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Abnormal protein aggregates, so called amyloid fibrils, are mainly known as pathological
hallmarks of a wide range of diseases, but in addition these robust well-ordered selfassembled natural nanostructures can also be utilized for creating distinct nanomaterials for
bioelectronic devices. However, current methods for producing amyloid fibrils in vitro offer
no spatial control. Herein, we demonstrate a new way to produce and spatially control the
assembly of amyloid-like structures using an organic electronic ion pump (OEIP) to pump
distinct cations to a reservoir containing a negatively charged polypeptide. The morphology
and kinetics of the created proteinaceous nanomaterials depends on the ion and current used,
which we leveraged to create layers incorporating different conjugated thiophene derivatives,
one fluorescent (p-FTAA) and one conducting (PEDOT-S). We anticipate that this new
application for the OEIP will be useful for both biological studies of amyloid assembly and
fibrillogenesis as well as for creating new bioelectronic nanomaterials and devices.
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1. Introduction
The formation of abnormal protein deposits, so called amyloids,[1] is a common feature of
many diseases, e.g. Alzheimer’s, Parkinson’s and Huntington’s diseases.[1,2] These deposits
consist of structurally defined fibrils having a repetitive cross -sheet structure and a typical
width of 5-13 nm.[2] Amyloid fibrils can be produced in vitro by incubating protein solutions
under appropriate conditions, such as at high protein concentration and at intense agitation.
Also, some proteins require denaturing conditions such as elevated temperature or low pH.[3]
In this way kinetic data and structural motifs of amyloid formation that are of interest from a
biological perspective can easily be obtained and it has been suggested that almost every
polypeptide chain is able to form amyloid-like fibrils under the proper conditions.[4]
A wide range of small hydrophobic amyloid ligands, including conjugated poly- and
oligothiophenes, have been utilized for studying amyloid formation in vitro.[5-9] Further,
combining conjugated polythiophenes with amyloid fibrils has proven useful for creating
nano-scale electro-active materials, e.g. luminescent[10] or conducting[11] wires composed of
amyloid-like fibrils and a conjugated polymer. However, the methods used for in vitro
production of amyloids do not provide any means for spatial addressability, which limits their
usability both for material and biological studies. From a biological perspective, it would be
of great interest to study the supra-molecular assembly of heterogenic populations of protein
aggregates under the influence of small changes in the micro environment where the
fibrillation event occurs, as it has been shown that conformational heterogeneity of protein
aggregates can be found in many protein aggregation diseases, such as Alzheimer´s disease
and prion diseases[12-16]. In addition, the general use of amyloid fibrils as nanoscopic well
defined structural elements in organic bioelectronics would require a spatial control of the
amyloid formation process.
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Several approaches are currently being explored to utilize organic electro-active materials and
devices thereof in order to stimulate and regulate functions in biological systems.[17,18] As
such electrodes or devices are electrically biased, the diffusion or electrophoretic migration
characteristics of the target substance is controlled, and such components have successfully
been used in releasing uncharged as well as charged small- and large-sized substances.[19-21]
We have previously introduced the OEIP as a device based on conjugated polymers for active
control of the release of substances.[22-25] This all-solid state device translates electronic
addressing signals into controlled delivery of cations, at high spatiotemporal resolution,
without inducing fluidic flows or elevated pressures in the receiving system, thus not
disturbing the environment around the point of release. For example, the OEIP has been used
to create pH-gradients and -oscillations[22] in aqueous solutions, to stimulate cultured neuronal
cells with potassium[23] or acetylcholine,[24] and to deliver neurotransmitters in vivo to
modulate

hearing

function.[25]

The

OEIP

consists

of

poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) electrodes patterned on
poly(ethylene terephthalate) (PET), each electrode being covered with a source or target
electrolyte. The electrodes are connected by a cation selective channel made from overoxidized PEDOT:PSS (Figure 1a). The over-oxidation renders the PEDOT:PSS in the
channel electronically insulating[26] but retains the cationic conductivity. By applying a
voltage between the two electrodes oxidation and reduction of PEDOT will occur at the anode
and cathode, respectively. These redox reactions require displacement of cations into (for
reduction) and out of (for oxidation) the electrodes. To maintain charge balance an electric
field is created along the channel between the two electrodes, causing an electrophoretic
transport of cations from the source electrolyte to the target electrolyte. The rate of ion
transport through the OEIP can be precisely controlled by the applied voltage (see Supporting
Information Figure S1), and the current increases nearly linearly versus the applied voltage
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over the range studied here. The composition of the ion flux into the channel is dependent on
the concentration of ions in the source electrolyte and their mobility in the PSS phase in the
channel. Small cations such as H+ can be transported with lower applied voltage compared to
larger ions such as Na+, reflecting the different ions mobility in the channel (Figure S1). If
the source electrolyte only contains the intended cation to be pumped (and its counter anion)
in high concentration the ion current through the channel will become predominately
composed of that ion. The OEIPs used in this work feature multiple reservoirs connected to
each other by multiple channels. Each reservoir, consisting of an electrode covered with an
electrolyte, is designated as source, target or waste (Figure 1b). In the source reservoir an
electrolyte containing the cation to be transported is added, while the target reservoir contains
the electrolyte in where the effect of local ion delivery is to be studied. The waste reservoirs
are used for pre-filling or washing the channels. The channels from each source reservoir are
either connected to a combined outlet in the target reservoir, as shown in Figure 1b and 1c,
or to separate but adjacent outlets. The two different designs do however have equal ion
delivery characteristics and in this work only one channel is used at a time. A non-permeable
layer of SU-8 covering the channels defines the outlet of the channels to the edge of the SU-8
layer, where the channels have a width of 30 µm. Finally the OEIPs are encapsulated using a
polydimethylsiloxane (PDMS) structure which provides closed compartments for the
electrolytes in order to prevent evaporation.
Herein, we report a novel approach for spatially controlled in vitro self-assembly of amyloidlike aggregates by utilizing the OEIP. The morphology, the size and the direction of the
assembly pathways of the amyloid aggregates could be controlled by choosing between two
different ionic species and also by the rate at which the ions are delivered. These assets were
utilized for creating layers of amyloid deposits containing different conjugated oligo- and
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polythiophenes, one fluorescent and one conducting thiophene derivative, at the outlet of the
OEIP.

Figure 1. Illustrations of the OEIP and molecules used in this work. (a) The principle of the
OEIP. When a voltage is applied between the two PEDOT:PSS electrodes cations (M+) are
electrophoretically transported from the anode (source) electrolyte to the cathode (target)
electrolyte. (b) Drawing of the OEIP used in this work, featuring two source reservoirs (S)
connected to one target (T) and one waste (W) reservoir. A layer of SU-8 isolates the
reservoirs. (c) Detailed drawing of the outlet of an OEIP with multiple channels combining
into one outlet. The SU-8 edge defines the 30 µm wide release spot of the channels. The scale
bar is 1 mm. (d) Chemical structure of poly-E and (e) p-FTAA.
2. Results
2.1. Characterization of the ion delivery of the OEIP
The delivery of H+ using the OEIP has previously been reported[22] and is characterized for
the device design used herein in Figure S2. Delivery of Na+ has however not previously been
characterized and we therefore measured the transported amount Na+ using the radioactive
isotope

22

Na+ (Figure 2) at different applied currents. The transported amount of both ions
-5-

Submitted to
shows to be dependent on the applied current. The data is linearly fitted with the equation (1),
where DNa+ is the delivery rate of Na+ in pmol/s and INa+ the bias current in nA.

DNa   0.33  7.56 103  INa 

(1)



Figure 2. Measured delivered Na+ by monitoring accumulation of radioactive 22Na+ in the
target reservoir after 20 minutes as a function of applied bias current. Approximately 2 to 8
nmol of Na+ can be delivered over 20 minutes with the use of the OEIP by controlling the
applied current.
The efficiency Qeff, calculated as the delivery rate of Na+ divided by the rate of charges
electrons applied to the device (equation 2), is around 80% for all tested currents. The main
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loss off efficiency is probably due to the high local salt concentration at the outlet causing the
selectivity of the otherwise cation selective channel to decrease.

Qeff 

DNa 

INa  /(N a  e)

(2)

However, the good correlation between applied current and delivery rate of Na+ allows us to
establish the OEIP as an 
effective device for delivery of Na+.
2.2. Amyloid fibril formation of poly-E in microtiter wells
As a model peptide for amyloid formation we used the polypeptide polyglutamic acid (polyE) (Figure 1d) with a length ranging from 100-340 residues. The side groups of poly-E are
negatively charged at neutral and alkaline pH and these negative charges cause repulsion
between chain segments, thus hindering peptide self-assembly and aggregation. If these
negative charges are either protonated at low pH or shielded by counter ions, peptide chain
segments can start to interact and self-assemble to -sheet rich aggregates. For example, polyE incubated at pH 3.6 can form twisted fibril structures 250 nm wide and 1.5 to 3.5 µm
long.[27] Thus we anticipate poly-E to be able to form amyloid-like aggregates at a confined
spot, the outlet, either by locally delivering H+ (low pH) or Na+ (shielding of charges) using
the OEIP. We also anticipate that the local delivery of cations will induce accumulation of
negatively charged molecules closest to the outlet in order to counter the flux of positive
charges. Hence, as poly-E is negatively charged at pH 8.5 (the initial pH of the poly-E
solution) we expect it to become concentrated near the outlet, which will promote
aggregation.
To see if the cation signal patterns generated by the OEIP were suitable to induce local
aggregation of poly-E we first adjusted an essentially unbuffered mildly alkaline and saline
poly-E solution containing 0.1

M

NaCl (pH 8.5, 0.2 mM NaOH in Milli-Q water) to pH 2 by

the addition of HCl. The kinetics of the aggregate formation was followed in microtiter wells
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by fluorescence spectroscopy using the fluorescent amyloid-specific ligand p-FTAA (Figure
1e).[8, 28] When the oligothiophene p-FTAA binds to amyloid fibrils having a repetitive βsheet conformation, the thiophene backbone is conformationally restricted and the molecule
becomes highly fluorescent. The kinetics of poly-E aggregation by HCl addition showed the
typical characteristics of amyloid-like aggregate formation[27,29] with a 1.5 h lag phase
followed by a growth phase of 4 h and a final plateau phase (Figure 3a). The resulting
aggregates were studied by fluorescence microscopy, transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). Fluorescence microscopy micrographs
showed brightly green fluorescent spherulites stained by p-FTAA (Figure 3b) and SEM
revealed that these aggregates were mainly 1-2 µm in diameter spheres (Figure 3c).
Aggregates that were formed from poly-E solution not containing p-FTAA showed the same
morphology (see Supporting Figure S3a), indicating that p-FTAA does not affect the
aggregate morphology. TEM micrographs of diluted poly-E aggregates verified the intrinsic
5-10 nm wide fibrillar structure that constitutes the higher assemblies (see Supporting Figure
S3b-c).
2.3. Amyloid fibril formation of poly-E using the OEIP
Next we operated the OEIP to locally induce aggregation of poly-E by using bias currents (IX,
X=H+ or Na+) of 400, 800 or 1200 nA to deliver either H+ or Na+ to a reservoir containing 1.5
mg ml-1 poly-E, 1 µM p-FTAA and 0.1

M

NaCl in de-ionized water. Our simulations shows

that the OEIP with these bias currents is capable of lowering the pH down to approximately
2.5 or increasing the Na+ concentrations up to 160 mM and that the poly-E concentration can
be increased up to 8 times. (Figure 4 and Supporting Text S2).
As the kinetics of poly-E aggregation in microtiter wells showed saturation after 6 h (Figure
3a), the OEIP was operated for 7 h. As evident from the fluorescence micrographs (Figure 5),
both cations tested generated poly-E aggregates localized at the OEIP outlet but with different
-8-
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Figure 3. Poly-E aggregation in microtiter wells. (a) The kinetics of poly-E aggregation in
microtiter wells monitored by p-FTAA fluorescence at 545 nm (RFU=Relative fluorescence
units). A lag, growth and plateau phase can be observed. (b) Fluorescence from poly-E
aggregates formed in microtiter wells positively stained with p-FTAA. The scale bar is 100
µm. (c) SEM micrograph of aggregates of poly-E formed in microtiter wells showing a group
of connected spherulites. The scale bar is 2 µm.
morphology depending on cation and current level. When pumping H+ a 120, 207 and 261 µm
aggregate disc was formed for IH+ = 400, 800 and 1200 nA, respectively (Figure 5a-c).
Interestingly, according to our simulations the pH and poly-E concentrations at the location
for the edge of the observed disc are almost equal, ranging between pH 2.8-3 and 10.8-11.9
mg/ml respectively (Figure 4). The discs contained fluorescent dots but further analysis with
SEM (Figure 6a) revealed that their surfaces were featureless, suggesting that the discs were
mostly amorphous with amyloid-like aggregates embedded inside. Outside the discs annuli of
smaller aggregates were formed (Figure 6b) in which both spherulite (Figure 6c) and twisted
rod-shaped (Figure 6d) structures were observed. The high magnitude of green fluorescence
indicates that these were amyloid-like aggregates stained with p-FTAA (Figure 5a-c). Both
-9-
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Figure 4. Simulations of approximated (a) Na+, (b) H+ and (c) poly-E concentrations as a
function of the distance from outlet and bias current. (a) Na+-pumping can increase the
concentration of Na+ up to over 160 mM. H+ reduces the Na+ by a small amount as they have
equal charge. The effects of both ions are highly localized to 200 µm or closer from outlet. (b)
Delivery of H+ can increase the concentration of H+ by up to 7 mM near the outlet, thus
reducing the pH towards approximately 2.5. As contrast delivery of Na+ have very small
effect on the pH. As with the concentration of Na+ when pumping Na+, the increase in
concentration is localized to the 200 µm nearest the outlet. (c) Both H+ and Na+ delivery
causes accumulation of poly-E towards the outlet. For H+ the increase in poly-E concentration
can be up to 8 times, while for Na+-pumping the concentration can be increased up to 5 times.
The area of effect is also larger for H+-pumping than for Na+, which only effects less then 100
µm from the outlet. The difference in area of effect is mainly due to faster diffusion and
protonation of poly-E while delivering H+. The model used for the simulations is presented in
Supporting Information Text S1.
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Figure 5. Fluorescence from p-FTAA coated poly-E aggregates formed by pumping various
currents of H+ or Na+ for 7h. The current and ion used are: (a) IH+ = 400 nA, (b) IH+ = 800 nA,
(c) IH+ = 1200 nA, (d) INa+ = 400 nA, (e) INa+ = 800 nA, (f) INa+ = 1200 nA. The size of the
aggregates or aggregate field formed is dependent on the current and ion species. Scale bars
are 100 µm.

Figure 6. Morphologies of poly-E aggregates studied with SEM. H+-pumping gives (a) an
amorphous disc, surrounded by a (b) field of (c) spherulites and (d) twisted rods. (e) Low
currents (INa+ = 400 nA) of Na+-pumping gives amorphous aggregate, while (f) higher
currents gives a large aggregate consisting of (g) spherulites and (h) surrounded by twisted
rods. Scale bars are (a) 100, (b) 10, c) 5, (d) 1, (e) 50, (f) 100, (g) 5, and (h) 1 µm.
- 11 -
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the size of the disc and the outer diameter of the annulus increased with the applied cation
current, verifying that spreading of aggregates can be controlled by the OEIP. Interestingly,
within the annulus the size of the aggregates declined vs. the distance away from the outlet
(Figure 6b). Secondly, the spherulite aggregates, which measured 1-2 µm in diameter, were
often observed in groups and were strikingly similar to those aggregates formed in microtiter
wells by manual addition of HCl to poly-E (Figure 3c). The twisted rod-shaped aggregates
found were generally about 300 nm wide and up to 2 µm long (Figure 6d).
Changing to Na+-delivery instead of H+ resulted in a different gross morphology of the
obtained aggregates. For the lowest current level, i.e. INa+ = 400 nA, the formed aggregate (57
µm in diameter) showed only weak green p-FTAA fluorescence (Figure 5d) and no amyloidlike well ordered structures were detected with SEM (Figure 6e). This suggests that the loose
disordered aggregate contained amorphous poly-E deposits and non-amyloid bound p-FTAA.
For INa+ = 800 nA (Figure 5e) and 1200 nA (Figure 5f) the size of the aggregate disc
increased to 69 and 153 µm in diameter, respectively, and the fluorescence from p-FTAA
were increased, indicating that amyloid-like structures were now formed. Also, SEM analysis
of the INa+ = 1200 nA showed a truncated oblate spheroid (Figure 6f) consisting of connected
spherulites (Figure 6g) similar to those found in the annulus when pumping H+. Outside the
spheroid several smaller individual aggregates, predominantly with a highly ordered twisted
shape, were generated (Figure 6h). Overall, the aggregates that were formed at the outlet
when pumping high currents of Na+ were typically more compact and their fluorescence more
homogeneous compared to H+-pumping, indicating that the two kinds of ions induce poly-E
aggregation in different ways. When using a target electrolyte solution only containing pFTAA no visible aggregates were detected for H+ nor for Na+-pumping at IX = 800 nA,
confirming that the obtained structures were poly-E assemblies (Supporting Figure S4).
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2.4. Kinetics of poly-E amyloid fibril formation using the OEIP
To investigate the kinetics of the observed amyloid formation we followed the reaction in situ
with fluorescence microscopy using the fluorescent probes p-FTAA and indocarbocyanine
(Cy3). The red fluorescent probe Cy3 was used to label poly-E (at very low labeling ratio in
order to not interfere with assembly and detection of amyloid aggregates) to facilitate
detection of poly-E accumulation prior to conformational conversion into amyloid-like
aggregates. As expected, delivery of H+ contra Na+ (IX = 800 nA of H+ or Na+) yielded
different kinetics and growth patterns of the aggregates (Figure 7). After 20 min of H+pumping an accumulation of poly-E at the outlet of the OEIP was detected, visible as a red
fluorescent disc 172 µm in diameter (Figure 7a). The disc increased in red fluorescence
intensity and diameter over time and achieved a diameter of 206 µm after 7 h of pumping.
The disc exhibited high contrast in red fluorescence as compared to the surrounding area,
suggesting that peptide had accumulated to high concentration inside the disc. After 180 min
the green fluorescence increased at the edge of the disc, indicating the conversion of
accumulated peptide into amyloid-like structures. Eventually, green fluorescent dots started to
appear outside the central disc and the structures at the edge of the disc also started to grow
inwards, indicating that the conversion to amyloid-like structures spreads from the edge of the
disc in both directions. The appearance of amyloid-like aggregates at the edge of the disc
before spreading outwards and inwards could indicate that this region has the optimal
relationship between poly-E and H+ concentrations. As can be seen in our simulations (Figure
4) at the distance for the observed edge the pH starts to drop, suggesting that the lower pH at
closer distance to the outlet might be sub-optimal for poly-E aggregation. The subsequent
spread of amyloid assemblies to the outside of the disc could be caused by these early fibrils
providing nucleation seeds for nascent fibril propagation.
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Figure 7. Real time fluorescence imaging of the kinetics of poly-E aggregation over 7h. (a)
For H+-pumping (IH+ = 800 nA) a rapid accumulation of peptide, visible as red fluorescence
from Cy3, is followed by conversion of peptide to aggregates, visible as green fluorescence
from p-FTAA. The conversion starts at the edge of the accumulation. (b) For Na+-pumping
(IH+ = 800 nA) the peptide accumulation is slower and smaller than for H+-pumping. The
conversion to aggregates spreads as the accumulation spreads. Scale bars are 100 µm.
During Na+-pumping to induce aggregation we observed a slower, smaller and less defined
peptide accumulation. A truncated spheroid-like accumulation, growing from the outlet and
outwards, was detectable after 80 min and reached a final of size about 106 µm after 7 h
(Figure 7b). The detected accumulation of poly-E agrees with the simulated results, which
shows a high accumulation of poly-E < 50 µm from the outlet (Figure 4). Even though the
accumulation was slower and smaller, the increase in green fluorescence occurred after about
the same time as for H+-pumping, i.e. after 180 min. The intensity increase started at the edge
of the accumulation and continued outwards as the accumulation spread. This indicates a
continuous conversion of poly-E into amyloid-like aggregates as the peptide accumulation
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moved outwards. The processes of the observed aggregate formation shown in Figure 7 are
available as movies with additional time frames in Supporting Information Movie S1 for H+pumping and Supporting Information Movie S2 for Na+-pumping.
2.5. Creating spatially distinct hybrid layers of conjugated polymers and poly-E amyloid
fibrils
The observed differences in aggregate formation inspired us to use the two different ions in
sequence to produce layers of aggregates with different morphology. In order to show the
possibilities of creating functional materials, such as organic biomolecular electronics, using
the OEIP device we also incorporated different conjugated polythiophenes into the different
layers (Figure 8). First a current IH+ = 800 nA was applied to deliver H+ for 7 h to a poly-E/pFTAA solution in the same way as described above and the presence of amyloid-like
aggregates was confirmed by fluorescence and transmission microscopy (Figure 8a-b,e-f).
For the next layer, the target reservoir was filled with fresh poly-E or poly-E together with
PEDOT-S and a Na+–current (INa+ = 800 nA) was applied for 7 h. PEDOT-S is a water
soluble derivative of PEDOT with high conductivity[30] which has been shown to bind to
amyloid-like fibrils producing nano sized conducting wires.[11] As shown in Figure 8d and
Figure 8h, a second thick layer of poly-E aggregates centered on the outlet was obtained,
similar to what was archived when only pumping Na+. Notably, adding a second layer of
poly-E increased the fluorescence of p-FTAA (Figure 8c), whereas a combined layer of polyE and PEDOT-S almost completely quenched the p-FTAA fluorescence (Figure 8g). The
presence of PEDOT-S in the outer poly-E aggregate layer might be due to attachment of
PEDOT-S to the pre-existing H+ induced amyloid fibrils prior to the Na+-pumping or due to
the fact that the pre-formed poly-E aggregates serves as seeds for the second Na+ induced
fibrillation event. Such a seeding effect could also explain the increased p-FTAA fluorescence
observed upon addition of the second layer of poly-E only, as a collateral elongation of the p- 15 -
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FTAA coated H+ induced poly-E aggregates will separate adjacent p-FTAA molecules
leading to an enhanced emission from p-FTAA (Figure 8c). Additionally, the change in pH
from pH 2 (H+-pumping) to pH 8.5 (Na+-pumping) will lead to de-protonation of p-FTAA
which will enhance the intensity of the fluorescence from the dye. This chemical modification
might also lead to a displacement of p-FTAA from the pre-formed H+ induced aggregates to
the Na+ induced poly-E disc-like assembly. However, the PEDOT-S coated disc shaped
aggregate formed around the center of the outlet (Figure 8h), clearly shows that sequential
pumping of H+ and Na+ provides a tool to control specific microscopic aggregate structures
and formations, combining features being annular, spherical and disc shaped.

Figure 8. The formation of distinct layers of poly-E aggregates coated with different
conjugated polythiophenes. (a) Fluorescence and (b) transmission micrographs of poly-E
aggregates after pumping of H+ (IH+ = 800 nA) for 7h to a reservoir containing poly-E/pFTAA, and (c) fluorescence and (d) transmission micrographs after a sequential pumping of
Na+ (INa+ = 800 nA) for 7 h to a reservoir containing only poly-E. (e-f) Fluorescence and
transmission micrographs of poly-E aggregates produced using the same conditions as in (a-b),
and corresponding (g) fluorescence and (h) transmission micrographs as in (c-d) but where
the target reservoir contained poly-E/PEDOT-S. Notably, the PEDOT-S quenches the
fluorescence from p-FTAA. Scale bars are 100 µm.
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3. Discussion
Delivery of ionic species or biological substances using microfluidic systems generate
convection and aqueous flow in the receiving reservoir and is therefore often ruled out for
experiments in which stable gradients are a necessity. In contrast, the OEIP is a device
enabling us to deliver cationic species to media containing biomolecules at high
spatiotemporal resolution under convection-free conditions.[22-25] This is of utter importance
for studies in which it is required to establish well-defined and stable gradients over long
periods of time. Here, we prove its applicability in generating H+ and Na+ gradients in
solutions containing poly-E in order to generate vastly different poly-E aggregate
morphologies. The poly-E peptide has previously been shown to be an amyloidogenic
system[27] and, as shown herein, can form amyloid fibrils upon neutralization of the negatively
side-charged groups by a H+-gradient or by shielding of the charges in the presence of a
gradient of counter cations such as Na+. We found that the delivery rate and the kind of cation
are both highly potent parameters in dictating the formation of microscopic poly-E
aggregates, being annulus-, truncated spheroid- and/or disc-like in nature. Further, by varying
the ion flux to first contain H+ followed by delivery of Na+, we achieved aggregate structures
being a combination of the aggregate structures achieved from pumping either H+ or Na+
alone.
Overall, a device such as the OEIP that offers the opportunity for spatial and temporal
assembly of amyloid-like fibrils will have great implications for a diversity of research fields,
ranging from bioelectronics to molecular studies of protein aggregation diseases. We found
that the OEIP can be used to selectively modify the microenvironment at a distinct confined
space and thereby force a peptide to be converted into amyloid fibrils with distinct
morphologies depending on the alteration of the microenvironment. This is rather different
from looking at amyloid formation in the bulk solution of an ordinary test tube and can be
- 17 -

Submitted to
utilized for visualization of supra-molecular assembly of heterogenic populations of protein
aggregates in real time under the influence of minor alterations in the micro environment. It is
evident that there are many fundamental questions regarding the protein aggregation process
that remain unanswered and although amyloid fibrils share a common structure, a structural
heterogeneity exists even in amyloid deposits consisting of the same polypeptide,[4,

12-16]

which especially has been seen for the infectious prion protein.[12, 15, 31] Here we found that the
OEIP offers the possibility to study how polypeptide chains can adopt a multitude of supramolecular

amyloid

structures

through

the

impact

of

minor

alterations

of

the

microenvironment. We were also able to study the kinetics of protein aggregation assembly in
real time. The often observed supercritical concentration needed for continued
fibrillogenesis[32] and the initial accumulation of morphologically disordered aggregates
followed by conversion into amyloid fibrils[13,33] were both observed using the OEIP and also
found to be dependent on the rate and species of cation delivered.
Previous studies have shown that non-covalent assembly of amyloid fibrils and conjugated
polymers might be an excellent bottom-up approach for creating conducting nano-wires for
bioelectronic devices.[10,11] However, these studies have been lacking a controlled spatial
assembly of the amyloid fibrils and the conjugated polythiophenes, which is most likely a
crucial property for making efficient bioelectronic devices. Herein we provide clear evidence
that the OEIP has the potential to be used for spatial assembly of amyloid deposits containing
fluorescent or conducting conjugated polythiophenes, and thus solve this problem.
4. Conclusions
In conclusion we have demonstrated a new way to produce and control the assembly of supramolecular amyloid-like aggregates. Using the OEIP, the induction of aggregation can be both
controlled in time and concentrated to a specific site. The morphology of the created
aggregates depends on the ion and current used, which we leveraged to create layers
- 18 -
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containing different properties. We anticipate that this new application for the OEIP will be
useful for both biological studies of amyloid assembly and fibrillogenesis as well as for
creating new bioelectronic materials and devices.
5. Experimental Section
Manufacturing of OEIPs: The surface of PEDOT:PSS (AGFA-Gevaert Orgacon F-350),
coated on a PET substrate, was cleaned using 1112A remover (Shipley), then rinsed in
acetone and de-ionized water. Shipley 1805 photoresist was deposited onto the PEDOT:PSS
surface after pre-treatment with O2-plasma and primer (hexamethyldisilazane). PEDOT:PSS
was patterned using an O2/CF4 plasma etch-step. Over-oxidized patterns of PEDOT:PSS were
achieved by exposing the unsealed PEDOT:PSS areas to a sodium hypochlorite solution (1%
vol./vol., 50 s). Finally, a layer of SU-8 2010 (MicroChem) was patterned on top of the
electrode configuration and a PDMS (Dow Corning Sylgard 184) layer with openings for
electrolytes was attached.

Measurement of Na+ delivery. Radioactive

22

NaCl (3.7 MBq in water) was obtained from

Perkin Elmer, UK. A standard solution was made by 1:100 dilution of
solution of 0.1

M

22

NaCl into a cold

NaCl. A standard curve of cpm versus the concentration of

made by dilutions of the standard

22

22

NaCl was

NaCl solution in 0.01%-1%. The standard solution was

used as source electrolyte and INa+ = 200-800 nA was used to pump Na+ from the source to a
target electrolyte containing 40 µl 0.1 M NaCl, for 20 minutes. For each measurement a 10 µl
aliquot of sample was added to 4 ml of scintillation cocktail (Ultima Gold, Perkin Elmer, UK).
Measurements of radioactivity (cpm) were performed on a Beckman LS 6500 instrument.

Poly-E and p-FTAA solutions. Poly-L-glutamic acid sodium salt with molar weight 15-50 kDa
was obtained from Sigma-Aldrich and stock solution of 1.5 mg mL-1 poly-E was prepared by
- 19 -
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dissolving the peptide in weakly alkaline pure water (0.2 mM NaOH in Milli-Q water),
rendering a pH of 8.5 and adding 0.1

M

NaCl. All fibrillation experiments were performed at

room temperature using this poly-E stock solution. p-FTAA was synthesized as reported
previously[8] and a stock solution of 1.5 mM p-FTAA in de-ionized water was prepared.

Cy3-labeling of poly-E. Poly-E was labeled by covalently attachment of the fluorescent probe
Cy3 to the N-terminal using Cy3 mono-reactive kit from Amersham Bioscience. Labeling was
performed according to the manufacturer’s recommendations for protein labeling using
sodium carbonate buffer at pH 9.0. Free Cy3 was removed by dialysis against Milli-Q water
kept alkaline with 2 mM NaOH. The final ratio of Cy3-labeled poly-E was estimated to be
<0.1% as determined by absorbance spectroscopy at 550 nm using the extinction coefficient
of Cy3 150,000 M-1cm-1 and the predefined concentration of poly-E from the manufacturer as
determined by weight (Sigma).

Poly-E fibrillation in microtiter wells. Poly-E stock solution containing 1 µM p-FTAA was
added to microtiter wells and HCl was added to obtain pH 2. The aggregation was followed
using a Tecan Saphire 2 plate reader with excitation at 450 nm and emission spectra measured
between 470 and 700 nm. Samples were also collected for microscopy.

Poly-E fibrillation with OEIPs. OEIPs were soaked in de-ionized water for 24 h before use to
increase ionic conductivity. The channels of the OEIPs were stringently washed by pumping
Na+ through them in order to remove any resident species that could interfere with the
aggregation. Aggregation was induced by pumping H+ or Na+ (source concentration 0.1

M)

with bias current Ix = 400-1200 nA for 7 h to target poly-E stock solution containing 1 µM p-
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FTAA. The aggregation was stopped by removing the target solution with pipette before
disconnecting the current.

Fluorescence and transmission microscopy study of poly-E aggregates. For fluorescence and
transmission micrograph acquisition a Zeiss Axiovert 200M inverted microscope equipped
with a Zeiss AxioCam HR camera, a HBO 100 mercury short-arc lamp for fluorescence
excitation and a HAL 100 halogen lamp for transmission illumination was used. A 470/40 nm
and a 546/12 nm band pass filters were used for excitation of p-FTAA and Cy3 (when
applicable), respectively. For dried samples the exposure time was 320 ms, while for live
studies the exposure times were 800 ms for p-FTAA and 500 ms for Cy3.

SEM study of poly-E aggregates. 100 Å Au was sputtered on dry samples from the fibril
formation reactions described above and studied with a Gemini LEO 1550 microscope using
an acceleration voltage of 5.00 kV.

Live imaging of poly-E aggregation. H+ or Na+ was pumped at Ix = 800 nA to target reservoirs
loaded with Cy3-labeled poly-E solution containing 1 µM p-FTAA. Fluorescent micrographs
where acquired every 20 min for 7 h. Images were merged by color-coding the p-FTAA
channel green and the Cy3 channel red using Zeiss AxioVision.

Construction of distinct hybrid layers of conjugated polymers and poly-E amyloid fibrils. First
IH+ = 800 nA of H+ was pumped to target reservoirs loaded with poly-E stock solution
containing 1 µM p-FTAA. After 7 h the aggregation reaction was stopped by removal of the
target solution by pipette and the obtained aggregates studied with fluorescence and
transmission microscope. Next the source reservoir was emptied and washed 5 times with 0.1
- 21 -
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NaCl and the target reservoir was reloaded with poly-E solution either with or without

PEDOT-S (1 mg mL-1) and INa+= 800 nA of Na+ was pumped to the target solution for 7h.
The reaction was stopped and the formed aggregates were again studied.
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Amyloid aggregates are produced by delivery of H+ and Na+ to a solution containing a
polypeptide using an organic electronic ion pump and detected using fluorescence microscopy
and SEM. The obtained aggregates are spatially confined to the outlet of the ion pump, and
their spread and morphology are controlled by the applied cation current.
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Figure S1. The approximately linear current-voltage relationship when pumping H+ or Na+ (Ix
= 50-1600 nA) using the OEIP. Na+ has a larger resistance compared to H+ due to its lower
mobility in the cation selective channel.
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Figure S2. H+ pumping detected with the pH-indicator Congo red. (a) Micrographs showing
the color change of the pH-indicator Congo red (color transition from red to blue at
approximately pH 3-5) after H+ have been pumped for up to 300 s with a driving current of
IH+ = 200, 400, 800 or 1200 nA. A fast (<10 s) color change is observed closest to the outlet,
which subsequently continues outwards. The spread of the color change is increases with the

-2-

current. Scale bars are 500 µm. (b) Change in red intensity vs distance from outlet for the
micrographs in a). Horizontal rows of 50x50 pixels squares (equal to 45x45 µm) starting
directly outside of the outlets was chosen for the computation. The image at t=0s was
subtracted from each subsequent image and the average difference in red intensity for each
square was calculated. A quick (< 10 s) decrease in red intensity at < 100 µm from the outlet
is observed for all currents, and the spread the change increases with current. Between 100 to
400 or 700 µm, for IH+ = 200 and 1200 nA respectively, there is a gradual decrease in change.
Further away from the outlet the red intensity is still unchanged. The gradient becomes deeper
and moves further away from the outlet with time for all currents. After 300 s with IH+ = 800
or 1200 nA a saturation is observed, suggesting that Congo red has shifted completely to the
blue state, i.e. approximately pH < 3.

Figure S3. SEM and TEM micrographs of poly-E aggregates from bulk solution reactions in
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microtiter wells. (a) SEM micrograph of aggregates of poly-E formed in microtiter wells
without the presence of p-FTAA, showing a group of connected spherulites similar to those
found in the presence of p-FTAA. (b) and (c) TEM micrographs of diluted poly-E aggregates
formed in microtiter wells. The aggregates were counterstained with uranyl acetate. The
overview micrograph in (b) shows a cobweb of intertwined fibrillar material and the detailed
micrograph in (c) verifies the intrinsic fibrillar structure of the poly-E aggregates.

Figure S4. Fluorescent microscopy micrographs of (a) H+ (IH+ = 800 nA) and (b) Na+ (INa+
= 800 nA) pumped to a solution only containing p-FTAA for 7h. The lack of aggregates
confirms that poly-E is required for aggregation. The scale bars are 100 µm.

Figure S5. Accumulation of Cy3-labeled poly-E when pumping H+ or Na+ at Ix = 800 nA. By
the use of high ratio of Cy3-labeled poly-E and long exposure time the poly-E gradients is
captured better than in Figure 7. (a) The delivery of H+ causes poly-E to accumulate near the
-4-

outlet giving high fluorescence < 100 µm from the outlet. Outside this region there is a
gradient of decaying fluorescence. When the current is shut off after 20 minutes the
accumulation disappears, showing that this is a reversible process. (b) The delivery of Na+
also causes poly-E to accumulate at the outlet but even more localized compared to H+
delivery. The accumulation is restricted to the first 20 µm outside the outlet, which shows
very high fluorescence. Outside this there is no detectable gradient. Again when the current is
shut off the accumulation disapears. Scale bars are 200 µm.

Movie S1. Movie showing the full time-lapse with 20 minutes interval of the real time
fluorescence imaging of the poly-E aggregation where H+ (IH+ = 800 nA) was pumped to
Cy3-labeled poly-E (color coded red) and p-FTAA (color coded green).
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Movie S2. Movie showing the full time-lapse with 20 minutes interval of the real time
fluorescence imaging of the poly-E aggregation where Na+ (INa+ = 800 nA) was pumped to
Cy3-labeled poly-E (color coded red) and p-FTAA (color coded green).
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Supporting Text S2 – Model for simulations of H+ and Na+ pumping to poly-E solution
The system to model consists of a 30 µm wide outlet within a several mm large reservoir.
Since the dimension of the outlet is much smaller than the dimension of the reservoir, the
geometry may be considered spherically symmetric and thus approximately treated as a 1D
system. Here we choose to model the steady state condition, in which an ionic current of Na+
or H+ passes through the outlet and alter the local ion concentrations around it. The reservoir
is assumed large enough for the bulk concentrations to remain unchanged far away from the
outlet. The reservoir electrolyte consists of [Na+] = 112 mM, [PE] = 46 mM, [Cl-] = 100 mM
at pH = 8.5.

Our approach is based on the Nernst-Planck equations (1), which previously have been
successfully applied to similar problems[1-2]. The Nernst-Planck equations relates the flux Ji of
the species i to the concentration ci and the electrical potential  , which couples the fluxes of
the different ionic species together. For each species
J i   Di ci  fzi ci  

(1)

where i = (Na+, H+, PE, OH-, Cl-), Di is the diffusion coefficient, f  F / RT and zi is the ionic
charge (zNa = zH = 1, zOH = zCl = -1). The charge of PE (zPE) varies with pH since each
monomer unit contains a carboxylic acid group.

In steady state the mass transport is time independent, thus
   J i  ri 

where ri 

dci
0
dt

(3)

dci
is the reaction rate. The only reaction present in the system is
dt
-7-

H   OH   H2O for which
rH  rOH  k0 ( K  cH cOH )

(4)

In spherical coordinates with radius r:
 1 d  2 dci 
dc d fzi ci d  2 d  
  J i   Di  2 ci  fzi ci   fzi ci  2   Di  2
 2
r
  fzi i
r
 
dr dr
r dr  dr  
 r dr  dr 
1 d 
d  
 dc
 Di r 2  i  fz i ci
 2
(5)

dr  
r dr 
 dr





By inserting (4), (5) in (3) and applying the electroneutrality condition:

d 
d  
 dc
 DNar 2  Na  fz NacNa
  0
dr 
dr  
 dr
d 
d  
 dc
2
 DH r 2  H  fz H c H
   r rH
dr 
dr  
 dr

d 
d  
 dc
2
 DOH r 2  OH  fzOH cOH
   r rOH
dr 
dr
dr



d 
d  
 dc
 DPE r 2  PE  fz PE cPE
  0
dr 
dr  
 dr
d 
d  
 dc
 DCl r 2  Cl  fzCl cCl
  0
dr 
dr  
 dr
cNa  cH  zPE cPE  cOH  cCl  0

(6)

Let r1 and r2 be the coordinates for the inner and outer boundary, respectively. Then the
boundary conditions become:

J Na (r1 )  x1

J H (r1 )  x2

J OH (r1 )  0

J PE (r1 )  0

J Cl (r1 )  0

c Na (r2 )  c0, Na

cH (r2 )  c0,H

cOH (r2 )  c0,OH

cPE (r2 )  c0,PE

 (r2 )  0
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(7)

for which x1  0 , x2  0 and x1  0 , x2  0 for Na+ and H+ transport, respectively.

Numerical method
The commercial finite element method software COMSOL 3.4 was utilized to numerically
solve equation system (6) with boundary conditions (7). The equations were written on the
general form     F with Neuman boundary conditions at r1 and Dirichlet boundary
conditions at r2. The inner radius was set to r1  30 µm since the spherical symmetry
assumption clearly fails closer to the outlet. The outer radius was set to r2  4 mm as this
radius proved large enough to make the solution close to the outlet insensitive to the specific
value of r2. A mesh of 3840 segments was used and found to be well above the required mesh
density to obtain convergence and insensitivity to the number of segments.

Parameter values
Tabulated[3] diffusion coefficients at infinite dilution were used for the small ions:
Di / (10-10 m2/s)
Na+

13.34

H+

93.11

OH-

52.73

Cl-

20.32

The diffusion coefficient for 75 kDa large PE chins has been reported[4] and depends on the
pH. Since the size of the PE used in this work is assumed to be 32.5 kDa, the diffusion
coefficient was estimated to 4.6×10-11 m2/s and 3.6×10-11 m2/s for acidic and basic conditions
respectively, in accordance with the scaling law D M 0.5 [5]. The pKa of the acidic groups of
-9-

PE varies with the degree of ionization of the polypeptide and thus with the pH. In this work
zPE was calculated as a function of pH from reported[6] measurement data and was used as the
effective net charge without taking geometrical effects into account.

By assuming 100% transport efficiency the boundary conditions xi were evaluated to

xi  

2I
where I is the current passed through the device.
4eN A

Further, standard values were used for T = 25º C, K = 10-14 M2, k0 = 1.3×1011 M-1 s-1.
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Supporting Text S2 – Interpretation of simulations of H+ and Na+ pumping to poly-E
solution
H+ and Na+ concentration gradients
The delivery of Na+ creates a sharp concentration gradient near the outlet, which levels off at
around 100-150 µm distance from the point of release (Figure 4a). The sharp gradient is
probably due to the relative slow diffusion of Na+ because of the larger size (compared to H +)
and the high stock concentration. The concentration of Na+ at 30 µm distance from the outlet
- 10 -

is increased from the stock concentration of 112 mM to approximately 130, 145 and 160 mM
for INa+ = 400, 800 and 1200 nA respectively, and the concentration increase is expected to be
even higher closer to the outlet, i.e. <30 µm. Delivery of H+ decreases the amount of Na+ by
around 10% at the outlet, as the increase in cation concentration (as H+) is partly compensated
by a decrease of Na+.
Pumping of H+ gives a sharp concentration gradient that levels off at around 100-150 µm
from the outlet (Figure 4b). As the bulk is slightly alkalic (pH 8.5) the contrast between the
H+ concentrations near the outlet, reaching up to 7 mM, compared to the bulk is very high. As
H+ diffuses faster than Na+ and also is consumed when poly-E is protonated, the increase in
concentration is lower than the increase in Na+ concentration when pumping Na+. The pH
drops sharply close to the outlet and the pH at 100 µm distance from the outlet is
approximately 3.1, 2.9 and 2.7 for IH+ = 400, 800 and 1200 nA, respectively. Further away
from the outlet the concentration gradient is only slowly decreasing with the distance and the
pH remains at between 3.5 to 4.5 at 1000 µm distance. The simulated results showing the pH
being lowered to about 4 at this long range from the outlet with small differences between
different applied currents agree with the experimental results in Figure S2 showing the pH
indicator Congo red changing color over this area.

Poly-E concentration gradients
When delivering H+ poly-E molecules are electrophoretically transported towards the outlet as
they are attracted by electrostatic forces as a consequence of the increase in cation
concentration. The high negative charge on poly-E in the bulk solution (pH 8.5), make the
peptide an efficient counter ion. However, as the poly-E molecules move nearer the outlet it
will also encounter the gradient of lower pH created by the H+ delivery and thus become
gradually more protonated. The protonation decreases the negative charge of poly-E and
- 11 -

lowers its effectiveness as counter ion. Thus, the closer to the outlet the more poly-E is
required to balance the positive charge. This results in a broad concentration gradient of polyE with very high concentrations (in the 12-14 mg/ml range) close to the outlet and a slow
decrease from the outlet and outwards (Figure 4c). The very high concentration at 100-200
µm and closer agrees with the Cy3-fluorescence in Figure 7, although the experimental data
shows a more even accumulation. It is plausible that the high concentration of poly-E induces
a gelation of the peptide, causing the amorphous aggregate visible in SEM (Figure 6), and
saturating the peptide concentration. Using a higher concentration of Cy3-labeled peptide a
clear gradient of labeled peptide can be seen outside this amorphous aggregate (Figure S5),
supporting the data from the simulations outside the amorphous aggregate.
Na+ delivery will also cause poly-E to be electrophoretically transported towards the outlet
(Figure 4c). As Na+ will not change the charge of poly-E the peptide will carry a heavy
negative charge and be very effective in countering the influx of cations. Thus, few poly-E
molecules are needed to maintain charge balance. This gives a lower accumulation of poly-E
compared to delivery of H+. Also, the concentration increase of poly-E is almost only present
at the first 100 um from the outlet, and with a sharp gradient closer to the outlet. The poly-E
concentration increases to approximately 3.5, 5.5 and 7.5 mg/ml for INa+ = 400, 800 and 1200,
respectively. The gradients of poly-E in the simulations are positioned in agreement with the
experimental data of the size of the aggregates (Figure 7 and Figure S5).

Factors promoting the aggregation
From the experimental and simulated data we suggest two factors produced by the ion pump
which promotes aggregation:
 Ion-poly-E interaction: H+ delivery to the poly-E solution will cause the acid side
chains to be protonated, thus reducing the repulsion between chains and chain
- 12 -

segments and promoting aggregation. On the other hand the effect of Na+-delivery is
probably to increase the concentration of counter ions for the highly negative poly-E.
This reduces the electrostatic repulsion between chains as Na+ can shield the negative
charges, thus making aggregation possible.
 Poly-E-accumulation: It is obvious from our experiments and simulations that both H+
and Na+ delivery cause a local increase in poly-E concentration. This will promote
aggregation. From our experimental data it is also possible that the high accumulation
of poly-E near the outlet causes gelation of the peptide prior to amyloid formation.
Together the increase in poly-E concentration and the ion-poly-E interaction results in
aggregate formation. In the Na+ case it is obviously advantageous with both high Na+ and
high poly-E concentration, as the formation of amyloid like aggregates is fastest nearest the
outlet. For H+ on the other hand there is a clear separation between the effect of accumulation
of poly-E and the pH-gradient. The accumulation causing the amorphous aggregate detected
early as Cy3-fluorescence is obviously not the best conditions for amyloid-like aggregation,
as those specific aggregates are detected later. Instead the first amyloid-like aggregates are
detected at the perimeter or outside this amorphous aggregate, where the peptide
accumulation is lower. The advantageous condition at this site compared to the more heavily
packed conditions closer to the outlet could be that the pH and poly-E concentration is more
optimized for amyloid-like assembly of poly-E.

Supporting Experimental Section
TEM study of poly-E aggregates. For TEM 5 µl aliquots of aggregated poly-E suspension was
diluted 5 fold with Milli-Q water and was applied to carbon-coated grids (Carbon B, Ted
Pella). The sample was allowed to bind for 2 min followed by a gentle dry blotting, one round
of washing with Milli-Q water followed by a 30 s counterstaining with 1 % uranyl acetate.
- 13 -

The samples were imaged using a Jeol-1230 transmission electron microscope operating at
100 kV.

Peptide accumulation study using Cy3. The same Cy3-labeled poly-E as before was used to
prepare at poly-E solution with 10 times higher ratio of labeled to unlabeled peptide. No pFTAA was present in the target solution. Ix = 800 nA was applied between either 0.1 M HCl or
NaCl source solution and the target solution. Fluorescent micrographs was with a Zeiss
Axiovert 200M inverted microscope equipped with a Zeiss AxioCam HR camera and HBO
100 mercury short-arc lamp and with 546/12 nm band pass filter for excitation and 1000 ms
exposure time.

pH-gradients detected with Congo red. IH+ = 200-1200 nA was used to deliver H+ from a 0.1
M

HCl source solution to a 0.1

M

NaCl target solution with added 0.01 wt% Congo red. The

high concentration of Congo red was needed in order to achieve good contrast in the small
volume. The formation of the pH-gradient was imaged with a long working distance
microscope, Nikon SMZ1500, equipped with a Nikon DS-Fi1-U2 camera using fixed
exposure settings.
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