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ABSTRACT 

With conventional antibiotic therapies being increasingly ineffective, bacterial infections with subsequent 

biofilm formation represent a global threat to human health. Here, an active and a passive strategy based on 

polymeric micelles were combined to fight bacterial growth. The passive strategy involved covalent 

immobilization of polymeric micelles through Michael addition between exposed maleimide and thiol 

functionalized surfaces. Compared to the bare surface, micelle-decorated surfaces showed reduced adherence 

and survival of bacteria. To extend this passive defense against bacteria with an active strategy, the immobilized 

micelles were equipped with the antimicrobial peptide KYE28 (KYEITTIHNLFRKLTHRLFRRNFGYTLR). 

The peptide interacted non-specifically with the immobilized micelles where it retained its antimicrobial 

property. The successful surface decoration with KYE28 was demonstrated by a combination of X-ray 

photoelectron spectroscopy and quartz crystal microbalance with dissipation monitoring. The initial 

antimicrobial activity of the nanostructured surfaces against Escherichia coli was found to be increased by the 

presence of KYE28. The combination of the active and passive strategy represents a straightforward modular 

approach that can easily be adapted, e.g. by exchanging the antimicrobial peptide to optimize potency against 

challenging bacterial strains, and/or to simultaneously achieve antimicrobial and anti-infection properties.  
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INTRODUCTION 

Micro and nanostructured surfaces have evolved in Nature as broadly occurring passive strategies (e.g., sea 

star skin,1 cicada wing,2 or shark skin3) to prevent bacteria colonialization and ensuing host infections. 

Features of surface structures, including, size and geometry, hamper bacterial attachment and survival.4, 5 The 

underliying principles of these naturally occurring passive defense strategies are key to mimicking their anti-

biofouling efficiency by surfaces designed to fight bacterial infections without additional antimicrobial 

compounds.6 7 Antimicrobial or antifouling surfaces are important in many medical and industrial contexts, 

e.g., for fighting infections caused by bacterial colonization on medical devices6 or for reducing the energy 

consumption of ships by decreasing the frictional drag caused by biofilms.8 

To improve the antimicrobial performance of microstructured surfaces in terms of functionality and 

biological efficacy, active surfaces have been developed by including antimicrobial agents in films,9 

hydrogels,10 or other surfaces.6, 11 The active agents can be either released from the surface or be effective 

upon contact.12, 13, 14 The advantages of such surfaces include a high local concentration of the agent15 and 

time-controlled release profiles.16 In this respect, antimicrobial peptides (AMPs) are particularly appealing 

since they can be designed to display broad-spectrum antimicrobial activity, even against bacteria that are 

resistant to conventional antibiotics, in addition to excellent biocompatibility. Moreover, designs that lower 

the likelihood of the development of bacterial resistance or diminish consequences thereof can be 

envisaged.11 Nevertheless, resistance mechanisms exist but they seem to come at a cost of “fitness” in 

interbacterial competition.17, 18,19  

The amphipathic structure of AMPs, characterized by hydrophilic, cationic and hydrophobic domains,20 

allows for a multitude of effects, the most important being bacterial membrane lysis. Membrane disruption by 

AMPs is thought to involve binding of the peptide to the membrane surface, typically driven by electrostatic 

forces. Binding induces curvature strain, membrane thinning, and/or lateral phase separation, and ultimately a 

selective rupture of the bacterial membrane occurs.21, 22  
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To target AMPs to specific sites and to protect them from untimely degradation, increasing attention is 

being paid to combining them with different nanocarriers23, 24 including negatively charged polyion complex 

micelles,25 silica nanoparticles,26 oleic acid self-assemblies,27 microgels,28, 29 and PEGylated lipid micelles.30 

Furthermore, AMPs have been applied to microstructured surfaces in order to physically anchor them on a 

surface31 or to increase their surface density.32 Immobilization was achieved on different surfaces such as 

metal-,31, 33 nanoparticle-,32 polymer-,34, 35, microgel-,15, 36or polymer/lipid-based surfaces11 by various 

physical or chemical methods.37 For example, cecropin-melittin was immobilized at high density on gold 

nanoparticle-coated surfaces through an increase in surface area from the nanoparticles.32 In this context, 

KYE28 (KYEITTIHNLFRKLTHRLFRRNFGYTLR) is a particularly appealing AMP because it displayed 

improved antimicrobial effects when incorporated in surface-immobilized, microgel-based multilayers 

compared to when bound to plane glass surfaces or presented in peptide-loaded monolayers.36 
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Scheme 1: Schematic drawing of peptide decorated polymeric micelles linked to a thiolated surface via p-

maleimidophenyl-isocyanate. The accessible surface area of KYE28 (10.2210/pdb2NAT/pdb) is color coded 

from red to white by hydrophobicity of the amino acids (red: hydrophobic).38, 39 PMOXA-b-PDMS-b-

PMOXA block copolymers with the hydrophobic domain (red) and the hydrophilic domains (blue).  

 

In this study, we present the design of antimicrobial surfaces for increased antimicrobial efficacy by 

combining passive and active approaches through the immobilization of polymer micelles decorated with 

AMPs (Scheme 1). The micelles were assembled from triblock copolymers composed of two poly(2-methyl-

2-oxazoline) (PMOXA) and one poly(dimethylsiloxane) (PDMS) for the two hydrophilic and the one 

hydrophobic block, respectively.40 PMOXA-b-PDMS-b-PMOXA block copolymers are not only 

biocompatible but PMOXA is also known to decrease blood clotting and protein adsorption.41 These features 

are advantageous for medical applications as they possibly supress an immune response and/or bacterial 

colonization.41, 42 In addition, PMOXA is a peptidomimetic polymer known to be stable towards 

http://dx.doi.org/10.2210/pdb2NAT/pdb
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degradation.41, 43 KYE28, a part of the helix D of human heparin cofactor II, was selected as the active 

AMP.36 The antimicrobial action of KYE28 is based on bacterial cell membrane disruption which induces 

leakage and eventually leads to cell death.44, 45, 46 Apart from broad spectrum antimicrobial activity, this 

peptide also exhibits potent anti-inflammatory effects by binding to circulating endotoxins and suppressing 

cytokine production.44, 47  

The architecture and properties of the PMOXA-PDMS micelles were characterized by a combination of 

transmission electron microscopy (TEM), dynamic light scattering (DLS), and zeta potential measurements. 

The crucial step of decorating the nanometer-sized spherical architectures with the AMP KYE28 was 

evaluated in solution by fluorescence correlation spectroscopy (FCS). To generate the nanostructured surface, 

preformed micelles were functionalized with maleimide groups and covalently immobilized on thiol-

functionalized surfaces via Michael addition.48 In a final step, AMPs were loaded onto the micelle-structured 

surface. The functionalized surfaces were characterized before and after KYE28 addition by a combination of 

atomic force microscopy (AFM), X-Ray photoelectron spectroscopy (XPS), confocal laser scanning 

microscopy (CLSM), ellipsometry, and static water contact angle measurements. The antimicrobial efficacy 

of combining the AMP (active strategy) with nanostructured surfaces (passive strategy) was tested on 

Escherichia coli (E. coli). Our data shows that the combination of active and passive strategy based on 

polymeric micelles represents a straightforward modular approach, where the active part can easily be tuned 

by the choice of the AMPs. 49, 50 

EXPERIMENTAL SECTION 

Materials 

Si-wafers (P〈100〉) were obtained from Si-Mat Germany, silicon dioxide Quartz crystal microbalance (QCM) 

sensor chips (5 MHz quartz crystal, q-sense) from Biolin Scientific, Thermo Scientific Pierce p-

maleimidophenyl isocyanate crosslinker (PMPI) and Atto-647 maleimide from Atto-Tec GmbH, dimethyl-

sulfoxide (DMSO), anhydrous toluene, and 3-(mercaptopropyl)trimethoxysilane from Sigma Aldrich. 
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Ethyltrimetoxysilane was from Alfa Aesar, Bodipy630/650 from Thermo Scientific Inc., NaCl from Merck, 

and D-glucose monohydrate from Fluka. Milli-Q water (resistivity of ≥ 18 MΩ·cm) used was obtained from a 

Purelab Option-R 7/15 system (ELGA), henceforth referred to as H2O. 0.9 % NaCl solution in Milli-Q is 

henceforth referred to as NaCl solution. Bacterial tryptone, yeast extract, agar, and soytone were from Becton 

Dickinson, potassium phosphate from AppliChem, and KYE28-Cys from Bio Peptide. All chemicals were used 

as received unless stated otherwise. 

Fluorescence Labeling of KYE28 

KYE28 with an additional cysteine at the C-terminus was reacted to Atto-647-maleimide overnight at 4°C. 

The labeled peptide was purified by column purification (PD Minitrap sephadex G-25, GE Healthcare) to 

remove free Atto-647-maleimide. 

Antimicrobial Activity of KYE28 

Minimal inhibitory concentrations (MICs), defined as the lowest concentration of an antimicrobial that will 

inhibit the visible growth of a microorganism after overnight incubation, were determined using JM101 

Escherichia coli K12 (E. coli) (Novagen). Overnight cultures of E. coli grown in LB medium (LB, 5 g bacterial 

tryptone, 2.5 g of yeast extract, 5 g NaCl, 500 mL H2O) were pelleted and re-suspended in 10 % tryptic soy 

broth (TSB) (1.7 g bacterial tryptone, 0.3 g soytone, 0.25 g of D-Glucose monohydrate, 0.5 g NaCl, 0.25 g 

potassium phosphate, 100 mL H2O) in NaCl solution at a concentration of 107 colony forming units (cfu) mL-

1. KYE28 was diluted in H2O at concentrations ranging from 125 µg/L to 64 mg/L as described in the NCSLA 

guidelines.51 90 µL of each KYE28 concentration were combined with 10 µL of E. coli (107 cfu mL-1) per well 

in a 96-well plate and incubated overnight at 37 °C. MICs were determined from the dilution series. 

The minimal bactericidal concentration (MBC), i.e., the lowest concentration of antimicrobial that will 

prevent the growth of an organism after subculture on to antibiotic-free medium, was determined by plating 10 

µL spots of undiluted samples from wells without visible growth of E. coli and from the lowest KEY28 
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concentration with visible E. coli growth on LB-agar plates (7.5 g agar/100 mL LB). The LB-agar plates were 

incubated overnight at 37 °C and quantitatively assessed the next day.  

Polymer Synthesis and Characterization 

The block copolymer PMOXA18-b-PDMS69-b-PMOXA18 was synthesized, characterized and fractioned by 

cosolvent fractionation as reported in detail by Lörcher et al.40  

Micelle Self-assembly and Characterization 

Micelle self-assembly was achieved using solvent evaporation. Briefly, a 10 mM stock solution of 

PMOXA18-b-PDMS69-b-PMOXA18 was prepared in EtOH. 50 µL of the polymer solution was added to 1 mL 

of H2O in a glass vial. The suspension was stirred at 350 rpm with an open lid overnight at RT to allow 

evaporation of EtOH. It was stored at 4° C until further use.  

The pre-formed micelles were functionalized with maleimide moieties as follows: A stock solution of PMPI 

(1 mM) was prepared in DMSO and further diluted with H2O to the corresponding concentrations (1 mM, 200 

µM, 50 µM, and 19 µM) immediately before functionalization.48 Micelles (0.5 mM) were diluted (1:1 v/v) with 

the different PMPI concentrations resulting in 200, 40, 10, and 4 mol % PMPI. Reactants were mixed for at 

least 6 h at RT. Subsequently, the mixture was ultra-filtrated (5 min at 11,000 g) with a 30 kDa membrane filter 

to remove unreacted PMPI. The filtrate was washed with H2O and filtered again (2x). Subsequently, the filter 

cake was re-suspended in H2O to obtain a micelle suspension corresponding to 0.25 mM polymers.  

For transmission electron microscopy (TEM), micelles from a 5 µL suspension were adsorbed to a glow 

discharged formvar-coated copper grid (400 mesh) for 1 minute. Excess sample was blotted off and the grid 

washed twice with water and once with 2 % uranyl acetate before negatively stained with 2 % uranyl acetate 

for 10 s. Dry grids were imaged with a Philips CM100 at an acceleration voltage of 80kV.  

Dynamic light scattering (DLS) was performed in triplicates on a Zetasizer Nano ZSP (Malvern Instruments) 

at 25°C. The micelle suspension (20 µL) was diluted with 480 µL H2O and the scattering recorded at a 



10 

 

backscattering angle of 173°. The zeta-potential (ζ) was measured in 10 mM NaCl solution (1:24) on the same 

instrument at 25°C.  

Peptide-Micelle Interactions 

Peptide-micelle interactions were analyzed by fluorescence correlation spectroscopy (FCS) on a commercial 

Zeiss LSM 510 META/Confocor2. The micelles were mixed with Atto-647 labeled KYE28 or free dye 

overnight at 4°C. A 10 µL aliquot was then placed on a glass coverslip (0.16-0.19 mm thickness) and excited 

at 633 nm with a HeNe laser with a pinhole of 90 µm and a power of 5 mW. Autocorrelation curves were 

recorded using a 40x water-immersion objective (Zeiss C/Apochromat, NA 1.2) and appropriate filter sets. 

The FCS autocorrelation curves were fitted with either a one-component or a two-component curve, where 

the diffusion time of the first fraction was fixed to the one obtained for free dye. The fitting was conducted as 

previously described.52 

Production of Surfaces with KYE28-Decorated Micelles 

Quartz crystal microbalance (QCM) sensor chips and 64 mm2 squares cut from Si-wafers were activated for 

5 min in an oxygen plasma.53 The supports were submerged in anhydrous toluene containing 0.3 % of silanes 

((w/w); 3-(mercaptopropyl)- trimethoxysilane : ethyltrimetoxysilane, 1:1). Supports were shaken horizontally 

at 80 rpm overnight at RT, rinsed with toluene and ethanol and dried under a gentle stream of compressed air 

as was previously established.54  

For micelle immobilization, silanized Si-wafer squares were placed in a 24-well plate and 450 µL of re-

suspended maleimide-micellar solution were added to each well. After shaking at 80 rpm at RT overnight, the 

surfaces were washed twice with H2O and placed in a dry well.  

To decorate the immobilized micelles with KYE28, 400 µL of a KYE28 stock solution (640 µg/mL in H2O) 

were carefully applied to each well containing a surface. Alternatively, micelle-coated surfaces were placed in 

a Petri dish and 40 µL of KYE28 stock solution was added to each square. Squares were then covered with a 
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sterile parafilm so that the droplet evenly spread over the whole surface and KYE28 was left to bind overnight. 

Wet tissue was placed in the Petri dish to prevent drying of the protein solution.  

Characterization of Micelle-Modified Surfaces  

An atomic force microscope (AFM) (JPK Nanowizard 3, Version 6.0.63) was used to characterize surfaces 

with immobilized micelles before and after peptide loading. Dry surfaces were measured in amplitude-

modulation mode using a Tap300 Al-G cantilever (Budget Sensors, resonance frequency 280 kHz, force 

constant 40 N m-1) for measurements in air, and a Tap75 Al-G (Budget Sensor, resonance frequency 75 kHz, 

force constant 3 N m-1) for measurements in H2O. The phase was always set to 0 deg. All images were recorded 

at a pixel resolution below the tip radius (< 10 nm). Images were further processed and analyzed with Gwyddion 

(version 2.51).  

The thickness of the modified surfaces was determined by spectroscopic ellipsometry (Accurion, Cauchy 

model). Three separate measurements on each surface were averaged.  

Static water contact angles were measured with a drop shape analyzer (KRÜSS). Depending on surface area, 

2-4 drops were analyzed per surface.  

Confocal laser scanning microscopy (CLSM) was performed at 20°C on a LSM 880 (inverted microscope 

ZEISS Axio Observer, Carl Zeiss). Bodipy (10 mM in DMSO) was diluted in H2O to a concentration of 25 µM 

and subsequently added to maleimide-micelles in H2O to a final concentration of 50 nM. Bodipy-stained and 

surface-attached micelles were imaged using an oil-immersion objective (Plan Apochromat 63x/1.4 oil DIC 

M27) and a mean beam splitter (488/561/633). For images recorded in airyscan mode, a He-Ne laser at 633 nm 

wavelength was used as an excitation source (5 % laser power), with the pinhole set at 103 µm and the gain to 

800. Intensity values were calculated with ZEN software and then normalized.  

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a VG ESCALAB 210 

spectrometer, using monochromatized Al K a (1486.6 eV) as radiation source. 20 eV pass energy was applied 
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for all narrow scan measurements, while 100 eV was applied for wide scans. Normal electron escape angle and 

a step size of 0.05 eV were applied. The Gaussian broadening of the spectrometer was calibrated for the 20 eV 

analyzer pass energy to 0.55 eV. The binding energy scale was calibrated with reference to the 4f7/2 level of 

clean gold sample at 84.0 eV binding energy. Fitting of the core level lines was performed applying the 

Doniach-Sunjic (asymmetrical Lorentzian) function55 with Shirley background subtraction,56 using UNIFIT for 

Windows (Version 2016) software.57 Individual peaks were fitted by a convolution of an asymmetric function 

with Lorentzian and Gaussian line shapes. The intensities were then estimated by calculating the integral of 

each peak. Scofield sensitivity factors were used to derive the atomic concentrations.58 

Quartz crystal microbalance with dissipation monitoring (QCM-D) was performed with a Q-Sense E1 

system (Biolin Scientific, Sweden). All measurements were performed on 14 mm diameter, 5 MHz quartz 

crystal with a sputter-coated silicon oxide (model no QSX303) surface coating. Prior to experiments, each 

sensor crystal was rinsed with water, ethanol and then subjected to oxygen plasma (Harrick Plasma, Ithaca) to 

remove undesired contaminants. The clean sensors were functionalized with thiol moieties as described for the 

Si-wafers. All QCM-D measurements were conducted under continuous flow conditions, with a flow rate of 

50 µl/min, and controlled by an IPC pump from Ismatec. Measurements were recorded at multiple odd 

overtones (5th, 7th, 9th). The viscoelastic modelling was done with the Qtools software package assuming a film 

density of 1000 kg/m3 and a bulk aqueous solution viscosity of 0.001 Pa/s. For the viscoelastic modelling, data 

produced from 5th, 7th, and 9th overtones were used. The data are expressed where appropriate as the mean ± 

standard deviation of the mean. All measurements were performed in triplicates.  

Antibacterial Activity of Micelle-Modified Surfaces 

Functionalized Si-wafer squares were placed in a 24-well tissue culture plate and infected with 1 mL of E. 

coli (5x104 cfu mL-1,59 1 % TSB in NaCl solution). E. coli were allowed to adhere for 90 min at 37°C without 

agitation. Non-adherent cells were removed by washing with NaCl solution. Surfaces were placed in a fresh 

well, covered with 10 % TSB in NaCl solution and incubated for 20 h at 37°C. Subsequently, planktonic cells 
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were removed by washing with NaCl solution and modified surfaces stained with LIVE/DEAD BacLight 

(ThermoFisher Scientific). Stained surfaces were visualized by CLSM using a water immersion objective (C-

Apochromat 40x/1.2W Korr FCS M27) with excitation at 488 nm and 561 nm wavelengths (each 1.5 % laser 

power) and a mean beam splitter (488/561/633) at 20 °C. The pinhole was set to 47 µm and the gain to 600. 

Fluorescence was tracked from 500-550 nm and 610-718 nm. Fluorescence images were processed with Fiji 

(version 1.52).60 In parallel, corresponding surfaces were transferred to 15 mL Falcon tubes and sonicated for 

5 min with 2 mL 1 % TSB in NaCl solution to disperse adherent bacteria. The bacteria suspension was serially 

diluted (10-1, 10-2, 10-3, 10-4, 10-5, 10-6) in NaCl solution, and 50 μL of each dilution spotted in triplicate on LB-

Agar plates. After an overnight incubation at 37°C, CFUs were counted on the 10-3 dilution plate if numbers 

were adequate, or back-calculated for this dilution from a countable dilution (n = 3). Subsequently, Welch’s t-

test was applied. 

 

RESULTS AND DISCUSSION 

Micelle Self-Assembly and Interaction with AMPs in Solution 

Micelles were formed by self-assembly of PMOXA18-PDMS69-PMOXA18 block copolymer based on the 

solvent evaporation method.40 TEM analysis revealed single particles with a homogenous spherical 

morphology (Figure S1). A mean radius of 15 ± 6 nm was determined by measuring over 100 micelles on 

different TEM micrographs. Consistently, DLS measurements yielded a unimodal peak associated with a 

hydrodynamic radius (RH) of 19 ± 5.5 nm (Figure S1). An effective zeta potential (ζ) of 5 mV indicated that 

the surface charge of the micelles was neutral.  

Next, we investigated peptide adsorption to these polymeric micelles. For this purpose, KYE28 was 

fluorescently labeled with Atto-647 maleimide and its interaction with PMOXA18- PDMS69- PMOXA18 studied 

by FCS. FCS auto-correlation curves were recorded for free Atto-647-maleimide in solution, the Atto-647-

KYE28 in solution, and micelles mixed either with free dye or Atto-647-KYE28 (Figure 1). The auto-
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correlation curves for free dye (red curve) and micelles mixed with the dye (blue curve) overlapped, and 

calculation revealed similar diffusion times of 56 ± 2 μs and 62 ± 3 μs, respectively. This data indicates that 

the dye is freely moving in solution and not interacting with the micelles. In contrast, a shift to a higher diffusion 

time (157 ± 35 μs) was obtained for the labeled KYE28 (olive curve). The calculated RH based on the diffusion 

time increased from 0.9 nm for free dye to 2.3 nm for labeled KYE28. The auto-correlation curve was fitted 

with a two-component model, where one diffusion time was fixed to the one previously measured for the free 

dye. This fitting showed that 34 % of the dye was free in solution, while 66 % was attached to the peptide. 

Mixing the micelles with the labeled peptide (green curve) lead to a significant shift toward longer diffusion 

times (747 ± 63 μs). This shift to a slower diffusion reflects that the labeled peptide interacted with the micelles 

to yield KYE28-decorated micelles. An RH of 11 ± 1 nm was calculated from the diffusion time obtained for 

micelles interacting with labeled peptide, which is in good agreement with the size of the micelles determined 

by TEM and DLS. The counts per molecules (CPMs) recorded for free dye, labeled peptide, and micelles 

interacting with labeled peptide, indicate an average of one dye molecule per peptide and one to two labeled 

peptides per micelle (Table 1).  

 

 

Figure 1. Normalized FCS auto-correlation curves of Atto-647 maleimide (red), dye mixed together with 

micelles (blue), Atto-647 labeled KYE28 peptide (olive), and micelles mixed with Atto-647 labeled KYE28 

peptide (green). Raw data are represented by grey squares, while the fitted autocorrelation curves are in color. 
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Table 1: FCS fitting parameters for micelle-peptide interaction studies. 

 τD
a

 

 [μs] 
Fraction [ %] CPMc [kHz] CRd [kHz] 

Atto 647 maleimide (dye) 56 ± 2 100 30.6 ± 0.6 22.5 ± 0.3 
Micelle + dye 62 ± 3 100 33.4 ± 0.4 222 ± 3 
Labeled Peptide 157 ± 

35 
66 29.5 ± 1.0 688 ± 143 

Micelle + labeled peptide 747 ± 
63 

99 49.4 ± 1.4 1796 ± 75 

 
a Diffusion time τD, 

b Counts per molecula (CPM), c Count rate (CR) 
 

To test whether KYE28 decoration conferred antimicrobial properties upon micelles, carboxyfluorescein-

loaded DOPE/DOPG (75/25 mol/mol) liposomes, mimicking bacterial membranes, 61 were next mixed with 

micelles. The AMP-decorated micelles caused leakage of carboxyfluorescein encapsulated in the liposomes 

which indicateds membrane disruption, while unloaded micelles did not (Figure S2). These results suggest 

that empty micelles in solution will not harm bacteria, but should be able to kill them when decorated with 

KYE28. 

Surface Functionalization 

Micelles and surfaces were functionalized to enable immobilization. To obtain a surface with a 50 % relative 

density of thiol groups for further coupling, Si-wafers were functionalized by silane chemistry with a 1:1 

mixture of thiol and ethyl functionalized silanes.53 The functionalized surfaces were analyzed by amplitude 

modulation AFM to characterize material properties by height and phase. No significant height difference 

across the surface was expected, as the silane functionalization is known to result in large defect-free self-

assembled monolayers (SAM).62 Compared to non-functionalized Si-wafers, for which the phase was negative 

and homogeneous (Figure S3), phase imaging of the functionalized surface revealed material differences that 

indicate the presence of thiol and ethyl groups. The surfaces were further analyzed by ellipsometry and static 

water contact angle (Figure S4). Thiol functionalization of the Si-wafer led to a decrease in hydrophobicity 

from 67° ± 1° to 58° ± 1° water contact angle due to the polarity of the thiol groups. An increased thickness 
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from 4.3 to 5.0 nm was modeled by ellipsometry, representing the added silane layer composed of 50 % thiol-

functionalized silanes (Figure S4). 

Immobilization of Micelles on Functionalized Surfaces 

To covalently attach micelles to the thiol-functionalized Si-wafers by means of thiol-maleimide Michael 

addition, maleimide exposing micelles were produced by functionalizing preformed micelles with different 

concentrations of PMPI crosslinker. TEM and DLS analysis before and after PMPI addition demonstrated that 

both shape and diameter of the micelles remained largely unaffected by functionalization with maleimide 

(Figure S1). Specifically, a radius of 16 ± 5 nm was obtained from TEM and an RH of 23 ± 6 nm by DLS for 

micelles after their reaction to PMPI. Low effective ζ potentials of 5, 5, and 4 mV were measured for 4, 40, and 

200 mol % PMPI. The corresponding surface charge was comparable to that of non-functionalized micelles, 

with all samples having a solvent conductivity of 0.7 Sm-1. Thiol-functionalized surfaces were reacted 

overnight with maleimide exposing micelles. To trace the micelles by fluorescence, Bodipy 630/650, a 

hydrophobic dye that non-specifically adsorbs to micelles,63 was added to the micelles prior to immobilization. 

The fluorescent intensities of immobilized micelles that were maleimide-functionalized with different 

concentrations of PMPI (0 - 200 mol %), were examined by CLSM (Figure S5). Surfaces reacted with Bodipy-

stained maleimide-functionalized micelles showed higher fluorescent intensities than those treated with 

Bodipy-stained micelles lacking maleimide. The amounts of PMPI used for maleimide functionalization did 

not have a significant influence on the fluorescent intensities suggesting a similar extent of immobilization. 

This data corroborates that maleimide-functionalized micelles can be covalently immobilized on thiol-

functionalized surfaces by Michael addition, and that a low number of maleimide functionalities are needed to 

achieve stable immobilization of micelles. As PMPI is sensitive to moisture, using a ten-fold excess is 

suggested to overcome hydrolysis. Therefore, the 10 mol % PMPI presumably corresponds to 1 mol % 

functional groups, which has previously been used for polymersome immobilization.54 Based on these 

considerations, a PMPI concentration of 10 mol % was chosen for all further experiments. Moreover, the 
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fluorescent intensity measurements showed that this PMPI concentration was sufficient for successful 

immobilization.  

AFM micrographs recorded in liquid (H2O) and in air revealed immobilized micelles in the phase and height 

channels (Figure 2A and B and S6). The micelles were detected with a higher phase than the surrounding, 

which was indicative of an increased attractive regime. This was likely due to the higher hydrophilicity of the 

polymer micelles attached to the thiol patches compared to the surrounding surface. When assessed by 

ellipsometry, the thickness was found to be increased by 12 nm due to the immobilized polymeric micelles. 

Thus, the final thickness for surface-attached micelles was 17.0 nm, while a water contact angle of 63° indicates 

that the hydrophobicity stayed similar to thiol-functionalized surfaces (Figure S4).  

Modification of Surface-Attached Micelles with the Antimicrobial Peptide KYE28 

First, we assessed the antimicrobial potential of the purified KYE28 peptide in solution. The minimal 

inhibition concentration (MIC) and minimal bactericidal concentration (MBC) were each found to be 32 µg/mL 

(8.9 μM) which is in the range of MICs that have been reported for KYE28 using different bacteria species and 

strains.45 The lyophilized peptide stored at toom temperature for 1.5 years was still intact when tested by LC-

MS (Figure S8). 

KYE28 was dissolved in water (640 µg/mL, 178 µM) and adsorbed to surface-immobilized micelles by 

overnight immersion of the surface in peptide solution (450 µL). An HPLC elugram of the KYE28 solution 

was recorded before and after immersion of the surface to estimate the amount of adsorbed peptide. The 

concentration of KYE28 in the solution was reduced by 28 %, corresponding to a possible maximum of 80 μg 

KYE28 on the surface, comparable to findings by Nyström et al. (Figure S9).15 The surface was used in a dry 

state for AFM, ellipsometry, or static water contact angle measurements. Alternatively, it was immersed in 

water for liquid AFM studies, or in bacteria medium for antimicrobial testing. 

The increased phase shift in AFM micrographs shows that after KYE28 decoration, the micelles remained 

more attractive to the tip than the surrounding areas (Figure 2C and S6). However, compared to surfaces with 
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immobilized empty micelles (Figure 2A), for which the average phase was around 30-35°, the overall phase 

was reduced to 20°, i.e., exhibiting less attractive forces after KYE28 adsorption. Height images revealed the 

structures on the surface to be in a similar range (Figure 2B and D). Furthermore, upon peptide adsorption, the 

surface lost parts of its previous flexibility as indicated by the overall lower phase. Similar effects were found 

for peptide loading on surface-bound microgels.64 It is possible that the peptide incorporated between the outer 

hydrophilic polymer blocks in the micelle and thereby hampered flexibility. In addition, KYE28 incorporation 

led to a slightly increased water contact angle of 78°, i.e., an increase in hydrophobicity of the surface that 

possibly results from the amphiphilic nature of the peptide. Furthermore, ellipsometry revealed a slight decrease 

in thickness to 15.2 nm upon KYE28 adsorption (Figure S4). This decrease is likely due to a reduced water 

content resulting from the incorporation of the amphiphilic AMP.65  
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Figure 2. Representative liquid AFM images of surfaces before and after adsorption of KYE28. A) Phase-

contrast image and B) height image of surfaces with immobilized micelles lacking KYE28. C) Phase-contrast 

image and D) height image of surfaces after KYE28 adsorption. Scale bars: 200 nm. 

 

We emploied X-Ray photoelectron spectroscopy (XPS) to analyze the chemical composition of the different 

surfaces. XPS of thiol-functionalized, immobilized micelles, and KYE28-decorated, immobilized micelles 

revealed the presence of O, N, C, and Si (Figure 3A). On surfaces with immobilized bare or KYE28-loaded 

micelles the N1s peak was detected. It represents the nitrogen in the PMOXA block of the triblock copolymer 

and additionally, the nitrogen in the peptide in case of the KYE28-loaded surface. Accordingly, the nitrogen 

concentration was 3.6 and 7.3 atomic percent (at. %; Table 2). A corresponding peak of low intensity (0.8 

at. %) was also found on the surface (Figure 3B), reflecting nitrogen adsorption from the atmosphere. 
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Moreover, this surface showed some metal impurities at binding energies of 796 eV, 781 eV for cobalt and 

228 eV for molybdenum, which were absent on both micelle-derived surfaces. These metal impurities came 

from the solvent (EtOH) used to wash the surfaces after thiol functionalization. However, the surfaces with 

immobilized micelles were rinsed with H2O and thus, metal impurities were washed away. C1s high resolution 

core level spectra were deconvoluted into three components for the surfaces with immobilized micelles. The 

peak at 289 eV, not seen for thiolated surfaces, is characteristic of guanidine and carboxylic acid groups (Figure 

3C). The broadening of the C1s core level spectra for the surface with KYE28-decorated micelles was explained 

by a deconvolution using five components. Two components corresponding to guanidine and imidazole 

(289 eV, 287 eV) were added in comparison to bare micelles (Figure 3C and Figure S10).66 KYE28 adsorption 

on the surface-attached micelles was further supported by a twofold increase of nitrogen amount due to the 

peptide backbone and nitrogen containing amino acids. Furthermore, the relative amount of carbon increased 

to 57.7 at. % and oxygen decreased to 21.7 at. % (Table 2). These results clearly demonstrate the 

immobilization of the micelles and their decoration with KYE28, the latter localized to a large extent in the 

periferal corona of the immobilized micelles based on hydrophobic interactions. 
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Figure 3. XPS spectra of thiolated surfaces (blue), surfaces with immobilized micelles (orange), and surfaces 

with KYE28-decorated micelles (green). A) Wide-scan XPS spectra with vertical shift, B) Overlapped 

normalized curves for N 1s, and C) C1s. 

Table 2. Atomic concentrations calculated from XPS measurements. 

Surface modification N [at. %] C [at. %] O [at. %] Si [at. %] 
Thiolated 0.8 20.3 41.9 37.0 
Immobilized micelles 3.6 47.7 27.1 21.6 
Immobilized micelles with adsorbed 
KYE28  7.3 57.7 21.7 13.3 

 

The immobilization of micelles and their subsequent binding of KYE28 were monitored in real time by 

QCM-D (Figure 4). First, a stable baseline was established on thiol-functionalized QCM chips. After injecting 
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micelles into the QCM-D chamber, the resonance frequency immediately dropped (ΔF = (-123 ± 14, -119 ± 14, 

-114 ± 13) Hz for the 5th, 7th, and 9th overtone, respectively) relative to the mass accumulation on the chip 

(Figure 4A and B). At the same time, the dissipation increased (ΔD = (9.7 ± 1.1, 9.9 ± 1.5, and 9.7 ± 1.3) *10-

6 for the 5th, 7th, and 9th overtone, respectively), indicating increased viscoelastic properties (Figure 4C and D). 

Based on viscoelastic models, a density of 2.6 mg mm-2 was estimated for micelles immobilized on the sensor 

surface. It is important to note that this value corresponds to hydrated micelles and includes associated H2O 

oscillating with the chip during measurement.65 After micelle adsorption, the surface was rinsed with water. 

The shift in frequency and dissipation indicated removal of non-covalently attached micelles upon rinsing. The 

viscoelastic model showed a mass reduction of 15 %. When, KYE28 solution was applied to the immobilized 

micelles, the frequency changed to 2.1 mg mm-2. A drop in dissipation and an increase in frequency (∆F to -

104 ± 2, -102 ± 3, and -100 ± 2 for the 5th, 7th, and 9th overtone, respectively) corresponding to a mass reduction 

of 5 % was observed (Figure 4A and B, and S11). Similar frequency shifts after peptide addition have been 

reported in QCM-D studies on the interaction of AMPs with lipid membranes.67, 68 Furthermore, an increase in 

frequency resulting in an underestimation of protein adsorption has been reported for thick polymer surfaces 

with low viscosity. It has been suggested that the adsorption of the protein leads to a partial collapse of the 

polymer strains and water is squeezed out.65 We believe that a similar effect of peptide adsorption occurs in 

our system. Specifically, peptide binding is expected to result in osmotic de-swelling, and hence in the release 

of trapped hydration water. Consistent with this notion, KYE28 loading into anionic poly(acrylic acid)-based 

microgels has been found to result in an increase of frequency, associated with a drop in mass due to the removal 

of adsorbed water.36 Such complications in mass quantification for KYE28-decorated micelles notwithstanding, 

the QCM-D experiments revealed micelle immobilization and decoration to be fast processes, occuring within 

minutes.  
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Figure 4. QCM-D measurements of surface deposition and KYE28-loading of micelles. Simultaneous changes 

in frequency and dissipation were recorded at 3 overtones (n=5, 7, 9) as a function of time. A) Frequency and 

C) dissipation diagram of a representative QCM-D measurements with continuous flow (50 μL/min). 

Equilibration of the chip with H2O followed by (i) Injection of micelles dispersed in H2O, (ii) 1st washing with 

H2O, (iii) injection of KYE28 dissolved in H2O, and (iv) 2nd washing with H2O were monitored. Diagrams 

represent the averaged shifts in B) frequency and D) dissipation of the 7th overtone. 

 

Antimicrobial Activity of Peptide-Modified Micelle Surfaces  

The KYE28-decorated nanostructured surface was tested for its antimicrobial potential using a static biofilm 

formation assay.69 Different surfaces were immersed in an E. coli inoculum (5 *104 CFU/mL) and the adhering 

bacteria allowed to proliferate in bacteria growth medium overnight at 37°C. After 20 h, surfaces were stained 
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with a LIVE/DEAD cell staining kit and imaged by CLSM to qualitatively assess the growth of bacteria (Figure 

5A-C and S12). Initial biofilm formation was found on bare Si-wafers, thiol-functionalized wafers, or wafers 

decorated with KYE28 (Figure 5A and S12). On surfaces with immobilized micelles or KYE28-micelles small 

bacteria agglomerations and single bacteria were observed (Figure 5B). The adsorption of KYE28 to micelles 

clearly reduced the number of adhering bacteria (Figure 5A-C). Therefore, when micelles decorated with 

peptides are immobilized, the surface is more successful in fighting bacteria than if only peptides are presented. 

Besides, peptides bound to otherwise free surface areas add to the anti-microbial properties of the surface. 

These data are in line with findings for KYE28 loaded surface bound anionic microgels reported by Nyström 

et al.15 To quantitatively assess the number of surviving cells, bacteria were detached from the surfaces by 

sonication and spotted on LB-Agar plates for colony forming units (CFU) counting after 24 h. As shown in 

Figure 5D, E. coli were able to adhere and proliferate better on non-functionalized Si-wafers or thiolated 

surfaces, compared to surfaces with bare micelles. On the latter, E. coli survival was reduced to 43 % i.e. more 

than by half compared to non-functionalized wafers and to 35 % compared to thiol-functionalized surfaces. 

This reduction of bacterial survival demonstrates the efficacy of the passive strategy based on surface-attached 

PMOXA-b-PDMS-b-PMOXA. The adsorption of KYE28 to the micelles further reduced the adherence and 

survival of bacteria on the surface to 16 % compared to non-functionalized wafers and to 13 % compared to 

thiol-functionalized surfaces. Thus, the passive defense by the nanostructured surface was enhanced and the 

overall antimicrobial properties of the surface were improved by decorating micelles with the active component 

KYE28.  
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Figure 5. Static biofilm assay. Surfaces were visualized by CLSM after staining the adhering bacteria with the 

LIVE/DEAD stain. Bacteria with a damaged membrane were stained with propidium iodine (red, dead), 

whereas bacteria with intact membranes were stained with cell-permeable Syto9 (green, alive). A) thiolated 

surface, B) immobilized micelles, and C) immobilized KYE28-micelles. Scale bars, 10 µm. D) CFU counting 

for the 10-3 dilution. Black bars represent the average values of the measurements (Welch’s t-test, ** p < 0.01, 

*** p < 0.001, **** p < 0.0001, n ≥ 3). 

 

 

 

 



26 

 

CONCLUSION 

Passive and active approaches were combined for efficacious prevention of bacterial growth. The passive 

strategy consisted of nanostructured surfaces that were successfully designed and generated by immobilizing 

PDMS-b-PMOXA-b-PDMS micelles on a thiol-functionalized surface by Michael addition. Attachment of 

micelles, which in solution hardly affected bacterial growth, rendered the surface antibacterial compared to 

non-functionalized and bare, thiol-functionalized surfaces. When the antimicrobial peptide KYE28 was 

incorporated into the surface-bound micelles as an active component, E. coli bacteria survival was further 

reduced. Thus, the passive defense properties bestowed by immobilized micelles were enhanced by the active 

module. The dual strategy of the antimicrobial AMPs (active) and nanostructured surface (passive) allows an 

optimization of the antimicrobial efficacy and opens new avenues in the fight against biofilm formation. 

Importantly, this design of modular antimicrobial surfaces is straightforward and scalable by few modification 

steps. In addition, the functional properties can be readily changed by the choice of peptide, as long as it is able 

to interact with the micelles and retains its activity. Varying the peptide-polymer combination might also result 

in an increased decoration efficiency. Future modifications of the active module for example combining 

different AMPs with overlapping bacterial spectra or synergistic antimicrobial effects, or the combination of 

antimicrobial effects with anti-inflammatory effects and other biological functionalities, open up opportunities 

for specifically tailored antimicrobial surfaces.  
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