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Brain-inspired computing paradigms have led to substantial
advances in the automation of visual and linguistic tasks by
emulating the distributed information processing of biologi-
cal systems’. The similarity between artificial neural networks
(ANNSs) and biological systems has inspired ANN implemen-
tation in biomedical interfaces including prosthetics?> and
brain-machine interfaces®. While promising, these implemen-
tations rely on software to run ANN algorithms. Ultimately, it
is desirable to build hardware ANNs*° that can both directly
interface with living tissue and adapt based on biofeedback®’.
The first essential step towards biologically integrated neu-
romorphic systems is to achieve synaptic conditioning based
on biochemical signalling activity. Here, we directly couple an
organic neuromorphic device with dopaminergic cells to con-
stitute a biohybrid synapse with neurotransmitter-mediated
synaptic plasticity. By mimicking the dopamine recycling
machinery of the synaptic cleft, we demonstrate both
long-term conditioning and recovery of the synaptic weight,
paving the way towards combining artificial neuromorphic
systems with biological neural networks.

Neuromorphic devices offer many of the same functionalities as
biological synapses and are ideally suited for hardware ANNs, mak-
ing them a promising bridge between artificial and biological neural
networks®’. Organic neuromorphic devices are particularly relevant
for cell-device interfaces due to their biocompatibility, relatively low
mechanical modulus and responsivity to analytes in the surround-
ing (aqueous) media'®"'%. Synaptic functions including short-term
potentiation (STP) and global regulation of synaptic behaviour have
been demonstrated in organic neuromorphic devices using polye
thylenedioxythiophene:poly(styrene sulfonate) (PEDOT:PSS) as
the active material”®. In fact, PEDOT:PSS is also a viable surface
for in vitro monitoring'“'* and can also be exploited for the electro-
chemical detection of neurotransmitters through redox reactions’®.

Current neural interfaces utilize electronic devices that record
local electric fields generated by both action potentials and synap-
tic currents and use electrical potentials to modulate depolariza-
tion processes at both the single-cell level and network hubs'’-".
In previous work, neuromorphic devices have been connected to
the electrical outputs of cells to regulate the ‘synaptic weight’ of
the device’®”!. Furthermore, microelectrode array recordings of
neuronal cultures have been sorted and processed using inorganic
memristors”? or field-programmable-gate-array-based neural
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networks”. Long-term connectivity between neurons in biological
systems, however, is governed by chemical signals from neurotrans-
mitter release into the synapse. Thus, to emulate biological synaptic
behaviour, the connectivity (such as synaptic weight) of the neu-
romorphic device must be dynamically regulated by the local neu-
rotransmitter activity.

In this work, we report a functional biohybrid synapse compris-
ing a dopaminergic presynaptic domain of PC-12 cells coupled
to an organic neuromorphic device as the postsynaptic domain
(Fig. 1a-d). Dopamine plays an important role in regulating syn-
aptic transmission from cell to cell**. In particular, dopamine reg-
ulates synaptic plasticity, affecting synaptic conditioning such as
long-term potentiation (LTP) and depression (LTD)*. The impor-
tance of dopamine signalling in the modulation of synaptic con-
nectivity makes it an ideal model to demonstrate the regulation of
synaptic weights in neuromorphic-based prosthetics.

In our biohybrid synapse, dopamine exocytosed by PC-12 cells
at the presynaptic end is locally oxidized at the postsynaptic gate
electrode (Fig. 1b). Following dopamine oxidation, the resulting
change in the charge state of the gate electrode induces ion flow in
the aqueous electrolyte, thus altering the conductance of the post-
synaptic channel, as explained in the literature (ref. ''). The dopa-
mine oxidation process emulates the postsynaptic receptor binding
observed in biological synapses, while the modified channel con-
ductance emulates synaptic weight modulation by the neurotrans-
mitter. When dopamine is present in solution, the change in the
synaptic weight of the postsynaptic channel consists of both a short-
and a long-term component (Fig. 1e). Indeed, the flow of ions under
the applied postsynaptic gate bias results in short-term modulation
of the postsynaptic channel conductance (independent of dopa-
mine concentration) as previously reported®, whereas dopamine
oxidation results in long-term conditioning of the neuromorphic
channel. In biological synapses, dopamine binding to postsynap-
tic receptors is reversible. Dopamine can return to the presynaptic
end through endocytic recycling pathways”. Here, this process is
emulated by a polydimethylsiloxane (PDMS) microfluidic channel,
which facilitates the recycling of dopamine and its oxidation prod-
uct, dopamine o-quinone?®, at the artificial synapse (Fig. 1c,d).

When using the cell culture media as an electrolyte (in the
absence of cells and absence of dopamine), a voltage pulse at the
gate electrode (V) results in the reversible (short-term) change
in conductance of the PEDOT:PSS neuromorphic channel due to
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Fig. 1| Design and performance of dopamine-mediated organic neuromorphic device. a,b, Schematic comparison of a biological synapse (a) and

our neurotransmitter-mediated neuromorphic device (b). The oxidation of dopamine (pink spheres) to dopamine o-quinone (green spheres) at the
postsynaptic gate electrode controls the change in conductance of the postsynaptic channel. ¢, Schematic showing the neuromorphic device array with
microfluidic channels used for dopamine flow. d, Inset showing a fluorescence image of PC-12 cells coupled to a single device. e, Short-term and long-term
modulation of the postsynaptic conductance (G,,.) under dopamine flow (in the absence of cells) achieved using voltage pulses at the postsynaptic gate
(Voo =+0.3V, t . =25). G, Was measured using a source-drain voltage V,=-0.1V.

ion flow into the channel changing its doping state (Supplementary
Fig. 1)'**. When dopamine is introduced into the electrolyte solu-
tion, the conductance change is enhanced due to the oxidation of
dopamine at the postsynaptic gate electrode (Extended Data Fig. 1)'°.
Crucially, unlike when only the cell culture media is present, the
conductance change resulting from dopamine oxidation is perma-
nent as a result of the irreversibility of this reaction (Extended Data
Fig. 2). Thus, electrons flowing from dopamine to the postsynaptic
gate electrode under an applied potential V,,, cannot flow back to
solution even when V, is returned to 0V (Extended Data Figs. 3
and 4). The resulting permanent change in channel conductance
(Fig. le) emulates long-term potentiation in biological neural net-
works. In fact, in nature, long-term modulation only happens when
neurotransmitter molecules are present in the synaptic cleft follow-
ing vesicle exocytosis (that is, after postsynaptic pulses are fired)
by the presynaptic cell. Thus, our biohybrid synapse emulates the
Hebbian learning rule’: ‘neurons that fire together, wire together’
Fluorescence imaging revealed that PC-12 cells survived on
neuromorphic devices with no relevant toxicity effects (Fig. le and
Extended Data Fig. 5) and actively secreted dopamine following
plating®. The dopamine secreted by a 20% confluent monolayer is
detected at the postsynaptic domain by sweeping the postsynaptic
gate voltage, V,,,, and monitoring the conductance of the postsynap-
tic channel, G, =1/ V., where I, and V,, are the current and volt-
age applied across the postsynaptic channel, respectively (Fig. 2a,
solid lines). Since the PC-12 cell monolayer collectively consti-
tutes the presynaptic domain, different cell densities influence the
overall dopamine accumulation. As expected, a higher cell density
(30% confluent monolayer) leads to an increased peak transconduc-
tance, g, (Fig. 2a, dashed lines), indicating an increase in dopamine
concentration oxidizing at the postsynaptic gate electrode surface
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(Extended Data Fig. 1). Further increase of the cell density to a 90%
confluent monolayer creates a diffusion barrier, preventing the effi-
cient circulation and oxidation of dopamine at the gate electrode
(Supplementary Fig. 2). Thus, we utilized a 70% cell monolayer for
device demonstrations. We found that the long-term viability of
cells extends to at least 24 h (Extended Data Fig. 6), confirming the
stability of the biohybrid synapse.

To efficiently emulate the synaptic cleft, the neuromorphic
device must be able to respond to the dynamic release and recy-
cling of small absolute counts of neurotransmitter. In a biologi-
cal synapse, this is achieved by the formation of a junction, which
slows dopamine diffusion away from the synaptic cleft, resulting
in accumulation of the neurotransmitter. Similarly, our biohybrid
synapse also relies on the junction between the pre- and postsyn-
aptic domains. We visualized the junction between PC-12 cells and
the surface of the postsynaptic gate electrode using cross-sectional
scanning electron microscopy with focused ion-beam milling (FIB/
SEM,; Fig. 2b; see Methods) to characterize their physical coupling™.
The interspace between the plasma membrane of dopaminergic
cells (presynaptic domain) and the PEDOT:PSS electrode (postsyn-
aptic domain) constitutes the biohybrid synaptic cleft with an aver-
age spacing of 100nm and minimum distance points of 5-10nm,
which is comparable to previous reports* (Fig. 2c). To emulate the
synaptic recycling process of endocytosis, we flowed fresh solution
through the microfluidic channel (Fig. 1c), which accelerated the
diffusion of dopamine away from the synaptic cleft.

To demonstrate the dynamic behaviour of the biohybrid syn-
apse under microfluidic flow, we measured the postsynaptic con-
ductance (G,,) under a constant postsynaptic gate potential
(Vo =0.3V) at different flow rates (Fig. 2d). At low flow rates
(light blue), the postsynaptic conductance decreases steadily due
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Fig. 2 | Measurement of dopamine released by PC-12 cells. a, Normalized transfer characteristics and transconductance of the neuromorphic device with
PC-12 cells at low and high cell densities (light and dark blue, respectively). b, Cross-sectional SEM image of a PC-12 cell plated on PEDOT:PSS obtained
using FIB. ¢, Inset highlighting the cell membrane (orange) to electrode (white) interface. d, Dynamic behaviour of the neuromorphic device under a

constant postsynaptic gate voltage V.

st ==0.3V and under microfluidic flow. e,f, Schematic representations of device behaviour (left) and emulated

biological process (right) corresponding to the low flow rate (e) and high flow rate (f) shown in d. Accumulation of dopamine at the cell-PEDOT:PSS
interface occurs under a low flow rate (e), which leads to memory conditioning due to the continuous oxidation of dopamine at the postsynaptic gate
electrode surface. Under the high flow rate (f), removal of dopamine from the cell-PEDOT:PSS interface followed by reduction of oxygen leads to memory

recovery, emulating endocytosis. ox., oxidation; red., reduction.

to the continuous build-up and oxidation of exocytosed dopamine
(Fig. 2e). At high flow rates (dark blue), on the other hand, when
dopamine is washed away from the surface before it can accumu-
late, G, increases steadily because dopamine is cleared from the
cleft and microfluidic channel before it can oxidize, emulating
endocytosis (Fig. 2f). Previous reports have shown that dissolved
oxygen can oxidize reduced PEDOT:PSS (ref. ), which results in
the observed conductance increase (see Supplementary Text 1).
Thus, the behaviour observed in Fig. 2d is attributed to the compet-
ing effects of dopamine oxidation and dissolved oxygen reduction
(Extended Data Fig. 7). The result is a form of dynamic synaptic
plasticity where the postsynaptic channel conductance (or synaptic
weight) depends on the relative rates of dopamine release (in the
biohybrid synaptic cleft) and oxidation versus dopamine recycling
and oxygen reduction.

Finally, we demonstrated dopamine-mediated long-term
conditioning at the postsynaptic end of the synapse. Dopamine
released by presynaptic cells was oxidized by postsynaptic gate
pulses (V. =03V, t,,,=2s, n=15 pulses), resulting in a perma-
nent decrease of the postsynaptic conductance G, (Fig. 3a) of
8.4+2.8 S per pulse. From the calibration curves (Extended Data
Fig. 8), we estimate a dopamine concentration (Cp,) of ~10-15pM
within the biohybrid synaptic cleft. We confirm the successful
long-term conditioning of the postsynaptic domain, G, (that is,
the modulation of the synaptic weight) by measuring G, after
PC-12 cell incubation for an additional two hours. The conductance
level does not increase following the second incubation, showing
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that the conditioning of the synaptic weight G, is retained, thus
confirming successful long-term conditioning of the postsynaptic
domain. There is a slight decrease in conductivity due to the drift
in the baseline conductance during cell incubation (Supplementary
Fig. 3), but the relevant synaptic behaviour is retained. To verify the
continued synaptic plasticity, we repeated the pulsing measurements
with the same conditions after four hours of incubation (Fig. 3a,
dark blue). During this time, dopamine continued to accumulate
in the extracellular media, resulting in a 40% larger long-term con-
ditioning AG,,, (11.8+4pS, Cp, of ~15-20pM) in response to
postsynaptic pulses, further showing the dynamic response of the
biohybrid synapse to presynaptic dopamine signalling.

Similar to the biological connectivity of neurons, the reported
neuromorphic device response is related to the rates of dopamine
release at the postsynaptic interface as well as the diffusion (or
endocytosis) rates of the neurotransmitter away from the interface.
Under pulsed operation, the biohybrid synapse follows the Hebbian
model for synaptic connectivity: dopamine is present at the synaptic
interface for a short period of time following an action potential,
but the pulsing of the postsynaptic domain is required to achieve
long-term conditioning. This effect is demonstrated by stimulating
PC-12 cells with KCI solution to elicit exocytosis and monitoring
the device response to postsynaptic pulses (Fig. 3b,c). Without suffi-
cient stimulation (60 mM KCI), the dopamine release rate of PC-12
is too slow to accumulate during the short timescale (~2min) of
the measurement, and thus no device response is observed during
pulsing (Fig. 3b). By contrast, when the stimulation of PC-12 cells
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Fig. 3 | Long-term potentiation of the artificial postsynaptic neuron. a, Synaptic conditioning of the neuromorphic device coupled with PC-12
dopaminergic cells resulting from the oxidation of accumulated dopamine at the cell-PEDOT:PSS interface during 2 h (light blue) and 4 h (dark blue) of
incubation. b,¢, Biohybrid synapses coupled with PC-12 cells were measured following removal of the extracellular solution and washout of the channel
followed by addition of a 60 mM KCl solution (b) and a 120 mM KCI solution (c) to elicit exocytosis in the PC-12-cell layer. The change in conductivity

in response to postsynaptic voltage pulses occurs only when PC-12 cells are stimulated with 120 mM KCl due to the high release rate of dopamine,
whereas the dopamine release after 60 mM KCl stimulation is insufficient to elicit a device response. d, Schematic drawing of the potential integration of
an artificial neuron with a biological neuron. In the case of a neuron, the dopamine concentration at the device-cell interface depends on the firing rate
of the presynaptic neuron, while the change in postsynaptic current (or long-term potentiation) depends on the pulse rates of both the presynaptic and

postsynaptic domains, resulting in a correlated spiking learning mechanism.

is increased (120mM KClI), the postsynaptic voltage pulses elicit
long-term conditioning of the device of AG,,, of 5.4+0.8uS per
pulse (Fig. 3c), comparable to the results in Fig. 3a. Thus, the syn-
aptic weight of the neuromorphic device is modulated by the post-
synaptic pulses in tandem with the rapid dopamine release from
the presynaptic domain, thereby regulating the long-term synaptic
weight of the neuromorphic channel in an analogous fashion to
biological neurons (Fig. 3d). The neurotransmitter-mediated neu-
romorphic device presented in this work constitutes a fundamental
building block for ANNs that can be directly modulated based on
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biological feedback from live neurons and is a crucial first step in
realizing next-generation adaptive biohybrid interfaces.

In the future, we expect that through further downscaling of the
neuromorphic devices used in this work, detection limits could be
reduced to the scale of single-vesicle release events (see Extended
Data Fig. 9 and Supplementary Text 2). One of the remaining chal-
lenges is designing the connectivity between the biohybrid neuro-
morphic devices and processing units. We expect that biohybrid
devices presented here can be used to bridge synaptic connections
and could further be utilized in conjunction with organic ANN
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circuits separate from the biohybrid interface for additional signal
processing. Additionally, we envision that by combining biohy-
brid synapses with stimulating devices such as electrochemical ion
pumps® to form a prosthetic synaptic junction, systems in the far
future could introduce or repair chemical communication between
neurons.
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Methods

Neuromorphic device fabrication. Neuromorphic device photolithographic
patterning was performed on silicon wafers with a 200 nm thermal oxide. First,
metal interconnects (5/100 nm Ti/Au) were patterned using a standard lift-off
process. The wafers were subsequently coated with 1.5 um of Parylene-C as the
insulating layer, which was crosslinked using a treatment of 3-(trimethoxysilyl)
propyl methacrylate to promote adhesion to the substrate. Following the first
Parylene-C layer, a dilute soap (3% Micro-90 in deionized water) solution was
spin-cast on top, followed by deposition of a second Parylene-C layer, later

used as a peel-off layer. The wafers were then coated with 75 nm of Ti using
e-beam evaporation, photolithographically patterned and dry etched to define
the neuromorphic channel and postsynaptic gate areas. The wafer dies were
cleaned with isopropanol sonication followed by ultraviolet-ozone cleaning
before spin-coating the polymer layer. PEDOT:PSS (Hereaus, Clevios PH 1000)
aqueous solution was prepared by adding 6 vol.% ethylene glycol (Sigma-Aldrich)
to increase the PEDOT:PSS conductivity, 0.1 vol.% dodecylbenzene sulfonic acid
(Sigma-Aldrich) as a surfactant, and 1vol.% (3-glycidyloxypropyl)trimethoxysilane
(Sigma-Aldrich) as a crosslinking agent to improve mechanical stability.
PEDOT:PSS solution was spun on the wafer die at 1,000 r.p.m. for 2 min and
baked at 120 °C for 20 min. The top Parylene-C layer was then peeled off to retain
PEDOT:PSS only in the photolithographically defined neuromorphic channel and
postsynaptic gate areas. The wafer dies were gently rinsed in deionized water to
eliminate residual soap and were subsequently dried at 120°C for 5min.

Microfluidic device fabrication and integration. Microfluidic channels were
prepared using a photolithographically patterned mould in SU-8 epoxy resin

(~1 mm thick) on an undoped silicon wafer. PDMS was mixed with a crosslinker
in a ratio of 10:1 wt/wt and degassed in a vacuum desiccator before being poured
onto the wafer containing the mould and heated to 80°C for 24h to cure. A
1.2-mm-diameter biopsy punch was used to create the holes for inlets and outlets,
which consisted of Teflon tubing (0.813 mm inner diameter, 1.32 mm outer
diameter). A small amount of uncured PDMS was used to coat the bottom surface
of the PDMS microfluidic channel before placing it onto the silicon substrate,
which was subsequently baked at 80 °C for 1h.

Dopamine solution preparation. Dopamine solutions were prepared by dissolving
dopamine hydrochloride (98%, Sigma-Aldrich) into either 100 mM sodium
chloride (NaCl) aqueous solution or into cell culture media (Dulbecco’s Modified
Eagle’s Medium (DMEM)—high glucose, Sigma-Aldrich) at a concentration of

200 pM. To vary the concentration in the microfluidic experiments, the 200 uM
dopamine solution was mixed with a 0 pM dopamine solution to dilute to the
desired concentration using the two inlets of the microfluidic channel. All
dopamine solutions were prepared immediately before measurements to avoid
degradation due to ultraviolet exposure.

Characterization of artificial postsynaptic devices. Devices were characterized
using a commercial platform (ARKEO, Cicci Research) composed of a thermal
controlled stage, two-channel source meter units and two synchronized
microfluidic pumps. Spring contact probes were used to access the postsynaptic
gate and drain electrodes. Microfluidic fluid flow across the device was controlled
using two microfluidic pumps (Syringepump) controlled by custom LabView
software. Transfer curves were taken by sweeping the postsynaptic electrode
voltage from —0.2'V to +0.8 V. To calibrate with increasing dopamine, the
concentration in solution was controlled by the two inlets of the microfluidic
channel (one without dopamine, the other containing 0.2 mM of dopamine) to mix
dopamine to the desired concentration using a constant flow rate of 0.2mlmin-".
Pulsed measurements were performed using a set of voltage pulses (V,,,=+0.3V)
applied to the postsynaptic electrode while monitoring the postsynaptic current
(View=—0.1V).

Cell culture, biocompatibility and dopamine immunohistochemistry.

The experiments were performed using a catecholamine-containing rat
pheochromocytoma cell line (PC-12). PC-12 cells were cultured in a 25 mm?

flask in DMEM media (Sigma-Aldrich) supplemented with 10% fetal bovine
serum (Sigma-Aldrich), 1% penicillin/streptomycin (Sigma-Aldrich) and 1%
L-glutamine (Sigma-Aldrich), in a 5% CO, incubator at 37 °C. Confluent PC-12
cells were trypsinated and cells were seeded on planar PEDOT substrates at a
density of 150,000 cells cm and left in the incubator at 37 °C for 24 h. To assess
the biocompatibility, cells were stained with a solution of calcein-AM (the
acetomethoxy derivate of calcein; Sigma-Aldrich, final concentration 1 ugml™) and
propidium iodide (Thermo Fisher Scientific, final concentration 10 ugml™) in PBS
buffer and incubated at 37°C for 10 min.

Cell morphology was analysed through actin staining with phalloidin-647
(Life Technologies), while the dopamine secretion was verified through
immunohistochemistry, employing as the primary antibody a dopamine
monoclonal antibody (Thermo Fisher Scientific) and Alexa Fluor-488 anti-mouse
(Thermo Fisher Scientific) as the secondary antibody; nuclei were stained with
Hoechst (Thermo Fisher Scientific). For the staining procedure, cells were fixed
in paraformaldehyde 4% (SIC) for 15 min at room temperature and then washed
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several times with phosphate buffered saline (PBS, Sigma-Aldrich). The

cell membrane was permeabilized through incubation with Triton-X
(Sigma-Aldrich, 0.1%) in PBS for 5min at room temperature, followed by a
blocking step of 45 min with PBS containing 2% of bovine serum albumin (BSA,
Sigma-Aldrich). Substrates were then incubated for 1h at room temperature with
the primary antibody, which was diluted 1:100 in PBS containing 1% BSA (PBB).
The following steps were the incubation with the secondary antibody (diluted
1:500 in PBB) and then with phalloidin-647 (diluted 1:100 in PBB); both dyes
were incubated for 30 min at room temperature. Finally, the nuclei staining was
performed through incubation with Hoechst (diluted 1:5,000 in PBS) for

15min. The substrates were imaged with an Axiobserver-Z1 (Zeiss) using a
magnification of X10 (for the biocompatibility experiment) and x40 (for the cell
morphology analysis).

Embedding procedure of ultra-thin resin for SEM and FIB/SEM. Cells were
washed with 0.1 M sodium cacodylate buffer (Electron Microscopy Science)

and fixed overnight with 3.5% glutaraldehyde at 4 °C. The fixative solution

was removed and the substrates were washed three times with chilled distilled
water. Then, cells were treated with a reduced osmium procedure (RO-T-O) as
previously reported®’. Afterwards, cells were dehydrated with an ethanol (Electron
Microscopy Science) series from 30% to 100% (5 min each). Epoxy resin was slowly
allowed to penetrate the cells starting with an ethanol/resin ratio of 3:1, then a ratio
of 1:1 and finally 1:3 (3h each). The last step consisted of cells penetrated only with
resin for at least 3h. The excess resin was drained out, and the final polymerization
was achieved at 60 °C overnight*'. Samples were mounted on a SEM stub with
colloidal silver paste and a thin layer of gold-palladium was sputtered on top of
each sample.

FIB sectioning. The samples were placed in a dual-beam machine (Helios 600i,
Thermo Fisher Scientific). SEM images were acquired using a voltage in the range
of 3-5kV and currents from 21 pA to 1.4nA. The sectioning process was done

on a target area that was covered with a protection layer of platinum (0.5 um by
electron-beam-induced deposition and 1 pm by ion-beam-induced deposition).
A first trench was created to remove a large part of the material with a high
voltage—current (30kV, 0.79nA), while a fine polishing was carried out at 30kV
and 80 pA. Once the cross-section was created, the images were acquired with a
backscattered detector’.

Dopamine detection measurements with PC-12 cells. A PDMS microfluidic
channel (1 mm thick) was fixed to the neuromorphic device (length L=750 pm,
widht W=270pm), and the channel was sterilized with repeated washes of ethanol
and sterile Milli-Q water. To enhance cell adhesion, the channel was filled with an
aqueous solution of 0.1% collagen IV from human placenta (Sigma-Aldrich) for 1h
at 37°C, and then washed with sterile Milli-Q water. Confluent PC-12 cells were
trypsinated, and cells were seeded into the microfluidic channels (1 mm thick)

at low cell density (770,000 cells cm™2) and high cell density (1,540,000 cells cm™;
Extended Data Fig. 5), and left in the incubator at 37 °C. The pulsed oxidation
measurements were performed every 2h to monitor the dopamine secretion
process. For dynamic microfluidic flow measurements, PC-12 cells were plated
with a density of 770,000 cells cm™ and incubated for 4 h prior to performing the
measurement. Microfluidic flow of warm (37°C) DMEM cell culture solution

was controlled using custom LabView software and manually updated during the
measurement.

For KClI stimulation the PDMS microfluidic channel (1 mm thick) was fixed
on the neuromorphic device (L=30pum, W=10pm), and treated with the same
sterilization and coating protocols described above. Confluent PC-12 cells were
trypsinated, and cells were seeded into the microfluidic channels (1 mm thick)
at low cell density (770,000 cells cm2) and incubated for 4 h prior to performing
the stimulation. The cell medium in the microfluidic channel was removed, and
the channel was washed before adding a stimulating solution with a composition
of 60 mM KCl or 120 mM KCl, 50 mM NaCl, 2mM CaCl,, 0.7 mM MgCl,, 1 mM
NaH,PO, and 10 mM HEPES buffer (pH, 7.4). The pulsed measurement was
performed immediately following addition of the KCI solution.

Data availability

The data represented in Figs. 1, 2 and 3 as well as Extended Data Figs. 1 through 9
are provided with the paper as source data. Other datasets generated

and/or analysed during the current study are available from the authors on
reasonable request.
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Extended Data Fig. 1| Effect of dopamine concentration in cell culture media on neuromorphic device transfer characteristics. a, Transfer curves and b,
corresponding transconductance curves as a function of dopamine concentration in DMEM solution flowed through the microfluidic channel showing an
increase in peak transconductance at roughly +0.2 V corresponding to oxidation of dopamine.
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Extended Data Fig. 2 | Cyclic voltammetry (CV) of dopamine on PEDOT:PSS. CVs (scan rate = 10 mV's™) show the oxidation of dopamine with a peak
of ca. +0.1V vs a saturated silver/silver chloride (sat'd Ag/AgCl) electrode for low dopamine concentrations (20-200 mM). At higher concentrations
(0.5-1mM), dopamine oxidation peak shifts and a secondary oxidation reaction is observed. The lack of a reduction peak in the reverse scan shows that
the oxidation reaction is irreversible.
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Extended Data Fig. 3 | Conductance modulation as a result of dopamine oxidation. a, When dopamine (DA, pink circles) is oxidized to dopamine
o-quinone (DQ, green circles), the oxidation products (2e’, 2H*) can compensate the electronic and ionic charges in doped PEDOT:PSS, thereby de-doping
the channel and gate (we note that other cations in solution such as Na* or K* may compensate PSS instead of or in addition to H*). b, This reaction at the
gate electrode (1) changes its potential, resulting in effective gating of the PEDOT:PSS postsynaptic channel, and results in a transfer of an electron and

a proton to the postsynaptic channel (2) to maintain to a potential drop of V. ¢, To test this hypothesis, a device structure as shown in b, is fabricated
and the conductance of both the postsynaptic electrode and postsynaptic channel are measured before and after oxidation driven at the postsynaptic
electrode. The conductance of both the postsynaptic channel and electrode decrease, confirming the transfer of protons (or cations) and electrons to both
PEDOT:PSS electrodes.
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Extended Data Fig. 4 | Potential change of PEDOT:PSS channel following dopamine oxidation. a, Schematic of the experimental setup for monitoring
the potential of the PEDOT:PSS channel during device operation using a potentiostat operated in open circuit voltage mode. The channel is connected to
a grounded working electrode (WE) and the potential is monitored in reference to a saturated silver/silver chloride (Ag/AgCl) reference electrode (RE)
immersed in the electrolyte. b, The channel conductance (G,), potential (E,,¢) and gate voltage pulses (V;) over time showing no change in G, or Eye
in the absence of dopamine (DA) in response to V; pulses. After DA is added to solution, G¢, and E,,¢ both decrease in response to V pulses, showing
the change in G, (AGg,) is due to the potential change in the channel following oxidation (AE,). At t=275s, we exchange the solution with fresh PBS
containing no DA to show that both AE,,; and AG, are properties of the channel, not the solution.
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Extended Data Fig. 5 | Dopamine immunohistochemistry and biocompatibility for PC-12 cells on PEDOT:PSS. The figure reports a comparison between
PC-12 cells seeded on PEDOT:PSS film a, and bare glass b. In both cases the green fluorescence confirmed the presence of dopamine released locally at
the cell membrane (in red), showing that dopamine is produced in vesicles in the PC-12 cells and then released. ¢, The viability of PC-12 cells was tested
by staining live cells with calcein-AM (green) and dead cells with propidium iodide (red) for PEDOT:PSS electrodes coated with d, collagen IV and e,
poly-L-lysine films. Both substrates exhibited good cell viability, with the collagen-IV coated film showing higher biocompatibility. For this reason, the
collagen-1V coating was employed in all of the following experiments. f, Live/dead staining performed on PC-12 cells inside the microfluidic channel after
performing repeated pulsed electrical measurements, showing no difference between cells cultured on PEDOT:PSS e, prior to and f, following electrical
measurements, indicating no alteration of cell viability from the electrical measurements.
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Extended Data Fig. 6 | Long-term device stability. Comparison of pulsed measurements performed on the biohybrid synapse after 2 hours (light blue
line) and after 24 hours (blue line) following cell plating. The efficiency of the device remains unaltered since synaptic plasticity behavior from dopamine
oxidation is retained following extended exposure to the cell culture media.
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Extended Data Fig. 7 | Steady state dopamine detection with variable flow rate. Steady-state measurements of the postsynaptic channel conductance
Voot =+0.3V, V;, =-0.2V) under varied flow rates and dopamine concentrations. When the flow rate is increased from 200 pL min™ to 300 pL min”, the

equilibrium G, is larger for the same dopamine concentration. Additionally, the recovery time for the higher flow rate is shorter due to the fact that the
fresh solution carries oxygen which can oxidize the PEDOT:PSS postsynaptic channel at faster rates when the solution flow rate is increased.
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Extended Data Fig. 8 | Calibration of the organic neuromorphic device with increasing dopamine concentration. a, Pulsed measurements of the ex

vivo neuromorphic device under microfluidic flow of DMEM solution at varied dopamine concentrations showing the postsynaptic conductance change
following voltage pulses with increasing dopamine concentration. b, Calibration curve showing the conductance change during pulsing (left, dark blue)
and peak transconductance during transfer measurements (right, light blue) as a function of increasing dopamine concentration. ¢, Postsynaptic channel
conductance update as a function of gate voltage pulse width for the ex vivo neuromorphic device with varied dopamine concentrations showing a nearly
linear time dependence for all concentrations. The minimum pulse width resulting in a change in postsynaptic current (LTP) also depends on the dopamine
concentration; at 0.02 mM the pulse width must be >100 ms to elicit a response, whereas at 0.2 mM a pulse width of 10 ms is sufficient to cause LTP.
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Extended Data Fig. 9 | Dopamine response of scaled neuromorphic devices. As the neuromorphic device electrode area is decreased, the conductance
change per pulse (V,,,.=0.3V, t,,.=2s) increases proportionally. Measurements are performed in the absence of microfluidic flow.
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