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Printed	Electronics	Arena,	LiU,	Campus	Norrköping
Swedish	Research	Laboratory	for	Printed	Electronics	(KAW)

Printing,	patterning,	coating	and	lamination		 Smart	packages

Printing	processes

Ink	development

Electrochromic displays

Collaborations

Spinning	out	companies

Electronic	skin	patches

Body	area	network

in	vivo electronics



BioCom Labbiocomlab.se
Neurological	diseases
(8%	of	global	population)

• Skin	Patches
Printed	Organic	Electronics	on	
Paper	and	Foils
Organic	Electrochemical	Transistors

• Organic	Electronic	Ion	Pump
Neurotransmitters
Chemical	circuits

• Body	Area	Network
Capacitive	Coupling
13.56	MHz
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Printed	electronics
Skin	patches	and	packages
for	medical	applications
Sensing	and	Recording
Printed	Organic	Electronics

Printed Biosensor 



Electronic	labels
(Invisense)

Sensor	Labels
Printed	Organic	Electronics	and	Si-chips	manufactured	on	
labels,	skin	patches	and	packages

Displays	printed	on	paper	(ThinFilm)

Electronic	skin	patches	for	
diagnostics	and	monitoring

Electronic	sensors	on	medical	packages
(Doctors	without	borders)

Printing	machines	for	electronic	papers
(DP	Patterning)

Conducting	polymer

e-Band	aids
(Absorbest)	



Printed Sensor Labels

• Si-chip	1:	LMP91000-progr.,	μ-power	potentiostat

• Si-chip	2:	20-Pin	General	Purpose	Microchip	PIC24F16KA101

• Electrochromic Display

• Battery	(3	V,	10	mA,	300	Ω)

• Push	button,	antenna	and	wiring

• Sensors	(e.g.	OECTs):	ΔI,	ΔC,	ΔΩ,	ΔV
(Glucose,	T,	UV,	RH,	Biomolecules)



Printed Sensor Labels
Swedish Research Laboratory for Printed Electronics

R2R	label	printer
displays	and	circuitsDry Phase Patterning

metal foils,	antennas

Slot	die	coater
Photovoltaics

ATMA	OE	MF66
Aut.	sheet	based	screen	printer

Besi Datacon Flip	chip
Bonder	- Pick	and	place

Laser	ablation
Screen-printer Ceradrop	Inkjet,	aerosoljet	

Novacentrix	Xwnon	flash	



Screen-printed Organic Electrochemical Transistor	(OECT)

PEDOT:PSS



Electronic	labels
Screen-printed	OEC	Transistors	and	Electrodes	

Metabolites	(glucose1,	sucrose,	lactate)

Neurotransmitters	(ACh,	Glutamate3)

Phys./Chem.	parameters	(T,	RH,	UV2)

Volatile	molecules	(ethanol)

1ECS	Journal	of	Solid	State	Science	and	Technology,	4	(10)	S3001-S3005	(2015) 2Flexible	and	Printed	Electronics,	1,	4,	
044003	(2016)
3Advanced	Materials,	26,	32,	5658-5664	(2014)
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oxoglutarate, reducing the GluOx, which is then reoxidised by oxygen. Oxygen is reduced in 

H2O2, which is then electrochemically oxidised at the electrode. The amount of H2O2 is 

directly proportional to that of the neurotransmitter. Because acethylcholine does not have a 

specific oxydoreductase, one typically needs to use a combination of two enzymes to achieve 

amperometric detection, making the system slightly more complex than in the case of 

glutamate. The first enzyme, AchE, transforms the acetylcholine into choline and acetate. 

Choline is then oxidised by the Chox to betaine aldehyde and the enzyme is reoxidised by 

oxygen leading to the production of H2O2. 

 
Figure 4. Reactions involved in the enzymatic detection of a) glutamate and b) acetylcholine. 

Detection of c) glutamate (black squares) and d) acetylcholine (black squares) using 

PEDOT:PSS/Pt NPs OECT. Reference (empty squares) is measured by adding the analyte of 

interest on an OECT without any enzyme. The linear representations (insets 4c and 4d) were 

used to determine the sensitivity of the device. 

 

The normalized current response curves are shown Figures 4c and 4d for glutamate and 

acethylcholine, respectively. As a reference, the response of an OECT (empty squares on 

Figures 4c and 4d) without any enzyme immobilized was recorded as substrates were added. 

The reference curve allows us to monitor the effect of the various additions and stirring of the 
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Figure 3. a) Schematic representation of the detection of H2O2 with PEDOT:PSS/Pt NPs 

OECT. Drain current recorded for VDS = -0.2 V, upon addition of H2O2 when b) the gate of 

the OECT is disconnected and c) with the gate polarized at +0.4 V (d) gate current also 

reported). e) Evolution of the drain current versus time upon increasing the concentration of 

H2O2. Inset shows a zoom for low concentration in H2O2. f) Normalized current response of 

the OECT in function of the concentration of H2O2. 

In order to elucidate the relative effects of H2O2 redox at the channel and gate, we first 

polarised only the channel (VDS=-0.2 V) with the gate disconnected. The corresponding 

current response is presented Figure 3b. After stabilisation of the drain current, H2O2 is added 

to the electrolyte (0.91 mM), leading to a decrease of the drain current by 0.3 PA. Using a 

Glutamate
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Organic	Electronic	Ion	Pumps	
in	vivo	delivery	of	neurotransmitters



Organic	Electronic	Ion	Pump	(OEIP)
Electronic	delivery	of	neurotransmitters	(ACh,	GABA,	…)

Electronic	Control	of Ca2+	Signalling in	Neuronal Cells	using an	Organic Electronic	Ion	Pump
J.	Isaksson,	P.	Kjäll,	D.	Nilsson,	N.	Robinson,	M.	Berggren	and	A.	Richter-Dahlfors
Nature	Materials,	2007,	6(	9),	673-679.	

Organic	Electronics	for	Precise	Delivery	of	Neurotransmitters	to	Modulate	Mammalian	Sensory	Function
D.	T.	Simon,	S.	Kurup,	K.	C.	Larsson,	K.	Tybrandt,	M.	Goiny,	E.	W.	H.	Jager,	M.	Berggren,	B.	Canlon and	A.	
Richter-Dahlfors
Nature	Materials 8,	742-746	(2009).



pump  
on 

activity 
stopped 

elec. recording in CA1

elec. recording in CA3

epileptic brain slice

drug delivery outlets

• epilepsy	model

• delivery	of	anti-seizure	
compounds

• simultaneous	electrical	
recording	of	seizure	activity

Organic	Electronic	Ion	Pump	(OEIP)
Electronic	termination	of	epileptic	seizure	(GABA)

Controlling	Epileptiform	Activity	with	Organic	Electronic	Ion	Pumps
Adam	Williamson,	Jonathan	Rivnay,	Loïg	Kergoat,	Amanda	
Jonsson,	Sahika	Inal,	Ilke	Uguz,	Marc	Ferro,	Anton	Ivanov,	Theresia	
Arbring	Sjöström,	Daniel	T.	Simon,	Magnus	Berggren,	George	G.	
Malliaras,	and	Christophe	Bernard
Advanced	Materials	vol.	27,		20,	May	27,	2015

Amanda	Jonsson

Theresia Arbring
Sjöström

Daniel	Simon



Organic	Electronic	Ion	Pump	(OEIP)
Electronic	pain	relief	and	spinal	cord	repair	(GABA)

Therapy	using	implanted	organic	bioelectronics
Science	Advances, 08	May	Vol.	1,	no.	4,	e1500039, 2015

Amanda	Jonsson

induced	hypersensitivity



BioCom Labbiocomlab.se
Neurological	diseases
(8%	of	global	population)

• Body	Area	Network
Capacitive	Coupling
13.56	MHz

“Printegrated”	communication	unit
for	capacitive-coupled	BAN



BioCom Lab

• Skin	Patches
• Organic	Electronic	Ion	Pump
• Body	Area	Network

BiocomLab

Organic	Bioelectronics
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Our	society	is	lacking	green	and	cost-effective	storage	of	electrical	energy.
Therefore,	production	of	electricity	must	at	all	time	match	the	demand,

which	gives
poor	utilization	of	capacity.

Since	2015,
electricity	from	renewable	sources	is	cheaper	than	from	fossil	fuels.

Green,	large-scale	and	cost-effective	storage	of	electricity	is	a	prerequisite
for	the	transition	to	a	society	free	from	fossil	energy

Power	Papers	and	0D+1D+2D=3D



Local Power	output	in	MunichPower	output	in	Germany

Power	Papers	and	0D+1D+2D=3D



Power	Papers

+	

+	

- PEDOT	(electronic	conduction)
- PSS	and	electrolytes	(ion	conduction)
- (Nano-)cellulose	(nano-meso-makro-structure)

Electronic	plastics

From	the	forest

- Supercapacitors	and	batteries	from	nano-
structured/fibrillar cellulose

An	organic	mixed	ion–electron	conductor	for	power	electronics
Abdellah Malti,	Jesper Edberg,	Hjalmar Granberg,	Zia	Ullah Khan,	Jens	W	Andreasen,	Xianjie Liu,	Dan	Zhao,	Hao Zhang,	Yulong Yao,	Joseph	W	Brill,	Isak
Engquist,	Mats	Fahlman,	Lars	Wågberg,	Xavier	Crispin,	Magnus	Berggren,	Advanced	science,	vol.	3,	(2)	2016



Specifications	èMaterial	formulations	è Production	è Test	and	Prototypes			

Power	Papers	and	0D+1D+2D=3D



Boosting	the	capacitance	with	Lignosulfonates

Power	Papers	and	0D+1D+2D=3D



Recent	progress
Boosting	the	capacitance	with	Lignosulfonates

Boosting	the	Capacity	of	All-Organic	Paper	Supercapacitors	Using	Wood	DerivativesJ
Edberg,	O	Inganäs,	I	Engquist,	M	Berggren	- Journal	of	Materials	Chemistry	A,	2017
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- Large	scale	storage	of	electricityPower	Papers



BioCom Lab

• Printed	electronic	systems	
integrated	with	Si-chips

• (Nano-)cellulose	based	energy	
storage	systems

• Batteries
• Supercapacitors

• Energy	scavenger	systems
• Electrochemical
• Microwaves

Assoc.	
Professor

Isak Engquist

Printed	Electronics
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Peter	Andersson Ersman,	Göran Gustafsson,	Roman	Lassnig



BioCom Lab

• Optical,	thermal,	dielectric	properties	and	
charge	transport	properties	of	organic	
electronic	materials	are	characterized

• Devices	include	diodes,	transistors,	
thermoelectric	generators,	physical	and	
chemical	sensors,	fuel	cells,	supercapacitors	
and	batteries.

• Many	devices	are	includes	composites	with	
(nano)cellulose

Ionic	thermoelectric	generator

Organic	Energy	Materials

Professor
Xavier	Crispin
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Disruptive	energy	storage	technology	

from	the	forest



BioCom Labe-Plants

Devices	and	circuits	manufactured	inside	plants
Plant	area	networks
Analogue	and	digital	circuits	in	plants

• phytohormones,	physical and	chemical	parameters

• phloem	(unidirectional)	and	xylem	(up)	vascular	system

• growth	(gene	expression),	physiology	and
defence	mechanisms	(pathogens

Add	an	“artificial	neuronal	system”	and	circuit	technology	to	improve	
plant	functionality	and	to	derive	novel	green	technology



Plants
e.g.	Rosa	floribunda

Science	Advances;	DOI:	10.1126/sciadv.1501136



Plants
e.g.	Rosa	floribunda

A	plant	is	composed	of
- leaves,	petals,	roots,	..
- branches,	petioles,	axils
- phloem	and	xylem	vascular	system
- stoma	and	root	hairs

Analogous	to	
- components
- interconnects
- wires
- contacts
i.e.	the	parts	of	circuits

Science	Advances;	DOI:	10.1126/sciadv.1501136

Our	vision
Using	the	chemical	signals,	tissue	constructs,	vascular	system	and	overall	shape	of	gymnosperms	
and	angiosperms	as	the	integral	part	and	template	to	manufacture	organic	bioelectronics,	in	vivo.



Conducting	wires	in	the	vascular	tissue

PEDOT-S	self	organizes	in	xylem	vascular	tissue,	conductivity	0.13	S/cm	

Eleni Stavrinidou Roger	Gabrielsson Xavier	Cripsin

Eliot	Gomez

Daniel	Simon

Science	Advances;	DOI:	10.1126/sciadv.1501136



Xylem	circuits
OECTs	and	logic	circuits	along	the	xylem	of	a	Rosa	floribunda

Output	characteristics	of	a	xylem-OECT.	
The	inset	shows	the	xylem	wire	as	source	(S)	
and	drain	(D)	with	gate	(G)	contacted	through	
the	plant	tissue	

Transfer	curve	of	a	xylem-OECT	
VD =	-0.3	V	

Logical	NOR	gate	constructed	along	a	
single	xylem	wire	

Science	Advances;	DOI:	10.1126/sciadv.1501136



Plants
e.g.	Rosa	floribunda

A	plant	is	composed	of
- leaves,	petals,	roots,	..
- branches,	petioles,	axils
- phloem	and	xylem	vascular	system
- stoma	and	root	hairs

Analogous	to	
- components
- interconnects
- wires
- contacts
i.e.	the	parts	of	circuits

Science	Advances;	DOI:	10.1126/sciadv.1501136

Our	vision
Using	the	chemical	signals,	tissue	constructs,	vascular	system	and	overall	shape	of	gymnosperms	
and	angiosperms	as	the	integral	part	and	template	to	manufacture	organic	bioelectronics,	in	vivo.



A and	B.	Vacuum	infiltration
Leaf	placed	in	PEDOT:PSS-NFC	solution	in	a	
syringe	with	air	removed.		The	syringe	is	pulled	
up	creating	negative	pressure	causing	the	gas	
inside	the	spongy	mesophyll	to	be	expelled	

Photograph	of	the	bottom	and	(D)	cross	section	of	a	
pristine	rose	leaf	before	infiltration.	(E)	Photograph	
of	the	bottom	and	(F)	cross	section	of	leaf	after	
PEDOT:PSS-NFC	infusion.	
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Nanofibrillated Cellulose	(NFC)Spongy	Mesophyl Circuits
Vacuum	infusion	of	PEDOT:PSS-NFC	electrodes



Spongy	Mesophyl Circuits
PEDOT:PSS-NFC	electrode	in	individual	compartments	form	electrochromic pixels



in-vivo

In	vivo-polymerization	in	plants

E.	Stavrinidou,	R.	Gabrielsson et	al.,	PNAS
doi/10.1073/pnas.1616456114



Max	results:
1.7	cm	xylem	wire,	Q=65µC	,	C=0.25mF
@	13	S/cm

0.25	µA
0.50	µA
0.75	µA
1.00	µA

1mm

-Stability	over	500	cycles
-Great	charge	retention

Rose	Supercapacitor

E.	Stavrinidou,	R.	Gabrielsson et	al.,	PNAS
doi/10.1073/pnas.1616456114



Capillary	based	OEIPs Dendrolytes
Cationic	Dendritic	Polyelectrolyte

Actuating	and	recording	nastic	
responses	in	Venus	flytrap



Capillary	OEIP	inserted	into	
tissue	of	bean	root

Zn2+ delivery	with
Zinpyr-1	fluorescent	reporter

O.D.	125	µm
I.D.	25	µm

Sped	up	250x	

Unpublished Results



Ag/AgCl Recording	electrode

OEIP
Investigation	of	Action	potentials	in	plants	
in	response	to	different	ions	and	phyto-hormones	delivered	by	OEIP

• Fast	and	slow	electrical	signals	in	plants
• Defense	mechanism
• Nastic	movements

Venus	Flytrap
Carnivorous	plant

0

Yusuf	Mulla

Y.	Mulla et	al,	Unpublished	results

Unraveling	electrical	signaling	in	plants



50	µm 20	µm

stoma

ABA:	Abscisic Acid
stress	hormone

Ivona Bernacka-Wojcik

Electronic	control	of	transpiration

I.	Bernacka-Wojcik et	al,	Unpublished	results



BioCom Lab

• Theoretical	simulation	and	
modelling	of	the	basic	properties	
of	organic	materials	

• The	electron	and	ion	transport	in	
organic	devices

• ab initio	methods	for	electronic	
structure	calculations	and	the	
molecular	dynamics	technique	
(including	coarse-grained	
methods)	that	is	capable	of	
studying	the	morphology	of	
polymeric	and	reactive	systems	
consisting	of	millions	of	atoms

Printed	Electronics

Felip
Franco
Gonzalez

Mohsen
Modarresi

Nicolas
Rolland

Amritpal
Singh

Donghyu
Kim

Nitin
Shriram
Wadnerka
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equations).[18a,19] Hence, even after decades of polymer research 
the most fundamental questions concerning the nature of 
capacitive behavior and the electron-ion coupling in these mate-
rials still remain unsolved and are highly controversial.

In the present work we report the results of experimental 
studies and theoretical modeling of polymeric mixed electron-
ion conductors that represent a significant departure from 
a prevailing view on conducting polymers as faradaic redox 
supercapacitors. We demonstrate that the cyclic voltammetry 
of conducting polymers, in particular for PEDOT:PSS, can 
be understood within a Nernst–Planck–Poisson formalism 
in terms of the coupled ion-electron diffusion and migration 
without invoking the assumption of any redox reactions. We 
argue that it is important to treat PEDOT:PSS as a two phase 
system consisting of PEDOT-rich and PSS-rich grains, and by 
performing 2D modeling we show that its capacitance origi-
nates from charging of double layers formed on boundaries 
between the two phases within the bulk. The results of our 
study are not only of the fundamental importance, but they are 
essential for designing of electron-ion mixed conductors and 
devices that rely on the capacitive charging.

2. Experimental Results and a Morphology Model

Cyclic voltammograms (CV) were recorded in the potential 
range of −1.0 to +0.5 V at different scan rates (10, 20, 100, and 

200 mV s−1) in 0.1 M KCl for PEDOT:PSS/Au electrode in N2 
atmosphere (Figure 1b). The CV of PEDOT:PSS (PH1000) 
exhibits the characteristic rectangular shape in the range from 
−0.5 to 0.5 V, indicating its capacitive nature.[20] The capaci-
tive nature is confirmed by the linear dependence of the cur-
rent with the scan rate (Figure 1c). The volumetric specific 
capacitance C* of PEDOT extracted from the voltamogramms 
is 34 F cm−3. Typical values of C* , previously reported, range 
from C* = 39 F cm−3[8b] to several hundreds F cm−3.[21] Further-
more, we observe that in the forward potential scan, there is a 
single anodic peak (at V ≈ −0.7 V) attributed to the injection 
of holes into the undoped polymer and expulsion of cations. 
Accordingly, on the reverse scan the voltammogram shows one 
cathodic peak (V ≈ −0.7 V) corresponding to electron injection 
and cation incorporation, sequentially (see next section for dis-
cussion). Finally, the negative current contribution at ≈−0.9 V is 
due to the reduction of residual dioxygen.

The morphology of the conducting polymers can be inves-
tigated at different scales. Grazing incidence wide-angle X-ray 
scattering (GIWAXS) provides information at the Ångström 
scale. The GIWAXS pattern presented in Figure 2a indicates a 
mostly amorphous film, but with some weak and broad, iso-
tropic scattering. These features are identified in the data inte-
grated from 0° to 120° azimuthal angle as a function of total 
scattering vector length, see Figure 2b, where we according to 
observations reported in ref. [22] ascribe the peak at ≈0.55 Å−1 
to the second order lamellar stack of PEDOT (200), and the two 

Adv. Funct. Mater. 2017, 1700329

Figure 2. a) GIWAXS data of PEDOT:PSS with 0.2 w/o GOPS ((3-glycidyloxypropyl)trimethoxysilane), cast on silicon wafer, represented in a coordi-
nate system of scattering vectors Qxy, Qz, parallel to the substrate plane and substrate normal, respectively; b) the GIWAXS data integrated from 0° 
to 120° azimuthal angle as a function of total scattering vector length. The length of the scattering vector |Q| is related to the scattering angle 2θ as  
|Q| = 4πsin θ/λ, where λ is the X-ray wavelength (1.5418 Å). c) Phase images and d) topography of a PEDOT–PSS film obtained with tapping-mode 
AFM at a scale of 500 × 500 nm2. e) Schematic diagram of the morphology model (see text for details).

Professor
Igor	Zozoulenko
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metal electrode

metal	 electrode

PEDOT:PSS +

CE

WE

ElectrolyteSupercapacitors
T.	Cheng	14,	51,	J.	Mater.	Chem.	A	2016,	4,	10493

Electrochromic Displays
P.	Tehrani et	al,	J.	Mater.	Chem
(©	Acreo RISE)

channel. In contrast, in OECTs, ions from the electrolyte can
penetrate the whole bulk of the polymeric channel. This key dif-
ference enables the OECT to exhibit high amplification proper-
ties in subvolt operation regimes, preventing electrolysis, and
extending operating times necessary for in-vitro and in-vivo
applications.8 The latter affords high sensitivity sensing for a
wide spectrum of applications without additional amplification.

The OECT offers a unique set of advantages for biomedical
tools. One notable advantage includes adaptability to a wide
variety of fabrication methods, from simple to complex; OECTs
have been fabricated using low-cost printing techniques, high
current modulation,16–20 and fast response.21 OECTs exhibit
high stability in aqueous solutions and in one example showed

reproducible, reliable performance when maintained in cell cul-

ture media under physiological conditions for 5 weeks.22 Sim-

ple, planar, all PEDOT:PSS transistors on the macroscale have

been shown to be capable of detecting glucose levels that exist

in human saliva.23,24 For more challenging applications, OECTs

are equally compatible with ongoing miniaturization techniques

to the microscale, necessitated for the fabrication of high den-

sity electrode arrays for better interfacing with single neu-

rons,25,26 integration with microfluidics for detection of

multiple analytes,27,28 and lab on chip technologies.28 The use

of robust and versatile organic materials has also facilitated the

fabrication of conformal OECTs [Figure 2(a)] for noninvasive,

long term, and continuous recordings.29 Additionally, OECTs

have been integrated with natural and synthetic fibers for fully

integrated sensors and wearable circuits compatible with human

Figure 1. The OECT: a. Schematic cross-section of an OECT, b. PEDOT:PSS structure. (a, b reproduced from [8], with permission from [Nature Pub-

lishing Group]). c. Ionic circuit of an OECT (c reproduced from [9], with permission from [Wiley-VCH]). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Asp is also an excitatory neurotransmitter, whereas GABA is the
principal inhibitory neurotransmitter in the mammalian CNS.
The pathophysiology of numerous neuropsychiatric disorders,
including anxiety and depression, is suggested to be due to
disturbances in the GABA system25.

We prepared planar ion pump devices, comprising a single,
biocompatible PEDOT:PSS layer, as previously reported18. The
single film is divided by an electronically insulating—but still ioni-
cally conducting—region (Fig. 1 and Supplementary Information).
When voltage is applied, an electrochemical circuit is established,
leading to oxidation of the source electrode (anode, equation (1)),
and reduction of the target electrode (cathode, equation (2)), where
M+ is the cation present in the source electrolyte.

PEDOT0 +M+:PSS� !PEDOT+:PSS� +M+ +e� (1)

PEDOT+:PSS� +M+ +e� !PEDOT0 +M+:PSS� (2)

The cations are electrophoretically transported through the region
of film joining the two electrodes, then enter the cathodic side
of the film, where they are delivered into the electrolyte. This
structure of electronically conducting electrodes separated by an
electronically insulating channel enables application of a wide range
of voltages—in excess of 30V—without excessive electric fields in
the target system. Furthermore, the use of PEDOT:PSS alleviates
problems associated with secondary electrochemical reactions at
such elevated voltages (see Supplementary Information).

Using Glu, Asp and GABA as source electrolytes, the delivery
capabilities of the device were demonstrated at multiple driving
voltages for a variety of times, with individual devices used for
each parameter tested (Fig. 2a–c). By comparing the integrated
electronic current to the quantity of neurotransmitters delivered
into the target electrolyte (see Supplementary Information), a
transport efficiency can be defined by the electron/molecule ratio.
This ratio is precisely 2.7 ± 0.2 for Glu (n = 16), 6.3 ± 0.5 for
Asp (n= 10) and 1.3± 0.1 for GABA (n= 10) (value± s.d.). For
materials with low pKa, that is, Glu and Asp, the excess protons
present in the source solution will also be pumped. Owing to the
smaller size of protons compared with Glu or Asp, their mobility
through the channel can be significantly higher, explaining the
larger electron/molecule ratios for Glu and Asp. The transport
rate can be tuned by the operating voltage, providing a full
range of transport up to quantities of the order of 100 µM in
the total liquid volume. Locally however, the concentration can
be significantly higher before the molecules diffuse away23. The
approximate concentration of Glu in the synaptic cleft has been
reported to be 2–1,000 µM (ref. 26); thus, the device operates in a
relevant physiological range.

The lifetime of the device is limited by the amount of
oxidizable PEDOT (see equation (1)) and can thus be tailored by
the electrode dimensions (see Supplementary Information). The
present electrode geometry enables device operation of the order
of 1 h in constant pumping mode, that is, constant current. The
PEDOT could also be returned to amore reduced state, for example,
by reversing the voltage. Using pulsed delivery23, the lifetime should
be bounded only by the concentration of molecules in the source
electrolyte and could therefore be markedly extended. Figure 2d
illustrates that the delivery rate is stable after an initial equilibration
period corresponding to the time required to fill the channel with
the intended ions on first use.

The successful transport of neurotransmitters encouraged us to
redesign the device into an encapsulated, syringe-like form to enable
its use in vivo. The first step in this development was the realization
that the channel region could comprise an extra electrolyte
(Fig. 1b). This geometry could enable the central electrolyte to
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Figure 1 | Planar and encapsulated geometries of the delivery device.

a, Side view of the planar device used in initial Glu, Asp and GABA transport
studies. The black arrow indicates the flow of charged neurotransmitters
from the source electrolyte, S, through the anode, then through the
over-oxidized channel and finally out into the target electrolyte, T, through
the cathode. Layer thicknesses are indicated in the material legend. b, Side
view showing the developmental progression from the planar device (a), to
the planar device with intermediate electrolyte (salt bridge)—that is, the
effective target system T. The white arrow indicates the flow of arbitrary
positively charged species from T into the cathodic electrolyte. c, Side-view
scheme of the encapsulated device. Only the source/anode system is
shown with cylindrical encapsulation. The arrow again indicates ion flow.
d, Top view of the encapsulated device, showing both electrolyte chambers
and the requisite target system T. The arrows are analogous to those in b.
The electrolyte reservoir tubes are 2 mm in outer diameter.

become the effective target system, with the original target acting
simply as the electrochemical cathode. By ‘folding’ this system,
and providing encapsulation around the individual electrolytes, a
syringe-like device is achieved (Fig. 1c,d). The operating principle is
similar to the planar device, except that cations from the source are
delivered to an external target electrolyte, and cations are extracted
from this target region and drawn in towards the cathode system,
completing the electrochemical circuit.

To ascertain whether the encapsulated device can be used for
cell stimulation similarly to the planar device18, in vitro experiments
were carried out. Astrocytes, a sub-type of glial cells present in the
CNS, express the receptor for Glu. On binding of Glu, membrane-
bound ion channels open immediately, promoting Ca2+ influx27–29.
Therefore, astrocytes represent an ideal system to monitor Glu
activation of cells using real-time single-cell ratiometric Ca2+
imaging. The device was loaded with Glu (source) and NaCl
(cathodic) electrolytes andmounted with the tip in contact with the
bottomof a dish, adjacent to primarymurine astrocytes. After initial
baseline recordings of intracellular Ca2+ with the delivery device
in the off-state, Glu transport was activated. A significant increase
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0.01M EDOT, 0.02M PSS in PBS onto electrodes seeded
with neural cells (Figs. 2B–F). This resulted in formation of
PEDOT on the electrode, surrounding and embedding the
cells (Figs. 2D–F). We assessed the morphology and
topology of the PEDOT polymerized around the neural

cells using optical microscopy and SEM. After deposition,
PEDOT appeared as a dark, opaque substance around the
cells and the cells and their nuclei remained intact
throughout and following polymerization (Figs. 2D and
E, respectively). Interestingly, PEDOT deposition was

ARTICLE IN PRESS

Fig. 1. (A) MTT cytotoxicity assay for exposure of SY5Y neural cells to increasing concentrations of EDOT in monomer solution (all with 0.02M PSS) for
0–72 h. (B) Diagram representing the electrochemical deposition cell and the neural cell monolayer cultured on the surface of the metal electrode prior to
polymerization. (C) Diagram representing PEDOT polymerized around living cells. (D) PEDOT (dark substance) polymerized in the presence of a
monolayer of SY5Y neural cells cultured on an Au/Pd electrode. (E) Nuclei of SY5Y cells stained with Hoechst 33342 (blue florescence). (F) Merged image
showing nuclei of cells around which PEDOT is polymerized.
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equations).[18a,19] Hence, even after decades of polymer research 
the most fundamental questions concerning the nature of 
capacitive behavior and the electron-ion coupling in these mate-
rials still remain unsolved and are highly controversial.

In the present work we report the results of experimental 
studies and theoretical modeling of polymeric mixed electron-
ion conductors that represent a significant departure from 
a prevailing view on conducting polymers as faradaic redox 
supercapacitors. We demonstrate that the cyclic voltammetry 
of conducting polymers, in particular for PEDOT:PSS, can 
be understood within a Nernst–Planck–Poisson formalism 
in terms of the coupled ion-electron diffusion and migration 
without invoking the assumption of any redox reactions. We 
argue that it is important to treat PEDOT:PSS as a two phase 
system consisting of PEDOT-rich and PSS-rich grains, and by 
performing 2D modeling we show that its capacitance origi-
nates from charging of double layers formed on boundaries 
between the two phases within the bulk. The results of our 
study are not only of the fundamental importance, but they are 
essential for designing of electron-ion mixed conductors and 
devices that rely on the capacitive charging.

2. Experimental Results and a Morphology Model

Cyclic voltammograms (CV) were recorded in the potential 
range of −1.0 to +0.5 V at different scan rates (10, 20, 100, and 

200 mV s−1) in 0.1 M KCl for PEDOT:PSS/Au electrode in N2 
atmosphere (Figure 1b). The CV of PEDOT:PSS (PH1000) 
exhibits the characteristic rectangular shape in the range from 
−0.5 to 0.5 V, indicating its capacitive nature.[20] The capaci-
tive nature is confirmed by the linear dependence of the cur-
rent with the scan rate (Figure 1c). The volumetric specific 
capacitance C* of PEDOT extracted from the voltamogramms 
is 34 F cm−3. Typical values of C* , previously reported, range 
from C* = 39 F cm−3[8b] to several hundreds F cm−3.[21] Further-
more, we observe that in the forward potential scan, there is a 
single anodic peak (at V ≈ −0.7 V) attributed to the injection 
of holes into the undoped polymer and expulsion of cations. 
Accordingly, on the reverse scan the voltammogram shows one 
cathodic peak (V ≈ −0.7 V) corresponding to electron injection 
and cation incorporation, sequentially (see next section for dis-
cussion). Finally, the negative current contribution at ≈−0.9 V is 
due to the reduction of residual dioxygen.

The morphology of the conducting polymers can be inves-
tigated at different scales. Grazing incidence wide-angle X-ray 
scattering (GIWAXS) provides information at the Ångström 
scale. The GIWAXS pattern presented in Figure 2a indicates a 
mostly amorphous film, but with some weak and broad, iso-
tropic scattering. These features are identified in the data inte-
grated from 0° to 120° azimuthal angle as a function of total 
scattering vector length, see Figure 2b, where we according to 
observations reported in ref. [22] ascribe the peak at ≈0.55 Å−1 
to the second order lamellar stack of PEDOT (200), and the two 
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Figure 2. a) GIWAXS data of PEDOT:PSS with 0.2 w/o GOPS ((3-glycidyloxypropyl)trimethoxysilane), cast on silicon wafer, represented in a coordi-
nate system of scattering vectors Qxy, Qz, parallel to the substrate plane and substrate normal, respectively; b) the GIWAXS data integrated from 0° 
to 120° azimuthal angle as a function of total scattering vector length. The length of the scattering vector |Q| is related to the scattering angle 2θ as  
|Q| = 4πsin θ/λ, where λ is the X-ray wavelength (1.5418 Å). c) Phase images and d) topography of a PEDOT–PSS film obtained with tapping-mode 
AFM at a scale of 500 × 500 nm2. e) Schematic diagram of the morphology model (see text for details).
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mass density is the same. Increasing the mass density
[as PEDOT is inherently denser than PEDOT:PSS (1.5 vs.
1 g/cm3)] makes the effect only marginally higher – a cumu-
lative increase of C* of 2.2 times. It should be noted that the
denser the film, the harder it will be for the ions to pene-
trate and access the sites. This process, however, is described
by a resistor in an equivalent circuit model and does not
bear on the capacitance. Finally, different polymers in which
the number of charges increases to one per monomer
(instead of 1 hole every 3–4 monomers as in PEDOT), would
make the cumulative increase of C* equal to 3.3 times.
Another mechanism to increase volumetric capacitance is
blending with nanomaterials with an intrinsically higher site
density such as graphene. These may add sites that are
closer to each other than the solvation sphere of ions, mean-
ing that a would approach the limit of t. At the same time,
the polymer matrix would provide the space for ions to
access these sites, and create a pathway for electronic car-
riers to be transported to/from the metal electrode. Indeed,
recent measurements on polyaniline composites with gra-
phene show volumetric capacitances on the order of hun-
dreds of F/cm3.13

In the discussion above we assume that neither hole extrac-
tion nor ion injection represent bottlenecks in the de-doping
process. This is justified by the fact that the Au/PEDOT:PSS
contact is ohmic, as expected by the high degree of doping
of the polymer,14 and supported by the fact that output
curves of PEDOT:PSS OECTs with Au contacts are linear.5 At
the same time, PEDOT:PSS films processed from solution are
known to hydrate extensively and support high drift mobili-
ties for small metal ions,15 so the assumption of barrier-less
ion injection is also justified. Note that this might not be the
case in some electrochemically polymerized films such as
polypyrrole, in which a high degree of crosslinking might
hinder facile ion injection.

The picture for volumetric capacitance discussed earlier
should also apply to pristine (un-doped) conjugated poly-
mers. The doping process in these materials involves anion

injection from the electrolyte and hole injection from the
metal contact. The capacitor formed between these two car-
riers would be at the origin of the capacitance of the film.
The site density again corresponds to the maximum hole
density that is possible in the film. However, complications
are expected to arise because of hole and ion injection. As
the field of organic electronics has taught us, contacts
between metals and conjugated polymers are often injection-
limited due to the presence of an energy barrier at that
interface.14,16 Moreover, conjugated films are usually hydro-
phobic, meaning that ion injection in the film will be difficult.
As a result, both hole and ion injection are expected to be
electric field-activated processes, a fact that would manifest

FIGURE 3 Schematic showing an array of plates against which

ions pile up to form double layer capacitors.

FIGURE 1 Schematic showing a simplified version of the dou-

ble layer formed between a metal plate and hydrated ions. FIGURE 2 Schematic showing the dedoping process caused by

ion injection, where a is the average site distance.
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