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Abstract
In this thesis we demonstrate high quality recordings of the ion channel activity across the
cell membrane in a biological cell by employing the so called patch clamping technique
on an injection molded polymer microuidic device.

Such recordings are traditionally

made using glass micropipettes, or in recent years using consumable microuidic chips of
high costs.

The patch clamping method is widely used both in fundamental studies of

electrophysiology of living cells and tissue and in drug discovery.
The ndings of this work will allow direct recordings of ion channel activity to be made
using the cheapest materials and production platform to date, and with the potential for
very high throughput. The employment of cornered apertures for cell capture allowed the
fabrication of devices without through holes via a process comprising master origination
by dry etching in a silicon substrate, electroplating in nickel, and injection molding of the
nal part. A thorough characterization of the patching orices by means of SEM and AFM
showed high replication accuracy through the fabrication process.
The most critical device parameters were identied as the length of the patching capillaries
and the very low surface roughness inside of the capillaries. The cross-sectional shape of
the cornered apertures was found to be less critical, as apertures with dierent proles were
tested with cells and showed the same ability to form tight seals with cells with negligible
leak currents. The ability to form high resistance seals in the GOhm range, the so called
gigaseals, is demonstrated with a success rate of 15 %. The devices were functionally tested
with Human Embryonic Kidney (HEK) cells expressing voltage-gated sodium channels
and benchmarked against a commercial state-of-the-art system for automated ion channel
recordings. These experiments considered current-voltage relationships for activation and
inactivation of the sodium channels and their sensitivity to a local anesthetic, lidocaine.
Both IVs and lidocaine dose response curves obtained from the injection molded polymer
device were in excellent agreement with data obtained from the commercial system.

Dansk resumé
I denne afhandling demonstreres højkvalitets målinger af ionkanalaktiviteten igennem cellemembranen i en biologisk celle ved anvendelse af den såkaldte "patch clamp"teknik på
en sprøjtestøbt polymer mikrouid chip. Sådanne målinger udføres traditionelt ved hjælp
mikropipetter af glas, eller i de seneste år ved hjælp meget dyre microuide chips til engangsbrug. Patch clamping metoden anvendes til både grundlæggende elektrofysiologiske
studier på levende celler og i cellevæv og til "drug discovery".
Resultaterne af dette arbejde vil gøre det muligt at direkte målinger af ionkanalaktivitet
kan foretages på den billigste materiale- og produktionsplatform til dato, og med potentiale
for meget højt throughput. Valget af et chip-design med brug af sidekanaler til indfangning af cellerne tillod at chips kunne fremstilles uden gennemgående huller og ved hjælp
af en proces bestående af master-fremstilling ved brug af tør-æts i et silicium substrat,
elektroplattering af en nikkel støbeform fra siliciummasteren, og endeligt sprøjtestøbning
af plastikchips ved brug af nikkelformen. En grundig karakterisering af de kritiske mikrokanallysninger blev udført ved hjælp af SEM og AFM og viste høj replikationsnøjagtighed
i hele produktionsprocessen.
De mest kritiske chipparametre blev identiceret som længden af de kapillære sidekanaler
til patching af cellerne og den meget lave overaderuhed på indersiden af disse kaneler.
Prolen af sidekanalerne fandtes at være mindre kritisk, da lysninger med forskellige proler testet med celler viste den samme evne til at danne tætte forseglinger mod cellerne med
ubetydelige lækstrømme. Evnen til at danne forsejlinger med høj elektrisk lækmodstand
i omegnen af GOhm, de såkaldte "gigaseals", påvistes med en succesrate på 15 %. Chips
blev testet funktionelt med humane embryonale nyreceller (HEK), som udtrykte spændingsafhængige natriumkanaler og blev sammenlignet med et kommercielt state-of-the-art
system til automatiserede ionkanalmålinger. Disse eksperimenter vedrørte strøm-spænding
karakteristikken for aktivering og inaktivering af natrium kanaler og deres følsomhed over
for et stof til lokalbedøvelse, lidocain. Både IV karakteristikkerne og lidocain dosisresponskurverne optaget med de sprøjtestøbte plastikchips var i fremragende overensstemmelse
med resultaterne opnået på det kommercielle system.

Preface
The Ph.D. thesis presented here is the result of a 3 year PhD project carried out at
the Department of Micro- and Nanotechnology, Technical University of Denmark at the
research group of Rafael Taboryski from 2010 to 2013. A four month external stay at
AgResearch in New Zealand took place during the winter of 2011.
The project was supported by the Danish Advanced Technology Foundation through the
Advanced Technology Project PILOC (grant no 061-2010-1) and from the Danish Council
for Strategic Research through the Strategic Research Center PolyNano (grant no 10092322/DSF). This research center is aimed at the development of high-volume low-cost
lab-on-a-chip technologies for dierent bioanalytical applications.
The Ph.D. project has been supervised by Rafael J. Taboryski, Group Leader of the
Polymic group, as main supervisor and by Jonatan Kutchinsky, Vice President and head
of the Development at Sophion Bioscience A/S, as co-supervisor.
The application targeted in this project is the recording of ion channel currents from
biological cells. The main tool and golden standard in this eld of research is the so called
patch clamping technique. Traditionally, this method requires a highly skilled sta and
has a very low throughput. Within the last decade, microfabricated devices for automated
patch clamping have been presented and introduced in the market, but none of these are
low-cost devices aimed at high-throughput experiments.
The goal of this work was to propose an alternative method for mass production of cheap
chips for automated patch clamping without compromising functionality by employing
cutting edge clean room based polymer replication techniques. In order to fulll this goal,
injection molding of thermoplastic polymers was chosen as fabrication technology.
In the introduction, a general background about ion channels, conventional patch clamping, and an overview of the up to date devices for automated patch clamping is given.
In Chapter 2, the fabrication method developed in this project for the fabrication of allpolymer microuidic devices is described. The method was presented in the peer-reviewed
journal Micromechanics and Microengineering in September 2012. In Chapter 3, the electrophysiological results obtained from patch clamping measurements on the polymer micro
devices are reported. This work was done in collaboration with Sophion Bioscience A/S.
A manuscript about this work is ready to be submitted. In Chapter 4, as a short dexi

tour, the results on the characterization of the inhibitor eect of two toxin peptides are
presented. This work was achieved during the stay at AgResearch in New Zealand. In
Chapter 5, we present a study on the manufacturing costs of the polymer device and a
discussion on how the device may be implemented into a more standard format for a future
commercialization. Finally, Chapter 6 concludes this thesis and gives a future perspective.
The technology presented in this thesis was protected by an international patent application
that was led in May 2013 by DTU with the author of this thesis and Rafael J. Taboryski
as the inventors.
Kgs. Lyngby, June 14, 2013

Simone Tanzi
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Abbreviation list
The abbreviations and acronyms used in this thesis are explained in the following. New
abbreviations have only been introduced where they contribute to readability or clarity;
otherwise terms commonly found in the literature have been used.
AFM
AOE
APC
COC
DEEMO
DKK
DMSO
DRIE
HEK
HF
HMDS
KOH
LIGA
LOC
MEMS
PDMS
RIE
S.E.M.
SEM
Tg
TEOS
UV

Atomic Force Microscope
Advance Oxide Etching
Automated Patch Clamping
Cyclic Olen Copolymer
Dry Etching, Electroplating and MOlding
Danish krone
Dimethyl Sulfoxide
Deep Reactive Ion Etching
Human Embryonic Kidney
Hydrouoric acid
Hexamethyldisilazane
Potassium hydroxide
LIthographie, Galvanoformung and Abformung1
Lab-On-a-Chip
MicroElectroMechanical Systems
Polydimethylsiloxane
Reactive Ion Etching
Standard Error Deviation
Scanning Electron Microscope
Glass transition temperature
Tetraethyl Orthosilicate
Ultra Violet

German acronym for lithographie (lithography), galvanoformung (electroplating), abformung (molding).
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Chapter 1

Background
This chapter will provide a general background for the main topics of this thesis: Ion
channels, conventional patch clamping, and automated patch clamping. More background
information specic to the following chapters will be provided in their respective introductory sections.

1.1 Ion Channels and channelopathies
1.1.1

Ion movement in excitable cells

All biological cells are enveloped by a thin (∼10 nm) plasma membrane that acts as a
barrier between intracellular space (cytoplasm) and the extracellular space [1, 2]. The cell
membrane is semi-permeable to ions and capable to regulate transport in and out of the
cell. The cell membrane is formed by phospholipids which embeds transmembrane proteins.
The phosphorlipid membrane by itself does not allow the passing of ions. Specialized
transmembrane proteins facilitate the ow of ions across the membrane. Ions are not
uniformly distributed and their dierent concentrations inside and outside the cell establish
the concentration gradients for the various ion species across the cell membrane. The
concentration gradients across the cell membrane are regulated by two types of maintenance
mechanisms, active transport of ions and passive distribution of ions [2].
Pumps and co-transporters are the most important proteins capable of actively pumping
ions against their concentration gradients. Ions passively ow down their electrochemical
gradients through aqueous pores formed by proteins. These pores are called ion channels.
The net ion movement depends on the interplay of active and passive mechanisms. The
charges on the two sides of the membrane are also not in balance; in most circumstances
the inside is more negatively charged than the outside, and the dierence between the
two establishes an electrical transmembrane potential. At equilibrium, the membrane is
polarized and exhibits a constant potential called resting potential, typically -50 to -80 mV
for all excitable cells [3].
1
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1.1.2

Ion channels

Ion channels facilitate ion diusion across the cell membrane by forming an aqueous pore
[2]. They have high transport eciency, allowing up to 10 million ions to ow through a
single open channel each second. This ow generates a current signal of a few picoamps
(10-12 A) [4]. Their number per cell is relatively small, corresponding to a few thousand of
a given type. The function of ion channels is thus to allow specic inorganic ions to diuse
down their electrochemical gradients across the cell membrane. The ability to control ion
uxes through these channels is vital for many cell functions. Ion channels underlie the
heartbeat, muscle contractions and brain activity as well as many other basic physiological
actions [1]. Two important properties characterize ion channels, where the rst property is
the ion selectivity, permitting some ions to pass, but not others. The narrowest part of the
channel, which is called the selectivity lter, limits the passage according to their size and
charge. Ion channels are named after the specic ion species they allow to pass, the most
common being sodium, potassium, calcium, and chloride. However, some ion channels can
conduct a few or several dierent ions and they are called non-selective cation channels.
The second important property of the ion-channels is their ability to open and close. Ion
channels are gated, which allows them to open briey and then close again in response
to a stimulus. They are classied according to their gating mechanism; voltage-gated ion
channels activate in response to changes in membrane potential and ligand-gated channels
activate in response to binding of ligands (hormones or neurotransmitters) [1]. The two
gating mechanisms are shown in Figure 1.1. The opening of the channels is a thermal
stochastic event with a dierent open probability in each of the dierent states in which
the ion channel can be found (open, closed or inactivated). Each channel type follows a
dierent mechanism of activation [5].

1.1.3

Channelopathies and drug discovery

Because ion channels are heavily involved in many physiological operations of cells, they
are also involved in a diverse range of disorders and pathological conditions, called channelopathies [7, 4]. Mutations in ion channel genes have been associated with diseases such
as cystic brosis, hypertension, long-QT syndrome, ataxia, arrhythmia as several types
of epilepsy and many others [4]. Therefore, ion channels also represent highly attractive
therapeutic targets for treating these pathologies and they are already in the top ve gene
families targeted by available drugs [8] with a recently estimated market of US$12 billion
[9]. Furthermore, since 2006, the U.S. Food and Drug Administration has mandated the
assessment of cardiac ion channels, such as human Ether-à-go-go-Related Gene (hERGs),
making ion channels part of the standard safety screening for all new drug candidates [10].
This increased further the interest in studying ion channels and therefore the interest in
the available technologies for doing it. The only direct way of validating the eect of drug
candidates on ion channels is to measure the ionic current and determine whether the
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Figure 1.1:

Schematics illustrating how ion channels open and close, with associated singlechannel recordings. Opening and closing of the channel are random events, but the frequency
with which they occur is inuenced by, for example, ligand-binding (a) or transmembrane voltage
(b). The transition rate between open and closed states is <10 µs. Following opening, some
1 Ashcroft pages jw.indd NS.indd 440
voltage-gated channels enter an inactivated (non-conducting) state in which they are refractory to
subsequent depolarization (b). Adapted from [6].
compound causes a change in this current.
Despite their enormous potential as druggable targets, the use of ion channels for drug
discovery has been well behind expectation, mainly due to the lack of adequate screening
technologies [10]. Developing a new drug is a complex process which can take 15 years to
be completed and can cost more than US$ 1 billion [11]. The process typically starts with
a primary screening of entire libraries of compounds (hundreds of thousands) that leads
to a number of hits showing some kinds of interactions with the targeted ion channel.
This screening requires high throughput capabilities and is normally performed via indirect
methods, such as uorescence or radioligand assays [12]. Unfortunately, those techniques
suer from low specicity and thus the associated risk of generating false negative or false
positive results [10, 13]. Therefore, a secondary screening by higher information-content
methods such as patch clamping is employed in order to validate the hits from primary
screening before they will reach the lead optimization phase, in which their composition
is optimized. Finally, compounds need to be tested for unwanted side eects. Ideally,
in order to obtain better information about drug candidates, patch clamping should be
employed as early as possible in this screening cascade, but because of its extremely low
throughput and associated high costs, this is not possible today [14].

1.2 The patch clamp technique
Patch clamp is the accepted standard method for studying ion channel function. It allows
direct measurement of single channel currents as well as of the total current across the
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(a)

Figure 1.2:

(b)

(a) The micrograph shows the tip of a patch micropipette in contactc with a rat

myoball. Adapted from [16]. (b) Patch clamp technique. A glass micropipette with a tip diameter
of

∼1 µ m

is moved onto the cell to form a high resistance seal with the cell. The micropipette

is manually controlled, on an inverted microscope, by a three-axis micromanipulator. Suction is
applied and a gigaseal is obtained between the pipette and cell. The membrane underlying the
pipette aperture is then broken to enable whole-cell conguration.Adapted from [17].

entire cell membrane. In this technique, a re-polished glass micropipette containing an
electrolyte and an electrode, is pressed against the membrane of a cell, forming a tight
electrical seal, as shown in Figure 1.2. A tiny piece of membrane, so called patch, is sucked
into the pipette tip and the movement of ions across the ion channels contained in this
patch is recorded. The high resistance of the seal ensures that most of the currents ow
into the pipette and not through the seal.
The patch clamp method was rst introduced by Erwin Neher and Bert Sakmann, in
1976, when they demonstrated current recordings from single ion channels [15]. But a
real breakthrough for the patch-clamp method was reported few years later, in 1981, when
they observed that clean glass pipettes, with suction applied to the pipette interior, can
result in a seal with resistances of 10-100 GOhms [16]. They called the seal a gigaseal
from the order of magnitude of the electrical resistance. Gigaseals also showed unexpected
mechanical stability, even allowing the cell membrane to be partly disrupted and in some
cases pulled o without destroying the gigaseal. Neher and Sakmann were awarded the
Nobel Prize in Physiology and Medicine for their discoveries concerning the function of
single ion channels in cells".
When the pipette is sealed to the cell membrane and a gigaseal is formed, the initial `cellattached', also termed `on-cell', patch mode is established. Activity of the ion channels
in the tiny patch of membrane isolated by the tip of the pipette can be monitored. This
conguration leaves the cell intact and it does not require physical manipulation of the
membrane. When the patch contained in the pipette tip is ruptured with a pulse of suction
or voltage, the `whole-cell' conguration is achieved. This provides a direct access to the
cytoplasm which establishes low-resistance electrical and physical continuity between the
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cell and the electrode in the pipette. This allows control of the voltage of the whole cell
via a voltage clamp and recording of ensemble currents from all the ion channels in the cell
membrane. The access to cell interior also permits control of the chemical composition on
both sides of the cell membrane.
With the discovery of gigaseals, patch clamping became the accepted standard for fundamental studies of ion channel proteins in electrophysiology, and the whole-cell conguration
became one of the most popular methods for the biophysical and pharmacological study of
ion channels and their eectors. Unfortunately, patch clamping has one main drawback,
being a very complex and low throughput technique. It is time-consuming and demands
the presence of skilled personnel. Obtaining the necessary seal between the glass pipette
and the cell is not easy in practice. Typically only 10 cells can be clamped on a good
day.

1.3 Automated Patch Clamping (APC)
In order to remove the existing trade-o between high-throughput and high-sensitivity and
to transform patch clamping from a delicate yet powerful method into a higher throughput
assay, the approach of replacing glass micropipettes with systems able to perform patch
clamping recording on a chip with higher throughput was proposed [18]. After some years
of product development, the rst automated parallel patch clamping system (APC) was
made available in 2003 [19]. Since then, 7 companies (Molecular Devices, Sophion Bioscience, Nanion, Cytocentrics, Cellectricon, FlyIon and Fluxion) have entered the market,
establishing APC as an essential technology for secondary screening, lead optimization and
cardiac safety testing in the drug discovery process [20]. APC systems replace the use of
conventional glass micropipettes with single-use, disposable devices fabricated in materials
such as quartz [18] and silicon/silicon-dioxide [21]. The majority of the available platforms
share the so- called planar approach, where cells in suspension are blindly positioned by
suction onto micro apertures made as through holes in thin membranes [18]. Alternatively, a lateral approach has been proposed, where suspended cells are trapped at lateral
apertures generated at the junction of two microuidic channels [22]. In both cases, the
automated approach reverses the traditional sequence of patch clamping where the cell is
stationary and the patching micropipette is navigated and carefully placed against the cell.
In this way, the process of patch clamping is `de-skilled' and some of the time-consuming
operations are removed [17]. The trade-o is that cells cannot be selected by the operator
on size or other selection criteria, and thus the quality of the cell suspension needs to be
high and uniform [23].
In the late 90's , when APC systems started to be developed, rst in university and then
in industry, micromachining of silicon was a well-established technology and therefore became the natural choice for fabrication of such micro sized through holes in thin substrates.
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through holes. These lateral junctions were successfully implemented into a microuidic
device fabricated by casting of polydimethylsiloxane (PDMS) [22, 31]. In 2009, this device
was eventually commercialized by Fluxion, and it remains the only APC system relying
on cornered apertures to date [32]. This approach considerably improved the microuidic
integration of the orices and the packaging into portable chips.

1.4 Future perspective
In the last decade, the advent of Automated Patch Clamp (APC) arrays has revolutionized
ion channel screening, enabling faster and more accurate drug discovery. Unfortunately,
present APC systems are based on expensive production technologies and the manufacturing cost per device is still prohibitive. This prevents the establishing of APC as a technique
used in all aspects of ion channel drug discovery, including high throughput screening [33].
However, there is a strong market demand to extend this screening method to primary
screening. In order dramatically to reduce the price per data point, this demand calls for
innovative materials and solutions in the fabrication of chips.

1.5 The PILOC project
The PILOC (Polymer Ion-channel Lab On a Chip) project is an ongoing collaboration
between DTU Nanotech and Sophion Bioscience A/S, a danish company which develops, manufactures and sells automated patch clamping systems on a commercial basis.
This three and a half year project (September 2010  January 2011) aims to develop an
APC device for primary screening of compound libraries for possible eects on ion-channel
functioning. The system may reduce drug development times by 2 years (average). It
will facilitate orphan drug development by reducing cost and will reduce need for animal
testing through improved in-vitro capabilities. Ambitious success criteria have been set
for the project: Substantial reduction of cost per data point (-90%), and an increase of
the throughput (20 times) maintaining unchanged the data quality. Those factors were
recognized as the key to the outcome of the customer decision-making process.
The very critical requirement for cheapness of the nal device calls for the use of polymers
as substrate material. There is a high likelihood that any other materials suitable for
micro fabrication, such as glass or silicon, could not fulll this condition. The project is
composed of 4 work packages: Fabrication of the microholes (WP1), the study of surface
chemistry (WP2), chip and system integration (WP3) and cell testing (WP4).
This Ph.D. work was part of WP1 with the aim of fabricating well-dened through-holes
of sub cellular scale dimensions in polymers, with a rim of sucient quality to form a tight
seal with the cells, and part of WP4 with the aim of testing the fabricated devices with
biological cells.

from

Chapter 2

Fabrication of microuidic polymer
systems using a multilevel dry
etching, electroplating and molding
process
In this chapter, the method employed for fabrication of the polymer microuidic device
is presented. The process was rst demonstrated for multi-level all-in-polymer chips for
single-cell capture and reported in Tanzi

et al

[34]. This method consists of deep reac-

tive ion etching (DRIE) of a silicon substrate, nickel electroforming and injection molding
of cyclic olen copolymer (COC). UV-assisted thermal bonding was found to provide a
strong seal of the microstructures in the molded part without altering the channels geometry.

Dierent dry etching processes and masking layers have been investigated for

origination of the silicon masters in order to avoid defects during demolding. The combination of a modied Bosch process and an isotropic polysilicon etch was found to facilitate
demolding by resulting in slightly positively tapered side walls with negligible undercut at
the mask interface. Moreover, an additional layer of tetraethyl orthosilicate (TEOS) oxide
was deposited in order to smooth the surface around the patching orice where the cell
is captured. The conceptual design and the chip layout are also presented. Part of the
experimental work was done during the Master thesis project of DTU Nanotech student
Thomas L. Christiansen [35], where the author of this thesis was co-supervisor. Some of
the results and gures are therefore shared with [35]. The UV-assisted bonding process
was optimized by Dr. Marco Matteucci.

9
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2.1 Polymer microfabrication methods
In recent years, polymeric materials [36, 37, 38, 39] have gradually replaced glass and silicon
[40, 41] as the preferred production platform for microuidic devices in general. Polymers
exhibit a broad range of appealing chemical, mechanical, electrical and optical properties
[36]. Moreover, the multitude of dierent methods to manufacture microstructures in polymers make polymeric materials suitable for almost any given application, ranging from fast
prototyping methods such as polydimethylsiloxane (PDMS) casting, laser milling or micromachining [42, 43, 44] to high volume mass production. In terms of physical parameters
and thus technological pathways to fabrication, polymers can be classied into thermosets,
thermoplastics and elastomers [36]. While PDMS have become a primary choice for fast
prototyping and low-volume manufacturing in the academic environment [45], technical
thermoplastic polymers are employed by commercial replication methods like injection
molding [46, 47] and hot embossing [46]. However, polymer mass replication methods are
poorly compatible with the requirements for design exibility and fast turnaround times
in the research environment. In fact, traditional injection molding tools are expensive and
very time-consuming to fabricate, especially if they have very small features and narrow
tolerances.

2.1.1

Dry Etching, Electroplating and MOlding (DEEMO)

In this work we propose a technology that aim to bridge the gap between methods and
materials used in academic and industrial environments. The method consists of a versatile
prototyping technology directly applicable to mass production. A nickel electroform is
produced from a micro structured silicon master to transfer micrometer features to a
substrate suitable for injection molding by using a commercial molding machine, as shown
in Figure 2.1. Origination of a master having the inverse structures of the nal part is
the underlying principle of any replication technology [36]. The relatively expensive step
requiring microfabrication is only done once on a single master and identical polymer
substrates can be produced in large quantity [36]. Due to the high pressure regime inside
the mold during the injection of the polymer, hard metal inserts are preferred over brittle
silicon substrates.
For origination of the metal inserts many techniques have been used in the past such
as micromachining methods and electroplating methods [48]. Among those methods, the
most commonly used are LIGA1 [49], and LIGA-like techniques, depending on the source
of radiation employed [50, 51]. Although LIGA remains the best choice for high aspect
ratio microstructures [52], it suers from serious drawbacks when required facilities and the
associated costs are considered. LIGA-like processes, in particular the well established UVLIGA, then becomes the low cost alternatives. UV-LIGA employs the use of a thick layer

German acronym for lithographie (lithography), galvanoformung (electroplating), abformung (molding).
1
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Figure 2.1: The gures illustrate the principle of the injection molding process. (a) Mold shaped
with the Luer connectors. (b) Mold containing the microstructured nickel insert. (c) Mold is closed
in order to form the cavity where polymer is injected. (d) Mold is pulled apart and the polymer
chip can be removed. (e) Pictures of the mold with the nickel insert.
of polymer photoresist, typically SU8, in which the microstructures are dened. Unfortunately those materials have two major drawbacks: the diculty of structuring multi-level
channels and the high surface roughness that is transferred to the nal device and can compromise the quality of the bonding. Therefore an alternative fabrication process needed to
be evaluated.
A method where micro channels are not made in thick photoresist but directly in silicon
using wet etching was rst described by McCormick et al [53]. Elwenspoek et al [54] proposed a process in which the X-ray lithography step of the LIGA process was substituted
by dry etching. The process was called DEEMO, which is the acronym for Dry Etching,
Electroplating and MOlding [54, 55]. The very low surface roughness of the silicon wafers
guarantees optimum atness of the nal chip surface and so optimum bonding conditions.
The state of the art in dry etching techniques makes it possible to design advanced microuidic systems, where the intersection between channels with heights in broad ranges
from micrometers to tens of micrometers are required [56]. Moreover, this method exploits
the advantages of dry etching in terms of directional freedom and high selectivity with
respect to the mask material [57, 58, 59].
Because of the stated reasons, we decided to employ a DEEMO process. A multi-level
fabrication scheme was adopted where rst shallow channels and then deep channels were
etched in the silicon wafer via photolithography using photoresist and oxide as masking
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Polymer foil

Molded chip

(a)

Figure 2.2:

(a) 3D illustration of the polymer device concept.

(b)
The nal device results from

UV-assisted thermal bonding between an injection molded polymer part and a 100

mm

thick lid.

The blue color shows the microuidics open system for conducing the cells to the patching orices.
(b) One of the molded device used in the experiments.

materials. The next step was to grow a 300 mm thick layer of nickel on top of the silicon master by rst sputtering a thin metal seed layer to promote adhesion to the silicon
surface and then afterwards electroforming the nickel layer. The entire silicon master was
eventually removed by dipping the stack of silicon and nickel into a KOH bath, leaving
only the nickel plate. A nickel insert was then punched out from this plate and inserted
into the molding tool. Parts were molded from cyclic olen copolymers (COCs) [60, 61].
As reviewed by Nunes et al [62] COCs are increasingly popular as substrates for microuidic applications. They have promising properties such as high chemical resistance, low
water absorption, good optical transparency and ease of fabrication by injection molding
[48]. Devices in COCs have already been implemented for a multitude of applications, including capillary electrophoresis [63], electro chromatography [64] and mass spectroscopy
[65]. Therefore COC was an obvious choice for the device. The chips were sealed by
UV-assisted thermal bonding to a thin polymer foil from the same material, as shown
in Figure 2.2a. Thus the complete device resulted from only two parts bonded together.
The use of the thin polymer foil, only 100 mm thick, addresses the requirements of short
working distance for microscopy. Integrated inlet/outlet ports designed according to the
Luer tting standard [66] for practical uidic interconnects were dened by the traditional
machined part of the injection molding tool and therefore included in every device during
the molding. One of the molded device used in the experiments is shown in Figure 2.2b.

2.2 Chip Design
Manipulation of single-cells is basic for cell-related studies, such as cell impedance analysis
and drug screening. For applications in automated patch clamping, we needed a microu-
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constrains.

3D illustration of the polymer device with all the specications and geometrical

idic system capable of both trapping a single-cell to a micro sized hole and forming a tight
seal between the cell and the substrate. Any device intended for automated patch clamping
is therefore primarily a device for single-cell capture, and this was the case here. Since
patch clamping on polymer injection molded devices has not been reported before, there
were not previous studies on how cells form tight seals on hard polymer substrates.
The overall shape of the presented device was determined by the standard geometry of the
custom designed mold available at DTU Danchip. The used mold forms 50 mm diameter
and 2 mm thick polymer chips that contain 12 integrated inlet/outlet Luer ports used to
connect the microuidic channels on the chip to external ow or air pressure controls. The
Luer connectors terminated with a diameter of approximately 4 mm [67] in the side structured with the microuidic channels. The distance between two consecutive connectors
was 9 mm (center  to  center). Luer ports had advantages of ease to use with standard
syringes and leak-free connections with a male-taper tting when applying pressure or
suction. The presence of Luer connectors limited the actual usable area to 4 cm2 where
the patching sites were located. However, this is not seen as a limitation for the channel
design. The device with all the specications is illustrated in Figure 2.3. The layout is
further described in Section 2.2.3.

2.2.1

Operation principle

A suspension of cells is inserted in one of the inlets, which functions as cell reservoir. By
applying pressure to the microuidic channel connected to this cell reservoir inlet, cells are
transported in the proximity of the capturing site where a single cell is captured at one of
the apertures by suction. Once one of the cells is trapped, a tight seal is expected to form
between the cell membrane and the substrate and electrical recordings on the cell can be
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(a) An illustratation of the main channel geometry.

(b) An illustration of the

capturing principle in the presented device. A cell owing in the main carrier channel is captured
at one of the apertures by applying suction to it.

The two compartments across the patching

channel contain extracellular and intracellular solution.

performed through electrodes inserted into two of the inlets. This is described in details
in Chapter 3. More specically, two main compartments, at the two sides of the micro
sized apertures, are lled up with the electrolyte solutions: extracellular solution in the
side where cells are owing and intracellular solution in the side with no cells. This is also
the side that will be connected to the interior of the cell after the cell will be perforated
in whole-cell mode. An illustration of the capturing principle is presented in Figure 2.4.

2.2.2

Through holes and cornered apertures

Two types of capturing geometries have been demonstrated and are nowadays employed in
commercially available systems: vertical apertures or through holes in this substrates, and
lateral (or cornered) apertures. Both geometries rely on the same principle, where a cell
owing in a carrier channel is captured to a micro channel by suction and only dierentiate
for the position of this micro channel in respect to the carrier channel. The two type of
capture geometries are illustrated in Figure 2.5.
If we look at the way these two capturing apertures could be fabricated, cornered apertures
are easier to obtain, especially on polymer substrates. Cornered apertures, in fact, require
only two layers: a structured half that contains the microuidics and a half being only
at. Furthermore, the two halves can be bonded with no needs for alignment. On the
other hand, through holes require at least three layers which all need to be structured
and carefully aligned during bonding. Moreover, fabrication of the through micron sized
holes in the middle thin layer is not a trivial process. These type of apertures have been
successfully demonstrated in thin membrane made of glass [18] or silicon [23] and are
employed in some of the commercial APC systems. However, through holes would not be
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Figure 2.5: Two concept designs for single-cell capture and patch clamping. a) Capture by means
of `cornered' apertures based on microuidic junctions between a large chamber for cell delivery
and a lateral capillary for cell trapping. b) The most common approach employed for single-cell
capture in patch clamping devices based on vertical apertures [35].
easy to fabricate in thin polymer substrates. The use of injection molding is limited by the
fragility of pins that should be employed in the mold for originating the apertures in the
nal parts, while alternative methods such as laser ablation are under investigation but
have not yet delivered successful results [68]. From this analysis, it seems obvious that we
chose cornered apertures to be employed in the present device. Seo et al [31] and Zanetti
et al [22] were the rst authors to report on lateral apertures in a PDMS microuidic

device for electrophysiology recordings. Similar to these works, the present device enables
to capture a cell owing in a carrier channel close to a small microhole, as shown in Figure
2.4. The silicon master and thus the nal COC chips contain both patching channels (circa
2 mm wide and 2 mm deep) and carrier deep channels (200 mm wide, 50 mm deep).

2.2.3

Device layout

The mask layout contains four independent lateral apertures 600 µm apart which are
aligned along a straight channel reserved for transportation of cells, as shown in Figure
2.6. The side channels are connected at the other end to four separate inlet channels that
contain intracellular electrolyte solution. As shown in Figure 2.7, the patching channel is Y
shaped and consists of a straight capillary with a rectangular prole and rounded corners
at the end where the cell is captured and a wider opening at the opposing end for the
reduction of the total hydraulic resistance of the shallow channel, making the cell capture
easier. In addition, a second type of device with a semicircular prole was molded and
tested. In the following, the two groups of devices will be called type A device (rectangular
prole) and type B device (semicircular prole). Details about these two devices are given
later in this chapter. Moreover the patching channel includes a structure which extends
from the wider opening to prevent collapse of the shallow channel during the bonding.
In order to nd the optimal length of the patching channel capillaries, we made the four
channels with dierent lengths of the straight capillary fraction, respectively 15 mm, 25
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Figure 2.8: The four patching capillaries with dierent lengths of the straight part, respectively
15 mm, 25 mm, 35 mm and 45 mm.

2.3 Experimental details
Each phase of the fabrication scheme, from the shaping of the silicon master to the bonding
of the nal patch clamping device is described in the following paragraphs. The patterning
of the silicon wafer is reported as it was employed for the nal patch clamping device.
However, during the development of it, we observed problems due to the demolding of the
polymer parts during the molding process. The polymer chips presented scratched material
from the sidewalls of the deep channels that, in the worst case, sealed o the orices and
made the devices useless. Therefore, several types of etching and masking methods for the
origination of the silicon masters were investigated. One of these methods was eventually
employed to make a device for single-cell capture. The fabrication of such a device was
a fundamental milestone achieved in the project. It was important in proving that the
device had the potential to work. Development and a brief description of the fabrication
process for the fabrication of the silicon master employed for the single-cell capture device
will be discussed at the end in this chapter.

2.3.1

Masks

In order to structure the silicon with channels to have dierent heights, two UV masks were
used: the rst one containing the Y shaped shallow patching channels and the other one
containing the deep channels and the connections to the Luer ports. We used hard chrome
coated soda-lime glass masks for high dimensional accuracy and long service life. The
smallest dimension in our design corresponds to the width of the patching capillaries and is
equal to 2 µm. After a rst iteration it was observed how the width of the patching channel
slightly increased at the end of the rst lithography. Because of this, a nominal width of
1.5 µm was chosen in the mask. Masks were designed so there was an overlap between
the Y shaped patching channels and the deep channels for intracellular and extracellular
solutions, as shown in Figure 2.7a. This was introduced to ensure that the shallow and
the deep channels intersect creating the patching orices. The purpose was to overcome
the possible misalignment of 1-5 µm during the UV-photolithography.
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Table 2.1: Process parameters for origination of the silicon masters for both devices A and B
type.

Process
Oxide removal
Spin coating
Photolithography
Device type A Si DRIE
(shallow channels)
Device type B Si RIE
(shallow channels)
Wafer cleaning
Oxide deposition
Spin coating
Photolithography
Oxide etch AOE
(deep channels)
Si DRIE
(deep channels)
Polysilicon etch
Oxide removal
Wafer cleaning
Oxide deposition
Oxide removal
TEOS deposition

Parameters

HF bath; t = 60 sec
1.5 µm AZ5214E; pre-bake: 90 °C for 90 sec
- hard contact mode, front side alignment W/A= 7
mW/cm2 ;
t = 6,7 sec
- AZ351 developer; t = 63 sec
C4 F8 /SF6 /O2 = 150/275/5 sccm; 11 cycles; t = 24.2 sec

SF6/O2/CHF3 = 30/29/5 sccm; t = 24 min; WRF = 20 W;
P = 80 mTorr
RCA1: H2 O:NH4 OH:H2 O2 (5:1:1);
RCA2: H2 O:HCl:H2 O2 (5:1:1); HF bath
1050 °C dry oxidation ; t = 40 min + 20 min annealing
- HMDS vapor deposition
- 2,2 µm AZ5214E; pre-bake: 90 °C for 90 sec
- hard contact mode, front side alignment W/A= 7
mW/cm2 ;
t = 8 sec
- AZ351 developer; t = 70 sec
C4 F8 /H2 = 5/4 sccm; t = 25 sec; WRF = 200 W; T = 0 °C;
P = 4 mTorr
C4 F8 /SF6 /O2 = 150/275/5 sccm; 215 cycles; t = 552 sec
H2 O:HNO3 :BHF (20:20:1); t = 8 min; T= 20°C
BHF bath; t = 3 min
RCA1 : H2 O:NH4 OH:H2 O2 (5:1:1);
RCA2 : H2 O:HCl:H2 O2 (5:1:1); HF bath
1100°C dry oxidation ; t = 150 min + 20 min annealing
HF bath; t = 15 min
T = 725 °C; t = 17 min; P = 190 mTorr;
TEOS/O2 = 50/30 sccm

plasma in a Reactive Ion Etching (RIE) system from SPTS Technologies. Two etching processes were chosen here in order to originate dierent proles for the orices, rectangular
and semicircular respectively. Micrographs of the two orices are provided in Section 2.4.
While the RIE process is performed in a single step, the DRIE process, also known with
the name of the inventor Roberts Bosch, relies on many repetitions of alternating etch and
passivation cycles. First, a mixture of oxygen and SF6 gas bombards the silicon surface and
chemically etches the silicon substrate. Then SF6 gas is replaced by polymer-producing gas
C4 F8 that forms a protective polymer layer. In successive etching step, the same mixture
of etching gases is applied, oxygen ions remove the bottom polymer, and uoride ions etch
the silicon at the bottom while the sidewalls remain protected by polymer. The continuous
repetition of such etching and passivation cycles results in a scalloped sidewall, as shown in

2.3. EXPERIMENTAL DETAILS

21

90,3°

Figure 2.11:

SEM micrograph of the cross-sectional prole of the deep channel from a cleaved
wafer processed with ramped Bosch etching process in the Pegasus system. The sidewall slope is
90.3° and the underetching at the surface of the wafer is almost non-existing [35].
removing the photoresist, wafers were then transferred into the DRIE Pegasus system and
deep channels (200 mm wide, 50 mm deep) were etched into the silicon with a ramped Bosch
process. This process consisted of an alternation between a deposition phase and an etching
phase, as described previously. The etch depth is controlled by adjusting the number of
cycles. In addition to the scalloped sidewalls, in case of deep etching, the process tends
to deliver a slightly negative slope, since ions are increasingly deected from the bottom
and sidewalls of the channel, thereby degrading the passivation layer and allowing a slight
lateral etching [69]. In order to correct this eect, the etch/passivation cycle time over the
duration of the process was ramped. The slope of the ramping of the passivation cycle
was set to be lower than the slope of the etch cycle time, hence resulting in an increase
in the passivation to etch ratio. Over the entire duration of the process (215 cycles), the
deposition phase was ramped from 2 to 1 seconds and the etching phase was ramped from
2.4 to 0.1 seconds. As shown in Figure 2.11, this was found to counteract the lateral etching
and improve the sidewalls slope (90.3°) compared with a standard Bosch etching (< 90°).
The process showed almost no taper deviation (<0.2 mm).
However, the passivation layer was not suciently removed, due to the high passivation to
etch cycle time at the end of the etch creating substantial grass formation at the bottom
of the channel, Figure 2.12a. As can be seen from Figure 2.13, showing the etched depth
for varying numbers of etch/passivation cycles, the etch depth starts to stagnate around
160180 cycles, indicating that the grass formation is dominating for higher cycle numbers.
This could potentially become a problem during the molding process, as the polymer would
ll up many small cavities in the nickel shim created by the grass, hence compromising the
de-molding process.
Removal of photoresist after the etching processes was performed by using a PVA 300
Plasma asher from Tepla with an O2 /N2 at 1000 W for 20 minutes.

Polysilicon etch.

In order to avoid such demolding issues, we decided to remove the grass
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(a) SEM micrograph of the grass developed in the bottom of the channel due to

the high passivation to etch cycle time in the end of the etch process. (b) SEM micrograph of the
same detail after the polysilicon (mixture of HNO3, BHF and H2O) wet etching process.
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Figure 2.13:

A plot of the etched depth as a function of the number of cycles in the modied

DRIE Bosch process for the deep channel etches. It is seen that for high numbers of cycles, the
etched depth stagnates, which is consistent with the observation of grass formation in the bottom
of the etched channels [35].

using a wet etching process. A polysilicon etch mixture of HNO3 , BHF and H2 O in the
ratio 20:1:20 was found to remove the grass successfully. The silicon wafers were dipped in
polysilicon etch mixture at room 20 temperature for 8 minutes and then rinsed in water.
Wet etching agents have previously been used to smoothen rough silicon surfaces [70].
Well-known etchants such as potassium hydroxide (KOH) and tetramathyl ammonium
hydroxide (TMAH) can be used to smoothen surfaces, but both KOH and TMAH are
anisotropic silicon etching agents, while the polysilicon etch is a completely isotropic etch
[71]. Figure 2.12b shows how the wet isotropic etching successfully reduced the grass and
partially smoothened the scallops.

Smoothing.

The remainder of the oxide mask was stripped in a buered HF solution for

3 minutes at room temperature and then rinsed in water. Smoothing of the sidewalls by
thermal oxidation was performed in a horizontal furnace; the wafers were oxidized for 150
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Figure 2.14:

SEM micrographs show the eect of the smoothing steps. (a) SEM micrograph of
one of the patching orices type A in the silicon wafer before the smoothing steps were performed.
(b) SEM micrograph of the same detail after the smoothing steps.
minutes at 1100 °C with an oxygen ow of 5 slm and 20 minutes annealing at the same
temperature, with a nitrogen ow of 3 slm. During heating and cooling, a nitrogen ow
of 3 slm was used. The thickness of the oxide layer was circa 200 nm. The oxide layer
was then stripped in a buered HF solution for 15 minutes at room temperature. The use
of sacricial oxidation is a well known eect for smoothing of silicon sidewall surfaces. It
simply consists of rst growing a silicon dioxide on the silicon surface and then removing
it in wet etchants [72]. After the oxide was stripped, the wafers were transferred into a low
pressure chemical vapor deposition (LPCVD) furnace from Tempress and an additional
layer of tetraethyl orthosilicate (TEOS) oxide was deposited at 725 °C. The thickness of
the TEOS oxide layer was circa 180 nm. Figure 2.14 shows one of the patching orices in
the silicon wafer before and after the smoothing steps were performed.

2.3.3

Electroforming of nickel inserts

The second step in the process was to produce a negative copy of the shaped silicon master
such that this would comprise a relief pattern corresponding to the pattern of microuidic
channels etched into the master, as shown in Figure 2.15. This copy was electroformed in
hard metal (nickel) and was used for the polymer injection molding, as shown in Figure
2.16. In electroforming, a layer of nickel is electrodeposited on a conductive surface and
perfectly replicates the structures. A hole or a channel in the silicon will originate a pillar
or a protrusion respectively in the nickel plate. Electroforming is a galvanic process where
the silicon master works as a cathode. Since silicon is a semiconductor, in order to achieve
a uniform metal growth, the wafers needed to be covered with a conductive seed layer.
For the deposition of the metal seed layer, sputtering provided an even layer both on
the bottom and on the sidewalls of the microuidic channels due to its relatively high
sputtering angle. In the chamber, the wafer was held face down and rotating during the
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SEM micrographs of the negative copy of patching channel in on of the nickel inserts.
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Figure 2.16:

Schematics of the electroforming process: (a) deposition of a conductive metal seed
layer; (b) nickel eletroforming; (c) etching of the silicon in KOH; (d) injection molding of the
polymer part.
sputtering while the metal targets were positioned underneath and tilted with an angle of
approximately 45 degrees. For this reason it was preferred to other deposition methods
such as e-beam evaporation or thermal evaporation. The silicon masters were sputtered
with approximately 10 nm of titanium and 50 nm of gold with a sputter system from
Lesker. The two depositions took place consecutively while the wafers were kept inside the
sputtering system avoiding oxidation of the intermediate titanium layer. The thin layer of
titanium was applied to enhance the adhesion between gold and silicon [73].
Electroforming was performed in an electrochemical bath Microform 200 from Technotrans
and resulted in a nickel coverage with a thickness of about 300 mm. The current was
increased linearly from 0 to 0.5 A during the rst 15 minutes, and from 0.5 to 1.5 A for
the next 15 minutes. Then the current was constantly raised up to 17 A for a total process
time of about 12 hours. In order to release the nickel plate from the silicon master, the
latter was dissolved in a KOH bath at 80 °C for 8 hours. From the yellow color of the
electroformed plate after the etching process, we could see that the seed layer remained
almost entirely attached to the nickel plate. In fact, the thin titanium layer might have
been removed in the KOH bath [73]. However, the presence of gold was not considered
harmful for the injection molding phase and the gold was not removed.
The resulting nickel-electroformed plates were punched into an 85 mm diameter shim by
using a hydraulic press tted with a customized punching tool. The inserts had two
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Injection molding of polymer parts.

at parts to ensure rotational direction denition when the inserts were mounted into
the injection molding tool. Two alignment marks replicated into the nickel and positioned
outside the 85 mm area were used to align the plates in the punching tool. Before punching,
a layer of blue adhesive tape was applied to the front side of the nickel plates in order to
protect the microstructures during the operation. The inserts were then transferred into
the molding tool.

2.3.4

Injection molding of polymer chips

The third step in the process was the injection molding of the polymer parts. Replicas of
the original structures were molded with a Victory 80/45 Tech injection molder from Engel,
a machine typically used for mass production. Figure 2.17 shows the machine during the
molding process. The mold assembly consists of two halves: one xed half anchored to the
injection unit and one moving half anchored to the clamping unit. The nickel shim was
inserted into the xed half of the mold. The presence of centering metal pins allowed the
shim to be in the correct position. The other half included the ejector pins and the cavities
that originated the Luer ttings on the unstructured side of the chips. As shown in Table
2.2, chips were molded with a variotherm process with a nozzle temperature of 280 °C, mold
temperature of 130 °C and demolding temperature below 60 °C. The holding pressure was
1700 bar and decreased to 0 bar in 0.75 seconds. Chips were molded from COC TOPAS
grade 5013 (glass transition temperature, Tg of 135 °C) from TOPAS Advanced Polymers
GmbH.
When injection molding involves micron and sub-micron scale structures, exact replicas are
achieved through variotherm [36, 74] process, where the cavity is heated to a temperature
close to the glass transition temperature of the polymer to facilitate the polymer to ow
into the microfeatures of the mold insert. The parts are ejected when the mold is cooled
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Table 2.2: The process parameters for injection molding of the polymer chips.

Parameters

Nozzle Temperature
Mold Temperature
Demolding Temperature
Holding Pressure
Clamping Force
Injection Speed
Shot Volume

280°C
130°C
< 60°C
1700 bar to 0 bar in 0.75
sec
450 kN
52 cm3 /sec
12 cm3

down below a suitable release temperature (in our case 60 °C) to release the molded part
well after freeze of the polymer. This process substantially increases the total cycle time,
which here was 3 minutes including ejection of the polymer parts. The machine was run
in fully automated mode. It was equipped with a robotic arm and a conveyor belt so that
the polymer parts were automatically picked up from the open mold and placed onto the
belt. The machine was programmed to form rows of 4 chips. The parts were collected
at the exit of the conveyor belt. The sprue attached to each chip was manually removed
using a scalpel and then a layer of blue adhesive tape was applied to the front side of chips
in order to protect them from dust particles. This was employed after particles of dust
were revealed blocking the channels during the bonding process. Once the blue tape was
applied, the chips were stored and were ready for the bonding.

2.3.5

Thermal bonding

In order to create a closed microuidic device able to withstand the required pressure, the
chips need to be tightly sealed. In recent years, several techniques for bonding of thermoplastic polymers have been proposed, such as micro laser welding [75], microwave welding
[76], solvent-assisted bonding [77], chemical-assisted bonding [78], or thermal bonding [79].
Amongst all these, thermal bonding is considered the most suitable for large scale production of microuidic chips for the following reasons. It does not require expensive equipment,
it does not give substantial chemical modication of the surfaces, it avoids the introduction of potentially hazardous chemicals (such as solvents) and enables the use of the same
material for both the sealing layer and the actual chip. This assures uniformity in chemical
and physical behavior of the microuidic chips. For all these reasons, thermal bonding was
chosen as bonding method for this work.
The bonding was performed with a conventional press (P/O/Weber) with decoupled internal temperature control of both plates and external force (P/O/Weber Presstronic) control.
A 100 mm thick extruded polymer lm TOPAS 5013F-04 from Advanced Polymers Extrusion Lab was used as a cover lid. Prior to bonding, both the foil and the molded chip
surface were exposed to UV radiation from a lamp (DYMAX mercury UV-bulb F/5000)
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Figure 2.18: Bonding press employed for the bonding.
Table 2.3: The process parameters for thermal bonding of the polymer devices.

Parameters

UV radiation time
Piston Force
Plate Temperature
Process Time

30 sec
40 kN
115 °C
10 min

emitting over the full unltered Hg line spectrum with a power of 44.5 W/cm2 measured
at the wavelength 365 nm. All samples were kept under the UV light for 30 seconds. In
order to ensure uniform pressure all over the chip surface, an aluminum holder was built
in which the Luer tting protrusions could be inserted. Since the area of the press allowed
more than one chip at the time and in order to speed up the bonding process, a special
holder was designed for 7 chips, so they could be bonded at the same time. In addition, to
preserve the atness and the optical quality of the chip intact, the chips were covered with
nickel disks and a thin PDMS layer to compensate possible non-uniformities in atness.
Before inserting the samples, both plates of the press were heated up to 115 °C which was
maintained during the bonding. The process did not require alignment between the chips
and the foil. Once the samples were inserted, the clamping force was increased to 40 kN
and applied for 10 minutes. Then the samples were released and removed from the press
in order to cool down to room temperature.
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The bonding parameters were adapted after the bonding procedure was optimized on a single chip for maximum bonding strength while still preserving the integrity of the nano and
micro channel geometry. This was reported in Matteucci et al [80]. X-ray photoelectron
spectroscopy (XPS) indicated that the UV treatment did not alter the surface chemistry
of the parts. Rather the UV treatment seemed to have an annealing eect on the surface
[80].

2.4 Results and discussion
2.4.1

Characterization of the patching channels

The replication quality of the injection molded microstructures, especially the patching
orices, was investigated by scanning electron microscopy (SEM). Figure 2.19 and Figure
2.20 show SEM micrographs of the entrance of the capturing orices after the main three
steps of the DEEMO process for type A and B devices: Silicon master, nickel insert,
and replicated polymer part. In order to make the surface conductive and improve the
resolution, the polymer chips were coated with a 10 nm gold layer from a Hummer sputter
coater. All details were faithfully replicated from the silicon to the nickel copy and so
into the thermoplastic chip. Moreover, the topography of the orices and of the inside of
the patching capillaries was thoroughly characterized by atomic force microscopy (AFM).
AFM data from channels with rectangular and semicircular proles are presented in Table
2.4.
As expected, the prole taken across the patching channels revealed the presence of scallops
with an average periodicity of approximately 180 nm for type A prole chips with scallops
generated by Bosch type reactive ion etching process employed for master mold origination
[81]. The amplitude and periodicity of the scallops dened the waviness of the surface
and dominates the calculated roughness value. To overcome the dominating eect of the
scallops and evaluate the surface roughness Rq between the scallops, images were ltered
with a cut-o wavelength shorter than the average periodicity between the scallops. After

2 Pm

500 nm

(a)

Figure 2.19:

(b)

2 Pm
(c)

SEM micrographs of the patching orice with rectangular cross-sectional area after
the main three step of the fabrication process: Silicon master (a), nickel insert (b) and replicated
polymer part (c).
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Figure 2.20:

SEM micrographs of the patching orice with semicircular cross-sectional area after
the main three step of the fabrication process: Silicon master (a), nickel insert (b) and replicated
polymer part (c).

Table 2.4:

The root mean square deviation R q of the assessed proles for injection molded polymer
parts inside the patching capillaries for the two geometries and for the one without smoothing steps.
(a) The image was line wise corrected by a second order least mean squares t in order to remove
the (semicircular) shape of the prole. (b) The surface roughness Rq was calculated from an image
after it was ltered so that only short wave prole components with a cut-o wavelength of l =
0.18 µm is included. The ltering was done to avoid the inuence of the Bosch process induced
scallops on the calculated surface roughness (only relevant for devices with the rectangular prole).

Device
Rectangular prole

Rq [nm] Bottom
patching capillary

Semicircular prole
Rectangular prole
(no smoothing steps)

2.0

± 0.3

0.7

± 0.2

3.9

± 0.6

Rq [nm] Sidewall
patching capillary
6.5
(2.4
1.0
(0.8
8.0
(4.2

± 1.3
± 0.4)
± 0.2
± 0.1)
± 1.2
± 0.6)

(a)

(b)

(a)
(b)

(a)
(b)

Rq [nm]
Foil
1.2

± 0.2

1.2

± 0.2

1.2

± 0.2

ltering, the surface roughness of the sidewall of the rectangular and semicircular channel
are comparable and in the range of 1 to 2 nm. Therefore, the surface roughness Rq of the
sidewall for both samples seems to be determined primarily by the smoothing steps that
were the same for both. In general, the inside of the patching channel, including the bottom
of the channel and the foil, exhibits very low surface roughness, with Rq in the range of 1-2
nm. For comparison, a device molded from a silicon master with rectangular proles for
the patching channels but not treated with smoothing steps was also characterized with
the AFM, results are shown in Figure 2.21 and in Table 2.4. Both the bottom and the
sidewall of the patching channel, after ltering, exhibit Rq about 4 nm. This conrmed the
smoothing eects of the sacricial oxidation and TEOS deposition. The side length of the

images were 1.3 µm. This length was determined by the depth of the patching capillaries,
being approximately 2

µm.

In order to avoid edge eects 1.3

µm was the largest area

that could be considered on the sidewall. Consequently, all the other images were also
evaluated on the same side length. All measurements were carried out with a MultiMode
8 atomic force microscope from Bruker in intermittent contact mode using single crystal
silicon cantilevers with spring constants of approximately 40 mN and radius of curvature

D

A
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E

B
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F

C
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94°

20 Pm

Figure 2.23:

SEM micrograph of the cross-sectional prole of the deep channel from a cleaved
wafer processed with continous SF 6 /O2 /Ar plasma isotropic etch process. The sidewall is positively
tapered with an angle of 94 °, while the underetching is about 4 µm.

Table 2.5:

The table shows the process parameters for origination of the silicon master for the
single-cell capture device.

Process
Oxide deposition
Spin coating
Photolithography
Oxide etch
(shallow channels)
Spin coating
Photolithography
Oxide etch
(deep channels)
Si DRIE
(deep channels)
Si RIE
(shallow channels)
Oxide removal

Parameters

1050°C dry oxidation ; t = 90 min + 20 min annealing
- HMDS vapor deposition
- 2.2 µm AZ5214E; pre-bake: 90 °C for 90 sec
- hard contact mode, front side alignment W/A= 7 mW/cm2;
t = 9 sec
- AZ351 developer; t = 90 sec
CF4/CHF3= 14/26 sccm; t = 210 sec; WRF = 60 W; P =
100 mTorr
- HMDS vapor deposition
- 6.2 µm AZ5214E; pre-bake: 100 °C for 100 sec
- hard contact mode, front side alignment W/A= 7 mW/cm2;
t = 30 sec
- AZ351 developer; t = 300 sec
CF4/CHF3= 14/26 sccm; t = 210 sec; WRF = 60 W; P =
100 mTorr
SF6/O2/Ar = 180/160/100; P = 246>>91mT, coil 2.8kW,
platen (HF) 170>>215W, t = 2:40 min
SF6/ O2 = 32/8 sccm; WRF = 30 W; t = 4 min; P = 80
mTorr
BHF bath; t = 3 min

of the capturing orices are shown in Figure 2.24. To achieve smaller and in particular
shallower (2 mm) apertures needed for patch clamping, the process was modied as it was
presented in this chapter.
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Figure 2.24:

SEM micrographs of the micro sized apertures in the single cell capture device.
Silicon master (a), electroplated nickel insert (b) and molded polymer part (c).

2.5 Conclusions
We have developed and demonstrated a method for thermoplastic materials replication
that we believe is suitable for prototyping, and also directly applicable to a large-scale
production. We used a standard commercial injection-molding machine to demonstrate
it. This method, termed DEEMO, was employed to produce multi-level all-in-polymer
devices for capturing of single cells. It enables the direct etching of the silicon substrate,
and exploits the large MEMS tool box for Si microfabrication. Using dry etching techniques, multi-level microuidic systems can be structured in silicon and then replicated
in thermoplastic polymers with high accuracy. We have also proposed technical solutions
to challenges during molding by achieving slightly positive tapered sidewalls. Smoothing
oxidations were employed in order to reduce the surface roughness in the inside of the
channels after the etching processes. An eective reduction was conrmed by AFM investigation. UV-assisted thermal bonding was found as a good process to ensure strong seals
of the microuidic channels in the molded parts.

Chapter 3
Ion channels recordings on an
injection molded polymer chip
Chips fabricated as described in Chapter 2 were used for cell testing. After packaging into
chips, they were tested with HEK cells expressing Nav 1.7, a voltage-gated sodium channel appropriate for benchmarking studies. The experiments were carried out at Sophion
Bioscience A/S, Ballerup. The experiments were designed to explore current-voltage (IV)
relationships for the activation and the inactivation of Nav 1.7 channels and their sensitivity to a local anesthetic, lidocaine. Both IVs and lidocaine dose response curves obtained
from the injection molded polymer device were benchmarked against the commercially
available QPatchTM system from Sophion Bioscience A/S. In this chapter, we provide the
description of the device functionality and results of benchmarking tests against existing
state-of-the-art method. A manuscript about this work is ready to be submitted.

3.1 Recording set-up and cells
For the experiments shown in this Chapter, the cells were prepared by technicians at the
cell laboratory at Sophion Bioscience A/S. In patch clamping recordings, the quality of
the cells is equally important for successful results as is the fabrication of a fully functional
device. Therefore, we decided to commint the cell harvesting to skilled people.
The set-up used for the experiments was modied from a set-up for manual patch clamping,
where micropipette and micromanipulator were removed and replaced with the recording
box containing the polymer device. The set-up consisted of an inverted microscope, an
amplier and a pressure controller connected to a computer.
3.1.1

Cell culture

Over the past years, scientists at Sophion Bioscience A/S have developed a way to culture
cells to be specically used for patch clamp recordings. The culture procedure is reported
35
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here with the courtesy of Mette T. Christensen. We tested voltage gated sodium channel
Nav 1.7 were expressed in Human Embryonic Kidney 293 (HEK293) cells. The cells were
provided by SB Drug Discovery, Scotland. The cells were grown and maintained under
standard culture conditions at 37 °C and 5 % CO2. The cells were cultured in T175
culture asks (Nunc A/S) to maximum 80 % conuence in high glucose Dulbecco's Modied Eagle Medium (DMEM, Sigma-Aldrich D0819) supplemented with 10 % fetal bovine
serum (FBS, Sigma-Aldrich F2442), 2 µg/ml blasticidin S (Sigma-Aldrich 15205) and 600

µg/ml geneticin (Sigma-Aldrich G8168). The cells were sub-cultured for two weeks before
reaching a stable growth pattern and then used in the experiments. For sub-culture, the
culture medium was removed and the cells washed with phosphate buered saline (PBS)
without calcium chloride and magnesium chloride (Sigma-Aldrich D8537). Trypsin/EDTA
(Sigma-Aldrich T4174) was added to the culture ask and the ask incubated at 37 °C
for 2 minutes. Medium was added to the ask and the cells re-suspended and placed in
a new mother ask. The day of the experiments, the cells were treated dierently. The
culture medium was removed and the cells washed with PBS without calcium chloride
and magnesium chloride. Detachin (VWR) was added to the culture ask and the ask
incubated at 37 °C for 5 minutes or until the cells showed a round shape indicating detachment from the ask surfaces. The cells were re-suspended in serum-free CHO medium
(Sigma-Aldrich C5467) supplemented with 25 mM HEPES (Sigma-Aldrich H0887), 100
ug/ml penicillin/streptomycin (Sigma-Aldrich P4333) and 0.04 mg/ml soy bean trypsin
inhibitor (Sigma-Aldrich T6522). Cell density and viability was determined by diluting
an aliquot 1:2 in Trypan Blue (Sigma-Aldrich T8154) and performing a cell countusing
the dye exclusion method in a hemocytometer. Cell concentration in the suspension was
2-3 M/ml. After being harvested, cells were maintained on a rocking table in order to
avoid formation of clusters. Cells rested for at least one hour before being used in the
experiments.

3.1.2

Solutions and compounds

The intracellular electrolyte solution contained (in mM): 135 CsF, 1/5 ethylene glycol
tetraacetic acid (EGTA)/CsOH, 10 mM HEPES and 10 NaCl. The pH was adjusted to
7.3 with KOH and osmolarity to 320 mOsm with sucrose. The extracellular electrolyte
solution contained (in mM): 1 CaCl2 , 1 MgCl2 , 5 HEPES, 3 KCl, 140 NaCl, 0.1 CdCl2 and
20 TEA-Cl. The pH was adjusted to 7.3 with NaOH and osmolarity to 320 mOsm with
sucrose. All chemicals were purchased from Sigma Aldrich. Both solutions were stored in
the fridge at 4 °C and vacuum degassed for 20 minutes before use. Lidocaine hydrochloride
monohydrate (Sigma Aldrich L5647) was dissolved in dimethyl sulfoxide (DMSO) to give
a 100 mM stock solution kept in the freezer. Subsequent dilutions were performed in
extracellular electrolyte solution and store in the fridge.
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Figure 3.3: Layout of the microuidic device with numbered inlet/outlet ports.

(a)

(b)

(c)

Figure 3.4: Sequence of images showing the priming of the polymer device with electrolyte
solution before experiments with cells. (a) All channels are empty before priming. (b) Intracellular
channel is completly lled and extracellular side partially lled after priming with intracellular
solution. (c) Also the carrier channel on the extracellular side is lled.

the solution lled up the connected port 4. Then a second 1 ml syringe was plugged in
port 4 and pressure was applied to both syringes at the same time. This operation was
carefully repeated for the other three capturing channels (syringe in port 7 and 3, 6 and
2, 5 and 9). Then the device was moved under the microscope in order to verify that
some of the intracellular solution could be found in the extracellular channel, indicating
that the solution had successfully perfused through the patching capillaries. Finally, the
cell carrier channel was lled with extracellular solution by using a 1 ml syringe plugged
in Luer 10. Figure 3.4 shows a sequence of images for the priming of one of the patching
channels: all channels are empty before priming (Figure 3.4a), the intracellular channel
is completely lled and the extracellular side is partially lled after priming with only
intracellular solution (Figure 3.4b), and both channels are lled (Figure 3.4c).
The device was mounted into the aluminum box and the box relocated on the microscope
stage. The channel chosen as recording channel (port 8 and 4) was connected through the
reservoirs to an external custom-made pressure controller build from a piezo-valve terminal
from Festo and controlled with Labview software (National Instruments). A slight positive
pressure of 4 mbar was applied from both port 8 and 4 to the patching channel to prevent
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contamination of the aperture when cells were introduced. The reservoirs were employed
because a rst series of experiments showed formation of air bubbles when suction was
applied. Air bubbles must be avoided in these experiments and once they have formed,
they are very dicult to eliminate and the chip must be discarded. The use of reservoirs
prevented the formation of the air bubbles. The possibility of monitoring what happens
in the device during the priming and the suction is one of the major advantages of the
lateral approach and the transparent polymer substrate. When planar apertures in silicon
substrate are used, the only way to monitor what is happening at the apertures is measuring
the variation of electrical resistance across the hole. Thus, in silicon devices the detection
of air bubbles is dicult and this can lead to false results.
Chlorinated silver wires (Ag/AgCl) served as the recording and reference electrodes. They
were located across the orice and connected to the headstage unit of the patch clamp
amplier, as shown in Figure 3.6. Specically, the sensing electrode was inserted into the
tube connecting port 4 to the reservoir while the reference electrode was directly inserted
into the bath in port 10. An illustration of the set-up is shown in Figure 3.5. Only when
everything was ready and while maintaining slightly positive pressure at the aperture
intended for patching, the cells were taken with a 1 ml syringe from the ask, they were
introduced into the inlet port 10 and transported by convective ow applied by a 10 ml
syringe connected to the other end (port 11). After waiting a few seconds, a single cell
was captured at the hole by applying suction (negative pressure of 400 mbar from port
8, +4 mbar from port 4) to the patching channel, Figure 3.7. Conveniently, one of the
unused patching capillaries was employed for perfusion of lidocaine by using a 1 ml syringe
connected to the corresponding Luer port 6.

3.1.4

Experimental settings

Recordings were carried out using a HEKA Patch Clamp EPC 9 amplier (HEKA Electronics) at room temperature. Pulse software (v 8.53, HEKA Electronics) was used for
data acquisition. Electrodes were electrically connected to the EPC9 head stage mounted
on the customized aluminum box and the chip resistance was monitored by applying a 10
mV test square pulse for 10 ms. The amplier oset potential was zeroed before patching
the cell and the holding potential held at -90 mV. Response currents were sampled at 10
kHz and ltered at 2,9 kHz with a 4 pole Bessel lter.
Once one of the cells was trapped, the suction of -400 mbar was maintained for about 20
seconds and then reduced to -30 mbar. The resistance across the aperture was continuously
monitored by applying a 10 mV pulse for 10 ms. At this stage, the resistance was typically

between 100 and 200 MW. Some of the cells showed whole-cell conguration immediately
after patching. Otherwise the whole-cell conguration was achieved by applying suction
pulses (from -30 mbar to -400 mbar) and electrical pulses combined. The achievement of
whole-cell conguration was veried by depolarizing the cell. Eventually the cells reached
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Figure 3.5:

Illustration of the set-up used for the recordings. The polymer device is connected

to two intracellular solution reservoirs and then to the pressure controller. Ag/AgCl electrodes are
connected to the headstage of the amplier. Syringes are used respectively to tranport cells from
the inlet to the patch zone and to perfuse lidocaine through one of the lateral apertures.

whole-cell conguration and the resistance gradually increased over the following minutes
during the experiments.

3.1.5

Voltage protocols

For IV relationships experiments, a protocol with incremental steps of +10 mV from -90
mV to +70 mV of 1000 ms duration was used. Steady-state inactivation was investigated at
+10 mV for 100 ms after the 1000 ms pre-pulse. Each incremental sweep took place with 5
second intervals. For concentration-response experiments, two consecutive depolarizations
to 0 mV respectively of 100 ms and 20 ms duration from a holding potential of -100 mV
were used. The two depolarizations were spaced out by 15 ms at holding potential. Similar
voltage protocols were used for the experiment with the QPatchTM system.

3.1.6

QPatchTM settings

The experiments on the QPatchTM were set up using standard assay settings. In brief,
cells were positioned with a negative pressure of -100 mbar until a gigaseal was formed.
The cell membrane was then ruptured with a negative pressure pulse of -250 mbar in order
to get electrical access to the cell membrane. During this process the oset potential,
the chip capacitance and the cell capacitance were canceled out. The actual experiment
protocol with the relevant voltage protocols and compound additions was programmed in
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Figure 3.6:

Schematic of the patch clamping recording: a cell captured to a patching capillary.
Electrodes are located across the orice.
the Sophion Assay Software and it was executed after whole cell formation was established.

QPatchTM data were sampled at 10 kHz and ltered with an 8 pole Bessel lter at 3 kHz.

3.2 Chip resistance and chip capacitance

Chip resistance.

As shown in Chapter 2 and reported in Tanzi et al [34], injection

molding enables high replication accuracy of micro and nano features. The uniformity
of the patching channels was conrmed for several devices by the narrow range of chip
resistances, the resistances were measured across the 45 µm long patching capillaries with
the presence of only the electrolyte solutions. This was 9.4
Error of the Mean, n = 33) for type A devices and 10.5

± 0.2 MW (mean ± Standard

± 0.2 MW (n = 14) for type B

devices. The devices with semicircular prole (type B) had a slightly larger chip resistance
as expected from their smaller cross-sectional area. Both devices showed exactly the same
resistance variation. Since the chip resistance is mainly a function of the capillary geometry,
its variation is a good indication of variations in channel geometry [83]. The chip resistances
are comparable to those reported by Zanetti [22] and Chen [84], however the variation is
signicantly smaller, indicating a better reproducibility of the present method. However,

the chip resistance is signicantly higher than the typical 2-4 MW access resistance reported
for planar patch clamping devices where the holes are tapered on the back side [23]. The
Y shaped channel contributes most signicantly to the chip resistance while only 10 %
is contributed by the rest of the hydraulic paths to the electrodes. The main reason for
keeping the capillaries short in the rst attempt was indeed to avoid high chip resistances.

Chip capacitance. At the same time the chip capacitance was monitored. This was 11.4
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(a)

Figure 3.7:

(b)

Images of a HEK cell captured at one of the lateral patching channel. (a) Typical

cells concentration when the cells were owing in the carrier channel before being captured. (b)
Close-up on the Y shaped patching channel with a captured cell.

± 0.3 pF (mean ± Standard Error of the Mean, n = 33) for type A devices and 11.6 ± 0.5
pF (n = 14) for type B devices. The two devices showed very similar capacitances. For
the present device, the chip capacitance can be estimated by using the model of a pair of
parallel wires, where, in the proximity of the patching channel, the two deep channels for

intra and extra cellular solution are assumed as wires separated by a gap of 100 µm (the
Y shape patching channel). Our calculations, using this basic geometrical approximations
and the dielectric constant of TOPAS (er = 2.35) [85] yielded a predicted device capacitance of Cchip = 10 fF, being much lower than the measured capacitance. From the dierent
order of magnitude, we can then conclude that the capacitance measured during the experiments was due to the connections between the device and the patch-clamp amplier,
while the contribution from the device was negligible. The same observation was reported
in one of the rst work about lateral patch clamping in PDMS [31]. For comparison chip
capacitances for glass or silicon based devices were reported in the order of pF [86, 18].

3.3 Sealing properties
During the experiments, we could observe that the cell membrane tended to protrude a
long distance into the patching capillaries right after it was captured. The Figure 3.8 shows
a sequence of images taken just before the cell was captured at one of the orices (Figure
3.8a), immediately after the capturing (Figure 3.8b) and after 20 seconds (Figure 3.8c).
The same behavior was previously reported for PDMS devices employing lateral apertures
[22, 84], but the authors did not mention the protrusion length.
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(a)

20 Pm
(b)

20 Pm
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Figure 3.8:

Sequence of optical microscope images of a HEK cell captured at one of the patching
orices. The cell membrane is highlighted in red colour. (a) Image taken just before the cell was
captured. (b) Image taken immediately after the capturing. (c) Image taken after 20 seconds that
the cell was captured. It can be seen that cell membrane tends to protrude a distance of about 50
µm into the patching capillary shortly after being captured.

3.3.1

Lenght of the patching capillaries

In order to nd the optimal length of the patching channels, we made the four patching
channels with dierent lengths of the straight part, ranging from 15 mm to 45 mm, as
shown in Chapter 2 on page 9. A rst series of cell tests showed that a patching channel
approximately 10 mm long was somehow too short for establishing a good seals. Sometimes
the cell passed through the shallow channel and disappeared into the intracellular solution
at the other side. Therefore, channels longer than 10 mm were adopted here. The optimal
length of the straight capillary fraction appeared to be the largest we had on the chip (45

mm), while shorter capillaries did not show good sealing properties. We need to mention
that from the moment when the longest channel was found to work successfully, this channel
was used in the rest of the experiments. Therefore, we cannot provide any statistical
evaluations for the shorter capillaries, beside report the evidence that longer channels
worked better and thus they are preferable. This indicates that formation of high seals
must occur due to the interactions between the cell membrane and the polymer surface
along the whole length of the patching capillary and not only in the proximity of the orice.
The length of the patching capillary was therefore indicated as one of the factors which
inuence the quality of the seal in these devices.

3.4 Gigaseal
For any type of patch clamping experiments there are two key factors in order to achieve
successful results: formation of a good and stable seal, preferably gigaseal, and achievement
of whole-cell conguration. Both are fundamental and the combination of the two allows
for high quality ion channels recordings. Obtaining high seal without perforation of the
cell membrane in whole-cell mode would not reveal the presence of ionic currents. On
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the other hand, achievement of the whole-cell conguration but with a loose seal would
introduce a large leak current making the recording useless.

3.4.1

Gigaseal frequency

In our experiments, of 47 HEK cells captured, 19 cells (40 % of the total) allowed for wholecell access with seal resistance of at least 100 MW and of those 7 (15 %) were gigaseals.
A success rate of 15% is thus attributed to our experiments. The rest of the cells showed

either no whole-cell achievement or seal resistance below 100 MW. More precisely, tests were
carried out on devices both having patching capillaries with rectangular (type A, n=33)
and semicircular (type B, n=14) proles. As shown in Table 3.1, both device types showed
very similar sealing capability and ability to achieve the whole-cell conguration in a range
of seal resistances. Both proles also have similar gigaseal frequency. The exact condence
interval for gigaseal frequency was calculated with the Clopper-Pearson method [87] and is
given at a condence level of 90 %. The condence intervals for gigaseal frequency were also
comparable for the two proles. During cell experiments it was noted that high resistance
seals could only be achieved on longer channels, shorter channels were also tested with
cells, but they all failed to deliver quality seals. Importantly, for the 45 µm long channels

each cell showing a seal resistance above 250 MW also allowed for whole-cell recordings.
It was observed that tight seals appeared gradually after the whole-cell conguration was
established, eventually reaching gigaseal during a period of 10-20 minutes. This is in
contrast with traditional patch clamping where rst a gigaseal is obtained and then the
cell in perforated in whole-cell mode. The passage from cell-attached to whole-cell is often
responsible for a signicant drop in the seal resistance.

Table 3.1: The table shows the number of cells that were successfully sealed and perforated
into whole-cell conguration. The numbers include the cells with higher seals. In parenthesis,
the number of cells that were successfully perforated into whole-cell conguration. The exact
condence interval for the gigaseal frequency was calculated at a condence level of 90 % .

Device
Rectangular
prole (A)
Semicircular
prole (B)

Total R <
of
100
cells M
W
tested

R>
100
MW

R>
250
MW

33

14 (9)

20 (13)

8 (8)

14

6 (4)

8 (6)

3 (3)

R > Gigaseal Condence
interval
1000
frefor
MW quency gigaseal
5 (5)

15%

6% - 29%

2 (2)

14%

3% - 38%

Achievement of the whole-cell conguration was veried by activation of sodium currents
through a depolarization of the cell membrane. The seals had an average lifetime of 30
minutes. Furthermore, it was also observed that the whole-cell conguration with rupture
of the patched cell membrane was obtained spontaneously upon cell capture without an
intermediate cell-attached state, where electrical access to the interior of the cell goes
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through the patched piece of cell membrane inside the pipette in traditional patch clamping
experiments. This seems to dier from other systems, both those using traditional pipettes
and planar chips, where a drop in resistance when breaking the cell membrane is normally
observed.

3.5 Factors for high seal formation
In the literature numerous discussions regarding the importance of various device parameters for high quality seal formation exist, such as the aperture diameter [27], length of
membrane protrusion into the microhole [88], smooth edges of the microholes [89], and
hydrophilicity of the substrate [27]. These evaluations were done with dierent substrate
materials and capturing geometries and none with thermoplastic polymers. The experiments indicate that long and smooth patching channels and apertures of approximately 4

µm2 with clean and smooth orice edges allow for good seal quality. Furthermore, these
parameters contribute to an increase in the total contact area between the cell membrane
and the polymer surface and therefore the eective contact area seems to be the most
critical prerequisite to look at. To support this hypothesis, the topography of the orices
and the inside of the patching capillaries were characterized by atomic force microscopy
(AFM), see Figure 2.21 on page 30. The proles taken across the patching channels revealed the presence of scallops with an average periodicity of approximately 180 nm for
type A prole chips as was expected from Bosch type reactive ion etching process employed
for origination of the patching channels in the silicon master. The formation of the scallops
at the sidewall during the etching process has been described in Chapter 2. As discussed,
after ltering the surface roughness of the sidewalls for both the rectangular and semicircular channels was in the range of 1 to 2 nm. The surface roughness Rq of the sidewalls
seems to be determined primarily by the smoothing steps that were the same for both. In
general, the inside of the patching channel, including the bottom of the channel and the
foil, exhibits very low surface roughness Rq of 1 to 2 nm, and it is also here, between the
cell membrane and the polymer, the seal is assumed to form.
These ndings suggest that the surface roughness inside the patching channel is a second
prerequisite for good seal formation. On the contrary, the waviness originating from the
scallops does not seem to inuence the seal quality. Our understanding is that the cell
membrane, which has a thickness of only 5-10 nm, is likely to conform to the shape of
the surface waviness, which has a periodicity much larger than the thickness of the cell
membrane, but not to the shape of the surface roughness, which has a length scale of few
nanometers, leaving a path for the leakage currents. Figure 3.9 shows an illustration of
this hypothesis. This eect has been also studied before for pipette tip roughness [90].
Hence, one can hypothesize that low surface roughness in addition to the patch channel
length increases the eective contact area between the cell membrane and the polymer
surface and thus facilitates the formation of tight seals. Most likely, the large sealing area

Cell membrane

Leak
Polymer surface
Cell membrane
Polymer surface

5 nm
20 nm
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and they are shown as a function of the step voltage in a current-voltage (I-V) relationship,
Figure 3.10b.

Figure 3.10: Properties of transient inward currents in HEK293 cells. (a) Representative current

traces recorded during a 40-ms step depolarization from =120mVto test potentials from =85mV to
65mV in 5-mV increments. (b) Currentvoltage plot of multiple datasets such as those in panel A.
Values are means±SE of 67 separate determinations with dierent cells and are normalized to the
capacitance (in pF) measured for each cell. Adapted from [92].
3.6.2

Whole-cell recordings

Experiments were designed to record activation and inactivation currents in whole-cell
voltage clamp mode for voltage-gated sodium channels. In order to benchmark the performance of our polymer device, the same experiments were repeated on the QPatchTM

system. Data taken from both systems are compared in this section. The cells, the elec-

trolyte solutions and the compounds used on the QPatchTM , and the polymer chip setup
were exactly the same. The QPatchTM was operated by QPatchTM product manager Søren

Friis. For the polymer device, raw data were collected with Pulse software from HEKA and
exported and elaborated in Origin. Data were leak subtracted in order to compensate for
the linear component of the total current recorded and thus leaving only the ionic currents
which are assumed to have passed through the ion channels. A +10 mV square pulse of
10 ms from -90 mV prior to depolarization was used to calculate the leak current that was
subtracted from the recorded data [93]. A description of leak subtraction is provided later
in this chapter.

3.6.3

Current-voltage relations

An example of a family of sodium activation and inactivation currents recorded with our
polymer device are shown at the bottom of Figure 3.11 and Figure 3.12. Activation currents
were obtained after the start of depolarization pulses from -90 mV to 70 mV while the
holding potential was kept at -90 mV for all the experiments. These voltage steps applied
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for studying the activation, worked as conditioning pulses for studying the steady-state
inactivation. The pulses of 1000 ms were long enough to allow the inactivation process
to reach its steady-state level. Next, a 100 ms test pulse was applied to +10 mV. The
resulting sodium peak currents represent the portion of sodium channels in the activated
and inactivated state, respectively.

Activation currents. We detected inward sodium currents with peak amplitudes of 1-3

nA in all the perforated cells tested in the experiments. Both activation and inactivation
currents were detected within few milliseconds after the step was applied. Peaks were
typically observed upon depolarization to a potential between -30 and -20 mV. The activation threshold, corresponding to the voltage at which the sodium inward currents started
to activate, was found between -50 and -40 mV. At more positive potentials the current
amplitude gradually decreased as the electrochemical driving force disappeared. Figure
[g:Inward-currents-from] shows current traces recorded during step depolarization from
-90 mV to test potentials from -50 mV to +40 mV, corresponding to the potential interval
where the sodium currents were activated. Figure 3.11a shows a representative current
trace recorded during the 1000 ms step depolarization from -90 mV to the test potential
of -20 mV. In the enlargement, the peak inward currents are shown. At the bottom of
the same gure, all traces are grouped together and shown before and after the leak subtraction was applied. From these recordings, the peak current-voltage (I-V) relationship is
obtained and it is illustrated in Figure3.13a . The curve shows good agreement with those
obtained with the QPatchTM system. However, IV curves from the polymer device had a
tendency to shift towards more negative potentials.
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-50 mV
-90 mV
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+10 mV
-90 mV
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-90 mV
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-20 mV
-90 mV
+30 mV
-90 mV
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-10 mV
-90 mV
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-90 mV

D

raw data
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0.5 nA

0.5 nA

0.5 ms

0.5 ms

Figure 3.11: Example of inward currents from voltage gated sodium channel Na v 1.7 expressed
in HEK cells, measured on the polymer device. (a) Representative current trace recorded during a
1000 ms step depolarization from -90 mV to test potential at -20 mV. In the enlargement, inward
currents from Na+ channels. (b) The protocol used for determining activation and inactivation.
The membrane potential was held at a holding potential of -90 mV, subsequently shifted to potentials ranging from -90 to 70 mV for 1000 ms, and nally to 10 mV. (c) Inward Na + currents (d) A
family of Na+ activation currents in response to depolarization pulses from -90 mV to 70 mV. To
the left, the raw current responses are shown, and to the right the data after leak subtraction.
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Inactivation currents. From the same voltage protocol we could study the inactivation

of the sodium channels. Figure 3.12a shows a representative current trace recorded during
the 100 ms step from the conditioning potential of -90 mV to the test potential of 10 mV.
In the enlargement, the peak inward current is shown. Figure 3.12b shows currents traces
recorded at 10 mV with depolarizing steps from -90 mV to -50 mV, corresponding to the
potential interval where the inactivation current could be recorded. At the bottom of the
same gure, all traces are grouped together and shown before and after the leak subtraction
was applied. From these recordings, a peak current-voltage (I-V) relationship for steady
state inactivation was obtained and it is illustrated in Figure 3.13b. The peak current is
shown as a function of the conditioning potential. The graph shows the gradual transition
from a state where the sodium channels were predominantly closed to a state where they
were predominantly inactivated; above -50 mV for the polymer devices. The cut o at
-90 mV does not show at which potential the transition starts, but is presumed to be at
about -100 mV. As mentioned for the activation currents, the IV relationships obtained
for the polymer devices, when compared to IV curves from the QPatchTM system, had
the tendency to shift towards more negative potentials. The reason of this shift was not
completely understood. It could be attributed either to voltage drops across the higher
chip resistance of the polymer device, which was not compensated for, or to dierences in
oset voltage between the two recording systems or a combination of the two eects. As
we shall see in the following, this dierence did not inuence the pharmacology studies.
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B
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C
10 mV
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Figure 3.12: Example of inward currents for steady state inactivation from voltage gated sodium

channel Nav 1.7 expressed in HEK cells, measured on the polymer device. (a) Representative
current trace recorded during a 100 ms step at +10 mV from conditioning step at -90 mV. In the
enlargement, inward currents from Na + channels. (b) The protocol used for determining activation
and inactivation. The membrane potential was held at a holding potential of -90 mV, subsequently
shifted to potentials ranging from -90 to 70 mV for 1000 ms, and nally to 10 mV. (c) Current traces
recorded at 10mV with depolarizing steps from -90 mV to -50. (d) A family of Na + inactivation
currents in response to polarization pulses from conditioning potenatial to +10 mV. To the left,
the raw current responses are shown, and to the right the data after leak subtraction.
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Figure 3.13: Current-voltage (IV) relationships for peak Na + channel currents. (a) The activation
threshold was -50 mV, and the maximal current amplitude was obtained at -30 mV for the polymer
device. The threshold was -30 mV with a maximum at -10 mV for the QPatch TM . (b) The
inactivation graph for the Na+ channel. At potentials more negative than -80mV the channels were
predominantly closed, whereas at potentials above -30 mV they were predominantly inactivated for
the QPatchTM . For the polymer device, the channels were predominantly inactivated at potentials
above -50 mV.
3.6.4

Leak subtraction

The total current response to a voltage step recorded from a cell in voltage clamp mode
comprises two current components: a component with amplitude that has a non-linear dependence on the voltage step and a component with amplitude that has a linear dependence
on the voltage step,

Itot (t) = Il (t) + Ii (t)

(3.1)

where Itot (t) is the total current signal evoked by the depolarizing voltage step Vt , Il (t)
is the linear current amplitude response and Ii (t) is the ionic non-linear current response
which is assumed to have passed through the voltage-gated ion channels [93, 94]. The
linear current response consists of capacitive currents, associated with the rapid change
in voltage, plus a DC leakage current. The leakage current and the amplitude of the
capacitive current response are both linearly related to the size of the voltage step. The
linear component can be subtracted from the total current by means of a method called leak
subtraction, leaving only the ionic current. It is possible to calculate the leak subtraction
current Isub (t) produced by a small 10 mV step, in a voltage range where voltage-gated
channels are closed (and hence where Ii (t) is zero), and to scale it up with the ratio of the
amplitudes of the two stimuli,

Isub (t) = Ic (t)

Vt
Vc

(3.2)

where Ic (t) is the current evoked by the 10 mV test pulse amplitude Vc . The subtraction
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Figure 3.14: Leakage current subtraction using leak subtraction method. (a) Whole-cell current
recorded in response to voltage step from -90 mV (holding potential) to -20 mV. (b) Leak current
record produced by 10 mV test pulse multiplied by ratio between the two stimuli (70 mV/ 10 mV).
(c) Subtracted response of B from A in order to eliminate capacitive current. (d) Voltage protocol.

current Isub (t) can then be subtracted from the recorded signal, leaving the ionic current,

Ii (t) = Itot (t) + Isub (t)

(3.3)

Subtraction of capacitive currents may reveal small current contributions that would otherwise be hard to identify especially the one happening very rapidly after the start of the
pulse. Figure 3.14 shows an example of a record of sodium current that has been leak subtracted. The QPatchTM system employed an automated P/N leak subtraction [95] directly
implemented in the software. In this method, each depolarization is preceded by a series
of N (typically 4) voltage steps of 1/N amplitude of the depolarizing pulse. The voltage
steps are activated from a potential at which no voltage-dependent currents are activated
[94]. These N traces are the summed together and they are subtracted from the recorded
current trace and this will isolate the ionic currents.

3.6.5

Inhibition

Doseresponse experiments were carried out to further benchmark the polymer device with
a pharmacological application. Lidocaine inhibition of whole-cell sodium currents was
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explored in voltage-clamped mode by application of lidocaine concentrations ranging from
30 µM to 1 mM (5 dierent concentrations). Each concentration was added to separate
cells. The ability of lidocaine to bind to sodium channels is state dependent, as lidocaine
binds to the sodium channel in the inactivated state only [96]. To explore state-dependency,
the cell was depolarized twice at 0 mV for 100 ms and 20 ms respectively, from a holding

potential of =100 mV with a temporal separation of 15 ms, see Figure 3.15a. Depolarization
was repeated every 5 seconds. Lidocaine response was studied at the start of the second
pulse after the resting interval, during which only a portion of the sodium channels were
able to recover from inactivation. Figure 3.15b shows a typical recording in the absence of
compound where the activation peak 2 was about 80 % of the size of the activation peak
1, used as a reference. When lidocaine was applied, reference peak 1 exhibited a current
that was almost unchanged, while peak 2 was substantially reduced. Figure 3.15c shows
activation currents from the same cell before and after 100 µM lidocaine was delivered to
the cell. The current-time relationship for the peak sodium currents recorded in response to
the rst (empty circle) and the second (full circle) depolarization is shown in Figure 3.16a.
Inhibition is plotted against lidocaine concentration in Figure 3.16b. The amplitudes of
sodium currents immediately prior to lidocaine application were set to 100 %. Complete

inhibition was observed at 1mM lidocaine, while the inhibition was only 20 % at 30 µM
lidocaine which was also the lowest concentration applied. From Figure 3.16a it can be
observed that the inhibition produced by lidocaine was reversible within 60 seconds after
its perfusion was stopped. For the polymer device, the half-blocking concentration IC50

was 119 ± 11 µM. This value is in excellent agreement with the IC50 of 152 ± 11 µM found
with the QPatchTM . The Hill coecients were also very similar for the two systems. IC50

and Hill coecient (n) were estimated from best ts to the experimental dose-response
data by the Hill equation:

% inibition =

[X]n
(IC50 )n + [X]n

(3.4)

where [X] is the concentration of lidocaine, h is the Hill coecient, and IC50 is the concentration that gave half maximal inhibition.

3.6.6

Perfusion of blocking compounds

Conveniently, one of the unused patching capillaries could be used for perfusion of lidocaine by using a syringe connected to the corresponding Luer port. In order to study the
lidocaine dose response on sodium channels, we needed to know the exact concentration
that was delivered to the cell during each perfusion. The diusion coecient for lidocaine
(2.21Ö10-10 m2 /s) was calculated from the Stokes-Einstein equation with the assumptions
that lidocaine molecules are comparable to small spherical molecules and that their radius
can be derived from the molecular weight (234.4 g/mol). The viscosity of the extracellular
electrolyte solution was assumed to be the same as water,
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Figure 3.15:

Peak 2

(a) Protocol used for determining the concentrationresponse relationship of li-

docaine inhibition on Na v 1.7 channels consisting of two depolarizations to 0 mV from a holding
potential of

=100 mV with an interval of 15 ms. (b) Raw current response from a recording on the

polymer device before lidocaine application. Amplitude of peak 2 is about 80 % of the amplitude
of peak 1. (c) Raw current response for peak 1 and peak 2 before (black) and after (red) 100
lidocaine was applied to the cell.

D=

kT
6πrη

µM

(3.5)

where k is the Boltzman costant, η is the viscosity of water, T is the absolute temperature
and r is the hydraulic radius of the lidocaine molecules. In order to evaluate the delivery

®

of lidocaine to the cell, the entire channel geometry was set up as a model in COMSOL .
The ow rates in the main channel and the perfusion channel, respectively, were estimated
from both the speed at which the syringes containing lidocaine were operated during the
experiments and the observed ow velocity in the main channel. The latter was in the order
of 1 mm/s, and from this the ow in the main channel was estimated to be 4 nL/s. The
ow in the perfusion channel was estimated to be roughly 20 % higher than this, i.e. 4.8
nL/s. These values were used as boundary conditions in the model at the channel inlets,
along with the assumption of steady state ow. The lateral ow was applied for less than
10 seconds. The result from the simulation, shown in Figure 3.17, supports the premise
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Figure 3.16:

(a) Activation currents for Na v 1.7 channels for determining the lidocaine inhibition

µM

lidocaine was applied to the cell. Peak 1 is not aected and peak 2 is reduced by

on Nav 1.7 channels. The graph shows values of the current amplitudes of peak 1 and 2 before and
after 100

50 %. (b) Concentrationresponse relationships of lidocaine inhibition on Na v 1.7 channels. Data
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Figure 3.17:

Extracellular solution

0

Lidocaine (1mM) delivery to the cell being patched simulated in COMSOL

®.

A

lateral ow (in red) perfused into the ow in the carrier channel (in blue). The simulation took
account of the diusion of lidocaine into the extrallular solution.

A sectional view across the

channel shows how the concentration corresponds to 100 % in the proximity of the cell.

that 100 % of the lidocaine in solution was successfully delivered to the cell. Therefore, the
lidocaine concentration delivered to the cell was the same contained in the syringe. The
simulation considered a worst case scenario of lidocaine diusion when a high lidocaine
concentration of 1 mM was perfused.
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3.7 Conclusions
The purpose of the experiments reported in the this chapter was to validate the injection
polymer device by comparing the generated results with those obtained with state-of-theart QPatchTM system and to demonstrate the ability of the polymer device to generate

dose-response data. We have demonstrated that high-quality electrophysiological recordings are possible on the presented polymer device. This was done for the rst time on
a thermoplastic platform and with no need for any surface modications or treatments
before the experiments. The results demonstrate that polymer devices can provide wholecell current responses from voltage gated sodium channels and permit accurate analysis
of drug potency for state-dependent inhibitors such as for the local anesthetic lidocaine.
Moreover, the devices exhibit excellent data quality when benchmarked against the com-

mercially available QPatchTM system. Formation of gigaseals (15 % of the total cells)
between the polymer surfaces and the cell membranes was achieved on patching capillaries
that allowed for a large sealing area. The length of the patching channel together with the
low surface roughness on the inside of the patching capillaries were identied as the most
important parameters for good seal formation. We attribute this observation to indicate
that a large eective sealing area between the cell membrane and the polymer surface is
required to obtain tight seals. The polymer device had the ability to deliver precise concentrations of blocking compounds to the patched cell by perfusion through one of the lateral
channels. A simulation in COMSOL

® showed that the compound in solution reached the

cell without signicant loss in concentration.

Chapter 4

Functional characterization of
scorpion toxin peptides #9 and #10
In this chapter, the results from the work carried out in collaboration with Dr. Julie Daziel
at AgResearch, Palmerston North, New Zealand are presented. The aim of the stay was
to acquire the basic knowledge of cell culturing and conventional patch clamping on a
well established manual patch clamping set-up. Therefore, this work represents a short
walk-away from the rest of this thesis.

The inhibitory eects of two new long chain

toxins (#9 and #10) were studied through whole-cell recordings of BK large conductance
potassium channels expressed in human embryonic kidney (HEK) cells. Only one of the
two peptides, the #9, showed an inhibitory eect comparable whit that previously reported
for other long chain toxins. This work, together with the description of the biochemical
purication and gene cloning, will be submitted for publication together with Dr. Shunyi
Zhu, Chinese Academy of Science, Beijing, China.

4.1 Peptide toxins
Two long chain peptides toxin genes were rst isolated and puried from the venom of
scorpion Mesobuthus Eupeus according to the method described in Gao et al [97]. The
peptides are related to the peptide toxin BmP09 [98].

The two toxins were shiped to

AgResearch, NZ by Dr. Shunyi Zhu in order to determine whether they inhibit BK large
conductance potassium channels. They are name by the supplier peptide #9 and peptide
#10. The main reason to believe that the two new toxins could eect the functionality
of BK channels was their similarity with the already studied inhibitors of BK channels,
BmP09 (BmKAs1) [98]. As shown in 4.1, the two peptides share sequence homology with
the toxin BmP09 (BmKAs1). To be more precise, peptide #9 shares 61/66 residues in
common with BmP09 and peptide #10 shares 52/66 residues in common with BmP09
(including two deletions).
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Figure 4.1:

DNGYLLDKYTGCKVWCVINNESCNSEC-KIRRGNYGYCYFWKLACYCEGAPKSELWHYETNKCNGRM
DNGYLLDKYTGCKIWCVINNDSCNSHC-IGSGGYYGYCYFWKLACYCQGAPRSELWHYETNRCRA-DNGYLLDKYTGCKVWCVINNESCNSEC-KIRGGYYGYCYFWKLACFCQGARKSELWNYNTNKCNGKL
EHGYLLNKYTGCKVWCVINNEECGYLCNKRRGGYYGYCYFWKLACYCQGARKSELWNYKTNKCDL-DNGYLLNKYTGCKIWCVINNESCNSEC-KLRRGNYGYCYFWKLACYCEGAPKSELWAYETNKCNGKM
DNGYLLNKATGCKVWCVINNASCNSEC-KLRRGNYGYCYFWKLACYCEGAPKSELWAYATNKCNGKL

Multiple sequence alignment of #9 and #10 and related toxins from scorpion venoms.

4.2 BK potassium channel
We tested the BK potassium channel expressed in HEK cells. BK potassium channels
(aka MaxiK, Slo1 and BKCa) are large conductance ion channels that can be calcium- and
voltage- activated. They are expressed in a many tissues throughout the human body and
are activated by both membrane depolarization and increase in intracellular Ca2+ [99]. BK

channels regulate several physiological processes from electrical excitability in neurons and
regulation of smooth muscle tone to tuning of auditory hair cells [99].

4.3 Cells and solutions
hSlo a subunit (GenBank accession number U11058) BK channels were stably expressed
in HEK cells and grown in Dulbecco's modied Eagle's medium and 2.5 mM HEPES,
supplemented with minimal essential amino acids and 10% fetal bovine serum at 37 °C.
Cells were plated onto glass coverslips. All the cells used for the experiments shown in
this chapter were cultured under the supervision of Dr. Julie Daziel in the cell-culture
laboratory at AgResearch, NZ.
The bath solution contained (in mM): 135 NaCl, 5 KCl, 2 MgCl2 , 2 CaCl2 and 5 HEPES.

The pH was adjusted to 7.4 with NaOH. The pipette solution contained (in mM): 140 KCl,
1 EGTA, 10 HEPES and 1 CaCl2 . The pH was adjusted to 7.2 with KOH, giving 1.5 µM

free calcium. Both solutions were stored in the fridge at 4 °C. The two peptide toxins were
stored in the freezer at -20 °C.

4.4 Electrophysiological recordings of BK channels
Currents were recorded using whole-cell voltage-clamp at room temperature (18-22°C).
Pipettes were pulled from borosilicate glass using a 2-stage microelectrode puller from
List-Medical and gave resistances of 2-5 MW when lled with pipette solution. Data were
recorded using an Axopatch 200B and Axon Digidata 1440A digital interface using pClamp
10.2 software from Molecular Devices. Capacitance and series resistance compensation were
used. Leak subtraction was applied using a P/5 protocol. Data were ltered at 5 kHz and
sampled at 100 µs intervals. The peptides in dried form were diluted in bath solution
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pulse (Figure 4.3b), or at a range of voltages tested (Figure 4.3d). The mean decrease in

± 8 % compared to the control current (n = 6). Lolitrem
B inhibited the current response by 91 ± 2 % (n=6). This also conrmed that most of the
response to peptide #10 was 5

potassium current response recorded was from BK channels.
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Figure 4.3: Eect of peptides on BK channels. Representative whole-cell recordings from HEK

cells expressing hSlo. Currents in response to a +100 mV voltage pulse for 50 ms 10 minutes after
addition of 2 µM peptide #9 (a) and peptide #10 (b), followed by 400 nM lolitrem B (Lol B).
The eect of peptide #9 (c) and peptide #10 (d) on the currentvoltage relationship is shown at
voltage steps between -80 and +100 mV for 50 ms. The holding potential was -60 mV. The current
is the mean of the last 25 ms of the voltage pulse. The dotted line indicates the zero-current level.
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4.6 Conclusions
Only the peptide #9 showed a signicant inhibitory eect comparable whit that previously
reported for other long chain toxins. The peptide #10 did not show any inhibitory eect
on BK channels. Since 12 residues (includes two deletions) dier between peptide #10 and
BmP09, that also dier from peptide #9, these residues appear to be responsible for the
inhibitory eect of the BK large conductance potassium channel reported for BmP09.

Chapter 5

Manufacturing cost
In this chapter, the economy of the manufacturing method and an illustrative study of costs
for production of polymer devices are presented. The cost analysis is based on work carried
out at the facilities at DTU Danchip.

In case of commercialization, the manufacturing

framework will change and with it also the production cost per device. There are many
reasons to prefer the presented fabrication method over the ones employed currently and we
will explain some of those. The technological readiness level of this method is high, while
the design presented in this thesis was only aimed for prototyping. Thus, the device could
be designed dierently for a much smaller unit footprint and higher throughput. Since we
have not a thorough knowledge of production theory in industry, a manufacturing expert
might nd this analysis somehow inadequate. The purpose of this section is not to give a
detailed manufacturing cost estimate, but to illustrate the potential low cost of the device.

5.1 Background
Three materials are currently employed for the fabrication of patching apertures capable
of gigaseal recordings in APC systems, namely silicon [23], glass [18] and PDMS [22]. All
these materials have drawbacks that have encouraged researches to continuously look for
innovative substrate materials. Silicon and glass have the main drawbacks in their high
cost both to purchase and to machine and their requirement for clean room facilities. On
the other hand, PDMS is cheap and versatile. However, PDMS is far from being suitable
for mass production and it has issues when used for biological applications such as high
permeability for small molecules, non-crosslinked oligomers, and surface diusion of low
molecular weight chains [101].
Advantages of the presented fabrication method derive from both the use of cornered
apertures and the employment of injection molding. As shown in Chapter 2, using the
lateral approach simplies the microuidic integration as only one side of the substrates
needs to be shaped. Any other approach requires the creation of at least two compartments
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across the patching channel in separate substrates. Thus, the simplest patch clamping
device based on a vertical approach is at least composed of three layers, where the middle
one includes the micro sized hole and is typically silicon or glass made. On the other hand,
injection molding is a fabrication method already widely employed for mass production
of polymer components in many engineering elds. Therefore, polymer injection molding
will allow the device to be mass fabricated with much simpler transfer of technology from
prototyping to production.

5.2 Manufacturing cost: three important factors
Despite their enormous potential, only few Lab-on-Chip based devices have been successfully introduced into the market since this technology was introduced in the nineties [102].
The possible factors responsible for this have been discussed by Dr. H. Becker, Co-founder
and CSO microuidic ChipShop GmbH, in a series of Focus articles published in Lab
on a Chip [103, 104]. From his analysis, it seems that the most signicant obstacle on
the road to commercialize microuidic devices has been and still is the cost of manufacturing when the device is brought from the prototyping phase, typically carried out at
university, to production. Becker has identied three main requirements for inexpensive
and successful manufacturing of polymer microuidic devices on a large scale: Design-tomanufacturability, economy of scale and production yield [103]. Each of these factors will
be discussed here in reference to our method.

Design-to-manufacture.

Design-to-manufacture can be seen as the number of steps

required to assemble a microuidic device in its nal form and it mainly depends on the
number of back-end processes such as drilling of access holes, dicing, surface treatment
or bonding. All these back-end processes massively inuence the overall manufacturing
cost. The strength of the presented method is based on a very limited number of back-end
processes, being only the bonding with no requirement for alignment.

Economy-of-scale. If we think in terms of production volume, the way this inuences the

variation of the cost per device is known as economy-of-scale. In general, a good economyof-scale in a production process is accomplished if the cost tends to decrease when the
volume of production increases. In the case of microuidic systems, the cost per device
mainly depends on the cost of raw materials and the cost of the equipments, often referred
to as initial cost. The initial cost is a xed cost that does not depend on the number of
parts produced. Figure 5.1 shows a qualitative comparison between economy-of-scale of
the three most used polymer replication methods, hot embossing, injection molding, and
PDMS casting [103]. Injection molding has the highest initial investment cost for shaping
of the nickel insert and acquiring expensive equipments (polymer injection molder and
molding tools). However, when the process is applied on a large scale, the cost per part
rapidly decreases with the number of parts, becoming the cheapest technology over 10k
units, that is also the range we are looking at for commercial APC systems. Therefore,
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benet from a mass production environment. However, those changes would involve in
particular the injection molding and the thermal sealing of the chips, while the production of the nickel inserts will remain substantially unchanged. As discussed in Chapter 2,
injection molding of micron sized structures is achieved using a molding process known as
variotherm [74]. This process requires a cycle time substantially longer than what one can
expect from a standard injection molding process (3 minutes with the actual set-up instead
of 5-20 seconds). However, we believe that the cycle time could be signicantly reduced in
an industrial environment by redesigning the mold for smaller thermal mass, and a more
localized cooling and heating system. In addition, semi or full automation of the bonding
process would signicantly increase the productivity.
In the following, we present an illustrative study for the fabrication of nickel inserts, for the
injection molding of the polymer parts and for the sealing of the nal devices. Costs are
based on work that a process engineer with expertise in micro fabrication could carry out
at the facilities at Danchip DTU [105]. For the engineer, a standard cost of 600 DKK/hour
(including overhead costs) is estimated and is included in the analysis.

Nickel insert. The fabrication of the nickel insert is entirely carried out inside the cleanroom, while the molding and the sealing is done outside. A cleanroom access of 750

DKK/hour with a maximum cap of 20 hours per month needs to be paid. The usage
above the cap is charged as 0 DKK/hour. Each machine has a price per hour where indicated. The cost of materials and chemicals (photoresist, chemical etchants, polymer, etc)
is already included in the machinery costs. Cost of the silicon wafers is also considered.
This analysis is based on batch production. We expect that the production of one batch
will not take more than one month and therefore we include one month of salary for the
engineer (37 hours/week for 4 weeks) at the end of the analysis.
The process has been divided into three phases and each phase ends with inspection by
means of scanning electron microscope. A yield has been assigned to each phase and
therefore the number of wafers transferred to the next phase is somehow reduced (e.g.,
phase one starts with a batch of 20 wafers and nishes with only 12 that will go through

Figure 5.2: DTU Danchip is the national center for micro- and nanofabrication in Denmark.

Figures borrowed from http://www.danchip.dtu.dk/.
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Table 5.1: Phase one: shaping of the silicon wafers consisting of photolithography, ecthing,
cleaning, and oxidations. The estimated overall yield for this phase was 60%.(*) All prices are
from Pricebook for DTU Danchip 2013. Eective: January 1st - 2013 [105]. All prices are in
Danish kroner without VAT and they are intended for commercial activities.

Process

Machine

Cleanroom access
Silcon wafer
Photolitography 1/2
Photolitography 2/2
Silcon etching
Cleaning
Cleaning

SSE Spinner
KS Aligner
DRIE-Pegasus
Plasma asher
RCA (4",6")
Furnace:
Phosphorus
Drive-in
HMDS oven
SSE Spinner
KS Aligner
AOE
DRIE-Pegasus
Plasma asher
Polysilicon etch
RCA (4",6")
Furnace:
Phosphorus
Drive-in
Furnace: LPCVD
TEOS
SEM Zeiss

Oxidation
Preparation
Photolitography 1/2
Photolitography 2/2
Oxide etching
Silicon etching
Cleaning
Wet etching
Cleaning
Oxidation
Oxidation
Inspection

Time [h] or Price per hour Total
Number of [DKK/h]* or
costs
parts
Price per unit [DKK]*
20
20
1
1
5
0,4
3,3

750
160
350
350
600
0
0

15000
3200
350
350
3000
0
0

4

350

1400

0,5
1
1
2
8
0,4
0,5
3,3

0
350
350
600
600
0
0
0

0
350
350
1200
4800
0
0
0

5,3

350

1855

2

600

1200

6

600

3600

Total cost per batch
Cost per wafer
(to be used)

36655
12

3055

phase two). The yields were assigned based on the experience of working in an environment
exclusively devoted to research and development and they also represent a worst case
scenario. An average number of 100+ users work every day at DTU Danchip and one
can expect that some of the failures may be due to that. From an initial batch of 20
silicon wafers, 9 nickel inserts ready to be used in the injection molding tool are obtained.
The salary cost for the operator is added to these 9 inserts in order to nd the nal cost
estimate per insert. The inspections are intended to check the quality of the wafers during
the process and to avoid that faulty wafers would be processed further. One can also
expect that wafers with microscopic defects would be discarded by the engineer.
More specically, phase one employs machines that allow for processing of the entire batch
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Table 5.2: Phase two: sputtering of metal seed layer. The estimated yield for this phase was
90%.(*) All prices are from Pricebook for DTU Danchip 2013. Eective: January 1st - 2013 [105].
All prices are in Danish kroner without VAT and they are intended for commercial activities.

Process

Machine

Shaped wafer

Sputter System
(Lesker)
SEM Zeiss

Metalization
Inspection

Time [h] or Price per hour Total
Number of [DKK/h]* or
costs
parts
Price per unit [DKK]*
12

3055

36655

9

600

5400

6

600

3600

Total cost per batch

45655

Cost per wafer
(to be used)

10

4565

Table 5.3: Phase three: electroforming of the nickel insert.The estimated yield for this phase was
90%.(*) All prices are from Pricebook for DTU Danchip 2013. Eective: January 1st - 2013 [105].
All prices are in Danish kroner without VAT and they are intended for commercial activities.The
salary cost includes taxes.

Process

Machine

Metalized wafer
Nickel Electroplating
Wet etching
Inspection

Technotrans
KOH bath
SEM Zeiss

Time [h] or Price per hour Total
Number of [DKK/h]* or
costs
parts
Price per unit [DKK]*
10
115
80
6

4565
350
0
600

45655
40250
0
3600

Total cost per batch

89505

Salary cost (1 month)

88000

Final cost

177505

Cost per wafer
(to be used)

9

19720

of wafers. In phase two and three instead, the wafers are processed individually. The
estimated overall yield for phase one was 60% and so the outcome number of wafers from
this phase was 12, Table 5.1. A yield of 90% was assigned to phase two and phase three,
Table 5.2 and Table 5.3. Taking in account the yields and salary cost, each nickel insert
has a nal cost of production of approximately 20000 DKK, Table 5.3. In the end of each
table, both the total cost for the batch and the cost per wafer is shown. The cost per wafer
is found dividing the total cost per batch by the number of wafers that are transferred to
the next phase. When the yield gave a fractional number, the number of wafers was under
estimated to the closest unit.
In order to be used in an injection molding tool, the nickel plates need to be shaped into
a smaller diameter. This was done both to ensure rotational direction denition when
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mounted in the injection molding tool and to eliminate the rough edge from the nickel
plates. The electroforming process tends to form nickel plates with a rough edge around
that needs to be removed. In this thesis, this was done by mechanical punching using
a hydraulic press. Alternatively laser cutting could also be employed. However, this
operation should not substantially change the cost of 20000 DKK.
Now, the inuence of the cost of the nickel insert will strongly depend on the number of
parts that can be molded from each insert. A good estimation for this can be borrowed
from the CDs and DVDs industry. CDs and DVDs are the by far most widely used
products with microscale features produced via injection molding [106]. Typically CDs
have pits 1-3 mm long and about 0.6 mm wide with a depth of 0.1 mm. For DVDs these
dimensions are roughly half [106]. Like CDs and DVDs, our microuidic device contains
micron-sized features and therefore they can be compared. Usually a nickel insert can be
used to produce tens of thousands of CDs before it wears out [106]. To play on the safe
side, we estimate here that 10000 can be produced from a nickel plate. The contribution
of the nickel insert to the cost of each device will then be 2 DKK. As we can see below, the
major contributions to the cost per device are assigned to the injection molding process
and to the bonding process.

Molding and bonding. With the present set-up, the cycle time for injection molding was
three minutes, and this gives 20 polymers chips per hour. The price per hour for using the

polymer injection molder is 350 DKK and it includes the costs for the raw material [105].
The cost per hour for the operator is more dicult to estimate here, since the injection
molding is an automated process and the operator is not expected to interact with the
machine the all time. The salary cost per hour is then multiplied by an arbitrary factor of
0.3, leading to a contribution of 200 DKK/hour from the operator. Therefore, the overall
cost of the molding machine and the operator is 550 DKK/hour. The injection molding
step contributes with 27.5 DKK to the cost of each chip.
The sealing of the chips was performed with a UV lamp and a thermal press available free
of charge in the laboratory at DTU Nanotech. However, we can estimate a price of 100
DKK/hour for this process. In this case, the presence of the operator is required for the
full process and therefore 600 DKK/hour are added to the machinery cost. By using a
customized aluminum holder, 7 chips could be bonded at the same time for a total of 21
chips per hour.
The price of the polymer foil used as a cover lid needs to be considered. With a price of
50 DKK per sheet (order of 50 sheets at the same time) and 20 lids obtained from each
sheet, the cost per device is approximately 2.5 DKK. Finally, the bonding step, counting
machinery, operator and materials contributes with 35.5 DKK per each device.
The total estimated cost per device is 65 DKK, with the assumption that 10000 parts could
be molded from a single nickel insert before this wears out, Table 5.4. The throughput for
both the injection molding and bonding was set at about 20 parts per hour. One should
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Table 5.4: Total cost of the nished device. The price of the injection molding is from Pricebook
for DTU Danchip 2013. Eective: January 1st - 2013 [105]. Prices are in Danish kroner without
VAT and they are intended for commercial activities.

Process
Mold insert
Injection molding
Bonding
Finished device

Total cost
[dkk]*
2
27.5
35.5
65

be aware that these processes also have a yield somehow smaller than 100% and therefore
some devices will be discarded. This will cause an increase of the production cost that
is dicult to estimate within this analysis. However, we can indicate that some of the
chips (estimated 30%) were discarded after injection molding in this work. The decision
was arbitrarily taken based on investigation of the patching capillaries aspect by means of
optical microscopy. A wider line at the edge of the patching channels was seen as a defect
and was usually the reason to discard the chips. On the other hand, very few devices (<
5%) were discarded after bonding. We do not have the countercheck that the discarded
chips could not work during the experiments. The evaluation of the process yield was
beyond the scope of this thesis at the time that the molding was performed. Therefore,
this should only be considered as an indication.
However, from this analysis, one can conclude that the inuence of the nickel insert cost on
the nal production cost uctuates a lot with the number of parts that can be replicated
from each insert. At the range of cost estimated here, the inuence of the cost of the
insert will dramatically change if 1000 or 10000 parts will be produced. The change is
insignicant if this number exceeds 10000 units. Once again, we would like to remark
that the facilities available at DTU Danchip are not intended for production, especially
the polymer injection molding and the bonding. If the payment of a price per hour is
a possible scenario for the processes in the cleanroom, this is not realistic for injection
molding and bonding where companies usually own the machineries or commit the work
to a supplier. Therefore, a more realistic production scheme would involve commercial
partners for the molding and bonding and some time/costs for transfer of the know-how
should be considered.

5.4 Standard format
If an APC system will be commercialized, the device will be designed dierently for a
much smaller unit footprint and higher throughput. A standard format will be chosen,
most likely the 384 or 1536 microtiter plates [107]. This will require the use of larger
nickel insert and therefore the use of larger master silicon wafers to start with. six inches
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(a) Illustration of the back side of a standard 1536 microtiter plate. (b) A single

unit of a 1536 microtiter plate comprising a channel for extracellular solution, one for intracellular
solution and one for compound perfusion.

According to standards, the distance between two

consecutive wells is 2,25 mm [107].

wafers (approximately 152 mm in diameter) could be employed for fabrication of half
a microtiter plate, one entire microtiter plate will require eight inches wafers. All the
cleanroom processes employed for the fabrication, beside the TEOS furnace, are already
available for the six inches wafers at DTU Danchip and they are becoming more standard.
For maintaining the same functionality of the presented device, six inlet/outlet wells are
required. As shown in Figure 5.3, the design could be miniaturized into a 6.75 mm x 6.75
mm basic unit of a 1536 microtiter plate, where the well-well pitch distance is 2.25 mm. A
basic unit comprises a Y shaped channel for recordings and one for compound perfusion.
With six wells per chip unit, the 1536 plate format would allow for 256 units and therefore
256 cells would be patch clamped at the same time. For shared cell and drug inlets, one
chip unit would only require four ports, and 384 units could be layed out on the 1536
plate. The larger area per device will require a higher uniformity and reproducibility for
molding and bonding among several devices and among several patching channels on the
same device.

5.5 Conclusions
We have estimated the manufacturing cost of polymer devices using the DEEMO method
presented in Chapter 2. A total cost of 65 DKK per device was found based on the
production of 10000 parts from each nickel insert. For production volumes larger than
10000 units produced per insert, the manufacturing cost of the nickel insert contributes
with only 3 % to the total cost per device. Therefore, this is considered negligible.
However, the injection molding and the bonding share the major contributions to the
nal cost per device almost equally. We can predict that both steps would benet from
an industrial environment. Volume of production will require a semi or fully automated

74

CHAPTER 5. MANUFACTURING COST

bonding process perhaps by using much larger presses. It can also be seen that the cycle
time of the molding process has a high impact on the manufacturing cost. It is unclear how
a shorter cycle time would aect the device quality, since this has not been investigated in
depth. In a further commercialization of this technology, a reduction of the molding time
while maintaining the quality, would naturally have a high priority.
We have also sketched how the device could be redesigned into a standard 1536 microtiter
plate for a much smaller unit footprint and higher throughput. This was only aimed to
remark that the key features in the presented device can be contained in a small area of
1-2 mm2 compatible with the well-well pitch distance in the 1536 microtiter plate. The
overall shape of the device as presented in this work should not be misleading about this
point.

Chapter 6

Conclusions
The main outcome of this work was the demonstration that high quality ion channels
recordings are possible on a thermoplastic polymer platform. It was shown that gigaseals
can be formed between the cell membrane and a COC substrate, making COC a promising
substrate material for patch clamping. This was done on an all polymer microuidic device
fabricated by injection molding.
The development of such an inexpensive polymer device for automated patch clamp was
described in this thesis. The fabrication has been particularly challenging, mainly due to
the required optimization of the etching process employed for the multi-levels patterning
in the silicon wafers, and to the demolding. Once a reliable fabrication scheme was optimized, hundreds of identical chips presenting smooth (Rq of 2 nm) micro sized patching
apertures were fabricated by means of injection molding. The packaging of these chips was
successfully done via thermal bonding with a thin polymer foil of the same material. Chips
were then tested with cells and revealed good capture ability of single cells in suspension.
High quality electrophysiological recordings of the ion current across the cell membrane in
whole-cell mode were demonstrated. About two years were dedicated to the fabrication
and optimization of the polymer chip in its nal form, while the last year was entirely
devoted to patch clamping.
We have developed a fabrication scheme which can be employed to produce polymer microuidic chips for a large variety of biological applications. Specically, we have demonstrated that multilevel all-polymer devices for capturing of single cells can be used for
electrophysiological recordings. We employed a method termed DEEMO, which enables
the direct etching of the silicon substrate, and exploits the large MEMS tool box for silicon
micromachining. Using dry etching techniques, such as deep reactive ion etching, a positive
master of the desired microuidic device was structured in a silicon wafer, then inverted
in a nickel plate by electroforming, and nally replicated in thermoplastic polymers by injection molding. A modied DRIE etching process combined with an isotropic polysilicon
etch was found to result in slightly tapered sidewalls and ensured the ease of demolding.
In addition, a sacricial layer of silicon oxide and a layer of TEOS oxide were employed to
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reduce the roughness of the silicon and consequentially of the nal polymer device. The
device was produced in two variants regarding the cross-sectional prole of the patching
capillaries: a semicircular prole and a rectangular prole. A thorough characterization
of the patching orices was carried out by means of SEM and AFM and showed high
replication accuracy through the process for both proles. The uniformity of the patching
channels was also conrmed for several devices by the narrow range of chip resistances.
UV-assisted thermal bonding was employed as a powerful method to attach a lid to the
microuidic channels on the molded parts.
We believe that the replication method demonstrated here is suitable for prototyping, but
also directly applicable to mass production in industry with minimal needs for technology
transfer. The strongest argument in favor of this statement is the use of a standard
injection-molding machine for molding of the devices.
We have demonstrated that high-quality electrophysiological recordings are possible on
such injection molded polymer devices. This was done for the rst time on a thermoplastic
platform and with no need for any additional surface modications or treatments before
the experiments. The results reported in chapter 5 demonstrate that polymer devices
can provide whole-cell current responses from voltage gated sodium channels, one of the
most commonly investigated ion channels in electrophysiology. Moreover these devices
permit accurate analysis of drug potency for state-dependent inhibitors such as the local
anesthetic lidocaine. The devices exhibit excellent data quality when benchmarked against
the commercially available QPatchTM system.

Formation of gigaseals (with a 15% success rate, n=47) between the polymer surfaces and
the cell membranes was achieved on patching capillaries (45 um long) that allowed for
a large sealing area. Moreover, the gigaseals coupled with whole-cell conguration were
stable and had an average duration of 30 minutes, leaving sucient time for application of
the screening protocol. Delivering of accurate concentrations of lidocaine was demonstrated
and dose response experiments were performed.
As the case for all the other patch clamping devices, it is dicult to determine which are
the most relevant parameters for forming gigaseals. The mechanism of gigaseal formation
is not yet fully understood in the patch clamping community. For the presented polymer
device, our ndings indicate that the length of the patching channel together with the very
low surface roughness, most probably are the most important parameters for good seal
formation. Both factors contributed to increase the eective sealing area between the cell
membrane and the low energy polymer surfaces apparently required to obtain tight seals.
In the end, this can be considered the major discovery of this work. The cross-sectional
shape of the orice was found to be less critical, as both rectangular and semicircular
proles within experimental accuracy seemed to have almost the same ability to form tight
seals with cells.
Finally, we have successfully combined the simplicity of lateral cornered apertures with
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the use of injection molding to demonstrate the most cost eective production and materials platform for APC systems to date. The technological readiness level of the reported
material and production platform is high, while the specic design presented in this work
was only aimed for prototyping. Thus the Y shaped patching channel constitutes the only
essential feature of the design and microuidic channels could be redesigned dierently for
a much smaller unit footprint. For maintaining exactly the same functionality per functional chip unit, six inlet/outlet wells would still be required. However, if shared cell and
compound inlets are employed, one chip unit will require only four ports.
Through an estimation of the manufacturing costs, we have also demonstrated the costecency of the presented polymer device when produced in high-volume. The estimated
cost for the nal chip was found to be 65 DKK based on production carried out at DTU
Danchip. Additionally, it was shown that for production volumes higher than 10000 parts
per insert, the cost for production of the nickel insert is negligible.
We anticipate that the ndings in this work will have a positive impact on the development
of the next generation of chips for automated patch clamping. We hope that a new era
for extremely cheap disposable devices is not far to come. Ultimately, we hope this will
have an impact on the discovery of new pharmaceutical compounds with the possibility
that APC can be employed for primary screening.
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Abstract
Microfabricated single-cell capture and DNA stretching devices have been produced by
injection molding. The fabrication scheme employed deep reactive ion etching in a silicon
substrate, electroplating in nickel and molding in cyclic oleﬁn polymer. This work proposes
technical solutions to fabrication challenges associated with chip sealing and demolding of
polymer high-volume replication methods. UV-assisted thermal bonding was found to ensure a
strong seal of the microstructures in the molded part without altering the geometry of the
channels. In the DNA stretching device, a low aspect ratio nanoslit (1/200) connecting two
larger micro-channels was used to stretch a 168.5 kbp DNA molecule, while in the other
device single-HeLa cells were captured against a micro-aperture connecting two larger
microﬂuidic channels. Different dry etching processes have been investigated for the master
origination of the cell-capture device. The combination of a modiﬁed Bosch process and an
isotropic polysilicon etch was found to ensure the ease of demolding by resulting in slightly
positively tapered sidewalls with negligible undercut at the mask interface.
(Some ﬁgures may appear in colour only in the online journal)

Introduction

micromachining [8–10] to high volume mass production.
In terms of physical parameters and thus technological
pathways to fabrication, polymers can be classiﬁed into
thermosets, thermoplastics and elastomers [7]. While PDMS
have become a primary choice for fast prototyping and lowvolume manufacturing in the academic environment [11],
technical thermoplastic polymers are employed by commercial
replication methods like injection molding [12, 13] and hot
embossing [14]. However, polymer mass replication methods
are poorly compatible with the requirements for ﬂexibility
and fast turnaround times in the research environment.
Traditional injection-molding tools are expensive and very
time-consuming to fabricate. We propose a technology that
aims to narrow the gap between methods and materials used

In recent years, polymeric materials [1–4] have gradually
replaced glass and silicon [5, 6] as the preferred production
platform for the production of microﬂuidic devices. Polymers
exhibit a broad range of appealing chemical, mechanical,
electrical and optical properties [7]. Moreover, the multitude of
different methods to manufacture microstructures in polymers
make polymeric materials suitable for almost any given
application, ranging from fast prototyping methods such
as polydimethylsiloxane (PDMS) casting, laser milling or
1
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(a)

Elwenspoek et al [21] proposed a process in which the
x-ray lithography step of the LIGA process is substituted
by dry etching. The process was called DEEMO, which
is the acronym for dry etching, electroplating and molding
[21, 22]. The state of the art in dry etching techniques makes
it possible to design advanced microﬂuidic systems, where the
intersection between channels with heights in broad ranges
from nanometers or micrometers to tens of micrometers are
required [23]. Moreover, this method exploits the advantages
of dry etching in terms of directional freedom—the serious
drawback when wet etching is used—low roughness and
high selectivity with respect to the mask material [24–26].
We describe a procedure to fabricate combined microﬂuidic
and nanoﬂuidic systems in a thermoplastic polymer platform.
Networks of microﬂuidic channels down to 100 nm in height
are demonstrated. The performance of microﬂuidic systems,
originated by using a multilevel DEEMO process, has been
evaluated by fabricating two different devices addressing
speciﬁc biological applications such as single-cell trapping and
stretching of DNA molecules. A multilevel fabrication scheme
has been adopted where a silicon oxide mask is employed to
deﬁne the small features on the Si master. Reactive ion etching
(RIE) and deep reactive ion etching (DRIE) techniques are
used for etching. The parts are injection molded in cyclic oleﬁn
copolymers (COCs) [27, 28]. As reviewed by Nunes et al [29]
COCs are increasingly popular as substrates for microﬂuidic
applications. They have promising properties such as high
chemical resistance, low water absorption, good optical
transparency and ease of fabrication by injection molding
[15]. Devices in COCs have already been implemented for a
multitude of applications, including capillary electrophoresis
[30], electrochromatography [31] and mass spectroscopy [32].
The novel feature of this work is the demonstration of
DEEMO processes to fabricate combined scale microﬂuidic
chips for cell capture and for DNA stretching. The key
feature of the cell trapping chip is a few micrometer-sized
side channels that connect two 50 μm deep channels, while the
key feature of the DNA chip is the combined scale of a 100 nm
slit connecting two micrometer-sized main channels. Both
devices were fabricated by injection molding of COC Topas
and sealed by UV-assisted thermal bonding to a thin polymer
foil. The complete device resulted from only two parts bonded
together. Figure 2 shows a 3D model of the polymer device and
the molded part before bonding. The use of the thin polymer
foil addresses the requirements of the short working distance
for microscopy in both applications. Integrated inlet/outlet
ports designed according to the Luer-ﬁtting standard [33] for
practical ﬂuidic interconnects are deﬁned by the traditional
machined part of the injection-molding tool, ﬁgure 1(a). In
addition, we also propose technical solutions to the fabrication
challenges of any injection-molded microﬂuidic device such
as chip sealing and part demolding.

(b)

(c)

(d)

(e)

Figure 1. The ﬁgures illustrate the principle of the injection
molding process. (a) Mold shaped with the Luer connectors.
(b) Mold containing the microstructured nickel shim. (c) Mold is
closed in order to form the cavity where polymer is injected.
(d) Mold is pulled apart and the polymer chip can be removed.
(e) Pictures of the mold with the nickel insert.

in the academic and industrial environments. This consists
of a versatile prototyping technology directly applicable to
mass production. A nickel electroform is produced from a
microfabricated silicon master to transfer micrometer features
to a substrate suitable for injection molding, as shown
in ﬁgure 1. Origination of a master having the inverse
structures of the ﬁnal part is the underlying principle of
any replication technology [7]. The relatively expensive step
requiring microfabrication is only performed once on a single
master and identical polymer substrates can be produced in
high quantity [7]. Various techniques have been used in the past
for mold insert origination such as micromachining methods
and electroplating methods [15]. Among those methods,
the most commonly used are LIGA3 [16], and LIGA-like
techniques, depending on the source of radiation employed
[17, 18]. Although LIGA remains the best choice for high
aspect ratio microstructures [19], it suffers from serious
drawbacks when required facilities and the associated costs
are considered. LIGA-like processes, in particular, the wellestablished UV-LIGA, then becomes the low-cost alternatives.
Despite the fact that SU-8 is a versatile material, it suffers from
technological limitations when multilevel structuring in the
microrange and a silicon single-crystal polished master surface
ﬂatness are needed. Therefore, an alternative fabrication
process has to be evaluated. A method where micro-channels
are not made in thick photoresist but directly in silicon using
wet etching was ﬁrst described by McCormick et al [20].

Chip design and motivation
Two different chip designs have been studied. The ﬁrst
design addresses the capture of single cells, while the second
one is concerned with stretching of DNA macromolecules.

3

German acronym for lithographie (lithography), galvanoformung
(electroplating), abformung (molding).
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(a)

(b)

Figure 2. (a) 3D representation of the polymer device concept. Both the ﬁnal devices result from UV-assisted thermal bonding between an
injection-molded polymer part and a 100 μm thick lid. The blue color shows the microﬂuidics open system for the cell-capture device.
(b) Molded part for the cell-capture device.

(a)

(b)

Figure 3. (a) Concept design of the cell-capture device with ‘cornered’ apertures based on microﬂuidic junctions between a large chamber
for cell delivery and a lateral capillary for cell trapping. (b) Concept design of DNA stretching device with intersection between a nanoslit
and a large inlet channel.

capillary for cell trapping. Similar apertures have been reported
by Zanetti et al [43], but for an elastomeric platform. The
silicon master contains both suction channels (5 μm wide,
4 μm deep) and carrier channels (200 μm wide, 50 μm deep).
The critical dimensions of the suction channels are comparable
with defects associated with demolding, as will be discussed
later.

Figure 3 shows the concept design for both devices. Precise
manipulation of cells and DNA molecules at micro- and
nanoscale are both becoming widely used techniques with
a broad range of biological applications. Here we utilize these
devices as examples to present solutions to speciﬁc fabrication
challenges related to polymer microﬂuidic systems such as
demolding of the polymer parts and sealing of structures with
a very low aspect ratio (height over width).

DNA stretching
Single-cell capture

Stretching of DNA macromolecules through nanoﬂuidic
networks is becoming a powerful tool for direct sizing and
mapping of DNA [44, 45]. Utko et al [46] have demonstrated
DNA stretching experiments performed on individual doublestranded molecules in nanochannels on an injection-molded
substrate. Rough sequencing of the genetic code of DNA can
be performed by melting mapping experiments of elongated
DNA, as explained by Reisner et al [47, 48]. Polymer systems
intended for such purposes have been fabricated by the use of
injection molding [46], but for long strands of DNA, narrow
channels are not preferable, as the DNA can get in the way
of itself, blocking the channel. Instead, nanoslits, that have a
height in the nanometer regime, but a width in the micrometer
regime, can be used [49, 50]. For fabricating the slit devices,
the use of very expensive e-beam pattering is thus not required
as the nanometer-sized dimension is deﬁned by the oxide
thickness [46]. The chip comprises nanoconducts (100 nm
deep, 20 μm wide) intersecting a micro-scale channel. In this
case the main challenge is the sealing of the ﬂuidic system
using UV-assisted bonding, when the extremely low aspect
ratio may cause a collapse of the nanostructures.

Manipulation of single cells is basic for cell-related studies,
such as drug screening and cell impedance analysis. The most
commonly used technologies for cell trapping in microﬂuidic
systems comprise both non-contact and contact mode trapping
techniques [34–36]. Either hydrodynamic effects are used to
retain cells or externally applied ﬁeld gradients that induce
forces on cells such as electrical [37], optical [38], magnetic
[39] or acoustic [40] ﬁelds are used to enable cell trapping
conditions. Among hydrodynamic cell trapping methods, the
most common way consists of creating side channels in a
main transport channel, where the side channel dimensions are
sufﬁciently small to trap cells to it by suction. Seo et al [41]
reported on lateral apertures in the PDMS microﬂuidic device
for electrophysiology recordings. Lee et al [42] reported on the
device for monitoring direct cell–cell communication via gap
junctions between individual cell pairs. Our device enables us
to capture a cell ﬂowing in a carrier channel close to a small
microhole by the application of suction. The chip comprises
a ‘cornered’ (non-planar) aperture based on a microﬂuidic
junction between a large chamber for cell delivery and a lateral
3
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4. Schematics of the fabrication process for the cell-capture device after main steps: (a) oxidation with 100 nm thick silicon oxide;
(b) oxide etching of the shallow microchannels; (c) oxide etching of the main chambers; (d) DRIE of the main chambers; (e) RIE of the
shallow channels and oxide removal; ( f ) sputtering of 100 μm titanium seed layer; (g) electroplating of 340 μm nickel shim; (h) injection
molding of COC Topas chips.
Table 1. The table shows the process parameters for the silicon master origination for both devices. For the etching of the inlet channels
(called deep in the table) two different processes have been used: DRIE for the cell-capture device and RIE for the DNA stretching device.
Process
Oxide deposition

Parameters
cell-capture device

Parameters
DNA stretching device
1050 ◦ C dry oxidation; t = 90 min + 20 min annealing

Spin coating

HMDS vapor deposition
2.2 μm AZ5214E
pre-bake: 90 ◦ C for 90 s

Photolithography

hard contact mode, front side alignment
hard contact mode, front side alignment
W/A = 7 mW cm−2; t = 9 s
W/A = 7 mW cm−2; t = 7 s
AZ351 developer; t = 90 s
AZ351 developer; t = 70 s
CF4/CHF3 = 14/26 sccm; t = 210 s; W RF = 60 W; P = 100 mTorr

Oxide etch
(shallow channels)
Spin coating

Photolithography

Oxide etch
(deep channels)

HMDS vapor deposition
1.5 μm AZ5214E
pre-bake: 90 ◦ C for 90 s

HMDS vapor deposition
HMDS vapor deposition
6.2 μm AZ5214E
1.5 μm AZ5214E
pre-bake: 100 ◦ C for 100 s
pre-bake: 90 ◦ C for 90 s
hard contact mode, front side alignment
hard contact mode, front side alignment
W/A = 7 mW cm−2; t = 30 s
W/A = 7 mW cm−2; t = 7 s
AZ351 developer; t = 300 s
AZ351 developer; t = 70 s
CF4/CHF3 = 14/26 sccm; t = 210 s; W RF = 60 W; P = 100 mTorr

Si DRIE/RIE
(deep channels)
Si RIE
(shallow channels)

SF6/O2/Ar = 180/160/100; P = 24691mT,
coil 2.8kW, platen (HF) 170215W, t = 2:40 min
SF6/ O2 = 32/8 sccm; W RF = 30 W;
t = 4 min; P = 80 mTorr

SF6/ O2 = 32/8 sccm; W RF = 30 W;
t = 13.5 min; P = 80 mTorr
Not required

Oxide removal

BHF bath; t = 3 min

Not required

Experimental details

and 20 min annealing at the same temperature, with a nitrogen
ﬂow of 3 slm. During heating and cooling, a nitrogen ﬂow of
3 slm is used.
While for the cell-capture device the oxide layer is used
only to mask the Si along the process, for the DNA chip
the 100 nm thick oxide deﬁnes the height of the nanoslits.
A chemical treatment with hexamethyldisilazane (HMDS)
before any spin coatings is used to promote the adhesion
of the resist. The treatment is performed in a STAR2000
HMDS/vapor prime oven from IMTEC. A μm range thick
layer of AZ5214E photoresist from MicroChemicals is applied
to the substrates, using a SSE Maximus 804 cluster system.
The desired layouts are then transferred to the wafer, using a

Fabrication
The fabrication scheme for the two systems is similar, as can be
seen in table1. Hence, the description will be made in parallel
and only substantial differences between the processes will
be marked and explained. A two-step lithography process
is needed to fabricate the Si master, ﬁgure 4. We start
from 100 mm, 1 0 0, single side polished, 525 μm thick
silicon wafers. Wafers are oxidized for 90 min in a Tempress
horizontal furnace at 1050 ◦ C with an oxygen ﬂow of 5 slm4
4

Standard liters per minute.

4
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(a)

(b)

Figure 5. Layout of the two devices. (a) Design of the cell-capture chip, with an enlargement of the suction channel and a SEM micrograph
of it. (b) Design of the DNA stretching chip, with an enlargement of the crossing nanoslits and a SEM micrograph of the intersection.

Karl Süss Mask Aligner MA6 (exposure wavelength 365 nm)
in hard contact mode and front side alignment. To obtain
the nanoslits and the shallow channels, the wafers are then
developed in AZ351 and exposed to a CF4/CHF3 plasma
reactive ion etch in an STS (surface technology systems)
cluster system C004. The high SiO2/Si selectivity of this
etching process ensures that the ﬁnal height corresponds to
the height of the oxide layer. The remaining photoresist is
then removed in oxygen plasma. A second lithography step
is performed for the fabrication of the carrier channels in Si,
and to access the Si the oxide is etched as described above.
The process for producing the carrier channels differs between
the two chips; for the DNA chip an anisotropic RIE etching
of Si is performed, while for the cell-capture chip a DRIE is
required. A continuous process is performed with a Pegasus
STS system. The SF6/O2/Ar plasma was optimized to obtain
tapered sidewalls and smooth surfaces. For the fabrication of
the shallow channels in the cell-capture system, a ﬁnal RIE
etching into silicon is performed using the oxide left as mask.
The ﬁnal result gives shallow channels of 4 μm deep and
5 μm wide. The proposed scheme, in which the fabrication
of the small channels is postponed, allows the use of the RIE
step to eliminate the small undercut that the carrier channels
exhibit after the continuous DRIE process. The removal of
the oxide mask in a buffered HF completes the process. To
prepare the samples for electroplating, a conductive seed layer
is sputtered by a sputtering system from Lesker. For the DNA
chip, a 90 nm nickel/vanadium thick layer is used, while a
100 nm thick layer of Ti is deposited for the cell-capture chip.
Different seed materials are needed due to the fact that it
was not possible readily to separate the Ni shim from the
Si wafer for the cell-capture device, so the Si was etched
away in KOH, and long etching time in KOH was found to
damage the NiV. Electroplating is performed in a Technotrans
Microform 200 electroplater. In this process, the current is
increased linearly from 0 to 0.5 A during the ﬁrst 15 min, and
from 0.5 to 1.5 A for the next 15 min. Then the current is
constantly raised up to 17 A. This gives a nickel shim with
a thickness of about 300 μm. The silicon wafer is removed.
If the wafer is loosely attached to the Ni shim, then this can
be carried out by lifting it off by hand, and with stronger

adhesion, the Si wafer is dissolved in KOH (ﬁgures 2 and 5).
The resulting nickel-electroplated sample is punched into an
85 mm diameter shim by using a hydraulic press ﬁtted with a
customized punching tool. The shims have two ﬂats to ensure
rotational direction deﬁnition when mounted in the injectionmolding tool. Standard epoxy high-temperature resistant glue
is used to ﬁll up the resultant cavities on the backside of the
shim, and then manually polished with ﬁne grade sand paper
to even the backside.
Replicas of the original structures are injection molded
in an ENGEL Victory 80/45 Tech injection molder, with the
Ni-shim installed into the mold. The custom designed mold
produces 50 mm in diameter and 2 mm in thickness polymer
chips that contain 12 Luer-ﬁttings [15] used to connect the
microﬂuidic channels on the chip to external ﬂow or airpressure controls, ﬁgure 2(b).
Parts are molded from COC TOPAS grade 5013 from
TOPAS Advanced Polymers GmbH. Topas grade 5013 has a
glass transition temperature (Tg) of 135 ◦ C and is molded using
a variotherm process with a nozzle temperature of 280 ◦ C, a
mold temperature of 110 ◦ C and a demolding temperature of
65 ◦ C. A high holding pressure of 1300 bar was used to prevent
the polymer from backﬂowing during the cool down period.
The molded chip is sealed against an extruded 100 μm
thick TOPAS foil of the same grade, by UV-assisted thermal
bonding. A 3D model of the ﬁnal device is shown in ﬁgure 2.
UV-assisted thermal bonding
Both the chip and thelid were exposed to a UV radiation
for 30 s. The exposure was performed using a DIMAX
mercury UV bulb F/5000 lamp emitting over the full unﬁltered
Hg line spectrum and the bonding by using a P/O/Weber
press with decoupled internal temperature control of both
plates. In order to ensure uniform pressure all over the chip
surface, an aluminum holder was built in which the Luerﬁtting protrusions could be inserted. In addition, the top lid
was covered with a combination of a 300 μm thick nickel disc
and a thin PDMS layer with the purpose of compensating
possible non-uniformities in ﬂatness. Sealing of the cellcapture device employed a piston force of 10 kN applied for
5
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(a)

(b)

(c)

Figure 6. SEM micrographs of the capturing channel after the main steps of the DEEMO process; shaping of the silicon master (a),
electroplating of the nickel insert (b) and molding of the ﬁnal part (c).
Table 2. Sample surfaces have been evaluated using tapping mode AFM. We used DME DualScope C-21 with BS-TAP300AL probes.
Probe force constant was 40 N m−1. We collected topology data from three regions (10.5 μm × 10.5 μm) on each of investigated samples,
selected regions have been cca 75 μm apart. Each region was scanned with resolution of 512 × 512 points.
Silicon master

SA(nm)
SRMS(nm)
SSK

Nickel tool

TOPAS polymer

A

B

C

A

B

C

A

B

C

0.780
1.180
6.020

0.773
1.010
1.030

0.801
1.100
2.240

0.877
1.200
1.240

1.000
2.640
19.700

1.090
2.540
18.900

0.636
0.837
0.600

1.060
1.400
−0.830

0.941
1.250
−1.460

5 min, while maintaining a temperature of 120 ◦ C.5 For the
DNA stretching device, the force was applied for 10 min at
110 ◦ C as the standard procedure. The timing and choice of
pressure are fairly critical as the polymer begins to deform
plastically as it approaches the glass transition temperature.

ethanol and air makes it easy to see when the nanoslit
is ﬁlled. See ﬁgure 9. To further verify the functionality
of the chip, preliminary experiments6 were performed with
YOYO-1 (Invitrogen) stained T4GT7-DNA, with a length of
168.5 kbp suspended in TBE buffer. The DNA was driven
into the nanoslit by the application of hydrostatic pressure to
relevant Luer ports of the chip and observed by ﬂuorescence
microscopy. See the bottom panel of ﬁgure 9.

Validation of the cell-capture chip
HeLa cells were cultured on collagen (type 1, Sigma Aldrich)
coated Nunclon T25 ﬂasks (Nunc A/S). Cells were detached
using trypsin, triturated to loosen cell clumps, centrifuged at
1200 rpm for 3 min and resuspended in phosphate-buffered
saline (PBS, Lonza). The cell solution was vortexed on a vortex
mixer to distribute the cells evenly. Microscope images and
videos were obtained using an AxioObserver A1 microscope
with Axiovision software (Carl Zeiss, GmbH). Prior to
experiments, the ﬂuidic channel system of the cell-capture chip
was ﬁlled with PBS. Cells were introduced into the inlet port
by using a 1 ml syringe and they slowly ﬂowed along the carrier
channel. When a targeted cell approached within 100 μm from
the lateral aperture, a slight suction (<20 mbar) was applied
to the side channel using a custom-made pressure controller
build from a piezo-valve terminal from Festo controlled with
Labview software (National Instruments).

Results and discussions

To ensure that the low aspect ratio nanoslit is open after the
bonding, the channels are ﬁlled with ethanol. Since the COC
polymer is hydrophilic toward ethanol, the ﬁlling happens by
capillary forces, and no external pumps are required to do
the testing. In order to verify that the slit is not collapsed,
the chip was observed under a reﬂective microscope (Zeiss
Axioskop 40), and the difference of refractive indexes between

An overview of the two layouts of the channel patterns is shown
in ﬁgure 5. In the cell-capture device, a shallow microﬂuidic
channel works as a hydraulic connection between two of the
deep inlet channels. The suction channel has a depth and a
width shallower than the size of the cells at the opening for
the cell capture. It has a wider opening at the other end for
the reduction of the total hydraulic resistance of the suction
channel for the ease of cell capture by the application of a
negative pressure difference across it. A support structure has
been introduced for the prevention of collapse of the channel
during the bonding process. The second design shows a cross
of two nanoslits connected to inlet channels. In both devices
the inlet channels connect to buffer reservoirs consisting of
female Luer connectors, which provide direct access to the
described ﬂuidic systems.
The intersections between inlet channels and either
suction capillary or nanoslit are the key features in both
the designs. The replication accuracy of those structures at
the intersection gives a vital indication about the device
performance after bonding. The replication quality of the
injection-molded microstructures is investigated by scanning
electron microscopy (SEM) and atomic force microscopy

5

6

Validation of the nanoslit chip

Further details on the bonding process will be reported elsewhere.

6

Further results on the usage of the DNA devices will be reported elsewhere.
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Figure 7. Detail of the intersection between nanoslits and carrier
channels in the DNA-stretching chip (a) together with atomic force
microscope (AFM) measurements of the nanoslit section (red line).
(b) Proﬁle across the slit measured on the silicon wafer (black line),
the nickel shim (blue line) and the polymer part (red line).

Figure 9. Bonded nanoslit. On the top image to the left, the slit is
empty, on the image to the right, the slit has been ﬁlled with ethanol.
In the bottom pictures, the ﬂuorescence micrographs show a strand
of T4GT7-DNA being pushed into the nanoslit. In the picture to the
left, the DNA is at the inlet of the nanoslit. For each picture further
to the right, it has been pushed further into the slit, until all of it has
entered the slit in the picture to the far right.

In addition, the possibility of originating the positive geometry
in the silicon master allows a single electroforming, where a
nickel ‘mother’ electroform is not needed [20]. This results
in a more robust process avoiding possible challenges when it
comes to the mechanical separation of the nickel electroform
‘daughter’ from the ‘mother’.
Injection molding of micron and sub-micron scale
structures is achieved through a molding process known as
variotherm [7, 54], where the cavity is heated to a temperature
close to the glass transition temperature of the polymer to
facilitate the polymer to ﬂow into the microfeatures of the
mold insert. The part is ejected when the mold is cooled down
below a suitable release temperature (in our case 60 ◦ C) to
release the molded part well after freeze of the polymer. This
process substantially increases the cycle time, which was 220 s
long in our case, of which the mold cool down time was 130 s.
However, we believe that this time can be signiﬁcantly reduced
in an industrial framework by redesigning the mold for lower
thermal mass, and a local cooling and heating system that
does not require the whole mold to be heated and cooled. In
addition, a parallelization of the molding and bonding process,
using a multicavity mold for molding, and a bonding process
that allows for bonding of more than one chip at a time would
dramatically increase the throughput.
The efﬁciency of the thermal bonding on both devices was
veriﬁed by ﬁlling the ﬂuidic structures with liquid, as shown in
ﬁgure 9. The DNA nanoslits with aspect ratios down to 1/200
could be successfully sealed only if great care was taken,
using a special rig that allowed avoiding the direct contact
between the piston and the foil in the critical slit areas of the
devices. Failure modes resulting in collapse were caused by
misalignment in the rig, leading to low but ﬁnite yield between
5% and 10% for the nanoslit devices. We do not see this issue
as prohibitive for commercialization of the devices though, as
automated precision alignment is possible on industrial scale.
If the aspect ratio was increased to 1/20, the bonding occurred

Figure 8. Optical microscope image of a single HeLa cell captured
at the cornered aperture at one end of the capturing channel. This
chip is a replica of a silicon master fabricated with the modiﬁed
Bosch process.

(AFM). Figure 6 shows SEM micrographs of the capturing
channel after the main steps of the DEEMO process. All details
are faithfully replicated from the silicon to the thermoplastic
chip. Moreover, the surface roughness of the three samples,
respectively, silicon wafer, nickel shim and COC part was
investigated by AFM. The polymer part exhibited a very low
surface roughness (Sa <1 nm) comparable with the initial
roughness of the silicon wafer demonstrating an optimal
replication through the whole process. Topology data from the
bonding surfaces are shown in table 2. The surface roughness
in the channels was somewhat higher, but this was not critical
for the functionality of the devices. In the DNA chip, the
replication of the nanoslits was veriﬁed by the characterization
of the silicon, nickel and polymer samples by AFM, results
shown in ﬁgure 7.
A strong motivation for employing a DEEMO process
instead of UV-LIGA is the possibility of exploiting the
enormous potential of the MEMS tool box. Multilevel
microﬂuidic systems have been realized by SU-8 [51, 52],
and two level SU-8 structures have been used to fabricate high
aspect ratio gear structures in plastic by the UV-LIGA process
[53]. However, the very low surface ﬂatness across the silicon
wafer is easily compromised in the double-layer LIGA process
making it very challenging to seal the resulting parts afterward.
7
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(b)

Figure 10. (a) SEM micrograph of the cross-sectional proﬁle of the deep channel from a cleaved wafer processed with continuous
SF6/O2/Ar plasma isotropic etch process. The sidewall is positively tapered with an angle of 94◦ , while the underetching is about 4 μm.
(b) SEM micrograph of the cross-sectional proﬁle of the deep channel from a cleaved wafer processed with modiﬁed Bosch etching process.
The sidewall slope is 90.3◦ and the underetching at the surface of the wafer is almost non-existing.

without collapse of the structures at almost all times using our
standard procedure described above. Moreover, the bonding of
chips for cell capture was not prone to channel collapse. When
performed properly, the bonding process did not change the
channel geometry signiﬁcantly. This was veriﬁed by recording
the electrical resistance of the channels, when those were ﬁlled
with the electrolytic buffer solution. This measurement was
then compared with the theoretical value calculated using the
speciﬁc resistivity of the electrolyte and the detailed channel
geometry. This method is very sensitive, since the electrical
resistance of microﬂuidic channels is always dominated by
the narrowest channel dimensions. Typically, correspondence
within 10% was found between measured and calculated
resistance. X-ray photoelectron spectroscopy (XPS) indicated
that the UV treatment did not alter the surface chemistry of
the parts, as opposed to plasma treatment, which is known to
create O–C radicals on the surface. Rather the UV treatment
seemed to have an annealing effect on the surface.
HeLa cells were used to demonstrate the functionality of
the cell-capture device. Cells were introduced through the Luer
ports into the inlet channel and then successfully attracted and
trapped to the microopening by applying suction to the end
of it. Figure 8 shows an optical micrograph of the capture of
an HeLa cell at a cornered aperture. The functionality of the
nanoslit system was also demonstrated by preliminary DNA
stretching experiments with T4GT7 DNA molecules, as shown
in ﬁgure 9.
Several dry etching processes for the silicon master
origination for the cell-capture design were investigated, as
this appeared to be a crucial step in the DEEMO process.
Some applications can require channel depths of more than
100 μm, and the deeper the inlet channels, the larger are the
challenges associated with demolding of the polymer parts in
the injection-molding process. These issues occurred mainly
due to undercuts at the interface with the mask in the DRIE
process and caused scratching of the inlet channel sidewalls
during demolding. In the worst scenario, the scratching can
seal off the capture opening and make the device useless.
The requirements for a proper mold are smooth and slightly
positively tapered sidewalls and negligible undercut.

Figure 11. A plot of the etched depth as a function of the number of
cycles in the modiﬁed DRIE Bosch process for the deep channel
etches. It is seen that for high numbers of cycles, the etched depth
stagnates, which is consistent with the observation of grass
formation in the bottom of the etched channels.

Roxhed et al [55] reported on a method for etching
tapered sidewalls in silicon using DRIE based on consecutive
switching between anisotropic etching using the Bosch process
and isotropic dry etching. Li et al [56] reported on a continuous
DRIE of tapered via holes for three-dimensional integration.
Jo et al [57] reported on a modiﬁed Bosch-type process applied
to silicon mold fabrication used for structuring a microarray.
Two fabrication iterations have shown good results and
they will be discussed. A continuous SF6/O2/Ar plasma
isotropic etch process, as previously described in table 1,
resulted in smooth tapered sidewalls (94◦ ) with a mask
undercut of about 4 μm, ﬁgure 10. The taper deviation at the
interface between the oxide mask and the etched substrate is
mainly caused by the difﬁculty of the etch gas to reach regions
close below the mask [55]. This curvature generated challenges
in terms of demolding when structures shallower than 4 μm
have been structured. For smaller and in particular shallower
(2 μm) lateral apertures, we used a modiﬁed Bosch etching
process as a powerful alternative. Smaller capture holes are
8
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Figure 12. (a) SEM micrograph of the grass developed in the bottom of the channel due to the high passivation to etch cycle time in the end
of the etch process. (b) SEM micrograph of the same detail after the polysilicon (mixture of HNO3, BHF and H2O) wet etching process.

Conclusion

crucial when the device is intended for electrophysiological
recordings [43]. A standard DRIE Bosch process is based on
many repetitions of alternating etch and passivation cycles
[58]. The etch depth is controlled by adjusting the number
of cycles. This results in a scalloped sidewall with a slightly
negative slope for deep etching, since ions are experiencing
increased deﬂection from the bottom and sidewalls of the
channel, thereby degrading the passivation layer and allowing
slight lateral etching [59]. In order to correct this effect, the
etch/passivation cycle time over the duration of the process
was ramped. The slope of the ramping of the passivation
cycle was set to be lower than the slope of the etch cycle
time, hence resulting in an increase in the passivation to etch
ratio. This was found to counteract the lateral etching and
improve the sidewalls slope (90.3◦ ) compared with a standard
Bosch etching, see ﬁgure 10(b). The process showed almost
no taper deviation (<0.2 μm). However, the passivation layer
was not sufﬁciently removed, due to the high passivation to
etch cycle time at the end of the etch creating substantial
grass formation at the bottom of the channel, ﬁgure 12(a).
As can be seen from ﬁgure 11, showing the etched depth for
varying numbers of etch/passivation cycles, the etch depth
starts to stagnate around 160–180 cycles, indicating that the
grass formation is dominating for higher cycle numbers. This
might potentially be a problem during molding, as the polymer
will ﬁll up many small cavities in the nickel shim created by
the grass, hence impeding the de-molding process. To this end,
a polysilicon etch mixture of HNO3, BHF and H2O in the ratio
20:1:20 was found to remove the grass. Wet etching agents
were previously used to smoothen rough silicon surfaces [60].
Well-known etchants such as KOH and TMAH can be used to
smoothen surfaces, but both KOH and TMAH are anisotropic
silicon etching agents, while polysilicon etch is a completely
isotropic etch [61]. Figure 12 shows how the wet isotropic
etching successfully reduced the grass and smoothened the
scallops. The polymer parts injection molded from a silicon
master originated with this second method showed excellent
replication of the microstructures down to 2 μm in depth. The
chip shown in ﬁgure 8 was fabricated with the modiﬁed Bosch
process.

In this work, we presented a replication method for
thermoplastic materials that we believe is suitable for
prototyping, but also directly applicable to large-scale
production. We used a standard injection-molding machine
to demonstrate it. We have developed a fabrication scheme
to produce multilevel all-polymer devices for biological
applications. We employed the DEEMO method, which
enables the direct etching of the silicon substrate, and exploits
the large MEMS tool box for Si microfabrication. Using
dry etching techniques, multilevel microﬂuidic systems can
be structured in silicon and then replicated in thermoplastic
polymers. This work also proposes technical solutions to
typical challenges for molding of any polymer microﬂuidic
devices such as chip sealing and chip demolding. UV-assisted
thermal bonding was found to ensure strong seals of both
micro- and nanostructured ﬂuidic channels in the molded
parts without altering their geometry. Two different etching
processes have been demonstrated for master origination.
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ABSTRACT
This work demonstrates a novel all-in-polymer device
for single cell capture applicable for biological recordings.
The chip is injection molded and comprises a “cornered”
(non planar) aperture. It has been demonstrated how
cornered apertures are straightforward to mold in PDMS
[1,2]. In this study we demonstrate cornered apertures made
in a thermoplastic polymer. One of the advantages of
cornered apertures is the ease of microscopy under a
standard inverted optical microscope, when using
transparent materials. After the part is injection molded, the
sealing of the chip is performed by thermal bonding to a
polymer foil, so the complete device results from only two
parts. It differs from similar devices in the novel material
and fabrication platform that enables high reproducibility
and inexpensive mass production. Optimization of the
fabrication scheme has been carried out in order to avoid
defects during demolding. Capturing of single PC12 cells
has been demonstrated.
Keywords: injection molding, polymer, single cell capture,
UV LIGA, dry etching

1

INTRODUCTION

For the lab-on-a-chip systems, polymers are an obvious
choice of materials when cost efficiency and
implementation for mass production are taken into
consideration. Within all the mass replication technologies,
injection molding is receiving more and more attention
because of its high production efficiency, and potential to
fabricate patterns of down to nanometer scale. In our case,
we enroll injection molding as final step of a UV LIGA
process [3]. The patterns are ﬁrst transferred into a silicon
sample by means of standard UV photolithography and dry
etching and then replicated to a metallic shim by using
electroplating. This shim is inserted into the molding tool
for injection molding polymer replicas that are exact copies
of the Si master. The chips are sealed by UV-assisted
thermal bonding to a 100 μm thick polymer foil. The
requirement for a good mold is having a positively tapered
sidewall profile, which will allow an easy demolding.
Therefore, it is very important to fabricate templates with a
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Figure 1: The figure shows a 3D representation of the
device concept. The final device results from thermal
bonding between an injection molded polymer part and a
commercially available foil. The green colour shows the
microfluidics open system.
suitable etching proﬁle. Furthermore, mask undercut, which
can prevent the demolding process, should be avoided or at
least controlled. Within this framework, we demonstrate an
all-in-polymer chip for single-cell capture.

2 CHIP DESIGN AND MOTIVATION
Reported methods of cell capture are mechanical
trapping, electric trapping and optical tweezers [4].
Standard mechanical trapping uses fluids to flow through a
microchannel and it utilizes either silicon [5] or PDMS [4]
pillars to catch cells. Although electric trapping and optical
tweezers have been demonstrated, they might alter or
damage cells due to high electric field or heat generated by
the laser. Therefore, mechanical trapping remains one of the
most reliable and non-invasive alternatives. Our device
presents a different approach for mechanical capture, where
a single cell flowing in a carrier channel can be trapped to a
small capturing micro hole by applying suction to it, see
Fig. 2. The chip comprises a “cornered” (non planar)
aperture based on a microfluidic junction between a large
chamber for cell delivery and a lateral capillary for cell
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trapping. Zanetti et al. have reported that mammalian cells
can be trapped to a micro hole using this kind of apertures
in PDMS [1, 2]. In this study we demonstrate that cornered
apertures are straightforward to mold in a thermoplastic
polymer. One of the advantages of cornered apertures is the
ease of microscopy under a standard inverted optical
microscope. The chip design combines channels with
different heights in a multilevel microfluidic system.
Despite such devices have been reported in PDMS, the
mold fabrication and the demolding represents a challenge
when injection molding is used for fabrication. The main
challenge comes from combining, in the same design,
channels with depths that differs in order of magnitudes.
The silicon master contains both suction channels (~5 μm
wide, ~4 μm deep) and carrier channels (~200 μm wide,
~50 μm deep). The critical dimensions of the suction
channels are comparable with defects that can occur during
the demolding. The smaller the size of the structures, the
more critical this issue becomes. A multilayer fabrication
scheme has been adopted here, using a silicon oxide mask
to define the small features.

1.UV Photolithography

2.Silicon and Oxide
etching

Mask

Resist
Silicon

3.Nickel Electroplating

4.Polymer Injection
molding
Polymer

Nickel

Figure 3: The figure shows the main steps in a UV-LIGA
process. Photolithography and dry etching for Si master
origination, Electroplating for Nickel shim fabrication and
Injection molding for replication of the master.

3 FABRICATION
Cells
OUTLET

Cells
INLET

Figure 2: The figure shows chip design with “cornered”
apertures based on microfluidic junctions between a large
chamber for cell delivery and a lateral capillary for cell
trapping.

A two steps lithography process is needed to fabricate
the Si master. We start from a 100 mm, <100>, single side
polished, 525 µm thick silicon wafer. A 200 nm thick
thermal SiO2 hard mask is grown at 1050°C in a Tempress
horizontal furnace. A chemical treatment with
Hexamethyldisilazane before both the spin coatings is used
to promote the adhesion for photoresist. The
photolithography process is done by Karl Suss Mask
Aligner MA6 (exposure wavelength 365nm) in hard contact
mode, front side alignment at 7 mW/cm2. A 2,2 µm thick
AZ5214E positive resist is spun on the top side of the wafer
using a Maximus 804 SEE Sister Semiconductor
Equipment spinning system, baked at 90°C for 90 seconds
and patterned by the first lithography step in order to define
the smaller features that will originate the lateral apertures.
A silicon oxide etch process is conducted to transfer the
mask design into the oxide layer by using RIE (reactive ion
etching) from Surface Technology Systems STS. Then, a
6,2µm thick AZ4562 positive resist is spun on the top side
of the wafer using the same spinning system, baked at
100°C for 100 seconds and patterned by the second
lithography step in order to define the carrier channels. A
RIE oxide etch process is therefore conducted to transfer
also the second mask design into the oxide layer and a
DRIE (deep reactive ion etching) etching is performed by a
Pegasus STS (Surface Technology Systems) system to etch
the deep features into silicon wafer. A continuous process
of silicon etching using a SF6/O2 plasma tapered sidewalls
and smooth surface. A final RIE silicon etch process is
conducted to etch the shallow channels into silicon wafer.
This silicon master, which is an exact copy of the final chip,
needs to be electroplated in order to fabricate a Ni insert to
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Process
Oxide deposition
Spin coating

Photolithography

Oxide etch
(shallow channels)
Spin coating

Photolithography

Oxide etch
(deep channels)
Si etch
(deep channels)
Si etch
(shallow channels)
Oxide removal

Parameters
1050°C dry oxidation ;
t = 100 min
- HMDS vapor deposition
- 2,2 µm AZ5214E
- pre-bake: 90 °C for 90
sec
- hard contact mode, front
side alignment W/A= 7
mW/cm2 ; t = 9 sec
- AZ351 developer; t = 90
sec
CF4/CHF3= 14/26 sccm;
t = 4 min
- HMDS vapor deposition
- 6,2 µm AZ5214E
- pre-bake: 100 °C for 100
sec
- hard contact mode, front
side alignment W/A= 7
mW/cm2 ; t = 30 sec
- AZ351 developer;t = 300
sec
CF4/CHF3= 14/26 sccm;
t = 4 min
SF6/O2/Ar = 180/160/100;
t = 2:40 min
SF6/ O2 = 32/8 sccm;
t = 4 min
BHF bath; t = 3 min

Tech hydraulic injection molding machine equipped with
an Engel pick up robot. Parts are molded from Cyclic
Olefin Copolymer (COC) TOPAS grade 5013 from TOPAS
Advanced Polymers GmbH with a glass transition
temperature of 135o C. The parts were produced using a
mold temperature at 110o C with a clamp force of 50 kN.
Parts were released when mold was cooled down to 60qC.
Chips are then bonded against a 100 μm thick TOPAS film
using UV-assisted thermal bonding, as described by
Matteucci et al. [7]

4

METHODS

Passage 12 rat pheochromocytoma (PC 12) cells were
cultured on Collagen (type 1, SigmaAldrich) coated
Nunclon T25 flasks (Nunc A/S). Cells were detached using
trypsin, triturated to loosen cell clumps, centrifuged and
resuspended in phosphate-buffered saline (PBS, Lonza).
The cell solution was vortexed on a vortex mixer to
distribute the cells evenly. Microscope images and videos
were obtained using an AxioObserver A1 microscope with
Axiovision software (Carl Zeiss GmbH).
Prior to experiments the fluidic channel system of the chip
was filled with PBS, starting from the capillaries. Cells
were introduced into the inlet port by using a 1ml syringe
and they slowly flowed along the carrier channel. When a
targeted cell was found within 100µm of the lateral
aperture, it was attracted to it and trapped by applying a
gentle suction (< 20 mbar) to the side channel using a
VEMA piezo valve terminal (Festo) controlled with
Labview software (National Instruments), see Fig. 4.

Table 1: The table shows the process parameters for the
Silicon master creation.
be used in the injection molding machine. A 100 nm thick
Ti seed layer is sputtered on the wafer by a Lesker CMS 18
sputter system. This is intended to increase the conductivity
of the silicon wafer and facilitate the Nickel plating. An
electrochemical deposition of Nickel is conducted on the
silicon master by using Technotrans Microform 200, to
obtain a final thickness 340 µm. Standard 28 wt% KOH
silicon etch at 80°C for 7 hours is performed to dissolve the
silicon wafer completely. The advantage of using this
procedure is to exploit the flatness of the silicon wafer to
define the flatness of the final polymer parts [6], since this
is particularly important for the bonding with the top lid.
The resulting Nickel electroform is punched into an 85 mm
diameter shim by using a customized hydraulic press. A
standard epoxy glue resistant to high temperature is used to
fill up the resultant cavities in the back side of the shim, and
sand paper to polish it. The shim is inserted into a copperbased alloy mold, which defines the backside of the chip.
Injection molding was done with an Engel Victory 80/45

378

Cell
20 μm

Figure 4: The figure shows a single PC12 cell being
captured in the lateral aperture by by applying a gentle
suction (< 20 mbar) to the side channel.
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with an electrode material will be required. This could be
accomplished using Pedot:tosylate conductive polymer
microelectrodes, which are integratable in the chip system
presented here and exhibit good electrochemical properties
[8]. Furthermore a reduction of the lateral aperture size, by
means of etching process giving no undercut, will make the
device suitable for electrophysiological recordings on single
cells.

5 μm

6 ACKNOWLEDGEMENTS

5 μm

(a)

(b)

Figure 5: The figure shows SEM micrographs of lateral
aperture in the final polymer part. To the left, a polymer
part molded from a Si master etched with a standard Bosch
process (a). To the right, a polymer part molded from a Si
master etched with a continuous etching process enrolling
Oxide hard mask (b).
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Figure 6: The figure shows SEM micrographs of lateral
tapered sidewalls in the Silicon master during the
fabrication. It shows a mask undercut smaller than 4 µm.

5

RESULTS AND CONCLUSION

Initially the fabrication process was designed to be as
simple as possible and it enrolled a standard Bosch process
optimized to realize vertical sidewall. Photo resist could be
used as masking material and no hard masks were required,
making the process flexible and faster. The polymer parts
showed scratches of material from the sidewalls of the
carrier channels that blocked the lateral apertures, see Fig.
5. We then performed the etching experiments with a
continuous process by using the gases SF6, O2 and Ar,
using an additional oxide layer for masking the Si.
This gave smooth tapered sidewall (>90°) and a mask
undercut lower than the depth of the suction channel, see
Fig. 6. The result was a perfect replica of the
microstructures without any damages during the molding.
Experiments show that PC12 cells can be trapped to the
lateral aperture simply by applying a slight negative
pressure (< 20 mbar) to the small features.
In the future, this kind of device might be suitable for
impedance measurements on a chip, where implementation
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a b s t r a c t
We here present a method for fabrication of multi-level all-polymer chips by means of silicon dry etching,
electroplating and injection molding. This method was used for successful fabrication of microﬂuidic
chips for applications in the ﬁelds of electrochemistry, cell trapping and DNA elongation. These chips
incorporate channel depths in the range between 100 nm and 100 lm and depth to width aspect ratios
between 1/200 and 2. Optimization of the sealing process of all-polymer COC microﬂuidic chips by means
of thermal bonding is also presented. The latter includes comparing the bonding strength of UV-treated
foils and presentation of a simple model for estimating the delamination pressure. With UV surface treatments, foils of 100 lm thickness were found to withstand pressures up to 9 atm in Ø4 mm cylindrical
inlets when thermally bonded to micropatterned substrates of 2 mm thickness.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
For the fabrication of micro- and nano-machined systems for as
Lab-on-chip (LoC) applications polymers are gaining at present
more and more consideration over materials used for standard IC
fabrication like Silicon and glass [1,2].
Polymer manufacturing is performed mostly by means of rapid
prototyping methods such as polydimethylsiloxane (PDMS) casting, laser milling, or micromachining [3–5].
Although such fabrication methods are quite mature, they suffer from serious drawbacks when it comes to industrial production
and cost efﬁciency. While the feasibility of more and more applications has been successfully demonstrated, only a few of the presented prototypes have reached the market. For large scale
fabrication of polymer chips for Lab-on-Chip (LoC) applications,
the most common methods for micro- and nanopatterning are
LiGA (German acronym for Lithography, Electroplating and Molding) [6] or LiGA-like processes that involve, for example, the use
of UV lithography [7]. In order to avoid the use of expensive synchrotron sources necessary for LiGA, obtain extremely ﬂat and
smooth sample surfaces and at the same time avoid the double
inversion of stamp polarity [8], it is possible to carve the structures
into the Si wafers in a so-called DEEMO (acronym for Dry Etching,

⇑ Corresponding author.
1

E-mail address: mamat@nanotech.dtu.dk (M. Matteucci).
These two authors contributed equally to this research.

Electroplating and Molding) process as ﬁrst proposed by Elders
et al. [9].
The procedure we here present is a variation of the DEEMO process performed using multiple and overlapped Si dry etching steps
described in detail elsewhere [10]. This process enables high spatial resolution both in the width and the depth of the channels.
The patterned Si wafers are then used to make nickel multi-level
stamps (hereby referred to as shims) that are used for the fabrication of all-polymer chips by means of injection molding of Cyclic
Oleﬁn Copolymer (COC) 5013L10 from Topas™. Although a large
number of polymers can be used for injection molding purposes,
Topas is optimal when a material with low autoﬂuorescence (for
optical detection) and high chemical and thermal resistance are
required.
Sealing of the devices was performed by thermal bonding with
Topas foils of the same grade with thickness ranging from 100 lm
to 2 mm. We focused on two methods based on previous works
[11–14]: Plasma assisted and UV assisted thermal bonding. Of
these, the UV bonding was superior and less time-consuming and
is presented here. Data on the plasma method is given in Supplementary material S1.
The bonding procedure should be optimized for maximum
bonding strength while still preserving the integrity of the channel
geometry. We here report on such an optimization by applying the
so-called razor blade test to measure the bonding strength [15], as
this method can be applied while still maintaining the functionality of the device. In addition, we have deduced and experimentally
veriﬁed that the crack length measured in the razor blade test can

0167-9317/$ - see front matter Ó 2013 Elsevier B.V. All rights reserved.
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Fig. 1. Fabrication procedure for Ni shims: Spin coating (a), UV lithography (b), RIE etching of shallow channels and resist removal (c), spin coating and UV lithography (d),
DRIE of Si for deep channels and resist removal (e), sputtering (f), Ni electroplating (g) and KOH etching of Si (h).

be directly related to the critical delamination pressure in a microﬂuidic channel by means of a simple model, see Supplementary
material S2 for details. In this model, the delamination pressure
in a circular inlet is given by:

Pmax ¼

2E0 ds3
a2 L2

ð1Þ

where a is the inlet radius, s the lid thickness, E0 ¼ E=ð1  m2 Þ E
being Young’s modulus and v the Poisson ratio of the lid material,
d the blade thickness, and L the measured crack length.
Regarding the shim fabrication, we here describe a simpliﬁed
version of a multi-level etching process presented in detail elsewhere [10].
The modiﬁed process is sketched in Fig. 1.
In respect to the one previously used, we here simplify the procedure by substituting an oxide etch mask with a spin coated resist
layer of 2.2 lm thickness during both RIE and DRIE processing. The
use of a resist mask was made possible by using only the modiﬁed
BOSCH process described in [10]. As in previous work [10], the
shim thickess was tuned to be around 300 lm. Using this process,
chips equipped with luer ﬁttings were injection molded with an
ENGEL Victory 80/45 with a maximum clamping force of 450 Tons.
Mold temperatures between 110 and 130 °C as well as an injection
pressure of 1700 Bars were used for sample molding. Samples having features ranging in width from 5 to 50 lm and in depth between 100 nm and 50 lm and with aspect ratios as low as 1/200
without channel collapse. The cycle times of the injection molding
were noticeably reduced compared to the process described in [10]
to about 1 min by inserting a system for localized heating and cooling of the sample area.
For the bonding, commercially available TOPAS 5013L10 foils
(Tg = 134 °C) of thickness between 100 and 500 lm purchased from

TOPAS Advanced Polymers GmbH were used as sealing lids. The
foils are obtained by extrusion of the same material provided for
injection molding. All bonding experiments here described were
performed with 100 lm thick foils. Such thickness was chosen because a large number of bio-applications use thin lids in order to
have small working distances and allow on-chip optical detection.
To test also the bonding of thicker substrates, 2 mm thick ﬂat disks,
similar to the patterned ones were injection molded to be used as
sealing lids. An example of a bonded chip is shown in Fig. 2. Before
thermal bonding, the surfaces of both the foil and the 2 mm thick
sample were exposed to a UV lamp (DYMAX mercury UV-bulb
F/5000) emitting over the full unﬁltered Hg line spectrum with a
power of 44.5 W/cm2 measured at the wavelength 365 nm. All
samples were kept under the UV light for 30 s.
After bonding samples at temperatures between 110 and
125 °C, we concluded that at higher temperatures the main issue
is the partial ﬁlling of the channels with lower aspect ratios. In particular, at T = 125 °C it was not possible to separate the thin
100 lm thick folis from the 2 mm thick substrates. For this reason
we kept a maximum bonding temperature of 120 °C.
Bonding (further details in Supplementary material S3) was
therefore performed applying forces between 2 and 15 kN at temperatures of 115 and 120 °C. In order to assess the inﬂuence of
bonding time, samples were bonded at 115 °C for both 5 min and
10 min. The razor blade test was then performed as shown in
Fig. 3. To obtain the crack length L the horizontal projection of
the blade slope L0 was added to the distance L0 between the blade
tip and the last fringe. The blades used (Millarco) were of rectangular shape 39.5  20 mm. After the measurement of the crack
length, a measurement of the delamination pressure was performed on the same samples by inserting a liquid dye into the
microchannels and then applying pressure until delamination
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Fig. 2. An injection molded TOPAS 5013 microchip with Luer ﬁttings bonded to a
100 lm thick TOPAS 5013 foil.

occured, acting as a reference for validating the delamination model. The critical pressure was considered to be the one at which the
area near the Luer ﬁttings started to delaminate.
During optimization, we observed that, as can be seen in Fig. 4,
the samples bonded at 120 °C showed a much better bonding
strength than the ones bonded at 115 °C for the same time. The
data in Fig. 4 also show how bonding time plays a major role: Samples bonded for 10 min at 115 °C exhibit crack lengths comparable
with the ones obtained at 120 °C and more than a factor of three
shorter than the samples bonded at the same temperature for
5 min. This suggests that samples with critical dimensions could
be bonded at lower temperatures for a longer time with the drawback of a more time consuming process.
Tuning of temperature and pressure is also fundamental to
avoid microchannel deformation. Although no evident effects were
found on micron-sized structures after optimization of bonding
parameters (see SEM micrographs on Fig. 6) and functionality
was assured in nanochannels, optical methods are at study at the

Fig. 3. Illustration of the razor blade test between two polymer sheets of thickness
s and d (top) together with the optical measurement of the distance L0 between the
blade tip and the fringes that indicate the detachment of the polymer sheet
(bottom). The crack length L is obtained by adding the horizontal projection of the
blade slope L0 to L0. The area near the blade tip is darker because of the high stress
released by the stiffer plate during blade insertion.

Fig. 4. L0 values for UV-treated samples as a function of bonding force at both 115
and 120 °C.

moment to verify micro and nanochannel dimensions without having to cleave the samples.
In order to study the surface modiﬁcations that cause the
bonding strength enhancement after UV treatment, XPS measurements of treated and untreated surfaces were performed.
Since no surface modiﬁcations were recorded, the bonding
enhancement was believed to be caused by thermal reordering
of surface molecules (further details in Supplementary material
S4).
The comparison between the delamination pressures calculated
with Eq. (1) and the measured values is shown in Fig. 5. The theory
shows very good correspondence with the experimental data for
both longer and shorter crack lengths. SEM micrographs illustrating the quality of the bonding are also inserted in Fig. 5, showing
un-collapsed polymer microchannels after bonding.
For values of L around 250 microns, the maximum reachable
pressure was 9 atmospheres, equivalent to a binding energy of
61 lJ/m2, and a mode I fracture toughness of KI = 425 Pam1/2. Such
values are up to two orders of magnitude higher than the ones

Fig. 5. Delamination pressure as a function of crack length. The pressure curve is
calculated with the measured values a = 2 mm, d = 60.3 lm, L0 = 134 lm. For Topas
5013 a Young’s modulus of 2550 MPa and a Poisson’s ratio of 0.37 were used. The
small panels show SEM details of a microchannel cross-section obtained by cleaving
a sample after UV-enhanced bonding.
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Fig. 6. Silicon master and ﬁnal polymer chips for capture of PC 12 cells (a), and single HeLa cells (b). Detail of the polymer chip with nanochannels for k-DNA elongation and
ﬂuorescence microscopy measurements (c).

obtained with UV/O3 treated COC and PMMA substrates [8]. After
such value, the polymer foil in most cases exceeded its yield
strength and fractured at the Luer edges without delaminating,
emphasizing the fact that after optimization, the bonding was no
longer the limiting factor in high-pressure applications such as
nanochannels with high hydraulic resistance.
In order to demonstrate the capabilities of the presented fabrication process, LoC chips with different functionalities have been
successfully tested as can be seen in Fig. 6.

Neurotransmitter detection with microfabricated Pedot:Tosylate electrodes was previously demonstrated in [16,17], and as an
extension to this, LoCs for multi (6a) and single (6b) cell capture
have been fabricated and tested for cell capture. Both these chips
will be combined with electrodes to perform ‘‘on chip’’ neurotransmitter detection.
Devices for single (6b) and multi (6a) cells capture has been
successfully tested with respectively PC12 and HeLa cells [10].
Manipulation of single cells is basic for many cell-related studies
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such as drug screening and impedance analysis, while capture of
large groups of cells is relevant when studying detection of neurotransmitter release.
Stretching of DNA macromolecules through nanoﬂuidic networks is also considered a powerful tool for direct sizing and mapping of DNA [18,19].
Fig. 6c shows a device with nanochannels enables to perform
barcoding of DNA macromolecules by means of ﬂuorescence
microscopy measurements [20]. Fluorescent intensity variations
from extended macromolecules have been demonstrated via
chemical counterstaining against a cell-impermeant stain.
In conclusion, a platform for fabrication of all-polymer LoCs by
means of silicon dry etching, electroplating and injection molding
was here described. Moreover, the thermal bonding of injection
molded TOPAS 5013 chips to commercially available TOPAS foils
of 100 lm thickness and the same grade was optimized. The characterization of bonding strength was performed by measuring the
bonding strength with the razor blade test. UV-treatment of surfaces was performed in order to enhance surface bonding. A simple
method that is able to predict the delamination pressure of microchannels as a function of crack length was also veriﬁed: in optimized bonding conditions, the reached pressures was as high as
9 atm, equivalent to a binding energy of 53 lJ/m2, and a mode I
fracture toughness of KI = 375 Pam1/2. Finally, examples of applications were given in the ﬁelds of single/multi cell capture and DNA
elongation.
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.mee.2013.01.060.
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ABSTRACT

In this paper we demonstrate high quality recordings of the ion channel activity across the cell
membrane in a biological cell by employing the so called patch clamping technique on an injection
molded polymer microfluidic device. The findings will allow direct recordings of ion channel activity to
be made using the cheapest materials and production platform to date, and with the potential for very
high throughput. The employment of cornered apertures for cell capture allowed the fabrication of
devices without through holes and via a scheme comprising of master origination by dry etching in a
silicon substrate, electroplating in nickel and injection molding of the final part. The most critical device
parameters were identified as the length of the patching capillary and the very low surface roughness
inside of the capillary. The cross-sectional shape of the orifice was found to be less critical, as both
rectangular and semicircular profiles seemed to have almost the same ability to form tight seals with
cells with negligible leak currents. The devices were functionally tested with Human Embryonic Kidney
cells expressing voltage-gated sodium channels (Nav1.7), and benchmarked against a commercial stateof-the-art system for automated ion channel recordings. These experiments considered current-voltage
(IV) relationships for activation and inactivation of the Nav1.7 channels and their sensitivity to a local
anesthetic, lidocaine. Both IVs and lidocaine dose response curves obtained from the injection molded
polymer device were in excellent agreement with data obtained from the commercial system.

KEYWORDS: automated patch clamping · lateral patch clamping · injection molding · thermoplastic
polymers · voltage gated sodium channels · lidocaine
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The patch clamping technique was introduced in 1976 by Neher and Sakmann,1 and has become the
accepted standard for fundamental studies of ion channel proteins and the discovery of drugs that affect
them. Ion channels play a central role in the excitability of nerves and muscles; they underlie the
heartbeat, muscle contractions and brain activity as well as many other basic physiological actions.2 Ion
channels are macromolecular pores with the ability to regulate the movement of ions across the
otherwise impermeable cell membrane.2 Ion channels are also involved in a diverse range of disorders
and pathological conditions, called channelopathies.3,4 Mutations in ion channel genes have been
associated with diseases such as cystic fibrosis, hypertension, ataxia, arrhythmia and several types of
epilepsy.4,5 In pharmacology, ion channels represent highly attractive targets for drug discovery with an
estimated market of US$12 billion.6,7
Despite their enormous potential as druggable targets, the use of ion channels for drug discovery has
been well behind the expectation, mainly due to the lack of adequate screening technology.8
Conventional manual patch clamping delivers high information content but it is a complex technique
that requires skilled personnel and suffers from extremely low throughput; while on the other hand all
indirect screening methods suffer from low specificity and thus the associated risk of generating false
negative or positive results.8,9 With the promise of removing this trade-off, the first automated parallel
patch clamping system (APC) was made available in 2003.10 Since then, 5 companies (Molecular
Devices, Sophion Bioscience, Nanion, Cytocentric, and Fluxion) have entered the market, establishing
APC as an essential technology for secondary screening, lead optimization and cardiac safety testing.11
Performances of the different systems have been discussed in a few reviews.11-14 APC systems replace
the use of conventional glass micropipettes with single-use, disposable devices fabricated in materials
such as quartz15 and silicon/silicon-dioxide.16 The majority of the available platforms share the so- called
planar approach, where cells in suspension are blindly positioned by suction onto micro apertures made
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as through holes in thin membranes.15 Alternatively, a lateral approach has been proposed, where
suspended cells are trapped at lateral apertures generated at the junction of two microfluidic channels. 17
The ability to form a high electrical resistance seal, preferably in the order of GΩ (the so-called
gigaseal) between the aperture and the biological cell membrane, and the fabrication of such micro sized
through holes in thin substrates (10-20 μm) are the two most relevant benchmarks. These constraints
have traditionally narrowed the range of usable materials and technologies to almost exclusively
micromachining of silicon and glass, at least for commercial use.
The use of polymeric substrates has also been widely investigated, and planar microfluidic chips have
been demonstrated in hybrid poly(dimethylsiloxane)-polyimide (PDMS-PI)18, polyimide19, oxygen
plasma treated PDMS20-22 and poly(ethylene glycol) (PEG)/SU-8 mixture.23 Unfortunately, all the aforementioned polymer devices have so far failed to deliver relevant electrophysiological results. It has been
more or less implicitly believed in the community that silicon oxide surfaces possess a unique surface
chemistry for forming gigaseals, essentially through van der Waals interactions.24-26 The interaction
between lipid membranes and other surfaces is, however, complicated and only poorly understood, and
thus leaves some leverage for challenging the uniqueness of these surfaces27-31 by employing polymers.
Zanetti et al implemented lateral junctions into a microfluidic device fabricated by casting of
polydimethylsiloxane (PDMS).17,32 In 2009, this device was eventually commercialized by Fluxion, and
it remains the only APC system relying on cornered apertures to date.33
Looking at all of the commercially available APC systems, the manufacturing cost per device is still
prohibitive for establishing APC as a routine technique.34 Of the two materials employed nowadays,
silicon remains extremely costly to purchase and machine, while PDMS is less suitable for mass
production. Moreover, PDMS has issues when used for biological applications such as high permeability
for small molecules, non-crosslinked oligomers, and surface diffusion of low molecular weight chains.35
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The aim of this work is to propose a method for massive production of extremely cheap APC systems
without compromising functionality. The trick lies in understanding the requirements to form tight seals
between thermoplastic polymers and the cells. By shaping apertures that allow for a considerably larger
effective interface area between low energy polymer surfaces and the cell membrane, we demonstrate
the formation of gigaseals, enabling high quality ion channel recordings. The proposed device consists
of only two parts: an injection molded part in Topas cyclic olefin copolymer (COC) comprising the
microfluidics, and a polymer film of the same polymer grade, which is thermally bonded to the injection
molded part.36 For comparison, the commercially available QPlateTM from Sophion Bioscience
comprises several materials, thermoplastic polymer, elastomer, ceramic, glass, and silicon. Moreover,
Topas has none of the previously mentioned limitations of PDMS. Furthermore, the materials and
fabrication platform fulfills all the requirements for cheap manufacturing in terms of “design for
manufacturability”, “economy of scale” and production yield and it avoids all drawbacks typical of
prototyping methods.37 After an initial investment in master mold origination, injection molding delivers
a cost per part that exponentially decreases with the number of parts, becoming the cheapest technology
when production is greater than ∼10k units.37 After assembly into chips, the systems were tested with
HEK cells expressing Nav1.7, a voltage-gated sodium channel appropriate for benchmarking studies.
Experiments were designed to explore current-voltage (IV) relationships for activation and inactivation
of Nav1.7 channels and their sensitivity to a local anesthetic, lidocaine. Both IVs and lidocaine dose
response curves obtained from the injection molded polymer device were benchmarked against the
commercially available QPatchTM system from Sophion Bioscience. In the following section, we provide
the details of the device layout and functionality, benchmarking tests against existing state-of-the-art
methods, and finally a surface topology characterization of the patching capillaries.
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RESULTS AND DISCUSSION
The chip design contains four independent lateral apertures 600 μm apart, which are aligned along a
straight channel reserved for extracellular electrolyte solution, as shown in Figure 1a-c. The side
channels are connected at the other end to four separate inlet channels which contain intracellular
electrolyte solution. The patching channel is Y shaped and consists of a straight capillary with a
rectangular profile and rounded corners (approximately 2 m × 2 m) at the end where the cell is
captured and a wider opening at the opposing end for the reduction of the total hydraulic resistance. In
addition, a second type of device with a semicircular profile was molded and tested. The two groups of
devices will be called type A (rectangular profile) and type B (semicircular profile). A cell trapped to
one of the patching orifices is shown in Figure 1d. It was observed that the cell membrane tends to
protrude a long distance into the patching capillary, as also previously reported for PDMS devices.17,38
In order to find the optimal length of the patching channels, we made all four channels with different
lengths. The optimal length of the straight capillary fraction appeared to be the largest we had (45 m),
while shorter capillaries did not show good sealing properties. This indicates that the gigaseal formation
must occur due to interaction between the cell membrane and the polymer along the whole length of the
patching capillary and not only in the proximity of the orifice.
Our customized polymer chip, 50 mm in diameter and 2 mm in thickness, contained 12 Luer-fittings39
used to interface the microfluidic network. A single use injection molded device is shown in Figure 1e.
Prior to experiments; the device was primed with the electrolyte solutions. First, the capillary was filled
with intracellular solution and then the cell carrier channel was filled with extracellular solution. The
recording channel was connected to an external pressure controller and reservoirs with intracellular
solution were employed to prevent formation of air bubbles when applying suction. Ag/AgCl electrodes
positioned across the recording channel and connected to the amplifier ensured electrical connection, as
shown in Figure 1f-g.
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Figure 1. (a) Layout of the microfluidic device. (b) Close-up of the key part of the design with patching
channel, channel for compound perfusion and channel for cell loading. (c) SEM micrograph of the Y
shaped patching channel connecting extra and intra cellular channels. (d) Optical microscope image of a
captured HEK cell. Highlighted in red, the cell membrane is seen to protrude a distance of about 50 μ m
into the patching capillary shortly after being captured. (e) A single use injection molded device used for
the experiments. (f) Illustration of the set-up used for the recordings. The polymer device is connected to
two intracellular solution reservoirs and then to the pressure controller. Ag/Cl electrodes are connected
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to the headstage of the amplifier. Syringes are used to transport cells by convective flow from the inlet to
the patch zone and to perfuse lidocaine through one of the lateral apertures respectively. (g) Schematic
of the patch clamping recording: a cell trapped to a lateral aperture. Electrodes are located across the
orifice.

Cells were introduced into the inlet port and transported by the convective flow induced by a syringe.
Before trapping one of the cells, a slight positive pressure was applied to the patching channel to prevent
contamination of the aperture. Conveniently, one of the unused patching capillaries could be used for
perfusion of lidocaine by using a syringe connected to the corresponding Luer port. During perfusion,
the estimated average flow velocity in the carrier channel was approximately 1 mm/s, and the average
flow rate in the perfusion channel was estimated to be about 20 % higher than the flow rate in the carrier
channel. The lateral flow was applied for less than 10 seconds. A COMSOL® simulation, shown in
Figure 2, supports the premise that 100 % of the lidocaine in solution was successfully delivered to the
cell. The simulation considered a worst case scenario of lidocaine diffusion when a high lidocaine
concentration of 1 mM was perfused.

Figure 2. Lidocane (1mM) delivery to the cell being patched simulated in COMSOL®. A lateral flow (in
red) perfused into the flow in the carrier channel (in blue). The simulation accounted for lidocaine
diffusion in the extrallular solution. A sectional view across the channel shows how the concentration
corresponds to 100% in the proximity of the cell. 
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As previously reported,40 injection molding enables high replication accuracy of micro and nano
features. Figure 3a-c show SEM micrographs of the orifice formed at the junction between the patching
channel and the carrier channel of a polymer device after the three main steps of the fabrication process;
etching, electroplating and molding. The uniformity of the patching channels was confirmed for several
devices by the narrow range of chip resistances, the resistances were measured across the 45 μ m long
patching capillaries with the presence of only the electrolyte solutions. This was 9.4 ± 0.2 M (mean ±
Standard Error of the Mean, n = 33) for type A devices and 10.5 ± 0.2 M (n = 14) for type B devices.
The devices with semicircular profile (type B) had a slightly larger chip resistance as expected from their
smaller cross-sectional area. Both devices showed exactly the same resistance variation. Since the chip
resistance is mainly a function of the capillary geometry, its variation is a good indication of variations
in channel geometry.41 The chip resistances are comparable to those reported by Zanetti17 and Chen38,
however the variation is significantly smaller, indicating a better reproducibility of the present method.
However, the chip resistance is significantly higher than the typical 2-4 M access resistance reported
for planar patch clamping devices where the holes are tapered on the back side. 42

Device

Total of
cells tested

R < 100
M

R > 100
M

R > 250
M

R > 1000
M

Gigaseal
frequency

Confidence interval
for gigaseal

Rectangular profile (A)

33

14 (9)

20 (13)

8 (8)

5 (5)

15%

6% - 29%

Semicircular profile (B)

14

6 (4)

8 (6)

3 (3)

2 (2)

14%

3% - 38%

Table 1. The table shows the number of cells that were successfully sealed and perforated into wholecell configuration. The numbers include the cells with higher seals. In parenthesis, the number of cells
that were successfully perforated into whole-cell configuration. The exact confidence interval for the
gigaseal frequency was calculated at a confidence level of 90% .
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In order to test the devices, whole-cell recordings were performed with Human Embryonic Kidney
HEK cells. Of 47 cells captured, 19 cells (40 % of the total) allowed for whole-cell access with seal
resistance of at least 100 M and of those 7 (15 %) were gigaseals. A success rate of 15% is thus
attributed to our experiments. The rest of the cells showed either no whole-cell achievement or seal
resistance below 100 M. More precisely, tests were carried out on devices both having patching
capillaries with rectangular (type A, n=33) and semicircular (type B, n=14) profiles. As shown in Table
1, both device types showed very similar sealing capability and ability to achieve the whole-cell
configuration in a range of seal resistances. Both profiles also have similar gigaseal frequency. The exact
confidence interval for gigaseal frequency was calculated with the Clopper-Pearson method43 and is
given at a confidence level of 90%. The confidence intervals for gigaseal frequency were also
comparable for the two profiles. During cell experiments it was noted that high resistance seals could
only be achieved on longer channels, shorter channels were also tested with cells, but they all failed to
deliver quality seals (data not reported). Importantly, for the 45 μ m long channels each cell showing a
seal resistance above 250 M also allowed for whole-cell recordings. It was observed that tight seals
appeared gradually after the whole-cell configuration was established, eventually reaching gigaseal
during a period of 10-20 minutes. Achievement of the whole-cell configuration was verified by
activation of sodium currents through a depolarization of the cell membrane. Seals had an average
lifetime of 30 minutes. Furthermore, it was also observed that whole cell configuration with rupture of
the patched cell membrane was obtained spontaneously upon cell capture without an intermediate cell
attached state, where electrical access to the interior of the cell goes through the patched piece of cell
membrane inside the pipette in traditional patch clamping experiments. This seems to differ from other
systems, both those using traditional pipettes and planar chips, where a drop in resistance when breaking
the cell membrane is normally observed.
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In the literature numerous discussions regarding the importance of various device parameters for high
quality seal formation exist, such as the aperture diameter,20 length of membrane protrusion into the
microhole,44 smooth edges of the microholes,45 and hydrophilicity of the substrate.20 Additionally these
evaluations were done with different substrate materials and capturing geometries and none with
thermoplastic polymers. Our experiments indicate that long and smooth patching channels and apertures
of approximately 4 μ m2 with clean and smooth orifice edges allow for good seal quality. Furthermore,
these parameters contribute to an increase in total contact area between the cell membrane and the
polymer surface and therefore the effective contact area seems to be the most critical prerequisite to look
at. To support this hypothesis, the topography of the orifices and the inside of the patching capillaries
were thoroughly characterized by atomic force microscopy (AFM). AFM data from channels with
rectangular and semicircular profiles are compared in Table 2 and discussed here. The profiles across the
patching channels revealed the presence of scallops with an average periodicity of approximately 180
nm for type A profile chips with scallops generated by Bosch type reactive ion etching process
employed for master mold origination.46 The amplitude and periodicity of the scallops defines the
waviness of the surface and dominates the calculated roughness value. To overcome the dominating
effect of the scallops and evaluate the surface roughness Rq between the scallops, images were filtered
with a cut-off wavelength shorter than the average periodicity between the scallops. After filtering the
surface roughness of the sidewall of the rectangular and semicircular channel are comparable and in the
range of 1 to 2 nm. Therefore, the surface roughness Rq of the sidewall for both samples seems to be
determined primarily by the smoothening steps that were the same for both. In general, the inside of the
patching channel, including the bottom of the channel and the foil, exhibits very low surface roughness
Rq of 1 to 2 nm, and it is also here, between the cell membrane and the polymer, the seal is assumed to
form. These findings suggest that the surface roughness inside the patching channel is a second
prerequisite for good seal formation. On the contrary, the waviness originating from the scallops does
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not seem to influence the seal quality. The cell membrane, which has a thickness of only 5-10 nm, is
likely to conform to the shape of the surface waviness, which has a periodicity much larger than the
thickness of the cell membrane. This effect has been studied before for pipette tip roughness.47 Hence,
one can hypothesize that low surface roughness in addition to the patch channel length increases the
effective contact area between the cell membrane and the polymer surface and thus facilitates the
formation of tight seals. The shape of the cross section, either rectangular or semicircular, did not
influence the capability of seal formation.

Figure 3. (a-c) SEM micrographs of the patching orifice after the main three steps of the fabrication
process for type A devices: silicon master, nickel insert, and replicated polymer part (from left to the
right). (d) 3D AFM image of the patching orifice (type A). (e) 3D AFM image of the sidewall of the
patching capillary (type A). (f) 3D AFM image of the semicircular patching orifice (type B). (g) 3D
AFM image of the sidewall of the semicircular patching capillary (type B).
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Device

Rq[nn]

Rq[nn]

Bottom of patching
capillary

Sidewall patching
capillary

Rectangular profile
Semicircular profile

(a)

2.0 ± 0.3

6.5 ± 1.3
(2.4 ± 0.4)(b)

0.7 ± 0.2

1.0 ± 0.2 (a)
(0.8 ± 0.1) (b)

Rq[nn]
Foil
1.2 ± 0.2

1.2 ± 0.2



Table 2. The root mean square deviation Rq of the assessed profiles for injection molded polymer parts
inside the patching capillaries for the two geometries. The image side length was 1.3 μm. The standard
uncertainty is given at a confidence level of 68%. All measurements were carried out with a MultiMode
8 atomic force miscroscope from Bruker in intermittent contact mode using single crystal silicon
cantilevers with spring constants of approximately 40 mN and radius of curvature of 5 nm to 10 nm.

(a)

The image was line wise corrected by a second order least mean squares fit in order to remove the
(semicircular) shape of the profile.

(b)

The surface roughness Rq was calculated from an image after it

was filtered so that only short wave profile components with a cut-off wavelength of =0.18 μm is
included. The filtering was done to avoid the influence of the Bosch process induced scallops on the
calculated surface roughness (only relevant for profile A devices).

Electrophysiological cell experiments were designed to record activation and inactivation currents in
whole-cell voltage clamp mode from voltage-gated sodium ion channels Nav1.7. Sodium channels play
an essential role for the generation of action potentials in excitable cells and they have a key role in pain
perception.48 In order to benchmark the performance of the polymer devices, electrophysiology data
taken on the devices were compared with data taken with the commercially available QPatchTM system.
The cells, the electrolyte solutions and the compounds used for the QPatchTM recordings, and for the
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polymer chip recordings were exactly the same. Raw data were collected and subsequently leak
subtracted in order to compensate for the capacitance; Figure 4 shows an example of a family of sodium
activation currents. A +10 mV square pulse of 10 ms from -90 mV prior to depolarization was used to
calculate the leak current that was subtracted from the recorded data.49 A description of leak subtraction
is provided in the supplementary material. Automated P/n leak subtraction50 was employed in the
QPatchTM system. Activation currents were obtained after the start of depolarization pulses from -90 mV
to 70 mV while the holding potential was kept at -90 mV for all the experiments. Steady state
inactivation currents were investigated at +10 mV after conditioning-potentials ranging from -90 mV to
70 mV were applied for 1000 ms. The resulting current amplitude represents the portion of sodium
channels in the activated and inactivated state respectively. For the polymer devices, the activation
threshold was found to be between -50 and -40 mV, and the maximal current amplitude was obtained for
voltages between -30 and -20 mV. At positive potentials the current amplitude gradually decreased as
the electrochemical driving force disappeared. The IV curves show good agreement with those obtained
with the QPatchTM system. However IV curves from the polymer device had a tendency to shift towards
more negative potentials. Figure 4c shows two representative IV curves for both systems. The
inactivation graph in Figure 4d shows the gradual transition from a state where the sodium channels
were predominantly closed to a state where they were predominantly inactivated; above -50 mV for the
polymer devices. The cut off at -90 mV does not show at which potential the transition starts, but is
presumed to be at about -100 mV. As mentioned for the activation currents, the IV relationships
obtained for the polymer devices, when compared to IV’s from the QPatchTM system, had the tendency
to shift towards more negative potentials. This shift was attributed to voltage drops across the higher
access resistance of the polymer device, which was not compensated for. As we shall see in the
following, this difference did not influence the pharmacology studies.
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Figure 4. (a) A family of Na+ activation currents in response to depolarization pulses from -90 mV to
70 mV, measured on the polymer device. The protocol used for determining both activation and
inactivation is also shown. The membrane potential was held at a holding potential of -90 mV,
subsequently shifted to potentials ranging from -90 to 70 mV for 1000 ms, and finally to 10 mV. To the
left, the raw current responses are shown, and to the right the data after leak subtraction. (b) A family of
Na+ inactivation currents from the same recording upon the step to 10 mV. To the left, the raw current
responses are shown, and to the right the data after leak subtraction. (c) The resulting IV relationship for
peak Na+ channel currents. The activation threshold was -50 mV, and the maximal current amplitude
was obtained at -30 mV for the polymer device. The threshold was -30 mV with a maximum at -10 mV
for the QPatchTM. (d) The inactivation graph for the Na+ channel. At potentials more negative than 80mV the channels were predominantly closed, whereas at potentials above -30 mV they were
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predominantly inactivated for the QPatchTM. For the polymer device, the channels were predominantly
inactivated at potentials above -50 mV.
Dose–response experiments were carried out to further benchmark the polymer device with a
pharmacological application. Lidocaine inhibition of whole-cell sodium currents was explored in
voltage-clamped mode by application of lidocaine concentrations ranging from 30 μM to 1 mM. The
ability of lidocaine to bind to sodium channels is state dependent, as lidocaine binds to the sodium
channel in the inactivated state only.51 To explore state-dependency, the cell was depolarized twice at 0
mV for 100 ms and 20 ms, respectively, from a holding potential of −100 mV with a temporal separation
of 15 ms, see Figure 5a. Depolarization was repeated every 5 seconds. Lidocaine response was studied at
the start of the second pulse after the resting interval, during which only a portion of the sodium
channels were able to recover from inactivation. Figure 5b shows a typical recording in the absence of
compound where the activation peak 2 was about 80 % of the size of the activation peak 1, used as a
reference. When lidocaine was applied, reference peak 1 exhibited a current that was almost unchanged,
while peak 2 was substantially reduced. Figure 5c shows activation currents from the same cell before
and after 100 μM lidocaine was delivered to the cell. The current-time relationship for the peak sodium
currents recorded in response to the first (empty circle) and the second (full circle) depolarization is
shown in Figure 5d. Inhibition is plotted against lidocaine concentration in Figure 5e. The amplitudes of
sodium currents immediately prior to lidocaine application were set to 100 %. Complete inhibition was
observed at 1mM lidocaine, while the inhibition was only 20% at 30 μM lidocaine which was also the
lowest concentration applied. From Figure 5d it can be observed that the inhibition produced by
lidocaine was reversible within 60 seconds after its perfusion was stopped. For the polymer device, the
half-blocking concentration IC50 was 119 ± 11 μM. This value is in excellent agreement with the IC50 of
152 ± 11 μM found with the QPatchTM. The Hill coefficients were also very similar for the two systems.
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Figure 5. (a) Protocol used for determining the concentration–response relationship of lidocaine
inhibition on Nav1.7 channels consisting of two depolarizations to 0 mV from a holding potential of
−100 mV with an interval of 15 ms. (b) Raw current response from a recording on the polymer device
before lidocaine application. Amplitude of peak 2 is about 80 % of the amplitude of peak 1. (c) Raw
current response for peak 1 and peak 2 before (black) and after (red) 100 μM lidocaine was applied to
the cell. (d) Activation currents for Nav1.7 channels for determining the lidocaine inhibition on Nav1.7
channels. The graph shows values of the current amplitudes of peak 1 and 2 before and after 100 μM
lidocaine was applied to the cell. Peak 1 is not affected and peak 2 is reduced by 50 %. (e)
Concentration–response relationships of lidocaine inhibition on Nav1.7 channels. Data were fitted with a
Hill type equation. IC50 was 119 ±11 μM (Hill coefficient n = 1) for the polymer device and 152 ±12
μM (Hill coefficient n = 0.9) for the QPatchTM.
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CONCLUSIONS
We have demonstrated high-quality electrophysiological recordings on an injection molded polymer
device platform for the first time. The results demonstrate that polymer APC devices can provide wholecell current responses from voltage gated sodium channels and permit accurate analysis of drug potency
for state-dependent inhibitors such as for the local anesthetic lidocaine. Moreover, the devices exhibit
excellent data quality when benchmarked against the commercially available QPatchTM system.
Formation of gigaseals (15% of the total cells) between the polymer surfaces and the cell membranes
was achieved by making patching capillaries that allowed for a large sealing area. The length of the
patching channel together with the low surface roughness on the inside of the patching capillaries were
identified as the most important parameters for good seal formation. We attribute this observation to
indicate that a large effective sealing area between the cell membrane and the polymer surface is
required to obtain tight seals. Most likely, the exceptionally large sealing area required for the polymer
patching channels when compared to silica based channels is necessary to assist sealing due to slow van
der Waals type interactions between the relatively low energy polymer surface and the cell membrane.
Finally, we have successfully combined the simplicity of lateral cornered apertures with the use of
injection molding to demonstrate the most cost effective production and materials platform for APC
systems to date. The technological readiness level of the reported material and production platform is
high, while the specific design of the intra- and extracellular channels (Figure 1a) is only aimed at
prototyping. Thus the Y shaped patching channel constitutes the only essential feature of our
microfluidic design and channels for extra and intracellular electrolyte solutions could be designed
differently for a much smaller unit footprint. For maintaining exactly the same functionality per
functional chip unit, six inlet/outlet wells would still be required. However, if shared cell and compound
inlets are employed, one chip unit will require only four ports.
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MATERIALS AND METHODS
Device fabrication. Chips were manufactured according to the methods recently reported by some of
the same authors,40 which in brief consist of lithography, dry etching of the silicon, electroplating in
nickel and injection molding of the polymer parts. Two etching processes were employed to form the
patching capillaries: Bosch reactive ion etching for sample A and a continuous reactive ion etching for
sample B. This was to obtain respectively rectangular and semicircular profiles. However, in order to
replicate patch clamping orifices smaller than the lateral apertures demonstrated for cell trapping,40 the
overall process was partially modified. Silicon oxide used as masking material was replaced by standard
photoresist, while a thin layer of oxide was applied after the first etching step to prevent damage to the
patching channels during the rest of the process. Fabrication was then completed by alternating wet
etching steps and oxidation in order to smooth the surfaces around the patching orifices. Details of the
full process are given in the supplementary material. Parts were molded from COC (TOPAS 5013,
Advanced Polymers GmbH). A 100 m thick extruded polymer film (TOPAS 5013F-04, Advanced
Polymers Extrusion Lab) was used as cover lid. The two parts were bonded by UV-assisted thermal
bonding.36
Cell culture. Human Embryonic Kidney 293 cells (HEK293) expressing the subtype of the voltage
gated sodium channel Nav 1.7 were provided by Scottish Biomedical Ltd. The cells were grown and
maintained under standard culture conditions at 37 °C and 5 % CO2. The cells were cultured in T175
culture flasks (Nunc A/S) to maximum 80 % confluence in high glucose Dulbecco’s Modified Eagle
Medium (DMEM, Sigma-Aldrich D0819) supplemented with 10 % fetal bovine serum (FBS, SigmaAldrich F2442), 2 μg/ml blasticidin S (Sigma-Aldrich 15205) and 600 μg/ml geneticin (Sigma-Aldrich
G8168). The cells were sub-cultured for two weeks before reaching a stable growth pattern and then
used in the experiments. For sub-culture, the culture medium was removed and the cells washed with
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phosphate buffered saline (PBS) without calcium chloride and magnesium chloride (Sigma-Aldrich
D8537). Trypsin/EDTA (Sigma-Aldrich T4174) was added to the culture flask and the flask incubated at
37 °C for 2 minutes. Medium was added to the flask and the cells re-suspended and placed in a new
mother flask. Directly before experiments the culture medium was removed and the cells washed with
PBS without calcium chloride and magnesium chloride. Detachin (VWR) was added to the culture flask
and the flask incubated at 37 °C for 5 minutes or until the cells show a round shape indicating
detachment from the flask surfaces. The cells were re-suspended in serum-free CHO medium (SigmaAldrich C5467) supplemented with 25 mM HEPES (Sigma-Aldrich H0887), 100 ug/ml
penicillin/streptomycin (Sigma-Aldrich P4333) and 0.04 mg/ml soy bean trypsin inhibitor (SigmaAldrich T6522). Cell density and viability was determined by diluting an aliquot 1:2 in Trypan Blue
(Sigma-Aldrich T8154) and performing a cell countusing the dye exclusion method in a hemocytometer.
Cell concentration in the suspension was 2-3 M/ml.
Solutions and compounds. The intracellular electrolyte solution contained (in mM): 135 CsF, 1/5
ethylene glycol tetraacetic acid (EGTA)/CsOH, 10 mM HEPES and 10 NaCl. The pH was adjusted to
7.3 with KOH and osmolarity to 320 mOsm with sucrose. The extracellular electrolyte solution
contained (in mM): 1 CaCl2, 1 MgCl2, 5 HEPES, 3 KCl, 140 NaCl, 0.1 CdCl2 and 20 TEA-Cl. The pH
was adjusted to 7.3 with NaOH and osmolarity to 320 mOsm with sucrose. All chemicals were
purchased from Sigma Aldrich. Both solutions were stored in the fridge at 4 °C and vacuum degassed
for 20 minutes before use. Lidocaine hydrochloride monohydrate (Sigma Aldrich L5647) was dissolved
in dimethyl sulfoxide (DMSO) to give a 100 mM stock solution kept in the freezer. Subsequent dilutions
were performed in extracellular electrolyte solution.
Instrumentation. Recordings were carried out using a HEKA Patch Clamp EPC 9 amplifier (HEKA
Electronics) at room temperature. Pulse software (v 8.53, HEKA Electronics) was used for data

20

acquisition. The device was mounted into a customized aluminum box and positioned on the stage of an
Olympus IX70 inverted microscope. The two Luer ports connected to the recording patching channel
were connected to two reservoirs filled with electrolyte solution and from them to a custom-made
pressure controller and controlled with Labview software (National Instruments). Electrodes were
electrically connected to the EPC9 head stage mounted on the customized aluminum box and the chip
resistance could be monitored by applying a 10 mV test square pulse for 10 ms. Before cell trapping, a
positive pressure of 3-5 mbar was applied to the patching channel to prevent aperture contamination. A
cell was captured at the hole after applying suction (negative pressure of 400 mbar) to the patching
channel. The amplifier offset potential was zeroed prior to patching the cell and the holding potential
held at -90mV. Response currents were sampled at 10 kHz and filtered at 2,9 kHz with a 4 pole Bessel
filter. The experiments on the QPatchTM were set up using standard assay settings. In brief, cells were
positioned with a negative pressure of -100 mbar until a gigaseal was formed. The cell membrane was
then ruptured with a negative pressure pulse of -250 mbar in order to get electrical access to the cell
membrane. During this process the offset potential, the chip capacitance and the cell capacitance were
canceled out. The actual experiment protocol with the relevant voltage protocols and compound
additions was programmed in the Sophion Assay Software and it was executed after whole cell
formation was established. QPatchTM data were sampled at 10 kHz and filtered with an 8 pole Bessel
filter at 3 kHz.
Whole cell recordings. Once the cells were trapped, a suction of -400 mbar was applied for about 20
seconds and then reduced to -30 mbar. The resistance across the aperture was continuously monitored by
applying a 10 mV pulse for 10 ms. At this stage, the resistance was typically between 100 and 200 M.
Some of the cells showed whole-cell configuration immediately after patching. Otherwise the whole-cell
configuration was achieved by applying suction pulses (from -30 mbar to -400 mbar) and electrical
pulses combined. Achievement of whole-cell configuration was verified by depolarizing the cell.
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Eventually the cells reached whole-cell configuration and the resistance gradually increased over
minutes during the experiments.
Voltage protocols. For IV relationships experiments, a protocol with incremental steps of +10 mV
from -90 mV to +70 mV of 1000 ms duration was used. Steady-state inactivation was investigated at
+10 mV for 100 ms after the 1000 ms pre-pulse. Each incremental sweep took place with 5 second
intervals. For concentration-response experiments, two consecutive depolarizations to +0 mV
respectively of 100 ms and 20 ms duration from a holding potential of -100 mV were used. The two
depolarizations were spaced out by 15 ms at holding potential.
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PATENT APPLICATION I
Polymeric device for electrophysiological
recordings
European Patent Application No. EP13166109.2'
(DTU ref. 95412)
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