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Optogenetic polymerization and assembly of
electrically functional polymers for modulation of
single-neuron excitability
Chanan D. Sessler1,2†, Yiming Zhou2,3†, Wenbo Wang4†, Nolan D. Hartley2,3, Zhanyan Fu2,3,
David Graykowski2,3, Morgan Sheng2,3,5, Xiao Wang1,2,3*, Jia Liu4*

Ionic conductivity andmembrane capacitance are two foundational parameters that govern neuron excitability.
Conventional optogenetics has emerged as a powerful tool to temporarily manipulate membrane ionic conduc-
tivity in intact biological systems. However, no analogous method exists for precisely manipulating cell mem-
brane capacitance to enable long-lasting modulation of neuronal excitability. Genetically targetable chemical
assembly of conductive and insulating polymers can modulate cell membrane capacitance, but further devel-
opment of this technique has been hindered by poor spatiotemporal control of the polymer deposition and
cytotoxicity from the widely diffused peroxide. We address these issues by harnessing genetically targetable
photosensitizer proteins to assemble electrically functional polymers in neurons with precise spatiotemporal
control. Using whole-cell patch-clamp recordings, we demonstrate that this optogenetic polymerization can
achieve stepwise modulation of both neuron membrane capacitance and intrinsic excitability. Furthermore, cy-
totoxicity can be limited by controlling light exposure, demonstrating a promising new method for precisely
modulating cell excitability.
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INTRODUCTION
The intrinsic excitability of neurons is governed by two membrane
properties: membrane conductivity and capacitance (1, 2). Electri-
cal, optogenetic, and pharmacological manipulations can transient-
ly change membrane properties through manipulations of ion
channels (3, 4). In particular, conventional optogenetic stimulation
harvests optical-driven ion channels [e.g., channelrhodopsin-2 (5)
and halorhodopsin (6)], enabling millisecond time scale, genetically
targeted, all-optical excitation and inhibition of living neurons (7–
10). In contrast to transiently switching ion channels, naturally oc-
curring neuron development and myelination processes suggest
that modulating membrane capacitance (11–13) is another effective
way of manipulating neuron intrinsic excitability during brain de-
velopment, learning, and aging (14–18). Increasing/decreasing the
membrane capacitance can decrease/increase the cellular excitabil-
ity (19–21) and the velocity of action potential propagation (22–25).

Recent advances in materials science and nanotechnology have
shown that the incorporation of miniaturized electrically functional
materials and components (26–32) onto cellular membranes can
modulate the membrane capacitance, changing the intrinsic cellular
activities in vitro, which can potentially alter the neuron excitability
in a long-term manner. However, these techniques do not enable
genetically targeted specificity in neuronal circuits, partly due to
the difficulty of incorporating prefabricated nanomaterials into bi-
ological systems in a cell type– or subcellular-specific manner. In

vivo synthesis of functional nanomaterials has recently emerged
as a promising alternative strategy for the integration of nanomate-
rials with living systems, often providing greater control over the
location and integration of materials at the cellular level (32).
Hence, we recently (33) modified an engineered peroxidase,
Apex2, (34) to be expressed in genetically specified neurons in
brain tissues. The peroxidase can catalyze the oxidative polymeriza-
tion of small-molecule precursors into electrically functional (con-
ductive or insulating) polymers at the plasma membrane in the
presence of H2O2. Whole-cell patch-clamp showed that the in
situ–synthesized conductive/insulating polymers increased/de-
creased the membrane capacitance and reduced/elevated the excit-
ability of polymer-coated neurons, respectively. This method shows
promise to change the excitability of specific types of neurons in
intact neural circuits. However, this peroxidase/H2O2-driven poly-
merization has the following limitations: (i) Diffusion of H2O2 in-
troduces acute toxicity to the neural systems, and (ii) the H2O2-
triggered polymerization cannot control the location and extent
of in situ polymerization in neurons. These limitations prevent
the further application of this technique to living cell membrane
modulation with cellular and subcellular spatiotemporal resolution.

Here, we address these issues by developing an optically con-
trolled, genetically targeted (optogenetic) polymerization and as-
sembly of conductive and/or insulating polymers on the neuronal
plasma membrane, which, akin to conventional optogenetic stimu-
lations, not only precisely modulates the membrane capacitance in a
light-controlled and stepwise manner but also achieves cell type–
specific control over neuron excitability. To enable this optogenetic
polymerization of electrically functional synthetic polymers, we in-
troduced genetically targetable photosensitizer proteins to photo-
polymerized polyaniline (PANI) and poly(3,3′-diaminobenzidine)
(PDAB) as conductive and insulating polymers throughout the
cell, respectively. We used whole-cell patch-clamp to characterize
the electrophysiological properties of the same neurons before
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and after the optogenetic polymerization, showing that the in situ–
synthesized conductive or insulating materials can increase or de-
crease the neuronal membrane capacitance and decrease or increase
the intrinsic cellular excitability, respectively. Last, we showed that
optogenetic polymerization can precisely control the location and
density of polymers in cells by controlling the light intensity and
exposure, thus enabling an iterative, stepwise increase/decrease of
membrane capacitance.

RESULTS
Optogenetic polymerization of PDAB and PANI in
living cells
We selected the photosensitizing protein mini Singlet Oxygen Gen-
erator (miniSOG) (35) to enable optical control of PDAB and PANI
assembly on or within the cell membrane (Fig. 1A). Compared to
other genetically targetable photosensitizers such as KillerRed and
its derivatives (36, 37), miniSOG produces more singlet oxygen rel-
ative to other reactive oxygen species (ROS) (35, 38), resulting in its
ability to photopolymerize DAB with nanometer-level spatial reso-
lution (35). In addition, we hypothesize that this singlet oxygen gen-
eration could also synthesize the conductive polymer PANI inside
cells (fig. S1). Several studies have reported the successful synthesis
of PANI from a mixture of aniline and the aniline dimer N-phenyl-
p-phenylenediamine (PPD) photosensitized by the singlet oxygen
generator (39) Ru(bpy)32+ in aqueous solution (40, 41), suggesting
the overall feasibility of photosensitized PANI polymerization. Al-
though the participation of singlet oxygen in the reaction was not
investigated, PPD, unlike monomeric aniline (42, 43), has been
shown to be an effective singlet oxygen quencher (44), and related
p-phenylenediamine derivatives have been shown to react with
singlet oxygen via a charge transfer in aqueous solution, generating
the aminium radical cations (44) necessary for aniline polymeriza-
tion (45, 46).

Furthermore, the short lifetime of singlet oxygen in the aqueous
solution implies that only a small (submicrometer scale) (47) region
of the cell near the expressed miniSOG is exposed to the oxidant
(38), suggesting that we can spatially confine the toxic effects of
miniSOG. In contrast to previous chromophore-assisted light inac-
tivation (CALI) studies in which miniSOG protein fusions have
been used to perturb the function of specific protein targets
under high light exposure (48, 49), we hypothesized that carefully
controlling light exposure and sparsely expressing miniSOG
(Fig. 1A and fig. S2) can avoid both diffusive cytotoxicity and the
specific inactivation of membrane proteins commonly targeted
for CALI. In addition, quenching of singlet oxygen by the intro-
duced DAB (50) or PPD (44) could also potentially limit the
singlet oxygen exposure.

To assess the ability of miniSOG to polymerize DAB and PPD in
living cells, we first expressed miniSOG, joined with dTomato by a
T2A ribosomal skip sequence, in the cytosol of human embryonic
kidney (HEK) 293T cells under the control of the CAG promoter.
Irradiating fixed cells expressing this miniSOG construct (termed as
miniSOG+ cells) with a standard green fluorescent protein (GFP)
filter set in the presence of 1 mM DAB produced the expected
dark brown precipitate in transmitted light (TL) images where
miniSOG fluorescence was observed (Fig. 1, B and D). As expected,
darkening due to PDAB assembly correlated well with miniSOG ex-
pression, with nontransfected cells showing essentially no

polymerization (fig. S3A). Similarly, when fixed miniSOG+ cells
were irradiated in a mixture of aniline and PPD, a lighter purple-
gray precipitate indicative of PANI formed in only the irradiated
cells (Fig. 1, C and D). Compared with PDAB, PANI polymerization
also occurred primarily in transfected cells, but some nonspecific
polymerization was observed in nontransfected cells, potentially re-
sulting from nonsensitized photo-oxidation of PPD. An increased
monomer concentration (1 mM each of aniline and PPD) was re-
quired to achieve a similar level of polymerization as characterized
by the darkening of the reacted cells (fig. S3B). Similar results were
obtained in living cells for both polymer types, albeit with higher
nonspecific background polymerization in the case of PANI (fig.
S3, C to G). Notably, a clear boundary between polymerized and
nonpolymerized regions of cells was visible for PDAB (fig. S3E), al-
though a small amount of polymerization is observed outside the
region exposed to the highest light intensity as a result of the non-
coherent light source used. This demonstrates that a subcellular-
level spatially specific polymerization is achievable by optogenetic
polymerization in living cells.

We next used ultraviolet-visible (UV/vis) spectroscopy to char-
acterize the in situ optogenetically polymerized PANI and PDAB.
The polymerized PANI displayed features consistent with chemical-
ly synthesized, undoped PANI (51), while PDAB exhibited a broad
absorbance in the visible range consistent with literature reports
(fig. S3H) (33). Notably, the PANI deposited on cells exhibited a
red shift consistent with chemically synthesized PANI upon acid-
doping treatment with hydrogen chloride (fig. S3H), suggesting
similar extended, conjugated structures for the miniSOG-catalyzed
PANI formed on the cells (33, 51). Consistent with our proposed
mechanism, miniSOG-catalyzed PANI polymerization appeared
to be primarily dependent on singlet oxygen. Specifically, deoxy-
genated monomer solutions formed little to no detectable PANI
precipitate (fig. S4), as did photosensitizers primarily producing
ROS other than singlet oxygen (fig. S5), demonstrating the impor-
tance of a singlet oxygen-producing photosensitizer for in situ
PANI polymerization.

Because TL darkening and electron microscopy both require a
high amount of PDAB deposition for visualization, we devised a
more sensitive and direct method for assessing the location of the
deposited PDAB by fluorescently labeling the deposited polymer.
This could not be achieved by directly tethering the DAB
monomer to fluorophores, mainly due to the instability of most flu-
orophores toward singlet oxygen. Here, we instead tethered the
DAB monomer to biotin via a polyethylene glycol linker (figs. S6
and S7, A and B). When miniSOG+ HEK293T cells were illuminat-
ed as above in the presence of 1 mM biotin-DAB conjugate, fol-
lowed by staining with a streptavidin–Alexa Fluor 647 (AF647)
conjugate, the AF647 signal was primarily observed in the darkened,
light-exposed cells, and a clear boundary of illumination was
present (fig. S7C). Unlike TL imaging, streptavidin visualization
of biotin-PDAB allowed clear three-dimensional reconstruction of
the PDAB location with confocal microscopy, demonstrating a cy-
tosolic distribution of the deposited PDAB, albeit with greater
PDAB deposition near or in the cell membrane (fig.S7D). Although
miniSOG was not targeted to the cell membrane, it is likely that the
PDAB and PANI tended to accumulate within the hydrophobic
core of the lipid bilayer due to their high lipophilicity.

We next constructed and packaged adeno-associated virus
(AAV) containing the miniSOG construct under the control of
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Fig. 1. Optogenetic polymerization and assembly of electrically functional materials in cells. (A) Photosensitizer proteins (PS) are expressed in the cytosol of the
genetically specified neuron types. Upon light irradiation (hν) and introduction of polymer monomers, photosensitizer proteins locally generate singlet oxygen (1O2)after
instersystem crossing (ISC), which polymerizes and assembles conductive or insulating polymers in the cell and on the cell membrane, modulating the membrane ca-
pacitance and excitability (Vm, membrane potential). (B and C) Merged confocal fluorescence (left) and transmitted light (TL; right) images of fixed human embryonic
kidney (HEK) 293T cells coexpressing dTomato (red) and miniSOG (green) after 7 min of irradiation in the presence of 1 mM DAB [labeled as poly(3,3′-diaminobenzidine)
(PDAB+)] (B) and 1 mM aniline and 1 mM N-phenyl-p-phenylenediamine (PPD) [labeled as photopolymerized polyaniline (PANI+)] (C). White dashed lines represent the
boundary of irradiation formed by the epifluorescence light source; Hoechst 33342 nuclear stain is shown in blue; all scale bars are 50 µm. (D) PDAB and PANI depositions
were quantified by measuring the pixel brightness of cells in the TL images and normalizing it to the average background of the cell-free parts of the image. Values
represent means ± SEM; unpaired, two-tailed t tests. ****P < 0.0001. (E and F) Merged confocal fluorescence and TL images of fixed rat cortical neurons expressing
miniSOG (miniSOG+ neurons) after 7 min of irradiation in the presence of 1 mM DAB (E) and 1 mM aniline and 1 mM PPD (F). (G and H) Corresponding images of
neurons expressing only mCherry (miniSOG− neurons). (I and J) Insulating (I) and conductive (J) polymer deposition quantified as described in (D). ns, not significant.
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the human synapsin promoter for infection of in vitro–cultured rat
cortical neurons. We infected neurons with 1010 viral genomes (vg)
of AAV (AAVdj) packaged with the miniSOG construct or AAVdj
packaged with mCherry as controls (multiplicity of
infection = 1 × 105) at 14 days in vitro (DIV), followed by 3 to 5
days of expression after infection. As in HEK293T cells, irradiation
of fixed neurons expressing the intracellular miniSOG in the pres-
ence of 1 mM DAB resulted in a dark brown precipitate only in the
regions exposed to light by the objective (Fig. 1E). When fixed
neurons were instead exposed to light in the presence of the
aniline and PPD mixture, the corresponding purple-gray precipitate
was observed (Fig. 1F). Neurons expressing only mCherry (hereaf-
ter miniSOG−) formed little to no precipitate when irradiated in the
presence of either monomer solution (Fig. 1, G to J).

Biocompatibility of optogenetic polymerization
We proceeded to examine the effects of miniSOG-catalyzed poly-
merization of conductive and insulating polymers on neuron elec-
trophysiology. First, we tested whether miniSOG-catalyzed
polymerization can be achieved effectively and specifically in
miniSOG+ neurons for electrophysiological recordings. Specifically,
we infected neurons as described above, but to avoid the potential
toxicity of miniSOG (52, 53) by achieving a weak expression level,
we restricted the infection period to 3 to 5 days. At 14 DIV, the
primary neurons showed a pyramidal shape and stellate shape
(54), indicating an in vitro maturation (Fig. 2, A and B). We then
replaced the medium with Tyrode’s solution containing monomers
(1 mM DAB or a mixture of 0.5 mM each of aniline and PPD) and
irradiated the neurons with a 475-nm blue light for 5 to 7 min to
polymerize PDAB or 9 to 15 min to polymerize PANI. Notable pre-
cipitates of either DAB or PANI can be observed by the obvious
darkening of membranes of miniSOG+ neurons but not
miniSOG− control (Fig. 2, A and B).

To assess whether the miniSOG-catalyzed polymerization of
PANI and PDAB is biocompatible with neurons, we performed
cell viability tests and electrophysiology characterization on
neurons before and after polymerization. The same polymerization
conditions for PDAB and PANI were applied. Specifically, for the
cell viability test, calcein acetoxymethyl ester (calcein AM) and
NucRed probes were added into the medium and incubated for
30 min to stain live and dead neurons, respectively (Fig. 2C). No
statistically significant difference was detected between any group,
regardless of the presence of miniSOG or each monomer (Fig. 2D
and fig. S8), indicating that the polymerization reaction as per-
formed here (irradiation for 7 min with approximately 5 mW/
mm2) has no acute cytotoxic effects on the viability of neurons.

Then, we characterized the electrophysiology of the cultured
primary rat cortical neurons before and after the miniSOG-cata-
lyzed polymerization by whole-cell patch-clamp measurement.
Notably, compared with a previous Apex2-catalyzed polymeriza-
tion (33), the miniSOG-catalyzed polymerization allowed us to di-
rectly measure the same neurons before and after polymerization.
During electrophysiological measurements, each neuron was main-
tained in whole-cell patch mode throughout the entire recording
procedure (Fig. 3A). It was reported that long-term irradiation of
miniSOG itself can potentially influence neuronal electrophysiolog-
ical activity (48, 55). We also observed that, when the miniSOG ex-
pression was high or irradiation duration was long, neurons
exhibited hyperexcitability after irradiation in the absence of

monomers (fig. S9). Therefore, to avoid the side effects from the
irradiation of miniSOG, we first tested conditions that would least
affect neuronal health and proper functioning before comparing the
effects of polymerization on miniSOG+ and miniSOG− neurons. In
this measurement, miniSOG+ neurons were recorded in the absence
of monomers with differing irradiation time (fig. S10A). We man-
ually selected pyramidal-like neurons with low expression of
miniSOG-mCherry by fluorescence intensity [corrected total
mCherry fluorescence of approximately <1.3 × 104 arbitrary units
under green light (~7 mW/mm2) as in fig. S9C] and found that
up to 7 min of blue light irradiation (5 mW/mm2) has little to no
effect on the electrophysiological properties of miniSOG+ neurons
(fig. S10, B to D). Specifically, comparing the same neurons before
and after polymerization, we did not detect significant changes in
neuronal membrane capacitance (74.59 ± 5.88 versus 74.00 ± 6.50
pF, P > 0.05; before versus after irradiation, means ± SEM, reported
throughout this paper, unless otherwise stated, n = 7), resistance
(383.57 ± 63.91 versus 366.14 ± 85.75 megohms, n = 7, P > 0.05),
and rheobase (97.14 ± 12.67 versus 128.57 ± 25.77 pA, n = 7,
P > 0.05) (fig. S10B). In addition, the action potential spike
number at rheobase, rheobase + 40 pA, and rheobase + 80 pA
was not significantly changed (2.5 ± 0.43 versus 3.7 ± 0.99,
8 ± 0.68 versus 8.3 ± 1.2, and 11.2 ± 0.98 versus 11.5 ± 1.3 pA,
n = 7, P > 0.05), suggesting no alterations in cellular excitability
(fig. S10C). Furthermore, the half-width duration and the ampli-
tude of current-elicited action potentials were not significantly
altered before and after irradiation (half-width duration:
1.49 ± 0.11 versus 2.19 ± 0.37 ms; amplitude: 112.25 ± 4.71 versus
110.32 ± 4.84 mV, n = 7, P > 0.05) (fig. S10, C and D). However, the
latency of phasic stimulation-induced action potentials was signifi-
cantly decreased (5.87 ± 0.60 versus 4.99 ± 0.72 ms, n = 7, P = 0.038),
suggesting that there could be some unanticipated effects resulting
from miniSOG irradiation. Despite some effects on latency, these
results demonstrate that 7 min of 475-nm light irradiation (5
mW/mm2) of neurons with controlled miniSOG expression will
not generally affect neuron electrophysiological behaviors as mea-
sured by the whole-cell patch-clamp. Although the PDAB precipi-
tate formed under these weak expression and irradiation conditions
is challenging to visualize by TL imaging, streptavidin staining of
miniSOG+ neurons polymerized with biotin-DAB under these con-
ditions revealed robust PDAB deposition (fig. S7, E to I). Similarly,
when these irradiation conditions were applied to miniSOG−

neurons, no significant changes in any of the above electrophysio-
logical properties were observed (fig. S11). Therefore, we further
applied this AAVdj infection and optical irradiation condition to
the following optogenetic polymerization experiments (Fig. 3A).

Modulation of neuron excitability by optogenetic
polymerization
Next, we examined whether the miniSOG-catalyzed polymerization
of PDAB and PANI could alter the electrophysiological behaviors of
neurons. Specifically, the inclusion of conductive or insulating poly-
mers on and within the cell membrane is likely to increase or de-
crease the capacitance of the membrane, respectively, which can be

modeled as C ¼ e
A
d

, in which C, ϵ, A, and d are the membrane ca-
pacitance, permittivity, surface area, and distance of separation, re-
spectively. In the case of conductive polymers (PANI), the large
permittivity of these materials (ca. 104) (56) would be expected to
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Fig. 2. Optogenetic polymerization and assembly of electrically functional polymers in living neurons. (A) Schematics of iterative optogenetic polymerization in
living neurons, where X represents the initial irradiation time, N represents the added irradiation time in subsequent irradiation rounds, and X + nN represents the total
irradiation time after n rounds of irradiation. (B) Representative confocal images showing primary miniSOG+ and miniSOG− neurons before and after PDAB (top) or PANI
(bottom) optogenetic polymerization. The optogenetic polymerization was performed by immersing the neurons in Tyrode’s solution containing 1 mM DAB or 0.5 mM
aniline-PPD mixture at 1:1 molar ratio and being irradiated with blue light for 5 to 7 min (PDAB reaction) or 9 to 15 min (PANI reaction). (C) Schematics illustrate the
viability test of cells after miniSOG-catalyzed polymerization under different conditions by live/dead ratio assay. (D) Statistical results of live/dead ratio calculated from the
nine groups. Four replicates per groupwere performed. Values represent the ratio of live/dead cells; means ± SEM. Unpaired two-tailed t tests. all P > 0.05. Light intensities
used for miniSOG-catalyzed polymerization are approximately 5 mW/mm2.
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Fig. 3. Optically controlled and genetically targeted modulation of single-neuron excitability. (A) Schematics of electrophysiological characterization on the cul-
tured neurons. Top: Whole-cell recordings were performed in the Tyrode’s solution in the absence of monomers (step 1), and then neurons were perfused with Tyrode’s
solution containing 1 mM DAB or 0.5 mM each aniline and PPD. Neurons were then irradiated with blue light (step 2). After irradiation, monomer solutions were washed
away by normal Tyrode’s solution. During the entire process, neurons were maintained under whole-cell clamp mode for recording (step 3). The setup for whole-cell
recording includes an amplifier (AMP), a low-pass filter (LPF), and an analog-to-digital converter (ADC). Bottom: Schematics of the recorded neuron showing the mem-
brane properties measured by whole-cell patch-clamp before and after optogenetic polymerization. Vp is the pipette voltage, Rp is the pipette resistance, Cp is the pipette
capacitance, Rfeedback is the resistance of a feedback resistor, Rmem is the membrane resistance, Cmem is the membrane capacitance, and Vout is the output voltage. (B)
Representative current responses evoked by a 10-mV hyperpolarization step in voltage clamp before and after PDAB (top) or PANI polymerization (bottom). Cells were
held at −70 mV and then hyperpolarized to −80 mV for 500 ms followed by −70 mV holding. The charge and discharge current waveforms were analyzed to extract the
capacitance and resistance. (C and D) Comparison of membrane capacitance (C) and resistance (D) before and after PDAB or PANI polymerization (n = 6 neurons for
miniSOG−/PDAB, miniSOG+/PDAB, and miniSOG−/PANI groups and n = 7 neurons for miniSOG+/PANI group). Bar graphs represent means ± SEM; dots with the same
color within each group indicate the same neuron. Paired two-tailed t test. *P < 0.05; t tests with nonsignificant P values are omitted for clarity.
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increase the permittivity of the membrane upon assembly within
the membrane, increasing the capacitance accordingly. In contrast,
the incorporation of insulating polymers (PDAB), which have a
much lower permittivity, would lead to a decrease in capacitance
upon incorporation within the membrane. Note that PDAB is
also known to accumulate outside of membranes (35), which
would primarily modulate d, but this would also lead to decreases
in capacitance in accordance with increasing membrane thickness.
According to the Hodgkin-Huxley model, membrane capacitance
can be regarded as an inversely proportional scale factor that influ-
ences the sensitivity of the changes in membrane potential in re-
sponse to external stimuli (2, 21). These increases or decreases in
membrane capacitance should then be reflected as decreases or in-
creases in neuron excitability, respectively (19).

We characterized these optogenetic polymerization and assem-
bly-induced changes in membrane properties using whole-cell
patch-clamp recordings. The above light irradiation conditions
were applied to neurons recorded in whole-cell patch mode in the
presence of either the PDAB or PANI precursor solutions, permit-
ting electrophysiological characterization of the same neuron before
and after polymer assembly. To avoid any side effects on the mem-
brane properties from remaining monomers after optogenetic poly-
merization, cell electrophysiology was measured after removing the
monomer solution. Directly following the light irradiation, we ob-
served pronounced changes in the square voltage step-induced
current waveform from miniSOG+ neurons, but no change from
miniSOG− neurons (Fig. 3B). Notably, irradiated miniSOG+/
PDAB neurons had a significant decrease in membrane capacitance
(71.33 ± 11.41 versus 59.93 ± 8.91 pF, n = 6, P = 0.027), whereas
irradiated miniSOG+/PANI neurons had a significant increase in
membrane capacitance (78.82 ± 8.33 versus 88.11 ± 7.56 pF,
n = 7, P = 0.021). No statistically significant changes of membrane
capacitance were detected from irradiated miniSOG−/PDAB
(85.42 ± 9.97 versus 91.57 ± 11.53 pF, n = 6, P > 0.05) and
miniSOG−/PANI neurons (73.62 ± 6.90 versus 72.15 ± 7.29 pF,
n = 6, P > 0.05) (Fig. 3, B and C). Meanwhile, we did not notice a
significant change of the membrane resistance from all neurons
after optical irradiation, indicating that light exposure or the result-
ing polymerization in these conditions does not alter whole-cell
conductance (Fig. 3, B and D).

We then examined whether the optogenetic polymerization can
increase or decrease the intrinsic neuronal excitability in accor-
dance with the changes in membrane capacitance. As expected,
the irradiated miniSOG+/PDAB neurons exhibited increased
current injection–evoked action potential firing to depolarizing
stimuli (the spike number increased from 2.33 ± 0.61 to
4.83 ± 1.19 at rheobase, P = 0.037; from 6.33 ± 0.80 to 8.50 ± 0.92
at rheobase + 40 pA, P = 0.010; and from 8.17 ± 1.40 to 11.17 ± 0.75
at rheobase + 80 pA, P = 0.023, n = 6) (Fig. 4, A to C), whereas the
irradiated miniSOG+/PANI neurons exhibited decreased action po-
tential firing to depolarizing stimuli (the spike number decreased
from 1.71 ± 0.36 to 1.57 ± 0.92 at rheobase, P = 0.90; from
5.57 ± 0.95 to 1.57 ± 0.37 at rheobase + 40 pA, P = 0.0064; and
from 8.00 ± 0.72 to 1.86 ± 0.55 at rheobase + 80 pA, P = 0.0013,
n = 7) (Fig. 4, B and C). In contrast, the irradiated miniSOG−/
PDAB and miniSOG−/PANI did not result in a significant change
in the current injection–evoked spike numbers. Notably, we did not
observe changes in the average rheobase level (current spiking
threshold) from all samples (fig. S12B), consistent with the lack of

an effect on membrane resistance. Collectively, these results demon-
strate that optogenetic PDAB and PANI assembly can elicit both
increases and decreases in the intrinsic excitability of neurons.

We also systematically characterized the stimulation-elicited in-
tracellular action potentials of neurons before and after optogenetic
polymerization by applying brief phasic current stimulation. We did
not detect significant changes in the amplitude and kinetics of
phasic current–evoked responses after PDAB polymerization (fig.
S12, C to F). However, we observed a significant increase of the
spike half-width duration (from 1.61 ± 0.09 to 2.55 ± 0.24 ms,
n = 7, P = 0.0087) in miniSOG+/PANI group, while the
miniSOG−/PANI group did not show a statistically significant
change (1.47 ± 0.14 versus 1.49 ± 0.19, n = 6, P > 0.05) (fig.
S12F). The increase of action potential spike half-width suggests
the decrease of neuronal excitability as a result of decreased depola-
rization and repolarization slopes (57).

Next, we sought to characterize the long-term effects of PDAB
and PANI polymerization on neuron viability and electrophysiolo-
gy at both 1 and 3 days after polymerization. Because the neurons
cannot be held under whole-cell patch for this duration, we instead
compared the electrophysiology between miniSOG−/monomer−,
miniSOG+/monomer−, miniSOG+/PDAB, and miniSOG+/PANI
neurons at the population level at each time point after polymeriza-
tion (fig. S13A and S14A). Viability of miniSOG+/PDAB and
miniSOG+/PANI neurons was not significantly affected at either 1
or 3 days after polymerization, although the viability of miniSOG+/
monomer− neurons did decrease significantly after 3 days likely due
to the absence of singlet oxygen quenching by the monomers (figs.
S13B and S14B). Patch-clamp recordings revealed significantly
higher capacitance in the miniSOG+/PANI neurons compared to
miniSOG+/PDAB neurons at 1 day after polymerization
(60.11 ± 8.20 versus 39.75 ± 3.68 pF, n = 6, P = 0.047, unpaired
two tailed t test) without significant changes in resistance or rheo-
base (fig. S13, C to E). At 3 days after polymerization, the overall
trend in capacitance was retained, albeit not statistically significant
(55.79 ± 8.14 versus 43.66 ± 5.53 pF, n = 6, P = 0.246, unpaired two
tailed t test) with no clear differences in resistance or rheobase (fig.
S14, C to E).

In terms of excitability, the spike number when held at rheobase
+ 80 pA was significantly lower in the miniSOG+/PANI neurons
compared to miniSOG+/PDAB neurons at both 1 day after poly-
merization (3.83 ± 1.52 versus 9.00 ± 0.82, n = 6, P = 0.013, unpaired
two-tailed t test) and 3 days after polymerization (2.667 ± 0.61
versus 6.00 ± 1.03, n = 6, P = 0.020, unpaired two-tailed t test),
while at rheobase and rheobase + 40 pA, the trend was the same
but not statistically significant at either time point (figs. S13, F to
H; and S14, F to H). As expected, no statistically significant differ-
ences in spike latency, half-width duration, or amplitude were ob-
served between any groups at either time point (figs. S13, I to K; and
S14, I to K). These results indicate that optogenetic PDAB and
PANI polymerization are capable of capacitance-induced changes
in neuron excitability lasting days after polymerization, without af-
fecting neuron viability. In addition, the long-term stability of these
electrophysiological changes suggests that the polymers tend to ac-
cumulate within the membrane itself, as opposed to on the surface
of the membrane, where gradual diffusion throughout the cytosol
(58) would be expected to reverse the effects of optogenetic poly-
merization over time.
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Stepwise control of optogenetic polymerization and
neuron excitability
Optogenetic polymerization can provide fine temporal control over
the polymerization reaction, thus potentially allowing for stepwise
fine-tuning of membrane properties by controlling the length of
light exposure. To demonstrate that the optogenetic polymerization

can be controlled in a predictable, stepwise manner, we measured
the stepwise change of the membrane properties by continuously
measuring the cultured primary neurons in the monomer solution
during iterative optogenetic polymerization. After characterizing
the initial membrane properties and electrophysiological behaviors
of the neurons, we sequentially measured the membrane properties

Fig. 4. Current injection–evoked spikes characterization before and after optogenetic polymerization of functional polymers in living neurons. Same polymer-
ization procedures were applied on cultured primary miniSOG+- and miniSOG−-cultured neurons as those in Fig. 2. (A) Representative traces evoked by stepwise tonic
current injection (20 pA per step from −100 to 280 pA) before and after PDAB polymerization reaction. From top to bottom, action potentials were evoked at rheobase,
rheobase + 40 pA, and rheobase + 80 pA in the current clamp mode, respectively. (B) Representative traces evoked by stepwise tonic current injection (20 pA per step
from−100 to 280 pA) before and after PANI polymerization. The traces were recorded under current clampmode. Cells were held at−70 to−75mV potential by injecting
current. Stepwise tonic current (20 pA per step from −100 to 280 pA) was injected into cells to elicit action potentials and to determine rheobases. From top to bottom,
action potentials were evoked at rheobase, rheobase + 40 pA, or rheobase + 80 pA, respectively. (C) Comparison of spike numbers before and after PDAB or PANI
polymerization at rheobase, rheobase + 40 pA, or rheobase + 80 pA in current clamp (n = 6 neurons in miniSOG−/PDAB+ group, n = 6 neurons in miniSOG+/PDAB
group, n = 6 neurons in miniSOG−/PANI, and n = 7 neurons in miniSOG+/PANI group). All individual cells were maintained in the whole-cell patch-clamp configuration
across pre- and postreaction time points for direct comparison. Bar graphs represent means ± SEM; dots with the same color within each group indicate the same neuron.
Paired two-tailed t test. *P < 0.05 and **P < 0.01; t tests with nonsignificant P values are omitted for clarity.
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and electrophysiological behaviors of the same neurons after 5, 6,
and 7 min of irradiation (Fig. 5A). Note that, unlike the aforemen-
tioned single time point measurements, the stepwise changes were
recorded in the presence of monomers due to the difficulty of
washing and reperfusing the monomer with each measurement.
We found that the capacitance of miniSOG+ neurons was decreased
in a stepwise manner during the PDAB polymerization (miniSOG+/
PDAB, before irradiation: 74.98 ± 9.08 pF; 5-min irradiation:
72.12 ± 9.10 pF, P = 0.013 versus before irradiation; 6-min irradia-
tion: 69.31 ± 9.03 pF, P = 0.005 versus before irradiation; and 7-min
irradiation: 67.35 ± 8.15 pF, P = 0.009 versus before irradiation;
n = 6) and increased in a stepwise manner during the PANI poly-
merization (miniSOG+/PANI, before irradiation: 87.21 ± 7.97 pF; 6-
min irradiation: 91.80 ± 5.73 pF, P = 0.22 versus before; 7-min irra-
diation: 94.04 ± 5.93 pF, P = 0.067 versus before; and 8-min irradi-
ation: 95.03 ± 5.97 pF, P = 0.058 versus before; n = 7) (Fig. 5, B and
D). However, this trend is not statistically significant in the case of
PANI likely due to the transient effects of the monomer solution
itself on neuron electrophysiology. Similar to our previous results,
the membrane resistances of irradiated miniSOG−/PDAB and
miniSOG−/PANI neurons did not show significant changes over
time (Fig. 5, C and E).

The spike numbers of irradiated miniSOG+/PDAB neurons also
increased significantly during the stepwise PDAB polymerization at
the rheobase level (miniSOG+/DAB, before irradiation: 2.33 ± 0.49;
5-min irradiation: 2.5 ± 0.43, P = 0.77 versus before; 6-min irradi-
ation: 3.33 ± 0.99, P = 0.45 versus before; and 7-min irradiation:
4.00 ± 0.77, P = 0.03 versus before; n = 6), at rheobase level + 40
pA (miniSOG+/DAB, before irradiation: 7.00 ± 1.07; 5-min irradi-
ation: 7.67 ± 1.23, P = 0.52 versus before; 6-min irradiation:
8.50 ± 1.46, P = 0.39 versus before; and 7-min irradiation:
9.50 ± 0.99, P = 0.042 versus before; n = 6), and at rheobase
level + 80 pA (miniSOG+/DAB, before irradiation: 9.17 ± 1.82; 5-
min irradiation: 10.33 ± 1.82, P = 0.20 versus before; 6-min irradi-
ation: 11.83 ± 1.58, P = 0.20 versus before; and 7-min irradiation:
12.50 ± 1.18, P = 0.045 versus before; n = 6) (Fig. 5, F to H). Con-
versely, the spike numbers of irradiated miniSOG+/PANI neurons
showed a stepwise decrease during the PANI polymerization at
rheobase level (miniSOG+/PANI, before irradiation: 1.71 ± 0.42;
6-min irradiation: 1.29 ± 0.18, P = 0.36 versus before; 7-min irradi-
ation: 1.00 ± 0.22, P = 0.14 versus before; and 8-min irradiation:
0.57 ± 0.20, P = 0.030 versus before; n = 7), at rheobase level + 40
pA (miniSOG+/PANI, before irradiation: 4.29 ± 1.27; 6-min irradi-
ation: 2.71 ± 1.06, P = 0.025 versus before; 7-min irradiation:
2.29 ± 1.02, P = 0.033 versus before; and 8-min irradiation:
2.00 ± 1.02, P = 0.0068 versus before; n = 7), and at rheobase
level + 80 pA (miniSOG+/PANI, before irradiation: 4.71 ± 1.30;
6-min irradiation: 3.29 ± 1.23, P = 0.046 versus before; 7-min irra-
diation: 2.71 ± 1.25, P = 0.068 versus before; and 8-min irradiation:
2.14 ± 0.86, P = 0.035 versus before; n = 7) (Fig. 5, I to K). Consistent
with our previous results, the irradiated miniSOG−/PDAB or
miniSOG−/PANI control neurons did not show significant
changes for all measures (Fig. 5, F to K), and the membrane resis-
tance or rheobase did not change significantly in miniSOG+ and
miniSOG− neurons during PDAB or PANI polymerization
(Fig. 5, C and E, and fig. S15, B and F). In addition, the phasic
current–induced response after stepwise PDAB polymerization
showed no changes on the evoked action potential spike amplitude
(fig. S15C). However, the latency decreased from 4.91 ± 0.61 ms

(before irradiation) to 4.88 ± 0.93 ms (P = 0.93 versus before),
4.45 ± 0.79 ms (P = 0.15 versus before), and 3.98 ± 0.69 ms
(P = 0.007 versus before) after 5-, 6-, and 7-min irradiation
(n = 6) (fig. S15E), which suggests a higher likelihood to elicit
action potentials due to increased neuronal excitability after
PDAB polymerization. Meanwhile, the half-width duration in-
creased from 1.42 ± 0.11 ms (before irradiation) to 1.50 ± 0.13 ms
(P = 0.086 versus before), 1.66 ± 0.15 ms (P = 0.028 versus before),
and 1.98 ± 0.28 ms (P = 0.052 versus before) after 5-, 6-, and 7-min
irradiation (n = 6) (fig. S15D). We did not detect significant changes
in the amplitude or kinetics of phasic current–evoked action poten-
tial after stepwise PANI polymerization on both miniSOG+ and
miniSOG− neurons (fig. S15, G to I). Together, these results dem-
onstrate the ability to modulate membrane capacitance and excit-
ability stepwise by iterative optogenetic polymerization of
conductive and insulating polymers.

DISCUSSION
Here, we introduce a method for modulating neural activity using
optogenetic polymerization and assembly of electroactive polymers
on specified cellular membranes. Compared with the previous neu-
romodulation method based on peroxidase catalysis, this optoge-
netic polymerization strategy provides spatiotemporal control
over the polymer generation and assembly and reduces the broad
toxicity of hydrogen peroxide. Furthermore, extending this photo-
sensitized chemical assembly strategy to genetically targetable pho-
tosensitizers such as the Fluorogen Activating Protein - Targetable
and Activatable Photosensitizers (FAP-TAPs) (59) with varying ex-
citation wavelengths potentially allows for simultaneous, multicolor
manipulation of different types of cells in intact neural circuits.
Continued development of genetically targetable photosensitizers
could enable polymer assembly with subcellular specificity and
lower diffuse cytotoxicity. Engineering the structures of the mono-
mers and oligomers can also further improve the biocompatibility
and extend their functionalities, including potential degradability.
We expect that these developments in biocompatible, in vivo
polymer assembly will further allow this technique to be applied
to in vivo manipulation of neuronal circuits and animal behaviors.

Notably, in contrast to the transient modulation of neuron activ-
ities achieved by manipulating ion channel conductivities, material-
based manipulation of membrane capacitance (1, 11–13) can mod-
ulate the neuronal electrophysiology in a long-term stable manner,
at a time scale relevant to brain development, learning, and aging.
Future development of photosensitized in situ biosynthesis of func-
tional polymers in vivo could enable bidirectional neuromodulation
to control brain activities and freely behaving animal behaviors such
as precisely tuning the intrinsic excitation-inhibition balance within
cortical microcircuits over longer time scales. Furthermore, it may
ultimately provide electrotherapeutic stimulation options to ame-
liorate neurodegenerative and myelination degenerative diseases
in a long-term stable manner through the restoration of cell excit-
ability and action potential propagation. Last, the advances in bio-
compatible functional polymer synthesis presented here
demonstrate the utility of in situ nanomaterial synthesis and assem-
bly as an emerging synthetic biology technique for interfacing bio-
logical systems with synthetic materials. This can potentially
provide far greater control over the integration of these materials
at the cellular level than is typically afforded by conventional,
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Fig. 5. Stepwise modulation of single-neuron excitability. (A) Schematics of electrophysiological recording on cultured neurons for change of membrane properties
during stepwise polymerization reaction. (B and C) Change of membrane capacitance and resistance before and after progressively extended blue light irradiation-
induced (~5 mW/mm2 for 5, 6, and 7 min) PDAB reaction. (D and E) Change of membrane capacitance and resistance before and after progressively extended blue
light irradiation-induced (~5 mW/mm2 for 6, 7, and 8 min) PANI reaction. (F to H) Change of spike number at rheobase (F), rheobase + 40 pA (G), and rheobase + 80
pA (H) before and after progressively extended blue light irradiation-induced (~5mW/mm2 for 5, 6, and 7min) PDAB reaction. (I toK) Change of spike number at rheobase
(E), rheobase + 40 pA (F), and rheobase + 80 pA (G) before and after progressively extended blue light irradiation-induced (~5mW/mm2 for 6, 7, and 8min) PANI reaction.
All individual cells were maintained in the whole-cell patch-clamp configuration across pre- and postreaction time points for direct comparison. Bar graphs represent
means ± SEM; dots with the same color within each group indicate the same neuron. Paired two tailed t test. *P < 0.05, **P < 0.01 and ***P < 0.001; t tests with non-
significant P values are omitted for clarity.
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prefabricated nanomaterials, potentially enabling a new generation
of synthetic biology techniques.

MATERIALS AND METHODS
Photopolymerization in living and fixed HEK293T cells
HEK293T cells were seeded onto glass coverslips precoated with
Matrigel according to the manufacturer’s protocol (www.corning.
com/worldwide/en/products/life-sciences/resources/webforms/
the-ultimate-guide-to-corning-matrigel-matrix.html) and grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum in a 5% CO2 environment to approximately 90% con-
fluence before transfection. Cells were transfected with either the
miniSOG plasmid or the SuperNova Green plasmid under the
control of the CAG promoter using Lipofectamine 3000 based on
the manufacturer’s protocol (www.thermofisher.com/document-
connect/document-connect.html?url=https%3A%2F%2Fassets.
thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%
2Flipofectamine3000_protocol.pdf) and then cultured for an addi-
tional 24 hours. For living cell experiments, the cells were stained
with 10 μM Hoechst 33342 (Thermo Fisher Scientific) for 10 min
in FluoroBrite DMEM, rinsed with phosphate-buffered saline
(PBS), and then kept in FluoroBrite DMEM until polymerization.
During the polymerization, the FluoroBrite DMEM was removed
from the well and replaced with the working solution of
monomer approximately 5 min before irradiation. Confocal fluo-
rescence and TL images were captured before and after exposure
to 475-nm light for 5 to 10 min. For routine photopolymerization,
the epifluorescence light source on the GFP filter set was used with
the intensity adjusted to approximately 62 mW/mm2.

For fixed cell experiments, the cells were stained with Hoechst as
above, rinsed with PBS, and then fixed in 100 mM sodium cacody-
late, with 3.2% paraformaldehyde and 0.25% glutaraldehyde (Elec-
tron Microscopy Sciences) at pH 7.4 for 15 min before rinsing twice
with PBS. Cells were then quenched in 50 mM glycine in PBS for 15
min before rinsing twice again in PBS. The working solution of
monomer was prepared as above, except in PBS, and then was
added to the cells before performing photopolymerization.
Working solutions of the monomer were prepared by dissolving 1
mM DAB or 0.75 to 1 mM aniline + 0.75 to 1 mM PPD in Fluoro-
Brite DMEM, prewarmed and equilibrated in the 5% CO2 environ-
ment, and then filtered through a 0.22-μM syringe filter before
adding to cells. Stock solutions of DAB or aniline were prepared
by dissolving DAB tetrahydrochloride hydrate (Sigma-Aldrich) or
aniline (Sigma-Aldrich) to 100 mM in ultrapure water, while the
stock solution of PPD (Sigma-Aldrich) was prepared by suspending
it to 100 mM in 150 mM HCl. The stock solution was stirred and
periodically sonicated at room temperature for 1 to 2 hours to create
a fine green-gray suspension that dissolved completely upon dilu-
tion into the working solution.
UV/vis spectroscopy of in situ polymerized PANI
HEK293T cells were cultured and transfected on Aclar coverslips as
above. Hoechst staining was skipped, cells were fixed and blocked,
and the monomer solution was added as above. To maximize the
area exposed to light, polymerization was performed on the 4× ob-
jective of an epifluorescence microscope using a 475-nm laser with
an approximate intensity of 50 mW/mm2. Cells were then rinsed
several times with ultrapure water and air-dried for several hours
before acquiring UV/vis spectra on a Cary 60 UV/vis

spectrophotometer. For acid doping, the cover slip was kept in a
sealed chamber with a few drops of concentrated hydrochloric
acid added to the bottom for 1 hour.
Molecular cloning, viral vector construction, and virus
production
For HEK293T expression, the miniSOG coding sequence was in-
serted into a pAAV-CAG-T2A-dTomato vector backbone for cyto-
solic expression under the CAG promoter using NEBuilder HiFi
DNA assembly. For a superoxide-producing control, the codon-op-
timized coding sequence of the KillerRed derivative SuperNova
Green (37), synthesized by GenScript, was inserted instead. For
AAV production, the same miniSOG sequence was cloned into a
pAAV-hSyn-T2A-mCherry backbone. The following AAV viral
vectors under the control of the human synapsin (hSyn) promoter
were packaged as AAVdj in our own laboratory: (i) pAAVdj-hSyn-
mCherry and (ii) pAAVdj-hSyn-miniSOG-T2A-mCherry. All plas-
mids used in this paper have been deposited to Addgene.

Photopolymerization in living and fixed neurons
Primary neurons culture and transfection
Primary cultures of cortical rat neurons were prepared as follows,
following the Institutional Animal Care and Use Committee guide-
lines. The cortex of Sprague-Dawley rat pups was removed at em-
bryonic day 17. Cortex were digested with papain (0.4 mg/ml) and
plated onto 12-mm glass coverslips precoated with 1:80 Matrigel
(Corning). Cells were plated in 24-well plates at a density of
100,000 cells per well. The cultured neurons were maintained in
NbActiv4 medium (BrainBits) and kept in a humid culture incuba-
tor with 5% CO2 at 37°C. Primary culture neurons were infected
with 1 × 1010 vg of AAVdj-hSyn-miniSOG-T2A-mCherry or
AAVdj-hSyn-mCherry at 14 DIV. After 3 to 5 days of expression,
photopolymerization was performed according to the above proce-
dures for HEK293T cells.
Biotin-DAB photopolymerization and streptavidin-AF647
staining
miniSOG+ HEK293T cells or neurons were fixed and glycine-
quenched as described above, then permeabilized in 0.1% Triton
X-100 in PBS for 15 min, blocked with a streptavidin/biotin block-
ing kit according to manufacturer’s instructions (Thermo Fisher
Scientific, cat. no. E21390), and then polymerized as described
above for DAB in the presence of 1 mM biotin-DAB instead for
10 min at ~155 mW/mm2 of a 475-nm light. The same was true
for neurons, except that the intensity was reduced to ~3.2 mW/
mm2. Following polymerization, cells were washed 3× for 5 min
with PBS + 0.1% Tween 20 and then stained with a 1:750 dilution
of streptavidin-AF647 (Thermo Fisher Scientific, cat. no. S21374) in
PBS/Tween 20 for 90 min, followed by 3× 20-min washes of PBS/
Tween 20 before confocal imaging.

Photo-oxidation of PPD with small molecule
photosensitizers
A 100 mM suspension of PPD in 150 mM HCl was prepared as de-
scribed above and then diluted to 500 μM in PBS. Methylene blue
(Sigma-Aldrich) or Victoria blue BO (Sigma-Aldrich) was added to
a final concentration of 5 μM along with 5 mM sodium azide
(Sigma-Aldrich) or superoxide dismutase (45 μg/ml; from bovine
erythrocytes; Sigma-Aldrich) from freshly prepared aqueous stock
solutions. Reactions were monitored in an untreated, glass-bottom
96-well plate. UV/vis spectra were acquired on a PerkinElmer
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EnSpire plate reader before irradiation of the entire well using a 10×
microscope objective on the Cy5 Filter Set (~108 mW). After 30 s,
no precipitate was visible, and the UV/vis spectra were measured
again before continuing irradiation for an additional minute until
a dark precipitate began to form in the wells containing methy-
lene blue.

Electrophysiological characterization
Whole-cell patch-clamp
For whole-cell recording, electrophysiological parameters of cul-
tured neurons were amplified and digitized using the MultiClamp
700B and Digidata1400 (Molecular Devices) and pipettes with a re-
sistance of 4 to 6 megohms filled with an internal solution contain-
ing: 128 mM K-gluconate, 10 mM Na-phosphocreatine, 10 mM
Hepes, 1.1 mM EGTA, 5 mM adenosine 5′-triphosphate–Mg, and
0.4 mM guanosine 5′-triphosphate–Na with the pH adjusted to 7.4
with KOH. The osmolarity of the internal solution was adjusted to
around 300 mosmol with sucrose. The neurons infected with
AAVdj-hsyn-mCherry or AAVdj-hsyn-miniSOG-T2A-mCherry
cultured on glass coverslips were exposed to Tyrode’s solution
(150 mM NaCl, 4 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 20 mM
glucose, and 10 mM Hepes; titrated to pH 7.35 with NaOH and ad-
justed osmolarity to 320 to 330 mosmol). 2,3-Dioxo-6-nitro-
1,2,3,4-tetrahydrobenzo( f )quinoxaline-7-sulfonamide disodium
salt (NBQX; 20 μM; Tocris) as the AMPA receptor blocker and
D-2-amino-5-phosphono-valeric acid (D-AP5; 25 μM, Tocris) as
the N-methyl-D-aspartate receptor blocker were contained in all
bath solutions. The cells were held in voltage clamp mode at −75
mV. Membrane resistance and cellular capacitance were calculated
from a 10-mV depolarization step in voltage clamp. Then, the mode
was switched to current clamp followed by stepwise tonic current
injection (20 pA per step from −100 to 280 pA) to elicit action po-
tentials and to determine rheobases. Phasic currents (500 pA, 10 ms,
and 5 Hz) were injected to generate action potentials while holding
at a membrane potential of −70 to −75 mV. Then, the bath solution
was switched to the Tyrode’s solution containing 1 mM DAB or 0.5
mM aniline + 0.5 mM PPD with NBQX and D-AP5 at pH 7.35 and
osmolarity of 320 to 330 mosmol. Recording was repeated after
neurons were completely immersed into Tyrode’s solution with
monomers and after progressively extended blue light irradiation
(5, 6, and 7 min stepwise, ~5 mW/mm2) to induce polymerization.
Following the end of polymerization, monomers were washed away
by replacing the bath solution with Tyrode’s solution without
monomers, and recording procedure was repeated. Figures 3 and
4 and fig. S10 compared the electrophysiological properties
between recorded parameters before adding monomers and
washing away monomers. Figure 5 and fig. S12 compared the
change of electrophysiological properties when neurons were im-
mersed in the Tyrode’s solution containing monomers. Figure S9
compared the electrophysiological properties in the absence of
monomers by immersing the neurons in the monomer-free
Tyrode’s solution during recordings. Analyses of physiological
results were performed using Clampfit software (Axon Instru-
ments). Spike width was estimated at the half-peak position from
the threshold potential to the peak of a single action potential.
Spike latency was estimated as the time point of the peak of an
action potential starting from the onset of the current injection.
Spike amplitude was estimated as the magnitude of the action po-
tential, taking the resting potential as the baseline. Spike number

was estimated by averaging the spike numbers counted at the rheo-
base, rheobase + 40 pA, and rheobase + 80 pA.
Characterization of long-term modulation of neuron
excitability and viability
A total of 1 × 105 primary cultures of cortical rat neurons were
added to Nb4 medium and cultured on poly-D-lysine (PDL)-
coated glass coverslips. The cultured neurons were infected with
1 × 1010 vg of AAVdj-hSyn-miniSOG-T2A-mCherry or AAVdj-
hSyn-mCherry at 14 DIV, and at 17 DIV, the medium was switched
to Tyrode’s solution (150 mM NaCl, 4 mM KCl, 2 mM MgCl2, 2
mM CaCl2, 20 mM glucose, and 10 mM Hepes; titrated to pH
7.35 with NaOH and adjusted osmolarity of 320 to 330 mosmol)
or Tyrode’s solution containing 0.5 mM aniline and 0.5 mM PPD
(PANI+) or 1.0 mM DAB (PDAB+). The original Nb4 medium from
the cultures was collected and incubated in a humid culture incu-
bator with 5% CO2 at 37°C for later use. The Tyrode’s solutions were
prefiltered with 0.22-μm filter units. The cultured neurons were
then exposed to 7 min of blue light irradiation (~5 mW/mm2) to
induce polymerization. Following the end of polymerization, cul-
tured neurons were washed with prewarmed Nb4 medium three
times and then maintained in a humid culture incubator with 5%
CO2 at 37°C in the original Nb4 medium until subsequent electro-
physiological characterization. After additional incubation of 1 or 3
days, the cultured neurons were taken for whole-cell patch-clamp
characterization or cell viability assays according to the aforemen-
tioned methods.

Cell viability assay
A total of 2 × 104 primary neurons were added in the Nb4 medium
and seeded into each well of 96-well-plate. We divided all the wells
into nine groups. They were set as follows: (group 1) AAV−,
monomer−, and irradiation− (baseline control); (group 2)
mCherry+, momoner−, and irradiation− (test effect of AAV infec-
tion); (group 3) miniSOG+, monomer−, and irradiation− (test
effect of AAV and miniSOG infection); (group 4) mCherry+,
DAB−, and 7-min irradiation; (group 5) mCherry+, DAB+, and 7-
min irradiation; (group 6) mCherry+, PANI+, and 7-min irradia-
tion; (group 7) miniSOG+, DAB−, and 7-min irradiation; (group
8) miniSOG+, DAB+, and 7-min irradiation; and (group 9)
miniSOG+, PANI+, and 7-min irradiation. At 14 DIV, neurons
were infected with 1 × 1010 vg of AAVdj-hSyn-miniSOG-T2A-
mCherry or AAVdj-hSyn-mCherry (except group 1). Three to 5
days after infection when mCherry fluorescence was observed,
DAB was added to a final concentration of 1 mM or aniline, and
PPD mixture was added to 0.5 mM in Tyrode’s solution, respective-
ly, with pH adjusted to 7.3 to 7.4 and osmolarity adjusted to 320 to
330 mosmol. Then, the solution containing monomers was filtered
with a 0.22-μm filter unit. Solution containing monomers was
added into one of the wells each time following the group settings,
and neurons were irradiated for 7 min with ~5 mW/mm2 epifluor-
escence blue light. The Tyrode’s solution was replaced with the orig-
inal Nb4 media of each well. After all the wells were irradiated and
then incubated at 37°C for 30 min for recovery, the cell viability test
was then performed. For the cell viability test, the cells were washed
one to three times in 1× PBS as needed. Calcein AM (1×)/NucRed
Dead 647 ReadyProbes Reagent solution was prepared by diluting
the provided calcein AM stocks 1:500 in Nb4 medium and adding
two drops of NucRed Dead 647 Reagent per milliliter of medium.
The original medium was gently removed from the wells. Each well
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was washed three times with fresh Nb4 medium to remove loosely
attached and dead cells. A total of 100 μl of medium containing
calcein AM and NucRed Dead 647 ReadyProbes Reagent was
added to each well. The cells were incubated at room temperature
(22° to 26°C) for 5 to 15 min, protected from light. The calcein AM
and NucRed solution were removed, and thewells washed two times
with fresh Nb4 medium. After the last wash, enough Tyrode’s sol-
ution was added to cover the cells. The presence of the green calcein
AM (excitation of 485 nm and emission of 515 nm) or far-red
NucRed Dead 647 ReadyProbes Reagent (excitation of 642 nm
and emission of 661 nm) fluorescence in the illuminated area was
assessed by fluorescence microscopy using the same imaging pa-
rameters for all wells.

Synthesis and characterization of biotin-DAB
Detailed synthetic methods and characterization can be found in
the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Figs. S1 to S15
Supplementary synthetic methods and characterization for Biotin-DAB
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