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the target tissue, which reduces implant 
effi cacy. [ 1 ]  Some of the tissue reaction is 
caused by the trauma of device insertion, 
but recent studies have shown that fl exible 
implants result in a smaller tissue reac-
tion, [ 10 ]  and thus better protect implant 
functionality. This positive result is due 
to a fl exible implant better matching the 
brain tissue modulus. Better modulus 
matching helps avoid chronic irritation 
at the implant-tissue interface. Flexible 
implants can be more diffi cult to implant, 
however, and a variety of techniques are 
in development to easy implantation, 
including implantation guides, securing 
the shaft of the implant to a stiff support 
(so that only the very tip is actually fl ex-
ible), and bioresorbable coatings that tem-

porary stiffen the device for implantation, but dissolve away in 
vivo. [ 11,12 ]  The use of drug-eluting implant coatings is also used 
as a means to limit tissue reaction. [ 13 ]  

 Implants provide treatment by supplying an electric pulse 
sequence to the surrounding tissue. This has the effect of cre-
ating local area electric fi eld gradients, which depolarize cel-
lular membranes and trigger action potentials. [ 14 ]  However, the 
exact mechanism under which stimulation improves patient 
outcome is still under debate. Although the effectiveness 
of a treatment protocol is ultimately determined by patient 
symptom improvement, more precise information about the 
biological effects of a stimulation series can be observed by 
monitoring the synaptic signaling response of surrounding 
neurons. Synaptic signaling can be detected with electrical 
sensing at the implanted electrodes. Although the ideal physical 
characteristics of stimulation and sensing electrodes differ, [ 2 ]  
a single implant that both stimulates and monitors electrical 
response to treatment is possible. [ 15 ]  However, electrical signal 
changes are often diffi cult to translate into meaningful diag-
nostic information. In contrast, information about changes in 
brain chemistry has been carefully researched and is of great 
interest to the medical community. In fact, most medication 
targeting DBS (deep brain stimulation) treatable diseases 
works by altering the chemical balance in the brain tissue. For-
tunately, techniques have also been developed recently to use 
electrodes to monitor chemical levels in vivo with electrochem-
ical sensing. [ 16,17 ]  This means that with a single implanted elec-
trode device it is possible to provide therapeutic stimulation 
and monitor the treatment's effects through both chemical and 
electrical changes. 
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  1.     Introduction  

 Electrical stimulation of neuronal cells has been shown to be 
an effective treatment for disorders such as Parkinson’s, epi-
lepsy, depression, and obesity. [ 1,2 ]  Electrode implants are also 
an essential part of many prosthetic devices and therapeutic 
regimens, [ 3 ]  such as retinal [ 4 ]  or auditory prosthesis, [ 5 ]  limb 
movement restoration, [ 6 ]  and brain-machine interfaces. [ 7,8 ]  Tra-
ditionally, these implant electrodes were large and symmetric, 
stimulating a correspondingly large and ill-defi ned tissue 
volume. However, recent trends in device design have focused 
on smaller and directional electrodes, which stimulate a more 
precise tissue volume, increasing treatment effi cacy and mini-
mizing side effects. [ 9 ]  

 In addition to the growing use of microelectrodes, many 
researchers are also developing fl exible implants. [ 8 ]  Traditional 
‘stiff’ devices produce a strong tissue reaction to the implant, 
resulting in the electrodes being encapsulated by fi brous tissue. 
This has the effect of electrically isolating the implant from 
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 Although all implanted electrodes must be stable and biocom-
patible, the material and design requirements can vary widely 
depending on their application. Stimulating electrodes need to 
inject a certain amount of charge, and thus need to be relatively 
large or use a material with a high charge injection density, [ 2 ]  
while electrical sensing electrodes require low impedance to limit 
noise. [ 2 ]  Chemical sensing electrodes detect different chemicals 
by oxidizing (or reducing) them at the electrode surface. This 
requires an electrode material that can stably reach the necessary 
voltages to oxidize the target chemical (a wide ‘water window’), 
and one that will not be fouled following species oxidation. Addi-
tionally, the effi ciency/specifi city of chemical sensing electrodes 
can be strongly affected by the electrode surface groups. 

 Currently, carbon is the most popular material for chemical 
sensing electrodes. The oxidation/reduction of chemicals at an 
electrode surface occur at a specifi c voltage, and carbon elec-
trodes can operate in water environments over a wider range 
of voltages than other electrode materials, such as platinum, [ 18 ]  
which allows for detection of a wider range of analytes. For 
example, high speed cyclic voltammetry can reduce and oxidize 
the neurotransmitter dopamine in distinct peak patterns within 
the carbon water window, but these peaks occur outside of the 
platinum water window. [ 18 ]  

 Carbon electrodes can be deposited through screen or inkjet 
printing, but these electrodes are comprised of microscopic 
stacks of graphite sheets packed against each other after solvent 
evaporation. The fi nal structure relies on a percolated network 
of these individual structures to pass charge, and is much less 
electrical and mechanically stable than a continuous structure, as 
percolated network resistance is dominated by a few single ‘hops’ 
between units with high energy barrier, [ 19,20 ]  and these fi lms typi-
cally have inferior electrochemical properties to carbon fi ber elec-
trodes. [ 21 ]  Glassy (vitrous) carbon does not have these problems. 
The structure is a single unit, comprised or a continuous ribbon-
like structure of sp2 carbon. [ 22 ]  This type of carbon is chemically 
inert, non-adhesive, and is well regarded in the electrochemistry 
community for is stability. By pyrolyzing lithographically defi ned 
photoresists, scientists can easily create micrometer scale glassy 
carbon electrodes on wafers massively in parallel and with great 
precision. [ 23 ]  This technique has already been used to make glassy 
carbon electrodes on stiff, silicon based neural implants. [ 21 ]  

 Previous researchers have developed processes for creating 
fl exible neural implants on carrier wafers using standard semi-
conductor technology, and have successfully transferred the 
technical process to industry. This fabrication process involved 
depositing platinum electrodes between two layers of polyimide 
and etching the devices to the appropriate shape. [ 24 ]  The devices 
were then released by electrochemically dissolving an alu-
minum thin fi lm between the devices and the carrier wafer. [ 25 ]  
However, neither the aluminum underlayer nor the polyimide 
can survive the high temperature pyrolysis process (900 °C) 
used to generate the glassy carbon electrodes, so a new device 
release techniques and process fl ow needed to be developed.  

  2.     Design and Fabrication 

 Through the use of new materials and procedures we have suc-
cessfully fabricated fl exible neural implants with glassy carbon 

electrodes. The implants are fabricated out of well-established 
biocompatible materials; polyimide, titanium, platinum, 
and glassy carbon. The implant arms can be bent to a 1mm 
radius without altering device performance due to the glassy 
carbon being confi ned to the electrode tip, and the internal 
platinum wiring being located at the neutral axis of the implant 
shaft ( Figure    1  A). A variety of electrode sizes and designs are 
achievable using pyrolysis of photo-defi nable resist patterns, 
including patterns for DBS (Figure  1 C) or retinal prosthesis 
(Figure  1 D) applications. The DBS electrodes are large, com-
prised of a 5 × 5 array of 200 µm × 200 µm square electrodes, 
spaced 50 µm apart, wired together to effectively create single 
1 mm 2  surface area electrodes. The retinal implant design is 
inspired by previous work, [ 26 ]  and consists of 30 µm diameter 
electrodes spaced 200 µm apart in a 3 × 3 electrode array, which 
is circumscribed by a counter electrode ring. 

  The high temperatures needed to pyrolyze photoresist into 
glassy carbon also destroy polyimide. Therefore, the electrodes 
need to be made fi rst, and the rest of the neural probes are then 
built around them. Although this paper describes the example 
of glassy carbon electrodes, this process has application for the 
integration of any electrode materials that is brittle and/or uses 
high temperature processing (such as chemical vapor  deposition 
(CVD) deposited diamond [ 27 ] ) onto a fl exible backbone. 
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 Figure 1.    A) Implant probes shafts are very fl exible, and B) return to their 
original shape after fl exing (the Swiss 5-cent piece is ≈17 mm in diam-
eter). C) Electrodes designed for DBS (5 × 5 arrays of 200 × 200 µm 
square electrodes, spacing 50 µm), D) retinal stimulation (3 × 3 array 
of 30 µm electrodes, spacing 200 µm), or E) linear arrays with 50 µm 
(spacing 400 µm) or F) 150 µm (spacing 400 µm) electrodes. Scale bars: 
C:2000µm, D:800 µm, E:500 µm, F:500 µm



FU
LL

 P
A
P
ER

80 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 The process fl ow used to create the fl exible implants with 
glassy carbon electrodes is shown in  Figure    2   and described in 
detail in the methods section. In brief, the glassy carbon elec-
trodes are created from pillars of photolithographically defi ned 
SU-8 photoresist, which are then pyrolized under nitrogen at 
900 °C. Polyimide is then spun and cured over the electrodes, 
and then access to the electrode backsides is created via CMP 
(chemical-mechanical polishing) of the polyimide. The metallic 
wiring of the implant is then deposited and defi ned via sput-
tering and photolithography. Next, a second layer of polyimide 
is spun and cured and then coated with a PVD (physical vapor 
deposition) SiO 2  thin fi lm. Finally, the device structure is 
defi ned lithographically, and dry etched to shape. Most of this 
process is easily understood, but several steps have important 
features or innovations and are detailed below. 

  In order to ensure a mechanically robust implant, the glassy 
carbon electrodes need to be strongly bound to the surrounding 
polyimide. However, glassy carbon is notorious for being 
resistant to reactions and binding, evident by its popularity 
for evaporator crucibles. Glassy carbon is ribbon like in struc-
ture, and has surface functionalities of both hydroxyl and car-
bonyl groups [ 28 ]  which are increased in surface density through 
surface treatments including KOH, [ 28 ]  HNO 3 , [ 28 ]  and oxygen 
plasma. [ 29 ]  In Figure  2 C, we fi rst expose the glassy carbon elec-
trodes to 60s 500W oxygen plasma to increase the density of 

oxygen surface groups. These surface groups are then used to 
covalently [ 30 ]  bind proprietary (3-aminopropyl)triethoxysilane 
(APTES) functionalities (VM651, HD Microsystems, Cuper-
tino, CA, USA), which in turn incorporate into the polyimide 
layers. This ensures a robust bond between the glassy carbon 
electrodes and the polyimide device backbone, as confi rmed by 
peel tests. 

 DBS treatments often require a large amount of charge 
transfer, which necessitates large surface area electrodes, typi-
cally 1000 µm × 1000 µm. Fabricating single glassy carbon elec-
trodes with these dimensions has a low yield, however. During 
pyrolysis the photoresist can volumetrically contract as much 
as 90%. [ 22 ]  Because the SU-8 structures are constrained by their 
wafer footprint, this contraction creates a great deal of interfa-
cial strain at the carbon-wafer interface. For a given footprint 
area, there is a maximum height that the photoresist can be 
before the stress from pyrolysis causes the electrode to delami-
nate from the surface. This results in a 1000 µm × 1000 µm 
glassy carbon electrode having a maximum height of approxi-
mately 5 µm. This creates large electrodes with a relatively 
small electrode-polyimide interface, which should be maxi-
mized for a robust device. 

 In order to increase the robustness of implants with large 
area electrodes, the electrodes are broken into arrays of 
smaller electrodes, which are then wired together to act as a 
single electrode. The large DBS electrodes are replaced with a 
5 × 5 electrode array with the same total area (Figure  1 C). This 
results in a 5× increase in total electrode circumference, and a 
4× increase in electrode height (since electrodes with a smaller 
footprint can be made taller, [ 21 ]  resulting in a 20× increase in 
electrode-polyimide contact area. Stimulation theory says that 
the electrode array will not have any adverse effects on the 
device effi cacy. [ 31 ]  In fact, smaller electrodes can have a higher 
specifi c current density than larger electrodes, [ 2 ]  so a same area 
multi-electrode array could potentially improve performance 
over a single large electrode. 

 In addition to the interface between the glassy carbon elec-
trodes and the polyimide, the electrical interface between the 
electrodes and the metal wiring is also of critical importance. 
Previously, an oxygen plasma treatment followed by a PVD 
titanium deposition had been demonstrated to create a robust 
mechanical and thermal-electrical bond between glassy carbon 
and metals. [ 32 ]  Using 60 s 500 W in vacuo oxygen plasma 
before rf sputtered titanium deposition produces a good elec-
trical interface between the carbon electrodes and the plat-
inum wiring, as is demonstrated by impedance measurements 
( Figure    3  ). 

  To release the implant devices from the carrier wafer, dis-
solving a sacrifi cial fi lm under the devices is typically used. The 
use of selective chemical etching is possible, but since lateral 
etching is diffusion rate limited, [ 25 ]  releasing the devices can 
take days. Over such long etch times, even very selective chem-
ical etchants can begin to attack other materials. [ 33 ]  Anodic dis-
solution of the sacrifi cial layer occurs at accelerated rates com-
pared to the diffusion limited chemical etching, thus, fi nding a 
replacement for aluminum as a sacrifi cial layer is desirable. [ 25 ]  

 Metals that easy oxidize in salt water environments, such as 
aluminum, zinc, and cadmium, tend to have melting tempera-
tures below the pyrolysis temperature. Some of these materials 
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 Figure 2.    The basic process fl ow includes A) defi ning the photoresist 
electrode patterns, B) pyrolyzing the resist into electrodes, C) depos-
iting a layer of polyimide, D) exposing the electrodes via polyimide CMP, 
E) depositing and defi ning Ti/Pt/Ti metallic lines to the electrodes, F) a 
second layer of polyimide, G) deposition and patterning of a SiO 2  fi lm, H) 
plasma etching of the polyimide to the defi ne the fi nal implant shape, and 
I) release of the implants from the substrate. J) The devices are entirely 
processed on a 100mm carrier wafer.
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also introduce additional problems by oxidizing to non-soluble 
solids or being non-standard clean room materials. Another 
easily oxidizable metal, iron, forms deep level traps, and is 
therefore unwelcome in most cleanroom machines. Tungsten 
is an obvious target for a high temperature processing, as it 
has the highest melting point of all pure metals. Furthermore, 
it is considered an active anodic material in saline solutions, 
although less so than the metals mentioned above. 

 The use of tungsten as the sacrifi cial layer does come with 
issues, however. Tungsten develops a self-passivating oxide that 
protects against dissolution at neutral pHs. [ 34 ]  Thus, tungsten 
dissolution needs to be done in a basic solution, which can 
dissolve the tungsten oxide. [ 35 ]  However, basic pHs can affect 
the neural probe materials over long times. [ 33 ]  Additionally, 
although metals like tungsten are able to easily resist melting 
pyrolysis temperatures, carbide or nitride formation can occur, 
which are diffi cult to remove. To prevent tungsten carbide or 
nitride formation, the tungsten fi lm is coated with a 250 nm 
SiO 2  passivation layer (Figure S1a). 

 Because tungsten dissolution needs to occur in a basic solu-
tion, minimizing the time it takes the implants to be released 
is important. Applying an AC voltage signal, rather than DC, 
can dramatically increase the tungsten dissolution rate, [ 36 ]  
which limits device exposure time to the base solution, and 
results in the devices being released even faster than with alu-
minum sacrifi cial fi lms. Additionally, hydroxide etch rates are 
highly dependent on temperature, [ 37 ]  and are nearly negligible 
at room temperature, where we perform anodic dissolution. 
For additional protection, various protective resists specifi -
cally designed to protect sensitive structures from basic solu-
tions can be coated onto the devices. [ 38 ]  The devices shown in 

Figures  1 B,  1 D, and  1 E were successfully released using these 
methods, and without protective resists. 

 For structures or devices with a low tolerance for exposure 
to base solutions, dissolving the carrier wafer proved to be a 
successful release process. Starting with a silicon wafer with a 
thermal oxide, the devices were made as before, and the entire 
top surface of the wafer was coated with KOH resistant resist 
(ProTek B3 resist, Brewer Science, USA) (Figure S2). The wafer 
backside was then ground until the entire wafer was 150 µm 
thick, and then the remaining silicon was dissolved in a bath of 
10% KOH at 40 °C. The resultant structure was a sheet of probes 
sandwiched between the protective resist and a SiO 2  fi lm. A 
30min soak in acetone dissolves the resist, and a 2min dip in 
2% hydrofl uoric acid removes the SiO 2 . The devices shown in 
Figures  1 A,  1 C, and  1 F were released using this method.  

  3.     Device Testing 

 Fabricating the implants using semiconductor processes allows 
us to leverage this mature technology to create massively par-
allel processed probes with very high precision. These designs 
are based on electrode arrays, so consistent performance 
between electrodes is important. These electrodes, for example, 
can be used for large area chemical mapping of large areas or 
act as controls against each other, both of which rely of high 
electrode repeatability. 

 Electrode characterization of the devices in PBS demon-
strates that the electrochemical properties of the devices are 
consistent with carbon electrodes (Figure  3 ). These results 
show a successful electrical contact between the glassy carbon 
electrodes and the sputtered titanium adhesion layer. 

 Electrochemical impedance spectroscopy is a useful tool to 
understand the properties of an electrode. [ 39,40 ]  Using these 
results an equivalent circuit for the electrode can be deter-
mined, which clearly illustrates device properties. A typical 
implanted electrode circuit is comprised of model circuits for 
the microelectrode surface, the bulk tissue resistance ( R  Bulk ), 
and stray wiring capacitance ( C par  ). The microelectrode inter-
face can be modeled by resistor (charge transfer resistance,  R cr  ) 
and a constant phase element (double layer capacitance,  CPE α  ) 
in parallel. [ 1 ]  The complete circuit is shown in Figure  3 b. 

 Fitting the equivalent circuit model (Figure  3 b) to empirical 
data (Figure  3 a, black dots) with the program ZView (Scribner 
Associates, Inc, Southern Pines, NC) produces an excellent fi t 
(χ 2  < 0.001). The data was taken using a 100 mV AC signal 
from 10 2 –10 6  Hz in 1× PBS at 20 °C. The fi t (Figure  3 a, black 
line) generates values of  R  Bulk  = 3000 Ω (for a buffer conduc-
tivity of 0.5 Ω cm) and  CPE T   = 12 nF (70 µF cm –2 ). These 
values are as expected for glassy carbon electrodes of this size 
in saline. [ 1,41–44 ]  For electrochemical impedance spectroscopy 
in the absence of an electroactive species,  R cr   is considered 
infi nite, which demonstrates the lack of Faradaic current with 
these electrodes; virtually all the change transfer is capacitive, 
which is the preferred mechanism for implanted electrodes. 
The parasitic capacitance,  C Par ,  is approximately 1.9pF, which is 
a good value for this type of polyimide implant. [ 1 ]  

 As a characterization of the electrochemical behavior of 
the electrodes, as well as a demonstration of their consistent 
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 Figure 3.    A) Bode plots show the impedance and phase behavior of 
150 µm diameter glassy carbon electrodes at ±100 mV in 1xPBS (con-
ductivity 1.6 × 10 –2  S cm –1 ). B) The circuit model for electrode behavior.
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performance relative to each other, we tested the implants using 
cyclic voltammetry in a solution of 2 mM FeMeOH in 0.1 M KCl 
fi ltered through a 0.2 µm syringe fi lter. Each 150 µm electrode 
performed identically over multiple cycles – the electrochemical 
curves are offset in  Figure    4   for visual clarity. The electrodes 
were all tested at the same time, which demonstrates that the 
electrodes and wiring lines are well insulated electrically from 
each other, with no leaks between electrode pairs. This also acts 
as a basic in vitro proof of concept for simultaneous chemical 
detection across many electrodes, with applications for either 
area mapping or multiple electrode systems. 

  Many biochemicals can be detected through electrochemical 
techniques, including dopamine, serotonin, norepinephrine, 
and DOPAC. [ 18 ]  Among these, dopamine is perhaps of greatest 
interest, due to its prevalence in motor control, motivation, and 
reinforcement learning. [ 45 ]  Dopamine concentration changes 
are also scientifi cally interesting over both sub-second and 
chronic timescales. Electrical stimulation, light stimulation, 
wound healing, and mood have all been related to dopamine 
levels in the brain. Because of this, there is great interest in 
monitoring dopamine levels in vivo. 

 Dopamine levels can be detected electrochemically with 
carbon electrodes using either amperometry or cyclic voltam-
metry. When suffi cient potential is applied to an electrode, 
dopamine donates two electrons and is oxidized to dopamine-
o-quinone, producing a current. During cyclic voltammetry, at 
the return potential dopamine- o -quinone will accept two elec-
trons and reduce back to dopamine. [ 17 ]  Amperometry can detect 
concentration changes very fast and is simple, requiring little 
processing power or data post processing. [ 16 ]  Cyclic voltam-
metry, especially fast scan cyclic voltammetry (>400 V/s), is 
of increasing interest for in vivo measurements, as oxidation 
peaks from different molecules can be deconvolved to pro-
vide more molecule specifi c concentration data. [ 18,21 ]  However, 
this technique comes with a cost of increased data processing 
requirements and slower temporal resolution. As a proof 
of concept, we tested our devices with in vitro amperometric 
detection of titrated dopamine in a solution of phosphate buff-
ered saline. 

 The results of a dopamine titration with the electrodes from 
Figure  1 d are shown in  Figure    5  . Amperometric detection 

is done at +500 mV, below the peak oxidation potential of 
dopamine, +600 mV vs Ag/AgCl. [ 18 ]  Dopamine detection 
shows a linear response (r 2  >0.99) up to 20 µM before losing 
linearity, which equals or exceeds the linear detection range of 
others. [ 15,21 ]  The limit of detection, defi ned as 3 times the signal 
standard deviation above the blank, is approximately 65 nM. 
This detection limit is similar to the fi ndings of others. [ 21 ]  

    4.     3D Electrodes 

 As the wafer surface acts as a mold for the glassy carbon elec-
trodes, the electrode shape can be altered by editing the wafer 
accordingly. Flat, circular electrodes are easy to manufacture 
and are simple to understand and simulate due to their sym-
metrical electrical fi elds. Different electrode shapes and 3D 
electrodes produce more complicated electric fi elds and can 
locally focus electric fi elds at sharp features, although these 
local changes to the local electric fi eld do not extend far from 
the electrode surface (no more than 2–3× the diameter of the 
electrode). [ 46 ]  Despite this, local electric fi eld focusing can be of 
value, and 3D electrodes can extend away from the implanted 
electrode, beyond tissue encapsulation, and closer to live, active 
neurons. This technique is currently in wide use for in vitro 
MEAs (micro electrode arrays) to interrogate brain slices ex 
vivo. [ 47 ]  In a similar way, we can use pyramidal glassy carbon 
electrodes to extend the electrode away from the fl exible 
implant bodies. 

 Creating pyramidal pits in a wafer is a well understood 
microfabrication process, and does not add any masks to the 
process, although it does add a lithography step (one mask is 
used twice). The altered process fl ow is detailed in Figure S3, 
and starts with a < 100 > silicon wafer to allow for pyramidal 
KOH etching. Devices made with 3-dimensional pyramidal 
electrodes are shown in  Figure    6  . 

  Due to the large volume change of the SU-8 during pyrol-
ysis there is a limit as to the size of the pyramidal electrode 
that can be successfully created through a single pyrolysis step. 
The largest sized pyramids we reliably producible with a single 
pyrolysis are approximately 150 µm. Larger pyramids result in 
void formation or delamination from the mold surface. How-
ever, serial pyrolysis, where relatively thin amounts of SU-8 
are defi ned, pyrolized, and then more resist is deposited and 
pyrolized, can overcome this size barrier.  
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 Figure 4.    Cyclic voltammetry sweeps in 2 mM FeMeOH and 0.1 M KCl 
at 50 mV s –1  with a 150 µm, 8 electrode implant. All sweeps were done 
concurrently. The curves are offset vertically by 20 µA for visual clarity.

 Figure 5.    Amperometric detection of dopamine in PBS with 150 µm 
electrodes at +500 mV with an Ag/AgCl counter electrode and reference 
electrode. The relationship between current and concentration is linear 
up to 20 µM with an r 2  of 0.996 (insert).
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  5.     Conclusions 

 In conclusion, we have demonstrated a new process for inte-
grating high temperature materials into fl exible substrates. This 
was demonstrated with fl exible polyimide neuron probe implants 
and glassy carbon electrodes. Such devices are highly relevant 
for long term chemical monitoring in vivo. The processes shown 
here are also generally relevant to other high temperature and 
non-compatible materials, such as high temperature CVD depos-
ited materials. We also demonstrated two systems to release high 
temperature devices from the carrier wafer, as well as the fabrica-
tion and integration of 3-dimensional electrodes.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 6.    Pyramidal electrodes of various sizes and array types. Scale 
bars: A:300 µm, B:2 µm, C:50 µm, D:500 µm.
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