.3 ± 0.2 nm, equatorial radius: 77.0 ± 1.0 nm, Support-
ing Information-7, Table S9) comparable to the assemblies before
irradiation. SAXS data (Supporting Information-8, Figure S51) also
showed a change in the scattering profile after irradiation, which
recovered in the dark after ∼70 minutes (Figure 3c). These results
suggest that upon irradiation, self-assemblies of amphiphile 2-
MCH rearrange from oblate particles with sizes of ∼100 nm to
smaller aggregates with diameters of 20–50 nm, and the larger
aggregates reform in the dark after ∼70 minutes.

From the measured pKa values in dilute solutions, we expect
compound 2 to be almost pure 2-MCH in the dark at pH 4.8
(Supporting Information-4.3, Table S3). However, the formation
of self-assembled structures could create hydrophobic environ-
ments that favor the conversion of 2-MCH to the more apolar
2-SP. The polarity change of the environment was detected
using Prodan dye, for which the wavelength of maximum emis-
sion is strongly polarity dependent. When self-assembled with

compound 2, the emission maximum of Prodan is 538 nm. After
irradiation with 467 nm light, the emission maximum shifted
to 527 nm,[31] consistent with Prodan dye being in a less polar
environment (Supporting Information-10, Figure S58). The sur-
face charge of the particles could provide information about
their composition because 2-SP and 2-MC are anionic, while 2-
MCH is zwitterionic. Using electrophoretic light scattering (ELS),
we measured the zeta potential of the self-assemblies (Support-
ing Information-6.5, Figure S46). A 190 μM sample of 2 in the dark
gave a measured zeta potential of −76 mV, which decreased to
−82 mV upon irradiation with 467 nm light and gradually recov-
ered to its original value after the light was removed (Supporting
Information-6.5, Figure S46). The presence of anionic 2-SP/2-MC
in the ellipsoids in the dark is consistent with the negative zeta
potential observed in these assemblies.

2.4. Concentration Dependence of Ellipsoid Reformation

The concentration-dependence of the self-assembly process was
investigated by UV-vis absorption spectroscopy. We prepared
samples of compound 2 with concentrations between 2.25 μM
and 379 μM and monitored their thermal recovery after irradi-
ation by 467 nm light for 15 minutes (Figure 4). For samples of
2 below the CAC (<25 μM), there is no rapid increase in the
absorbance at 250 nm during the thermal recovery. This is con-
sistent with no large self-assemblies being formed. For samples
of 2 with concentrations higher than the CAC, ∼70 minutes after
the light is switched off there is a rapid increase in absorbance
at 250 nm and, consistent with scattering by large particles, at
650 nm. To our surprise, there is no significant difference in
the time required for this increase in absorption to occur with
concentrations of 2 ranging from 47 μM to 379 μM. This unex-
pected result indicates that the assembly process depends on
the concentrations of both 2-SP and 2-MCH, and not only the

Figure 4. Recovery of absorbance at a) 250 nm, characteristic of 2-SP,
normalized to absorbance immediately after irradiation (raw data presented
in Supporting Information-5.4, Figure S31) and b) 650 nm after irradiation.
Concentrations of 2 in 0.5% DMSO/water, pH = 4.8, [phosphate buffer] =
20 mM, T = 25 °C, irradiation time = 15 min, λ = 467 nm. Irradiation time
is indicated with a light blue rectangle.

Chem. Eur. J. 2025, 31, e02399 (4 of 7) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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concentration of 2-MCH, consistent with the assembly requiring
a certain ratio of 2-MCH and 2-SP. We estimated that ∼30% 2-
SP/MC is required for the reassembly of the oblate ellipsoids,
based on the absorbance at 437 nm (Supporting Information-
5.4, Table S6). The zwitterionic 2-MCH that exists in the dark
might be expected to pack into bilayer structures, such as those
found in a liposome or a disc.[32] Under irradiation the anionic
species formed (2-SP/2-MC) would be repulsive to each other
and would be expected to form smaller aggregates with a higher
surface curvature to allow the negative charges to be further
apart and screened by solvent. The involvement of 2-SP/2-MC
in the self-assembly is corroborated by the negative zeta poten-
tial on assemblies formed in the dark from zwitterionic 2-MCH
(Supporting Information-6.5, Figure S46).

2.5. Programming Delay with Co-Surfactants

To investigate the effect of charge on the self-assembly of
compound 2, we added co-surfactants that were cationic
(cetyltrimethylammonium bromide = CTAB) or anionic (sodium
dodecyl sulphate = SDS). Spiropyran derivatives have been
previously assembled with cosurfactants, such as cetyltrimethy-
lammonium chloride, to act as molecular logic gates,[20c] or
polyethylene glycol derivatives for drug delivery.[13b]

We doped self-assemblies of compound 2 with 19 μM (0.1 eq.
w.r.t. 2) or 48 μM (0.25 eq. w.r.t. 2) of either CTAB or SDS under
the same conditions described in previous sections. The sam-
ples were irradiated with 467 nm light for 15 minutes, and the
thermal recovery was monitored by UV-vis (Figure 5, Support-
ing Information-5.5, Figures S33 and S34) and DLS (Supporting
Information-6.5, Figure S45, S46). The concentration of CTAB and
SDS used in these experiments is well below their respective
CACs (Supporting Information-6.3 and Supporting Information-
6.4).[33] The addition of 0.1 eq. or 0.25 eq. of CTAB shortens
the delay to about 40 minutes or 25 minutes, respectively. The
addition of 0.1 eq. or 0.25 eq. of SDS lengthens the delay to
100 minutes or 205 minutes, respectively (Figure 5, Supporting
Information-5.5, Figures S33 and S34). We observed an increase

Figure 5. Recovery of absorbance at 250 nm, characteristic of 2-SP,
normalized to the highest absorbance of each trace (raw data presented in
Supporting Information-5.5, Figure S33, S34) after irradiation with various
amounts of co-surfactant added. Experimental conditions: [compound 2] =
190 μM, 0.5% DMSO/water; pH = 4.8, [phosphate buffer] = 20 mM, T = 25
°C, irradiation time = 15 min, λ = 467 nm.

in apparent rate constants of the thermal isomerization of 2-SP
upon the addition of CTAB, and a decrease in the apparent rate
constant with the addition of SDS (Supporting Information-5.5,
Table S8). We also monitored the change in zeta potential dur-
ing these processes (Supporting Information-6.5, Figure S46). All
cases follow the same trend where the zeta potential decreases
upon irradiation and gradually recovers to the original value
in the dark. The zeta potential of the 2-CTAB co-assembly is
less negative throughout the entire process, while in the pres-
ence of SDS the value is more negative. Positively charged CTAB
would alleviate the repulsion between anionic 2-SP and stabilize
the self-assembly. Incorporating negatively charged SDS would
need more zwitterionic 2-MCH to be formed to overcome the
coulombic repulsion, leading to a longer time for the required
concentration of 2-MCH to be reached. The shorter delay upon
the addition of a cationic surfactant and the longer delay in the
presence of an anionic surfactant are consistent with the bal-
ance of charge being important in the formation of these stable
assemblies.

2.6. Reversibility of the System

To examine the reversibility of our system, samples of 2 were
subjected to repeated switching cycles of 5 minutes of irradia-
tion at 467 nm, followed by 85 minutes in the dark. The stability
of the system was monitored by UV-vis spectroscopy (Figure 6).
The time between the light being switched off and the increase
in absorbance at 250 nm gradually gets longer after each cycle.
The degradation of compound 2 could be a contributing fac-
tor, although initially unexpected as the parent merocyanine 1 is
stable through multiple switching cycles.[21] Hydrolysis is usually
expected to occur at higher pH[22a] (Supporting Information-12,
Figure S60), but the observed absorption shoulder at 520 nm,
consistent with the formation of 2-MC, does suggest a possible
hydrolysis route even at low pH.

When 0.1 eq. of CTAB is added, the rapid increase in
absorbance at 250 nm still occurs over multiple cycles, sug-
gesting a more consistent reformation of the assemblies. The
decrease in absorbance at 250 nm after the self-assembly

Figure 6. Change in characteristic absorbance of 1-SP (250 nm) with (red)
and without (black) 0.1 eq CTAB (0.19 μM) over multiple cycles. Irradiation
time is indicated by the light blue rectangles. Experimental conditions:
[compound 2] = 190 μM, [phosphate buffer] = 20 mM, pH = 4.8,
irradiation time = 5 min, λ = 467 nm, dark time = 85 min, T = 25 °C.

Chem. Eur. J. 2025, 31, e02399 (5 of 7) © 2025 The Author(s). Chemistry – A European Journal published by Wiley-VCH GmbH
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reformed indicates that more complex behavior occurs when
the structures assemble, continuing to change the optical and
thermal properties of the photoswitches over time.

3. Conclusion

We report a merocyanine-based amphiphile that self-assembles
into light-responsive ellipsoids with complex equilibration
behavior in the dark. The 2-SP form ring-opens to form 2-MCH,
and together these assemble to form structures that stabilize
the 2-SP form. The isomerization rate and the photoswitching
properties of the photoswitch are also significantly different
when self-assembled compared to in dilute solution, which is
probably true for most photoswitches. Under the conditions we
studied, the amphiphiles abruptly self-assemble to form ellip-
soids after a delay of ∼70 minutes after the light was switched
off. This delay was largely independent of the concentration but
could be manipulated by incorporating simple co-surfactants
of different charges. A deeper understanding of the underlying
mechanism of the disassembly/assembly of these types of
supramolecular structures, and how this impacts their respon-
sive properties, will assist the design of functional materials. We
anticipate that light-responsive assemblies of this size will enable
spatiotemporally controlled cargo delivery with broad poten-
tial in targeted therapy, imaging, oscillating systems,[34] and
beyond.
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