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Abstract: Photon upconversion (UC) from near-infrared
(NIR) light to visible light has enabled optogenetic manipu-
lations in deep tissues. However, materials for NIR optoge-
netics have been limited to inorganic UC nanoparticles. Herein,
NIR-light-triggered optogenetics using biocompatible, organic
TTA-UC hydrogels is reported. To achieve triplet sensitization
even in highly viscous hydrogel matrices, a NIR-absorbing
complex is covalently linked with energy-pooling acceptor
chromophores, which significantly elongates the donor triplet
lifetime. The donor and acceptor are solubilized in hydrogels
formed from biocompatible Pluronic F127 micelles, and heat
treatment endows the excited triplets in the hydrogel with
remarkable oxygen tolerance. Combined with photoactivatable
Cre recombinase technology, NIR-light stimulation success-
fully performs genome engineering resulting in the formation
of dendritic-spine-like structures of hippocampal neurons.

Introduction

Optogenetics is a technology allowing light-responsive
proteins to regulate cellular events and has contributed to the
progress of neuroscience.!! Since visible light does not
penetrate effectively through biological tissues, NIR light
has more advantages than visible light as a light source for
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optogenetics in deep tissues. However, the photoactivation of
proteins requires much higher energy photons (4 <500 nm)
than NIR photons (4 > 700 nm). To overcome this limitation,
recent research efforts have demonstrated that photon
upconversion (UC), i.e., converting low-energy NIR light
into higher-energy visible light, provides an attractive solu-
tion.”! However, the conventional lanthanide nanoparticles
diffuse in liquid conditions from loaded positions. Thus, the
development of less diffusible and biocompatible UC materi-
als, such as hydrogels, is highly desired for various biological
applications.

Organic UC systems based on triplet-triplet annihilation
(TTA) are attractive because of their potential to produce
various material forms based on appropriate molecular and
matrix designs.m In the common TTA-UC scheme, sensitized
acceptor (emitter) triplets undergo TTA to produce a higher
energy singlet that emits upconverted fluorescence (Support-
ing Information, Figure S1a). While the NIR (4 > 700 nm)-to-
blue (4 <500 nm) UC is desired for optogenetic stimulation,
it was difficult to achieve with a TTA-based mechanism due to
the energy loss in the course of the intersystem crossing (ISC)
from the singlet (S,) to triplet (T,) excited state of the donor
(sensitizer). To circumvent this energy loss, new triplet
sensitization routes with semiconductor nanocrystals or
molecules showing singlet-to-triplet (S-T) absorption have
been developed. Our group previously utilized the direct S—
T absorption derived from the triplet metal-to-ligand charge
transfer *MLCT) transition of osmium complexes in organic
solvents (Supporting Information, Figure S1b)."! The triplet
energy level of a S-T sensitizer (Os(bptpy),>") was tuned for
a blue emissive acceptor, 2,5,8,11-tetra-tert-butylperylene
(TTBP), and the Os(bptpy),”"-TTBP mixed solution showed
a NIR-to-blue TTA-UC with a large anti-Stokes shift of
0.97 eV.

So far, there have been no examples of hydrogels showing
NIR-to-blue TTA-UC because of the insolubility of the
hydrophobic TTA chromophores in an aqueous environment,
limited efficiency of the NIR sensitization, and the massive
quenching of excited triplets by dissolved molecular oxygen.
The clues to solving these issues can be found in recent
advances. The dispersion of chromophores in viscous host
matrices effectively suppresses oxygen diffusion and enables
air-stable TTA-UC.I”! However, the excited-state lifetime of
NIR triplet sensitizers, such as inorganic nanocrystals and S-T
absorbers, is often too short to allow collision with acceptors
for triplet energy transfer (TET) in such viscous matrices.

In this work, we report the first example of optogenetics
based on NIR-to-blue TTA-UC hydrogels (Figure 1). It has
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Figure 1. A schematic representation of NIR optogenetics based on TTA-UC hydrogels. A UC hydrogel consisting of Pluronic F127 micelles and
UC dyes was irradiated with a continuous-wave NIR laser at 724 nm. The donor Os(peptpy),>" absorbed NIR light, and intramolecular energy
transfer (IMET) to the triplet pooling phenyl-perylene units elongated the net excited-state lifetime of the sensitizer. After the triplet energy transfer
(TET) to acceptor TTBP, bimolecular annihilation (TTA) between TTBP triplets produced a blue upconverted emission. The upconverted blue light
induced the activation of blue-light-activatable Cre recombinase (PA-Cre). This activation of PA-Cre resulted in the gene expression important for
dendritic-spine formation from genetically engineered hippocampal neurons.

been reported that the triplet lifetime of sensitizers can be
elongated by excited-state thermal equilibrium with cova-
lently attached aromatic moieties with long triplet lifetime.["!
We successfully developed the new potential of this strategy
to overcome the issue of limited molecular diffusion in
viscous oxygen-blocking matrices. Perylene chromophores
were covalently attached to Os bisterpyridine complex
through phenyl linkages, giving a new complex Os(peptpy),>"
(Figure 2a). This sensitizer showed a remarkably long phos-
phorescence lifetime of 23 ps that is long enough for triplet
sensitization even in a viscous, biocompatible hydrogel
formed from Pluronic F127. Furthermore, an annealing
process improves the oxygen-blocking property of the Plur-
onic F127 hydrogel and enables air-stable NIR (4 > 700 nm)-
to-blue (4 <500 nm) UC emission. This could be a simple and
powerful method to realize air-stable photochemistry in
biocompatible soft materials. This air-stable upconverting
hydrogel was used for optogenetic genome engineering by
using blue-light-activatable Cre-recombinase (PA-Cre).® The
employed PA-Cre was recently engineered from a flavin-
binding fungal photoreceptor. The reassembly of two split Cre
fragments, positive Magnet (pMag) and negative Magnet
(nMag), is driven by blue-light irradiation. Under NIR-light
illumination, upconverted blue light successfully activated
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PA-Cre and lead to the morphological regulation of hippo-
campal neurons, which is important for learning and long-
term memory.

Results and Discussion

Elongated photoluminescence lifetimes have been ob-
served for metal complexes and quantum dots modified with
chromophoric groups that have a slightly lower triplet energy
level than the parent materials.” In those works, the lifetime
extension is explained by intramolecular energy transfer
(IMET) processes and succeeding excited-state equilibration.
The equilibrium constant K, for these processes is estimated
by the following relationship:

AE~—RTIn(K,,) (1)

K= ket /Kover = ap/(1—ap) (2)

where kyerand kyper represent the rate constants of IMET
and back IMET, respectively, and ap corresponds to the
fraction of excited triplet pooling units. It is important to
combine appropriate sensitizer and acceptor units to achieve
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Figure 2. a) Chemical structures of pPe, Os(bptpy),>", and Os-
(peptpy),”*. b) Absorption spectra of pPe (black), Os(bptpy),**,
(green) and Os(peptpy),*" (magenta) and photoluminescence (PL)
spectra of Os(bptpy),”" (Aex=494 nm, 20 um) and Os(peptpy),**
(Aex=498 nm, 20 pum) in deaerated DMF.

efficient IMET with small energy loss. As a suitable acceptor
counterpart for donor osmium(II) bis(4’-phenyl-2,2":6',2"-
terpyridine) (Os(ptpy),) unit (T;=1.63 eV), we employed
phenyl-perylene (pPe) unit (T, ~1.50 eV based on TD-DFT
calculation) which gives small AE of —0.13 eV for a high
IMET efficiency (ap>99%). Furthermore, we introduced
two pPe units to the Os(ptpy), unit to enhance the IMET
process.>d

We carried out a series of photophysical characterizations
of the donor-acceptor conjugate Os(peptpy),”" and com-
pared the results with those of only acceptor pPe and donor
Os(bptpy),”" (Figure 2a) in deaerated DMF. The solutions
were prepared in an Ar-filled glove box (oxygen concentra-
tion < 0.1 ppm). Absorption peak positions of Os(peptpy),**
were almost the same as those of Os(bptpy),”" and pPe
(Figure 2b). This indicates weak electronic couplings between
Os(ptpy), unit and pPe units, which is also supported by DFT
calculations (Supporting Information, Figure S2). The phenyl
ring is twisted against both terpyridine and perylene, which
avoids the orbital overlap between these units. A phosphor-
escence spectrum of Os(peptpy),”" in DMF shows a peak at
760 nm, which was almost the same as Os(bptpy),*" (Aem =
758 nm). It is thus likely that the *MLCT energy level did not
change with the perylene conjugation. The perylene modifi-
cation caused additional shoulder peaks at around 835 and
950 nm. To understand these new peaks, a phosphorescence
spectrum of non-conjugated Os complex Os(bptpy),*" was
measured at —196°C (Supporting Information, Figure S3).
While the phosphorescence peak at 760 nm almost disap-
peared, the emission peaks at around 835 and 950 nm
remained after freezing. Based on our TD-DFT calculation,
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the peak at 835 nm (1.49 eV) can be attributed to the emission
mainly from the triplet state of the pPe unit.

Importantly, the phosphorescence lifetime of Os-
(peptpy),”" was much longer (24 ps) than that of Os(bptpy),**
(0.2 ps) in deaerated DMF at room temperature (Figure 3a).
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Figure 3. a) Phosphorescence decays of Os(peptpy),”" (magenta,
Aex=498 Nm, A.,, =743 nm, 20 um) and Os(bptpy),*" (green,

Aec=494 nm, 4., =743 nm, 20 um) in deaerated DMF. b) Temperature-
dependent PL spectra of Os(peptpy),>" (A= 532 nm). c) The mecha-
nism of the triplet-lifetime extension and thermally activated delayed
phosphorescence of Os(peptpy),.

While the biggest drawback of the S-T absorption sensitizers
compared with conventional triplet sensitizers has been the
short triplet lifetime, which is disadvantageous for TET to
acceptors, the observed triplet lifetime of Os(peptpy),”” is
comparable to that of benchmark porphyrin-based (ex. 7,
~42 ps for platinum(Il) tetraphenyltetrabenzoporphyrin)®’!
and phthalocyanine-based sensitizers (ex. 7,~3.5ps for
palladium(IT) 1,4,8,11,15,18,22,25-octabutoxyphthalocya-
nine).!

Thermal equilibrium among the excited states in Os-
(peptpy),”" was confirmed by measuring its temperature-
dependent photoluminescence (PL) spectra (Figure 3b) and
time-dependent PL spectra (Supporting Information, Fig-
ure S4). By decreasing the temperature from 40°C to —50°C,
the peak at 835 nm remained, while the peak around 760 nm
became weaker. By further decreasing the temperature to
—196°C, the peak around 760 nm almost disappeared (Sup-
porting Information, Figure S3). In the time-dependent PL
spectra at room temperature, the spectral shape did not
change over the whole lifetime (Supporting Information,
Figure S4a,b), and similar decay profiles were observed at
760 nm and 835 nm (Supporting Information, Figure S4c).
From these results, we conclude that the extension of the
triplet lifetime is based on the excited-state thermal equilib-
rium between the short-lived *MLCT state of Os(ptpy), and
the long-lived triplet state of the conjugated perylene
moieties (Figure 3c). In other words, Os(peptpy),”" shows
thermally activated delayed phosphorescence.

The TTA-UC efficiency of Os(peptpy),”"-TTBP in DMF
([Os(peptpy),*"1=20 um, [TTBP]=20mm) was compared

Angew. Chem. Int. Ed. 2019, 58, 2—9
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with that of Os(bptpy),”"-TTBP ([Os(bptpy),*']=20 um,
[TTBP] =20 mMm) under inert condition (Figure 4a). With
excitation at 724 nm, both solutions showed blue UC emission
at 484 nm from TTBP (Figure 4b). The emission peak at
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Figure 4. a) Energy diagram of TTA-UC based on S-T absorption and
triplet pooling. b) UC emission spectra of Os(peptpy),”"-TTBP (magen-
ta) and Os(bptpy),”"-TTBP (green) DMF solution (A, =724 nm,
l,=7.6 Wem™?). ¢) UC quantum efficiency as a function of excitation
intensity.

462 nm was partially suppressed mainly due to the self-
absorption of TTBP (Supporting Information, Figure S5).
The phosphorescence detected for Os(bptpy),”"-TTBP al-
most disappeared for Os(peptpy),”"-TTBP. Therefore, we
conclude both @rzr and @pr are almost 100% for Os-
(peptpy),*"-TTBP, which is doubled compared with @y for
Os(bptpy),>*-TTBP (47%).”} Whereas the energy transfer
from pPe (T, ~1.49 eV) to TTBP (T, ~1.53 ¢V) is endother-
mic, the much higher concentration of acceptor TTBP makes
this small up-hill process entropically favorable.'! Since @y’
is proportional to @y, Py’ also increased by a factor of two
from 2.7% to 5.9 % (Figure 4c and Supporting Information,
Table S1). A further improvement would be expected by
suppressing the reabsorption of upconverted emission by the
sensitizer.

Notably, the elongated excited-state lifetime of the S-T
sensitizer Os(peptpy),”" enabled TET to TTBP even in the
viscous micelle cores. We fabricated hydrogels composed of
donor Os(peptpy),”", acceptor TTBP, and Pluronic F127
([Os(peptpy),*>"] =15 nmolg ™!, [TTBP]=7.5 umolg ™", [Plur-
onic F127] =24 pmol g™, Supporting Information, Figure S7).
These components were first dissolved in DMF, and DMF was
removed under vacuum at 100°C. The remaining solid was

Angew. Chem. Int. Ed. 2019, 58, 2—9
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mixed with water at 0°C, and Os(peptpy),”"-TTBP-Pluronic
hydrogels were produced by subsequent annealing at 80°C.
The control Os(bptpy),”"-TTBP-Pluronic hydrogel showed
almost no UC emission under excitation by a 724 nm laser.
On the other hand, a blue UC emission was observed from
Os(peptpy),*-TTBP-Pluronic hydrogel (Figure 5a). The UC
emission could be observed at relatively low excitation
intensity of I,=5Wcm™ (Supporting Information, Fig-
ure S8a). The UC emission spectrum overlapped well with
a blue LED light source spectrum which is used for conven-
tional optogenetics (Supporting Information, Figure S8b).
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Figure 5. a) UC emission spectra of the air-saturated Os (peptpy),-
TTBP-Pluronic hydrogel (magenta) and Os(bptpy),>*-TTBP-Pluronic
hydrogel (green) after annealing at 80°C (l,,=78 Wcm ™, A, =724 nm,
610 nm short pass filter). b) Time-dependent UC emission intensity
(lx=30 Wcm™) of the air-saturated Os(peptpy),”*-TTBP-Pluronic hy-
drogel before (black) and after (red) annealing at 80°C. c) SAXS
profiles of the air-saturated Os(peptpy),>*-TTBP-Pluronic hydrogel
before (black) and after (red) annealing at 80°C. d) Phosphorescence
decays of Os(peptpy),”*-Pluronic hydrogel (A, =498 nm, 4.,,=760 nm,
20 pm) after annealing at 80°C.

Interestingly, we found that the air stability of the UC
emission can be improved by annealing the hydrogels at 80°C
(Figure 5b). Since the excited triplets are easily quenched by
molecular oxygen under air-saturated conditions, it is appar-
ent that the oxygen diffusion was suppressed by the heat
treatment. Without annealing, the UC emission of the
Os(peptpy),>~-TTBP-Pluronic hydrogel almost disappeared
within 30 minutes under continuous NIR irradiation. In stark
contrast, the annealed UC gel retained more than 90 % of UC
emission intensity after 30 minutes of NIR irradiation. To get
some insight into this drastic annealing effect, small angle X-
ray scattering (SAXS) measurements were carried out for
Os(peptpy),*-TTBP-Pluronic hydrogels before and after the
annealing. It has been reported that 30 wt % Pluronic F127-
based hydrogels show SAXS peaks at 0.39 and 0.45 nm !,
which become stronger after heat treatment and have been
assigned to the micelle assemblies with fcc order.!'”! Both of
the Os(peptpy),”-TTBP-Pluronic hydrogels without/with
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annealing showed peaks at similar positions around 0.40 and
0.45 nm™', but the peak intensity was largely increased by the
annealing process (Figure 5Sc). It indicates the improved
packing order of micelles resulting from annealing, which
would reduce the oxygen diffusivity and consequently en-
hance the air stability of the UC emission. Since the TTA-UC
in nonionic surfactant micelles dispersed in aqueous solution
usually requires deaerated conditions,”®! the observed air-
stability improvement of the Pluronic hydrogels is noteworthy
for biological applications.

The TET efficiency from Os(peptpy),”” to TTBP was
estimated based on the phosphorescence lifetime in Pluronic
hydrogel. Without TTBP, the perylene-conjugated Os-
(peptpy),>" showed a phosphorescence lifetime of 23 us
(Figure 5d). The addition of TTBP shortened the lifetime of
Os(peptpy),”" to 6.7 us (Supporting Information, Figure S8c),
which gave a @rgr (=1-1,/7,0) of 71%. The occurrence of
triplet back energy transfer from TTBP to Os(peptpy),>" was
also suggested by the long phosphorescence decay component
of 128 us. The fact that the UC emission disappeared at
—196°C indicates that the TET process operates via molec-
ular diffusion and collision rather than the energy migration
in dye aggregates (Supporting Information, Figure S8d).

The TTA-based UC mechanism was supported by the
excitation intensity dependence of the UC emission. A double
logarithmic plot for the UC emission intensity of the Os-
(peptpy),”"-TTBP-Pluronic hydrogel showed a quadratic-to-
linear transition with threshold excitation intensity 7, of
13 Wem ™ (Supporting Information, Figure S8e). The abso-
lute quantum efficiency of this hydrogel was relatively low
(<0.1%). The UC emission intensity was not improved by
deaeration of hydrogels by freeze-pump-thaw cycles, suggest-
ing the minor effect of dissolved oxygen on the UC efficiency.
While the reduction of excitation intensity and the improve-
ment of UC efficiency by enhanced energy migration in
controlled molecular assemblies remain as important future
works,"¥! the current TTA-UC properties were found to be
enough to demonstrate the proof-of-concept of NIR opto-
genetics as shown below.

To apply this upconverting hydrogel for optogenetic
genome engineering, we used a PA-Cre system (Supporting
Information, Figure S9a).®! We used Cre-reporter GFP
(Supporting Information, Figure S9b) and transfection-re-
porter mCherry (Supporting Information, Figure S9c) to
visualize optogenetic manipulation. Cre-reporter GFP starts
to be expressed in the presence of activated PA-Cre, while it is
not expressed in the absence of activated PA-Cre because of
a polyA signal sequence between two loxP sites. The cerebral
cortex was dissected from a day (E) 13 embryo and pCAG-
PA-Cre, pCALNL-GFP, and pCAG-mCherry plasmids were
transfected into cortical cells by electroporation™ (Support-
ing Information, Figure S9d). After 48 hours in culture,
transfected cortical neurons were illuminated as described
in the Supporting Information. The total number of cortical
cells, counted after removing dead cells, was not significantly
affected by the NIR-light illumination in the presence of the
UC hydrogel (Supporting Information, Figure S10), suggest-
ing that the UC hydrogel did not affect cell viability in this
experiment. NIR-light stimulation with the UC hydrogel
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Figure 6. a) Fluorescence microscopy images of GFP only (white),
mCherry only (white), and an overlay of GFP (green) and mCherry
(magenta). Arrowheads indicate GFP and mCherry double-positive
cells. Arrows indicate mCherry single-positive cells. Grid represents the
counting frame (200x 200 um) for stereological analysis. b) Cell scor-
ing of GFP-positive cells among mCherry-positive cells. * p <0.05
(compared to values for control).

increased the ratio of GFP-positive cells, while NIR-light
stimulation with the TTBP hydrogel did not (Figure 6a,b),
indicating that the UC hydrogel works as a tool for NIR UC
optogenetics.

Using the UC hydrogel, we examined whether NIR light
stimulation regulates hippocampal dendritic spines involved
in learning and long-term memory by receiving excitatory
input from axons.'® Rac1(Q61L), the constitutive active form
of Rac1,” is known to promote dendritic spine formation.!!
We used Cre-reporter Rac1(Q61L) to promote hippocampal
dendritic spine formation (Supporting Information, Fig-
ure S11a). The hippocampus was dissected from E15 embryo
and pCAG-PA-Cre, pCALNL-Rac1(Q61L), pPCALNL-GFP,
and pCAG-mCherry plasmids were transfected into hippo-
campal cells (Supporting Information, Figure S11b). At
10 hours after NIR-light stimulation with the UC hydrogel,
both GFP expression and the formation of dendritic-spine-
like structures were observed (Figure 7e-h). On the other
hand, the non-light stimulation condition did not show GFP
expression or the formation of dendritic-spine-like structures
(Figure 7a-d). To examine the dynamics of spine-like for-
mation, we performed time-lapse imaging analysis (Support-
ing Information, Figure S11b). Newly generated dendritic
protrusions were observed by NIR-light stimulation with the
UC hydrogel from 6 hours after stimulation but not with the
control (Figure 7i,j and Supporting Information, Movie S1),
suggesting that the NIR-light stimulation promoted the
formation of dendritic-spine-like structures. From these
results, the NIR-light stimulation with the TTA-UC hydrogel
regulates neuronal morphology, which is important for
learning and long-term memory.

Conclusion

We demonstrate NIR optogenetics by NIR-to-blue TTA-
UC for the first time. The stable TTA-UC emission in the
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Figure 7. a—h) Fluorescence microscopy images of GFP only (white)
(b,f), mCherry only (white) (c,g), and an overlay of GFP (green) and
mCherry (magenta) (a,d,e,h). Arrowheads indicate dendritic-spine-like
structures. Scale bars: 20 um (a,e) and 5 pm (b—d, f-h). i,j) Time-lapse
imaging of hippocampal neurons. Arrowheads indicate the formation
of dendritic-spine-like structures. Scale bars: 20 um (left column) and
5 um (others).

hydrogel is achieved by the combination of two concepts.
First, the elongated triplet lifetime of the S-T sensitizer by
excited-state thermal equilibrium with long-lived energy-
pooling perylene units allows the triplet energy transfer to
acceptor molecules even in the viscous hydrogels. Second,
although the triplet excited state is usually quenched by
dissolved oxygen molecules, the heat treatment of Pluronic
hydrogels induces micelle rearrangement to form more
ordered structures, endowing the UC hydrogels with an
oxygen-blocking property. This simple method to protect
oxygen-sensitive species with a biocompatible, widely used
polymer would be of great interest for many biological
applications. We prove that the NIR-to-blue TTA-UC hydro-
gels work as a tool for NIR optogenetics. The blue UC
emission activates PA-Cre, resulting in the expression of Cre-
reporter GFP in cortical neurons and the Cre-reporter
constitutively active Racl, which promotes the formation of
hippocampal spine-like structure. Given the possible poten-
tial of TTA-UC to offer a variety of soft materials, TTA-UC-
based NIR optogenetics is one of the ideal tools for deep
tissue treatment. This study could open a new era of in vivo
NIR photochemistry utilizing TTA-UC emission as an
internal light source for optogenetics in deep tissues.
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Near-infrared (NIR) light-triggered opto-
genetics with triplet—triplet annihilation-
based photon upconversion (TTA-UC) is
demonstrated. Triplet-lifetime extension
by the covalent conjugation of donor and
acceptor and a heat-induced conforma-
tional change of the hydrogel that pre-
vents oxygen diffusion enables the for-
mation of dendritic-spine-like structures
by hippocampal neurons, induced by
NIR-to-blue TTA-UC.
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