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Abstract 

Thermoresponsive homo- and copolymer hydrogel films of N-isopropylacrylamide 
(NIPAm) and oligo(ethylene glycol) methacrylate (OEGMA) were prepared by 
electrochemically induced polymerization.  The deposition was investigated with an 
electrochemical quartz crystal microbalance (EQCM).  The film thickness ranged from 
5 to 100 nm.  Factors of influence on the film thickness of pNIPAm were the 
preparation temperature, the solution pH, and additives such as cross-linker, salt, and 
chain transfer agents.  The chain transfer agents used were sodium formate and a 
reversible addition–fragmentation chain transfer (RAFT) agent.  The pNIPAm films 
showed a lower critical solution temperature (LCST) of 30 °C in water.  Added salt 
and copolymerization with the hydrophilic OEGMA shifted the LCST.  In acidic 
solutions, the surface roughness increased with the film thickness.  Models for the 
structure formation were proposed that take into account microgel formation and 
hydrogen evolution underneath thick collapsed hydrogel films.  Shifting the solution 
pH to higher values hindered the polymerization.  When chain transfer agents were 
added to the basic reactant solution, both the film thickness and the lateral 
homogeneity increased.  Both chain transfer agents enhanced the rate of initiator 
decomposition.  Sodium formate additionally acted as an electrochemical initiator 
itself.  PNIPAm films produced in the presence of RAFT agent contained active RAFT 
groups and could be electrochemically modified with polystyrene in a second 
polymerization step.  

Laterally heterogeneous films were produced by a new patterning technique where 
oxygen bubbles induced the local deposition of the hydrogel.  The hydrogel patterns 
reproduced the size and the shape of the bubbles.  The observed feature sizes were of a 
few tens of microns.  Structure formation could be actively controlled by 
electrochemical production of an oxygen bubble in a small gap between the substrate 
and an insulated counter electrode.  The enzyme glucose oxidase could be 
encapsulated into a hydrogel spot.  The mechanism of structure formation was 
discussed. 

Encapsulation of glucose oxidase into homo- and copolymer films of NIPAm and 
OEGMA was possible by electrochemically induced polymerization.  The films 
showed Michaelis–Menten kinetics in amperometric glucose detection.  The sensor 
response depended on the copolymer composition and the operation temperature.  
Swelling of the films in the buffer resulted in a significant increase of the sensitivity.   



   

 



  

 

Zusammenfassung 

Thermosensitive Hydrogelfilme aus Homo- und Copolymeren von N-Isopropyl-
acrylamid (NIPAm) und Oligo(ethylenglykol)methacrylat (OEGMA) wurden mittels 
elektrochemisch induzierter Polymerisation hergestellt.  Die Abscheidung wurde mit 
einer elektrochemischen Quarzmikrowaage (EQCM) untersucht.  Die erzielten 
Filmdicken lagen zwischen 5 und 100 nm.  Die Dicke der pNIPAm-Filme wurde 
beeinflusst durch die Polymerisationstemperatur, durch den pH-Wert der 
Reaktionslösung und durch Additive wie Vernetzer, Leitsalz und Kettenüberträger.  
Letztere waren Natriumformiat und ein reversibles Additions-Fragmentations-Ketten-
übertragungs-Agens (RAFT-Agens).  Die pNIPAm-Filme zeigten eine untere kritische 
Entmischungstemperatur (LCST) von 30 °C in Wasser.  Zugabe von Salzen sowie 
Copolymerisation mit dem hydrophilen OEGMA veränderten die LCST.  In saurer 
Lösung stieg die Oberflächenrauhigkeit mit der Schichtdicke an.  Es wurde ein Modell 
entwickelt, welches die Mikrogelbildung und die Entwicklung von Wasserstoffblasen 
unter dicken, kollabierten Hydrogelfilmen beschreibt.  Bei hohen pH-Werten wurde 
die Polymerisation drastisch gehemmt.  Der Zusatz von Kettenüberträgern im 
Basischen erhöhte die Schichtdicke und die laterale Homogenität der Filme.  Beide 
Kettenüberträger beschleunigten den Initiatorzerfall.  Natriumformiat war in der Lage, 
selbst als elektroaktiver Initiator zu fungieren.  Wurde die Polymerisation in 
Gegenwart eines RAFT-Agens geführt, so enthielt der pNIPAm-Film aktive RAFT-
Gruppen und konnte in einem zweiten Schritt mit Polystyrol modifiziert werden.      

Lateral heterogene Filme wurden mit Hilfe einer neuen Strukturierungsmethode 
erzeugt.  Diese beruht darauf, dass Sauerstoffblasen eine lokale Abscheidung des 
Hydrogels induzierten.  Dabei nahm das Hydrogel die Größe und die Form der 
induzierenden Blase an.  Charakteristische Dimensionen lagen im Bereich von einigen 
zehn Mikrometern.  Eine lokal kontrollierte Abscheidung wurde durch Erzeugung der 
Blasen unter einer isolierten Gegenelektrode realisiert.  Das Enzym Glukose Oxidase 
konnte dabei in das Hydrogel eingeschlossen werden.  Der Mechanismus der 
Strukturbildung wurde diskutiert. 

Die Polymerisation in Gegenwart von Glukose Oxidase ermöglichte deren 
Einschluss in Homo- und Copolymer-Filme aus NIPAm und OEGMA.  In der ampero-
metrischen Bestimmung von Glukose zeigten diese Filme die Michaelis-Menten-
Kinetik.  Das Signal der Sensoren hing von der Zusammensetzung des Copolymer-
Films und der Messtemperatur ab.  Eine Quellung der Filme im Puffer führte zu einer 
deutlichen Erhöhung der Empfindlichkeit.   
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1  Introduction  

The rapidly growing field of biosensing requires the development of low-cost 
sensing devices which are highly selective towards the analyte of interest, flexible, 
easy to handle, and allow for a fast screening of complicated samples such as blood.  A 
biosensor typically consists of a biorecognition element – often an enzyme – in contact 
with a transducer surface where the biorecognition event leads to a detectable (usually 
electric) signal.1  In the so-called third generation biosensors, the enzyme is embedded 
in a matrix material which protects the enzyme from mechanical stress, denaturation, 
and chemical attack by interfering species.  Since all the enzyme is tethered to the 
sensor surface, the total amount of enzyme needed is low, which reduces cost.  Typical 
matrix materials are silica monoliths2 and polymer hydrogels.3  Polymer hydrogels are 
excellent matrix materials for enzyme encapsulation because they emulate the 
conditions which enzymes encounter in their natural environment.  Some hydrogels 
such as poly(ethylene glycol) are able to prevent unspecific adsorption of proteins, 
which is an attractive feature for sensors operating in biological environments.4  
Attaching hydrogels to a solid support guarantees a sufficient mechanical stability of 
the device.  The read-out can be realized by optical techniques (e.g., surface plasmon 
resonance),5 by acoustic techniques (e.g., quartz crystal microbalance),6 by 
spectroscopy (e.g., fluorescence),7 or by electrochemistry.8,9  If responsive hydrogels 
are used for enzyme encapsulation their volume-phase transition may serve as an 
amplification mechanism and thereby decrease the detection limits.  Patterning 
responsive hydrogels further enhances the functionality of the sensing device in the 
sense that a number of spots with variable chemical constitution can be immobilized 
on the same transducer. 

The aim of the present work was the preparation of responsive hydrogel films for 
bioanalytics.  A project outline is shown in Fig. 1.  Responsive hydrogels were 
produced on conducting surfaces by an electrochemical technique, namely 
electrochemically induced polymerization (Panel A).  With regard to possible 
applications in bioanalytics, the film thickness and the surface morphology, which 
often are key factors of the sensor performance, were investigated as a function of the 
preparation conditions.  Temperature, supporting electrolyte, and chain transfer agents 
were used to adjust the hydrogel properties.  In a second step, laterally homogeneous 
films were characterized in view of their potential in biosensing (Panel B).  For this 
purpose, glucose oxidase (a model enzyme) was encapsulated into the hydrogel and 
glucose was detected amperometrically.  The sensor performance was correlated to the 
properties of the hydrogel matrix.  Concurrently, a lithographic approach was used to 
produce patterned hydrogel films (Panel C).  Although electrochemical lithography 
should be useful to deposit laterally patterned films, a new route based on bubble-
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induced pattern formation was chosen.  In the future, the combination of biosensing 
and patterning may open up a versatile route for the production of array biosensors 
(Panel D).  For such an array sensor, the different hydrogel pads have to be 
functionalized such that they selectively respond to certain analytes, allowing for a 
simultaneous detection of a large number of analytes on one device.  The 
responsiveness of the hydrogel pads may serve as an amplification mechanism or as 
the recognition mechanism itself. 

 

 

 

Fig. 1:  Project outline.  The electrochemical deposition of hydrogel films was investigated with 
regard to the film properties as a function of the preparation conditions (A).  The sensing 
potential of the films was tested by encapsulation of an enzyme (B).  A lithographic mode was 
applied to obtain patterned hydrogel films (C).  Combination of patterning and sensing may in 
the future open up a route towards array sensors for bioanalytics (D). 
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2 Background 

2.1 Responsive Hydrogels 

A hydrogel is a three-dimensionally cross-linked polymer network which is swollen 
in water.  If a hydrogel is composed of monomer units that contain both hydrophilic 
and hydrophobic moieties, it may undergo a reversible volume-phase transition which 
is driven by external parameters such as temperature or pH.  Prominent examples of 
responsive hydrogels are poly(acrylic acid) and poly(N-isopropylacrylamide) 
(pNIPAm), where the volume-phase transition is triggered by pH and temperature, 
respectively.   

PNIPAm is the best-studied thermoresponsive hydrogel.10  As sketched in Fig. 2, it 
exhibits a lower critical solution temperature (LCST) at 32 °C.  Below the LCST, the 
hydrogel is hydrophilic and swells in water, whereas above the LCST, it becomes 
hydrophobic and the water is expelled from the network.  The collapse is driven by 
different processes.  The entropy gain of the water molecules upon dehydration plays a 
major role.  On the molecular level, the collapse of uncross-linked pNIPAm chains in a 
dilute solution proceeds via a two-step mechanism where the shrinking of individual 
chains is followed by the aggregation of these globules into larger particles.11  The 
swelling-deswelling behavior of pNIPAm is a consequence of a delicate equilibrium 
between hydration of the amide groups, on the one hand, and hydrophobic interactions 
between segments on the acrylic backbone on the other.  The LCST can be easily 
shifted, for instance by copolymerization with hydrophilic12 or hydrophobic 
monomers13 and by additives such as salt (see Section 2.2),14 surfactant,15 or 
cosolvents.16 

Responsive hydrogels have many applications in sensing,17 as actuators,18,19 and in 
the biomedical field.20,21  For example, they have been used for the stimulated delivery 
of drugs.  For drug release applications, the hydrogel is loaded with drugs in the 

 

Fig. 2: Temperature-driven volume-phase transition of a pNIPAm hydrogel.  Red dots 
represent chemical cross-links. 
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swollen state.  Encapsulation is achieved by collapse of the hydrogel.  Drug release 
can then be triggered by an external stimulus such as a change in pH or 
temperature.22,23  In tissue engineering, substrates with thermo-switchable fouling 
properties have been created.24  In “cell sheet engineering” introduced by Okano and 
co-workers, cells are grown on hydrophobic pNIPAm films at 37 °C.  Detachment of 
an intact cell sheet can be induced by switching the temperature to below the LCST, 
where the hydrogel becomes hydrophilic and non fouling.  Recently, a similar 
approach was reported by Lutz and co-workers, who used a thermoresponsive 
hydrogel based on oligo(ethylene glycol).25  

Apart from biomedical applications, the LCST behavior has been employed to tune 
the properties, namely the degree of cross-linking, of pNIPAm hydrogels during the 
preparation stage.  Sayil and Okay synthesized pNIPAm hydrogels at various 
temperatures.26  The swelling ratio increased with the preparation temperature, which 
was attributed to a decrease of the effective cross-linking density.  A similar effect was 
observed by Lee and Yen who additionally reported on an influence of organic 
cosolvents on the swelling properties.27  Nie et al. investigated the effect of preparation 
temperature and cross-linker concentration on spatial inhomogeneities of pNIPAm 
hydrogels.28  The amplitude of the density fluctuations increased with temperature and 
cross-linker concentration.  Both parameters decreased the degree of swelling of 
intermediately formed microgel domains29 and the inhomogeneity of the macrogels 
increased in proportion.  The effect of preparation temperature on the bulk 
inhomogeneity and on the surface morphology of pNIPAm was investigated by Suzuki 
et al.30  They found that pNIPAm surfaces were rougher when prepared at 
temperatures above the LCST.  The increase in roughness was explained by the 
formation of inhomogeneous, loosely cross-linked microgel domains at elevated 
temperatures.  The surface roughness correlated positively with the bulk 
inhomogeneities of the hydrogel.   

Another polymer often used in biomedical applications is poly(ethylene glycol) 
(PEG).  PEG has a low toxicity, a high solubility in water and most organic solvents, 
and a high protein-repellence.31  PEG does not harm proteins and cells and often 
transfers its favorable properties to other molecules if covalently bound to them 
(“PEGylation”).  Poly(ethylene glycol) methacrylate (PEGMA) is a derivative of PEG 
amenable to free-radical polymerization.  Fig. 3 shows the chemical structures of PEG, 
PEGMA, and NIPAm.  
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If the poly(ethylene glycol) side chain of PEGMA is long, polymers produced from 
PEGMA have properties similar to PEG.  If short oligomeric PEG side chains are used 
(“OEGMA”), the hydrophobic methacrylate group gains in relative importance and the 
polymers exhibit a LCST that depends on the number of PEG units in the 
monomer.32−34   

Due to its protein- and cell-repellent properties, PEG is often used as an antifouling 
coating.4,35  The origin of the antifouling properties of PEG coatings are still under 
debate.  One mainly ascribes the antifouling behavior to two mechanisms.  The steric 
repulsion theory assumes that attractive hydrophobic and van-der-Waals forces 
between a protein and a PEG brush are balanced by an entropically driven steric 
repulsion.  This repulsive force contains an osmotic component, which is related to the 
hydration of PEG, and an elastic component that results from compression of the brush 
when a protein approaches the surface.31  In principle, the steric repulsion theory 
should apply to any kind of well-hydrated polymer brush.  A second explanation for 
the antifouling behavior of PEG brushes takes into account the low interfacial energy 
between PEG and water.4  It is assumed that the protein resistance is a consequence of 
the formation of an interfacial water layer which prevents a direct contact between the 
protein and the surface.36,37  If thermoresponsive PEG derivatives are employed, the 
antifouling properties can be thermally modulated.25  Further on, PEG hydrogels were 
applied to drug delivery21 and as matrix material in the electrochemical detection of 
glucose.38 

Copolymers of NIPAm and OEGMA are attractive materials.  They show an 
unusual temperature-dependent swelling behavior and have appealing properties for 
biomedical applications due to the combination of thermoresponsiveness and 
biocompatibility.  Because of the hydrophilicity of OEGMA, copolymers of NIPAm 
and OEGMA have a higher LCST than the pNIPAm homopolymer.12,39,40  For 
p(NIPAm-co-OEGMA) microgels, Ma et al. found a broadening of the swelling-vs.-
temperature curve which was accompanied by a decrease in the amplitude of the 
transition.35  The broadening is related to a phase separation of the copolymers upon 
collapse.  Due to the hydrophilic nature of OEGMA, the OEGMA side chains are well 
hydrated when pNIPAm collapses.  Based on these considerations, Wu and co-workers 

Fig. 3: Chemical structures of poly(ethylene glycol) (I, PEG), poly(ethylene glycol) 
methacrylate (II, PEGMA), and N-isopropylacrylamide (III, NIPAm). 
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proposed the formation of a core–shell structure with a hydrophobic pNIPAm core and 
a hydrophilic PEG shell.41,42  Leobandung et al. made use of such core-shell particles 
for the protective encapsulation of insulin.43  

The fouling properties of pure pNIPAm films depend on film thickness and grafting 
density.  Copolymerization with PEG derivatives lowers the fouling tendency due to 
the protein-repellent nature of PEG. 

2.2 The Hofmeister Effect 

Hofmeister was the first to describe the effect, which salts have on the stability of a 
protein mixture from hen egg white.44  He found that some salts stabilize the proteins, 
whereas others induce precipitation.  When ranking salts in a series according to their 
ability to stabilize or destabilize protein solutions, one obtains the “Hofmeister series”.  
Typically, anions have a much stronger effect than cations.  The Hofmeister series 
holds not only for protein stability, but plays an important role in numerous other 
processes such as the micelle-to-vesicle transition,45 film formation from aqueous 
polymer dispersions,46 bubble coalescence,47 and pH measurements with glass 
electrodes.48  Another phenomenon depending on the position of an ion in the 
Hofmeister series is the shift of the LCST of pNIPAm induced by added salt.  When 
anions are ordered according to the shift of the LCST, one finds the following series 
(which is essentially the same as the Hofmeister series):14 

CO3
2− > SO4

2−  > S2O3
2− > H2PO4

− > F− > Cl− > NO3
− ≈ Br− > ClO4

− > I− > SCN−. 

Anions on the left decrease the LCST (“kosmotropes”), whereas anions on the right 
increase it (“chaotropes”).  The decrease of the LCST is much stronger than the 
increase. 

The origin of the Hofmeister effect is under investigation.49  Until recently, it was 
attributed to the influence of salts on the local structure of water.50  Recent 
experiments raised doubt on that explanation.  For instance, Batchelor et al. reported 
that the salts’ partial compressibility did not correlate well with their capability for 
protein precipitation.51   Correlation of the two parameters would be expected if the 
perturbation of the water structure was the driving force for the Hofmeister effect.  
Gurau et al. investigated the influence of salt on the ordering of an octadecylamine 
monolayer on water by vibrational sum frequency spectroscopy (VSFS).52  Here, the 
impact of the ions on the interfacial water structure partially ranked as the Hofmeister 
series, but significant deviations became apparent.  New explanations for the 
Hofmeister effect take into account the role of dispersion forces which had been 
ignored or underestimated in the previous models describing electrolyte solutions and 
ions at interfaces.49,53   
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For the interaction of ions with pNIPAm, Cremer and co-workers claim that three 
mechanisms are at work.14  First, ions can polarize water molecules which are 
involved in hydrogen bonding with the amide groups of pNIPAm.  Second, ions can 
interfere with intramolecular hydrophobic interactions by increasing the surface 
tension of the hydrophobic cavity surrounding the polymer backbone and isopropyl 
side chain.  Third, ions can directly bind to the polyamide.  The first two effects 
decrease the LCST whereas the third increases it.  Which of the three effects 
dominates depends on the type of anion used.  Kesselman et al. claim that the effect 
that ions have on pNIPAm goes beyond a shift in the LCST.54  Their IR studies 
revealed that sulfate induces hydrophobic interactions even at temperatures below the 
LCST.  Similar hydrophobic interactions were absent when the salt was omitted.     

The impact of salt on the LCST of bulk pNIPAm was the objective of many 
investigations, but little work has been done so far on the shift of the LCST of surface-
immobilized pNIPAm.  Jhon et al. measured the LCST of grafted pNIPAm chains as a 
function of sodium chloride concentration.55  The LCST was found to decrease with 
increasing salt concentration.  In contrast to free pNIPAm chains in solution, the 
decrease of the LCST with concentration was nonlinear, which was attributed to the 
lack of translational entropy in grafted pNIPAm and to an enhancement of intra- and 
intermolecular hydrogen bonding upon collapse at high grafting densities.  Ishida et al. 
focused on the structural changes of grafted pNIPAm induced by sodium sulfate 
solutions.56  They observed a transition from a brush-like to a mushroom-like surface 
morphology at the critical concentration for collapse.  Above this concentration, rigid 
hydrogel domains with characteristic sizes between 100 and 200 nm dominated the 
surface morphology. 

2.3 Polymer Films at Interfaces 

2.3.1 Grafting Techniques 

For biomedical and sensing applications, polymers are often fixed to solid supports.  
For this purpose, various coating techniques have been developed.  Grafting comprises 
all methods where the attachment is achieved by a covalent bond between the polymer 
and the substrate.  There are also numerous ways such as spin-coating and spray-
coating where the polymer is physically adsorbed to the surface.   

One mainly distinguishes between “grafting-to” and “grafting-from” approaches.  
Grafting-to techniques are based on the synthesis of the polymer, in a first step, 
followed by the attachment of the polymer to the surface.  This allows for a 
characterization of the polymer with standard techniques such as differential scanning 
calorimetry, NMR spectroscopy, or size exclusion chromatography but often requires a 
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high synthetic effort.  Grafting-to techniques include methods like the attachment of 
polymer chains to gold and silicon dioxide surfaces via self-assembly57 or irradiation 
induced cross-linking of pre-formed polymer chains at the surface.58–60   

Grafting-from methods either make use of active groups that are fixed to the surface 
or of a simultaneous polymerization and grafting reaction.  Often, grafting-from is fast 
and experimentally easy, but the characterization of the resulting polymer films 
requires surface- sensitive techniques.  Examples where the polymerization is started 
at the surface are irradiation induced polymerizations (e.g., plasma polymerization, 
electron-beam induced polymerization)61,62 or polymerizations from surface-attached 
active groups such as atom transfer agents (ATRP).35,63  Generally speaking, the 
achievable grafting densities are higher with grafting-from because chain crowding 
prevents the diffusion of entire chains towards the solid surface in the case of grafting-
to.    

2.3.2 Electrochemical Coating Techniques 

For conducting surfaces, electrochemical coating techniques are particularly 
attractive.∗  Conducting polymer films can be formed by electropolymerization,64 but 
insulating polymer films can be produced electrochemically, as well.  For example, 
Schuhmann and co-workers precipitated anodic and cathodic electrodeposition 
paints.65–67  Similar to the electrocoating process used in car industry,68 this method 
relies on the neutralization of acidic or basic polymer chains in an electrochemically 
induced pH gradient.  Palacin and co-workers induced an ionic polymerization via 
direct electron transfer from the electrode to the monomer (“electrografting”).69–71  
This approach works for many vinylic monomers such as acrylonitrile, oligo(ethylene 
glycol) acrylate,72 or N-vinylpyrrolidone73 in aprotic solvents at cathodic (but for some 
monomers also at anodic) potentials.   

One makes also use of electro-initiated polymerizations where the initiating radicals 
are produced electrochemically.74  Methods for an anodic formation of initiating 
radicals are the Kolbe electrolysis of acetates,75-77 the decomposition of persulfate ions 
at silver electrodes,78 the oxidation of perchlorate in organic solvents,79 and the 
polymerization in aqueous zinc chloride solutions.80  All these anodic techniques 
suffer from the drawback that many metals are oxidized or even dissolved at positive 
potentials.  Hence, cathodic formation of the radicals is the more convenient approach.  
The most widespread cathodic route to produce radicals is the electrochemical 

                                                 
∗ The distinction between grafting techniques, on the one hand, and electrochemical coating 
techniques, on the other, does not imply that electrochemical approaches are “non-grafting” techniques 
in a sense that the attachment is based on physical adsorption, only.  Electrochemical techniques may 
both have a grafting (e.g., electrografting) or a non-grafting character (e.g., electroneutralization of 
electrodeposition paints). 
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hydrogen formation in sulfuric acid solutions, where intermediately formed hydrogen 
radicals induce a polymerization.81  For example, Iroh et al. used hydrogen radicals to 
produce coatings of poly(N,N’-dimethylacrylamide) on graphite fibers to improve the 
mechanical properties of graphite-epoxy composites.82,83  Teng and Mahalingam 
coated various metals with poly(acrylonitrile) and poly(acrylic acid) for corrosion 
protection.84  Their investigations revealed a strong influence of the hydrogen 
overpotential on the thickness of the coatings.  Another cathodic method makes use of 
the electrochemical reduction of persulfate ions at slightly negative potentials.  
According to Eq. 1, the reduction of persulfate yields a radical anion which, in a main 
reaction, undergoes a second reduction step (Eq. 2) but may also − in the presence of a 
suitable monomer – induce a free-radical polymerization (Eq. 3).85–88 
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Electrochemically induced polymerization using persulfate applies to many 
different systems.  For instance, Lee and Bell produced copolymer films of acrylamide 
and acrylonitrile cross-linked with N,N’-methylenebisacrylamide (BIS) on aluminium 
alloy electrodes.89  Cram et al. used persulfate in sulfuric acid solutions as the 
initiating system to produce coatings of poly(methyl methacrylate) and poly(glycidyl 
acrylate) for polymer-metal adhesion enhancement.90,91  Addition of sulfuric acid 
caused an increased polymer yield, but also led to post-polymerization processes.92  
Sulfuric acid appears to assist the formation of long-lived radicals by complexing 
active chain ends.  Although chemical bonding between the polymer and the metal 
cannot be excluded, a physical attachment of cross-linked polymer films to the 
electrode is the more probable mechanism for adhesion in electrochemically induced 
polymerization.89,92  The concentration of polymer at the electrode is high.  
Presumably, radicals formed at the electrode attack the chains and induce self-cross-
linking.  This yields well-adherent films, even in the absence of chemical cross-
linkers.  In the present work, electrochemically induced polymerization (EIP) of 
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NIPAm and OEGMA is achieved by the decomposition of persulfate in the absence of 
sulfuric acid.93,94  

2.4 Reversible Addition–Fragmentation Chain Transfer   
(RAFT) Polymerization 

Recently, various techniques have been developed that allow for a sophisticated 
control over the molecular weight, the molecular weight distribution, the polymer 
composition, and the architecture of a polymer formed by free-radical polymerization.  
The level of control approaches traditional living polymerization techniques (for 
instance anionic polymerization) but the robustness and versatility of a conventional 
free-radical polymerization are preserved.  Similarly to the traditional techniques, 
controlled radical polymerizations add a living character to the polymers.  Controlled 
radical polymerization techniques include nitroxide-mediated polymerization 
(NMP),95 atom transfer radical polymerization (ATRP),96 reversible addition–
fragmentation chain transfer (RAFT) polymerization,97–99 and some newer techniques 
like tellurium-mediated radical polymerization (TERP).100   

RAFT polymerization uses degenerative chain transfer of thiocarbonylthio species 
to control the polymerization.  A sketch of the mechanism of RAFT polymerization is 
given in Eqs. 4 to 7.98  

1. Initiation 

Initiator IΔ
hν, γ, e−   Eq. 4 

2. Reversible chain transfer, “pre-equilibrium” 
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3. Re-initiation 

R M R M M
Pm Eq. 6 

4. Chain equilibration, “main equilibrium” 
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  Eq. 7  

Here, I• is a radical produced by initiator decomposition, M is the monomer, P is the 
growing polymer chain with n or m monomer units, Z is a stabilizing group, and R is a 
free radical leaving group.  In principle any source of radicals can be used for the 
initiation step (Eq. 4).  Most RAFT polymerizations use standard initiators for free-
radical polymerizations such as potassium persulfate or 2,2’-azobisisobutyronitrile 
(AIBN).  The initiator can induce the free-radical polymerization of the monomer (Eq. 
5a) which adds to the RAFT agent after some propagation steps.  Alternatively, the 
initiator can directly add to the RAFT agent (Eq. 5b).  The intermediate radical adduct 
stabilizes by homolytic cleavage of the S−R bond which yields an R-radical that re-
initiates the polymerization (Eq. 6).  In the main equilibrium (Eq. 7), a rapid 
equilibrium between the propagating chains and the dormant RAFT agent provides an 
equal probability for all chains to grow, resulting in the formation of polymer chains of 
low polydispersity.   

The key structural features of a RAFT agent are the Z and the R group.  The Z 
group mainly controls the bulk reactivity of the thiocarbonylthio species and is the 
major factor of influence on the lifetime of the intermediate formed by radical addition 
(cf. Eqs. 5 and 7).  The R group allows for the fine tuning of the overall reactivity.  It 
must be a good radical leaving group and the radical generated from homolytic 
cleavage of the S–R bond must be able to re-initiate the polymerization.  Requirements 
for an effective RAFT agent are a reactive C=S bond, a fast fragmentation reaction, 
and a low tendency of the intermediate radical adduct towards side reactions.  
Moreover, the fragmentation rate should equal or exceed the rate of the addition 
reaction, and the expelled radicals should efficiently re-initiate the polymerization.   

Non-idealities in conventional cross-linking copolymerizations are mainly due to 
microgel formation as a consequence of inhomogeneous cross-linking reactions.  
When cross-linking copolymerizations are conducted in a controlled manner, one 
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would intuitively expect the formation of more homogeneous networks.  Several 
arguments speak for the reduction of network inhomogeneities by controlling agents.  
Ide and Fukuda argued that the formation of homogeneous polystyrene gels by NMP is 
caused by a simultaneous and slow∗ growth of the chains.  This allows the chains to 
relax, resulting in efficient and homogeneous cross-linking reactions.101  Another 
reason for the reduction of network inhomogeneities by NMP and ATRP may be the 
slowing-down of the rate of polymerization.  When the polymerization is slower, 
temperature fluctuations which can locally enhance the polymerization are less 
important.  A similar reduction of temperature fluctuations may occur during RAFT 
polymerization due to a more homogeneous distribution of reaction events in the 
solution.  In RAFT polymerization, the chain length of the polymers at a given 
conversion is reduced compared to conventional free-radical polymerization, resulting 
in the formation of smaller microgel domains.  If, at a given polymer volume fraction, 
the number density of the (smaller) microgel domains is increased, this would 
eventually yield a more homogeneous gel (this is not trivial).   

The formation of homogeneous networks by controlled radical polymerization 
techniques has been verified by a number of experiments.  As mentioned previously, 
Ide and Fukuda synthesized polystyrene gels by NMP.101  Yu et al. investigated the 
formation of networks from PEGMA by ATRP.102  In both cases, the controlled 
polymerization yielded more homogeneous network structures compared to 
conventional free-radical polymerization.  Similar results were also obtained by Jiang 
et al.103  No effect of the controlled character on the network homogeneity was found 
by Peppas and co-workers who synthesized networks consisting of PEGMA and PEG 
dimethacrylate by photopolymerization in the presence of an iniferter.104  Norisuye et 
al. prepared more homogeneous polystyrene gels in the presence of RAFT agents.105  
Liu et al. investigated the swelling behavior of pNIPAm hydrogels cross-linked with 
N,N’-methylenebisacrylamide in the presence of a monovalent RAFT agent.106  Here, 
the swelling ratio and the shrinking rate increased which the authors attributed to a 
decreasing network homogeneity in the presence of RAFT agent.  This decrease was 
explained by the formation of dangling ends that retarded the cross-linking reaction.   

                                                 
∗ In contrast to ATRP and NMP, the polymerization rate is not decreased by RAFT agents.  The 
control mechanism in RAFT polymerization is fundamentally different from other controlled 
polymerization techniques.  Control in the RAFT process is achieved by a degenerative chain transfer 
reaction whereas in ATRP and NMP the concentration of polymeric radicals is decreased by the 
formation of a “dormant” species. 
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2.5 Patterning of Polymer Films 

Patterning increases the functionality of polymer films.  A typical application of 
patterned polymer films would be an array sensor where different spots respond 
selectively to certain analytes of interest, allowing for a fast detection of a large 
number of analytes and to an easier differentiation between different species.  In 
addition, patterned polymer films are promising substrates for directed cell-growth in 
tissue engineering. 

Various techniques exist which allow for the patterning of polymer surfaces.107  
Classical examples are irradiation induced polymerizations or cross-linking reactions 
where patterning is achieved by irradiation through a mask108 or with a focused beam 
which scans the sample.109   

Soft-lithography techniques are based on the replication of a relief pattern from a 
poly(dimethylsiloxane) (PDMS) stamp to a substrate.110  Microcontact printing makes 
use of the transfer of an organic ink from a structured PDMS stamp to a substrate, 
where the material forms a self-assembled monolayer.110,111  In micromolding, the 
PDMS structure is replicated by stamping into a polymer.110  Subsequent curing of the 
polymer fixes the pattern.  Inkjet printing allows for the direct printing of material with 
commercially available (or sometimes more sophisticated) printing devices.112,113  
Although this low-cost approach easily allows for a rapid patterning, even of large-
scale samples, its applicability is limited by the surface tension and the viscosity of the 
ink as well as by the wettability of the substrate.  Another way to produce laterally 
structured polymer films is based on the self-assembly of block copolymers on 
surfaces.114,115   

Variants of the scanning probe technique are widely used, as well.116,117  In dip-pen 
nanolithography, the deposit is transferred from an AFM tip to the desired location by 
diffusion through a water droplet which is condensed in the small gap between the tip 
and the substrate.118  As demonstrated by Mirkin and co-workers, dip-pen 
nanolithography easily allows for the patterning of organic material such as 
1-octadecanethiol or DNA strands on gold and derivatized silica surfaces.119  An 
extension to this technique is electrochemical dip-pen nanolithography.  For instance, 
Li et al. wrote poly(thiophene) nanowires120 and deposited platinum by electro-
chemical reduction of H2PtCl6 dissolved in the water phase.121      

A versatile tool for the electrochemical production of laterally heterogeneous films 
is the scanning electrochemical microscope (SECM)122,123 where the deposition of a 
conducting material is restricted to a small area underneath an ultramicroelectrode 
(UME).124,125  Although usually employed for localized deposition of inorganic 
conductors such as copper126 or silver,127 the SECM has also been applied to produce 
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patterns of conducting polymers.128,129  Electrospotting was used by Szunerits et al. to 
produce arrays of poly(pyrrole) functionalized with oligonucleotides.7  In this case, a 
micropipette was used as an electrochemical cell, allowing for the localized deposition 
of the conducting polymer.  Another electrochemical approach is based on variations 
of the electron transfer efficiency on a silicon wafer patterned with gold as reported by 
Palacin et al.69  Patterning of the gold was achieved by vacuum evaporation through a 
mask.  Electrografting of poly(methacrylonitrile) in a subsequent step was only 
successful on the gold patterns, owing to a more efficient electron transfer on gold.  
Electrohydrodynamic patterning exploits an electric field underneath a structured 
electrode to induce patterns in thin polymer films below their glass temperature.130  At 
high electric field strengths, the stabilizing surface tension is overcompensated by a 
dielectric instability and the polymer film forms pillars which can be fixed, for 
instance by photocuring.  Kumacheva and co-workers exploited convection 
instabilities to produce patterned polymer surfaces.131   

2.6 Bioanalytics   

Biosensors are usually constructed from a biological recognition element in contact 
with a transducer surface.1,132  For the sake of protection of the recognition element, it 
is encapsulated into a matrix.  Encapsulation also guarantees proximity of the enzyme 
to the electrode and reduces the needed amount of enzyme.  The biorecognition event, 
for example, can be a chemical reaction of the analyte catalyzed by an enzyme,67 the 
coupling of antigen–antibody pairs,133,134 or the hybridization of DNA and other 
oligonucleotides.7  The biorecognition event must induce an electronic signal that 
allows for a fast and easy read-out.  The read-out of biosensors has been realized in 
many different ways.135  Examples are the detection of fluorescence arising from a 
coupling reaction,7 the measurement of mass variations by surface plasmon resonance,7 
the detection of a change in the focal length of microlens arrays upon analyte 
binding,133,134 and the electrochemical detection of redox events on the transducer 
surface (cf. Section 2.6.1).8,9   

2.6.1 Amperometric Biosensors 

If the biorecognition event involves redox reactions of the analyte or a correlated 
species, amperometric biosensing is the most convenient approach to the 
quantification of the analyte.8,9  In this case, the transducer surface is an electrode, 
where the current following the biorecognition is detected.  One distinguishes between 
three generations of amperometric biosensors.  Biosensors of the first and the second 
generation employ electron transfer from a dissolved enzyme to the electrode by 
diffusion of either a reaction product (first generation biosensors) or of a redox 
mediator (second generation biosensors).  Since the enzyme often is the most 



2  Background  Amperometric Biosensing 

 15

expensive part of an amperometric biosensor, third generation biosensors use 
encapsulated redox enzymes such as glucose oxidase which reduces the required 
amount of enzyme.   

Redox enzymes lower the activation energy of a specific redox reaction by storing 
redox equivalents in a prosthetic group (e.g., FAD) or by transferring electrons to a 
cosubstrate (e.g., NAD+).  The regeneration of the enzyme is realized by electron 
transfer from the cofactor or the cosubstrate to the electrode surface.  Encapsulation of 
the enzyme into a suitable matrix is necessary.  Sensors based on adsorbed enzymes 
suffer from insufficient long-term stability caused by desorption and denaturation of 
the enzyme.  A well-suited immobilization matrix must preserve the enzyme activity, 
it must prevent unwanted side reactions, it should allow for a fast diffusion of the 
analyte to the enzyme, and it must provide efficient electron transfer pathways.  
Electron transfer can be realized by different mechanisms, namely by tunneling of 
electrons from the cofactor to the electrode surface,136 by freely diffusing redox 
species,65,67 by electron hopping in redox polymers,137,138 and by “wiring” the enzyme 
to the electrode with conducting polymers.139  An approach that makes use of the 
detection of hydrogen peroxide generated upon the enzyme-catalyzed oxidation of 
glucose was described by Schuhmann and co-workers.65,67  In these sensors, glucose 
oxidase was encapsulated in a film formed by electroneutralization of acidic or basic 
polymers.  If the polymers contained redox-active osmium complex-based side groups, 
the sensitivity of the device was increased.  The osmium complexes formed an 
electron-hopping pathway from the enzyme to the electrode.137  Similarly, Merchant et 
al. increased the current through a poly(ethylene imine) matrix by incorporation of 
ferrocene units.138  An elegant way to improve the specificity of a glucose sensor was 
reported by Lau et al.140  The technique addresses the problem that glucose sensors 
based on pyrrolo-quinoline quinone-dependent glucose dehydrogenase (PQQ-sGDH) 
also respond to maltose.  In order to differentiate between the two sugars, the authors 
deposited the active layer on an indirectly heated electrode.  The primary reaction was 
such, that glucose and maltose had different temperature characteristics, which 
allowed for differentiation.   
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2.6.2 Michaelis–Menten Kinetics 

Glucose oxidase is by far the most common redox enzyme in amperometric 
biosensors.  It allows for the detection of glucose, which is highly relevant in the 
diagnostics for diabetes.  Glucose oxidase catalyses the oxidation of glucose to a 
glucono-lactone in the presence of oxygen (Eq. 8).     
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In a subsequent step, hydrolysis of the D-glucono-1,5-lactone yields gluconic acid.  
The hydrogen peroxide produced upon oxidation can be easily detected 
amperometrically at positive potentials.  When plotting the current related to the 
oxidation of hydrogen peroxide versus the glucose concentration, one typically finds 
Michaelis–Menten behavior.  The Michaelis–Menten kinetics is characteristic for 
enzyme-catalyzed reactions, where the formation of the enzyme–substrate complex is 
an equilibrium reaction, preceding the product formation.141  The reaction scheme is 
depicted in Eq. 9. 

 
E + S                 ES               E + P

k1

k-1

k2

  Eq. 9 

E is the enzyme, S is the substrate, P is the product, k2 is the rate constant of the 
product formation, and k1, k−1 are the rate constants of the formation and the 
decomposition of the enzyme–substrate complex, respectively.  The rate of reaction at 
high substrate concentrations is limited by competitive hindrance of the enzyme.  The 
rate of reaction follows the law  

glucoseM

glucosemax

cK
cv

v
+

⋅
=  Eq. 10 

where v is the rate of reaction, vmax is the maximum rate of reaction, KM is the 
Michaelis constant, and cglucose is the glucose concentration.  The Michaelis constant as 
given by Eq. 11 is a measure of the reciprocal affinity of the enzyme to the substrate.  
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In Eq. 11, the Michaelis constant simplifies to the ratio of k−1 and k1 if the 
decomposition of the enzyme–substrate complex is much faster than the product 
formation.  The Michaelis constant can be determined graphically from the plot of the 
reaction rate versus the substrate concentration.  KM is equal to the substrate 
concentration at half saturation.  As a consequence, the Michaelis constant can serve 
as a measure of the width of the linear regime of an amperometric biosensor.  The 
maximum reaction rate (or, likewise, the maximum current) is determined by the 
activity of the enzyme and – at a given KM – controls the sensitivity of an 
amperometric biosensor. 
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3 Methods 

3.1  Quartz Crystal Microbalance 

3.1.1 Piezoelectric Sensing Devices 

With the development of life sciences and nanotechnology, the demand for surface-
sensitive analysis techniques has increased considerably.  Phenomena like cell–cell or 
cell−protein interactions, catalysis, and friction take place at the solid–liquid or solid–
gas interface.  Analyzing solid interfaces is demanding.  Methods that allow for the 
chemical characterization of surfaces most often rely on spectroscopic techniques like 
surface-enhanced Raman spectroscopy,142  X-ray photoelectron spectroscopy (XPS),143 
and Auger electron spectroscopy.143  Scanning probe techniques probe mechanical 
(atomic force microscope, AFM),144 or electrical (scanning tunneling microscope, 
STM and scanning electrochemical microscope, SECM)122,123,145 interactions of a small 
tip with a sample surface.117  A detection of the thickness and mass of surface-attached 
films is possible, for instance, by ellipsometry,146 surface plasmon resonance (SPR),5 
and the quartz crystal microbalance (QCM).147–149  SPR and QCM techniques exploit 
the reflection of an optical or acoustic wave that propagates from the surface into an 
attached film.  Acoustic wave devices are constructed from piezoelectric materials, 
usually quartz,147−149  where a vibrational motion of the material is induced by 
application of an alternating voltage.  This effect is called the inverse piezoelectric 
effect.  Piezoelectricity appears in materials without inversion center in the crystal 
structure.  A mechanical stress exerted on these crystals causes an asymmetric 
displacement of charges, resulting in the appearance of an electric field at the crystal 
surface.  Conversely, if an alternating voltage is applied to a piezoelectric material, a 
shear vibration results.  If the frequency coincides with the acoustic resonance 
frequency of the crystal, the shear amplitude becomes very large.   

Depending on the crystal cut and the electrode design, different acoustic wave 
devices can be constructed, as illustrated in Fig. 4. The most common acoustic wave 
device is the thickness shear device (Panel A),6,147–150 where a standing shear wave 
propagates through the quartz crystal between a front and a back electrode.  If a 
material is deposited on the surface, the wave penetrates into the latter and its 
wavelength increases in proportion to the deposited mass (for details, see below).  The 
sensitivity of all piezoelectric sensors increases with the resonance frequency.  
Thickness shear devices typically operate in the 10 MHz regime whereas the surface 
acoustic wave devices (Panel B) have resonance frequencies in the 100 MHz 
regime.148  Despite their good sensitivity, the latter devices suffer from the drawback 
that they can only be operated in gases.  A normal component in the displacement 
pattern avoids the operation in liquids where the surface acoustic wave is heavily 
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damped.  This drawback is overcome in shear-horizontal Love wave devices (Panel C) 
by deposition of a thin overlayer with a low acoustic wave velocity.  Such a layer 
works as a waveguide and keeps the vibrational energy close to the surface.149  Shear-
transverse wave resonators work similar to surface acoustic wave devices, but they are 
made from, for instance, lithium tantalate instead of quartz.147  Due to the high 
dielectric constant of the material, the electric field is by-and-large confined to the 
guiding layer.  The fringe fields are small, which avoids the interference of the 
dielectric properties of the sample with the mass determination.  Torsional resonators 
(Panel D) have low resonance frequencies in the 100 kilo-Hz regime.151  The low 
resonance frequencies come along with an increasing penetration depth of the acoustic 
wave which makes the torsional resonator useful for the investigation of bulk 
properties of the surrounding medium.  Another class of piezoelectric sensing devices 
are flexural plate wave resonators, where the acoustic wave is excited in a thinned 
membrane.148  The following discussion will focus on thickness shear vibration 
devices, which are the key elements of the classical quartz crystal microbalance 
(QCM). 

Besides investigations on deposition processes, acoustic wave devices have been 
successfully applied to a variety of sensing applications and fundamental studies.6,152  
For gas sensing, the device is coated with a thin sorptive layer which swells selectively 
in the presence of the analyte.147,153  If biorecognition elements are fixed to the device 
surface, DNA hybridization147 or antigen-antibody coupling can be easily 
detected.154,155  Biological studies are often concerned with the investigation of 
interactions between proteins and the functionalized surface of a quartz crystal.6  
Further, the QCM has been extensively used to investigate the swelling of polymer 

 

Fig. 4: Piezoelectric sensing devices.  Depending on the electrode design and the resulting 
acoustic wave, one can distinguish between thickness shear vibration devices (A), surface-
acoustic wave devices (B), shear horizontal Love wave devices (C), and torsional resonators 
(D). 
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brushes,156–158 for the study of contact mechanics,147,159 and for the determination of 
viscoelastic parameters of polymer coatings.147,149,160,161   

3.1.2 The Quartz Crystal Microbalance 

The quartz crystal 
microbalance uses a thin 
quartz crystal, usually 
coated with gold electrodes 
and a thin layer of 
chromium or titanium as 
adhesion promoters 
between the quartz crystal 
and the gold.  As sketched 
in Fig. 5, application of an 
alternating voltage to the 
electrodes induces a thickness shear vibration of the crystal.  The resonance frequency 
of the thickness shear vibration is in the range of 1 to 10 MHz.  Several overtones can 
be detected at odd multiples of the fundamental. 

In impedance analysis, electrical conductance spectra are determined.  A network 
analyzer sweeps the frequency of the exciting voltage.  When the exciting frequency 
matches the resonance frequency of the crystal, the amplitude of oscillation becomes 
large and the conductance passes through a maximum.  Resonance parameters can be 
inferred from conductance spectra by fitting the theoretical conductance curve to the 

 Fig. 5: Application of an alternating voltage to the quartz 
crystal induces standing shear waves in the material. 
Depending on the number of nodes, one can distinguish 
between the fundamental frequency and several overtones. 

 

Fig. 6: Conductance spectra (A) and standing shear waves (B) of a bare quartz crystal and of a 
crystal coated with a rigid material in air.  The negative frequency shift is proportional to the 
deposited mass.   
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data.  In this way, one can extract the resonance frequency and its overtones as well as 
the half bandwidth at half maximum (“bandwidth”, for short) of the conductance 
curves.   

For a rigid material, e.g., a metal or a metal oxide, the standing shear wave and the 
conductance curves are sketched in Fig. 6.  In an ideally elastic material in air, the 
standing shear wave propagates into the deposited film without dissipative losses 
(Panel B).  Deposition of a film causes a shift of the conductance curve towards 
smaller frequencies without change in the shape of the curve (Panel A).  The relation 
between the frequency shift and the film’s mass is given by the Sauerbrey equation162 

Sf

2
f

S
q

2
f ρ

22
d

Z
nf

m
Z
nf

f
q

−=−=Δ   Eq. 12 

where n is the overtone order, ff is the frequency of the fundamental, mS is the mass 
per unit area, Zq = 8.8×106 kg m−2 s−1 is the acoustic impedance of AT-cut quartz, ρf is 
the density of the film, and dS is the film thickness in the Sauerbrey sense (called 
“Sauerbrey thickness”).   

When the quartz crystal is operated in a liquid, the situation changes, as illustrated 
in Fig. 7.  The standing shear wave penetrates into the liquid, but dissipative losses 
cause the decay of the vibration (Panel B).  In water at 20 °C, the decay length is in the 
range of 250 nm.6  Upon immersion in a liquid, the conductance curve of the crystal 
shifts to smaller frequencies, and at the same time it broadens and decreases in 

 

Fig. 7: Conductance spectra (A) and standing shear waves (B) of a quartz crystal operated in a 
liquid.  The standing shear wave decays in the liquid.  The conductance curve shifts to smaller 
frequencies and broadens. 
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amplitude due to damping of the vibration (Panel A).  The frequency and bandwidth 
shifts are given by the Kanazawa–Gordon equation163,164     

q

n
ff

μπρ
ηρ

q

l3/2
f−=Δ   Eq. 13 

where ρl is the density of the liquid, η is its viscosity, and ρq and μq are the density 
and the shear modulus of the quartz crystal, respectively. 

If viscoelastic films such as polymer layers are deposited on the crystal surface, the 
situation becomes more complicated and impedance analysis allows for the 
determination of the viscoelastic properties of the material.160  For a thin viscoelastic 
film in air, the frequency shift is given by the Sauerbrey equation and the bandwidth 
shift is related to the viscous compliance J″ of the film. 
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If a thin viscoelastic film is immersed in a liquid, the dissipation is usually high due 
to stress exerted by the liquid.  In this case, the elastic compliance J′ of the film is 
given by Eq. 15. 
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 More detailed discussions of studies on viscoelasticity with the QCM are reported 
in Refs. 147, 149, 160, and 161. 

In QCM measurements, a number of complications can occur.  In general, QCM 
measurements yield accurate results only if the deposited mass does not exceed 2% of 
the crystal’s mass.  In addition, the frequency of the quartz crystal is a function of 
temperature.  This effect can be reduced by a proper choice of the crystal cut (for 
instance, the frequency of AT cut crystals is relatively stable around 25 °C) or by 
mathematical corrections.  The frequency is also sensitive to mechanical stress, which 
is often exerted by the holder.  Energy trapping is another problem.  The quartz crystal 
can be described as an “acoustic lens” where the sensitivity is highest at the center.  
This lens effect is necessary to mount the crystal but it complicates the analysis of the 
data, especially if the mass distribution over the crystal is non-uniform.  Very thick 
films can produce misleading results if their thickness much exceeds the penetration 
depth of the acoustic wave.  In this case, the crystal detects the film’s density and 
viscosity at the surface, rather than its mass.  In a liquid, flexural motion and 
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compressional waves can distort the results.  Roughness effects play an important role, 
as well, because solvent can be trapped in surface cavities and act as an additional 
mass.  Moreover, changes in the density and the viscosity of the liquid can complicate 
the interpretation of the data.  Still, the QCM is a versatile and simple tool to 
investigate thin films in air and in liquid media.  The caveats mentioned above are 
intended as a warning against overinterpretation.  

3.2  Electrochemical Techniques 

Electrochemical experiments are usually performed in a three-electrode setup as 
illustrated in Fig. 8.165,166  The three-electrode setup contains a working electrode, 
where the electrochemical reaction of interest takes place, a reference electrode, and a 
counter electrode.  The potential of the working electrode, ΔUWE, is applied relative to 
the reference electrode, for instance a silver/silver chloride or a calomel electrode, 
which usually has a high input impedance.  If the measurement is carried out under 
potentiostatic control, an external device (the potentiostat) maintains ΔUWE at some 
constant setpoint ΔU0.  If a chemical reaction occurs at the working electrode, the 
potential ΔUWE differs from the setpoint ΔU0.  The potentiostat detects this potential 
difference and compensates it by passing a current i from the counter electrode to the 
working electrode.  The current is measured at the resistance R.  In this way, the 
potentiostatic three-electrode setup allows for the detection of the current at the 
working electrode as a function of the applied potential. 

 

 

Fig. 8: Schematic representation of a potentiostatic three-electrode setup. 
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3.2.1 Chronoamperometry 

In a chronoamperometric experiment, a potential step is applied to the electrode as 
illustrated in Fig. 9.165  At the potential U1, no electrochemical reaction takes place 
(Panel A).  When the potential is switched to U2, the electro-active species reacts at the 
electrode, resulting in a high current (Panel B).  As the redox reaction causes a 
depletion of the reactant in front of the electrode, a concentration gradient evolves 
(Panel C).  A diffusion layer of increasing thickness forms in front of the electrode 
surface (curves 2 and 3, Panel C).  When diffusion of the active species becomes the 
rate-determining step of the redox reaction, the current decreases with time.  If the 
current response is a function of diffusion alone, the current is given by the Cottrell 
equation  

1/21/2

1/2

π
F)(

t
cADzti =   Eq. 16 

where i is the current, z is the number of electrons transferred per molecule, A is the 
electrode area, F = 96485 C mol−1 is the Faraday constant, D and c are the translational 
diffusion coefficient and the bulk concentration of the electro-active species, 
respectively, and t is the time.  Depletion of the electro-active species leads to an 
inverse t1/2 function.  Such a time-dependence often appears in electrochemical 
experiments when the electrochemical process is controlled by diffusion rather than by 
the electron transfer reaction.  In many chronoamperometric experiments, additional 
factors of influence such as poisoning or blocking of the electrode cause deviations 
from the ideal Cottrell diffusion.  Apart from Cottrell diffusion, non-Faradaic currents 
also affect the current response during a chronoamperometric experiment.  These non-
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Fig. 9: Chronoamperometry.  Potential-time curve (A) and drop of current (B) due to the 
formation of a concentration gradient of the electro-active species in front of the 
electrode (C).  The parameter x denotes the distance from the electrode surface.  Curves 1, 2, 
and 3 are the concentration gradients at the times marked in Panel B.   
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Faradaic currents result from the charging of the electrical double layer in response to 
a potential step.  This capacitive current is given by  

⎟⎟
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Δ
=

dSS

exp)(
CR
t

R
Uti   Eq. 17 

where ΔU is the potential step at the working electrode, RS is the solution resistance, 
and Cd is the differential capacitance of the double layer.  Typical values of the 
differential capacitance of the double layer are in the order of 100 µF cm−2.  Usually, 
the charging of the double layer is fast compared to Cottrell diffusion and the currents 
in a well-conducting solution are small.  Still, if quantitative results are to be obtained 
from a Cottrell experiment, non-Faradaic contributions can cause severe 
complications.   

3.2.2 Cyclic Voltammetry 

In cyclic voltammetry, the potential of the working electrode is ramped linearly 
with time.165,166  The time-dependent potential curve, the current response to the 
potential ramp, and a typical cyclovoltammogram of a reversible redox reaction are 
sketched in Fig. 10.  When the potential ramp (Panel A) reaches a level where 
oxidation or reduction of the analyte occur, the current increases due to the redox 
reaction (Panel B, C).  Plotting the current versus the potential yields a 
cyclovoltammogram (Panel C).  With increasing potential, the current increases and 
reaches a maximum at the cathodic or anodic peak potential.  A further increase in the 
potential causes a drop of current due to the depletion of the analyte in front of the 
electrode (cf. Fig. 9 C).  In cyclic voltammetry, both the electron transfer kinetics and 
the diffusion kinetics influence the current-vs.-voltage diagram.  The situation is 
further complicated by the fact that the voltage is variable.  Still, the problem has a 
unique and well known solution depicted in Fig. 10 C.  It can only be obtained in 
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Fig. 10: Triangular potential ramp (A), current response (B), and cyclovoltammogram (C) 
of a reversible redox reaction.  
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numerical form.  Of considerable practical relevance is the maximum peak current, jp.  
It is given by the Randles-Sevcik equation  

1/2
r

1/23/25
p 102.69 cvDzj ×=   Eq. 18 

where jp is the maximum current density and vr is the ramp rate.  Eq. 18 holds for 
one-step reversible redox reactions.  It demonstrates that cyclic voltammetry is a 
straightforward method to investigate the diffusion of electro-active species.  More 
complicated systems include irreversible redox reactions (Fig. 11A) or multiple-step 
electron transfer reactions (Fig. 11B).  In the following, cyclic voltammetry will be 
used to determine the reversibility of electrochemical reactions in aqueous solutions.  
The height of the peaks is a measure of the barrier properties of deposited films. 

3.3 Electrochemical Quartz Crystal Microbalance 

The investigation of processes which take place at the electrode during 
electrochemical reactions is demanding.  The techniques used should preferably be 
non-invasive as any chemical modification of the system tends to interfere with the 
sensitive electrochemical reactions.  Analysis by techniques from the solution side is 
complicated by the solvent in which the electrode is immersed.  Examples of 
techniques that can be easily integrated into an electrochemical setup are surface 
plasmon resonance5,167 and the electrochemical quartz crystal microbalance 
(EQCM).168  In an EQCM setup, a conventional QCM (cf. Section 3.1) is incorporated 
into a three-electrode setup (cf. Section 3.2), as shown in Fig. 12.   In the EQCM, the 
front electrode of the quartz crystal serves as the working electrode.  The crystal is 
connected to the potentiostat and the impedance analyzer by means of a low pass and a 
high pass, respectively.  This prevents interferences between the signals of the two 
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Fig. 11: Cyclovoltammograms of an irreversible reduction (A) and of a reversible multi-step 
charge transfer redox reaction (panel B). 
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instruments.  The EQCM allows for an in-situ investigation of electrochemical 
experiments.  The current and voltage are detected by the potentiostat, whereas the 
QCM gives information on the mass and the viscoelastic properties of the deposited 
films.  The EQCM has been applied to the investigation of many electrochemical 
processes including the deposition of conducting polymers,169 the redox activity of 
enzymes,170  and redox events on self-assembled monolayers.171  EQCM measurements 
suffer from the same pitfalls as conventional QCM experiments.  Additional attention 
has to be paid to gas formation that appears in many electrochemical experiments.  If a 
deposition is accompanied by bubble formation, the apparent mass of the film is 
smaller than the actual mass.  

 

 

Fig. 12: Sketch of an electrochemical quartz crystal microbalance. 
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4 Experimental 

4.1  Materials 

Ammonium persulfate (Sigma Aldrich), N,N’-methylenebisacrylamide (BIS, 
Merck), ammonium nitrate (Acros Organics), ammonium sulfate (Fluka), ammonium 
perchlorate (Alfa Aesar), sodium formate (Merck), and oligo(ethylene glycol) 
methacrylate (OEGMA, MW = 526 g mol−1, 10 PEG units in the side chain, Sigma 
Aldrich) were used as received.  N-isopropylacrylamide (NIPAm, Acros Organics) 
was purified by triple recrystallization from hexane and dried under vacuum before 
use.  The RAFT agent S,S′-bis(α,α′-dimethyl-α′′-acetic acid) trithiocarbonate was 
kindly provided by the group of Philipp Vana, University of Göttingen, and prepared 
according to Ref. 172.  A sketch of the preparation is shown in Eq. 19.   
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Cl Cl
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HOOC COOH+ +

phase
transfer
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H+

  Eq. 19 

All solutions were prepared with ultrapure water (arium 611VF, Sartorius, 
Germany).  Styrene was purified by vacuum distillation and dissolved in dimethyl 
sulfoxide (DMSO, Acros Organics).  

Human serum albumin (HSA, Sigma Aldrich) was dissolved in phosphate buffered 
saline (PBS, Sigma Aldrich) at a concentration of 1.25 g L−1.  The 0.1 M phosphate 
buffer used for amperometric glucose detection contained 50 mmol L−1 potassium 
phosphate monobasic (Sigma Aldrich) and 50 mmol L−1 potassium phosphate dibasic 
(Riedel de Haën).  Glucose oxidase (from aspergillus niger, type X-S, 185000 units 
g−1, KM = 33–110 mmol L−1) was purchased from Sigma Aldrich and used as received.  
D(+)-glucose monohydrate (Fluka) was dissolved in the 0.1 M phosphate buffer at a 
concentration of 1 mol L−1.  The glucose solution was allowed to anomerize at room 
temperature for at least 24 h. 

4.2  Electrochemically Induced Polymerization (EIP) of N-Isopropylacrylamide 

4.2.1  General Procedure  

The electrochemically induced polymerization (EIP) of N-isopropylacrylamide 
(NIPAm) was carried out in a three-electrode setup under potentiostatic control 
(potentiostats: IviumStat, EK Technologies, Germany; Reference 600, Gamry, USA; 
or PGU 10V-1A IMP, Jaissle, Germany) with a platinum plate as the counter 
electrode, a saturated calomel reference electrode (SCE, Sensortechnik Meinsberg, 
Germany), and the gold front electrode of a 5 MHz AT-cut quartz crystal resonator 
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(Maxtek, CA) as the working electrode.  The polymerization was induced by applying 
a voltage of –0.8 V vs. SCE to the working electrode for 15 min.  Usually, EIP was 
performed at room temperature which varied between 22 and 25 °C.  The influence of 
the preparation temperature was tested by adjusting the temperature of the solution to 
40 °C.  Before and after EIP, cyclovoltammograms were acquired in a potential range 
from 0 to –1 V with a ramp rate of 100 mV s−1.  During EIP, the frequency shifts, Δf, 
and the bandwidth shifts, ΔΓ, were determined from impedance spectra by fitting.  
Impedance spectra were monitored with a network analyzer (HP4396A, Hewlett 
Packard or Saunders 250B).      

Prior to polymerization, the quartz crystals were cleaned in a UV/ozone cleaner 
(Bioforce Nanosciences, USA) for 15 min.  In a subsequent electrochemical cleaning 
step, the potential of the working electrode was cycled in 1 M sulfuric acid from 0 to –
1 V at a ramp rate of 10 mV s−1 for 2 to 3 h.  The reactant solution contained 0.3 mol 
L−1 NIPAm (the monomer), 12.5 mmol L−1 ammonium persulfate (the initiator), 3 
mmol L−1 BIS (the cross-linker), and 0.25 to 0.6 mol L−1 ammonium sulfate, 
perchlorate, or nitrate (the supporting electrolyte).  After filtration (0.2 µm PVDF 
filter, Titan, USA), the solution was purged with nitrogen for 10 min to remove 
dissolved oxygen which acts as a radical scavenger during EIP.  After EIP, the quartz 
crystals were extensively rinsed and stored in ultrapure water at 8 °C.  The film 
thickness was determined from the frequency shifts by applying the Sauerbrey 
equation (Eq. 12), assuming a hydrogel density of 1 g mL−1.  The reference states were 
the bare crystals in air or in the reactant solution.  The Sauerbrey equation holds for 
rigid films in air (see Section 3.1.2).  Frequency shifts measured in a solvent also 
comprise dissipative contributions from roughness, trapped solvent, and density and 
viscosity of the liquid.  As a consequence, the conversion of the wet frequency shifts 
to a Sauerbrey thickness often does not yield the geometric thickness.   

4.2.2  EIP in the Presence of Chain Transfer Agents 

EIP in the presence of chain transfer agents was performed in a way adapted from 
the procedure described above.  As the reproducibility was good, the electrochemical 
cleaning step was skipped and the electrodes were just cleaned in a UV/ozone cleaner 
for 15 min prior to polymerization.  The reactant solution contained 0.3 mol L−1 
NIPAm, 12.5 mmol L−1 ammonium persulfate, 3 mmol L−1 BIS, and 0.25 mol L−1 
ammonium sulfate.  The concentration of sodium formate was 7.5 mmol L−1.  The 
RAFT agent concentration varied between 2.5 and 15 mmol L−1.  Due to the low 
activity of sodium formate and the poor solubility of the RAFT agent at low pH, the 
pH of the reactant solution was adjusted to 8.5 by addition of 6.4 vol.-% of an 
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ammonia solution (25 vol.-% in water).  EIP was induced by applying four voltage 
pulses of −0.8 V for 15 min, each interrupted by quiet periods (0 V) of 2 min. 

4.2.3  Modification of RAFT Group Containing pNIPAm Films  

To modify pNIPAm films that contained RAFT groups, EIP was performed in 
DMSO in the presence of 20 vol.-% styrene and 12.5 mmol L−1 ammonium persulfate 
as the initiator.  Prior to immersion into the reactant solution, the frequency and 
bandwidth shifts of the quartz crystal were acquired in DMSO.  EIP was induced by 
application of a potential of –0.8 V vs. a home-made silver/silver chloride pseudo-
reference electrode for 15 min.  After EIP, the samples were rinsed and the shifts of 
frequency and bandwidth were acquired in DMSO.  All samples were stored in toluene 
at room temperature to remove ungrafted polystyrene.   

4.2.4  Copolymerization with Oligo(Ethylene Glycol) Methacrylate 

EIP was performed similar to the procedure described in Section 4.2.1.  The 
reactant solution contained NIPAm and OEGMA at concentrations between 0 and 
0.3 mol L−1.  The total concentration of monomer was kept constant at 0.3 mol L−1.  
The supporting electrolyte was 0.4 mol L−1 ammonium nitrate.  All reactants were 
allowed to dissolve in water at 8 °C for at least 12 h.  The reactant solution was 
bubbled with nitrogen for 10 min.  After immersion of the quartz crystal into the 
reactant solution, the first cyclovoltammogram, the polymerization, and the last 
cyclovoltammogram were started after 20, 30, and 55 min, respectively.  After 
deposition, the crystals were stored in water at 8 °C for at least 24 h to guarantee for a 
complete removal of non cross-linked polymer.  Due to adsorption of OEGMA 
oligomers to the gold electrode, the baseline of the quartz crystal in the reactant 
solution drifted strongly.  As a consequence, the direct conversion of the frequency 
shifts in solution to a wet film thickness was impossible. 

4.2.5  Preparation of Patterned Hydrogel Films 

Bubble-induced pattern formation was performed on the gold front electrode of a 
5 MHz quartz crystal.  The crystal was cleaned in a UV/ozone cleaner for 15 min.  
Subsequently, the quartz was mounted horizontally.  The SCE reference electrode and 
a ring-shaped platinum wire as the counter electrode were approached to the working 
electrode from the top.  All three electrodes were immersed into the reactant solution 
which was prepared according to Sections 4.2.1 and 4.2.4.  Oxygen bubbles were 
produced by applying a potential of +2 V to the working electrode until bubbles were 
visible, which typically occurred after 10 to 20 s.  The duration of the positive 
potential pulse was kept as short as possible because the gold electrode tended to 
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delaminate from the crystal due to oxidation of the chromium adhesion layer.  Shortly 
after bubble formation, EIP was induced by a potential pulse of –0.8 V for 5 to 15 min.  
After EIP, the patterned films were rinsed with copious amounts of ultrapure water and 
were stored in water at 8 °C. 

For the purpose of electrochemically directed patterning, a small, insulated 
microelectrode with a diameter of 300 µm was used as the counter electrode and a 
platinum wire served as pseudo-reference electrode.  For a detailed description of the 
preparation of insulated microelectrodes see Section 4.3.5.  The distance between the 
counter and the working electrode was approximately 0.1 mm.  Bubble formation at 
the counter electrode proceeded simultaneously to EIP.  Below a critical interelectrode 
distance, an oxygen bubble formed between the two electrodes and a hydrogel spot 
was deposited at the bubble location. 

4.3  Characterization of Hydrogel Films 

4.3.1  Determination of the Lower Critical Solution Temperature 

The lower critical solution temperature (LCST) was determined from the frequency 
and bandwidth shifts measured in water as a function of temperature.  For this purpose, 
the coated quartz crystal was mounted in a home-built liquid cell.  The liquid cell was 
placed onto a heating stage and the temperature was linearly ramped from room 
temperature to 50 °C with a ramp rate of 0.08 K min−1.  The LCST was defined as the 
inflection point of the frequency shift plotted versus temperature.  When the transition 
was broad, as in the case for the p(NIPAm-co-OEGMA) films, a third order 
polynomial of the form Δf = Δf0 + a (T−T0) + c (T−T0)3 was fitted to the Δf-vs.-T curve 
and the LCST was identified with the parameter T0.   

4.3.2  AFM Imaging 

  For AFM imaging, separate samples had to be prepared as the 5 MHz quartz 
crystals were too large for the sample compartment of the AFM used.  For this 
purpose, small glass slides (1 cm × 1 cm) coated with gold and a thin layer of 
chromium as an adhesion promoter between the glass and the gold were used as the 
working electrodes.  Prior to EIP, the substrates were cleaned in a UV/ozone cleaner 
for 15 min.  The electrochemical cleaning step had to be skipped because of the poor 
adhesion of the gold electrodes, which easily detached upon electrochemical cleaning.  
EIP was performed according to the procedures for coating quartz crystals.  After 
drying, the films were imaged with an AFM (extended multimode, NanoScope IIIa 
controller, Veeco/Digital Instruments) operating in tapping mode at room temperature 
in air.   
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4.3.3  Microscopy 

Patterned hydrogel films were imaged with an optical microscope (Keyence Digital 
Microscope VHX-500F with VH-Z100R optics) in air and with a confocal laser 
scanning microscope (Leica, Germany, 63× magnification, NA 1.2 water immersion 
objective, scanner TCS SP2) either in air or in water after staining with a diluted 
aqueous solution of rhodamine B.  In the latter case, the fluorescence originating from 
the adsorbed dye was excited at a wavelength of 543 nm and detected in the range of 
550 to 750 nm.  When glucose oxidase was encapsulated in the films, the dye was 
omitted because the enzyme contains a fluorescent flavin group. 

4.3.4  Protein Adsorption Test 

The adsorption of human serum albumin (HSA) to the hydrogel films was 
investigated with a quartz crystal microbalance.  The quartz was placed into a liquid 
cell that was filled consecutively with phosphate buffered saline (PBS) and with HSA 
dissolved in PBS.  The protein was allowed to adsorb to the surface for at least 60 min 
and was removed by rinsing with copious amounts of PBS.  The frequency shifts 
determined in PBS after rinsing were used to quantify the adsorption of HSA to the 
films. 

4.3.5  Amperometric Glucose Detection 

Platinum microelectrodes were prepared by melting a glass pipette around a 
platinum wire with a diameter of 0.5 mm.  The glass was polished with sand paper and 
0.3 µm alumina powder until the tip of the platinum wire was exposed.  The electrodes 
were electrochemically cleaned in 1 M sulfuric acid.  Prior to EIP, 1 g L−1 glucose 
oxidase was added to the reactant solution and the enzyme was allowed to adsorb to 
the electrode surface for 20 min.  Note that the enzyme is adsorbed to the surface 
before EIP.  Subsequent steps were performed in the same way as EIP on quartz 
crystals (see Section 4.2.4).  The coated electrodes were rinsed with water and stored 
in PBS at 8 °C for at least one week.   

For amperometric glucose detection, the microelectrodes were immersed in 
0.1 M phosphate buffer in a temperature-controlled glass cell.  The temperature of the 
solution was 25 or 37 °C.  The coated platinum microelectrode was used as the 
working electrode in a three-electrode setup with a platinum counter electrode and a 
saturated calomel reference electrode.  Glucose was added at small aliquots.  The 
stationary current was measured at +0.65 V vs. SCE in a quiescent solution.  For the 
determination of the Michaelis constant and the maximum current, the current was 
plotted versus the glucose concentration and the following function was fitted (using 
Microcal Origin 6.0) to the curves: 
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with i the current, imax
app the apparent maximum current at the saturation level, 

cglucose the glucose concentration, and KM
app the apparent Michaelis constant as 

determined by electrochemical oxidation of hydrogen peroxide produced upon 
oxidation of glucose (see Eq. 8).                                
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5 Results 

5.1  Electrochemically Induced Polymerization of N-Isopropylacrylamide 

5.1.1  Formation of Thermoresponsive Hydrogel Films 

Fig. 13 shows a typical data set obtained during the electrochemically induced 
polymerization (EIP) of N-isopropylacrylamide (NIPAm) at room temperature with 
0.6 mol L−1 ammonium nitrate as the supporting electrolyte. 
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Fig. 13: Typical data set of EIP of NIPAm in NH4NO3 at −0.8 V for 15 min.  The frequency 
shift Δf (A), the bandwidth shift ΔΓ (B), and the current density j (C) are plotted versus the 
polymerization time (t = 0 was set to the point where the voltage was applied).  The thickness 
dS in Panel D was calculated from Δf, using the Sauerbrey equation.  The overtones used were 
15 (□), 25 (○), and 35 MHz ( ).  Before and after EIP, cyclovoltammograms were acquired as 
indicated by the arrows in Panel A.   
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The frequency (Panel A) decreases when the voltage is applied to the electrode.  
The shift in frequency results from the deposition of a polymer film at the surface.  
The frequency shifts were converted to a film thickness (Panel D) using the Sauerbrey 
equation (Eq. 12).  For this particular experiment, the final wet and dry film 
thicknesses were 61 nm and 38 nm, respectively (data not shown).  In the beginning, 
the deposition is fast and slows down after about three minutes as indicated by a kink 
in the frequency shift and thickness curves.  Presumably, this slowing-down results 
from a blocking of electrochemically active surface sites by the pNIPAm film.  The 
hydrogel film grows in a collapsed state, which can be concluded from the small 
bandwidth shifts (Panel B).  A collapsed film acts as a barrier to the diffusion of 
reactants toward the electrode surface and reduces the rate of polymerization.  The 
limited permeability of pNIPAm hydrogel films was proven by cyclic voltammetry in 
the presence of potassium ferricyanide where the peak currents decreased after coating 
the electrode (data not shown, cf. Refs. 89 and 93).  The collapse of the pNIPAm film 
in the reactant solution at room temperature can be related to the presence of 
supporting electrolyte and reactants and will be discussed in detail in Section 5.1.5.  
Formation of a hydrogel film also decreases the current density during EIP (Panel C).  
The current peaks, initially, and then rapidly drops.  The shape of the current density 
curve is not only related to the formation of the hydrogel film but the charging of the 
double layer and Cottrell diffusion (see Section 3.2.1) contribute to the current, as 
well.  The charging of the electrical double layer is much faster than the 
polymerization process.  The double layer current usually drops to values close to zero 
in less than 5 s and can be neglected.  The Cottrell current can be calculated according 
to Eq. 16 with a persulfate diffusion coefficient of 1.2×10−5 cm2 s−1.85  The calculation 
shows that after 30 s, the current measured during EIP exceeds the Cottrell current by 
a factor of 10.  Hence, Cottrell diffusion will be neglected in the following discussions, 
as well.   After EIP, the frequency (Panel A) still decreases slightly.  Seemingly, a 
swelling equilibrium was not reached during EIP and the hydrogel took up additional 
water after the voltage was switched off.  The results in Fig. 13 fit well to earlier 
results obtained for EIP of NIPAm.93 

The cyclovoltammograms acquired in the reactant solution before and after the 
polymerization are shown in Fig. 14.  
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The cyclovoltammogram acquired before EIP shows a broad peak between –0.7 and 
−1 V.  This shoulder originates from the overlap of the initiator reduction peak at 
−0.8 V and the peak of hydrogen formation at –1 V.  After EIP, the shoulder 
disappears and the current density decreases, indicating that the rate of persulfate 
decomposition is reduced.  Presumably, the initiator is depleted at the surface during 
EIP and its diffusion is hindered by the collapsed hydrogel film.  An additional 
indistinct shoulder appears before EIP at a potential of –0.4 V.  This shoulder is not 
correlated to the initiator reduction as evidenced by the absence of hydrogel formation 
at this potential.  A possible origin of this shoulder are surface oxides on the gold 
electrode which are reduced during the first cyclovoltammetric scan.   

In general, pNIPAm films produced by EIP show excellent adhesion.  Delamination 
of the films upon storage in water was never observed, even not after months.  This 
finding implies that cross-linked or covalently grafted hydrogel films were formed.   

5.1.2  Swelling Behavior 

The lower critical solution temperature (LCST) of pNIPAm films was determined in 
water from the frequency shifts of the coated quartz crystal as a function of 
temperature.  Fig. 15 shows typical deswelling curves (the temperature ramp goes 
from low to high temperatures).  

As a result of the expulsion of water from the hydrogel, the frequency (Panel A) 
increases with temperature.  This shift is particularly strong between 24 and 32 °C.  In 

Fig. 14: Cyclovoltammograms acquired with 100 mV s−1 in the reactant solution before (—) 
and after (—) EIP of NIPAm.  The scan was started towards negative potentials, as indicated 
by the arrows.  After the formation of the hydrogel film, the shoulder at –0.8 V resulting from 
persulfate reduction was much smaller and the overall current density was reduced. 
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the present work, the LCST is defined as the inflection point of the curve in this 
temperature range.  In this particular case, the LCST of the hydrogel was 30 °C.  For 
bulk pNIPAm, the LCST is about 32 °C.  The bandwidth shifts (Panel B), which are a 
measure of the film’s softness, decrease upon collapse.  Clearly, the hydrogel densifies 
and forms a rigid film when the water is expelled.  Interestingly, the frequency still 
increases after the deswelling transition.  The bandwidth shows a similar behavior.  
This finding can be explained by an ongoing release of water from the network.  Free 
pNIPAm often contains many hydrated amide groups, even at temperatures much 
above the LCST.173  As a consequence, dehydration can still occur at higher 
temperatures.  Similar findings of dehydration above the LCST have been reported by 
Biggs and Ishida56 and others.   

The shifts of frequency and bandwidth of the bare crystal are a function of 
temperature, as well.  The effect mostly is a consequence of the temperature dependent 
viscosity of the liquid.  However, the dependence of frequency on temperature 
between 25 and 35 °C is almost linear with a slope of 6 Hz K−1.  The effect caused by 
the collapse of pNIPAm exceeds the shifts of the bare crystal by a factor of 10. 
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Fig. 15: Frequency shifts Δf (Panel A) and bandwidth shifts ΔΓ (Panel B) of a quartz crystal 
coated with pNIPAm.  The shifts of frequency and bandwidth were determined in water as a 
function of temperature.  The overtones used were 15 (□), 25 (○), 35 ( ), and 45 MHz ( ). 
The LCST was determined from the inflection point of the Δf curve acquired during the 
deswelling of the film. 
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The swelling ratio of the films, Q, was determined from the Sauerbrey thicknesses 
measured in wet (100% relative humidity) and in dry air (1 to 2% relative humidity) 

S,1%r.h.

S,100%r.h.

d
d

Q =   Eq. 21 

where dS,100%r.h. and dS,1%r.h. are the Sauerbrey thicknesses at 100 and 1% relative 
humidity, respectively.  Here, 100% r.h. implies a saturated atmosphere.  A wet filter 
paper in contact with a water reservoir was placed into the chamber and allowed to 
equilibrate with the chamber over night.  Typical swelling ratios of the pNIPAm films 
were between 1.7 and 2.  They were largely independent of the preparation conditions.  
For a bulk hydrogel, the degree of swelling often is much larger.  When a hydrogel is 
fixed to a surface, the swelling becomes anisotropic.58  Usually, swelling in the vertical 
direction notably exceeds the lateral swelling due to the constraints imposed by the 
substrate.  This reduces the overall degree of swelling.  In addition, the degree of 
cross-linking of the films may be higher than for a hydrogel prepared under the same 
conditions in the bulk.  As will be discussed in detail in Section 5.1.4, self-cross-
linking occurs at the surface and introduces additional cross-links to the hydrogel film 
which reduce its swellability.  

5.1.3  Surface Morphology 

The surface morphology of electrochemically prepared pNIPAm films was 
investigated with an AFM on dry films in air.  A typical image is depicted in Fig. 16.  

The film produced in the presence of nitrate shows a homogeneous structure on the 
microscopic scale.  On the nanoscale, small globules with a characteristic size of about 

 

Fig. 16:  Surface morphology of a dry pNIPAm film produced at room temperature in 0.6 M 
NH4NO3 imaged with an AFM operating in tapping mode in air. 
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50 nm are observed.  Presumably, these globules are microgel domains.  Their 
formation is believed to proceed similar as for bulk hydrogels.  One may envision 
different processes leading to the formation of surface-attached microgels.  

- Newly formed polymer chains are preferentially found at places, where initially 
formed hydrogel prevents the desorption of the new chains.   

- Polymerization is an exothermic process and may locally increase the temperature.  
At these locations, hydrogel precipitation is enhanced.  Cross-linking fixes the 
collapsed domains, thus producing microgels.   

- Temperature fluctuations locally influence the rates of reaction and diffusion which 
induces local heterogeneities, as well.  

- At low surface coverage, the probability of intramolecular cross-linking reactions 
is high.  Intramolecular cross-linking at early stages of the polymerization produces 
small, highly cross-linked microgel domains. 

5.1.4  Influence of the Cross-Linking Reaction 

To check for the influence of the cross-linking reaction, EIP was performed in the 
presence and in the absence of the cross-linker (Fig. 17).  A detailed study on the film 
thickness as a function of cross-linker concentration was reported in Ref. 93 and is not 
repeated here.   

Green circles in Fig. 17 denote polymerization in the presence of cross-linker.  The 
frequency decreases with time (Panel A) and the curve shows a kink after 
approximately three minutes.  The bandwidth shift (Panel B) scatters strongly but does 
not change significantly during EIP, indicative of the formation of a collapsed film.  
Initially, the current density (Panel C) peaks.  It drops rapidly as EIP proceeds.  The 
frequency shifts (Panel A) show a different behavior when the cross-linker is omitted.  
In this case, EIP slightly speeds up with time, rather than slowing down.  The 
acquisition of cyclovoltammograms causes significant frequency shifts.  The final film 
thicknesses were 33 and 50 nm in the reactant solution and 22 and 8 nm in air with and 
without cross-linker, respectively.  After storage in water for two days, the dry 
thickness of the film produced without cross-linker decreased to a constant value of 4 
nm.  Without cross-linker, the bandwidth (Panel B) increases during EIP, indicative of 
the formation of a soft film.  The current densities are almost the same; blocking of the 
surface occurs in both cases. 
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   The experimental findings suggest the following picture of the mechanisms of EIP 
in the presence (A) or absence of cross-linker (B) (Fig. 18).  In the presence of cross-
linker (Panel A), the polymerization proceeds via a microgel state (I, II).  
Macrogelation occurs at a later stage by cross-linking of the microgel domains (III).  
Cross-linking copolymerization results in rigid, inhomogeneous films which cause a 
small bandwidth shift.   
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Fig. 17: Shifts of frequency Δf (A) and bandwidth ΔΓ (B) on the 15 MHz overtone, current 
density j (C), and Sauerbrey thickness dS (D) during EIP without (□) or with (○) 3 mmol L−1

cross-linker in 0.25 M (NH4)2SO4.  The arrows in Panel A indicate the acquisition of 
cyclovoltammograms.   
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Without cross-linker (Panel B), non cross-linked pNIPAm chains form during the 
induction period (I).  At a critical chain length, these chains collapse due to the 
presence of sulfate ions and adsorb to the electrode surface.  The collapsed chains are 
softer and less dense than their cross-linked analogs and cause a shift of bandwidth 
(Fig. 17 B).  As EIP proceeds, the polymer concentration at the interface increases and 
entanglements of the chains appear (II).  Desorption of short chains becomes less 
probable due to entanglements which results in an increased frequency shift at a later 
stage of the deposition (Fig. 17 A).  At even higher polymer concentrations, the 
diffusion of the reactants to the surface will be hindered and the reactants are depleted 
at the electrode.  In this situation, radicals attack the polymer chains located at the 
surface (III) resulting in chemical cross-linking of these chains.  Upon rinsing with 
water, the non cross-linked chains dissolve which explains the much smaller film 
thickness in air (IV).  Self-cross-linking of polymer chains produced by EIP has been 
suggested by Cram et al. even for polymers like poly(methylmethacrylate), where self-
cross-linking in the bulk is rare.92  Gao and Frisken reported on self-cross-linking 
reactions of pNIPAm at high polymer concentrations.174,175  They investigated the 

 

Fig. 18: Sketch of the deposition mechanisms for EIP in the presence (A) or in the absence 
(B) of a cross-linker.  Red dots represent chemical cross-links.  A: Cross-linking 
copolymerization yields cross-linked microgel domains at early stages of the polymerization. 
B: Without cross-linker, chemical cross-linking appears at later stages when the concentration 
of polymer chains at the surface is high. 
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formation of pNIPAm microspheres by precipitation polymerization in the absence of 
cross-linker and proposed the self-cross-linking reactions shown in Eqs. 22 and 23.  

O NH

H

O NH

P

radical

m

m M
Pn

Pq
Pn

Pq

  Eq. 22 

O NH

H

O NH

Pm

m M
radicalPn

Pq
Pn

Pq

 Eq. 23 

Radicals can attack the tertiary carbon atom of the isopropyl group (Eq. 22).  
Abstraction of a hydrogen radical in this position gives rise to a tertiary carbon radical 
which is stabilized by the positive inductive effect of the adjacent methyl groups.  The 
steric hindrance to propagation is relatively low.  A second possibility is a chain 
transfer reaction at the hydrogen atom at the tertiary carbon atom of the polymer 
backbone (Eq. 23).  Again, the resulting radical is stabilized by inductive effects of the 
neighboring groups.  Due to the stronger steric hindrance by the backbone, cross-
linking will less readily occur in this position as compared to the isopropyl position.   

If the reaction pathways proposed in Fig. 18 hold, the surfaces of films prepared in 
the absence of cross-linker should be significantly smoother because the system does 
not pass through a microgel state.  To test this hypothesis, the AFM images shown in 
Fig. 19 were acquired.  Indeed, the surface of the pNIPAm film prepared without 
cross-linker (Panel A) exhibits a more homogeneous structure as compared to the 
sample prepared with cross-linker (Panel B).  As a consequence, one may increase the 
homogeneity of the surface by omitting the chemical cross-linker.   
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However, if the films are prepared for bioanalytics applications, the sensing devices 
may suffer from a low signal intensity due to the smaller film thickness (and, likewise, 
the small amount of encapsulated species∗).  It would thus be attractive to find 
alternative ways to improve the surface homogeneity without such a drastic decrease 
of the film thickness. 

5.1.5  Influence of Supporting Electrolyte and Temperature 

Temperature and added salt are important parameters, controlling the solubility of 
pNIPAm.  In conventional free-radical polymerizations, the preparation temperature 
affects the cross-linking density26–28 and the surface morphology30 of pNIPAm.  At 
temperatures above the LCST, the hydrogel precipitates and the rates of 
polymerization and reactant diffusion are increased.  Added salt with a high 
precipitation (“salting-out”) capability in the Hofmeister sense lowers the solubility of 
the hydrogel, but diffusion and polymerization kinetics are expected to remain largely 
unaffected by the salt.  As a consequence, both temperature and electrolyte 
concentration are attractive parameters for tuning the properties of pNIPAm hydrogel 
films. 

                                                 
∗ This is only true for biosensors that make use of enzymes which are located at a certain distance from 
the electrode surface.  In the present work, we employ an enzyme which is adsorbed to the electrode 
(cf. Section 5.3.3).  In this case, a thin cover layer may be beneficial for the sensor performance 
because the hindrance of analyte diffusion to the enzyme is low.  However, the protective properties of 
the hydrogel film may suffer from the low thickness. 

 

Fig. 19: AFM images acquired on pNIPAm films prepared without (A) and with (B) cross-
linker in 0.25 M (NH4)2SO4 solution.  The AFM was operated in tapping mode in air at 
room temperature. 
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Fig. 20: Dry (A, C) and wet (B, D) film thicknesses plotted versus salt concentration (A, B) 
and type of salt (C, D).  The electrolytes used were the ammonium salts of sulfate (□), 
nitrate (○), and perchlorate ( ) at concentrations of 0.25, 0.4 (▲), 0.5 (◄), and 
0.6 mol L−1 ( ).  The error bars are standard deviations determined from at least three 
experiments.  The film thickness increases with increasing salt concentration and with 
increasing salting-out capability of the electrolyte. 

5.1.5.1  Influence of the Supporting Electrolyte 

The precipitation capability of an electrolyte is governed by its concentration55,56 
and by its position on the Hofmeister scale.14  The film thicknesses obtained by EIP in 
the presence of different salts at various concentrations are shown in Fig. 20.176  Both 
the wet and the dry thicknesses increase with the salt concentration (Panel A, B).  This 
effect can be attributed to the increasing precipitation capability of the reactant 
solution which leads to the formation of thick films during EIP.  Presumably, the 
precipitation strength governs the film thickness.   

The effect of the chemical nature of the salt on the film thickness is less 
pronounced.  The dry thickness (Panel C) is highest in sulfate solutions due to the high 
salting-out capability of the sulfate ion as given by the Hofmeister series.  The 
differences between nitrate and perchlorate were small and the ordering was a function 
of concentration.  At 0.6 mol L−1, thicker films were obtained in nitrate than in 
perchlorate solutions.  At lower concentrations, however, the relation was inverted.  A 
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change in the ordering of nitrate and perchlorate at high concentrations was also 
observed by Zhang et al. for the LCST of pNIPAm.14  The latter ordering (nitrate < 
perchlorate < sulfate) was also found for the wet film thickness measured in the 
reactant solution (Panel D).   

The wet thickness (Panel D) measured in perchlorate was close to the thickness 
produced in sulfate solutions.  This finding will not be discussed in detail here because 
the thickness measured with the QCM in a liquid environment includes contributions 
from trapped solvent, roughness, and the product of density and viscosity of the 
surrounding liquid.  Because the roughness of the films differs strongly (see Fig. 22), 
the wet thicknesses are difficult to compare.  

To quantify the precipitation capability of the electrolytes, the LCST was measured 
as a function of salt concentration and of the type of salt (Fig. 21).  The LCST 
decreases with increasing salt concentration (Panel A) which correlates with the 
increase in film thickness.  When plotting the LCST vs. the type of added salt (Panel 
B) one finds the lowest LCST in sulfate solutions where the film thickness (Fig. 20) is 
highest.  The shift of the LCST follows the series sulfate > nitrate > perchlorate.  For 
perchlorate and nitrate, this order does not correlate with the order of the thickness 
(Fig. 20).   

The collapse of pNIPAm in water is a two-step process where dehydration of the 
pNIPAm segments is followed by agglomeration into larger domains.173  Interactions 
of a salt with pNIPAm are based on three different mechanisms: (i) the polarization of 
water molecules involved in hydrogen bonding, (ii) the impact on hydrophobic 
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Fig. 21: LCST as a function of the salt concentration (A) and as a function of the type of 
salt (B).  The LCST was measured in water ( ) and in aqueous solutions of ammonium sulfate 
(□), nitrate (○), and perchlorate ( ) at concentrations of 0.4 (▼), 0.5 (◄), and 0.6 mol L−1 ( ). 
Arrows indicate that the LCST was below the accessible temperature range.  The error bars are 
standard deviations from at least three experiments.   
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attraction by increasing the surface tension of the cavity around hydrophobic parts of 
the polymer, and (iii) direct interactions with the amide groups.14,54  Strong salting-out 
electrolytes like sulfate mainly interact with pNIPAm by polarization, which favors the 
collapse of the pNIPAm segments14,54 and leads to a high film thickness during EIP.  
The situation in perchlorate and nitrate solutions is more complicated and deviations 
from the Hofmeister series can be explained in three ways. 

- Precipitation.  Perchlorate and nitrate interact with pNIPAm by altering the 
hydrophobic interactions which favors the agglomeration step.  Simultaneously, 
direct binding to the amide groups prevents the intrachain collapse and increases 
the LCST.  The interplay between the two processes may affect the collapse and 
the growth of the hydrogel, as quantified by the LCST and the film thickness, 
respectively, in different ways.  

- Additives in the reactant solution.  Precipitation of pNIPAm in the reactant solution 
can be altered by the presence of other components such as monomer and initiator.  
For instance, the reactant solution contains persulfate ions which have a salting-out 
effect.  The latter is evidenced by the fact that the films grow in a collapsed state 
although the LCST in the pure salt solutions is above room temperature.  The film 
thickness is a result of the overall precipitation capability of the reactant solution, 
which does not necessarily follow the same order as the shift in the LCST.   

- Further interactions between salt and pNIPAm.  Additional interactions between 
salt and pNIPAm can contribute to the deposition.  For example, Kesselman et al. 
reported on hydrophobic interactions in the presence of sulfate ions even at 
temperatures below the LCST.54  

Fig. 22 shows AFM images acquired on the pNIPAm films.  Films produced in 
nitrate solutions (Images A and B) exhibit a rather homogeneous surface morphology 
with small-scale globules as discussed in Section 5.1.3 (Fig. 16, Fig. 23 A).  
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The characteristic size of the globules decreases with increasing salt concentration.  
Presumably, at a higher salting-out capability of the solution, the microgels form in a 
more collapsed state, resulting in smaller and more rigid domains.  Similar 
observations were reported by Ishida and Biggs for the collapse of grafted pNIPAm 
chains in sulfate solutions.56  The films obtained from perchlorate solutions (Image C) 

 

Fig. 22: AFM images acquired on pNIPAm films produced in the presence of NH4NO3
(A, B), NH4ClO4 (C, D), and (NH4)2SO4 (E, F) at concentrations of 0.5 (A, C, E) or 
0.6 mol L−1 (B, D, F).  The lateral heterogeneity of the surfaces correlates with the increase in 
film thickness. 
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resemble the nitrate samples at low concentrations.  At 0.6 mol L−1 perchlorate (Image 
D), large-scale heterogeneities occur and the microgel domains change their shape to a 
structure resembling a collapsed blister.  These features can be a result of the collapse 
of hydrogen bubbles which form underneath dense collapsed films (Fig. 23 B).  A 
cartoon of the mechanism of structure formation is presented in Fig. 23.176  The 
roughness continues to increase when sulfate is used as the supporting electrolyte (Fig. 
22 E and F).  At 0.6 mol L−1, dark zones appear on the AFM image which may be 
pores, possibly formed by delamination of the films above large hydrogen bubbles.  
The roughness increases in the order nitrate < perchlorate < sulfate, which correlates 
with the increase in film thickness.  Thicker films block the access of initiator to the 
surface more efficiently.  When the initiator is depleted at the surface, hydrogen forms 
underneath the film, resulting in the formation of blisters and pores which cause a 
rough surface upon drying.  An increase of hydrogen formation with increasing 
salting-out capability of the electrolyte was proven by cyclic voltammetry (data not 
shown). 

5.1.5.2  Influence of the Preparation Temperature 

Fig. 24 shows the thickness of electrochemically prepared pNIPAm films in 
different salt solutions at room temperature and at 40 °C.  The dry thickness (Panel A) 

 
Fig. 23:  Proposed mechanism of structure formation. A: In electrolytes with a low 
precipitation capability, a loose network forms and homogeneous films consisting of small 
microgel domains are obtained.  B: When the film grows in a more collapsed state, hydrogen 
bubbles form underneath the film.  The bubbles produce wrinkles upon drying.  If the film is 
strongly collapsed, H2 bubbles can reach the critical size for delamination, resulting in the 
formation of pores. 
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was hardly affected by the preparation temperature.  The wet film thickness (Panel B) 
was almost constant for nitrate, it increased slightly with temperature for perchlorate, 
and it increased dramatically at 40 °C in the presence of sulfate.  In the latter case, a 
strong loss of mass after EIP was observed in the QCM measurements (data not 
shown).  Presumably, the tendency towards precipitation is high in sulfate solutions at 
40 °C and the initially formed hydrogel film consists of a dense skin.  When the 
polymerization proceeds, water and non cross-linked pNIPAm chains are trapped in 
the film.  After EIP, surplus water and soluble polymer chains are released from the 
network.  This explains the large difference of several hundred nanometers between 
the wet and the dry film thickness.   

Typically, one would expect a higher film thickness at higher temperatures also for 
films prepared in nitrate solutions.  In nitrate, the hydrogel is not fully collapsed.  
Raising the temperature to values above the LCST should induce full collapse of the 
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Fig. 24: Dry (A, C) and wet (B, D) film thickness in dependence on the preparation 
temperature (A, B) and on the type of electrolyte (C, D).  EIP was carried out at room 
temperature (▼) and at 40 °C (►).  The supporting electrolytes used were (NH4)2SO4 (□), 
NH4NO3 (○), and NH4ClO4 ( ) at 0.6 mol L−1.  Changing the preparation temperature had 
little effect on the dry film thickness, whereas the wet thickness dramatically increased under
strong salting-out conditions. 
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film.  In the case of EIP, two opposite mechanisms are at work.  On the one hand, 
precipitation is enhanced at high temperatures and the polymerization speeds up.  On 
the other hand, the collapsed film is a more efficient barrier to the diffusion of 
reactants which slows down the speed of polymer growth.  The latter aspect is 
evidenced by cyclovoltammograms acquired in the reactant solutions at room 
temperature and at 40 °C (data not shown) where the current density in 0.6 mol L−1 
nitrate solutions dropped by a factor of two at 40 °C.  In nitrate solutions, the 
enhancement of precipitation, the increased polymerization rate, and the decrease of 
the ease of diffusion seem to cancel out.   

Images of the surface morphology of pNIPAm films prepared at different 
temperatures are shown in Fig. 25.  As discussed in Section 5.1.5.1, the formation of 
large features on the surface is favored in the order nitrate < perchlorate < sulfate.  
Increasing the temperature has a similar effect as increasing the precipitation 
capability of the solution.  Similar to the results reported by Suzuki et al.,30 the feature 
size increases with temperature.  This increase is explained by two processes.  First, 
more microgel domains form at 40 °C.  Macrogelation yields a less homogeneous 
network.  Second, thick and strongly collapsed films block the surface efficiently, 
hence enhancing hydrogen evolution at the electrode.  As illustrated in Fig. 23, 
hydrogen evolution causes the formation of strongly heterogeneous films.  In the case 
of the sulfate sample, the inhomogeneities were of microscopic nature and clearly 

Fig. 25: AFM images acquired in tapping mode in air on pNIPAm films prepared in solutions of 
0.6 M NH4NO3 (A,D), NH4ClO4 (B, E), and (NH4)2SO4 (C, F) at room temperature (A to C) or 
at 40 °C (D to F). 
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visible by optical inspection of the samples.  The roughness correlates with the wet 
film thickness.   

5.1.6  Influence of Chain Transfer Agents 

Chain transfer agents (CTAs) are often added to conventional free-radical 
polymerizations to reduce the amount of branching and self-cross-linking.  Radicals 
from growing chain ends add to the CTA which transfers them to another radical 
process in a second step.  In this way, one obtains linear chains with a reduced 
molecular weight as compared to the polymers prepared without CTA.  When the CTA 
is a reversible addition–fragmentation chain transfer (RAFT) agent, the CTA is 
reformed after a radical addition step.  In the case of cross-linking copolymerizations, 
CTAs can increase the homogeneity of the network.177  The following section reports 
on experiments, where CTAs were added to EIP to obtain laterally more homogeneous 
hydrogel films. 

5.1.6.1  Addition of Sodium Formate 

Sodium formate is a widely used CTA for free-radical polymerizations in water.178  
Eqs. 24 and 25 illustrate possible transfer reactions.   

H
O

O
R

H
O

O
R+H+

+−
 Eq. 24 

H
O  

O R R
HCO2 + H

+
−CO2

  Eq. 25 

In the first step, the growing polymer chain attacks the oxygen of formate (Eq. 24).  
This step yields an inactive polymer chain and a formate radical which rapidly 
eliminates carbon dioxide (Eq. 25).  The elimination reaction produces a hydrogen 
radical which can initiate the growth of a new polymer chain.  The chain transfer 
reaction of sodium formate is an irreversible reaction and the chain transfer agent is 
consumed during the polymerization.  The chain transfer reaction works best at 
medium to high pH where formate is deprotonated and the intermediate radical is 
resonance-stabilized.  For this reason, the pH of the reactant solution was adjusted to 
8.5.  The results are plotted in Fig. 26. 
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EIP at high pH is significantly hindered as indicated by the small frequency shift 
(A) and the low Sauerbrey thickness (D).  Deswelling occurs after EIP which may be a 
result of dissolution of non cross-linked pNIPAm chains.  Addition of sodium formate 
enhances EIP, resulting in a wet film thickness of about 5 nm.  Interestingly, the 
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Fig. 26: Frequency shifts Δf (A), bandwidth shifts ΔΓ (B), both measured on the 15 MHz 
overtone, current density j (C), and Sauerbrey thickness dS (D) monitored during EIP in a 
basic environment in the absence (□) and in the presence of 7.5 mmol L−1 sodium formate (○). 
In a further experiment, the initiator ammonium persulfate was omitted ( ).  EIP was induced 
by applying four potential pulses of −0.8 V for 15 min, each interrupted by quiet periods (0 V) 
of 2 min.  The results demonstrate that sodium formate enhances EIP, even in the absence of 
initiator.   
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deposition rate is hardly affected by omission of the initiator ammonium persulfate; a 
wet film thickness of about 4 nm is obtained even without adding initiator to the 
recipe.  The dry thickness determined in air is 8 nm in the absence of sodium formate, 
27 nm in the absence of initiator, and 32 nm with both CTA and initiator.  Typically, 
one would expect the wet film thickness to be in the same range as the dry film 
thickness or higher.  Presumably, carbon dioxide gas is formed by the chain transfer 
reaction and/or by a Kolbe-like electrolysis of sodium formate, as discussed below.  
Gas inclusions in the film cause an increase of frequency and decrease the apparent 
mass.  The current densities (Panel C) reveal that an electrochemical reaction takes 
place in all three cases.  The current density in the absence of CTA increases slightly 
with polymerization time.  No blocking of the surface appears as it was usually 
observed in acidic solutions.  Conversely, in the presence of formate, blocking is 
observed.  In the absence of persulfate, the current density was strongly reduced to a 
constant value of about –15 µA cm−2.   

To get more insight into the electrochemical behavior of these systems, 
cyclovoltammograms were acquired in the reactant solutions as illustrated in Fig. 27.  
Without formate, the current density is low.  A small peak at −0.8 V is observed both 
before and after EIP.  The current density is not affected by the polymerization.  The 
reduction of persulfate is drastically hindered in basic solution, resulting in the 
formation of very thin hydrogel films (see Fig. 26).  Hindrance of the thermal 
decomposition of persulfate at high pH was reported by Beylerian et al.179  The higher 
decomposition rate in acidic solutions was explained by the formation of HS2O8

− 
where the O–O bond is weakened by polarization and more susceptible to 
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Fig. 27: Cyclovoltammograms acquired before (A) and after (B) EIP in basic reactant 
solutions containing persulfate alone (―), persulfate and formate (―), or formate alone (―). 
The arrows indicate that the scan was started towards negative potentials.   
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decomposition.  A similar mechanism may be at work in the electrochemical reduction 
of persulfate.  In addition, HS2O8

− is less negatively charged than persulfate.  As a 
consequence, electrostatic repulsion, which is an important kinetic factor in the direct 
reduction of persulfate at negative potentials,86 may be less important at low pH.  
When sodium formate is added to the basic reactant solution, the current density 
increases strongly and a narrow peak between –0.7 and −1 V appears.  This peak is 
slightly broader before EIP (Panel A) and may contain contributions from the 
reduction of persulfate.  The drop of the current density after EIP (Panel B) is 
moderate, indicative of the formation of a permeable film.  When only formate is 
added, the narrow peak at –1 V appears again, but it is significantly smaller.  After 
EIP, the current density is close to zero.  These observations give rise to the 
assumption that formate works as an electro-active initiator itself, presumably caused 
by a Kolbe-like reaction (Eq. 26).75–77 

R O

O

R O  

O

R  −e− −CO2 M
polymerization−

 Eq. 26 

This hypothesis is supported by the cyclic voltammograms and by the film 
thickness detected when EIP is performed in the absence of persulfate.  Usually, one 
would expect the Kolbe electrolysis to take place at positive potentials but it seems 
that at least a small amount of oxidation occurs at slightly negative potentials, as well.  
The difference in the wet and the dry film thickness (Fig. 26 D) indicates that a gas – 
potentially carbon dioxide – is formed during the deposition which may be a hint for a 
Kolbe-like reaction.  However, gas formation is no direct proof for the Kolbe 
electrolysis, because the transfer reaction can yield a certain amount of carbon dioxide, 
as well.   

At the same time, formate seems to interact with the persulfate and promotes its 
reduction as indicated by the shoulder in the cyclovoltammograms (Fig. 27 A) and by 
the increased current densities when both formate and persulfate are added to the 
solution (Fig. 26 C).  Since the film thickness is hardly affected by the presence of 
persulfate, one can conclude that the initiation efficiency of the formate reaction 
markedly exceeds that of the persulfate reduction and dominates the polymerization.  
An exceptionally high initiation efficiency of the primary radicals produced by Kolbe 
electrolysis of trifluoroacetic acid and potassium trifluoroacetate was reported by 
Ogumi et al.76  They found that almost all radicals produced in the oxidation step 
reacted with the monomer. 

To investigate the impact of sodium formate on the surface morphology, pNIPAm 
films were imaged with an AFM as demonstrated in Fig. 28.  
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The sample prepared by EIP in basic solutions is much smoother than samples 
prepared under acidic conditions (see Fig. 16, 22, 25).  Presumably, this is related to 
the low film thickness obtained at high pH.  In the presence of sodium formate, the 
root-mean-square (rms) roughness of the samples decreases from 4.9 to 4.2 nm.  Based 
on these results, a model for structure formation can be proposed as illustrated in Fig. 
29.  In the absence of a chain transfer agent (Panel A), polymer chains are rapidly 
cross-linked at early stages of the polymerization.  Microgel domains form due to 
inhomogeneous cross-linking reactions, e.g., caused by temperature fluctuations (cf. 
Section 5.1.3).  Macrogelation occurs when the initially built microgel domains are 
interconnected, resulting in a globular surface morphology.  When a CTA is added 
(Panel B), shorter polymer chains form and cross-linking occurs at shorter chain 

Fig. 28: AFM images acquired in tapping mode on dry pNIPAm films produced in basic 
reactant solutions containing 0.25 mol L−1 (NH4)2SO4 and no (A) or 7.5 mmol L−1 sodium 
formate (B). The rms-roughness without and with formate was 4.9 and 4.2 nm, respectively.  

 

Fig. 29: Proposed mechanism for the structure formation without (A) or with (B) sodium 
formate.  Sodium formate decreases the tendency towards microgel formation and yields more 
homogeneous surface morphologies. 
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lengths, leading to smaller microgels and a more homogeneous surface morphology.  
In the case of sodium formate, it is not completely clear whether the decreasing 
heterogeneity of the surface is caused by the chain transfer reaction or by the increased 
initiation efficiency.  When the initiation efficiency increases, more chains will be 
started, resulting in the formation of shorter chains.  If shorter chains are formed, the 
initial microgel domains are smaller, as well, and the surface is more homogeneous.   

5.1.6.2  Addition of a RAFT Agent 

In order to investigate the influence of the efficiency of the chain transfer reaction 
on EIP and to insert functional groups which allows for a further modification of the 
films, a RAFT agent was added to the reactant solution.  A sketch of the 
polymerization in presence of the RAFT agent is given in Eq. 27.172  

S S

S

HOOC COOH M
S S

S
MHOOC COOH

(n+m) M
initiator n m

 Eq. 27 

The trithiocarbonate depicted in Eq. 27 is a very efficient bifunctional RAFT agent 
with two reactive S–R bonds.  The tertiary radical produced upon cleavage of an S–R 
bond is stabilized by the adjacent carboxy group.  During the RAFT process, the 
growing polymer chains insert into the S–R bonds.  No additional cross-links or 
dangling chain ends are introduced.   

The results obtained in the presence of RAFT agent are shown in Fig. 30.  The 
shape of the curves monitored in absence of the RAFT agent was discussed in Section 
5.1.6.1.  Briefly, the frequency shift (Panel A), the bandwidth shift (Panel B), and the 
film thickness (Panel D) are low in basic solutions.  EIP is followed by significant 
deswelling, presumably due to the dissolution of short, non cross-linked pNIPAm 
chains.  The low film thickness is attributed to a reduced efficiency of initiator 
reduction as indicated by the low current density (Panel C) in the basic solution.   

The strong frequency shift (Panel A) monitored in the presence of RAFT agent 
shows an enhancement of EIP.  The shape of the curve resembles the curves typically 
found for EIP in acidic solutions.  Again, a kink occurs after short polymerization 
times, indicating blocking of the surface by the hydrogel film.  The wet and the dry 
film thicknesses are 17 and 13 nm, respectively, which is small compared to the 
thickness usually obtained in acidic solutions.  The bandwidth shift (Panel B) is small, 
as well, indicative of the formation of a rigid, collapsed hydrogel film.  The current 
density (Panel C) is significantly increased by the RAFT agent, indicating an enhanced 
reduction reaction.  The increased current can be explained either by reduction of the 
RAFT agent which may then act as an initiator (cf. Section 5.1.6.1) or by an 
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interaction between the RAFT agent and the persulfate which makes the latter more 
susceptible to reduction.   
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Fig. 30: Frequency (Δf, A), and bandwidth shifts (ΔΓ, B) on the 35 MHz overtone, current 
density (j, C), and film thickness (dS, D) during EIP without (□) or with (○) 5 mmol L−1

RAFT agent.   
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In order to test for an electro-activity of the RAFT agent, cyclovoltammograms 
were acquired in a solution with 5 mmol L–1 RAFT agent in the absence of initiator.  
These cyclovoltammograms do not reveal any peaks that can be attributed to the 
reduction of the RAFT agent.  In addition, the frequency shifts monitored during EIP 
are close to zero (data not shown).  This proves that the RAFT agent itself does not act 
as an electro-active initiator.  In the absence of RAFT agent, a very small peak is 
detected at −0.8 V where the initiator reduction usually takes place.  Performing EIP 
has no impact on the shape and the height of the cyclovoltammograms and the 
corresponding film thickness is low (see Fig. 30).  Hence, the efficiency of persulfate 
reduction is low at high pH.  When both the RAFT agent and the initiator are added, 
the typical persulfate reduction peak appears at −0.8 V.  After EIP, the current density 
drops strongly, indicative of the formation of a hydrogel film which efficiently blocks 
the electrode surface.  The cyclovoltammograms show that the RAFT agent increases 
the initiation efficiency by making the persulfate more susceptible to reduction.  
Presumably, a complex is formed between the RAFT agent and the persulfate.  
Formation of a donor−acceptor complex between hydroquinone and persulfate has 
been reported by Santos et al.180  In their work, hydroquinone accelerated the thermal 
decomposition of persulfate by complex formation.  It was assumed that hydroquinone 
acts as a proton donor in persulfate reduction.  This finding was supported by a color 
change of the solution caused by the formation of p-benzoquinone from hydroquinone.  
In the case of the RAFT agent it is not obvious how it could act as a proton donor in 
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Fig. 31: Cyclovoltammograms acquired before (A) and after EIP (B) in reactant solutions 
containing no initiator with 5 mmol L−1 RAFT agent (―) or both initiator and RAFT agent at 
concentrations of 0 (―), 2.5 (―), 7.5 (―), or 15 mmol L−1 (―).  The arrows indicate that the 
sweep was started towards negative potentials. 
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basic solutions.  A color change which would occur upon decomposition of the RAFT 
agent has not been observed.  These findings argue against a direct chemical 
involvement of the RAFT agent in persulfate reduction.  Presumably, a charge-transfer 
complex forms between the RAFT agent and the persulfate which withdraws electrons 
from the O–O bond and makes it more susceptible to reduction.    

Interestingly, the shape of the cyclovoltammograms changes at high RAFT agent 
concentrations where a hydrogen peak appears at –1 V.  This peak can be attributed to 
a local decrease of the pH at the electrode surface due to the presence of carboxylic 
acid groups which were transferred from the RAFT agent to the hydrogel.  

The film thickness as a function of RAFT agent concentration is shown in Fig. 32.  
Both the dry (Panel A) and the wet thickness (B) increase with the RAFT agent 
concentration.  If the increase in thickness is related to a complex formation between 
the RAFT agent and the persulfate, the dependence of the thickness on concentration is 
expected to level off when all initiator molecules are complexed by RAFT agent 
molecules.  For the wet film thickness, this is not the case.  Presumably, the 
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Fig. 32: The dry (A) and the wet (B) Sauerbrey thickness increase with the RAFT agent 
concentration in the reactant solution.   
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incorporation of hydrophilic RAFT groups in the film increases its swelling ratio and 
the difference between the wet and the dry thickness increases in proportion (cf. 
Fig. 33).  Additionally, an enhancement of EIP above the saturation concentration is 
possible because the acidic groups of the RAFT agent shift the pH at the surface to 
lower values which favors the decomposition of persulfate.  The appearance of a 
hydrogen peak in the cyclovoltammograms (cf. Fig. 31) supports this hypothesis.   

In Fig. 33, the LCST of pNIPAm films prepared in the presence of RAFT agent is 
plotted versus the RAFT agent concentration.  The LCST increases with the amount of 
RAFT agent in the reactant solution.  An increase of the LCST implies that the films 
become more hydrophilic.  The R groups of the RAFT agent contain carboxylic 
moieties.  Incorporation of the R groups into pNIPAm renders the hydrogel more 
hydrophilic.  The shift of the LCST is particularly pronounced at concentrations of 7.5 
mmol L−1.  It is possible that the acidic R groups alter the pH inside the hydrogel film 
and, hence, change the LCST.  Another explanation is that the incorporation of RAFT 
groups in the film is favored relative to NIPAm at higher amounts of RAFT agent in 
the reactant solution. 

The effect that the RAFT reaction has on the surface morphology is illustrated in 
Fig. 34.  Again, the chain transfer reaction promotes the formation of more 
homogeneous surface morphologies.  Without RAFT agent (Image A), pNIPAm films 
were obtained which show the typical globular structure with microgel domains in the 
40 nm range.  At low RAFT agent concentrations (Images B and C), these globular 
structures increase in size.  Presumably, this is due to the enhancement of EIP by the 
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Fig. 33: The LCST of the pNIPAm films increases with the amount of RAFT agent added to 
the reactant solution.  The LCST at 0 mM RAFT agent was determined on a pNIPAm film 
prepared without RAFT agent in acidic solution.  
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RAFT agent, which leads to thicker films and may accordingly increase the size of the 
microgel domains.  At a concentration of 7.5 mmol L−1 (Image D), significant 
smoothening both in the lateral and in the vertical direction appears.  The characteristic 
size of the microgel domains is reduced to 30 nm.  When further increasing the RAFT 
agent concentration (Images E and F), the surfaces continue to smoothen.  The 
boundaries between the microgel domains become diffuse.  Again, the increased 
initiation efficiency may also smoothen the surface morphology (cf. Section 5.1.6.1).  
Presumably, the increase in surface homogeneity is related to a reduction of 
temperature effects and to a decrease of the size of microgel domains, as discussed in 
Section 2.4.   

A cartoon depiction of the mechanism is given in Fig. 35.  Without RAFT agent 
(Panel A), cross-linked microgel domains form during the initial steps.  These 
microgel domains grow by adsorption of other small microgel particles and become 
cross-linked at a later stage of the polymerization.  In RAFT polymerization, small 
chains are formed during the initial steps (Panel B).  All these chains grow 
simultaneously.  As the RAFT agent establishes a rapid equilibrium between all 
growing chains, local temperature fluctuations caused by the exothermic 
polymerization reaction are reduced compared to conventional free-radical 
polymerization.  In addition, the number of growth steps per polymer segment is 

Fig. 34: AFM images acquired on pNIPAm films prepared in the presence of 0 (A), 2.5 (B), 5 
(C), 7.5 (D), 10 (E), and 15 mmol L−1 (F) RAFT agent.  The AFM was operated in tapping 
mode at room temperature in air. 
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smaller in the presence of the RAFT agent, which results in the formation of smaller 
microgel domains.   

At first sight, the results contradict the investigations of Liu et al. on the effect of 
RAFT polymerization on pNIPAm hydrogels formed in a bulk reaction.106  The 
authors reported on a decreasing homogeneity of the network in the presence of RAFT 
agent.  This discrepancy may be attributed to the different natures of the RAFT agents 
under investigation.  Liu et al. used a monovalent RAFT agent which formed dangling 
ends, whereas the experiments presented here were conducted with a bivalent RAFT 
agent that inserts into the polymer backbone without forming dangling ends.  Hence, 
the homogeneity of the hydrogel is increased by RAFT polymerization. 

5.1.6.3  Modification of RAFT Group Containing Films  

Incorporation of RAFT groups into pNIPAm films may open up a route to modify 
these films with water-insoluble monomers in a second step after EIP.  So far, EIP is 
restricted to water-soluble monomers.  Grafting of water-insoluble polymers to RAFT 
group functionalized pNIPAm may increase the range of polymer films that are 
accessible by EIP.  For biosensing (see 2.6.1), modification of hydrogels with water-
insoluble redox-active moieties would be attractive.  Such redox-active groups can 
significantly increase the current of amperometric biosensors by providing electron-
hopping pathways to the electrode surface.   

Conventional EIP works well in water.  The choice of the solvent is limited by the 
low solubility of ammonium persulfate in most organic solvents.  When dimethyl-
sulfoxide (DMSO) is used, EIP is strongly accelerated but adhesion of the films fails, 
indicative of a low cross-linking efficiency.  For this reason, a one-step synthesis of a 
pNIPAm film containing water-insoluble groups in DMSO is not straightforward.   

 

Fig. 35: Mechanism of free-radical cross-linking copolymerization in the absence (A) and in 
the presence (B) of a RAFT agent. 
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Fig. 36: Shifts of frequency Δf (A) and bandwidth ΔΓ (B), both measured on the 15 MHz 
overtone, current density j (C), and Sauerbrey thickness dS (D) acquired during the 
modification of a pNIPAm film prepared in the presence of 10 mmol L−1 RAFT agent.  EIP 
was performed in DMSO with 20 vol.-% styrene.  Black arrows indicate the acquisition of 
cyclovoltammograms, red arrows indicate when the film was immersed in DMSO rather than 
in the reactant solution. 
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Grafting of hydrophobic polymers to RAFT group functionalized pNIPAm was 
studied in preliminary experiments where EIP was performed in DMSO in the 
presence of styrene.  A typical data set is shown in Fig. 36.  The frequency shift (Panel 
A) was acquired in DMSO (red arrow in Panel A) prior to immersion into the reactant 
solution.  In the reactant solution, both the frequency and the bandwidth (Panel B) drift 
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strongly.  Probably, this drift is caused by the adsorption of short polystyrene chains 
which are formed in the reactant solution.  In DMSO, persulfate decomposes very 
quickly at room temperature as evidenced by a clouding of the reactant solution 
directly after dissolution of persulfate.  The polystyrene chains adsorbed weakly to the 
pNIPAm film and could be easily rinsed off when no voltage was applied.  When a 
voltage is applied to the coated electrode, the frequency decreases rapidly (Panel A).  
The film thickness (Panel D) calculated from the frequency shift was above 200 nm.  
Note that the calculated film thickness is just a relative measure of the deposited mass.  
The large bandwidth shift (Panel B) indicates strong viscoelastic contributions due to 
the formation of a very soft film.  In addition, the frequency shifts do not scale with 
the overtone order (data not shown).  Both findings suggest that the deposition 
proceeds outside the Sauerbrey regime.  The current density curve (Panel C) shows the 
typical shape with a peak in the beginning followed by a drop of current due to 
blocking of the surface.  After the voltage was switched off, the polymer film was 
allowed to equilibrate before it was rinsed with DMSO.  The shifts of frequency and 
bandwidth acquired in DMSO show a loss of mass upon rinsing.  Presumably, weakly 
adsorbed ungrafted polystyrene chains were rinsed off.  The final thickness in DMSO 
was 75 nm. 

Fig. 37 shows the film thickness measured after modification of a bare crystal, of a 
pNIPAm coated crystal, and of a crystal coated with RAFT group functionalized 
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Fig. 37: Wet (A) and dry (B) film thickness in the reactant solution (□) or in DMSO (○) after 
EIP in DMSO on bare gold (left), or on pNIPAm films prepared in the presence of 0 (center) 
or 15 mmol L−1 RAFT agent (right). 



5  Results – EIP of pNIPAm  Addition of RAFT Agent   

 65

pNIPAm.  The reference experiments on gold and on a pNIPAm film reveal that not 
all polystyrene chains are rinsed off in DMSO (Panel A).  The amount of adsorbed 
polystyrene is lowest for gold and increases slightly when the electrode is coated with 
pNIPAm.  The amount of deposited and potentially grafted polystyrene is highest 
when pNIPAm was prepared in the presence of 15 mmol L−1 RAFT agent.  The fact 
that the film thickness was not affected by rinsing with DMSO indicates that the 
polystyrene is covalently attached to the pNIPAm via the RAFT groups in the film.   

However, detection of the dry film thickness after rinsing with DMSO and toluene 
yielded confusing results.   The dry thickness was 10 and 30 nm on gold and on 
unmodified pNIPAm, respectively.  On grafted samples, the dry thickness was 
negative (even below the thickness of the initial pNIPAm film) although a polymer 
film was easily detectable by optical inspection.  A convincing argument why the dry 
film thickness should be negative after grafting was not found yet. 

5.2  EIP in a Lithographic Mode 

Patterning is an attractive way to increase the functionality of pNIPAm coatings.  
Typically, patterned hydrogel films find application as array sensors where the gel 
pads are functionalized such that they selectively respond to different analytes.  
Several routes allow for a functionalization of the pads, for example by incorporation 
of complexing agents that trigger swelling or collapse in the presence of certain ions or 
by encapsulation of enzymes.  Patterning can be achieved in many ways (cf. Section 
2.5).  Presumably, patterned films can be obtained by performing EIP in an 
electrochemical lithographic mode, for instance by using an SECM,122 by 
electrochemical dip-pen nanolithography,121 or by electrospotting.7  However, the 
approach used here exploits instabilities in film formation induced by oxygen bubbles 
on the surface.  Oxygen bubbles were produced on the working electrode by water 
decomposition at short positive potential pulses (+2 V).  Below a critical size, the 
bubbles do not detach and stick to the surface.  In the presence of initiator, monomer, 
electrolyte, and cross-linker, EIP can be induced in a subsequent step.  Fig. 38 
illustrates the patterning procedure.  
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Fig. 39 shows images of pNIPAm spots obtained by bubble-induced patterning.  
Image A represents a micrograph of a dry array of pNIPAm spots.  Image B shows a 
magnification of one particular spot.   The size of the spots varies, depending on the 
size of the bubble from which they were produced.  Typical diameters of the larger 
spots are in the range of 130 µm.  All patterns show a circular shape with a well-

defined edge.  Interestingly, some spots are surrounded by a fringe where polymer 
accumulates.  This fringe is separated from the pattern by a circular zone where the 

polymer seems to be depleted.  The diameter of this depletion zone is in the range of 
200 µm for the particular sample shown in Fig. 39.  To test for a diffusional movement 

Fig. 38: Principle of bubble-induced pattern formation.  In a first step, oxygen bubbles are 
formed on the working electrode by application of a positive potential (A).  When EIP is 
carried out at –0.8 V in the presence of bubbles (B), patterns form on the electrode surface 
(C).  The nature of the core of the spots is not clear as indicated by the pale green filling. 
Either, the hydrogel forms as a shell around the bubbles, resulting in an empty core or the 
patterns consist of continous hydrogel spots. 

 

Fig. 39: Optical micrographs of an array of pNIPAm spots (A) and of an individual spot 
(B) produced by bubble-induced patterning.  The optical contrast is increased at locations 
with a high polymer concentration (dark zones).  The spots show a characteristic circular 
structure which is in some cases surrounded by a polymer depletion zone and by a zone 
where the hydrogel seems to accumulate.  Small dark feature (< 10 µm) are irregularities 
of the gold surface. 
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of the whole hydrogel film towards the bubble, bubbles were produced on a pre-
formed pNIPAm film immersed in the reactant solution.  The features imaged after 
application of +2 V for 10 s are depicted in Fig. 40.  

  Image A and B show three patterns and one particular spot at a higher 
magnification, respectively.  The images reveal several interesting findings.  First, 
bubble formation on pNIPAm films also causes the formation of patterns.  Second, the 
optical contrast of the pNIPAm films is reduced at the sites where bubbles formed.  
This zone is less geometric than the depletion zones observed in Fig. 39.  Third, 
inhomogeneous deposits are detected at places where bubbles have formed.  
Importantly, initiator decomposition also takes place at positive potentials.86  
Consequently, the deposition of material may be related to EIP which occurs 
simultaneously to bubble formation.  Again, pNIPAm seems to deposit preferentially 
at locations where bubbles form.  The dark features observed in Fig. 40 resemble 
rings, indicating that pattern formation starts at the rim of the bubble.  The depletion 
zone around the ring-shaped patterns can be a result of hydrogel movement towards 
the bubble, of delamination of hydrogel by the bubbles, or of deposition of additional 
pNIPAm around the depletion zone.  This experiment cannot clarify the mechanism 
underlying the bubble-induced pattern formation.  Further mechanistic aspects will be 
discussed in detail below. 

The patterns were visualized in the vertical direction by adsorption of rhodamine B 
to the surface and subsequent imaging with a confocal microscope as shown in Fig. 41.  
Again, the images reveal a circular shape of the spots with a size distribution 
according to the varying size of the inducing bubbles.  Fluorescence only appears if 
the dye is located at a certain distance from the surface because gold extinguishes the 
fluorescence near the interface.  Image B represents a side view of one particular spot.  
The image reveals that the spot has a hemispherical shape which reproduces the shape 
of the bubble.  It is not clear whether the interior of the spot is filled by water or by 

Fig. 40: Optical micrographs of features obtained after application of +2 V for 10 s to an 
electrode covered with a pNIPAm film immersed in the reactant solution. 
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Fig. 41: Top view of an array of pNIPAm spots (A) and side view (B) of an individual spot 
imaged with a confocal laser scanning microscope.  Prior to imaging, a fluorescent dye was 
adsorbed to the hydrogel.  Fluorescent zones appear green in this false color representation. 

hydrogel.  The fluorescence was only detected at the spot’s surface.  However, it is 
possible that the outer surface consists of a highly cross-linked hydrogel skin that 
prevents the dye from penetrating into the interior. 

Bubble-induced patterning is not restricted to pNIPAm.  Patterning of pOEGMA is 
possible in the same way as demonstrated in Fig. 42.  The pOEGMA spots have 
diameters between 10 and 30 µm and are significantly smaller than pNIPAm spots.  
The size of a bubble depends on the surface tension at the gas–liquid interface and 
may be influenced by the composition of the reactant solution.  POEGMA is a 
macromonomer with a hydrophobic methacrylate group and a hydrophilic side chain.  
Possibly, it interacts with gas bubbles similar to a tenside and stabilizes small bubbles.  
The accumulation of material around the patterns and a depletion zone were not 
observed in the case of pOEGMA.  Image A shows a continuous pOEGMA spot 
whereas Image B shows two spots with a discontinuous structure.  It seems that the 

 

Fig. 42: Optical micrographs of pOEGMA spots produced by bubble-induced patterning. 
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polymerization was too short to induce full coverage of the bubble with hydrogel.  The 
presence of rings instead of spots implies that pattern formation starts at the rim of the 
bubble.   

The explanation why bubbles induce pattern formation is not straightforward.  The 
results allow some speculations as listed below.  However, all of these speculations 
suffer from inconsistencies in one way or another.   

- Mass transport.  Mass transport to the bubble may be enhanced by convection.  
Forced convection caused by detached oxygen bubbles can increase the rate of 
mass transport from the bulk to the electrode surface.  This explains the 
accumulation of material at places where bubbles form.  The mass transport at a 
bubble interface can be affected by gradients of temperature or surfactant 
concentration.  Convection patterns around a gas bubble on a heater surface were 
described by Wasekar and Manglik.181  Here, a convection pattern developed 
around the bubble which transported cool water from the top of the bubble to the 
bubble base.  In the case of bubble-induced pattern formation, a temperature 
gradient may exist between the bubble base and the outer solution which may be 
caused by the exothermic polymerization reaction and by an increased current 
density around the bubble (see Point 4).  Such a temperature-induced convection 
pattern can enhance the transport of material to the bubble, which explains the 
pattern formation at the rim of the bubble.  The polymer chains produced at the 
bubble base are hydrophobic in the reactant solution and have a hydrophilic 
initiator head group.  They may thus behave similar to a tenside and adsorb to the 
bubble interface.  Such a gradient in “surfactant” concentrations may induce 
additional convection patterns.  However, the convection model does not clarify 
why the hydrogel covers the whole bubble.   

- Preferential adsorption.  As discussed previously, pNIPAm chains may act in a 
surfactant-like manner in the reactant solution and preferentially adsorb to the 
bubble surface.  A detachment of short oligomeric pNIPAm chains from the 
location where they were produced followed by a re-attachment to the gas–liquid 
interface can explain the depletion zone often (but not always) observed around the 
spots.  It also explains why polymeric material attaches to the bubble surface.  An 
objection against this model is that oligomers adsorbed to the bubble cannot be 
cross-linked to the hydrogel because the diffusion of radicals is restricted to a small 
zone close to the electrode surface.  Upon rinsing with water, the oligomers on the 
bubble surface would dissolve and no bubble-shaped pattern would be obtained. 

- Prevented desorption. If small cavities on the rough gold surface underneath the 
bubble are filled with reactant solution, EIP will take place in these cavities, as 
well.  As the gap between the cavity and the bubble is small, pNIPAm chains are 
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not able to desorb and escape to the bulk by diffusion; they are trapped underneath 
the bubble.  The initiator and the monomer are small molecules, which can still 
reach the cavities and new polymer is formed which blows up the initial film.  
There are various objections against this idea.  When thinking of pOEGMA spots, 
it is difficult to imagine that oligomers will be prevented from desorption whereas 
the macromonomers are able to reach the cavities underneath the bubbles.  The 
model can neither explain the depletion of polymer at the rim, nor the accumulation 
of material around bubbles, nor the bubble-like shape of the spots.  The latter point 
could be explained by the model if the hydrogel grew into the bubble which is very 
improbable. 

- Electrochemical effects.  If the current density around the bubble is significantly 
enhanced, the initiator decomposition is favored at the bubble base and the 
hydrogel is preferentially formed in a ring around the bubble.  An inhomogeneous 
distribution of the current density around small hydrogen bubbles was modeled by 
Křišt’ál et al.182  They calculated the current density around a bubble situated 
between a structure anode and a cathode at small distances.  A similar increase of 
current density at the bubble interface may appear in the system studied in the 
present work, but again, the model fails to explain the deposition of material on the 
whole bubble interface. 

- Unconventional interface effects.  By intuition, bubble-induced patterning could be 
explained if the hydrogel grew like a skin around the bubble, forming a balloon-
like structure.  Such a mechanism would be possible if either the initiator 
decomposed at the gas–liquid interface or if the bubble interface would be a 
pathway for exceptionally fast diffusion of radicals.  In both cases, polymerization 
and cross-linking would appear directly at the bubble interface and a balloon-like 
hydrogel film would form around the bubble.  However, no processes that argue 
for these mechanisms have been reported in literature.  On the other hand, bubble 
interfaces in such complex systems are rarely the subject of fundamental research 
on radical diffusion or electrochemistry.  

The mechanism of pattern formation remains unclear.  Possibly, it is a combination 
of the processes discussed previously.  
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For a locally triggered pattern formation, it is necessary to induce bubble formation 
in a controlled way.  For this purpose, bubbles were produced electrochemically in a 
narrow gap between an insulated counter microelectrode and the working electrode.  
Spots that were produced at these locations upon application of a negative potential are 
shown in Fig. 43.  Controlling the size of the spots was difficult because the distance 
between the two electrodes was adjusted manually, which was poorly reproducible.  
Using an SECM for bubble formation would provide improved control over the 
deposition parameters and allow for a better size control.  Image A shows a large spot 
obtained by localized bubble formation.  This particular spot was rather thick as 
indicated by the dark circular feature in the center.  It was surrounded by an 
inhomogeneous fringe which may be a result of vibrations during the deposition.  A 
side view of a small spot to which a fluorescent dye was adsorbed is depicted in 
Image B.  Compared to Image 41 B, this spot resembles a small droplet more than a 
hemisphere.  As illustrated in Fig. 44, the pattern shape seems to depend on whether a 
hemispherical bubble forms directly on the surface or whether the bubble is produced 
at the opposing electrode.  Image C in Fig. 43 shows a spot produced in the presence 
of glucose oxidase.  Here, the fluorescence originating from the flavin moiety of 
glucose oxidase was detected.  Interestingly, the symmetry of the spot seems to be 
reduced in the presence of glucose oxidase.  Again, a small inhomogeneous fringe 
appears which may be a result of vibrations and bubble instabilities during the 
deposition.  The vertical dimension of glucose oxidase containing spots appeared to be 
small, which may be an artifact of the preferential encapsulation of glucose oxidase at 
the bottom of the spot which yields a higher fluorescence intensity at this location.   

Fig. 43: Spots prepared by electrochemically triggered localized pattern formation.  A: optical 
micrograph of a large spot.  B: Side view of a small spot onto which a fluorescent dye was 
adsorbed.  C: Top view of a spot into which glucose oxidase was encapsulated. 
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Fig. 43 demonstrates an advantage of bubble-induced pattern formation over 
conventional electrochemical lithography techniques.  In electrochemical lithography, 
the pattern size is a function of the diameter of the counter electrode and of its distance 
from the surface.  When pattern formation is induced by small bubbles, the pattern size 
is governed by the bubble size which may be much below the diameter of the counter 
electrode.  For example, the size of the spot shown in Fig. 43 B was reduced by a 
factor of 10 as compared to the counter electrode (diameter 300 µm).   

Fig. 45 shows an AFM image acquired on the edge of a large spot without 
inhomogeneous fringe.  The height of this particular spot was above 5 µm.  The edge 
of the spot was well-defined.  Corona-like structures were imaged which can be a 
result of shrinking of the spot upon drying or of a movement of the hydrogel towards 
the bubble while some polymer filaments stick to the places where they were 
produced.  To prove that the spots were formed from pNIPAm, the LCST of a dense 
array of hydrogel spots was measured by QCM as demonstrated in Fig. 46.  

 

 

 

Fig. 44: Impact of the mode of bubble formation on the shape of the pattern. A: Bubble 
formation on the working electrode yields hemispherical patterns. B: Forced bubble 
formation in the gap between a counter microelectrode and the working electrode gives rise 
to droplet-like patterns. 

Fig. 45: AFM image acquired in tapping mode in air on the edge of a large hydrogel spot. 
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Both the frequency (Panel A) and the bandwidth shift (Panel B) show an inflection 
point at 31 °C which is close to the bulk LCST of pNIPAm.  Interestingly, the 
frequency decreases upon collapse.  The opposite would be expected if the spots were 
acoustically thin in the Sauerbrey sense.162  This is not the case, as also evidenced by 
the optical images (see, for example, Fig. 43 B).  Since the thickness of the spots is 
much larger than the penetration depth of the acoustic shear wave, the gel forms a 
semi-infinite medium in the Kanazawa sense.163,164  Upon collapse, the material’s 
viscosity increases, decreasing the frequency in proportion.    

The investigations show that bubble-induced pattern formation is an attractive 
alternative to conventional patterning techniques although the mechanism needs 
further investigation.  In addition, the control over bubble formation was poor.  Using 
an SECM or electrochemical dip-pen nanolithography to induce the bubble formation 
may improve the control over the pattern size.  It may also be attractive to test further 
approaches that allow for a localized deposition of hydrogel films.  For instance, 
electrochemical dip-pen nanolithography or the SECM technique in combination with 
EIP may be useful alternatives to bubble-induced patterning.   

Fig. 46: Shifts of frequency (Δf, A) and bandwidth (ΔΓ, B) measured on the 15 MHz overtone 
as a function of temperature.  Both Δf and ΔΓ decrease at the LCST of pNIPAm. 
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5.3  Copolymer Films of NIPAm and Oligo(Ethylene Glycol) Methacrylate 

5.3.1  EIP of N-Isopropylacrylamide and Oligo(Ethylene Glycol) Methacrylate 

In order to combine the thermoresponsive properties of pNIPAm with the 
antifouling properties of oligo(ethylene glycol) methacrylate (OEGMA), cross-linked 
copolymer films of the two monomers were prepared.  Two typical data sets measured 
during EIP are shown in Fig. 47.  In the absence of OEGMA, EIP proceeds in the well-
known way (cf. Section 5.1.1).  Briefly, application of a voltage causes a negative 
frequency shift (Panel A).  The bandwidth (Panel B) remains constant, indicative of 
the formation of a rigid, collapsed hydrogel film.  The current density (Panel C) drops 
rapidly as the polymerization proceeds, which is attributed to blocking of the electrode  

0

2

C

B

A

 

Δf
 [k

H
z]

0.0

0.2

  Δ
Γ 

[k
H

z]

 

 

-30 0 30-4

-2

0

2

 

 j 
[m

A
 c

m
−2

]

 

 t [min]
 

Fig. 47: Frequency shift (Δf, A), bandwidth shift (ΔΓ, B), both determined on the 15 MHz 
overtone, and current density (j, C) measured during EIP in a solution containing 100 (□) and 
67 mol-% (○) NIPAm with 0 and 33 mol-% OEGMA, respectively.
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by the collapsed film.  The film acts as a barrier to the diffusion of reactants to the 
electrode and slows down the further polymerization. 

When OEGMA is added to the solution, the frequency decreases strongly even 
before application of a voltage (Panel A).  Presumably, the oligomeric monomer 
adsorbs to the gold surface.  The adsorption of OEGMA prior to EIP is a reversible 
process and the adsorbed monomer can be completely removed by rinsing with water.  
When a voltage is applied to the system, OEGMA is fixed to the surface by cross-
linking and copolymerization with NIPAm.  The frequency shift curve shows no 
change in slope when EIP starts but it stops to decrease after about 10 min.  The 
bandwidth (Panel B) increases during EIP and reaches a constant value after about 
10 min, as well.  The current density (Panel C) is reduced by the presence of OEGMA 
which supports the hypothesis that OEGMA adsorbs and blocks the electrode surface.  
The strong drift in frequency due to adsorption of OEGMA prevents the determination 
of a stable baseline.  As a consequence, the frequency shifts cannot be used for the 
calculation of a wet film thickness. 

A plot of the dry film thickness as a function of the amount of NIPAm in the 
reactant solution is presented in Fig. 48.  The film thickness is highest for the 
pOEGMA homopolymer and lowest for the pNIPAm homopolymer.  At NIPAm 
contents between 67 and 33 mol-% in the reactant solution, the film thickness remains 
constant at about 50 nm.  The model shown in Fig. 49 illustrates the growth process.  
The pNIPAm homopolymer film grows in a collapsed state (Panel A, cf. Sections 
5.1.1 and 5.1.5).  Copolymerization with OEGMA yields a more hydrophilic hydrogel 
with an increased swelling ratio in the reactant solution.  As a result of the more open 
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Fig. 48: Dry Sauerbrey thickness of p(NIPAm-co-OEGMA) films as a function of the amount 
of NIPAm in the reactant solution.  The thickness decreases with increasing amount of 
NIPAm. 
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network structure, the diffusion of initiator to the surface is less hindered and the film 
thickness increases.  Presumably, the dangling ends inserted by the OEGMA cause a 
further opening of the network.  In addition, OEGMA has a higher molecular weight 
and the deposited mass increases (see Panel B).  Another reason why a plateau appears 
in this regime may be the influence of adsorption of the macromonomer.  The 
pOEGMA homopolymer (Panel C) has the highest thickness which again is a result of 
the open network structure and the higher molecular weight of the macromonomer.   

Fig. 50 shows the LCST as a function of the amount of NIPAm in the reactant 
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Fig. 50: LCST of copolymer films measured in water as a function of the amount of NIPAm 
in the reactant solution.  The arrow indicates that the LCST was above the experimental 
range.  The LCST is increased by incorporation of OEGMA in the copolymer films.  

 

Fig. 49: Model suggested for the formation of hydrogel films of pNIPAm (A), pOEGMA (C) 
and their copolymers (B).  Increasing the OEGMA content in the copolymer yields a more 
open structure and a higher film thickness. 
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solution.  The LCST of the copolymer films increases with the amount of OEGMA in 
the reactant solution.  The increase in the LCST proves that both monomers were 
incorporated into the copolymer.  The shift in the LCST is proportional to the 
hydrophilicity of the films which is governed by the ratio of OEGMA to NIPAm 
incorporated into the hydrogel.  Adding a small amount of OEGMA to the reactant 
solution causes a strong increase of the LCST of more than 10 °C.  Presumably, 
OEGMA is preferentially incorporated into the hydrogel which may be related to the 
adsorption of the chains to the surface.  As the OEGMA is located at the surface where 
the reaction takes place, its fractional content in the hydrogel may be increased.  
Above 3 mol-% OEGMA, the LCST increases linearly with increasing OEGMA 
content in the reactant solution.  The increase of the LCST is accompanied by a 
broadening of the curves and a decrease of the swelling amplitude (data not shown).  
Such a behavior was also reported by Ma et al.35 as well as by Wu and co-workers41,42  
who attributed the broadening to a microphase separation of the p(NIPAm-co-
OEGMA) system at temperatures between the LCSTs of the two homopolymers.   

AFM images acquired on copolymer films of various compositions are depicted in 
Fig. 51.  The roughness of the films increases with the OEGMA content.  At high 
amounts of OEGMA, the films show pancake- and mushroom-like structures.  The 
pNIPAm homopolymer (Panel A) exhibits a globular structure on the nanoscale 
(cf. Fig. 16).  The globules increase slightly in size when OEGMA is added at low 

Fig. 51: AFM images acquired on copolymer films of NIPAm and OEGMA obtained from 
reactant solutions containing 0 (A), 5 (B), 16 (C), 33 (D), 67 (E), and 100 mol-% OEGMA(F). 
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concentrations (Panel B).  At 16 mol-% OEGMA content (Panel C), pancake-like 
structures appear in addition to the small globules.  These pancakes possibly are the 
result of phase separation between the hydrophilic pOEGMA and the hydrophobic 
pNIPAm segments in the hydrogel.  A further increase of the OEGMA content to 
67 mol-% (Panel D) has no impact on the number of pancakes.  At even higher 
OEGMA concentrations, the amount of pancakes decreases (Panel E).  No pancakes 
are imaged on pOEGMA homopolymer films (Panel F).  The fact that the number of 
pancakes is highest around the 1:1 mixture supports the hypothesis that they are a 
result of phase separation.  Mushroom-like features are observed on the films at 
OEGMA concentrations above 33 mol-% (Panel D to F).  The size of the mushrooms 
increases with the OEGMA content.  Probably, mushrooms are OEGMA (not 
polyOEGMA) aggregates that were not completely dissolved.  An incomplete 
dissolution of OEGMA was evidenced by the turbidity of the reactant solution.  The 
fact that OEGMA was not completely dissolved complicates the interpretation of the 
QCM data because adsorbed globules of the macromonomer also contribute to the 
frequency shift.  The thickness reported in Fig. 48 should thus be treated with care.  
The sub-structure of pOEGMA homopolymer films is again dominated by globules 
with characteristic sizes of about 25 nm. 

The investigations clearly prove that EIP is a well-suited technique to produce 
p(NIPAm-co-OEGMA) hydrogel coatings on conducting substrates. 

5.3.2  Fouling Properties 

The potential of p(NIPAm-co-OEGMA) films to serve as protein-repellent 
(“antifouling”) coating was tested by adsorption experiments with the water-soluble 
blood serum protein human serum albumin (HSA) in phosphate buffered saline (PBS).  
The frequency and bandwidth shifts measured in response to adsorption of HSA are 
shown in Fig. 52.  The shifts of frequency and bandwidth monitored on an uncoated 
gold surface serve as a reference because gold is a good fouling material.  The 
frequency and bandwidth shifts on gold were approximately –65 and 40 Hz, 
respectively.  When the gold was coated with pNIPAm, pOEGMA, or their 
copolymers, no adsorption of HSA was detected.   
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These findings are in line with earlier experiments.  POEGMA has often been 
referred to as an antifouling coating.25,31,35  PNIPAm films produced by EIP have been 
tested in cell culture where the adsorption of human umbilical vein endothelial cells 
was prevented by the homopolymer film.183  In the latter case, the adsorption could be 
triggered by the addition of fibronectin to the surface.  A surface where the adsorption 
of proteins or cells can be triggered by addition of certain proteins or peptides is called 
“low-fouling”.  In the present work, a discrimination between antifouling (protein 
adsorption is always prevented) and low-fouling properties was not carried out.  The 
films will be referred to as “non fouling” coatings. 

5.3.3  Amperometric Detection of Glucose 

Fig. 53 shows the results of amperometric glucose detection using platinum micro-
electrodes covered with homopolymers of NIPAm and OEGMA and the copolymers 
of the two into which glucose oxidase was encapsulated.  In Panel A, the currents of 
platinum microelectrodes coated with pNIPAm and pOEGMA homopolymers at 25 °C 
are plotted versus the glucose concentration in the solution.  As a reference 
experiment, the current was determined on a platinum electrode onto which glucose 
oxidase was adsorbed.  All three curves show the typical Michaelis–Menten kinetics 
with a linear increase of the current with concentration at low glucose levels and 
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Fig. 52: Frequency shifts Δf (A) and bandwidth shifts ΔΓ (B) monitored in PBS after 
adsorption of HSA.  A reference experiment was performed on a bare gold surface.  The 
low shifts of frequency and bandwidth indicate that all films prevent the adsorption of HSA.
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saturation at high glucose concentration.  This proves that glucose oxidase was 
encapsulated in the hydrogel during EIP and that the enzyme is active in the film.  This 
finding is not trivial.  EIP is a free-radical process where the radicals potentially attack 
the enzyme and destroy its active sites.  Fig. 53 A demonstrates that at least a part of 
the enzyme molecules remained active.    

To quantify the results, the maximum current imax
app (Panel B) and the Michaelis 

constant KM
app (Panel C) were determined from the current curves by fitting.  The 

highest current was detected for pOEGMA at 25 °C.  In phosphate buffer, the LCST of 
pOEGMA is 30 °C (data not shown).  As a consequence, the film is swollen at 25 °C, 
which explains the high maximum current (see Fig. 54 B).  All other copolymers are 
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Fig. 53: A: Current at 25 °C as a function of glucose concentration measured with a bare 
platinum microelectrode with adsorbed glucose oxidase ( ) and with microelectrodes covered 
with a pNIPAm ( ) or a pOEGMA film ( ) with encapsulated glucose oxidase.  B, C: 
Maximum current imax

app (B) and Michaelis constant KM
app (C)  determined from the current 

by fitting, at 25 (○) or at 37 °C (□) versus the amount of NIPAm in the reactant solution.  The 
filled symbols represent reference data determined with an uncoated platinum microelectrode 
with adsorbed glucose oxidase.  Both KM

app and imax
app are mean values determined from at 

least two experiments.   
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collapsed and the currents are about 14 nA, independent of both the copolymer 
composition and the temperature (see Fig. 54 A).  Small variations of the current are 
related to differences in the electrode areas.  The temperature dependence of the 
enzyme reactivity is small, as well, as evidenced by the reference experiments.  The 
maximum current detected with collapsed films is close to the reference value which is 
the current range of an adsorbed monolayer of glucose oxidase.   

The Michaelis constant (Panel C) is a measure of the regime of linear sensor 
response.  It varies between 20 and 60 mmol L−1, which is in the same range as the 
values of 30 to 110 mmol L−1 reported for glucose oxidase in solution.  The Michaelis 
constant depends strongly on both the copolymer composition and the temperature.  At 
25 °C, the Michaelis constant increases linearly with the amount of OEGMA in the 
film.  Presumably, this increase is related to an increasing swelling ratio.  The 
maximum Michaelis constant is found for the pOEGMA homopolymer, where the 
highest maximum current is obtained, as well.  At 37 °C, the dependence of the 
Michaelis constant on the copolymer composition is inverted, indicating that different 
phenomena influence the enzyme’s properties, here.  The dependence of the Michaelis 
constant on composition is much less pronounced at 37 °C and may be a result of the 
increasing hydrophobicity with decreasing OEGMA content.  Similar observations 
were made by Schuhmann et al. for glucose oxidase encapsulated in electrodeposition 
paints.66  Fig. 54 summarizes the results in a model for the sensors’ temperature 
response taking into account changes in the hydrogel structure. 

The results clearly prove that glucose sensors can be easily prepared by EIP.  
Presumably, the potential of electrochemically prepared hydrogel films in 

 

Fig. 54: Model for the processes causing the temperature response of a pNIPAm (A) and a 
pOEGMA (B) hydrogel sensor with encapsulated glucose oxidase (green points) operating in 
phosphate buffer. 
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amperometric biosensing has not yet been driven to its limit.  In the future, if may be 
interesting to relate the thickness and the surface morphology of a film to the 
performance of the sensing device.  Depending on the application, roughness and film 
thickness may have a tremendous effect on the sensor response.  In addition, adjusting 
the degree of swelling is of practical importance.  In the present work, the operation 
temperature triggered the accessibility of the enzyme due to the thermoresponsive 
behavior of the matrix material.  Thermoresponsive biosensors may open up routes to 
discriminate between the analyte and interfering species.  For instance, one could 
employ size differences in combination with the accessibility of the enzyme to 
modulate the sensors’ signal.  At present, the current of pOEGMA sensors upon 
detection of glucose did not exceed 0.15 µA.  Modification of the films with redox-
active moieties such as vinylferrocene may significantly increase the sensitivity by 
providing electron-hopping pathways to the surface. 

With regard to the production of a hydrogel array sensor, amperometric detection of 
the biorecognition event is typically not the method of choice.  Electrochemical read-
out of a large array of gel pads requires a strong electronic and computational effort 
which is not in line with the demand for low-cost multiple-response sensing devices.  
Development of other detection mechanisms that allow for an optical read-out, for 
instance by surface plasmon resonance, would be attractive.  A route towards an 
optical read-out may be to tune the swelling of the hydrogel pads in a way that each 
pad swells or deswells selectively in response to a certain analyte.   
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6 Conclusions 

Thermoresponsive hydrogel films of pNIPAm, pOEGMA, and their copolymers 
were prepared by electrochemically induced polymerization.  The film thickness in air 
was in the range of 5 to 100 nm.  PNIPAm films exhibited an LCST of 30 °C in water 
which is close to the LCST of bulk pNIPAm.  The degree of swelling typically was in 
the order of two and largely independent of the preparation conditions.  The thickness 
of pNIPAm films increased with the salting-out capability of the reactant solution 
which is a function of the concentration of the supporting electrolyte and of its position 
on the Hofmeister scale.  When varying the nature of the electrolyte, the film thickness 
increased in the order nitrate < perchlorate < sulfate.  Deviations from the classical 
Hofmeister scaling were attributed to factors like the presence of the initiator and other 
reactants.   

Addition of a cross-linker resulted in the formation of thicker films but was no pre-
requisite for adhesion.  Adhesion of films prepared in the absence of cross-linker was 
explained by self-cross-linking of pNIPAm at high polymer concentrations at the 
electrode surface.   

Switching the solution pH to high values inhibited the electrochemical reduction of 
persulfate and yielded very thin films.  Addition of chain transfer agents to the basic 
reactant solution increased the film thickness.  Cyclic voltammetry proved that the 
enhancement of film growth was caused by an enhanced initiator reduction.  In the 
case of the irreversible chain transfer agent sodium formate, radicals possibly 
produced by a Kolbe-like reaction yielded pNIPAm films even in the absence of the 
persulfate initiator.  In addition, an interaction between formate and persulfate 
increased the persulfate reduction current.  Added RAFT agent did not undergo any 
electrochemical reactions.  The enhanced initiator reduction was explained by the 
formation of a charge-transfer complex between the RAFT agent and the persulfate.  
Such a complex may withdraw electrons from the persulfate, which makes the 
O−O bond more susceptible to reduction.   

The surface morphology of the films as imaged with an AFM often showed small-
scale globular structures.  These globules were microgel domains presumably formed 
in essentially the same way as in the bulk.  The hypothesis that the globules are 
microgel domains was supported by the smoothening of the films in the absence of 
cross-linker and in the presence of chain transfer agents.  The surface morphology was 
found to be influenced by the supporting electrolyte and the temperature.  The 
roughness as a function of the electrolyte increased in the same order as the film 
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thickness, namely nitrate < perchlorate < sulfate.  Increasing the temperature to 40 °C 
caused a dramatic increase of roughness.  The increased lateral heterogeneity under 
strong salting-out conditions was related to the formation of hydrogen bubbles 
underneath well cross-linked, dense hydrogel films.  

Polystyrene was electrochemically grafted to RAFT group functionalized pNIPAm 
films in preliminary experiments.  This approach increases the scope of EIP with 
regard to the choice of monomers and the layer architecture. 

Structured pNIPAm and pOEGMA films were obtained by bubble-induced pattern 
formation.  Electrochemical formation of oxygen bubbles on an electrode followed by 
EIP yielded laterally patterned hydrogel films where the polymer was deposited 
around the bubbles.  Feature sizes ranged from 400 to below 10 µm. The mechanism 
of pattern formation remained unclear.  A locally controlled pattern formation was 
achieved by producing an oxygen bubble in a narrow gap between a counter 
microelectrode and the substrate.  Patterns of pNIPAm spots showed a LCST of 31 °C.  
Encapsulation of glucose oxidase into the spots was possible. 

Laterally homogeneous films of pNIPAm, pOEGMA, and their copolymers were 
tested with respect to their fouling properties.  All homo- and copolymer films showed 
non fouling behavior towards human serum albumin.  Glucose oxidase was 
successfully encapsulated into the films.  The enzyme retained its activity upon 
encapsulation and showed the typical Michaelis–Menten kinetics in amperometric 
glucose detection.  The Michaelis constants were in the range of 20 to 60 mmol L−1 
and strongly depended on the copolymer composition and on the operation 
temperature.  The maximum current was 14 nA for collapsed films.  The pOEGMA 
homopolymer swelled in the buffer which increased the maximum current by a factor 
of 12.   

From these findings, one can conclude that electrochemically induced 
polymerization is a versatile and well-suited approach for the fabrication and 
optimization of sensing elements for bioanalytics.        
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Appendix A: List of Symbols 

A Area  
c Concentration 
Cd Differential double layer capacitance 
D Diffusion coefficient  
Δ Heat energy 

Δf Frequency shift 

ΔΓ Shift of half bandwidth at half maximum, “bandwidth shift” 

ΔU Potential difference 

ΔUWE Potential difference between working and reference electrode 

ΔU0 Potential difference between working electrode and setpoint 
dS Sauerbrey thickness 
dS,100%r.h. Sauerbrey thickness at 100% relative humidity 
dS,1%r.h. Sauerbrey thickness at 1% relative humidity 
dS,wet Sauerbrey thickness in the reactant solution 
dS,dry Sauerbrey thickness in air at ambient conditions 
F Faraday constant, F = 96485 C mol−1 
ff Frequency of fundamental 
η Viscosity of liquid 

hν Irradiation energy; product of Planck constant and wavelength  
i Current 
imax  Maximum current  
imax

app  Apparent maximum current determined by amperometry  
j Current density 
J’ Elastic compliance 
J’’ Viscous compliance 
jp Maximum current density 
k Rate constant 
KM Michaelis constant 
KM

app Apparent Michaelis constant determined by amperometry 
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mS Mass per unit area 
µq Shear modulus of quartz 
n Number of monomer repeat units or overtone order (QCM) 
Q Swelling ratio 
ρl Density of liquid 

ρq Density of quartz 

ρf Density of film 
R Resistance 
RS Solution resistance 
t Time 
T Temperature 
U Voltage 
v Rate of reaction 
vmax Maximum rate of reaction 
vr Potential ramp rate 
x Distance from electrode surface 
z Number of transferred electrons 
Zq Acoustic impedance of quartz, Zq = 8.8×106 kg m−2 s−1 
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Appendix B: List of Abbreviations 

AFM Atomic force microscope 
AIBN 2,2’-azobisisobutyronitrile 
Aox Oxidized species 
Ared Reduced species 
ATRP Atom transfer radical polymerization 
BIS N,N’-methylenebisacrylamide 
CTA Chain transfer agent 
DNA Deoxyribobnucleic acid 
DMSO Dimethylsulfoxide  
E Enzyme 
EIP Electrochemically induced polymerization 
Eq. Equation 
EQCM Electrochemical quartz crystal microbalance 
FAD Flavin adenine dinucleotide 
Fig. Figure  
γ Gamma irradiation 
HSA Human serum albumin 
I Initiator 
I• Radical species derived from decomposition of initiator 
IR Infrared  
LCST Lower critical solution temperature 
M Monomer 
NAD+ Nicotinamide adenine dinucleotide 
NIPAm N-isopropylacrylamide 
NMP Nitroxide-mediated polymerization 
NMR Nuclear magnetic resonance 
OEGMA Oligo(ethylene glycol) methacrylate 
P product 
PBS Phosphate buffered saline 
PDMS Poly(dimethylsiloxane)  
PEG Poly(ethylene glycol) 
PEGMA Poly(ethylene glycol) methacrylate 
Pn/m/q Polymer containing n, m, or q monomer units 
pNIPAm Poly-N-isopropylacrylamide 
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pOEGMA Poly(oligo(ethylene glycol) methacrylate) 
PQQ-sGDH Pyrrolo-quinoline quinone-dependent glucose dehydrogenase 
PVDF Polyvinylidene fluoride 
QCM Quartz crystal microbalance 
RAFT Reversible addition–fragmentation chain transfer 
Ref. Reference 
Rms Root mean square, rms of a collectrion of n values x1, x2, …, xn: 

∑
=

=
n

1i

2
irms

1 x
n

x  

SCE Saturated calomel electrode 
SECM Scanning electrochemical microscope 
SPR Surface plasmon resonance 
STM Scanning tunneling microscope 
TERP Tellurium-mediated radical polymerization 
UME Ultramicroelectrode  
UV Ultraviolett  
vs. Versus 
XPS X-ray photoelectron spectroscopy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


