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Introduction 

 

1. Introduction 

Polymeric materials that rapidly respond to external stimuli such as light, mechanic stress, 

redox potential, pH or temperature are valuable for applications as self-healing surfaces, 

actuators, biosensors or drug delivery systems.1-6 Temperature-induced polymer responses 

are particularly interesting due to their ease of implementation, relevance to biological 

processes, and the robustness of many biological systems to moderate temperature variations. 

Polymers in solutions can respond to temperature shifts by undergoing solvation changes, 

leading to phase separation into a polymer phase and a solvent phase. Polymers that demix 

upon rising temperature, thus, exhibit lower critical solution temperature (LCST) behavior, 

while those that demix upon decreasing temperature exhibit upper critical solution temperature 

(UCST) behavior.7 Technically, the LCST is strictly defined as the minimum of the binodal curve 

in a phase diagram (Figure 3),8 but for the sake of readability, the term is used interchangeably 

to describe the general phenomenon in the following text, irrespective of the polymer 

concentration. 

Polymers with LCST behavior in aqueous solutions below the human body temperature 

(~37 °C) are especially relevant in biomedical applications.4 As cell culture substrates, 

thermoresponsive polymers enable temperature-controlled cell detachment. Conceptually, the 

dehydrated polymer coating is adhesive to proteins and cells above the LCST, allowing cell 

attachment and proliferation. Reducing the temperature below the LCST then induces coating 

hydration, making it unfavorable for protein and cell interactions. Consequently, cultured cells 

detach from the surface, available for tissue replacement, wound healing, or for disease or 

drug screening models.5, 9 A major advantage of this method is the preservation of cell-cell 

junctions and the extracellular matrix (ECM), providing a viable cell environment. This contrasts 

with biochemical disruption of cells through trypsinization or physical disruption through 

scraping, both of which damage cell junctions and the ECM, causing unnecessary stress to 

cultured cells (Figure 1).10, 11 
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Figure 1. (a) Impact of chemical or physical disruption on cultured cells. (b) Temperature-triggered 

detachment of a whole cell sheet with intact cell junctions and ECM matrix from a thermoresponsive 

PIPAAM polymer layer with a photograph of a detached sheet. (a) and (b) adapted with permission from 

Kobayashi et al.11 Copyright 2019 John Wiley and Sons. 

In practice, successful utilization of LCST-type polymers as thermoresponsive coatings for 

reliable cell culture and detachment platforms depends on several polymer properties and 

optimization steps. The polymer must be biocompatible to avoid cytotoxicity and adverse 

effects on cell functions like metabolism, proliferation, and gene expression.12 Parameters such 

as coating architecture, thickness, grafting or crosslinking density, and surface roughness must 

be optimized to ensure proper cell adhesion at culture conditions (37 °C) and detachment 

(usually at room temperature, ~20 °C). These parameters may need further specific 

adjustment for distinct cell types.5, 11, 13 Additionally, the coating must remain stable during 

application and storage time. Lastly, compatibility with common heat, gas or radiation 

sterilization techniques is essential for a translation into biomedical field.  

1.1. LCST-type polymers for cell culture applications 

Although a wide variety of neutral LCST-type polymers has been described in the literature,7 

only a few polymer classes have been emphasized for cell culture applications. A common 

feature of these polymers is the structural diversity of the foundational monomers, which allows 

for fine-tuning of the LCST behavior. The first discovered and most studied LCST-type polymer 

is poly(N-isopropyl acrylamide) (PIPAAM), belonging to the class of poly(acryl amide)s 

(PAAM).8, 9, 14, 15 Thermoresponsive poly(oxazoline)s (POX) are structural isomers of PAAM 

polymers, with amides incorporated into the polymer backbone.16 They are furthermore 

considered a more stable alternative to water soluble poly(ethylene glycol) (PEG) due to the 

higher oxidation stability of amide bonds compared to ether bonds.17 Another polymer class 

that initially emerged as an alternative to PEG is poly(oligoethylene (meth)acrylate) 

(POEG(M)A). In this group, (meth)acrylic acids esterified with oligoethylene chains, usually 
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comprising one to eight repeating units and terminated either with a hydroxyl or short alkoxy 

group, enable a wide range of LCST fine-tuning.18, 19 Structurally, PEG chains can also be 

tuned thermoresponsive by incorporating short alkyl chains, e. g., through the incorporation of 

propylene oxide (PPO)20 or alkoxy side chains on the polyether backbone. The integration of 

alkoxy groups can be achieved through the polymerization of glycidyl ethers to poly(glycerol 

ether) (PGE), with different alkoxy chain lengths, guiding the LCST fine-tuning.21 Polymer 

examples used directly for successful cell sheet detachment along with exemplary LCST 

values are shown in Figure 2. 

  

Figure 2. Examples of polymer structures, and their respective LCST values, that have been 

successfully utilized for cell sheet fabrication, from left to right: PIPAAM, poly(isopropyl oxazoline) 

(PIPOX), poly(tri(ethylene glycol) monoethyl ether methacrylate) (PTEGMA) and poly(glycidyl methyl 

ether-r-ethyl glycidyl ether) (P(GME-r-EGE)).22-25 

Several parameters of PIPAAM coatings have been investigated, including substrate type, 

layer thickness, coating methods and structures.25-28 Modifications such as the incorporation 

of ionic comonomers, cell-adhesive peptides or patterned structures have also been 

examined.29-31 Electron beam polymerization of IPAAM monomer on tissue culture polystyrene 

(TCPS) surfaces, popularized by Okano and coworkers, led to the creation of the first 

commercial thermoresponsive dish for cell culture, UpCell™.32, 33 However, the e-beam method 

requires expensive equipment and can suffer from batch-to-batch reproducibility issues.24, 25, 

34 Additionally, the extensive literature on PIPAAM surfaces encompasses highly diverse 

across various substrate types, complicating the extraction of general design guidelines. This 

issue may stem from the differing requirements of various cell types, such as human umbilical 

vein endothelial cells (HUVEC) or smooth muscle cells (SMC), which require either specific 

PIPAAM modifications or alternative coating procedures, thereby limiting the general 

applicability.30, 35, 36  

Research on PIPAAM alternatives has shown that POEGMA polymers often lack intrinsic 

protein and cell-adhesion properties, thus requiring modification with cell adhesion-enhancing 

peptides for cell sheet preparation.13 Few reports of cell sheet detachment from POX surfaces  

also rely either on extensive modifications37 or grafting processes in acetonitrile, limiting their 
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applicability on PS, TCPS or PC substrates, due to limited solvent resistance.23, 38, 39 In 

consequence, functional POEGMA or POX coatings on application relevant PS, TCPS, PET 

or PC substrates or the detachment of different human cell types have not been reported so 

far.  

PGE brush systems on glass, PS, and TCPS surfaces have emerged as a promising platform 

for versatile cell sheet fabrication.40, 41 HUVECs, human aortic SMC and human dermal 

fibroblasts (HDF) can be cultured on PGE brush coatings immobilized on PS substrates22 and 

a recent report demonstrated the modulation of dendritic cells for regenerative purposes on 

unmodified PGE brushes and hydrogels.42 The structured approach of grafting well-

characterized polymer chains to gold, glass, PS, TCPS, PC and PET surfaces renders PGE 

brushes a viable candidate for investigating structure-property relationships in 

thermoresponsive phase transitions.43, 44 However, limited long-term stability and susceptibility 

to degradation under sterilization conditions due to chain oxidation and scissoring, similar to 

PEG, can limit the translation potential of PGE chains.45-47 

A polymer alternative to PGE, designed with temperature transition fundamentals and rational 

guidelines could provide a more robust cell sheet fabrication platform. Developing a 

straightforward well-defined coating procedure for cell sheet fabrication, along with thorough 

characterization in solution and on surfaces would be an important step toward universally 

functional cell culture substrates for temperature-triggered cell sheet fabrication. Studies of 

thermoresponsive properties of PGE coatings can furthermore help to identify beneficial traits 

and provide meaningful comparisons with established and newly designed alternative 

polymers and coatings, especially when prepared in similar brush systems. 

1.2. Fundamentals of a LCST transition 

The solubility of a polymer in water can be described thermodynamically using the Gibbs 

mixing energy (ΔGm), which includes enthalpic (ΔHm) and entropic (ΔSm) contributions, as well 

as the influence of temperature T, as shown in equation (1). 

ΔGm = ΔHm - T•ΔSm         (1) 

The polymer becomes soluble when ΔGm is negative and vice versa. The enthalpic contribution 

of a LCST-type polymer is usually given through the water interactions with the polymer chain, 

either through hydrogen bonds with hydrophilic polymer elements (e. g. amides, hydroxyl, 

carbonyl, or ether groups) or by forming an ordered shell around hydrophobic polymer 

elements with enhanced water hydrogen bonds. This leads to a negative enthalpic contribution, 

similar to the dissolution enthalpies of small alkanes in water known as the hydrophobic 

effect.48, 49 However, an entropic penalty for ordered water molecules results in a negative ΔSm, 
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as opposed to a pure combinatorial approach for polymer-water mixing, which always results 

in ΔSm > 0. Hence, the entropy part of ΔGm is positive, and with rising temperature, the entropic 

penalty outweighs the enthalpic contribution, resulting in a positive ΔGm, the breakup of the 

ordered water shell and demixing of the polymer solution. At the turning point where ΔGm 

equals zero (assuming temperature independent ΔHm and ΔSm) the demixing temperature Tm 

for a specific concentration can be obtained through equation (2).50 

Tm = ΔHm / ΔSm         (2) 

Thus, the LCST transition is considered entropy-driven, as opposed to UCST transitions.51 In 

practice, LCST transitions are often concentration dependent. Determining Tm values with 

increasing polymer content in the mixture can then be used to create a polymer phase diagram 

with the binodal curve. The lowest Tm value defines the LCST point with the corresponding 

value of the lower critical polymer concentration (LCSC) (Figure 3).50, 51 

 

Figure 3. Schematic phase diagram for a polymer-solvent mixture exhibiting LCST behavior. 

The determination of Tm values in solution is commonly conducted through turbidimetric UV/Vis 

measurements, dynamic light scattering (DLS), nuclear magnetic resonance spectroscopy 

(NMR) or differential scanning calorimetry (DSC), among other techniques. It is important to 

note that all results also depend on measurement parameters, and measurement conditions 

should be specified or ideally standardized for meaningful comparison.51, 52 Turbidimetry and 

DLS measurements detect changes in polymer aggregation, providing the cloud point 

temperatures (Tcp), which can be considered as the equivalent to the thermodynamic Tm. DSC 

measurements detect the endothermic disruption of water-polymer hydrogen bonds during 

phase separation. However, some thermoresponsive polymers exhibit transitions in 

turbidimetry, but not in DSC measurements, such as IPAAM copolymers with 2-

hydroxyisopropylacrylamide P(IPAAM-co-HIPAAM), as shown in Figure 4. 
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Figure 4. (a) The structure of thermoresponsive P(IPAAM-co-HIPAAM) copolymer with variable 

comonomer ratio according to n and m. (b) Turbidimetry curves of 1 w/v % copolymers in water with 

0, 10, 20, 30, 40, 50 and 80% HIPAAM content (from left to right). (c) DSC diagrams of 10 w/v % 

copolymers in water with 0, 10, 30, 50 and 80% HIPAAM content (from top to bottom). (a) adapted with 

permission from Maeda et al.53 and (b) and (c) adapted with permission from Maeda et al.54 All copyrights 

2006 American Chemical Society. 

DSC analysis shows that the dehydration of the polymer chains decreases with rising HIPAAM 

content, revealing two different transition types. The first type is the coil-to-globule (CTG) 

transition (or liquid-solid phase separation), where the hydrated random coil collapses into a 

compact, water depleted polymer globule upon dehydration. This transition is typical for 

PIPAAM and also occurs in POX and PGE polymers.55, 56 The second type involves the more 

hydrophilic copolymers with at least 50% HIPAAM content, which undergo a liquid-liquid phase 

separation (LLPS), forming a coacervate with polymer-rich droplets, which still contain water 

and a polymer-depleted water phase. This behavior is also observed in PEG-PPO copolymers, 

several POEGMA polymers and poly(4-hydroxybutyl vinyl ether) polymers.20, 57, 58 The 

crossover from a liquid-solid to a liquid-liquid phase separation type with increasing HIPAAM 

content is illustrated in Figure 5. 
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Figure 5. Schematic change of phase transition behavior from liquid-solid to liquid-liquid phase 

separation of P(IPAAM-co-HIPAAM) copolymers with rising HIPAAM content. Adapted with permission 

from Maeda et al.53 Copyright 2006 American Chemical Society. 

It is important to note that the transition type is a spectrum, and therefore polymers can exhibit 

varying degrees of dehydration upon the LCST transition. Polymers exhibiting LLPS behavior 

can be utilized in drug delivery and bioseparation applications.59-61 However, cell sheet 

fabrication coatings without additional adhesion-enhancing modifications are usually based on 

CTG polymer types, such as PIPAAM or PGE, likely due to the inherent hydrophilicity of LLPS 

type polymers (e. g. POEGMA derivatives) even in the collapsed state, which does not facilitate 

cell adhesion.58, 62 

1.3. Design principles for non-ionic LCST polymers 

For the successful design of a LCST polymer, monomer structures with the appropriate 

amphiphilic balance are essential. Balancing structural elements capable of hydrogen bonding, 

such as ether, hydroxy, amine, amide or sulfoxide groups, with hydrophobic counterparts leads 

to the continuous discovery of new thermoresponsive polymers. Some of these polymers also 

show a dual response to a second trigger, such as oxidative environments or pH changes.63-66 

The quality of the hydrogen donor/acceptor (e. g. hydroxy or ether groups)67, the accessibility 

of the group (e. g. unshielded hydroxy groups in HIPAAM and shielded amide groups in IPAAM 

or ether groups in PGE) and the quantity (e. g. several ether groups in POEGMA polymers 
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with long side chains) govern the transition type between LLPS and CTG and naturally affect 

the location of the LCST. These effects can be exemplarily illustrated through isomeric polymer 

structures, e. g. of PAAM and POX derivatives and POEG(M)A isomers in Figure 6. 

 

Figure 6. Structures and Tcp values of isomeric thermoresponsive PAAM8, 68, 69 (a), POX70 (b) derivatives 

and isomeric POEG[M]A71, 72 derivatives (c). For PHPA, the most available and researched structure is 

presented.73, 74 Structural isomeric differences are highlighted. (a-c) adapted from Schweigerdt et al.75 

under CC-BY 4.0 license. 

The Tcp values of PAAM and POX polymers are influenced by varying degrees of hydrophobic 

shielding of the amide group. In PAAM polymers, the amide groups are shielded by the 

hydrophobic propyl group and the aliphatic backbone. In contrast, POX polymers have more 

accessible backbone-incorporated amides, resulting in a Tcp increase of ~4 °C in isomeric 

poly(N-n-propylacrylamide) (PNNPAM) and poly(n-propyl oxazoline) PNPOX as well as 

PIPAAM and poly(isopropyl oxazoline) (PIPOX).8, 68, 70 Smaller hydrophobic moieties, as in 

poly(N,N-ethylmethyl acrylamide) (PNEMAM), significantly increase the LCST due to reduced 

amide shielding and entropic penalty required to solubilize the small hydrophobic groups and 

establish amide hydrogen bonds.69 The opposite effect is seen when comparing isopropyl to 

n-propyl groups, as branched groups induce a smaller entropic penalty, resulting in higher Tcp 

values.48, 50 The difference between a strong (hydroxyl) and moderate (ether) hydrophilic 

moiety in isomeric polymers is demonstrated between the swellable PMEA and 

thermoresponsive PHPA and PHEMA polymers. However, Tcp values of PHPA between 20-60 

°C significantly depend on the concentration and the molecular weight (M).73, 74 Similarly 

PHEMA polymers show a broad transition range for polymers with M ≤ 6 kDa and become 
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insoluble, and thus only swellable, above this molecular weight.71 Polymers with several 

ethylene oxide units are in turn more hydrophilic, resulting in thermoresponsive or fully soluble 

polymers.18, 76, 77 

Fine tuning of LCST values is achieved through copolymerization, covering the temperature 

range between the LCST values of the homopolymers, as demonstrated with groups of POX, 

POEG(M)A and PGE copolymers.19, 76, 78 It is also feasible to use similarly designed monomers, 

if further functionalization is necessary. For instance, carboxyl groups for possible pH control 

and post-functionalization of PIPAAM were incorporated through copolymerization with acrylic 

acid (AA) or 2-carboxyisopropyl acrylamide (CIPAAM), resembling the structure of IPAAM with 

an additional carboxyl group. Incorporation of 5% AA to PIPAAM resulted in an ~10 °C increase 

of the Tcp value, while incorporating 5% CIPAAM did not affect the Tcp at physiological 

conditions (pH = 7.4).29 

Further parameters influencing the LCST value include the molecular weight of the polymers 

and polymer end groups.65, 79, 80 Higher molecular weight usually leads to lower LCST values 

due to higher local polymer concentrations of longer chains, which can enable hydrophobic 

aggregation at lower temperatures. However, the differences become less pronounced with 

increasing molecular weight.79, 80 Higher molecular weights also diminish the influence of 

hydrophobic or hydrophilic end groups, which can accordingly decrease or increase the LCST 

value.65, 80 

1.4. Transfer to thermoresponsive surfaces 

The first step towards a thermoresponsive surface coating is the choice of an appropriate 

coating architecture, which then determines the suitable fabrication method. Various coating 

designs with diversely elaborate procedures have been described, ranging from simply 

physically adsorbed thermoresponsive polymer layers to hydrogels, brushes, bottlebrushes, 

and patterned brush architectures (Figure 7). The latter, for example, can allow simultaneous 

co-culture and harvesting of several cell types.24, 31, 81-84 

 

Figure 7. Schematic structures of various coating architectures used for cell sheet fabrication. 

Hydrogel formation is a straightforward process, originating directly from monomers 

crosslinked via e-beam, plasma or UV irradiation, or from polymers with statistically 
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copolymerized crosslinkers.5, 9, 42, 85, 86 A prominent example is the commercialized PIPAAM-

based UpCell™ surface, prepared through e-beam irradiation of IPAAM monomer solution in 

isopropanol directly on a TCPS surface.9 However, these hydrogels often have ill-defined 

structures due to random crosslinking, leading to batch variation that can hinder proper 

structure-property relation analysis.25 

A more defined approach is provided through surface coatings in the form of brush structures. 

Brush coatings are primarily characterized by the grafting density (GD) and molecular weight 

of the polymer chains, which translate to brush length and coating thickness. Control over 

these parameters helps to optimize the brush coatings systematically on a molecular level, 

e. g. to achieve optimal antifouling performance or desired cell culture and detachment 

control.40, 87-90 For instance, PIPAAM brushes allow cultivation and detachment of HUVEC cells, 

while PIPAAM hydrogels only support HUVEC culture after additional modification with cell 

adhesion enhancing arginyl-glycil-aspartic acid (RGD) peptide motif.30, 36 Optimizing the 

grafting conditions for PIPAAM brushes helped to identify ideal cell sheet fabrication conditions 

on glass90, while optimizing PGE brush thickness through grafting density has determined the 

optimal grafting range on PS and TCPS surfaces, avoiding premature or hampered cell 

detachment.40 Structure control further renders brush coatings valuable candidates for 

structure-property relationship studies of thermoresponsive behavior on surfaces.40, 91-93 Thus, 

parametrized brush functionalization further enhances surface design for an optimal 

performance. 

Copolymerization and patterning techniques allow for defined layer-by-layer structures and 

multifunctional patterned surface structures.94, 95 For example, PIPAAM brushes with patches 

of n-butyl methacrylate (BMA) grafted on PIPAAM chains enabled the simultaneous cultivation 

of endothelial cells and hepatocytes and lowering the temperature allowed the detachment of 

the co-cultured cell sheets.31 

1.4.1. Grafting-to and grafting-from approaches for brush fabrication 

Generally, the preparation of brush surfaces can be approached via a grafting-from or grafting-

to methods (Figure 8). Grafting-from procedures are mostly performed via controlled radical 

polymerization (CRP) techniques, such as atom transfer radical polymerization (ATRP) or 

reversible addition fragmentation chain transfer (RAFT),96, 97 although examples of free radical 

polymerization from the surface are also reported.36 For this procedure, an initiator or chain 

transfer agent is immobilized on the surface and immersed into a monomer solution, which 

can include additional components, such as copper catalysts for ATRP, to initiate the reaction. 

Grafting density can be controlled through the degree of initiator immobilization, with high 

quantity immobilizations enabling grafting densities over 1.0 chains nm-2 on planar surfaces.98, 
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99 Typical initiators containing alkyl halides for ATRP or di- or trithiocarbonate moieties for RAFT 

can be fixed on glass, silicon and gold substrates.24, 100, 101 Further grafting-from strategies from 

polymer surfaces, such as PS or PMMA, are also reported.25, 36, 102 Polymerization conditions 

with high monomer concentration or continuous monomer feed can enable brush thicknesses 

over 100 nm.103 The main disadvantage of grafting-from strategies is the limited 

characterization potential, usually only encompassing surface morphology and layer 

thickness.94 Molecular weight characteristics can be analyzed with chains obtained through 

cleavable surface linkers, but are instead often approximated from solution-polymerized 

chains, despite poor comparison potential.104 Grafting densities are often estimated through 

initiator density, neglecting the initiator’s reaction potential and thus non-activated initiator 

moieties.27, 94 

 

Figure 8. Schematic depiction of a grafting-to procedure via favored surface-anchor interactions (a) and 

a grafting-from procedure via surface-initiated polymerization process (b). Adapted from Morgese et al., 

2017,105 with permission from Elsevier.  

CRP techniques can polymerize (meth)acryl based monomers, rendering them suitable for the 

fabrication of PIPAAM and POEGMA based brush coatings,97 but not for the living 

polymerization of POX or PGE polymers. However, all these polymers can be used for brush 

coating fabrication via the grafting-to technique.43, 44, 105, 106 As the name indicates, coatings are 

fabricated through covalent immobilization of polymer chains to the selected surface. Besides 

polymer versatility, the advantage of this method is that the polymers can be thoroughly 

characterized for their molecular weight, polydispersity and thermoresponsive behavior prior 

to immobilization.94 After the immobilization process, grafting density can be calculated based 

on polymer density and coating thickness. However, grafting densities are limited since the 

polymer chains occupy more space, resulting in lower densities than brushes obtained via 

grafting-from methods at comparable molecular weights. Still, brush coatings with chains 

stretched above the solvated random coil conformation, are achievable through grafting 

process optimization, such as multi-step adsorption with flushing procedures and optimized 

solvation.40, 43, 93  
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The covalent immobilization of polymer chains is accomplished through reactive end groups. 

An anchoring layer on the surface may be required, necessitating additional modification, or 

the reactive end group can immobilize through specific surface attraction and suitable reactive 

pathways. For example, a poly(glycidyl methacrylate) anchoring layer was used to immobilize 

carboxyl terminated POX polymers of various molecular weights in brush formations.93 It is 

also possible to graft POX chains directly from the polymerization solution using surface-

immobilized termination groups.38 Common immobilization procedures rely on click-chemistry 

reactions, such as azide-alkyne cycloaddition or thiol-ene reactions.107, 108 The latter can be 

conveniently performed with polymers synthesized via RAFT polymerization, followed by 

cleavage of the transfer agent to obtain the thiol group.108 No surface modification is required 

for chemisorption of thiol-terminated polymers on gold surfaces, which creates stable gold-

sulfur bonds.109 Since gold surfaces are otherwise chemically inert and do not readily interact 

with polymer chains, they can be used as non-interacting substrates for model studies of self-

assembly and characterization of brush surfaces,110 e. g. with the surface plasmon resonance 

(SPR) or quartz crystal microbalance with dissipation monitoring (QCM-D) techniques.43, 78, 89, 

108, 111 

Another convenient immobilization approach, suitable for unmodified polymer substrates, is 

the use of photoreactive crosslinkers. Utilizing UV light as an activation source is an effective 

way to excite electrons and induce reactions, while avoiding thermal exposure. Additionally, 

hydrophobic reactive molecules can preferably interact with hydrophobic polymer surfaces, 

allowing directed adsorption or self-assembly. Benzophenone (BP) moieties are frequently 

used due to their effective excitation wavelength of ~350 nm, which minimizes the adverse 

effects on DNA, proteins, cells, or polymer structures. In addition, functional groups can be 

incorporated into the benzophenone structure, allowing it to be integrated into polymer, protein 

or dye molecules prior to the crosslinking process. Consequently, BP is often used in biological 

studies for bioconjugation, labeling or mapping molecule-protein interactions.112, 113 BP also 

exhibits good chemical and solvent stability, including polar solvents and water and is non-

reactive under ambient light. A common photoinduced reaction pathway of BP, the C-H 

insertion, is shown in Scheme 1. 
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Scheme 1. C-H insertion with structures of benzophenone (BP) in its ground state (1), biradical triplet 

state after excitation (2), ketyl radical intermediate after hydrogen abstraction (3) and recombination 

product with the remaining radical moiety R'• to complete the crosslinking process (4).114, 115 

Upon suitable excitation, the n-π* or π-π* electron transitions convert the BP moiety (1) into 

an excited singlet state S1 or S2, respectively. Electrons from S2 state rapidly undergo an 

internal conversion to S1 and the energetically similar triplet states T2 and T1 facilitate efficient 

intersystem crossing into the triplet biradical state (2), which is considered the most reactive 

of several possible structures (Figure 9).114 

 

Figure 9. The Jablonski diagram of the photoinitiated electron transitions in benzophenone. Adapted 

with permission from Dormán et al.116 Copyright 2016 American Chemical Society.  

Since photorelaxation (phosphorescence) from the T1 state is “forbidden” by the laws of 

quantum mechanics, the triplet state can persist up for several µs, depending on the solvent 

and the type of the R group.115, 117 This stability allows for the execution of the C-H insertion 

(Norrish type II) crosslinking process, which begins with the formation of ketyl radical (3) after 

rapid hydrogen adsorption from a nearby aliphatic C-H or O-H bond (with a strong preference 

for C-H bonds). The subsequent recombination of the ketyl radical 3 and remaining radical 

leads to the comparably slow formation of the crosslinked product 4, as BP must return into a 

singlet state for the recombination. However, cross recombination occurs an order of 

magnitude faster than self-recombination with another ketyl radical, ensuring an effective 

crosslinking pathway.117 

Benzophenone can be utilized in several ways to prepare thermoresponsive surfaces. BP 

adsorbed on poly(dimethyl siloxane) (PDMS) layers was used to fabricate grafted-from 

PIPAAM hydrogels via photoinitiated surface polymerization.118 Similarly, BP adsorbed on PS 
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surfaces induced a grafting-from procedure for PGE-based bottlebrush systems.83 Introducing 

BP moieties into polymer chains for grafting-to strategies can be achieved through simple 

copolymerization of suitable benzophenone functionalized monomers (e.g. benzophenone 

acrylamide with IPAAM) 86, 119, 120 or through post-functionalization reactions.42, 44 Hydrogels of 

PIPAAM and PGE polymers with incorporated benzophenone groups were fabricated on PS 

or TCPS substrates via spin-coating or adsorption processes and crosslinked through 

irradiation.42, 86, 120 PGE copolymers terminated with short BP-blocks were also successfully 

selectively adsorbed and grafted to PS, TCPS, poly(ethylene terephthalate) (PET) and 

polycarbonate (PC) surfaces in brush regime through the design of appropriate BP linkers, 

which enhanced the affinity to the polymer surfaces.44 The visualization of the selectivity 

approach on PS and TCPS is shown in Figure 10. 

 

Figure 10. Affinity visualization of tailored BP anchoring units to TCPS (a) and PS (b) substrates for a 

directed self-assembly of PGE brushes. Adapted from Stöbener et al., 2021,40 with permission from 

Elsevier. 

1.4.2. RAFT polymerization 

Narrow dispersed polymer chains are required to fabricate homogeneous brush coatings with 

chains of similar length. The living polymerization procedures of POX and PGE polymers are 

well suited for narrow dispersed polymer synthesis but are incompatible with IPAAM and other 

monomers with potential proton donors. The development of CRP techniques, such as ATRP 

and RAFT, perfectly fills the gap, allowing the synthesis of narrow dispersed polymers from a 

wide range of monomer types. Both techniques are applied in the development of 

homogeneous brush layers, with ATRP grafting-from procedures on silicon and glass being 

particularly popular.97 RAFT polymerization, however, supports a wider range of monomers, 

functional groups and solvents as well as milder conditions, enabling polymerizations at room 

temperature or in the presence of air.121-123 Furthermore, copper catalysts employed in ATRP 
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procedures can induce toxicity even in small quantities, rendering the polymers less suitable 

for biomedical applications.124 Nevertheless, optimization of polymerization conditions 

including choice of solvent, temperature and RAFT agent, is required. The mechanism of a 

general RAFT polymerization procedure is shown in Figure 11. 

 

Figure 11. General mechanism of the RAFT polymerization process. Adapted with permission from 

Perrier et al.122 Copyright 2017 American Chemical Society. 

Controlled radical polymerizations, including RAFT, rely on an equilibrium between active and 

dormant species to achieve chain growth control.122 In RAFT systems, control is obtained 

through di- and trithiocarbonate species (RAFT agents) that are susceptible to radical addition 

and fragmentation reactions, hence the name. These agents control the polymerization step 

and avoid premature chain termination by limiting the number of active species. As the number 

of radical species remains constant during polymerization, radicals must first be generated, 

typically via thermal radical initiators, such as azobisisobutyronitrile (AIBN) or 4,4′-azobis(4-

cyanopentanoic acid) (ACPA) (step I in Figure 11). Once the polymerization is initiated, the 

radical species Pn• add to the RAFT agents, releasing the R• radicals and temporarily 

deactivating the polymerization, while the R• group initiates a new polymer chain (steps II-IV). 

Effective control is achieved through a slightly higher transfer rate than the propagation rate, 

ensuring that less than one monomer is added per transfer reaction (step V). This results in a 

similar degree of polymerization for all chains at any given time and can be facilitated by the 

R• group, which forms radicals and can be structurally similar to the radical initiator. The Z-

group stabilizes the intermediate radical and adjusts the reactivity of the transfer agent to the 

propagation. A mismatch in reactivity can result in retardation or premature termination of the 

polymerization with low yields or freely propagating chains, thus limiting the polymerization 

control.125 However, the wide range of available R and Z groups allows for tailored controlled 
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conditions for almost all monomer types.125 Termination occurs through the usual 

recombination or fragmentation reactions known from free radical polymerization (step VI). 

As mentioned before, RAFT polymerization can be used to obtain PIPAAM and POEGMA 

brushes. The synthesized chains were grafted via thiol-gold or thiol-ene reactions to gold and 

glass surfaces and the surface parameters were comparatively analyzed to evaluate different 

grafting-to methods.108 Grafting densities and chain lengths of RAFT grafted-from PIPAAM 

polymer chains were further systematically analyzed to determine optimal cell sheet 

detachment conditions.90 Additionally, the functionalization of the terminal thiol group obtained 

from the cleavage of the RAFT agent also elucidated the influence of terminal functionalization 

on PIPAAM brushes.35 

1.5. Surface properties and phase transition 

Covalently grafted brush and hydrogel layers are characterized by several properties: 

thickness values in dry and hydrated states, coating wettability and contact angle, surface 

morphology and coating density and stiffness, which usually correlate with water content.126, 

127 Furthermore, protein adhesion is important for coatings designed for cell sheet fabrication. 

These extrinsic properties can be correlated with intrinsic molecular parameters, such as 

crosslinking density in hydrogel layers or molecular weight and grafting density in brush layers. 

For surface-tethered chains, the chain overlap, defined as the ratio of the chain radius (2R) to 

the anchor distance (l), is an important parameter that determines whether the conformation 

of tethered chains is in a stretched brush regime or in a more spread mushroom regime (Figure 

12). The experimental gyration (Rg) or hydrodynamic (Rh) radius can be used for this 

purpose.43, 89 Alternatively, the theoretical Flory radius Rf can estimate the radius under different 

solvent conditions.89, 128 
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Figure 12. Schematic depiction of the brush or mushroom configuration of surface tethered chains based 

in the chain gyration radius Rg and anchor distance l. Adapted with permission from Heinen et al.43 

Copyright 2017 American Chemical Society.  

Thermoresponsive brush (and hydrogel) surfaces gradually transition from a well hydrated, 

stretched, protein-repellent state to a dehydrated, collapsed, protein-adhesive state as 

temperatures rise. This volume phase transition (VPT) with the corresponding volume phase 

transition temperature (VPTT) typically occurs over a broad range (> 10 °C) due to the 

restricted chain movement and high polymer concentration on the surface, which can slow 

down water diffusion in and out of the layer.92, 129 Therefore, VPT detection measurements are 

often performed under quasi-static conditions to minimize transition lagging. During the 

transition,  vertical phase separation (VPS) of the brush layer can occur, resulting in several 

vertical layers of different chain hydration, especially at extensive brush overlap regimes.91, 92, 

130 At intermediate densities, brush radii can decline below the anchor distance value upon 

dehydration, leading to a brush-to-mushroom transition. Tracking the VPT transition through 

changes in these properties allows for a meaningful structure-property analysis. 

The grafting processes can be monitored through quartz crystal microbalance with dissipation 

(QCM-D), allowing for direct assessment of polymerization or adsorption kinetics and layer 

thickness. Thickness buildup of grafted-from POEGMA brushes was monitored up to 200 nm131 

as well as grafting-to processes of thiolated PGE and PIPAAM brushes on gold with solvated 

thicknesses up to ~15 nm.43 A further grafting-to study of thiolated PIPAAM brushes revealed 

different adsorption kinetics, depending on the molecular weight.111 

Characterization in the dry state typically focuses on thickness values, coating morphology and 

wettability via contact angle (CA) measurements. Dry thickness can be determined using 

spectroscopic ellipsometry, atomic force microscopy (AFM) or x-ray photoelectron 

spectroscopy (XPS). Ellipsometry is especially popular due to its quick non-invasive process 

and has been exemplary used to assess thickness values of concentration dependent 
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grafted-to PGE brushes on PS and TCPS surfaces (3-9 nm) or thickness values (7-90 nm) for 

a series of ATRP grafted-from PIPAAM brushes.40, 132 Complementary AFM thickness 

measurements of identical PIPAAM brushes yielded values between 5-60 nm, due to adhesion 

between the AFM tip and brushes, inducing a systematic error, but also highlighting the utility 

of complementary measurements. AFM can also assess morphology differences between non-

coated and coated samples to verify the brush presence,83 and roughness differences in water 

at rising temperatures indicate the VPT.133 Accordingly, wettability changes through rising static 

or advancing water CA of PGE and PIPAAM brushes between 20 and 37 °C verify the transition 

process with increasing hydrophobicity.40, 132 Differences in protein adsorption can be detected 

via QCM-D or SPR measurements.40, 78, 134 Furthermore, adsorption of common culture 

medium proteins, such as fibronectin or bovine serum albumin can be further monitored via 

fluorescent or radioactive labeling.17, 28, 135 

Several direct studies of the brush VPT process of PIPAAM, POEGMA, POX and PGE 

brushes, revealing transition mechanisms, were performed using temperature-dependent 

QCM-D or ellipsometry measurements in water, or a combination of these techniques. 

Temperature dependent QCM-D measurements of dense PIPAAM brushes with M = 93 kDa 

and thickness of 41 nm revealed a discontinuous transition process with several distinct steps 

and VPS of the brush layer.91 In contrast, identically probed PIPAAM brushes with M = 12 kDa 

and a thickness of 2.7 nm showed a continuous brush-to-mushroom transition process starting 

at 20 °C, well below the LCST value, and proceeding to 35 °C.136 Several further QCM-D and 

ellipsometry studies with PIPAAM brushes of similar dimensions confirmed the early onset and 

continuous transition, especially at low grafting densities, revealing the influence of 

pronounced chain overlap differences.93, 137 Densely grafted POEGMA brushes with thickness 

values of 92 and 135 nm probed via QCM-D measurements also showed a VPS mechanism 

with a transition range of ~25°C,  thus confirming the polymer independent occurrence of this 

effect. Contact angle measurements via the captive bubble method further revealed a distinct 

change in the outermost surface brush layer, complementary to the continuous bulk layer 

transition (Figure 13).92 This phenomenon was further observed on dense PIPAAM brushes.138 

Transition behavior of POX brushes (M ~50 kDa, thickness ~9 nm) with varying monomer 

composition and Tcp values was probed via complementary ellipsometry and QCM-D 

measurements and revealed an almost linear continuous transition between 20 and 50 °C, as 

opposed to similar PIPAAM brushes, which finish the transition process at ~36 °C.93 This 

difference was attributed to the LCST type 1 behavior of POX polymers, which is more M and 

concentration dependent compared to the LCST type 2 transition of PIPAAM polymers. QCM-D 

studies of PGE brushes (M ~28 kDa) grafted to PS and TCPS substrates with varied grafting 

densities revealed that the hydrophobic PS substrates induce a “grounded” VPT with an almost 
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completely dehydrated basal layer at all times, while moderately hydrophilic TCPS substrates 

result in a “cushioned” transition with a hydrated basal layer at all times (Figure 13).40 

 

Figure 13. Surface and bulk transition of dense POEGMA brushes indicated through trend change in 

the captive bubble CA θ (top) and QCM-D-derived swelling ratio (bottom), respectively (a). QCM-D 

deduced mechanisms of the “cushioned” transition on TCPS (top) and “grounded” transition on PS 

(bottom) grafted PGE brushes (b). (a) adapted with permission from Laloyaux et al.92 Copyright 2010 

American Chemical Society. (b) adapted from Stöbener et al., 2021,40 with permission from Elsevier. 

1.6. Parameters for successful cell sheet fabrication 

Since most anchorage-dependent cells rely on surface adhesion for regular activity and 

proliferation in vitro, it is necessary to understand the basic parameters and steps of the cell 

adhesion process (or lack thereof).139 The basic stages of cell surface adhesion in serum 

containing culture medium are presented in Figure 14. 
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Figure 14. Schematic stages of protein adsorption and cell adhesion. Adapted from Conzatti et al., 

2017,140 with permission from Elsevier. 

Upon initial contact with the medium, proteins instantly start to adhere on the surface.141 Protein 

attachment can be hindered by hydrophilic surfaces with a tightly bound surface water layer, 

as displacing this layer would be energetically unfavorable.142 Protein adhesion on hydrophobic 

surfaces is possible, but can lead to rearrangement of protein segments for enhanced 

hydrophobic interactions, resulting in denaturation and loss of functionality.143 Thus, 

moderately hydrophobic surfaces, which allow protein adhesion, without interfering with the 

protein structure, are required.143 From the commonly used fetal bovine serum, fibronectin (FN) 

and vitronectin (VN) are particularly important due to the presence of the adhesion enhancing 

RGD-motif in their protein structure.144 Functional integrin proteins, located in the cell 

membrane, scan their environment for the RGD sequence and couple the cell to this sequence 

upon sensing it.144 Subsequently, cells rearrange their cytoskeleton to spread on the surface 

and start further adhesion and proliferation processes, such as forming focal adhesion points 

and producing additional ECM components to maintain a well-suited enviroment.145 Minimal 

amounts of proteins can be already sufficient for cell adhesion, as shown by fibroblasts 

spreading equivalently on surfaces exposed to serum for 10 s or 90 min.146 

Even with protein adsorption and the availability of RGD-motifs, the softness of a substrate 

can prevent successful cell adhesion, as the forces exerted on protein molecules during the 

formation of focal adhesion poiints may lead to insufficient protein adherence on soft 
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surfaces.147 Surface softness in brush systems can be controlled through brush mobility, with 

well-solvated and stretched chains leading to increased surface softness and lower protein 

adhesion.148, 149 Parameters resulting in insufficient adhesion can guide the optimization of 

detachment conditions: thermoresponsive coatings transitioning from a collapsed mushroom 

state into a soft, well-hydrated brush state during the VPT can facilitate efficient detachment of 

cultured cells. Interestingly, cell adhesion also occurs on surfaces with wide tethered PHEMA 

or PEG chains, which have enough space for a mushroom conformation. Gradually increasing 

grafting density results in more stretched chains and reduced cell adhesion and the tipping 

points can be used as a blueprint for an optimal brush state under cell culture and cell 

detachment conditions.150, 151 

Initial observations of parameter dependence issues of thermoresponsive coatings were made 

with PIPAAM based hydrogels. Thickness limits for cell attachment were deduced to be 15-25 

nm on TCPS and ~5 nm on hydrophilic glass, as PIPAAM retains considerable amounts of 

water above the VPT. With increasing substrate hydrophilicity, thicker PIPAAM layers retain 

too much water, preventing effective protein adsorption and cell adhesion (Figure 15).152, 153 

Conversely, PIPAAM hydrogels on TCPS with thicknesses below ~15 nm do not induce 

detachment due to insufficient hydration change upon cooling.28 

 

Figure 15. Depiction of hydration levels of PIPAAM hydrogels with different thicknesses on glass 

surfaces and the following impact on cell adhesion and detachment. Adapted with permission from 

Fukumori et al.153 Copyright 2010 John Wiley and Sons. 
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Studies of PIPAAM brushes grafted from PS revealed a similar effect, where the number of 

adhered cells after 24 h cultivation decreased with increased brush thickness and virtually no 

adhesion was observed for ~65 nm thick brushes.25 Since the protein adsorption on PIPAAM 

hydrogels is generally lower than on TCPS surfaces, some cell types, such as HUVECs, could 

only be cultured after additional modification with RGD sequences, as mentioned before.30 

However, parametric studies of PIPAAM brushes grafted from glass substrates revealed 

enhanced adhesion at medium to low grafting densities and chain lengths.90 In a subsequent 

study, PIPAAM brushes grafted from PS substrates were used to culture and detach bovine 

arterial endothelial cells, HUVECs and HDFs from the same unmodified PIPAAM surface.36 

The aforementioned study of substrate governed phase transition of PGE brushes helped to 

reveal cell culture trends in a similar way: high grafting densities resulted in mostly premature 

detachment, while middle to low grafting densities on TCPS resulted in hampered cell 

detachment due to enhanced protein adsorption at 20 °C and optimum grafting thickness at 

middle to high densities was established. The more ambiguous detachment trends of PGE 

brushes on PS surfaces were then linked to different protein adsorption kinetics and used to 

establish the phase transition mechanisms.40 

1.7. Coating translation, sterilization and storage stability 

It is feasible to translate the optimized surfaces for tissue engineering to other laboratories, 

enabling research facilities without the capability to manufacture such coatings to benefit from 

temperature-driven gentle cell detachment, as in the case of UpCell™ dishes. This translation 

typically occurs through the process of commercialization, with approval steps regulated by 

international and national agencies, such as the Food and Drug Administration (FDA) in the 

United States, the European Medicines Agency in the European Union, or the Federal Institute 

for Drugs and Medical Devices in Germany. 

The approval steps ensure device safety and efficacy, demonstrated by the absence of 

adverse side effects such as toxicity, immunogenicity or carcinogenicity when working with 

cells, as well as consistent and reliable cell adhesion, proliferation and detachment. The 

examination usually requires a large number of uniformly prepared samples, to obtain 

statistically significant data for robust results. As biocompatibility is already partly evaluated 

through initial cell culture experiments, another crucial aspect is often initially overlooked: the 

sterilization and storage stability of the coating and the underlying substrate. Storage 

packaging and conditions should provide physical protection and functionality after prolonged 

time periods, thus protecting against harmful environmental impacts like oxygen, UV light and 

heat exposure.154 Studies indicate that sterile items in hospitals can remain sterile for 12 to 24 

months, setting up an expectation range for new products,155 and Nunc UpCell™ dishes 
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feature a shelf-life of 3 years according to the supplier.156 Suitable packaging solutions can 

also be compatible with sterilization methods, allowing direct sterilization of the packaged 

material.154 

Sterilization, as the final production step, ensures that the device is ready-to-use without the 

risk of biological contamination. Per definition, sterilization is successful at a sterility assurance 

level of less than 10-6, meaning there should be less than one unsterile item per million 

devices.154 Especially single-use products, such as plastic cell culture dishes, require a high-

output sterilization method to process large product batches simultaneously. The most 

common lab technique for this case is heat-based autoclaving. However, while some polymers, 

such as polypropylene, can be autoclaved, other polymers such as PS or PET cannot be used 

afterwards due to potential deformation and degradation.157, 158 Other laboratory methods, such 

as aqueous ethanol disinfection or UV radiation are not suitable for commercial devices and 

would not meet FDA regulations.154 Therefore, gas or plasma sterilization with hydrogen 

peroxide, ethylene oxide (EO) or formaldehyde (FO),159 or radiation sterilization through 

gamma (γ) or e-beam (β-) radiation,160 standardized to DIN EN ISO 11137, is required. The 

sterilization mechanism is usually based on the alkylation of reactive groups (EO, FO), or 

creation of free radicals (γ, β-), which lead to scission and crosslinking of DNA and protein 

molecules.154, 161 Thus, gas sterilization is considered milder compared to radiation sterilization. 

Due to the popularity of PEG, numerous studies on its sterilization and degradation in bulk and 

as a surface layer can help to estimate the stability of PGE coatings. PEG in bulk (M: 6 kDa) 

degrades in the presence of air due to autooxidation and chain scission through oxygen, 

leading to lower M values and higher polydispersities, while PEG supplemented with 

antioxidants or stored in vacuum did not degrade.45 The thickness of self-assembled PEG 

layers on silicon surfaces (20 nm) in PBS solutions declined ~20% after 7 d.162 A similar 

comparative study of PEG and POX brush layers (1.3-2.5 nm) on Nb2O5 substrates in HEPES 

buffer supplied with NaCl revealed a ~20% thickness decline already after ~1 d for PEG and 

after ~7 d for the POX brushes, demonstrating the comparatively enhanced stability of POX 

polymers.163 EO gas-sterilized PEG bulk hydrogels, brush substrates (~1 nm) and plasma 

polymerized films (~20 nm) were mostly stable, with minimal changes in swelling ratio and 

surface morphology after sterilization and no difference in protein or cell repellent properties.47, 

164, 165 In contrast, sterilization via γ or β- radiation with a total dose between 20-25 kGy had a 

severe effect, especially on lightly crosslinked hydrogels and brush systems, by increasing the 

crosslinking density and lowering the swelling ratio of hydrogels or degrading brush systems, 

while lowering the protein repellency.47, 164 Furthermore, an enhanced number of free radicals, 

determined by electron spin resonance measurements, was found in the PEG bulk hydrogels, 

which can lead to long-term oxidation and degradation reactions.47 Plasma polymerized films 

and densely crosslinked hydrogels, however, mostly retained their properties probably due to 

23



Introduction 

 

their already high degree of crosslinking.47, 165 In summary, PEG can be sterilized by 

commercial techniques (e. g. EO gas), but the potential oxidation and chain scission of PEG 

and similarly designed PGEs needs to be considered, when preparing long-term application 

samples and these processes can be enhanced through radiation sterilization. 

E-beam polymerized PIPAAM gels were sterilized via EO, confirming their compatibility with 

this method.166 Unfortunately, to our best knowledge there is no published data on the 

sterilization of PIPAAM or POX surface coatings. However, the radiation results of bulk and 

aqueous solutions can help to estimate sterilization outcomes of surface layers.160 PIPAAM 

(M: 20 kDa), poly(2-ethyl-2-oxazoline) (PETOX) (M: 20 kDa), and PEG (M: 5 kDa) irradiated 

under argon atmosphere showed only little changes after γ radiation with doses up to 50 kDa 

and remained soluble afterwards. Thus, inert sterilization might be the key to radiation 

sterilization of functional polymers, similar to its use for ultra-high molecular weight 

polyethylene (UHMWPE) surgical implants.167 E-beam radiation up to 100 kGy did not impact 

PIPAAM, but caused a continuous M decline for PETOX and a M increase above 20 kGy dose 

for PEG, along with increased polydispersities in each case, indicating degradation of PETOX 

and crosslinking of PEG. More pronounced effects were observed upon irradiation of polymers 

solutions in the presence of oxygen. Here, PEG and PETOX could not be redissolved for GPC 

measurements after γ radiation doses of more than 20 kGy or a β- dose of more than 2 kGy. 

PIPAAM in solution remained soluble after every γ radiation dose (up to 100 kGy), but the Tcp 

values increased with higher dosages, with not fully turbid solutions observed after 50 kGy or 

more, presumably due to hydrolysis of the isopropyl amide group. Similar behavior was 

observed for β- doses above 5 kGy. Other polymers, namely poly[N-(2-

hydroxypropyl)methacrylamide] (PHPMA) and poly(N-vinyl-2-pyrrolidone) (PVP) were also 

comparatively more stable as PEG and PETOX polymers, assumedly due to their less reactive 

aliphatic backbones (Figure 16).160 In conclusion, thermoresponsive polymers with aliphatic 

backbones, including PIPAAM, seem more suitable for applications requiring long-term storage 

or utilization as compared to polymers with heteroatoms in the backbone, such as PEG or 

POX. 
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Figure 16. Color coded polymer structures with highlighted heteroatoms, which were probe via gamma 

and e-beam radiation in bulk and solution (a) and the mass-averaged molecular weight (Mm) and 

polydispersity (Ð) values of the polymers determined via GPC after gamma (b) and e-beam (c) 

irradiation of 1 w% polymer water solutions. Missing values indicate that the polymer could not be 

redissolved, and points are connected to guide the eye. All parts adapted from Sedlacek et al., 2017,160 

with permission from Elsevier. 
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2. Objectives 

PGE-based brush coatings provide a versatile thermoresponsive platform for cell sheet 

fabrication, which can be used to culture and harvest different cell types without further polymer 

modification. Furthermore, a selective self-assembly of PGE brushes on a variety of polymeric 

substrates is attainable through tailored benzophenone anchors. The control over the 

comonomer ratio and the chain length through living polymerization and an accessible range 

of grafting densities through optimized adsorption procedures render PGE brush coatings a 

well-suited candidate for studies of temperature dependent phase transition. The described 

control of intrinsic molecular properties can help to elucidate structure-property relationships 

and guide designs for applicable brush coatings. For applied and convenient cell culture 

products, sterilization and long-term storage stability are further essential features. Here, PGE 

polyethers might suffer from limited oxidation stability, similar to structurally related PEG brush 

and hydrogel systems, which can limit the materials’ potential for market translation. Therefore, 

goals of the following work were the development of a similarly performing polymer coating for 

cell sheet fabrication as the introduced PGE brush system, with enhanced stability, and 

temperature dependent in-depth characterization studies of these polymer systems to 

elucidate useful structure-property relationships and the suitability for cell culture applications. 

To achieve this goal, polymers with structural resemblance to PGE elements and appropriate 

amphiphilicity balance ought to be derived via rational molecular design. Controlled 

polymerization techniques should help to obtain well-defined PGE and PGE-alternative 

polymer structures.  Successfully obtained new polymers ought to be characterized for their 

thermoresponsive properties in solution to verify the possible suitability for biomedical 

applications. Here, transition regions with a distinct dehydration below the physiological 

conditions (37 °C) and a sharp phase transition with little dependence on intrinsic parameters, 

such as molecular weight and polymer concentration, and extrinsic parameters, e. g. the typical 

presence of proteins and ions are expected to lead to a suitable thermoresponsive platform. 

Strategies for surface immobilization of analyzed polymers will be derived from the 

successfully employed self-assembly procedures via benzophenone or sulfur-based anchor 

blocks, depending on the surface type. Continuous evaluation of surface properties will supply 

necessary insights for procedure adjustments. Optimized adsorption procedures are expected 

to allow the control of the surface parameters and yield well-defined brush structures. Cell 

culture experiments will provide information about coating biocompatibility and designing 

temperature dependent experiments for the brush surfaces will elucidate the potential for cell 

harvesting and the phase transition properties of the obtained brush structures. Furthermore, 

sterilization and stability comparison between established PGE and new brush systems should 

elucidate the benefit of the alternative monomer design for enhanced stability. 
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3.1.  Grafting  Density-Dependent  Phase  Transition  Mechanism  of

Thermoresponsive  Poly(glycidyl  ether)  Brushes:  A  Comprehensive

QCM‑D Study

Schweigerdt, A.; Heinen, S.;  Stöbener, D. D.; Weinhart, M. Grafting Density-Dependent Phase

Transition  Mechanism  of Thermoresponsive  Poly(glycidyl  ether)  Brushes: A  Comprehensive

QCM-D Study. Langmuir 2021, 37 (23), 7087-7096.
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Thermoresponsive  PGE  polymers  based  on  glycidyl  methyl  ether  (GME)  and  ethyl  glycidyl

ether (EGE) monomers with a 1:1 ratio were synthesized with two different molecular weights

(10  and  22  kDa)  and  functionalized  with  a  thiol  end  group.  Previously  established  grafting

protocols allowed the preparation of brush coatings on gold coated QCM-D chips with varying

grafting  density  and  chain  length,  thus  resulting  in  different  grafting  regimes  and  coating

thicknesses.  Tcp  values  in  solution  between   26   and   31  °C  guided  the   design   of

temperature  dependent   quasi-static   transition   studies  of   PGE  brushes  on  the  surface

between   20   and  40  °C,  which   were   performed   via   QCM-D   measurements.   The

experiments  revealed  broad transition  regimes  and  highly  comparable  phase  transition

temperatures   of   distinct   brush  systems   to   corresponding   concentration-dependent

polymer   solution   values.   Furthermore, distinct  transition  behaviors  of  PGE  brushes  with

coating dehydration and brush collapse  were identified, depending  on the grafting density but

not on the molecular weight.

Polymer synthesis and characterization: Dr. S. Heinen. Thermoresponsive characterization in 

solution:Dr.  S.  Heinen,  A.  Schweigerdt.  Brush  layer  immobilization  and  temperature  dependent 

QCM-D measurements:  Dr.  S.  Heinen, A.  Schweigerdt.  Research  concept:  Dr.  S.  Heinen,  Dr.  M.  

Weinhart. Project  supervision:  Dr.  M.  Weinhart,  Dr.  D.D.  Stöbener.  Manuscript  preparation:  A.  

Schweigerdt. Manuscript review: Dr.  M.  Weinhart,  Dr.  D.D.  Stöbener.
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Regioisomer-pure  3-ethoxy-2-hydroxypropylacrylate  (EHPA)  and  2-hydroxy-3-methoxy-

propylmethacrylate  (HMPMA)  monomers,  derived  through  rational  molecular  design,  were

isolated  and  characterized.  Corresponding  PEHPA  and  PHMPMA  polymers  with  molecular

weights of 10 and 25 kDa  and  Ð  ≤ 1.17  were obtained  via  an optimized RAFT polymerization.

Temperature  dependent  phase  transition  of  the  polymer  solutions  was  characterized  by

turbidimetry,  DLS,  NMR  and  fluorescence  measurements.  For  the  latter,  a  proof-of-concept

functionalization method was established to immobilize the fluorescent Cy5-dye in the polymer

chains.  The  dependence  on  molecular  weight  and  ion  influence  of  PBS  solutions  was

evaluated  and  the  results  combined  to  deduce  the  phase  transition  mechanism  for  each

polymer, thus estimating their suitability for cell culture applications.

Monomer synthesis:  A. Schweigerdt,  I. Fallaha  (BSc thesis under supervision).  Homopolymer  synthesis 

and  characterization: A.  Schweigerdt,  O.  Staudhammer.  Fluorescent  modification  of  the  polymer: A. 

Schweigerdt.  Turbidimetry,  DLS  and  fluorescence  analysis:  A.  Schweigerdt.  Temperature  dependent 

NMR spectroscopy  & analysis:  A. Schäfer, A. Schweigerdt.  Research concept:  Dr. D.D.  Stöbener, Dr. 

M.  Weinhart,  Dr.  S.  Kara, A.  Schweigerdt.  Project  supervision:  Dr.  D.D.  Stöbener,  Dr.  M.  Weinhart. 

Manuscript preparation: A.  Schweigerdt. Manuscript review:  Dr. D.D.  Stöbener,  Dr.  M.  Weinhart.

53

https://doi.org/10.1021/acs.macromol.3c01251
https://creativecommons.org/licenses/by/4.0/


Impact of Amphiphilicity Balance in Hydroxy-Functional, Isomeric,
Thermoresponsive Poly(meth)acrylates
Alexander Schweigerdt, Daniel D. Stöbener, Andreas Schäfer, Selin Kara, and Marie Weinhart*

Cite This: Macromolecules 2023, 56, 8602−8613 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Aqueous polymer solutions exhibiting a lower critical solution
temperature (LCST) in the physiological range are widely used in biomedical
applications. Of particular interest are polymers that contain additional reactive
groups for further conjugation of drugs, dyes, or enzymes. For specific applications,
detailed knowledge and understanding of the phase transition behavior (e.g., phase
separation, transition range, and dehydration on the micro- and macroscopic level)
and its dependence on various intrinsic (molecular weight and polymer
functionalization) and extrinsic (polymer concentration and salt presence) factors
are critical. In this context, we present a comprehensive study of the
thermoresponsive properties of two unprecedented glycerol ether-based poly(meth)-
acrylates with β-hydroxy-functional side chains, namely, the structurally isomeric
poly(3-ethoxy-2-hydroxypropyl)acrylate (pEHPA) and poly(2-hydroxy-3-methoxypropyl methacrylate) (pHMPMA). The distinct
amphiphilic balance of pEHPA with a higher side chain hydrophobicity resulted in lower cloud point temperatures (22−33 °C),
while shifting hydrophobicity to the backbone in pHMPMA led to increased cloud point temperatures (37−67 °C), accompanied by
higher sensitivity of the phase transition to intrinsic and extrinsic factors. Turbidimetry, dynamic light scattering, and NMR
measurements revealed that the hydration of β-hydroxy side chains primarily governs the transition behavior, resulting in distinct
phase separation mechanisms between the two polymer types. Based on this knowledge, the rational design of hydroxy groups
presenting poly(meth)acrylates with adjustable hydration becomes feasible. Cyanine5 (Cy5)-labeling of the hydroxy groups and
temperature-dependent fluorescence analysis demonstrated the potential of these polymers as postfunctionalizable thermoresponsive
polymer platforms, e.g., for bioseparation.

■ INTRODUCTION
Polymers that display thermoresponsive behavior in aqueous
solutions are extensively researched for medical and biological
applications.1−3 Of particular interest are polymers with a
lower critical solution temperature (LCST) since they usually
exhibit a sharp and readily reversible phase transition when
passing the so-called cloud point temperature (Tcp). Above the
Tcp, favorable hydrogen bonding and polar interactions
between water molecules and the polymer chains can no
longer compensate for the entropic loss caused by an ordered
hydration shell. Exceeding the Tcp thus leads to a
thermodynamically driven dehydration and coincidental
aggregation of the polymer chains, resulting in macroscopic
phase separation.4 Depending on the nature of the polymer,
the aqueous mixture can undergo a liquid−solid phase
separation (LSPS) or liquid−liquid phase separation (LLPS).
The former LSPS is often observed for polymers such as
poly(N-isopropylacrylamide) (pNIPAM), which undergo an
abrupt coil-to-globule transition, resulting in the formation of
dispersed or phase-segregated solid polymer precipitates. In
contrast, dispersed liquid droplets, which consist of water-rich
polymer coacervates, are formed during LLPS.5,6

In general, the LCST behavior originates from the ratio and
spatial distribution of hydrophobic and hydrophilic elements in

the polymer structure, which can be tailored by copolymeriza-
tion or through the structure of monomers in homopol-
ymers.1,7,8 Particularly, the temperature-dependent change in
hydration and the value of the Tcp are primarily determined by
the number and availability of hydrophilic groups that can
partake in hydrogen bonding as well as by the stability of the
water cage formed around hydrophobic groups.9 For example,
the increasing Tcp of the structural isomers poly(N-n-
propylacrylamide) (pNNPAM, Tcp ∼ 20 °C), poly(N-
isopropylacrylamide) (pNIPAM, Tcp ∼ 32 °C), and poly-
(N,N-ethylmethyl acrylamide) (pNEMAM, Tcp ∼ 70 °C)
(Scheme 1a) reflects the increasing water cage stability around
the N-substituents in the polymer side chains.10−12 Notably, a
relocation of the amide units from the side groups to the
polymer backbone, such as in isomeric polyoxazolines, yields a
Tcp increase of roughly 4 °C for the isomer pairs poly(n-propyl
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oxazoline) (pNPOx, Tcp ∼ 24 °C)/pNNPAM and poly-
(isopropyl oxazoline) (pIPOx, Tcp ∼ 36 °C)/pNIPAM
(Scheme 1b).13 Besides the amphiphilic balance, the polymer
end groups, concentration, molecular weight, and dispersity
can influence the phase transition.14,15 Controlled polymer-
ization techniques are, therefore, commonly used to synthesize
narrowly dispersed polymers with tunable molecular weights.
Furthermore, a detailed understanding of the thermorespon-
sive behavior on the macroscopic, microscopic, and molecular
levels is essential for advanced application design.16

Thermoresponsive polymers with reactive groups (e.g.,
hydroxy groups), which allow further functionalization with
fluorescent dyes, enzymes, or drugs, extend the scope of
possible applications. Naturally, the hydrophilicity of hydroxy
groups also influences the thermoresponsive behavior. Poly(4-
hydroxybutyl vinyl ether) (pHBVE), a thermoresponsive
polyalcohol, does not follow the prevalent coil-to-globule
transition when passing the Tcp at ∼42 °C. Instead, a
coacervate is formed through an LLPS, resulting in polymer-
rich aqueous droplets and a polymer-depleted water phase.17

This behavior becomes dominant in polymers with an elevated
content of hydroxy groups, as demonstrated in copolymers of
NIPAM and 2-hydroxyisopropylacrylamide (HIPAM). A
series of studies have shown that the coil-to-globule transition
gradually changes to an LLPS transition with increasing
HIPAM content, which was accompanied by an increase in Tcp
values due to the more hydrophilic nature of the hydroxy-
functional HIPAM comonomer.6,18 A recent study showed
how functionalized p(NIPAM-co-HIPAM) could effectively be
used for antigen enrichment for disease diagnostics.19 The
significant influence of hydroxy groups can also be observed in
poly(meth)acrylates with oligo(ethylene glycol) side chains
(pOEGA and pOEGMA).15,20,21 The number of repeating
ethylene oxide units and the end group of the monomer side

chain influence the Tcp drastically despite the structural
isomerism. Prominent isomeric examples are poly-
(hydroxyethyl methacrylate) (pHEMA), which is only
thermoresponsive below M ∼ 6 kDa (Tcp: 26−39 °C),
poly(methoxyethyl acrylate) (pMEA), which only swells in
water, and poly(hydroxypropyl acrylate) (pHPA) with a
branched side chain, which has exhibited significantly
concentration- and molecular weight-dependent LCST behav-
ior in various studies (Tcp: 20−60 °C) (Scheme 1c).22−25 Two
or more ethylene oxide units significantly increase the
hydrophilicity, resulting in either thermoresponsive or
completely soluble polymers, depending on the side chain
length, end group, and backbone composition.15,20

In previous studies, thermoresponsive poly(glycidyl ether)
(PGE) copolymers have been established and intensively
studied by our group for applications in solution and on
surfaces.16,26,27 Herein, we translate the thermoresponsive
properties of glycerol-based polymers from a polyether
backbone to an acrylate [poly(3-ethoxy-2-hydroxypropyl)-
acrylate, pEHPA] and methacrylate poly(2-hydroxy-3-methox-
ypropyl methacrylate, pHMPMA) backbone (Scheme 1d),
introducing ether groups and functionalizable hydroxy groups
into the resulting isomeric polymers. A detailed investigation of
the thermally induced phase transition in solution on the
macro- and microscopic scale allowed us to elucidate the
impact of the structural amphiphilicity balance and compare it
to those of other known thermoresponsive polymers. As a
proof of concept, the polymers’ reactive hydroxy groups were
used to attach a fluorescent probe, allowing us to further
characterize their thermoresponsive behavior via fluorescence
spectroscopy.

Scheme 1. Groups of Isomeric Thermoresponsive Polymers with Varying Amphiphilicity Balance with Corresponding Tcp
Values Comprising (a) Poly(acrylamide)s,10−12 (b) Polyoxazolines,13 (c) Ethylene Glycol-Based Poly(meth)acrylates,22,23 and
(d) Glycerol-Based Poly(meth)acrylates Presented in This Worka

aFor pHPA, the most available and researched copolymer structure is presented.24,25 Structural isomeric differences within the respective polymer
groups are highlighted in green.
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■ EXPERIMENTAL SECTION
Materials, detailed synthetic procedures and characterization of the
used polymers, gel permeation chromatography (GPC) methods,
sample preparation for thermoresponsive analysis, and additional
ultraviolet/visible (UV/vis) spectroscopy, dynamic light scattering
(DLS), and NMR data are presented in the Supporting Information.

Turbidimetry (UV/Vis) Measurements. Absorbance and trans-
mittance measurements were recorded on a PerkinElmer Lambda 950
UV/vis spectrometer with a PTP 6 Peltier temperature programmer
(PerkinElmer). Temperature-dependent measurements were per-
formed at heating rates of 0.5 °C min−1 while recording data points
every 0.5 °C. The temperature-dependent transmittance of the
aqueous polymer solution was measured for at least three cycles per
sample. The measurement points were connected via the Akima-
spline interpolation, and Tcp was defined as the temperature at the
inflection point of the normalized transmittance versus temperature
curve.

Fluorescence Measurements. Fluorescence emission was
recorded on a Jasco FP-6500 spectrometer with a temperature
control, as illustrated in Figure S18. The sample cuvettes were
equilibrated in a tempered water bath, and the fluorescence emission
in the 660 to 700 nm range was measured with a speed of 100 nm s−1.
The temperature error range was +0.5 °C for measurements up to 37,
+1.0 °C for measurements up to 49, and +1.5 °C for measurements
up to 65 °C.

DLS Measurements. Intensity-dependent size distributions were
performed on a Malvern Zetasizer Ultra analyzer (Malvern Instru-
ments) by using a He−Ne laser (λ = 633 nm) and scattering
detection at 173°. Aqueous polymer solutions were filtered over 0.45
μM CA filters directly before the start and equilibrated for 120 s at the
appropriate temperature before each measurement.

Temperature-Dependent NMR Measurements. 1H and 13C
NMR spectra were recorded on a Bruker AVANCE 3 instrument
operating at 700 MHz and on a JEOL ECZ instrument operating at
600 MHz. Deuterated water (D2O) was filtered over a 0.45 μm CA
filter, and samples were prepared at a concentration of 10 mg mL−1.

■ RESULTS AND DISCUSSION
Polymer Synthesis and Characterization. HMPMA and

EHPA monomers were prepared via the boron trifluoride-
catalyzed epoxide ring opening of glycidyl acrylates and
methacrylates in methanol or ethanol according to the
literature, which yields primarily the regioisomer from an
epoxide attack on the sterically less hindered position (Scheme
S1).28−30 The regioisomers of HMPMA or EHPA were
separated via column chromatography, and isomerically pure
monomers were obtained in 60% yield.
In a study from 1980, the water contents of pEHPA and

pHMPMA gels obtained via free radical polymerization were
determined to be around 20 and 70 wt %, respectively, while
the homopolymers were reported insoluble in water.30 With
the controlled radical polymerization techniques available

nowadays, we looked more closely into these systems and
found both polymers, in fact, to be thermoresponsive in water
and thus ideal candidates for a comprehensive structure−
property correlation. Structurally well-defined homopolymers
were synthesized via a controlled reversible addition
fragmentation chain transfer (RAFT) polymerization with
4,4-azobis(4-cyanovaleric acid) (ACVA) as the radical initiator
and 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid as the
chain transfer agent (Scheme 2).31 1H NMR spectra of the
crude reaction mixtures after overnight reactions indicated at
least 85% monomer conversion, thereby confirming the
compatibility of the chosen RAFT system with the monomers.
The structures of purified polymers were analyzed via 1H and
13C NMR spectroscopy (Figures S1−S7).
Molecular weights of the purified polymers were evaluated

via GPC in tetrahydrofuran (THF) and dimethylformamide
(DMF) and 1H NMR spectroscopy. A list of the results from
polymers with targeted molecular weights of 10 and 30 kDa is
presented in Table S1. For the 10 kDa polymers, GPC results
in THF matched with the targeted molecular weights
(pEHPA10 and pHMPMA10), while for the 30 kDa targeted
polymer, molecular weights indicated to be lower at around 25
kDa (pEHPA25 and pHMPMA25). Polydispersities from 1.08
to 1.17 were achieved, thus verifying the controlled polymer-
ization of both monomers.

Evaluation of the Thermoresponsive Behavior. The
Tcps of the pEHPA and pHMPMA polymers were first
characterized at varying concentrations in Milli-Q water and in
phosphate buffered saline (PBS) solutions. After the measure-
ments, the samples were reanalyzed via GPC in THF as an
eluent to verify the polymer stability during the thermal
turbidimetry experiments (Figure S11), particularly regarding
the RAFT end group.32,33 An overview of the transmittance
curves is given in Figure 1.
Generally, all polymers exhibited reversible phase transitions

in water with minimal hysteresis and full clouding with a final
transmittance of less than 3% at temperatures above the Tcp.
The presence of salts resulted in a marked reduction of the
transmittance for 10 kDa polymer solutions at ≥5 mg mL−1

already before the main phase transition. A similar trend, but to
a lesser degree, was also observed for pHMPMA25 solutions at
20 mg mL−1. Polymer precipitation in PBS solutions after the
cloud point also resulted in broad and shifted transitions
during subsequent cooling cycles due to polymer depletion
(Figure S10). Therefore, the Tcp values of the PBS solutions
were calculated from heating cycles only. Concentration-
dependent Tcp values in water and PBS are summarized in
Figure 2.

Scheme 2. Synthesis of Isomeric Thermoresponsive pEHPA and pHMPMA Homopolymers via RAFT Polymerization
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The concentration- and molecular weight-dependent Tcp
values for pEHPA polymers were located in the physiological
range between 21.5 and 32.5 °C in both water and PBS. In
contrast, the isomeric pHMPMA polymers exhibited their
thermally induced phase transition in a broader interval
exceeding the physiological range between 36.5 and 66.8 °C.
The Tcps of lower molecular weight polymers were more
susceptible to concentration changes due to their lower local
concentrations in solution. Overall, the sensitivity of the Tcp
values to the screened parameters was generally more
pronounced for the pHMPMA polymers. The screened
concentrations revealed a Tcp range of up to 8 °C for
pEHPA and up to 21 °C for pHMPMA. Increasing the
molecular weight from 10 to 25 kDa under otherwise identical
conditions resulted in a Tcp decrease of up to 8.5 °C for
pEHPA and 21.8 °C for pHMPMA solutions. The presence of
salts through PBS led to the precipitation of polymers in turbid
solutions above the Tcp. This increased the Tcp values in
subsequent measurement cycles due to retarded dissolution of
the polymer-rich precipitate phase and caused lower polymer
concentrations in the aqueous phase (see Figure S10). Similar
precipitation effects in PBS were reported by Otulakowski et al.
for pNIPAM, polyoxazolines, and pOEGMA-co-HEMA

polymers.34 Interestingly, no general trend for the salt impact
on the Tcp could be derived, as for the 10 kDa polymers a
salting-in, and for the 25 kDa polymers, a salting-out effect was
observed in PBS. According to the Hofmeister ion series,
salting-in effects occur with “chaotropic” ions, while salting-out
effects are caused through “kosmotropic” ions.35,36 Both
effects, which scale with the ion and polymer concentrations,
were observed for pNIPAM, pNPOx, pIPOx, and pOEGA
copolymers with incorporated ribose side chains containing a
significant percentage of hydroxyl groups. However, in
literature reports, PBS or similarly concentrated NaCl
solutions (0.1−0.2 M, PBS: 0.137 M) consistently showed a
salting-out effect on the Tcp values.

34,36−38 Conversely, low
NaCl concentrations of ≤0.1 M induced a salting-in effect in
the ribose functionalized pOEGA copolymers mentioned
before.38 Therefore, the observed molecular weight-dependent
switch from salting-in to salting-out in PBS solutions in this
work hints toward a specific ion interaction of hydroxy-
functionalized polymers, as opposed to amide-based polymers
for which no such NaCl-based salting-in effect has been
reported so far.
Differential sensitivity toward parameter changes was also

apparent from sharper phase transitions of pEHPA compared
to pHMPMA solutions. The width of the phase transition can
be determined via the temperature difference ΔT = (T0 −
T100) between temperature values T at 100 and 0%
transmittance derived from linear fits of the sigmoidal turbidity
curves (Figure S12 and Table S2). The phase transition widths
of pHMPMA and pEHPA at 5 and 1 mg mL−1 in water and
PBS are listed in Table 1.
Generally, phase transitions were broader by a factor of 2−3

for pHMPMA compared to those for pEHPA. While at high
concentrations of 5 mg mL−1, there was hardly any impact of
salts on the sharpness of the phase transition, at lower
concentrations of 1 mg mL−1, a marked sharpening through
the presence of salts can be observed for both 25 kDa polymers
but not for 10 kDa polymers. The molecular weight increase
generally resulted in sharper transitions for all solutions. In
summary, the thermal phase transition of pEHPA solutions
appears sharp, while pHMPMA solutions exhibit a more
continuous transition.
To gain further insights into the molecular aggregation of

the polymer chains at the initial stages of the phase transition,
we performed temperature-dependent DLS measurements of
the polymer solutions at a concentration of 5 mg mL−1.
Measurements were performed after thermal equilibration for

Figure 1. Representative normalized, concentration-dependent
turbidimetry curves of pEHPA (blue, light blue) and pHMPMA
(red, orange) in water (n = 3) and PBS (n = 2) for 10 kDa (a,c) and
25 kDa (b,d) polymers. Cooling cycles in PBS are listed in Figure S10.

Figure 2. Concentration-dependent Tcps of pHMPMA (diamonds) and pEHPA (circles) in H2O (n = 3, full symbols) and PBS (n = 2, hollow
symbols) at 10 kDa (a) and 25 kDa (b). Symbols and numbers indicate the mean value. Standard deviations for all measurements were within the
experimental error (±0.5 °C).
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120 s with freshly filtered solutions at defined temperatures
around the thermal phase transition as derived from
turbidimetry curves and defined by T100 − 5 °C, T100, Tcp,
T0, and T0 + 2 °C (Table S2). The acquired intensity-weighted
size distributions in water and PBS are depicted in Figure 3 for
25 kDa and in Figure S13 for 10 kDa polymers.
Measured size distribution curves from polymer solutions of

25 kDa in the presence and absence of salts indicate hydrated
chains below the cloud point at T100 − 5 °C with diameters of
8−9 nm. As expected, the 10 kDa chains are smaller with an
average hydrated diameter of about 5 nm. Based on
calculations of theoretical Flory radii in theta and good
solvents, as well as the comparison to the calculated
hydrodynamic radii of pNIPAM in water at 20 °C, we assume
the presence of fully solubilized individual chains (Table S3).
With increasing temperature, the particle size increases due to
progressing polymer chain dehydration and aggregation, which
generally results in larger particles in PBS than in water
solutions. Notably, thermally induced clouding does not
necessarily occur with constantly increasing aggregate size

but rather involves dynamic stabilization between Tcp and T0 +
2 °C. DLS curves of pHMPMA25 at T100 revealed already
starting aggregation with particles of 67 nm in water and 252
nm in PBS, respectively. At the macroscopically visible cloud
point, 486 and 790 nm aggregate sizes in water and PBS
coexist with minor amounts of residual individual chains.
Above the cloud point at T0 and T0 + 2 °C, individual
pHMPMA25 chains are no longer observed, and the
aggregates further increase to final sizes of 787 nm in water
and 1220 nm in PBS. A qualitatively similar thermal
aggregation behavior is observed for the pHMPMA10
solutions (Figure S13): aggregates of around 150 nm are
already formed well below the cloud point at T100 − 5 °C with
final aggregate sizes below 1000 nm at T100 + 2 °C. In contrast
to all other tested polymers, pEHPA25 formed no
preaggregates in water prior to the macroscopic aggregation
with around 1600 nm diameter at the cloud point, explaining
the sharp transition width of 0.6 °C (Table 1). In the presence
of salts, preaggregates of pEHPA10 and pEHPA25 of around
800 nm formed at T100, which further increased to about

Table 1. Width of the Phase Transition ΔT in °C Derived from Heating Cycles of Turbidimetry Measurements at Polymer
Concentrations of c = 5 and 1 mg mL−1a

c [mg mL−1] (solvent) ΔTbpHMPMA10 ΔTb pEHPA10 ΔTbpHMPMA25 ΔTbpEHPA25

5 (H2O) 2.6 1.3 2.0 0.6
5 (PBS) 2.7 1.4 1.8 0.7
1 (H2O) 10.8 3.5 7.8 2.6
1 (PBS) 10.4 3.5 5.9 1.5

aStandard deviations for all values were within the experimental error (±0.5 °C). bObtained from linear fits of the turbidity curves, as described in
Figure S12 and Table S2.

Figure 3. Temperature-dependent size distributions by intensity determined via DLS of pHMPMA25 (a,c) and pEHPA25 (b,d) at c = 5 mg mL−1

in water (a,b) and PBS (c,d), respectively.
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1600−1700 nm at Tcp (Figures 3 and S13). Cooling the
polymer solutions back to the value of T100-5 usually resulted
in similar size distributions, except for pHMPMA25 solutions
in PBS, which had a small percentage of remaining aggregates
with a size of ∼480 nm (data not shown). Overall, pEHPA
solutions exhibit a more uniform aggregation behavior and less

tendency to preaggregation. In contrast, pHMPMA solutions
are more susceptible to environmental changes (as is apparent
from different final aggregate sizes) and tend to aggregate
already below the macroscopic Tcp value. So far, these
observations are well aligned with the results from turbidimetry
measurements.

Figure 4. Temperature-dependent 1H NMR spectra (D2O, 700 MHz) of pEHPA25 at a concentration of 10 mg mL−1 (Tcp: 23.7 °C). The spectra
were referenced to peak 1 at 20 °C (1.17 ppm). Peaks are assigned with numbers according to the illustrated chemical structure, and marked insets
show enlarged regions for signals of interest.

Figure 5. Temperature-dependent 13C NMR spectra (D2O, 176 MHz) of pEHPA25 at a concentration of 10 mg mL−1 (Tcp: 23.7 °C). The spectra
were referenced to peak 1 at 20 °C (14.27 ppm). Signals are assigned with numbers according to the illustrated chemical structure, and marked
insets show enlarged regions for signals of interest.
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The hydration of certain chemical groups within a polymer
chain can be accessed through structure analysis methods, such
as infrared (IR) or NMR spectroscopy.26,32,39 Temperature-
dependent NMR measurements are particularly useful since
they can indicate hydration changes in the vicinity of the
polymers’ hydrogen and carbon atoms in the backbone and
side chain regions through signal shifts, signal broadening, and
change in integral values due to restricted chain movement,
e.g., in aggregates. Remarkably, none of those were observed in
temperature-dependent 1H and 13C NMR spectra of
pHMPMA25 solutions when passing the Tcp (41.2 °C) from
30 to 60 °C in D2O at a concentration of 10 mg mL−1 (Figures
S14 and S15), also exhibiting almost identical 1H integral
values (Table S4). pEHPA25 1H and 13C spectra are presented
in Figures 4 and 5 with 1H peak integrals listed in Table 2.
The temperature-dependent 1H NMR spectra of pEHPA25

indicated distinct changes in the signal structure and integral
values when passing Tcp (23.7 °C), as shown in Figure 4 and
listed in Table 2. The well-resolved fine structure of the proton
signals assigned to the ethoxy groups (1, 8) at 20 and 22 °C
gradually converted into a single broad peak at 40 °C,
indicating the ethoxy groups’ increasingly reduced mobility.
Interestingly, the corresponding integral of peak 8 decreased
only around 5% when heating the system from 20 to 40 °C.
However, it has to be noted that due to signal overlapping, the
integrals of 8 + 7 can only be accessed cumulatively. Besides a
signal broadening of all proton signals above 22 °C, a more
substantial decrease of the residual side chain proton integrals
5 and 6 by ∼20% (2.89 to 2.27) and the backbone proton
integrals 2 and 3 by ∼28% (0.98 to 0.70) and 50% (1.98 to
0.93), respectively, was observed. Therefore, the strongest
dehydration appears on the pEHPA backbone and the side
chain protons flanking the secondary carbon bearing the
hydroxyl group.
Similar conclusions can be drawn from the temperature-

dependent 13C NMR spectra of the polymers. In agreement
with proton spectra, the carbon signals of pHMPMA25
(Figure S15) hardly indicated any shifts or broadening.
Therefore, we assume that the hydration state of single chains
does not change significantly when increasing the temperature,
even ∼18 °C above the macroscopically detectable phase
transition, and the aggregation is driven mainly through the
hydrophobic backbone.40 On the contrary, the thermal phase
transition of pEHPA25 impacts all carbon signals, as shown in
Figure 5. Most prominent appears the splitting of the carbon
signals 7, 8, and 1 around the ether group in the side chain and
the carbonyl carbon 4 above the Tcp. The split signals can be
assigned to the respective carbons in the hydrated and
dehydrated states.26 Since the hydrated signal fraction is
detected up to 40 °C, it can be assumed that pEHPA25
dehydration on the microscopic scale proceeds well above the
macroscopically detectable cloud point at 23.7 °C. This
observation agrees with the 1H spectra in which the fine

structure of 7 and 8 can still be seen at 30 °C. The hydroxy
group bearing secondary carbon 6 shifted to higher parts per
million values at 30 and 40 °C, indicating progressing
dehydration. The carbon signals 2, 3, and 5 broaden
noticeably, consistent with the observed peak broadening
and reduced integral values of the corresponding proton
signals in Figure 4 and Table 2. In summary, we observed that
pHMPMA chains remain similarly hydrated throughout the
temperature ramp on the molecular scale. In contrast, pEHPA
chains start dehydrating continuously after passing the
macroscopic Tcp value up to 16 °C above the Tcp.
Overall, the microscopic phase transition of pHMPMA25 is

similar to the one described for more hydrophilic thermores-
ponsive pOEGMA with Tcp values above 40 °C and to
p(NIPAM-co-HIPAM) copolymers with a one-to-one mono-
mer ratio.6,40 For such polymers with sufficiently hydrophilic
side chains, distinct stably hydrated side chain signals are
reported, even above the macroscopic cloud point at Tcp.
Differently from pHMPMA25, the backbone protons of
pOEGMA or p(NIPAM-co-HIPAM) typically broaden or
even disappear during the phase transition, sometimes even
below Tcp.

6,40 The consistent, nonsplitting NMR peaks of
pHMPMA side chain carbons can be attributed to a stable
water shell due to its sterically well accessible hydroxy groups.
The microscopic phase transition of pEHPA25 is comparable
to that of pOEGMA polymers with less hydrophilic side chains
and a Tcp ∼ 26 °C, showing a thermally induced, pronounced
broadening of the backbone protons, resulting in lower integral
values with increasing temperature and a comparably less
broadened side chain signal.40 Furthermore, the apparent
splitting of carbon signals of pEHPA25, indicating the
presence of both hydrated and dehydrated structural elements
around the ether moiety, is similarly observed with
thermoresponsive PGE polymers. While peak splitting of
pEHPA occurs after the macroscopic phase transition, it is
detectable already below the Tcp for PGE.

26 This striking
difference can be attributed to the presence of the hydroxy
moiety in the side chain of pEHPA, which results in partial
hydration, even in the aggregated state above the cloud point.

Proof-of-Concept Functionalization via Fluorescence
Labeling. To demonstrate the functionalization potential of
the hydroxy groups present in the side chain of the polymers,
we used a straightforward two-step reaction sequence to
convert a maximum of 0.5% of the available hydroxy groups to
reactive carboxy groups with succinic anhydride and their
subsequent carbodiimide-based amide coupling (Scheme S2
and Figures S8 and S9). An amine-functionalized fluorescent
Cy5-dye was employed for amidation to easily prove successful
functionalization due to the resulting concentration-dependent
UV absorbance of the blue polymer conjugate measured in
water (Figure S16). The phase transition of the labeled
polymers pEHPA25-Cy5 and pHMPMA25-Cy5 was inves-
tigated using turbidimetry and fluorescence measurements

Table 2. Overview of Proton Peak Integrals of pEHPA25 (Tcp: 23.7 °C) as Obtained from Temperature-Dependent 1H NMR
(D2O, 700 MHz) Spectra Measured at a Concentration of 10 mg mL−1a

assigned peak N° (δ [ppm]) 5 + 6 (3.87−4.31) 8 + 7 (3.36−3.76) 3 (2.21−2.62) 2 (1.38−2.19) 1 (1.17)

integral at 20 °C 2.89 4.01 0.98 1.98 3.00
integral at 22 °C 2.84 4.04 0.97 1.89 3.00
integral at 30 °C 2.50 3.98 0.74 1.28 3.00
integral at 40 °C 2.27 3.83 0.70 0.93 3.00

aAll peak integrals were referenced to the respective triplet of the methyl group (1) located at 1.17 ppm.
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(Figure 6). Corresponding cooling cycles and temperature-
dependent fluorescence curves are presented in Figures S17
and S19, respectively. Maximum emission values were used to
trace the thermally induced phase transition via the
fluorescence signal of the conjugate between 660 and 700 nm.
The pEHPA25-Cy5 solutions showed a reversible phase

transition at 24.0 and 26.8 °C for the 5 and 1 mg mL−1

solutions. The Tcp values matched well the Tcp values of the
nonfunctionalized polymers (Figure 2). pHMPMA25-Cy5
solutions exhibited a reversible phase transition at 42.3 and
49.0 °C for the 5 and 1 mg mL−1 solutions, which is 1−2 °C
below the Tcp of the respective nonfunctionalized polymer
solutions (Figure 2), revealing the minor influence of the
conjugated hydrophobic Cy5 dye.
The aggregation-induced fluorescence decline of each

pEHPA25-Cy5 solution during heating closely followed the
respective sigmoidal-shaped transmittance curve. The decline
continued slightly after the turbidimetry transition and resulted
in ∼30% residual fluorescence after the transition. In contrast,
the temperature-dependent fluorescence change of the
pHMPMA25-Cy5 solutions deviated from the transition
curve determined by turbidimetry. The fluorescence of the 5
mg mL−1 solution steadily declined to 86% between 37 and 46
°C, passing the turbidimetrically determined Tcp at 42.3 °C
along the way. From 46 to 60 °C, the decrease progressed
rapidly to 23% in a mostly linear fashion. We assume a certain
degree of preaggregation, also observed in DLS measurements
for pHMPMA polymers, to be responsible for the initial
moderate fluorescence decline. At approximately 4 °C after the
turbidimetrically determined Tcp, the aggregates’ size must
increase significantly, causing a rapid emission decrease and,
overall, a delayed broadened transition. Conversely, more
dilute 1 mg mL−1 pHMPMA25-Cy5 solutions did not show a
discrete transition. Instead, an almost linear fluorescence
decline to 33% was observed from 40 to 65 °C, ranging from 9
°C below to 16 °C above the Tcp value at 49 °C. Notably, both
dye conjugates exhibit a fully reversible phase transition
behavior, as returning to the initial temperature led to fully
restored fluorescence emission (data not shown).
Because pEHPA side chain dehydration contributes to the

aggregation process, Cy5 moieties likely become embedded in

the aggregates, markedly reducing the optical transparency and
the excitation and emission of Cy5 dyes after the phase
transition. As detected by temperature-dependent NMR
measurements, pHMPMA side chains do not dehydrate and
thus cause aggregation. Hence, the macroscopically observed
aggregation must be due to hydrophobic methacrylate
backbone interactions. The Cy5 dye conjugated to pHMPMA
is less likely to be embedded in aggregates due to the
surrounding hydrated neighboring side chains. For this reason,
we assume that the fluorescence decrease is mainly caused by
aggregates, which scatter the light passing through the sample.
Consequently, a temperature-driven increase in aggregated
chains yields a linear emission decrease within the probed
temperature range. This agrees well with the observed more
rapid fluorescence decline after passing the Tcp due to a faster
aggregate increase for higher concentrated 5 mg mL−1

pHMPMA solutions.
Thermoresponsive polymers labeled with fluorescent dyes,

which exhibit sigmoidal fluorescence decline profiles close to
detected transmittance curves, such as pEHPA25-Cy5, can
also be found in the literature. Usually, the sigmoidal
fluorescence decline appears for polymers with higher
molecular weights and polymer concentrations in solution.
Fluorescent pNIPAM copolymer solutions with molecular
weights between 22 and 27 kDa and 5 mg mL−1 concentration
exhibited a rapid fluorescence decline around the measured
Tcps of 30.5−32 °C, depending on M and the nature of the
incorporated dye.41 Similarly, a 2.5 mg mL−1 solution of
fluorescent pOEGMA with M = 29 kDa and a Tcp of 18.3 °C
showed a sigmoidal decrease in emission with a pronounced
decline in the range between 11 and 21 °C.42 Low molecular
weight polymers, on the other hand, typically exhibit a more
linear fluorescence decline. The temperature-dependent
fluorescence of pNIPAM copolymer solutions, each with a
different dye type and molecular weights of ∼6 and 11 kDa,
declined linearly between 25 and 50 °C, even at high
concentrations of 5 mg mL−1.43 Also, a fluorescent pOEGA
copolymer (M ∼ 9 kDa) solution at 0.1 mg mL−1 with a Tcp of
∼42 °C declined linearly in fluorescence between 35 and 50
°C.7 The first literature examples with higher molecular
weights and polymer concentrations exhibiting sigmoidal

Figure 6. Chemical structure of fluorescent, Cy5-labeled thermoresponsive pEHPA25-Cy5 and pHMPMA25-Cy5 polymers (a). Concentration-
dependent normalized turbidimetry (lines; n = 4) and fluorescence (circles, squares; n = 1) measurements of pEHPA25-Cy5 (b) and
pHMPMA25-Cy5 (c) in H2O at 5 and 1 mg mL−1. The residual fluorescence (%) refers to the highest measured temperature, and symbols are
connected to guide the eye.
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fluorescence declines agree well with the detected sigmoidal
fluorescence transitions of pEHPA25-Cy5 and may be linked
to their sharp phase transitions. Contrarily, following literature
examples of low molecular weight polymers at low
concentrations that typically result in broader transitions
exhibit linear fluorescence declines with temperature and
match our results for the fluorescence decline of pHMPMA25-
Cy5 in agreement with their broader phase transition.

Phase Transition Mechanism. The combined results
provide a comprehensive picture (Figure 7) of how the shift in
hydrophobicity from the side chain in pEHPA to the backbone
in pHMPMA affects the molecular and microscopic phase
transition behavior in addition to the macroscopically apparent
difference in the Tcp values.
pHMPMA solutions were observed to be more sensitive to

thermal and concomitant environmental changes, such as the
presence of salts or the local polymer concentration, exhibiting
broader transition regimes with smaller aggregates forming
above the Tcp. Additionally, NMR analysis revealed no
significant change in the hydration for any particular structural
element of the polymer chain. Temperature-dependent
fluorescence measurements of functionalized polymers in-
dicated that the phase-transition-driven emission decline
happens in an even wider range than turbidimetry measure-
ments. Also, the typical sigmoidally shaped phase transition
curve turns linear at low concentrations. Therefore, we
conclude that the pHMPMA transition in water is driven
mainly through the most hydrophobic polymer chain part�
the methacrylate backbone. In contrast, terminal methoxy
compared to ethoxy moieties on the side chains are not
hydrophobic enough to induce marked dehydration of
subjacent hydroxy groups. This results in continuously
hydrated side chains over the measured temperature region,
no driving force for the aggregation, and, finally, limited

aggregate size when compared to pEHPA, directly above the
Tcp. Hence, the water content in the polymer phase remains
rather constant, and the formation of a polymer-rich phase in
PBS above the Tcp indicates an LLPS-like transition type. The
pronounced molecular weight- and concentration-dependent
thermoresponsiveness of pHMPMA is similarly reflected by
structurally related pHPA polymers. The reported lower Tcp
values of pHPA in the literature than those of pHMPMA agree
with its shorter but more hydrophobic methyl group in the side
chain compared to the methoxy group of pHMPMA.25

Pronounced sensitivity to environmental changes, e.g., ion
content, connected with the increasing aggregate size was also
observed for LLPS type p(NIPAM-co-HIPAM) copolymers
with a high content of hydroxy groups.6,18 Enhanced aggregate
formation in PBS solutions can be explained through a strong
competing effect of the ions for hydrating water, which can
enable side chain dehydration, thus resulting in polymer
aggregate precipitation.
pEHPA polymer solutions exhibit less sensitivity to the

thermal phase transition toward the screened environmental
parameters on the macroscopic level. Sharper transitions, even
within a range of one degree, and the formation of larger
aggregates already at the cloud point were observed.
Preaggregates in water were smaller and occurred only close
to the Tcp. On the microscopic scale, distinct dehydration of
the backbone was observed via 1H and 13C NMR spectroscopy,
leading to broader signals and reduced peak integrals.
Furthermore, carbon signals near the hydroxy and ether
groups indicated dehydration only above the macroscopic
cloud point, either through peak shift or peak splitting.
Fluorescence measurements confirmed a sharp transition,
supporting the previous results. Therefore, a less pronounced
driving force for pEHPA aggregation below the cloud point
can be derived due to the less hydrophobic acrylate backbone

Figure 7. Schematic mechanistic phase transition of the pHMPMA (a) and pEHPA (b) chains in water.
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and a distinct side chain amphiphilicity compared to those of
pHMPMA, which enforces partial side chain dehydration only
above the Tcp, as indicated by NMR peak splitting. At and
above Tcp, these structural factors add up to a higher driving
force for pEHPA aggregation, resulting in larger aggregates
directly at Tcp, as detected via DLS measurements and
illustrated in Figure 7b. The increase in side chain hydro-
phobicity through the ethoxy group also explains the robust
Tcp values in the screened concentration and molecular weight
range in the presence and absence of salts. In general, the
pEHPA transition can, therefore, be described as a coil-to-
globule transition type with distinct dehydration and reduction
of water content in the aggregates, similar to PGE, pNIPAM,
and p(NIPAM-co-HIPAM) copolymers with a low HIPAM
content.

■ CONCLUSIONS
Isomeric polyacrylates (pEHPA) and polymethacrylates
(pHMPMA) bearing functional hydroxy groups in the side
chain were synthesized, and their unprecedented LCST
transition behavior was studied in detail. Turbidimetry and
DLS measurements revealed a less parameter-dependent phase
transition behavior in the 22 to 33 °C range for the pEHPA
polymers with pronounced side-chain hydrophobicity. Con-
versely, pHMPMA polymers with more pronounced backbone
hydrophobicity exhibited phase transitions between 37 and 67
°C and were more susceptible to the experimental conditions.
These properties were linked to the transition behavior on the
microscopic scale, as observed via NMR spectroscopy. pEHPA
chains started dehydrating directly after the macroscopic cloud
point, thus revealing a pronounced driving force for
aggregation. pHMPMA chains showed no distinct dehydration
behavior up to 18° above the Tcp. Therefore, we can conclude
that for a distinct, thermally induced dehydratization of
hydroxy groups in thermoresponsive polymers, it is necessary
to add hydrophobic moieties in direct proximity, which also
helps reduce the phase transition dependence on environ-
mental influences. Finally, a straightforward polymer labeling
with Cyanine5-dye showed the postfunctionalization potential
for the presented thermoresponsive polymers. With the
conjugate at hand, the temperature-dependent fluorescence
decline was aligned with the deducted phase transition
mechanism (Figure 7) and related to the transition behavior
to literature known thermosensitive polymers, such as pHPA
for pHMPMA and pNIPAM for pEHPA. With these
functional polymers, whose thermoresponsive behavior in
solution is fundamentally understood, next-level applied
materials such as thermoresponsive microgels or surface-
bound hydrogels can be rationally designed with optimized
smart functions for, e.g., flow biocatalysis.44
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Materials. All materials and chemicals were used as received unless stated otherwise. 

Acryloyl chloride, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC HCl), 

and deuterated chloroform (CDCl3) were purchased from ABCR (Karlsruhe, German). Glycidol, 

boron trifluoride etherate (BF3·OEt2, 46% solution in diethyl ether), azobis(4-cyanovaleric acid) 

(ACVA), and 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (RAFT Agent) were purchased 

from Sigma Aldrich (Steinheim, Germany). Triethylamine (NEt3) was purchased from 

Sigma Aldrich or TCI GmbH (Eschborn, Germany). Glycidyl methacrylate and succinic anhydride 

(SA) were purchased from TCI GmbH. 4-Dimethylaminopyridine (DMAP) was purchased from 

Carbolution chemicals (St. Ingbert, Germany). N-Hydroxysuccinimide (NHS) was purchased from 

Alfa Aesar (Kandel, Germany). Cyanin-5-ammonium chloride (Cy5-NH3Cl) was purchased from 

Lumiprobe (Hannover, Germany). Dichloromethane (DCM), methanol, acetonitrile, Al2O3, and 

NaHCO3 were purchased from Fisher Chemical (Loughborough, UK). Ethanol and ethyl acetate 

(EA) were purchased from Merck (Darmstadt, Germany). Cyclohexane (CH), Na2SO4, deuterated 

methanol-d4 (MeOD), and deuterated water (D2O) were purchased from Carl Roth (Karlsruhe, 

Germany). 1,4-Dioxane and MgSO4 were purchased from Grüssing (Filsburg, Germany). 

Deionized water with a minimum resistivity of 18.0 MΩ cm was used (Millipore™). Dulbecco’s 

phosphate-buffered saline (PBS) was purchased from Thermofisher (Henningsdorf, Germany) and 

filtered over a 0.45 µm cellulose acetate (CA) filter directly before use. Pre-wetted regenerated 

cellulose dialysis tubes (molecular weight cut-off: 1 or 3.5 kDa, Spectra/Por® 6) from 

Spectrumlabs were used for dialysis.

Methods. Column chromatography was performed on a Teledyne Isco CombiFlash Rf+ (USA) 

using RediSep NP80 columns and HPLC-grade cyclohexane and ethyl acetate. Polymer dialysis 
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was performed with respective MWCO in methanol (1.8 L) for 48-72 hours, and the solvent was 

exchanged at least three times. Gel permeation chromatography (GPC) in THF as eluent was 

conducted on an Agilent 1100 Series instrument with concentrations of 3.5 mg mL-1 and a flow 

rate of 1 mL min-1 at 25 °C. Three PLgel 5 µm mix-C columns with the dimensions 7.5 × 300 mm 

from Agilent (Waldbronn, Germany) were used in line with a refractive index detector and 

polystyrene (PS) standards from PSS (Mainz, Germany) were used for calibration.  Gel permeation 

chromatography (GPC) in DMF (10 mM LiBr) as eluent was conducted on a PSS Polymer Standard 

Service GmbH system with concentrations of 1.5 mg mL-1 and a flow rate of 1 mL min-1 at 50 °C. 

PSS SDV linear M 5 µm column (300 mm) was used in line with a refractive index detector, and 

poly(methyl methacrylate) (PMMA) standards from PSS (Mainz, Germany) were used for 

calibration. NMR spectra were processed with the software MestreNova 10.0.2, referenced to the 

solvent peak of the deuterated solvent unless stated otherwise, and the chemical shifts  were 

reported in ppm. 
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Monomer synthesis

The synthesis of utilized monomers 2-hydroxy-3-methoxypropylmethacrylate (HMPMA) and 3-

ethoxy-2-hydroxypropylacrylate (EHPA) was performed based on literature procedures.1-3 The 

synthetic pathways are shown in Scheme S1. 

Scheme S1. General synthesis route for the HMPMA (a) and EHPA (b) monomer with isolated 

yields of the pure constitutional isomers after silica column chromatography.

Synthesis of HMPMA

Glycidyl methacrylate (2.08 g, 14.6 mmol, 1 eq) was dissolved in methanol (11.5 mL, 282.5 mmol, 

19 eq) and the mixture was cooled to 0 °C. BF3·OEt2 (0.8 mL, 6.31 mmol, 0.43 eq) was added 

dropwise over 10 min. The mixture was stirred for 1 h at -30 °C and then continued at rt until no 

starting material could be detected via TLC (4.5 h). Afterwards, the reaction mixture was filtered 

over an Al2O3 plug, washed with DCM (3 x 20 mL) and concentrated under reduced pressure. 

Purification via flash chromatography (CH:EA 7/3 v:v) yielded HMPMA (60%) as a colorless 

liquid.
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1H-NMR (600 MHz, CDCl3 δ): 6.13 (mc, 1H, trans-H); 5.59 (mc, 1H, cis-H); 4.22 (mc, 2H, 

-COOCH2); 4.05 (mc, 1H, -CHOH), 3.46 (mc, 2H, -CH2OCH3), 3.40 (s, 3H, -CH2OCH3), 2.56 (s, 

1H, -CHOH), 1.95 (t, 3H, CH2CCH3) ppm.

13C-NMR (151 MHz; CDCl3 δ): 167.58 (COO), 136.11 (CH2CCOO), 126.19 (CH2CHCOO), 73.57 

(-CH2OCH3), 68.95 (CHOH), 65.88 (-COOCH2), 59.40 (CH2OCH3), 18.45 (CH2CCH3) ppm.

Synthesis of glycidyl acrylate (GA)

Glycidol (11.16 g, 150.7 mmol, 1 eq) and triethylamine (25.0 mL, 180 mmol, 1.2 eq) were 

dissolved in DCM (156 mL) and cooled down to 0 °C. Acryloyl chloride (13.5 mL, 165 mmol, 1.1 

eq) was dissolved in DCM (10 mL) and added dropwise to the reaction mixture over 60 min. The 

mixture was stirred for 16 h at rt. The precipitating solid was filtered off and the reaction mixture 

was washed with water (400 mL). The water phase was extracted with DCM (3 x 100 mL) and the 

combined organic layers were dried over MgSO4. The solvent was removed under reduced pressure 

and the raw product was purified by vacuum distillation (p: 1*10-3 mbar, Tbp: 23 °C). GA (66%) 

was obtained as a colorless liquid.

1H-NMR (600 MHz, CDCl3 δ): 6.45 (dd, 1H, cis-H); 6.16 (dd, 1H, CH2CHCOO); 5.86 (dd, 1H, 

trans-H); 4.49 (dd, 1H, -COOCH2); 4.01 (dd, 1H, -COOCH2); 3.25 (mc, 1H, -COOCH2CHOCH2), 

2.86 (t, 1H, -COOCH2CHOCH2), 2.67 (dd, 1H, -COOCH2CHOCH2) ppm.

Synthesis of EHPA

Glycidyl acrylate (2.0 g, 15.6 mmol, 1 eq) was dissolved in ethanol (11 mL, 188.6 mmol, 12 eq) 

and cooled to 0 °C. BF3·OEt2 (0.9 mL, 7.02 mmol, 0.45 eq) was added dropwise over 10 min to 

the reaction mixture. The mixture was stirred 1 h at -30 °C and then continued at rt for 16 h. 

Afterwards, the reaction mixture was filtered over an Al2O3 plug, washed with DCM (3 x 20 mL) 
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and concentrated under reduced pressure. Purification via flash chromatography (CH:EA 7/3 v:v) 

yielded EHPA (60%) as a colorless liquid.

1H-NMR (500 MHz, CDCl3, δ): 6.44 (dd, 1H, cis-H); 6.16 (dd, 1 H, CH2CHCOO); 5.86 (dd, 1H, 

trans-H); 4.24 (mc, 2H, -COOCH2); 4.04 (mc, 1H, -CHOH), 3.59-3.42 (m, 4H, -CH2OCH2CH3), 

2.55 (d, 1H, -CHOH), 1.21 (t, 3H, -CH2CH3) ppm.

13C-NMR (151 MHz; CDCl3 δ): 166.36 (COO), 131.48 (CH2CHCOO), 128.17 (CH2CHCOO), 

71.30 (CH2OCH2CH3), 68.96 (CHOH), 67.10 (-CH2OCH2CH3), 65.84 (-COOCH2), 15.20 (-

CH2CH3) ppm.

Polymer synthesis

The general synthesis route is presented in Scheme 1. The resulting polymer structures are shown 

in Figure S1. Peak assignments were performed using the monomer spectra and 1H 13C HMQC 

spectra.

Figure S1. Structures of the resulting pHMPMA (a) and pEHPA (b) polymers. Numbers were 

assigned following Figure S5 and Figure 4.

General procedure for pHMPMA and pEHPA25 synthesis. The monomer was dissolved in 1,4-

dioxane/water mixture (1/1 v:v) and cooled down to 0 °C. The radical initiator ACVA and the 
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RAFT agent were dissolved in 1,4-dioxane/water mixture (1/1 v:v) and added to the monomer 

solution. The combined solutions were degassed for 15 min with argon and the reaction mixture 

was stirred overnight in a preheated oil bath at 72 °C. The polymerization was stopped by air 

exposure at 0 °C. The solvent was removed under reduced pressure and the raw polymer dialyzed 

against methanol. The purified polymer was concentrated under reduced pressure.

pHMPMA10: HMPMA (2.00 g, 11.5 mmol, 58 eq), ACVA (10.0 mg, 0.037 mmol, 0.19 eq), 

RAFT agent (55.4 mg, 0.199 mmol, 1.0 eq), 1,4-dioxane/water (11 mL). Reaction time: 19.5 h. 

Dialysis MWCO: 1 kDa. The polymer (86%) was obtained as a light pink solid.

1H-NMR (600 MHz, MeOD, δ): 7.91, 7.60, 7.43 (RAFT end-group); 4.15-3.65 (m, 3H, 5-H2, 6-

H); 3.65-3.44 (m, 2H, 7-H2); 3.44-3.33 (m, 3H, 8-H3); 2.47 (ACVA group); 2.20-1.50 (m, 2H, 3-

H2); 1.42-0.66 (m, 3H, 1-H3) ppm.

Molecular weights determined by NMR: Mn = 13.9 kDa. GPC(THF): Mn = 10700 Da, Ð = 1.10. 

GPC(DMF): Mn = 18500 Da, Ð = 1.28.

pHMPMA25: HMPMA (2.41 g, 13.8 mmol, 173 eq), ACVA (4.1 mg, 0.015 mmol, 0.19 eq), 

RAFT agent (22.4 mg, 0.080 mmol, 1.0 eq), 1,4-dioxane/water (10 mL). Reaction time: 23 h. 

Dialysis MWCO: 3.5 kDa. The polymer (75%) was obtained as a light pink solid.

1H-NMR (500 MHz, MeOD, δ): 7.91, 7.60, 7.43 (RAFT end-group); 4.24-3.79 (m, 3H, 5-H2, 6-

H); 3.64-3.45 (m, 2H, 7-H2); 3.45-3.34 (br. s, 3H, 8-H3); 2.48 (ACVA group); 2.32-1.43 (m, 2H, 

3-H2); 1.41-0.60 (m, 3H, 1-H3) ppm.

13C-NMR (151 MHz; MeOD δ): 179.60-177.63 (4-C), 129.64, 129.58, 129.21, 127.61 (RAFT end-

group), 75.15-74.62 (7-C) 69.15, 69.06, 68.94 (5-C), 67.46 (6-C), 59.61 (8-C), 55.93-52.73 (3-C), 

46.93, 46.35, 46.01 (2-C), 22.12, 19.73, 18.00-17.33 (1-C) ppm.
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Molecular weights determined by NMR: Mn = 37.9 kDa. GPC(THF): Mn = 25300 Da, Ð = 1.10. 

GPC(DMF): Mn = 46500 Da, Ð = 1.34.

pEHPA25: EHPA (2.20 g, 12.6 mmol, 173 eq), ACVA (4.1 mg, 0.015 mmol, 0.20 eq), RAFT 

agent (20.4 mg, 0.073 mmol, 1.0 eq), 1,4-dioxane/water (6 + 1.4 mL). Reaction time: 15 h. Dialysis 

MWCO: 3.5 kDa. The polymer (81%) was obtained as a red wax.

1H-NMR (500 MHz, MeOD, δ): 8.01, 7.63, 7.46 (RAFT end-group); 4.31-4.01 (m, 2H, 5-H2,); 

4.01-3.90 (br. s, 1H, 6-H); 3.56 (q, 2H, 8-H2); 3.52-3.40 (m, 2H, 7-H2); 2.69 (ACVA group); 2.63-

2.26 (m, 1H, 2-H); 2.24-1.42 (m, 2H, 3-H2); 1.21 (t, 3H, 1-H3) ppm.

13C-NMR (151 MHz; MeOD δ): 176.40-175.90 (4-C), 129.70, 128.05 (RAFT end-group), 72.79 

(7-C), 69.49, 69.44 (6-C), 67.89 (8-C), 67.31 (5-C), 42.83 (2-C), 37.31-35.09 (3-C), 15.58 (1-C) 

ppm.

Molecular weights determined by NMR: Mn = 38.8 kDa. GPC (THF): Mn = 25200 Da, Ð = 1.17. 

GPC (DMF): Mn = 38700 Da, Ð = 1.50.

Procedure for pEHPA10. EHPA (1.50 g, 8.61 mmol, 58 eq), ACVA (8.3 mg, 0.03 mmol, 0.20 

eq), RAFT agent (41.0 mg, 0.150 mmol, 1.0 eq), were dissolved in 1,4-dioxane/water mixture 

(5.74 ml, 1/1 v:v) and cooled down to 0 °C. The mixture was degassed for 15 min with argon and 

then stirred in a preheated oil bath at 72 °C for 16 h. The polymerization was stopped by air 

exposure at 0 °C. The solvent was removed under reduced pressure and the raw polymer dialyzed 

against methanol. Purified product was concentrated under reduced pressure. The polymer (75%) 

was obtained as a red wax.
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1H-NMR (500 MHz, MeOD, δ): 8.01, 7.62, 7.46 (RAFT end-group); 4.30-4.01 (m, 2H, 5-H2,); 

4.01-3.89 (br. s, 1H, 6-H); 3.56 (q, 2H, 8-H2); 3.53-3.38 (m, 2H, 7-H2); 2.69 (ACVA group); 2.61-

2.23 (m, 1H, 2-H); 2.23-1.44 (m, 2H, 3-H2); 1.21 (t, 3H, 1-H3) ppm.

Molecular weights determined by NMR: Mn = 11.1 kDa. GPC (THF): Mn = 9700 Da, Ð = 1.08. 

GPC(DMF): Mn = 13300 Da, Ð = 1.29.
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Figure S2. 1H NMR spectrum of pHMPMA10 in MeOD with peak assignment.

Figure S3. 1H NMR spectrum of pHMPMA25 in MeOD with peak assignment.
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Figure S4. 13C NMR spectrum of pHMPMA25 in MeOD with peak assignment.

Figure S5. 1H NMR spectrum of pEHPA25 in MeOD with peak assignment.
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Figure S6. 13C NMR spectrum of pEHPA25 in MeOD with peak assignment.

Figure S7. 1H NMR spectrum of pEHPA10 in MeOD with peak assignment.
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Molecular weight analysis

Molecular weights of the purified polymers were evaluated via 1H NMR spectroscopy and GPC in 

THF and DMF using polystyrene (PS) and polymethylmethacrylate (PMMA) standards, 

respectively. A comparative list of the results from polymers with targeted molecular weights of 

10 and 30 kDa, including dispersities and isolated yields is presented in Table S1.

Table S1. Overview of the polymers synthesized via RAFT polymerization.

Polymer  Mn [kDa]a Ða Mn [kDa]c Ðc Mn [kDa]b Yield [%]d

pEHPA10 9.7 1.08 13.3 1.29 11.1 76

pEHPA25 25.2 1.17 38.7 1.5 38.8 81

pHMPMA10 10.7 1.10 18.5 1.28 13.9 86

pHMPMA25 25.3 1.10 46.5 1.34 37.9 75

adetermined via GPC in THF with PS standards, bdetermined via GPC in DMF with PMMA 

standards, cdetermined from 1H NMR end group analysis disolated yield after purification via 

dialysis.

For the 10 kDa polymers, GPC results in THF match well with the targeted molecular weights. For 

polymers with a target of 30 kDa, GPC traces revealed a lower molecular weight of around 25 kDa. 

Narrow polydispersities indicated the success of the controlled polymerization.

Molecular weight determination from the 1H NMR spectra was achieved by comparing the integral 

values of the terminating RAFT phenyl moiety to the integral value of the backbone protons. An 

increase of 14% for pEHPA10 and 30% for pHMPMA10 was observed when compared to GPC 

results in THF, and an increase of ~50% was observed for the higher molecular weight polymers. 
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However, an overestimation of molecular weights determined from 1H NMR is not unusual. The 

small number of protons resulting in low-intensity signals, restricted movement of the end groups 

in the coil resulting in longer proton relaxation times and therefore, non-quantitative signals, and 

dead chains lacking the RAFT end group can add up to rather large errors for polymers with 

molecular weights ≥ 10 kDa.4-6 In DMF, the molecular weights appeared to be overestimated by 

37-53% for pEHPA and 73-84% for pHMPMA with broader PDIs which might indicate better 

solvation of the polymers in DMF compared to PMMA standards. Weaver et al. reported an 

overestimation of the molecular weight of pHEMA by at least 200% when measured in DMF and 

analyzed with PMMA standards.7 Hence it seems reasonable that the more hydrophilic pHMPMA 

is generally more overestimated in DMF compared to the pEHPA. Since the hydrogen bonding 

ability of THF is less pronounced, the difference in the solvodynamic radius between PS and 

pHMPMA or pEHPA is expected to be smaller. Thus, GPC results in THF were chosen to label 

the polymers.

Cy5 labeling

The labeling of pHMPMA25 and pEHPA25 with the fluorescent Cy5 dye was conducted in two 

steps. First, the succinic anhydride amount equaling 0.05% of the side chain hydroxy groups (based 

on Mn by GPC in THF) was used to generate reactive carboxy groups in the side chains. Second, 

the amino-functional Cy5 dye was coupled via amidation by an EDC NHS coupling protocol. The 

general synthetic route is shown in Scheme S2.
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Scheme S2. a) Polymer (25 kDa) functionalization with succinic anhydride to yield side chains 

with reactive carboxy groups. b) EDC-NHS coupling of the fluorescent Cy5-NH3Cl dye to the 

carboxy-functionalized polymers.

Functionalization with succinic anhydride. The respective hydroxy-functional polymer (420 mg, 

0.017 mmol, 1 eq) was dissolved in acetonitrile (1.5 mL). Stock solutions of SA (0.049 M, 0.24 

mL, 0.71 eq) and DMAP (0.041 M, 0.3 mL, 0.71 eq) in acetonitrile were added and the reaction 

was stirred at rt for 22 h. The polymer solution was dialyzed against methanol (MWCO 3.5 kDa) 

and concentrated under reduced pressure.

pHMPMA25-SA: light pink solid. Yield: 99 %. 1H NMR peak assignment was performed 

according to the numbering provided in  Figure S1a.

1H-NMR (500 MHz, MeOD, δ): 7.91, 7.60, 7.43 (RAFT end-group); 4.25-3.80 (m, 3H, 5-H2, 6-

H); 3.67-3.45 (m, 2H, 7-H2); 3.45-3.34 (br. s, 3H, 8-H3); 2.67 (SA group); 2.48 (ACVA group); 

2.35-1.47 (m, 2H, 3-H2); 1.41-0.69 (m, 3H, 1-H3) ppm.

pEHPA25-SA: light pink wax. Yield: 99 %. 1H NMR signals were identified according to Figure 

S1b.
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1H-NMR (500 MHz, MeOD, δ): 8.01, 7.63, 7.46 (RAFT end-group); 4.37-4.01 (m, 2H, 5-H2,); 

4.01-3.89 (br. s, 1H, 6-H); 3.73-3.52 (m, 2H, 8-H2); 3.52-3.40 (m, 2H, 7-H2); 2.73-2.60 (SA group, 

ACVA group); 2.60-2.27 (m, 1H, 2-H) 2.23-1.44 (m, 2H, 3-H2) 1.21 (t, 3H, 1-H3) ppm.

Conjugation with Cy5. The respective SA-functionalized polymer (250 mg, 0.01 mmol, 1 eq) was 

dissolved in methanol (0.8 mL), a stock solution of NHS in methanol (0.073 M, 0.01 mL, 0.73 eq) 

was added, and the reaction mixture stirred for 2 min. After adding a stock solution of EDC HCl 

in methanol (0.073 M, 0.1 mL, 0.73 eq) the reaction mixture was stirred for 3 h at rt. Finally, a 

stock solution of the Cy5 dye in methanol (0.003 M, 0.59 mL, 0.18 eq) was added and the reaction 

mixture stirred for 17 h at rt. The polymer solution was dialyzed against methanol (MWCO 3.5 

kDa) and concentrated under reduced pressure. 

pHMPMA25-Cy5: blue wax. Yield: 91 %. 1H NMR signals are identified according to Figure S1a.

1H-NMR (500 MHz, MeOD, δ): 8.24, 7.71, 7.63, 7.51, 7.28, 6.63, 6.30 (Cy5 π-system); 4.26-3.78 

(m, 3H, 5-H2, 6-H); 3.76-3.45 (m, 2H, 7-H2); 3.45-3.34 (br. s, 3H, 8-H3); 2.76-2.60 (SA group, Cy5 

group); 2.43 (ACVA group); 2.25-1.50 (m, 2H, 3-H2); 1.42-0.66 (m, 3H, 1-H3) ppm.

GPC(THF): Mn = 24600 Da, Ð = 1.15.

pEHPA25-Cy5: blue wax. Yield: 92 %. 1H NMR signals are identified according to Figure S1b.

1H-NMR (700 MHz, MeOD, δ): 8.24, 7.51, 7.28, 6.63, 6.30 (Cy5 π-system); 8.00, 7.62, 7.46 

(RAFT end-group) 4.33-4.02 (m, 2H, 5-H2,); 4.01-3.90 (br. s, 1H, 6-H); 3.74-3.53 (m, 2H, 8-H2); 

3.52-3.42 (m, 2H, 7-H2); 2.73-2.60 (SA group, Cy5 group, ACVA group); 2.60-2.25 (m, 1H, 2-H) 

2.23-1.40 (m, 2H, 3-H2); 1.21 (t, 3H, 1-H3) ppm.

GPC(THF): Mn = 24700 Da, Ð = 1.20.
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The labeling was verified by the change of polymer color (light pink to blue). Furthermore, the 

signals of the incorporated succinic acid (methyl groups) and Cy5 (π-system) were detected in the 

1H proton spectra. The spectra comparison along with peak assignment is shown in Figures S8 and 

S9 for pEHPA25-Cy5 and pHMPMA25-Cy5 respectively. 

Figure S8. 1H NMR spectra comparison of pEHPA25 and pEHPA25-Cy5 in MeOD with peak 

assignment.
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Figure S9. 1H NMR spectra comparison of pHMPMA25 and pHMPMA25-Cy5 in MeOD with 

peak assignment.

Sample preparation for the analysis of the thermoresponsive behavior

Turbidimetry. The polymer samples were dissolved in water and lyophilized to remove traces of 

methanol. A 20 mg mL-1 stock solution in the respective solvent (water or PBS) was prepared and 

2 mL dilutions with 10, 5, 2.5, and 1 mg mL-1 were prepared for analysis. Temperature-dependent 

turbidity curves were measured as described in the experimental section by detecting the 

transmittance at 600 nm. The non-normalized heating and cooling runs in PBS for all probed 

polymers and concentrations are shown in Figure S10. The combined polymer solutions of one 

sample were lyophilized after the analysis and the recovered polymers were analyzed via GPC in 

THF to detect chemical alteration or degradation (Figure S11).8, 9

83



Supporting Information

S19

Figure S10. Overview of non-normalized turbidimetry heating (straight) and cooling (dashed) 

cycles in PBS for pHMPMA (a, b) and pEHPA (c, d) of 25 and 10 kDa, respectively. A full 

heating-cooling cycle over the measured temperature range is shown.
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Figure S11. Overview of GPC traces of (a) pHMPMA25, (b) pEHPA25, (c) pEHPA10 and (d) 

pHMPMA10 obtained in THF at room temperature and referenced to butylated hydroxytoluene 

(BHT). The measurements were performed directly after synthesis and isolation (black), after 

turbidimetry and DLS analysis, either in water (red) or in PBS (blue).

Calculation of the phase transition width ΔT 

The phase transition borders were calculated by applying a linear fit on the transition region of the 

normalized turbidimetry curves. The temperature values for 0 and 100% transmittance (T0 and T100, 

respectively) were then used to calculate the apparent phase transition width ΔT = T0-T100. An 
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example graph for the calculation using the pHMPMA10 5 mg mL-1 sample in H2O and the 

resulting values are presented in Figure S12 and Table S2.
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Figure S12. Turbidimetric curves of pHMPMA10 in H2O at a concentration of 5 mg mL-1 (red) 

and the corresponding linear fits of the phase transition region (black). Blue crosses mark the 

position of derived T100 and T0 values.

Table S2. Results of the linear fit of the pHMPMA10 transmittance curves in H2O are depicted in 

Figure S12.

Heating cycle Cooling cycle

Derived linear fit* y = -38x + 1932 y = -33x + 1690

R² 0.976 0.979

T100 [°C] 47.9 48.1

T0 [°C] 50.5 51.2

ΔT = T0-T100 [°C] 2.6 3.1

*y = transmittance, x = temperature
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DLS sample preparation and intensity distribution of the 10 kDa polymers

The prepared samples for turbidimetry measurements were also used for DLS measurements. 

Before the measurement, each sample was filtered through a 0.45 µm CA filter to break up loose 

polymer aggregates. The samples were then placed in the measurement chamber and equilibrated 

for 120 s at each temperature prior to the measurement. The size distributions by intensity for the 

10 kDa polymers are shown in Figure S13.

Figure S13. Temperature-dependent size distributions by intensity determined via DLS of 

pHMPMA10 (a, c) and pEHPA10 (b, d) at c = 5 mg mL-1 in water (a, b) and PBS (c, d), 

respectively.
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Comparison of hydrodynamic radii to theoretical and literature values

In order to estimate whether the polymers in this work are dissolved as single chains in water well 

below the cloud point temperature (T100 - 5 °C), we used the measured hydrodynamic radii by DLS 

data (Rh, exp = d/2 with the measured hydrodynamic diameter d) and compared it to their theoretical 

Flory radii (Rf) and Rh of poly(N-isopropyl acrylamide) (pNIPAM) in water at 20 °C derived from 

light scattering data.10 The Flory radii of our polymers were calculated in a theta (Rf, theta = N1/2a) 

and good (Rf, good = N3/5a) solvent with N as the number of repeating units in the polymer chain and 

a as the segment chain length.11 The number of repeating units N was calculated as the ratio of the 

molecular weight Mn to the monomer molecular weight M0 (174.2 g/mol) and the segment length 

was estimated to be a = 0.25 nm, which is a typical value for vinyl-based polymers such as 

(pNIPAM)10. Furthermore, we calculated the hydrodynamic radii using the power law equation 

derived from experimental pNIPAM light scattering and viscometry data in water at 20 °C 

(Rh, pNIPAM = 0.016Mw
0.54).10 The results are presented in Table S3.

Table S3. Comparison of experimentally-derived hydrodynamic radii to the theoretically-derived 

polymer radii according to the Flory theory and hydrodynamic radii based on pNIPAM 

measurements.

Polymer N Rh, exp [nm] Rf, theta [nm] Rf, good [nm] Rh, pNIPAM [nm]

pEHPA10 61.4 2.43 1.86 2.77 2.36

pEHPA25 145.2 4.40 3.01 4.94 4.14

pHMPMA10 55.1 2.41 1.96 2.96 2.51

pHMPMA25 144.7 4.20 3.01 4.96 4.01
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Since the experimental radii consistently locate between the calculated Flory values for theta and 

good solvent and are within 4-6% of the experimentally derived Rh, pNIPAM values, we assume that 

the hydrodynamic radii derived from our measurements can be attributed to fully solubilized single 

chains.

Temperature-dependent pHMPMA25 NMR measurements.

The NMR spectra were acquired as described in the experimental section. The 1H and 13C spectra 

of pHMPMA25 in the temperature range of 30-60 °C are shown in Figures S14 and S15. 

Additionally, the integral values from the 1H spectra are shown in Table S4.
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Figure S14. Temperature-dependent 1H NMR spectra (D2O, 600 MHz) of pHMPMA25 at a 

concentration of 10 mg mL-1 (Tcp: 41.2 °C). The spectra were referenced to the methyl group (1, 

right peak) at 30 °C at 0.99 ppm. Peaks were assigned with numbers according to the illustrated 

chemical structure, and marked insets show zoomed-in regions for signals of interest.

Table S4. Overview of proton peak integrals of pHMPMA25 (Tcp: 41.2 °C) as obtained from 

temperature-dependent 1H NMR (D2O, 600 MHz) spectra measured at a concentration of 10 mg 

mL-1. All peak integrals were referenced to the respective backbone protons of peaks (5+6) between 

3.91-4.35 ppm.

Assigned peak N°

(δ [ppm])

5+6

(3.91-4.35)

7

(3.58-3.79)

8

(3.41-3.58)

3

(1.57-2.51)

1

(0.66-1.52)

Integral at 30 °C 3.00 2.07 3.14 1.73 2.92

Integral at 40 °C 3.00 2.01 3.03 1.79 2.82

Integral at 50 °C 3.00 2.29 3.20 1.87 2.97

Integral at 60 °C 3.00 2.15 3.21 1.80 2.92
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Figure S15. Temperature-dependent 13C NMR spectra (D2O, 151 MHz) of pHMPMA25 at a 

concentration of 10 mg mL-1 (Tcp: 41.2 °C). The spectra were referenced to the methyl group (1, 

right peak) at 30 °C (16.29 ppm). Peaks were assigned with numbers according to the illustrated 

chemical structure, and color-marked insets show zoomed-in regions for signals of interest.

UV/Vis and fluorescence spectroscopy data of Cy5-functionalized polymers.

The pEHPA25-Cy5 and pHMPMA25-Cy5 polymers were first analyzed over the region of 400 

to 700 nm to verify the labeling and find the appropriate wavelength for the turbidimetry 
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measurements with sufficiently low absorbance. After the analysis of the absorbance spectra in 

Figure S16, a wavelength of 500 nm was chosen for turbidimetry (Figure S17).

Figure S16. UV/Vis-absorption spectra of pEHPA25-Cy5 (a) and pHMPMA25-Cy5 (b) at 

concentrations of 5 and 1 mg mL-1 in H2O at 20 °C.

Figure S17. Overview of non-normalized turbidimetry heating (straight) and cooling (dashed) 

cycles in water for pEHPA25-Cy5 (blue) and pHMPMA25-Cy5 (red) 5 and 1 mg mL-1 samples, 

respectively. A full heating-cooling cycle over the measured temperature range is shown.
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As described in the experimental part of the main manuscript, the fluorescence measurements were 

recorded on a Jasco FP-6500 spectrometer and equilibrated in a water bath prior to the 

measurements. Close-up pictures of the fluorescent solution during the measurement process are 

presented in Figure S18.

Figure S18. Representative photograph of the fluorescent pEHPA25-Cy5 solution (1 mg/mL)  a) 

in a tempered water bath equilibrating the fluorescent sample, b) in the tempered sample holder of 

the fluorescence spectrometer, c) directly after equilibration at 22 °C (first measurement point), 

and d) directly after equilibration at 36 °C (last measurement point).

The raw fluorescence emission spectra in the region between 660 and 700 nm are shown in Figure 

S19. The emission maximum of the first spectrum was set as 100 %, and the maxima of the 

following spectra at each temperature were used to calculate the relative fluorescence decline 

shown in Figure 7b and c. The temperature steps were chosen accordingly to the considered 

measurement range.
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Figure S19. Temperature-dependent fluorescence emission spectra of pEHPA25-Cy5 (a, b) and 

pHMPMA25-Cy5 (c, d) at 5 and 1 mg mL-1 in H2O.
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3.3. Thermoresponsive brush coatings for cell sheet engineering with low 

protein adsorption below and above the polymers’ phase transition 

temperature 

Schweigerdt, A.; Stöbener, D. D.; Scholz, J.; Schäfer, A.; Weinhart, M. Thermoresponsive 

brush coatings for cell sheet engineering with low protein adsorption below and above the 

polymers’ phase transition temperature. ACS Biomater Sci Eng 2024, submitted. 

 

Thermoresponsive PEHPA and poly(3-ethoxy-2-hydroxypropyl methacrylate)  (PEHPMA) 

polymers were modified with a short block comprising benzophenone acrylate or methacrylate, 

respectively. A benzophenone-based self-assembly and immobilization procedure for both 

copolymers with molecular weights of 22-24 kDa was established and the resulting brush 

coatings were characterized via ellipsometry, contact angle and QCM-D measurements for 

protein adsorption. Both brush coatings allowed adhesion, proliferation and detachment of 

HDF cell sheets, despite low protein adsorption above cloud point temperatures. PEHPA-

based brush coatings were further sterilized along with established PGE coatings on PS and 

TCPS surfaces via gamma radiation and FO gas in a storage time window of 14 – 18 d. 

Gamma irradiation emerged as a too harsh procedure, resulting in coating depletion and loss 

of functionality to various degrees. FO sterilization was suitable for all evaluated coating types 

and PEHPA-based coatings demonstrated better storage stability, compared to PGE coatings, 

showing the benefit of the aliphatic backbone. 

Monomer synthesis: A. Schweigerdt, O. Staudhammer, L. Lehmann, F. Junge (various research stays 

under supervision). Polymer synthesis: A. Schweigerdt, O. Staudhammer. Turbidimetry & DLS analysis: 

A. Schweigerdt. Temperature dependent NMR spectroscopy & analysis: A. Schäfer, A. Schweigerdt. 

Coating fabrication concept and surface characterization: A. Schweigerdt. Cell culture experiments: A. 

Schweigerdt, J. Scholz. Live dead staining experiments: J. Scholz, Dr. S. Wedepohl. Research concept: 

Dr. D.D. Stöbener, Dr. M. Weinhart, A. Schweigerdt. Project supervision: Dr. M. Weinhart. Manuscript 

preparation: A. Schweigerdt, Dr. M. Weinhart.
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ABSTRACT 

Thermoresponsive polymer coatings on cell culture substrates enable non-invasive cell detachment and cell 

sheet fabrication for biomedical applications. Optimized coatings should support controlled culture and 

detachment of various cell types and allow chemical modifications, e.g., to introduce specific growth factors 

for enhanced gene expression. Furthermore, the sterilization and storage stability of the coatings must be 

assessed for translational attempts. Poly(glycidyl ether) (PGE) brush coatings with short alkoxy side chains 

provide a versatile platform for cell culture and detachment, but their polyether backbones are susceptible 

to oxidation and degradation. Thus, we rationally designed potential alternatives with thermoresponsive 

glycerol-based block copolymers comprising a stable polyacrylate or polymethacrylate backbone and an 

oligomeric benzophenone (BP)-based anchor. The resulting poly(ethoxy hydroxypropyl acrylate-b-

benzophenone acrylate) (pEHPA-b-BP) and poly(ethoxy hydroxypropyl methacrylate-b-benzophenone 

methacrylate) (pEHPMA-b-BP)  block copolymers preserve the short alkoxy-terminated side chains of the 

PGE derived structure on a stable, but hydrophobic aliphatic backbone. The amphiphilicity balance is 

maintained through incorporated hydroxyl groups, which simultaneously can be used for chemical 

modification. The polymers were tailored into brush coatings on polystyrene surfaces via directed 

adsorption using the BP oligomer anchor. The resulting coatings with thickness values up to ~3 nm 

supported efficient adhesion and proliferation of human fibroblasts despite minimal protein adsorption. The 

conditions for cell sheet fabrication on pEHPA-b-BP were gentler and more reliable than on pEHPMA-b-

BP, which required additional cooling. Hence, the stability of pEHPA-b-BP and PGE coatings was 

evaluated post gamma and formaldehyde (FO) gas sterilization. Gamma sterilization partially degraded 

PGE coatings and hindered cell detachment on pEHPA-b-BP. In contrast, FO sterilization only slowed 

detachment on PGE coatings and had no adverse effects on pEHPA-b-BP, maintaining their efficient 

performance in cell sheet fabrication. 

 

Keywords: functional coatings, antifouling, cell sheet fabrication, sterilization.  
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INTRODUCTION 

Polymer coatings with a lower critical solution temperature (LCST) behavior enable gentle, enzyme-free 

cell harvesting in vitro. These coatings promote cell adhesion and proliferation above the polymers’ LCST 

at physiological conditions (37 °C) and become cell-repellent below their LCST, allowing controlled cell 

detachment without damaging cells or the extracellular matrix (ECM).1, 2 

The properties of LCST-type polymers can be tailored through monomer selection to direct the location of 

their phase transitions in aqueous solution to the physiological temperature range3-5 and fine-tune their 

amphiphilic balance through copolymerization.6, 7 Functional polymer coatings, exhibiting a phase transition 

on the surface of cell culture materials, can be designed with brush, bottlebrush, or hydrogel architecture.8-

11 At physiological conditions, these coatings should be in a dehydrated, collapsed state to promote serum 

protein adsorption, which mediates cell adhesion of anchorage-dependent cells.12, 13 Non-specific serum 

protein adsorption on artificial surfaces occurs spontaneously and requires minimal exposure to enable cell-

surface interactions.13, 14 For instance, Horbett et al. demonstrated that fibroblasts spread similarly on 

substrates exposed to serum for either 10 seconds or 90 minutes.15 Adsorbed fibronectin (Fn) and vitronectin 

from serum-containing medium mediate cell adhesion via integrin-binding RGD sequences, provided they 

remain structurally intact.16 Upon RGD-binding of anchorage-dependent cells, adhesion and proliferation 

processes, such as cytoskeleton reorganization and production of ECM proteins, are initiated.17, 18 

For efficient thermally induced cell detachment, the thermoresponsive coating or at least its outermost 

layer19 must transition into a rehydrated state upon cooling. Concomitantly, interactions between the cell-

derived ECM and the culture substrate become unfavorable, leading to ECM-substrate separation.13, 19 For 

practical convenience, detachment at room temperature (20-25 °C) is preferred, although successful 

detachment procedures at temperatures below 20 °C were also developed.20, 21 Thermoresponsive polymer 

coatings generally exhibit broader phase transitions compared to their aqueous polymer solutions due to 

restricted chain movement after surface tethering.19, 22, 23 Additionally, phase transition temperatures can be 

influenced through the coating-substrate or polymer-salt and polymer-protein interactions.11, 24, 25 
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Consequently, inhomogeneous layer (de)hydration and hampered phase transitions must be considered 

when optimizing the coating performance for cell sheet fabrication. For example, poly(N-isopropyl 

acrylamide) (pNIPAM, LCST ~32 °C) hydrogel and poly(oligo ethylene glycol methacrylate) (pOEGMA) 

(LCST ~28-34 °C) brush coatings can lack cell adhesive properties above their phase transition 

temperature9, 26-28 and poly(glycidyl ether) (PGE) brushes (LCST ~20-30 °C) may not reliably mediate 

controlled cell sheet detachment at distinct grafting densities.11 

The performance of thermoresponsive coatings can be further optimized by incorporating functional units. 

For instance, copolymers of 2-carboxy isopropyl acrylamide with NIPAM were functionalized with heparin 

using the carboxyl group, which enabled the binding of epidermal growth factors for enhanced expression 

of hepatocyte-specific genes in primary hepatocytes.29 Therefore,  polymers with accessible reactive groups, 

e.g., hydroxyl, carboxyl, or amine groups, are desirable.30, 31 However, most established thermoresponsive 

polymers, such as pNIPAM, pOEGMA, or poly(oxazoline)s (POX) lack reactive groups and require 

copolymerization, which may impact their LCST behavior.32 Additionally, stability during sterilization is 

crucial for technology translation into biomedical laboratories and potential product development. While 

pNIPAM surfaces are compatible with gas sterilization, frequently used ionizing radiation increases the 

LCST or induces crosslinking in pNIPAM or POX polymers, thus potentially limiting their phase transition 

and application in the physiological range.33, 34 

In previous work, we established thermoresponsive poly(glycidyl ether) (PGE) coatings optimized for cell 

sheet fabrication.35 Their alkoxy side groups induce LCST behavior, allowing thermal control over cell 

adhesion, though lacking post-functionalization options.35, 36 Limitations in the shelf-life and sterilization 

stability of structurally similar poly(ethylene glycol) (PEG) coatings further raise concerns about the 

stability of thermoresponsive PGE brushes under storage or radiation sterilization conditions.37-39 Therefore, 

we applied molecular design principles to conceptualize, synthesize, and characterize poly(γ-alkoxy-β-

hydroxy-(meth)acrylate) polymers, incorporating stable aliphatic backbones and hydroxyl groups for post-

functionalization while preserving PGE-like short alkoxy side chains.3 The resulting poly(hydroxy 
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methoxypropyl methacrylate) (pHMPMA), however, exhibited cloud point temperatures (Tcp) mainly 

above the physiological range (37-51 °C).  Furthermore, no distinct microscopic dehydration was detected, 

which is an important prerequisite for cell culture applications.3 In contrast, poly(ethoxy 

hydroxypropyl acrylate) (pEHPA) homopolymers exhibited Tcp values of 22-27 °C and distinct chain 

dehydration above the Tcp, thus showing potential for a functional cell sheet fabrication coating.3 To develop 

functional brush coatings via block copolymer self-assembly on PS substrates in this work, we prepared 

thermoresponsive block copolymers with a poly(meth)acrylate backbone comprising ethoxy 

hydroxypropyl side chains, avoiding methoxy side chains, which have been shown to introduce unfavorable 

thermoresponsive properties3 to the polymer (Figure 1).  

 

Figure 1. Chemical structures of the glycerol-based thermoresponsive copolymers pEHPA-b-BP and 

pEHPMA-b-BP, which were used to functionally coat PS surfaces in this work (left) as well as PGE-b-

OBP and PGE-b-ACBP which were used for comparison as established (TC)PS coating systems (right). 

Both thermoresponsive poly(ethoxy hydroxypropyl acrylate-b-benzophenone acrylate) (pEHPA-b-BP) 

and poly(ethoxyhydroxypropyl methacrylate-b-benzophenone methacrylate) (pEHPMA-b-BP) were 

designed with a short benzophenone (BP)-comprising block for efficient self-assembly and covalent surface 

attachment. The performance of the resulting brush coatings was evaluated in cell culture. Cell sheet 

fabrication on these surfaces was investigated before and after formaldehyde (FO) gas and gamma 

sterilization and compared to established PGE-b-OBP and PGE-b-ACBP brush coatings on PS and TCPS 

(Figure 1).11 pEHP[M]A-based functional coatings showed efficient cell adhesion despite striking 
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differences in protein adsorption, compared to PGE, and the aliphatic backbone further enhanced post-

sterilization performance. 

EXPERIMENTAL SECTION 

Materials, synthetic pathways and procedures, as well as the characterization of the used monomers (Scheme 

S1) and polymers (Scheme S2), including gel permeation chromatography (GPC) methods, sample 

preparation for thermoresponsive analysis, additional UV-Vis, dynamic light scattering (DLS), and nuclear 

magnetic resonance (NMR) spectroscopy data are presented in the electronic Supporting Information (SI). 

Procedures for the preparation of PS-coated surfaces on silicon wafers or quartz crystal microbalance 

(QCM-D) chips are also provided in the SI.  

Turbidimetry (UV-Vis) measurements. Absorbance and transmittance measurements were recorded on a 

PerkinElmer Lambda 950 UV-Vis spectrometer with a PTP 6 Peltier temperature programmer 

(PerkinElmer). Temperature-dependent measurements were performed at heating rates of 0.5 °C min−1 

while recording data points every 0.5 °C. The temperature-dependent transmittance of the aqueous polymer 

solution was measured for two cycles per sample. The measurement points were connected via the Akima-

spline interpolation, and the cloud point temperature Tcp was defined as the temperature at the inflection 

point of the normalized transmittance versus temperature curve. 

Temperature-dependent NMR measurements. 1H and 13C NMR spectra were recorded on a JEOL ECZ 

operating at 600 and 150 MHz, respectively. Deuterated water (D2O) was filtered over a 0.45 µm syringe 

filter (cellulose acetate), and samples were prepared at a concentration of 10 mg mL-1. 

Preparation of polymer solutions and fabrication of brush coatings. Milli-Q water and absolute ethanol 

were used for all polymer solutions. The preparation of thermoresponsive PGE brush coatings was 

described in detail previously.11, 40 Briefly, (TC)PS model substrates, placed in PS petri dishes, or plain 

(TC)PS petri dish surfaces were incubated in PGE-block copolymer solution (2 mL, 250 µg mL-1) for 60 

min. A PGE-b-OBP solution in 54/46 water/ethanol (v:v) or a PGE-b-ACBP solution in 52/48 

water/ethanol (v:v) was used for the self-assembly process on PS and TCPS substrates, respectively. After 
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incubation, the polymer solution was discarded, the coatings briefly washed with water, dried under a 

nitrogen stream, and irradiated under UV light (UV KUB, LED, λ = 365 nm) for 160 s to covalently attach 

the adsorbed polymer brushes to the substrate. 

pEHP[M]A-b-BP polymer solutions in 55/45 water/ethanol (v:v) were prepared at a concentration of 250 

or 62.5 µg mL-1. Before the adsorption step, the polymer solutions (2.5 mL per substrate) gauged in a syringe 

were equilibrated at 35 °C for 20 min together with the dry model PS substrates or PS petri dishes. 

Afterward, the polymer solutions were filtered (0.22 µm cellulose acetate syringe filter) onto substrates, and 

the incubation procedure proceeded for 60 min at 35 °C. After incubation, the polymer solutions were 

discarded, and the brush coatings were briefly washed with water at room temperature (RT), dried under a 

nitrogen stream, and irradiated under UV light (UV KUB, LED, λ = 365 nm) for 16 min to covalently attach 

the adsorbed brushes to the substrate. 

After irradiation, all brush-coated surfaces were immersed in ethanol for at least 16 h to remove non-

covalently attached chains from the surface and dried under a stream of nitrogen before characterization and 

usage in further experiments. 

Brush coating analysis. Coating thickness in the dry state was analyzed through spectroscopic ellipsometry 

measurements and evaluated via a Cauchy fit. A fixed refractive index Rf = 1.45 was used for PGE brush 

coatings,40 while for pEHP[M]A brush coatings, an Rf = 1.51 was approximated due to the structural 

resemblance to poly(hydroxyethyl methacrylate) (pHEMA).41, 42 Water contact angles (CA) were measured 

at ambient conditions (20 °C) via the sessile drop method (2 µL) applying the Laplace-Young model. 

Quartz crystal microbalance with dissipation (QCM-D) measurements for quantification of protein 

adsorption. Protein adsorption from standard Dulbecco’s modified eagle medium (DMEM) supplemented 

with 10% fetal bovine serum (FBS) (v:v) on pEHP[M]A brushes and TCPS controls was measured at 20 

and 37 °C under a constant flow of 0.1 mL min-1. After thermal surface equilibration under phosphate 

buffered saline (PBS) flow, the medium was changed to serum protein-containing DMEM medium for 20 

minutes and flushed again with PBS until the signal remained constant (5 min). The frequency differences 
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f of the third overtone before and after protein exposure to the surface were converted to areal mass 

coverage using the Sauerbrey equation and the fundamental QCM-D chip frequency of 4.95 MHz to access 

the adsorbed areal protein mass. Representative frequency curves are shown in Figure S10. 

Cell culture conditions. Detailed cell culture conditions are described in the SI. For adhesion studies on 

pEHP[M]A coatings, human dermal fibroblasts (HDF) were seeded with a density of 43 x 105 cells cm-2, 

and phase contrast images were taken after 1, 4, 24, 48, and 72 h. For cell detachment studies on PGE 

coatings, HDF were seeded with a density of 160 x 105 cells cm-2, and phase images were taken after 24 h, 

as established previously.19 For cell detachment studies on pEHP[M]A coatings, HDFs were seeded with a 

density of 104 x 105 cells cm-2 and phase images were taken after 24 and 48 h for pEHPA-b-BP and 

additionally after 72 h for pEHPMA-b-BP. 

Cell detachment. Thermal detachment of cell sheets on pEHPA-b-BP, PGE-b-OBP, and PGE-b-ACBP 

coatings was triggered as follows: after reaching confluency, the cell culture medium was exchanged against 

PBS at RT for 10 minutes. Afterwards, the PBS was exchanged for warm PBS (37 °C), and the dishes were 

placed in the cell culture incubator for 10 minutes. Finally, cell sheet detachment was observed under 

ambient conditions. 

Thermal detachment on pEHPMA-b-BP coatings was triggered as follows: after reaching confluency, the 

cell culture medium was exchanged against 4 °C PBS with incubation for 10 minutes at 4 °C. Then, the PBS 

was exchanged for warm PBS (37 °C), and the dishes were placed in the cell culture incubator for 10 

minutes. Finally, cell sheet detachment was observed under ambient conditions. 

Sterilization of substrates. Surface disinfection or sterilization of PGE and pEHP[M]A brush coatings 

were performed via aq. EtOH (70 v-%) treatment, FO gas sterilization, and gamma radiation. Disinfection 

was performed by fully immersing the coated dishes in aq. EtOH for 10 minutes, followed by a two-fold 

PBS wash afterward. Gas sterilization was performed with a Euro Formomat 5 device from MMM Group 

(München, Germany) using water-based 3% formaldehyde gas at 200 mbar and 60 °C for 6 h, according to 

the DIN EN 14180. Gamma sterilization was performed by BBF Sterilisationsservice GmbH (Kernen, 

105



10 

 

Germany). Cobalt-60 was used as a source for gamma radiation, and a total dose of 45 kGy ± 10% was 

applied to the substrates, according to the DIN EN ISO 11137-1. 

Data evaluation. Raw data processing and evaluation were performed with OriginPro and Microsoft Excel. 

Statistical comparison was performed using the Mann-Whitney-U test for two independent sample sets (ns, 

p > 0.1; *, p < 0.1; **, p < 0.05). 

RESULTS AND DISCUSSION 

Polymer synthesis and characterization. The synthesis of pEHPA and pEHPMA homopolymers was 

performed according to previously established conditions for the controlled reversible addition-

fragmentation transfer (RAFT) polymerization of pEHPA.3 Due to the poor solubility of the corresponding 

pEHPMA polymer in water, the polymerization of EHPMA was performed in dimethylformamide instead 

of water/1,4-dioxane mixture (Scheme S2a). The RAFT polymerization system allowed a convenient chain 

extension using benzophenone (BP) acrylate or methacrylate as comonomers (Scheme S1b,c and S2b,c) 

with overall isolated copolymer yields above 80%. The block copolymers pEHPA-b-BP and pEHPMA-b-

BP comprise a short functional surface anchoring block with 2-4 BP units. Efficient attachment of the BP 

monomers to the homopolymer chains was indicated through the systematic increase of the whole 

distribution curve in the UV detector signal of the GPC elugrams (Figure S1). The structural characteristics 

of the synthesized polymers are listed in Table 1. 

Table 1. Number average molecular weight Mn, dispersity Ð, number of BP units per anchor block, and 

isolated yield of the synthesized polymers after dialysis. 

Polymer Mn [kDa]a Ða BP unitsb Yield [%]c 

pEHPA 22.6 1.15 - 69 

pEHPMA 21.7 1.16 - 89 

pEHPA-b-BP 24.1 1.25 3.9 87 
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pEHPMA-b-BP 22.1 1.18 2.4 88 

aDerived from GPC measurements in THF calibrated with PMMA standards  
bCalculated from 1H NMR measurements 
cMonomer to polymer yield ratio 

 

The narrow dispersities ≤ 1.25 of the homo- and copolymers with molecular weights around 23 kDa indicate 

controlled polymerization conditions, essential for block copolymer synthesis close to the targeted value of 

30 kDa. The BP-based anchor block enables directed physical adsorption of the block copolymers from 

selective solvents to hydrophobic surfaces such as PS via hydrophobic and π-π interactions. Furthermore, 

BP units promote covalent attachment of the assembled polymer chains to the PS surface via C-H insertion 

upon UV exposure,40, 43 offering a convenient material-efficient and geometry-independent surface 

modification strategy. 

Evaluation of thermoresponsive behavior. The transition range of aqueous pEHPA solutions with a 

concentration between 20 and 5 mg mL-1 is located between 22 and 27 °C, comprising sharp phase 

transitions and a distinct dehydration behavior of the hydroxy groups as determined previously.3 

Concentration-dependent turbidity measurements of analogous aqueous pEHPMA solutions (Figure S2) 

also indicate a sharp and reversible phase transition behavior. However, the more hydrophobic methacrylate 

backbone reduced the phase transition regime of the aqueous pEHPMA solutions to 8 - 11 °C with only a 

minor impact of salts on the Tcp (Table 2). Additional DLS measurements revealed solvated pEHPMA 

chains of ~7 nm size at 8 °C, which increased to around 4800 nm in PBS and 630 nm in water upon thermally 

induced aggregation at RT (Figure S4). To further ensure that the hydrophobic BP block in pEHPA-b-BP 

and pEHPMA-b-BP is not adversely impacting the copolymers’ transition behavior, concentration-

dependent turbidity studies were performed in PBS (Figure 2). 
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Figure 2. Representative concentration-dependent turbidimetry curves of pEHPA-b-BP (a) and pEHPMA-

b-BP (b) in PBS after normalization from heating and cooling cycles (n = 2 per cycle). 

Both block copolymers exhibit concentration-independent, sharp, and reversible transitions in PBS over the 

scanned temperature and concentration range. A minor increase in transmittance during cooling cycles can 

be attributed to irreversible polymer precipitation due to a salting-out effect, which slightly decreases the 

polymer concnetration.3, 24 While the presence of salts hardly altered the phase transition behavior of 

pEHPA-b-BP solutions, a significant impact was observed for pEHPMA-b-BP  when comparing turbidity 

curves in water (Figure S3) and PBS (Figure 2). In water, two sigmoidal transition regions were detected 

between 7-8 °C and 10-14 °C, corresponding to a polymer aggregate size of 37 and 67 nm (Figure S5), 

respectively. In the presence of ions, the two transition regimes unified to a single cloud point at 

approximately 6 °C. The first cloud point in water can be attributed to the phase transition of the pEHPMA 

block, since the Tcp values are located between the ones of pEHPMA in H2O (9-10 °C) and pEHPMA-b-

BP in PBS (~6 °C). The hydrophobic BP-based block then stabilizes the aggregates for temperatures up to 

~14 °C in agreement with DLS data (Figure S5), before the transition continues, resulting in larger 

aggregates. An overview of the average Tcp values of the aqueous polymer solutions, including Tcp values 

of pEHPA solutions,3 is presented in Table 2. 
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Table 2. Concentration-dependent cloud point temperatures Tcp stated as average values ± standard deviation 

(SD) from heating and cooling cycles of thermoresponsive homo- and copolymers in PBS and water (n = 

4). The minimal SD was aligned with the experimental error (± 0.5 °C). 

Polymer Tcp (20 mg mL-1) [°C] Tcp (10 mg mL-1) [°C] Tcp (5 mg mL-1) [°C] 

pEHPA (H2O) a 23.2 ± 0.5 23.7 ± 0.5 24.5 ± 0.5 

pEHPA (PBS) a 21.5 ± 0.5 22.0 ± 0.5 22.5 ± 0.5 

pEHPA-b-BP (H2O) 22.3 ± 0.5 22.5 ± 0.5 23.3 ± 0.5 

pEHPA-b-BP (PBS) 20.3 ± 0.6 20.3 ± 0.5 20.3 ± 0.6 

pEHPMA (H2O) 9.0 ± 0.5 9.8 ± 0.5 10.3 ± 0.5 

pEHPMA (PBS) 8.4 ± 0.6 8.8 ± 0.6 8.8 ± 0.5 

pEHPMA-b-BP (H2O)b 7 ± 0.5 7.5 ± 0.5 7.6 ± 0.5 

pEHPMA-b-BP (H2O)c 10.5 ± 0.8 13.9 ± 1.9 14.3 ± 1.3 

pEHPMA-b-BP (PBS) 5.8 ± 0.5 6 ± 0.5 5.9 ± 0.5 

a literature data obtained from Schweigerdt et al.3 
b value refers to the first of the two observed Tcp’s 
c value refers to the second of the two observed Tcp’s.  

The Tcp values of the block copolymers decrease by ~2-3 °C compared to respective homopolymers due to 

the hydrophobic benzophenone block.3 Only a minimal concentration dependence of the Tcp values was 

observed, spanning ~1 °C between 5 and 20 mg mL-1, except for the bimodal transition of pEHPMA-b-BP 

in water. As expected, the presence of ions in PBS and the hydrophobic BP block caused a minor Tcp 

decrease.3, 40  

In general, the phase transition range of pEHPA-b-BP is comparable to the one of functional PGE coatings 

at approximately 20 °C and thus well-suited for cell culture applications.11 pEHPMA-based polymers with 

a lower phase transition range might still be suitable for cell culture, based on literature examples of 

successful cell detachment at temperatures as low as 4 °C.20, 21 Furthermore, pEHPMA-b-BP solutions in 

PBS showed a slight transmittance increase already at ~20 °C upon cooling, which might be enough to 
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impact cell behavior, when used as a coating. To investigate the hydration changes of pEHPMA on a 

microscopic scale, temperature-dependent 1H and 13C NMR spectra were recorded in D2O at 10 mg mL-1 

(Figure S6 and Figure 3). 

 

Figure 3. Temperature-dependent 13C NMR spectra (D2O, 150 MHz) of pEHPMA at a concentration of 10 

mg mL-1 (Tcp: 9.8 °C) acquired after thermal equilibration in a heating cycle. The spectra were referenced 

to peak 9 at 8 °C. Peaks were assigned with numbers according to the illustrated chemical structure. 

The 13C spectra of the pEHPMA solution with a Tcp of ~10 °C indicate only minimal chain dehydration on 

the microscopic scale between 8 and 15 °C, according to minor spectral changes. The transition becomes 

more pronounced at temperatures of 20 °C and above. For instance, signals 8 and 9 of the outermost carbons 

of the side chain show marked signal broadening due to reduced mobility upon dehydration and increasing 

hydrophobic-hydrophobic interactions, particularly between 15 and 20 °C. Furthermore, the declining signal 

intensity is accompanied by an increasing signal-to-noise ratio, rendering backbone carbon signals 1+3 and 

110



15 

 

2+4 undetectable at 20 and 25 °C, respectively. In contrast, the side chain carbon signals 6, 8 and 9 remain 

detectable, while signals of 5 and 7 are difficult to differentiate due to similar chemical shifts to signals 6 

and 8. In support of a major loss in chain mobility between 15 and 20 °C, the 1H NMR spectra of pEHPMA 

solution (Figure S6) also show a marked decrease in the intensity of all detected signals accompanied with 

a gradual signal broadening over the whole temperature range, indicating uniform polymer segment 

dehydration and a continuous phase transition.44, 45 

The observed temperature-dependent dehydration pattern on the microscopic scale across all structural 

elements is typical for a coil-to-globule transition, as similarly observed with pNIPAM or POX polymers. 

However, in contrast to pNIPAM and POX solutions, which show drastic changes over a 2-3 °C range 

above their respective macroscopically determined Tcp values, the microscopic transition process in 

pEHPMA solutions is more continuous.46, 47 Similar to pEHPA polymers, the microscopic dehydration of 

pEHPMA becomes visible in the NMR spectra at temperatures above the Tcp and proceeds continuously.3 

However, the dehydration of pEHPMA is more pronounced compared to pEHPA, as evidenced by the 

disappearing signals attributed to the backbone carbons and broadened signals of the side chain carbons. 

Given that the microscopic transition extends up to 25 °C, pEHPMA-based coatings might well be suitable 

for cell sheet detachment at RT. Prior studies indicated that an initiated transition is sufficient for cell sheet 

detachment through rehydration of the outermost 'fuzzy hair' layer.19 The degree of polymer dehydration 

upon the thermal phase transition decreases in aqueous pEHPMA, pEHPA, and virtually non-dehydrating 

poly(hydroxymethoxy methacrylate) (pHMPMA)3 solutions with the polymer hydrophilicity. The 

decreasing dehydration is accompanied with a transformation from a coil-to-globule to a liquid-liquid phase 

separation type. A similar transformation is observed with NIPAM copolymers with increasing 2-

hydroxyisopropylacrylamide content which exhibit raised Tcp values and reduced dehydration during the 

phase transition, correlating with the hydroxyl group content.48 

Fabrication and characterization of brush coatings. Directed adsorption of pEHPA-b-BP and 

pEHPMA-b-BP onto PS surfaces was achieved from dilute water-ethanol mixtures (250 and 62.5 µg mL-
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1) as a selective solvent, based on a previous report.19, 40 The block copolymer self-assembly parameters 

were kept identical for both polymers to ensure comparability, as detailed in the experimental section. A 

sufficient UV-light (360 nm) exposure ensured covalent attachment of the adsorbed polymer brushes on the 

substrate via C,H-insertion.49 Adsorption at 35 °C was established, since preliminary results of pHMPMA-

b-BP immobilization from utilized 62.5 µg mL-1 mixtures revealed thicknesses of 1.1 – 1.8 nm after 

adsorption at RT and 1.6 – 2.4 nm after adsorption at 35 °C, including consecutive immobilization and 

extraction steps (data not shown). To assist the surface adsorption of singularized copolymer chains, their 

tendency for aggregation (Figure S5) was disturbed by filtering the block copolymer solutions through 0.22 

µm syringe filters at 35 °C directly before the self-assembly process. The resulting surface characteristics 

of the covalently grafted coatings are shown in Figure 4. 
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Figure 4. Surface characteristics of pEHPA-b-BP and pEHPMA-b-BP brush coatings on PS substrates 

prepared by adsorption, covalent UV-immobilization, and extraction in ethanol. Concentration-dependent 

dry layer thicknesses (a), water contact angles (b), and theoretical degree of polymer chain overlap of the 

grafted polymers in a good (dots) and bad (diamonds) solvent (c). Mean values with SD are plotted. (n ≥ 4) 

For both block copolymers, comparable coating thicknesses of ~3 and ~2 nm at concentrations of 250 and 

62.5 µg mL-1 were obtained, respectively. The directed adsorption of the copolymers via their benzophenone 

block was demonstrated by the significant (p < 0.05) differences in dry layer thickness to their respective 

pEHPA and pEHPMA homopolymer coatings after adsorption and irradiation but before extraction. The 

complete thickness loss of the homopolymer layers after extraction (Figure S7a) was detected via 

ellipsometry with slightly reduced CA values of 85-87° (p < 0.05) compared to pristine PS (~90°) (Figure 
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S7b). In contrast, immobilized brush coatings from block copolymer adsorption exhibited reduced contact 

angle values of 52-55°. In the literature, pNIPAM coatings with contact angle values from 38 to 72° have 

been reported to successfully promote cell adhesion and thermally triggered detachment.50 In addition, PGE 

and pNIPAM surface coatings with thicknesses of ~3 nm are suitable for cell sheet fabrication.9, 35 

According to these roughly predictive surface parameters, the produced pEHPA and pEHPMA would 

qualify as thermoresponsive substrates for cell culture applications. 

To estimate whether the PS substrate is fully covered by the coating during cell culture (37 °C) and 

detachment (RT) conditions, we calculated the degree of chain overlap (2Rf l-1) of the surface tethered 

polymer chains from the ratio of their Flory radius (Rf) to the respective chain anchor distance (l) (Table 

S2). The hydrodynamic radius under cell culture conditions above the polymer’s Tcp was estimated with a 

Flory radius in a bad solvent, while at detachment temperatures below the Tcp, the Flory radius in a good 

solvent was used. These polymer theory-based calculations revealed that the hydrated coatings at 

temperatures below the polymer’s Tcp are in the brush regime and transition into a mushroom regime upon 

dehydration at temperatures above the Tcp (Figure 4c). Hence, this thermally induced phase transition may 

expose the basal PS substrate, interfering with proteins and cells. Since our homopolymers non-specifically 

interact with the PS surface (Figure S3), full surface coverage by the tethered polymer chains can still be 

assumed even in a theoretical mushroom configuration under cell culture conditions.  

Cell sheet fabrication and protein adsorption. The general suitability of pEHPA-b-BP and pEHPMA-

b-BP coated PS dishes for cell culture was first assessed via HDF adhesion and proliferation studies on 

these substrates and compared to TCPS controls. Therefore, pEHP(M)A-b-BP coated dishes were sterilized 

via aq. EtOH (70 v-%) disinfection, as described in the experimental part. Afterward, fibroblasts were 

seeded at a density of 43 x 105 cells cm-2 and were cultured in DMEM supplemented with 10% FBS at 37 

°C. Cell morphology was monitored time-dependently after 1, 4, 24, 48, and 72 h via phase contrast 

microscopy (Figure 5, Figure S8), demonstrating uniform adhesion on all coatings according to the shape 

change and spreading of fibroblasts on the surface.  
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Figure 5. Representative phase contrast images of human dermal fibroblasts on TCPS (top), pEHPA-b-BP 

(middle), and pEHPMA-b-BP (bottom) coatings 1, 4, and 24 h after seeding at a density of 43 x 105 cells 

cm-2 (n = 3). 

Within the first hour, slightly faster cell attachment was observed on TCPS, where 80-90% of the seeded 

cells were already attached compared to 60-70% on brush coatings. After four hours, ~95% of the cells were 

attached on all surfaces, and after 24 hours, no visible differences in the growing monolayers were 

observable on the culture substrates. HDF confluency of 100% was reached after 48 h on TCPS and, at the 

latest, after 72 h on pEHPA-b-BP and pEHPMA-b-BP brush coatings.  

Since cell attachment to the culture substrates is closely linked to protein adsorption, we further screened 

the initial protein adsorption from DMEM cell culture medium supplemented with 10% FBS medium on 

the substrates via temperature-dependent QCM-D measurements.13, 14 Representative frequency curves at 
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37 °C are shown and the calculated areal masses are presented in Figure 6. Additional frequency curves at 

20 °C are shown in Figure S10. 

 

Figure 6. Quantitative protein adsorption from DMEM cell culture medium supplemented with 10% FBS 

on pEHPA-b-BP and pEHPMA-b-BP brush coatings and TCPS controls via QCM-D measurements. a) 

Representative frequency curves of the protein adsorption at 37 °C. b) Areal mass of adsorbed proteins was 

derived from the frequency changes f via the Sauerbrey equation at the measurement start and finish after 

protein exposure for 20 min and PBS flush for 5 min. Bars indicate mean values along with standard 

deviation (n = 3). 

For QCM-D measurements, the polymer brushes were prepared on PS-coated QCM-D silicone substrates. 

Their dry layer thicknesses and contact angles (Figure S9) were comparable to the corresponding coatings 

on PS-coated silicon wafers. Surprisingly, for pEHPA-b-BP, no significant difference in adsorbed mass 

was observed between 37 and 20 °C, with values of 19 ± 9 and 16 ± 8 ng cm-2, respectively. In contrast, 

pEHPMA-b-BP brush coatings showed a significant (p < 0.1) difference, with 90 ± 16 ng cm-2 at 37 °C and 

14 ± 2 ng cm-2 at 20 °C. However, all these areal masses are an order of magnitude lower than those observed 

on TCPS (797 ± 29 and ~780 ng cm-2) at 37 and 20 °C11, 19. Low protein adsorption below the polymers’ Tcp 

is characteristic of thermoresponsive coatings that facilitate thermally induced cell detachment.11, 28 In 
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contrast, efficient cell adhesion under cell culture conditions typically requires higher amounts of adsorbed 

proteins. Thus, the low amounts of adsorbed proteins on the fully synthetic pEHPA-b-BP and pEHPMA-

b-BP brushes at 37 °C appear contradictory to the observed cell adhesion and proliferation on these 

substrates (Figure 5), as cell adhesion is generally a protein-mediated process.  

Aligning with this theory, thermoresponsive PGE coatings adsorb protein areal masses between 400-700 

ng cm-2 from FBS-containing cell culture media at 37 °C.11, 19 The distinct adsorption values vary with the 

PGE copolymer composition and substrate type. Fn, one of FBS's main cell adhesive proteins, has been the 

focus of several single-protein adsorption studies. These studies demonstrate reduced areal masses of 

adsorbed Fn compared to the adsorbed protein masses from multi-protein mixtures like FBS. For instance, 

thermoresponsive pNIPAM hydrogel coatings (~16 nm) adsorb only ~150 ng cm-2 Fn at 37 °C, with no Fn 

adsorption detected at 20 °C.28 Similarly, poly(n-propyl oxazoline) (PnPrOX) bottlebrushes (~270 nm) 

adsorb an areal mass of 90 ng cm-2 Fn at 37 °C, enabling cell adhesion and proliferation on Fn pre-treated 

substrates.12, 51  

Besides the adsorbed amount, the activity of Fn in presenting functional RGD units is crucial for recognition 

by anchorage-dependent cells. Protein-resistant, non-responsive pHEMA brushes,52 which comprise a 

methacrylic backbone and -hydroxy side chains similar to pEHPA and pEHPMA, adsorb only ~4-6 nm 

cm-2 Fn on 3-20 nm thick coatings from FCS-containing cell culture medium.53 Interestingly, the RGD 

activity decreased abruptly between coatings of 3 and 6 nm thickness, reducing the spreading and increasing 

the migration of cultured vascular smooth muscle cells. The high RGD activity on 3 nm thick brushes was 

explained through the limited penetration depth of adsorbed Fn on a thin brush, resulting in unmasked RGD 

domains.53 A similarly active Fn layer adsorbed from FBS-containing medium at 37 °C could explain the 

observed cell adhesion on thin pEHP(M)A-b-BP coatings despite the comparably low areal mass of 

adsorbed proteins. 
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Additional thermally triggered cell detachment experiments were performed with confluent cell monolayers 

produced from an initial HDF seeding density of 104 x 105 cm-2. Representative phase contrast images after 

24, 48, and 72 h, along with macroscopic photographs of detached sheets, are shown in Figure 7. 

 

Figure 7. Representative phase contrast images of human dermal fibroblasts on TCPS (top), pEHPA-b-BP 

(middle), and pEHPMA-b-BP (bottom) coatings 24, 48, and 72 h after seeding at a density of 104 x 105 

cells cm-2 and photographs of the resulting cell sheets after the thermally triggered detachment procedure 

(tmax (pEHPA-b-BP) = 60 min, tmax (pEHPMA-b-BP) = 120 min). Cells on TCPS controls did not detach 

under the same conditions (n = 4). 

HDFs on TCPS and pEHPA-b-BP surfaces reached confluency after 48 h, and the detachment procedure 

reproducibly yielded fully detached cell sheets within one hour. In some cases, initiated detachment was 

already observed after the first exchange of warm medium to PBS at RT, with complete detachment after a 

10-minute incubation at 37 °C. To ensure the viability of the thermally detached cells from pEHPA-b-BP 

coatings, cell sheets were trypsinized, stained with propidium iodide, and counted via flow cytometry 
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alongside controls cultured on TCPS and harvested by conventional trypsinization (Figure S11). No 

significant difference in the percentage of dead cells was observed within the standard deviation (pEHPA-

b-BP: 1.7 ± 0.2%, TCPS: 1.5 ± 0.1%, n = 3), demonstrating the general cell compatibility of the newly 

developed pEHPA-b-BP coatings. 

In contrast, thermally triggered cell detachment from pEHPMA-b-BP surfaces was less efficient. 

Confluency was achieved only after 72 h, and reliable initiation of the detachment process required 

incubation at 4 °C. Additionally, cells did not always detach as a complete sheet, sometimes resulting in 

sheets with holes or fragmentation. Comparatively, pEHPA-b-BP coatings performed more reliably without 

sheet disruption and were thus selected for subsequent sterilization studies with on-par performing PGE 

brush coatings.11  

Sterilization of brush-coated surfaces by FO gas and gamma radiation. Sterile ready-to-use culture 

ware is essential in routine cell culture and for biomedical products, ensuring product safety and 

performance reliability. Non-invasive gas and radiation procedures enable industrially normed sterilization 

of substrates directly in their final packaging, making them ideal for upscaling and translation efforts. 

However, the oxidative and radical fragmentation mechanisms that neutralize biological entities and 

pathogens can also adversely affect the functional materials by chemical fragmentation or crosslinking, as 

observed with PEG, pNIPAM, and POX.34, 37, 54 

To assess the stability of the functional thermoresponsive surfaces developed in our previous and current 

work, we evaluated their surface properties and performance in cell sheet fabrication after sterilization. 

Therefore, PGE-b-OBP brushes on PS, PGE-b-ACBP brushes on TCPS, and pEHPA-b-BP brushes on PS 

were prepared on silicon wafers and evaluated after sterilization by treatment with FO gas or gamma 

radiation normed to DIN standards. The sterilized model substrates were extracted for 16 h in ethanol to 

remove any degraded surface components and assess the coating stability. To consider the impact of storage 

time, the non-sterilized brush coatings’ dry layer thickness and CA values were evaluated after storage at 

ambient conditions for 14-18 d, resembling the average time between sample preparation and analysis after 
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sterilization treatment. An overview of these substrate parameters before and after sterilization, including 

extraction, is shown in Figure 8. Corresponding results for the sole impact of storage time are shown in 

Figure S12. 

 

Figure 8. Dry layer thicknesses and water contact angles before and after sterilization by FO gas and gamma 

treatment with subsequent extraction of the pEHPA-b-BP (a), PGE-b-OBP (b), and PGE-b-ACBP (c) 

brush-coated substrates. Number values and bars indicate mean values with standard deviation (n ≥ 3). *All 
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measured values were below the basal TCPS layer, resulting in negative thickness values indicative of 

oxidative degradation of not only the brush coating but also the basal substrate. 

The pEHPA-b-BP brushes were preserved on the PS-coated silicon wafers after FO and gamma 

sterilization, as shown in Figure 8a. While thickness values did not change significantly after FO 

sterilization, a slight increase in contact angle (p < 0.05) from ~53 to ~55° indicates a possible surface 

reaction with the FO gas or coating reorientation during the procedure. The latter seems more likely, since 

no significant difference was found between CA values of FO-treated surfaces, CA values of untreated 

pEHPA-b-BP brushes in Figure 4b, and only 14-18 d stored pEHPA-b-BP samples (Figure S12). In 

contrast, gamma sterilization significantly decreased the dry layer thickness of the brush from 2.9 to 2.4 nm 

and the CA value from 54.3° to 46.4°, suggesting possible oxidation and/or partial degradation or 

crosslinking of the coatings. Gamma or e-beam radiation in the presence of ambient oxygen have been 

shown to oxidize hydroxyl groups, cleave ester bonds and induce crosslinking reactions, which in turn can 

increase surface hydrophilicity, limit chain movement and reduce the layer thickness.34, 39 

Similar effects but to a larger extent were observed for the PGE brush systems, drastically degrading the 

polyether coating by gamma sterilization. After radiative gamma treatment and surface extraction, the PGE-

b-OBP brush thickness was reduced to ~0.4 nm. Furthermore, the CA values varied more drastically from 

76.4 ± 2.8° before to 76.3 ± 10° after the treatment, with individual measurements ranging from 86° to 60°. 

In contrast, FO treatment resulted in a minor decline of the dry thickness from 5.1 to 4.5 nm, which might 

simply be attributed to an effect of storage time (Figure S12b), indicating no distinct impact of FO 

sterilization. Furthermore, non-significant CA changes from ~75.5° to 73.7° were observed.  

The PGE-b-ACBP brush thickness declined from 9.5 to 5.3 nm under ambient storage conditions, which 

we attribute to a drying effect of the polymer layer during long-term dry storage. The FO gas sterilized 

surfaces showed a similar decline from 11.4 nm before to 9.0 nm after the treatment, with no significant 

alterations of the CA regardless of the gas treatment (Figure 8c) or ambient storage for 14-18 d (Figure 

S12c). As expected, also the PGE-b-ACBP coating on TCPS substrates was drastically degraded by gamma 
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sterilization, resulting in even negative thickness values indicative of additional degradation of the basal 

TCPS layer. Accordingly, the CA value declined from 77.1 ± 0.8° to 66.5 ± 10°, suggesting a non-uniform 

surface state. Control experiments on uncoated PS substrates revealed that gamma sterilization also 

significantly impacts the pristine PS surface by lowering CA values from 89.5° to 74.7° (Figure S13). FO 

sterilization only had a minimal impact on PS surfaces, with a resulting contact angle of 87.7°, as shown in 

Figure S13. 

To further evaluate the impact of the sterilization treatment on the functionality of the thermoresponsive 

coatings in cell culture, the brush-coated cell culture dishes were employed in cell sheet detachment 

experiments under previously established cell culture conditions. Based on the results shown in Figure 8, 

we excluded gamma sterilized PGE surfaces. Representative phase contrast images of HDFs cultured on 

the sterilized brush coatings with TCPS controls are in Figure 9 along with macroscopic photographs of the 

dishes after exposure to detachment conditions. 

 

 

Figure 9. Representative time-dependent phase contrast images of HDFs cultures on sterilized substrates 

and photographs of resulting cell sheets after thermally triggered detachment from thermoresponsive 

coatings (n ≥ 3). (a) TCPS controls (top, no detachment) and pEHPA-b-BP brush-coated PS substrates after 
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FO (middle, tmax = 90 min) and gamma (bottom, tmax = 16 h) sterilization with a seeding density of 104 x 

105 cells cm-2. (b) TCPS controls (top, no detachment) and FO-sterilized PGE-b-OBP (middle, tmax = 180 

min) and PGE-b-ACBP (bottom, tmax = 180 min) brush-coated substrates with a seeding density of 160 x 

105 cells cm-2. 

HDFs adhered and proliferated comparably on sterilized and aq. EtOH (70 v-%) disinfected coatings, 

confirming the cell attachment-supporting nature of all coatings. Moreover, also the thermally triggered 

detachment of HDF cell sheets after FO sterilization was successful on all tested PGE and pEHPA-b-BP 

coated substrates employing the established detachment conditions. Thus, we can conclude that the normed 

FO gas treatment for effective sterilization is compatible with the developed functional brush coatings 

(n = 3). However, sheet detachment on PGE coatings was slowed, with timeframes reaching up to 180 min, 

compared to ~60 min for freshly prepared and disinfected (70% aq. EtOH) coatings.11 Detachment times on 

pEHPA-b-BP coatings ranged from 20 to 90 min, slightly exceeding the maximal timeframe of 60 min 

determined with disinfected brush surfaces. These results on the functional performance of the coatings 

align with the observed surface changes of PGE and pEHPA-b-BP coatings after storage and/or FO 

treatment. More pronounced loss in dry layer thickness through storage or FO treatment of PGE brushes, 

even if only caused by drying effects, correlates with impaired functionality in thermally triggered cell sheet 

detachment but not in cell adhesion and proliferation. 

Gamma sterilization significantly impaired the functionality of the pEHPA-b-BP coatings as indicated by 

the markedly altered surface properties. While there was no noticeable impact on the cell adhesion and 

culture, the established detachment protocol, exchanging the warm medium with PBS at RT, did not induce 

cell detachment (n = 3). Therefore, we adopted the procedure established for pEHPMA-b-BP coatings, 

which helped to induce the detachment, but required up to ~16 h, thus exceeding a useful application 

timeframe due to possible cell apoptosis after 4 or more hours.55 Additionally, in ~50 % of the experiments 

(n = 7) the cell sheets did not fully detach, indicating a true loss of functionality on gamma sterilized 

pEHPA-b-BP surfaces. 
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Overall, the obtained results demonstrate the benefit of the newly developed thermoresponsive coatings 

with an aliphatic backbone in terms of coating stability and functional performance in cell culture. While 

gas-sterilized PGE brushes exhibited prolonged cell sheet detachment times after 14-18 d of dry storage, 

detachment times of gas-sterilized pEHPA-b-BP surfaces remained almost unaffected, with minimal 

changes in surface properties. These findings align with reports on ethylene oxide gas-sterilized PEG 

hydrogels and surfaces, which retain the morphological properties or coating thickness but can exhibit 

slightly altered crosslinking density.37, 39 Ultimately, oxidation through ambient oxygen can limit the air 

storage stability of PEG in bulk to less than a month.38, 56 The stability of pEHPA-b-BP coatings appears 

comparable to pNIPAM coatings, which can also be gas sterilized without adverse effects on structure and 

properties.33 

Gamma irradiation significantly damaged all evaluated surface coatings. Similarly, previous reports indicate 

strong morphological changes and an increase in free radicals and crosslinking in radiation treated PEG 

hydrogels.37, 57 Free radicals can lead to chain scission and degradation, explaining the observed drastic loss 

in thickness. Gamma radiation of pNIPAM solutions with a comparable dosage (50 kGy) resulted in an 

increased LCST and hampered transition, along with increased molecular weight and polydispersity due to 

crosslinking reactions.34 Furthermore, controlled oxidation of hydroxyl groups to carbonyl groups in 

pHEMA brush systems leads to a bio-adhesive system, which cannot be excluded for pEHPA-b-BP 

brushes.58 Additionally, also the underlying PS substrate can get oxidized, as indicated in Figure S13, 

decreasing the overall thickness and rendering pEHPA-b-BP brush systems partially non-responsive, which 

causes the loss of functionality. Nevertheless, gas sterilization remains an attractive option for a scalable 

and effective sterilization process when aiming at transfer of such functional coatings from research to 

market. 

CONCLUSIONS 

Thermoresponsive brush coatings with adjustable dry layer thicknesses values up to ~3 nm, based on 

pEHPA-b-BP and pEHPMA-b-BP polymers, were successfully immobilized on PS surfaces for cell sheet 
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fabrication. Despite unusually low protein adsorption at 37 °C (~20-90 ng cm-2), both coatings demonstrated 

cell adhesive properties, likely due to a thin but active layer of fibronectin, as observed on structurally 

similar pHEMA coatings.53 pEHPA-b-BP coatings, with a Tcp of 20.3 °C, reliably detached fibroblast 

sheets after cooling to RT. In contrast, pEHPMA-b-BP coatings, with a Tcp of 6 °C, required cooling to 4 

°C, occasionally resulting in perforated or disrupted cell sheets. The stability of pEHPA-b-BP and 

previously established PGE coatings on PS and TCPS toward sterilization and short-term storage (up to 18 

d) was further evaluated. Gamma sterilization with a dose of ~45 kGy was found to be too harsh, completely 

degrading PGE and adversely affecting pEHPA-b-BP coatings, as evidenced by decreasing thickness and 

CA values, along with significantly hampered cell sheet detachment. In contrast, gas sterilization had no 

significant impact on pEHPA-b-BP coatings, although detachment times slightly increased in some cases. 

The stability of pEHPA-b-BP coatings during storage and after gas sterilization highlights the advantage 

of an aliphatic backbone system since these coatings maintained their functionality better than PGE 

coatings. Future work will explore the compatibility of these coatings with different cell types. Experiments 

towards an understanding of the underlying mechanisms of minimal protein adsorption, which impressively 

mediate cell adhesion, are in progress. 

Supporting information 

Materials and methods, monomer and polymer synthesis and characterization, additional temperature 

dependent turbidimetry and DLS data of utilized polymers, temperature dependent 1H NMR spectra of 

pEHPMA in D2O, additional thickness and CA values of pEHPA and pEHPMA adsorption experiments, 

calculation of chain overlap parameters, additional cell culture images and live dead staining data, properties 

of prepared QCM-D chip surfaces, thickness and CA values for storage-only surfaces and CA evaluation of 

sterilized PS surfaces. 
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1. Materials and Methods 

1.1.  Materials 

All materials and chemicals were used as received unless stated otherwise. Acryloyl chloride, 

methacryloyl chloride and deuterated chloroform (CDCl3) were purchased from ABCR (Karlsruhe, 

Germany). Glycidol, boron trifluoride etherate (BF3·OEt2, 46% solution in diethyl ether), azobis(4-

cyanovaleric acid) (ACVA), dimethyl formamide (DMF) and 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (radical addition fragmentation transfer (RAFT) agent) 

were purchased from Sigma Aldrich (Steinheim, Germany). Triethylamine (NEt3) was purchased 

from Sigma Aldrich or TCI GmbH (Eschborn, Germany). Glycidyl methacrylate and 4-

hydroxybenzophenone were purchased from TCI GmbH. 4-Dimethylaminopyridine (DMAP) was 

purchased from Carbolution chemicals (St. Ingbert, Germany). Dichloromethane (DCM), diethyl 

ether, methanol, acetonitrile, Al2O3, and NaHCO3 were purchased from Fisher Chemical 

(Loughborough, UK). Ethanol and ethyl acetate (EA) were purchased from Merck (Darmstadt, 

Germany). Cyclohexane (CH), Na2SO4, deuterated methanol-d4 (MeOD), and deuterated water 

(D2O) were purchased from Carl Roth (Karlsruhe, Germany). 1,4-Dioxane and MgSO4 were 

purchased from Grüssing (Filsburg, Germany). 

Deionized water with a minimum resistivity of 18.0 MΩ cm was used (Millipore™). Dulbecco’s 

phosphate-buffered saline (PBS) was purchased from Thermofisher (Henningsdorf, Germany). 

Pre-wetted regenerated cellulose dialysis tubes (molecular weight cut-off: 3.5 kDa, Spectra/Por® 

6) from Spectrumlabs were used for dialysis. Silicon wafers were supplied by Silchem GmbH 

(Freiberg, Germany). QCM-D QSXT 303 chips with silicon surface were purchased from Biolin 

Scientific (Gothenburg, Sweden). 
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1.1.1. Materials for cell culture 

Falcon® PS culture dishes (35 mm diameter) were purchased from Th. Geyer GmbH & Co. KG 

(Berlin, Germany) and Corning® tissue culture PS (TCPS, 35 mm diameter) were supplied by 

VWR International (Leuven, Belgium). Dulbecco’s modified Eagle medium (DMEM) was 

purchased from Thermo Fisher Scientific (Darmstadt, Germany). Propidium iodide (PI) was 

supplied by Sigma Aldrich (Steinheim, Germany). Fetal bovine serum (FBS, #S0115) was 

purchased from Biochrom GmbH (Berlin, Germany). All other expendable materials for cell 

culture were purchased from Sarstedt (Nümbrecht, Germany). 

1.2.  Methods 

Column chromatography was performed on a Teledyne Isco CombiFlash Rf+ (USA) using 

RediSep NP80 columns and HPLC-grade cyclohexane and ethyl acetate. Polymer dialysis was 

performed against methanol (1.8 L) for 48-72 hours, and the solvent was exchanged at least three 

times. Gel permeation chromatography (GPC) in tetrahydrofuran (THF) as eluent was conducted 

on an Agilent 1100 Series instrument with concentrations of 3.5 mg mL-1 and a flow rate of 1 mL 

min-1 at 25 °C. Three PLgel 5 µm mix-C columns with the dimensions 7.5 × 300 mm from Agilent 

(Waldbronn, Germany) were used in line with a refractive index detector and polystyrene (PS) 

standards from PSS (Mainz, Germany) were used for calibration. Intensity-dependent size 

distributions were measured on a Malvern Zetasizer Ultra analyzer (Malvern Instruments) using a 

He−Ne laser (λ = 633 nm) and scattering detection at 173°. Aqueous polymer solutions were 

equilibrated for 120 s at the corresponding temperature before each measurement. Nuclear 

magnetic resonance (NMR) spectra were processed with the MestreNova 10.0.2 software, 

referenced to the solvent peak of the deuterated solvent unless stated otherwise, and the chemical 
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shifts δ were reported in ppm. Spin-coating was performed using a WS-650-23 spin-coater from 

Laurell Technologies Corporation (North Wales, PA, USA). Photoimmobilization of brush 

coatings was performed with ultraviolet (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. Spectroscopic 

ellipsometry (SE) was performed on a SENpro ellipsometer and evaluated with SpectraRay 3 

(Version 5.3.2.1853) software from SENTECH instruments GmbH (Berlin, Germany). Static water 

contact angles (CA) 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). QCM-D measurements were performed on Q-Sense E1 system from LOT 

QuantumDesign (Wertheim, Germany) with a standard flow module and a Reglo Digital peristaltic 

pump from Ismatec (Wertheim, Germany). QSoft401 software (version 2.5.22) was used for data 

acquisition and QTools 3 software (version 3.1.25) from Biolin Scientific AB 2000-2014 

(Stockholm, Sweden) was used for data analysis. Microscopic images 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). Flow 

cytometry was performed on Attune NxT cytometer from Thermo Fisher. 

1.2.1. Preparation of model substrates 

PS model substrates were prepared by spin coating silicon wafers (11 × 11 mm) or QCM-D chips 

using a 1-2% (w/w) solution of PS (35 µL) in toluene at 3000 rpm for 60 s, resulting in PS thickness 

values of 30-80 nm. PS solutions were prepared using PS (Mn = 132 kDa, Ð = 1.9) from Falcon® 

culture dishes supplied by Th. Geyer GmbH & Co. KG (Berlin, Germany). Tissue culture 

polystyrene (TCPS) substrates were fabricated by irradiation of PS coated silicon wafers in a 
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Beltron UV chamber (Hg lamp, 850 W) from Beltron GmbH (Rödermark/Urberach, Germany) at 

a distance of 24 cm (10 mW cm-2) for 150 s. The oxidized samples were extracted in ethanol for 

1 d, subsequently washed with Milli-Q water and directly used for coating experiments within 1–

2 d. 

1.2.2. Cell Isolation and Culture 

Cell isolation and culture was performed analogously to previously established protocols.1 Human 

dermal fibroblasts (HDF) were isolated from human foreskin biopsies after ethical approval and 

informed parental consent. Connective tissue was mechanically removed, and remaining skin tissue 

was dissected into approximately 1 × 10 mm stripes. They were incubated in dispase II (2 U mL-1 

in PBS) for 16 h at 4 °C. Epidermis and dermis were mechanically separated, followed by mincing 

of the dermis. Minced tissue was digested with collagenase NB4 (0.5 U mL-1 in PBS with Ca2+ and 

Mg2+) for 45 min at 37 °C. After centrifugation (200 × g, 5 min), the pellet was washed with culture 

medium consisting of DMEM supplemented with 10% FBS, 100 U mL-1 penicillin, and 100 μg 

mL-1 streptomycin. The tissue fragments were resuspended in 2 mL of medium and seeded into a 

75 cm2 tissue culture flask. Additional 6 mL medium was added to the outgrowing cells after 24 h. 

Cells were cultured in a humidified atmosphere at 37 °C and 5% CO2 and used in passages 3 to 8. 

2.  Monomer synthesis 

The synthesis of 2-hydroxy-3-ethoxypropylacrylate (EHPA) was performed according to previous 

report.2 The synthesis of further monomers 2-hydroxy-3-ethoxypropylmethacrylate (EHPMA), 

benzophenone acrylate (BPA), and benzophenone methacrylate (BPMA) was performed based on 
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literature procedures.2, 3 The reaction pathways for EHPMA, BPA, and BPMA are shown in 

Scheme S1. 

 

Scheme S1. General synthesis route for the EHPMA (a), BPA (b), and BPMA (c) monomers with 

isolated yields after purification. 

2.1.  Synthesis of EHPMA 

BF3·OEt2 (0.18 mL, 1.41 mmol, 0.1 eq) was dissolved in ethanol (18.5 mL, 317 mmol, 22 eq) and 

the mixture was heated to 50 °C. Glycidyl methacrylate (1.95 ml, 14.3 mmol, 1 eq) was added 

dropwise over 10 min. The mixture was stirred until no starting material could be detected via thin-

layer chromatography (1.5 h). The reaction mixture was cooled down to 0 °C and 20 mL of THF 

was added. The reaction mixture was filtered over an Al2O3 plug, washed with 1/1 v:v THF/EtOH 

mixture (4 × 20 mL), and concentrated under reduced pressure. Purification via flash 

chromatography (CH:EA 7/3 v:v) yielded EHPMA (57%) as a colorless liquid. 
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1H-NMR (500 MHz, CDCl3 δ): 6.14 (mc, 1H, trans-H); 5.59 (mc, 1H, cis-H); 4.22 (mc, 

2H, -COOCH2); 4.05 (mc, 1H, -CHOH); 3.60-3.41 (m, 4H, -CH2OCH2CH3); 2.57 (d, 1H, -CHOH); 

1.95 (mc, 3H, CH2CCH3); 1.21 (t, 3H, -CH2CH3) ppm. 

2.2.  Synthesis of BPA 

4-Hydroxybenzophenone (5.0 g, 25.2 mmol, 1 eq) and NEt3 (4.19 mL, 30.2 mmol, 1.2 eq) were 

dissolved in DCM (25 mL) and cooled down to 0 °C in a tinfoil protected flask. Acryloyl chloride 

(2.73 mL, 30.2 mmol, 1.2 eq) was dissolved in DCM (5 mL) and added dropwise to the reaction 

mixture over 30 min. The mixture was stirred for 16 h at rt. The precipitating solid was filtered off 

and washed with DCM (3 × 20 mL). The crude reaction mixture was washed with 0.1 M HCL 

(50 mL), saturated Na2CO3 (50 mL), and saturated brine (50 mL). The combined organic layers 

were dried over Na2SO4. The solvent was removed under reduced pressure, and the raw product 

was purified by column chromatography (DCM:EA 4/1 v:v) and dried in high vacuum. BPA (79%) 

was obtained as a white solid. 

1H-NMR (500 MHz, CDCl3 δ): 7.88 (mc, 2H, Ar-H); 7.81 (mc, 2H, Ar-H); 7.60 (mc, 1H, Ar-H); 

7.49 (mc, 2H, Ar-H); 7.27 (mc, 2H, Ar-H); 6.65 (dd, 1H, cis-H); 6.35 (dd, 1H, CH2CHCOO); 6.07 

(d, 1H, trans-H) ppm. 

2.3.  Synthesis of BPMA 

4-Hydroxybenzophenone (5.64 g, 28.5 mmol, 1.1 eq) and NEt3 (3.9 mL, 27 mmol, 1 eq) was 

dissolved in DCM (25 mL) and cooled down to 0 °C in a tinfoil protected flask. Methacryloyl 

chloride (4.2 mL, 43 mmol, 1.6 eq) was dissolved in DCM (5 mL) and added dropwise to the 

reaction mixture over 20 min. The mixture was stirred for 20 h at rt. The crude reaction mixture 

was washed with saturated NaHCO3 (150 mL), water (2 x 100 mL), and saturated brine (100 mL). 

The combined organic layers were dried over Na2SO4. The solvent was removed under reduced 
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pressure and the raw product was purified by double recrystallization from pentane/hexane (6/4 

v:v). BPMA (46%) was obtained as a white solid. 

1H-NMR (400 MHz, CDCl3 δ): 7.90-7.85 (m, 2H, Ar-H); 7.82-7.78 (m, 2H, Ar-H); 7.60 (mc, 1H, 

Ar-H); 7.49 (mc, 2H, Ar-H); 7.26 (mc, 2H, Ar-H); 6.39 (mc, 1H, cis-H); 5.81 (mc, 1H, trans-H); 

2.09 (mc, 3H, CH2CCH3) ppm. 

3. Polymer synthesis 

The synthesis of PGE-b-OBP, PGE-b-ACBP and pEHPA was reported in previous works.2, 4 The 

general synthesis route of pEHPMA, pEHPMA-b-BP and pEHPA-b-BP is presented in Scheme 

S2. Peak assignments were based on previous work. 
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Scheme S2. Polymerization routes for pEHPMA (a), pEHPMA-b-BP (b), and pEHPA-b-BP (c) 

polymers. 

3.1.  Synthesis of pEHPMA 

EHPMA (3.22 g, 17.1 mmol, 160 eq), radical initiator ACVA (4.3 mg, 0.015 mmol, 0.14 eq) and 

the RAFT agent (29.7 mg, 0.11 mmol, 1.0 eq) were dissolved in DMF (6.9 mL) at 0 °C. The 

solution was degassed for 20 min with argon and the reaction mixture was stirred overnight in a 

preheated oil bath at 80 °C. The polymerization was stopped by air exposure at 0 °C. The polymer 
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was precipitated from diethyl ether and dried overnight under high vacuum. pEHPMA (89 %) was 

obtained as a pink solid, which was used directly for the preparation of pEHPMA-b-BP. A small 

fraction was further dialyzed against methanol for the polymer analysis (NMR, GPC, turbidimetry). 

1H-NMR (600 MHz, MeOD, δ): 7.91, 7.59, 7.43 (RAFT Ar end-group); 4.23-3.78 (m, 3H, 4-H2, 

5-H); 3.76-3.41 (m, 4H, 7-H2, 8-H2); 2.46 (ACVA group); 2.36-1.44 (m, 2H, 3-H2); 1.43-0.73 (m, 

6H, 1-H3, 9-H3) ppm. 

13C-NMR (151 MHz; MeOD δ): 179.70- 178.10, 178.29 (4-C), 73.1-72.50 (7-C) 69.40-68.98 (5-

C), 67.93 (8-C), 67.61 (6-C), 55.99-54.84 (3-C), 46.40, 46.05 (2-C), 19.77, 17.74 (1-C), 15.64 (9-

C) ppm. 

Molecular weights determined by NMR: Mn = 23.2 kDa. GPC(THF): Mn = 21700 Da, Ð = 1.16.  

The best results for block copolymers can be obtained, as long as the majority of the transfer agents 

at the end of the chains is still active. Therefore, the block copolymerization of pEHPA with BPA 

was proceeded directly after the polymerization in one-pot sequential manner, as described below. 

However, since pEHPMA is a solid polymer (contrary to the viscous pEHPA) and therefore can 

be prepurified via precipitation, this step was performed, before adding the benzophenone 

methacrylate block. 

For the determination of equivalents for the block copolymerization of pEHPMA-b-BP the yield 

percentage of pEHPMA was used to determine the reacted monomer amount in the polymer for 

the equivalent calculation: 160 × 0.89 = 142 eq. The theoretical amount of substance was calculated 

by dividing the used polymer mass (1.80 g) through the molecular weight of the used EHPMA 

monomer (188.2 g/mol) 

 

141



Supporting Information 

 

S13 

 

3.2.  Synthesis of pEHPMA-b-BP 

pEHPMA (1.80 g, 9.6 mmol, 142 eq), and BPMA (126.0 mg, 0.47 mmol, 7 eq) were dissolved in 

DMF (3.84 ml) and cooled down to 0 °C. ACVA (3.0 mg, 0.011 mmol, 0.16 eq) was added and 

the mixture was degassed for 25 min with argon and then stirred in a preheated oil bath overnight 

at 80 °C. The polymerization was stopped by air exposure at 0 °C. The raw polymer was dialyzed 

against methanol and dried under high vacuum. pEHPMA-b-BP (88%) was obtained as a pink 

solid. 

1H-NMR (700 MHz, MeOD, δ): 8.18-6.75 (Ar-H, BP); 4.28-3.80 (m, 3H, 4-H2, 5-H); 3.78-3.38 

(m, 4H, 7-H2, 8-H2); 2.46 (ACVA group); 2.26-1.45 (m, 2H, 3-H2, 3´-H2); 1.42-0.69 (m, 6H, 1-H3, 

9-H3, 1´-H3) ppm. 

13C-NMR (176 MHz; MeOD δ): 179.76- 177.49 (4-C, 4´-C), 138.55, 136.43, 133.90, 132.71, 

130.96, 129.63, 122.71 (Ar-C, BP) 73.1-72.50 (7-C) 69.50-68.90 (5-C), 67.92 (8-C), 67.61 (6-C), 

56.19-52.75 (3-C, 3´-C), 47.00 46.41, 46.06 (2-C, 2´-C), 22.09, 19.72, 17.83 (1-C, 1´-C), 15.64 (9-

C) ppm. 

Molecular weights determined by NMR: Mn = 22.6 kDa. GPC (THF): Mn = 22100 Da, Ð = 1.18. 

Since pEHPA polymers are obtained in a form of a viscous wax, rather than a solid, a purification 

via precipitation was not feasible. Therefore, the synthesis of pEHPA-b-BP was performed as a 

sequenced one-pot polymerization after verifying an appropriate conversion (95 %). Amounts of 

the radical starter and BPA were calculated based on the remaining mixture volume and initial 

monomer concentration in the reaction mixture. 
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3.3.  Synthesis of pEHPA-b-BP 

EHPA (3.00 g, 17.22 mmol, 172 eq), radical initiator ACVA (5.6 mg, 0.2 mmol, 0.2 eq) and the 

RAFT agent (27.8 mg, 0.10 mmol, 1.0 eq) were dissolved in 1,4-dioxane/water mixture (10.1 mL, 

1/1 v:v) at 0 °C. The mixture was degassed for 30 min with argon and then stirred in a preheated 

oil bath overnight at 72 °C. The reaction was paused through cooling the reaction down to 0 °C 

under argon atmosphere. Reaction sample (2.7 mL, equivalent to ~800 mg polymer) for NMR and 

GPC analysis was withdrawn. BPA (0.11 g, 0.44 mmol, 5.9 eq) and ACVA (4.1 mg, 0.015 mmol, 

0.2 eq) were dissolved in 1,4-dioxane/water mixture (0.46 ml, 1/1 v:v) and added to the polymer 

mixture. The mixture was degassed for 30 min with argon at 0 °C and then stirred in a preheated 

oil bath overnight at 72 °C. The polymerization was stopped by air exposure at 0 °C. The raw 

polymers were dialyzed against methanol and dried under high vacuum. pEHPA (69%) and 

pEHPA-b-BP (88%) were obtained as a red wax. 

pEHPA: 

1H-NMR (500 MHz, MeOD, δ): 8.01, 7.63, 7.46 (RAFT end-group); 4.31-4.01 (m, 2H, 4-H2,); 

4.01-3.90 (br. s, 1H, 5-H); 3.56 (q, 2H, 7-H2); 3.52-3.40 (m, 2H, 6-H2); 2.69 (ACVA group); 2.62-

2.22 (m, 1H, 1-H); 2.22-1.42 (m, 2H, 2-H2); 1.21 (t, 3H, 8-H3) ppm. 

Molecular weights determined by NMR: Mn = 24.6 kDa. GPC (THF): Mn = 22600 Da, Ð = 1.15. 

pEHPA-b-BP: 

1H-NMR (700 MHz, MeOD, δ): 8.07-7.13 (Ar-H, BP); 4.28-4.01 (m, 2H, 4-H2,); 4.01-3.90 (br. s, 

1H, 5-H); 3.56 (q, 2H, 7-H2); 3.52-3.42 (m, 2H, 6-H2); 2.69 (ACVA group); 2.64-2.27 (m, 1H, 1-

H, 1´-H); 2.25-1.41 (m, 2H, 2-H2, 2´-H2); 1.21 (t, 3H, 8-H3) ppm. 
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13C-NMR (176 MHz; MeOD δ): 176.48- 175.92 (3-C, 3´-C), 138.72, 136.50, 133.85, 132.73, 

130.97, 129.60, 128.03, 123.15 (Ar-C, RAFT end-group, BP), 72.80 (6-C), 69.51, 69.46 (5-C), 

67.90 (7-C), 67.34 (4-C), 43.15-42.61 (1-C, 1´-C), 37.31-35.18 (2-C, 2´-C), 15.60 (8-C) ppm. 

Molecular weights determined by NMR: Mn = 26.9 kDa. GPC (THF): Mn = 24100 Da, Ð = 1.25. 

3.4.  Calculation of the benzophenone repeating units from the 1H NMR spectra 

The calculation of the benzophenone (meth)acrylate repeating units in the respective pEHPA-b-

BP and pEHPMA-b-BP polymers was performed as follows: in the corresponding 1H NMR 

spectra the methylene group located directly to the carboxyl group in the ACVA-based structure 

unit at 2.69 (pEHPA) and 2.46 (pEHPMA) was integrated and set to two. The integral value of 

the aromatic region on polymers without BP block (representing the aromatic RAFT moiety) was 

then subtracted from the value of the benzophenone integral value. The difference was then divided 

through the number of aromatic protons in the monomer (9) to yield the corresponding average BP 

units. The consistent presence of the BP block in the monomer was verified through UV-detected 

elugrams of polymers without and with BP block, as shown in Figure S1. While the RI signal 

stayed in the same detection range, the UV signal increased ~10-fold over the whole polymer 

detection range. 
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Figure S1. Overview of GPC traces of pEHPA and pEHPA-b-BP detected via RI (a) and UV (b) 

and pEHPMA and pEHPMA-b-BP detected via RI (c) and UV (d). The measurements were 

performed at room temperature with THF as eluent and butylated hydroxytoluene (BHT) as 

reference.  

4. Sample preparation and analysis of the thermoresponsive behavior 

4.1.  Turbidimetry 

The polymer samples were dissolved in water and lyophilized to remove traces of methanol. A 20 

mg mL-1 stock solution in the respective solvent (water or PBS) was prepared and 2 mL dilutions 

with 10 and 5 mg mL-1 were prepared for analysis. Temperature-dependent turbidity curves were 
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measured as described in the experimental section of the main article by detecting the transmittance 

at 600 nm. The normalized turbidimetry curves of the pEHPMA homopolymer in water and PBS 

are presented in Figure S2. Analogous turbidimetry curves of pEHPA-b-BP and pEHPMA-b-BP 

block copolymers in water are presented in Figure S3.  

 

Figure S2. Representative concentration-dependent turbidimetry curves of pEHPMA in MQ-H2O 

(a) and PBS (b) after normalization in heating and cooling cycles (n = 2 per cycle). 

 

Figure S3. Representative concentration-dependent turbidimetry curves of pEHPA-b-BP (a) and 

pEHPMA-b-BP (b) in MQ-H2O after normalization in heating and cooling cycles (n = 2 per cycle). 
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4.2.  DLS measurements and intensity distribution of polymer samples 

The prepared samples for turbidimetry measurements were additionally investigated by DLS. The 

obtained size distribution curves by intensity in aqueous solutions are shown in Figure S4 for 

pEHPMA and in Figure S5 for pEHPA-b-BP and pEHPMA-b-BP. 

 

Figure S4. Temperature-dependent size distributions obtained from DLS measurements of 

pEHPMA in MilliQ-H2O (a) and PBS (b). 
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Figure S5. Temperature-dependent size distributions obtained from DLS measurements of 

pEHPA-b-BP (a) and pEHPMA-b-BP (b) in MilliQ-H2O. 

4.3.  Temperature-dependent pEHPMA 1H NMR measurements 

The NMR spectra were acquired as described in the experimental section of the main manuscript. 

The 1H spectra of pEHPMA in D2O in the temperature range of 8-25 °C are shown in Figure S6. 
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Figure S6. Temperature-dependent 1H NMR spectra (D2O, 600 MHz) of pEHPMA at a 

concentration of 10 mg mL-1 (Tcp: 9.8 °C). The spectra were referenced to the solvent peak of D2O 

at 8 °C at 4.79 ppm. Peaks were assigned with numbers according to the illustrated chemical 

structure. 

The 1H NMR spectra of pEHPMA solution in Figure S6 show a slight temperature-dependent shift 

of the chemical shifts of the polymer signals. More importantly, a uniform transition can be 

observed through the gradual broadening of the proton signals from the methacrylic backbone as 

well as the γ-ethoxy-β-hydroxy-side chain. This hints towards a dehydration and aggregation of 

the polymer chains, which causes a significant mobility loss, resulting in the increased signal 

broadening along with declining signal intensity.5, 6 
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5. Comparison of homo- and block copolymer adsorption on PS 

To estimate the directed adsorption potential of pEHPA-b-BP and pEHPMA-b-BP, comparative 

dry layer thickness measurements were performed after block- and homopolymer adsorption 

(c = 250 µg mL-1) under established conditions, and UV-irradiation (Figure S7a). Furthermore, the 

resulting contact angles after the extraction of the irradiated pEHPA and pEHPMA substrates 

were compared to pristine PS surfaces since no layer thickness was detected after the extraction of 

pEHPA and pEHPMA surfaces (Figure S7b). 

 

Figure S7. Comparison of surface characteristics of block copolymer and homopolymer grafted PS 

surfaces. (a) Comparative dry layer thickness of adsorbed (c = 250 µg mL-1) and UV irradiated 

pEHPA-b-BP and pEHPA as well as pEHPMA-b-BP and pEHPMA coatings before and after 

extraction. (b) Comparative water contact angles of native PS substrates and extracted PS substrates 

after pEHPA or pEHPMA homopolymer adsorption (n ≥ 3). *Measured values were below the 

detection limit of the spectroscopic ellipsometer. 
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5.1.  Estimation of the chain overlap parameters based on polymer theory 

In order to estimate the configuration of the surface tethered polymer chains in aqueous solution 

above and below their cloud point temperature Tcp, we calculated the theoretical degree of chain 

overlap. Therefore, the ratio of the Flory radius Rf of the polymer chains in a good (Rf, good) and bad 

solvent (Rf, bad), representing the conditions below and above the cloud point in water, and the 

anchor distance (l) of the chains on the surface was calculated. In previous work, we showed that 

the estimation of water as a good solvent is valid by comparing hydrodynamic radii of pEHPA in 

water derived from DLS data below Tcp to the theoretical Flory radii in a good solvent.2, 7 

Furthermore, we assume water as a bad solvent above the Tcp due to chain aggregation observed in 

turbidimetry and DLS measurements. Flory radii were calculated in a good (Rf, good = N3/5a) and 

bad (Rf, bad = N1/3a) solvent with N as the number of repeating units in the polymer chain and a as 

the segment chain length.8 The number of repeating units N was calculated as the ratio of the 

polymer’s molecular weight Mn to the respective monomer weight of EHPA (174.2 g/mol) or 

EHPMA (188.2 g/mol). The segment length was estimated to a = 0.25 nm as a typical value for 

vinyl-based polymers such as pNIPAM.9 The respective anchor distance l was calculated using 

the dry thickness values (h) and approximating the density of pEHPA and pEHPMA to the density 

of pNIPAM (ρpNIPAM = 1.2 g cm-3).10, 11 Furthermore, a model with homogeneous distribution of 

circular chains on a square surface area was assumed, which is frequently used in surface science.12, 

13 This allows to calculate the anchor distance l with the chain grafting density (GD) from the layer 

thickness h, the polymer density , the Avogadro number NA, and the molecular weight Mn of the 

polymer as follows: 

𝑙 = √
4

𝜋

1

GD
  with grafting density (GD):   GD =

ℎ∙𝜌polymer∙NA

𝑀n
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The parameters for estimating the grafting density 2Rf  l-1 of the surface tethered chains in the 

extracted polymer layers in a good and a bad solvent are shown in Table S2. The standard 

deviations of the chain overlap values were calculated based on the standard deviations of the layer 

thickness using Gaussian propagation of error. 

Table S1. Polymer and coating parameters as described and defined in the text for the estimation 

of the degree of chain overlap of grafted polymers in a bad and a good solvent. 

Polymer 

(concentration 

[µg mL-1]) 

N Rf, good 

[nm] 

Rf, bad 

[nm] 

h [nm] GD 

[nm-3] 

l 

[nm] 

2Rf, good l
-1 2Rf, bad l

-1 

pEHPA-b-BP 

(250) 

138.3 4.81 1.29 2.9 ± 0.7 0.086 3.84 2.51 ± 0.61 0.67 ± 0.16 

pEHPA-b-BP 

(62.5) 

138.3 4.81 1.29 1.9 ± 0.6 0.057 4.72 2.04 ± 0.64 0.55 ± 0.17 

pEHPMA-b-BP 

(250) 

117.4 4.36 1.22 3.1 ± 1.9 0.101 3.54 2.46 ± 0.71 0.69 ± 0.20 

pEHPMA-b-BP 

(62.5) 

117.4 4.36 1.22 2.1 ± 0.7 0.069 4.31 2.03 ± 0.68 0.57 ± 0.19 

 

6. Additional cell adhesion images 

The adhesion and proliferation of human dermal fibroblasts seeded on polymer brush coated 

substrates and TCPS controls at a density of 43 x 105 cells cm-2 was observed up to 72 h after 

seeding. Representative phase contrast images after 48 and 72 h are shown in Figure S8. 
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Figure S8. Representative phase contrast images of human dermal fibroblasts on TCPS (top), 

pEHPA-b-BP (middle), and pEHPMA-b-BP (bottom) coated PS substrates 48 and 72 h after 

seeding at a density of 43 × 105 cells cm-2. 

7. Surface parameters of brush-coated QCM-D chips 

The average dry layer thickness of pEHPA-b-BP and pEHPMA-b-BP coatings on PS-coated 

QCM-D chips, used to quantify the areal mass of adsorbed proteins are shown in Figure S9a. 

Corresponding water contact angles on these brush coatings, along with the values of the used 

TCPS reference, are shown in Figure S9b. Representative real-time frequency curves of protein 

adsorption measurements conducted via QCM-D are shown in Figure S10. 
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Figure S9. Dry layer thickness of pEHPA-b-BP and pEHPMA-b-BP brush coatings on PS-coated 

QCM-D chips (a) and their corresponding water contact angles, along with the values for TCPS 

controls (b) (n ≥ 3). 

 

Figure S10. Representative frequency curves of the protein adsorption from DMEM cell culture 

medium supplemented with 10% FCS obtained from QCM-D measurements at 37 °C and 20 °C 

on brush coatings and a TCPS control at 37 °C. 
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8. Viability of thermally detached cells 

To assess the viability of thermally detached confluent sheets from pEHPA-b-BP surfaces, the 

cells were trypsinized after detachment parallel to confluent cells cultured on TCPS substrates and 

harvested conventionally by trypsinization. Dead cells were stained with propidium iodide, and all 

cells were counted via flow cytometry. The counted values of all measurements on pEHPA-b-BP 

and TCPS (n = 3, respectively), along with the threshold for the dead cells, are shown in Figure 

S11. The average percentage of dead cells and standard deviation are embedded. 

Figure S11. Flow cytometry counts of cells  (red, orange, blue) thermally detached from pEHPA-

b-BP (left) and trypsinized from TCPS (right). Number values indicate the mean percentage of 

dead cells along with the standard deviation (n = 3). 

9. Storage stability of coated substrates 

In order to distinguish between the impact of the sterilization treatment and the storage time 

between measurements of pristine and sterilized surfaces, pristine brush surfaces were stored under 
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ambient conditions until the sterilized samples were returned and analyzed (14-18 d). The non-

sterilized samples were then treated identically (extraction in ethanol for 16 h) for comparison. The 

thickness and contact angle differences of pEHPA-b-BP, PGE-b-OBP, and PGE-b-ACBP 

coatings are summarized in Figure S12. 

 

Figure S12. Thickness and contact angle values of pEHPA-b-BP (a), PGE-b-OBP (b), and PGE-

b-ACBP (c) after coating preparation and extraction (1 d) and after 14-18 d of ambient storage and 

subsequent extraction (n ≥ 3). 

10. Impact of gamma and FO treatment on CAs of pristine PS substrates 

In order to access the impact of the used sterilization methods on pristine PS substrates, untreated 

PS was sterilized under identical conditions to the brush coatings and extracted in ethanol for 16 h 

after sterilization. The resulting CAs are shown in Figure S13. 
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Figure S13. Contact angles of untreated and sterilized PS after ethanol extraction. 
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4. Short summary 

The combined parts of this thesis aimed to elucidate the transition mechanisms of 

thermoresponsive glycerol-based polymers and utilize these insights to establish a robust 

platform for the fabrication of thermally detached cell sheets. Conclusions from temperature-

dependent studies of PGE and PGE-like alkoxy hydroxypropyl [meth]acrylate (AHP[M]A) 

polymers led to a PEHPA-based brush coating for cell sheet fabrication. A comparison of PGE 

and PEHPA brush coating properties and cell harvesting performance before and after 

sterilization highlighted the upside of the newly developed PEHPA polymer design. 

The phase transition behavior of thin brush layers with transition temperatures below the 

physiological range was studied using 10 and 22 kDa PGE chains, which were immobilized on 

inert gold surfaces by precedingly introduced thiol anchor blocks. Optimized grafting 

procedures were adapted to obtain molecular control of brush properties with dry thicknesses 

of 1.6 – 10 nm and grafting densities of 0.07 – 0.5 chains nm-2. Remarkably, similar transition 

temperatures in solution and on surface were detected between 26 and 31 °C and attributed 

to the non-interacting gold surface, which does not affect the reversible transition process. 

However, the phase transition concluded between 35 and 40 °C, which could hamper effective 

cell attachment due to remaining coating hydration and should be considered when designing 

cell-adhesive functional surfaces. Furthermore, the phase transition mechanism of surface-

tethered PGE chains was found to be primarily dependent on the grafting density. Low GD 

regimes (0.07 – 0.12 chains nm-2) exhibited a brush-to-mushroom transition with parallel chain 

dehydration and collapse processes. In contrast, middle GD regimes (0.3 – 0.5 chains nm-2) 

displayed a brush-to-brush transition, with initially more distinct dehydration and a more 

pronounced brush collapse after water molecules were expelled. 

In the following study, AHP[M]A monomers were derived through molecular design, to establish 

an alternative to PGE polymers. The design featured PGE-like short alkoxy side chains for 

similar functionality and hydroxy groups to balance the hydrophobic aliphatic backbone. 

Polymerization under optimized RAFT conditions yielded narrow dispersed 22-25 kDa 

polymers. Subsequent phase transition studies of 20 – 5 mg mL-1 concentrated aqueous 

solutions of PHMPMA, PEHPA and PEHPMA revealed transition temperatures of 37 – 43 °C, 

22 – 25 °C, and 8 – 10 °C, respectively. The increase in side-chain hydrophobicity from a 

methoxy to an ethoxy group resulted in less concentration- and molecular weight-dependent 

cloud point temperatures, particularly in the comparison of isomeric PHMPMA and PEHPA 

polymers, where a methyl group was “shifted” from the PHMPMA backbone to the end of the 

PEHPA side chain through molecular monomer design. Furthermore, NMR spectra of 

PHMPMA in deuterated water did not reveal any chain dehydration, indicating an LLPS 

transition type. In contrast, a distinct dehydration of all PEHP[M]A chain parts was observed in 

159



Short summary 

 

temperature-dependent NMR spectra after passing the cloud point temperature, indicating a 

pronounced CTG behavior which is an important precondition for cell harvesting coatings. 

The conclusions from PGE brush studies revealed the concordance of transition temperatures 

of solutions and thin brush layers, as well as the possible impact of broad transition ranges. 

Keeping that in mind, PEHPA and PEHPMA polymers with CTG transition type and sufficiently 

low Tcp values in solution were chosen for the preparation of coatings for cell sheet fabrication 

on applicable hydrophobic PS surfaces. An immobilization strategy through self-assembly, 

directed by a short (2 – 4 repeating units) hydrophobic benzophenone (meth)acrylate block 

(BP), copolymerized to the homopolymer chains, was transferred from previous PGE reports. 

Layers of surface tethered 22 – 24 kDa PEHP[M]A-BP polymers with thicknesses up to ~3 nm 

were obtained after UV irradiation, which induced a covalent crosslinking reaction between BP 

and PS, followed by layer extraction. Protein adsorption on these brush surfaces was an order 

of magnitude lower compared to TCPS surfaces (20 – 90 ng cm-2 and 800 ng cm-2, 

respectively) under cell culture conditions (37 °C), which is typically linked with cell-repellent 

surfaces. Nevertheless, both polymer coatings enabled the adhesion, proliferation and 

detachment of human dermal fibroblasts. PEHPA-BP brushes reliably detached cell sheets 

after cooling to room temperature, whereas PEHPMA-BP surfaces required cooling to 4 °C 

and performed less reliably, sometimes resulting in sheet fragmentation. Consequently, DIN 

normed sterilization with formaldehyde gas or gamma radiation were performed with PEHPA-

BP coatings and previously established PGE brush coatings on PS and TCPS substrates. 

Gamma sterilization with a dose of 45 kGy degraded PGE brush coatings and significantly 

altered the properties of PEHPA-BP brush coatings, rendering them unable to detach cell 

sheets post-sterilization. In contrast, FO gas treatment had no adverse effects on the brush 

coatings. However, after the timeframe of sterilization and transport processes (14 – 18 d), the 

thickness of PGE brush coatings, irrespective of FO sterilization, decreased significantly, 

possibly due to a drying effect of the brush layer. At the same time, no changes were detected  

for PEHPA-BP brushes. Consequently, detachment times on PGE brushes increased markedly 

from 60 to a maximum of 180 min. Only a slight increase was observed on PEHPA-BP brushes, 

from 60 to 90 min maximum time, showing the advantage of the new polymer design. 

In conclusion, thermoresponsive PHMPMA, PEHPA and PEHPMA polymers were established 

through molecular design, inspired through PGE structures. The investigation of the phase 

transition in solution, combined with insights from phase transition studies of PGE brush layers, 

were used to select PEHPA and PEHPMA polymers for designing functional coatings for cell 

sheet fabrication. The CTG transition-type polymers supported cell proliferation and 

detachment and PEHPA-based coatings exhibited enhanced durability. These findings 

highlight the benefit of the aliphatic backbone, compared to polyether-based PGE coatings. 
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5. Kurzzusammenfassung 

Die vereinten Abschnitte dieser Arbeit hatten zum Ziel, die Übergangsmechanismen von 

glycerinbasierten, thermoresponsiven Polymeren aufzuklären und diese Erkenntnisse zu 

nutzen, um eine robuste Plattform für die Herstellung thermisch ablösbarer Zellmonlagen zu 

etablieren. Erkenntnisse aus temperaturabhängigen Studien von PGE- und PGE-ähnlichen 

Alkoxyhydroxypropyl[meth]acrylat (AHP[M]A)-Polymeren führten zu einer PEHPA-basierten 

Bürstenbeschichtung für das Ablösen von Zellmonolagen. Ein Vergleich der PGE- und PEHPA-

Bürstenbeschichtungen hinsichtlich ihrer Eigenschaften und der Zellablöseprozedur vor und 

nach der Sterilisation zeigte die positiven Auswirkungen des alternativen Polymerdesigns. 

Das Phasenübergangsverhalten dünner Bürstenschichten mit Übergangstemperaturen 

unterhalb des physiologischen Bereichs wurde untersucht mithilfe von 10 und 22 kDa 

schweren PGE-Ketten, die auf inerten Goldoberflächen durch zuvor eingebaute Thiol-

Ankerblöcke immobilisiert wurden. Optimierte Adsorptionsverfahren wurden übernommen, um 

Bürstenparameter auf molekular Ebene einzustellen und Trockenschichtdicken von 1,6 – 10 

nm, sowie Kettendichten (KD) von 0,07 – 0,5 Ketten nm-2 zu erhalten. Bemerkenswerterweise 

stimmten die Übergangstemperaturen im Bereich zwischen 26 und 31 °C jeweils in der Lösung 

und auf der Oberfläche überein. Dies wurde auf die nicht mit Polymeren wechselwirkende 

Goldoberfläche zurückgeführt, die den reversiblen Phasenübergangsprozess nicht 

beeinflusste. Der Phasenübergang endete jedoch zwischen 35 und 40 °C, was eine effektive 

Zellanhaftung aufgrund der verbleibenden Hydratation behindern könnte und bei der 

Entwicklung von funktionellen zelladhäsiven Oberflächen berücksichtigt werden sollte. 

Darüber hinaus wurde festgestellt, dass der Phasenübergangs-mechanismus der gebundenen 

PGE-Ketten wesentlich von der KD abhängt. Niedrige KD-Bereiche von 

0,07 – 0,12 Ketten nm-2 zeigten einen Bürste-Pilzhut-Übergang mit paralleler 

Dehydratisierung und Kollaps der Ketten. Im Gegensatz dazu zeigten mittlere KD-Bereiche 

von 0,3 – 0,5 Ketten nm-2  einen Bürste-Bürste-Übergang mit einer prägnanten 

Dehydratisierung zu Beginn und folgend mehr sichtbaren Ketten-Kollaps, der durch die 

abwesenden Wassermoleküle ermöglicht wird. 

In der folgenden Studie wurden AHP[M]A-Monomere durch molekulares Design abgeleitet, um 

eine Alternative zu PGE-Polymeren zu etablieren. Das Design enthielt PGE-ähnliche kurze 

Alkoxy-Seitenketten für eine ähnliche Funktionalität und Hydroxygruppen zum Ausgleich des 

hydrophoben aliphatischen Rückgrats. Die Polymerisation unter optimierten RAFT-

Bedingungen ergab 22-25 kDa schwere Polymere mit enger Mokelurargewichtsverteilung. 

Anschließende Phasenübergangsstudien von 20 – 5 mg mL-1 konzentrierten wässrigen 

Lösungen von PHMPMA, PEHPA und PEHPMA ergaben Übergangsbereiche von jeweils 

37 – 43 °C, 22 – 25 °C und 8 – 10 °C. Die Erhöhung der Hydrophobie in der Seitenkette von 
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einer Methoxy- zu einer Ethoxygruppe führte zu einer geringeren Abhängigkeit der 

Schaltpunkte von Konzentration und Molekulargewicht, insbesondere beim Vergleich der 

isomeren PHMPMA- und PEHPA-Polymere, bei denen eine Methylgruppe vom PHMPMA-

Rückgrat zum Ende der PEHPA-Seitenkette durch molekulares Monomerdesign "verschoben" 

wurde. Zudem zeigten die NMR-Spektren von PHMPMA in deuteriertem Wasser keine 

Dehydratisierung von Polymerketten, was auf einen sogenannten „LLPS“-Übergangstyp 

hindeutet. Im Gegensatz dazu wurde in temperaturabhängigen NMR-Spektren von PEHP[M]A 

Lösungen nach Überschreiten der Schalttemperatur eine deutliche Dehydratisierung aller 

Kettenteile beobachtet. Dies deutet auf ein Knäuel-Globuli (KG) hin, eine wichtige 

Voraussetzung für temperaturabhängige Beschichtungen für Zellablösevorgänge. 

Die Erkenntnisse aus der Untersuchung der PGE-Bürsten ergaben die Übereinstimmung der 

Übergangstemperaturen in Lösung und auf der Oberfläche, sowie den möglichen Einfluss des  

breiten Übergangsbereichs. Dementsprechend wurden PEHPA- und PEHPMA-Polymere mit 

ausreichend tiefen Schaltwerten in Lösung und dem KG-Übergangstyp für die Entwicklung von 

Beschichtungen auf gängigen hydrophoben PS-Oberflächen für das Ablösen von 

Zellmonolagen ausgewählt. Eine Immobilisierungsstrategie basierend auf PGE-

Bürstenschichten wurde übernommen, indem gezielte Adsorption durch einen zuvor 

eingeführten, kurzen (2-4 Einheiten), hydrophoben Benzophenon(meth)acrylat-Block (BP) 

gesteuert wurde. Schichten aus oberflächen-gebundenen 22 – 24 kDa schweren PEHPA-BP 

und PEHPMA-BP Polymeren mit Dicken von bis zu ~3 nm wurden nach der Vernetzung von 

BP mit PS durch UV-Bestrahlung und anschließender Oberflächenextraktion erhalten. 

Überraschenderweise war die Proteinadsorption auf diesen Bürstenoberflächen bei 37 °C um 

eine Größenordnung geringer als auf TCPS (20 – 90 ng cm-2 und 800 ng cm-2), was im 

Allgemeinen eher bei zellabweisenden Oberflächen beobachtet wird. Dennoch gelangen 

sowohl die Kultivierung als auch das Ablösen von humanen dermalen Fibroblast-Monolagen, 

wobei sich die Zellen von PEHPA-BP-Oberflächen nach Abkühlung auf Raumtemperatur 

zuverlässig ablösten, während bei PEHPMA-BP-Oberflächen eine Abkühlung auf 4 °C 

erforderlich war und das Ablösen teils nicht in Monolagen erfolgte. Daher wurden PEHPA-BP-

Beschichtungen und zuvor etablierte PGE-Bürstenbeschichtungen auf PS- und TCPS-

Substraten einer DIN-genormten Sterilisation durch Formaldehydgas oder 

Gammabestrahlung unterzogen. Gammasterilisation mit einer 45 kGy Dosis führte dabei zur 

Degradation der PGE-Beschichtungen und modifizierte die PEHPA-BP Eigenschaften derart, 

dass nach der Sterilisation kein zuverlässiges Ablösen der Zellen gewährleistet war. FO-Gas 

hingegen zeigte keine Auswirkungen auf die Bürstenbeschichtungen. Allerdings nahm die 

Dicke der PGE-Bürstenbeschichtungen nach dem Zeitrahmen der Sterilisations- und 

Transportprozesse (14 - 18 d) unabhängig von der FO-Sterilisation ab, was mutmaßlich ein 

langfristiger Trocknungseffekt der Bürstenschicht ist. Gleichzeitig wurden bei PEHPA-BP-
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Bürsten keine Veränderungen festgestellt. Die Ablöseszeiten auf PGE-Bürsten stiegen 

deutlich von 60 Minuten auf maximal 180 Minuten an. Bei PEHPA-BP-Bürsten wurde nur ein 

leichter Anstieg von 60 auf 90 Minuten beobachtet, was den Vorteil des neuen Polymerdesigns 

nahelegt. 

Zusammenfassend, wurden thermoresponsive PHMPMA-, PEHPA- und PEHPMA-Polymere 

durch molekulares Design entwickelt, inspiriert durch PGE-Strukturen. Die detaillierte Studie 

des Phasenübergangs in Lösung, kombiniert mit Erkenntnissen aus Phasenübergangsstudien 

von PGE-Bürstenschichten, wurde genutzt, um PEHPA- und PEHPMA-Polymere für die 

Entwicklung funktioneller Beschichtungen zum Ablösen von Zellmonolagen zu identifizieren. 

Die Polymere mit dem KG-Übergangstyp unterstützten sowohl Zellwachstum als auch -ablöse. 

Beschichtungen auf PEHPA-Basis wiesen zudem eine erhöhte Haltbarkeit auf. Insgesamt 

unterstreichen diese Ergebnisse den Vorteil des aliphatischen Polymerrückgrats im Vergleich 

zu PGE-Beschichtungen auf Polyetherbasis. 
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6. Outlook 

Despite possible limitations for long-term storage, PGE coatings remain an attractive option 

for biomedical coatings, due to their biocompatibility and special ability to activate dendritic 

cells.42 Efficient and non-destructive disinfection of these coatings can be achieved by 

treatment with 70% aqueous ethanol. Moreover, the suitability of the gas sterilization method 

was verified, and the coating stability could be enhanced through antioxidant additives, if 

necessary.45, 46 The straightforward self-assembly procedures could also be used for the on-

demand fabrication of coatings. Furthermore, PGEs could be utilized for in vivo applications, 

e. g. as self-degrading coatings to assure biocompatibility and initiate wound healing and 

integration of implants after invasive medical procedures, without the need of long-term care, 

comparable to self-degrading surgical sutures.168 

The developed PEHPA coatings showed their potential for a durable cell culture platform. The 

next step for this coating would be the cultivation and detachment of different cell types to 

further evaluate their utility potential. The cell adhesion and detachment properties, despite 

generally low protein adsorption, are unique for a thermoresponsive coating in the literature so 

far and could be further elucidated. Experiments quantifying the adsorbed amount and activity 

of RGD containing proteins, such as fibronectin and vitronectin, similar to a study in literature 

on PHEMA brushes169 could prove our current hypothesis of a thin but bioactive adsorbed layer 

of fibronectin on these coatings. Furthermore, possible links between brush thickness and cell 

adhesion, protein adsorption, and RGD activity could be evaluated.169 A possible intrinsic 

affinity between the brush surface and cells could also be probed by blocking the integrin 

bonding domains in seeded cells150 or utilization of serum-free cell culture e. g. with human 

corneal epithelial cells, which can effectively adapt to serum free conditions.170 

When the research and application potential is deemed attractive enough, further risk 

assessment studies could lead to lower radiation dosage (25 kGy) and still enable radiation 

sterilization, eventually under inert conditions. In addition, aging studies could be carried out 

for potential translation.154 Methacrylate based coatings could be further optimized either 

through optimization of the brush fabrication procedure or through a copolymer of EHPMA and 

HMPMA, to optimize the phase transition temperature, while providing suitable dehydration. 

PHMPMA with the LLPS transition type and temperatures at the verge of human body could 

be utilized for bioseparation, similar to other LLPS polymers, especially when utilizing the 

functionalization possibility of the hydroxyl groups.59 
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