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1 Introduction 

Responsive polymers constitute a class of “smart” materials which can undergo a structural, 

conformational, physical or chemical property changes upon physical, chemical or biological 

stimuli.1-6 As such, these polymers bear a significant potential for implementation in various 

fields ranging from textile design, food packaging and optical data storage to a great diversity 

of biomedical devices and coatings. There are numerous biomedical applications for which 

polymers responding to physical triggers, such as temperature, light or electricity, chemical 

triggers, such as ionic strength or pH, as well as biological triggers, such as supramolecular 

binding to enzymes and receptors, as external stimuli have been thoroughly investigated. For 

example, responsive polymeric materials have been used in the form of dendrimers, micelles, 

vesicles, nano-, micro- as well as macroscopic gels for therapeutic use in drug delivery, gene 

delivery, and molecular recognition7-11 and in the form of various surface coatings, such as 

monolayers, films and gels, for diagnostic sensor and imaging applications, in tissue 

engineering and regenerative medicine as well as for bioseparation.10-17 

1.1 Thermoresponsive Polymers 

Especially polymers which react to temperature changes have been in the focus of research in 

the past years and are currently on the brink of becoming state-of-the-art high-tech materials. 

This is due to convenient adjustability of temperature as a physical quantity, its importance in 

biological processes and the great diversity of polymers which are known to exhibit 

thermoresponsive behaviour in aqueous environments.18 Hence, thermoresponsive polymers 

have laid the foundation for the development of multi-responsive, truly “smart” materials, 

which are able to approximately mimic naturally occurring processes. 

1.1.1 Temperature-Triggered Phase Transition 

Most of the known polymers reacting to temperature as an external stimulus exhibit a lower 

critical solution temperature (LCST) in aqueous media. This means that such polymers dissolve 

in water at low temperatures and undergo phase separation via a so-called “coil-to-globule” 

transition upon heating, which is schematically illustrated in Figure 1A.18-19 In most cases, this 

temperature-triggered transition is reversible, and the critical temperature at which phase 
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separation occurs is mainly governed by the hydrophilicity, the molecular weight, the 

architecture and the concentration of the thermoresponsive polymer as well as by solutes in the 

aqueous medium, such as salts or various biomolecules.6 By definition, the LCST is the lowest 

point of the coexistence curve (binodal) in the phase diagram corresponding to a specific 

polymer concentration, which is defined as the lower critical solution concentration (LCSC). 

All the other points along the binodal at which phase separation occurs are accurately referred 

to as cloud point temperatures (CPTs) and are always directly associated to a specific polymer 

concentration.19 A schematic phase diagram of a polymer exhibiting LCST behaviour is shown 

in Figure 1B. 

Figure 1. (A) Schematic illustration of the “coil-to-globule” transition of a thermoresponsive 

polymer in water.20 (B) Schematic phase diagram of a binary mixture exhibiting an LCST.20 

Generally, the phenomenon of LCST-type behavior is governed by inter- and intramolecular 

H-bonds between the polymer and water. In fact, the ability of water to restructure and bind to

various polar molecules via H-bonding is also one of the main driving forces in biological

processes.6 In addition, the relatively low enthalpic gain and the unfavorable entropy

accompanied by the dissolution of high molecular weight polymers in water makes such

mixtures sensitive to changes in temperature as it can be illustrated by means of the Gibbs free

energy (1).

∆𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 = ∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑇𝑇∆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 (1) 

When the temperature reaches the critical value (LCST or CPT), the negative enthalpy term 

(∆𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚 < 0) is overruled by the positive entropy term (∆𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 < 0), which in turn leads to an 

unfavorable positive free energy (∆𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 > 0). Consequently, the system becomes unstable and 

phase separation occurs. This drives the increase in entropy of the system via the dehydration 

of the polymer, which comprises the cleavage of H-bonds between the polymer and water, the 
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formation of intra- and intermolecular H-bonds or dipole-dipole interactions within the polymer 

chains and the aggregation of the hydrophobic polymer segments, leading to a favorable 

negative free energy (∆𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 < 0). Hence, the LCST-type phase transition is an entropy-driven 

phenomenon. Therefore, it is important to note that every polymer with an appropriate 

hydrophilic/hydrophobic balance exhibits LCST-type behaviour in aqueous solution at 

temperatures within the potentially and practically applicable range (~ 0 °C to 100 °C).19 In 

contrast to LCST-type polymer, thermoresponsive polymers which exhibit an upper critical 

solution temperature (UCST) show an inverse solution behaviour in water and undergo phase 

separation upon cooling. The solubility of UCST-type polymers in water is mainly governed 

by rather strong supramolecular interactions, such as H-bonds or zwitterionic interactions, 

between the polymer side chains. Compared to LCST-type polymers, the enthalpy of mixing 

for UCST polymers is positive (endothermic), since strong intra- and intermolecular bonds need 

to be cleaved in order to solubilize the polymers via polymer-water dipole-dipole or H-bond 

interactions. The rather low entropy of mixing makes UCST-type polymers extremely sensitive 

to small temperature changes (equation (1)). In analogy to LCST-type polymers, CPTs of 

polymers which undergo a UCST-type phase transition are influenced by polymer molecular 

weight and concentration. However, especially cosolutes like salts and pH strongly affect 

supramolecular polymer-polymer interactions by weakening H-bonds and zwitterionic bonds 

and can therefore be used to induce a phase transition under isothermal conditions.21 

The most common techniques to determine the CPTs of thermoresponsive polymers in solution 

are turbidimetry, dynamic light scattering (DLS), NMR spectroscopy and calorimetric methods, 

such as differential scanning calorimetry (DSC). Although the determination of CPTs via these 

techniques is straight-forward, the results are prone to experimental variations, which is due to 

kinetic effects during the measurements. Hence, experimentally determined phase diagrams and 

CPTs do not coincide with the coexistence curve, since the binodal is of thermodynamic nature. 

In addition, depending on the heating and cooling rates applied during measurement, 

thermoresponsive LCST-type polymers often exhibit hysteresis.22 This kinetic effect leads to 

discrepancies between CPTs determined from heating and cooling cycles and is often observed 

when the polymers contain groups which exhibit strong hydrophobic-, dipole-dipole-, π -π - or 

Coulombic interactions.6 Turbidimetry, which is the most widespread technique used to 

determine CPTs and is usually conducted via UV-Vis transmittance measurements, is rather 

limited, since results depend on the wavelength of the used light and small polymer  particles 

and aggregates formed during the coil-to-globule transition do not yet scatter light and are 

therefore not detected. Hence, in order to attain a more detailed insight into the nature of the 
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phase transition and to determine more realistic CPTs, additional measurement techniques are 

required. In that regard, DLS offers a way to determine the conformation of single polymer 

chains as well as the size of polymer aggregates via assessment of their hydrodynamic radii and 

is therefore a valuable method to determine temperature-induced changes in particle size as 

well as intermolecular aggregation on a broad nanometer-scale (~ 1 - 1000 nm). In addition, 

high sensitivity DSC allows the quantification of the state of polymer hydration on the 

molecular level. Since the cleavage of hydrogen bonds between water and the thermoresponsive 

polymer constitutes an endothermic process, the enthalpy which can be measured during 

heating of a solution via DSC experiments allows an estimate of the degree of polymer 

dehydration. Figure 2A illustrates the characteristic endothermic peak of the dehydration of 

poly(N-isopropyl acrylamide) (PNIPAm) chains in water measured by DSC as well as a 

comparative cloud point curve measured by UV-Vis turbidimetry plotted in optical density vs. 

temperature.23 A typical phase transition curve of a statistical, thermoresponsive copolymer 

based on the two monomers oligo(ethylene glycol) methacrylate (OEGMA, Mn = 475 g mol-1) 

and 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA) determined by DLS is shown in 

Figure 2B, which illustrates the abrupt change in particle size induced by the formation of 

multimolecular aggregates above the copolymer’s CPT (~ 52 °C).24 

Figure 2. (A) CPT of PNIPAm (~ 32 °C) measured via UV-Vis transmittance (phase transition 

curve is plotted as optical density vs. temperature, black dots) and by DSC measurements 

(endothermic peak illustrates the required heat flow ΔCp for the cleavage of H-bonds between 

water and PNIPAm, black curve).23 (B) CPT of a statistical poly(MEO2MA-co-OEGMA) 

copolymer determined from the hydrodynamic radius Rh via DLS measurements (black and 

white dots represent particle sizes determined during heating and cooling cycles, respectively).24 

Additional information on the changes in polymer chain mobility during an LCST-type phase 

transitions can be assessed using NMR spectroscopy, by which the hydration of the 
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hydrophobic and hydrophilic domains of the respective polymer chains can be estimated 

through the broadening or vanishing of the polymer’s characteristic NMR signals. Among 

others25-27, a further technique that has been introduced recently in order to investigate the effect 

of cosolutes on the phase transition of thermoresponsive polymers is isothermal titration 

calorimetry (ITC). Compared to DSC, this method is suitable for the determination of critical 

cosolute concentrations at very low temperatures and potentially offers the determination of 

binding enthalpies and entropies as well as binding constants between cosolutes and 

thermoresponsive polymers in aqueous solutions.28 

1.1.2 Thermoresponsive Polymers for Tissue Culture Applications 

As a result of their temperature-dependent behaviour in water, thermoresponsive polymers are 

frequently used for the functionalization of various biomedical substrate materials in order to 

obtain “smart” surface coatings, which can switch from a protein and cell adhesive state into a 

protein and cell repellant state upon temperature reduction.12-15 Whereas thermoresponsive 

polymers in aqueous solution usually undergo intramolecular collapse as well as intermolecular 

aggregation triggered by a temperature-induced coil-to-globule transition, thermoresponsive 

coatings change their state of hydration upon heating above and cooling below their volume 

phase transition temperature (VPTT).23, 29 Depending on the coating structure and composition, 

the VPTT might differ from the polymer’s CPT in solution and generally exhibits a more 

gradual transition. This transition is either characterized by changes in the state of hydration of 

the coating on the nanoscale, as it is often observed for surface-tethered polymer brushes, or by 

macroscopic swelling and deswelling of, e.g., surface immobilized thermoresponsive 

hydrogels.29 Similar to the characterization of thermoresponsive polymers in water, the VPTT 

of thermoresponsive coatings can be investigated by various complementary techniques. For 

example, non-destructive methods, such as ellipsometry30-33 and water contact angle (CA) 

measurements34, can be used to probe the temperature-dependent swelling and wettability, 

respectively, of surface coatings on the macroscopic scale. The temperature-dependent swelling 

ratio of surface immobilized hydrogels base on statistical poly(MEO2MA-co-OEGMA-co-

BPEM) terpolymers with comprising different MEO2MA/OEGMA comonomer ratios and a 

photo-reactive 2-(4-bezoylphenoxy)ethyl methacrylate (BPEM) crosslinker is illustrated in 

Figure 3A.35 Compared to the copolymer’s phase transition curves measured by UV-Vis 

turbidimetry which are shown for comparison in Figure 3A, swelling curves display a gradual 

change over a large temperature range (~ 20-50 °C), which clearly indicates the broad VPTT 

5

1     Introduction



range of surface immobilized, thermoresponsive gel coatings. To assess temperature-dependent 

changes in surface wettability, CA measurements may provide an estimate of the VPTT of 

thermoresponsive coatings.36-38 Changes in CA thus indicate the de- and rehydration of a coating 

upon heating and cooling, respectively, and are useful to assess and estimate, e.g., the cell 

adhesive properties of the surface. For example, Figure 3B illustrates the temperature-

dependent equilibrium water CAs of poly(MEO2MA-co-OEGMA) brush coatings with 

different MEO2MA/OEGMA comonomer ratios measured in decane.39 The broad temperature 

range of the wettability transition again exemplifies the gradual change in coating hydration 

upon temperature variation. 

 

Figure 3. (A) Temperature-dependent collapse of poly(MEO2MA-co-OEGMA-co-BPEM) 

terpolymer-based gels plotted as swelling ratio (d/d0) and comparative normalized cloud point 

curves of the terpolymers measured by UV-Vis transmittance in aqueous solution.35 (B) 

Temperature-dependent equilibrium water CAs (θeq) of poly(MEO2MA-co-OEGMA) brush 

coatings measured in decane.39 

In addition to ellipsometry and CA measurements, characterization via quartz crystal 

microbalance with dissipation (QCM-D) constitutes a sensitive technique to investigate 

VPTTs.37, 40 By utilizing temperature dependent QCM-D measurements, the water content and 

degree of swelling of a thermoresponsive coating can be deduced from changes in quartz crystal 

frequency as well as from changes in coating dissipation, which is a measure for the viscoelastic 

properties of the polymer layer. Further, the determination of protein adsorption from biological 

media, such as blood serum or cell culture medium, by QCM-D can be used as indirect evidence 

for the VPTT of coatings and as an indicator for protein mediated cell adhesion of 

thermoresponsive substrates at 37 °C and 20 °C.41  In addition, atomic force microscopy (AFM) 

has shown to be a powerful  method to assess temperature-dependent changes in coating 

morphology and thickness. Moreover, AFM allows to probe the physical material properties of 

thermoresponsive coatings. In that respect, not only changes in the elastic modulus and 

6

1     Introduction



deformation can be determined, but also adhesive forces between the thermoresponsive coating 

and AFM tips or even cells can be assessed in order to investigate the mechanism of 

temperature-modulated cell detachment.42-45 

The vast majority of thermoresponsive coatings are based on PNIPAm, since it has been the 

most thoroughly investigated polymer due to its sharp phase transition in aqueous solution and 

an LCST around ~ 32 °C.23, 29 This is ideal for biomedical applications as it allows protein and 

cell adhesion under physiological conditions (37 °C) and exhibits protein and cell repellant 

properties at ambient temperatures (~ 20 °C). Hence, PNIPAm has been used for various 

purposes, such as therapeutic delivery46-48, biosensing49-50, bioseparation17, 51-52  and as “smart” 

tissue culture substrates for the temperature-triggered detachment of single cells as well as 

confluent 2D cell monolayers (sheets).53-55 A myriad of different cell culture substrates based 

on PNIPAm, including crosslinked gels, polymer brushes and physically adsorbed polymer 

layers, have been utilized for the fabrication of various cell sheet types of both mammalian and 

human origin.56-60 As such, thermoresponsive PNIPAm surfaces constitute a functional basis for 

cell sheet engineering, which is a bottom-up tissue engineering approach that allows the 

fabrication of 3D artificial tissues as well as facilitates the efficient transplantation of cell mono- 

or multilayers in regenerative therapy.61-68 Regarding the latter, commercial, thermoresponsive 

UpCell™ substrates based on PNIPAm have been successfully used as functional tissue culture 

substrates to detach cell sheets comprising tissues of various origins.55, 69 For example, oral 

mucosal epithelial cell sheets have been used for cornea reconstruction70, the treatment of 

esophageal stricture71 and the prevention of intrauterine adhesion.72 In addition, primary 

hepatocyte, periodontal ligament and nasal mucosal epithelial cell sheets have been applied for 

in vivo 2D and 3D liver models73, periodontal reconstruction74 as well as the regeneration of 

middle ear mucus75, respectively. Further, Ebihara, Sato et al. used layered chondrocyte sheets 

for cartilage regeneration76-77 and sheets of lung and skin fibroblast were utilized by Kanzaki 

et al. for lung sealing.78 In another striking example, Okano and co-workers transplanted 

myoblast sheets detached from PNIPAm culture substrates during open heart surgery to treat 

dilated cardiomyopathy and showed that the cell sheet technology is a promising alternative to 

heart transplantation.79 

Besides PNIPAm, thermoresponsive coatings based on poly[oligo(ethylene glycol) 

methacrylate]s (POEGMAs), polyoxazolines (POx), poly(glycidyl ether)s (PGEs), 

poly(methyl vinyl ether) (PMVE)80-82 and poly(N-vinylcaprolactam) (PVCL)83-84  are among the 

most promising with regards to cell sheet fabrication applications. As depicted in Figure 4, the 

main structural difference between those polymers and PNIPAm is the absence of strong 
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H-donors, such as the amide groups in PNIPAm. Hence, the often-observed thermal hysteresis 

of PNIPAm, which arises from rather strong intra- and intermolecular H-bonds in its collapsed, 

dehydrated state22, 29, is usually rather negligible for POEGMAs, POx and PGEs, depending on 

the experimental conditions as well as the applied measurement technique.19 Comparative cloud 

point curves of a POEGMA copolymer and PNIPAM, which were synthesized with comparable 

molecular weights by atom transfer radical polymerization (ATRP) (Figure 5A), measured by 

UV-Vis turbidimetry are illustrated in Figure 5B.85 

 

Figure 4. General chemical structures of thermoresponsive polymers applied for tissue culture 

applications and their respective monomeric building locks. 

To provide an alternative for PNIPAm, Lutz et al. introduced thermoresponsive POEGMA 

copolymers based on the two monomers MEO2MA and OEGMA (Mn = 475 g mol-1).85 They 

showed that the phase transition of such copolymers can be adjusted within a range of 28 to 

90 °C via comonomer composition and that crosslinked POEGMA gels exhibited VPTTs close 

to the CPTs of the respective linear polymers in solution.24, 86-87 Although exhibiting a tunable 

phase transition in the physiological range35, 37, 42, 88, thermoresponsive brush coatings 

comprising POEGMA copolymers demonstrated rather cell repellant properties and did not 

allow the efficient adhesion of cells without prior treatment of the culture substrates nor cell 

proliferation to confluent monolayers.89-92 
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Figure 5. (A) Chemical structure of well-defined POEGMA and PNIPAm synthesized by 

ATRP.85 (B) Comparative cloud point curves of POEGMA and PNIPAm measured by UV-Vis 

turbidimetry. Whereas PNIPAm exhibits a characteristic hysteresis behaviour, POEGMA des 

not exhibit marked hysteresis.85 

However, the accessibility of a multitude of thermoresponsive methacrylate polymers as well 

as PEG-substituted acrylates with side chains of different hydrophilicities still potentially 

provides an extensive library for the design and optimization of thermoresponsive PEG-based 

surface coatings for tissue culture applications.93-94 For example, Dworak and co-workers used 

tri(ethylene glycol) monoethyl ether methacrylate (TEGMA-EE) as a monomer to prepare 

polymer brushes on glass culture substrates. They obtained thermoresponsive coatings on 

which human dermal fibroblasts (HDF) showed good adhesion and detached as confluent sheets 

in a temperature-modulated manner after lowering the temperature to 17.5 °C.95-96 

Due to their “pseudopeptide” structure, POx are non-toxic and known to be highly 

biocompatible.97 Further, the polymerization of 2-oxazoline monomers via the “living” cationic 

ring-opening polymerization (ROP)98-99 has shown to be very robust, allows excellent control 

over polymer molecular weight and architecture100-103, and enables the synthesis of POx with 

various properties, depending on the nature of the pendant side groups.104-105 As the two most 

hydrophilic POx, poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline) have been utilized 

as, e.g., bioinert coatings106 and are currently investigated and proposed as alternatives to 

poly(ethylene glycol) (PEG) for biomedical applications. This is mostly owed to their stability 

against oxidative degradation as compared to PEG and other polyethers, such as PGEs.106-107 It 

has been shown that thermoresponsive POx homo- and copolymers show a sharp phase 

transition in aqueous solution, that their CPTs are dependent on molecular weight and 

concentration and can be tuned via comonomer composition. Further, poly(2-n-propyl-2-

oxazoline) and poly(2-isopropyl-2-oxazoline) exhibit CPTs in the physiological range as well 

as tend to crystalize upon temperature-induced aggregation.108-111 Dworak and co-workers were 
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the first to introduce thermoresponsive coatings based on poly(2-isopropyl-2-oxazoline) as well 

as poly[(2-ethyl-2-oxazoline)-co-(2-nonyl-2-oxazoline)] brushes. They immobilized their POx 

on Si substrates via surface-termination of the cationic ROP and used the brush coatings for the 

fabrication of HDF sheets, which they detached within 40-60 min after cooling to 20 °C.111-112 

A relatively new class of thermoresponsive polymers which have a considerable potential for 

tissue culture applications are PGEs. In general, PGEs can be regarded as biocompatible PEG 

analogs with low toxicity and high functionality due to their pendant side groups.113-115 

Depending on the hydrophilicity of these side groups, many PGE homo- and copolymers have 

shown to exhibit thermoresponsive behaviour in aqueous solution. In 2002, Aoki et al. were the 

first to report the thermoresponsive nature of low molecular weight homopolymers (~ 3 kDa) 

based on the monomers glycidyl methyl ether (GME), ethyl glycidyl ether (EGE) and ethoxy 

ethyl glycidyl ether (EEGE) which all displayed CPTs with a sharp phase transition in the 

vicinity of the physiological temperature range.116 In the following, Watanabe and co-workers 

further investigated the temperature-dependent aggregation behaviour and self-assembly of 

poly(EGE) homopolymers and amphiphilic poly(EGE-block-EG) block copolymers in water117-

119 as well as in ionic liquids.118-120 They further showed for the first time, that self-assembled 

poly(EEGE) monolayers on gold exhibit a temperature-dependent change in wettability 

indicating a VPTT at ~ 36 °C121, which was close to the previously reported CPT of poly(EEGE) 

in aqueous solution (~ 40 °C).116 Labbé et al. were the first to synthesize high molecular weight 

(~ 3-90 kDa) poly(GME) using the monomer-activated anionic ROP and showed that the CPT 

slightly decreased with increasing polymer molecular weight from ~ 61 °C for 10 kDa to ~ 57 

°C for 40-90 kDa polymers.122 Most surprisingly, although exhibiting a phase transition 

temperature of ~ 63 °C, low molecular weight poly(GME) (~ 3 kDa) were not fully soluble 

even at low temperatures (20 °C) and yielded opaque solutions over the entire temperature range 

studied.122 Labbé et al. further reported the statistical copolymerization of GME with glycidyl 

methacrylate (GMA) to obtain crosslinkable polymers as a basis for thermoresponsive 

hydrogels.123 Schmalz and co-workers prepared double-responsive hydrogels based on triblock 

copolymers comprising a pH-responsive poly(2-vinylpyridine) and a statistical, 

thermoresponsive poly(GME-stat.-EGE) block. They showed that the CPT was tunable via the 

GME/EGE comonomer ratio and that the copolymer blocks exhibit a sharp phase transition 

with negligible hysteresis.124-125 Based on the reports of Schmalz and co-workers, Weinhart et 

al. synthesized low molecular weight copolymers (~ 2-3 kDa) with a GME:EGE ratio of 1:3, 

which exhibited CPTs in the physiological range in both, aqueous buffer solutions as well as in 

the presence of the protein bovine serum albumin (BSA).126 They further synthesized 
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copolymers based on GME with additional N-isopropyl carbamate side groups via 

copolymerization of GME with EEGE and subsequent post-functionalization. As a first proof 

of principle, Weinhart et al. utilized self-assembled monolayers (SAM) on gold model 

substrates to culture NIH-3T3 mouse fibroblasts and successfully detach confluent cell 

monolayers by reducing the temperature. In addition, cell sheet detachment was correlated with 

the temperature-dependent adsorption of the cell adhesion promoting protein fibrinogen 

measured via surface plasmon resonance, which verified the temperature-modulated 

switchability of the PGE coatings.126-127 Weinhart and co-workers further used both the thermal- 

and the monomer-activated anionic ROP to synthesize thermoresponsive PGEs based on GME 

and EGE and demonstrated that their CPT can be adjusted via the comonomer ratio,  that the 

CPTs are dependent on molecular weight and polymer concentration, and that GME and EGE 

copolymerize in a random manner utilizing the monomer-activated synthesis.127-128 In addition, 

they investigated the optimal conditions for the manufacture of functional PGE SAMs on gold 

substrates with respect to the fabrication of NIH-3T3 fibroblast cell sheets in order to define 

general design guidelines for PGE-based thermoresponsive brushes129-130 as well as successfully 

transferred those guidelines order to establish PGE coatings based on block copolymers 

comprising adhesive, cationic amine anchor blocks to applied glass substrates, from which they 

detached HDF sheets in a temperature-triggered manner.131 In an approach similar to the one 

reported by Weinhart et al.126, Dworak and co-workers synthesized high molecular weight 

poly(glycidol-co-ethyl glycidyl carbamate) copolymers to functionalize glass culture 

substrates. Utilizing those thermoresponsive substrates, they successfully cultured and detached 

skin-derived fibroblasts as well as keratinocytes as singularized cells.132 Recently, Isono et al. 

extended the existing library of thermoresponsive PGEs to homo- and copolymers based on the 

monomers 2-methoxyethyl glycidyl ether (MeEOGE), 2-ethoxyethyl glycidyl ether (EtEOGE) 

and 2-(2-ethoxyethyl)ethyl glycidyl ether (EtEO2GE). These can be regarded as analogs to the 

OEGMA and OEGA systems discussed above. They showed that the side chain structure had a 

significant effect on the polymer’s CPT, that the CPTs of statistical copolymers could be tuned 

via comonomer composition and that block copolymers exhibited a complex thermoresponsive 

behaviour governed by micelle formation.133  
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1.1.3 Synthetic Strategies for thermoresponsive Poly(glycidyl ether)s 

PGEs are traditionally synthesized via the “classical” oxy-anionic ROP in which alcoholates, 

but sometimes also hydrides or amines, are used as initiators for the SN2-type ring-opening 

reaction of epoxide groups in a thermal manner.114, 134-135 This polymerization method has a 

“living” character and tolerates the presence of many functional groups which are not prone to 

nucleophilic attack through the initiator or the reactive alkoxide chain end and has therefore 

been utilized for the ROP of various protected and functional glycidyl ether monomers, such as 

EEGE136, allyl glycidyl ether (AGE)137 and tert.-butyl glycidyl ether (t-BuGE).113, 138-139 

However, in contrast to the oxy-anionic ROP of ethylene oxide (EO), substituted oxiranes like 

alkylene oxides and glycidyl ethers are prone to chain transfer reactions via proton abstraction 

in α-position of the epoxide ring, which leads to ring-opening of the oxirane and the formation 

of a new allyloxy initiator species (Figure 6).114, 140 This commonly observed side reaction 

occurs more frequently as the basicity of the used initiator increases and has shown to limit the 

attainable molecular weight of PGEs synthesized via this approach and good control over the 

chain length is usually only given for polymers with molecular weights of up to ~ 6-30 kDa, 

depending on the used monomers.140 

 

Figure 6. Mechanism of the molecular weight-limiting chain transfer reaction to the monomer 

and the formation of an allyloxy initiator species during the oxy-anionic ROP of EEGE.140 

In general, the reactivity of PGEs towards thermal ROP depends on the size of the counterion 

of the alkoxide initiator, the applied polymerization temperature, as well as on the electronic 

and steric influence of the glycidyl substituents.134-135 For example, increasing counterion sizes 

(Na+ < K+ < Cs+) increase the dissociation of the reactive alkoxide species and usually lead to 

higher reaction rates, which are commonly in the time frame of at least several hours up to days. 

Utilizing the thermal oxy-anionic ROP, thermoresponsive PGE copolymers based on GME and 

EGE with molecular weights ranging from ~ 2 to 5 kDa have been synthesized using alcoholate 

initiators, such as PhOK, t-BuOK or MeOK, as well as functional, protected initiators, such as 

benzylthioundecanol, in order to further couple the PGEs to gold model substrates after thiol 

deprotection.116, 124, 126-128 Reinicke et al. determined the copolymerization parameters of GME 
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and EGE in THF at 50 °C and t-BuOK as initiator to be rGME = 1.31 and rEGE = 0.55 (Fineman-

Ross), which indicates the slightly preferential incorporation of GME into the statistical 

copolymers.124 Heinen et al. suggested that this slight compositional gradient could have an 

effect on the thermoresponsive properties of the PGEs and showed that the gradient PGE 

structure broadened the phase transition regime around the CPT of 2 kDa copolymers as 

compared to random copolymers synthesized via the monomer-activated anionic ROP.128 

On that note, in order to obtain PGEs with higher molecular weights, the monomer-activated 

anionic ROP has demonstrated to be an efficient and versatile method.122, 141-142 In particular, the 

use of quaternary ammonium salt initiators, such as tetraoctylammonium bromide 

(N(Oct)4Br)122, 142 or tetrabutylammonium azide (N(Bu)4N3)143-144, in combination with Lewis 

acid activators, such as triisobutyl aluminum (Al(i-Bu)3), have shown to facilitate the synthesis 

of PGEs with molecular weights of up to 100 kDa in a controlled, “living” manner. This method 

further allows the polymerization of monomers, such as epichlorohydrin (ECH)141, 

epicyanohydrin (EPICH)145 or GMA123, which are generally not accessible via the “classical” 

approach due to side reactions with reactive alcoholate groups. The reason that high molecular 

weights are attainable is mainly due to the bulky tetraalkylammonium counterions, which 

suppress alkoxide-driven chain transfer reactions. Although bromide and azide are weak 

nucleophiles and therefore constitute rather poor initiators as compared to alkoxides, the 

reaction rates during the monomer-activated method are much faster than those of the 

“classical” oxy-anionic ROP and the polymerization usually proceeds to completion within a 

few hours at low temperatures ≤  0 °C. This is due to the presence of a trialkyl aluminum 

compound, which activates both the initiator and the monomer via coordination to the weakly 

nucleophilic tetraalkylammonium counterion (Br- or N3
-) as well as via coordination to the 

epoxide oxygen, respectively. The mechanism of the monomer-activated anionic ROP is 

illustrated in Figure 7. 
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Figure 7. Mechanism of the monomer-activated anionic ROP of EEGE using 

tetraoctylammonium bromide (N(Oct)4Br) as initiator and triisobutyl aluminum (Al(i-Bu)3) as 

activator.142 

Since the activator forms a quantitative complex with the initiator, an excess of the Lewis acid 

is necessary for the reaction to occur in order to sufficiently activate the monomer. In addition, 

the synthesis of high molecular weight PGEs (~ 30-100 kDa) generally requires 

activator/initiator ratios in the realm of about 3:1 to 7:1, which is due to the loss of activator via 

its coordination to the oxygen atoms of the formed polyether chains.122, 142 Heinen et al. have 

synthesized thermoresponsive copolymers of molecular weight between 9 and 24 kDa using 

GME and EGE as monomers. Using activator/initiator ratios of 4:1, they determined the 

copolymerization parameters to be rGME = 0.95 and rEGE = 0.92 (Fineman-Ross), which indicates 

a close to random incorporation of the two comonomers.128 The monomer-activated anionic 

ROP has further shown to be a viable method for the synthesis of multifunctional block 

copolymers.146 For instance, Heinen et al. performed a sequential polymerization of 

thermoresponsive block copolymers comprising a random GME/EGE and a homo-AGE block 

(Figure 8) suitable for post-modification via thiol-ene chemistry.131 

 

Figure 8. Sequential monomer-activated anionic ROP of a block copolymer comprising a 

random GME/EGE block and an AGE anchor block.131  
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1.2 Thermoresponsive Coatings for Cell Sheet Engineering 

The practicality of using thermoresponsive surfaces for cell culture applications and especially 

for the detachment of cell monolayers with further use in cell sheet engineering and as artificial 

tissues for regenerative medicine has sparked the development of thermoresponsive coatings 

over the past two decades.147-149 While a myriad of coating approaches and different polymer 

systems have been utilized for the manufacture of such coatings, most studies are still conducted 

using PNIPAm as well as PNIPAm-based copolymers.55-56 Nevertheless, depending on the 

coating technique, structure and the chemical nature of the used polymers and copolymers, the 

formulation of some general guidelines for the design of thermoresponsive surfaces can be 

inferred when studying the available literature, although the underlying mechanisms of cell 

sheet detachment are not fully understood in many cases and are still in demand of thorough 

investigation.54, 150-154 

 

1.2.1 Design Guidelines for Thermoresponsive Surfaces for Cell Sheet 

Fabrication 

The main factor governing the functionality of thermoresponsive coatings is their 

hydrophilicity155, which usually correlates with protein adsorption156 and therefore cell adhesion 

and proliferation at 37 °C. Equally important are the layer thickness and architecture of the 

coating including homogeneity as well as grafting density, which mainly depend on the applied 

coating method and govern the material properties often resulting in a profound effect on 

cellular behaviour. It cannot be overstated at this point, that the material properties of the used 

culture substrate, its chemical nature, hydrophilic/hydrophobic balance, physical interaction 

with the thermoresponsive coating, intrinsic adhesiveness towards cells as well as its geometry, 

morphology and roughness may influence cell behaviour and thermal response of the coating. 

Therefore, the performance of the thermoresponsive coatings with regards to cell sheet 

fabrication is governed by several factors. However, systematic investigations on the influence 

of the culture substrate on its thermoresponsive coating are yet rare, although effects of the 

substrate nature on cell adhesion and detachment have been reported.44, 157-159 

The most prominent thermoresponsive surfaces, which were developed in the group of Okano 

and finally got commercialized under the brand name UpCell™, have been used for the 

fabrication of numerous cell sheet types as well as transplantable 3D tissue constructs so far. 

The latter surfaces are manufactured by electron beam polymerization (EBP) of NIPAm on 
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standard tissue culture polystyrene (TCPS) substrates.53-54, 160-162 Due to the relatively poor 

control over the polymerization process, PNIPAm coatings manufactured by EBP resemble 

branched and crosslinked brush- to gel-like structures with highly layer thickness-dependent 

properties. Akiyama et al. showed, that PNIPAm coatings on TCPS substrates promote cell 

adhesion of bovine carotid artery endothelial cells (BAECs) and temperature-triggered cell 

sheet detachment only when the PNIPAm layer thicknesses were in the range between 15 and 

30 nm and that cell adhesion was poor on layers with thicknesses exceeding 30 nm, which was 

attributed to the increased hydrophilicity, polymer chain mobility and higher water content and 

was further correlated with the decreased adsorption of fibronectin. In contrast, coatings thinner 

than 15 nm promoted cell adhesion of the investigated cell types, but did not allow the 

detachment of confluent cell sheets (Figure 9).157 They further found, that the coatings 

resembled the characteristic elemental composition of PNIPAm, were evenly spread on the 

rough TCPS substrates as thin layers with PNIPAm particle-like domains and that the coatings 

exhibit a temperature-dependent change in hydrophilicity between 37 and 20 °C, although not 

accompanied by a significant macroscopic swelling.44 

 

Figure 9. Schematic illustration of thickness-dependent cell-adhesive properties of PNIPAm 

gels grafted to TCPS by EBP.163 

In comparative studies of electron beam-grafted PNIPAm gels on more hydrophilic glass 

substrates, Fukumori et al. found that the dependence on layer thickness with regards to the 

functionality of the coating in cell culture was shifted to lower values with coatings exceeding 

7 nm being cell repellant for BAECs.158-159 This behaviour was attributed to the more 

hydrophilic nature of glass culture substrates, which enables the more efficient swelling of the 
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PNIPAm coatings, whereas swelling is hampered and dehydration of the polymer layer is 

promoted on more hydrophobic TCPS substrates (Figure 10). 

 

Figure 10. Schematic illustration of thickness-dependent cell-adhesive properties of PNIPAm 

gels grafted to glass cover slips (CS) by EBP.163 

However, morphological differences between the rather rough TCPS and the smoother glass 

substrates might also be a factor which needs to be considered. As shown in Figure 11, 

morphological AFM images of PNIPAm coatings on TCPS (Figure 11A) and glass 

(Figure 11B) exhibit markedly different topologies, presumably due to the different surface 

roughness of the two culture substrates. 

 

Figure 11. Representative morphology images of PNIPAm coatings prepared by EBP on TCPS 

(A) glass CS (B) measured by AFM at air under ambient conditions.158 
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A similar relation between coating thickness and cell response using mouse 3T3 fibroblasts was 

found by Nash et al. using thermoresponsive hydrogels, which they manufactured by 

crosslinking PNIPAm chains onto TCPS substrates via covalently incorporated benzophenone 

(BP) units using UV light.164 This approach was first introduced by Recum et al., who 

copolymerized 4-(N-cinnamoyl carbamide) methyl styrene with NIPAm in order to crosslink 

and immobilize PNIPAm gels onto TCPS and to detach confluent BAEC and retinal pigmented 

epithelial cell sheets.165-166 In contrast to these findings, polymerization of vaporous NIPAm on 

TCPS substrates using the plasma glow discharge process, which was first reported by Pan 

et al.167, did not show a dependence of cell adhesion applying BAECs and cell sheet detachment 

on the deposited layer thickness in the 50 to 80 nm range. This was attributed to the formation 

of an adhesion-promoting layer within the PNIPAm coatings, which is created by destructive 

side reactions of the NIPAM monomer or the formed polymer during the high energy plasma 

process.45, 151-153 

To overcome the inherent cell repellant properties of PNIPAm, which are typically observed 

for macroscopic layers168, and to maximize the temperature triggered response, numerous 

hydrophobic and hydrophilic comonomers as well as cell adhesive ligands, such as peptide-

based RGDs, or cell adhesion promoting proteins (CAPs), such as fibronectin, have been 

incorporated into PNIPAm coatings.169 Utilizing spin coating and solvent casting techniques, 

Rochev and co-workers have made an extensive effort to render physically immobilized 

PNIPAm layers adhesive and suitable for cell sheet detachment. In this context, the tuning of 

the PNIPAm layer thickness, treatment with CAPs or the incorporation of hydrophobic 

comonomers did not only improve cell adhesion and detachment of mouse 3T3 fibroblast, 

mouse (MS-5) stromal cell and human umbilical vein endothelial cell (HUVEC) sheets, but 

was also beneficial for the physical adhesion as well as the intermolecular cohesion between 

the spin coated copolymers on hydrophobic TCPS and poly(ethylene terephthalate) (PET) as 

well as on hydrophilic glass culture substrates.170-176 Comprehensive studies regarding the 

adjustment of PNIPAm coating properties have been conducted by Okano and co-workers using 

EBP. By incorporating hydrophilic177-181 or ionic comonomers comprising carboxylic acid or 

tertiary amine groups into their layers182-186, they were able to amplify the rehydration of their 

coatings and therewith, decrease BAEC sheet detachment times.187-188 In addition, the use of 

membranes improved BAEC sheet detachments via the enhanced rehydration of the PNIPAm 

coatings through the porous culture substrates.180, 189-190 They were further able to improve cell 

adhesion and enhance cell proliferation while retaining control over BAEC and rat primary 

hepatocyte sheet detachment by incorporation of hydrophobic comonomers191-192 as well as cell 
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adhesive peptides and/or growth factors193-202, which, at times, even allowed the serum free 

culture and detachment of neonatal HDF sheets and singularized HUVECs. 

In addition to gel-like coatings, thermoresponsive polymer brushes have been successfully 

utilized as coatings for cell sheet fabrication. Brushes which are “grafted from” culture 

substrates via surface-initiated controlled radical polymerization (SI-CRP), such as ATRP and 

reversible addition-fragmentation chain-transfer (RAFT) polymerization, usually comprise 

densely grafted, highly elongated polymer chains due to the high concentrations of surface-

immobilized initiators used. Hence, the main factors influencing the adhesion and detachment 

of confluent cell sheets are the hydrophilicity of the polymer and the thickness of the respective 

grafted brush layers. For example, Mizutani, Li et al. synthesized PNIPAm brushes on TCPS 

and Si substrates using ATRP and found that an increase in polymer chain length (layer 

thickness) decreased the adhesion of BAECs and HepG2 cells. They also found that the optimal 

layer thicknesses were 10 and 20-45 nm for TCPS and Si surfaces, respectively, and that the 

detachment of sheets was hampered at thicknesses below these values.203-204 Further studies also 

showed that cell sheet detachment became slower when the PNIPAm grafting density and/or 

the layer thickness were decreased, indicating a lower rate of rehydration for less dense and 

thinner polymer brushes, which also correlated with higher amounts of adsorbed proteins.205-206 

CRP techniques further allow the fabrication of block copolymer brushes207-208 as well as post-

functionalization of the brush-terminal group209, which are both useful tools to tune the phase 

transition as well as the cell adhesive properties of the coatings. For example, end-group 

modification by functionalization of PNIPAm brushes prepared by surface-initiated RAFT 

(SI-RAFT) polymerization with terminal carboxylic acid groups (Figure 12) facilitated the 

fabrication of confluent monolayers comprising smooth muscle cells (SMCs), which usually 

poorly adhere to PNIPAm layers as well as other thermoresponsive coatings.209 
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Figure 12. Schematic illustration of the terminal group functionalization of PNIPAm brushes 

grafted to glass by SI-RAFT via dithiobenzoate (DTB) cleavage and thiol-ene coupling with 

maleimide derivatives.209 

In contrast to PNIPAm brushes, thermoresponsive POEGMA brushes prepared by SI-ATRP 

have not shown to support cell adhesion without additional modification, which is likely due to 

their comparably high inherent hydrophilicity. Consequently, the successful fabrication of cell 

sheets from such substrates has not been reported.39, 210-211 However, using an optimized, slightly 

more hydrophobic system based on the monomer TEGMA-EE, Dworak and co-workers 

prepared ATRP brushes with thicknesses ranging from 3 to 18 nm on glass substrates from 

which they successfully detached confluent HDF sheets.95-96 

Compared to thermoresponsive brushes prepared by “grafting from” techniques, the grafting 

densities attainable via the “grafting to” method are usually much lower, which is due to the 

steric repulsion between the polymer chains, which have to diffuse and assemble onto the 

substrate surface. Nevertheless, there are some examples of thermoresponsive coatings 

prepared by this approach which yield highly functional thermoresponsive coatings. Dworak 

and co-workers used the surface-terminated cationic ROP to immobilize 

poly(2-isopropyl-2-oxazoline) and poly[(2-ethyl-2-oxazoline)-co-(2-nonyl-2-oxazoline)] onto 

glass substrates. The coating thicknesses were in the range of 4 to 11 nm and allowed the culture 

and detachment of HDF sheets.111-112 The same group also reported the surface-immobilization 

of high molecular weight (Rg ~ 100 nm) poly(glycidol-co-ethyl glycidyl carbamate) copolymer 

onto glass culture substrates via the coupling of residual glycidol hydroxyl groups with surface 

bound anhydrides. They obtained brush-like coatings with thicknesses between 20 and 60 nm 

20

1     Introduction



supposedly comprising polymer loops and tails with which they could culture and detach 

singularized skin derived fibroblast as well as keratinocyte sheets.132 

 

1.2.2 Coating Approaches for Plastic Cell Culture Substrates 

From a technical point of view, strategies for the fabrication of polymer coatings can be 

classified into “grafting from” and “grafting to” approaches. Whereas the latter relies on the 

immobilization of pre-formed polymers to plastic substrates, the former utilizes surface-

initiated polymerization of reactive monomers from substrate surfaces. 

 

1.2.2.1 The Photochemistry of Benzophenone 

Utilizing photochemistry for the functionalization of surfaces and curing of coatings or adhesive 

layers has many advantages over thermal as well as chemically more sophisticated techniques 

(e.g. “click” chemistry). First, the use of UV- or visible light, which is more efficient than 

thermal energy in terms of energy density,  allows for the precise temporal and spatial control 

over the curing/functionalization process and thus allows surface patterning and an exact 

adjustment of the desired material properties. Moreover, the availability of light sources with 

various geometries, wavelengths and intensities, allow for the accurate adjustment of the 

required reaction conditions with respect to the specific photochemical reaction or photophore 

used and further facilitate the scalability towards a high throughput production as well as the 

adaptation to different surface geometries. 

BP is arguably the most widely used and versatile photophore used for industrial coatings as 

well as in (bio)organic chemistry and material science.212-213 Due to its outstanding 

photochemical properties, such as the long lifetime stability towards ambient light and 

convenient excitation wavelength of 365 nm214-215, as well as due to its decent chemical stability, 

low reactivity towards water, and a variety of accessible diaryl ketone building blocks, BP and 

its derivatives have had a sweeping impact on the development of organic surface coatings via 

different photografting and photoimmobilization techniques. In addition, BP has found 

widespread application in biochemistry and is frequently used for mapping of ligand-protein or 

protein-protein interactions and their respective binding sites, identification of molecular targets 

and mapping of interactome processes216, bioconjugation and site-specific modification of 

biopolymers as well as for proteomic analyses. 
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Among other diaryl ketones, such as anthraquinones, xanthones and thioxantones, BP belongs 

to the class of Norrish type II radical photoinitiators, which can undergo photoreduction in 

presence of hydrogen donor molecules and, unlike Norrish type I photoinitiators, do not 

dissociate into two separate radicals via α-cleavage.217 Upon photon absorption, BP can be 

reversibly excited into biradicaloid triplet states by undergoing either n→π* or π→π* 

transitions. During π→π* transition (λ < 350 nm) an electron of the carbonyl π  bond is excited 

into a higher energy singlet state S2 of the carbonyl p* orbital, which rapidly (150 fs218) 

undergoes internal conversion (IC) to the lower energy singlet state S1. In contrast, during 

n→π* transition (λ > 350 nm), a non-binding electron from the carbonyl oxygen is directly 

excited into the lower energy singlet state S1 of p*. Through a rapid (6-10 ps218) intersystem 

crossing (ISC) process, BP can transfer into its first triplet state T1. This usually occurs via 

passing through the higher energy triplet state T2 (π -π*), which is isoenergetic to S1, or via a 

higher energy vibrational level of T1 followed by the fast vibrational decay to T1.219-221 It has 

been shown recently that T1 has a mixed n-π*/π -π* character and that BP might directly react 

from its higher energy triplet state T2 (π -π*).222 In Figure 13, the Jablonski diagram including 

all of the prevalent BP excitation and relaxation processes as well as both n→π* and π→π* 

transitions occurring on the molecular level of BP are illustrated. 

 

Figure 13. Excited states of BP illustrated by the Jablonski diagram.212 

In both excited S1 and T1 states, the C-O carbonyl bond becomes weaker and lengthens from 

1.21 (S0) to 1.35 (T3) Å.221 Further, due to the disruption of the electronic symmetry and the 

resulting electron-electron repulsion between the C and O lobes, the carbonyl C atom switches 

from a sp2-like to a pyramidal sp3 hybridization as it is shown in Figure 14A. Among the three 

possible triplet states of BP, which are depicted in Figure 14B, the n-π* diradical is the most 

reactive, has the longest lifetime and decays within 5 ns to 3 µs, depending on the reaction 

medium as well as on the nature of the BP substituents. Especially due to the favorable 
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stereoelectronic orientation of the singly occupied np orbital, which allows the perpendicular 

access to the diradicaloid species, the n-π* state is more reactive than the higher energy 

delocalized π -π* state. 

 

Figure 14. (A) n→π* transition and symmetry change in electron density of the BP carbonyl 

group upon irradiation.212 (B) Possible triplet states and respective resonance structures of BP.212 

This allows a good overlap of the carbonyl np orbital with, e.g., s-orbitals of aliphatic C-H or 

hydroxylic O-H bonds. Hence, the most prominent reaction BP undergoes from T1 (n-π*) is the 

insertion into C-H or O-H bonds via hydrogen abstraction and subsequent radical recombination 

(Figure 15). Furthermore, well-known reactions of the excited BP triplet state are the [2+2] 

cycloaddition to C-C double bonds (Paterno-Büchi oxetane formation) and the sensitization of 

reactive, energy absorbing compounds. Additionally, the high bond strength of the carbonyl 

adjacent C-C bonds (DC-CO = 397 kJ mol-1) in BP do not promote decarbonylation nor type I or 

type II cleavage reactions. Due to the biradicaloid character of T1 (n-π*), which is owed to the 

presence of unpaired electrons in the nonbinding carbonyl orbitals np, BP can either directly 

abstract hydrogen atoms from aliphatic or hydroxyl groups or, in case of amines providing 

α-hydrogens, facilitate hydrogen abstraction via intermediate charge-transfer complexes 

(Figure 15). 
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Figure 15. Possible pathways for crosslink formation via BP photochemistry.212 

In general, the BP ketyl radical is formed rapidly via H-abstraction within 10-100 ns, whereas 

radical recombination is the rate-limiting step (> 1 µs) since recombination from T1 is forbidden 

and can only occur through S1 after reverse ISC. Additionally, self-recombination to 

benzpinacol, which has recently shown to undergo thermally triggered reversible C-C bond 

formation223, is generally about one order of magnitude slower than cross-recombination 

reactions, which result in benzhydrol compounds comprising a newly formed, stable C-C bond 

(Figure 15). The reactivity of the ketyl radical is also highly dependent on the nature of BP 

substituents. Electron donors, such as alkoxy and alkylamino groups as well as phenyl 

substituents lower the energy of the np orbital, which is only susceptible to inductive effects, 

whereas the π* orbital is influenced by both inductive and mesomeric effects and its energy 

level is increased. Due to the lower energy level and the electrophilic nature of the diradical in 

the n-π* state, hydrogen abstraction is therefore inhibited, especially in polar media. Electron 

withdrawing BP substituents have the opposite effect and increase the reactivity of the n-π* 

state. Compared to hydrogen abstraction from O-H bonds, the reaction of BP with aliphatic 

C-H bonds, which is commonly known as C, H-insertion, is much faster, which offers a myriad 

of possible pathways for various coupling, crosslinking and immobilization reactions between 

small organic molecules, biological macromolecules as well as many polymeric materials. C-H 

bonds which are especially prone to C, H-insertion reactions are methylene groups in α-position 

next to heteroatoms (N, O and S) and in tertiary benzylic position as well as methylene groups 

in α-position of amino acids. The reactivity of further aliphatic methylene groups is generally 

lower and increases in the direction of primary aliphatic < secondary aliphatic < tertiary 

aliphatic < primary benzylic/allylic < secondary benzylic/allylic < double benzylic/allylic. 
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With respect to the manufacture of surface coatings on organic/plastic substrates, BP can be 

applied as a photoinitiator utilizing two essentially different approaches. The first approach 

relies on the formation of reactive radicals, which are generated on the substrate surface via 

H-abstraction by a BP diradical in a triplet state. Subsequently, the surface radicals can serve 

as reactive centers for the initiation of the free radical chain growth polymerization of 

monomers with reactive double bonds, such as acrylates or various vinyl compounds. Hence, 

the formation of polymer layers via this approach classifies as a “grafting from” method and 

can either be accomplished using monomer solutions, under bulk conditions or even from the 

gas phase. In the second strategy, already preformed polymers are immobilized and/or 

crosslinked onto a substrate surface via a “grafting to” approach, which mainly relies on the 

C, H-insertion of active BP diradicals into a myriad of C-H bonds presented on the surface 

and/or the coating material but might also occur through [2+2] cycloaddition or the 

recombination of secondary radicals. As a result, efficient immobilization/crosslinking is only 

achieved when the BP moiety is already covalently attached either to the substrate surface or to 

the coating material. With regards to plastic cell culture substrates, most of the applied materials 

fulfill the requirements for the utilization of BP chemistry as a basis for the fabrication of 

functional coatings, which can be used for tissue culture applications. For example, the tertiary 

benzylic position in PS as well as the ester α-position in PET provide excellent reactivity 

towards BP-induced H-abstraction and enable both “grafting from” and “grafting to” 

approaches. In addition, due to the relative non-specificity of H-abstraction as well as radical 

recombination reactions, many different plastic substrates, except aromatic materials without 

appropriate H-donor groups (e.g. polyether sulfone (PES)), have been successfully coated 

utilizing BP chemistry. Besides PS and PET, application-relevant substrates, such as 

polycarbonate (PC), cycloolefin copolymers (COC), polypropylene (PP), polyethylene (PE), 

polyvinyl chloride (PVC), polyvinylidene fluoride (PVDF) and nitrocellulose (NC), are 

frequently used as tissue culture substrates, which makes coating strategies based on BP a very 

versatile and powerful tool for the fabrication of coatings used as functional tissue culture 

substrates. Similarly, thermoresponsive polymers such as PGEs, are themselves prone to react 

with BP, since they almost exclusively comprise hydrogen atoms in α-position, which allows 

intermolecular crosslinking and, hence, the formation of thermoresponsive hydrogels. 

However, it is important to keep in mind, that polymers like PS and PGE, which bear their most 

reactive methylene groups in the polymer backbone, are especially prone to chain scission 

through radical non-oxidative or oxidative side reactions.224-228 Such side reactions can occur 
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particularly at high BP concentration and may in principle impair efficient surface 

functionalization via immobilization, crosslinking or grafting polymerization. 

 

1.2.2.2 UV-induced Grafting as a “Grafting From” Approach 

Surface-initiated polymerizations of reactive monomers, such as vinyl compounds, 

(meth)acrylates or (meth)acrylamides, are commonly classified as “grafting from” techniques. 

To efficiently manufacture coatings via this approach, reactive centers, which are mostly 

radicals, but in some cases may also be nucleophiles or ions, must be generated on the top 

surface layer of a substrate. This can either be achieved by subjecting the substrate to high-

energy treatment, such as exposure to electron beams53, 162, plasmas167, 229 or hard radiation 

(gamma rays)230 or by chemical modification of the substrate with initiators for UV- or 

thermally initiated CRP.231-233 Alternatively, surface radicals can also be created via the 

irradiation with UV- and/or visible light using a variety of free radical-type photoinitiators, 

which are either soaked into, adsorbed to or covalently bound to the substrate surface, or simply 

dispersed in the reactive monomer phase deposited on the substrate. 

The first report on a “grafting from” approach for the fabrication of thermoresponsive cell 

culture substrates utilized EBP and was published by the group of Okano in 1990.53 This was 

followed by the elucidation of the underlying mechanism of cell sheet detachment54, 160-162 and 

eventually lead to the commercialization of UpCell™ surfaces based on PNIPAm on standard 

TCPS substrates. In principle, a NIPAm solution in isopropanol (20-80 wt.-%) is 

homogeneously spread over a TCPS surface and grafted from the substrate by subjecting the 

solution to an electron beam (0.25-0.30 MGy). The resulting coatings have a branched to 

crosslinked, gel-like structure and have been used consistently to harvest various types of cell 

sheets for regenerative medicine (chapter 1.2.3). Similar strategies were employed using the 

plasma polymerization of NIPAm vapor as well as the gamma ray-induced polymerization of 

NIPAm from solution to functionalize PS culture substrates.167, 230 Furthermore, there are 

numerous reports on the CRP of thermoresponsive polymer brushes on gold and Si-based model 

surfaces, which include systematic studies on the influence of polymer brush characteristics, 

such as comonomer composition, chain length and grafting density, on cell adhesion and 

detachment. However, well defined coatings fabricated by CRP on more applied glass and 

plastic culture substrates are rather scarce and often involve extensive modification of the 

substrate surface with either physically adsorbed adhesive interlayers, such as ionic multilayers 
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containing CRP initiators39, 210-211, 234, or covalent immobilization of CRP initiators, such as alkyl 

halides (e.g. for ATRP)233 or dithiocarbamates (e.g. for RAFT polymerization).231-232 

In one of the first reports which utilized UV irradiation in a “grafting from” approach, NIPAm 

was polymerized on PS substrates from isopropanol solution (5-40 wt.-%) containing BP 

(0.1%) as photoinitiator. The resulting thermoresponsive substrates prove to be suitable for the 

culture and detachment of L-929 mouse fibroblasts.235 Since then, a number of 

thermoresponsive coatings on various substrate materials have been fabricated using the 

“grafting from” approach, including PNIPAm and poly[2-(dimethylamino)ethyl methacrylate] 

(PDMAEMA) on oxygen plasma treated PTFE236, PNIPAm on PET membranes237, PNIPAm 

on oxidized PET and PS films238, poly(N,N-diethyl acrylamide) (PDEAAm) on Nylon 

membranes239 and PNIPAm on PS Petri dishes240 as well as on poly(dimethyl siloxane) (PDMS) 

culture substrates.241-243 In general, the technique relies on the formation of radicals on the 

substrate surface, which can be either generated by cleavage or excitation of surface functional 

groups, such as double bonds, peroxides or ketones236, 238, 244, respectively, or by H-abstraction 

through radical photoinitiators, such as BPs237, 239, 245, acetophenones244-245 or anthraquinones.240 

From the methodological viewpoint, which mainly depends on the grafting efficiency of the 

used substrate-monomer system, UV-induced grafting can be performed from a monomer 

solution, which is either spread over the substrate macroscopically245-254 or applied as a thin film 

between the substrate and, e.g., a quartz glass plate255-257, from a gaseous monomer/initiator 

phase253, 258-259 or directly from a thin bulk monomer/initiator film.260-263 In cases where a free, 

non-covalently bound photoinitiator is used, it is either dispersed in the respective gaseous, 

dissolved or bulk monomer phase245, 249, 251-254, 256, 261-263 or pre-adsorbed on the substrate before 

monomer deposition.246-248, 250, 255, 259 The general scheme of the photopolymerization of reactive 

vinyl monomers is illustrated in Figure 16. 
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Figure 16. General scheme of surface photografting using BP as initiator and a vinyl compound 

as reactive monomer.264 

Photografting from the gas phase involves the evaporation of both monomer and initiator in a 

suitable reaction chamber. Hence, it is restricted to certain substrate geometries and materials 

as well as monomers and photoinitiators and, due to limited scalability, considered a batch 

process.264-265 Compared to photografting from solution, reaction times are rather slow (> 1 min) 

and the bulk properties of the substrate are often altered due to the diffusion of monomer and 

initiator through the respective film, which may further lead to photografting occurring on both 

sides of the substrate.265 In contrast, photografting from thin monomer solutions are fast, usually 

lead to coatings < 10 nm in a few seconds without significant alteration of the bulk substrate 

properties and can be implemented as continuous processes.245, 253, 264-265 In a rather special 

implementation, Sheng et al. developed a substrate independent, initiator-free method to graft 

various monomers, including NIPAm, from solution onto substrates coated with adhesive 

polydopamine (PDA) layers, which form radicals upon irradiation with UV light and enable 

surface photografting.266 Based on this, Hafner et al. developed freestanding PDA films, which 

they functionalized with polymer films using photografting from solution in order to control 

cell adhesion.267 To fabricate thermoresponsive culture substrates for cell sheet detachment, 

Fukumori et al. covalently immobilized thioxanthone initiators on PS culture substrates. They 

grafted PNIPAm from the substrates using an LED light source (λ = 405 nm) and were able to 

detach BAEC, HUVEC, HDF and C2C12 sheets within 1 h under static conditions 

(Figure 17).268 
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Figure 17. Preparation of a thermoresponsive PS culture dish by chemical modification with 

thioxanthone and photografting of PNIPAm using visible light.268 

 

UV-induced Grafting from the Bulk Monomer Phase 

Bulk surface photografting was originally developed for the lamination of polymer films264, 269 

and, in terms of reaction rate and grafting efficiency, it is much faster than photografting from 

the gas phase and from solution, as layers of up to 5 µm can be obtained in time frame of about 

30 s.270 It is further advantageous for the grafting of monomers with limited water solubility, 

since many organic solvents have adverse effects on grafting efficiency due to radical side 

reactions. In addition, the diffusion of rather hydrophobic monomers and photoinitiators to the 

commonly hydrophobic polymer substrates may further be limited by organic solvents, which 

subsequently lowers grafting efficiencies and increases the probability of polymerization in 

solution. Incidentally, the use of organic solvents or cosolvents is restricted with respect to the 

polymer substrate, since its dissolution is undesirable. Rånby and co-workers were one of the 

first to systematically investigate the bulk photografting in depth using various different 

monomers for the lamination of several different polymer film materials.270-271 They found that 

in the first stage the bulk photografting comprises an induction period, which is much more 

pronounced for type II photoinitiators than for cleavable type I initiators and originates from 

the inhibition of radical formation on the surface by oxygen, which acts as a radical scavenger 

and is mainly responsible for the initial retardation of the polymerization. The second stage of 

the reaction is the surface initiation. Rånby showed, that the initiation of the polymerization is 

most probable on the surface of the polymer substrate rather than in the bulk monomer phase. 
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This is due to the relatively low energy of aliphatic C-H bonds, which are present on most 

polymer films and are easily cleaved by photoinitiators such as BP, as compared to many 

monomers which only comprise higher energy vinyl C-H bonds (e.g. acrylic acid). In such 

cases, it is only of minor impact if the photoinitiator is mixed into the monomer phase, since 

the predominant reaction is the initiation of the polymerization from the substrate surface. 

However, when monomers with aliphatic side chains are used, side reactions between BP and 

the monomers may occur more frequently and initiate uncontrolled polymerization or 

crosslinking within the bulk phase, which can interfere with the grafting from the surface and 

reduce its efficiency. In such cases, pre-adsorption or covalent coupling of the photoinitiator 

onto the substrate surface may offer better control over the photografting process. The 

successive polymerization stage is then followed by a solid-state photoreduction of BP, which 

leads to coupling of remaining BP moieties to the grafted chains ends as well as to further 

crosslinking of the formed polymer chains. The group of Rånby further found, that among other 

vinyl monomers acrylates have the highest reactivity towards photopolymerization 

and -grafting and that the reactivity of the polymeric substrates decreases in the order of Nylon 

(Polyamide) > PET > PP > PE > PC, which is in accordance to the reactivity of their respective 

C-H bonds towards H-abstraction by BP (chapter 1.2.2.1).271 In addition, they showed that due 

to the self-screening effect, an increase in BP concentration as well as in the layer thickness of 

the liquid monomer mixture have a negative effect on bulk photografting, whereas an increase 

in reaction temperature or the addition of multifunctional crosslinkers influence the 

photopolymerization in a positive manner and lead to much higher grafting efficiencies.271 

 

Thermoresponsive Bottlebrushes and their Potential as Surface Coatings 

As outlined in chapter 1.1.3, thermoresponsive, low molecular weight PGEs, which are referred 

to here as oligo(glycidyl ether)s (OGEs), are conveniently synthesized via the “classical” 

oxy-anionic ROP. Successive post-functionalization of the hydroxy end-group by, e.g., 

acrylation or methacrylation converts OGEs into macromonomers with reactivity towards 

free- and CRP and, hence, renders them applicable for surface functionalization via “grafting 

from” approaches. Serving as a general proof of concept, Gunkel et al. synthesized 

oligoGME methacrylates, which they grafted from gold model surfaces via SI-ATRP. They 

investigated the protein resistance of the oligoGME bottlebrush coatings and compared their 

anti-fouling properties to linear and dendritic glycerol based bottlebrush architectures with 

respect to molecular weight and bulkiness of the side chains (Figure 18).272 
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In general, the characteristic feature of bottlebrushes, which are also commonly referred to as 

molecular brushes, cylindrical polymer brushes or brush-like macromolecules, is their high 

density of grafted oligomeric or polymeric side chains, which have significant effects on their 

conformation and physical properties, predominantly due to steric repulsion between the 

backbone-grafted side chains.273-277 Depending on the grafting density, molecular weight and 

chemical nature of the side chains, the flexibility, conformation and aggregation in solution as 

well as the adsorption and ordering of bottlebrushes on surfaces can be finely tuned, making 

them excellent model systems for experimental studies of polymer properties and the self-

assembly to form hierarchical supramolecular architectures.274-279 Unsurprisingly, bottlebrushes 

are frequently used to modify the properties of polymeric bulk materials by blending and 

biomacromolecules with a brush-like structure277, such as proteoglycans and glycoproteins, are 

responsible for a myriad of biological functions in the human body.273 

 

Figure 18. Structure of glycerol-based dendritic bottlebrushes (blue), linear bottlebrushes 

(green) and brushes with short side chains (red) grafted from gold substrates via SI-ATRP.272 

From the synthetic point of view, bottlebrushes can be synthesized by “grafting through” of 

macromonomers, which automatically results in very high side-chain grafting densities. 
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However, the bulkiness of macromonomers often limits the attainable degree of polymerization 

and lowers control over the polymerization process, which usually results in low yields and 

broadened molecular weight distributions. Alternative strategies for the synthesis of 

bottlebrushes are the “grafting to” of preformed side chains to a polymer backbone and the 

“grafting from” of side chains from a backbone macroinitiator. While especially the former 

approach often suffers from a limited attainable grafting density due to the steric repulsion of 

side chains coupling to the backbone via functional group chemistry, the latter approach most 

notably requires extensive post-functionalization of the preformed backbone into a 

macroinitiator and offers limited control over side chain length, especially at high grafting 

densities. However, both “grafting to” and “grafting from” approaches potentially allow for the 

adjustment of the grafting density, at least in the lower realm, and introduce synthetic pathways 

for high molecular weight architectures, as compared to “grafting through” strategies, which 

are rather limited in this respect.273-275, 278 Altogether, the large variety of available 

polymerization techniques, coupling chemistries and polymer properties offer seemingly 

infinite possibilities to engineer macromolecules with specifically designed properties. The 

different approaches for the synthesis of macromolecular brushes are shown in Figure 19. 

Figure 19. “Grafting through”, “grafting to” and “grafting from” as synthetic strategies to 

macromolecular bottlebrushes.273 

Due to their extended conformation, bottlebrushes exhibit a rod-like structure in solution. 

Depending on the solvent and the respective solubility of the backbone and side chains, 

bottlebrushes can still undergo considerable conformational changes. This is especially the case 

for thermoresponsive bottlebrushes, which can undergo a transition from a rod-like to a globular 

conformation.273, 278 Li et al. showed that bottlebrushes with a polymethacrylate backbone 
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comprising grafted PNIPAm side chains exhibit a phase transition in aqueous solution and 

collapse from a rod-like to a globular structure upon increasing the temperature.280 Most 

importantly, they found that the conformational change only led to monomolecular particles 

which did not aggregate intermolecularly, as it would be typical for linear, thermoresponsive 

polymers. Further, the transition temperature of 32 °C perfectly matched the CPT of linear 

PNIPAm, which indicated a backbone-independent thermal response of the PNIPAm side 

chains.280 In another example, Pietrasik et al. grafted statistical copolymer side chains 

comprising N,N-dimethylacrylamide (DMA) and butyl acrylate (BA) or 2-

(dimethylamino)ethyl methacrylate (DMAEMA) and methyl methacrylate (MMA) from 

polymethacrylate backbones.281 Utilizing DLS measurements, they showed that the polymers 

collapsed intramolecularly at low concentrations when the average distance between the 

polymer chains was much larger than their hydrodynamic dimensions. Further, they showed 

that the thermal response of the polymers could be extenuated or even fully obliterated by 

increasing the incorporated amount of the hydrophobic comonomers BA and MMA. At high 

concentration, when the average distance between polymer chains was comparable to their 

hydrodynamic dimensions, intermolecular aggregation occurred, which concurs with the 

typical behaviour  of linear PNIPAm chains.281 Yet again, another unique temperature-triggered 

aggregation behaviour was observed by Yamamoto et al. who grafted statistical copolymer side 

chains comprising di(ethylene glycol) methyl ether methacrylate (MEO2MA) and tri(ethylene 

glycol) methyl ether methacrylate (MEO3MA) from a polymethacrylate macroinitiator 

backbone.282 Upon heating in aqueous solution, both intra- and intermolecular aggregation of 

the bottlebrushes occurred and the phase transition as well as the hysteresis behaviour could be 

tuned via the comonomer ratio. In contrast, when PMEO3MA-block-PMEO2MA copolymer 

side chains were used, two separate aggregation stages were observed, and the bottlebrushes 

formed vesicles with aggregated PMEO2MA shells and soluble PMEO3MA cores.282 These 

examples distinctly illustrate the accessibility of a large variety of properties attainable by 

combination of thermoresponsive polymers and bottlebrush architectures. 

Although a variety of bottlebrushes have been synthesized in solution using CRP or ring-

opening metathesis polymerization (ROMP)283, reports on the “grafting through” of 

bottlebrushes from substrate surfaces are rather scarce, mostly rely on SI-ATRP and involve 

sterically rather undemanding OEGMAs.39, 210-211, 234, 272, 284-287 In addition, while “grafting trough” 

by FRP has been used to prepare bottlebrushes in solution to some extend and with mixed 

results with respect to attainable molecular weight288-293, the UV-induced grafting of 

macromonomers for surface functionalization has hardly been explored. In one example, Gao 
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et al. synthesized methacrylated block copolymers comprising a bioinert PEG as well as an 

antimicrobial peptide block.294 They grafted the macromonomers from aqueous solution using 

argon plasma activated PDMS substrates by UV irradiation and obtained bottlebrush coatings 

with thicknesses between 1 and 2 µm and antimicrobial, antibiofilm as well as antifouling 

properties.294 Similar antimicrobial, antifouling coatings based on dual-functional bottlebrush 

coatings were fabricated by Zhi et al..295 They conjugated polyhexamethylene biguanide 

(PHMB) to allyl-terminated PEG (APEG) and also grafted the macromonomers from argon 

plasma activated PDMS using a dilute aqueous solution and either autoclaving-derived 

conditions or by UV irradiation to obtain bottlebrush coatings with an average thickness of 25 

nm (Figure 20).295-296 

 

Figure 20. Grafting of antimicrobial, antibiofilm and antifouling APEG-PHMB bottlebrush 

coatings from argon plasma activated PDMS substrate.295 
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1.2.2.3 Adsorption of Block Copolymers as a “Grafting To” Approach 

In “grafting to” approaches, presynthesized polymers are applied to a substrate material by 

either spin-, spray- or dip coating, solvent casting and physical adsorption or self-assembly 

from solution. Subsequently, the polymer coating is stably bound to the substrate surface via 

physical interactions or via covalent immobilization and/or crosslinking using various chemical 

coupling approaches. A big advantage over “grafting from” techniques is that the 

thermoresponsive polymers used are synthesized in advance and that their properties can be 

thoroughly investigated prior to coating. Furthermore, structural control over the coating 

architecture can be achieved by adjusting the molecular weight, composition and architecture 

of used macromolecules as well as by applying different coating techniques. 

Nash, Gorelov, Rochev and co-workers used spin coating and solvent casting as facile 

techniques to deposit films of commercially available PNIPAm on TCPS and PET culture 

substrates. Although their coatings were solely annealed by drying under reduced pressure and 

not covalently bound to the substrate surfaces, they were able to fabricate cell sheets comprising 

mouse 3T3 fibroblasts172-173, human mesenchymal stem cells (hMSCs)174 as well as mouse 

(MS-5) stromal cells.175 To decrease the hydrophilicity and to increase the stability of their 

coatings via physical interactions, they further synthesiszed PNIPAm copolymers using 

N-tert.-butyl acrylamide (NtBAm)170-171, 176, 297-298 and octadecyl methacrylate (ODMA)297 as

hydrophobic comonomers. This allowed the temperature-modulated fabrication of human

pulmonary microvascular endothelial cell (HPMEC) sheets.298 By further applying CAPs to

their poly(NIPAm-co-ODMA) and poly(NIPAm-co-NtBAm) coatings (Figure 21), they also

cultured and detached confluent mouse 3T3297 as well as HUVEC sheets171, respectively.

Building on this, Nash, Healy et al. used acrylamide benzophenone (AcBzPh) as a hydrophobic,

photo-reactive comonomer to covalently immobilize and crosslink spin coated and solvent cast

NIPAm-based gels onto PS culture substrates, which allowed mouse 3T3164 and HPMEC

sheet299 detachment, respectively. A similar approach base on a photo-reactive CCMS

crosslinker, which was copolymerized with NIPAm, was used by Recum et al. to detach BAEC

as well as retinal pigmented epithelial cell sheets.165-166
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Figure 21. Physical adsorption of poly(NIPAm-co-NtBAm) below and above its CPT yields 

cell adhesive coatings which allow cell sheet growth and proliferation and cell repellant 

coatings, respectively.298 

The concept of physical adsorption of thermoresponsive NIPAm-based copolymers comprising 

hydrophobic comonomers onto plastic culture substrates has attracted some attention in recent 

years. As a simple and straightforward technique, which does not require expensive equipment 

and complicated polymerization procedures, it allows the controlled adsorption of 

thermoresponsive layers from, e.g., aqueous solution and is therefore independent on the 

geometry of the used culture substrate. Although thermoresponsive PNIPAm coatings have 

been immobilized onto glass culture substrates via physical adsorption through electrostatic 

interaction using polyelectrolyte primer layers300-301, the adsorption of copolymers comprising 

hydrophobic blocks constitutes a more convenient and straightforward method. Hence, the 

functionalization of common hydrophobic cell culture materials, such as PS, PET or PC, does 

not require the introduction of ionic groups into the thermoresponsive polymer as well as no 

pretreatment of the culture substrates with, e.g., polyelectrolyte mono- or multilayers. However, 

due to the rather weak, short-range hydrophobic interactions between polymeric substrates and 

the hydrophobic segments of the thermoresponsive polymers, the block copolymer composition 

and architecture needs to be optimized. This is of particular relevance if physically adsorbed 
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coatings are used for cell culture experiments, since polymer depletion from the substrate 

surface may impair cell viability. 

Physical Adsorption of Block Copolymers to Hydrophobic Substrates 

To accurately understand and predict the adsorption behaviour of block copolymers to 

hydrophobic surfaces, it is important to consider some general phenomena regarding the 

adsorption and depletion of linear homopolymer chains at the interface between a liquid phase 

(e.g. a polymer solution) and a solid substrate. As it was laid out by Aubouy et al., polymers 

reversibly adsorbing to an attractive substrate, which is mostly the case for physical adsorption 

via short-range hydrophobic interactions under good solvent conditions, generally form an 

interfacial layer with a well-defined structure, which is fundamentally governed by the 

thermodynamic balance between the entropy of the formed polymer loops, which constitute 

polymer segments in between two neighboring, adsorbed monomer units, and their steric 

repulsion.302 As a result, under dilute conditions, the adsorption of higher molecular weight 

polymers is favored due to the higher entropy of the corresponding long-chain polymer loops. 

In contrast, under concentrated conditions, low molecular weight polymers preferentially 

adsorb to the surface, which is mainly driven by the steric repulsion between long molecular 

weight loops and the faster diffusion of shorter polymer chains to the substrate surface. In 

addition, as compared to thick polymer layers, ultrathin polymer films with thicknesses below 

the adsorbed polymer’s radius of gyration Rg are more likely to dewet surfaces upon external 

stimuli, such as temperature changes, which is mainly due to their confined conformation.302 

These fundamental, theoretical considerations are a useful basis to describe the adsorption 

behaviour of block copolymers and imply the importance of the block copolymer architecture, 

namely the chain lengths of the respective blocks and their molecular weight ratio, on its 

adsorption behaviour as well as the structure and stability of the resulting polymer layer. 

However, with regards to the fabrication of functional surface coatings, the chemical 

composition and the resultant physical properties of the block copolymers further have a 

considerable effect on their adsorption behaviour. Hence, the adhesiveness of the substrate 

material towards the respective copolymer blocks, the physical interaction between the two 

blocks, as well as the solubility of both block copolymer segments in the used solvent are 

essential factors during the adsorption of polymer layers tethered to the surface via hydrophobic 

anchor blocks and comprising functional blocks directed away from the surface and adopting a 

brush-like conformation. In an extreme case, a block copolymer is adsorbed to a surface from 
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a selective solvent, which is a non-solvent for the anchor block and a good solvent for the 

“buoy” (brush) block.303 If the anchor block further has a high affinity towards the surface, 

while the brush block does not interact with the substrate material, the structure of the adsorbed 

film is governed by the chemical potential of the polymer solution at the solid-liquid interface 

and constitutes an equilibrium between a micellar, solvated copolymer phase and a lamellar, 

surface-bound copolymer film.304-305 For block copolymers with a high asymmetry comprising 

a low molecular weight anchor and a high molecular weight brush block, the thickness of the 

obtained layer depends on the balance between the van der Waals energy of the anchor block 

and the stretching energy of the brush, which often leads to densely grafted and highly extended 

polymer chains.303, 306-307 In case a non-selective solvent is used to adsorb a copolymer 

comprising two incompatible blocks of which only the anchor block is attracted to the substrate 

surface and the solvent is of good quality for both blocks, the structure of the adsorbed layer is 

almost entirely dependent on the copolymer’s asymmetry.308-310 At a high asymmetry, the anchor 

block exhibits a pancake-like conformation on the substrate surface, while the buoy block forms 

a brush layer directed toward the solution and with a thickness proportional to its molecular 

weight.308 Concerning the practical implementation of adsorbed block copolymer coatings, most 

solvents can neither be regarded as entirely selective nor non-selective. Further, attractive 

interactions between the brush block and the substrate surface can usually not be excluded in 

practice. This is especially the case for thermoresponsive block copolymer coatings adsorbed 

to applied tissue culture substrates, since thermoresponsive polymers are potentially adhesive 

towards plastic culture substrates due to their partially hydrophobic character. Although PEG 

is itself not thermoresponsive and known to be highly water soluble, Pagac, de Vos et al. 

showed that PS-PEO block copolymers did not form well-defined polymer brushes when 

adsorbed to PS substrates from aqueous solution due to the competitive adsorption of both PS 

and PEG blocks to the surface.311-312 This illustrates that even under highly selective solvent 

conditions, the adhesive interaction between both copolymer blocks and the substrate plays a 

crucial role in the self-assembly of block copolymer brushes. It further implies the potential 

influence of the substrate material on the conformational structure and phase transition of 

thermoresponsive brush coatings, which was already shown to be an important factor 

concerning PNIPAm gels.159 
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Thermoresponsive Block Copolymer Coatings for Cell Sheet Fabrication 

In one of the first studies in which hydrophobic, physical adsorption was reported for the 

manufacture of thermoresponsive coatings for cell sheet fabrication, Ito and co-workers used 

PNIPAM-block-poly[(R)-3-hydroxybutyrate]-block-PNIPAM (PNIPAm-block-PHB-block-

PNIPAm) triblock copolymers to coat PET culture substrates via the adsorption of PHB to the 

PET substrate surface. They performed the “grafting to” from dilute aqueous solution above 

the critical micelle concentration (CMC) of the copolymers and above their CPT at 37 °C and 

obtained stable coatings with thicknesses ranging from 4 to 8 nm. As compared to control 

surfaces comprising co-adsorbed gelatin, they were able to grow and detach single, sub-

confluent mouse embryonic stem cells as well as hMSCs from triblock copolymer coatings in 

a temperature-triggered manner. Control experiments with PNIPAm homopolymers revealed 

that the driving force for the formation of functional, stable coatings was the adsorption of the 

PHB block to the PET substrates and that cell proliferation was improved due to the 

hydrophobic, cell adhesive nature of PHB.313-314 Nakayama et al. synthesized PNIPAm-block-

poly(butyl methacrylate) (BMA) block copolymers using RAFT polymerization and spin 

coated them onto TCPS substrates from MeCN/DMF (5:1 v/v) solution. They obtained stable 

coatings comprising laterally phase-separated PNIPAm and PBMA domains (Figure 22). 

Figure 22. Chemical structure of a PNIPAM-block-PBMA block copolymer and fabrication of 

physically adsorbed, thermoresponsive coatings for cell sheet fabrication.315 
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Via the adjustment of the layer thickness to 15 nm, the adhesion and proliferation of BAECs 

was mediated and the layers allowed the fabrication of confluent cell sheets.315 To functionalize 

hydrophobically modified glass culture substrates, Sakuma et al. used RAFT polymerization to 

synthesize dodecyl terminated PNIPAm, adsorbed it to the substrates via the Langmuir-

Schaefer method and successfully cultured and detached confluent BAEC sheets from their 

obtained films316, which had thicknesses below 10 nm, hence, allowing cell adhesion as reported 

by Fukumori et al. on PNIPAm-coated glass substrates prepared by EBP.158-159 Using the same 

approach Sakuma et al. fabricated Langmuir-Schaefer films from PS-PNIPAm block 

copolymers. After transfer to hydrophobic glass substrates, they obtained adsorbed, particle-

like aggregates as illustrated in Figure 23. They were able to control the size and grafting density 

of the coatings via adjusting the molecular weights of the copolymers as well as the relative 

lengths of the PS and PNIPAm blocks. At medium grafting densities of about 10 nm2/molecule 

and medium copolymer molecular weights of ~ 30 kDa as well as at low grafting densities of 

40 nm2/molecule and high molecular weights of ~ 40-70 kDa, the were able to fabricate 

confluent BAEC sheets. In contrast, denser layer structures turned out to be non-adhesive 

towards cells and less dense layers did not allow cell sheet detachment317, which emphasizes 

once more the importance of grafting density and layer thickness regarding the design of brush-

like coatings based on PNIPAm (Figure 23). 

 

Figure 23. Schematic illustration of PS-PNIPAm block copolymers adsorbed to hydrophobized 

glass culture substrates and adhesion of BAECs on coatings with different block copolymer 

lengths and compositions.317 

Kakimoto and co-workers synthesized hyperbranched PS (HBPS) by ATRP and grafted 

PNIPAm from HBPS by RAFT polymerization to obtain core-shell-like block copolymers.318-

319 They either adsorbed HBPS-graft-PNIPAm onto PS culture dishes by adsorption from 

solution318 or via Langmuir-Blodgett films319 and used the adsorbed layers to fabricated 3T3 
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fibroblast sheets. Sudo et al. further prepared star-shaped PS-graft-PNIPAm copolymers to 

culture 3T3 fibroblast sheets and tuned cell adhesion and detachment properties via 

incorporation of comonomers, such as acrylic acid, tert.-BA and DMAEMA, into the grafted 

PNIPAm chains.320 
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2 Objectives 

The central aim of this work was to develop thermoresponsive, glycidyl ether-based coatings 

for applied polystyrene (PS) tissue culture substrates. In that regard, strategies for the covalent 

immobilization of copolymers comprising GME and EGE via “grafting from” as well as 

“grafting to” methods were pursued to manufacture functional PGE coatings for the cultivation 

and the temperature-triggered detachment of cell monolayers/sheets. Moreover, a pivotal part 

of this thesis constituted the development of scalable and transferable coating procedures based 

on readily accessible raw materials with potential for technical application and possible 

industrial implementation. Since “grafting from” approaches based on reactive vinyl monomers 

are known to be suitable and efficient strategies for the preparation of a variety of functional 

coatings, the goal was to establish a convenient route for the synthesis of macromonomers based 

on thermoresponsive oligo(glycidyl ether) acrylates (OGEAs), which can be used for surface 

functionalization, for example via the UV-induced radical photografting approach. Thereupon, 

the feasibility of a “grafting from” processes involving OGEA macromonomers was ought to 

be explored in order to manufacture functional bottlebrush coatings applicable for cell sheet 

fabrication. A further aim of this work was to transfer the design parameters, which were 

established for the detachment of confluent fibroblast sheets on gold model surfaces as well as 

on glass substrates using coatings based on self-assembled thermoresponsive PGE monolayers, 

to applied PS substrates. In this context, the physical adsorption and self-assembly behaviour 

as well as the efficiency of covalent immobilization of photo-reactive PGE block copolymers 

onto PS culture substrates was investigated. A question of significance was directed to the 

influence of the nature of the culture substrate on the thermal response of the PGE coatings as 

well as on the effect of the PS substrates on cell sheet fabrication with respect to both cell 

adhesion and detachment. In this case, a comparison between the rather hydrophobic PS with 

the more hydrophilic gold and glass substrates constitutes an essential part for a better 

understanding of the structure-property relationship and the formulation of generalized design 

guidelines for thermoresponsive PGE coatings. In order to draw conclusions on the mechanism 

of cell sheet detachment from PGE-based coatings, another overarching aim was to compare 

the performance of different coating architectures, namely physically adsorbed or self-

assembled PGE monolayers and photografted bottlebrushes, with regards to cell sheet 

detachment. To this end, comparative cell culture studies were exclusively performed on PS 

culture substrates using HDF as a common model cell line. The final objective of this work was 

to expand the range of applicability of glycidyl ether-based coatings with regards to the 
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fabrication of different types of cell sheets. In this context, the adhesion and detachment of 

vascular cell sheet types on thermoresponsive PGE culture substrates was ought to be explored. 

Hence, the goal was to provide a functional, thermoresponsive platform as a prerequisite for 

the bottom-up engineering of 3D tissues, such as artificial blood vessels, based on the 2D cell 

sheet technology. 
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3 Publications and Manuscripts 

In this work, thermoresponsive OGEA and PGE coatings based on the two monomers GME 

and EGE were developed for applied polystyrene (PS) tissue culture substrates. The coatings 

were evaluated regarding the adhesion and proliferation of HDF, human aortic smooth muscle 

(HAoSMC) and HUVEC monolayers and the intended temperature-triggered, nondestructive 

detachment of their respective cell sheets for potential use in cell sheet engineering. The 

functionality of self-assembled PGE monolayers for the fabrication of cell sheets was first 

reported on gold model substrates by Weinhart et al. in 2011.126 In the following, Becherer, 

Heinen et al. investigated the structure-property relationship of thermoresponsive PGEs in 

solution and on gold model surfaces127-128, 130 and deduced general parameters for the design of 

self-assembled PGE brushes for fibroblast sheet fabrication129, which were consequently 

transferred to applied glass substrates.131 Within the scope of this project, glycidyl ether-based 

coatings were transferred to the standard tissue culture plastic material PS. Both, “grafting 

from” and “grafting to” approaches were pursued utilizing BP as a photoinitiator for radical 

photografting of OGEA macromonomers or as an immobilizing/crosslinking agent of adsorbed 

PGE layers by coupling via C, H-insertion, respectively. 

The first part of the presented work comprises the functionalization of PS culture substrates via 

the “grafting to” approach of PGE block copolymers. A novel, polymerizable epoxide monomer 

(EEBP) comprising a BP unit was synthesiszed and copolymerized as a short, hydrophobic, 

photo-reactive BP anchor block with a random, high molecular weight, thermoresponsive 

GME/EGE block using the sequential monomer-activated anionic ROP. The polymer was 

stably adsorbed from diluted ethanolic solution as an ultrathin, sub-nanometer layer and 

characterized via water CA, ellipsometry and QCM-D measurements. The coatings were 

immobilized by irradiation with UV light and were further verified and morphologically 

investigated by AFM force-distance measurements as well as quantitative nanomechanical 

mapping. Further, protein adsorption from cell culture medium was measured by QCM-D and 

compared to bare PS as well as standard TCPS surfaces. Successful fabrication of HDFs using 

ultrathin PGE coatings confirmed the adhesion promoting nature of PGE at 37 °C, which, as 

compared to bare PS, correlated with an increased protein adsorption, and indicated that HDF 

sheet detachment was mediated by both PGE rehydration and the rather cell repellant nature of 

the PS substrate. Polymer synthesis and characterization as well as surface preparation and 

characterization were performed by the author. AFM measurements were conducted by Dr. J. 

L. Cuellar-Camacho and the author. B.Sc. M. Uckert and Dr. A. Hoppensack performed cell

45



culture experiments. The research concept was conceived by Dr. M. Weinhart and the author. 

The corresponding article (chapter 3.3) was written by the author. 

To attain self-assembled, brush-like PGE coatings, PGE block copolymers with a BP anchor 

block were adsorbed onto PS substrates from dilute aqueous solution at 10 °C. The 

thermoresponsive properties and aggregation behaviour of the polymers in water were 

characterized using concentration- and temperature-dependent DLS as well as UV-Vis 

turbidimetry to optimize the directed self-assembly and homogeneous arrangement of PGE 

chains on the PS surface from water, which can be regarded as a selective solvent at 10 °C 

below the CPT of the PGE block copolymer. The brush coatings were characterized by water 

CA, ellipsometry and AFM measurements and found to resemble self-assembled monolayers 

on gold and glass substrates. Fulfilling the previously defined design parameters of PGE 

brushes for use in cell sheet fabrication, the functionalized surfaces enabled the culture and 

detachment of confluent HDF, HAoSMC and HUVEC monolayers, which represent the three 

basic constituents of blood vessels. Polymer synthesis and characterization as well as surface 

characterization were performed by the author. Dr. A. Hoppensack conducted cell culture 

experiments with HAoSMCs. Cell culture experiments with HDFs and HUVECs were 

performed by J. Scholz. The research was conceptualized by Dr. M. Weinhart, Dr. A. 

Hoppensack and the author. The according manuscript (chapter 3.4) was written by the author. 

The second part of the presented work comprises the synthesis and characterization of 

polymerizable OGEA macromonomers using the fast and solvent-free, microwave-assisted 

oxy-anionic ROP. OGEs with different chain lengths and monomer compositions were 

synthesized and thoroughly characterized via gel permeation chromatography (GPC) and 

matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF) mass spectrometry. 

Their thermoresponsive properties in aqueous solution were further investigated with respect 

to monomer composition, molecular weight and concentration in water using UV-Vis 

turbidimetry. To estimate the scalability of the microwave-assisted synthesis towards an 

applicable process on an industrial scale, OGEs were functionalized by in-situ acrylation to 

directly obtain OGEA macromonomers. In addition, the polymerization kinetics of the 

synthesis was investigated and compared to the “classical” oxy-anionic ROP using 

conventional heating. The results indicated that the fast reaction kinetics are predominantly 

governed by thermal, rather than microwave-specific effects and demonstrated that the bulk 

polymerization using microwave heating provides good conditions for the controlled 

polymerization of OGEAs. The polymers were synthesized by B.Sc. D. Donath and the author. 

Polymer characterization and kinetic studies were performed by the author. The concept of 
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research was provided by Dr. M. Weinhart and the author. The following manuscript (chapter 

3.1) was written by the author. 

Based on the synthesized OGEA macromonomers, thermoresponsive bottlebrushes were 

“grafted from” PS culture substrates via a “grafting through” approach under bulk conditions 

by irradiation with UV light using BP as photoinitiator. The polymerization of OGE-based 

antifouling coatings on glass substrates via surface-initiated ATRP (SI-ATRP) was first 

reported by Gunkel et al. in 2011.272 Within this project, the reaction conditions of the free 

radical polymerization of OGEAs and their grafting behaviour with respect to different 

monomer compositions and molecular weights were investigated. The resulting bottlebrush 

coatings were characterized by water CA, ellipsometry and AFM measurements. Proliferation 

and temperature-triggered detachment of HDF sheets was compared and correlated with the 

layer thickness, structure and hydrophilicity of the coatings as well as with the molecular weight 

and monomer composition of the grafted OGEA side chains. Synthesis and characterization of 

the polymers and thermoresponsive coatings were performed by the author. J. Scholz conducted 

cell culture experiments. The research concept was designed by Dr. M. Weinhart, Dr. U. 

Schedler and the author. The associated manuscript (chapter 3.2) was written by the author. 
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3.1 Ultrathin Poly(glycidyl ether) Coatings on Polystyrene for Temperature-

Triggered Human Dermal Fibroblast Sheet Detachment 

Daniel David Stöbener, Melanie Uckert, José Luis Cuéllar-Camacho, Anke Hoppensack, 

Marie Weinhart* 

The synthesis of a novel, photo-reactive BP monomer (EEBP) and its sequential 

copolymerization via the monomer-activated anionic ROP is described. The block copolymer 

stably attaches onto PS culture substrates via physical adsorption from ethanolic solution and 

can be covalently immobilized via UV irradiation. The ultrathin PGE layers are extensively 

characterized by CA, Ellipsometry, AFM and QCM-D measurements and used for the culture 

and detachment of HDF monolayers. 

This chapter was published in the following journal: 

"Reprinted with permission from

Daniel David Stöbener, Melanie Uckert, José Luis Cuellar-Camacho, Anke Hoppensack, 

Marie Weinhart, ACS Biomaterials Science & Engineering, 2017, 3 (9), 2155-2165. 

Copyright 2018 American Chemical Society"

DOI: https://doi.org/10.1021/acsbiomaterials.7b00270
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3.2 Endothelial, Smooth Muscle and Fibroblast Cell Sheet Fabrication from 

Self-assembled Thermoresponsive Poly(glycidyl ether) Brushes 

Daniel David Stöbener, Anke Hoppensack, Johanna Scholz, Marie Weinhart* 

The directed self-assembly of PGE block copolymers comprising a hydrophobic, photo-reactive 

BP anchor block to PS culture substrates from dilute aqueous solution below the polymer’s 

CPT leads to physically adsorbed, thermoresponsive brush-like PGE coatings. The brush layers 

are immobilized by UV irradiation and used as a thermoresponsive platform for the fabrication 

of confluent HDF, HAoSMC as well as HUVEC sheets under optimized culture conditions. 

This chapter was submitted to an appropriate scientific journal and is currently being revised.

Daniel David Stöbener, Anke Hoppensack, Johanna Scholz, Marie Weinhart, Soft Matter, 
2018, 14 (41), 8333-8343. - Reproduced by permission of The Royal Society of Chemistry.
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Endothelial, Smooth Muscle and Fibroblast Cell 

Sheet Fabrication from Self-assembled 

Thermoresponsive Poly(glycidyl ether) Brushes 

Daniel David Stöbener, Anke Hoppensack, Johanna Scholz, Marie Weinhart* 

Institute for Chemistry and Biochemistry, Freie Universitaet Berlin, Takustr. 3, D-14195 

Berlin, Germany. 

*Corresponding author: email marie.weinhart@fu-berlin.de, phone: +49 30 838 75050

Abstract 

In this study, we introduce a platform to fabricate human dermal fibroblast (HDF), human aortic 

smooth muscle cell (HAoSMC) and human umbilical vein endothelial cell (HUVEC) sheets 

using thermoresponsive poly(glycidyl ether) coatings. Copolymer brushes based on glycidyl 

methyl ether (GME) and ethyl glycidyl ether (EGE) were self-assembled onto polystyrene (PS) 

culture substrates via the physical adsorption of a hydrophobic, photoreactive benzophenone 

anchor block based on the monomer 4-[2-(2,3-epoxypropoxy)ethoxy]benzophenone (EEBP). 

The directed self-assembly of well-defined, end-tethered poly(GME-ran-EGE)-block-

poly(EEBP) (PGE) brushes was achieved via the selective, EEBP-driven adsorption of the 

asymmetric block copolymer from dilute aqueous solution below its cloud point temperature 

(CPT). Subsequently, the PGE brush layers were covalently immobilized onto the PS surfaces 

by irradiation with UV light and characterized by ellipsometry, static water contact angle (CA) 

measurements and atomic force microscopy (AFM). We found, that by decreasing the 
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temperature from 37 to 20 °C, the coatings undergo a pancake-to-brush transition, which 

triggers cell sheet detachment. In addition, cell culture parameters were optimized to allow 

proper adhesion and controlled detachment of confluent HDF, HAoSMC and HUVEC sheets, 

which can be applied in vascular tissue engineering. 

Keywords 

Cloud point temperature, benzophenone-driven aggregation, block-copolymer adsorption, UV-

induced C, H-insertion, pancake-to-brush transition, switchable surface 

Introduction 

Vasculature constitutes a pivotal part in the engineering of three-dimensional (3D), artificial 

tissue and is essential for cell survival, since it provides the vital metabolic exchange of oxygen, 

carbon dioxide, nutrients and waste products in somatic systems.1-4 In general, approaches for 

engineering vascular tissues can be divided into cell-based and scaffold-based techniques.5-7 A 

practical, bottom-up cell-based approach, which has not only increased the in vivo efficiency of 

cell implantation for therapeutic tissue reconstruction in general8-9, but also provides a 

straightforward strategy for in vitro engineering of different 3D tissues, relies on the use of cell 

sheets.10-15 Cell sheets constitute confluent, two-dimensional (2D) cell monolayers comprising 

an associated ECM, which can be harvested from thermoresponsive culture substrates. The 

sheets can be stacked to multilayered mammalian hepatic16 as well as human cardiac17 and pre-

vascular18 tissue constructs either by simple pipetting, or by transfer via cell sheet manipulators, 

such as support membranes or plunger-like devices.19-20 In principle, thermoresponsive coatings 

are based on polymers, which undergo a temperature-triggered phase transition in aqueous 

media within the physiologically relevant temperature range. Under standard cell culture 

conditions at 37 °C, such thermoresponsive coatings must be in a less hydrated, collapsed state 

and allow the adhesion of cells and their proliferation to confluent monolayers. Cooling below 
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the phase transition temperature of the polymer induces a rehydration and swelling of the 

polymer chains. This renders the coatings cell-repellant and allows for the non-invasive, 

enzyme-free detachment of cell sheets with their intact ECM and, in case of epithelial cells, 

retained polarization. Particularly thermoresponsive coatings based on poly(N-isopropyl 

acrylamide) (PNIPAm) have been developed into a platform for cell sheet engineering by 

Okano and co-workers starting in the early 1990s21-22. Nowadays commercially available under 

the brand name UpCell™, these PNIPAm-coated tissue culture polystyrene (TCPS) dishes 

prepared via electron beam polymerization (EBP)23, have contributed to the rapid expansion of 

this field of research resulting in a variety of accessible tissues. It is important to mention here, 

that the successful translation of this technique to new cell types is not only predicated on the 

chemical nature of the thermoresponsive polymer and the specific thermal properties of the 

coating, but also on the fine-tuning of the applied cell culture conditions, such as seeding 

density, culture media and supplements. This is of special relevance if the goal is to provide a 

functional platform for engineering vascular constructs, which comprise multiple layers of 

connective tissue (fibroblasts) and smooth muscle cells as well as a tight monolayer of 

endothelial cells, which forms the lumen of blood vessels and constitutes the barrier to the blood 

stream. 

Due to their limited adhesion and proliferation on hydrogel-like PNIPAm-based coatings 

prepared via EBP, the detachment of confluent human umbilical vein endothelial cells 

(HUVECs) from these commercial substrates has not been reported so far. However, sub-

confluent HUVEC as well as endothelial colony-forming cell (ECFC) layers have been cultured 

on such PNIPAm surfaces and sandwiched between or co-cultured with human dermal 

fibroblast (HDF) and human skeletal muscle myoblast (HSMM) sheets in order to fabricate pre-

vascularized 3D tissue constructs.18-20, 24-27 Additional post-functionalized with cell adhesive 

ligands, such as the RGD-motif bearing peptides, help to improve and control HUVEC adhesion 

on electron beam-grafted PNIPAm coatings.28-30 In contrast, under milder grafting conditions 
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structurally more defined PNIPAm brush coatings can be prepared on polystyrene (PS) 

substrates via a surface-initiated, UV-induced free radical polymerization, which allow HDF 

and HUVEC adhesion without further cell adhesive modification and sheet detachment within 

one hour at 20 °C. However, for initial cell seeding densities of 1.0 x 105 cells cm-2 culturing 

times reached up to seven days for the monolayers to grow confluent indicating hampered 

proliferation on the coated substrates.31 

The fabrication of confluent human aortic smooth muscle cell (HAoSMC) sheets on PNIPAm-

based culture substrates is often impeded by the weak adhesion on the substrates and the lack 

of control over HAoSMC detachment. Carboxylation of the PNIPAm end-groups is one 

strategy to increase HAoSMC cell-adhesion strength on PNIPAm-brushes on glass produced 

via the surface-initiated reversible addition-fragmentation chain-transfer (SI-RAFT) radical 

polymerization. The introduced negative charges within the coating allowed cell adhesion, 

proliferation and subsequent detachment of intact HAoSMC sheets.32 In order to generate 

isotropic as well as aligned SMC sheets, Wong and co-workers grafted PNIPAm onto flat as 

well as microtextured PS films using EBP. They found that under optimized grafting conditions 

(45-50% NIPAm in isopropanol), which slightly differed from the NIPAm EBP process on 

TCPS (UpCell™), confluent HAoSMC sheets detached within 45 min after cooling to 20 °C 

and could be harvested as intact isotropic or oriented monolayers.33 Again, on the commercial 

PNIPAm-coated dishes, an additional physisorbed layer of cell-adhesive fibronectin (FN) was 

necessary to support HAoSMC adhesion. The FN was printed homogeneously or in stripes onto 

the coated surface to yield spontaneously detaching randomly oriented or aligned HAoSMC 

sheets within 120 min after temperature reduction.34 

In comparison to cell sheets composed of HUVECs and SMCs, HDF sheets are easily accessible 

with PNIPAm-coated substrates without additional cell adhesive modification. 18, 20, 24, 35 In 

search of alternative, NIPAm-free thermoresponsive coatings, Dworak and co-workers 

prepared poly[tri(ethylene glycol) monoethyl ether methacrylate] brushes on glass culture 
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substrates and demonstrated successful HDF sheet detachment within 40 to 60 min when 

lowering the temperature to 17.5 °C.36-37 Furthermore, they also demonstrated thermoresponsive 

brush coatings based on 2-alkyl 2-oxazolines to detached confluent HDF sheets from covalently 

coated glass substrates within 30 min at 20 °C.38-39 Besides thermoresponsive ethylene glycol 

and oxazoline-based polymers, also glycidyl ether-based polymers have qualified as alternative 

coatings for cell sheet fabrication as demonstrated in a pilot study using self-assembled 

monolayers on gold and NIH-3T3 mouse fibroblasts.40 Further developing such 

thermoresponsive coatings based on glycidyl methyl ether (GME) and ethyl glycidyl ether 

(EGE), we have recently shown that glycidyl ether based block copolymers (PGE, Figure 1a) 

adsorb to PS culture substrates from dilute ethanolic solution and form ultrathin layers (Figure 

1b) with thicknesses in the sub-nanometer range (0.7 ± 0.1 nm).41 The applied block copolymer 

poly(GME-ran-EGE)-block-poly(EEBP) comprises, in addition to the thermoresponsive block, 

a hydrophobic, photoreactive anchor block based on the monomer 

4-[2-(2,3-epoxypropoxy)ethoxy]benzophenone (EEBP). The generated ultrathin coatings 

support the adhesion of HDFs and allow the temperature-triggered detachments of confluent, 

viable HDF sheets.41 The aim of the present work was the generation of surface-tethered PGE 

brushes on PS  in order to improve cell adhesion and the efficiency of cell sheet detachment. In 

this regard, we investigated the directed self-assembly of the asymmetric block copolymer from 

the selective solvent water to obtain PGE coatings with a brush-like conformation (Figure 1c). 

Our developed coating was applied for the fabrication of confluent HDF, HAoSMC and 

HUVEC sheets as the basic building blocks for artificial blood vessels. 
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 Figure 1. (a) Chemical structure of a poly(GME-ran-EGE)-block-poly(EEBP) block 

copolymer (PGE) synthesized via the sequential monomer-activated AROP; (b) Formation of 

ultrathin PGE monolayers via physical adsorption from diluted ethanolic solution at 20 °C and 

approximated chain conformation in aqueous solution at 20 and 37 °C; (c) Self-assembly of 

PGE brushes via directed, BP-driven adsorption from diluted aqueous solution at 10 °C and 

supposed chain conformation in aqueous solution at 20 and 37 °C. 
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Experimental methods 

A detailed description of all materials and analytical methods used is given in the electronic 

supplementary information (ESI). 

Polymer synthesis 

The poly(GME-ran-EGE)-block-poly(EEBP) block copolymer was synthesized via the 

sequential monomer-activated anionic ring-opening polymerization as reported previously.41 

Below, the thermoresponsive block copolymer is referred to as PGE. 

Surface preparation 

To characterize the thermoresponsive coatings, PS-coated silicon (Si) wafers were used as 

model substrates. Bare Si wafers (11 x 11 mm) were rinsed with ethanol and dried under a 

stream of N2. The samples were spin-coated at 3000 rpm for 60 s on a WS-650-23 spin-coater 

from Laurell Technologies Corporation (North Wales, PA, USA) applying a PS solution (30 

µL) in toluene (0.5% (w/w)). Spin-coated samples were dried at ambient conditions overnight. 

The thickness and the contact angles (CAs) of the PS layer were determined by ellipsometry 

and static water CA measurements, respectively. For  PGE coating, the samples were kept in 

PS culture dishes (d = 35 mm) and immersed in a solution of PGE in Milli-Q water (10 µM, 2 

mL) at 10 °C for 60 min. Subsequently, the PGE solution was removed, and the samples were 

immersed into Milli-Q water (2 mL) and incubated at 10 °C for another 30 min to wash off the 

excess of non-adsorbed PGE. The surfaces were dried under a stream of N2, and irradiated by 

UV light using a UV-KUB 2 from KLOÉ (Montpellier, France) with a wavelength of 365 nm 

and a radiant exposure of 4.0 J cm-2 for 160 s using an irradiance of 25 mW cm-2 (100%) in 

order to covalently immobilize the PGE layer on PS. After rinsing with ethanol and Milli-Q 

water, the coatings immobilized on Si wafers were characterized by ellipsometry, static water 

CA, and atomic force microscopy (AFM) measurements. PS culture dishes (d = 35 mm) were 

coated with PGE as described above for PS-coated Si wafers. After rinsing with ethanol and 
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Milli-Q water, the substrates were used for culturing and detaching cell sheets of HDFs, 

HAoSMCs and HUVECs. 

Cell isolation and culture 

HDFs were isolated from human foreskin biopsies after ethical approval and informed parental 

consent as reported previously.41 HDFs were cultured in high glucose DMEM medium (10% 

FBS from PAN-Biotech), trypsinized, centrifuged (140 xg, 4 min) and used in passages 3 to 7. 

HAoSMCs were cultured in VascuLife Smooth Muscle Cell medium, detached by accutase, 

centrifuged (150 xg, 4 min) and used in passages 3 to 6. HUVECs were cultured in VascuLife 

VEGF medium, trypsinized, centrifuged (200 xg, 5 min) and used in passages 3 to 6. All cell 

types were cultured under standard culture conditions (37 °C and 5% CO2) 

Cell sheet fabrication 

Experiments were performed with PGE-coated Falcon® PS culture dishes and bare TCPS dishes 

as controls. The dishes were sterilized with 70% ethanol for 10 minutes and washed twice with 

PBS before cell seeding. HDFs were seeded at a density of 1.6 x 105 cells cm-2 in 2 mL DMEM 

(1 g/L Glucose) with 10% FBS (PAN-Biotech) per dish (d = 35 mm), followed by culture at 37 

°C and 5% CO2 for 24 h. Cells were analyzed after 4 and 24 h via phase contrast microscopy. 

For temperature-triggered detachment, confluent cell cultures were incubated in PBS at 20 °C 

for 10 min followed by incubation in fresh PBS (37 °C) for 5 min at 37 °C.  Afterwards, cultures 

were kept at room temperature (20 °C) until the cell sheets detached from the surfaces. 

HAoSMCs were seeded at a density of 1 x 105 cells cm-2 in VascuLife SMC medium, 

supplemented with additional 5 % FBS (Biochrom, 10 % FBS in total) into a rectangular 

silicone frame (1 x 2 cm inner size, 5 mm height, Ospin GmbH, Berlin, Germany) on the PGE-

coated PS dish followed by culture at 37 °C and 5% CO2 for 16 h. For temperature-triggered 

detachment, confluent cell cultures were incubated in PBS at 20 °C. Cell sheet detachment was 
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observed visually. Additional samples were prepared for microscopic observation of 

proliferation and morphology 4 h after seeding. 

HUVECs were seeded with a density of 8.5 x 104 cells cm-2 in VascuLife VEGF medium, which 

contains 2% FBS, per dish (d = 35 mm) followed by culture at 37 °C and 5% CO2 for 24 h. 

After 24 h, FBS concentration was increased to 10% (8 % FBS Biochrom) and HUVECs were 

cultured for further 48 h. Cells were analyzed after 4, 48 and 72 h via phase contrast microscopy. 

For temperature-triggered detachment, confluent cell cultures were incubated in PBS at 20 °C 

until the cell sheets detached from the surfaces. Cell sheet detachment was observed and 

documented microscopically and visually. 

Statistical evaluation 

Graphical illustration of data and statistical analysis was performed with OriginPro®2018. 

Statistical comparison of water CAs (Figure 3b) was performed using the unpaired t-test for 

two independent sample sets following a normal distribution (*: p < 0.05, **: p < 0.01, ***: p 

< 0.005). The Shapiro-Wilk test was used to assess whether the raw data followed a normal 

distribution (p < 0.05). Cell detachment studies were performed in a minimum of three 

independent experiments with 2 to 3 replicates each. Detachment times were averaged over the 

total number N of investigated samples. 
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Results and discussion 

Thermoresponsive properties of PGE in water 

PGEs can be synthesized via sequential, monomer-activated anionic ring-opening 

polymerization (AROP) of a high molecular weight, thermoresponsive block consisting of 

glycidyl methyl ether (GME) and ethyl glycidyl ether (EGE), which copolymerize in a random 

fashion42, and a low molecular weight anchor block based on the photoreactive monomer 

4-[2-(2,3-epoxypropoxy)ethoxy]benzophenone (EEBP).41 To predict the adsorption behaviour 

of PGE on PS substrates from aqueous solution and to establish optimal conditions for the 

directed self-assembly of PGE brushes, we conducted temperature- and concentration-

dependent DLS measurements in order to investigate the CPT as well as the aggregation 

behaviour of the block copolymer in Milli-Q water. As illustrated in Figure 2a, at moderate 

concentration (2.5 mg mL-1), PGE forms stable 30 to 50 nm aggregates at 10 and 20 °C and the 

particle size only slightly increases at 37 °C in both number and volume distributions (Figure 

S1a, b), which suggests a BP-driven aggregation of PGE. However, under dilute conditions 

(0.25 mg mL-1), the PGE particle size shows a pronounced dependence on temperature and 

decreases to about 10 nm at 10 °C (Figure 2b, Figure S1c, d), which is in the same range as the 

hydrodynamic radii measured for poly(GME-ran-EGE) copolymers with similar molecular 

weight (24 kDa) and GME:EGE ratio (1:3).42 In contrast to PGE, poly(GME-ran-EGE) 

copolymers show a comparable temperature-dependent aggregation behaviour at low and high 

concentrations of up to 10 mg mL-1. This further indicates that the aggregation of PGE is not 

only driven by the thermoresponsive GME/EGE block, but also largely influenced by the 

intermolecular association of the hydrophobic EEBP anchor blocks. Hence, there is reason to 

assume that PGE exhibits a micelle-like aggregation behaviour in water and might exhibit a 

critical micelle concentration (CMC) between 2.5 and 0.25 mg mL-1. Similar micellar 
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aggregation has been reported for poly(styrene)-block-poly(ethylene glycol)43-44 and 

poly(styrene)-block-poly(glycidol)45 copolymers. 

Figure 2. Temperature-dependent volume distributions of the hydrodynamic radii of PGE in 

Milli-Q water at a moderate concentration of 2.5 mg mL-1 (a) and under dilute concentration of 

10 µM (0.25 mg mL-1) (b) measured by DLS and representative normalized transmittance 

curves (heating and cooling) at 500 nm of PGE solutions in Milli-Q water at high (20 mg mL-

1) and moderate (2.5 mg mL-1) concentration (c).

Turbidimetry by UV-Vis transmittance measurements revealed a negligible concentration-

dependence of the PGE CPT in a concentration range between 1 and 5 mg mL-1 with no 

detectable hysteresis (Figure 2c, Figure S2), which is in agreement with previous reports on 

poly(GME-ran-EGE).42 However, CPTs drop significantly at higher concentrations (10 - 20 mg 

mL-1) and a marked hysteresis of up to ΔT = -3 °C between the heating and cooling curves is 

observed (Figure 2c, Figure S2). Moreover, the CPTs of PGE are slightly above 20 °C (Figure 

S3a) and the temperature transition regimes are broad and span ranges of more than 10 °C 

(Figure 2c, Figure S2b). In contrast poly(GME-ran-EGE) with a similar GME/EGE ratio (1:3) 

and molecular weight (24 kDa), which has noticeably lower CPTs (~ 17 °C) and exhibits a 

much sharper phase transition regime (~ 2 - 3 °C). This observation further underpins the 

assumption that over a large range of concentrations (2.5 - 20 mg mL-1) PGE aggregation in 

aqueous solution is not only driven by the temperature-triggered coil-to-globule transition of 

the thermoresponsive GME/EGE block, but also strongly governed by the supramolecular 
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association of the hydrophobic, photoreactive EEBP block. Hence, the distortion and 

broadening of the phase transition might be the reason for the CPT discrepancy between PGE 

and poly(GME-ran-EGE) copolymers. Consequently, due to the results discussed above, 

coating of PS culture substrates with PGE was performed from dilute aqueous solution (0.25 

mg mL-1) at low temperature (10 °C) in order to provide optimal conditions for the directed 

self-assembly of the PGE block copolymer. 

Self-assembly and characterization of PGE brushes 

In order to self-assemble PGE brushes onto PS-coated Si model surfaces and to investigate the 

coating thickness and hydrophilicity by ellipsometry and static water CA measurements, 

respectively, the model substrates were incubated in a dilute, aqueous PGE solution (0.25 mg 

mL-1) at 10 °C for 1 h. After further incubation of the substrates in cold water (10 °C) for 30 

min, the samples were dried, and the PGE layers were covalently tethered to the PS substrate 

via UV irradiation. The thickness of the coatings was determined by ellipsometry after the self-

assembly process as well as after additional UV irradiation and subsequent washing of the 

immobilized PGE layers with ethanol and Milli-Q water. As illustrated in Figure 3a, a thickness 

in the range slightly above 3 nm was obtained after the self-assembly process and the final layer 

thickness decreased only insignificantly to an average value of 3.0 ± 0.4 nm after photo-

immobilization and washing. As shown in Figure 3b, water CAs on bare PS surfaces dropped 

from 88.8 ± 1.1° to 65.5 ± 1.0° after covalent coating with PGE and washing of the substrates. 

The slightly elevated CAs of 73.4 ± 2.2° after self-assembly indicates the presence of non-

directed hydrophobic BP groups within the PGE brush layers. These non-assembled polymers 

are not covalently attached to the PS substrate by UV irradiation and consequently washed off. 

In addition, the final water CAs are slightly lower than reported for ultrathin PGE coatings (70.1 

± 2.7°)41, which indicates more uniform and thicker coatings and is in good agreement with 

self-assembled poly(GME-ran-EGE) monolayers on gold (Au).46-48 
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Figure 3. (a) Dry layer thickness of PGE coatings self-assembled from water on bare PS-coated 

Si wafers before and after and UV exposure measured by ellipsometry (N = 10, error bars 

indicate SEM); (b) Static water CA on bare and PGE-coated PS on Si wafers before and after 

UV exposure (N = 10, error bars indicate SEM, t-test: ***: p < 0.005). 

These results indicate, that the hydrophobic asymmetry of the block copolymer and the affinity 

of the anchor block towards the hydrophobic PS substrate are large enough to allow an aligned 

self-assembly of brush-like PGE (PGE-3.0) coatings (Figure 1c), which can further be tethered 

to the PS substrates by immobilization via their photoreactive benzophenone anchor units. In 

addition, water acts as a selective solvent during PGE adsorption, since the thermoresponsive 

GME/EGE block is well hydrated below its CPT at 10 °C, whereas the hydrophobic EEBP 

block is virtually insoluble, which constitutes the main driving force for physical adsorption via 

PGE self-assembly. 

Structural investigation of PGE brushes 

To estimate the structure of the PGE-3.0 coatings under cell culture conditions at 37 °C and 

around the phase transition temperature at 20 °C, we used the layer thickness determined by 

ellipsometry (Figure 3a) and the molecular weight of PGE determined by GPC to calculate the 

surface grafting density and to infer the degree of chain overlap of the PGE-3.0 coatings. This 

approach has been used previously to assess the conformation of poly(ethylene oxide)49, 
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PNIPAm50-51 and poly(GME-ran-EGE)47-48, 52 monolayers on Si, Au and glass substrates under 

different solvent conditions and with various polymer molecular weights. Here, we estimated 

the degree of chain overlap using 2 Rf l-1, where Rf is the Flory radius and l is the average anchor 

distance between the immobilized polymer chains. We assumed water to be a bad solvent at 37 

°C and a theta solvent at 20 °C and estimated the Flory radius according to Rf = N1/3a (bad 

solvent) and Rf = N1/2a (theta solvent), respectively, using N = 266 as the average number of 

repeating units (degree of polymerization Pn) and a = 0.37 nm as the approximate length of one 

repeating unit. The anchor distance l was calculated from the layer thickness via the chain 

density, which was determined to be 0.08 chains nm-2. This corresponds to a chain area of 

12 nm2 chain-1 and is equivalent to an average anchor distance l of 4.0 ± 0.2 nm. Under bad 

solvent conditions, 2 Rf l-1 values are exclusively between 1.0 and 1.4 (Figure 4a). According 

to the applied model, surface bound spherical PGE coils are overlapping at 37 °C, however, the 

substrate surface is not entirely covered by the polymer coating (Figure 4b, c). In contrast, 2 Rf 

l-1 values are 3.1 ± 0.2 under theta solvent conditions (Figure 4a), which predicts that PGE coils

are extensively overlapping and that the polymer chains adopt a brush-like, elongated 

conformation (Figure 4b, c). A comparison between the anchor distance and degrees of chain 

overlap of PGE-3.0 coatings after self-assembly and photo-immobilization of ultrathin PGE 

(PGE-0.7) coatings is presented in Figure S3. 
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Figure 4. Theoretically estimated degree of chain overlap (2Rf l-1) (a), schematic representation 

of polymer chain conformation (b) and visualized polymer coil overlap (c) of PGE on PS-coated 

Si wafers under bad (blue triangles and spheres) and theta (green diamonds and spheres) solvent 

conditions. 2Rf l-1 values are plotted for each replicate together with their mean value (black 

cross) and their 90% confidence interval (whiskers) (a). 

Recent studies have shown that the adhesion and detachment of HDF sheets from 

thermoresponsive poly(glycidyl ether) coatings is noticeably influenced by the nature of the 

culture substrate. Regarding PGE-0.7 coatings on PS, cell sheet detachment is assisted by the 

relatively poor cell adhesion of the underlying, hydrophobic PS substrate, which is not entirely 

covered by the PGE monolayer (Figure S3b, c).41 A similar effect was observed for physically 

adsorbed poly(glycidyl ether) coatings on glass substrates. The rather poor HDF adhesion on 

bare glass resulted in a more reproducible and faster cell sheet detachment from coatings with 

incomplete surface coverage as compared to covalent coatings with a rather cell adhesive 

additional, intermediate polydopamine layer on the glass substrate.52 In order to deduce whether 

uncovered PS surface areas are accessible across PGE-3.0 coatings at 37 °C and to get an insight 

into the interaction between PS substrates and PGE chains, we investigated the adhesiveness of 

PS surfaces towards the adsorption of a poly(GME-ran-EGE) copolymer (Mn = 43 kDa, PDI = 

1.45, GME:EGE = 1:3) without a hydrophobic EEBP anchor block. PS-coated Si wafers were 

incubated in a 10 µM (0.25 mg mL-1) polymer solution in ethanol for 30 min and rinsed 

excessively with ethanol and Milli-Q water. Ellipsometry and water CA measurements 

revealed, that a very thin layer with a thickness of 0.4 ± 0.1 nm remained on the PS substrates 

(Figure S4a, b). Further, the adsorption process was monitored via QCM-D measurements on 

PS-coated Au chips. A reproducible decrease in the frequency (Δf) of the quartz crystal as well 

as an increase in dissipation (ΔD) indicated the formation of a physically adsorbed layer of 

poly(GME-ran-EGE), which was stable against flushing with ethanol and did not significantly 
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change even after multiple incubation cycles (Figure S4c). The formation of a stable 

poly(GME-ran-EGE) layer on PS-coated model substrates demonstrates a rather strong 

adhesive interaction between the thermoresponsive poly(glycidyl ether)s and PS. Similar 

interactions with PS substrates have been reported previously for PEG as well as PEG-PS block 

copolymers.53-55 Due to this inherent affinity towards PS, we have reason to assume, that PGE-

3.0 coatings completely cover the PS substrates even in their collapsed conformation at 37 °C. 

Hence, we conclude that PGE-3.0 layers undergo a pancake-to-brush transition when the 

temperature is decreased from 37 to 20 °C and that the cell-repellant nature of the underlying 

PS substrate is negligible with respect to cell adhesion as well as the temperature-triggered 

detachment of single cells or cell sheets. 

To verify their brush-like structure and to detect their temperature-triggered phase transition, 

we investigated the thermoresponsive PGE-3.0 coatings in water at 37 and 20 °C by AFM 

quantitative nanomechanical mapping (QNM). Morphological pictures recorded in Milli-Q 

water at 37 °C revealed very flat and laterally homogenous layers with a roughness in the range 

of bare PS-coated Si wafers (Figure 5a, c, e), which indicates a homogeneously collapsed and 

dehydrated PGE-3.0 layer. In contrast, the surface roughness increases markedly when the 

temperature is reduced to 20 °C, indicating a phase transition of the PGE-3.0 coatings via a 

rehydration of PGE chains (Figure 5b, d, f). This morphological difference is further 

pronounced on the nanometer scale (Figure S5) and strongly suggests the rehydration of single 

polymer chains in a brush-like PGE assembly. 
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Figure 5. 2D and 3D surface topography and cross section profiles of 3 µm images of PGE-3.0 

on PS-coated Si wafers in Milli-Q water at 37 °C (a, c, e) and 20 °C (b, d, f) measured by AFM 

in PeakForce QNM mode. 

Although the surface roughness parameters, which are summarized in Table S1, are in the same 

realm as those of bare PS and ultrathin PGE-0.7 coatings, it is crucial to note, that the most 

significant differences in root-mean squared roughness Rq and mean roughness Ra are observed 

between PGE-3.0 coatings at 37 and 20 °C (Table S1, row 4-5). In contrast, the maximal 

roughness Rmax of PGE-3.0 coatings is slightly lower than for PGE-0.7 coatings, which suggests 

a laterally more homogeneous coverage of the PS substrates by PGE-3.0 layers. These findings 

further illustrate that PGE-3.0 layers undergo a phase transition between 37 and 20 °C and that 

the directed self-assembly process of PGE from dilute aqueous solution at 10 °C results in 

homogeneous coatings with a brush-like conformation. Further, the materials properties of 

PGE-3.0 coatings were extracted from the AFM PeakForce images, which were recorded using 

a loading peak force of 500 pN. As illustrated in Figure S6, the Young’s modulus and the 

deformation of the PGE-3.0 coating as well as the adhesion force between the AFM tip and 

PGE did not significantly differ between 37 and 20 °C as the respective depth histograms highly 

overlap (Figure S6g, h, i). Also, the deformation of the PGE-3.0 coatings is still below 1 nm 
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and hardly distinguishable from PS substrates due to the relatively low indentation force 

applied. However, Young’s moduli indicate the presence of a soft PGE film and are in the range 

of about 10 MPa, which is about 3 orders of magnitude lower than it would be expected for 

bare PS surfaces.56-57  In addition, the relatively low adhesion force of about 50-100 pN clearly 

indicates the shielding of retractive hydrophobic interactions between the silicon nitride (Si3N4) 

AFM tip and the hydrophobic PS substrate by the presence of a more hydrophilic PGE coating. 

This effect was already reported for ultrathin PGE-0.7 coatings41 and is well documented in 

literature.57-58 

Fabrication of cell sheets for vascular tissue engineering 

Initial adhesion and proliferation studies with HUVECs revealed, that similarly to TCPS 

controls (Figure S7a, b), HUVECs grew to confluent cell monolayers on PGE-3.0 substrates 

within 3 d (Figure S7g, h). In contrast, cells did not adhere homogeneously on uncoated PS 

controls (Figure S7c, d), while cells did not grow to confluence on ultrathin PGE-0.7 substrates 

(Figure S7e, f), even after increasing the culture time up to a total of seven days. Due to these 

promising results, PGE-3.0 coatings were further investigated regarding the adhesion and 

temperature-triggered detachment of HDF, HAoSMC and HUVEC sheets. For cell culture 

experiments PS culture dishes (d = 35 mm) were functionalized with PGE and culture 

conditions were optimized regarding the respective cell type. HDFs (passages 4-7) were seeded 

onto coated PS dishes with a density of 1.6 x 105 cells cm-2 and cultured for 24 h. As illustrated 

in Figure 6, HDFs adhered in a similar manner as on TCPS control surfaces. Cell sheets were 

detached according to our previously optimized detachment protocol.48 Confluent cell sheets 

detached from the functionalized PS substrates within 33 ± 10 min (N = 10), whereas no 

detachment was observed on TCPS control surfaces. In our previous report we showed that 

HDF sheets detached from ultrathin PGE-0.7 coatings within 51 ± 17 min (N = 10).41 Since the 

layer thickness is significantly higher for PGE-3.0 coatings, the temperature-triggered 
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rehydration is more pronounced. However, the rather faint decrease in detachment time is 

presumably founded in the lacking cell-repellant effect of the underlying PS substrate as it was 

observed with ultrathin PGE-0.7 coatings. This implies that HDF sheet detachment from PGE-

3.0 coatings is mainly caused by the temperature-triggered phase transition of the immobilized 

brushes rather than a cooperative effect of the partial PGE rehydration and the non-adhesive PS 

background. This further supports our hypothesis that PGE-3.0 coatings undergo a pancake-to-

brush transition upon decreasing the temperature from 37 to 20 °C. In addition, detachment 

times are in the same realm as reported for HDF sheets harvested from poly(glycidyl ether) 

brushes on glass52 and poly(2-substituted-2-oxazoline) brushes on Si substrates developed by 

Dworak and co-workers.38-39 

Figure 6. Representative phase contrast images of HDFs 4 and 24 h after seeding on PGE-3.0 

(a + c) and TCPS (b + d) and respective macroscopic photographs of the culture dishes after 

temperature reduction to 20 °C (e + f). Only PGE-3.0 dishes released HDF sheets when 

triggered thermally. 

Similarly, HAoSMCs (passages 4-6) were seeded at a density of 1x105 cells cm-2 on PGE-3.0. 

Because of occasional spontaneous cell sheet detachment during culture at 37 °C, which has 

also been reported by Takahashi et al.32, additional 5 % FBS were added to the cell culture 

medium. An increase of the amount of extracellular matrix proteins, such as fibronectin and 
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vitronectin, that adsorb from FBS-containing culture medium to the culture surface59 can 

mediate and strengthen cell adhesion.60 Likewise, Rayatpisheh et al.61 and Backman et al.62 

pretreated PNIPAm-grafted polydimethylsiloxane surfaces with FBS and FBS-containing 

culture medium, respectively, before smooth muscle cell seeding. 

For tissue engineering of vascular grafts via rolling of cell sheets into tubular structures, cell 

sheets of rectangular rather than round shapes are preferred.14 In order to demonstrate that cell 

sheets with a rectangular shape can also be generated on round Petri dishes, we seeded 

HAoSMCs into a rectangular silicone frame onto PGE-3.0 dishes. In addition to shape control, 

the use of the seeding frame further contributed to prevent premature detachment of the smooth 

muscle cell sheets. This might be a result of the more homogenous cell distribution on the 

surface observed when applying the seeding frames. Cell adhesion was comparable on PGE-

3.0 coatings and the TCPS control (Figure 7), while HAoSMC adhesion on commercial 

PNIPAm-coated plates (UpCell™) was strongly impaired (Figure S8). Thus, cells on the 

PNIPAm surface yielded only cell clusters. The differential cell behavior on the two 

thermoresponsive substrates can be explained by the grafting density and related hydrophilicity 

of the surface. It has been shown previously for PNIPAm coatings that with increasing grafting 

density also the surface hydrophilicity is increased which leads to decreased adhesion of some 

cell types.32, 63-64 Takahashi et al.32 observed impaired HAoSMC adhesion on PNIPAm brush 

surfaces with a grafting density of 0.41 µg/cm² whereas a decrease of the grafted amount 

allowed for cell adhesion. Commercial UpCell™ plates possess an even higher PNIPAm 

grafting density of approximately 1.9 µg/cm² which most likely is the reason for the observed 

retarded SMC adhesion preventing successful HAoSMC sheet fabrication.65 

Under the described conditions, cell sheets of HAoSMCs detached reproducibly within 23 ± 12 

min (N = 10) from PGE-3.0 coatings after replacement of cell culture medium by PBS (20 °C) 

whereas no cell sheet detachment was observable on the TCPS control (Figure 7). 
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Figure 7. Representative phase contrast images of HAoSMCs 4 and 16 h after seeding on PGE-

3.0 (a, c) and TCPS (b, d) and respective macroscopic photographs of the culture dishes after 

temperature reduction to 20 °C (e, f). Only PGE-3.0 dishes released HAoSMC sheets when 

triggered thermally whereas cells on TCPS did not detach (grey frame). 

For the fabrication of endothelial sheets, HUVECs (passages 4-7) were seeded onto coated PS 

dishes with a density of 8.5 x 104 cells cm-2 and cultured in VascuLife VEGF medium containing 

2% FBS for 24 h. After 24 h the medium was exchanged against fresh medium supplemented 

with 10% FBS and HUVECs were cultured for further 48 h. As illustrated in Figure 8, cells 

adhered and grew to confluency in a similar manner than on TCPS control surfaces without the 

necessity of an additional cell adhesion promoters which was applied by Moran et al.66 to enable 

HUVEC adhesion on a thermoresponsive copolymer of PNIPAm and N-tert-butyl acrylamide. 

After treatment with PBS at room temperature (20 °C), intact cell sheets detached from the 

functionalized PS substrates within 9 ± 1 min (N = 9), whereas no detachment was observed on 

TCPS control surfaces. 
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Figure 7. Representative phase contrast images of HUVECs 4 and 72 h after seeding on 

PGE-3.0 (a + c) and TCPS (b + d) and respective macroscopic photographs of the culture dishes 

after temperature reduction to 20 °C (e + f). Only PGE-3.0 dishes released HUVEC sheets when 

triggered thermally. 

However, it should be noted that not only the coating properties but also the culture conditions 

of the individual cell types, in particular seeding density, culture time and serum concentration, 

influence the ability to generate cell sheets. For instance, HUVEC detached in cell sheet 

fragments when culturing them for 72 h in VascuLife VEGF medium, which contains 2% FBS, 

whereas complete cell sheets were detached when serum concentration was increased to 10% 

after 24 hours (Figure S9). 
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Conclusions 

A fast and geometry-independent directed self-assembly process for the generation of a 

functional, thermoresponsive PGE brush coating, which was covalently immobilized on 

untreated PS substrates via UV irradiation, was established. We demonstrated that 

thermoresponsive PGE brushes constitute versatile coatings for the fabrication of HDF, 

HAoSMC and HUVEC sheets for further vascular tissue engineering. Notably, this 

thermoresponsive surface does not require any additional cell-adhesive coating or cell-adhesive 

modification of the thermoresponsive polymer to allow adhesion of all investigated cell types. 

The theoretical estimation of the degree of chain overlap and the temperature-dependent change 

in coating morphology both indicate a temperature-triggered pancake-to-brush transition, 

which enables the detachment of intact cell sheets. In the future, the transfer of PGE brushes to 

other common cell culture materials, such as PET or PC, might offer a straightforward route to 

the functionalization of porous membrane substrates to further extend the range of application 

of thermoresponsive PGE brush coatings. 
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Materials 

Materials for surface modification. All chemicals and solvents were purchased from Sigma 

Aldrich (Steinheim, Germany) and used as received unless stated otherwise. Acetone and 

ethanol applied for surface modification and cleaning were distilled under reduced pressure 

before use to remove impurities. Bare Si wafers with a 2 nm SiO2 layer were supplied by 

Silchem GmbH (Freiberg, Germany), cut into quadratic pieces (11 x 11 mm), washed with 

ethanol and dried under a stream of N2. Gold-coated QCM-D sensor chips were obtained from 

Q-Sense LOT-QuantumDesign (Darmstadt, Germany).

Materials for cell culture. Falcon® PS culture dishes (d = 35 mm) were purchased from Th. 

Geyer GmbH & Co. KG (Berlin, Germany). Tissue culture PS dishes (d = 35 mm), 24-well 

TCPS plates and thermoresponsive 24-well culture plates with a hydrogel-like PNIPAM 

coating (UpCellTM) were supplied by VWR International (Leuven, Belgium) and used as 

received. 24-well PS plates and Cellstar TCPS culture flasks were purchased from Greiner Bio-

One GmbH (Frickenhausen, Germany).  Dulbecco’s modified Eagle medium (DMEM 4.5 g/L 

glucose #31966-021 and DMEM 1 g/L glucose #21885108), dispase II (#17105-041), 

Penicillin-Streptomycin (#15140122), and trypsin/EDTA solution (#15400054) were 

purchased from Thermo Fisher Scientific (Darmstadt, Germany). Accutase® solution (#A6964), 

propidium iodide (#P4170) and fluorescein diacetate (#F7378) were supplied by Sigma Aldrich 

(Steinheim, Germany). Fetal bovine serum was purchased from PAN-Biotech GmbH (#P30-

3306, Aidenbach, Germany) and from Biochrom (#S 0615, Berlin, Germany). Collagenase 

NB4 (#17454) was supplied by Serva GmbH (Halle, Germany).  HAoSMCs (#FC-0015), 

VascuLife SMC medium (#LL-0014), HUVECs (#FC-0003) and VascuLife VEGF medium 

(#LL-0003) were derived from CellSystems Biotechnologie Vertrieb GmbH (Troisdorf, 

Germany). All other expendable materials for cell culture were purchased from Sarstedt 

(Nümbrecht, Germany). 
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Methods 

Characterization of thermal properties of PGE. Dynamic light scattering (DLS) was performed 

on a Zetasizer Nano-ZS analyzer (Malvern Instruments, Malvern, United Kingdom) equipped 

with a 50 mW frequency doubled DPSS Nd:YAG laser (λ=532 nm) at concentrations of 2.5 

and 0.25 mg mL-1 in Milli-Q water at 10, 20 and 37 °C. Measurements were performed at least 

in triplicate using Quartz cuvettes supplied by Hellma Analytics GmbH (Müllheim, Germany) 

and each sample was equilibrated for at least 120 s. Turbidity measurements were performed 

on a Lambda 950 UV-Vis spectrometer at λ = 500 nm with a PTP 6 Peltier Temperature 

Programmer from Perkin Elmer (Waltham, MA, USA). Cloud point temperatures (CPTs) were 

determined at concentrations between 1 and 20 mg mL-1 in Milli-Q water employing 

heating/cooling rates of 0.5 °C min-1 with a data point recording every 0.2 °C. The temperature-

dependent transmittance of the aqueous polymer solutions was measured for at least three up- 

and down cycles and the CPT was defined as the temperature at the inflection point of the 

normalized transmittance versus temperature curve. 

Surface Modification and Characterization. Spin-coating was performed using a WS-650-23 

spin-coater from Laurell Technologies Corporation (North Wales, PA, USA). Si wafers (11 x 

11 mm) were coated using a 0.5% (w/w) solution of PS (30 µL) in toluene at 3000 rpm for 60 s. 

Solutions were prepared using PS (Mn=132 kg mol-1, PDI=1.9) from Falcon® culture dishes 

supplied by Th. Geyer GmbH & Co. KG (Berlin, Germany). Static water contact angles (CAs) 

were measured with an OCA contact angle system from DataPhysics Instruments GmbH 

(Filderstadt, Germany) and fitted with the software package SCA202 (version 3.12.11) using 

the sessile drop method. CAs were determined before and after surface functionalization. A 

drop of MilliQ water (2 µL) was placed onto the respective surface and CAs were determined 

with an elliptical fitting model. For each substrate, CAs were measured on at least three different 

spots to test for the homogeneity of the sample and ten independent substrates (n = 10) to test 

for reproducibility. The dry layer thickness of the polymer coatings was determined by multi-
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angle spectroscopic ellipsometry at 70° with a SENpro spectroscopic ellipsometer from 

SENTECH Instruments GmbH (Berlin, Germany). The thickness of the SiO2 layer before spin-

coating and the additional thickness of the spin-coated PS layer were determined separately and 

respective average values of at least three different spots on the surface were taken as fixed 

values for the subsequent modeling of the adsorbed PGE layer. The PGE thickness was 

measured at wavelengths from 370 nm to 1050 nm and was fitted using a model consisting of 

the previously measured SiO2 and PS layers with fixed parameters, a Cauchy layer with a fixed 

RI of n=1.5 and air as the surrounding medium. For photo-immobilization, samples with 

adsorbed PGE layers were irradiated with UV light using a UV-KUB 2 from KLOÉ 

(Montpellier, France) with a wavelength of 365 nm and a radiant exposure of 4.0 J cm-2 for 160 

s, which corresponds to an irradiance of 25 mW cm-2 (100%). QCM-D measurements were 

performed on Q-Sense E1 system from LOT-QuantumDesign (Darmstadt, Germany) with a 

standard flow module and a Reglo Digital peristaltic pump from Ismatec (Wertheim, Germany). 

The software QSoft401 version 2.5.22 was used for data acquisition and QTools 3 version 

3.1.25 from Biolin Scientific AB 2000-2014 (Stockholm, Sweden) was used for data analysis. 

AFM measurements were performed on an AFM Nanoscope MultiMode 8 equipped with a 

fluid cell and a thermal application (TA) controller from Bruker (Billerica, MA, USA). The 

morphology and material properties of the PGE-3.0 coatings was measured in PeakForce QNM 

(Quantitative NanoMechanics) mode. Coated Si wafers were mounted on the AFM head, 

degassed Milli-Q water was inserted into the liquid cell and the TA controller was set to the 

desired temperature (37 or 20 °C) and equilibrated for at least 10 min prior to each 

measurement. To obtain high resolution images with reduced sample damage, SNL-10 

cantilevers from Bruker (Billerica, MA, USA) with a nominal spring constant of 0.35 N m-1 and 

a tip radius of 2-12 nm were used, and images were recorded with a loading peak force of 500 

pN, 512 points per line and scan rates of 0.7 Hz. Obtained images were analyzed with the 

Nanoscope analysis software (version 1.4) and processed using 1st order flattening. Roughness 
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and depth analysis tools were used to obtain the surface parameters. Microscopic images of 

HDFs, HAoSMCs and HUVECs were taken on a Zeiss Observer Z1 from Carl Zeiss 

Microscopy GmbH (Jena, Germany) and evaluated with the software Zen 2 Version 2.0.0.0 

from Carl Zeiss Microscopy GmbH (Jena, Germany). Macroscopic photographs were taken 

with a Nikon D3100 from Nikon GmbH (Düsseldorf, Germany). 

Dynamic light scattering (DLS) measurements 

To investigate the temperature- and concentration-dependent hydrodynamic radius of PGE in 

Milli-Q water, DLS measurements were performed at 10, 20 and 37 °C and 2.5 as well as 0.25 

mg mL-1 (10 µM). At moderate concentration (2.5 mg mL-1), PGE forms 30-50 nm sized 

aggregates at 10 and 20 °C and slightly bigger particles at 37 °C, as evident from both number 

and volume distributions (Figure S1a, c). It was previously reported that poly(GME-ran-EGE) 

copolymers with comparable molecular weight (24 kDa) and no benzophenone (BP) block form 

up to 1 µm sized aggregates at 20 and 37 °C, whereas their particle size decreases to about 10 

nm upon cooling to 10 °C (measured at 10 mg mL-1).1  This rather uniform aggregation 

behaviour of the PGE block copolymer indicates the hydrophobically-driven association of the 

BP anchor-blocks in aqueous solution. At dilute concentration (0.25 mg mL-1), however, the 

hydrodynamic radius of PGE decreases to about 10 nm at 10 °C (Figure S1b, d), which is in the 

same range as it was reported before for aqueous and ethanolic poly(GME-ran-EGE) solution 

(10 mg mL-1) at 10 and 20 °C, respectively1, as well as ethanolic PGE solutions (20 mg mL-1) 

at 20 °C.2 Due to the negligible aggregation of PGE under dilute conditions and lowered 

temperature, PS substrates were coated with PGE in Milli-Q water at 10 °C and 10 µM, in order 

to attain the homogeneous adsorption of PGE-3.0 as monolayers. 
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Figure S1. Temperature-dependent number and volume distributions of the hydrodynamic radii 

of PGE in Milli-Q water at moderate concentrations of 2.5 mg mL-1 (a-b) and at dilute 

concentration of 10 µM (0.25 mg mL-1) (c-d) measured by DLS. 

UV-Vis turbidimetry measurements 

The concentration-dependent cloud point temperature (CPT) of PGE in Milli-Q water was 

determined by UV-Vis transmittance measurements in the range between 1 and 20 mg mL-1. In 

accordance to previous reports of a poly(GME-ran-EGE) copolymer with comparable 

molecular weight (24 kDa) and without a BP block1, the CPTs of PGE are only slightly 

dependent on the concentration between 1 and 5 mg mL-1 and show only small hysteresis 

(Figure S2a). However, at higher concentration (10 - 20 mg mL-1), CPTs decrease markedly 

and a significant hysteresis occurs (Figure S2b), which is presumably caused by the 

hydrophobic, supramolecular association of the BP anchor blocks. In addition, the CPTs of PGE 

in the concentration range between 1 and 5 mg mL-1 is shifted to higher temperatures (20-22 °C) 
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and phase transition regimes are significantly broadened (> 10 °C) as compared to poly(GME-

ran-EGE) with a similar GME/EGE ratio of 1:3, which exhibits lower CPTs (16-18 °C) and 

much sharper transition regimes (~2-3 °C).1 This can be explained by the benzophenone-driven 

intermolecular aggregation of PGE, which is already prevalent at 10 °C below the temperature-

triggered phase transition and hence, shifts the CPTs as well as broadens the phase transition. 

Figure S2. (a) Concentration-dependent CPTs of PGE measured by turbidimetry in Milli-Q 

water at concentrations between 1 and 20 mg mL-1; (b) Representative normalized transmittance 

curves (heating and cooling) of PGE in Milli-Q water at high (20 mg mL-1) and moderate (2.5 

mg mL-1) concentration. 

Theoretically modelled surface structure of PGE-3.0 in comparison to PGE-0.7 

To compare PGE-3.0 brush conformation with ultrathin coatings, theoretical modelling was 

applied to PGE-0.7 layers. As illustrated in Figure S3, average anchor distances l is markedly 

higher and values for the packing parameter 2Rf l-1 are significantly lower for PGE-0.7 coatings 

under both bad as well as theta solvent conditions. 
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Figure S3. Theoretically estimated degree of chain overlap (2Rf l-1) on PS-coated silicon 

wafers. (a) Anchor distance l calculated from the dry layer thickness of PGE-0.7 and PGE-3.0 

coatings determined by ellipsometry. (b) Degree of chain overlap 2Rf l-1 calculated from the 

anchor distance l and the estimated Flory Radius Rf under bad (orange and blue triangles) and 

theta (red and green diamonds) solvent conditions. 2Rf l-1 values are shown for each replicate 

together with their mean value (black cross) and their 90% confidence interval (whiskers). (c) 

Schematic illustration of the temperature-dependent structure of the PGE-0.7 and PGE-3.0 

coatings. 

Investigation of the adhesive interaction between PS and poly(GME-ran-EGE) 

To investigate the affinity of thermoresponsive GME/EGE copolymers towards PS and to 

therefore deduce their chain conformation on PS substrates, adsorption experiments of a 

poly(GME-ran-EGE) copolymer were conducted using quartz crystal microbalance with 

dissipation (QCM-D). Gold-coated QCM-D sensor chips were used as received and spin-coated 

as described above, applying a solution of PS in toluene (1.0% (w/w), 30 µL). The PS-coated 

sensor chips were dried at ambient conditions overnight, rinsed with ethanol and dried under a 

stream of N2 before use. Adsorption of a poly(GME-ran-EGE) (Mn = 43 kDa, PDI = 1.45, 

GME:EGE = 1:3) copolymer without a surface reactive anchor group was performed in a QCM-

D to determine the adsorbed mass by online-monitoring of the change in resonance frequency 

(Δf) and dissipation (ΔD) of a piezoelectric quartz crystal over time. Changes in the 
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fundamental frequency (4.95 MHz) and in overtones 3 to 13 were measured. For calculation of 

the layer thickness, the Sauerbrey relation was chosen, as it sufficiently describes thin layers 

with negligible viscoelasticity. Calculations were conducted using the software package 

QTools® considering the 3rd overtone. Start and end of all measurements were performed in 

ethanol to generate a reliable and comparable baseline. Therefore, fluid density was set to 

789 kg m-3, fluid viscosity to 0.0012 kg m- 1 s-1, and the layer density was estimated to be 1000 

kg m-3. Ethanol was distilled before use and degassed for 20 min in an ultrasonic bath. PS-

coated sensor chips were inserted into the flow chamber and were equilibrated under ethanol 

flow (0.1 mL min-1) until the baseline was constant. A solution of the polymer in ethanol (0.01 

mM) was flown over the sensor chips for 8 min (0.1 mL min-1), the flow was stopped to adsorb 

poly(GME-ran-EGE) under static conditions for 30 min, and the surfaces were flushed with 

ethanol to remove loosely adsorbed polymer. The dry thickness of the adsorbed films was 

measured by ellipsometry on PS-coated Si wafers and determined to be 0.4 ± 0.1 nm and the 

solvated thickness calculated from QCM-D measurements was 1.2 ± 0.2 nm, indicating a degree 

of solvation of the adsorbed films of about 67% (Figure S4a). This is roughly in the range of 

what was determined for ultrathin PGE coatings.2 In addition, the water CA significantly 

changes from 90.3 ± 0.5° to 69.8 ± 0.3° (Figure S4b), which was also reported for ultrathin 

PGE coatings. The reproducible formation of stable, ultrathin poly(GME-ran-EGE) layers with 

an average adsorbed areal mass of 124 ± 18 ng cm-2 (n = 3) reached saturation after one 

adsorption cycle and did not significantly change upon performing multiple cycles (Figure S4c). 

This indicates a rather strong interaction of the PS surface with the thermoresponsive polymer 

and suggests the formation of a pancake-like conformation of poly(glycidyl ether)s on PS 

substrates. 
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Figure S4. (a) Dry and solvated (EtOH) layer thickness of a poly(GME-ran-EGE) copolymer 

adsorbed onto PS from dilute ethanolic solution (10 µM) measured by ellipsometry and QCM-

D, respectively (n = 3, error bars indicate SD) (b) Static water contact angle of bare PS and PS 

coated with poly(GME-ran-EGE) (n = 3, error bars indicate SD) (c) Representative frequency 

and dissipation curves of two consecutive online adsorption cycles of poly(GME-ran-EGE) 

measured by QCM-D. 

Atomic force microscopy (AFM) quantitative nanomechanical mapping (QNM) 

AFM measurements were performed to investigate the morphology and material properties of 

PGE-3.0 coatings. To obtain high resolution images with reduced sample damage, SNL-10 

cantilevers from Bruker (Billerica, MA, USA) with a nominal spring constant of 0.35 N m-1 and 

a silicon nitride (Si3N4) tip radius of 2-12 nm were used, and images were recorded with a 

loading peak force of 500 pN. Prior to each measurement, calibration of the cantilevers was carried 

out on hard clean mica substrates and the spring constants of the cantilevers were extracted with the 

thermal noise method.3-4 The surface morphology was measured in Milli-Q water at 37 and 20 

°C. As shown in Figure S5, laterally homogeneous and smooth coatings were obtained. The 

increased roughness at 20 °C illustrates the temperature-triggered rehydration of the 

thermoresponsive PGE-3.0 coatings on the nanometer scale and shows characteristic island-

like domains, which were previously reported for similar thermoresponsive brush coatings 

based on poly(N-isopropyl acrylamide) (PNIPAm).5 
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Figure S5. 2D and 3D surface topography and cross section profiles of 3 µm images of PGE-3.0 

on PS-coated silicon wafers in Milli-Q water at 37 °C (a, c, e) and 20 °C (b, d, f) measured by 

AFM in PeakForce QNM mode. 

The main roughness parameters of PGE-3.0 coatings were extracted from 3 different 1 µm 

pictures and are summarized in Table S1 and are compared to those of ultrathin PGE-0.7 

coatings as well as to a bare PS substrate. 

Table S1. Main roughness parameters obtained from 1 µm PeakForce QNM images measured 

by AFM. Values for the root-mean squared roughness Rq, mean roughness Ra, and maximal 

roughness Rmax (peak to valley vertical variation) for bare PS, PGE-0.7 and PGE-3.0 measured 

in Milli-Q water at 37 and 20 ºC (n = 3). 

Sample Rq ± SD [nm] Ra ± SD [nm] Rmax ± SD [nm] 

PS (20 °C) 0.42 ± 0.02 0.33 ± 0.01 4.20 ± 0.85 

PGE-0.7 (37 °C) 0.55 ± 0.13 0.43 ± 0.10 5.44 ± 1.27 

PGE-0.7 (20 °C) 0.64 ± 0.12 0.50 ± 0.10 5.85 ± 0.87 

PGE-3.0 (37 °C) 0.49 ± 0.09 0.39 ± 0.08 4.67 ± 0.60 

PGE-3.0 (20 °C) 0.70 ± 0.11 0.57 ± 0.10 5. 27 ± 0.67
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The material properties of PGE-3.0 coatings on PS-coated Si wafers were determined by AFM 

in PeakForce QNM mode in Milli-Q water at 37 and 20 °C. Although temperature-dependent 

changes in surface morphology and roughness were evident (Figure 4, Figure S5, Table S1), 

the elasticity (Young’s Modulus), deformation and adhesion of the PGE-3.0 coatings do not 

differ markedly between 37 and 20 °C (Figure S6). However, Young’s moduli extracted from 

AFM retraction curves using the Derjaguin-Muller-Toporov (DMT) model revealed the 

presence of soft PGE films with moduli around 10 MPa, which is about 3 orders of magnitude 

lower than expected for bare PS.6-7 
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Figure S6. Comparison of PGE-3.0 material properties in Milli-Q water at 37 and 20 °C. 

Comparative 2D maps (a-f) and depth analyses (g-i) of the Young’s modulus (a, d, g), 

deformation (b, e, h) and adhesion (c, f, i). 

Adhesion and proliferation of human umbilical vein endothelial cells (HUVECs) on 

ultrathin PGE-0.7 and brush-like PGE-3.0 coatings 

To compare the adhesion and proliferation of HUVECs on ultrathin (PGE-0.7) and brush-like 

PGE coatings (PGE-3.0), 5.0 x 104 cells cm-2 cells were seeded on coated 24-well PS plates in 

culture medium (VascuLife VEGF with 2 % FBS). The coated PS surfaces were sterilized with 

70% ethanol for 10 min and washed twice with PBS before cell seeding. 24-well TCPS as well 

as bare PS plates were used as controls. Cells at the center of the plates were observed 

microscopically and pictures were taken after 48 and 72 h. The cell culture medium (Vasculife 

VEGF, 2% FBS) was exchanged after 48 h. HUVECs only proliferated to confluent monolayers 

on PGE-3.0 substrates (Figure S7g, h) and TCPS controls (Figure S7a, b), whereas cells did not 

attach well to bare PS substrates (Figure S7c, d) and did not proliferate to form confluent cell 

monolayers on PGE-0.7 substrates (Figure S7e, f). 

 

Figure S7. Representative microscopic pictures of HUVECs after 48 and 72 h on TCPS (a-b), 

PS (c-d), PGE-0.7 (e-f) and PGE-3.0 (g-h). HUVECs (passage 5) were seeded into 24-well 

plates (PS and TCPS, A = 1.9 cm-2) with a density of 5.0 x 104 cells cm-2. 
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Comparison of PGE-3.0 and UpCell™ plates for smooth muscle cell culture 

HAoSMCs were seeded on UpCell™ 24-well-plates at a density of 1x105 in VascuLife SMC 

medium with 10 % FBS and cultured for 16 h as on the PGE-3.0 dishes. For live/dead staining 

of adherent cultures 50 µM propidium iodide and 10 µM fluorescein diacetate were added to 

the cultures and incubated for 5 min. Samples were imaged on a Zeiss Observer Z1 microscope 

in fluorescent mode with appropriate filter sets. 

HAoSMCs adhered homogeneously on PGE-3.0 and TCPS and stayed viable whereas on 

UpCell™ surface cell clusters containing several dead cells were observed.      

Figure S8. Representative phase contrast images of HAoSMCs 4 and 16 h after seeding on 

PGE-3.0 (a, d), TCPS (b, e) and UpCell™ (c, f) and respective images of live/dead staining (g, 

h, i) with fluorescein diacetate (green) and propidium iodide (red). 

Impact of serum concentration on cell sheet detachment of HUVECs 

Culture conditions of HUVECs on PGE-3.0 were initially optimized to achieve cell sheet 

detachment. Besides the described culture procedure (24 h in VascuLife VEGF with 2% FBS 

followed by 48 h in VascuLife with 10% FBS), the culture of HUVEC in VascuLife VEGF 
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medium, containing 2% FBS, for 72 h was tested. HUVECs were also seeded with a density of 

8.5 x 104 cells cm-2 in VascuLife VEGF medium (2% FBS) per dish (d = 35 mm), followed by 

culture at 37 °C and 5% CO2 for 72 h with a media exchange after 24 h. For temperature-

triggered detachment, confluent cell cultures were incubated in PBS at 20 °C until the cell sheets 

detached from the surfaces. After the continuous culture in 2 % serum cell sheets could only be 

detached in fragments whereas complete cell sheets could be detached in the culture with 

elevated serum concentration after 24 h (Figure S9c, d). Microscopically it was observed that 

the latter samples exhibited a higher cell density (Fig. S9a, b) which can be explained by a 

higher proliferation rate with increased serum concentration.8 The higher cell density might 

have resulted in better cohesion of the cell sheet. 

 

Figure S9. Representative phase contrast images of HUVECs on PGE-3.0 after (a) 72 h culture  

in VascuLife VEGF medium containing 2% FBS and (b) 24 h in VascuLife VEGF with 2% 

FBS followed by 48 h in VascuLife with 10% FBS and respective macroscopic images of cell 

sheet detachment in PBS at 20 °C (c, d). 
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3.3 Fast and Solvent-Free Microwave-Assisted Synthesis of Thermoresponsive 

Oligo(glycidyl ether)s 

Daniel David Stöbener, Dorian Donath, Marie Weinhart* 

The facile synthesis of OGEs in bulk using microwave heating is described. The reaction 

kinetics of the microwave-assisted oxy-anionic ROP are compared to the conventional oxy-

anionic ROP and the thermoresponsive properties of OGEs in aqueous solution are investigated. 

Furthermore, in situ functionalization of OGEs to OGEA macromonomers, which have 

potential use as for surface functionalization via various “grafting from” methods, is presented. 
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ABSTRACT 

Low molecular weight linear poly(glycidyl ether)s (PGEs) are typically synthesized via the 

“classical”, oxy-anionic ring-opening polymerization (ROP) of glycidyl ether monomers at 

elevated temperatures. To reduce reaction times, a fast process was developed to synthesize 

oligo(glycidyl ether)s (OGEs) in bulk at a gram scale utilizing microwave heating. Well-defined 

thermoresponsive copolymers comprising glycidyl methyl ether (GME) and ethyl glycidyl 

ether (EGE) with molecular weights of up to 3 kDa were synthesized via microwave-assisted 

ROP with reaction times of approximately 10 minutes. The fast reaction kinetics were attributed 

to the rapid and uniform heating and high temperatures reached during the reaction. 

Consequently, no significant microwave-specific acceleration of the oxy-anionic ROP was 

observed.  The temperature-triggered phase transition of the OGEs in aqueous solution revealed 

cloud point temperatures (CPTs) that are highly dependent on the OGE molecular weight, 

concentration and comonomer composition, which extends previously reported data. Further, 

oligo(glycidyl ether) acrylates (OGEAs) with reactive, functional end-groups were directly 

accessible via in situ quenching of the anionic, microwave-assisted ROP with acrylic acid 

chloride (AAC). The obtained thermoresponsive OGEA macromonomers represent a promising 

material for the functionalization of surfaces via radical grafting methods to obtain functional, 

thermoresponsive coatings with potential application in cell culture. 

KEYWORDS 

Oxy-anionic ring-opening polymerization, cloud point temperature, lower critical solution 

temperature, thermoresponsive macromonomer 
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INTRODUCTION 

Linear PGEs are typically synthesized via the oxy-anionic ROP of glycidyl ether monomers at 

elevated temperatures using alkali metal alcoholate initiators.1-3 Via this method, several 

different protected and functional glycidyl ether monomers, such as t-butyl glycidyl ether4, 

ethoxy ethyl glycidyl ether2,4-6 or allyl glycidyl ether4,7,8, have been successfully polymerized 

with molecular weights of up to 30 kDa5. The synthesis of thermoresponsive PGE 

homopolymers based on GME and EGE was first reported by Aoki et al. in 2002.9 The 

copolymerization of GME and EGE has recently been pursued in our group to prepare 

thermoresponsive monolayer coatings for cell culture applications.10-13 Side reactions during the 

classical oxy-anionic ROP of glycidyl ethers at elevated temperatures of 60 to 120 °C, however, 

limit the accessible molecular weight of PGEs.5 Over the past years, the monomer-activated 

anionic ROP applying triisobutyl aluminum as activator and tetraalkylammonium salts as 

initiator at lower temperature has rapidly gained in importance.14-16 Although the monomer-

activated method usually leads to less side reactions, it is not the ideal choice when targeting 

oligomers due to large amounts of concomitantly formed tetraalkylammonium salts after 

quenching which are hard to separate from the product.17,18 

For the development of a simple, solvent-free method to prepare low molecular weight 

thermoresponsive PGEs using alcoholate initiators, microwave heating represents a promising 

tool as it has shown to be a fast alternative to conventional heating.19,20 During the past decades, 

microwave-assisted reactions have made their way in virtually all branches of polymer 

chemistry.21-25 Compared to conventional heating, often encountered major benefits of 

microwave-assisted reactions in general are increased yields, higher selectivities, the reduction 

of side reactions and shortened reaction times, whereas the latter is a result of the rapid and 

macroscopically uniform heating characteristics present in microwave heating.21,22,25-28 

Moreover, the up-scaling of microwave-assisted reactions using batch reactors (BR) and 

continuous flow reactors (CFR)29,30 has paved the way to increase the rather poor heating 
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efficiencies from 10% for small scale syntheses (5 mL) to 30% for large scale syntheses 

(400 mL).31 The CFR setup has also accounted for the limited penetration depth of microwaves, 

thus, overcoming the major challenge of bringing this technique closer to industrial 

applicability.21,22 

A special field of interest in the microwave-assisted synthesis of well-defined polymers has 

been controlled ionic ring-opening polymerizations (ROP). Schubert and co-workers first 

reported on the living cationic ROP of 2-ethyl-2-oxazoline in 2004.32 They investigated reaction 

rates of a series of 2-alkyl-2-oxazolines and 2-phenyl-2-oxazoline and synthesized polymers 

with molecular weights up to, or even exceeding, 10 kDa by generally maintaining PDIs below 

1.2.33-35 In addition, they prepared statistical-, gradient-36 as well as di-37, tri-38 and tetra-block-

copolymers39 and demonstrated the up-scaling of the reactions in BR and CFR.40,41 In 2008, 

Hoogenboom et al. further synthesized thermoresponsive copolymers by copolymerizing 2-

ethyl-2-oxazoline and 2-n-propyl-2-oxazoline under microwave-irradiation to obtain 

copolymers with lower critical solution temperatures (LCSTs) in water ranging from 25 to 100 

°C, which was tuned via the molecular weight, comonomer composition and the copolymer 

concentration.42 

Besides the crosslinking of epoxy-resins43 and the step-growth polymerization of epoxide-

amine adducts44, there have been only a few studies investigating the anionic ROP of epoxides 

using microwave heating. For example, Trathnigg and co-workers polymerized propylene 

oxide (PO) using different alcohol starters and catalytic amounts of NaH to obtain amphiphilic 

polyoxamer-like diblock copolymers.45,46 They further synthesized di-, tri- and tetra-block cone-

type copolymers using PO, butylene oxide and hexylene oxide as monomers, n-alcohols or 

poly(ethylene glycol) monomethyl ethers as starters and obtained polymers with molecular 

weights of up to 2 kDa.47 Park and co-workers copolymerized phenyl glycidyl ether (PGE) with 

CO2 using various Zn-based metal catalysts containing Co(III), Fe(II), Fe(III) or Ni(II) and 

obtained degradable poly(ether-carbonate). They synthesized low molecular weight polymers 
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of up to 2 kDa with PDIs between 1.4 and 2.1 as well as higher molecular weight polymers of 

5 to 13 kDa with broader PDIs of 4 to 8.48 In the pursuit of an efficient, solvent-free synthetic 

route to glycerol oligomers, Iaych et al. used the monomer glycerol carbonate, which forms 

polymerizable glycidol as an intermediate upon microwave irradiation. They obtained mixtures 

ranging from di- to hexamers with average molecular weights of 300-400 Da.49 In another 

report, Möller and co-workers investigated the microwave-assisted polymerization of ethylene 

carbonate. They synthesized poly(EO-co-EC) (80:20) copolymers using 3-phenyl-1-propanol 

or triethylene glycol as initiators and 1,5,7-triazabicyclo[4.4.0]decene as catalyst. Thereby they 

obtained poly(EC)s with molecular weights of 2.2 to 3.1 kDa and PDIs between 1.6 and 1.8 

which were independent of the monomer/initiator ([M]/[I]) ratio.50 By copolymerizing EC with 

tert-butyl glycidyl ether (TBGE) using CsOH as initiator, they further synthesized carbonate-

free poly(EO-co-TBGE) hydroxy telechelic copolymers with molecular weights of 0.7 to 1.7 

kDa and PDIs between 1.05 and 1.10 which were also independent of the [M]/[I] ratio due to 

the subsequent degradation of the carbonate groups.51 In a recent report, Ahmadi and Ullah used 

microwave heating to polymerize plant oil derived 1,2-epoxydecane using modified methyl 

aluminoxane (MMAO-12) and 2,4-pentanedione as catalyst system. After theoretically 

modelling optimal microwave reaction conditions, they obtained polyethers with molecular 

weights of up to 2,000 kDa with PDIs of 1.15 within 10 min, which exactly matched the 

molecular weight characteristics obtained by the conventional heating method.52 

In this work, we report the gram scale microwave-assisted synthesis of thermoresponsive 

OGEs. PGEs have shown to exhibit a phase transition temperature in aqueous solution which 

is dependent on their molecular weight, copolymer composition and polymer concentration.10,17 

These polymers have also demonstrated to be suitable materials for functional, 

thermoresponsive surface coatings which have been applied in cell culture for the non-

destructive, temperature-triggered recovery of confluent cell-sheets.10-13 Herein, we synthesized 

homo- and copolymers of GME and EGE using potassium tert-butoxide (t-BuOK) and 
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potassium ethoxide (EtOK) as initiators. The polymerizations were carried out in bulk using a 

multi-mode microwave reactor. The oligomers were characterized by NMR, GPC and MALDI-

ToF and their thermoresponsive properties in aqueous solution were investigated by turbidity 

measurements and compared to the properties of corresponding oligomers/polymers accessible 

via the conventional oxy-anionic and monomer-activated anionic ROP. In addition, we used a 

single-mode microwave reactor to monitor the reaction temperature and pressure during the 

microwave-assisted polymerization and compared reaction kinetics to conventional heating 

under autoclave conditions. We further synthesized macromonomers by in situ acrylation of the 

oligo(GME-co-EGE) copolymers to obtain functional OGEAs which are promising materials 

for thermoresponsive surface coatings via various grafting-through and grafting-from methods. 
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EXPERIMENTAL 

Materials 

All chemicals and solvents were used without further purification unless stated otherwise. GME 

and EGE from TCI GmbH (Eschborn, Germany) was dried and distilled over CaH2 and stored 

over 3 Å molecular sieve. t-BuOK (1.0 M in THF) and CaH2 (93%) were purchased from Acros 

Organics (Geel, Belgium). EtOK (24 wt.-% in EtOH) and acrylic acid chloride (AAC, 98%) 

were supplied by Sigma-Aldrich (Steinheim, Germany). Sodium sulfate (Na2SO4, 99%) and 3 

Å molecular sieve were purchased from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). 

Sodium bicarbonate (NaHCO3, 99.5%) was supplied by Grüssing GmbH Analytica (Filsum, 

Germany). Diethyl ether (Et2O) from VWR Chemicals (Fontenay-sous-Bois, France or Leuven, 

Belgium) was distilled before use to remove the stabilizer (BHT). 

Methods 

Polymerizations were carried out in a “Plazmatronika” multi-mode microwave reactor 

(Warsaw, Poland) with a frequency of 2.45 GHz and a maximum power of 300 W. Monitoring 

of reaction conditions and kinetic studies were conducted using a single-mode “Initiator+ Robot 

Eight” microwave synthesizer from Biotage (Uppsala, Sweden), equipped with a noninvasive 

IR temperature sensor. High precision microwave reaction glass vials (V = 2-5 mL) from 

Biotage (Uppsala,  Sweden) were used as reaction vessels for kinetic studies. Oligomers were 

centrifuged at 0 °C and 10000 rpm for 20 min using a Rotina 380 R centrifuge from Hettich 

GmbH & Co.KG (Tuttlingen, Germany). 1H and 13C NMR spectra were recorded on a Joel ECX 

at 400 MHz and 100 MHz, respectively, and processed with the software MestReNova (version 

7.1.2). Chemical shifts were reported in δ (ppm) and referenced to the respective deuterated 

solvent peak (CDCl3). Gel permeation chromatography (GPC) was conducted on an 

Agilent 1100 Series instrument in tetrahydrofuran (THF) as the eluent at concentrations of 

3.5 mg mL-1 and a flow rate of 1 mL min-1 at 25 °C. Three PLgel mixed-C columns (Agilent, 
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Waldbronn, Germany) with dimensions of 7.5 x 300 mm and a particle size of 5 µm were used 

in-line with a refractive index (RI) detector. Calibration was performed with PS standards from 

PSS (Mainz, Germany) and calculation was performed with PSS Win-GPC software. MALDI-

ToF measurements were conducted on an Ultraflex II TOF/TOF from Bruker (Billerica, 

MA, USA) in the positive ion mode using a linear pathway (LP). The samples were prepared 

via the dried-droplet method using α-cyano-4-hydroxycinnamic acid as matrix. Briefly, a 

polymer solution (2 mg mL-1, 100 µL) was mixed with a saturated matrix solution (100 µL) and 

an acidic acetonitrile solution (20 µL, 33% acetonitrile / 0.1% trifluoroacetic acid in water). A 

0.5 µL of the prepared mixture was transferred to a stainless-steel target and allowed to dry 

under ambient conditions. Spectra were recorded and analyzed using the flexControl (version 

3.4) and flexAnalysis (version 3.3) software from Bruker, respectively. Turbidity 

measurements were performed on a Lambda 950 UV/Vis spectrometer at λ = 500 nm with a 

PTP 6 Peltier Temperature Programmer from Perkin Elmer (Waltham, MA, USA). Cloud point 

temperatures (CPTs) were determined in Milli-Q water at concentrations between 0.1 mg mL-1 

and 20 mg mL-1, employing a heating rate of 0.5 °C min-1 with a data point recording every 

0.2 °C. The temperature-dependent transmittance of the aqueous polymer solutions was 

measured for three up- and down cycles per sample. The CPT was defined as the temperature 

at the inflection point of the normalized transmittance versus temperature curve. 

General Synthetic Procedure 

All polymers were synthesized according to the following procedure. A 50 mL Schlenk flask 

equipped with a magnetic stir bar and a rubber septum was flame-dried under vacuum and 

flushed with argon consecutively for at least three times. The flask was loaded with the initiator 

solution (tBuOK or EtOK) and followed by the removal of the solvent (THF or EtOH) by 

distillation. The remaining initiator salt was dried under high vacuum at 60-80 °C for 1-2 h. 

The Schlenk flask was placed in an ice or water bath (0 °C or 20 °C) to dissolve the initiator in 
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the monomers (GME and/or EGE) for 15-120 min to yield a yellow to orange solution. The 

flask was placed in the microwave reactor and the solution was heated for at least one irradiation 

cycle under constant stirring. Each irradiation cycle consisted of three 1 min heating periods at 

a power of 50% each (150 W), followed by 2 min cooling periods at a power of 0% (0 W). 

For the synthesis of OGEs, the reaction mixtures were quenched via the addition of water 

(Milli-Q, 1 mL) at room temperature and the mixtures were stirred for 1 h. Subsequently, the 

oligomers were dissolved in Et2O (10-20 mL), dried over Na2SO4 and filtered. After storing the 

solutions in the fridge overnight, precipitated potassium salts were centrifuged off and the 

polymer solutions were decanted. The solvent was evaporated, and viscous, slightly yellow oils 

were obtained. 

For the synthesis of OGEAs, the reaction mixtures were cooled to 0 °C in an ice bath and 

quenched by addition of AAC at 0 °C under stirring for 1 h. After adding Milli-Q water (1 mL) 

and further stirring at 20 °C for 1 h to hydrolyze excess AAC, the polymers were dissolved in 

Et2O (20 mL). Generated salts and acrylic acid were extracted with aqueous, saturated NaHCO3 

for at least three times. The organic phase was collected, and the solvent was evaporated under 

reduced pressure while protecting the macromonomers from light to prevent polymerization. 

Slightly viscous, yellow oils were obtained. 

Experimental details and characterization of all synthesized oligomers are given in the 

Supporting Information (SI). 

For kinetic studies, reaction mixtures were prepared as stated above and aliquots of 2.2 mL 

were transferred into sealed high precision microwave reaction glass vials (V = 2-5 mL), which 

were heated to 100 °C, subsequently dried under high vacuum at room temperature for at least 

1 h and flushed with argon before use. Reaction vials were placed into a single-mode microwave 

reactor or preheated oil bath and polymerizations were carried out at 40 °C for 15, 30, 60 and 

120 min. The oligomers were purified as described above, isolated yields were determined, and 

the products were characterized by NMR and GPC. 
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RESULTS AND DISCUSSION 

General Approach for the Microwave-Assisted Synthesis of OGEs and OGEAs 

Microwave-assisted polymerizations were carried out in bulk at gram scale (2-5 g) using a 

conventional multi-mode microwave reactor equipped with a magnetic stirrer. Essentially, 

potassium alcoholate initiators (t-BuOK or EtOK) were thoroughly dried in 50 mL Schlenk 

flasks, flushed with argon, and dissolved in the monomers GME and EGE whilst cooling. The 

mixtures were subsequently placed into the microwave reactor and irradiated under constant 

stirring by utilizing at least one heating/cooling cycle. The reactions were then quenched by 

either addition of water to obtain hydroxy-terminated OGEs or by in situ functionalization with 

AAC to obtain OGEAs (Scheme 1). 

 

SCHEME 1 Microwave-assisted anionic ROP of oligo(glycidyl ether)s (OGEs) and 

oligo(glycidyl ether) acrylates (OGEAs). 

Reactivity, Molecular Weight Control, and Scale-Up of OGE Homopolymers 

To assess the reactivity of GME and EGE towards the microwave-assisted anionic ROP, we 

synthesized homopolymers with targeted molecular weights (Mn, theor.) of 1 kDa using t-BuOK 

as initiator, which readily dissolves in both monomers at low temperature (~15 min). Due to 

the risk of spontaneous polymerization during the dissolution process, the mixtures were cooled 

to 0 °C using an ice bath to rapidly dissipate the developing heat. Subsequently, the 

polymerizations were carried out in the microwave reactor applying one heating cycle. If no 
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distinct increase in viscosity was observed after one heating cycle, an additional heating cycle 

was applied. As confirmed by NMR spectroscopy and GPC measurements, GME and EGE 

homopolymers with average molecular weights of about 1.1 kDa and PDIs below 1.2 were 

obtained in quantitative yield (Table 1, polymers 1-2). Furthermore, batch sizes could be 

increased from 2 to 5 g while maintaining polymer characteristics (Table 1, polymers 3-4). The 

molecular weights and PDIs of OGEs 1-4 determined by GPC in THF relative to PS standards 

are in strong agreement with values calculated from MALDI-ToF and 1H NMR spectra (Table 

S1). This leads to the conclusion, that PS standards in THF as eluent are an appropriate relative 

standard for the determination of the molecular weights of PGEs via GPC. In addition, 

according to Table 1, one heating cycle turned out to be sufficient when targeting OGEs with a 

molecular weight of 1 kDa. 

TABLE 1 Oligo(glycidyl ether)s (OGEs) and oligo(glycidyl ether) acrylates (OGEAs) 

synthesized by the microwave-assisted anionic ROP of GME and EGE using potassium 

alcoholate initiators. 

OGE / 

OGEA 

batch 

size [g] 

GME: 

EGE 

Initi- 

ator 

cyclesa yield 

[%] 

conv.c 

[%] 

Mn, theor. 

[Da] 

Mn, exp.
d 

[Da] 

PDId 

1 2 1:0 t-BuOK 2 quant. n.a. 1000 1160 1.16 

2 2 0:1 t-BuOK 2 quant. n.a. 1000 1090 1.15 

3 5 1:0 t-BuOK 1 quant. n.a. 1000 1150 1.18 

4 5 0:1 t-BuOK 2 quant. n.a. 1000 1140 1.16 

5 5 1:1 EtOK 1 95 n.a. 1000 870 1.31 

6 5 1:3 EtOK 1 98 n.a. 1000 940 1.29 

7 5 1:5 EtOK 1 97 n.a. 1000 920 1.30 

8 5 1:1 EtOK 1b 95 n.a. 3000 3260 1.14 

9 5 1:3 EtOK 3b 93 n.a. 3000 2830 1.17 
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10 5 1:5 EtOK 2b 95 n.a. 3000 2860 1.16 

11 2 1:1 EtOK 1 93 87 1000 870 1.35 

12 2 1:3 EtOK 1 89 91 1000 850 1.37 

13 2 1:5 EtOK 1 90 72 1000 1110 1.27 

a number of heating/cooling cycles: 3 x (1 min heating + 2 min cooling); b modified heating 

cycle was applied 3 x (2 min heating + 2 min cooling); c conversion of end-group 

functionalization with AAC determined from 1H NMR spectra and GPC data, n.a.= not 

applicable; d determined from GPC measurements in THF using polystyrene (PS) standards; 

Characterization of the homopolymers 3 and 4 by MALDI-ToF mass spectrometry (Figure 1 a-

d) revealed molecular weight characteristics in the same range as those determined by GPC 

measurements (Table S1). MALDI-ToF spectra displaying representative molecular weight 

distributions including magnifications which reveal all present series of peaks of both 

oligo(GME) (3) and oligo(EGE) (4) are displayed in Figure 1 a-b and c-d, respectively. 

The main series of peaks in Figure 1 a-d correspond to the K+ and the lower intensity 

Na+ ionized oligomers initiated by t-BuOK (labeled as X) with repeating units of 88.1 Da 

(GME) and 102.1 Da (EGE), respectively. In addition, K+ and Na+ series of hydroxy-telechelic 

oligomers indicated with the initiator label Y are detectable, but with negligible intensity. These 

peaks correspond to oligomers initiated by competing residual water impurities. Further, 

common side reactions occurring during oxy-anionic polymerizations such as chain transfer 

reactions to the monomer resulting in allyl bond formation, which have been reported 

previously for the conventional oxy-anionic polymerization of glycidyl ethers5 as well as the 

microwave-assisted polymerization of alkyl oxides47,53 (e.g. PO), were neither observed in 

MALDI-ToF nor in NMR spectra. This might be attributed to the faster reaction kinetics of the 

microwave-assisted polymerization compared to polymerizations via the conventional oxy-

anionic polymerization at elevated temperature as well as the sterically more hindered epoxide 

monomers GME and EGE, compared to low molecular weight alkyl oxides (e.g. PO). 
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FIGURE 1 Representative MALDI-ToF spectra of GME homopolymer 3 (a-b), EGE 

homopolymer 4 (c-d) and GME/EGE (1:3) copolymer 6 (e-f). The polymer end-groups X, Y 

and Z, which represent the initiating species, equal t-BuOH, H2O and EtOH. The lower 

molecular weight shoulder peaks of the indicated [K+] series in graph f correspond to the 

respective [Na+] series.  
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Synthesis and Molecular Weight Threshold of Thermoresponsive OGE Copolymers 

To obtain thermoresponsive OGE copolymers, which have demonstrated to be useful for 

various biomedical applications, GME and EGE were copolymerized using different monomer 

ratios ranging from 1:1 to 1:5. Furthermore, EtOK was used as initiator to yield polymers with 

consistent methyl and ethyl side-groups. It is important to mention at this point that EtOK, 

which was applied as a solution in EtOH, needs to be dried more thoroughly than t-BuOK, 

which was derived from a solution in THF. It is necessary to fully remove residual EtOH, which 

can potentially quench and initiate the anionic ROP and hence, lower the molecular weight of 

the obtained OGEs. Moreover, EtOK is only moderately soluble in bulk GME and EGE 

mixtures, causing significantly longer dissolution times (~120 min) compared to t-BuOK. In 

addition, cooling of the reaction mixture in a water bath at room temperature was sufficient to 

dissipate the developing heat and to prevent premature polymerization, which is due to the 

comparably slow dissolution process of EtOK in the monomer mixture. After microwave 

heating, copolymers with GME/EGE ratios of 1:1, 1:3 and 1:5 as well as average molecular 

weights of about 900 Da with PDIs of around 1.3 were obtained (Table 1, polymers 5-7). 

Representative 1H and 13C NMR spectra of an OGE (polymer 6) are shown in Figure S1. 

Compared to the polymerizations initiated with t-BuOK, the molecular weights obtained using 

EtOK as the initiator are slightly lower, whereas PDIs are higher. This might be caused by 

residual EtOH in the reaction mixture and an increased likelihood of contamination with traces 

of water, which can be attributed to the higher hydrophilicity of the EtOK initiator compared to 

t-BuOK and the concomitant longer dissolution periods before polymerization.

Characterization of the copolymers via MALDI-ToF confirmed the results obtained from GPC 

measurements. Representatively, a MALDI-ToF spectrum of polymer 6 with a GME/EGE ratio 

of 1:3 is displayed in Figure 1 e-f. As illustrated, the differences between peaks can be assigned 

to both GME and EGE units and the peak series match with copolymers initiated by EtOK. In 

addition, each set of peaks can be assigned to copolymer species ionized by K+ (main peak) and 
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Na+ (shoulder peak) and comprise copolymers with different GME/EGE monomer 

compositions (Figure 1 f). The average molecular weight of the EtOK initiated OGE 

copolymers, synthesized in bulk under solvent-free conditions using microwave irradiation, 

was increased via the adjustment of the [M]/[I] ratio by simply lowering the amount of initiator, 

while keeping a constant batch size of 5 g. By increasing the heating periods during microwave 

heating cycles from 1 to 2 min, thermoresponsive copolymers with average molecular weights 

above 2.8 kDa (Mn,theor. = 3 kDa) and PDIs below 1.2 were obtained (Table 1, polymers 8-10). 

This demonstrates the adjustability of the molecular weight via the [M]/[I] ratio and displays 

decreasing polymer PDIs with increasing molecular weight as expected for living anionic 

polymerizations. Attempts to further increase the molecular weight of OGEs to 5 kDa were not 

successful under the applied reaction conditions and lead to multimodal molecular weight 

distributions. Representative GPC traces of three copolymers with GME/EGE ratios of 1:3 and 

Mn of 1, 3 and 5 kDa are shown in Figure S3 in the supplementary information. Whereas OGEs 

with molecular weights of 1 and 3 kDa show monomodal molecular weight distributions 

(Figure S3, blue and green curves), the GPC trace of the 5 kDa OGE is more inhomogeneous 

and comprises both high and low molecular weight shoulders (Figure S3, red curve), which 

presumably originate from a gel effect. When higher molecular weight OGEs are targeted, the 

increased viscosity of the reaction mixture results in a decreased chain mobility, which can lead 

to local overheating and therewith, a rather uncontrolled growth of the polymer chains. As a 

result, both higher and lower OGE molecular weight fractions are formed, which correspond to 

the left and right shoulders in the corresponding GPC trace shown in Figure S3 (red curve). 

Reaction Kinetics of the Microwave-Assisted vs. the Conventional Oxy-Anionic ROP 

To assess the temperature profile during the microwave-assisted polymerization and to estimate 

the prevailing reaction kinetics, OGEs with a targeted molecular weight of 1 kDa and a 

GME:EGE ratio of 1:3 were synthesized on a 2 g scale using a single-mode microwave reactor 
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using EtOK as initiator. As illustrated in Figure S4, when utilizing an irradiation power of 150 

W, the reaction temperature peaks at maxima between 140 and 180 °C after each heating period. 

This suggests the fast progression of the oligomerization under the applied reaction conditions. 

In addition, the steep increase in temperature during the first heating period (t ~ 30 s) as well as 

the maintained increase in reaction temperature at the beginning of each cooling period indicate 

the autoacceleration of the polymerization through the exothermic ROP. Due to the high 

reaction temperatures reached during the microwave-assisted polymerization, reproducible 

number average molecular weights of Mn = 960 ± 50 (n = 3) and average polydispersities of 

PDI = 1.28 ± 0.04 (n = 3) were obtained, which suggests that the reaction is drawn to completion 

well within one heating/cooling cycle. 

To investigate whether the rapid completion of the microwave-assisted polymerization is solely 

due to the high temperatures reached or whether microwave-specific effects additionally 

accelerate the reaction, oligo(EGE) homopolymers with a targeted Mn of 2 kDa were 

synthesized on a 2 g scale in a single-mode microwave reactor as well as under autoclave 

conditions via conventional heating in an oil bath (PEG 400) using EtOK as initiator. Since 

autoacceleration was observed at temperatures above 40 °C for both microwave and 

conventional heating, all reactions were conducted at 40 °C and quenched after 15, 30, 60 and 

120 min and immediately cooled down to 0 °C using an ice bath. As illustrated in Figure 2a, 

the isolated yields of both heating methods approach 95 % indicating that the polymerizations 

are complete between 60 to 120 min. However, the average yields obtained via the conventional 

oxy-anionic ROP are about 5-15% lower for analogous reaction times. A similar disparity is 

evident from Mn values which were determined by GPC and are plotted in Figure 2b.  The 

slightly faster rate of the microwave-assisted reaction might suggest either a microwave-

specific acceleration effect or a more efficient heating of the reaction mixture, as compared to 

the convectional heat transfer via the PEG oil bath. However, as it is displayed in Figure S5, 

the temperature in the microwave reaction vessel retains itself at 42-43 °C within the first 20-
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25 min of the reaction and does not require additional power input. This is presumably caused 

by the exothermic ROP which self-sustains the energy input. In contrast, heat dissipation from 

the reaction vessel into the oil bath is likely to be more efficient and might keep the reaction 

temperature closer to 40 °C, leading to slightly slower reaction kinetics. In conclusion, we have 

reason to assume that microwave-specific effects are not likely to accelerate the polymerization 

of glycidyl ether monomers during the oxy-anionic ROP and that the acceleration can be 

attributed solely to thermal effects. In addition, PDIs slightly decrease as a function of reaction 

time (Figure 2b), which is typically observed during controlled chain growth reactions, and are 

well within a range of 1.1-1.3. The normalized GPC traces of the microwave-assisted as well 

as the conventional oxy-anionic ROP at the different reaction times are compared in Figure S6. 
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FIGURE 2 Isolated yield (a) and number average molecular weight Mn and PDI (b) determined 

by GPC in THF against PS standards as a function of reaction time for the microwave-assisted 

(blue) and conventional (green) oxy-anionic ROP of EGE at 40 °C. (n = 2, error bars indicate 

SD, data points are connected with lines to guide the eye) 

Thermoresponsive Properties of OGEs in Aqueous Solution 

For comparison of the thermoresponsive properties of the synthesized OGEs with higher 

molecular weight PGEs, we investigated their thermoresponsive properties in aqueous solution 

with respect to monomer composition, molecular weight and concentration. The concentration-

dependent cloud point temperatures (CPTs) of 1 and 3 kDa oligomers 5-10 determined by UV-

VIS transmittance measurements in Milli-Q water are displayed in Figure 3. 
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FIGURE 3 Concentration-dependent CPTs determined from turbidity measurements in Milli-

Q water at λ = 500 nm. (a) CPTs of 1 kDa OGEs with GME/EGE ratios of 1:1 (polymer 5, red 

diamonds), 1:3 (polymer 6, blue diamonds), and 1:5 (polymer 7, green diamonds). (b) CPTs of 

3 kDa OGEs with GME/EGE ratios of 1:1 (polymer 8, red diamonds), 1:3 (polymer 9, blue 

diamonds), and 1:5 (polymer 10, green diamonds). Hollow diamonds represent CPTs obtained 

from repeated heating cycle curves and color-filled diamonds represent CPTs determined from 

the respective cooling cycle curves. Black crosses indicate the mean values and whiskers the 

90% confidence interval. 

CPTs of OGEs are highly concentration-dependent and increase exponentially with decreasing 

OGE concentration from 20 to 1 or 0.1 mg mL-1. This effect is more pronounced for lower 

molecular weight 1 kDa OGEs than for the 3 kDa OGEs which is in line with recent reports on 

higher molecular weight copolymers with a GME/EGE ratio of 1:3 (Figure S7a).17 Thus, CPTs 

determined from normalized cooling curves between concentrations of 1 and 20 mg mL-1  span 

ranges of ΔCPT = 16 and 15 °C for the 1 kDa polymers 6 (1:3) and 7 (1:5), respectively, 

whereas they are markedly lower with ΔCPT = 7 °C for both 3 kDa polymers 9 (1:3) and 10 

(1:5) in this concentration range. The observed exponential decrease of the CPT with increasing 

molecular weight can be attributed to the higher local polymer concentration at higher 

molecular weight and hence an increased probability for intermolecular, hydrophobically 

induced aggregation between polymers via chain entanglements.54-57 

In agreement with our previous findings, also OGEs synthesized via microwave-assisted 

heating show a fully reversible phase transition with no significant hysteresis, a linear 

relationship between the CPT and the GME content within the copolymer (Figure S7b), and a 

sharpened phase transition with higher molecular weight and concentration (Figure S8). Thus, 

no difference in thermoresponsive properties was observed for copolymers synthesized via the 

conventional oxy-anionic or microwave-assisted synthesis. 
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Synthesis of OGEA Macromonomers via in situ Acrylation 

Due to their use as surface coating materials for cell culture applications, we directly 

functionalized OGEs with a polymerizable acrylate end-group to obtain macromonomers which 

can be used for radical grafting methods on surfaces. We therefore used AAC to quench the 

microwave-assisted ROP in situ and directly obtained OGEAs (Scheme 1). The 

functionalization was performed at 0 °C in an ice bath by adding AAC to the polymer bulk 

under stirring. Although the mixing was not ideal due to the rather high viscosity of the 

polymers at 0 °C, we obtained degrees of end-group functionalization close to 90%, which was 

calculated from the integrals of the 1H-NMR spectra considering the determined average 

molecular weights via GPC. Representative 1H and 13C NMR spectra of an OGE (polymer 12) 

are shown in Figure S2. Notably, the synthesized OGEAs with GME/EGE ratios between 1:1 

and 1:5 revealed similar molecular weight distributions as their unfunctionalized OGE 

analogues (Table 1, polymers 11-13). Preliminary experiments have already shown that the 

OGEA macromonomers can be covalently grafted onto flat substrates via a photo-

polymerization and the coated substrates are currently under evaluation. 

CONCLUSIONS 

A fast ROP of glycidyl ether monomers GME and EGE was performed in bulk at gram scale 

using a simple and straight-forward microwave-assisted polymerization. We used microwave 

heating to synthesize OGE homo- and copolymers with different comonomer compositions, 

well-defined molecular weights of up to 3 kDa and narrow molecular weight distributions. We 

further found that the rapid microwave-assisted ROP is mainly due to thermal effects and not 

likely to involve a microwave-specific acceleration. In aqueous solution, the polymers exhibit 

thermoresponsive behaviour with CPTs dependent on molecular weight, solution concentration 

and comonomer composition in agreement with previous results from polymers prepared via 

the conventional oxy-anionic and monomer-activated polymerization. In addition, in situ 
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quenching of OGEs with AAC directly yielded access to end-group-functionalized 

macromonomers which can be used for, e.g., the coating of surfaces via a grafting-from 

approach. Perspectively, the microwave-assisted synthesis of OGEAs allows for a convenient 

scale-up via a batch or continuous flow reaction setup and thus bears potential for industrial 

application. 
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Experimental Details and Characterization of the Synthesized OGE(A)s 

Polymer 1 (Homo-GME, end groups: t-BuO/OH). t-BuOK (2.0 mL, 2.0 mmol), GME (2.0 mL, 

22.7 mmol). Yield: 2.10 g (100%). 1H-NMR (400 MHz; CDCl3): δ 3.91 (s, 1 H, CHOH); 3.61-

3.43 (m, 57 H, polymer backbone); 3.32 (s, 30 H, OCH3); 1.15 (s, 9 H, OC(CH3)3) ppm. 13C-

NMR (101 MHz; CDCl3): δ 79.2-78.7 (CH2CH(CH2OCH3)O); 73.8-72.8 (OC(CH3)3 + 

CHCH2OCH3); 70.0-69.6 (CH2CH(CH2OCH3)O + CH2CH(CH2OCH3)OH); 61.6 

(CH2OC(CH3)3); 59.3 (OCH3); 27.6 (OC(CH3)3) ppm. 

Polymer 2 (Homo-EGE, end groups: t-BuO/OH). t-BuOK (2.0 mL, 2.0 mmol), EGE (2.1 mL, 

20.0 mmol). Yield: 2.08 g (100%). 1H-NMR (400 MHz; CDCl3): δ 3.91 (s, 1 H, CHOH); 3.63-

3.39 (m, 54 H, polymer backbone + OCH2CH3); 1.19-1.14 (m, 27 H, OCH2CH3 + OC(CH3)3) 

ppm. 13C-NMR (101 MHz; CDCl3): δ 79.2-78.7 (CH2CH(CH2OCH3)O); 72.9-69.6 (OC(CH3)3 

+ CHCH2OCH2CH3 + CH2CH(CH2OCH2CH3)O + CH2CH(CH2OCH3)OH); 66.9-66.7 

(OCH2CH3); 61.7 (CH2OC(CH3)3); 27.5 (OC(CH3)3); 15.3 (OCH2CH3) ppm. 

Polymer 3 (Homo-GME, end groups: t-BuO/OH). t-BuOK (5.0 mL, 5.0 mmol), GME (5.1 mL, 

56.7 mmol). Yield: 5.17 g (100%). 1H-NMR (400 MHz; CDCl3): δ 3.91 (s, 1 H, CHOH); 3.61-

3.43 (m, 53 H, polymer backbone); 3.32 (s, 29 H, OCH3); 1.15 (s, 9 H, OC(CH3)3) ppm. 13C-

NMR (101 MHz; CDCl3): δ 79.2-78.7 (CH2CH(CH2OCH3)O); 73.8-72.8 (OC(CH3)3 + 

CHCH2OCH3); 70.0-69.6 (CH2CH(CH2OCH3)O + CH2CH(CH2OCH3)OH); 61.6 

(CH2OC(CH3)3); 59.3 (OCH3); 27.6 (OC(CH3)3) ppm. 

Polymer 4 (Homo-EGE, end groups: t-BuO/OH). t-BuOK (5.0 mL, 5.0 mmol), EGE (5.3 mL, 

49.0 mmol). Yield: 5.20 g (100%). 1H-NMR (400 MHz; CDCl3): δ 3.91 (s, 1 H, CHOH); 3.63-

3.39 (m, 51 H, polymer backbone + OCH2CH3); 1.19-1.14 (m, 25 H, OCH2CH3 + OC(CH3)3) 

ppm. 13C-NMR (101 MHz; CDCl3): δ 79.2-78.7 (CH2CH(CH2OCH3)O); 72.9-69.6 (OC(CH3)3 

+ CHCH2OCH2CH3 + CH2CH(CH2OCH2CH3)O + CH2CH(CH2OCH3)OH); 66.9-66.7 

(OCH2CH3); 61.7 (CH2OC(CH3)3); 27.5 (OC(CH3)3); 15.3 (OCH2CH3) ppm. 
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Polymer 5 (GME:EGE = 1:1, end groups: EtO/OH). EtOK (2.0 mL, 5.0 mmol), GME (2.4 mL, 

26.3 mmol), EGE (2.9 mL, 26.3 mmol). Yield: 4.75 g (95%). 1H-NMR (400 MHz; CDCl3): δ 

3.91 (s, 1 H, CHOH); 3.76-3.38 (m, 46 H, polymer backbone + OCH2CH3); 3.32 (s, 11 H, 

OCH3); 1.18-1.14 (m, 12 H, OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 78.9-78.6 

(CH2CH(CH2OR)O); 72.9-72.6 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.9-66.8 

(OCH2CH3); 59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

Polymer 6 (GME:EGE = 1:3, end groups: EtO/OH). EtOK (2.0 mL, 5.0 mmol), GME (1.1 mL, 

12.7 mmol), EGE (4.1 mL, 38.0 mmol). Yield:  4.91 g (98%). 1H-NMR (400 MHz; CDCl3): δ 

3.90 (s, 1 H, CHOH); 3.76-3.42 (m, 58 H, polymer backbone + OCH2CH3); 3.32 (s, 7 H, OCH3); 

1.19-1.14 (m, 20 H, OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 79.6-78.9 

(CH2CH(CH2OR)O); 73.0-72.8 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.6 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.8 (OCH2CH3); 

59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

Polymer 7 (GME:EGE = 1:5, end groups: EtO/OH). EtOK (2.0 mL, 5.0 mmol), GME (0.8 mL, 

8.4 mmol), EGE (4.5 mL, 41.8 mmol). Yield:  4.84 g (97%). 1H-NMR (400 MHz; CDCl3): δ 

3.90 (s, 1 H, CHOH); 3.75-3.42 (m, 62 H, polymer backbone + OCH2CH3); 3.32 (s, 5 H, OCH3); 

1.19-1.14 (m, 23 H, OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 79.6-78.9 

(CH2CH(CH2OR)O); 73.0-72.5 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.8 (OCH2CH3); 

59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

Polymer 8 (GME:EGE = 1:1, end groups: EtO/OH). EtOK (0.7 mL, 1.7 mmol), GME (2.4 mL, 

26.3 mmol), EGE (2.9 mL, 26.3 mmol), Yield: 4,77 g (95%). 1H-NMR (400 MHz; CDCl3): δ 

3.91 (s, 1 H, CHOH); 3.76-3.38 (m, 46 H, polymer backbone + OCH2CH3); 3.32 (s, 11 H, 

OCH3); 1.18-1.14 (m, 12 H, OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 78.9-78.6 
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(CH2CH(CH2OR)O); 72.9-72.6 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.9-66.8 

(OCH2CH3); 59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

Polymer 9 (GME:EGE = 1:3, end groups: EtO/OH). EtOK (0.7 mL, 1.7 mmol), GME (1.1 mL, 

12.7 mmol), EGE (4.1 mL, 38.0 mmol). Yield: 4.65 g (93%). 1H-NMR (400 MHz; CDCl3): δ 

3.90 (s, 1 H, CHOH); 3.73-3.42 (m, 110 H, polymer backbone + OCH2CH3); 3.33 (s, 13 H, 

OCH3); 1.19-1.14 (m, 36 H, OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 78.9-78.8 

(CH2CH(CH2OR)O); 72.8 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.8 (OCH2CH3); 

59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

Polymer 10 (GME:EGE = 1:5, end groups: EtO/OH). EtOK (0.7 mL, 1.7 mmol), GME (0.8 

mL, 8.4 mmol), EGE (4.5 mL, 41.8 mmol). Yield: 4.76 g (95%). 1H-NMR (400 MHz; CDCl3): 

δ 3.90 (s, 1 H, CHOH); 3.73-3.42 (m, 130 H, polymer backbone + OCH2CH3); 3.32 (s, 11 H, 

OCH3); 1.19-1.14 (m, 46 H, OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 78.9-78.8 

(CH2CH(CH2OR)O); 72.8 (CH(CH2OCH3); 71.6 (CH2CH(CH2OR)OH); 71.0-69.7 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.8 (OCH2CH3); 

59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

Polymer 11 (GME:EGE = 1:1, end groups: EtO/OC(O)CHCH2). EtOK (0.8 mL, 2.0 mmol), 

GME (0.9 mL, 10.5 mmol), EGE (1.1 mL, 10.5 mmol), AAC (0.2 mL, 3.0 mmol). Yield: 1.86 

g (93%). 1H-NMR (400 MHz; CDCl3): δ 6.38 (dd, 1 H, OC(O)CHCH2); 6.11 (dd, 1 H, 

OC(O)CHCH2); 5.79 (dd, 1 H, OC(O)CHCH2); 5.13 (m, 1 H, CHROC(O)CHCH2); 3.76-3.38 

(m, 46 H, polymer backbone + OCH2CH3); 3.32 (s, 11 H, OCH3); 1.18-1.14 (m, 12 H, 

OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 165.7 (OC(O)CHCH2); 130.9 

(OC(O)CHCH2); 128.7 (OC(O)CHCH2); 78.9-78.6 (CH2CH(CH2OR)O) + 

CH2CH(CH2OR)OC(O)CHCH2); 73.9-73.8 (CH(CH2OR)OH); 72.9-72.6 (CH(CH2OCH3); 
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71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 (CH2CH(CH2OR)O + 

CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.9-66.8 (OCH2CH3); 59.3 (OCH3); 

15.3 (OCH2CH3) ppm. 

Polymer 12 (GME:EGE = 1:3, end groups: EtO/OC(O)CHCH2). EtOK (0.8 mL, 2.0 mmol), 

GME (0.5 mL, 5.3 mmol), EGE (1.7 mL, 15.8 mmol), AAC (0.2 mL, 3.0 mmol). Yield: 1.78 g 

(89%). 1H-NMR (400 MHz; CDCl3): δ 6.40 (dd, 1 H, OC(O)CHCH2); 6.13 (dd, 1 H, 

OC(O)CHCH2); 5.80 (dd, 1 H, OC(O)CHCH2); 5.15 (m, 1 H, CHROC(O)CHCH2); 3.76-3.38 

(m, 74 H, polymer backbone + OCH2CH3); 3.32 (s, 8 H, OCH3); 1.18-1.14 (m, 26 H, OCH2CH3) 

ppm. 13C-NMR (101 MHz; CDCl3): δ 165.7 (OC(O)CHCH2); 130.9 (OC(O)CHCH2); 128.7 

(OC(O)CHCH2); 78.9-78.6 (CH2CH(CH2OR)O + CH2CH(CH2OR)OC(O)CHCH2); 73.9-73.8 

(CH(CH2OR)OH); 72.9-72.6 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.9-66.8 

(OCH2CH3); 59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

Polymer 13 (GME:EGE = 1:5, end groups: EtO/OC(O)CHCH2). EtOK (0.8 mL, 2.0 mmol), 

GME (0.3 mL, 3.5 mmol), EGE (1.8 mL, 17.5 mmol), AAC (0.2 mL, 3.0 mmol). Yield: 1.81 g 

(90%). 1H-NMR (400 MHz; CDCl3): δ 6.40 (dd, 1 H, OC(O)CHCH2); 6.12 (dd, 1 H, 

OC(O)CHCH2); 5.80 (dd, 1 H, OC(O)CHCH2); 5.15 (m, 1 H, CHROC(O)CHCH2); 3.76-3.38 

(m, 65 H, polymer backbone + OCH2CH3); 3.32 (s, 5 H, OCH3); 1.18-1.14 (m, 24 H, OCH2CH3) 

ppm. 13C-NMR (101 MHz; CDCl3): δ 165.7 (OC(O)CHCH2); 130.9 (OC(O)CHCH2); 128.7 

(OC(O)CHCH2); 78.9-78.6 (CH2CH(CH2OR)O + CH2CH(CH2OR)OC(O)CHCH2); 73.9-73.8 

(CH(CH2OR)OH); 72.9-72.6 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.9-66.8 

(OCH2CH3); 59.3 (OCH3); 15.3 (OCH2CH3) ppm. 
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FIGURE S1 Representative 1H NMR (a) and 13C NMR (b) spectra of an OGE (polymer 6) 

recorded in CDCl3. 
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FIGURE S2 Representative 1H NMR (a) and 13C NMR (b) spectra of an OGEA (polymer 12) 

recorded in CDCl3.  
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Gel Permeation Chromatography (GPC) of OGEs 

Characterization of OGEs via GPC measurements in THF against polystyrene (PS) standards 

revealed monomodal molecular weight distributions for copolymers with Mn, theor. of 1 kDa 

(polymer 6, Mn, exp. = 940 Da, PDI = 1.29) and 3 kDa (polymer 9, Mn, exp. = 2830 Da, PDI = 1.17), 

whereas multimodal distributions were obtained for 5 kDa OGEs (main peak + high molecular 

weight shoulder: Mn, exp. = 4730 Da, PDI = 1.17). The representative GPC traces of OGEs with 

GME/EGE ratios of 1:3 are displayed in Fig. S3. 

FIGURE S3 Representative GPC traces of OGEs with a GME/EGE ratio of 1:3 and a 

theoretical molecular weight Mn, theor. of 1 kDa (polymer 6, blue curve), 3 kDa (polymer 9, green 

curve) and 5 kDa (red curve) synthesized by microwave-assisted anionic ROP. 

For comparison of the GPC data acquired in THF against PS standards with the results obtained 

by MALDI-ToF mass spectrometry and 1H NMR spectroscopy characteristic molecular weight 

and PDI data for GME and EGE homopolymers are summarized in Table S1. 
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TABLE S1 Comparison of molecular weight characteristics of OGEs 1-4 determined by GPC 

in THF relative to PS standards, MALDI-ToF mass spectrometry and 1H NMR spectroscopy. 

OGE Mn, GPC [Da] PDIGPC Mn, MALDI [Da] PDIMALDI Mn, NMR [Da] 
1 1160 1.16 1220 1.06 1250 
2 1090 1.15 1060 1.08 n.a. 
3 1150 1.18 1270 1.07 1260 
4 1140 1.16 1080 1.08 n.a. 

Since molecular weight characteristics of OGEs determined by GPC in THF are in strong 

agreement with values determined from MALDI-ToF and 1H NMR spectra, we conclude that 

PS standards in THF are an appropriate relative standard for the determination of the molecular 

weights of poly(glycidyl ethers) (PGEs). 
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Kinetic Investigation of the Microwave-Assisted Polymerization of OGEs 

Temperature and pressure profiles of the microwave-assisted polymerization were recorded on 

a single-mode “Initiator+ Robot Eight” microwave reactor from Biolin (Uppsala, Sweden). 

Representative profiles are illustrated in Figure S4. OGEs with a targeted molecular weight of 

1 kDa and a GME:EGE ratio of 1:3 were synthesized on a 2 g scale and number average 

molecular weights of Mn = 960 ± 50 (n = 3) as well as average polydispersities of PDI = 1.28 ± 

0.4 (n = 3) were obtained. 

 

FIGURE S4 Representative temperature and pressure profile during 1 heating/cooling cycle of 

the microwave-assisted polymerization of an OGE with a targeted molecular weight of 1 kDa 

and GME:EGE ratio of 1:3. The reaction was performed on a 2 g scale using a single-mode 

microwave reactor. 

For kinetic investigation of the microwave-assisted ROP and comparison with conventional 

heating, oligo(EGE)s with targeted molecular weights of 2 kDa were synthesized on the 2 g 

scale at 40 °C and with a maximum power of 40 W. Reactions were quenched after 15, 30, 60 

and 120 min and the yield as well as molecular weight characteristics obtained by GPC were 

compared to the oxy-anionic ROP conducted in an oil bath (PEG 400) at 40 °C. As illustrated 

in Figure S5, the polymerization self-sustains within the first ~25-30 min due to the exothermic 
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ROP and the reaction temperature is slightly elevated to 42-43 °C. This exothermic 

autoacceleration effect is likely to be responsible for the slightly higher yields and molecular 

weights obtained during the microwave-assisted ROP as compared to the conventional oxy-

anionic ROP in an oil bath, since convectional heat dissipation into the oil bath is supposedly 

more efficient than in the microwave reactor. 

 

FIGURE S5 Temperature, pressure and power profiles of the microwave-assisted 

polymerization of oligo(EGE) with a targeted molecular weight of 2 kDa for reaction times of 

15 (a), 30 (b), 60 (c) and 120 min (d). The reactions were performed on 2 g scale using a single-

mode microwave reactor. 

GPC traces of oligo(EGE)s synthesized by microwave as well as conventional heating are 

illustrated in Figure S6. The shift of the curves towards lower elution volumes visualizes the 

increase in molecular weight as a function of reaction time. 
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FIGURE S6 Normalized GPC traces as a function of polymerization time for the microwave-

assisted (a) and conventional (b) oxy-anionic ROP of oligo(EGE) at 40 °C with a targeted 

molecular weight of Mn, theor. = 2 kDa. 
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Turbidity Measurements via UV-Vis Transmittance 

Cloud point temperatures (CPTs) of PGEs are highly dependent on molecular weight in a range 

between 1 and 24 kDa and decrease exponentially with increasing molecular weight. Figure 

S7a displays CPTs of OGEs 5 and 6 together with CPTs of higher molecular weight polymers 

reported by Heinen et al.1 Further, CPTs of OGEs as a function of GME content can be 

approximated by a linear relationship. Figure S4b displays CPTs of OGEs 5, 6 and 7 with 

molecular weights of 1 kDa and GME contents between 16.7 and 50 mol-% compared to CPTs 

with 2 kDa OGEs reported by Becherer et al.2 Via the equation of the given regression curve in 

Figure S7b the cloud point temperature of a 1 or 2 kDa copolymer with a random comonomer 

composition can be predicted. 

FIGURE S7 (a) Molecular weight-dependent CPTs of PGEs with GME/EGE ratios of 1:1 and 

1:3 measured by UV-Vis transmittance in Milli-Q water (λ = 500 nm) and determined from 

cooling cycle curves at 10 mg mL-1 (n = 3, error bars indicate SD). (b) CPTs of OGEs with 

molecular weights of 1 and 2 kDa as a function of GME content measured by UV-Vis 

transmittance in Milli-Q water (λ = 500 nm) and determined from cooling cycle curves at 

5 mg mL-1 (n = 3, error bars indicate SD). 

Thermally induced phase transitions of aqueous OGE solutions are less sharp with decreasing 

molecular weight and concentration. Figure S8 displays representative cooling curves for OGEs 
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6 and 9 with GME/EGE ratios of 1:3 and molecular weights of 1 and 3 kDa at concentrations 

of 20-0.1 mg mL-1, respectively. 

 

FIGURE S8 Temperature-dependent normalized cooling curves of OGEs 6 (a) and 9 (b) at 

different concentrations (20-0.1 mg mL-1) accessed by turbidity measurements in Milli-Q water 

(λ = 500 nm). 
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The UV-induced “grafting from” of OGEA macromonomers from PS culture substrates under 

bulk conditions yields porous, thermoresponsive, gel-like bottlebrush coatings. The conditions 

for photografting as well as the molecular weight of the macromonomers were optimized 

regarding the fabrication of HDF monolayers. Cell adhesion and cell sheet detachment was 

correlated with the structure and temperature-dependent hydrophilicity of the coatings. 
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ABSTRACT 

We introduce a method to functionalize polystyrene (PS) tissue culture substrates with 

thermoresponsive coatings comprising bottlebrush architectures. Utilizing the UV-induced 

“grafting from” approach, thermoresponsive oligo(glycidyl ether) acrylate (OGEA) 

macromonomers were polymerized from PS substrates under bulk conditions. Applying 

ellipsometry, water contact angle (CA) and atomic force microscopy (AFM) measurements, we 

found that OGEA coatings exhibit a rough, porous, gel-like structure and exhibit a temperature-

dependent phase transition in water through the reversible hydration of OGEA bottlebrush side 

chains. To assess the utility of the coatings as functional substrates for cell sheet fabrication, 

human dermal fibroblasts (HDFs) adhesion and detachment was investigated. By adjusting the 
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bottlebrush properties via coating thickness and structure, we were able to harvest confluent 

HDF sheets from functionalized PS substrates in a temperature-triggered, controlled manner. 

As the first report on surface-grafted bottlebrushes comprising thermoresponsive side chains, 

this study demonstrates the potential of OGEA-based coatings for cell sheet fabrication. 

KEYWORDS 

Surface-initiated free radical polymerization, bulk photografting, molecular brushes, 

thermoresponsive macromonomers, switchable surface, cell sheet detachment 

INTRODUCTION 

The development of “smart” stimuli-responsive coatings has been largely driven by their newly 

emerging applicability as platforms for bioseparation, diagnostic sensors, drug carriers or 

functional coatings for tissue culture.1-3 With regards to the latter, thermoresponsive cell culture 

substrates have been successfully utilized for the temperature-triggered detachment of 

confluent 2D cell monolayers, which are useful building blocks for 3D tissue engineering or 

can be used as transplants for regenerative therapy.4-7 Although various strategies have been 

pursued to functionalize cell culture substrates with thermoresponsive polymer layers, most of 

the explored approaches rely on brush- or gel-like coating architectures, which can be either 

“grafted to” or “grafted from” various substrate materials.8-10 However, with the objective to 

extend the accessible property range of thermoresponsive coatings, it is necessary to exploit the 

entire spectrum of polymer architectures as it is provided by polymer chemistry and 

macromolecular engineering. A very fitting example for polymer architectures with distinct 

physical properties are brush-like macromolecules, also commonly referred to as 

macromolecular brushes or bottlebrushes, which consist of a polymer backbone comprising 

densely grafted oligo- or polymeric side chains.11-13 Due to the sterically demanding side chains, 

bottlebrushes are constrained and usually adopt an entropically unfavorable, extended, rod-like 

structure in solution.14-15 As a result, their response to external stimuli, such as solvent, 
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mechanical triggers or temperature, can lead to unique conformational changes, which strongly 

deviate from, e.g., linear polymers.11, 16 For example, bottlebrushes based on thermoresponsive 

poly(N-isopropyl acrylamide) (PNIPAm) side chains with an estimated molecular weight of 

~ 15 kDa grafted from a methacrylate macroinitiator backbone have shown to exhibit a phase 

transition behaviour in aqueous solution, which is solely characterized by an intramolecular 

collapse of single PNIPAm bottlebrush chains. As a result, the polymer conformation changes 

from a rod-like to a coil-like conformation upon increasing the temperature to 32 °C.17 Further, 

depending on the molecular weight of the backbone as well as the side chains, bottlebrushes 

based on poly(2-(dimethylamino)ethyl methacrylate) and poly(N,N-dimethylacrylamide) 

exhibit a highly concentration dependent behaviour, ranging from a temperature-triggered 

intramolecular collapse at low concentrations all the way to intermolecular aggregation at high 

concentrations.18 In another example, thermoresponsive bottlebrushes comprising 

oligo(ethylene glycol) methacrylate (OEGMA) copolymer side chains exhibited a phase 

transition temperature tunable via comonomer composition.19 It was further demonstrated that 

side chains with a block copolymer structure exhibited two separate phase transitions which 

lead to the formation of vesicle-like aggregates upon increasing the temperature.19 Even though 

several studies have been conducted on bottlebrushes in solution20-22, as of yet, there are no 

reports on surface-tethered coatings based on thermoresponsive macromolecular brush 

architectures. To improve the performance of PNIPAm-based coatings in terms of cell sheet 

fabrication, Tang et al. copolymerized N-isopropyl acrylamide (NIPAm) with a PNIPAm 

macromonomer (Mn = 4.8 kDa) onto polystyrene (PS) culture substrates using electron beam 

polymerization.23 By incorporating comb-like, dangling PNIPAm chains into their coatings, 

they were able to decrease the detachment time of bovine carotid artery endothelial cell (BAEC) 

sheets through an accelerated rehydration. However, the maximal incorporated amount of the 

PNIPAm macromonomer was 5 wt.-%, which is far from the typical side chain density in 

bottlebrushes.23 Most of the reported thermoresponsive coatings for cell sheet fabrication are 
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based on PNIPAm24-25, poly[oligo(ethylene glycol) methacrylate]s (POEGMAs)26-27 and 

polyoxazolines28-29 and have been prepared by both “grafting from” and “grafting to” methods. 

Further, thermoresponsive monolayers based on poly(glycidyl ether)s (PGEs) “grafted to” gold 

model surfaces or applied glass and PS substrates have shown to allow the culture and 

temperature-triggered, non-destructive detachment of confluent cell sheets.30-33 The facile 

synthesis of oligo(glycidyl ether) (OGE) macromonomers via oxy-anionic ring-opening 

polymerization (ROP) and subsequent (meth)acrylation further introduces a pathway for 

surface functionalization with glycidyl ether-based coatings via “grafting from” approaches.34 

In this context, Gunkel et al. grafted glycerol- and glycidyl ether-based bottlebrushes from gold 

model substrates via surface-initiated atom transfer radical polymerization (SI-ATRP). 

Utilizing this “grafting from” approach, they obtained protein-resistant coatings with 

antifouling properties.34 Apart from the just mentioned report, surface-initiated “grafting from” 

macromonomer methods have been limited to dual-functional antimicrobial/antibiofouling 

bottlebrush coatings developed by Su, Gao, Zhi et al., who grafted macromonomers based on 

poly(ethylene glycol) (PEG)-polycation block copolymers from argon plasma-activated 

poly(dimethyl siloxane) substrates using UV-induced free radical polymerization (FRP).35-37 

Herein, we applied thermoresponsive oligo(glycidyl ether) acrylate (OGEA) macromonomers 

which are accessible in one-pot via the convenient oxy-anionic ROP of glycidyl methyl ether 

(GME) and ethyl glycidyl ether (EGE) under solvent-free conditions as recently reported38 for 

surface coating. We established an efficient “grafting from” macromonomer approach to yield 

thermoresponsive OGEA bottlebrushes on PS culture substrates via surface-initiated free 

radical photografting for further use in cell culture. 
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EXPERIMENTAL SECTION 

A detailed description of all materials applied for synthesis, surface modification and cell 

culture together with a description of analytical methods and devices used is given in the 

Supporting Information (SI). 

Synthesis of the Oligo(glycidyl ether) Acrylate Macromonomers 

Synthesis of thermoresponsive OGEA macromonomers of various molecular weight was 

performed as reported recently.38 Briefly, glycidyl monomers GME and EGE were polymerized 

via anionic ROP to yield oligomers of 0.5 and 1kDa with PDIs of 1.2-1.3. Subsequent acrylation 

yielded the respective OGEA macromonomers. Experimental details and characterization of 

the synthesized OGEAs are given in the Supporting Information (SI). 

Surface Functionalization and Characterization 

To characterize the OGEA coatings, PS-coated silicon (Si) wafers were used as model 

substrates. Si wafers (11 x 11 mm) were rinsed with EtOH and Milli-Q water and dried under 

a stream of N2. The samples were spin-coated at 3000 rpm for 60 s applying 50 µL of a PS 

solution in toluene (2% (w/w)). Spin-coated samples were dried in vacuo at 400 mbar and 50 

°C for 1 h. After washing the surfaces with EtOH and Milli-Q water and drying under a stream 

of N2, the thickness and wettability of the PS layers were determined by ellipsometry and static 

water contact angle (CA) measurements, respectively. To adsorb a thin layer of the 

photoinitiator benzophenone (BP) onto the substrates, the coated Si wafers were immersed in a 

dilute BP solution for 20 min to yield an adsorbed BP layer of 1.0 ± 0.3 nm (N = 20) as 

determined by ellipsometry after careful drying under a stream of N2.39 For ellipsometric fitting, 

a Cauchy layer was used, and the refractive index of BP was averaged from literature values 

and fixed to 1.601.40 The precoated samples were spin-coated using 2% (w/w) OGEA solutions 

in EtOH (30 µL), protected against light, stored at ambient conditions for 0 or 3 h, and 

subsequently irradiated by UV light for 15 or 30 min using an irradiance of 25 mW cm-2 (100%) 
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to graft the OGEA macromonomers from the PS surface. The coatings were extracted in EtOH 

for 2 d, washed with Milli-Q water and characterized by ellipsometry, CA, and atomic force 

microscopy (AFM) measurements. Ellipsometry measurements were conducted in the dry state 

as well as in Milli-Q water and OGEA layer thicknesses were modeled using the Bruggeman 

effective medium approximation (EMA).41 For fitting, the respective refractive indices n of 

OGEA (n = 1.450), air (n = 1.000) or water at 20 (n = 1.334) and 37 °C (n = 1.331) were fixed  

and air/water volume fractions within the layers were assumed to be 0.5. PS discs (d = 13 mm), 

which were punched out of PS culture dishes for characterization of the OGEA coating 

properties via AFM measurements as well as PS dishes (d = 35 mm) for cell culture experiments 

were coated as described above for PS-coated Si wafers. 

Cell Sheet Fabrication and Viability Assay 

 Human dermal fibroblasts (HDFs) were isolated as described previously32, cultured in DMEM 

(4.5 g L-1 glucose) supplemented with 10% FBS in a humidified atmosphere at 37 °C and 5% 

CO2. Cells were used in passages 3 to 7 for further experiments. 

Cell adhesion and cell sheet detachment experiments were performed on OGEA-coated Falcon® 

PS culture dishes alongside TCPS controls. Sterilization was conducted for 10 min using 70% 

EtOH and the substrates were washed twice with PBS before cell seeding. HDFs were 

trypsinized, centrifuged (140 xg, 5 min) and seeded with a density of 1.6 x 105 cells cm-2 in 2 

mL DMEM (1 g L-1 glucose) with 10% FBS per dish (d = 35 mm), followed by culture at 37 

°C and 5% CO2 for 24 h. Cells were morphologically analyzed via phase contrast microscopy 

after 4 and 24 h. In order to trigger cell sheet detachment, confluent cultures were incubated in 

PBS at 20 °C for 10 min and at 37 °C for 5 min using fresh, pre-warmed PBS.  Afterwards, 

cultures were kept at rt (20 °C) and agitated on an orbital shaker at 50 rpm until the cell sheets 

detached from the surfaces. 
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Live/dead staining was performed by adding 50 µM propidium iodide (PI) and 10 µM 

fluorescein diacetate to the adherent cell cultures and samples were imaged on a Zeiss Observer 

Z1 microscope in fluorescent mode with appropriate filter sets. 

Statistical Evaluation 

Graphical illustration of data were performed with OriginPro®2018. 

RESULTS AND DISCUSSION 

Conceptual Rationale, Macromonomer Synthesis and Grafting Approach 

We have previously found that thermoresponsive poly(glycidyl ether) (PGE) monolayers 

adsorbed to applied glass and polystyrene (PS) tissue culture substrates constitute highly cell-

compatible coatings, which facilitate the temperature-modulated fabrication of human dermal 

fibroblast (HDF) sheets.31-33 Since PGEs are synthesized under inert, anhydrous conditions via 

the oxy-anionic ring-opening polymerization (ROP), so far, the immobilization of 

thermoresponsive PGE coatings onto plastic tissue culture substrates has been restricted to 

“grafting to” techniques of PGE monolayers (~ 1-3 nm) using functional PGE block 

copolymers.32-33 However, our recent report has shown that low molecular weight oligo(glycidyl 

ether)s (OGEs) based on glycidyl methyl ether (GME) and ethyl glycidyl ether (EGE) exhibit 

a temperature-dependent phase transition in aqueous solution and can be conveniently end-

functionalized into oligo(glycidyl ether) acrylates (OGEAs).38 This class of macromonomers 

has already been utilized to functionalize gold model substrates via surface-initiated atom-

transfer radical polymerization (SI-ATRP) to yield non-responsive, protein resistant bottlebrush 

coatings.34 On that account, the aim of this work was to develop a method for the UV-induced 

radical photografting of OGEAs from PS culture dishes to obtain thermoresponsive bottlebrush 

coatings and to explore their potential as functional tissue culture substrates for the fabrication 

of cell sheets. 
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OGEs with targeted molecular weights of 1 kDa and GME:EGE ratios of 1:3 and 1:1 were 

synthesized via the microwave-assisted oxy-anionic ring-opening polymerization (ROP) 

according to our previous report using potassium ethoxide (EtOK) as initiator.38 In addition, a 

shorter OGE with a molecular weight of 0.5 kDa was synthesized using the conventional oxy-

anionic ROP. The oligomers were further functionalized by acrylation of the hydroxy end-

group to yield well-defined OGEA macromonomers (Table 1). 

Table 1. Molecular weight characteristics and composition of OGEAs 1, 2 and 3. 

OGEA Mn,theor
a 

[g mol-1] 

Mn,NMR
b 

[g mol-1] 

Mn,GPC
c

[g mol-1] 

PDIc [-] Yd [%] Xe [%] OMe:OEt 

ratiof 

1 1000 900 940 1.29 98 95 1 : 3.0 

2 1000 880 870 1.31 95 94 1 : 1.1 

3 500 490 430 1.23 97 96 1 : 1.2 
a adjusted via monomer/initiator ratio [M] / [I] (n(GME + EGE) / n(EtOK)); b calculated from 

1H NMR spectra of OGE precursors; c determined by GPC measurements of OGE precursors 

in THF as eluent against PS standards; d yield of OGE precursors determined by gravimetry; e 

conversion to acrylated OGEA calculated from 1H NMR spectra; f GME/EGE ratio including 

ethoxy end-group calculated from 1H NMR spectra. 

In order to characterize the coatings via ellipsometry, water contact angle (CA) and atomic 

force microscopy (AFM) measurements, we spin-coated Si wafers with a foundational PS layer 

(~ 70-90 nm) to obtain model substrates mimicking conventional PS culture dishes. Since 

organic solvents are known to decrease the efficiency of photografting from solution due to 

undesired side reactions42-44 and since the solubility of OGEAs in water is limited with respect 

to temperature and concentration38, 45, we performed photografting form bulk monomer films. 

The use of free benzophenone (BP) as a photoinitiator for bulk photografting46-47 is well 

documented and has shown to be an efficient method for the lamination of polymer films48-49 as 

well as the functionalization of polymer foils.50-51 To minimize side reactions with OGEA 
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macromonomers, which are prone to radical-induced cleavage or crosslinking due to their 

polyether structure52-53, and to initiate the grafting reaction primarily form reactive radicals 

created on the PS surface, a thin layer of BP (~ 1 nm) was pre-adsorbed onto the PS substrates. 

This strategy has previously been described for the functionalization of polypropylene 

membranes via photografting.54-55 Subsequently, OGEAs were spin-coated onto the BP-treated 

substrates from ethanolic solution (2 wt.-%) to yield bulk macromonomer films. The average 

thickness and refractive index of the OGEA layers were measured by ellipsometry and 

determined to be ~ 70 nm and ~ 1.45, respectively, using a Cauchy layer for fitting (Figure S1). 

After irradiation with UV light (λ = 365 nm) for 15 min, the thicknesses of the OGEA layers 

slightly decreased, indicating the compacting of the films through UV-induced radical 

polymerization (Figure S1). The coatings were subsequently extracted in ethanol for two days 

in order to remove unreacted monomer and non-immobilized poly(OGEA) to yield stable, 

covalently attached layers. The generalized chemical structure as well as the procedure applied 

for the “grafting from” of OGEA bottlebrushes via the UV-induced macromonomer method are 

illustrated in Scheme 1. 

 

Scheme 1. Structure of the thermoresponsive macromonomer OGEA (a). General procedure 

for the UV-induced, surfaces-initiated photografting process of OGEA-based thermoresponsive 

bottlebrushes from PS culture substrates pre-adsorbed with a thin BP layer and general chemical 

structure of OGEA bottlebrushes (b). 
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Investigation of OGEA Bottlebrush Coating Structure, Thickness and Wettability via 

Ellipsometry and Static Water CA Measurements 

After extraction of the OGEA layers with ethanol, characterization of the bottlebrush coatings 

by ellipsometry yielded thicknesses and refractive indices of > 100 nm and ~ 1.1, respectively. 

In addition, when fixing the refractive indices of the OGEA coatings to 1.45, fitting of the layer 

thicknesses resulted in high mean squared errors (> 20) when a Cauchy layer was applied for 

modelling. Both, unrealistically high layer thicknesses, which exceeded those of the initially 

spin-coated OGEA films (Figure S1), and insufficiently accurate ellipsometric fits obtained 

from modeling of OGEA layers by using the Cauchy model, indicated that the obtained 

bottlebrush coatings exhibit a rough and/or porous structure. Hence, we modeled the layers 

using the Bruggeman effective medium approximation (EMA), which accounts for inclusions 

of the surrounding medium (e.g. air or water) with respect to pores and/or surface roughness of 

the coatings. Adequate ellipsometric fits (mean squared errors ≤  10) and realistic layer 

thicknesses were obtained when the refractive index of the bottlebrushes, which were regarded 

as the continuous medium, was fixed to 1.45 (Figure S1) and the air content, constituting the 

entrapped medium with a refractive index of 1.0, was set to a volume fraction of 0.5. As 

illustrated in Figure 1a, the thicknesses of the coatings obtained via the grafting of OGEAs 1 to 

3 are all in the range of about 5 - 25 nm with average values around 15 - 20 nm. In addition to 

the rather large thickness deviations between single samples (Figure 1a), the grafted coatings 

featured lateral inhomogeneities on the macroscopic scale, which were clearly apparent by 

visual inspection of the coated Si model substrates. In order to improve the homogeneity of the 

coatings, bottlebrushes were prepared via an optimized procedure, which included a 3 h resting 

period of the spin-coated OGEA films before irradiation with UV light. As a result, 

macroscopically homogeneous coatings with more uniform thicknesses on each independent 

sample were obtained after ethanol extraction (Figure 1b). In addition, ellipsometric fits with 

mean squared errors ≤  5 indicated rather well-defined coating structures. This suggests a more 
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uniform growth of OGEA bottlebrushes and, as a result, a more regular distribution and size of 

nanometer-sized air pores within the coatings. A possible explanation for the improved layer 

homogeneity could be the rearrangement of OGEA macromonomers within the spin-coated 

films during the 3 h resting period, which might lead to either an assembly or a more even 

distribution of reactive acrylate groups within the OGEA films. Furthermore, the oxygen 

content within the OGEA films as well as the diffusion of the BP photoinitiator into the film 

are further possible factors which might have an impact on the homogeneous grafting of the 

bottlebrush coatings during irradiation with UV light. 

Figure 1. Dry layer thickness of bottlebrush coatings prepared by irradiation of bulk OGEA 

films with UV light for 15 min directly after spin coating (a) and after a 3 h resting period (b) 

determined by ellipsometry. Thicknesses are plotted for each replicate together with their mean 

value (dashed line) and their 90% confidence interval (whiskers). A representative image of the 

coated PS surface prepared directly after spin coating (a) and after a 3 h resting period (b) is 

given above the graphs. 
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Despite the fact that macroscopically uniform coatings were obtained via the optimized grafting 

procedure, layer thicknesses still deviate significantly between independent samples. This 

illustrates the sensitivity of the radical “grafting from” process towards environmental factors. 

Since all experiments were conducted under ambient conditions, quenching of the radical 

reaction through oxygen is likely to be responsible for the rather large variances in layer 

thickness. Prolonging the UV irradiation time to 30 min resulted in only moderately increased 

(5-10 nm) OGEA coating thicknesses (Figure S2) with the applied ellipsometric model. 

The wettability of the bottlebrush coatings was investigated by static water CA measurements. 

As illustrated in Figure 2, coatings which were grafted directly after spin coating of OGEA 

films displayed fairly hydrophobic properties with CAs up to 85° and around 72° for 

bottlebrushes comprising side chains with molecular weights of ~ 1 kDa (OGEA 1 and 2) and 

~ 0.5 kDa (OGEA 3), respectively (Figure 2a). However, when the optimized grafting 

procedure was applied, CAs decreased about 10° and the coatings uniformly exhibited more 

hydrophilic properties (Figure 2b). Since the surface wettability is significantly governed by 

the homogeneity, roughness and porosity of the coating, the observed differences in contact 

angles of the OGEA bottlebrushes are in accordance to the results obtained from ellipsometric 

measurements and justify the assumption of porous/rough bottlebrush coatings. 

 

Figure 2. Static water CAs of bottlebrush coatings prepared by irradiation of bulk OGEA films 

with UV light for 15 min directly after spin coating (a) and after a 3 h resting period (b) 
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determined by the sessile drop method (2 µL). CAs are plotted for each replicate together with 

their mean value (dashed line) and their 90% confidence interval (whiskers). 

Alternatively, the hydrophobic nature of the coatings could also be caused by the inherent 

hydrophobicity of the acrylate bottlebrush backbone, as CAs of acrylate-free PGE monolayers 

have been reported to be in the range of 60-70°.30-33, 56-57 However, the significant drop in contact 

angle upon changing the coating procedure strongly suggests that the structure and homogeneity 

of the grafted layers dominates the wettability of the OGEA coatings. This hypothesis is further 

substantiated by the significantly lower water CAs of bottlebrushes with 0.5 kDa side chains as 

compared to bottlebrushes with 1.0 kDa side chains, since the acrylate content of OGEA 3 is 

about 100% higher than for OGEA 1 and 2 (Table 1). In addition, the lower molecular weight 

of OGEA 3 likely enables a denser grafting of bottlebrush chains, which presumably leads to 

smaller pores or coatings with decreased roughness after extraction of non-immobilized 

poly(OGEA) by ethanol. On top of that, bottlebrushes based on OGEA 3 should be much more 

flexible due to their sterically less demanding side chains, which might enhance the collapse of 

the porous layers in the dry, non-hydrated state.  In contrast, the stiffer bottlebrushes based on 

OGEA 1 and 2 with longer and more sterically demanding side chains should be much more 

prone to retain their rough or porous structure under ambient conditions. As illustrated in Figure 

S3, prolonged irradiation time with UV light did not significantly influence bottlebrush 

wettability indicating a rather negligible change in the apparent coating structure. This in turn, 

suggests a low degree of radical-induced side reactions, such as bottlebrush side chain cleavage 

or intermolecular crosslinking. 

Thermoresponsive Properties of OGEA Bottlebrushes in Water 

To determine the temperature-dependent swelling of the coatings, bottlebrushes based on 

OGEA 2 prepared via the optimized grafting procedure were representatively investigated by 

ellipsometry in water at 20 and 37 °C. Thicknesses were modeled using the Bruggeman EMA 
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and fitting was performed with fixed refractive indices of 1.45, 1.334 and 1.331 for OGEA in 

the dry state, in water at 20 °C and 37 °C, respectively. As Figure 3 illustrates, bottlebrushes 

based on OGEA 2 did not significantly swell when hydrated in water at 20 °C nor exhibit a 

marked temperature-induced collapse after increasing the temperature to 37 °C. Moreover, 

ellipsometric fittings yielded mean squared errors ≤  5, which further verifies the assumptions 

made for modeling the thickness in the dry state. The negligible macroscopic swelling of the 

coatings underpin the porous structure as well as the rather stiff, rod-like conformation of 

bottlebrushes with side chains of about 1 kDa. However, it has to be noted that the temperature-

modulated collapse of OGEA side chains is unlikely to be detected via ellipsometry, especially 

in case of rough and porous coatings, which are highly diluted by the surrounding medium (e.g. 

water).  

 

Figure 3. Dry and wet layer thickness at 20 and 37 °C of OGEA 2 bottlebrush coatings 

irradiated with UV light after a 3 h resting period for 15 min (a) and 30 min (b) determined by 

ellipsometry. Thicknesses are plotted for each replicate together with their mean value (dashed 

line) and their 90% confidence interval (whiskers). 

In order to detect temperature-induced changes in OGEA side chain hydration, static water CAs 

were determined at 37 °C using a tempered humidity chamber and compared to CAs measured 

at 20 °C under ambient conditions. Whereas uncoated PS control substrates did not exhibit any 
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detectable change in wettability, CAs uniformly displayed a marked increase at 37 °C for 

bottlebrush coatings based on OGEA 2 and 3 after both grafting under optimized conditions as 

well as on laterally inhomogeneous coatings which were irradiated immediately after spin 

coating (Figure 4, Figure S4). This clearly indicates the temperature-modulated dehydration of 

the bottlebrush side chains upon heating and confirms the thermoresponsive nature of OGEA 

bottlebrushes via the “switching” from a laterally collapsed, dehydrated state at 37 °C to a more 

laterally swollen, hydrated state at 20 °C. The more pronounced change in wettability of 

bottlebrushes with 1 kDa side chains further approves that temperature-modulated CA changes 

are caused by the reversible de- and rehydration of the OGEA side chains (Figure 4a). Although 

the change in CAs is partially in the range of error and thus masked by the variance of the 

radical grafting process, especially for coatings based on OGEA 3 (Figure 4b), differences in 

CAs were evident on each independent sample. So far, a macroscopic temperature-dependent 

change in wettability of thermoresponsive PGE-based coatings has not been reported, although 

changes in the state of hydration of PGE monolayers have been detected by AFM 

measurements.30, 32-33 This further accentuates the rough and/or porous structure of the OGEA 

bottlebrush coatings, through which the effective OGEA side chain-water interface is increased. 

Hence, the enlarged surface area is most likely the reason for the enhanced responsiveness, 

detected via temperature- dependent wettability changes, of the bottlebrush coatings as 

compared to PGE monolayers. 
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Figure 4. Temperature-dependent static water CAs of OGEA 2 (a) and OGEA 3 (b) irradiated 

with UV light for 15 min determined by the sessile drop method (2 µL) using a tempered 

humidity chamber. Bare PS substrates are shown as controls. CAs are plotted for each replicate 

together with their mean value (dashed line) and their 90% confidence interval (whiskers). 

Investigation of Coating Morphology and Properties of OGEA Bottlebrushes by AFM 

The morphology of OGEA 2 and 3 bottlebrush coatings prepared by the optimized grafting 

procedure was investigated by AFM in Milli-Q water at 20 and 37 °C in order to further deduce 

the coating structure via surface roughness as well as to determine temperature-dependent 

morphological changes. The latter would indicate a phase transition of the coatings induced by 

the bottlebrush side chains. Morphological images of coatings prepared on Si model substrates 

using irradiation times of 15 min are displayed on a 5 µm scale in Figure 5. Both, OGEA 2- 

(Figure 5a-f) and 3-based (Figure 5g-l) bottlebrush coatings exhibit a rough, “hairy” to 

particulate-like structure at 20 and 37 °C. This is also apparent from 2 µm images illustrated in 

Figure S5 and illustrates the characteristic rod-like structure of the grafted bottlebrushes. 

Verduzco and co-workers observed a similar surface morphology of films prepared by spin-

casting mixed bottlebrush copolymers comprising PS and PEG side chains on indium tin oxide 

(ITO) substrates.58 Although the particulate-like peaks are most likely composed of multiple 

bottlebrush chains, the finer topology of OGEA 3-based coatings clearly reflects the smaller 

diameter of bottlebrushes with 0.5 kDa side chains. In comparison, the apparent diameters of 

the particulate-like structures illustrated in Figure 5 and S5 are much larger (~ 30-70 nm) than 

the theoretically estimated width of single bottlebrushes, which are approximately 1.5 and 3 nm 

considering the contour length of 0.5 and 1.0 kDa OGE side chains, respectively.30, 56 For 

comparison, the morphology and surface roughness profile of a flat PS-coated Si wafer is shown 

in Figure S6. As we have shown in one of our recent reports32, the typical roughness of a PS 
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films spin-coated onto Si substrates is significantly lower (Rq ~ 0.42 nm) than the roughness of 

photografted OGEA bottlebrush coatings (Table S1). 

 

Figure 5. 2D and 3D surface topography and cross section profiles of 5 µm images of OGEA 

2 coatings at 20 °C (a, b, c) and 37 °C (d, e, f) as well as OGEA 3 coatings at 20 °C (g, h, i) and 

37 °C (j, k, l) on PS-coated Si wafers prepared via 15 min UV-irradiation and measured in 

Milli-Q water by AFM in quantitative nanomechanical mapping (QNM) mode. 
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In addition, the markedly higher roughness of OGEA 2-based coatings suggests the more rigid 

and porous structure of bottlebrush coatings with 1 kDa side chains which is in accordance with 

the interpretation of our results obtained from ellipsometry and CA measurements (Figure 1-2, 

Figure S2-3). The average roughness parameters summarized in Table S1 confirm the 

significant differences between OGEA 2- and 3-based coatings with average mean squared 

roughness Rq values of 2-3 and ~ 1 nm, respectively. While roughness values slightly increase 

for coatings prepared from OGEA 2 upon prolonged irradiation time (30 min), the roughness 

slightly decreases for OGEA 3-based coatings. This indicates further growth of bottlebrush 

chains upon irradiation for 30 min and hints the tighter structure and more flexible nature of 

bottlebrushes with 0.5 kDa side chains. As illustrated in Figure 5 and S5 and summarized in 

Table S1, a change in temperature from 20 to 37 °C does not result in an altered roughness and, 

hence, does not indicate a macroscopic, vertical swelling or collapse of the coatings upon 

temperature variation. This agrees with the results of the ellipsometric swelling measurements 

of OGEA 2 coatings presented in Figure 3 and indicates the generally rather rigid and gel-like 

structure of the prepared bottlebrush coatings. AFM measurements on analogously prepared 

coatings on regular, applied PS culture dishes further support this conclusion. As illustrated in 

Figure 6, the structure of the bare PS substrates, which comprise a inhomogeneous, scratch-like 

roughness on the nanometer-scale (Figure 6a, d), is considerably altered after coating with a 

thermoresponsive bottlebrush layer. Although the initial roughness is not leveled and shows a 

marked increase upon coating, the characteristic morphology of the PS dishes is evidently lost 

(Figure 6b, e). In addition, images c and f in Figure 6, suggest that longer grafting times (30 

min) lead to a denser, less rough bottlebrush coating, which is in accordance with the slightly 

decreasing roughness of OGEA 3 coatings determined on Si model substrates (Table S1). 

Moreover, the characteristic particulate-like, “hairy” bottlebrush structure, which was evident 

from AFM images recorded on Si substrates (Figure 5, Figure S5), apparently translates onto 
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PS culture substrates (Figure 6e, f). These results further prove the viability of the surface-

initiated photografting of OGEA bottlebrushes from applied PS culture substrates. 

 

Figure 6. 2D surface topography of bare PS culture dishes (a, d) and PS culture dishes 

photografted with OGEA 3 coatings for 15 min (b, e) and 30 min (c, f) on a 5 µm (a, b, c)  and 

2 µm (d, e, f) scale measured in Milli-Q water at 20 °C by AFM in QNM mode. 

In addition to morphological changes, the material properties of the PS culture surfaces grafted 

with OGEA 3 layers markedly differ from those of bare PS substrates. Figures S6-S8 compare 

the deformation, the Young’s modulus (DMT modulus) and the adhesion measured by AFM 

via QNM in Milli-Q water at 20 and 37 °C. Although surface deformation is not significantly 

different from bare PS (Figure S7d, h), topological changes in the deformation images (Figure 
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S7a, b, c, e, f, g) clearly resemble the particulate-like bottlebrush structure of OGEA 3 coatings. 

The rather small deformation (~ 1-2 nm) of the coatings further indicates the stiffness of the 

bottlebrushes. In contrast, the Young’s modulus, which was calculated using the DMT 

(Derjaguin-Muller-Toporov) model, substantially decreased with increasing bottlebrush 

thickness from ~ 60-80 MPa for bare PS down do ~ 5 MPa for OGEA 3 coatings grafted for 30 

min (Figure S8). This clearly indicates the presence of a flexible, gel-like layer, which softens 

upon prolonged photografting and further suggests that the bottlebrush coatings exhibits a 

gradient-like profile with a more gel-like structure in proximity to the PS substrate and a more 

bottlebrush-like structure on the top of the coating. Compared to literature values, which 

suggest Young’s moduli of bare PS in the range of ~ 1 GPa59-60, the rather low values we 

obtained from our measurements (~ 60-80 MPa) presumably originate from the low indentation 

force applied (500 pN). In addition, the applied DMT model uses the force retraction curve to 

extract the Young’s modulus and is therefore highly sensitive towards adhesive interactions 

between the AFM tip and the surface, which might also contribute to the underestimated 

Young’s moduli of bare PS. Furthermore, adhesion forces between the AFM tip and the 

bottlebrush coatings are slightly shifted towards lower values as compared to bare PS substrates 

(Figure S9). In agreement with the measured contact angles, this illustrates the slightly more 

hydrophilic and hydrated nature of the OEGA coatings compared to PS, which results in a lesser 

degree of hydrophobic interactions between the polymer chains and the AFM tip as we reported 

previously for ultrathin PGE coatings on PS.32 Although the material properties of OGEA 

coatings slightly vary with temperature (Figure S7-S9), significant changes in deformation, 

Young’s modulus and adhesion could not be detected between 20 and 37 °C. This further 

indicates, that the OGEA side chains are mainly responsible for the temperature-dependent 

phase transition of the coatings and that the macroscopic changes in bottlebrush structure only 

occur to a negligible extend, as it was shown by ellipsometry and CA measurement (Figure 3, 

Figure 4). 
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Performance of OGEA Bottlebrush for Cell Sheet Fabrication 

Human dermal fibroblasts (HDFs) where cultured on thermoresponsive OGEA bottlebrushes 

to assess whether they support cell growth and constitute suitable substrates for the temperature-

triggered fabrication of confluent cell sheets. To compare cell adhesion to our previously 

developed PGE monolayers, HDFs were seeded on OGEA coatings with a density of 

1.6 x 105 cells cm-2. As illustrated in Figure S10a and b, initial cell adhesion after 4 h was poor 

on bottlebrush coatings based on OGEA 1 and 2 prepared via the non-optimized grafting 

method, as compared to tissue culture polystyrene (TCPS) control substrates (Figure 7c). Due 

to the relatively high seeding densities, cells recovered within 24 h of culture and formed 

adherent confluent monolayers. However, the formed HDF sheets detached spontaneously 

during culture in the incubator at 37 °C (N = 4). Interestingly, fibroblasts showed 

indistinguishable behavior on both coatings prepared from OGEA 1 with a more hydrophobic 

(GME:EGE 1:3) and OGEA 2 with a more hydrophilic comonomer ratio (GME:EGE 1:1). This 

illustrates that cellular behaviour is mainly governed by the porous structure of the bottlebrush 

coatings rather than the comonomer ratio of the side chains. Hence, both, weak initial cell 

adhesion and premature detachment of HDFs can be explained by the relatively hydrophobic 

nature of the coatings, which is introduced by porosity and surface roughness. As illustrated in 

Figure 2a and 4a, water CAs of OGEA 1 and 2 bottlebrushes prepared via photografting 

immediately after spin coating are above 80° at 20 °C and even approach values of ~ 90° under 

standard cell culture conditions at 37 °C. These values are in the range of untreated, bare PS, 

which is well known for its rather cell-repellant properties. We assume that the poor cell 

adhesion is caused by the retarded adsorption of cell adhesion-mediating proteins from cell 

culture medium to the surface due to the porous and side chain collapsed structure of the 

bottlebrush layers. Consequently, the protein-mediated attachment of HDFs is retarded. Upon 

applying the optimized grafting procedure to fabricate OGEA 2 coatings (1 kDa side chains), 

initial cell adhesion drastically improved (Figure S10c) due to the more hydrophilic nature of 
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the bottlebrushes (Figure 2 and 4). However, confluent HDF sheets still partially detached 

uncontrolled during incubation at 37 °C (3 out of 4 samples). In contrast, OGEA 3 coatings (0.5 

kDa side chains) with a similar hydrophilicity prepared by the non-optimized method allowed 

for the controlled detachment of HDF sheets (N = 2) upon reducing the temperature to 20 °C 

(Figure S10d). This indicates, that although both coatings exhibit a similar wettability, 

structural differences between bottlebrush coatings with 1 and 0.5 kDa side chains crucially 

influence cell behaviour. As illustrated in Figure 7, HDF sheets could be reproducibly 

fabricated on OGEA 3-based bottlebrush coatings prepared via the optimized grafting method 

utilizing irradiation times of 15 (Figure 7a) and 30 min (Figure 7b). Both substrates displayed 

cell-adhesive properties similar to those of TCPS controls (Figure 7c). OGEA 3 bottlebrushes 

grafted for 15 and 30 min possess CAs of about 65°, which is in the range of TCPS as well as 

in good agreement with PGE-based monolayer coatings.30-33, 56-57 Evidently, grafted OGEA 3 

bottlebrush layers successfully facilitate the controlled detachment of confluent HDF sheets 

within 37.0 ± 8.4 (N = 6) and 46.8 ± 16.8 min (N = 6), respectively, upon cooling from standard 

cell culture conditions (37 °C) to 20 °C. HDF detachment times are in a similar realm as 

reported for PGE brushes on glass and PS culture substrates,31, 33 which on first glance 

contradicts the enhanced swelling properties observed for PNIPAm gels which had 5% of a 

PNIPAm macromonomer incorporated to obtain comb-like gels.23 However, the detected 

insignificant changes in HDF detachment times from OGEA bottlebrush substrates and PGE 

monolayers are reasonable, as the rather rigid bottlebrush coatings do not further trigger cell 

sheet detachment by significant macroscopic, vertical swelling. Hence, the main driving force 

for the detachment of HDF sheets from OGEA layers seems to be the temperature-induced 

change in side chain hydration, which is in accordance to the proposed mechanism of HDF 

sheet detachment from PGE monolayers.31-33 Similar detachment times were observed from 

Dworak and co-workers, who harvested confluent HDF monolayers from POEGMA brushes 

immobilized on glass culture substrates within ~ 30 min by lowering the temperature to 
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17.5 °C.26-27 Prolonged UV-irradiation times in the fabrication of the coatings did not yield an 

improved cell response. 

Figure 7. Representative phase contrast images of HDFs 4 h (a, b, c) and 24 h (d, e, f) after 

seeding and macroscopic photographs of the culture dishes after temperature reduction to 

20 °C (g, h, i) on OGEA 3 coatings prepared via 15 and 30 min UV-irradiation and TCPS 

controls. Only OGEA 3-coated dishes released HDF sheets when triggered thermally. 

In addition, live-dead assays showed that HDF stayed viable on OGEA 3 bottlebrush coatings, 

similar to HDFs cultured on standard TCPS substrates (Figure S11). These results clearly 

demonstrate the utility of OGEA-based bottlebrush coatings as a thermoresponsive platform for 

cell sheet fabrication. 
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CONCLUSION 

We applied the „grafting from” macromonomer approach to functionalize PS culture substrates 

with thermoresponsive OGEA bottlebrush coatings via surface-initiated photografting under 

bulk conditions. As the first report utilizing this technique, we obtained rigid, porous, gel-like 

coatings with structure- and temperature-dependent wetting properties, which we adjusted via 

the grafting procedure, irradiation time and the molecular weight of OGEA macromonomers. 

Culture experiments with HDFs showed that adhesion of cells to the substrates at 37 °C can be 

tuned via the coating structure and that confluent HDF sheets can be harvested from the 

bottlebrush substrates at 20 °C via the temperature-induced rehydration of thermoresponsive 

OGEA side chains. Due to the broad spectrum of attainable properties, the coatings developed 

in this work constitute excellent prospects for cell sheet fabrication and as “smart” substrates 

for various tissue culture and biomedical applications. The versatility of the presented 

photografting process with respect to the copolymerization of OGEA macromonomers of 

different molecular weights and comonomer compositions potentially allows the manufacture 

of thermoresponsive coatings with finely tuned properties. In summary, the presented coating 

strategy does not only constitute an efficient and scalable process for the manufacture of PGE-

based thermoresponsive coatings, but further embodies a method to extend the attainable 

coating properties in terms of introducing novel layer architectures. In the future, this might not 

only offer an extended applicability of PGE-based coatings for the fabrication of new types of 

cell sheets, but also enable an in-depth investigation of the underlying mechanism of cell sheet 

detachment, especially regarding the roles of temperature-induced macroscopic swelling versus 

changes in coating hydration on the nanoscale. 

ASSOCIATED CONTENT 
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and water CA measurements, bottlebrush coating morphology and material properties 

investigated by AFM, cell adhesion and detachment studies and viability assay. 
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Materials 

Materials for synthesis and surface modification. All chemicals and solvents were supplied by 

Sigma Aldrich (Steinheim, Germany) and used without further purification unless otherwise 

stated. GME and EGE were supplied by TCI GmbH (Eschborn, Germany), dried and distilled 

over CaH2 and stored over 3 Å molecular sieve. CaH2 (93%) and benzophenone (BP, 99%) 

were purchased from Acros Organics (Geel, Belgium). EtOK (24 wt.-% in EtOH), triethylamine 

(TEA, ≥  99.5%) and acrylic acid chloride (AAC, 98%) were acquired from Sigma-Aldrich 

(Steinheim, Germany). Sodium sulfate (Na2SO4, 99%) and 3 Å molecular sieve were purchased 

from Carl Roth GmbH + Co. KG (Karlsruhe, Germany). Sodium bicarbonate (NaHCO3, 

99.5%) was supplied by Grüssing GmbH Analytica (Filsum, Germany). THF was predried via 

the solvent system MB SPS-800 from M. Braun GmbH (Garching, Germany), refluxed with 

elemental sodium and a pinch of benzophenone and subsequently distilled on 3 Å molecular 

sieve before use. Diethyl ether (Et2O) was purchased from VWR Chemicals (Fontenay-sous-

Bois, France or Leuven, Belgium) and distilled before use to remove BHT stabilizer. Ethanol 

was distilled under reduced pressure before use to remove impurities. Silicon (Si) wafers cut in 

to pieces (11 x 11 mm) were supplied by Silchem GmbH (Freiberg, Germany) and washed with 

ethanol and dried under a stream of N2. 

Materials for cell culture. Falcon® PS culture dishes (d = 35 mm) were purchased from Th. 

Geyer GmbH & Co. KG (Berlin, Germany) and tissue culture PS (d = 35 mm) were supplied 

by VWR International (Leuven, Belgium). Dulbecco’s modified Eagle medium (DMEM 4.5 

g/L glucose #31966-021 and DMEM 1 g/L glucose #21885108), dispase II (#17105-041), 

Penicillin-Streptomycin (#15140122), and trypsin/EDTA solution (#15400054) were 

purchased from Thermo Fisher Scientific (Darmstadt, Germany). Accutase® solution (#A6964), 

propidium iodide (#P4170) and fluorescein diacetate (#F7378) were supplied by Sigma Aldrich 

(Steinheim, Germany). Fetal bovine serum was purchased from PAN-Biotech GmbH (#P30-

3306, Aidenbach, Germany) and from Biochrom (#S 0615, Berlin, Germany). Collagenase 
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NB4 (#17454) was supplied by Serva GmbH (Halle, Germany). All further expendable cell 

culture materials were purchased from Sarstedt (Nümbrecht, Germany). 

Methods 

Polymer Synthesis and Characterization. Polymerizations were carried out in a 

“Plazmatronika” multi-mode microwave reactor (Warsaw, Poland) with a frequency of 2.45 

GHz and a maximum power of 300 W. Oligomers were centrifuged at 0 °C and 10000 rpm for 

20 min using a Rotina 380 R centrifuge from Hettich GmbH & Co.KG (Tuttlingen, Germany). 

1H and 13C NMR spectra were recorded on a Joel ECX at 400 MHz and 100 MHz, respectively, 

and processed with the software MestReNova (version 7.1.2). Chemical shifts were reported in 

δ (ppm) and referenced to the respective deuterated solvent peak (CDCl3). Gel permeation 

chromatography (GPC) was conducted in tetrahydrofuran (THF) as eluent at a concentration of 

3.5 mg mL-1 and a flow rate of 1 mL min-1 at 25 °C using an Agilent 1100 Series instrument. 

Three 7.5 x 300 mm PLgel (PSS, Mainz, Germany, particle size: 5 µm) mixed-C columns 

(Agilent, Waldbronn, Germany) were used in-line. Calibration was performed with PS 

standards from PSS (Mainz, Germany), a refractive index (RI) detector was used and 

calculations were performed with PSS Win-GPC software. 

Surface Modification and Characterization. A WS-650-23 spin coater from Laurell 

Technologies Corporation (North Wales, PA, USA) was used for spin coating. PS solutions 

were prepared using PS from Falcon® culture dishes (Mn=132 g mol-1, PDI=1.9) supplied by 

Th. Geyer GmbH & Co. KG (Berlin, Germany). Static water contact angles (CAs) were 

measured using the sessile drop method using an OCA contact angle system from DataPhysics 

Instruments GmbH (Filderstadt, Germany). CAs were determined before and after surface 

functionalization and fitted with the software SCA202 (version 3.12.11). For fitting, the Young-

Laplace model was applied on a drop of Milli-Q water (2 µL) which was placed onto the 

respective surface. Temperature-dependent CA measurements were performed in a tempered 
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humidity chamber. Samples were equilibrated for at least 30 min at 37 °C and a drop of Milli-Q 

water (2µL) was dispensed and immediately deposited on the samples. To test for homogeneity 

and reproducibility, on each sample, CAs on at least three different spots and at least four 

independent substrates (n = 4) were measured. To determine the dry layer thickness of the 

coatings, spectroscopic ellipsometry was applied at an incident angle of 70° using a SENpro 

spectroscopic ellipsometer from SENTECH Instruments GmbH (Berlin, Germany). The 

thickness of the SiO2 layer and of the spin-coated PS layer were determined separately and 

respective average values of at least three different spots on the surface were taken and their 

average values were fixed for the subsequent modeling of the adsorbed BP and spin coated 

OGEA layers. The thickness of the adsorbed BP intermediate layer was measured and a Cauchy 

layer with a fixed refractive index of 1.601 averaged from literature values was used for fitting.1 

OGEA layer thicknesses were modeled using the Bruggeman effective medium approximation 

(EMA)2 and fitted assuming mixtures of OGEA bottlebrushes with air or water. For 

photografting, samples with spin coated OGEA layers were irradiated with UV light using a 

UV-KUB 2 from KLOÉ (Montpellier, France) with a wavelength of 365 nm and an irradiance 

of 25 mW cm-2 (100%) for 15-30 min. AFM measurements were performed on an AFM 

Nanoscope MultiMode 8 equipped with a fluid cell and a thermal application (TA) controller 

from Bruker (Billerica, MA, USA). The morphology and material properties of the PGE-3.0 

coatings was measured in PeakForce QNM (Quantitative NanoMechanics) mode. Coated Si 

wafers were mounted on the AFM head, degassed Milli-Q water was inserted into the liquid 

cell and the TA controller was set to the desired temperature (37 or 20 °C) and equilibrated for 

at least 10 min prior to each measurement. To obtain high resolution images with reduced 

sample damage, SNL-10 cantilevers from Bruker (Billerica, MA, USA) with a nominal spring 

constant of 0.3 N m-1 and a tip radius of 2-12 nm were used, and images were recorded with a 

loading peak force of 500 pN, 512 points per line and scan rates of 1.0 Hz. Obtained images 

were analyzed with the Nanoscope analysis software (version 1.4) and processed using 1st order 
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flattening. Roughness and depth analysis tools were used to obtain the surface parameters. 

Microscopic images of HDFs were taken on a Zeiss Observer Z1 from Carl Zeiss Microscopy 

GmbH (Jena, Germany). The software Zen 2 Version 2.0.0.0 from Carl Zeiss Microscopy 

GmbH (Jena, Germany) was used for evaluation. A Nikon D3100 from Nikon GmbH 

(Düsseldorf, Germany)  was used to take macroscopic photographs of the culture substrates. 

Synthesis of  the Oligo(glycidyl ether)s 

Oligo(glycidyl ether)s (OGE)s were synthesized in bulk via oxy-anionic ROP using 

microwave- or conventional heating according to the following procedure. A 50 mL Schlenk 

flask equipped with a magnetic stir bar and a rubber septum was flame-dried and flushed with 

argon at least three times. The flask was loaded with the EtOK initiator solution and the solvent 

EtOH was removed by distillation. The remaining initiator salt was dried under high vacuum at 

80 °C for 2 h and kept under an inert argon atmosphere. The Schlenk flask was cooled down to 

20 °C using a water bath and the monomers GME and EGE were added to dissolve the initiator. 

For the synthesis of OGEs with a targeted molecular weight of 1 kDa, homogeneous solutions 

were obtained after 2 h. Subsequently, the flask was placed in a multi-mode microwave reactor 

and the solution was heated under constant stirring utilizing three irradiation cycles. Each 

irradiation cycle consisted of three 1 min heating periods at a power of 50% each (150 W), 

which were followed by 2 min cooling periods at a power of 0% (0 W). In case OGEs with a 

molecular weight of 500 Da were targeted, the monomer/initiator mixture was stirred for 2 h at 

20 °C, slowly heated up to 50 °C within a period of 1 h until the suspension turned into a 

homogeneous solution, and stirred overnight (20 h) at 50 °C. The reaction mixtures were cooled 

to rt., quenched with Milli-Q water (1 mL) and stirred for 30 min. The products were dissolved 

in Et2O (10-20 mL), dried over anhydrous Na2SO4 and filtered. After storing the solutions in 

the fridge overnight, potassium salts were centrifuged off and the polymer solutions were 

decanted. The solvent was evaporated, and viscous, slightly yellow oils were obtained. 
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OGE 1 (1 kDa, GME:EGE = 1:3, end groups: EtO/OH). EtOK (2.0 mL, 5.0 mmol), GME (1.1 

mL, 12.7 mmol), EGE (4.1 mL, 38.0 mmol). Yield:  4.91 g (98%). 1H-NMR (400 MHz; CDCl3): 

δ 3.91 (s, 1 H, CHOH); 3.76-3.38 (m, 46 H, polymer backbone + OCH2CH3); 3.32 (s, 11 H, 

OCH3); 1.18-1.14 (m, 12 H, OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 78.9-78.6 

(CH2CH(CH2OR)O); 72.9-72.6 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.9-66.8 

(OCH2CH3); 59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

OGE 2 (1 kDa, GME:EGE = 1:1, end groups: EtO/OH). EtOK (2.0 mL, 5.0 mmol), GME (2.4 

mL, 26.3 mmol), EGE (2.9 mL, 26.3 mmol). Yield: 4.75 g (95%). 1H-NMR (400 MHz; CDCl3): 

δ 3.90 (s, 1 H, CHOH); 3.76-3.42 (m, 58 H, polymer backbone + OCH2CH3); 3.32 (s, 7 H, 

OCH3); 1.19-1.14 (m, 20 H, OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 79.6-78.9 

(CH2CH(CH2OR)O); 73.0-72.8 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.6 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.8 (OCH2CH3); 

59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

OGE 3 (0.5 kDa, GME:EGE = 1:1, end groups: EtO/OH). EtOK (2.0 mL, 5.0 mmol), GME 

(2.4 mL, 26.3 mmol), EGE (2.9 mL, 26.3 mmol). Yield:  4.84 g (97%). 1H-NMR (400 MHz; 

CDCl3): δ 3.90 (s, 1 H, CHOH); 3.75-3.42 (m, 62 H, polymer backbone + OCH2CH3); 3.32 (s, 

5 H, OCH3); 1.19-1.14 (m, 23 H, OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 79.6-78.9 

(CH2CH(CH2OR)O); 73.0-72.5 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.8 (OCH2CH3); 

59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

Synthesis of Oligo(glycidyl ether) Acrylates 

OGEs were dried in a Schlenk flask at 70 °C under high vacuum for 2 h. The oligomers were 

dissolved in dry THF, TEA was added, and the reaction mixtures were cooled to 0 °C using an 

ice bath. AAC was added dropwise, the flasks were wrapped in aluminum foil and the reaction 
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mixtures were stirred overnight (20 h) while warming to rt. (20 °C). After adding Milli-Q water 

(1 mL) and stirring at rt for 30 min to hydrolyze excess AAC, the products were dissolved in 

Et2O (20 mL) and salts as well as the excess of the formed acrylic acid were extracted with 

aqueous, saturated NaHCO3 at least three times. The organic phase was collected, dried over 

anhydrous Na2SO4, filtered, and the solvent was evaporated under reduced pressure while 

protecting the macromonomers from light to prevent premature polymerization. Slightly 

viscous, yellow oils were obtained. 

OGEA 1 (1 kDa, GME:EGE = 1:3, end groups: EtO/OC(O)CHCH2). OGE 1 (3 g, 3 mmol), 

AAC (0.37 mL, 4.5 mmol), TEA (0.64 mL, 4.5 mmol), THF (10 mL). Yield: 87%. Conversion: 

95%. 1H-NMR (400 MHz; CDCl3): δ 6.38 (dd, 1 H, OC(O)CHCH2); 6.11 (dd, 1 H, 

OC(O)CHCH2); 5.79 (dd, 1 H, OC(O)CHCH2); 5.13 (m, 1 H, CHROC(O)CHCH2); 3.76-3.38 

(m, 46 H, polymer backbone + OCH2CH3); 3.32 (s, 11 H, OCH3); 1.18-1.14 (m, 12 H, 

OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 165.7 (OC(O)CHCH2); 130.9 

(OC(O)CHCH2); 128.7 (OC(O)CHCH2); 78.9-78.6 (CH2CH(CH2OR)O) + 

CH2CH(CH2OR)OC(O)CHCH2); 73.9-73.8 (CH(CH2OR)OH); 72.9-72.6 (CH(CH2OCH3); 

71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 (CH2CH(CH2OR)O + 

CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.9-66.8 (OCH2CH3); 59.3 (OCH3); 

15.3 (OCH2CH3) ppm. 

OGEA 2 (1 kDa, GME:EGE = 1:1, end groups: EtO/OC(O)CHCH2). OGE 2 (3 g, 3 mmol), 

AAC (0.37 mL, 4.5 mmol), TEA (0.64 mL, 4.5 mmol), THF (10 mL). Yield: 82%.  Conversion: 

94%. 1H-NMR (400 MHz; CDCl3): δ 6.40 (dd, 1 H, OC(O)CHCH2); 6.13 (dd, 1 H, 

OC(O)CHCH2); 5.80 (dd, 1 H, OC(O)CHCH2); 5.15 (m, 1 H, CHROC(O)CHCH2); 3.76-3.38 

(m, 74 H, polymer backbone + OCH2CH3); 3.32 (s, 8 H, OCH3); 1.18-1.14 (m, 26 H, OCH2CH3) 

ppm. 13C-NMR (101 MHz; CDCl3): δ 165.7 (OC(O)CHCH2); 130.9 (OC(O)CHCH2); 128.7 

(OC(O)CHCH2); 78.9-78.6 (CH2CH(CH2OR)O + CH2CH(CH2OR)OC(O)CHCH2); 73.9-73.8 
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(CH(CH2OR)OH); 72.9-72.6 (CH(CH2OCH3); 71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 

(CH2CH(CH2OR)O + CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.9-66.8 

(OCH2CH3); 59.3 (OCH3); 15.3 (OCH2CH3) ppm. 

OGEA 3 (0.5 kDa, GME:EGE = 1:1, end groups: EtO/OC(O)CHCH2). OGE 3 (4 g, 8 mmol), 

AAC (1.0 mL, 12.1 mmol), TEA (1.67 mL, 12.1 mmol), THF (10 mL). Yield: 80%. 

Conversion: 96%. 1H-NMR (400 MHz; CDCl3): δ 6.38 (dd, 1 H, OC(O)CHCH2); 6.11 (dd, 1 

H, OC(O)CHCH2); 5.79 (dd, 1 H, OC(O)CHCH2); 5.13 (m, 1 H, CHROC(O)CHCH2); 3.76-

3.38 (m, 46 H, polymer backbone + OCH2CH3); 3.32 (s, 11 H, OCH3); 1.18-1.14 (m, 12 H, 

OCH2CH3) ppm. 13C-NMR (101 MHz; CDCl3): δ 165.7 (OC(O)CHCH2); 130.9 

(OC(O)CHCH2); 128.7 (OC(O)CHCH2); 78.9-78.6 (CH2CH(CH2OR)O) + 

CH2CH(CH2OR)OC(O)CHCH2); 73.9-73.8 (CH(CH2OR)OH); 72.9-72.6 (CH(CH2OCH3); 

71.7-71.6 (CH2CH(CH2OR)OH); 71.0-69.7 (CH2CH(CH2OR)O + 

CH3CH2OCH2CH(CH2OR)O + CH2CH(CH2OR)OH); 66.9-66.8 (OCH2CH3); 59.3 (OCH3); 

15.3 (OCH2CH3) ppm. 
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Characterization of OGEA Bottlebrushes via Ellipsometry and Water CA Measurements 

Figure S1. Layer thickness (a) and refractive index (b) of OGEA films after spin coating (SC) 

and after irradiation with UV light for 15 min determined by ellipsometry (N = 3, error bars 

indicate SEM). 

Figure S2. Dry layer thickness of bottlebrush coatings prepared by irradiation of bulk OGEA 

films with UV light for 15 and 30 min directly after spin coating (a) and after a 3 h resting 

period (b) determined by ellipsometry. Thicknesses are plotted for each replicate together with their 

mean value (dashed line) and their 90% confidence interval (whiskers). 
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Figure S3. Static water CAs of bottlebrush coatings prepared by irradiation of bulk OGEA 

films with UV light for 15 and 30 min directly after spin coating (a) and after a 3 h resting 

period (b) determined by the sessile drop method (2 µL). CAs are plotted for each replicate together 

with their mean value (dashed line) and their 90% confidence interval (whiskers). 

Figure S4. Temperature-dependent static water CAs of OGEA 2 (a) and OGEA 3 (b) irradiated 

with UV light for 30 min determined by the sessile drop method (2 µL) using a tempered 

humidity chamber. Bare PS substrates are shown as controls. CAs are plotted for each replicate 

together with their mean value (dashed line) and their 90% confidence interval (whiskers). 
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Bottlebrush Coating Morphology and Material Properties by AFM in QNM Mode 

Figure S5. 2D and 3D surface topography and cross section profiles of 2 µm images of OGEA 

2 coatings at 20 °C (a, b, c) and 37 °C (d, e, f) as well as OGEA 3 coatings at 20 °C (g, h, i) and 

37 °C (j, k, l) on PS-coated Si wafers prepared via 15 min UV-irradiation and measured in 

Milli-Q water by AFM in QNM mode. 
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Figure S6. 3D surface topography (a) and cross section profile (b) of a 1 µm images of bare PS 

spin-coated on a Si wafer measured in Milli-Q water at 20 °C using AFM in QNM mode. 

Table S1. Main roughness parameters obtained from 5 and 2 µm QNM images measured by 

AFM. Values for the root-mean squared roughness Rq, mean roughness Ra, and maximal 

roughness Rmax (peak to valley vertical variation) in Milli-Q water at 20 and 37 °C for OGEA 2 

and 3 coatings grafted for 15 and 30 min (N = 3). 

OGEA t [min] T [°C] Rq ± SD [nm] Ra ± SD [nm] Rmax ± SD [nm] 

2 15 20 2.12 ± 0.09 1.68 ± 0.06 13.28 ± 1.12 

37 2.30 ± 0.25 1.80 ± 0.14 26.67 ± 1.48 

30 20 2.86 ± 0.46 2.23 ± 0.39 31.65 ± 9.24 

37 2.94 ± 0.38 2.34 ± 0.31 22.78 ± 11.16 

3 15 20 1.27 ± 0.07 1.01 ± 0.05 24.06 ± 9.72 

37 1.25 ± 0.05 0.99 ± 0.03 16.34 ± 7.07 

30 20 1.09 ± 0.01 0.87 ± 0.01 12.00 ± 2.17 

37 1.12 ± 0.02 0.89 ± 0.02 9.43 ± 1.46 
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Figure S7. Representative deformation images (2 µm) of a bare PS culture dish (a, e) in 

comparison to PS culture dishes photografted with OGEA 3 for 15 min (b, f) and 30 min (c, g) 

measured in Milli-Q water at 20 (a, b, c) and 37 °C (e, f, g) by AFM in QNM mode and 

associated comparative depth histograms (d, h). 

Figure S8. Representative images (2 µm) of the Young’s modulus (DMT modulus) of a bare 

PS culture dish (a, e) in comparison to PS culture dishes photografted with OGEA 3 for 15 min 

(b, f) and 30 min (c, g) measured in Milli-Q water at 20 (a, b, c) and 37 °C (e, f, g) by AFM in 

QNM mode and associated comparative depth histograms (d, h). 
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Figure S9. Representative adhesion images (2 µm) of a bare PS culture dish (a, e) in comparison 

to PS culture dishes photografted with OGEA 3 for 15 min (b, f) and 30 min (c, g) measured in 

Milli-Q water at 20 (a, b, c) and 37 °C (e, f, g) by AFM in QNM mode and associated 

comparative depth histograms (d, h). 
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Cell Adhesion and Detachment Studies and Viability Assays 

Figure S10. Representative phase contrast images of HDFs 4 h (a, b, c, d) and 24 h (e, f, g, h) 

after seeding and macroscopic photographs of the culture dishes after temperature reduction to 

20 °C (I, j, k, l) on OGEA 1, 2 and 3. 

Figure S11. Representative phase contrast images of HDFs 4 and 16 h after seeding on OGEA 

3 coatings (a, b) prepared via the optimized grafting protocol with 15 min UV-irradiation and 
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TCPS controls (d, e) and respective images of live/dead staining (c, f) with fluorescein diacetate 

(green) and propidium iodide (red). 
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4 Summary and Conclusions 

In this work, thermoresponsive glycidyl ether-based coatings on applied PS tissue culture 

substrates were developed and utilized for the temperature-triggered fabrication of cell sheets. 

With the objective to establish efficient, scalable and transferable coating procedures, both 

“grafting to” and “grafting from” approaches were pursued in order to covalently immobilize 

thermoresponsive PGE and OGEA coatings based on the two monomers GME and EGE onto 

common PS tissue culture substrates. In both approaches, UV-induced photografting was 

utilized and BP was either used as a PGE-bound immobilizing agent for C, H-insertion 

(“grafting to”) or as a photoinitiator for the surface-initiated free radical polymerization of 

OGEAs (“grafting from”). 

In the first part of the work in hand, functionalization of PS culture substrates with PGE 

monolayers via the “grafting to” approach was pursued. In order to obtain thermoresponsive 

PGEs with a reactive anchor for covalent immobilization on PS, a photo-reactive BP epoxide 

monomer was synthesized. Using the monomer-activated anionic ROP, block copolymers with 

a random, high molecular weight thermoresponsive block comprising GME and EGE and a 

short, hydrophobic BP block were synthesized via sequential monomer addition. In the 

following, the PGE block copolymers were adsorbed onto PS substrates from dilute ethanolic 

solution to form stable, ultrathin, sub-nanometer (0.7 ± 0.1 nm) layers, which exhibit a pancake-

like structure. QCM-D experiments indicated that the physical adsorption of PGEs was not only 

driven by the hydrophobic BP anchor block, but also by an inherent affinity of PGE towards 

the PS substrates. The adsorbed layers were subsequently immobilized on the substrates via 

their BP anchor block by UV-induced C, H-insertion and their ultrathin, pancake-like 

conformation was confirmed by ellipsometry measurements, a significant change in water CA 

from the bare PS to the PGE-coated PS substrates, as well as by AFM force-distance 

measurements, which showed a significant reduction in the adhesion force between the AFM 

tip and the substrates after applying the PGE coatings. Although protein adsorption from serum-

containing cell culture medium monitored by QCM-D measurements only showed moderate 

increase in the amount of adsorbed proteins on PGE coatings, as compared to bare PS surfaces, 

and the protein adsorption was significantly lower than on hydrophilic TCPS substrates, cell 

adhesion studies revealed, that HDF proliferation was comparable on both, PGE coatings and 

standard TCPS culture substrates. In addition, HDFs could be reproducibly cultured and 

detached as confluent monolayers from PGE-coated PS culture substrates, whereas they did not 

proliferate to confluency on bare PS and did not detach in a temperature-triggered manner from 
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TCPS nor PGE-coated TCPS substrates. In summary, these results strongly indicate, that the 

adhesion of HDFs on PS substrates is mediated by the ultrathin PGE coatings. In addition, the 

detachment of confluent HDF sheets is based on a cooperative effect comprising the 

temperature-triggered, partial rehydration of PGE chains and the inherent cell repellant nature 

of the hydrophobic PS substrate, which presumably lowers cell adhesion strength and helps to 

facilitate reproducible cell sheet detachment. As the first report on functional, thermoresponsive 

coatings in the sub-nanometer range, the utilization of ultrathin PGE coatings as culture 

substrates for cell sheet fabrication reveals the importance of the nature of the substrate 

material, its interaction with the thermoresponsive polymer coating and its influence on cell 

adhesion and detachment. Furthermore, the reliable detachment of HDF sheets from ultrathin 

PGE coatings demonstrates, that only small changes in surface hydration upon temperature 

reduction can be sufficient to render the substrates cell repellant. From both, the materials 

science as well as the tissue engineering point of view, the study of ultrathin PGE coatings 

constitutes a valuable contribution for an improved understanding of the structure-property 

relationship and the formulation of generalized design guidelines for thermoresponsive coatings 

on applied tissue culture substrates.  In addition, the material-efficient coating process via 

adsorption from dilute ethanolic solution and rapid UV curing represents a scalable and 

substrate geometry-independent method for the manufacture of various substrate types and is 

therefore potentially suitable for the large-scale production of functional cell culture substrates. 

To extend the range of applicability of PGE monolayers “grafted to” PS substrates with regards 

to more demanding cell lines, an adsorption protocol for the directed self-assembly of PGE 

block copolymers was established. To this effect, the phase transition and aggregation 

behaviour PGE block copolymers comprising a hydrophobic BP anchor block in aqueous 

solution was investigated. Temperature-dependent UV-Vis turbidimetry and DLS 

measurements revealed, that the BP-driven aggregation of PGE block copolymers could be 

minimized under dilute conditions and at temperatures well below the CPT of PGE. Under these 

conditions, water constitutes a selective solvent from which the block copolymers self-assemble 

onto PS substrates via the selective physical adsorption of the hydrophobic BP anchor block. 

In this manner, PGE monolayers with a brush-like conformation were obtained and 

subsequently immobilized by irradiation with UV light to yield stable, covalently attached 

coatings. AFM measurements revealed that the brushes undergo a reversible rehydration in 

water, when the temperature is decreased from standard cell culture conditions (37 °C) to room 

temperature (20 °C). In addition, theoretical estimation of the grafting density via the packing 

parameter (2Rf l-1) showed that the PGE brushes are well within the brush regime and in a 
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similar realm as self-assembled PGE monolayers on gold as well as PGE block copolymers 

adsorbed to glass substrates. In contrast to gold and glass surfaces, which are non-adhesive 

towards thermoresponsive PGE chains, the inherent adhesive nature of PGE towards PS, which 

was confirmed by QCM-D measurements, indicated a temperature-modulated pancake-to-

brush transition of the PGE monolayers, as compared to the mushroom-to-brush transition 

which was observed for PGE brushes on gold and glass. Compared to ultrathin PGE coatings, 

PGE brushes showed improved proliferation of endothelial cells (HUVECs). Hence, the brush 

coatings were tested for the culture and detachment of tree different cell sheet types, namely 

HDFs, HAoSMCs and HUVECs, which are the main constituents in vascular tissue, in order to 

provide a thermoresponsive platform for the fabrication of artificial blood vessels. The 

detachment of HDF, HAoSMC and HUVEC sheets with viabilities comparable to cells cultured 

on standard TCPS substrates was facilitated by the PGE brush coatings. However, cell culture 

studies evidently displayed the paramount importance of the applied culture conditions, 

particularly the cell seeding density, the chosen culture time as well as the degree of 

supplementation of the used culture medium, on the successful and temporally controlled 

detachment of the respective cell monolayers. This illustrates the importance of both, cell 

culture conditions and thermoresponsive coating properties for the successful fabrication of cell 

sheets. In conclusion, glycidyl ether-based monolayers have shown to be a potent 

thermoresponsive platform for the detachment of different types of cell sheets from application 

relevant PS culture substrates. The general design parameters for PEG brushes, which were 

established on gold model surfaces and transferred to applied glass substrates, were successfully 

applied to self-assembled PGE brush coatings on hydrophobic PS surfaces. Further, this study 

has shown that a significant role can be ascribed to the nature of the substrate material with 

regards to the VPTT of the thermoresponsive coating as well as regarding cell adhesion and 

detachment. In addition, cell sheet detachment from PGE brushes was reliably triggered via the 

partial rehydration of PGE chains at 20 °C. As one of the first reports on self-assembled 

thermoresponsive brush coatings on an applied tissue culture material, the results presented in 

this work constitute a valuable contribution to the field of thermoresponsive surfaces for tissue 

culture applications and are relevant to a broader scientific community. 

In the second part of this work, a fast and solvent-free synthetic pathway to OGEA 

macromonomers, which are suitable for surface-initiated radical photografting, was developed 

utilizing microwave heating. The microwave-assisted oxy-anionic ROP proved to be a 

convenient and viable method for the synthesis of OGEs under bulk conditions, which was 

found to be due to the rapid and uniform heating during microwave irradiation. In fact, a 
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comparison of the reaction rate to conventional heating, which was performed as a control 

experiment under autoclave conditions, revealed that the fast reaction rates can be solely 

attributed to the high temperatures reached within the microwave reactor. Further, the 

thermoresponsive properties of the OGEs in aqueous solution matched those of OGEs 

synthesized via the conventional polymerization method and even extended the previously 

established property profile of thermoresponsive PGEs. The results presented in this work 

clearly indicated an exponential increase in PGE CPTs in aqueous solution with decreasing 

molecular weight. This is due to the lower local concentration in solutions containing low 

molecular weight OGEs, which delays the dehydration and consequent aggregation of polymer 

chains upon increasing the temperature. In addition, in situ acrylation of OGEs was established 

as a method to obtain OGEAs in a one-pot procedure, which constitutes a practical synthetic 

pathway to directly obtain reactive macromonomers. Besides being a valuable contribution to 

the polymer science community, the microwave-assisted polymerization of OGEAs bears 

potential for technical scale-up, e.g., by utilizing a continuous reaction setup, and therefore 

introduces a possible pathway for large-scale industrial implementation. 

Based on the synthesized OGEAs, a photografting process was developed to functionalize PS 

culture substrates with thermoresponsive bottlebrush coatings via a “grafting from” approach. 

The “grafting from” of OGEA macromonomers was successfully established under bulk 

conditions using macromonomer films which were spin-coated onto PS substrates comprising 

pre-adsorbed layers of the photoinitiator BP. Thermoresponsive coatings with porous, rather 

rigid, gel-like bottlebrush structures were obtained, as it was confirmed by ellipsometry, water 

CA and AFM measurements. Depending on the molecular weight and comonomer composition 

of the OGEA macromonomers as well as on the chosen grafting conditions, the porous structure 

and, hence, the wetting properties of the coatings could be adjusted ranging from moderately 

hydrophobic and therefore cell adhesive to hydrophobic and therefore rather cell repellant at 

both ambient temperature (20 °C) and under standard cell culture conditions (37 °C). Further, 

temperature-dependent CA and ellipsometry measurements indicated the reversible, 

temperature-modulated rehydration of OGE bottlebrush side chains within the coatings. Using 

HDFs as an eligible model cell line, confluent cell sheets were harvested from OGEA 

bottlebrushes in a controlled manner after optimizing the coating structure and grafting 

conditions. Most interestingly, HDF sheet detachment was found to be triggered by the 

temperature-modulated rehydration of the bottlebrush side chains, since the macroscopic 

collapse and swelling of the gel-like coatings upon temperature variation was not observed. In 

contrast, significantly increased water CAs at 37 °C indicated the dehydration of OGEA 
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bottlebrush side chains on the nanometer-scale. Such a macroscopic, temperature-dependent 

change in wettability has not been observed for PGE monolayer coatings. This proves that 

thermoresponsive coatings based on PGEs undergo a temperature-dependent change in 

hydration, which is amplified by introducing surface roughness and porosity into the coatings, 

as it is the case for the presented OGEA-based bottlebrushes. As the first report of surface-

tethered, thermoresponsive bottlebrushes on an applied tissue culture material, the coatings 

developed in this work have high potential to expand the attainable properties of 

thermoresponsive, glycidyl ether-based substrates. This is mainly owed to their constrained 

conformation comprising densely grafted OGE side chains, which are a unique feature of 

bottlebrushes in general, and may further allow access to coatings with specific mechanical 

properties. Due to the myriad of alterable parameters embodied within the developed grafting 

process, such as the monomer composition and molecular weight, the potential use of various 

co-macromonomers, the monomer deposition method as well as the irradiation procedure, 

OGEA coatings are promising prospects for an expanded range of application of glycidyl ether-

based coatings, especially for the fabrication of various types of cell sheets, e.g., particularly 

regarding the detachment of highly adhesive cells. 

The results of this work demonstrate that PGE-based coatings can be fabricated on applied PS 

culture substrates by convenient, material-efficient and substrate geometry-independent coating 

methods. As compared to other techniques, such as the rather expensive EBP or synthetically 

sophisticated CRP, utilization of simple photochemistry based on BP is energy-efficient and 

constitutes a versatile approach, which offers high transferability. The presented studies further 

illustrate the accessibility of PGE coatings with different architectures and properties, which 

makes them excellent prospects as functional substrates for the detachment of a myriad of 

different cell sheets with further use in tissue engineering. 

In addition, the hydrophobic PS culture substrates were found to have a profound effect on the 

adhesion and detachment of HDFs from ultrathin PGE monolayers as well as on the structure, 

conformation and thermal response of PGE brushes. Most interestingly, temperature-dependent 

physical characterization of the fabricated coatings indicated that cell sheet detachment is 

induced by slight changes in polymer hydration on the molecular level, since macroscopic 

changes in wettability could only be attested for the developed bottlebrush coatings and was 

neither observed for ultrathin PGE monolayers nor PGE brushes. As it is often reported in 

literature, the successful fabrication of cell sheets, e.g., from PNIPAm coatings, is usually 

explained by distinct temperature-dependent changes in coating hydrophilicity and/or a 

macroscopic swelling, which triggers cell sheet detachment mechanically. However, the 
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findings of this work indicate that macroscopic changes in wettability and/or swelling of 

thermoresponsive coatings is not always necessary to successfully fabricate cell sheets. Hence, 

the presented studies entail valuable results for the formulation of a generalized cell detachment 

mechanism and therefore strongly encourage in-depth investigations on the roles of the 

thermoresponsive coatings, the culture substrate and the used cell types in cell sheet 

detachment. With respect to thermoresponsive PGE-based coatings, there is reason to assume 

that the degree of polymer hydration may be substantially different from PNIPAm-based 

coatings, both, below and above the VPTT. In this regard, the comparative characterization of 

PGEs and PNIPAm in solution and on surfaces by complementary methods, such as NMR, 

DSC, QCM-D and ellipsometry, might elucidate differing observations with respect to cell 

sheet fabrication. 
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5 Outlook 

Preliminary experiments have already shown, that brush coatings based on self-assembled PGE 

block copolymer monolayers can be adsorbed and immobilized on other culture substrate 

materials, in particular on PET, PC and NC. Since these materials are not only available as 2D 

bulk substrates but are also commonly manufactured as membranes, an investigation on the 

effect of substrate porosity on cell adhesion and sheet detachment constitutes a worthwhile 

subject to be studied in a future work. This is not only due to the supposedly enhanced 

rehydration of the thermoresponsive coatings through the porous substrates, but also due to the 

flexibility of the membrane materials, which has already shown to be convenient for cell sheet 

transplantation or transfer to complex, artificial 3D tissue constructs and scaffolds. In addition, 

the different chemical properties as well as the different hydrophilicities of the available 

substrate materials might introduce the possibility for an in-depth study regarding the influence 

of the substrate material on the VPTT of PGE coatings, which would further contribute to a 

better understanding of surface-tethered, self-assembled thermoresponsive monolayers. In this 

regard, in-depth studies on the degree of polymer and coating hydration at 20 and 37 °C by 

complementary methods, such as by NMR spectroscopy and DSC of PGE solutions as well as, 

e.g., QCM-D measurements of PGE coatings, might help to provide a more detailed,

generalized cell sheet detachment mechanism.

In addition to the coating structures presented and discussed in this work, the statistical 

copolymerization of epoxide monomers comprising photo-reactive BP moieties via the 

monomer-activated oxy-anionic ROP offers a route for the fabrication of thermoresponsive 

hydrogels. It was already shown that PGE-based hydrogel coatings can be immobilized and 

crosslinked on PS substrates and that hydrogel thickness can be adjusted using the spin coating 

technique. Preliminary experiments have shown that such hydrogels can be used to detach HDF 

sheets, however, further fine-tuning of the temperature-induced swelling/deswelling of the PGE 

hydrogels via their thickness, comonomer composition as well as their degree of crosslinking 

by simultaneous retention of cell-adhesive properties at 37 °C are still necessary in order to 

obtain thermoresponsive substrates with reliable properties. 

Perspectively, the OGEA bottlebrush coatings developed in this work have a high potential to 

be successfully transferred to various substrate materials, such as PET, PC, PVDF or NC, which 

are commonly used in tissue engineering, as well as for biomedical applications in general. Due 

to their unique physical properties and porous structure, thermoresponsive bottlebrushes are not 

only excellent prospects in the field of cell sheet fabrication and as a foundation for cell sheet-
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based 3D tissue engineering, but also constitute worthwhile systems regarding their 

investigated for applications such as biosensing or bioseparation. The convenient accessibility 

of OGEA macromonomers via the potentially scalable, one-pot, microwave-assisted synthesis 

further underpins their utility as functional materials for surface functionalization, and possibly 

also as macromonomers for the synthesis of thermoresponsive molecular devices. To this end, 

the synthesis of OGEA bottlebrushes via a CRP method and the investigation of their 

thermoresponsive properties in aqueous solution might elucidate their potential regarding 

further applications. 
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6 Kurzzusammenfassung / Short Summary 

6.1 Kurzzusammenfassung 
Im Rahmen der vorliegenden Arbeit wurden thermoresponsive Beschichtungen auf Basis von 

Polyglycidylethern (PGE) für angewandte Polystyrol (PS) Zellkultursubstrate entwickelt. Zur 

Funktionalisierung von PS mittels „Pfropfung“ wurden hierfür thermoresponsive 

Blockcopolymere synthetisiert. Durch die sequenzielle, monomer-aktivierte, oxy-anionische 

ringöffnende Polymerisation wurden Blockcopolymere mit einem langen, thermoresponsiven 

Block, sowie einem kurzen, hydrophoben Benzophenon (BP) Ankerblock hergestellt. Diese 

bilden auf PS nach Adsorption und anschließender Immobilisierung des BP Ankerblocks durch 

Bestrahlung mit UV Licht ultradünne Schichten aus, welche die Adhäsion humaner dermaler 

Fibroblasten (HDFs) vermitteln. Durch Absenken der Temperatur lassen sich konfluente HDF 

Monolagen ernten, wobei das Ablösen der Zellschichten auf der partiellen Rehydratisierung der 

PGE Schicht sowie den zellabweisenden Eigenschaften des PS Untergrunds beruht. In der 

Folge wurden selbstassemblierte Monolagen auf Basis von PGE Blockcopolymeren unter 

selektiven Löslichkeitsbedingungen hergestellt und durch UV Bestrahlung kovalent auf PS 

Substraten verankert. Die so erhaltenen Polymerbürsten unterlaufen bei 

Temperaturerniedrigung einen „Pfannkuchen-zu-Bürsten“ Übergang und eigene sich zur 

temperaturgesteuerten Herstellung von Zellmonolagen bestehend aus HDFs, humanen glatten 

Muskelzellen und humanen Endothelzellen, welche die Grundbausteine zur Herstellung von 

künstlichen Blutgefäßen darstellen. Um PS Substrate mittels „Pfropfpolymerisation“ zu 

funktionalisieren, wurde die lösungsmittelfreie, Mikrowellen-unterstützte Synthese von 

wohldefinierten Oligoglycidylethern (OGEs) entwickelt. Diese weisen molekulargewichts- und 

konzentrationsabhängige thermoresponsive Eigenschaften in wässriger Lösung auf. Kurze 

Reaktionszeiten konnten ausschließlich den hohen erreichten Temperaturen während des 

Mikrowellen Prozesses zugeschrieben werden. Des Weiteren wurden OGE Acrylat 

Makromonomere durch Quenchen der ringöffnenden Polymerisation in situ synthetisiert. PS 

Substrate konnten in der Folge durch oberflächeninduzierte Photopolymerisation von OGE 

Acrylaten funktionalisiert werden. Die hierdurch erhaltenen molekularen Flaschenbürsten 

weisen eine poröse, steife und gelartige Struktur auf und eignen sich aufgrund der 

Rehydratisierung von thermoresponsiven OGE Seitenketten zum Ablösen konfluenter HDF 

Monolagen. Zusammenfassend wurden in der vorliegenden Arbeit einfache Methoden zur 

Funktionalisierung angewandter PS Zellkultursubstrate mit thermoresponsiven PGE 

Beschichtungen etabliert. Diese weisen ein hohes Potential als funktionelle Substrate zur 

Herstellung konfluenter Zellmonolagen auf.  
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6.2 Short Summary 
Within this work, thermoresponsive coatings based on poly(glycidyl ether)s (PGEs) were 

developed for applied polystyrene (PS) tissue culture substrates. Following the “grafting to“ 

approach, block copolymers comprising a random, high molecular weight, thermoresponsive 

block and a short, hydrophobic benzophenone (BP) block were synthesized via the sequential, 

monomer-activated, oxy-anionic ring-opening polymerization (ROP). Ultrathin layers in the 

sub-nanometer range were immobilized on PS by physical adsorption and UV-induced 

C, H-insertion of PGE block copolymers via their photo-reactive BP anchor block. The coatings 

mediated the adhesion of human dermal fibroblasts (HDFs) and allowed the temperature-

triggered detachment of confluent cell sheets. HDF sheet detachment was found to be induced 

by the cooperative effects between the partial rehydration of the PGE chains and the cell 

repellant PS substrate background. In order to improve the performance of PGE monolayers, 

block copolymers were subsequently self-assembled on PS substrates from dilute aqueous 

solution under selective solvent conditions. UV immobilization yielded thermoresponsive 

polymer brushes, which undergo a “pancake-to-brush” transition upon temperature reduction. 

The improved structure and thermal response of the brush-like PGE coatings as well as the 

optimization of cell culture parameters facilitated the fabrication of confluent HDF, human 

aortic smooth muscle cell (HAoSMC) and human umbilical vein endothelial cell (HUVEC) 

sheets, which constitute the main building blocks of blood vessels. To functionalize PS culture 

substrates via the “grafting from” approach, a solvent-free, microwave-assisted synthesis of 

well-defined oligo(glycidyl ether)s (OGEs) was developed. Fast reaction rates could be solely 

attributed to the high reaction temperatures reached during microwave heating and the obtained 

oligomers exhibited highly molecular weight- and concentration-dependent CPTs in water. 

Further, end-functional oligo(glycidyl ether) acrylate (OGEA) macromonomers were 

synthesized by in situ quenching of the oxy-anionic ROP. Subsequently, a photopolymerization 

process was developed to graft OGEA macromonomers from PS culture substrates. Surface-

initiated photografting from bulk macromonomer films yielded porous, rigid, gel-like OGEA 

coatings with unique bottlebrush properties. Bottlebrushes with optimized structure proved to 

be functional coatings for the fabrication of HDF sheets. The controlled detachment of cell 

sheets was found to be triggered by the rehydration of OGEA bottlebrush side chains rather 

than a macroscopic swelling of the gel-like coatings upon temperature reduction. In summary, 

this work introduces facile methods for the functionalization of applied PS tissue culture 

surfaces with thermoresponsive, PGE-based coatings and demonstrates their high potential as 

functional substrates for cell sheet fabrication.  
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