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Anthropogenic pollution of water resources and the environment by various hazardous compounds 

and classes of substances raises concerns about public health impacts and environmental damage. 

Commercially available, portable and easy-to-use devices to detect and quantify these compounds 

are rather sparse, but would contribute to comprehensive monitoring and reliable risk assessment. 

The Soft Colloidal Probe (SCP) assay is a promising platform for the development of portable 

analytical devices and thus has a great potential for a transfer to industry. This assay is based on the 

differential deformation of an elastic particle, i.e., the SCP, as a function of analyte concentration, 

which affects the extent of interfacial interactions between the SCP and a biochip surface.  

The objective of this work was to adapt this assay for the detection of anthropogenic pollutants. 

Biomimetic molecular recognition approaches were used based on naturally occurring target 

proteins that specifically bind the anthropogenic pollutants of interest. This adaptation included the 

elaboration of strategies for site-specific immobilization of the respective proteins and 

functionalization of SCPs. In this work, it is demonstrated that the SCP method can be employed for 

the highly specific and sensitive detection of the critically discussed pesticide glyphosate by using 

the target enzyme 5-enolpyruvylshikimate-3-phosphate synthase. Furthermore, a specific detection 

scheme for estrogens and compounds with estrogenic and antiestrogenic activity was developed by 

harnessing estrogen sulfotransferase as the biomimetic recognition element. 

In the second part of the thesis, improvements of the SCP sensing methodology are described. 

These improvements were achieved by accelerating data analysis and developing a novel synthesis 

method for SCPs that ensures monodisperse particles with superior reproducibility. Rapid extraction 

of interaction energies is achieved by using a pattern matching algorithm that reduces the time 

required for data analysis to a fraction. The microfluidics-assisted synthesis of SCPs enables the 

production of highly monodisperse SCPs with adjustable size and mechanical properties. Various 

functionalization approaches have been developed that allow easy and modular introduction of 

functional groups and biomolecules for SCP-based sensing approaches. 
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Chapter I 

- 

Introduction 



 

 

 

1. General introduction to biosensors 

According to the International Union of Pure and Applied Chemistry, a biosensor is defined as “a self-

contained integrative device, which is capable of providing specific quantitative or semi-quantitative 

analytical information using a biological recognition element (biochemical receptor), which is retained in 

direct spatial contact with a transduction element” (Renneberg et al. 2008). Such sensing approaches aim 

to deliver easy-to-use, portable and cost-efficient solutions for complex analytical problems by 

combining the sensitivity and specificity of biological recognition processes with transducers that convert 

these biological interactions or biochemical reactions into conveniently detectable and quantifiable 

signals. 

The demonstration of amperometric glucose-sensing employing a Clark electrode with a glucose oxidase-

decorated semipermeable membrane by Leland Clark Jr. and Champ Lyons in 1962 is considered the 

birth of biosensors and the translation of this electrode scheme by the Yellow Springs Instrument 

Company into the YSI 23A biosensor led to the first commercially successful biosensor (Clark and Lyons 

1962; Juska and Pemble 2020; Wang 2008). The combination of optical transducers and antibody-based 

detection laid the foundation for affinity biosensors, which are, besides enzyme-based biosensors, 

regarded as a second eminent branch of biosensors (Turner 2013). Since the introduction of the first 

biosensor, a remarkable progress driven by integrating technological innovations like ion-sensitive field 

effect transistors, fiber-optics, surface plasmon resonance and many more, has been achieved  and the 

field is nowadays a steadily emerging and highly interdisciplinary research area, that bridges natural 

sciences, engineering and medicine as well as environmental sciences (Bhalla et al. 2016).  

Besides the well-established and well-accepted glucose and blood monitoring devices, which account for 

the major share of the biosensors market, the myriad applications, spanning environmental monitoring, 

disease detection, health monitoring, drug discovery, defense as well as food safety, opened up 

numerous perspectives for commercialization of several types of biosensors (see Fig. 1) ((Bhalla et al. 

2016; Mehrotra 2016). This development is particularly fueled by opportunities for miniaturization and 

simplification of the respective technologies, a fact that results in affordable and easy-to-use home 

diagnostics as well as on-site analysis devices and rapid tests. Such devices allow for the decentralization 

of care systems as well as quality management, reduce costs and analysis time, and enable real-time 

data availability. Therefore, better decisions and results can be achieved, whether for clinical 

applications, environmental impact assessments or monitoring of specific parts of value chains, such as 

the food industry. In conjunction with a rising prevalence of chronic diseases, an increasing awareness of 

environmental concerns and a steadily mounting demand for portable analysis systems, the biosensors 

market is projected to grow at an annual growth rate of roughly 8 % per year (Grandview Research 

2021). However, future breakthrough technological innovations could further accelerate this 

development. 
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Figure 1: Fields of applications for biosensors (Bhalla et al. 2016; Mehrotra 2016). 

Although biosensors are highly valued in routine laboratory applications such as drug discovery, life 

science research, and medical diagnostics, it is mainly techniques for on-site analytics that are driving the 

expansion of the biosensor market (Choi et al. 2017; Omidfar et al. 2020; Turner 2013). The latter are 

typically referred to as point-of-care (POC) tests and are routinely used, e.g., as home pregnancy tests or 

to determine blood glucose levels. Devices for the diagnosis and monitoring of cancer, cardiovascular 

and infectious diseases are also marketed (Ahmadi et al. 2020; Omidfar et al. 2020). Besides the 

advantage of decentralized testing, POC testing methods offer benefits such as easy function, low cost 

and high selectivity for the respective marker (da Silva et al. 2017). A prime example of the importance 

of POC testing for the detection of specific biomarkers is the global COVID-19 pandemic, where the 

appropriate antigen tests helped to prevent uncontrolled spreading of the virus. 

POC is often associated with diagnostic applications, but many other systems have been developed to 

monitor environmental parameters such as water quality and endocrine disruptor exposure, or to ensure 

food quality by measuring contamination of animal products with antibiotics (Hossain and Mansour 

2019; Kivirand et al. 2015). Further applications can be found in soil monitoring, e.g., quantification of 

heavy metals and pesticides, remediation of military contaminated sites, especially detection of 

explosives, or on-line monitoring of reactants and products in bioreactors, to name a few (Justino et al. 

2017; Liu et al. 2019; Scheper 1992).   

The required measuring range of the corresponding system depends strongly on the analytical problem 

at hand, with the lower limit of the measuring range in which a particular analyte can be quantified being 

referred to as the limit of quantification (LOQ) and the lower limit in which an analyte can be detected 

being referred to as the limit of detection (LOD). The necessary LOQ may be femtomolar or even 

zeptomolar for low abundance environmental contaminants and biomarkers, such as ethinylestradiol in 

agreement with the predicted no-effect concentration (PNEC), and microRNAs in the bloodstream 

(Caldwell et al. 2012; Parchekani et al. 2021). Although a superior LOQ is typically a hallmark of routine 

laboratory-based analytical systems, such as liquid-chromatography coupled tandem mass spectrometry, 
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reliable quantitation of low abundance analytes at physiologically and environmentally relevant 

concentrations remains a challenge (European Commission. Joint Research Centre. 2018). Intriguingly, 

the detection limits of biosensors are usually not limited to the limit inherent to the specific molecular 

recognition. Amplification mechanisms built into the sensors allow them to overcome this "binding 

reaction limit", providing interesting options to achieve relevant measurement ranges (Sevenler et al. 

2019).  

 

2. Components and classification of biosensors 

Biosensing devices typically consist of a biological or biomimetic recognition element, a transducer as 

well as an electronic system and a display unit (see Fig. 2) (Bhalla et al. 2016). The recognition element 

enables the biosensor to selectively respond to one or more analytes present in a sample, and 

antibodies, receptors, enzymes, nucleic acids, tissues, whole-cells, molecularly imprinted polymers and 

many more structures can be used as recognition elements (Acha et al. 2010; Crapnell et al. 2020; 

Korotkaya 2014). The transducer converts the recognition of the analyte by the recognition element or 

the biochemical response into a measurable signal. Typical transducers are electrochemical, optical, 

mechanical, thermal, acoustic, etc. signal converters, and mixed forms have been described in the 

literature as well (Naresh and Lee 2021). The role of the electronics and the display is the processing, i.e., 

the conditioning, amplification, and conversion of the signal in order to transform the detected response 

into an interpretable output. Although there are many ways to categorize biosensors due to the 

multidisciplinary aspect of this research, biosensors are most commonly classified according to their 

recognition element (e.g., antibody-, receptor- or enzyme-based) or by their transducer technology (e.g., 

electrochemical, optical or mechanical biosensors) (Naresh and Lee 2021).  

 

 

Figure 2: Principle of operation and major components of biosensors. Suitable recognition elements specifically bind the 
analyte, and the response is subsequently converted into a measurable signal by the transducer. Further processing provides 
qualitative, semi-quantitative or quantitative analytical information about the analyte. 
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3. Soft Colloidal Probe-based biosensors 

The Colloidal Probe methodology was independently introduced by Ducker et al. and Butt in order to 

enable the application of atomic force microscopy (AFM) for quantitative measurements of interaction 

forces between colloidal particles or colloidal particles and planar surfaces (Butt 1991; Ducker et al. 

1991; Mark et al. 2019). The limitation of a poorly defined surface geometry of AFM tips was overcome 

by replacing the sharp tip by a hard, micrometer-sized sphere (colloidal probe), which meets the demand 

for a well-defined contact geometry. The use of soft elastomeric probes furthermore shifted the range of 

particle-surface contact radii 𝑅 from the nanometer (hard particle – hard surface) to the micrometer 

regime (soft particle – hard surface), allowing precise in situ determination of 𝑅 by optical interferometry 

(Erath et al. 2010). Accurate knowledge of the contact area allows the use of established models of 

contact mechanics to calculate the stored elastic energy from the deformation of the probe. In the 

absence of an applied load, this stored energy is exclusively related to the surface energy at the interface 

between probe and surface and can be determined using the Johnson-Kendall-Roberts (JKR) model of 

adhesive contact, without the necessity to detach the adherent surfaces. The JKR model is discussed in 

more detail in section 4.1. 

The adaption of this optomechanical approach for the sensitive quantification of analytes is based on the 

idea of adhesion as the result of a specific interaction between a Soft Colloidal Probe (SCP) and a surface. 

The absence of non-specific interactions and the functionalizability of the glass surface and SCP with 

complementary binding partners, and thus chemical addressability, are prerequisites for the application 

of this technology. In the course of this adaption, polyethylene glycol was introduced as a precursor 

material for SCPs to avoid non-specific adsorption phenomena and to circumvent the drawbacks of the 

commonly used silicone-based chemistry (Fritz and Owen 1995; Görrn and Wagner 2010; Tóth et al. 

1994). The strong hydration of the resulting hydrogel and the associated density, which is comparable to 

that of the surrounding aqueous medium, prevents deformation of the SCP in the absence of adhesion. 

Functionalization of SCPs is achieved by introducing carboxy groups, which serve as the basis for coupling 

the molecules of interest, and a lowered elastic modulus in the kPa range ensures sufficient deformation 

of the SCP for sensitive quantification of analytes (Pussak et al. 2012). The first biosensing approach 

relying on the SCP-methodology was developed by Pussak et al. for quantifying carbohydrates (Pussak et 

al. 2013). 

General principles of analyte detection and quantification using SCP-based assays are either competitive 

binding or bridging assays (see Fig. 3). In both cases, a recognition element that binds the analyte with 

sufficient affinity is immobilized on the glass chip. In competitive binding assays, the number of binding 

sites for SCPs decreases with increasing analyte concentration, whereas the opposite is true for bridging 

assays. The SCP equipped with molecules complementary to the recognition element (competitive 

binding) or with recognition elements having affinity for the analyte (bridging), therefore adheres 

differentially to the functionalized glass surface, depending on the concentration of the analyte. 

Reflection interference contrast microscopy (RICM) allows the determination of the contact area 

between the SCP and the glass slide as well as the radius of the respective SCP. With this information, 
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adhesion energies are calculated using the JKR model of elastic contact and the concentration of the 

analyte is directly related to the calculated adhesion energy. 

 

 

Figure 3: Schematic illustration of SCP-based biosensing assays. A, Competitive binding assay: I, An SCP equipped with ligands 
adheres to a transparent biochip bearing immobilized complementary receptors and forms an extended interfacial area as a 
result of biospecific interactions. II, Analytes present in the sample block binding sites for SCP tethered ligands. As a result, the 
contact area between SCP and biochip is markedly diminished. III, At high concentrations of analytes, the presented receptors 
are completely occupied, and the SCP cannot adhere to the biochip anymore. B, Bridging assay: SCP and biochip are decorated 
with receptors capable of binding to different domains of the analyte. I, In the absence of analytes, no biospecific interaction 
between SCP and biochip is observable, and no contact area is formed. II and III, Analytes within the sample to be analyzed 
cause a concentration-dependent increase in SCP-biochip interactions and contact area. 
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4. Quantification of adhesion energy  

4.1 The Johnson-Kendall-Roberts model of elastic contact 

Based on the Hertzian theory of elastic contact, Johnson, Kendall and Roberts postulated a theory 

relating the stored elastic energy, i.e., deformation of the elastic object, to the decrease of surface 

energy as a result of adhesion (Johnson et al. 1971). The theory describes the force distance relation 

between two homogeneous elastic spheres with contact pressure being present only within the contact 

area (Glaubitz et al. 2014). The corresponding adhesion energy can be calculated according to the 

following modified Hertz-equation: 

 

𝑎3 =
𝑅

𝐸𝑒𝑓𝑓
[𝐹 + 3𝑊𝜋𝑅 + √6𝑊𝜋𝑅𝐹 + [3𝑊𝜋𝑅]2]                                          (1) 

 

where 𝑎 is the area of contact of the spheres, 𝑅 the particle radius, 𝐸𝑒𝑓𝑓 = 4𝐸/3[1 − 𝜈2] the effective 

elastic modulus, 𝐸 the measured elastic modulus, 𝑣 the Poisson’s ratio, 𝐹 the applied external force and 

𝑊 the adhesion energy. 

The JKR approach can also be applied to contact mechanics models for adhesive contacts between 

spherical and planar objects, and to interactions between an elastic and an inelastic object. This 

approach can be regarded as the Hertz-model with an offset due to surface forces. It is important to note 

that no external force is applied to the SCP in a typical assay. In the absence of applied external forces 

𝐹 = 0, equation 1 simplifies to: 

 

𝑎3 = 6𝜋
𝑊

𝐸𝑒𝑓𝑓
𝑅2                                                                             (2) 

 

The SCP’s adhesion and deformation proceeds under volume conservation, hence a Poisson’s ratio of 0.5 

is assumed and elastic moduli of SCPs are determined using force indentation measurements in the 

absence of adhesion between the SCP and the cantilever tip as well as the underlying surface (Glaubitz et 

al. 2014). 
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4.2 Reflection interference contrast microscopy (RICM) 

To calculate the adhesion energy of an adhering particle using the JKR-model, knowledge of the contact 

area and particle radius is required. RICM with its ability to measure surface distances in aqueous media 

within milliseconds provides a straightforward basis for determining both variables. This method is 

known to provide vertical distance resolution in the low nanometer range by using optical interference 

(Limozin and Sengupta 2009; Stuart and Hlady 1999). Lateral resolutions are typically set by the limits of 

conventional optical microscopy.  

RICM is a microinterferometric method that allows observing the adhesion behavior of colloidal 

particles, vesicles and cells (Contreras-Naranjo and Ugaz 2013; Kihm 2011; Monzel et al. 2009). RICM 

uses the interference of monochromatic light that is partly reflected on a planar and transparent surface 

and the surface of an object lying on or being in proximity to the surface. From the recorded two-

dimensional intensity matrix, the distance of the object from the planar surface can be reconstructed 

(see Fig. 4) (Limozin and Sengupta 2009).  

 

 

Figure 4: RICM principle, representative image, and height profile reconstruction of SCPs. A beam of monochromatic light is 
partially reflected at the glass-buffer interface and the SCP surface (left). Superposition of the reflected beams at each position 
within the xy-plane yields an interferogram with a center circular area of minimum intensity, representing the SCP-glass slide 
contact area, surrounded by circular Newtonian fringes (middle). The height difference is calculated from the difference of 
intensity of adjacent minima and maxima of the Newtonian fringes. A series of height positions (red dashed line) gives a portion 
of the contour of the SCP from which the SCP radius is determined (right). 

The general setup of RICM as well as a representative RICM-micrograph and the principle of height 

reconstruction are depicted in Figure 4. Superposition of the reflected beams 𝐼1 and 𝐼2 leads to either 

constructive or destructive interference at each position within the xy-plane in dependence on the 

optical path difference. The resulting intensity distribution of the reflected superposed beams contains 

information about the local vertical distance ℎ(𝑥, 𝑦) of the SCP and surface, with the intensity 𝐼(𝑥, 𝑦) at 

a certain position in the xy-plane: 

 

7



 

 

 

 

𝐼(𝑥, 𝑦) = 𝐼1 + 𝐼2 + 2√𝐼1𝐼2𝑐𝑜𝑠 [2𝑘ℎ(𝑥, 𝑦) + 𝜋]                                                  (3) 

 

where 𝑘 = 2𝑛1/𝜆 is the wave vector, with 𝑛1 being the refractive index of water or the aqueous medium 

and 𝜆 the wavelength of the light beam and ℎ(𝑥, 𝑦) the height difference between SCP and glass surface 

as a function of the lateral position (x,y). 

For adherent SCPs, the contact area of SCP and biochip appears as a dark disk in the center of the SCP 

and can therefore be read out directly from the image. The contact region where ℎ(𝑥, 𝑦) = 0 is the 

region with the lowest intensity according to the following equation: 

 

𝐼(𝑥, 𝑦) = 𝐼1 + 𝐼2 − 2√𝐼1𝐼2                                                                  (4) 

 

For spherical objects such as SCPs, the contact area is surrounded by circular Newtonian fringes from 

which the curvature of the SCP can be reconstructed. Knowledge of the curvature, in turn, allows 

extrapolation to the SCP radius if the distortion of the curvature due to adhesion is negligible, which is 

true for SCP-based sensing approaches. 

Reconstruction of the height profile, i.e., curvature, relies on the alternating minima and maxima of the 

intensity profile, as can be seen from Figure 4. The extrema contain information about the optical path 

difference between adjacent minima and maxima. A linear series of local vertical distances, starting at 

the center of the contact area, yields the contour line of the SCP from which the radius is calculated. 
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5. SCP synthesis and characteristics 

Polymeric hydrogel microparticles, such as SCPs, are water-swellable colloidal particles with a diameter 

in the micrometer range, consisting of a crosslinked hydrophilic polymer scaffold (Suzuki et al. 2017). 

This class of particles attracted particular attention due to their large surface-to-volume ratio compared 

to bulk materials, softness and deformability, and biocompatibility along with broad tunability of 

material properties, including size, porosity, elasticity, charge, as well as responsiveness to stimuli. 

Polymeric hydrogel microparticles found applications in the use as templates, sensors, catalysts, coatings 

and drug carriers (Plamper and Richtering 2017; Saunders and Vincent 1999; Suzuki et al. 2017). Of 

particular interest for SCP-based biosensors is the fact that the deformability of the polymer network 

allows a defined response as a result of adhesion (Saxena et al. 2014). This deformability and defined 

response can in turn be controlled by manipulating the mechanical properties by varying the polymer 

content, the degree of polymerization, the molecular weight of the macromonomers, and the crosslink 

density of the polymer network. 

 

5.1 Polyethylene glycol 

Polyethylene glycols (PEGs) are linear or branched, liquid or solid polyethers of ethylene glycol of the 

general structure HO-(CH2CH2O)n-CH2CH2-OH. The polymers are uncharged, hydrophilic, soluble in polar 

as well as many apolar solvents, and neither toxic nor immunogenic or antigenic, and they exhibit 

protein repellant properties along with excellent biocompatibility (Gombotz et al. 1991; Kingshott and 

Griesser 1999; Llanos and Sefton 1993). The terminal functional groups also allow the molecules to be 

linked into insoluble networks, which mimic the physical properties of soft tissues due to their elasticity 

and high water content. 

PEG is characterized by high conformational flexibility and functions as a hydrogen bond acceptor (Huang 

and Nishinari 2001; Maxfield and Shepherd 1975). The extensive hydration is explained by the geometric 

compatibility of ethylene glycol monomers and clusters of hydrogen-bridged water molecules, which 

force the polymer into a predominantly helical superstructure taking the trans-gauche-trans 

conformation (Blandamer et al. 1969). The diameter of the helix is 4.9 Å, which is within the range of the 

diameter of the backbone of an expanded water cluster, allowing the helix to be accommodated into the 

water structure (Begum and Hiroatsu Matsuura 1997; Wahab et al. 2006). Furthermore, the importance 

of the negative partial charges of the O-atoms as a basis of the high water solubility is highlighted in 

several research articles (Ensing et al. 2019; Wada et al. 2014; Wahab et al. 2006). Taking the gauche 

conformation around the C-C bond and trans conformation around the C-O bond leads to an increased 

dipole moment of the ether oxygen, which favors hydrogen bonding of PEG and water molecules. 

Hydration is a function of the degree of polymerization, with the number of bound water molecules per 

monomer increasing from 2 for a tetramer to 3-5 for a 45-mer (Branca et al. 2003). 
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PEG as a precursor molecule for SCPs has many advantageous properties, such as very low non-specific 

binding of most biological molecules, thus avoiding bias in the measurement of adhesion energies and 

preventing rapid ageing of the SCPs (Jeon et al. 1991; Jeon and Andrade 1991). In addition, the polyether 

structure of PEG is generally associated with extensive chemical inertness of the molecule, with reactive 

groups found only in the region of the α- as well as ω-termini in the form of hydroxy groups. The 

functional groups allow targeted chemical modification of the polymers, so that reactive derivatives such 

as amines, carboxylates, acrylates, maleimides and many more can be provided by esterification using 

acid chlorides or etherification using alkyl halides (Li and Kao 2003). The chemical inertness of PEG avoids 

undesired side reactions in the course of performed coupling reactions in later applications. On the 

downside, the inert nature of PEG and the corresponding hydrogels complicates conjugation (Pussak et 

al. 2013). 

 

5.2 PEG-based hydrogels 

Hydrogels are defined as gels consisting of a three-dimensional, insoluble polymer network (network 

component) and water, which fills the spaces between the chains (Ahmed 2015). The former component 

is composed of hydrophilic polymers, the insolubility being due to the crosslinking of the respective 

chains. The hydrophilicity of the macromolecules allows the binding of large amounts of aqueous fluids, 

so that the mass fraction of water is typically significantly higher than that of the polymer (Caló and 

Khutoryanskiy 2015). Hydrogels prepared exclusively from PEG usually have an equilibrium water 

content of about 80 - 90 %, although it should be noted that the water content depends on the degree of 

polymerization as well as on the architecture of the macromonomers used as precursors for gel 

preparation (Myung et al. 2007). Synthetic hydrogels, such as PEG-based gels, offer the perspective of 

control over structure, crosslinking, and function at the molecular level and, consequently, the design of 

systems with tailored characteristics in terms of mechanical properties, as well as bioreactivity and 

biofunctionality (Ahmed 2015). 

PEG-based hydrogels can be prepared by chain-growth polymerization using vinyl-modified PEG 

macromonomers and a radical initiator. In addition, several strategies for preparing PEG-based hydrogels 

by a step-growth mechanism, leading to more homogeneous gels, were proposed and extensively 

exploited (Gao et al. 2021b). Chain-growth-polymerized PEG hydrogels are formed by propagation of 

active centers, i.e., free radicals, through unsaturated carbon-carbon bonds of the PEG macromonomers, 

whereas step-growth polymerized PEG hydrogels are formed by at least two mutually reactive 

multifunctional macromonomers with an average macromonomer functionality greater than two (Gao et 

al. 2021b; Lee et al. 2016; Lin and Anseth 2009). Hydrogels prepared by the latter method are 

characterized by better homogeneity, since the mechanism based on chain polymerization is more often 

associated with the occurrence of chain entanglements, intrachain loops and lower crosslinking 

efficiency due to the random nature of radical propagation and termination (Lee et al. 2016; Tibbitt et al. 

2013; Wang et al. 2019; Yu and Chau 2015). 
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5.3 PEG-based polymeric hydrogel microparticles 

Several solution-phase methods have been developed to prepare covalently crosslinked polymeric 

hydrogel particles, with precipitation, dispersion, suspension, and emulsion polymerization being the 

most commonly used methods (Zhang 2013). Hydrogel particles made exclusively from PEG with a 

diameter between 10 and 100 µm, preferably in the range of 20 – 50 µm, with a spherical shape and a 

smooth surface are needed for SCP-based biosensors, as the limited resolution of the optical 

instrumentation leads to increasingly imprecise results in the case of smaller particles. Very large 

particles or SCPs of irregular shape are prone to form non-circular contact areas, which means that 

simple physical models such as the JKR approach are no longer applicable. From the formerly mentioned 

synthesis methods, it can be concluded that precipitation polymerization is inapplicable because of the 

irregular shape of the particles obtained by this method (Arshady 1992; Pardeshi and Singh 2016). Other 

shortcomings include the inappropriate size of the particles, as is for example the case for emulsion 

polymerization, typically yielding particles in the nanometer range (Slomkowski et al. 2011). Additional 

potential problems highlighted in the literature are the necessity to include organic solvents, stabilizers, 

surfactants and other additives, which might be difficult to remove after synthesis or alter particle 

properties like surface roughness (Elbert 2011; Yuan et al. 1991). Furthermore, several methods relying 

on the addition of comonomers are described for the production of PEG-based microparticles. Addition 

of these compounds however might change the hydration of the gels or add charges, and is therefore 

assumed to modify the interaction between gel and surface of the SCP-based biosensor (Franssen and 

Hennink 1998; Leobandung et al. 2002). 

Nichols et al. introduced a method based on phase separation of PEG in aqueous solution above its lower 

critical solution temperature (LCST), followed by coarsening and Ostwald-ripening of the PEG-rich 

domains (Nichols et al. 2009). A kosmotropic salt was used to lower the LCST and provide a salting-out 

effect below room temperature, and a Michael addition of PEG-vinylsulfones and PEG-amines was used 

for crosslinking (Bae et al. 1991; Bailey and Callard 1959). On this basis, a similar approach using 

photopolymerizable linear PEG-diacrylates was developed. Flake et al. investigated the effects of various 

parameters, such as the concentration of kosmotropic salts, the molecular weight of PEG, and the 

preincubation time, on the type of polymerization and thus on particle size, polydispersity, and 

aggregation, in detail (Flake et al. 2011). In this context, a distinction was made between the type of 

polymerization, i.e., precipitation polymerization with initiation of the reaction before phase separation, 

and phase inversion polymerization, i.e., initiation of the reaction after phase separation (Flake et al. 

2011). Phase inversion polymerization is considered comparable to suspension polymerization, but 

differs in that coarsening is not prevented by stabilizers or rapid mixing (Flake et al. 2011). Depending on 

the ageing of the suspension, particles larger than one micrometer in diameter with a relatively broad 

size distribution can be produced. Pussak et al. adapted a similar approach based on photocrosslinkable 

linear PEGs for SCP-based sensors. By adjusting the salt concentration, PEG molecular weight and 

content, as well as agitating to form a more homogeneous suspension and avoid aggregation, particles 

with a size distribution of 10 – 100 µm in diameter and an elastic modulus of 20 – 60 kPa were prepared, 

which are well-suited for SCP-based sensing approaches (Pussak et al. 2012). 
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A brief summary of the typical synthesis procedure for SCPs is given in Figure 5. Unbranched PEG-

diacrylamide is dissolved in an aqueous Na2SO4 solution. The kosmotrope increases the hydrophobic 

interactions of the PEG molecules, which drives aggregation and phase separation. The PEG-rich droplets 

are crosslinked into insoluble spherical gels by irradiating a photoinitiator, which initiates radical 

crosslinking of the PEG-diacrylamide end groups (Pussak et al. 2012). The spherical, micrometer sized 

gels can be separated from the supernatant by centrifugation and sedimentation. 

 

 

Figure 5: Illustration of SCP synthesis using phase inversion polymerization. A kosmotropic salt and vortexing triggers 
aggregation of PEG molecules. Decay of a photoinitiator after UV-irradiation generates radicals, initiating radical crosslinking of 
the acrylamide groups of the PEG molecules and formation of insoluble PEG networks. SCPs are isolated and purified by 
centrifugation. 

As mentioned above, the absence of stabilizing agents in phase inversion polymerization leads to a 

relatively broad size distribution. As can be seen from equation 2, calculating adhesion energies requires 

knowledge of the individual SCP radius, and polydisperse particles could therefore limit the overall 

throughput of the method. Such obstacles can be overcome by microfluidic droplet generators that allow 

precise control of droplet size and generation of highly monodisperse SCPs (Guo et al. 2012; Moreira et 

al. 2021; Seiffert and Thiele 2019). Similar to inverse phase polymerization, preformed droplets 

containing the macromonomers and photoinitiator are dispersed and undergo bulk polymerization after 

initiation of the reaction. With this method, the diameter of the droplet, which serves as a template for 

the particle, can be precisely adjusted by manipulating the flow rates and viscosities as well as the 

surface tension between the dispersed and continuous phase (Seiffert and Thiele 2019). In addition, the 

droplets are sterically or electrostatically stabilized by surfactants, preventing coarsening and thus 

leading to a low dispersity of the resulting particles. However, it could be criticized that the scalability of 

this method is usually limited to parallelization and that organic solvents and relatively expensive 

instrumentation are required (Heida et al. 2017; Jeong et al. 2016). 
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5.4 Functionalization of PEG-based SCPs 

Generally, functionalization of SCPs is conducted either during synthesis, e.g., in a copolymerization 

process, or by post-synthesis procedures (Lee et al. 2016; Zhu 2010). For synthesis of SCPs, it should be 

noted that copolymerization or introduction of recognition sites during synthesis affects size and 

mechanical properties of the resulting SCPs and might require an individual adjustment of the synthesis 

conditions (Pussak et al. 2012). In addition, copolymerization might dramatically alter the hydration of 

the PEG network and therefore enhance unspecific interactions (Nolan et al. 2005).  

Modification of SCPs prepared by phase inversion polymerization is complicated due to the inertness of 

PEG, and the quantitative conversion of acrylate or acrylamide functional groups. Therefore, a 

photoradical method for the homolytic cleavage of hydrogen from the PEG-backbones was introduced, 

allowing grafting of unsaturated organic molecules onto the polymer backbone (Pussak et al. 2012). 

Although this technique allows the introduction of different functional groups depending on the 

unsaturated compound, emphasis was placed on the use of carboxylic acids. The simplified mechanism is 

depicted in Figure 6. SCPs are suspended in an ethanolic solution of benzophenone and an ,β-

unsaturated carboxylic acid. UV-irradiation excites the benzophenone electron to the excited singlet 

state. Subsequent intersystem crossing yields the triplet state T1, capable of abstracting hydrogen from 

the PEG-backbone, thereby leaving a semipinacol and a PEG radical (Schneider et al. 2011). The radical 

on the PEG-backbone enables addition to carbon-carbon double bonds and therefore covalent grafting 

of the ,β-unsaturated carboxylic acid. It is important to note that crotonic acid is preferred over related 

compounds, such as acrylic or methacrylic acid, as steric hindrance strongly limits homo-polymerization 

and therefore provides superior control over the number of attached functional groups (Schmidt et al. 

2015). The resulting carboxy-functionalized SCPs can be further modified by means of active ester 

chemistry and solid phase methodologies, i.e., sequential coupling of linkers and molecules bearing 

recognition sites, or by direct coupling of amino group containing conjugates. 

 

 

Figure 6: Simplified scheme of photoradical grafting of ,β-unsaturated carboxylic acids on PEG backbones. Benzophenone in 
the triplet state abstracts hydrogen from the PEG-backbone of PEG networks. The radical on the PEG-backbone attacks the 

double bond of an ,β-unsaturated carboxylic acid, resulting in a covalent bond between PEG and the carboxylic acid (Schmidt 
et al. 2015).  
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6. Biochips for SCP-based sensing approaches 

The biochip presents a binding partner complementary to the analyte and, in the case of competitive 

binding assays, to the functionalized SCPs. As explained in more detail in section 4.2, optical 

transparency is prerequisite for the assay in order to allow for imaging of the adhering SCPs and for 

calculating the corresponding adhesion energies. Additionally, a smooth and non-porous surface with 

broad chemical addressability for the introduction of numerous functional groups and moieties is 

required. In a typical experimental setup, glass supports are used for adsorptive immobilization or 

covalent coupling of the respective molecules (Martin et al. 2016; Wang et al. 2017).  

A simple approach to functionalize glass surfaces is the adsorption of proteins and lipids (Castellana and 

Cremer 2006; Messing 1975). Using this method, the chip surface is prepared by immersing or incubating 

the glass slide in a solution containing the respective compounds or structures (Duša et al. 2020; 

Jesionowski et al. 2014; Mohamad et al. 2015). Although it is a very simple method, the disadvantages 

are due to the weak interaction between the molecules to be immobilized and the glass surface. The low 

stability of the adsorbed layer, the strong dependence of the interactions between surface and 

immobilized molecule from the particular molecule used, the buffer solution, the present ions, as well as 

the random orientation of, e.g., the immobilized proteins are disadvantageous for SCP-based assays (Wu 

and Chen 1989). On the other hand, these weak interactions prevent denaturation of immobilized 

proteins. It has to be noted that the particular strength of interactions depends on the density of silanol 

groups on the surface and that contaminations with impurities can result in a pronounced 

hydrophobicity, along with structural distortions of the immobilized molecules and an inhomogeneous 

distribution. 

Covalent coupling of the respective molecules to the surface is usually irreversible and leads to a stable 

coating of the surfaces. Non-specific coupling of proteins, i.e., immobilization without a favored 

orientation, is most frequently carried out using ε-amino groups of lysine, or the carboxy group of 

glutamic or aspartic acid in conjunction with  active ester chemistry; the thiol-group of cysteine using 

thiol-Michael additions or oxidation to disulfides; or ε-amino groups of lysine  using reductive amination 

(Rusmini et al. 2007). The random orientation of the immobilized proteins usually leads to a high fraction 

of molecules bearing inaccessible binding sites and coupling of multiple residues of the same protein can 

lead to denaturation and hence loss of activity as depicted in Figure 7. 

Site-specific immobilization overcomes these obstacles by assuring optimal accessibility of the binding 

domains and recognition sites, but is at the same time more elaborate, as immobilization by this means 

requires the introduction of specific functional groups or functional domains at a defined position of the 

compound or protein to be immobilized (see Fig. 7). In the context of protein immobilization, fusion 

constructs consisting of the original protein and an additional domain for immobilization have to be 

expressed. A huge variety of methods to achieve oriented protein immobilization is described in the 

literature (Gao et al. 2021a; Kalecki et al. 2020; Liu and Yu 2016). Frequently applied methods include 

covalent coupling by chemoselective peptide ligation like native chemical ligation; the use of affinity tags 
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like site-specifically attached biotin in conjunction with the specific recognition of biotin by streptavidin; 

oligo-his-sequences in conjunction with the bidental complexation of nitrilotriacetic acid chelated 

divalent cations; as well as the introduction of unnatural amino acids carrying functional groups not 

present in the protein; and the site-specific addition of moieties functioning as a surface anchor (Hennig 

et al. 2016; Muir et al. 1997; Muir et al. 1998; Serfling and Coin 2016; Young et al. 2012).  

 

 

Figure 7: Illustration of immobilization strategies of recognition elements on glass surfaces. Immobilization of recognition 
elements by adsorption is convenient but yields randomly oriented recognition sites with low surface density. Covalent coupling 
increases the surface density and stability of recognition sites, but requires additional surface modification procedures. Site-
specific immobilization allows detection elements to be immobilized with a uniform orientation and high surface density. As a 
compromise, the glass substrate usually has to be functionalized in a multi-step process and the recognition element has to be 
modified at a specific position. The modification ensures selective and oriented binding of the recognition element on the 
surface. 

With the exception of adsorptive immobilization, protein immobilization requires functionalization of the 

biochip surface in order to introduce reactive functional groups. The most prominent process with 

particular emphasis on the functionalization of glass surfaces is silanization, although numerous methods 

of surface modification based on catechols, plasma treatment etc., which might suffer from limitations 

like a low density of functional groups on the surface or extensive cross-reactivity, have been reported 

(Fischer et al. 2020; Jonkheijm et al. 2008; Kim et al. 2003). Silanization is a simple and cost-efficient 

method to functionalize surfaces bearing a high density of hydroxy-groups by formation of Si-O-Si-bonds. 

Both alkoxysilane-based and chlorosilane-based approaches are widely used and a large number of 

commercially available silanes allow the covalent introduction of amine, thiol, carboxy as well as epoxy 

groups and the adjustment of surface wettability (Jonkheijm et al. 2008; Marques et al. 2013). These 

functional groups can be used for immobilizing recognition elements or for further functionalization 

steps, like the introduction of moieties that enable site specific attachment of the binding partners. 

However, it should be noted that these silane coatings are often prone to hydrolysis in aqueous solutions 

and may require additional stabilization, and ageing may limit the reproducibility of the functionalization 

due to the moisture sensitivity of the respective precursors (Park et al. 2011; Zhu et al. 2012). 
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7. Biomolecular recognition strategies  

The biomolecular recognition strategies used in biosensing approaches are diverse, and the SCP assay is 

a platform technology that enables the use of different molecular binding partners. The choice of binding 

partners, i.e., the analyte and the appropriate recognition element, in turn determines the specific 

application of the sensor. Besides analyte binding, molecular recognition can be applied for site specific 

immobilization of the recognition elements, as mentioned in section 6. The detection elements greatly 

impact the sensitivity as well as selectivity and hence the overall performance of the biosensor. The most 

prominent recognition elements include enzymes, antibodies, receptors, nucleic acids and molecularly 

imprinted polymers (Chambers et al. 2008; Morales and Halpern 2018). In dependence on the particular 

recognition element, affinity and specificity is achieved by three-dimensional geometrical matching and 

by specific interactions between recognition site and analyte, including hydrogen bonding, hydrophobic 

effects, electrostatics and van der Waals forces.  

Enzymes typically have a pocket or cleft-like structure that represents the catalytic center and substrate 

binding site, with the sequence and arrangement of the amino acids determining specificity and 

selectivity for the substrate through the formation of temporary bonds (Morales and Halpern 2018). The 

active site typically accounts for a comparatively small fraction of about 10 to 20 % of the total protein, 

while the remaining parts of the enzyme stabilize the active site structure, present allosteric modulation, 

posttranslational modification and multimerization sites, or are involved in binding to other molecules 

and ions, and the formation of molecular assemblies (Bugg 2008; Oue et al. 1999). In most enzyme-based 

biosensors, the catalytic conversion of the substrate to a measurable product is used for the 

quantification of the analyte (Gaudin 2017). Enzymatic activity and substrate binding is sensitive to many 

physical and chemical parameters like temperature, ionic strength as well as pH and maximum 

performance of the corresponding sensor requires identification and application of the ideal conditions 

(Blumenthal and Stull 1982; Bosco et al. 2002).  

Receptor-based systems typically use non-catalytic and non-immune proteins that are usually 

membrane-bound or embedded or, to a lesser extent, found as soluble receptors in the cytosol (Féger et 

al. 1994). These receptors most commonly bind low molecular weight ligands, which activate or inhibit 

the corresponding receptor-associated pathway. The binding site of receptors is, similarly to enzymes, 

formed by a three-dimensional arrangement of amino acids with usually reversible and non-covalent 

binding of ligands (Alfonso-Prieto et al. 2019; Nadal et al. 2017; Puthenkalam et al. 2016). Binding of 

agonists to the binding pocket induces a conformational change, whereas binding of antagonists blocks 

the binding sites. Therefore the direct binding of analytes to the binding site as well as the signal 

resulting from receptor activation can be used for the detection of analytes (Gaudin 2019). Commonly 

applied methods for preparing receptor decorated surfaces include the use of tissue preparations, 

membrane preparations and nano-discs, all of which contain the respective receptors. Common 

approaches for immobilizing membrane preparations include adsorptive immobilization by the 

formation of solid-supported or polymer cushioned lipid bilayers or the covalent coupling of certain 

moieties of the bilayer with the resulting immobilized structure termed tethered lipid bilayer (Castellana 
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and Cremer 2006; Liszewski 2015). The literature also contains many biosensing approaches that rely on 

the use of a ligand-binding domain (LBD) rather than entire and complex proteins, which often comprise 

hydrophobic domains with a strong tendency for aggregation and denaturation (Murata et al. 2001; Suh 

et al. 2021). These LBDs can be immobilized with random alignment or by immobilization tags as 

described in section 6. 

With the exception of glucose biosensors, the vast majority of biosensors employ antibodies as 

recognition elements, which is why the corresponding sensors are also referred to as immunosensors 

(Chambers et al. 2008). Antibodies, i.e., immunoglobulins (Ig), are categorized into IgG, IgA, IgM, IgD and 

IgE, with IgG being the most frequently used subtype for sensing approaches (Hoffmann et al. 2018; 

Sharma et al. 2016). IgGs are glycoproteins with a molecular weight of roughly 150 kDa and a Y-shaped 

structure consisting of two identical heavy and light chains (Chiu et al. 2019). Each tip of the antigen-

binding fragment (Fab) presents a binding site, referred to as paratope, that specifically binds a structure 

of the analyte, called epitope, taking advantage of the sensitivity and specificity of antibody antigen 

interactions (Akbar et al. 2021). Antibodies are particularly useful for the detection of proteins as well as 

small molecules (Marsden et al. 2014). The fragment crystallizable (Fc) region of IgG is frequently used 

for site specific immobilization by protein A or protein G. N-glycans bound to the glycosylation sites of 

the Fc region are also commonly used for immobilization by carbohydrate chemistry (Shen et al. 2017). 

Antibodies are raised by immunization of suitable animals, and monoclonal antibodies are produced 

using the hybridoma technology, which is a comparatively costly and time-consuming process with 

reproducibility issues being frequently encountered (Groff et al. 2015; Milstein 1999). However, several 

alternative approaches like the generation of recombinant antibodies and affibodies were developed to 

overcome these and other obstacles of conventional antibodies (Ahmad et al. 2012; Friedman et al. 

2007). 

Nucleic acid-based biosensors comprise genosensors as well as aptasensors. Genosensors make use of 

the complementary binding of two or more nucleic acids. Consequently, nucleic acid-based capture 

probes are usually used to detect nucleic acids (Li et al. 2012). The corresponding capture probes can be 

easily synthesized by means of the phosphoramidite solid-phase methodology and functional groups for 

site specific immobilization can be incorporated in the form of non-natural building blocks during 

synthesis, or by post-synthetic modifications (Glazier et al. 2020; Verma and Eckstein 1998). Instead of 

conventional DNAs or RNAs, locked nucleic acids (LNAs) and peptide nucleic acids (PNAs) are often used 

for biosensing applications (Briones and Moreno 2012). These derivatives have a modified backbone that 

improves binding to the analyte nucleic acids and thus increases the melting temperature, making these 

probes particularly suitable for detecting short oligonucleotides such as microRNAs (Karkare and 

Bhatnagar 2006). In addition, PNAs are resistant to degradation by nucleases. This facilitates handling 

and working with biological fluids.  

Aptamers used for aptasensors are single-stranded nucleic acids of usually 20 - 60 nucleotides, and self-

annealing of the strand leads to the formation a three-dimensional structure (Lakhin et al. 2013; Zhou et 

al. 2014). Aptamers are considered to recognize their target primarily by shape, i.e., conformation, 
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although electrostatic interactions, hydrogen bonding and van der Waals forces contribute to analyte 

binding (Lakhin et al. 2013; Zhou et al. 2014). Aptamers have been shown to be suitable recognition 

elements for ions, small molecules, proteins, virus particles and whole cells and are typically synthetically 

evolved by an in vitro selection termed systematic evolution of ligands by exponential enrichment 

(SELEX) (Zhou et al. 2014). Affinities comparable to those of antibodies have been reported, with a major 

advantage being that aptamer discovery and production can be conducted entirely in vitro (Groff et al. 

2015). Immobilization of aptamers usually follows protocols similar to those for other nucleic acids 

(Balamurugan et al. 2008). 

Molecularly imprinted polymers (MIPs) are artificial recognition elements prepared by copolymerizing 

functional monomers and crosslinkers around template molecules, with the template subsequently 

removed (Tse Sum Bui and Haupt 2010). Consequently, the formed cavities provide affinity towards the 

original molecules and structures with similar moieties based on complementary of shape, size and 

chemical functionality (Vasapollo et al. 2011). Variation of the analyte to be detected and adjustment of 

specificity and sensitivity is achieved by varying the functional monomer, crosslinker, template molecule, 

and solvent (Wackerlig and Schirhagl 2016). MIPs exhibit higher stability under measurement conditions 

as well as better durability than their natural counterparts and have been successfully used to mimic 

antibodies, enzymes, receptors and other biological molecules (Gao et al. 2020). 
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8. Aims of the study 

Previous studies reported by Pussak et al., Martin et al. and Schmidt et al. have shown that the SCP assay 

is a suitable method for the detection and quantification of carbohydrates, protein-material interactions 

as well as antibodies (Fischer et al. 2020; Martin et al. 2015; Pussak et al. 2013; Strzelczyk et al. 2017). 

Such versatile and modular platforms, which can be readily adapted to specific analytical problems and 

show a great potential for use in commercial applications, are highly desirable. The goal of this work was 

to expand the repertoire of detectable compounds and classes of substances as well as expanding the 

toolbox for immobilization of recognition elements, and functionalization of SCPs and biochips for 

modularization of the sensor concept. In particular, the SCP-based sensing principle should be evaluated 

for its suitability for the detection and quantification of low molecular weight anthropogenic pollutants 

in the context of environmental monitoring and water quality management. In addition to 

demonstrating that the SCP technology is highly suitable for such applications, translating this 

technology into a robust, commercially available product requires rationalizing several aspects of the 

sensor design. The assay should be simplified and throughput as well as overall performance should be 

improved. In this context, a rapid method for data analysis as well as a method for producing 

homogeneous and reproducible SCPs with superior and compelling chemical addressability must be 

established. 

This results in the following objectives for the realization of the project: 

 

 

(i) Development and validation of a specific and sensitive biomolecular recognition strategy 
for a typical contaminant of water resources and its integration into the SCP-based 
sensing methodology 

  
(ii) Transfer of the SCP-based sensing concept to other substance classes relevant to health 

and environment 
  

(iii) Optimization of the SCP-based assay. Improving overall assay performance, shorten 
analysis time and enhancing modularity 
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Outline of publications 

This thesis is made up of 5 publications 

 

Aim I: Development and validation of a specific and sensitive biomolecular recognition strategy for a 

typical contaminant of water resources and its integration into the SCP-based sensing methodology  

The first publication, “Surface functionalization by hydrophobin-EPSPS fusion protein allows for the 

fast and simple detection of glyphosate”, describes a novel colorimetric approach for quantifying 

glyphosate in aqueous media, with the recognition based on the interaction between glyphosate and 

glyphosate’s target enzyme 5-enolpyruvylshikimate-3-phosphate synthase. 

In the second publication, “Picomolar glyphosate sensitivity of an optical particle-based sensor utilizing 

biomimetic interaction principles”, this biomolecular recognition is used for affinity-based sensing of 

glyphosate employing functionalized SCPs in conjunction with a competitive binding assay.  

 

Aim II: Transfer of the SCP-based sensing concept to other substance classes relevant to health and 

environment  

The third publication, "Biomimetic estrogen sensor based on soft colloidal probes”, addresses the 

adaptation of the SCP method used for glyphosate detection to other small molecules of concern, in 

particular estrogenic compounds. Therefore, the estrogen-metabolizing enzyme estrogen 

sulfotransferase 1E1 was site-specifically immobilized and estrogens were coupled to SCPs to apply the 

same detection principle as used for the SCP-based glyphosate sensor. 

 

Aim III: Optimization of the SCP-based assay. Improving overall assay performance, shorten analysis 

time and enhancing modularity 

The fourth publication, “Radial profile detection of multiple spherical particles in contact with 

interacting surfaces”, describes the software-aided analysis of RICM images using pattern matching 

algorithms and GPU-driven parallel computing to enable automatic localization of adhesion contacts, 

detection of SCP and contact radii, and calculation of adhesion energies. 

The fifth publication, “Microfluidics-assisted synthesis and functionalization of monodisperse colloidal 

hydrogel particles for optomechanical biosensors based on reflection interference contrast 

microscopy”, focuses on the use of microfluidic droplet generators for producing SCPs with narrow size 

distribution and excellent reproducibility, as well as developing various functionalization strategies for 

superior modularity in future SCP-based sensing approaches. 
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Abstract: Glyphosate, the most widely used pesticide worldwide, is under debate due to its potentially
cancerogenic effects and harmful influence on biodiversity and environment. Therefore, the detection
of glyphosate in water, food or environmental probes is of high interest. Currently detection of
glyphosate usually requires specialized, costly instruments, is labor intensive and time consuming.
Here we present a fast and simple method to detect glyphosate in the nanomolar range based
on the surface immobilization of glyphosate’s target enzyme 5-enolpyruvylshikimate-3-phosphate
synthase (EPSPS) via fusion to the hydrophobin Ccg2 and determination of enzyme activity with a
malachite green assay, which is a common photometric technique to measure inorganic phosphate
(Pi). The assay demonstrates a new approach for a fast and simple detection of pesticides.

Keywords: glyphosate; malachite green assay; hydrophobin; EPSPS; immobilization

1. Introduction

Glyphosate is a potent post-emergent total herbicide. It belongs to the group of
organophosphonate-pesticides and is one of the most widely used herbicides worldwide. There
is an ongoing discussion about its impact on human health [1–3] and on environment [4–6]. In 2014, an
accredited but not peer-reviewed study was published reporting on the detection of glyphosate in
breast milk of American mothers [7]. Glyphosate was also found in beer [8] and urine samples [9,10].
However, these findings could not be confirmed by some other studies [11–13]. Furthermore, there
are studies showing an effect of glyphosate or its formulations for example on human placental
cells and aromatase [14] or on cell adhesion properties [15]. Different results in several studies on
glyphosate and its assessment of the International Agency for Research on Cancer (IARC) [16] as a
probably carcinogenic compound raised the debate about the hazardous risks and the approval of
glyphosate in the European Union. Glyphosate detection is therefore of great importance to reveal
detailed information about its distribution. Because of its physicochemical properties, i.e., its small
size, its polarity and the high water solubility, the detection of glyphosate is difficult. Furthermore,
it is non-volatile and zwitterionic [17,18]. Most available methods for detection of glyphosate are
costly in terms of sample preparation, technical equipment and time consumption. Moreover, they
require qualified personnel as detection mostly relies on ELISA techniques or chromatography methods
coupled with mass spectrometry [10,19–21].

Some approaches have been developed to detect glyphosate using colorimetric techniques.
In general, they are based on the reaction of glyphosate with carbon dioxide or another substrate to
form a dithiocarbamic acid intermediate which can be detected by different read out systems [22–24].

None of these techniques exploits the specific target of glyphosate, the 5-enolpyruvylshikimate-
3-phosphate synthase (EPSPS) [25–27]. This enzyme is part of the shikimate pathway, which is
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present in plants and some microorganisms and is responsible for the formation of aromatic amino
acids [28]. It uses shikimate-3-phosphate (S3P) and phosphoenolpyruvate (PEP) as substrates to
produce 5-enolpyruvylshikimate-3-phosphate (EPSP) and inorganic phosphate (Pi) [29]. Several
studies suggest that glyphosate occupies the binding site for PEP keeping the enzyme inactive in an
EPSPS-S3P-glyphosate intermediate ternary complex [30–32].

As described above, EPSPS enzymatic activity is accompanied by the formation of Pi. An option
to detect and quantify Pi in the nanomolar range is the malachite green assay [33,34]. Therefore it might
be suited to measure the enzymatic activity of EPSPS and its inhibition by glyphosate. Compared to
other assays for Pi quantification, e.g., the molybdenum blue method, the malachite green assay is
easier to handle and exhibits a higher sensitivity [33,35]. The assay is based on the formation of a
complex of phosphomolybdate malachite green, which has a greenish blue color and absorbs in the
range between 620 to 660 nm [33]. Baykov et al. [36] were able to simplify the procedure by increasing
the amount of sulfuric acid in the malachite green solution so that filtration of the dye solution is no
longer necessary.

To develop a fast, easy to handle, robust and compact detection assay, it might be advantageous
to immobilize the detection unit (here: EPSPS) to create a ready-to-use chip. Furthermore, protein
immobilization often can increase protein stability [37] and improve substrate accessibility [38]. On
the other hand, protein immobilization can also lead to a decreased enzymatic activity due to poorer
substrate accessibility [39,40]. Different strategies for protein immobilization on a surface have been
described, e.g., the use of hydrogels, biopolymers or cross-linking [41].

Another method exploits the self-assembling property of hydrophobins. Hydrophobins are small,
cysteine rich, amphiphilic proteins derived from fungi [42,43]. They are responsible for the water
repellent surface of fungi and well-known for their ability to self-assemble at hydrophobic-hydrophilic
interfaces [44,45]. Hydrophobins are divided into two classes based on their hydropathy patterns [44].
Class I hydrophobins form very stable, rodlet shaped monolayers at interfaces that can only be
dissociated with strong acids [46], whereas class II aggregates can be dissolved much easier and do
not form rodlet shaped aggregates [47,48]. By exploiting their ability to self-assemble, hydrophobins
have already successfully been used to immobilize proteins and peptides on a surface [49,50].
Hydrophobin-mediated surface functionalization allows for the development of a stable and highly
ordered surface presenting a target molecule.

For this work, we have chosen the hydrophobin Ccg2 from Neurospora (N.) crassa also known as
EAS [51]. Ccg2 is a class I hydrophobin that forms a robust amphipathic rodlet layer on interfaces [52,53].
It contains eight cysteine residues, typical for hydrophobins that form four disulfide bridges [51,54].
The 3D-structure of Ccg2, first described by Kwan et al. [54], revealed that the protein consists of a well
ordered β-barrel core, while the other protein regions appeared quite unstructured. Surface-exposed
amino acids are well-separated in charged and uncharged areas, presenting a clear segregation of
hydrophobic and hydrophilic regions.

By utilizing a hydrophobin functionalized surface presenting EPSPS, this work provides a proof
of principle for the fast and simple detection of glyphosate in the nanomolar range. It is based on the
specific inhibition of enzymatic EPSPS activity by glyphosate, which leads to a decrease in formed
Pi, which is measured with the malachite green assay. Furthermore, we present a simple strategy to
increase the robustness of the assay by elimination of unspecific Pi in the analyte solution.

2. Materials and Methods

2.1. Chemicals

Chemicals used were purchased from VWR International (Radnor, PA, USA) or Merck KGaA
(Darmstadt, Germany). The substrates for the EPSPS enzymatic reaction, shikimate-3-phosphate
trisodium salt (S3P) and phosphoenolpyruvate-monopotassium salt (PEP) as well as the pesticides
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chlorpyrifos, glufosinate and glyphosate´s primary degradation product aminomethyl-phosphonic acid
(AMPA) were purchased from Merck KGaA. Glyphosate was obtained from Molekula (Darlington, UK).

2.2. Molecular Cloning of Ccg2 and Ccg2_GS_EcEPSPS

Cloning of constructs was done using standard cloning techniques including PCR, restriction
and ligation. The open reading frame (ORF) of Ccg2 was synthesized without its signal peptide.
The ORF of aroA coding for Escherichia (E.) coli EPSPS (EcEPSPS, gene ID: 945528, UniProt: P0A6D3)
was PCR-amplified from E. coli DH10α (New England Biolabs GmbH, Frankfurt am Main, Germany).
To create the fusion gene Ccg2_GS_EcEPSPS a glycine-serine linker sequence (G4S)3 was adhered
to the 5′-region of the EcEPSPS using a modified primer. Cloning was done using E. coli Top10F’
(Merck KGaA) and the desired PCR products were integrated via restriction and ligation into the
pET28b vector (Merck KGaA) 3’ to the (His)6-tag sequence, resulting in constructs pET28b_Ccg2 and
pET28b_Ccg2_GS_EcEPSPS.

2.3. Protein Expression and Purification

The plasmids pET28b_Ccg2 and pET28b_Ccg2_GS_EcEPSPS were transformed into the expression
strain E. coli SHuffle® T7 express lysY (New England Biolabs). Transformed bacteria were
grown in LBMOPS medium (5 g/L yeast extract, 10 g/L peptone, 5 g/L sodium chloride, 10.5 g/L
3-(N-morpholino)propanesulfonic acid (MOPS), pH 7.4) with 60 mg/mL kanamycin as selective
antibiotic. Protein expression was induced by adding 1 mM isopropyl-β-D-thiogalactoside (IPTG) to
the culture medium at an OD600 of >0.4. Cultures were grown for 4 h at 30 ◦C, 180 rpm, harvested
by centrifugation (15,000× g, 10 min, 4 ◦C) and washed twice with Tris/HCl (pH 7.5). Cells were
disrupted by incubation with lysozyme, DNase, RNase and benzonase for 30 min at 37 ◦C under
shaking followed by ultrasonic treatment.

The fusion protein Ccg2_GS_EcEPSPS, found in the soluble fraction, was purified under
native conditions via the N-terminal (His)6-tag by Ni2+-affinity chromatography according to the
manufacturer’s instructions (His-Bind® resin, Merck KGaA). The eluted protein fractions were dialyzed
twice against 1.5 L dialysis buffer (10 mM MOPS, 0.5 mM etyhlendiaminetetraacetic acid (EDTA), 5%
(v/v) 99% glycerin, 1 mM dithiothreitol (DTT), [55]) for 12 h in a dialysis cassette (Slide-A-Lyzer®,
10,000 MWCO, Thermo Fisher Scientific, Waltham, MA, USA).

The hydrophobin Ccg2 was mainly detected in the insoluble fraction and purified as
described [50,54]. Briefly, the insoluble pellet was incubated three times on a rotating wheel for
30 min in lysis buffer (8 M urea, 50 mM potassium phosphate, 50 mM sodium phosphate, 10 mM
Tris, pH 8.0). Solubilized proteins were purified using the N-terminal (His)6-tag by Ni2+-affinity
chromatography (His-Bind® resin, Merck KGaA) according to the manufacturer’s instructions for
denaturating purification. Subsequently, the proteins were concentrated by ultrafiltration using a
Vivaspin20 column (5000 MWCO, Sartorius AG, Göttingen, Germany) and finally dialyzed twice
for 24 h against 2 L redox-refolding dialysis buffer (10 mM glutathione reduced, 1 mM glutathione
oxidized, pH 5.4, [54]). Protein concentration was determined using the Bradford method [56]. Bovine
serum albumin (BSA) was used as the standard protein. Protein purification was examined by
running a tricine-SDS-PAGE [57] or glycine-SDS-PAGE [58] for hydrophobins and Ccg2_GS_EcESPSP,
respectively. Proteins were blotted after electrophoresis on a polyvinylidene fluoride (PVDF) membrane
and detected with 6xHis monoclonal antibody (TaKaRa Bio Inc., Kusatsu, Japan) via immunodetection
or stained with colloidal Coomassie brilliant blue.

2.4. Surface Functionalization and Contact Angle Measurement

For surface functionalization of 96-well plates (non-treated polystyrene or glass), protein solution
was pipetted on the surface and incubated for 30 min at room temperature. Next, the protein solution
was removed, followed by a further incubation step for 5 min. The functionalized surface was washed
at least 10 times with dialysis buffer.
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For water contact angle measurements, polystyrene or glass surfaces were cleaned with pure
ethanol and distilled water. Surfaces were air-dried and protein solution was carefully pipetted on the
surface and incubated overnight. On the next day, surfaces were washed thoroughly with distilled
water and air-dried. The contact angle of a 2 µL distilled water drop was determined using the OCA20
device (Dataphysics, Filderstadt, Germany). Measurements were performed for at least 7 drops.

2.5. Measurement of Enzyme Activity in Solution

To determine whether the heterologous expressed enzyme derivative is active, activity
measurement using the EnzCheck® phosphate assay kit (Thermo Fisher Scientific, Waltham, MA, USA)
was performed. The assay was carried out with 0.5 µg of purified fusion protein (Ccg2_GS_EcEPSPS)
according to the manufacturer´s instructions. Substrate concentrations of 100 µM S3P and 80 µM PEP
were used.

2.6. Measurement of Enzyme Activity of the Immobilized Proteins

Surfaces of 96-well plates were functionalized as described above (see Section 2.4). Enzyme
activity was determined with the malachite green assay according to Baykov et al. [36]. After washing
of the surface, glyphosate (or another analyte) in appropriate concentrations and substrates were
added to final concentrations of 100 µM S3P and 20 µM PEP and filled up to a final volume of 160 µL
with dialysis buffer. The reaction was stopped after a 45 min incubation at room temperature by
adding 40 µL of malachite green working solution (5 mL malachite green solution (125 mL ddH2O,
25 mL sulfuric acid (concentrated), 183 mg malachite green), 1.25 mL 7.5% ammonium molybdate
solution, 0.1 mL 11% Tween20). Malachite green working solution was incubated for 20 min in the dark
(RT) and absorbance was measured using a microplate reader device (Infinite 200, Tecan Group Ltd.,
Männedorf, Switzerland) at a wavelength of 630 nm. Unless otherwise stated, assays were performed
in triplicates and repeated independently 3 times. Error bars show standard deviations. A blank
value with all reagents in the absence of a protein-coated surface was subtracted from each sample as
background control.

2.7. Statistics

Data were analyzed for significance using a one-sided student’s T-Test using Microsoft Excel 2010.

3. Results

3.1. Cloning of Fusion Genes and Protein Purification

To prepare a functionalized surface presenting the E. coli enzyme 5-enolpyruvyl-shikimate-3-
phosphate synthase (EcEPSPS) to detect glyphosate, we investigated two different variants of fusion
proteins between the hydrophobin Ccg2 and the enzyme EcEPSPS, both separated by a flexible
glycine-serine-linker (G4S)3. This strategy was used to figure out which fusion protein better meets
the criteria for our approach. One of the constructs carries the hydrophobin Ccg2 at the N-terminal
and the EcEPSPS at the C-terminal end of the linker, while the other construct was designed vice
versa (see Figure 1a). Both constructs were cloned into the pET28b vector, providing a N-terminal
(His)6-tag, expressed in E. coli SHuffle® T7 express lysY and purified by native Ni2+-affinity purification.
Furthermore, we expressed the hydrophobin Ccg2 lacking a fusion partner. The SHuffle® T7 express
lysY strain was chosen due to its disulfide isomerase activity, which should support the formation of
disulfide-bridges in the cytoplasm to keep the hydrophobins in a soluble form [59,60]. Nevertheless,
the hydrophobins were almost exclusively found in the pellet fraction and had to be purified via
denaturating purification. By contrast, the fusion proteins were found in the soluble fraction and thus
purified via native Ni2+-affinity purification.

In Figure 1b the results of the Western blot analysis with 6xHis monoclonal-antibody and Coomassie
staining of the electrophoretically separated proteins are shown. Expression and purification of the
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different proteins were successful. The fusion protein Ccg2_GS_EcEPSPS is visible as a dominant
band at a molecular mass of ca. 58 kDa (Figure 1b). In case of the EcEPSPS_GS_Ccg2 fusion protein,
two neighboring bands of around 58 kDa are seen, which may reflect isomeric forms resulting from
incomplete reduction of disulfide bridges prior to SDS-PAGE [61]. In case of Ccg2, a strong signal at ca.
11 kDa indicates the successful expression and purification of the hydrophobin. Protein bands with
a lower molecular mass might reflect degradation products of the fusion proteins, while signals at
higher molecular masses probably are due to protein multimerization [50].

COOHNH2 H
is Ccg2 EcEPSPSG
S

COOHNH2 H
is Ccg2EcEPSPS G
S

NH2 H
is Ccg2 COOH

1)

2)

3)

1) 3)2)

58

130

11

kDa

(a) (b)

Figure 1. Utilized proteins for this study. (a) Schematic representation of Ccg2 and Ccg2-EPSPS fusion
proteins; (b) Western blots (left lanes) and Coomassie stained gel strips (right lanes) after expression and
purification of the proteins. For Western blot analysis the samples were electrophoretically separated,
subsequently transferred to a PVDF membrane and probed with 6xHis monoclonal-antibody. Molecular
masses (kDa) are indicated on the left. The molecular masses of the fusion proteins (1 + 2) and Ccg2 (3)
are ca. 58 kDa and 11 kDa, respectively.

The purified proteins were applied for surface functionalization.

3.2. Self-Assembling Properties and Activity Measurement in Solution

After purification the proteins were tested for their functionality, i.e., the ability for self-assembly
due to the hydrophobin and for enzymatic activity due to the EcEPSPS. Preliminary tests revealed a
higher enzymatic activity of the fusion protein with the N-terminal Ccg2 (Figure 1a, construct 1, see
Figure S1). Only this fusion protein was used for further experiments.

Self-assembly properties were tested using water contact angle measurement. The amphiphilic
hydrophobins self-assemble at interfaces and change surface properties regarding their wettability
with water. In the case of successful hydrophobin-layer formation a hydrophilic glass surface will turn
hydrophobic, whereas a hydrophobic polystyrene surface will become hydrophilic. Respective surfaces
were functionalized as described (see Section 2.4) and subjected to water contact angle measurements.

Figure 2 shows the results of the contact angle measurements on glass and polystyrene surfaces
for the immobilization of fusion protein Ccg2_GS_EcEPSPS and the hydrophobin Ccg2. As a control, a
surface treated with dialysis buffer was used.

The glass surface shows a contact angle after dialysis buffer treatment of 31◦ ± 2.4◦, which is
defined as hydrophilic [62]. Glass surfaces incubated with Ccg2_GS_EcEPSPS or Ccg2 are more
hydrophobic with a contact angle of ~61◦ indicating a successful functionalization.

On a polystyrene surface, dialysis buffer shows a contact angle of 96◦ ± 2.5◦ which is commonly
denoted as hydrophobic [62]. Upon functionalization the polystyrene surface became more hydrophilic:
With the fusion protein and hydrophobin, the contact angle decreases to 66◦ and to 63◦, respectively.
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Figure 2. Water contact angle measurements on glass and polystyrene surfaces. The respective surface
was treated with protein solution and then washed thoroughly with distilled water. Contact angle of a
2 µL water droplet was determined using the OCA20 (Dataphysics) contact angle measuring instrument.
(a) Representative drop shapes of surfaces functionalized with dialysis buffer (control), fusion protein
(Ccg2_GS_EcEPSPS)-and hydrophobin (Ccg2)-solution. Mean values of measured contact angles are
depicted in the upper left corner. (b) Bar graph of measured contact angles with standard deviation for
7 different drops (except Ccg2_GS_EcEPSPS (glass) = 6 drops).

The results of the contact angle measurement indicate the self-assembly properties of both,
the purified hydrophobin and the fusion protein. This is in line with former reports showing that
the self-assembling properties of hydrophobins are not influenced by modification of their N- or
C-termini [49,63–65]. However, contact angle measurements only hint at a successful functionalization
via hydrophobin self-assembly because proteins can also change the wettability of surfaces with
water in an unspecific manner, e.g., through binding mediated by hydrophobic patches. In contrast,
self-assembled hydrophobin monolayers are very stable and can only be removed with strong
acids [47,66–68]. Nevertheless, our results indicate that both the purified hydrophobin and the
hydrophobin-EcEPSPS fusion protein self-assemble at interfaces and can be used to functionalize glass
and polystyrene surfaces.

Next, we tested the enzymatic activity of Ccg2_GS_EcEPSPS in solution. Reaction of EPSPS with
its substrates S3P and PEP leads to the formation of Pi, which can be measured by photometry at a
wavelength of 360 nm using the EnzCheckTM Phosphate Assay kit. The formation of Pi for 14 min was
determined with different glyphosate concentrations for 0.05 µM fusion protein in solution (Figure 3).

After one minute, the absorbance at a wavelength of 360 nm increased due to the enzymatic activity.
Already a concentration of 2.5 µM glyphosate leads to a decrease in enzymatic activity compared to
the control without glyphosate. The results suggest that the fusion protein Ccg2_GS_EcEPSPS exhibits
an enzymatic activity that is inhibited by glyphosate, which was a prerequisite for the aimed assay.
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Figure 3. Activity measurement of Ccg2_GS_EcEPSPS (0.05µM) in solution by detecting the formation of
inorganic phosphate (Pi) using the EnzCheckTM Phosphate Assay Kit using photometry at a wavelength
of 360 nm. Different glyphosate concentrations were added to the reaction, and the activity was measured
over 14 min. Standard deviations derived from mean values of 2 independent measurements.

3.3. Surface Functionalization and Determination of Occupancy Ratio

The malachite green assay, an alternative method for the detection of Pi, is cheaper than the
EnzCheckTM Phosphate Assay kit and proved to be more suitable for activity measurement of
functionalized surfaces in initial experiments (data not shown). Functionalization of 96-well plates
and the malachite green assay were performed as described (see Sections 2.4 and 2.6). As the
molecular mass of the enzyme is about 4 times larger than that of the hydrophobin, it is possible
that steric hindrance interferes with the fusion protein’s ability to self-assemble. Therefore, we tested
different molar ratios of fusion protein to hydrophobin to find an appropriate ratio for the surface
functionalization. The necessity for an optimization of respective ratios has recently been reported for
sensor applications [50].

Figure 4 shows the result of the malachite green assay with polystyrene surfaces functionalized
with different ratios of Ccg2_GS_EcEPSPS to Ccg2. Functionalization of polystyrene surfaces with
only 1 µM of the fusion protein leads to a low enzymatic activity, and inhibition by 0.5 µM glyphosate
cannot be detected. Interestingly, raising the concentration of Ccg2 from 0 µM to 10 µM at constant
fusion protein concentration results in an increase in the enzymatic activity. Beginning at a 1:1 ratio of
hydrophobin to fusion protein, an inhibition of enzymatic activity by 0.5 µM glyphosate is detectable.
Functionalization of the surface with hydrophobin yields no detectable signal at 630 nm, documenting
that the measured absorbance is due to EcEPSPS activity on the surface. For the further experiments, we
chose a ratio of 1 µM Ccg2_GS_EcEPSPS to 5 µM Ccg2, combining appropriate self-assembly property
with the possibility for detection of the inhibition of the enzymatic activity by 0.5 µM glyphosate.
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Figure 4. Activity measurements using the malachite green assay with polystyrene surfaces
functionalized with Ccg2_GS_EcEPSPS and Ccg2 in different ratios (triplicate measurement).
Absorbance at a wavelength of 630 nm was determined using photometry.

3.4. Concentration-Dependent Inhibition of EPSPS Enzymatic Activity by Glyphosate

Next, we tested functionalized surfaces for the detection of different glyphosate concentrations
ranging from 0 to 1 µM and aimed at optimization of the assay. For this purpose, we used a 96-well plate
with glass bottom and a reaction buffer with pH 10. The rationale is that glyphosate is deprotonated at
basic pH values, and inhibition of EPSPS activity is more efficient in this form [69,70].

In order to show that the assay is not restricted to polystyrene, a glass plate was used herein.
Regarding future applications, this information is important as different materials can be used to
prepare ready-to-use chips. The results on polystyrene surface were similar but with slightly higher
standard deviations (see Figure S2). Thus both materials are appropriate to generate robust results
with the self-assembled layers.

Figure 5 shows the inhibition of immobilized EcEPSPS with different glyphosate concentrations.
Results were normalized to the sample without glyphosate (0 µM). Low glyphosate concentrations of
0.005 and 0.01 µM cannot be detected, as impairment of the enzymatic activity by glyphosate cannot
be seen. However, starting from 0.05 µM glyphosate a nearly linear decrease in the absorption at
630 nm compared to the control without glyphosate can be observed. These data document that a
concentration-dependent inhibition of the enzymatic activity by glyphosate and in turn detection of
the pesticide by the functionalized surfaces and the malachite green assay is feasible.
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Figure 5. Inhibition of immobilized Ccg2_GS_EcEPSPS by glyphosate. Measurement of EcEPSPS activity
using the malachite green assay with a glass surface functionalized with 1 µM Ccg2_GS_EcEPSPS:5 µM
Ccg2. Results were normalized to the sample without glyphosate (0 µM). The detection limit is 50 nM
glyphosate. *** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05. Absorbance at a wavelength of 630 nm was determined
using photometry.

3.5. Cross Reactivity of the Assay

We next investigated the specificity of the assay. Glyphosate is, amongst many others, an
organophosphonate pesticide. To determine cross reactivity, another organophosphonate pesticide,
glufosinate, an organophosphate, chlorpyrifos, and the first main degradation product of glyphosate,
AMPA, were tested.

None of the three tested substances showed any influence on the enzymatic activity of immobilized
EcEPSPS in a concentration range between 0 µM and 5 µM (Figure 6a–c). This holds even true for
glufosinate, which is structurally quite similar to glyphosate (Figure 6d). Given that, to our knowledge,
no other pesticide targets the EPSPS, the assay provides a highly specific detection system for glyphosate.
However, the robustness of the assay to parameters like salt and metal ions has still to be determined.

3.6. Pre-Incubation of the Functionalized Surface with Glyphosate Solution

As the assay is based on the detection of Pi it is important that the analyte solution is free of
phosphate. When testing the removal of phosphate with different phosphate-binding substances like
magnetite or calcium peroxide, we noticed that this treatment also partially removed glyphosate out of
solutions (data not shown). To circumvent this problem, we used a different approach.

Enzymatic reactions are equilibrium reactions. It is known that glyphosate inhibits the EPSPS in a
slowly reversible manner [32]. Commonly, it is supposed that binding of glyphosate to the open form
of EPSPS mainly occurs after binding of S3P [71]. Nevertheless, we pre-incubated the functionalized
surfaces with a glyphosate containing solution, removed it carefully after 15 min incubation and
measured the enzymatic activity with the malachite green assay. To test whether phosphate residues
in the analyte solution will influence the results, we spiked the glyphosate solution with different
concentrations of potassium phosphate.

Pre-incubation with 0.5 µM glyphosate led to a significantly reduced absorbance at 630 nm
compared to the control without glyphosate (Figure 7). Interestingly, increasing phosphate
concentrations in the pre-incubation solution had only a slight effect on the assay. Thus, the
complete removal of phosphate from the analyte solution appears not to be essential for the
pre-incubation method.
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Figure 6. Measurement of cross-reactivity of the functionalized surface (1 µM Ccg2_GS_EcEPSPS:5 µM
Ccg2, polystyrene) with the malachite green assay towards other pesticides. Results were normalized to
the sample without glyphosate (0 µM). Absorbance at a wavelength of 630 nm was determined
using photometry. (a) Cross-reactivity for AMPA (aminomethylphosphonic acid), the primary
degradation product of glyphosate. (b) Cross-reactivity for glufosinate, a member of amino acid-derived
organophosphonate pesticides. (c) Cross-reactivity for the insecticide chlorpyrifos, belonging to
the group of organophosphate pesticides. (d) Chemical structure of glyphosate and the three
tested chemicals.

Figure 7. Malachite green assay with preincubation of the surface for 15 min with a solution containing
0.5 µM glyphosate and different phosphate concentrations. After removal of preincubation solution,
the assay was performed as described. Samples with 0 and 0.5 µM glyphosate without preincubation
were used as positive controls. Results were normalized to the sample without glyphosate (0 µM).
Absorbance at a wavelength of 630 nm was determined using photometry. * p-value ≤ 0.05 compared
to sample 0 µM glyphosate w/o preincubation.
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Based on these findings, we developed a workflow for the proposed assay based on the
functionalized surfaces and the malachite green assay as a fast and simple detection system for
glyphosate (Figure 8).

Figure 8. Workflow scheme of the glyphosate detection assay. For details see text.

In that, our assay consists of 4 steps. In the first step the “ready-to-use” functionalized surface
is pre-incubated with the analyte solution for 1 min. After careful removal of the analyte solution,
the buffer and the two substrates necessary for the enzymatic activity, PEP and S3P, respectively, are
added in step 2, followed by incubation for 30 to 45 min at room temperature. In step 3 the reaction is
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stopped by adding the malachite green working solution, followed by incubation for 10 to 20 min at
room temperature, preferably in the dark. Step 4 comprises the signal read out using a photometer
or a spectrophotometer. Absorbance can be measured between 620 and 660 nm [33,36] and has to be
compared to a control sample without glyphosate.

The ready-to-use surface allows for a fast and easy assay. It takes about 60 min and requires only
a pipette with tips, the reagents and a photometer. By using a hand-held photometer, the assay will
also be applicable for in-place measurements in the field.

4. Discussion

The aim of our study was to provide an assay for the detection of glyphosate, which is easy to
handle, fast and needs affordable equipment. To this end, we functionalized surfaces with a fusion
protein consisting of the Ccg2 hydrophobin and EcEPSPS as the specific pesticide target protein [31].
Impairment of the enzymatic function leads to a decreased production of Pi, which is detected via a
malachite green assay.

4.1. Contact Angle Measurements

Using contact angle measurements, we were able to show that the purified recombinant proteins
keep their ability for self-assembly. Functionalization of either glass or polystyrene surfaces with the
fusion protein or hydrophobin leads to the expected change in the water contact angle compared
to the corresponding control. Water contact angles were reduced by about 30◦ on hydrophobic
polystyrene and increased by about 30◦ on hydrophilic glass. This is in line with previously reported
findings [50,72].

4.2. Activity Measurement and Glyphosate Inhibition

The fusion of two proteins can lead to functional loss, e.g., if one partner protein covers the active
center of the other protein. To determine whether the recombinant Ccg2_GS_EcEPSPS fusion protein is
enzymatically active, we measured its activity in solution by detection of Pi generated by the enzyme.
We used the EnzCheckTM Phosphate Assay kit to record the enzyme kinetics. As can be seen in Figure 3,
the enzyme shows the typical substrate-saturation curve of an enzymatic reaction, proving that the
enzymatic function of EcEPSPS is not markedly affected by the fusion to the hydrophobin. Inhibition
by glyphosate can be detected at concentrations exceeding 2.5 µM of the pesticide.

Immobilization of an enzyme in an active manner requires correct orientation of the protein on the
surface, so that the active center is accessible for substrate binding. To avoid steric hindrance between
enzyme molecules at the surface, we tested different molar ratios of fusion proteins to hydrophobins.
Mixing of the fusion protein with hydrophobin for surface functionalization leads to an increased
signal to noise ratio and allows detecting the inhibition by glyphosate. Fokina et al. [65] recently tested
different molar ratios of a DewA-LaccaseC fusion protein to pure DewA hydrophobin. In contrast to
our results the best laccase activity was obtained by coating the surface only with fusion proteins. In line
with our results Takatsuji et al. [64] reported that a 1:1 to 1:19 mixture of a glucose oxidase-hydrophobin
fusion protein and the respective hydrophobin HFBI exhibits the highest enzymatic activity. We found
that a mixture of 1 µM Ccg2_GS_EcEPSPS to 5 µM Ccg2 is a suitable ratio to perform the surface
associated malachite green assay, but other ratios might be applicable as well.

Using different glyphosate concentrations we could show that immobilization of the EcEPSPS
via fusion with a hydrophobin is advantageous and, under the tested conditions, leads to a 10 times
lower detection limit for glyphosate compared to measurement in solution (Figures 3 and 5). Our
assay exhibits a detection limit of 50 nM (8.45 ng/mL) glyphosate. ELISA tests for glyphosate gain a
detection limit of 0.6 ng/mL [17], which is around 15 times more sensitive than our assay. Nevertheless,
glyphosate concentrations reported in beer and wine are in the range of our detection limit [8,73].
Furthermore, it is possible to concentrate the analyte solutions as it was done for ELISA [74].
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We used chemically related and unrelated substances to test the specificity of our assay. AMPA,
the main degradation product of glyphosate, shares a highly similar molecular structure and has
been reported to cross-react with glyphosate detection methods [24,74]. This may falsify data as
AMPA is not only a degradation product of glyphosate but also of some detergents and other
amino-polyphosphonates [75–77]. As expected because AMPA is no active inhibitor of EPSPS, our
assay shows no cross-reactivity in the tested concentration range for AMPA. The same holds true
for glufosinate, which is like glyphosate an amino-acid derived phosphonate, and the insecticide
chlorpyrifos, which was included in the test as a chemically unrelated substance. These results show
that our assay benefits from the use of the natural target enzyme of glyphosate. To our knowledge, no
other pesticide is known that inhibits EPSPS except for an artificial S3P-derivative which was used in
studies on glyphosate´s mode of action [78] and some glyphosate derivatives [79].

4.3. Practicability of the Assay

The proposed assay relies on the detection of phosphate from the enzymatic reaction using the
malachite green assay. The use of phosphate binding substances to remove phosphate from the analyte
solution prior to the enzymatic activity testing led to a partial removal of glyphosate from the solution.
This removal can occur due to the chelating properties of glyphosate [80,81] as metal salts were used as
phosphate binding substances. In an alternative approach, we removed the analyte solution from the
EPSPS immobilized surface after 15 min thoroughly before performing the malachite green assay. This
approach allowed to monitor the glyphosate-dependent enzyme inhibition, even in the presence of
phosphate-spiked glyphosate solution. While phosphate concentrations up to 1 µg/mL did not disturb
the assay, a slight increase in absorption was observed for higher phosphate concentrations (5 µg/mL).

It has to be noted that pre-incubation of the chip surface with analyte solutions containing
glyphosate provided reliable results. This finding is interesting as it is commonly accepted that
binding of glyphosate to EPSPS is dependent on the presence of an S3P·enzyme complex [32,71,82].
We argue that glyphosate interaction with EPSPS occurs already strong enough in the open enzyme
form, resulting in an enzymatic inhibition even after removal of analyte solution during the timeframe
of our developed assay. A previous report supports such a hypothesis as glyphosate binding to EPSPS
without S3P was reported with lower affinity [83]. However, using our pre-incubation approach, the
robustness of the assay has to be further investigated.

Moreover, detailed experiments also have to be done to test other robustness parameters of the
proposed assay including salt and metal ion content, as well as pH of the analyte.

5. Conclusions

In this paper we describe a fast and easy detection assay for glyphosate by taking advantage
of surfaces functionalized with a hydrophobin-EcEPSPS fusion protein together with the malachite
green assay to determine inorganic phosphate concentrations. The assay shows excellent selectivity
comparable or even superior to known ELISA tests. The assay´s detection limit is higher than that of
commercially available ELISA kits, but it is very easy to handle and to apply. Notwithstanding this
aspect and tests of robustness at different solution parameters, the strengths of the described assay are
the short assay time, its easy workability and the affordable lab equipment needed.

6. Patents

This work is part of a patent application “Verfahren zur Detektion von Analyten auf Basis
immobilisierter Proteine” (application number: DE 10 2018 130 133.2).

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6374/9/3/104/s1,
Figure S1: Activity measurement for different proteins after immobilization, Figure S2: Inhibition of immobilized
Ccg2_GS_EcEPSPS by glyphosate on polystyrene.
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Figure S1. Activity measurement for different proteins after immobilization. Proteinsolutions were incubated for 
15 min in a polystyrene 96-well plate. Malachite green assay was performed as described in materials and 
methods (see Section 2.6). Substrate concentrations were 100 and 80 µM for S3P and PEP, respectively. 

 
Figure S2. Inhibition of immobilized Ccg2_GS_EcEPSPS by glyphosate. Measurement of EcEPSPS activity using 
the malachite green assay with a polystyrene surface functionalized with 1 µM Ccg2_GS_EcEPSPS:5 µM Ccg2. 
Results were normalized to the sample without glyphosate (0 µM). The detection limit is 50 nM glyphosate.  
*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05. Absorbance at a wavelength of 630 nm was determined using photometry. 
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A B S T R A C T   

The continually growing use of glyphosate and its critically discussed health and biodiversity risks ask for fast, 
low cost, on-site sensing technologies for food and water. To address this problem, we designed a highly sensitive 
sensor built on the remarkably specific recognition of glyphosate by its physiological target enzyme 5-enolpyr-
uvyl-shikimate-3-phosphate synthase (EPSPs). This principle is implemented in an interferometric sensor by 
using the recently established soft colloidal probe (SCP) technique. EPSPs was site-specifically immobilized on a 
transparent surface utilizing the self-assembling properties of circadian clock gene 2 hydrophobin chimera and 
homogeneity of the layer was evidenced by atomic force microscopy. Exposure of the enzyme decorated biochip 
to glyphosate containing samples causes formation of enzyme-analyte complexes and a competitive loss of 
available binding sites for glyphosate-functionalized poly(ethylene glycol) SCPs. Functionalization of the SCPs 
with different types of linker molecules and glyphosate was assessed employing confocal laser scanning mi-
croscopy as well as confocal Raman microspectroscopy. Overall, reflection interference contrast microscopy 
analysis of SCP-biochip interactions revealed a strong influence of linker length and glyphosate coupling position 
on the sensitivity of the sensor. In employing a combination of pentaglycine linker and tethering glyphosate via 
its secondary amino group, concentrations in aqueous solutions down to 100 pM could be measured by the 
differential adhesion between SCP and biochip surface, supported by automated image analysis algorithms. This 
sensing concept could even prove its exceptional pM sensitivity in combination with a superior discrimination 
against structurally related compounds.   

1. Introduction 

Since its market launch in the mid-70s, the overall use of glyphosate 
(N-(phosphonomethyl)glycin) has grown to dominate the herbicide 
market. Especially the introduction of “Roundup Ready” crops in 1996 
boosted sales volumes considerably to a nearly 15-fold increase until 
2014, not least due to a steadily mounting number of resistant weeds 
(Benbrook, 2016; Duke, 2018; Green, 2018). The glyphosate safety 
profile and possibly underestimated environmental ramifications are 
discussed controversially for decades. Particularly the unexpected clas-
sification of the France-based International Agency for Research on 
Cancer (IARC) as “probably carcinogenic to humans” brought glypho-
sate into the center of a public debate and triggered a flurry of lawsuits 

against the manufacturer Monsanto in the US (International Agency for 
Research on Cancer, 2017). In the European Union the debate on 
glyphosate reached its preliminary climax with a long lasting political 
dispute on the renewal of the approval of glyphosate for another 15 
years, which ended up in a shortened approval period of 5 years 
(Clausing et al., 2018; European Food Safety Authority, 2016; Sz�ek�acs 
and Darvas, 2018). 

Despite the aforementioned concerns and widespread use, water 
resources, raw materials as well as final food products are almost never 
tested for glyphosate contaminations, owing to rather prohibitive cost 
and labor intensive methods (Reynoso et al., 2019; Rubio et al., 2003; Xu 
et al., 2019). Commercially available rapid tests on the other hand suffer 
from insufficient sensitivity or inadequate selectivity, accompanied by 
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false positive or negative results (Clegg et al., 1999; Selvi et al., 2011; 
Tittlemier et al., 2017). We therefore sought to combine, in a new bio-
sensing principle, the superior specificity of molecular glyphosate 
recognition by its target 5-enolpyruvyl-shikimate-3-phosphate synthase 
(EPSPs) with the recently established soft colloidal probe (SCP) tech-
nique, known to detect weak binding energies (Martin et al., 2016; 
Pussak et al., 2013; Schmidt et al., 2015). 

Colloidal probe techniques have been extensively used to study a 
variety of processes, including particle aggregation and deposition as 
well as adhesion phenomena, typically in conjunction with hard spheres 
and atomic force microscopy (AFM) (Borkovec et al., 2012; Butt et al., 
2005; Ralston et al., 2005). The advantage of using soft, elastomeric 
probes in the SCP technique lies in the much larger contact area between 
the probe and surface, higher adhesion energies, simplifying readout 
and improving sensitivity (Buzio et al., 2007; Pussak et al., 2012, 2014). 
Besides these advantages, SCPs can be easily equipped with molecules of 
interest and binding can be fine-tuned by variation of particle elasticity 
as well as linker type and length (Wang et al., 2017). The spherical probe 
geometry furthermore allows for data analysis by straightforward 
physical models. Adhesion energies of a soft spherical probe and a hard 
surface W can be extracted according to the Johnson - Kendall - Roberts - 
model of elastic contact (Wang et al., 2017): 

a3¼ 6π W
Eeff

R2 (1)  

where a is the radius of contact, R the radius of the SCP and Eeff the 
effective elastic modulus of the probe (Eeff ¼ 4E/(3(1-ν2)), E...Young’s 
modulus, ν...Poisson ratio). Reflection interference contrast microscopy 
(RICM) allows for convenient, low-cost readout of contact area and SCP 
radius. 

Based in this status, we set of in our new approach to use SCPs in a 
binding assay to detect glyphosate. Adhesion energies are directly 
related to biospecific interactions between SCP-tethered ligands, in this 
case glyphosate, and the respective recognition element immobilized on 
the biochip, here EPSPs (Fig. 1, left side). We apply a competitive 
binding assay as a straightforward approach to quantify analytes in 
aqueous samples. The presence of soluble glyphosate causes a concen-
tration dependent loss of available binding sites, presented by immo-
bilized EPSPs, for SCP-tethered ligands and thus the analyte is directly 
quantified by differential reduction of the SCP-biochip interfacial area 
(Fig. 1, middle and right panels). 

2. Materials and methods 

2.1. Particle preparation 

SCP particles were synthesized as described previously (Wang et al., 
2017). Briefly, 50 mg poly(ethylene glycol) diacrylate (Mn 6000 Da, 
Sigma Aldrich, Germany) and 1 mg of the photoinitiator Irgacure 2959 
(Sigma Aldrich) were added to 10 ml 1M sodium sulfate solution and 
vortexed until microscopic droplets were formed. The dispersion was 
photopolymerized using a Heraeus HiLite UV curing unit (Heraeus 
Kulzer, Germany) for 90 s. Next, the PEG SCPs were grafted with cro-
tonic acid (Sigma Aldrich) as described earlier (Schmidt et al., 2015). In 
short, water was exchanged by 10 ml ethanol, then 250 mg benzophe-
none (Sigma Aldrich) and 1.5 g crotonic acid were added. Subsequently, 
the mixture was flushed with nitrogen for 30 s before irradiating with 
UV light for 900 s. The resulting SCP particles were then washed with 
ethanol and PBS three times each. 

2.2. Post-functionalization of SCPs 

In order to enable specific interactions between EPSPs functionalized 
biochip surfaces and hydrogel probes, SCPs were first coated with the 
respective linker molecules and subsequently functionalized with 

glyphosate. The linker molecule permits coupling of glyphosate either 
via carboxy or secondary amino group, allowing shifting sensitivity of 
the sensor. Furthermore, length and degree of polymerization of the 
linker molecules can be varied; resulting in altered affinity of the 
immobilized competitor for the enzyme (EPSPS) and thus the working 
range of the sensor can be adjusted. The coupling steps were carried out 
using active ester chemistry. 

Ethylene diamine, the short linker variant, was coupled to the SCPs 
by means of benzotriazol-1-yl-oxytri-pyrrolidinophosphonium hexa-
fluorophosphate (PyBOP, ApexBio US) and 1-hydroxybenzotriazole 
(HOBt, Sigma Aldrich). For this, the SCPs were suspended and water 
was replaced by dimethylformamide (DMF, Carl Roth, Germany) in 
several washing steps. The particles were left in 2 ml DMF. Subse-
quently, 146 mg (280 μmol) of PyBOP, 18 mg (140 μmol) of HOBt and 
39 μl (280 μmol) of triethylamine (Sigma Aldrich) were added to acti-
vate the carboxy groups and the suspension was shaken for 1 h at room 
temperature. After addition of 20 μl (300 μmol) of ethylene diamine 
(Alfa Aesar, US) and 3 h of reaction, the SCPs were centrifuged at 1844 x 
g for 10 min and washed 3 times each with DMF, a 1: 1 mixture of DMF 
and water and pure water. For further coating, 4 mg (24 μmol) of 
glyphosate (Sigma Aldrich, Germany) in 2 ml of 100 mM Hepes buffer 
(pH ¼ 7.0) were dissolved in an ultrasonic bath and 46 mg (240 μmol) of 
1-ethyl-3- (3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, 
Carbolution Chemicals, Germany) and 52 mg (240 μmol) of N-hydrox-
ysulfosuccinimide sodium salt (s-NHS, Carbolution Chemicals) were 
added and the carboxy groups were activated for 15 min. The coupling 

Fig. 1. General principle: a) a transparent biochip is competent of binding 
glyphosate (orange spheres) and the number of residual binding sites (EPSPs, 
grey cylinders) declines with increasing analyte concentrations. b) A glyphosate 
functionalized SCP approaches the biochip and forms a distinct contact area 
with the underlying surface. Left: The SCP strongly adheres to the unoccupied 
surface, resulting in an elastic SCP deformation and an extended contact area. 
Middle: Addition of analyte decreases SCP deformation until the SCP cannot 
bind to the surface anymore (right). The lowest panel indicates examples of 
RICM images of respective adhering SCPs. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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of glyphosate to the amine-functionalized SCPs was carried out by 
combining suspension and solution. After reaction over a period of 1 h, 
the SCPs were washed 3 times with a 100 mM Hepes buffer solution (pH 
¼ 7.0). 

Poly(ethylene glycol)-diamine (Mn ¼ 3000, Sigma Aldrich) served as 
a long linker molecule. 2 ml of the SCP suspension was centrifuged and 
the SCPs were washed 3 times in Hepes buffer (pH ¼ 7.0). 1 ml of a 
solution containing 23 mg (120 μmol) EDC, 26 mg (120 μmol) of s-NHS 
and 15 mg (5 μmol) PEG-diamine was added to the SCPs and the mixture 
was allowed to react overnight. Finally the SCPs were washed 3 times in 
Hepes-buffer (100 mM, pH ¼ 7.0). Glyphosate coupling was conducted 
as described for ethylene diamine functionalized SCPs. 

Alternatively, the SCPs were functionalized with a pentaglycine 
linker (Sigma Aldrich). For this purpose, the SCPs were washed 3 times 
with 2 ml of 100 mM MES buffer (pH ¼ 5.3) and the supernatant was 
discarded after centrifugation (10 min, 1844 g). 23 mg (120 μmol) of 
EDC and 26 mg (120 μmol) of s-NHS were dissolved in 1 ml of 100 mM 
MES buffer (pH ¼ 5.3) and the SCPs were subsequently suspended in the 
solution. After 1 h of activation of the carboxyl groups, 10 μl (143 μmol) 
of mercaptoethanol was added to inactivate the excess unreacted EDC 
and the suspension was left at room temperature for an additional 15 
min while agitating. After centrifugation (10 min, 1844 x g) the super-
natant was discarded and 0.2 mg (660 nmol) of the peptide, dissolved in 
1 ml of Hepes buffer (100 mM; pH ¼ 7.0), was added and the coupling 
reaction was allowed to proceed overnight. Next, SCPs were washed 3 
times (100 mM Hepes buffer; pH ¼ 7.0) and the carboxy groups of the 
immobilized pentaglycine linkers were again converted into s-NHS es-
ters according to the procedure described above. Subsequently excess 
EDC was inactivated by means of mercaptoethanol, the suspension was 
centrifuged and the supernatant was discarded. After addition of a 1 mg/ 
ml 100 mM, pH ¼ 7.0 Hepes-buffered glyphosate solution (6 μmol), the 
reaction mixture was left overnight at room temperature with contin-
uous agitation. Finally, the SCPs were washed 3 times with 100 mM 
Hepes buffer solution (pH ¼ 7.0). 

2.3. Protein expression 

For the production of a functionalized surface, fusion proteins from 
the circadian clock gene 2 hydrophobin (Ccg2) from Neurospora (N.) 
crassa and the 5-enolpyruvylshikimate-3-phosphate synthase from 
Escherichia (E.) coli (EPSPS) were needed. Details of the protein 
expression methods are given in (D€oring et al., 2019). For this purpose, 
the coding regions of the respective genes, linked via the sequence for a 
flexible glycine-serine linker, were transferred into the expression vector 
pET28b (Novagen, Germany). In this case, the sequence of the hydro-
phobin (SEQ ID No. 2) is on the 5 ‘side and that of the EPSPS (SEQ ID No. 
1) on the 30 side of the linker sequence. In addition, 50-side of the 
sequence for the fusion protein, the sequence for a (His)6-tag, which is 
required for the detection and purification of the fusion protein. 
Furthermore, hydrophobin without EPSPS was needed for the surface. 
The gene sequence was accordingly transferred without the linker and 
the EPSPS sequence into the vector pET28b. The vectors modified in this 
manner were transferred to the E. coli expression strain SHuffle T7 Ex-
press lysY (New England Biolabs, USA) after complete sequencing of the 
introduced sequences. This expression strain is advantageous for the 
expression of the hydrophobins, since it additionally codes for a protein 
disulfide isomerase, which favors the correct formation of the disulfide 
bridges of the hydrophobins. They play an essential role in the correct 
folding of the protein. 

Protein expression was initiated by adding 1 mM isopropyl-β-D-thi-
ogalactoside (IPTG) to E. coli cells in the exponential growth phase. After 
induction, the cells were incubated for 4 h at 30 �C and 180 revolutions 
per min. The cells were then pelleted and washed for further use. The 
cleaning method used depends on the solubility of the proteins. The 
soluble fusion proteins were purified by nickel affinity chromatography 
under native conditions according to the manufacturer’s instructions, 

while the insoluble hydrophobins were purified by means of denaturing 
nickel affinity chromatography according to the manufacturer’s in-
structions. The hydrophobins were concentrated by ultrafiltration prior 
to dialysis, this approach was not necessary for the fusion proteins. After 
purification, the hydrophobins were dialyzed against redox refolding 
buffer (10 mM glutathione, 1 mM glutathione oxidized, pH 5.4) and the 
fusion proteins against Monsanto dialysis buffer (10 mM MOPS, 0.5 mM 
EDTA, 5% (v/v 99.9% glycerol, 1 mM DTT, pH 7). The purified proteins 
were stored in a refrigerator and used for functionalization of glass 
surfaces. 

2.4. Coating of glass surfaces 

For preparation of biochip surfaces, glass coverslips (Ø 32 mm, 
Thermo Scientific, Germany) were placed in a Teflon rack and cleaned 
by sonication in double deionized water and ethanol (AppliChem, Ger-
many) for 30 min each. Afterwards, chemical cleaning was performed to 
remove organic as well as particle contaminants from the surfaces. 
Therefore a mixture of 50 ml H2O2, 35% (Grüssing, Germany), 50 ml 
25% NH3 aqueous solution (Merck, Germany) and 250 ml double 
deionized water was heated to 60 �C on a hot plate and coverslips were 
left in the solution for 10 min. After rinsing twice with double deionized 
water, the coverslips were dried in a nitrogen stream. Coating of the 
glass surfaces was carried out by slowly pipetting up the protein solution 
followed by 60-min incubation at room temperature. Subsequently, the 
surfaces were thoroughly washed with distilled water and blown dry 
using a nitrogen flow. The two protein variants were needed to find an 
optimal ratio between the fusion protein (able to bind glyphosate) and 
hydrophobin (to stabilize the surface). For this purpose, the proteins 
were mixed in ratios of 25%, 50%, 75% and 100% fusion protein plus 
the respective complementary amount of Ccg2. 

2.5. Reflection interference contrast microscopy (RICM) measurements 

EPSPs coated cover glasses were adhered to a sticky-slide 16 well 
(Grace Biolabs, US) and each surface was covered with 200 μl of HEPES- 
buffer pH ¼ 7.0 as a positive control or the respective analyte solution 
for 10 min. For initial specificity testing of SCPs functionalized with the 
respective linker and glyphosate, 10 mM solutions of glyphosate or 
glufosinate were prepared. Assessment of cross-reactivity was conduct-
ed in 1 mM pesticide or glycine solutions. In case of atrazine, chlor-
pyrifos and phosmet, saturated solutions were prepared (atrazine: 153 
μM, chlorpyrifos: 4 μM, phosmet: 79 μM). Afterwards, 20 μl of a sus-
pension containing linker- or glyphosate-functionalized SCPs were 
added dropwise. After a period of 15 min, sedimentation of the SCPs was 
completed and the probes and their corresponding radial profiles were 
imaged using an inverted microscope (Olympus IX73, Germany) with an 
integrated halogen lamp for bright-field microscopy. To obtain the 
respective interference reflection patterns, samples were illuminated by 
a monochromatic 530 nm collimated LED (M530L2-C1, Thorlabs, Ger-
many). An Olympus 60x, NA (numerical aperture) 1.35 oil-immersion 
objective (UPlanSApo 60x 1.35 oil, Olympus, Germany) was used in 
concert with a quarter waveplate (WPMQ05M-532, Thorlabs GmbH, 
Germany), placed on the microscope’s breadboard between objective 
and sample, as well as additional polarizers to avoid internal reflections 
(Limozin and Sengupta, 2009). Images were captured with a mono-
chrome CCD camera (DMK 23U274, ImagingSource, Germany) using 
μManager microscopy software. All datasets were recorded applying an 
exposure time of 50 ms and stored in tagged image file format (tiff). 

2.6. Data analysis of RICM measurements 

Obtained images of radial profiles resulting from the respective 
adhering or non-adhering SCPs were analyzed by the home-built soft-
ware based on pattern matching (Waschke et al., 2019). Adhesion en-
ergies were calculated by the software. Due to the strongly different 
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adhesion energies of glyphosate-functionalized SCPs in dependence of 
selected linker molecules, the respective adhesion energies were 
normalized to values of adhering glyphosate-coated SCPs in the absence 
of soluble pesticides for better comparability of the results. 

Detailled information of procedures for determination of elastic 
modulus of SCPs, confocal fluorescence microscopy and confocal Raman 
microspectroscopy of functionalized SCPs as well as surface roughness 
determination of protein-coated biochips is given in the ESI. 

3. Results and discussion 

In our experimental setup, SCPs were prepared by dispersion poly-
merization using photo-crosslinking of linear PEG6000 diacrylamide and 
subsequent functionalization with carboxy groups by photoradical 
grafting of crotonic acid on the PEG meshwork according to the pro-
cedure introduced by Pussak et al. (2012). Poly(ethylene glycol) (PEG) 
as an SCP scaffold suppresses nonspecific interactions between the SCP 
and biochip surface to achieve highly sensitive and specific measure-
ments in combination with low-cost synthesis and straightforward 
methods for ligand tethering (Ogi et al., 2009; Pussak et al., 2012). 

The quantification of analytes in this setup necessitates covalent 
coupling of the target analyte glyphosate (or analogous binding mole-
cules for the specific EPSP binding site) to the SCPs. Glyphosate coupling 
using reactive functional groups (carboxy, amino or phosphono group) 
can be expected to result in altered interactions with the EPSPs binding 
domain and possibly a shift of affinities in an undesirable manner due to 
the small size of glyphosate and the different groups involved in the 
biospecific EPSPs binding. Therefore we investigated glyphosate bind-
ing via different linkers to the SCP and tested the effect on the selectivity 
of EPSPs binding. Carboxy groups allow for post-functionalization of the 
SCPs by active ester chemistry to tether linker molecules of different 
characteristics, namely ethylene diamine (EDA), PEG3000 diamine 
(PEG3000 – DA) and pentaglycine (gly5). The two diamine linkers have 
different lengths and couple to the carboxylic acid moiety of glyphosate 
(Fig. 2). The pentaglycine linker binds glyphosate via its secondary 
amino group to the SCP. 

For diamine linkers success of each functionalization step and ho-
mogeneous distribution of the reactive groups, linker molecules and 
glyphosate were assessed by means of confocal laser scanning micro-
scopy (cLSM) using FITC labelling of amino groups either after linker- 
tethering to SCPs or glyphosate coupling to the linkers. For the penta-
glycine linker, glyphosate coupling was verified using more elaborate 
confocal Raman microscopy (CRM) as other labelling strategies like 
staining of COOH groups are inappropriate due the presence of this 

moiety on COOH- as well as pentaglycine- and glyphosate- 
functionalized SCPs. 

cLSM analysis of at least 50 FITC labelled SCPs per condition 
revealed a maximum fluorescence intensity of the respective amine- 
functionalized SCPs (ethylene diamine and PEG diamine). The 
decrease in fluorescence intensities of roughly 50% after glyphosate 
(GPS) functionalization indicated amino group consumption accompa-
nied by amide bond formation (Fig. 3). 

Successful glyphosate coupling was additionally visualized and 
verified for pentaglycine functionalized probes using CRM. The spectra 
of PEG and GPS differ strongly from each other, especially in the spectral 
region of CH2 vibration modes. An appearance of the vibration at 2960 
cm� 1, which is originated from CH2 stretching mode of glyphosate, may 
serve as an indicator of efficacy of glyphosate coupling to SCPs. Spectra 
extracted from each pixel in the scanned area were decomposed to 
glyphosate and PEG ones. The recalculated de-mixed images show the 
distribution of PEG and glyphosate molecules in one SCP revealing core/ 
shell structure (Fig. 4, top). The analysis of the CH2 stretching and 
bending regions in spectra extracted from core and shell of single SCP 
shows specific spectral characteristics of both, PEG and GPS molecules 
(Fig. 4, bottom). While the shell spectrum resembles the GPS one, the 
core spectrum is composed of GPS and PEG spectra. The cross-section 
concentration profile of GPS indicated glyphosate to be homogeneous-
ly distributed in the core of the SCP with enrichment at the surface 
(Fig. 4, bottom). 

Young’s elastic modulus of SCPs was determined by force- 
indentation measurements. No impact of the different linker and 
glyphosate functionalizations on elasticity was found as moduli of all 
probes were in the range of 47 � 11 kPa. 

The second component of the biosensing approach encompasses a 
transparent glass surface that presents the glyphosate recognition 
element EPSPs and thus allows evaluating SCP-biochip surface binding 
events. Controlling the orientation of binding sites on a biochip is 
mandatory for high sensitivity and selectivity, but also difficult to ach-
ieve. We used fusion constructs of EPSPs and self-assembling fungal 
surface proteins, more precisely the class I hydrophobin Ccg2 from 
Neurospora Crassa (see Fig. 5). Hydrophobins are low molecular weight 
proteins secreted by filamentous fungi, which, owing to their ability to 
assemble into amphiphilic rodlets at materials surfaces, allow versatile 
and robust surface engineering applications (Hennig et al., 2016). Using 

Fig. 2. Schematic representation of SCP components. A spherical PEG mesh-
work is functionalized with crotonic acid to introduce COOH groups, facili-
tating coupling of the linker molecules ethylene diamine, PEG3000 diamine or 
pentaglycine. Depending on the linker type, i.e. diamine or pentaglycine, 
glyphosate is coupled via carboxy or amino group. 

Fig. 3. SCP functionalization: COOH-, diamine-linker- (ethylene diamine, 
PEG3,000 diamine) and glyphosate (GPS) -functionalized SCPs were stained for 
free amino groups using FITC. Fluorescence intensities increase after diamine 
coating and drop as a result of covalent glyphosate coupling. COOH- 
functionalized SCPs are accentuated by white dashed lines. Scale bar: 25 μm. 
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this approach, biochips can be stably decorated with EPSPs in a one-step 
procedure by simply pipetting the corresponding EPSPs-Ccg2 chimera 
on a glass slide. 

The general procedure of fusion gene cloning and protein expression 
were recently reported in connection with a colorimetric rapid test for 
on-site glyphosate quantification based on the release of inorganic 
phosphate with μM sensitivity (D€oring et al., 2019). Adaption of the 
surface for our setup required adjustment of the ratio between fusion 
protein (EPSPs-Ccg2) and Ccg2 lacking a fusion partner, as a strong 
influence of this parameter on enzymatic activity was reported earlier 
(D€oring et al., 2019). These findings can be accounted to modulations of 
the surface topography in dependence of EPSPs-Ccg2 – Ccg2 ratio of the 
coating solution, which are most likely driven by geometric inequalities 
between the comparatively large EPSPs and lower molecular weight 
Ccg2 domains of the chimera. Studies on these effects were performed 
using 25%, 50%, 75% (w/w) and mere fusion protein coating solutions 
comprising the respective complementary amount of Ccg2. Surface 

topographies were analyzed by AFM and root mean square (RMS) 
roughness served as an indicator for surface homogeneity. 

Fig. 6 clearly demonstrates the impact of EPSPs-Ccg2 – Ccg2 ratios. A 
low fusion protein content causes formation of protein clusters that 
adversely affects surface roughness. A high fusion protein content 
(�75% w/w) also affects this parameter in an undesirable manner, most 
likely due to excessive clustering of the EPSPs-Ccg2. A 50% w/w mixture 
was identified to yield lowest RMS roughness values and best homoge-
neity of the biochip, in consistency with studies on the enzymatic ac-
tivity of these surfaces (D€oring et al., 2019). Follow-up RICM 
experiments were therefore conducted employing 50% (w/w) mixture 
coatings. 

Having generated glyphosate tethered SCPs and EPSPs functional-
ized biochips, we scrutinized the specific interaction of the glyphosate 
conjugated SCPs with the different linkers using RICM. The acquired 
images displaying the respective interference patterns were analyzed by 
a home-built software to extract adhesion energies of the SCPs by 
measuring their radius and radii of contact, see equation (1). A detailed 
description of the image pattern-matching algorithm was recently 
published (Waschke et al., 2019). 

The initial experiments were carried out in absence and presence of 
10 mM glyphosate. Additionally, the structurally related glufosinate was 
used as a negative control to ascertain whether the requisite specificity 
for fail-safe glyphosate identification were met. As can be seen from 
Fig. 7, all types of glyphosate bearing SCPs reveal a strong increase in 
adhesion energy when compared to the SCPs lacking glyphosate. 
Importantly, adhesion energies are markedly diminished in presence of 
10 mM glyphosate solutions in all cases, confirming glyphosate EPSP 
binding. However, glyphosate-tethering via the long PEG3,000 diamine 

Fig. 4. SCP functionalization: SCPs bearing glyphosate tethered to a penta-
glycine linker were assessed by means of CRM. Distribution of PEG and GPS 
were visualized by de-mixing (top), exploiting characteristic vibrations at 2880 
cm� 1 and 2960 cm� 1 of the spectra (bottom), respectively. Glyphosate was 
found in the core but is particularly enriched at the surface, as seen by the cross- 
section concentration profile (bottom) along the white line in GPS image. Scale 
bar: 7 μm. 

Fig. 5. Schematic representation of biochip components. A transparent glass 
slide is decorated with a fusion protein comprising the glyphosate binding 
enzyme EPSPs. The hydrophobin Ccg2 functions as surface anchor and is linked 
to EPSPs by a glycin-serine linker ((G4S)3) to assure favourable orientation of 
the enzyme’s active site. Protein structures were modified from PDB IDs: 1G6S 
(Sch€onbrunn et al., 2001), 2GG4 (Funke et al., 2006) and 2FMC (Kwan 
et al., 2006). 

Fig. 6. AFM images and RMS roughness of EPSPs-Ccg2 – Ccg2 -coated glass 
surfaces. Percentages given indicate the amount of fusion protein in a mixture 
with Ccg2. Colour scale on the right of the image indicates height difference. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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linker showed a strong response to both, glyphosate as well as the 
negative control glufosinate and hence fall short in terms of specificity. 
The binding of the short ethylene diamine linker and the pentaglycine 
linker were not significantly biased by glufosinate and were thus 
selected for detailed inhibition competition assays. 

The concentration dependence of the ethylene diamine and penta-
glycine linker on the SCP adhesion energies is illustrated in Fig. 7. It can 
be concluded that the sensitivity for the detection of soluble glyphosate 
is above 10 μM for the ethylene diamine linker. In contrast, the penta-
glycine linker showed a clearly improved sensitivity below 10 μM. 
Though adjustment of ligand densities on the probes might shift the 
sensitivity to lower concentrations, ethylene diamine linker SCPs were 
not further investigated. A detailed measurement using the pentaglycine 
linker SCPs revealed a pM sensitivity to glyphosate, covering an oper-
ating range of 10� 11 M - 10� 8 M (Fig. 8, left panel). This sensitivity range 
is highly remarkable, as it meets the 0.1 μg/l threshold for pesticide 
impurities in German tap water. 

Lastly, we examined the robustness and specificity of the glyphosate 
sensor. Cross-sensitivity was assessed by testing structurally related 
compounds, non-glyphosate organophosphorus, and frequently applied 
pesticides as analytes. Importantly, the only compound that exhibits a 
small but measurable effect on SCP adhesion is glufosinate (Fig. 8, right 
panel), confirming the ability to specifically detect glyphosate, even in a 
cocktail of other pesticides as well as in the presence of compounds 
bearing structural elements of glyphosate. 

4. Conclusions 

In sum, a novel method for quantification of glyphosate in aqueous 
samples was established. The strength of this assay is particularly based 

on the interplay between SCP technique and EPSPs-decorated biochip, 
respectively conducive to sensitivity and selectivity. In adjusting linker 
type and coupling position, i.e. employing a pentaglycine linker and 
coupling glyphosate to SCPs via the amino group, analyte concentrations 
down to the pM range could be detected, which is comparable to liquid 
chromatography-based detection schemes considered as the “gold 
standard” for glyphosate quantification (Valle et al., 2019). In contrast, 
SCP-based detection does not require derivatization of the sample or 
high-end equipment, thereby reducing the level of complexity of the 
procedure and allowing for real-time detection. Screening for poten-
tially cross-reactive compounds did not reveal any interference of 
structurally related compounds, proving the robustness the sensing 
concept. In spite of these qualities our prospective research addresses 
essential parameter testing, as for example ionic strength, pH as well as 
the presence of di- or trivalent metal ions and adjuvants within the 
specimen might limit practicability in terms of real-sample analysis, 
especially in complex environmental matrices. Aside from the demon-
strated accurate, low-cost and on-site detection procedure for glypho-
sate, it is noteworthy to also emphasize the modularity of this approach 
as well as its adaptability to numerous analytical problems. 
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Determination of elastic modulus: Young’s modulus of functionalized and glyphosate decorated SCPs was determined by 

means of scanning force microscopy using a NanoWizard 3 system (JPK instruments, Germany). Silica beads (Kisker, 

Germany) with a diameter of 10 μm were glued onto a tip-less cantilever (spring constant 0.03 N/m, CSC 38, μMasch, Bulgaria) 

and served as a probe for force indentation experiments. Several force curves were recorded for each sample of SCP and 

elastic moduli were calculated using a model of non-adhesive elastic contact developed by Glaubitz et al. (2014). 

 

 

Fluorescence microscopy of functionalized SCPs: Successful coupling of linker molecules and glyphosate was assessed 

employing confocal laser scanning microscopy. In order to fluorescently label the SCPs, 500 μg of fluorescein isothiocyanate 

(1.28 μmol, Sigma Aldrich) was dissolved in 20 ml of 100 mM borate buffer (pH = 9.0,  Sigma Aldrich) and 10 ml of the stock 

solution was added to each sample of the respective diamine linker or glyphosate functionalized SCPs. The reaction tubes were 

covered with aluminum foil and agitated for 2 h at room temperature. The excess solution was centrifuged and the SCPs were 

washed with water several times. The resulting SCPs were measured in Hepes buffer, pH 7.0 on a confocal laser scanning 

microscope (LSM 700, Zeiss, Germany). 

 

 

Surface roughness determination: Root-mean-square roughness (RMS) of protein-coated glass slides was determined using 

a NanoWizard 3 system (JPK instruments).  Images were acquired in Quantitative Imaging
TM

 mode employing a Multi 75E-G 

cantilever (Budget Sensors, Bulgaria) and RMS-roughness was calculated by JPK Data Processing Software Version 4.2. 

applying the following equation, N being the number of pixels, zi being the measured height at each pixel and z̅ being the 

average height of all pixels.  

𝑅𝑀𝑆 = √
1

𝑁
∗∑(𝑧𝑖 − z̅)2

𝑁

𝑖=1

 

 

 

 

Confocal Raman microspectroscopy (CRM) analysis: SCPs functionalized with pentaglycine  and glyphosate were dried on 

glass and subsequently  analyzed by means of CRM using an Alpha300 R microscope (WITec GmbH, Ulm, Germany) equipped 

with a piezo-scanner (P-500, Physik Instrumente, Karlsruhe, Germany) ,  multi-mode fiber (50 µm diameter) and a charge-

coupled device (CCD) cooled down to -61°C. All measurements were conducted using laser wavelength of 532nm, 50x 

objective (Zeiss, EC “Epiplan-neofluar”, NA (numerical aperture) = 0.8) and a 600 g mm
-1
 grating. The samples were scanned 

pixel-wise in x-y direction and processed using the Project FOUR PLUS software (WITec GmbH, Ulm, Germany). The chemical 

imaging of samples including different treatment steps, as a background subtraction, the de-mixture of recorded spectra and the 

decomposition of a data set into images of different components, is described elsewhere in detail (Blucher et al., 2019; Coelho 

et al., 2019; Ganassin et al., 2018).  
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A B S T R A C T   

An increasing number of reports substantiate the link between emerging estrogenic pollutants and a variety of 
adverse effects including developmental disorders, infertility, cancer and neurological disorders, threatening 
public health as well as environment. The detection of the diverse classes of estrogenic and antiestrogenic 
substances is still challenging due to analytics which needs to cover the whole range of compounds acting on 
estrogen receptors and the complex estrogen pathways. In this proof-of-concept study, we report a novel bio-
mimetic detection scheme based on the specific recognition of estrogenic ligands by estrogen sulfotransferase 
1E1 (SULT1E1), which acts as one of the key enzymes in estrogen homeostasis. SULT1E1 was site-specifically 
immobilized on transparent glass slides via a hexahistidine-tag in a multi-step procedure. Soft colloidal probes 
(SCPs) covalently functionalized with ligands of SULT1E1, namely estrone and estradiol 17-(β-D-glucuronide), 
served as adhesion probes. The various functionalization steps were analyzed and optimized using epifluor-
escence, confocal laser scanning as well as reflection interference contrast microscopy (RICM). A competitive SCP 
binding assay probing the elastic SCP deformation driven by the specific interaction between SCPs and the 
SULT1E1 decorated glass slides was employed in conjunction with an optical readout by RICM and automated 
image analysis to detect estrogenic compounds by their inhibition of SCP adhesion. This sensing concept has 
demonstrated exceptional specificity for estrogenic steroid compounds compared to structurally related sub-
stance classes and provides promising options for multiplexed assays and incorporation of other proteins of the 
endocrine system to fully capture the whole ensemble of hormonally active substances.   

1. Introduction 

Anthropogenic immissions of estrogens and xenoestrogens into 
water, foods and environment raised increasing concerns about growing 
threats to public health and ecological systems. At existing pollutant 
levels, these exogenous estrogenic substances potentially cause alter-
ations of the functions of endocrine systems and consequently affect 
reproductive development, cause precocious puberty, feminization as 
well as reproductive disorders and induce premature menopause (Aks-
glaede et al., 2006; Aravindakshan et al., 2004; Bolong et al., 2009). 
Moreover, a cause-and-effect link between elevated environmental es-
trogen levels and increased incidences of breast cancer in women and 
prostate cancer in men is vigorously debated (Moore et al., 2016; Nelles 
et al., 2011). 

Consequently, a comprehensive monitoring of estrogen, xenoes-
trogen and potentially hazardous estrogen metabolite and prohormone 

levels in final food products and environment is a mandatory prereq-
uisite to secure consumer health and to clearly identify causal re-
lationships between exposure levels of estrogens and incidence of 
presumably endocrine-related disease patterns as well as environmental 
damage. Omnipresence along with the structural diversity of substances 
affecting the balance of endocrine systems however, poses a demanding 
challenge to nowadays analytics, effective monitoring and reliable risk 
assessment. The inherent problem is well-reflected in the European 
Union’s effort to protect water quality. As monitoring data of emerging 
pollutants are generally too sparse to determine the risk they pose to, in 
this case, aquatic systems, a surface water watch list for EU-wide 
monitoring of these substances was established in 2015 (Carvalho 
et al., 2015). Notably, the number of substances, or substance groups 
including estrone (E1), estradiol (E2) and ethinylestradiol (EE2), to be 
analyzed by liquid-chromatography coupled tandem mass spectrometry 
(LC-MS/MS), had to be limited to 10 in order to “maintain monitoring 
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costs at reasonable levels” (European Union, 2013). Such statements 
underscore the cost-intensiveness of these procedures, concomitantly 
limiting a comprehensive monitoring of estrogen levels in countries with 
lower economic performance. It follows at the same time, that the 
tremendous range of estrogenic substances, spanning plasticizers, 
pharmaceuticals, pesticides and many others, cannot be covered by a 
monitoring program using sophisticated detection schemes, like 
LC-MS/MS, even in highly developed countries. 

To overcome the significant limitations of pure chemical analysis, 
several bioassays as well as biosensors were developed to measure 
estrogenecity, mostly as a sum parameter rather than quantifying single 
compounds (Arnold et al., 1996; Soto et al., 1995; Wilson et al., 2004). 
In-vitro bioassays are generally based on activation, inhibition or 
binding to physiological targets, i.e. estrogen receptors. They therefore 
expediently include compounds that “mimic” the action of naturally 
occurring substances. These approaches on the other hand do not aim at 
the numerous effects of xenoestrogens on estrogen synthesis, meta-
bolism and the presence of inactive prohormones or prodrugs (Kunz 
et al., 2015; Zacharewski, 1997). Hence, an integrated testing strategy 
for safety assessment is highly demanded, which cannot be covered by 
single target tests (Wang et al., 2014). 

In this context, natural enzymes acting on estrogen substance classes, 
like sulfotransferases (SULTs), may serve as an attractive biomimetic 
tool. Cytosolic sulfotransferases (SULTs) are critical enzymes in steroid 
homeostasis and play a pivotal role in detoxification of xenobiotics by 
sulfate conjugation (Gamage et al., 2006). Amongst these proteins, es-
trogen sulfotransferase (SULT1E1) exhibits the highest affinity for es-
trogens (KM = 5 nM) in concert with a broad overlapping specificity for 
substrates that interact with estrogen receptors (Cole et al., 2010; Falany 
et al., 1995; Zhang et al., 1998). The unique architecture of the binding 
pocket additionally allows for complexation of C-17 esters of steroidal 
estrogens, i.e. prodrugs, including frequently prescribed pharmaceuti-
cals and environmental contaminants (Kuhl, 2005). Furthermore, 
ubiquitous chlorinated and brominated flame retardants majorly exert 
their endocrine disrupting effect through binding and inhibition of 
SULT1E1 rather than by direct interactions with estrogen receptors, 
underlining the importance of this enzyme for estrogenecity assessment 
(Dorosh et al., 2011; Gosavi et al., 2013). 

Taken together, SULT1E1 might serve as an important complement 
to the aforementioned analytical methods for monitoring food and 
environmental estrogenic pollutants. We therefore set off to integrate 
this enzyme into the recently established soft colloidal probe (SCP) 
assay, employing soft elastomeric microparticles for sensitive quantifi-
cation of adhesion energies between SCPs and interacting inelastic 
surfaces in combination with simple and fast interferometric optical 
readout technologies, like reflection interference contrast microscopy 
(RICM). With this novel tool, some major drawbacks of cell and chro-
matographic/mass spectrometric methods can be overcome, in partic-
ular the necessity of well-equipped laboratories, trained personnel and 
time-consuming analysis procedures. In conjunction with fine tunable 
parameters like particle elasticity, ligand density and linker architec-
ture, the working range and sensitivity can be adjusted, making the SCP 
assay an attractive platform for precise and convenient on-site detection 
of diverse analytes (Fischer et al., 2020; Rettke et al., 2020; Wang et al., 
2017). The feasibility of this highly specific and sensitive biosensing 
concept even in the pM range has been proven in the areas of carbo-
hydrate, pesticide as well as antibody detection, deserving a translation 
into a detection assay of estrogenic substances (Pussak et al., 2013; 
Rettke et al., 2020; Strzelczyk et al., 2017). 

2. Materials and methods 

2.1. Particle preparation 

SCP particles were synthesized as described previously (Pussak et al., 
2012; Wang et al., 2017). Briefly, 50 mg poly(ethylene glycol) diacrylate 

(Mn 6000 Da, Sigma Aldrich, Germany) and 1 mg of the photoinitiator 
Irgacure 2959 (Sigma Aldrich) were added to 10 ml 1M sodium sulfate 
and vortexed until microscopic droplets were formed. The dispersion 
was photopolymerized using a Heraeus HiLite UV curing unit (Heraeus 
Kulzer, Germany) for 90 s. Next, the PEG SCPs were grafted with cro-
tonic acid (Sigma Aldrich) as described earlier (Pussak et al., 2012; 
Wang et al., 2017). In short, water was exchanged by 10 ml ethanol, then 
250 mg benzophenone (Sigma Aldrich) and 1.5 g crotonic acid were 
added. Subsequently, the mixture was flushed with nitrogen for 30 s 
before irradiating with UV light for 900 s. The resulting SCP particles 
were then washed with ethanol and PBS three times each. Young’s 
elastic modulus of SCPs is analyzed by means of colloid force spectros-
copy. Suitable SCPs exhibit a modulus of elasticity of approx. 20–40 kPa 
(Glaubitz et al., 2014; Schmidt et al., 2015), see also ESI. 

2.2. Post-functionalization of SCPs 

In order to enable specific interactions between SULT1E1 function-
alized biochip surfaces and hydrogel probes, SCPs were first coated with 
the mono-protected diamine linker 1-(9-fluorenylmethyloxycarbonyl- 
amino)-4,7,10-trioxa-13-tridecanamine (Fmoc-TOTA, IRIS Biotech, 
Germany) for introduction of amino groups employing active ester 
chemistry. For this purpose, 2 ml of an SCP suspension were washed 
with 2 ml of 100 mM MES buffer (pH = 5.3) and the supernatant was 
discarded after centrifugation (10 min, 1844 g). 6.2 mg (40 μmol) of 1- 
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Carbolution 
Chemicals, Germany) and 11.5 mg (100 μmol) of N-hydroxysuccinimide 
(NHS, Sigma Aldrich, US) were dissolved in 2 ml of 100 mM HEPES 
buffer (pH = 7.0) and the SCPs were subsequently suspended in the 
solution. After 15 min of activation of the carboxyl groups, 50 μl of a 
Fmoc-TOTA solution (2.4 mg, 5 μmol) in HEPES buffer was added and 
the reaction was allowed to proceed for 1 h while agitating. After 
centrifugation (10 min, 1844×g) the supernatant was discarded and 
replaced by a 20% piperidine (Sigma Aldrich, US)/double deionized 
water (ddH2O) mixture to deprotect amino groups. The particles were 
left in the solution for 10 min. Subsequently, SCPs were washed 3 times 
with ddH2O prior to coupling of E1 (Sigma Aldrich, US) or estradiol 17β- 
D-glucuronide (E217G, Cayman Chemical, US). 

E1 was coupled to the particles by means of reductive amination. 
Therefore, 1 ml of an ethanolic estrone solution (2.6 mg, 9.6 μmol) was 
prepared and added to the particle pellet. Next, 20 μl of a 1 M NaOH 
solution containing 6.3 mg (100 μmol) sodium cyanoborohydride 
(Sigma Aldrich, US) was prepared and added to the suspension for re-
action under alkaline conditions. Alternatively, 6.3 mg (100 μmol) so-
dium cyanoborohydride was dissolved in the ethanolic particle 
suspension and 20 μl of glacial acetic acid was added for reaction under 
acidic conditions. The suspensions were left to react for 120 min in a 
rotator. After centrifugation and discarding the supernatant, the SCPs 
were washed three times with ethanol. 

E217G was coupled to SCPs employing active ester chemistry. 2 mg 
(4.5 μmol) E217G were dissolved in 1 ml of a 14% v/v dimethyl sulfoxide 
(DMSO)/100 mM Hepes solution (pH = 7.0). Subsequently 3.8 mg (24 
μmol) EDC and 5.8 mg (50 μmol) NHS were added directly to the so-
lution and left to form the reactive NHS-ester with the glucuronide for 
15 min at room temperature. The reaction mixture was added to the 
previously centrifuged and decanted amino-terminal SCPs and allowed 
to react for 2 h in a rotator. Finally, the SCPs were washed 3 times with 
100 mM HEPES buffer. 

The introduction of glycolic acid (Sigma Aldrich, US) was performed 
to block residual unreacted NH2-moieties after the initial estrogen 
coupling steps. 750 μL of a glycolic acid solution (2.9 mg, 38 μmol), 
activated with 2.3 mg (15 μmol) EDC/4.3 mg (37 μmol) NHS for 15 min 
in 100 mM HEPES buffer, were added to the SCP pellet and left to react 
for 2 h in a rotator. SCPs were washed several times with 100 mM HEPES 
buffer prior to use for subsequent experiments. 

Young’s elastic modulus of SCPs after functionalization was assessed 
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by colloid force spectroscopy, see ESI and Fig. S2. 

2.3. Chip surface preparation 

To prepare biochip surfaces for specific interaction with SCPs, glass 
coverslips (Ø 32 mm, Thermo Scientific, Germany) were placed in a 
Teflon rack and cleaned by sonication in double deionized water and 
ethanol (AppliChem, Germany) for 30 min each. To remove organic and 
particle contaminants from the surfaces, a mixture of 50 ml H2O2, 35% 
(Grüssing, Germany), 50 ml 25% NH3 aqueous solution (Merck, Ger-
many) and 250 ml ddH2O was heated to 60 ◦C on a hot plate and cov-
erslips were left in the solution for 10 min. After rinsing twice with 
ddH2O, the coverslips were dried in a nitrogen stream. Subsequently, a 
solution of 20 mM APTES in a 9:1 (v/v) mixture of isopropanol (Appli-
Chem, Germany)/ddH2O was prepared using 225 ml isopropanol, 25 ml 
ddH2O and 1.16 ml (5 mmol) 3-aminopropyltriethoxysilane (Alfa Aesar, 
US). The cover glasses were left in the solution for 120 min, washed 
thoroughly with isopropanol and dried using a nitrogen flow prior to 
annealing for 60 min at 120 ◦C. 

The amine functionalized coverslips were placed in a 60, 120, 180 or 
240 mM solution of succinic anhydride (Merck, Germany) in 250 ml 
tetrahydrofuran (THF, AppliChem, Germany) respectively, left to react 
for 60 min at room temperature and washed twice with THF and ddH2O. 
The COOH-groups were subsequently activated by addition of 2 ml of a 
solution containing 3.8 mg (40 μmol) EDC/21.7 mg (100 μmol) sulfo- 
NHS (Carbolution Chemicals, Germany) per slide and allowed to react 
for 30 min to form active esters. After washing twice with MES buffer 
and once with HEPES buffer, a 20 mM solution of Nα,Nα-bis(carbox-
ymethyl)-L-lysine (NTA-NH2, Sigma Aldrich, US) in HEPES buffer was 
added to the surfaces and allowed to react for 2 h at room temperature. 
The supernatant was discarded and the coverslips were again washed 
twice with HEPES buffer. Subsequently, each of the coverslips was 
treated with 1.5 ml of a 20 mM (7.5 mg/ml) Na2EDTA solution and left 
for 30 min to remove metal contaminations prior to Ni-chelation. The 
supernatant was discarded and the surfaces were rinsed with ddH2O and 
100 mM HEPES buffer containing 200 mM imidazole (Sigma Aldrich, 
US), pH = 7.0 several times before addition of 2 ml of a 20, 50 100, 150 
or 200 mM NiSO4 (Sigma Aldrich, US) solution to each slide. After 2h, 
the coverslips were rinsed with ddH2O as well as HEPES buffer, dried 
using pressurized N2, and hexahistidine - green fluorescent protein (his6- 
GFP; Sino Biological, PRC) or SULT1E1 - hexahistidine (SULT1E1-his6; 
Prospec, Israel) was immobilized by means of the his6-tag. Therefore, 
solutions of his6-GFP (25 μg/ml) and SULT1E1-his6 (5 μg/ml) in 1x PBS 
(VWR, US), 10 mM imidazole, pH = 7.4 were prepared and 2 ml were 
carefully pipetted onto each slide. After 2 h of incubation, the slides 
were finally washed 3 times with 1x PBS buffer containing 10 mM 
imidazole. 

2.4. Fluorescence microscopy of functionalized SCPs and biochips 

Successful coupling of linker molecules, estrone and estradiol 17β-D- 
glucuronide as well as chip surface functionalization was assessed 
employing confocal laser scanning microscopy (cLSM, LSM700, Zeiss, 
Germany). In order to fluorescently label the SCPs and chip surfaces, 
500 μg of fluorescein isothiocyanate (1.28 μmol, Sigma Aldrich) was 
dissolved in 20 ml of 100 mM borate buffer (pH = 9.0, Sigma Aldrich, 
US) and 1.5 ml of the stock solution was added to each sample of the 
functionalized SCPs or coverslips. The reaction tubes and coverslips 
were protected from light and reacted for 1 h at room temperature. 
Excess solution was discarded and the samples were washed with HEPES 
buffer 3 times. 

For verification of functionalization of E217G-coated SCPs, a similar 
procedure was conducted. 500 μg carboxyfluorescein succinimidyl ester 
(FAM-SCM, Sigma Aldrich, US) was dissolved in 20 ml of 100 mM 
HEPES buffer (pH = 7.0, Sigma) and 1.5 ml of the stock solution was 
added to each sample of the functionalized SCPs, reacted for 1 h at room 

temperature, washed thoroughly and finally analyzed via cLSM. The 
resulting fluorescently labelled SCPs and chip surfaces were analyzed in 
HEPES buffer at pH 7.0. 

All stained samples were excited using a 488 nm laser line. FITC 
stained surfaces and SCPs were imaged using an LCI Plan-Neofluar 63x/ 
1.3 oil immersion objective (Zeiss, Germany) and areas of 105.2× 105.2 
μm (512 × 512 pixel, 4.87 pixels/μm) were recorded. To avoid rapid 
photobleaching of labelled samples, the pinhole was set to 10.8 airy 
units to allow for imaging with very low laser intensities. For evaluation 
of the data obtained, a fit was applied due to the dependence of fluo-
rescence intensities on the SCP diameter. Detailed information is given 
in the ESI. For fluorescence intensity profiles of cross-sectional areas of 
FITC stained SULT1E1 coated surfaces, a 20 pixels median filter was 
applied and areas of 100 × 14.4 μm in the center of the images (y = 52.6 
μm) were analyzed to minimize the impact of noise on the analysis. 
Standard deviation of fluorescence intensities was calculated from the 
intensity distribution in x-direction of the cross-sectional areas. 

For examinations of FAM-SCM stained SCPs via cLSM, a water im-
mersion objective (C-Apochromat, Zeiss, Germany) with 40× magnifi-
cation and a numerical aperture of 1.20 was used. The pinhole was set to 
1 airy unit. In order to analyze sedimented SCPs, areas of 320.08 ×
320.08 μm (512 × 512 pixels, 1.60 pixels/μm) were recorded and the 
mean grey value (fluorescence intensity) of each particle was calculated 
based on the fluorescence intensity within the corresponding x-y plane. 
No fitting was necessary in the case of FAM-SCM stained SCPs. 

2.5. Reflection interference contrast microscopy (RICM) measurements 

RICM was used to examine surface homogeneity of functionalized 
coverslips, to investigate the effect of estrogen functionalization on the 
SCPs and for final estrogen detection assays. For analysis of coated 
coverslips, the coverslips were clamped into a Teflon rack, covered with 
2 ml of ddH2O and examined via RICM. SCP evaluation was conducted 
in 400 μl wells. Therefore untreated coverslips (Ø 32 mm, Thermo Sci-
entific, Germany) were adhered to a sticky-slide 16 well (Grace Biolabs, 
US) and each surface was covered with 200 μl of 100 mM HEPES-buffer 
pH = 7.0. 20 μl of the respective SCP solution was carefully pipetted into 
the wells, allowed to sediment for 20 min and the particles were sub-
sequently investigated. For estrogen specificity testing, SULT1E1 coated 
coverslips were adhered to sticky-slide 16 wells and each surface was 
incubated with 200 μl of HEPES-buffer as a positive control or the 
respective analyte solution for 30 min. Analyte solutions were prepared 
as saturated hormone solutions (progesterone: 28 μM, testosterone: 81 
μM, ethinylestradiol: 38 μM) with the exception of estrone (100 μM). 
Afterwards, 20 μl of a suspension containing E217G functionalized SCPs 
were added dropwise. After 30 min, sedimentation of the SCPs was 
completed and interference patterns were imaged using an inverted 
microscope (Olympus IX73, Germany) with an integrated halogen lamp 
for bright-field microscopy. To obtain interference reflection patterns, 
samples were illuminated by a monochromatic 530 nm collimated LED 
(M530L2-C1, Thorlabs, Germany) in reflection mode using a 60x, NA 
(numerical aperture) 1.35 oil-immersion objective (UPlanSApo 60×
1.35 oil, Olympus, Germany). Images were captured with a mono-
chrome CCD camera (DMK 23U274, ImagingSource, Germany) using 
μManager microscopy software. All datasets were recorded applying an 
exposure time of 50 ms and stored in tagged image file format (tiff). 

2.6. Data analysis of RICM measurements 

Obtained images of radial profiles resulting from the adhering or 
non-adhering SCPs were analyzed by a home-built software based on 
pattern matching using the routinely analyzed Young’s elastic modulus 
of SCP of roughly 20 kPa (Waschke et al., 2019). Adhesion energies were 
calculated by the software. 
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3. Results and discussion 

3.1. Experimental setup 

In our experimental setup, as outlined in Fig. 1, a SULT1E1-his6 
fusion construct was immobilized on a transparent coverslip presenting 
Ni2+-NTA to generate the protein-functionalized biochip. Estrogenic li-
gands of the estrogen binding domain of SULT1E1 were conveniently 
coupled to amine-functionalized SCPs by either reductive amination or 
active ester chemistry. The so-equipped SCPs are able to specifically 
interact with the SULT1E1 decorated biochip and form a distinct contact 
area. A simple, low-cost optical readout of contact area and SCP size, 
realized by RICM, facilitates calculation of the related adhesion energies 
by means of the Johnson-Kendall-Roberts-model of elastic contact 
(Johnson et al., 1971): 

a3 = 6π W
Eeff

R2 (1)  

where a is the radius of contact, W the adhesion energy of an SCP and a 
hard surface, R the radius of the SCP and Eeff the effective elastic 
modulus of the probe (Eeff = 4E/(3(1-ν2)); E - Young’s modulus, ν - 
Poisson ratio). Detection of estrogenic substances was carried out in a 
straightforward competitive binding assay. The presence of analytes 
within a sample solution causes a concentration dependent loss of 
accessible binding sites for SCP-tethered ligands, leading to a differential 
reduction of the SCP-biochip interfacial area. Thus, the concentration of 
an analyte in the solution is directly related to the adhesion energy. The 
general principle of analyte detection is depicted in Fig. 1. 

At first, one has to consider the SULT1E1 binding principle of es-
trogens in order to functionally mimic this situation in the SCP assay. 
The structure of the used SULT1E1-his6 and the binding pocket of 
SULT1E1 for estrogens and xenoestrogens are schematically illustrated 
in Fig. 2a. The C-terminal his6-tag of SULT1E1-his6 is approximately 
situated opposite to the estrogen binding pocket on a flexible C-terminal 

loop of SULT1E1, assuring optimum accessibility for estrogenic ligands. 
In contrast, the N-terminus is in close proximity to the ligand binding 
domain and N-terminal modifications are therefore expected to interfere 
with ligand binding by either shielding the binding site or causing an 
unfavorable orientation of the immobilized enzyme. The visualized 
estrogen-SULT1E1-complex shows the alignment of estradiol within the 
enzyme’s binding pocket. As can be seen, the C-17β-OH group of 
estradiol and C-17-keto group of estrone point outward the binding 
domain and can therefore be used for functional modifications, i.e. for 
coupling the molecules to SCPs without loss of affinity of the conjugated 
estrogen. 

3.2. Biochip functionalization 

For site-directed immobilization of proteins bearing a hexahistidine 
(his6) sequence, a multistep procedure for generating surfaces present-
ing Ni2+ chelated by NTA was established, which is schematically out-
lined in Fig. 2b. Freshly oxidized glass coverslips were silanized to 
introduce amino groups, which were subsequently converted into car-
boxy groups via treatment with succinic anhydride in THF. These 
functional groups in turn allow for covalent coupling of NTA-NH2 via the 
amino group using active ester chemistry. After charging NTA with Ni2+, 
the surfaces were loaded with the respective protein, which forms a 
stable complex by interaction of the his6 sequence with the presented 
Ni2+-NTA. 

To generate SULT1E1 biochips, amine functionalized surfaces were 
treated with 60, 120, 180 or 240 mM succinic anhydride to introduce 
carboxy groups. The 240 mM solution yields nearly complete conversion 
of amino groups and was therefore used for all follow up experiments 
(see ESI). Next, the carboxy terminated slides were functionalized with 
NTA-NH2 using active ester chemistry. Subsequently, surfaces were 
charged with 20, 50, 100, 150 or 200 mM NiSO4 solutions to closely 
examine the impact of Ni2+ concentrations on surface homogeneity, 
which is a key indicator for highly sensitive measurements of interfacial 
surface areas by the SCP assay. As can be seen from Fig. 3a, deposits of 
impurities are encountered with significantly higher frequency on sur-
faces treated with highly concentrated NiSO4 solutions, hence coverslips 
charged with 150 and 200 mM solutions can be regarded inapplicable 
for the envisioned assay and were therefore not further investigated. 

After the Ni2+ charging step, the biochip surface was functionalized 
with SULT1E1-his6 and stained with FITC for assessment of protein 
immobilization capacity and homogeneity of the resulting protein layer 
in dependence on the NiSO4 concentration. cLSM measurements of the 
stained biochips revealed only a minor correlation of fluorescence in-
tensities of FITC-stained SULT1E1 coatings with the NiSO4 concentra-
tion (see Fig. 2b and c), indicating saturation of the immobilized NTA 
moieties and saturated protein immobilization even at a NiSO4 con-
centration of 20 mM. For verification of protein immobilization via his- 
tag, analogous experiments were conducted using his6-GFP instead of 
SULT1E1-his6 and FITC labelling. A bare NTA functionalized slide 
served as a control. Although his6-GFP shows some unspecific binding to 
NTA slides, site-directed immobilization of the protein via his6-tag could 
be validated by the clear increase of the fluorescence intensity after Ni2+

charging (20 mM NiSO4). Additionally, the homogeneity of the FITC- 
stained SULT1E1 coated biochips was examined in more detail, as 
cLSM images showed irregular structures at a NiSO4 concentration of 
100 mM (Fig. 2b). Intensity profiles of cross-sectional areas for each 
slide were evaluated as well (Fig. 2d). The intensity variations positively 
correlated with the amount of NiSO4 used for charging of NTA-coated 
slides. An analysis of the intensity standard deviation of these cross- 
sections showed the lowest variation and hence the most homoge-
neous surface for the 20 mM NiSO4 condition (Fig. 2e). Taken together, 
these results indicate saturation of the immobilized NTA moieties even 
at low concentrations of NiSO4. Concentrations above 20 mM of the 
charging solution led to formation of detrimental deposits on the sur-
faces. In the light of these findings and in view of potential risks that 

Fig. 1. General principle of estrogen detection using the SCP assay. A 
transparent biochip is coated with SULT1E1 (black symbols), capable of binding 
estrogens (pale grey spheres with black borders) and the number of residual 
binding sites declines with increasing analyte concentration. SCPs functional-
ized with ligands of SULT1E1 (grey spheres) approach the biochip and form a 
distinct contact area with the biochip surface. I) The SCP strongly adheres to 
the SULT1E1 binding sites, resulting in an elastic SCP deformation and an 
extended contact area. II) Increasing the analyte concentration decreases the 
number of available binding sites and the SCP adhesion and contact area de-
clines, until the SCP cannot bind to the biochip surface anymore (III). The 
lowest panel indicates RICM model images of the respective adhering and non- 
adhering SCPs. 
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impurities and non-uniform coatings present for sensitive measurements 
of interfacial adhesion energies, all follow-up experiments were con-
ducted using 20 mM NiSO4 charged Ni2+-NTA surfaces. 

3.3. SCP functionalization 

The second component of the biosensor encompasses estrogen 
functionalized SCPs, capable of specifically interacting with SULT1E1 
decorated biochips. E1 as well as the estradiol metabolite E217G were 
selected for functionalization as both are substrates of SULT1E1 and 
bear functional groups or substituents at C-17 of the steroid scaffold that 
can be coupled to SCPs conveniently and under comparatively mild 
conditions (Sun et al., 2010). Tethering steroid estrogens via C-17 sub-
stituents is preferred for the envisioned assay, as these groups are not 
involved in interactions with SULT1E1. 

Carboxy functionalized SCPs were prepared according to the pro-
cedure established by Pussak et al., (2012) and post-functionalized as 
depicted in Fig. 4. A diamine linker was coupled to the SCPs first to 
introduce amino groups, requisite for conjugating the selected estrogens 
to the SCPs. The Fmoc protecting group prevents SCP crosslinking dur-
ing amine functionalization of the SCPs. NaBH3CN was used for reduc-
tion of the Schiff base formed from SCP-amine and estrone-keto group. 
Alternatively, the carboxy group of the glucuronic acid moiety was 
utilized for coupling E217G by means of active ester chemistry. 

Both coupling strategies were evaluated employing FITC staining of 
amino groups and analyzed by cLSM. The results shown in Fig. 5a 
indicate successful coupling of E1 and E217G to SCPs, as these reactions 
are accompanied by consumption of amino groups. The decline of 
fluorescence intensities can be correlated to the number of estrogen 
molecules coupled to the respective SCP. It can be concluded that 
reductive amination is more efficient in the presence of NaOH (basic) 

than under acidic conditions. To prevent disturbances of subsequent 
RICM assays by charged residual amino groups, an additional coupling 
step was performed utilizing glycolic acid (gly) for conversion of these 
groups into hydroxyls. This quenching of remnant amino groups resul-
ted in a low fluorescence signal, which is likely to be attributed to un-
specific binding or entrapment of dye molecules in the SCP’s polymer 
meshwork. 

Eligibility of the respective estrogen functionalized SCPs was 
assessed by probing interfacial areas between SCP and glass surface by 
means of RICM (Fig. 5b and c). The resultant micrographs revealed that 
E1 functionalization is steadily accompanied by irregularities of the 
interference patterns. Very bright as well as dark spots visible at the SCP- 
surface interface indicate areas of high reflectivity arising from a locally 
increased density. This effect might be a result of local deposits, ag-
gregation of poorly soluble E1 molecules during solvent exchange or 
degradation of the SCPs due to comparatively harsh pH conditions for 
both reductive amination protocols. Besides this, a considerable pro-
portion of SCPs showed non-circular Newtonian fringes, detrimental to 
accurate quantification of contact areas as well as SCP radii. Addition-
ally, SCPs coupled under acidic conditions showed a strong tendency to 
aggregate rather than being homogeneously suspended. Taken together 
these results led us to conclude to E1-functionalized SCPs to be unsuit-
able for the envisioned assay. However, E217G functionalized SCPs 
showed none of these effects and were hence selected for follow-up 
experiments. 

In a final step, the E217G functionalization strategy was validated 
employing cLSM analysis of carboxy fluorescein succinimidyl ester 
(FAM-SCM) stained SCPs. FAM-SCM is similarly utilized for staining of 
amino groups but shows better specificity compared to FITC. The results 
from the initial characterization (see above) could be validated as the 
fluorescence signal of the SCPs was markedly decreased after coupling 

Fig. 2. Schematic representation of the used SULT1E1 - estradiol binding site and surface coating procedure for site-specific SULT1E1 immobilization on the 
transparent biochips. a) Upper panel: SULT1E1 (green) is expressed as a fusion construct, bearing a C-terminal his6 sequence (blue) connected to a flexible loop of the 
enzyme. Estradiol (orange) is known to bind to the estrogen binding domain of SULT1E1, which is located approximately on the opposite site of the his6 sequence. 
The his6 sequence has no preferred secondary structure and is displayed in linear zigzag conformation for better visualization. Lower panel: Orientation of estradiol 
within the binding pocket shows functional groups of estrogens which are not involved in interactions with the enzyme, e.g. the C-17β-OH group of estradiol and the 
C-17-keto group of estrone (black arrow). The estradiol-SULT1E1-his6 complex was modified from PDB identification code 4JVL. SULT1E1 estrogen binding domain 
was modelled according to Cole et al. (2010). b) Surface functionalization strategy: Silanol groups of a glass coverslip are functionalized with NTA in a multistep 
procedure, including treatment with APTES, succinic anhydride and NTA-NH2. Ni2+ charging of NTA functionalized glass slides allows for immobilization of proteins 
presenting a his6 sequence. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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E217G to amine functionalized SCPs (Fig. 5d). The averaged fluores-
cence intensity of E217G + gly functionalized SCPs was at a level com-
parable to the reference, i.e. unfunctionalized SCPs, which can be 
regarded as a measure of unspecific binding of dye molecules. This 
experiment shows a similar trend to Fig. 5a (right), supporting the 
reproducibility of SCP functionalization with E217G + gly, although it 
should be noted that the experimental setups differ slightly. 

3.4. SCP-based estrogen sensing assay 

Having established and optimized biochip and SCPs for adhesion 
measurements, we finally tested our detection system, employing 
binding assays in the presence and absence of soluble ligands of 
immobilized SULT1E1. Estrone (E1) and ethinylestradiol (EE2) were 
selected as representative natural and synthetic estrogens. These com-
pounds function as competitors of SCP tethered ligands, occupying 
available binding sites of SULT1E1 presented by the biochip. This 
blocking of the binding sites should result in a reduction of adhesion 
between SCP and chip surface, consequently decreasing adhesion en-
ergies and contact areas of SCPs. To show the specificity of the assay, the 
respective biochips were also incubated with testing solutions contain-
ing testosterone (T) and progesterone (P4) representing the group of 
androgens and progestogens as negative controls. Estrogens, androgens 
and progestogens span all classes of gonadal steroids and were chosen 
because of the significant structural similarities and the associated 
complexity to distinguish between these compounds. The specificity of 
the interactions between SCP-tethered ligands and biochip was addi-
tionally addressed by comparing adhesion energies of SULT1E1-coated 

chips and bare Ni2+-NTA-functionalized surfaces without competitors. 
Fig. 6 shows that E217G-functionalized SCPs adhered strongly to 

SULT1E1 decorated biochips (reference), whereas without SULT1E1, a 
negligible adhesion to the surface was observed. This result indicates the 
general specificity of interactions between SCP-tethered ligands and 
biochip. Comparison of adhesion energies under reference conditions 
with biochips incubated with saturated solutions of P4 and T do not 
reveal any impact of progestogen and androgen on SCP binding to 
immobilized SULT1E1. In sharp contrast, both estrogens, i.e., E1 and 
EE2, markedly diminish adhesion energies by roughly 70%, demon-
strating the selective occupation of estrogen binding sites of SULT1E1 by 
soluble as well as SCP tethered ligands. Taken together, these results 
confirm that estrogen analytes can be clearly distinguished from other 
structurally related substance classes, proving the general feasibility and 
adequate specificity of our sensing concept. 

Identifying, detecting and quantifying estrogenic compounds is of 
vast importance for assessing and monitoring implications for public 
health and the environmental status. The requirements for the particular 
analytical method vary greatly depending on the field of application. In 
this proof-of-concept study, the ability of the assay to discriminate ste-
roidal estrogens (E1 and EE2) from non-estrogenic steroids (T, P4) was 
demonstrated using saturated hormone solutions (EE2: 38 μM, T: 81 μM, 
P4: 28 μM) and a 100 μM estrone solution, respectively. 

In view of the ever-growing list of compounds potentially exerting 
estrogenic effects and the numerous physiological effects of estrogens, 
novel methods for rapid screening of this diverse group of substances, 
which includes industrial chemicals, natural products, pharmaceuticals, 
etc., are highly demanded. Because of the complexity of testing and 

Fig. 3. RICM, cLSM and homogeneity assessment of Ni2+-NTA functionalized and protein coated biochip surfaces. a) NTA-functionalized glass slides were charged 
with NiSO4 at different concentrations and surfaces were examined by RICM. Increasing amounts of NiSO4 progressively caused deposition of impurities onto 
surfaces. b) SULT1E1-coated and FITC stained surfaces were analyzed using cLSM to evaluate the impact of NTA-charging with 20, 50, 100, 150 and 200 mM NiSO4 
solutions on subsequent protein immobilization. c) Fluorescence intensity analysis of FITC-stained SULT1E1-coated surfaces with 9 cLSM images per slide (3 samples 
per condition) in dependence on NiSO4 concentration (left). Protein immobilization was verified using his6-GFP- and a NTA surface charged with 20 mM NiSO4 
(right). Error bars indicate S.D. d) Representative fluorescence intensity profiles of cross-sectional areas (semi-transparent overlay in b) of FITC-stained SULT1E1- 
coated surfaces. e) Averaged standard deviations of intensity profiles of cross-sectional areas (9 cross sections per sample, 3 samples per condition). Error bars 
indicate S.D. 
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identifying all of these compounds, establishing a single “gold standard” 
analytical method is unrealistic, and it is widely recognized that multi-
ple in vitro and in vivo assays must be used together to comprehensively 
evaluate the effects of these compounds on estrogen homeostasis. The 
herein described new SCP-based assay, which uses immobilized 
SULT1E1 as a recognition element, can help identify and prioritize 
compounds that are overlooked by estrogen receptor-based assays but 
exert indirect effects by binding to SULT1E1. In this scenario, superior 
sensitivity of the assay compared to established methods is not a 
requirement, but special efforts should be made to establish a high- 
throughput and cost-effective platform. The United States Environ-
mental Protection Agency published guidelines for competitive ligand 
binding assays within the framework of the Endocrine Disruptor 
Screening Program (United States Environmental Protection Agency, 
2009). This Method employs rat uterine cytosol containing 
estrogen-receptors and radiolabeled estradiol. The disadvantages of this 
approach are the necessity of specialized laboratories and personnel to 
handle radioactivity and the necessity to sacrifice animals. These ob-
stacles can be overcome by the proposed SCP-based assay, as the 
recognition elements are used in the form of recombinant proteins and 
this method does not require labelled molecules. However, for the 
envisioned application, additional validation is necessary and the 
implementation of additional recognition elements, such as recombi-
nant estrogen receptors etc., might be a useful extension for a compre-
hensive identification of estrogen-like compounds. 

Besides this application, the SCP-based assay can be a useful tool for 
diagnostic approaches in a clinical setting. Estrogen imbalance is asso-
ciated with numerous adverse outcomes, including precocious or 
delayed puberty, menstrual problems and infertility. In addition, es-
trogen levels need to be monitored as part of fertility and menopause 
treatment, and abnormal estrogen levels can result from estrogen- 
producing tumors. Physiological serum estrone and estradiol levels 

(pregnancy not included) depend on gender, age and stage of the 
menstrual cycle and are typically in the pg/ml range (Stanczyk and 
Clarke, 2014). However, extremely low estradiol levels (<1 pg/ml) can 
be found in patients treated with aromatase inhibitors. Serum concen-
trations up to 10 ng/ml are typical during ovarian stimulation in women 
with infertility, and estrogen monitoring is particularly useful in 
assessing treatment response. In this proof-of-concept study, concen-
trations of estrogens (E1, EE2) in the μg/ml range were used. Therefore, 
further experiments are required to evaluate the suitability of the 
SCP-based assay in terms of the required sensitivity for such 
applications. 

In the clinical setting, both immunoassays and mass spectroscopy 

Fig. 4. Workflow for estrogen functionalization of SCPs. a) Compounds for the 
functionalization of SCPs. Fmoc-TOTA serves as a mono-protected linker for the 
introduction of amino groups. Estrone (E1) as well as estradiol 17β-D-glucuro-
nide (E217G) are coupled to the SCPs by either keto or carboxy groups. Func-
tional groups employed for coupling are highlighted in red. b) General 
procedure of SCP functionalization. Amino groups are introduced to carboxy 
functionalized SCPs by Fmoc-TOTA and subsequent deprotection by treatment 
with piperidine. E1 and E217G are conjugated to the SCPs by reductive ami-
nation and active ester chemistry, respectively. E1 is coupled via the keto group 
using cyanoborohydride under acidic (acetic acid, AcOH) or basic (sodium 
hydroxide, NaOH) conditions. As a second strategy, the carboxy group of the 
glucuronic acid moiety of E217G is reacted with the presented amino groups 
employing active ester chemistry. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Characterization of SCP functionalization using cLSM and RICM. a) 
cLSM images of FITC stained SCPs. Intensities after E1 and E217G coupling to 
amine functionalized SCPs using basic and acidic reductive amination and 
active ester chemistry as coupling strategies are shown. Quenching of remnant 
amino groups was achieved by reacting SCPs with glycolic acid (gly). At least 
20 SCPs were measured per condition. Error bars indicate S.E. b) RICM images 
of estrogen coated SCPs. E1 functionalized SCPs reveal irregular spots (white 
and grey dots) and non-circular Newtonian fringes, as indicated by red arrows. 
c) Representative fluorescence micrographs of SCPs treated with E1 under 
acidic conditions. d) cLSM studies documenting all steps of E217G SCP func-
tionalization, employing carboxyfluorescein succinimidyl ester staining. Amine- 
functionalized SCPs reveal high fluorescence intensities after deprotection 
(NH2), which drops stepwise in the course of E217G and glycolic acid 
(quenching) coupling. Faintly visible SCPs (reference, E217G/gly) are high-
lighted by dashed white circles. An averaged intensity value of 60 SCPs per 
condition is represented in the right plot with error bars indicating S.D. 

D. Rettke et al.                                                                                                                                                                                                                                  

57



Biosensors and Bioelectronics 192 (2021) 113506

8

methods are routinely used (Denver et al., 2019; Stanczyk and Clarke, 
2014). Liquid chromatography-tandem mass spectroscopy (LC-MS/MS) 
is the superior method in terms of sensitivity, allows discrimination 
between different estrogens and their metabolites, and can be multi-
plexed for high throughput, but usually requires derivatization of the 
analytes and clinical implementation is often not cost and time efficient 
(Keski-Rahkonen et al., 2015; Wu and French, 2013). Direct (non--
extraction) immunoassays are comparatively inexpensive and provide 
rapid results, but suffer from antibody cross-reactivity, matrix effects, 
and suboptimal sensitivity (Demers et al., 2015). The SULT1E1-based 
assay is capable of distinguishing estrogenic steroids from 
non-estrogenic steroids but not between E1, E2 and EE2. Therefore, this 
assay provides a rapid testing platform for total estrogen levels, whereby 
immunoassays and LC-MS/MS are both capable of measuring the con-
centration of a particular estrogen. In addition, it should be noted that 
C-17 conjugated steroid estrogens contribute to cross-reactivity and 
overestimation of total estrogen levels, which calls into question the 
suitability of this assay for clinical applications (Gamage et al., 2006; 
Schrag et al., 2004). From a technical perspective, implementation of 
the current microscopy-based SCP assay readout for rapid and 
cost-efficient estrogen monitoring is not feasible, as this approach re-
quires specialized optical instruments. However, current efforts are 
focused on transferring this technology to a portable optical device that 
allows convenient integration into clinical laboratory routines and 
environmental as well as process monitoring procedures. 

4. Conclusions 

We presented a novel approach for the detection of estrogenic small 
molecules employing the recently established SCP biosensing method-
ology in conjunction with the naturally occurring estrogen binding 
enzyme SULT1E1, which is a key enzyme for maintenance of estrogen 
balance. A transparent SULT1E1 biochip was generated by immobilizing 
the enzyme via his6-sequence on Ni2+-NTA functionalized glass cover-
slips. In this context, especially the NiSO4 charging was optimized to 
avoid coarse sediments and microinhomogeneities on the surface, 
detrimental to the precise determinations of contact areas of adhering 
SCPs. Amine-coated SCPs were functionalized with E1 and E217G by 
means of reductive amination and active ester chemistry, respectively. 
The latter strategy yielded uniformly functionalized particles without 
affecting the SCPs integrity. In a proof-of-concept experiment using 
RICM to measure adhesion energies between E217G functionalized SCPs 

and SULT1E1 decorated biochips, a high specificity for the natural and 
synthetic estrogens E1 and EE2 as well as a strong discrimination of non- 
estrogenic steroids (progestogen P4 and androgen T) was observed. This 
result demonstrates the feasibility of the new assay. 

Besides the well-known impact and complexity of the estrogen 
metabolism on hormone levels and thus balance, this is, to our knowl-
edge, the first approach explicitly implementing an estrogen metabo-
lizing enzyme in a biosensor, enabling the detection of hormonally 
active estrogenic compounds that might not act on estrogen receptors. 
We specifically emphasize the modularity of implementing an estrogen 
metabolizing enzyme, as it is not restricted to SULT1E1 and allows for 
the use of the entire set of estrogen metabolizing- or estrogen binding 
proteins in a multiplexed assay. This may open new avenues to cover the 
whole complexity of estrogenecity assessment without animal testing. 
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Coating of amine functionalized coverslips with succinic anhydride: Amine functionalized 

coverslips (Ø 32 mm, see “materials and methods” section “chip surface preparation”) were placed in 

a 60, 120, 180 or 240 mM solution of succinic anhydride (Merck, Germany) in 250 mL 

tetrahydrofuran (THF, AppliChem, Germany) respectively and left to react for 60 min at room 

temperature. The coverslips were washed twice with THF and ddH2O. In order to fluorescently label 

the chip surfaces, 500 μg of fluorescein isothiocyanate (1.28 μmol, Sigma Aldrich) was dissolved in 

20 ml of 100 mM borate buffer (pH = 9.0) and 1.5 ml of the stock solution was added to each sample 

of the glass slides. The coverslips were protected from light and reacted with the FITC solution for 1 

hour at room temperature. Excess solution was discarded and the samples were washed with HEPES 

buffer several times. The resulting fluorescence intensity of chip surfaces were measured in HEPES 

buffer at pH 7.0 on a confocal laser scanning microscope (LSM700, Zeiss, Germany) using a water 

immersion objective (C-Apochromat, Zeiss, Germany) with 40x magnification and a numerical 

aperture of 1.20 and the pinhole was set to 1 airy unit. Areas of 320.08 x 320.08 µm (512 x 512 pixel, 

1.60 pixels / µm) were imaged and the mean grey value (fluorescence intensity) of 15 images per 

condition (3 samples per condition) were averaged for mean intensity analysis. 
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Figure S1: cLSM evaluation of succinic acid coupling to amine functionalized coverslips. Mean 

fluorescence intensities drop with increasing concentration of succinic anhydride for carboxy functionalization 

of amine coated surfaces. Error bars indicate S.D.. 15 images (3 samples, 5 images each) were analyzed per 

condition. 
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As can be seen from Fig. S1, functionalization using 60 or 120 mM succinic anhydride solutions 

results in incomplete conversion of amino to carboxy groups. Fluorescence of the amine reactive dye 

is on the other hand scarcely detectable on surfaces treated with 240 mM succinic anhydride solutions, 

indicating complete carboxy functionalization without remaining residual amino groups. 

 

 

Determination of elastic modulus: Young’s modulus of functionalized SCPs was determined by 

means of scanning force microscopy using a NanoWizard 3 system (JPK instruments, Germany). 

Silica beads (Kisker, Germany) with a diameter of 10 μm were glued onto a tip-less cantilever (spring 

constant 0.03 N/m, CSC 38, μMasch, Bulgaria) and served as a probe for force indentation 

experiments. Several force curves were recorded for each sample of SCP and elastic moduli were 

calculated using a model of non-adhesive elastic contact developed by Glaubitz et al. (2014). 

 

 
Figure S2: Force spectroscopy measurements of 4 types of SCPs: a) Boxplot showing the resulting Young’s 

moduli of push-on scanning force spectroscopy measurements of functionalized SCPs. Upper and lower 

horizontal lines of the boxes correspond to the third respectively first quartile. Median values are depicted as 

horizontal line within the boxes. Whiskers represent the maximum and minimum values. Outliers are indicated 

by solid circles and are defined as values outside the upper and lower inner fence (possible minimum and 

maximum values referring to the default coefficient of 1.5.) b) Mean values of Young’s moduli and standard 

error of mean is shown. 

 

Force spectroscopy was exploited to determine Young’s moduli of amine (NH2), glycolic acid (gly), 

estradiol-17-β-D-glucuronide (E217G) and estradiol-17-β-D-glucuronide plus glycolic acid 

functionalized (E217G gly) SCPs as well as SCPs coated with estrone plus glycolic acid (E1 basic gly). 

The SCPs showed no significant difference of Young’s moduli with the exception of initial amine 

functionalized SCPs prior coupling of ligands and gly (Fig. S2). Stiffness increases after conjugating 

estrogenic compounds, i.e. E217G or E1, as well as after coupling gly to the SCPs. 
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Fluorescence microscopy of FITC stained SCPs: Successful coupling of linker molecules and 

estrone as well as estradiol 17β-D-glucuronide was assessed employing fluorescence laser scanning 

microscopy (LSM700, Zeiss, Germany) using an LCI Plan-Neofluar 63x/1.3 oil immersion objective 

(Zeiss, Germany). Areas of 105.2 x 105.2 µm (512 x 512 pixels, 4.87 pixels / µm) were recorded. To 

avoid rapid photobleaching of labelled samples and sensing low fluorescence intensities, the pinhole 

of the confocal laser scanning microscope remained fully opened (10.8 airy units) to allow for imaging 

with very low laser intensities. Labelling of SCPs was conducted as described in the “materials and 

methods” section. 

 

  
Figure S3: Fluorescence microscopy of FITC stained SCPs. a) SCP's diameter dependent fluorescence 

intensities (mean intensity at equatorial plane normalized by SCP cross-sectional area at equatorial plane) of 

amine (NH2), estradiol-17-β-D-glucuronide (E217G) and estradiol-17-β-D-glucuronide plus glycolic acid (E217G 

gly) coated SCP. b) SCP's diameter dependent fluorescence intensities of amine, estrone (E1) and estrone plus 

glycolic acid (E1 gly) coated SCPs. E1 is coupled under either acidic or basic conditions. SCP fluorescence 

intensities of single SCPs were fitted with a SCP's diameter dependence (solid lines) caused by the low vertical 

resolution and extrafocal contributions of the microscopic setup (open pinhole) in the range of 1 µm, which 

affects intensity measurements of SCP with diameters in the range of some tens of micrometers, see also 

equation below. 

 

The stained SCPs generally show increasing fluorescence intensities with increasing SCP diameter due 

to the large point spread function in vertical direction because of the opened pinhole (low vertical 

resolution) (Fig. S3). The diameter-dependent fluorescence intensities drop after coating the SCPs 

with estrogens and glycolic acid as a result of amino group consumption. The size-dependence of 

fluorescence analysis can be accounted by an approximate fit using the empirical equation for the 

intensity I: I = ISCP (hz - hz
3
·d

-0.5
) (hz = 1.3). This equation is reasoned by diameter dependent analyzed 

SCP volume of the SCP cross-section at its equatorial plane. The rather low vertical resolution with a 

long-ranged and complex point spread function in vertical direction in the range of 1 µm leads to a 

dependence of the analyzed cross-sectional volume of the SCP at the equatorial plane in dependence 

on SCP surface curvature in relation to cross-sectional area at the equatorial plane of SCP. For large 

SCP diameters this influence levels off, as observed in the data and modelled by the fitting equation. 

The intensity fit parameter ISCP can be used to compare the resulting fluorescence intensities for the 

different conditions of functionalization, which are summarized in Fig. 5a. 
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Abstract

Adhesive interactions of soft materials play an important role in nature and technology. Inter-

action energies can be quantified by determining contact areas of deformable microparticles

with the help of reflection interference contrast microscopy (RICM). For high throughput

screening of adhesive interactions, a method to automatically evaluate large amounts of

interacting microparticles was developed. An image is taken which contains circular interfer-

ence patterns with visual characteristics that depend on the probe’s shape due to its surface

interaction. We propose to automatically detect radial profiles in images, and to measure the

contact radius and size of the spherical probe, allowing the determination of particle-surface

interaction energy in a simple and fast imaging and image analysis setup. To achieve this,

we analyze the image gradient and we perform template matching that utilizes the physical

foundations of reflection interference contrast microscopy.

1 Introduction

Adhesive interactions between deformable materials play an important role in technology as

well as in biological processes, e.g. when cells interact with surfaces. In order to shed light on

the underlying principles, adhesion phenomena need to be precisely quantified.

Direct quantification of adhesion by means of a surface force apparatus or atomic force

microscopy has provided valuable insights into the field of mechanobiology, bioadhesives and

colloid science, to name just a few. While offering precise quantitative information on adhesive

interactions down to the molecular level, these force-based techniques require considerable

experimental effort. As a facile alternative, adhesion assays with soft polymer particles as

probes (soft colloidal probes, SCPs) have been introduced to directly quantify adhesive interac-

tions [1–3]. The method is based on determining the mechanical deformation of the SCP par-

ticles on a planar substrate by means of reflection interference contrast microscopy (RICM,

see Fig 1). RICM as an imaging technique has long been successfully used to study the

adhesion phenomena of cells, vesicles, and hard colloidal particles [4], since the underlying

contacts can be visualized with nanometer-precision in the vertical direction using an optical
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microscope. When observing the adhesive contacts of SCP-particles with well-defined elastic

modulus, the underlying adhesion energy Wadh can be quantified using the Johnson-Kendall-

Roberts (JKR) model [3, 5]:

Wadh ¼
r3
c �

4E
3ð1� v2Þ

6pp2
ð1Þ

where p is the SCP radius, rc the radius of the contact area, E the Young’s modulus of the SCP

and v the Poisson ratio.

In order to advance this method further, in the current work we establish software-aided

analysis of the RICM-images—i.e. automated localization of adhesive contacts, detection of

SCP radius and radius of contact area from the fringe pattern. Quantitative image analysis was

already introduced in the early days of RICM. For example, Rädler and Sackmann analyzed

the fringe patterns in RICM images and developed a theory that regards spatial distance

between a sphere and substrate [6]. Later, an improved approach, which also considered the

slope of non-planar surfaces, was proposed by Wiegand et al. [7]. With such a model as a foun-

dation and with knowledge of the relevant parameters, it is possible to accurately simulate

RICM profiles. Using non-planar image formation theory and numerical profile reconstruc-

tion, Contreras-Naranjo et al. [8, 9] developed more advanced algorithms showing improved

profile reconstruction of unknown convex particle shapes. Clack and Groves [10] utilized the

model of Wiegand et al. to create a library of 1250 synthetic templates for automated analysis

of RICM images. The authors generated templates for particle sizes at height levels between 0

nm and 250 nm. Then they analyzed the microscope image via correlation filter to detect

image regions having a high similarity to any of the templates. Related, but technically more

demanding, methods, e.g. combining dual-wavelength RICM and atomic force microscopy,

have made use of automated analyses to simultaneously measure force and absolute distance,

while additionally relying on existing knowledge of particle size [11].

A quantitative analysis of SCP-surface interactions in biomedical and biosensor approaches

with increased throughput relies on a large number of analyzed particles, simple and robust

imaging, and reliable detection of variable object shapes and disturbing features. Various

Fig 1. Image acquisition. Experimental setup (a), adapted from [6]. Light is emitted from behind the camera and light rays are reflected twice, leading

to the characteristic interference patterns (b). Parameters d and p have a strong impact on the appearance of the ring-shaped patterns (simulation

results).

https://doi.org/10.1371/journal.pone.0214815.g001
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efficient image analysis algorithms have been developed for automated pattern detection in

computer-aided image analysis. One such method is circle detection, which can be performed

with the Circle Hough Transform [12]. More generally, many approaches exist to detect vari-

ous kinds of objects in images. Common techniques include thresholding, edge-detection,

watershed transformation, or region growing [13]. One quickly growing field is convolutional

neural networks, which can be used for image classification and segmentation [14]. While the

above-mentioned methods can detect the location of a profile, an analysis based on physical

parameters (like radius, or spacing and number of peaks) is lacking. In addition, another

major obstacle for automated profile detection is the variety of expressions of radial profiles,

like in SCP-surface analysis. The shape of the profile depends on object size, object deforma-

tion, image scale, microscope setup, as well as the distance between probe and surface (Fig 1).

In this work, we aimed to develop a quick and efficient way to automatically process a high

number of RICM images which should enable sampling of a large number of adhesive con-

tacts, providing reliable quantification of adhesion energies by means of the JKR method. We

considered the physical principles of the RICM image within the theory of Rädler and Sack-

mann [4] to reconstruct theoretical images and use them in an automated pattern matching

algorithm. The experimental setup involves a glass coverslip with the adhered SCP placed on

an inverted microscope setup, which can be functionalized in various ways for physiochemical,

biomedical, or biosensing analysis [1, 15–18]. For high throughput, we use automated detec-

tion and profile analysis. Previous work demonstrated template matching as a means to detect

the interaction of hard microparticles from RICM images [10]. Our method uses template

matching as well, but we introduced a preliminary processing step that reduces the search

space and thus vastly decreases the calculation time. Furthermore, we use a higher number of

templates, which allows us to search for more heterogeneous expressions of fringe patterns

(caused by varying SCP sizes and different contact radii due to deformation of the soft micro-

particles). Accordingly, our approach is able to detect SCPs and to intrinsically determine their

size and contact radius in a highly efficient way involving GPU-accelerated calculation.

2 Materials and methods

2.1 Glass surface preparation

Sample interference patterns were obtained on hard glass surfaces. For the preparation of elec-

trostatically repulsive and attractive model surfaces, glass coverslips (ϕ32 mm, Thermo Scien-

tific, Germany) were placed in a Teflon rack and cleaned by sonication in double deionized

water and ethanol (AppliChem, Germany) for 30 min each. Afterwards, chemical cleaning was

performed to remove organic as well as particle contaminants from the surfaces. Therefore a

mixture of 50 ml H2O2, 35% (Grüssing, Germany), 50 ml 25% NH3 aqueous solution (Merck,

Germany) and 250 ml double deionized water was heated to 60˚C on a hot plate and coverslips

were left in the solution for 10 min. After rinsing twice with double deionized water, the cover-

slips were dried in a nitrogen stream and used as negatively charged (repulsive) surfaces.

Positively charged (attractive) surfaces were prepared by coating the clean glass slides with

branched polyethylene imine (PEI) (average Mw *800 by LS, Merck, Germany). Here, a 20

mM solution of 3-aminopropyl-triethoxysilane (VWR, Germany) in a 1% (v/v) double deion-

ized water / isopropanol mixture (AppliChem, Germany) was used for the introduction of

amino groups to the glass surfaces. After a reaction time of 10 min, surfaces were washed thor-

oughly with isopropanol, dried in a nitrogen stream and annealed in a pre-heated oven for 60

min at 120˚C. Subsequently, the glass slides were hydrolyzed for 2 h in double deionized water

to remove excess and loosely bound silane. For further functionalization and stabilization of

the silane layer, the amine coated slides were placed in a 240 mM succinic anhydride solution
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in THF (Grüssing, Germany) and allowed to react for 1 h. Following 2 washing steps, 1.5 ml of

a 20 mM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) / 50 mM N-Hydroxysuccini-

mide (NHS) solution (Carbolution Chemicals, Germany; Merck, Germany) in HEPES buffer

(Carl Roth, Germany) 100 mM, pH = 7.0 was pipetted on top of each glass slide. After 15 min

of activation, 1.5 ml of a 4 mM PEI solution in the same buffer was added to the slides and the

reaction was allowed to proceed for 1 h. Finally, the coated surfaces were rinsed three times in

HEPES buffer.

2.2 Particle preparation

SCP particles were synthesized as described previously [17]. Briefly, 50 mg poly(ethylene gly-

col) diacrylate (Mn 6000 Da, Sigma Aldrich, Germany) and 1 mg of the photoinitiator Irgacure

2959 (Sigma Aldrich, Germany) were added to 10 ml 1M sodium sulfate and vortexed until

microscopic droplets were formed. The dispersion was photopolymerized using a Heraeus

HiLite UV curing unit (Heraeus Kulzer, Germany) for 90 s. Next, the PEG SCPs were grafted

with crotonic acid (Sigma Aldrich, Germany) as described earlier [15]. In short, water was

exchanged by 10 ml ethanol, then 250 mg benzophenone and 1.5 g crotonic acid were added.

Subsequently, the mixture was flushed with nitrogen for 30 s before irradiating with UV light

for 900 s. The resulting SCP particles were then washed with ethanol and PBS three times

each. This synthesis resulted in SCPs with a Young’s elastic modulus of approximately 40 kPa

as characterized by scanning probe spectroscopy, for details see [17].

2.3 Reflection interference contrast microscopy and bright-field imaging

Cleaned or PEI-coated cover glasses were placed in a sealed PTFE-ring and each surface was

covered with 1 ml of a 10% ethanol (AppliChem, Germany) HEPES-buffer mixture pH = 7.0.

100 μl of a suspension containing COOH-functionalized particles (section 2.2) was added

dropwise afterwards. After a period of 15 min, sedimentation of the particles was completed

and the probes and their corresponding radial profiles were imaged using an inverted micro-

scope (Olympus IX73, Germany) with an integrated halogen lamp for bright-field microscopy.

To obtain the respective interference reflection patterns, samples were illuminated by a mono-

chromatic 530 nm collimated LED (M530L2-C1, Thorlabs, Germany). An Olympus 60x, NA

(numerical aperture) 1.35 oil-immersion objective (UPlanSApo 60x 1.35 oil, Olympus, Ger-

many) was used in concert with a quarter waveplate (WPMQ05M-532, Thorlabs GmbH,

Germany), placed on the microscope’s breadboard between objective and sample, as well as

additional polarizers to avoid internal reflections [19]. Images were captured with a mono-

chrome CCD camera (DMK 23U274, ImagingSource, Germany) using μManager microscopy

software. All datasets were recorded applying an exposure time of 50 ms and stored in tagged

image file format (tiff). Besides the methods explained in the following sections, no image pro-

cessing was performed.

2.4 RICM model

Reflection interference contrast microscopy (RICM) is suitable to measure nanoscale distances

between a planar transparent surface and another object, like the aforementioned SCPs. The

main idea is based on the fact that a light ray is reflected (at least) twice—once from the planar

transparent glass surface, once from the particle—and the phase difference between the two

interfering rays translates into increased or decreased intensity on the image sensor (Fig 1).

The phase difference is basically a geometrical problem and a basic model concerning this

experimental situation was established by [6], see also details to other model extensions and

approaches in the introduction. The intensity along a profile’s radius r of a spherical hydrogel
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particle in an aqueous solution (with parameters from Table 1 and h(r) from Eq 5) can be cal-

culated by

ptemplateðrÞ ¼
sin y
y
� cos 2khðrÞ � 1 � sin 2 a

2

� �
þ y

� �

ð2Þ

with a ¼ sin � 1
INA
n

and k ¼
2pn
l

and y ¼ 2khðrÞ � sin 2 a

2
: ð3Þ

The applied basic RICM theory is known to exhibit certain deviations in exactly describing

the intensity distribution, but, as we will show later in the validation section, is appropriate to

provide a simple and fast approach to analyze SCP-surface interaction. Intensity deviations for

outer peaks can be handled using an empirical exponential decay, as suggested in previous

work [4]:

ptemplateðrÞ
0
¼ e

� dec�r2
rmax � ptemplateðrÞ : ð4Þ

2.5 Implementation details

We implemented the algorithms as a standalone software tool with the Qt framework (C++).

The calculation of the template correlation is pixel-wise independent and it involves many

numerical computations, which is the reason why we utilized OpenCL for a GPU-driven paral-

lel calculation. The evaluation was performed on a desktop computer (Intel Core i7 4770,

AMD R9 280X Graphics Card, 16GB RAM).

Table 1. Overview of parameters.

Template Profile Parameters Value

u Pixel length [μm] 0.067

λ Wavelength [μm] 0.53

INA Numerical aperture of illumination 0.67

rmax Radius of generated templates [pixel] 100

n Refraction index 1.332

θ Phase shift π
dec Decay [0, 1, . . ., 10]

d Particle height [μm] [-0.45, -0.44, . . ., 0]

p Particle radius [μm] [10, 11, . . ., 30]

Sampling and Detection Parameters Value

m Number of radial samples per position 90

c Percentage of pixels to remain after pre-processing (in%) 1

a Minimum amplitude of the local profile pmean 0.05

t1 Minimum correlation of pmean to best template 0.9

t2 Minimum average correlation between pmean and the radial samples pi8i 0.5

The upper part shows parameters for the template generation. Single values are constant for all templates; the values

provided as ranges define the search space. The lower part contains parameters for the search process and the last

three rows define constraints that every detected profile must fulfill.

https://doi.org/10.1371/journal.pone.0214815.t001
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3 Algorithm development and results

For automated RICM image analysis, the variety of profiles hampers the utilization of most

detection algorithms, but since the profile shape follows physical laws, we can harness the

physically predicted profiles to detect and analyze the shape of adhered objects. These template

profiles are used to perform template matching over promising image regions. As an addi-

tional benefit, we can also derive the probe size and the contact radius from the best-matching

template. However, template matching is a computationally expensive procedure and thus

analyzing the full image would lead to relatively long calculation times. Prior to the template

matching, we exclude image parts from the search space by analyzing their gradient

orientation.

Based on these general considerations we developed an algorithm which follows three main

steps:

• Pre-selection based gradient orientation

• Template matching

• Data extraction and calculation of results

The general workflow of the image analysis algorithm and the detailed workflow of the

detection is additionally illustrated in Figs 2 and 3.

3.1 Object distance and particle size

Eq 2 requires knowledge about the distance between the surface and the SCP object at any

radius position r. Though the particles are in general spheric, recent publications describe

neck-like deformations along the border of the contact zone [20] or suggest a water meniscus

[9] around the particle (Fig 4). These effects depend e.g. on the elasto-capillarity of the surfaces

and result in image artifacts along the contact border. However, since the concrete shape of

the artifacts is hard to predict, and because of their relatively little impact on only minor

regions in the image, we assume the SCPs to be perfectly round and ignore any deformations

of the probe. These assumptions are valid, as seen from the results below and earlier reports

[1]. For touching surfaces (d� 0), we set d≔ 0 which crops the sphere. Thus, with parameters

from Table 1 we calculate the height with

hðrÞ ¼ max ð0; d þ p �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � r2

p
Þ : ð5Þ

Fig 2. General workflow. Processing steps of an (experimental) image containing one particle. The result includes the particle position, particle size,

and its contact area.

https://doi.org/10.1371/journal.pone.0214815.g002
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3.2 Pre-selection based on gradient orientation

To reduce the calculation time of the template matching (see next subsection), we attempt to

exclude less interesting image parts from the search space. We utilize the Sobel operator to

Fig 3. Workflow of the detection process. The processing steps of template creation and image processing.

https://doi.org/10.1371/journal.pone.0214815.g003
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calculate the image gradient. For every image position with a non-zero gradient, we draw a

straight line along the gradient orientation into a new image (line image, see Fig 5c and 5d).

The length of the line is chosen according to the expected profile radius of rmax pixels. Caused

by the circular shape of the profiles, lines will cluster in the center of profile positions. These

clusters are visible as bright spots in the line image. We then select the brightest c percent of

pixels and restrict the template matching to these positions (see Fig 5). Since the intensities at

the center of spherical objects in the line image are more than exponentially higher than sur-

rounding pixels, a high number of pixels can be omitted without losing coverage of important

image regions around the profile centers. Consequently, the reduction of the search space to

e.g. 1% of the image increases calculation speed up to a factor of 100.

Fig 4. Geometric model assumptions. Deformations or menisci (yellow) can occur and vary depending on material

properties (a). We assume a simpler geometric model (b), which is independent of such material properties but,

however, could lead to deviations along the border of the contact area (hatched yellow area in the simulated image (c)).

https://doi.org/10.1371/journal.pone.0214815.g004

Fig 5. Increasing performance by reducing the search-space. A pre-processing step aims to reduce the search space.

To achieve this, the gradient is calculated (glyphs in Fig c, with color-coding based on their orientation) and lines are

drawn along the gradient for every pixel (line image). Overlapping lines lead to intensity peaks in the center of radial

profiles (d). These peaks are extracted with thresholding and they form the search space for the template matching

process (e). Images a and b are experimental results (acquired as described in section 2.3) and their contrast was

enhanced for presentation purposes.

https://doi.org/10.1371/journal.pone.0214815.g005
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3.3 Template matching

We create templates on basis of the model from Eq 2 and the distance function from Eq 5. The

parameters are mostly constrained within an experiment and we can use these limits to define

a minimum search space. We pre-calculate the profiles for a number (e.g. * 8 000) of possible

combinations.

For the actual detection process, we consider all candidate pixels provided by the pre-pro-

cessing step. At each such pixel, we sample starting from a center position (x, y) along radius

r = 1 . . . rmax. We calculate the average (pmean) of all profiles pi. With this process, noise is

reduced and image positions with radial symmetry are favored since their amplitude is maxi-

mum. With I(x, y) being the intensity at image coordinates (x, y), the sampling steps are

defined by

piðrÞ ¼ I xþ r � sin
2pi
m

� �

; yþ r � cos
2pi
m

� �� �

ð6Þ

and the average profile is

pmeanðrÞ ¼
1

m

Xm

i¼1

piðrÞ : ð7Þ

As the next step, we calculate the Pearson correlation coefficients between pmean and all

pre-calculated templates. We save the index of the template with the highest similarity and we

also note the respective correlation in a map.

We also make use of additional constraints to reduce false positives. One problem is the fact

that correlation as comparison metric ignores the amplitude. Our solution is to define a mini-

mum amplitude a that a certain profile pmean from Eq 7 should contain after it was sampled

from the image (e.g. 5% of the whole intensity range). Profiles with lower contrast are omitted.

To further reduce false positives, we introduce a threshold for circular correlation (t2). We

only consider positions for which all samples pi have at least a certain mean correlation t2 to

pmean and thus we exclude asymmetrical image parts. This step is applicable thanks to the fact

that our objects of interest always have a spherical shape.

3.4 Extraction of matches and contact radius

The result of the previous calculation is a map of correlations and information of the respective

best-matching template. We search for the maximum value in the map. Next, we save the

respective coordinates and we store the parameters of the best-matching template. Finally, we

apply a consecutive template matching step at this position. This time we ignore the amplitude

but we focus on a good matching of the extrema (Fig 6), since they directly relate to particle

size. We define similarity by counting the number of positions with the same slope orientation

as the sampled profile has (both simultaneously falling or rising) and normalize by rmax. This

metric holds the percentage of the template and the measured profile running in synchronism.

After extraction, we set a neighborhood of radius rmax around the current match to zero and

we repeat the search process on the updated map. We stop the extraction when all positions of

the correlation map contain a value less than t1 (and thus no image position shows sufficient

similarity to any of the templates), or when a maximum number of iterations is reached. The

radius rc of the contact area can be derived from the particle radius p and particle height d,

which are associated with the respective best-matching template, by calculating the
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intersection of the sphere and the coverslip plane:

rc ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pd � d2

p
: ð8Þ

Note, due to the periodicity of the cosine (right term of Eq 2), it is hardly possible to deter-

mine the absolute height of the particle. We can only compute the particle height relative to

the phase of the light

drelative ¼ offset þ i
l

2n 1 � sin 2 a

2

� � ; ð9Þ

where offset equals the parameter d of the best-matching template and i is an integer. For all

i� 0, the frequency of the rings is identical. The amplitude (left term of Eq 2), however, is

dependent on the absolute height, but its effect on the image is relatively low. This makes it dif-

ficult to determine i (with our simple and cost-efficient experimental setup) and thus leads to

an ambiguous solution for the absolute particle height. We could avoid this problem by an

advanced experimental setup involving dual wavelengths [21]. However, we are only interested

in touching surfaces of interacting functionalized SCPs and surfaces in physiochemical, bio-

medical and biosensing applications, hence we can assume i� 0. For negative heights, the pro-

files additionally show a distinct uniform center (the contact area) and, thus, there is no

ambiguity in the appearance of the profiles.

3.5 Evaluation

We implemented the method in a software tool that allows the user to load a series of images,

define suitable parameters (Table 1) and start batch processing of all images. We support the

user by providing parameter estimations for manually defined sample positions and by provid-

ing presets. The calculation speed grows linearly with the number of templates, the image size,

the radius of a profile, and the number of samples m. In addition, a constant time span is

required to load data and to store results. The calculation speed for a full image—without pre-

processing—is roughly 20s for one image (1 600 × 1 200 pixels) with a number of 8 000

Fig 6. Sampling and fitting of profiles. Fig a shows a RICM image and sampling at an exemplary position (brightness increased for presentation). Fig

b demonstrates the fitting procedure of the obtained profile. Our basic template fit for this example shows good Pearson correlation of 0.91, however,

adding an exponential decay for higher radii improves correlation to 0.99. To determine particle size, we fit the template regarding optimized extrema

overlap (note the better match especially of low peaks for radius positions 5 μm and higher).

https://doi.org/10.1371/journal.pone.0214815.g006
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templates and a maximum radius of 100 pixels. However, enabling pre-selection of image

regions (as explained in section 3.2) leads to an overall calculation time of less than 2.5s per

image (570s for a test stack of 265 images).

Starting the calculation with adequate search space usually results in a Pearson correlation

of more than 0.95 at profile positions, which is in most cases notably higher than any other

profile-free image part. For relatively complex profiles (e.g. involving intensity drops at inner

and outer radius positions) the highest correlation might also decrease to 0.8. We used test

data for which we initiated the detection process session-wise. For example, images with a con-

stant microscope setup were analyzed in one batch. For proper sampling of the profiles, it is

vital to know their accurate center position. To verify the localization of profiles, we used a test

data stack of 265 images of SCPs and PEI-coated (attractive) surfaces. All profiles have been

detected and the average distance to the manually defined reference position was 1.08 pixels

(see Fig 7a). However, false positives are occasionally caused by round objects or air bubbles

that are also present in the data. In our test case, 11 false positives have been detected, but they

were never marked as the first choice since their template correlation was comparably low.

Increasing the radial correlation threshold would reduce the number of false positives but also

leads to false negatives. In summary, we prefer to use a tolerant threshold that reliably detects

all present profiles. False positives can be quickly deleted in a manual review step.

To verify the particle size, which we derived from the parameters of the best-matching tem-

plate, we acquired another test data of SCPs on PEI-coated (attractive) surfaces showing 47 parti-

cles. The test data includes bright-field data (as reference) in which we could manually measure

the size of the SCPs. The validation of the particle diameter shows a mean absolute difference to

the reference data of 2.6 μm for particle diameters from 11 μm to 62 μm (see Fig 7b for details).

Evaluation of the contact radius faces the problem of a missing direct measurement as refer-

ence. However, the contact radius can also be estimated from the size of the flat dark area in

the center of a profile: we determined the contact radius in the average profile pmean based on

region growing. We started with the center position of the profile and iteratively selected

neighbor positions that showed similar intensity to the center position. The stopping criterion

for this process was an increase of the intensity by a certain percentage of the profile’s overall

amplitude. The concrete choice of the threshold is a trade-off between sensitivity towards

noise (too strict threshold) and overestimation of the contact radius (too tolerant threshold),

therefore we analyzed the result of 40 uniformely distributed thresholds in the range from 1%

to 40%. We then manually reviewed the results and chose the lowest threshold for which

region growing never failed, which was a value of 30%.

Our test data consists of 205 images containing in total 184 adhering particles (hence, for

these particles the best-matching template implied d� 0). We describe the relationship

between the result cmodel of the model-based approach and the result cintensity of the intensity-

based reference by the linear relationship

cmodel ¼ a � cintensity þ b : ð10Þ

For the threshold of 30%, the function lm (linear model) in R Statistics determined a = 1.0247

and b = −0.2890 μm (adjusted R2 = 0.9856), which shows a strong linear relationship of our

approach to the intensity-based reference data (see section 4.3 and Fig 7c and 7d for details).

4 Discussion

In this section we want to first discuss methodical aspects and explain the merits of the chosen

techniques compared to possible alternatives. Subsequently, we provide justification for the

simplifications and discuss the evaluation presented in section 3.5.
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4.1 Methodological considerations

We have developed a method that generates templates based on an established physical model.

We use a pre-processing step to accelerate the calculation and we apply Pearson correlation to

Fig 7. Evaluation of particle detection, particle radius and contact radius. The histogram (Fig a) displays the deviation for the location of the profiles

compared to manually labeled reference data (total of 265 samples). The scatterplot (Fig b) shows results for particle radius determination compared to

manually labeled reference data (total of 47 samples). It can be seen that the optimized version, in which particle size is determined on basis of a second

extrema-focused matching, works notably better (mean absolute error 1.3 μm) than our naive approach (mean absolute error 3.8 μm). The bottom row

shows the results for the comparison between the model-based contact radius and the reference data created by region growing. Plot c presents an

evaluation for various region growing thresholds between 1% and 40% of the profile amplitude. Plot d shows detailed results for the lowest threshold

(30%) that was free of erroneous stops during region growing, and the regression line (R2 = 0.9856). The plot reveals an overestimation of the contact

radius by the threshold-based approach, which is a consequence of the relatively high threshold. Lower thresholds would lead to earlier stops (and thus

smaller radii) but also to erroneous stops (see Fig c). Further details are given in section 4.3.

https://doi.org/10.1371/journal.pone.0214815.g007
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compare the templates with the microscope image. A consecutive fit based on the profile slope

improves the estimation of the particle radius considerably.

The method we present relies on knowledge of a very specific use-case, but with a broad

applicability in science and engineering. For example, the method may be applicable to physio-

chemical interactions of soft hydrogel particles and mimics of living cells with interacting

surfaces [22], determination of protein adsorption energies on materials surfaces [23] or bio-

sensing approaches [15, 16, 18]. Naturally, a solution based on a more general and re-usable

approach would be preferred, however many such approaches we examined lead to noisy

results or miss profile occurrences. For example, one technique we designed focused only on

statistical properties of the set of profiles pi (i = 0. . .m) from Eq 6. We searched for positions of

simultaneously low variance between all the sampled profiles pi and high variance inside the

averaged profile pmean. This approach matched positions with high rotational symmetry and

strong contrast. However, this simplified method produced less predictable special cases, and

the problem of profile evaluation remained.

Our images contained brightness shifts (vignetting) and could be noisy or cluttered due to

their application on biofunctionalized surfaces and high-throughput tasks, which impaired

results obtained by thresholding or edge detection. The variety of frequencies of the rings and

thus the strength of the edges made it particularly difficult to detect all rings of an image with a

single edge detection setup. Usually, edge detection would only be able to detect thin or thick

edges separately. Furthermore, we utilized Circle Hough Transform [12] to detect rings

formed by intensity peaks of the profile, but the result was sensitively depending on the chosen

parameters. Even in the best case only a few rings with high contrast could be found, which

might be related to the above-mentioned difficulties in edge detection. This would lead to inac-

curate results since the frequency and thus detection of every single ring is of high importance.

While classical template matching with manually defined templates could be an option, the cir-

cular patterns differ strongly in appearance, and the variance in the frequency of intensity

peaks makes it cumbersome to manually define a profile library. Another popular option has

been machine learning, which we initially considered but we lacked sufficient training data.

The number of parameters which affect the shape of the profile is comparably high and hence

many combinations of training cases would be required. Furthermore, the evaluation of the

detected profile would likely require for a second processing step and thus we rejected that

approach.

Thus, while other promising techniques may exist, we reasoned that a positive outcome was

more likely by trying to advance existing techniques that can already represent the issue with a

physical model. With developing theories on reflection interference contrast microscopy,

future updates of the model could be implemented with little effort.

4.2 Simplifications

The model we use as a basis for template calculation involves simplifications. We consider the

SCP to be perfectly spheric (see Eq 5), even for the case of touching surfaces (d� 0), although

deformations of the SCP have to be present [20]. This leads to minor artifacts on the boundary

between contact area and non-contact area, since the transition is very sharp. These artifacts

could be addressed by a more detailed model in the future, although the effects on the outcome

are considered to be of minor impact, as our validation results show. Furthermore, Eq 2

ignores changes in the angle of the light rays that were reflected from the SCP surface. An ana-

lytical solution seems to be unknown [19].
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4.3 Evaluation

An important metric is the correctness of the position of the detected templates. Wrong coor-

dinates would lead to an asynchronous radial sampling. This causes increased variance

between the samples pi and eventually a distorted profile pmean. Consequently, the parameters

derived from this profile would be inaccurate as well. Clack and Groves [10] verified their pre-

cision by checking if their matches were precisely placed in the center of symmetry of the mea-

sured profile, and if they were stable for repeated measurements of immobile particles. We

decided to use manually labeled reference data, since in several cases artifacts (e.g. bubbles)

lead to asymmetric patterns. Our result shows a mean deviation of 1.08 pixels (* 0.07 μm),

which seems to be very accurate.

The particle size is probably the most challenging parameter here (it suffers most from inac-

curate templates), therefore the deviation of 1.3 μm to the reference data is relatively high.

However, other methods only work with already known particle sizes from other analytical

techniques [10], but with our method a separate measurement of the particle size can be omit-

ted. The results for this parameter could probably be improved with models that allow a better

fit to the underlying RICM image.

The contact radius is often visible in the RICM images as a flat dark area in the center of the

profile, which makes it relatively easy to define by basic image processing. A challenge for

region growing are the noisy center positions of pmean. The radial averaging has only little

effect for small radii, and most extreme, at radius position 0 all profiles pi sample from the

same pixel of the image. As expected, the number of failed region growing attempts was high

for low thresholds. Therefore we chose a threshold of 30%, which resulted in valid region

growing for all test samples. Nevertheless, all thresholds of at least 10% indicated a very strong

similarity of our approach compared to the results of region growing. Due to the tolerant

threshold, region growing usually stopped relatively late, which results in an overestimation of

the contact radius (as can be seen in the offset b = −0.2890 μm from the linear regression). An

evaluation based on a lower threshold led to b closer to 0 μm, but more outliers led to a worse

R2. Our reference data contained particles from 5 μm to 38 μm (mean: 13.84 μm). The absolute

error between our results and the reference data (mean: 0.0643 μm) depended moderately on

the particle size (Pearson correlation of 0.5492, which means that deviations were higher for

larger particles) but it was independent from the contact radius (Pearson correlation of

-0.0296).

In summary, we attempted to validate the most important parameters of our approach to

reference data (see further details in S1 Dataset). At this point a direct comparison to alterna-

tive approaches is hard, since previous work made no claims concerning the accuracy towards

separate reference data. Furthermore, previous work neither aimed at determination of parti-

cle size nor at optimization of the calculation speed.

5 Conclusion

We demonstrated an efficient and accurate detection of multiple radial profiles in RICM

images. The focus of the work lies on image analysis algorithm development (and its valida-

tion) using a gradient analysis of the image and template matching. We used theoretical tem-

plates based on basic physical foundations of RICM microscopy with minor adaptation for

known deviations [4]. Our new method always chose the real template position as top match,

but sometimes additional false positives were detected. The position is detected precisely (devi-

ation of 1.08 pixels compared to reference data) and the determination of the particle diameter

delivers results within a mean error of 2.6 μm for particles with an average diameter of 30 μm.

Although template matching is computationally expensive, we achieve relatively quick
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processing times (<2.5 s per image) thanks to the pre-processing step. Our approach also

delivers implicit data about the detected objects derived from the best-matching template.

These values include particle radius and contact radius of the SCP and they are of importance

for determining adhesion energies between the SCP and its underlying surface in physico-

chemical, biomedical and biosensing applications.

Supporting information

S1 Dataset. Numerical data from the evaluation of the particle position, particle size, and

contact area.
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Abstract 

 

The soft colloidal probe (SCP) assay is a highly versatile sensing principle employing 

micrometer-sized hydrogel particles as transducer elements. We report the synthesis, 

optimization, and conjugation of SCPs with defined narrow size distribution and specifically 

tailored mechanical properties and functionalities for integration into a microinterferometric 

optomechanical biosensor platform. Droplet-based microfluidics was used to crosslink 

polyethylene glycol (PEG) macromonomers by photocrosslinking and thiol-Michael addition. 

The effect of several synthesis parameters, i.e. PEG and radical initiator solid content, 

molecular weight and architecture of macromonomers, as well as UV exposure time and 

energy, were examined. SCPs were characterized with regard to the conversion of contained 

functional groups, morphology and mechanical properties by bright-field, confocal laser 

scanning and reflection interference contrast microscopy, as well as force spectroscopy. 

Functional groups were introduced during SCP synthesis and by several post-synthesis 
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procedures, based on photoradical grafting and thiol-Michael addition. Preparation of SCPs 

by thiol-Michael addition and subsequent coupling of maleimide derivatives to unreacted 

thiols proved to be the superior strategy, while other approaches were associated with changes 

in the properties of the SCP. The newly developed SCPs were tested for their sensing 

capabilities employing the biotin-streptavidin-system. Biotin detection in the range of 10
-7

 to 

10
-10

 M verified the concept of the synthesis strategy and the advantage of using 

monodisperse SCPs for easier and faster sensing applications of the SCP assay. 

 

Keywords 

microfluidics, hydrogel, microparticles, optomechanical, biosensor, soft colloidal probes 

(SCP) 

 

 

 

1 Introduction 

 

Hydrogels are versatile materials due to their high degree of hydration in conjunction with 

non-fouling characteristics and broad tunability of mechanical, optical and volumetric 

properties. Consequently, in recent decades these materials have found numerous applications 

in a wide range of disciplines, from industrial to medical and environmental purposes [1–3]. 

By endowing hydrogels with different functionalities, a variety of "smart" materials could be 

produced that respond to environmentally and biologically relevant conditions. Thus, 

hydrogel-based systems provide an ideal platform for designing the interplay between 

biological recognition processes and associated detectable modulations of bulk material 

properties and have emerged as a relevant transducer element in biosensing and bioresponsive 

applications [4–7]. The variety of possibilities for mechanistically distinct strategies can be 

exemplified by affinity-based glucose detection: Hydrogel-based glucose measurements were 

achieved either by direct detection of volumetric changes or by coupled changes of refractive 

indices and diffraction wavelengths, respectively, osmotic balance, dielectric constants and 

electrical conductance, each as a result of enzyme-catalyzed glucose oxidation, or binding of 

glucose to suitable capture molecules immobilized on the polymer scaffold [8–12]. 

In this context of hydrogel-based biosensing approaches, Pussak et al. introduced an 

optomechanical biosensor for the quantification of carbohydrates using the contact mechanics 

of micrometer-sized elastic hydrogel particles referred to as soft colloidal probes (SCP) [13]. 

The interface contact mechanics of colloidal particles is well established to describe the 
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interaction forces between spherical particles and a spherical or planar surface. Contact 

mechanics models allow the interface interaction energy, the contact area and the mechanical 

particle deformation to relate to each other, as shown by the Johnson-Kendall-Roberts (JKR) 

model of elastic contact of attractive interactions, i.e. adhesion between the interface of a soft 

sphere and a rigid surface. Following eq. 1, the radius of contact area a can be related to the 

adhesion energy of a soft spherical probe and a hard surface W, whereby R is the radius of the 

SCP and Eeff is the effective elastic modulus of the probe (Eeff = 4E / (3(1-2)); E - Young's 

modulus,  - Poisson ratio). 

 

                                   𝑎3 = 6π
𝑊

𝐸𝑒𝑓𝑓
𝑅2                                                        (1) 

 

Equipping SCP and planar surface with molecules of interest, in turn, permits to conveniently 

correlate the extent of interactions between the tethered moieties to the resulting contact area. 

So far, this approach has been adapted to measure non-specific and specific interactions in 

various applications ranging from adhesion between whole cells and ligands of cell surface 

receptors, probing interactions between biomolecules and synthetic polymers as well as to 

develop biosensors as the aforementioned carbohydrate sensor and for highly sensitive pM 

detection of glyphosate as well as estrogenic compounds [13–17]. A general description of 

competitive and direct binding assays employing SCPs as adhesion probes is presented in Fig. 

1. The superior flexibility in target panel modification, multiplexing capacity, miniaturization 

capabilities and various adhesive contact readout technologies, i.e. on-site analysis, promise 

to build a platform for label-free, sensitive and selective detection of a wide range of analytes 

of significant importance in biomedical diagnostics and environmental monitoring in a cost- 

and time-efficient manner. 
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Fig. 1 

  

Schematic illustration of SCP-based biosensing assays. a Competitive binding assay: i An SCP equipped with ligands 

adheres to a transparent biochip bearing immobilized complementary receptors and forms an extended interfacial area as a 

result of biospecific interactions. ii Analytes present in the sample block binding sites for SCP tethered ligands. As a result, 

the contact area between SCP and biochip is markedly diminished. iii At high concentrations of analytes, the presented 

receptors are completely occupied, and the SCP cannot adhere to the biochip anymore. b Bridging assay: SCP and biochip 

are decorated with receptors capable of binding to different domains of the analyte. i In the absence of analytes, no 

biospecific interaction between SCP and biochip is observable, and no contact area is formed. ii and iii Analytes within the 

sample to be analyzed cause a concentration-dependent increase in SCP-biochip interactions and contact area 

 

 

At present, SCPs for the aforementioned biosensing application are typically made of 

polyethylene glycol (PEG), which ensures a high degree of hydration, an almost ideally 

elastic hydrogel material, and a density equal to the surrounding aqueous media to avoid 

unspecific deformation of the particles. Furthermore, the inert and repellant nature of PEG 

aids to prevent any adhesion that does not result from the interactions between the molecules 

tethered to the surface and SCP. Previously, the synthesis of SCPs was carried out in a batch 

precipitation polymerization process using a kosmotropic salt to force aggregation of linear 

PEG diacrylate forming a dispersion followed by photoradical crosslinking of the end groups 

[16, 18–20]. Batch synthesis by this kind of precipitation polymerization is inevitably 

associated with a comparatively broad distribution of particle size, a fact that complicates the 

analysis of the data obtained from adhesion experiments, application of alternative readout 

technologies, multiplexing and miniaturization. In particular, the SCP radius R has to be 

85



 

 

recorded together with the contact radius a in the case of polydisperse particles (see eq. 1), 

consuming resources for high-resolution optical instrumentation as well as image acquisition 

and data evaluation. Depending on the miniaturization setup and readout technology, only 

particles within a certain size can be taken into account for measurements. The lower limit for 

interferometric and holographic readouts, respectively, used in practice is typically limited to 

the resolution of the optical device, and smaller particles might lead to increasingly imprecise 

results. On the other hand, very large particles are prone to form irregular, non-circular 

contact areas, implying that simple physical models like the JKR approach are no longer 

applicable. Moreover, sets of defined particles in a narrow range of sizes, provides new 

opportunities for multiplexed analysis. Lastly, the batch process of precipitation 

polymerization of SCPs described above results in a certain percentage of particles with 

micrometer-sized defects due to the inclusion of kosmotrope solution droplets within the 

PEG-rich phase due to vigorous shaking of the reaction mixture prior crosslinking of the 

macromonomers. Overall, current SCP synthesis approaches results in a significant proportion 

of particles that are unsuitable for high-sensitivity quantification of adhesion energy and 

analytes, thus hindering further extension of SCP biosensing assays into a platform 

technology. 

To overcome these limitations, we have used droplet-based microfluidics for the highly 

controllable continuous production of SCPs [21–23]. Droplet-based systems are focused on 

creating discrete volumes using two immiscible phases by precisely generating one drop at a 

time. The superior control over size and composition of the dispersed droplets makes the 

corresponding emulsions an ideal template for generating monodisperse and functional 

particles in a reproducible and automated fashion. The most common strategies for producing 

hydrogels in microfluidic devices comprise thermal and ionic gelation as well as 

photopolymerization [5, 24]. Whilst each approach offers specific benefits with regard to the 

respective application, especially photocrosslinkable PEG-based derivatives are still the 

precursor material of choice for microparticle-based biosensing applications [3]. A fact that is 

attributed to wide possibilities of fine tuning the gel microstructure on demand, including 

porosity and mechanical properties, the bioinert nature of these hydrogels as well as broad 

commercial availability of the macromonomers in a wide range of molecular weights and 

geometries and relative inexpensiveness [3, 25, 26]. As a compromise, further parameters 

have to be taken into account, namely photoinitiator concentration, UV-radiation intensity and 

exposure time, which ultimately determine the degree of double bond conversion and hence 

mechanical and volumetric properties. Introduction of functional moieties and covalent 
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coupling of biomolecules is frequently carried out in a one-step procedure during particle 

synthesis. Although convenient, this approach usually requires the conjugation of 

photocrosslinkable groups to the molecules of interest and is accompanied with the risk of 

protein precipitation/aggregation, entrapment of biomolecules within the bulk of the hydrogel 

material and biomolecule degradation by free radicals, UV-exposure or contact to a 

hydrophobic boundary layer in the process of droplet formation [27–30]. 

This work describes the microfluidics-assisted synthesis of PEG microparticles and the 

tailoring of their properties and functionalization for SCP-based assays. For water-in-oil 

(W/O) emulsion formation, microfluidic flow-focusing devices were employed, and 

acrylamide- (ACA) based photoradical crosslinking chemistry was compared to thiol-ene 

addition-based hydrogel network formation. Mechanical properties were optimized and 

analyzed by means of reflection interference contrast microscopy (RICM) as well as colloidal 

probe force spectroscopy. The suitability of functionalization during synthesis and post-

synthesis, both by photoradical chemistry and by the use of residual functional groups, was 

analyzed to improve and expand the design of the SCP assay. Biotin quantification 

experiments demonstrated that the advantageous features of the newly developed SCPs 

enabled high sensitivity of the modular assay. 

 

 

2 Materials and Methods 

 

2.1 Microfluidic preparation of SCPs 

 

For the synthesis of PEG-ACA-based SCPs, solutions of 3.7 kDa ACA-PEG-ACA, 0.3 kDa 

ACA-PEG-ACA or a 1:1 mixture of 2 kDa 4-arm-PEG-ACA (starPEG-ACA) and 1 kDa 

ACA-PEG-COOH in a concentration of 10% (w/w) and 2% (w/w) of lithium phenyl-2,4,6-

trimethylbenzoylphosphinate (LAP) in ultrapure water were prepared unless otherwise stated. 

A flow-focusing microfluidic chip with a channel height and nozzle width of 25 µm was 

connected to syringes (1750 Gastight Syringe, 500 µL, Hamilton, US) clamped in syringe 

pumps (Pump 11 Elite, Harvard Apparatus, US) via a polyethylene tubing (ID = 0.38 mm, 

OD = 1.09 mm, Smiths Medical, US). The respective PEG solution, also referred to as 

dispersed phase, was injected into the microfluidic device and emulsified at the junction into 

droplets by a continuous phase consisting of a solution of 2% (w/w) of the surfactant PicoSurf 

(Sphere Fluidics, UK) in HFE 7500. Flow rates of the dispersed (Qd) and the continuous 
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Phase (Qc) were individually adjusted as mentioned in the results section. Each fraction of 

droplet emulsion was collected in a tube, which was replaced after 30 min cycle time. The 

collected fractions were subsequently irradiated for 3 minutes in a UV-Crosslinker (5x 8 W, 

365 nm, CL-1000L, UVP, Germany) unless otherwise stated. After adding 500 µL of 

ultrapure water, the microparticles were transferred into water by washing three times with 

500 µL of a 20% (v/v) solution of 1H,1H,2H,2H-perfluoro-1-octanol (abcr, Germany) in HFE 

7500 and the oil phase was discarded. Finally, the particles were collected by adding 1 mL of 

ultrapure water to the washed particle suspension and transferring the aqueous suspension into 

a 50 mL Protein low binding tube (LoBind, Eppendorf, Germany). This step was repeated six 

times.  

To generate maleimide- (mal) thiol- (SH) based PEG SCPs, 2 kDa 4-arm-PEG-thiol 

(starPEG-SH) and 2 kDa 4-arm-PEG-maleimide (starPEG-mal) were dissolved separately in 

1x phosphate buffered saline (PBS) to obtain solutions of either 7.5% (w/w) or 15% (w/w). 

The pH of the starPEG-SH solution was adjusted with 1M NaOH or 1M HCL to 

approximately 4.5-5.5, so that the polymerization occurred within 30 to 60 seconds after the 

two solutions were combined. Adjusting the pH is necessary in order to control the reaction 

rate, as rapid gelation increases viscosity during droplet formation, leading to polydisperse 

SCPs or clogging of the device. In the case of low reaction rates, competing reactions like 

thiol oxidation or hydrolysis of reactive groups might alter the elastic properties of the 

resulting SCPs.  

In contrast to the PEG-ACA approach, microdroplets were formed in a PDMS-based 

microfluidic flow-focusing device with a nozzle width of 25 µm and four inlets. This design 

allowed for the simultaneous injection of three dispersed phases starPEG-SH, starPEG-mal 

(syringes: Inject-F Solo 1 mL, Braun, Germany) and the same amount of 1x PBS (syringe: 

1750 Gastight Syringe, 500 µL) at a flow rate of 90 µL h
-1

, which led to a total starPEG-

SH/starPEG-mal mass fraction of either 5% (w/w) or 10% (w/w) PEG. The continuous phase 

containing 2% (w/w) of the surfactant PicoSurf dissolved in HFE 7500 oil was co-injected 

(syringe: 1000 Gastight Syringe, 2.5 mL, Hamilton, US) at a flow rate of 800 µL h
-1

 and SCPs 

were transferred directly into HFE-7500 to avoid oxidative effects. This was followed by a 

washing and collecting process as described for ACA-based SCPs. All solutions were injected 

using Pump 11 Elite pumps. Droplet formation was monitored using an Olympus IX73 

inverted microscope in conjunction with a Phantom Miro C110 high speed camera (Ametek, 

US) in the case of ACA- as well as mal- SH-based SCP synthesis. A quantification of the 

SCPs was not carried out since the proportion of functional groups or the gel composition, 
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which changes depending on the flow rate and the type of PEG used, is more relevant for the 

synthesis and functionalization reactions than the number of SCPs. A protocol for PDMS-

based microfluidic device fabrication is given in SI, section 2. 

 

2.2 Functionalization of SCPs 

 

Crotonic acid was grafted to SCPs made from 0.3 as well as 3.7 kDa PEG diacrylamide. 

Grafting of crotonic acid (Sigma Aldrich, US) was conducted as described earlier [18, 20, 31]. 

In short, water was exchanged by 10 mL ethanol, then 250 mg benzophenone (1.4 mmol, 

Sigma Aldrich, US) and 1.5 g crotonic acid (17 mmol) were added. Subsequently, the mixture 

was flushed with nitrogen for 30 s before irradiating with UV light for 900 s. The resulting 

SCP particles were then washed with ethanol and PBS three times each. 

In order to introduce functional groups to SCPs, several bifunctional small molecules were 

coupled to unreacted residual functional moieties within the PEG network employing thiol-

Michael addition. For PEG-ACA-based SCPs, the addition of the thiol-compounds 2-

mercaptoethanol, 1,2-ethanedithiol, cysteamine and thioglycolic acid, all purchased from 

Sigma Aldrich (US), was used. Unless otherwise stated, 2.5 mmol of the respective thiol 

compound was dissolved in 7.5 mL 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES, Carl Roth, Germany)-buffer and the pH was adjusted to 7.0 using 1 M NaOH. 

Due to the poor solubility of 1,2-ethanedithiol in water, 2.5 mmol were dissolved in 12 mL of 

a mixture of HEPES-buffer and tetrahydrofuran (THF, 3.75 mL HEPES buffer, 8.75 mL 

THF) and the pH was adjusted to approx. 7.0 using 1 M NaOH. In the case of higher 

concentrations of 1,2-ethanedithiol, the amount of THF was increased. The solutions were 

added to 2.5 mL of a suspension containing unfunctionalized SCPs, and the reaction was 

allowed to proceed at room temperature for 1 h while agitating. The SCPs were subsequently 

centrifuged at 1840x g, and the supernatant was discarded. After several washing steps with 

100 mM HEPES buffer or the aforementioned buffer-THF mixture in the case of 1,2-

ethanedithiol-functionalized SCPs, the particles were resuspended and stored in 100 mM 

HEPES buffer (pH = 7.0).  

Functionalization of SCPs bearing SH-groups was conducted employing maleimide 

compounds. Therefore, 2-maleimidoethylamine hydrochloride (mal-NH2*HCl), 3-

maleimidopropanoic acid (mal-COOH), both purchased from Iris Biotech (Germany), were 

dissolved in 100 mM HEPES buffer in a concentration of 133 µM (1.5 mL, 22.5 mg mal-

COOH, 23.5 mg mal-NH2*HCl) and the pH was adjusted to 7.0 by addition of NaOH. 1.5 mL 
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of a suspension containing SCPs made from 10% (w/w) starPEG-mal and starPEG-SH per 

condition was centrifuged at 1840x g, the supernatant was discarded, and the respective 

solution was added. The reaction was allowed to proceed for 1 h while agitating. 

Subsequently, the SCPs were centrifuged and rinsed at least three times with 100 mM HEPES 

buffer. 

 

 

2.3 Fluorescence staining of SCPs 

Success of functionalization and coupling reactions was assessed by confocal laser scanning 

microscopy (cLSM). For the introduction of fluorescent moieties to SCPs, fluorescein, 

carboxyfluorescein- and carboxytetramethylrhodamine-based dyes bearing complementary 

functional groups to the respective functionalization of the SCPs were used. Information 

about dye conjugate, the corresponding stained reactive group and manufacturer is given in 

table 1. 

 

Table 1 Dye conjugates used for staining of SCPs. Corresponding abbreviations, stained functional groups and 

manufacturers are given 

Fluorescent dye Abbreviation Stained 

group 

Manufacturer 

fluorescein isothiocyanate FITC ACA, NH2 Thermo Fisher 

Scientific, US 

6-(fluorescein-5(6)-

carboxamido)hexanoic acid N-

hydroxysuccinimide ester 

FAM-scm NH2 Sigma Aldrich, US 

5(6)-carboxytetramethylrhodamine 

 N-hydroxysuccinimide ester 

TAMRA-scm NH2 VWR, Germany 

5-(6)-carboxyfluorescein 

ethylenediamine 

FAM-NH2 COOH AAT Bioquest, US 

N-(5-fluoresceinyl)maleimide  FAM-mal SH Sigma Aldrich, US 

5-(6)-carboxyfluorescein thiol FAM-SH mal BioActs, South 

Korea 

biotin-4-fluorescein FAM-btn streptavidin Biomol, Germany 
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For the preparation of staining solutions, 250 µg mL
-1

 of the respective compound were 

weighed and dissolved in 100 mM HEPES buffer (pH = 7.0). As an exception, FITC was 

dissolved in 100 mM borate buffer (pH = 9.0) and coupling of FAM-NH2 required activation 

prior to coupling, as will be described later. 1 mL of SCP suspension was centrifuged, the 

supernatant was discarded, 1.5 mL of the staining solution was added to the pellet and the 

SCPs were subsequently resuspended in the reaction mixture. The reaction was allowed to 

proceed overnight in a rotator. The SCPs were finally centrifuged, the supernatant was 

discarded, and SCPs were washed several times in 100 mM HEPES buffer (pH = 7.0). 

For coupling of FAM-NH2, SCPs were activated by EDC/NHS. Therefore, 1.5 mL of a 

solution containing 5.75 mg EDC (37 µmol) and 8.625 mg NHS (75 µmol) in 100 mM MES 

buffer (pH = 5.3) was prepared and added to the SCP pellet. The SCPs were subsequently 

resuspended and activated for 30 min in a rotator. The activated SCPs were centrifuged and 

washed once with 100 mM MES buffer (pH = 5.3). Finally, 1.5 mL of a staining solution 

containing 250 µg mL
-1

 FAM-NH2 was added and allowed to react overnight. Washing of the 

stained SCPs was conducted as described above. 

A protocol for fluorescence microscopy is given in SI, section 3. 

 

2.4 Homogeneity assessment of SCPs 

 

For homogeneity assessment of SCPs, bright-field images were acquired as described in SI 

section 5, and analysis was conducted using Fiji. To compare averaged grey value standard 

deviations, the standard deviation of 15 linear sections within 5 particles per condition was 

averaged and plotted as a function of functionalization degree.  

 

 

2.5 Reflection interference contrast microscopy measurements  

 

RICM was used to examine contact areas of SCPs. For analysis, coverslips (Ø 32 mm, 

Menzel Glaeser) were clamped into a Teflon rack, covered with 2 mL of ddH2O unless 

otherwise stated, and examined via RICM. The respective SCP suspension was carefully 

pipetted onto the glass slides, allowed to sediment for 20 min, and the SCPs were 

subsequently investigated. The probes and their corresponding radial profiles were imaged 

91



 

 

using an inverted microscope (Olympus IX73, Germany). To obtain interference reflection 

patterns, samples were illuminated by a monochromatic 530 nm collimated LED (M530L2-

C1, Thorlabs, Germany). An Olympus 60x, NA 1.35 oil-immersion objective (UPlanSApo 

60x 1.35) was used. Images were captured with a monochrome CCD camera (DMK 23U274, 

ImagingSource, Germany) using Micro-Manager microscopy software. All datasets were 

recorded applying an exposure time of 50 ms and stored in tagged image file format (tiff). 

 

 

2.6 Preparation of biotin-functionalized SCPs 

 

For the studies of interaction and adhesion of biotin-functionalized SCPs on streptavidin- 

(SA) coated glass surfaces, SCPs made from a 10% (w/w) solution of starPEG-mal and 

starPEG-SH were used. 1 mL of the SCP suspension was centrifuged at 1844x g for 10 min 

and the supernatant was discarded. SCPs were functionalized with biotin by adding 1 mg mL
-

1
 of biotinyl-PEG2-maleimide (Bachem, Switzerland) dissolved in 100 mM HEPES buffer 

(pH = 7.0) to the particles. The reaction was allowed to proceed for 1 h while agitating, 

followed by three washing steps. 

 

 

2.7 Preparation of streptavidin-functionalized SCPs 

 

Two different strategies were employed to functionalize SCPs with streptavidin (SA). The 

first strategy utilizes biotin-coated SCPs (see above) and the biomolecular recognition 

between biotin and SA. Therefore, 1.3 mL of a solution containing 1 mgmL
-1

 SA (ProSpec-

Tany TechnoGene, Israel) in 100 mM HEPES buffer (pH = 7.0) was prepared. 500 µL of a 

suspension containing biotin-functionalized SCPs was centrifuged, 300 µL of the supernatant 

was discarded, and the SCPs were subsequently resuspended in the SA solution. After 1 h of 

incubation while agitating, the SCP suspension was centrifuged again and washed at least 

three times with 100 mM HEPES buffer. 

For coupling via sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (s-

SMCC, Iris Biotech, Germany), 1.5 mL of a 400 nM s-SMCC solution in 100 mM HEPES 

buffer was prepared. Subsequently, 1.5 mg of SA were dissolved in the solution and allowed 

to react for 30 minutes at room temperature. Meanwhile, 500 µL of a suspension containing 

unfunctionalized SCPs made from 10% (w/w) 2 kDa starPEG-mal and starPEG-SH was 
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centrifuged, and 300 µL of the supernatant was discarded. 1.3 mL of the solution containing 

the activated SA was added to the SCPs and left for 1 h. Finally, the suspension was 

centrifuged and washed three times with 100 mM HEPES buffer. 

 

 

2.8 Studies of interaction and adhesion of biotin-functionalized SCPs on streptavidin-

coated glass surfaces 

 

SA-coated coverslips were incubated with 1.5 mL of dilute biotin (sigma Aldrich, US) 

solutions dissolved in 100 mM HEPES buffer (pH = 7.0) in a range of 10
-13

 M to 10
-5

 M.  

After a period of 1 h, the surfaces were washed three times with 100 mM HEPES buffer (pH 

= 7.0) and clamped in a polytetrafluoroethylene (PTFE) ring for RICM measurements. The 

surfaces were covered with 1 mL HEPES buffer, and 200 µL of the suspension containing 

biotin-functionalized SCPs was added dropwise. 50 contact areas per condition were 

measured as described above. 

 

 

2.9 Data analysis of RICM measurements  

 

Obtained images of radial profiles resulting from the respective adhering or non-adhering 

SCPs were analyzed by a home-built software based on pattern matching [32]. Contact areas, 

particle radii as well as adhesion energies were calculated by the software. 
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3. Choice of materials and coupling reactions 

 

Elasticity is a key feature of SCPs and the elastic modulus is determined by the precursor 

material, the solid content of the precursor material used for the synthesis, the particular 

architecture of the precursor molecule and the reactivity of the functional groups for cross-

linking, i.e. the degree of conversion and resulting crosslinking density. As mentioned within 

the introduction, the lateral resolution of reflection interference contrast microscopy, which 

determines the accuracy with which the contact area is determined, is set by the limits of 

conventional optical microscopy and hence, contact areas of adhering SCPs should be larger 

than 1 µm in diameter [33]. Furthermore, the contact area must be spherical to assure 

applicability of JKR-model, whereby very soft SCPs with an elastic modulus below 10 kPa 

are prone to form large and irregular contact areas and high elastic moduli reduce the size of 

the resulting contact area, thereby decreasing the sensitivity of the assays. Consequently, 

elastic moduli of SCPs of 20-40 kPa, which yield contact diameters of 1 µm or more with 

well-defined circular areas, are demanded [34]. In addition, offsets, i.e. the formation of 

contact areas in the absence of adhesion, should be avoided, as unspecific deformation of 

SCPs decreases the sensitivity of the respective assays for geometrical reasons. 

Colloidal probe assays were carried out using particles made of various materials, including 

silicone rubber and different hydrogels [34–36]. Silicon rubber-based beads typically suffer 

from hydrophobic recovery, which renders functionalization of the corresponding probes 

temporary, making these probes unsuitable [37, 38]. To avoid unspecific deformation and, at 

the same time, enable sedimentation, the probes should have a density slightly higher than the 

surrounding aqueous media. This can be conveniently achieved by strong hydration, making 

hydrogels a superior choice as a probe material. However, certain hydrogels retain water to a 

large extent due to the presence of charged groups. Such hydrogels are inappropriate for SCP-

based sensing approaches, as the high charge density might lead to extensive unspecific 

adsorption phenomena and blocking of these moieties by conversion into other groups alters 

the hydration behavior of the material. Consequently, uncharged strongly hydrated polymers 

are the material of choice for the preparation of the SCP scaffold. While agarose, for example, 

might also be considered for this purpose, PEG offers the advantage of superior long-term 

stability of the prepared gels. In addition, the broad commercial availability of derivatives 

with different functional groups allows preparing SCP by various chemical processes and 

mechanisms, which facilitates tailoring of the SCP's properties. 

PEG-based hydrogels can be prepared by chain-growth polymerization using vinyl-modified 

PEGs and a radical initiator. In addition, several strategies for preparing PEG-based hydrogels 

by a step-growth mechanism, leading to more homogeneous gels, were proposed and 

extensively exploited [39]. Chain-growth-polymerized PEG hydrogels are formed by 

propagation of active centers, i.e. free radicals, through unsaturated carbon-carbon bonds of 

the PEG macromonomers, whereas step-growth–polymerized PEG hydrogels are formed by 

at least two mutually reactive multifunctional macromonomers with an average 

macromonomer functionality greater than two [39-41]. For our studies, we used different 

linear as well as a star-shaped four-arm acrylamide-terminated PEGs, all of which are 

prepared according to the chain-growth mechanism. Low molecular weight PEGs, in this case 

0.3 kDa, contribute more functional groups than high molecular weight PEGs, in this case 3.7 
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kDa at constant solid content. An increased number of functional groups should increase the 

crosslinking density of the polymer scaffold, increasing the elastic modulus of the 

corresponding gels. Multi-arm PEGs contribute additional crosslinking points to gel 

formation independently of the crosslinking reaction, which is useful in case of sluggish 

conversion of functional end groups. A comparison of the SCPs made from these different 

PEGs reveals the impact of PEG molecular weight and architecture on the mechanical 

properties. For step-growth-polymerized gels, two different 2 kDa four-arm PEGs were 

chosen. The crosslinking relies on a thiol-Michael addition. Maleimides are used as the ene 

component due to their superior reactivity with thiols compared to e.g. acrylamides and 

acrylates. The reaction rate is typically adjusted by varying pH and buffer concentration.  

A second focus of this study is the functionalizability of SCPs, as this is a prerequisite for 

performing biosensing assays. Strategies for the introduction of groups for later coupling 

reactions include post-synthesis grafting of small unsaturated molecules with carboxy groups. 

This method allows superior control over the density of the functional groups on the SCPs 

and the carboxy groups without compromising the mechanical properties of the SCPs. As a 

drawback, several additional steps to introduce these functional groups are necessary [19]. In 

addition, a one-step procedure for gel formation and functionalization is probed by using 

molecules bearing photocrosslinkable acrylamide groups as well as carboxy groups for further 

coupling reactions. This approach is convenient, but the bifunctional molecules for 

functionalization consume potential crosslinking sites, leading to a decrease in elastic 

modulus, which must be compensated. As a third option, groups that were not reacted during 

the crosslinking reaction are tested for their usefulness as functionalization sites. Therefore, 

unreacted groups were functionalized with bifunctional small molecules, since these are 

commercially available and inexpensive with a large variety of functional groups. In this 

context, thiol-Michael addition was used for gels prepared by both chain-growth and step-

growth mechanisms since both gels are prepared from precursors containing Michael 

acceptors. Thiol-Michael additions offer the advantage of high reaction rates with low cross-

reactivity and that no other compounds or reagents are required for the coupling. 

 

An overview of all synthesized and functionalized SPCs is provided in the SI (see section 1, 

tab. S1 in the SI). 
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4. Results 

4.1 Microfluidic synthesis of SCPs based on photocrosslinkable PEG–ACA and 

functionalization during synthesis and by post-synthesis photoradical grafting  

 

As a starting point, we probed the transferability of the original synthesis scheme to the 

microfluidic assisted synthesis of SCPs by employing PEG macromonomers bearing 

photocrosslinkable ACA end groups as precursor molecules at a concentration of 10% (w/w) 

[19, 20]. ACA moieties offer the benefit of enhanced stability even under harsh pH conditions 

when compared to acrylate groups, which are not suitable for integration of Fmoc- and Boc- 

protecting group strategies. In our experimental setup, we used conventional PDMS-based 

microfluidic devices with a flow-focusing geometry to generate uniform W/O emulsion 

droplets. COOH-functionalization of the synthesized probes was carried out using 

photoradical grafting of crotonic acid to the PEG-network after UV-crosslinking as described 

previously [18, 20]. An overview of the microfluidic device geometry, crosslinking chemistry 

and COOH-functionalization is shown in Fig. 2 a. 
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Fig. 2 

 

 

Synthesis, functionalization and characterization of SCPs made from linear PEG-ACA generated by photoradical reactions. a 

i Generation of a uniform W/O emulsion is achieved using a flow-focussing microfluidic device. The premixed dispersed 

phase made of an aqueous solution of PEG and a photoinitiator is emulsified into droplets by a continuous phase made of a 

fluorinated oil, supplemented with surfactant to prevent emulsion droplet coalescence. ii PEG macromonomers are 

crosslinked to an insoluble network by UV-initiated radical crosslinking of the ACA end groups. iii Post-synthesis COOH-

functionalization of SCPs is conducted by UV-initiated abstraction of hydrogen through excited benzophenone from the PEG 

backbone and subsequent grafting of an unsaturated carbon-carbon bond of a carboxylic acid (crotonic acid). b i Top: 

Comparison of EDC/NHS-treated SCPs made from high molecular weight (3.7 kDa, Qd = 40 µL h-1, Qc = 200 µL h-1) and 

low molecular weight (0.3 kDa, Qd = 50 µL h-1, Qc = 200 µL h-1) unbranched ACA-PEG-ACA before and after COOH-

functionalization by grafting of crotonic acid. All SCPs were treated with EDC/NHS. Upper row: Bright-field images of 

SCPs. Dashed circles highlight manifestations of EDC/NHS-mediated degradation. Bottom row: Corresponding RICM 

images. Red arrows highlight manifestations of EDC/NHS-mediated degradation. ii Averaged contact radii of at least 10 

SCPs per condition are presented. Results are presented as mean + SD.  

 

After synthesis and functionalization, SCPs were examined by bright-field microscopy and 

RICM. The analysis showed a narrow size distribution of 27 ± 0.6 µm for particles made from 

3.7 kDa PEG and 30.5 ± 1.2 µm for particles made from 0.3 kDa PEG. Inclusions within the 

SCPs could not be found and only a negligible proportion of particles showed other defects 

like deformations of the spherical shape. Next, the SCPs were activated by active ester 

chemistry for the coupling of primary amine- (NH2) containing compounds. In contrast to 

unfunctionalized SCPs, treatment with EDC/NHS resulted in degradation of COOH-

functionalized SCPs, as shown in Fig. 2 b i, indicated by dashed red lines (bright-field) and 

red arrows (RICM). Bright-field microscopy revealed more pronounced defects for 3.7 kDa 

particles than for 0.3 kDa PEG, but the overall effect was observed in both cases. The impact 

of EDC/NHS treatment on the mechanical properties of SCPs was studied using RICM. Both 

COOH-functionalized SCP-types displayed irregular contact areas as well as light and dark 
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spots. The increase in contact radii after EDC/NHS treatment indicates a change in the SCPs 

mechanical properties, i.e. softening due to degradation, which disqualifies the overall 

synthesis and functionalization approach for the envisioned highly sensitive and accurate 

adhesion energy measurements (see FIG 2 b ii). We observed that a reduced degree of 

functionalization and a reduced EDC/NHS concentration mitigated particle degradation to 

some extent (data not shown), but the overall effect could not be avoided with this strategy. 

 

 

Fig. 3 

 

 

Simultaneous synthesis and COOH-functionalization of SCPs made from starPEG-ACA generated by photoradical reactions. 

a Overview of PEG macromonomers (2 kDa starPEG-ACA and 2 kDa ACA-PEG-COOH) and reaction scheme. UV-initiated 

crosslinking of the PEG-ACA end groups leads to covalent anchoring of the COOH-bearing PEG derivative to the polymer 

scaffold by the same photoradical coupling reaction used for macromonomer crosslinking. b i Verification of SCP-

functionalization based on the comparison of fluorescence intensities via cLSM. COOH-groups of the particles were stained 

with COOH-reactive FAM-NH2 by active ester chemistry (EDC/NHS) and analyzed via cLSM to verify the presence of 

COOH-groups. ii Ethylenediamine is coupled to COOH-functionalized SCPs by active ester chemistry (EDC/NHS), stained 

with amine-reactive FITC and analyzed via cLSM to verify the presence of NH2-groups after ethylenediamine 

functionalization. iii Bright-field images of COOH-functionalized SCPs before and after treatment with EDC/NHS as well as 

SCPs made from starPEG-ACA (2 kDa) as a reference. Degradation of SCPs is exclusively observable in the case of COOH-

functionalized SCPs treated with EDC/NHS (bottom row).  20 SCPs per condition were measured for cLSM and bright-field 

analysis. Results are presented as mean + SD 

 

As an alternative approach and to investigate whether these detrimental effects arise from the 

post-synthesis photoradical functionalization, we tested the functionalization of SCPs during 

particle crosslinking (see Fig. 3 a). For this, starPEG-ACA with a molecular weight of 2 kDa 

was mixed with unbranched heterobifunctional PEG bearing an ACA- and COOH-group. 4-

arm-starPEG was chosen to introduce additional crosslinks, as the linear ACA-PEG-COOH 

reduces crosslinking density. To validate COOH-functionalization, 5(6)-fluorescein 

ethylenediamine (FAM-NH2) was coupled to SCPs as a fluorescent tag, whereby particles 

produced from starPEG-ACA only acted as negative control (reference). Additionally, 

ethylenediamine was coupled to COOH-functionalized SCPs to introduce NH2-groups, which 
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were subsequently labeled with FITC acting as an amine-reactive dye. COOH-functionalized 

particles served as a negative control. In both cases, the fluorescence intensities were 

significantly increased compared to the reference SCPs, clearly demonstrating the success of 

the respective functionalization (Fig. 3 b i and ii). Lastly, applicability for active ester 

chemistry was probed by treatment of the particles with EDC/NHS. Fig. 3 b iii shows 

representative SCPs before and after EDC/NHS treatment, which reveal a similar degree of 

degradation as observed for the aforementioned types of COOH-functionalized SCPs (Fig. 2). 

 

 

4.2 Characterization and optimization of double bond conversion and mechanical 

properties of SCPs based on photocrosslinkable starPEG-ACA 

 

To overcome these obstacles, we decided to closely examine and optimize synthesis and 

functionalization parameters. Here, we started with an improvement of double bond 

conversion by adjusting solid content, photoinitiator concentration as well as irradiation time 

and intensity. To test the dependence of SCP contact area on the tested parameters, SCPs were 

applied to glass slides cleaned with isopropanol in an ultrasonic bath. These surfaces possess 

sufficient hydrophobicity to drive entropic adhesion of SCPs. SCPs synthesized using flow 

rates of Qd = 50 µL  h
-1

 and QC = 200 µL h
-1

 revealed only minor differences in diameter (24.4 

± 1.0 µm (5% (w/w), 24.2 ± 1.0 µm (7.5% (w/w) and 22.6 ± 0.6 µm (10% (w/w)), making 

RICM a suitable method to compare contact radii and indirectly particle stiffness (see eq. 1). 
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Fig. 4 

 

 

Analysis and optimization of synthesis and functionalization parameters of SCPs made from 2 kDa starPEG-ACA (Qd = 50 

µL h-1, QC = 200 µL h-1). a The impact of synthesis parameters on the mechanical properties of SCPs was probed by contact 

area analysis using RICM. SCPs with a lower elasic modulus are characterized by the formation of increased contact radii. i 

Analysis of contact radii in dependence on PEG solid content at 1% (w/w) photoinitiator concentration. ii Contact radii in 

dependence on photoinitiator concentration (10% (w/w) PEG). iii Contact radii in dependence on UV irradiation time (10% 

(w/w) PEG, 2% (w/w) photoinitiator). The graphs for non-functionalized and functionalized SCPs are indicated by grey and 

black lines, respectively. SCPs adhered to uncoated glass surfaces. Mean contact radii of at least 50 particles per condition 

are shown except for SCPs made from 5% (w/w) PEG solutions. In this case, the mean contact radius of 10 SCPs is 

presented. Error bars indicate SD. b Determination of remnant ACA-groups of FITC-labeled unfunctionalized SCPs by 

cLSM. Fluorescence intensity increases with an increasing number of remnant ACA-groups. i Variation of the solid content 

of the PEG solutions between 5 and 20%. The number of remaining ACA-groups correlates positively with the solid content. 

ii Impact of UV intensity and irradiation time. Both correlate positively with double bond conversion. The low and high 

irradiation intensity represents a curing setup with five 8 W UV lamps (low) and a 250 W (high) UV lamp, respectively. iii 

Impact of a repeated crosslinking step after initial crosslinking and workup. Photoinitiator was added to an SCP suspension 

and irradiated. Both crosslinking steps were conducted using a curing setup with five 8 W UV lamps and an irradiation time 

of 3 minutes. The photoinitiator content used for all SCP syntheses depicted in b was 2% (w/w). At least 20 particles per 

condition were fluorescently labeled and measured via cLSM. Results are presented as means and error bars indicate SD 

 

As expected, contact areas of SCPs adhering to unfunctionalized glass surfaces decreased 

with increasing PEG solid content, indicating higher elastic moduli for higher solid contents 

(Fig. 4 a i). It has to be noted that SCPs made from 5% (w/w) PEG solutions yielded blurred, 

non-circular interfacial areas and a lack of Newtonian fringes, making this type of SCP 

unsuitable for precise measurements. RICM images of SCPs made from 7.5 and 10% (w/w) 

PEG solutions showed strong contrast and circular contact areas. The particle stiffness could 

be further increased by using higher concentrated PEG solutions above 10% (w/w) (see 

section 7, fig. S1 in the SI). However, follow-up experiments were conducted with SCPs 

made from 10% (w/w) PEG solutions, as SCPs with higher elastic moduli resulted in smaller 

contact areas and consequently lower sensitivity in subsequent sensing applications. 

Additionally, higher concentrated PEG solution exhibit increased viscosity, which might lead 
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to non-uniform SCPs and satellite droplet formation. A slight difference between 

unfunctionalized and COOH-functionalized SCPs could be observed, indicating either the 

presence of attractive interactions between SCPs and the glass surface or negligible alterations 

of elastic moduli after COOH-functionalization. 

Next, the effect of photoinitiator concentration on the double bond conversion of the SCPs 

was examined. Photoinitiator contents ranging from 1 to 4% (w/w) were tested. Increasing the 

concentration from 1 to 2% (w/w) resulted in smaller contact areas for both unfunctionalized 

and COOH-functionalized SCPs (Fig. 4 a ii). A further increase above 2% (w/w) resulted in 

larger contact radii, most likely due to chain terminations caused by the increased amount of 

photoinitiator radicals in higher concentrated solutions. The photoinitiator concentration for 

subsequent experiments was therefore set to the optimum concentration of 2% (w/w). In 

addition to the aforementioned synthesis parameters, the irradiation time was optimized. 

Freshly synthesized SCPs were UV-irradiated (254 nm) for 0.5 to 3 min, and contact radii 

were analyzed by RICM. As can be seen from Fig. 4 a iii, the SCP stiffness (i.e. the decrease 

in the contact area) correlates with the exposure time, with saturation being reached after 3 

minutes of UV exposure. 

It should be noted that confinement of polymer precursor molecules at high w/w content 

within the comparatively small droplet volume generated by the microfluidic flow-focusing 

device is associated with a steric hindrance that severely limits the mobility of the reactive 

species during crosslinking. Hence, unreacted functional ACA-residues are most likely 

present in the resulting particles, as reported in previous studies [42]. We therefore exploited 

fluorescein isothiocyanate (FITC) for labeling these remnant groups. As can be seen from 

Fig. 4 b i, the number of available ACA-groups increased strongly with the PEG 

macromonomer solid content. A similar series of experiments with mixtures of linear and 

starPEG macromonomers did not reveal options for a comprehensive improvement of double 

bond conversion or a reduction of the remnant functional groups (see section 8, fig. S2 in the 

SI). The addition of highly mobile monofunctional small molecules to quench the remnant 

groups was not tested at this point, as this strategy is expected to excessively reduce the 

elastic moduli. Therefore, we investigated the impact of UV irradiation time as well as 

intensity on the number of remnant ACA-groups using a low (5 x 8 W, 43 mW cm
-2

) and a 

high energy (250 W, 250 mW cm
-2

) UV curing device to exclude possible consequences of 

oxygen inhibition due to rapid diffusion of gas into the solution. Only a minor improvement 

could be achieved by increasing the UV intensity, whereby the same UV irradiation time 

dependence could be observed for both setups (Fig. 4 b ii). Prolonged irradiation at high 

101



 

 

intensity yields clumped and irregularly shaped SCPs (data not shown). Finally, to verify that 

the maximum double bond conversion for the 2 kDa starPEG-ACA system was achieved, we 

followed up with a second crosslinking step, i.e. the addition of photoinitiator to cured and 

fully swollen SCPs. As no difference in fluorescence intensity in comparison to the reference 

(1x crosslinking) could be detected, it was concluded that no further improvements regarding 

double bond conversion are possible (Fig. 4 b iii). 

 

 

4.3 Functionalization of SCPs based on photocrosslinkable starPEG-ACA by thiol-

Michael addition using remnant ACA-groups 

 

After optimizing and analyzing the double bond conversion of starPEG-ACA-based SCPs, we 

explored strategies for quenching residual unreacted ACA-moieties and alternatively 

introducing functional groups that utilize ACA-groups. As possible reaction partners, we used 

isopropyl-isothiocyanate as an isothiocyanate derivative for addition to ACA-groups. 

Furthermore, hydroquinone and mequinol were exploited as radical scavengers to prevent 

thermally initiated radical reactions arising from ACA-groups (data not shown). Both 

strategies proved to be inefficient compared to the thiol-Michael addition of ethanethiol 

derivatives and were not considered further for follow-up experiments. In contrast, strategies 

for conversion of remnant ACA-groups to OH-, SH-, NH2- as well as COOH-groups were 

extensively exploited as depicted in Fig. 5. The ethanethiol related molecules 

mercaptoethanol, ethanedithiol, cysteamine and thioglycolic acid served as bifunctional small 

molecules, whereby the SH-group, respectively one of the SH-groups in the case of 

ethanedithiol, was coupled to a remnant ACA-moiety and the second functional group, i.e. 

OH, SH, NH2 or COOH, determines the functionality of the SCP (Fig. 5 a i and ii). 
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Fig. 5 

 

 

SCP-functionalization by thiol-Michael addition. a i Reaction scheme: Remnant ACA-groups of SCPs serve as Michael 

acceptors for the thiol addition of ethanethiol derivatives to introduce diverse functional groups by coupling after synthesis of 

SCPs. ii Overview of prepared SCP types. Conversion into OH-, SH-, NH2- and COOH-functionalized SCPs is achieved by 

using mercaptoethanol, ethanedithiol, cysteamine and thioglycolic acid, respectively. b Verification of SCP-functionalization 

based on the comparison of fluorescence intensities. i OH-functionalization was examined by FAM-SH and the 

corresponding decrease of ACA-groups after mercaptoethanol-functionalization. ii and iii Detection of SH- and NH2-groups 

by reacting the SH-group with FAM-mal and the NH2-group with TAMRA-scm. Both dyes offer a specific reactivity for the 

respective functional group. iv COOH-groups were verified by reacting FAM-NH2 in the absence (no reaction) and presence 

(reaction proceeds) of EDC/NHS. Fluorescence intensities of the labeled SCPs were assessed by cLSM. 60 particles per 

condition were measured. Results are presented as mean + SD 

 

All functionalization approaches were specifically probed by fluorescence staining of SCPs 

and cLSM analysis. 5-(6)-carboxyfluorescein-thiol (FAM-SH) was used to verify OH-

functionalization, as the introduction of OH-groups is accompanied by consumption of 

available ACA-groups. SH- and NH2-functionalized SCPs were directly labeled by SH-

reactive N-(5-fluoresceinyl)maleimide (FAM-mal) and amine-reactive 5(6)-

carboxymethylrhodamine succinimidyl ester (TAMRA-scm), respectively. 5-(6)-

carboxyfluorescein ethylenediamine (FAM-NH2) was coupled to COOH-groups by pre-

activation of SCPs with EDC/NHS and the same conditions were applied in the absence of 

EDC/NHS to obtain a negative control. 

As shown in Fig. 5 c i, the fluorescence intensity emanating from SCP-coupled FAM-SH is 

significantly reduced after mercaptoethanol-functionalization, indicating the successful 

introduction of OH-groups. SH- as well as NH2-functionalization, could be verified by the 

strong increase of fluorescence intensities for ethanedithiol- or cysteamine-functionalized 

SCPs in comparison to unfunctionalized SCPs (Fig. 5 c ii and iii). Finally, COOH-
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functionalization via coupling of thioglycolic acid was examined. Only SCPs preactivated 

with EDC/NHS exhibit notable fluorescence, proving successful introduction of COOH-

groups (Fig. 5 c iv). 

It can be concluded that the thiol-Michael addition of thiol compounds to remnant ACA-

groups is a simple method for introducing distinct moieties that are not limited to the 

bifunctional small molecules mentioned above. It should be noted that the more commonly 

used PEG acrylates are stronger Michael acceptors than ACA and that the functionalization of 

acrylate-based hydrogels in this way should be even more efficient. 

 

 

4.4 Impact of thiol-Michael addition-based conjugation on SCP characteristics 

 

After evaluating the functionalization of starPEG-ACA-based SCPs, we examined the SCPs 

for possible impacts of the functionalization on homogeneity and the occurrence of 

degradation effects. Since the extent of degradation is likely to be related to the degree of 

functionalization, both characteristics were correlated for all different types of functionalized 

SCPs. A stepwise increase in functionalization degree was achieved by the addition of 

solutions containing 1.4, 2.8 or 4.2 mmol of the bifunctional molecules to 2.5 mL of the 

corresponding particle suspension. Functionalization was verified using FITC for ACA-

staining to probe thioglycolic acid-, i.e. COOH-, and FAM-mal to probe ethanedithiol-, i.e. 

SH-, functionalization. As shown in Fig. 6 a i, the fluorescence signal of FITC-stained ACA-

groups decreases with increasing amounts of mercaptoethanol coupled to SCPs and the 

enhancement of the signal, arising from SH-groups, correlated with the amount of 

ethanedithiol added to the SCPs. In both cases, saturation was achieved at 4.2 mmol. 

Microscopic analysis by bright-field microscopy as well as RICM imaging was used to 

examine defects of SCPs after functionalization. The analysis revealed structural irregularities 

within the SCPs and the corresponding interfaces for COOH- but not SH-functionalized SCPs 

(Fig. 6 a ii). Following the idea that these structural defects on the micrometer scale are 

associated with a broadening of the range of the grey values recorded, we analyzed the grey 

value distribution within a suitable section of one representative particle per condition for 

homogeneity assessment. COOH-functionalized SCPs showed a broadening of the Gaussian 

with increasing functionalization degree, whereas grey value distributions for all types of SH-

functionalized SCPs exhibit impeccable overlap with the reference (0 mmol), thereby 

indicating the absence of degradation effects (see section 9, fig. S3 in the SI). To assure an 
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adequate averaging over several SCPs, the standard deviation of 15 sections was calculated 

and utilized as a measure of homogeneity. As depicted in Fig. 6 a iii, the mean values, i.e. the 

severity of structural defects, likewise positively correlates with the functionalization degree 

in the case of COOH-functionalized but not SH-functionalized SCPs. 
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Fig. 6 

 

 

Characterization of functionalized SCPs made from 2 kDa starPEG-ACA. a Comparison of thioglycolic acid (COOH) and 

ethanedithiol (SH) functionalization. i Dependence of the functionalization degree on the concentration of the bifunctional 

ethanethiol derivative. In the case of thioglycolic acid (COOH-) functionalization, ACA-groups were stained with FITC. 

Fluorescence intensity inversely correlates with the degree of functionalization due to consumption of ACA-groups. 

Ethanedithiol- (SH-) functionalized SCPs were stained with FAM-mal. Fluorescence intensity correlates positively with the 

degree of functionalization due to a progressively increasing number of SH-groups. ii Bright-field images and RICM 

micrographs of SCPs functionalized with different concentrations of ethanethiol derivatives to detect alterations of the 

structure of SCPs as a result of functionalization. Structural distortions are observed in SCPs treated with thioglycolic acid. iii 

Comparison of averaged grey value standard deviations of cross sections of SCPs for quantifying the impact of 

functionalization on the homogeneity of the SCPs. The averaged grey value standard deviation correlates positively with the 

extent of structural distortions.  b Post-functionalization of SCPs bearing SH-groups introduced by post-synthesis thiol-

Michael addition. i Reaction scheme. A bifunctional small molecule bearing a maleimide for specific conjugation to the SH 

functionalized SCP converts the functionalization from maleimide to group R. In the data shown, R is either an ethylamine or 

a propionic acid residue, introducing NH2 and COOH-groups, respectively. ii-iv Verification of SCP-functionalization based 

on the comparison of fluorescence intensities measured by cLSM. Verification of SH, NH2 and COOH-functionalization is 

conducted using FAM-mal (SH-reactive dye (ii)), FAM-NH2 + EDC/NHS (COOH-reactive dye (iii)) and FAM-scm (NH2-

reactive dye (iv)), respectively. v Homogeneity analysis by comparison of post-functionalized SCPs and SH- as well 

unmodified SCPs (reference). Averaged grey value standard deviations are constant and do not reveal an increase of 

structural distortions as a result of functionalization. For all cLSM-based analysis of SCPs, 60 particles per condition were 

measured. For homogeneity assessment by comparison of grey value SD, 5 SCPs per condition, each at 3 different regions, 

were measured. Results are presented as means and error bars indicate SD 
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A comparison of structural homogeneity between the different types of SCPs by particle grey 

value SD analysis is provided in the ESI (see SI, section 9). Increasing structural irregularities 

of the different types of SCPs were observed in the order SH < NH2 < OH < COOH with 

additional EDC/NHS-mediated degradation encountered in the case of SH-, NH2- and COOH-

functionalized SCPs. As an alternative strategy, the possibility of coupling further compounds 

to SH-groups presented by ethanedithiol-functionalized SCPs was exploited using 

bifunctional maleimides in a similar way as described for the aforementioned thiol 

compounds. 2-maleimidoethylamine (mal-NH2) and 3-maleimidopropionic acid (mal-COOH) 

served as prototypic compounds for this approach (Fig. 6 b i). Functionalization was verified 

by labeling the SH-groups with FAM-mal (Fig. 6 b ii) and NH2-groups with FAM-scm (Fig. 

6 b iii). COOH-groups were stained with FAM-NH2 + EDC/NHS (Fig. 6 b iv). All 

experiments indicated successful coupling of the maleimide compounds, as can be concluded 

from the infinitesimal fluorescence of maleimide-functionalized, FAM-mal-stained SCPs and 

the increase of signal intensity of mal-NH2 and mal-COOH-functionalized SCPs labeled with 

the respective specific dye. FAM-scm shows reactivity towards SH-groups, most likely due to 

the formation of thioester linkages, which can be removed by basic workup, i.e. at elevated 

pH, of the suspension. Importantly, the maleimide addition step did not affect the particle 

homogeneity, although the subsequent application of EDC/NHS active ester chemistry led to 

the same degradation as observed before (see section 9, fig. S3 in the SI). Similar results 

were obtained by introduction of SH-groups using hydrogen disulfide (H2S) instead of 

ethanedithiol. H2S-functionalized SCPs did not reveal any degradation effects either (see 

section 10, fig. S4 in the SI). 

To summarize the microfluidic SCP synthesis and functionalization based on 

photocrosslinkable ACA-PEG macromonomers, SCP functionalization is conveniently 

achieved by reacting acrylamide residues within the PEG-meshwork with thiol compounds by 

thiol-Michael addition. However, a strong dependence between structural inhomogeneities 

within SCPs and the functional groups of the bifunctional molecules used for SCP 

functionalization was observed. These inhomogeneities were not elicited by SH-groups and 

the coupling reaction itself. Testing the suitability of SCPs for active ester chemistry revealed 

general inapplicability of EDC/NHS-mediated coupling reactions due to structural defects, 

independent of the chosen strategy for introducing functional groups. On the other hand, 

coupling of maleimide compounds to SCPs bearing SH-groups was not accompanied by 

further degradation or the occurrence of any distortions within the PEG network, making SH-

functionalized SCPs the superior basis for the envisioned sensing system. 
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4.5 Microfluidic synthesis, functionalization and characterization of SCPs based on 

thiol-Michael addition of starPEG-SH and starPEG-mal 

 

In the light of the above findings, we decided to investigate a fundamentally different particle 

synthesis setup using thiol-Michael addition of maleimides as acceptors to avoid multi-step 

post-synthesis functionalization protocols. A PDMS-based flow-focusing microfluidic device 

with four inlets was used to achieve on-chip crosslinking of homofunctional 2 kDa four arm 

starPEG maleimide (starPEG-mal) and 2 kDa four arm starPEG-thiol (starPEG-SH, Fig. 7 a i 

and ii). For further functionalization of the corresponding SCPs, the possibility of employing 

remnant SH- or mal-groups was investigated (Fig. 7 a iii). 

Initially, the mechanical properties, i.e. elastic modulus and resulting contact area, of SCPs 

made from a 5% (w/w) and 10% (w/w) PEG solution (each 50% starPEG-mal and 50% 

starPEG-SH) was evaluated. The particles were 33.8 ± 1.9 µm (5% (w/w)) and 30.0 ± 0.6 µm 

(10% (w/w)) in diameter. It has to be noted that SCPs made from 5% (w/w) PEG solutions 

generally exhibited non-circular contact areas due to the low stiffness of the polymer network, 

which was further confirmed by AFM-nanoindentation experiments (Fig. 7 b i). SCPs made 

from 10% (w/w) starPEG solutions, on the other hand, exhibited regular contact areas of 

roughly 2 µm in diameter on coverslips cleaned with isopropanol in an ultrasonic bath, 

representing a satisfactory ratio between particle and contact radius, accompanied by an 

elastic modulus of nearly 30 kPa, which fits an optimal range of sensitive and robust 

biosensing applications of the SCP assay. 

Next, the SCPs were screened for unreacted SH- and mal-moieties which could be utilized for 

subsequent conjugation reactions. Therefore, the SCPs were functionalized with the model 

compounds mal-COOH as well as thioglycolic acid (HS-COOH). The functionalized SCPs 

were compared to unfunctionalized reference SCPs after labeling with SH- (FAM-mal) and 

mal- (FAM-SH) reactive dyes. The results indicate complete conversion of SH-groups after 1 

h reaction with mal-COOH. Functionalization with HS-COOH under the same conditions led 

to incomplete conversion (Fig. 7 b ii). The latter approach was therefore not further pursued. 

It is necessary to note that these results strongly depend on experimental details, as both thiol 

and maleimide are susceptible to oxidation, i.e. disulfide formation and hydrolysis of the 

maleimide, respectively, and both effects are heavily affected by pH and other factors [43, 

44]. Maleimides in the SCP networks are most likely hydrolyzed after synthesis and 24 h 

storage and unspecific coupling of FAM-SH might be a result of disulfide formation, 

contributing to the observed fluorescence signal when using FAM-SH. Therefore, the rapid 

108



 

 

and quantitative functionalization of SCPs by targeting remnant SH-groups was used in 

follow up experiments. To probe whether thiol-oxidation plays a role for storage of 

unfunctionalized SCPs, the particles were labeled with FAM-mal after one week of storage 

and compared to SCPs after the addition of the reducing agent tris(2-carboxyethyl)phosphine 

(TCEP). Additionally, the impact of functionalization with mal-COOH as well as HS-COOH 

on particle homogeneity was tested by grey value SD analysis (Fig. 7 b iii). As neither storage 

nor functionalization did affect the SCPs, we decided to proceed with the biofunctionalization 

of SCPs using maleimide derivatives. 
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Fig. 7 

 

 

Synthesis, functionalization and characterization of SCPs made from 2 kDa starPEG-SH and 2 kDa starPEG-mal. a i 

Generation of a uniform W/O emulsion is achieved using a flow-focussing microfluidic device. starPEG-SH solution, 

starPEG-mal solution and PBS are co-injected into the microfluidic device and emulsified into droplets by a continuous 

phase made of a fluorinated oil, supplemented with a surfactant (continuous phase) to prevent emulsion droplet coalescence. 

ii Crosslinking proceeds within the droplets, and monodisperse SCPs are formed. Macromonomer crosslinking and gel 

formation is achieved by thiol-maleimide addition. iii SCPs are functionalized using remnant functional groups, which are 

further functionalized by thiol-maleimide addition using bifunctional small molecules with either a mal- (SH-reactive) or SH- 

(mal-reactive) group. b i Characterization of mechanical properties by RICM and AFM. Contact radius r measured via RICM 

and the elastic modulus E measured via AFM correlate inversely. ii Functionalization strategies employing maleimides and 

thiols probed by cLSM. FAM-mal (SH-reactive) is used for detecting remnant SH-groups. SH-groups of the SCP are blocked 

by reaction with mal-COOH. FAM-SH (mal-reactive) is used to detect unreacted mal-groups. mal-groups of the SCP are 

blocked by reaction with HS-COOH. The decrease in fluorescence intensity resulting from the conversion of either SH- or 

mal-groups of the SCP indicates functionalizability with maleimide and thiol compounds, respectively.  iii Impact of 

disulfide reduction using TCEP as reducing agent to probe the extent of thiol oxidation after 1 week of storage as well as 

homogeneity assessment using cLSM and bright field microscopy. Neither extensive thiol oxidation nor impacts of the 

functionalization reactions on the particle homogeneity were detected. Fluorescence intensities were calculated from 60 

particles per condition. For homogeneity analysis, 15 suitable sections within 5 different SCPs per condition were evaluated. 

Results are presented as means + SD 

 

To investigate the suitability of this functionalization strategy for protein immobilization on 

the SCPs, we used streptavidin (SA) as a model-protein due to the specific detectability by 

labeled biotin. Additionally, the SA-coated SCPs serve as a platform for convenient binding 

of several molecules of interest to SCPs using the streptavidin-biotin-system. Fig. 8 a depicts 

the strategies chosen for SA-functionalization. As a first approach, biotinyl-PEG2-maleimide 
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(mal-btn) was used to introduce biotin and bind tetravalent SA (Fig. 8 a i) where the 

unoccupied binding pockets served as the basis for post-functionalization. The second 

approach made use of a low molecular excess of sulfosuccinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (s-SMCC), presenting an activated COOH-

group for SA-coupling and a mal-group for tethering the conjugate to SCPs in a subsequent 

step (Fig. 8 a ii). mal-btn-coupling was examined using FAM-mal for labeling of SH-groups, 

whereby a quantitative conversion of SH-groups could be achieved as shown in Fig. 8 b i. 

SA-immobilization was verified via labelling of the binding pockets with biotin-4-fluorescein 

(FAM-btn). Both strategies indicated efficient coupling of SA to SCPs but the resulting 

labeling degree turned out be several orders of magnitude higher utilizing s-SMCC (Fig. 8 b 

ii). The appearance of both types of SCPs also differed profoundly. The mal-btn-

functionalization strategy led to SCPs labeled exclusively in the fringe area and bright-field 

imaging revealed the formation of a ring-shaped structure in the SA-functionalized region 

(Fig. 8 b iii). Additionally, crosslinking between SCPs was observed. On the other hand, s-

SMCC-SA conjugates are capable of penetrating into the SCPs and such functionalized SCPs 

did not show any structural alterations, formation of ring-shaped structures or SCP 

aggregates. 

 

  

111



 

 

Fig. 8 

 

 

Biofunctionalization of SCPs made from 2 kDa starPEG-SH and 2 kDa starPEG-mal with streptavidin (SA). a Overview of 

functionalization strategies. i Biotinyl-PEG2-maleimide (mal-btn) is coupled to SCPs bearing SH-groups using thiol-

maleimide addition. Subsequently, SA is tethered to the biotin-functionalized SCPs using affinity binding. Tetravalency of 

SA assures the presence of unoccupied binding pockets of the immobilized protein. ii Sulfosuccinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (s-SMCC) is coupled to an NH2-group of SA for introducing mal-groups in a 

first step. In a second step, the mal-functionalized SA is added to a suspension of SCPs bearing SH-groups, and immobilized 

on the SCPs using thiol-maleimide addition. b i Proof of mal-btn-coupling using FAM-mal labeling and cLSM analysis. SH-

groups are quantitatively converted, resulting in weakly fluorescent SCPs. ii SA-immobilization was probed using affinity 

binding of biotin-4-fluorescein (FAM-btn) to SA decorated SCPs and cLSM analysis. Strong fluorescence is exclusively 

detectable for SA functionalized SCPs, with SA immobilization using s-SMCC yielding the highest fluorescence intensity 

and therefore highest SA density. iii Micrographs showing the appearance of SA-functionalized SCPs were recorded by 

cLSM (top) and bright-field microscopy (bottom). Annular structures are formed in the case of the mal-btn functionalization 

strategy, while no such effect is observed for the s-SMCC functionalization strategy. Please note that only cross-sections in 

close proximity to the SCP-glass surface interface were measured to obtain fluorescence intensities in these homogeneously 

labeled regions. Fluorescence intensities were calculated from 60 particles per condition. Results are presented as means +SD 
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4.6 Proof of suitability of SCPs based on thiol-Michael addition for the sensitive 

quantification of analytes  

 

Finally, we employed the streptavidin-biotin system as a model system to prove the suitability 

of the newly developed SCPs for biosensing approaches. Additionally, we probed their 

applicability for assays, without the necessity of determining the individual size of each 

particle for precise analyte concentration measurements. The latter point is of particular 

interest as the possibility of directly relating the analyte concentration to the contact areas 

makes the RICM-based reconstruction of height profiles of adhering SCPs redundant. Height 

reconstruction is necessary to calculate SCP radii as well as adhesion energies (see eq. 1). It 

requires resources for high-resolution optical instrumentation, image acquisition and data 

evaluation, which hinders the development of inexpensive miniaturized on-site analysis 

devices. 

The experimental setup and results are depicted in Fig. 9. Biochips covalently coated with SA 

were prepared by reacting an anhydride-functionalized glass slide with the NH2-groups of SA 

(see section 11, fig. S5 in the SI). Tetravalency of SA ensures the presence of sufficient 

available binding sites for biotin. For binding assays, the biochips were incubated with 

soluble biotin in a concentration range from 10
-13

 to 10
-5

 M and biotin-functionalized SCPs 

were added so that a concentration-dependent differential adhesion between biochip and SCPs 

should be observable as schematically illustrated in Fig. 9 a. For this experiment SCPs based 

on thiol-Michael addition of starPEG-SH and starPEG-mal were used due to their simple and 

efficient biofunctionalization with biotinyl-PEG-maleimide. Since no precise quantification of 

the SCPs was required for these experiments, SCPs were added to the SA-coated biochips so 

that no overlap was observed.  
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Fig. 9 

 

Results of SCP-based biotin quantification using SCPs functionalized with s-SMCC conjugated SA. a Assay principle: i An 

SCP equipped with biotin adheres to a transparent biochip bearing immobilized SA and forms an extended interfacial area as 

a result of biospecific interactions. ii Soluble biotin blocks binding sites for particle tethered biotin. As a result, the contact 

area and adhesion energy between SCP and biochip decreases. iii At high concentrations of soluble biotin, the presented 

binding sites are completely occupied and the SCP cannot adhere to the biochip anymore. Immobilized SA molecules are 

depicted as monomers for better overview. b Comparison of biotin concentration dependent adhesion energies of SCPs. 

Adhesion energies were calculated on the basis of individual particle radii (green, radius corrected)) and an averaged particle 

radius (orange, w/o radius correction). 60 particles per concentration were measured. The averaged SCP radius was 

calculated from 600 SCPs and is 14.9 µm. Results are presented as means ± SD 

 

In this verification experiment, we compared adhesion energies calculated based on an 

averaged particle radius (w/o radius correction) to adhesion energies calculated from 

individual particle radii (radius corrected) (Fig. 9 b). Our results indicate sensitivity in the 

range between 10
-7

 and 10
-10

 M and measurements employing averaged contact radii are 

almost identical with the adhesion energies calculated from individual particle radii. 

Maximum deviations between data points of the same concentration are less than 0.1% and 

can therefore be regarded negligible for routine measurements. The data demonstrate the 

straightforward application of monodisperse PEG-based SCPs developed within this study to 

measure analyte concentration with high sensitivity based on prior knowledge of SCP size, 

without the necessity of individual determination of SCP radii. 
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5. Conclusions 

In this work, we presented the design, characterization and optimization of SCPs fabricated 

by droplet-based microfluidics employing PDMS-based flow-focusing devices. Two 

crosslinking approaches, namely photocrosslinking of ACA-functionalized PEG as well as 

thiol-Michael addition of SH- and mal-modified PEGs were tested, both of which yielded 

highly monodisperse and homogeneous SCPs. The mechanical properties had to be adjusted 

to meet the requirements of the SCP assay, whereby SCPs made from 2 kDa starPEG-SH and 

2 kDa starPEG-mal exhibit an ideal elastic modulus of 30 kPa. In the case of 

photocrosslinkable PEG-ACA, additional parameters, including photoinitiator concentration, 

UV exposure time, intensity, etc., had to be optimized to tailor the SCPs mechanical 

properties. Both SCP types exhibit sufficient unreacted functional groups for convenient post-

synthesis conjugation of the SCPs through thiol-Michael addition, allowing avoiding harsh 

chemistries like photoradical grafting for the introduction of functional groups. A particular 

strength of the system is the flexibility regarding the possibilities for introducing several 

functional groups, moieties and biomolecules. In this context, especially SCPs fabricated via 

thiol-maleimide Michael addition proved to be well-suited, as maleimides can be specifically 

and efficiently coupled to the unreacted SH-groups in a one-step procedure. Finally, we could 

demonstrate that highly sensitive quantification of biomolecules is feasible and that our 

monodisperse and conveniently chemically modifiable SCPs eliminate the need to determine 

individual radii based on interference patterns, which will greatly facilitate the translation of 

the SCP technique. 

On the other hand, it should be noted that direct coupling of compounds with amino groups to 

carboxy-functionalized SCPs using active ester chemistry is not possible without degrading 

the SCPs and altering the mechanical properties. Consequently, amine compounds must be 

conjugated with linkers bearing a carboxy and maleimide group prior to SCP coupling to 

prevent degradation. Compared to solution phase methods for SCP synthesis, it can be 

criticized that the scalability of this method is usually limited to parallelization and that 

organic solvents and relatively expensive instrumentation are required [45]. 
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1. Summary of synthesized and functionalized SCPs 

Table S1: Summary of synthesized and functionalized SCPs. Corresponding functionalization method, molecule used for functionalization and the reference are given. 

SCP synthesis 
method 

Precursor 
molecules (PEG) 

Functionalization Functionalization method Compound for functionalization Section / figure  

Photoradical 

0.3 kDa linear PEG-
diacrylamide 

- section 3, fig. 2 

COOH  photoradical grafting  crotonic acid section 3, fig. 2 

3.7 kDa linear PEG-
diacrylamide 

- section 3, fig. 2 

COOH  photoradical grafting crotonic acid section 3, fig. 2 

2 kDa four-arm 
starPEG acrylamide 

- section 3.1, fig. 2 / 
section 3.2, fig. 4 

COOH  photoradical grafting crotonic acid section 3.1, fig. 2 

during particle synthesis 2kDa linear acrylamide-PEG-COOH section 3.1, fig. 3 

I, COOH 
II, NH2 

I, during particle synthesis 
(COOH) 
II, active ester (NH2) 

I, 2kDa linear acrylamide-PEG-
COOH 
II, ethylenediamine 

section 3.1, fig. 3 

OH thiol-Michael addition  mercaptoethanol section 3.3, fig. 5 

NH2 cysteamine section 3.3, fig. 5 

COOH thioglycolic acid section 3.3, fig. 5 

SH ethanedithiol section 3.3, fig. 5 

I, SH 
II, NH2 

thiol-Michael addition (both 
steps) 

I, ethanedithiol 
II, maleimidoethylamine 

section 3.4, fig. 6 

I, SH 
II, NH2 

I, ethanedithiol 
II, maleimidopropanoic acid 

section 3.4, fig. 6 

Thiol-Michael 
addition 

2 kDa four-arm 
starPEG maleimide 
+ 
2 kDa four-arm 
starPEG thiol 

X   section 3.5, fig. 7 

NH2 thiol-Michael addition  maleimidoethylamine section 3.5, fig. 7 

COOH maleimidopropanoic acid section 3.5, fig. 7 

biotin biotinyl-PEG2-maleimide section 3.5, fig. 8 

I, biotin 
II, streptavidin 

I, thiol-Michael addition 
II, affinity binding 

I,biotinyl-PEG2-maleimide 
II, streptavidin 

section 3.5, fig. 8 

  streptavidin thiol-Michael addition  SMCC conjugated streptavidin  section 3.5, fig. 8 
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2. Microfluidic device fabrication 

A combination of photo and soft lithography was used for the preparation of 

poly(dimethylsiloxane) (PDMS)-based flow-focusing microfluidic devices. Silicon wafers 

containing a defined microstructure with a channel height of 10 and 25 µm, serving as a negative 

master, were prepared as follows: First, a negative photoresist (SU-8 25, Microchem. Co., 

Westborough, MA, US) was spin-coated onto a 3-inch silicon wafer (Siegert Wafer, Aachen, 

Germany). Patterning of the silicon wafer with the desired microchannel structure was achieved 

by UV-illumination of the photoresist through a printed photomask using a mask aligner (MJB3, 

Süss MicroTec, Garching, Germany). Subsequent removal of non-illuminated photoresist by 

washing with a developer solution (mr-Dev 600, Micro Resist Technology, Berlin, Germany) 

yielded the desired microchannel structure with defined height and width. After cleaning with 

filtered isopropanol, a degassed solution of PDMS base and crosslinker (DOWSIL
TM

 184 

Silicone Elastomer Base, Dow, US) in a ratio of 10:1 was poured onto the silicon wafer, 

repeating the degassing step once for 30 minutes before curing at 65 °C for 2 h. The device was 

cut out with a scalpel, and access ports for tubing (1 mm) were punched into the device with a 

biopsy needle (Ø 1 mm, pfm medical). The microfluidic device was then assembled by bonding 

the PDMS replica to a cleanroom-cleaned glass slide (Schott Nexterion, Germany), treated with 

oxygen plasma in a low-pressure plasma chamber (PDC-002, Harrick Plasma, US) immediately 

before bonding. PDMS replica and glass slides form stable Si-O-Si bonds when brought into 

contact after plasma treatment. Finally, the microfluidic channels were treated with 1% (w/w) 

tridecafluoro-1,1,2,2-tetrahydrooctyl-trichlorosilane (abcr, Germany) in a fluorinated oil (HFE 

7500, 3M, US) at room temperature for 1 h and rinsed with HFE 7500 in order to provide a 

hydrophobic surface for ideal flow conditions. 
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3. Fluorescence microscopy of SCPs 

Successful functionalization was assessed employing confocal laser scanning microscopy (cLSM, 

LSM700, Zeiss, Germany). Therefore, untreated coverslips (Ø 32 mm, Menzel Glaeser, Thermo 

Fisher Scientific, US) were adhered to a sticky-slide 16 well (Grace Biolabs, US), and each 

surface was covered with 200 μL of 100 mM HEPES buffer (pH = 7.0). 50 μL of the respective 

SCP suspension was carefully pipetted into the wells, allowed to sediment for 20 min, and the 

particles were subsequently investigated. With the exception of TAMRA-scm-stained SCPs, all 

stained samples were excited using a 488 nm solid-state laser. TAMRA-scm was excited using a 

555 nm solid-state laser. Stained SCPs were imaged using a C-Apochromat water immersion 

objective with a 40x magnification and a numerical aperture of 1.2 (C-Apochromat 40x/1.20 W 

Korr, Zeiss, Germany). Areas of 320 x 320 µm (512 x 512 pixels, 1.60 pixels µm
-1

) were 

recorded, whereby the z-position of the imaged x-y-plane was individually adjusted to avoid the 

recording of areas with incomplete staining and gradients from SCP surface to center, 

respectively. To analyze the fluorescence intensities of the SCPs, the mean grey value of each 

particle was calculated based on the fluorescence intensity within the corresponding x-y plane 

using Fiji [1]. Only SCPs located within the central 160 x 160 µm region of each image were 

analyzed. Unless otherwise stated, 60 SCPs per condition were analyzed. 

 

 

  

4. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS) 

treatment of SCPs 

To assess whether SCPs are suitable for coupling reactions employing active ester chemistry, the 

COOH-groups were activated using EDC (Carbolution Chemicals, Germany) and NHS (Sigma 

Aldrich, US). First, 1.5 mL of the respective particle suspension was centrifuged at 1840x g, and 

the supernatant was discarded. Next, 1.5 mL of a solution containing 5.75 mg EDC (37 µmol) 

and 8.625 mg NHS (75 µmol) in 100 mM 2-(N-morpholino)ethanesulfonic acid buffer (MES, 

Carl Roth, Germany) buffer (pH = 5.3) was prepared and added to the respective SCP pellet. The 

SCPs were subsequently resuspended and activated for 1 h in a rotator. Finally, the SCPs were 

centrifuged and washed several times with 100 mM HEPES buffer. 
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5. Bright- field microscopy 

SCPs were analyzed using bright-field microscopy to determine whether any defects occurred in 

the course of synthesis, functionalization, conjugation or activation by active ester chemistry. For 

imaging, an inverted microscope with an integrated halogen lamp was used (Olympus IX73, 

Germany). The microscope was equipped with a 60x, NA (numerical aperture) 1.35 oil-

immersion objective (UPlanSApo 60x 1.35 oil, Olympus, Germany) and 108.5 x 81.34 µm 

patches (1600 x 1200 pixel) were imaged using Micro-Manager software [2, 3]. 

 

 
 

6. Determination of elastic modulus 

The Young’s modulus of functionalized SCPs was determined by atomic force microscopy 

(AFM) - based indentation measurements using a NanoWizard IV AFM (JPK instruments, 

Germany) mounted on an inverted optical microscope (Axio Observer, Zeiss, Germany). Tipless 

cantilever (PNP-TR-TL-Au, Nanoworld, Switzerland, nominal spring constant k = 0.08 N m-1), 

equipped with a silica bead (diameter: 10µm, Kisker, Germany) were used for indentation 

measurements. Cantilever were calibrated by the thermal noise method before each experiment 

[4]. For indentation measurements, the silica indenter was aligned over the center of individual 

SCPs and force-distance curves were acquired with an approach velocity of 5 µm/s and a contact 

force of 2 nN. The Young’s modulus of the SCPs was extracted from approach force-distance 

curves using the Hertz model for spherical indenter and applying a double-contact correction 

considering an additional deformation derived from the counter pressure at the bottom side of the 

bead during indentation. 
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7. Impact of PEG solid content on contact radii of SCPs based on photocrosslinkable starPEG-

acrylamides 

For synthesis of SCPs made from 2 kDa 4-arm-starPEG-acrylamide (starPEG-ACA), 10, 15 and 

20% (w/w) PEG solutions were prepared and lithium phenyl-2,4,6-trimethylbenzoylphosphinate 

(LAP) was added in a concentration of 2% (w/w). Generation of droplets, synthesis of SCPs and 

workup was performed as described in section 2.1.  

 

Fig. S1 
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Analysis of contact radii of SCPs made from 10, 15 and 20% (w/w) solutions of 2 kDa starPEG-ACA. SCPs adhered to uncoated 

glass surfaces and were evaluated using RICM. Mean contact radii of at least 50 particles per condition are shown. Error bars 
indicate SD 

 

 

 

The radius of contact and the modulus of elasticity of SCPs are important parameters that 

influence the performance of the sensor and allow adjusting the working range and sensitivity of 

the sensor. Hence, the influence of 2 kDa starPEG-ACA solid content on contact radii of the 

SCPs was investigated (see Fig. S1). By increasing the PEG solid content, the contact radii 

decreased without affecting the radius of the SCPs, which indicates increasing elastic moduli 

with increasing PEG solid contents. SCPs made form PEG solutions containing more than 20% 

(w/w) PEG were not investigated, as solutions containing 10% (w/w) PEG proved to yield the 

most suitable SCPs for our purpose. 
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8. Microfluidic preparation and characterization of SCPs made from mixed linear and star-

shaped PEGs 

For the synthesis of SCPs made from mixtures of 0.3 kDa acrylamide-PEG-acrylamide (ACA-

PEG-ACA) and 2 kDa starPEG-ACA, 10% (w/w) PEG (total PEG concentration) solutions 

containing different ratios of ACA-PEG-ACA and starPEG-ACA in ultrapure water were 

prepared, and LAP was added in a concentration of 2% (w/w). Generation of droplets, synthesis 

of SCPs and workup was performed as described in section 2.1. 

 

Fig. S2 

 

Analysis and optimization of synthesis parameters of SCPs made from mixed PEG system containing 2 kDa starPEG-ACA and 

0.3 kDa linear ACA-PEG-ACA. a Schematic representation of the optimization strategy based on a mixed PEG system with 

different percentages of 0.3 kDa linear ACA-PEG-ACA (blue) and 2 kDa starPEG-ACA (black). Left: SCP made from 2 kDa 

starPEG-ACA. Right: SCP made from 2 kDa starPEG-ACA plus 0.3 kDa linear ACA-PEG-ACA. b Contact radii and 

fluorescence intensities of SCPs in dependence of the proportion of 0.3 kDa linear PEG (10% (w/w) total PEG solid content). 

Left: Contact radii of SCPs adhering to uncoated, cleaned glass surfaces. Right: Fluorescence intensities of FITC-stained SCPs 
measured by cLSM.  Results are presented as means and error bars indicate SD 

 

 

 

In addition to the optimization of the synthesis parameters of SCPs made from 2 kDa starPEG-

ACA, the impact of the addition of 0.3 kDa linear ACA-PEG-ACA on double bond conversion 

was assessed. Therefore, mixtures with a total solid content of 10% (w/w) PEG were prepared as 

precursor solutions. Low molecular weight (0.3 kDa) linear starPEG exhibits higher diffusivity 

than its starPEG counterpart, which is likely to be associated with improved conversion rates of 

acrylamide- (ACA) groups. With two ACA-groups present on the 0.3 kDa linear PEG, the 
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molecule has two possible residues that can each form two radicals for crosslinking, whereby the 

same mass of 0.3 kDa ACA-PEG-ACA has roughly three times more ACA-groups than 2kDa 

starPEG-ACA. 

However, increasing the percentage of linear ACA-PEG-ACA did not lead to more strongly 

crosslinked particles and the contact areas increase with increasing proportions of the linear 

ACA-PEG-ACA, indicating lower elastic moduli (Fig. S2 b). Fluorescence intensities of the 

FITC-labeled SCPs serve as a measure of remnant ACA-groups, i.e. ACA-groups not involved in 

the crosslinking reaction. As can be seen from Fig S2 b, fluorescence intensities positively 

correlate with the amount of linear ACA-PEG-ACA added. SCPs made exclusively from ACA-

PEG-ACA exhibit three times the fluorescence intensity compared to SCPs made exclusively 

from starPEG-ACA. None of the results suggests any improvement of SCP-crosslinking. Mixed 

linear and star-shaped PEG systems were therefore not taken into further consideration. 

 

 

 

9. Single particle homogeneity assessment of functionalized SCPs based on photocrosslinkable 

2 kDa starPEG-ACA 

SCPs were synthesized as described in section 2.1. Solutions containing 10% (w/w) 2 kDa 

starPEG-ACA and 2% (w/w) LAP were used.  

For homogeneity assessment of SCPs, bright-field images were acquired as described in SI 

section 4 and analysis was conducted using Fiji Is Just ImageJ software. For single particle 

analysis of homogeneity, a linear section within one particle per condition was examined. 

Therefore, a grey value profile was plotted, and the minimum value obtained from each condition 

was regarded as background and subtracted from all values obtained within the respective 

condition. The resulting maximum value within a test series (several conditions) was defined as 

100% grey value intensity and the scale was divided into 5% quantiles. The frequency 

distribution of the values within the quantiles was plotted and fitted using Gaussian distribution. 

Curve fitting was conducted using GraphPad Prism (GraphPad Software, US). 

To compare averaged grey value standard deviations, the standard deviation of 15 linear sections 

within 5 particles per condition was averaged and plotted as a function of functionalization 

degree.  
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Fig. S3 

 

Characterization of functionalized SCPs made from 2 kDa starPEG-ACA by grey value analysis. a Single particle analysis of grey 

value distribution of unfunctionalized (0 mmol) SCPs and SCPs functionalized with 1.4 or 4.2 mmol of thioglycolic acid (i) and 

ethanedithiol (ii). b Single particle analysis of grey value distribution of all types of SCPs functionalized with 4.2 mmol of the 

respective thiol compound. SCPs were functionalized with ethanedithiol (SH), cysteamine (NH2), mercaptoethanol (OH) and 

thioglycolic acid (COOH). c Comparison of averaged grey value standard deviations of all types of SCPs (i) and  representative 

bright field images of SCPs suffering from degradation caused by EDC/NHS activation at low (1.4 mmole) and quantitative (4.2 

mmole) functionalization (ii). For analysis of averaged grey value standard deviations, 5 SCPs per condition, each at 3 different 

regions, were measured. Results are presented as means and error bars indicate SD 
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10. Thiol-functionalization and characterization of SCPs based on photocrosslinkable 2 kDa 

starPEG-ACA using hydrogen sulfide 

SCPs were synthesized as described in section 2.1. Solutions containing 10% (w/w) 2 kDa 

starPEG-ACA and 2% (w/w) LAP were used. Thiol- (SH) functionalization of SCPs employing 

ethanedithiol was conducted as described in section 2.2.  

As an alternative approach for introducing SH-groups, hydrogen sulfide (H2S) was coupled to 

unreacted residual ACA-moieties within the PEG network employing thiol-Michael addition. 5 

mL of the SCP suspension was centrifuged at 1850x g, the supernatant was discarded, and the 

SCPs were subsequently resuspended in 5 mL HEPES buffer. 5 mL of a 0.8 M H2S solution in 

THF (Sigma Aldrich, US) were mixed with 10 mL HEPES buffer and the pH was adjusted to 7.0. 

After combining the SCP suspension and H2S-solution, the reaction was allowed to proceed for 1 

h while agitating. Subsequently, the suspension was centrifuged, the supernatant was discarded, 

and the SCPs were washed five times with HEPES buffer.Functionalization of H2S-

functionalized SCPs bearing SH-groups was conducted employing maleimide (mal) compounds. 

Therefore, alpha-maleimido-24(ethylene glycol)-omega-propionic acid (mal-PEG24-COOH, Iris 

Biotech, Germany) was dissolved in 100 mM HEPES buffer in a concentration of 10, 20 and 30 

mg mL
-1

, and the pH was adjusted to 7.0 by adding of NaOH. The suspension containing SH-

functionalized SCPs was split into 1.5 mL fractions, centrifuged at 1840x g, the supernatant was 

discarded, and 1.5 mL of the respective solution was added to the SCP pellet. The reaction was 

allowed to proceed for 1 h while agitating. Subsequently, the SCPs were centrifuged and rinsed at 

least three times with 100 mM HEPES buffer.  

The SCPs were labeled with N-(5-fluoresceinyl)maleimide (FAM-mal) as described in section 

2.3. Homogeneity assessment was conducted as described above (SI section 10) and in section 

2.4. 
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Fig. S4 

 

Characterization of SH-functionalized SCPs made from 2 kDa starPEG-ACA by cLSM and particle grey value analysis. a 

Comparison of fluorescence intensities of FAM-mal-stained SCPs by means of cLSM. Left: Comparison of SCPs functionalized 

with ethanedithiol to SCPs functionalized with hydrogen sulfide. Unfunctionalized SCPs served as a reference. Right: mal-PEG24-

COOH was coupled to H2S-functionalized SCPs. Concentration dependent conversion of SH-groups was probed by FAM-mal 

labeling of residual SH-groups. b Homogeneity assessment of unfunctionalized SCPs and SCPs functionalized with ethanedithiol 

or hydrogen sulfide by grey value analysis. Left: Single particle analysis of grey value distributions. Right: Comparison of 

averaged grey value standard deviations. For all fluorescence-based analysis of SCPs, 60 particles per condition were measured. 

For homogeneity assessment by comparison of grey value SD, 5 SCPs per condition, each at 3 different regions, were measured. 
Results are presented as means and error bars indicate SD 

 

 

 

Fig. S4 provides a comparison of SCPs based on 2 kDa starPEG-ACA functionalized with 

ethanedithiol and hydrogen sulfide. Both strategies yield SH-functionalized SCPs. The efficiency 

of SH-group introduction was probed using FAM-mal for SH-staining and cLSM for 

fluorescence intensity measurements of the labeled SCPs. Ethanedithiol-functionalized SCPs 

exhibit roughly twice the fluorescence intensity of H2S-functionalized SCPs, indicating a higher 

functionalization degree (Fig. S4 a, left). It has to be noted that functionalization employing 
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ethanedithiol was conducted with 1.25-fold the amount of substance compared to H2S-

functionalization. To verify SH-functionalization, mal-PEG24-COOH was coupled to SCPs 

functionalized with hydrogen sulfide and residual SH-groups were labeled with FAM-mal. 

Quantitative conversion of SH-groups was achieved by the addition of a 10 mg mal-PEG24-

COOH solution per 1 mL of the SCP suspension, as can be seen from Fig. S4 a (right).  

The effect of both SH-functionalization approaches on particle homogeneity was assessed by 

single particle analysis of grey value distribution. The grey value distributions for both types of 

SH-functionalized SCPs exhibit impeccable overlap with the reference (unfunctionalized SCP), 

thereby indicating the absence of degradation effects (Fig. S4 b left). To assure an adequate 

averaging over several SCPs, the standard deviation of 15 sections was calculated and utilized as 

a measure of homogeneity. As depicted in Fig. S4 b (right), none of the functionalized SCPs 

exhibit significant differences in grey value standard deviation compared to the reference, 

verifying the absence of degradation effects. 

 

 

 

11. Preparation of streptavidin-coated glass surfaces 

For the preparation of biochip surfaces, glass coverslips (Menzel Glaeser, Ø 32 mm, Thermo 

Fisher Scientific, US) were pre-cleaned in ultrapure water and ethanol for 30 min each. A 

chemical cleaning process was performed subsequently in a mixture of ultrapure water, 25% 

(v/v) NH3 aqueous solution (Merck, Germany) and 35% (v/v) H2O2 (Grüssing, Germany) in a 

ratio of 5:1:1 for 10 min at 64 °C. After rinsing twice with ultrapure water, the coverslips were 

dried in a nitrogen stream. The coverslips were then silanized with 3-aminopropyl)triethoxysilane 

(APTES, 0.51% (v/v), Sigma Aldrich, US) dissolved in isopropanol with 1.1% (v/v) ultrapure 

water for 10 min with continuous stirring, washed twice with isopropanol and dried again in a 

nitrogen stream. Annealing of the silanized coverslips was carried out in an oven at 120 °C for 

1 h.  

To coat the silanized glass surfaces with poly(ethylene-alt-maleic anhydride) copolymer (PEMA, 

average Mw = 100,000 – 500,000 g mol
-1

, Sigma Aldrich, US), 100 µL of a solution of 0.1% 

(w/v) PEMA dissolved in a 1:2 acetone-THF mixture were centrally pipetted on the coverslips. A 

spin coating process was used to produce a thin and evenly distributed layer of PEMA. 

Immediately after the polymer solution was pipetted onto the glass surface, the coverslip was 

slowly rotated for 1 s so that the liquid could homogeneously cover the surface. This first 
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acceleration step was followed by a maximum rotation step of 3000 rpm for 30 s. In order to 

stabilize the linkage between the silanized glass surface and PEMA, the coverslips were then 

annealed at 120 °C for 2 h, as described above. Excess polymer was removed by leaving the 

coverslips in acetone for 15 min, followed by washing each sample three times with acetone 

before drying them in a nitrogen stream. 

To produce streptavidin- (SA) coated glass surfaces, freshly annealed PEMA-coated glass slides 

presenting amine reactive anhydrides were covered with 1.5 mL of a 1 mg mL
-1

 SA-solution in 

100 mM HEPES buffer, pH = 7.0. After 60 min incubation at room temperature, the surfaces 

were washed several times with 100 mM HEPES buffer, pH = 7.0 for further use to carry out 

interaction studies between biotin-functionalized SCPs and SA-coated surfaces. 

The success of functionalization and coupling reactions was assessed by cLSM. For the 

introduction of fluorescent moieties, biotin-4-fluorescein (FAM-btn), which specifically binds to 

SA, was used. 250 µg mL
-1

 of FAM-btn was weighed and dissolved in 100 mM HEPES buffer 

(pH = 7.0). 2 mL of the staining solution was pipetted onto the coated coverslips and the reaction 

was allowed to proceed overnight. Finally, the supernatant was discarded, and the coverslips 

were washed several times in 100 mM HEPES buffer (pH = 7.0). 

 

Fig. S5 

 

SA-coating of coverslips a Illustration of immobilization of SA using a PEMA-coated surface. PEMA bears carboxylic 

anhydrides, capable of forming amide bonds with the amino groups of SA. b Verification of SA-immobilization by cLSM. FAM-

btn-labeled PEMA- and SA-coated surfaces were compared. 15 patches on 3 coverslips per condition were measured. Results are 
presented as means and error bars indicate SD 
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Fig. S5 illustrates the covalent immobilization of SA on PEMA-coated transparent coverslips. 

The carboxylic anhydride residues form a stable amide bond upon reaction with NH2-groups of 

SA. The tetrameric structure of SA ensures the presence of accessible binding sites for biotin.  

SA-immobilization was verified by means of cLSM. Therefore, PEMA-coated surfaces 

(reference) as well as SA-coated surfaces were stained using FAM-btn. Strong fluorescence was 

observed in the case of SA-coated surfaces, whereas the reference surfaces showed neglectable 

fluorescence intensities, thereby indicating successful immobilization of SA. 
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Chapter III 

- 

Conclusions & Outlook 



 

  

Summary 

In this work, the use of Soft Colloidal Probe- (SCP) based sensing approaches for the detection of 

environmentally concerning analytes and aspects for the improvement of this platform were presented. 

In particular, the methods developed use biomimetic recognition strategies to achieve a selective 

recognition of the analytes or compound classes of interest, and the acceleration of data processing and 

the establishment of a reliable procedure for the reproducible synthesis of monodisperse SCPs with 

tunable properties contribute to the commercialization of this technology. In this chapter, I will 

summarize the approaches that have been developed to specifically detect glyphosate and estrogenic 

compounds and the improvements of data processing as well as SCPs. 

 

i, Development and validation of a specific and sensitive biomolecular recognition strategy for a typical 

contaminant of water resources and its integration into the SCP-based sensing methodology  

Pollution of various water bodies, groundwater and drinking water poses a serious threat to the 

environment and public health. Possible impurities include nitrogen and phosphorus compounds, various 

salts, bleaching agents, pesticides, metals and other substances. Glyphosate, as a virtually ubiquitous 

pesticide, has attracted considerable attention because of its potentially underestimated health effects.  

Publication I describes the development of a colorimetric rapid test for glyphosate. As a distinction to 

other colorimetric assays for glyphosate detection, the target enzyme of glyphosate, 5-

enolpyruvylshikimat-3-phosphat-synthase (EPSPs), is used for molecular recognition of glyphosate and 

signal amplification. Malachite green was used for quantification of the substrate turnover by formation 

of a colored complex in the presence of inorganic phosphate generated during the catalyzed reaction. A 

convenient immobilization strategy of EPSPs on glass and plastics based on adsorptive binding of 

hydrophobins to these surfaces was developed. A detection limit for glyphosate of 50 nM was 

determined, and cross-reactivity with structurally related compounds was low, as expected due to the 

specificity of the molecular interaction. Superior selectivity and convincing practicability have been 

demonstrated. One limitation, however, is the comparatively high detection limit, which is insufficient 

for most applications and may require pre-concentration of samples. Inorganic phosphate in the sample 

also interferes with the assay. 

Next, the transferability of the molecular recognition between EPSPs and glyphosate to an affinity-based 

SCP assay was probed, as described in publication II. Previous studies suggested that the binding 

properties of SCPs can be adjusted by varying the elastic modulus, ligand density, and other parameters 

(Pussak et al. 2013; Wang et al. 2017). For the detection of glyphosate using the EPSPs, glyphosate was 

coupled to SCPs via different linkers and in different orientations to investigate the effects on the 

detection limit in competitive binding assays. These functionalizations were validated using confocal 

laser scanning microscopy (cLSM) as well as confocal Raman microscopy (cRM). EPSPs-hydrophobin 

fusion proteins were immobilized on glass slides, and the resulting biochips were examined for surface 
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roughness and coarse aggregates using atomic force microscopy, and were optimized to ensure 

suitability for the SCP-based assay. Glyphosate in aqueous solution could be detected at picomolar 

concentrations corresponding to the limit value for German drinking water. The disadvantages of this 

method are the narrow operating range of 10-11 to 10-8 M and the special laboratory equipment required 

for reflection interference contrast microscopy (RICM). 

 

ii, Transfer of the SCP-based sensing concept to other substance classes relevant to health and 

environment  

Since the interaction partners used for molecular recognition can be varied depending on the analyte to 

be detected, the SCP assay offers many conceivable applications. In the context of anthropogenic 

environmental pollution, estrogenic and anti-estrogenic compounds are of particular concern because 

these compounds are known to affect hormone balance at even the lowest, i.e., sub-picomolar, 

concentrations and are omnipresent. 

Publication III addresses the adaptation of the SCP assay in order to provide a platform for the rapid 

detection of these numerous estrogenic and antiestrogenic compounds. Estrogen sulfotransferase 

(SULT1E1) was selected as recognition element for these compounds because its substrate specificity 

largely overlaps with that of estrogen receptors. In addition, SULT1E1 is able to bind certain structures 

that do not bind to estrogen receptors but influence estrogen balance. For site-specific immobilization of 

SULT1E1, glass slides were functionalized with chelators that allow for complexing nickel (II) ions to bind 

hexahistidine-tagged SULT1E1. The resulting surfaces were tested for homogeneity using RICM and cLSM 

and optimized for SCP studies, with particular emphasis on avoiding the formation of coarse sediments. 

SCPs were functionalized with estrogen and estrogen conjugates, capable of binding to SULT1E1, using 

reductive amination and active-ester chemistry. In a final proof-of-concept study, it was demonstrated 

that the detection of natural and semisynthetic estrogens is possible by employing the SCP approach and 

that the molecular recognition of these compounds by SULT1E1 provides excellent specificity, as no 

cross-reactivity with representative androgens and progestogens was observed. However, it should be 

noted that additional validation experiments are required for this method, as predicted no-effect 

concentrations for environmental contaminants such as ethinylestradiol are in the femtomolar range 

and it has not been determined whether appropriate detection limits are feasible using SCP assays. In 

addition, while a broad substrate specificity can generally be considered advantageous as it allows 

detecting many contaminants with a single measurement, the varying affinity of these compounds for 

the SULT1E1 may necessitate the use of additional recognition elements and multiplexed analysis. 
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iii, Optimization of the SCP-based assay. Improving overall assay performance, shorten analysis time 

and enhancing modularity 

Steady progress in improving the SCP assay is contributing to the commercialization of this technology. In 

this work, ways to improve throughput by automated image analysis of adherent SCPs were investigated. 

In addition, a novel method for synthesizing SCPs with narrow size distribution was developed in 

conjunction with various functionalization strategies to improve throughput as well as modularity of the 

assay. 

Publication IV describes a method to automatically evaluate the adhesion energies of a large set of SCPs 

interacting with the chip surface. The corresponding radial profiles are automatically localized and the 

contact radius as well as the particle radius is extracted from the interference patterns, and the adhesion 

energy is calculated. For fast analysis of the image, the search space within each image is narrowed 

down by grey-value gradient analysis and exclusion of areas with non-zero gradients. Based on the 

theory of Raedler and Sackmann, theoretical sample interferograms reflecting the dependence of the 

profile on the SCP size, deformation, and distance from the surface are generated and compared with 

the profiles in the preselected areas (Raedler and Sackmann 1992). This template matching algorithm 

identifies the best fitting sample profile based on the correlation between image and sample profile. 

From the matching sample profile, the contact area and particle radius as well as the corresponding 

adhesion energy are extracted. To speed up the computationally intensive process of pattern matching, 

GPU-based parallel computing is used instead of CPU-based computations. This software-based analysis 

tool massively increases the throughput of image analysis. 

In addition to advances in data analysis, throughput and efficiency of the assay can be improved in 

several ways, such as at the level of molecular recognition and signal transduction. The latter is based on 

the interplay between the deformation of the SCP and the quantification of the deformation by an 

optical readout. The sensor setups for the detection of glyphosate and estrogenic compounds described 

in publication II and III were developed using polydisperse SCPs with a diameter of 20 to 100 µm. Height 

reconstruction of the adherent SCP is required to calculate the radius of the respective SCP. The 

correlation between SCP size, deformation and distance from the surface significantly increases the 

required number of sample profiles for a reasonable match between image and sample profile. 

Monodisperse SCPs are therefore highly desirable because they reduce the time and resources required 

for image analysis. Furthermore, the ability to produce SCPs with a discrete size enables multiplexed 

analysis with a single readout operation by barcoding based on the size of the SCPs. 

To produce monodisperse SCPs, microfluidic droplet generators were used. These allow the generation 

of highly reproducible SCPs with adjustable size, as described in publication V. Uniform water-in-oil 

emulsions were formed using a flow-focusing geometry and the PEG-macromonomers were crosslinked 

in the droplets by either photoradical chemistry or thiol-Michael addition, with both strategies resulting 

in highly monodisperse particles. The respective networks were weakly crosslinked, as evidenced by 

their mechanical properties and the incomplete turnover of the functional groups of the 
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macromonomers. The mechanical properties were optimized for applications in the context of SCP-

based sensing approaches by adjusting the solid content of PEG, the architecture of the PEG molecules 

and the concentration of the photoinitiator in the case of photoradical crosslinking. Furthermore, SCPs 

prepared by droplet generators were found to be susceptible to active ester-mediated decomposition. 

Therefore, carboxy functionalization of SCPs is not applicable as a basis for further coupling reactions, 

regardless of the strategy used to introduce the carboxy-groups. To overcome this obstacle, thiol-

Michael additions to unreacted functional groups within the PEG networks were used to introduce 

functional groups, and no effect of this coupling reaction on the structure of the polymer networks of 

the SCPs was observed. In particular, the coupling of maleimide derivatives to unreacted thiol groups 

proved to be a very simple and efficient method to functionalize the SCPs. In a final test, these SCPs were 

successfully evaluated for their applicability in biosensor systems by quantifying biotin using the biotin-

streptavidin system.  

 

Conclusions  

In this thesis, the development of biosensors for low molecular weight anthropogenic analytes based on 

the SCP methodology is described. Glyphosate served as a prototypical, potentially threatening, and 

widespread compound in need of more extensive monitoring. Here, it was demonstrated that I) 

Molecular recognition between glyphosate and its target enzyme EPSPs can be exploited for biosensing 

and leads to superior specificity for glyphosate over structurally related compounds without the need for 

derivatization or pretreatment of the analyte. II) Integration of this highly specific detection strategy in 

the SCP assay is possible, and the detection limit can be fine-tuned by adjusting the linker type and 

coupling position of glyphosate. III) The recognition and SCP-based detection strategy can be readily 

applied to other classes of compounds, as demonstrated by the detection of estrogens and 

xenoestrogens using SULT1E1 as the natural target of these compounds and estrogen-decorated SCPs. 

Therefore, this sensing method can be transferred to many other environmentally and diagnostically 

relevant compounds and substance classes. 

Nevertheless, it should be noted that additional efforts are required for a translation into commercially 

available assays and devices. The performance of the assay in real-sample testing needs to be evaluated, 

the working range may need to be extended, and the reproducibility under different conditions and 

sample compositions needs to be determined. 

The second focus of the work was to improve the performance of the SCP-method. This was achieved by 

developing high-throughput analysis software that automatically evaluates the adhesion energies of a 

large number of SCPs. Furthermore, microfluidics was used to fabricate monodisperse SCPs with 

adjustable size and mechanical properties to meet the requirements of highly sensitive adhesion energy 

measurements. Active ester-based functionalization strategies were found to be unsuitable for SCPs 

produced in this manner, but the thiol-maleimide-Michael addition using residual functional groups 
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serves as a simple, rapid, and modular strategy for functionalizing these SCPs. Other issues that need to 

be addressed to improve the method and develop a competitive approach to on-site analysis include an 

accelerated and automated readout, and miniaturization of the assay, readout, and data processing. 

These improvements help to create a handy, easy-to-use and cost-effective instrument. 

 

Outlook 

The methods described here for detecting anthropogenic pollution are promising examples of the power 

and utility of SCP-based biosensors. An expansion of the toolbox for more modular assays, that allow 

rapid response to different market needs, is a key to the future success of SCP-based sensing 

approaches. This can be achieved by integrating different detection elements and appropriate 

immobilization strategies to detect a broad range of chemically diverse analytes. An amplification 

mechanism that allows the measurement range and detection limit to be adjusted is also highly valuable, 

as these parameters are highly dependent on the occurrence and threshold values of the respective 

analyte. In addition to this aspect, an advanced readout technology, which must be portable, automated, 

simple, and cost-effective, is essential for commercialization, and the use of multiplexing approaches to 

determine multiple analytes by one measurement would increase throughput and reduce costs of 

operation. 

In preliminary studies not listed in the publications section, various strategies have been developed for 

the detection of analytes such as lipopolysaccharides (LPS), drugs, inflammatory markers, and disease-

related nucleic acids. In this context, both LPS and peptides specifically recognizing the lipid component 

of LPS were successfully coupled to either SCPs or immobilized on glass supports using active ester 

chemistry or the streptavidin-biotin system. LPS testing is of enormous economic importance, as every 

intravenously administered drug must be tested for LPS to prevent sepsis. The gold standard for LPS 

testing still relies on the use of blood derived from an endangered species. Biological membrane 

preparations enriched in transmembrane proteins that specifically function as drug targets have been 

successfully immobilized on glass supports by formation of solid-supported lipid bilayers and polymer-

cushioned lipid bilayers. The embedded G-protein-coupled receptors are the most important class of 

drug targets. In addition, immobilized protein A was successfully used for site-specific immobilization of 

antibodies on glass supports by binding the Fc region, and antibodies labeled with biotin were bound to 

SCPs or the biochip surface using streptavidin. This system can be used for the detection of inflammatory 

markers via sandwich assays and immobilized protein A and SCPs functionalized with the antigen 

recognized by the antibody can be used for simple antibody detection in a diagnostic scenario as well. 

Also, biochips and SCPs for immobilizing γ-PNA-oligomers via thiol-maleimide coupling for the detection 

of microRNA via bridging assays were prepared. MicroRNAs are very promising diagnostic markers and 

PNA-based probes reduce non-specific hybridization, stabilize native nucleic acids and increase melting 

temperature, which, in this case, would be in the range of room temperature for native nucleic acids.  
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In further preliminary tests, the possibility of creating sets of SCPs with a defined size was investigated. 

By adjusting the flow rates of the dispersed phase, three sets of SCPs of defined size could be prepared, 

with the important feature that each set can be distinguished from each other, i.e., there is no overlap 

and sufficient spacing of size distributions between the sets. This opens new possibilities for 

multiplexing, as each SCP set can be individually functionalized for the detection of a specific analyte. 

The chip surface can be decorated with different detection elements to allow for quantifying different 

analytes with a single readout based on SCP size barcoding. Apart from this multiplexing approach, 

adjusting the size and elastic modulus of the SCPs allows the detection limit and working range to be 

tailored to the particular analytical scenario. 

Signal amplification can be achieved, for example, by the use of mixed systems. Nanometer-sized objects 

do not interfere with the SCP readout and can function as specifically recognized delivery vehicles for the 

release of large amounts of, e.g., bridging nucleic acids. The bridging nucleic acids bind to the surface 

due a partially complementary sequence and the SCP bearing another partially complementary nucleic 

acid binds to the chip surface.  

In this thesis, RICM was used as a readout technology for quantifying the adhesion energy of SCPs 

interacting with the underlying surface. Although convenient for laboratory use, miniaturization 

capabilities are limited, and especially when the individual size of each SCP needs to be determined, 

specialized optical instruments consisting of many components are required. However, the conceivable 

readout technology for the SCP assay is not limited to RICM, and other optical readout devices based on 

holography are currently being tested, for which a portable device already exists. Furthermore, other 

technologies such as surface plasmon resonance, fiber optics, impedimetric readouts and many others 

are also suitable for SCP assays. 
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Zusammenfassung 

Im Rahmen dieser Arbeit wurden Soft Colloidal Probe- (SCP) basierte Sensoransätze für den Nachweis 

von umweltrelevanten Analyten sowie Ansätze für die Verbesserung dieser Sensorplattform entwickelt. 

Die entsprechenden Methoden nutzen insbesondere biomimetische Strategien um eine selektive 

Erkennung der betreffenden Verbindung bzw. Verbindungsklasse zu ermöglichen. Des Weiteren leistet 

die Verbesserung der Datenverarbeitung sowie der Qualität und Eigenschaften der SCPs einen Beitrag 

zur Kommerzialisierung dieser Technologie. Speziell befasst sich die Arbeit mit der Entwicklung von 

Sensoransätzen für den spezifischen, SCP-basierten Nachweis von Glyphosat und Verbindungen mit 

östrogenartiger Wirkung sowie der schnelleren Datenverarbeitung durch die Anwendung von Pattern-

Matching Algorithmen und mit der Herstellung monodisperser Partikel mittels mikrofluidischer Synthese 

für Anwendungen im Bereich der Biosensorik. Daher ergaben sich für die Arbeit die nachfolgenden Ziele: 

 

i, Entwicklung und Validierung einer spezifischen biomolekularen Erkennungsstrategie für eine 

typische Verunreinigung von Wasserressourcen und Integration in die SCP-basierte Sensormethode 

Die Verschmutzung verschiedener Oberflächengewässer, des Grundwassers und des Trinkwassers stellt 

eine ernstzunehmende Gefahr für die Umwelt und die öffentliche Gesundheit dar. Zu den möglichen 

Verunreinigungen gehören Stickstoff- und Phosphorverbindungen, verschiedene Salze, Bleichmittel, 

Pestizide, Metalle und andere Stoffe. Glyphosat ist ein praktisch allgegenwärtiges Pestizid, welches 

aufgrund seiner möglicherweise unterschätzten gesundheitlichen Risiken große Aufmerksamkeit auf sich 

gezogen hat. 

Veröffentlichung I beschreibt die Entwicklung eines kolorimetrischen Schnelltests für Glyphosat. Im 

Unterschied zu anderen kolorimetrischen Tests zum Nachweis von Glyphosat wird das Target-Enzym von 

Glyphosat, die 5-Enolpyruvylshikimat-3-Phosphat-Synthase (EPSPs), zur molekularen Erkennung sowie 

zur Signalverstärkung verwendet. Malachitgrün dient der Quantifizierung des Substratumsatzes mittels 

Bildung eines farbigen Komplexes in Gegenwart von anorganischem Phosphat, das sich im Zuge der 

katalysierten Reaktion bildet. Die im Rahmen der Arbeit entwickelte Strategie für die Immobilisierung 

der EPSPs auf Gläsern und Kunststoffen beruht auf der adsorptiven Bindung von Hydrophobinen an diese 

Oberflächen. Es konnte nachgewiesen werden, dass die immobilisierte EPSPs Glyphosat bindet, wobei 

eine Nachweisgrenze von 50 nM bestimmt wurde. Die Kreuzreaktivität mit strukturell verwandten 

Verbindungen fiel, aufgrund der Spezifität der molekularen Wechselwirkung, erwartungsgemäß 

vernachlässigbar aus. Neben der sehr guten Selektivität zeichnet sich der Assay durch einfache 

Handhabung und gute Reproduzierbarkeit aus. Als Einschränkung ist jedoch die vergleichsweise hohe 

Nachweisgrenze, die für die meisten Anwendungen unzureichend ist und möglicherweise zusätzliche 

Extraktionsschritte der Proben erfordert, zu nennen. Anorganisches Phosphat in der Probe stört den 

Nachweis ebenfalls. 
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In Veröffentlichung II wurde die Nutzung der molekularen Erkennung zwischen EPSPs und Glyphosat in 

einem Affinitäts-basierten SCP-Assay untersucht. Frühere Studien ergaben, dass die 

Bindungseigenschaften der SCPs mittels Variation des Elastizitätsmoduls, der Ligandendichte und 

anderer Parameter beeinflusst und angepasst werden können. Für die Detektion von Glyphosat mittels 

der EPSPs, wurde Glyphosat über verschiedene Linker und in verschiedenen Orientierungen an SCPs 

gekoppelt, um die Auswirkungen auf die Nachweisgrenze im Rahmen kompetitiver Bindungsassays zu 

untersuchen. Die Funktionalisierungsschritte wurden mittels konfokaler Laser-Scanning-Mikroskopie 

(cLSM) und konfokaler Raman-Mikroskopie (cRM) validiert. EPSPs-Hydrophobin-Fusionsproteine wurden 

auf Glasobjektträgern immobilisiert, und die resultierenden Biochips wurden mit Hilfe 

rasterkraftmikroskopischer Untersuchungen auf Oberflächenrauhigkeit sowie grobe Aggregate geprüft 

und optimiert, um die Eignung für SCP-basierte Assays sicherzustellen. In wässrigen Lösungen konnte 

Glyphosat in einer pikomolaren Konzentration nachgewiesen werden, welche dem in Deutschland 

geltenden Grenzwert für Trinkwasser entspricht. Die Nachteile dieser Methode sind der enge 

Arbeitsbereich von 10-11 bis 10-8 M und die für Reflexionsinterferenzkontrastmikroskopie (RICM) 

erforderliche spezielle Laborausrüstung. 

 

ii, Übertragung des SCP-basierten Sensorkonzepts auf andere gesundheits- und umweltrelevante 

Stoffklassen 

Da die zur molekularen Erkennung verwendeten Interaktionspartner je nach nachzuweisendem Analyten 

variiert werden können, bietet der SCP-Assay vielseitige Einsatzmöglichkeiten. Im Zusammenhang mit 

der anthropogenen Umweltverschmutzung sind Verbindungen mit östrogener und antiöstrogener 

Wirkung von besonderem Interesse, da diese Stoffe bekanntermaßen schon in geringsten 

Konzentrationen den Hormonhaushalt beeinflussen und gleichzeitig nahezu omnipräsent sind. 

Veröffentlichung III befasst sich mit der Entwicklung eines SCP-Assays für den schnellen Nachweis der 

zahlreichen Verbindungen mit östrogener und antiöstrogener Wirkung. Die Östrogen-Sulfotransferase 

(SULT1E1) wurde als Erkennungselement für diese Verbindungen ausgewählt, da sich ihre 

Substratspezifität weitgehend mit der von Östrogenrezeptoren überschneidet. Darüber hinaus ist die 

SULT1E1 in der Lage bestimmte Strukturen zu binden, die nicht mit Östrogenrezeptoren interagieren, 

jedoch den Östrogenhaushalt beeinflussen. Für die ortsspezifische Immobilisierung der SULT1E1 wurden 

Glasobjektträger mit Chelatoren funktionalisiert, die eine Komplexierung von Nickel(II)-Ionen 

ermöglichen, was wiederum die spezifische Bindung Hexahistidin-markierter SULT1E1 erlaubt. Die 

resultierenden Oberflächen wurden mittels RICM und cLSM auf ihre Homogenität geprüft und für SCP-

Assays optimiert, wobei besonderer Wert auf die Vermeidung grober Sedimente und Aggregate gelegt 

wurde. Die SCPs wurden durch reduktive Aminierung sowie Aktivesterchemie mit Östrogen und 

Östrogenkonjugaten funktionalisiert, die in der Lage sind, mit dem aktiven Zentrum der SULT1E1 zu 

interagieren. In einer abschließenden Proof-of-Concept-Studie wurde gezeigt, dass der Nachweis 

148



 

 

 

natürlicher und semisynthetischer Östrogene mit SCP-basierten Methoden möglich ist. Aus der 

vernachlässigbaren Kreuzreaktivität mit repräsentativen Androgenen und Progestogenen lässt sich dabei 

eine ausgezeichnete Spezifität der molekularen Erkennung östrogenartiger Verbindungen durch die 

SULT1E1 ableiten. Es ist jedoch anzumerken, dass zusätzliche Validierungsexperimente für diese 

Methode erforderlich sind, da sich die Predicted No-Effect-Konzentrationen für Umweltkontaminanten 

wie Ethinylestradiol im femtomolaren Bereich bewegen und nicht ermittelt wurde, ob mittels SCP-Assay 

entsprechende Nachweisgrenzen realisierbar sind. Darüber hinaus kann eine breite Substratspezifität 

zwar generell als vorteilhaft angesehen werden, da sie den Nachweis vieler Verbindungen mit einer 

einzigen Messung ermöglicht, allerdings kann die unterschiedliche Affinität dieser Verbindungen für die 

SULT1E1 die Nutzung zusätzlicher Erkennungselemente und Multiplex-Analysen erforderlich machen. 

 

iii, Optimierung des SCP-basierten Assays. Verbesserung der Effizienz des Assays, Verkürzung der 

Analysezeit und Erweiterung der Modularität 

Stetige Fortschritte bei der Verbesserung des SCP-Assays tragen zur Kommerzialisierung des SCP-Assays 

bei. In dieser Arbeit wurden Möglichkeiten zur Verbesserung des Durchsatzes durch die automatisierte 

Bildanalyse adhärierender SCPs untersucht. Darüber hinaus wurde eine neuartige Methode zur Synthese 

von SCPs mit enger Größenverteilung in Verbindung mit verschiedenen Funktionalisierungsstrategien zur 

Verbesserung des Durchsatzes sowie der Modularität des Assays entwickelt. 

Veröffentlichung IV beschreibt eine Methode zur automatischen Bestimmung der Adhäsionsenergie 

einer großen Anzahl von mit Chipoberflächen interagierenden SCPs. Die entsprechenden radialen Profile 

werden dabei automatisch lokalisiert und der Kontaktradius sowie der Partikelradius werden zur 

Berechnung der Adhäsionsenergie aus den Interferenzmustern extrahiert. Für die schnelle Analyse des 

jeweiligen Bildes wird der Suchraum für radiale Profile mittels Grauwertgradientenanalyse und 

Ausschluss von Bereichen mit Nicht-Null-Gradienten eingegrenzt. Anschließend werden 

Musterinterferogramme, welche die Abhängigkeit des Profils von der SCP-Größe, der Verformung und 

dem Abstand von der Oberfläche widerspiegeln, erzeugt und mit den Profilen in vorgewählten Bereichen 

verglichen. Der Template-Matching-Algorithmus identifiziert das am besten passende Musterprofil auf 

Grundlage der Korrelation zwischen detektiertem und Musterprofil. Aus dem passenden Musterprofil 

werden die Kontaktfläche und der Partikelradius sowie die zugehörige Adhäsionsenergie extrahiert. Um 

den rechenintensiven Prozess des Musterabgleichs zu beschleunigen, wird GPU-basiertes paralleles 

Rechnen anstelle von CPU-basierten Berechnungen verwendet. Mittels dieses softwarebasierten 

Analysetools konnte der Durchsatz bei der Bildanalyse massiv erhöht werden. 

Zusätzlich zu den Fortschritten bei der Datenanalyse können Durchsatz und Effizienz des Assays auf 

verschiedene Weise verbessert werden, so zum Beispiel auf der Ebene der molekularen Erkennung und 

der Signaltransduktion. Letztere basiert auf dem Zusammenspiel zwischen der Verformung des SCP und 
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der Quantifizierung dieser Verformung durch einen optischen Readout. Die in den Veröffentlichungen II 

und III beschriebenen Sensoransätze zum Nachweis von Glyphosat und Verbindungen mit östrogener 

Wirkung wurden unter Verwendung polydisperser SCPs mit einem Durchmesser von 20 bis 100 µm 

entwickelt. Die Höhenrekonstruktion der adhärierenden SCPs ist dabei erforderlich um den Radius des 

jeweiligen SCP zu berechnen. Die Korrelation zwischen SCP-Größe, Verformung und Abstand von der 

Oberfläche erhöht wiederum die Anzahl der erforderlichen Musterprofile für eine angemessene 

Übereinstimmung zwischen detektiertem und Musterprofil erheblich. Monodisperse SCPs sind daher 

höchst wünschenswert, da sie den Zeit- und Ressourcenaufwand für die Bildanalyse verringern. Die 

Fähigkeit SCPs mit einer diskreten Größe herzustellen, ermöglicht darüber hinaus eine Multiplex-Analyse 

mit einem einzigen Auslesevorgang durch Kodierung auf Grundlage der Größe der SCPs. 

Zur Herstellung monodisperser SCPs wurden mikrofluidische Tröpfchengeneratoren eingesetzt. Diese 

erlauben es hochgradig reproduzierbare SCPs mit einstellbarer Größe zu erzeugen, wie in 

Veröffentlichung V beschrieben. Wasser-in-Öl-Emulsionen wurden unter Verwendung einer 

strömungsfokussierenden Geometrie gebildet und die PEG-Makromonomere wurden in den gebildeten 

Tröpfchen entweder photoradikalisch oder via Thiol-Michael-Addition vernetzt, wobei beide Strategien 

zu hochgradig monodispersen Partikeln führten. Die Vernetzung der jeweiligen Netzwerke war nur 

schwach ausgeprägt, was mittels der Untersuchung der mechanischen Eigenschaften der SCPs und des 

Umsatzes der funktionellen Gruppen der Makromonomere festgestellt wurde. Die mechanischen 

Eigenschaften wurden für Anwendungen im Rahmen SCP-basierter Sensoransätze optimiert, indem der 

Feststoffgehalt an PEG, die Architektur der PEG-Moleküle und die Konzentration des Photoinitiators im 

Falle photoradikalischer Vernetzung angepasst wurden. Des Weiteren erwiesen sich die mittels von 

Tröpfchengenerator präparierten SCPs als anfällig gegenüber Aktivester-vermittelter Zersetzung. Eine 

Carboxy-Funktionalisierung der SCPs ist daher, unabhängig von der Strategie zur Einführung der Carboxy-

Gruppen, als Grundlage für weitere Kopplungsreaktionen ungeeignet. Daher wurden Thiol-Michael-

Additionen an nicht umgesetzte funktionelle Gruppen innerhalb der PEG-Netzwerke zur 

Funktionalisierung verwendet, wobei kein Einfluss dieser Kopplungsreaktion auf die Struktur der 

Polymernetzwerke der SCP beobachtet wurde. Insbesondere die Kopplung von Maleimid-Derivaten an 

nicht umgesetzte Thiol-Gruppen erwies sich als eine sehr einfache und effiziente Methode zur 

Funktionalisierung der SCPs. In einer abschließenden Untersuchung wurden diese SCPs erfolgreich auf 

ihre Anwendbarkeit in Biosensorsystemen durch die Quantifizierung von Biotin unter Verwendung des 

Biotin-Streptavidin-Systems untersucht. 

Im Rahmen dieser Arbeit konnten sowohl Biosensoren für niedermolekulare Verbindungen mit großer 

Umwelt- und gesundheitlicher Relevanz auf Grundlage des SCP-basierten Sensoransatzes entwickelt, als 

auch die SCP-Methodik verbessert werden. Dabei konnte dieses Sensorprinzip für die Detektion 

verschiedener Substanzklassen genutzt und somit die breite Anwendbarkeit aufgezeigt werden. Des 

Weiteren wurden biomimetische Erkennungsstrategien für eine hochspezifische Detektion der jeweiligen 

Analyten genutzt. Der Arbeitsbereich und die Nachweisgrenze des Assays erwiesen sich als einstellbar, 
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sodass praxisrelevante Messbereiche erzielt werden konnten. Die Verbesserung der SCP-Methodik 

beinhaltet die beschleunigte Datenauswertung durch die Software-gestützte Analyse der radialen Profile 

adhärierender SCPs. Mittels mikrofluidischer Tröpfchengenearatoren konnten darüber hinaus 

monodisperse SCPs mit maßgeschneiderten mechanischen Eigenschaften hergestellt werden. Diese SCPs 

ermöglichen eine schnellere und einfachere Analyse der Adhäsionsenergien und sind gleichzeitig 

modular modifizierbar, was die Kopplung verschiedenster funktioneller Gruppen und Moleküle an die 

SCPs für weitere Sensoranwendungen erlaubt.  
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