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 Biomaterial-Associated Infections 

Biomedical implants and devices have made a great impact on patient health for decades. 
The use of hip and breast implants, voice prosthesis, artificial heart valves, stents, urinary 
catheters, vascular grafts, and dental implants is rapidly growing.1 However, the risk of an 
implant-associated infection always comes along with the biomaterials that could end up in 
a complete malfunctioning of the implant.2 After insertion of the implants into the body, if 
a free-swimming (planktonic) bacterium attaches to the biomaterial surface, it may start the 
bacterial colonization process. Subsequently, the biofilm begins to grow with complex and 
dynamic structures while initiating an extracellular matrix formation (Figure 1).3,4 If not 
treated on time, this process can end up with an acute infection, causing implant failure and 
requiring replacement surgery with high costs.5 Biofilms have lower susceptibility towards 
antimicrobials and host defense mechanisms when compared to planktonic bacteria and 
therefore are challenging to treat.6  Thus, preventing the initial bacterial attachment and 
further biofilm formation is crucial to avoid implant-associated infections and implant 
failures. 

 

Figure 1.  Schematic representation of a biofilm formation. (1) Initial planktonic bacteria adhesion to 
the surface. (2) Bacteria form a monolayer and irreversibly attach by producing an extracellular matrix. 
(3) Next, a microcolony is formed with multilayers. (4) The biofilm is formed. (5) Finally, some cells 
start to detach, and the biofilm will disperse.7 (Reprinted with permission from MDPI)  

 Antibiotic Resistance 

According to the World Health Organization, bacterial infections with subsequent biofilm 
formation represent one of the biggest global threats to human health since conventional 
antibiotic therapies gradually become ineffective because of antibiotic resistance.8,9 The vast 
overuse of antibiotics in medical treatment and increased travel and migration stimulates the 
spread of multidrug-resistant bacterial strains.10 Antibiotic-resistant bacterial strains such as 

(1)Adhesion 
to surface

(3)Microcolony 
Formation

(4)Growth and mature 
biofilm formation

(5)Release/spreading and
starting a new cycle

(2)Formation of 
monolayer and
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methicillin-resistant Staphylococcus aureus (MRSA) and Staphylococcus epidermidis (MRSE) are 
some examples of antibiotic-resistant bacterial strains which can be found in implant and 
biomaterial-associated infections, causing serious concern in healthcare services.11 
Therefore, new and effective approaches are urgently needed to prevent and control biofilm 
infections. 

 Alternative Approaches for Preventing Biofilm Formation 

The traditional clinical attempt to solve the infection problem is the administration of 
antibiotic drugs. The design of antibacterial coatings has become an alternative approach, 
which is strongly required due to the ineffectiveness of antibiotics' traditional 
administration.12 Lately, anti-adhesive surface coatings have gained much interest to inhibit 
the initial bacterial attachment on the surface as an alternative platform to control biofilm 
formation and subsequent infections. For instance, surface modifications can be performed 
by changing the surface chemistry or topography using polymer-based hydrogels, 
zwitterionic polymers, or various polymer brushes, which are able to resist microorganism 
adhesion.13–15 As another approach, contact-killing coatings are often employed, which is 
created by confining antimicrobial molecules at biomaterial surfaces, and bacterial killing is 
supposed to occur due to the disruption of the cell membrane. Quaternary-ammonium 
compounds (QAC) are very well-known antimicrobial molecules that are used to prepare 
contact-killing surfaces.16 Additionally, release-based coatings are also advantageous when 
compared to traditional antibiotic methods. The direct localized release of an antimicrobial 
substance from the material surface offers the delivery only where needed, thus preventing 
toxicity from reaching other parts of the body and minimizing resistance development.17 
However, the development of new antimicrobial coating alternatives is still needed. In this 
thesis, a new antiadhesive and killing approach will be presented as surface coatings prepared 
with hydrogel-based nanoparticles, so-called "nanogels," to help diminish future multi-
resistant bacterial strains and biomaterial-associated infections.  

 Hydrogel Materials 

Hydrogels are three-dimensional cross-linked systems consisting of a hydrophilic network 
that can swell and entrap a large amount of water within its network while maintaining the 
structure due to chemical or physical cross-linking of individual molecules or polymer 
chains.18 The biocompatibility and flexibility of hydrogel-based materials, which is due to 
their significant water absorption capability, offer possibilities for utilizing hydrogels in 
numerous applications such as contact lenses, surface coatings, membranes, and drug 
delivery platforms.19–21 

 Polymeric Nanogels 

Polymeric nanogels, or nanogels in short, are nanometer-sized hydrogel nanoparticles with 
three-dimensionally cross-linked polymer networks.22 They also have a remarkable ability to 
absorb high volumes of water or biological fluids similar to conventional hydrogels while 
maintaining their structure due to the presence of cross-links between the hydrophilic 
groups in the polymer matrix. Their biocompatibility is attributed to high water content; 
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meanwhile, they also demonstrate excellent colloidal stability.23 These soft and smart 
polymeric nanoparticles have the possibility to display a stimuli-responsive behavior to 
environmental triggers such as temperature, pH, and ionic strength when synthesized using 
the appropriate monomers.24 Moreover, nanogels can be modified to incorporate 
biomolecules or to provide a wide variety of chemical functionalities.25 On top of that, their 
mechanical properties can also be altered by tuning the internal cross-linking density.26  

 Nanogel Coatings for Biomedical Applications  

Nanogels can be used to modify surfaces and thereby create coatings as an alternative 
approach to avoid biomaterial-associated infections.27 These smart nanoparticles offer 
robust and facile approaches to create well-organized surface coatings while giving 
possibilities to incorporate different chemical functionalities to be used for various 
purposes.28,29 Nanogel-based coatings have been assembled via different deposition 
techniques such as dip coating, spin coating, or spray coating.30 They can be covalently 
grafted or physically adsorbed on the surface, forming monolayer or layer-by-layer 
arrangements.31 When the aim is to design new surfaces of nanogel coatings for any desired 
application, it is crucial to have a homogeneous and uniform particle assembly on the 
surface.32 One of the most used processes is based on the adsorption of charged nanogels 
onto the surfaces via electrostatic interactions. Nanogel properties, nanogel-surface 
interactions, and nanogel deposition techniques are some of the parameters that affect the 
formation of homogeneous monolayer or multilayer structures and a good surface coverage 
with a close-packed assembly.33,34 By increasing the understanding of these parameters, we 
would be able to control the final properties of the assembled nanogels on the surface, as 
well as their further functionalization. 
Nanogels in dispersion show much potential as drug delivery systems in particular due to 
their drug loading capacity, encapsulation stability, water solubility, biocompatibility, and 
responsive behaviors.35 Also, surface-bound nanogels offer a wide range of opportunities 
for biomedical applications due to the unique properties of nanogels. Nanogel coatings have 
been attractive for many years for various applications such as drug delivery systems, 
biosensors, cell adhesion and proliferation models, protein and macrophage repellent 
surfaces.36–39 Nanogel coatings are more advantageous than more complicated synthetic 
procedures (e.g., surface-initiated polymerization), as the nanogel properties are easily 
controllable. Therefore, nanogels provide a platform to design surfaces with desired features 
such as thickness, mechanical properties, porosity, and functionality.40–42 
As described earlier, conventional antibiotic usage is ineffective to combat biomaterial-
associated infections; therefore, novel and practical methods are currently needed to avoid 
and combat biofilm infections. In this context, nanogel coatings offer a promising solution 
to inhibit the initial bacterial adhesion on the surface to avoid the problem in the early phases 
of biofilm formation.40 Moreover, bacterial killing properties can also be introduced by the 
functionalization of nanogels, which is another vital strategy to prevent infections on the 
biomedical implant surface.  
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 Aim of this Thesis  

The general aim of this thesis is to explore hydrogel and nanogel coatings as novel 
antifouling and antibacterial systems to inhibit bacterial adhesion and growth on the 
biomedical implant surfaces, focusing on surface-bound nanogels with various 
functionalities. Thereby, the general aim consists of three sub-aims: (i) the synthesis, 
functionalization and characterization of nanogels in bulk solution, (ii) the preparation of 
the coating with synthesized nanogels on the surface, coating characterization and 
modification, (iii) the evaluation of bacteria-repelling and bacteria-killing performances of 
nanogel coatings. 
The overall envisioned outcome of this project is a new platform for performing a simple 
and reliable coating design and optimization of the nanogel coating processes to be 
potentially used in the biomedical field to prevent biomaterial-associated infections. (Figure 
2).  

 
Figure 2. A schematic summary of the aim of this thesis. Antifouling and antibacterial nanogel 
coatings as an alternative platform to prevent bacterial infections on the biomaterial surfaces.  

 Structure of this Thesis 

This thesis consists of six chapters. Chapter I gives a basic overview of the biomaterial-
associated infection problems and highlights the motivation and the aim of this research.  
Chapter II discusses the current state-of-art in the field of nanogels and nanogel coatings 
in terms of efficiency and applicability for combating infections in the biomedical area, 
including implant-associated infections, which are addressed.  
Chapter III presents a straightforward approach to preparing a hydrogel coating on silicone 
rubber, and it also provides insights into the notable drawbacks. The relation between the 
hydrogel coating features and the mechanical properties of the substrate provides a more 
in-depth insight into how the biomaterial itself can be affected by applying a coating and 
supports the need for exploration of alternative hydrogel-based coatings such as the use of 
nanogels.  
In Chapter IV, the antifouling performance of nanogel coatings of different thickness and 
stiffness was evaluated.  

Nanogel
Coating
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Chapter V further demonstrates how the functionalized nanogels and nanogel coatings can 
be used to enhance antimicrobial performances by incorporating antimicrobial strategies 
combined with antifouling properties to have a complete bacteria-repelling and bacteria-
killing surface.  
The overall nanogel-based coatings offer many possibilities, but some drawbacks may still 
arise, and future development should be placed in proper perspective, which is discussed in 
Chapter VI. 
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Abstract 

The implementation of nanotechnology to develop efficient antimicrobial systems has a 
significant impact on the prospects of the biomedical field. Nanogels are soft polymeric 
particles with an internally cross-linked structure, which behave as hydrogels and can be 
reversibly hydrated/dehydrated (swollen/shrunken) by the dispersing solvent and external 
stimuli. Their excellent properties, such as biocompatibility, colloidal stability, high water 
content, desirable mechanical properties, tunable chemical functionalities, and interior gel-
like network for the incorporation of biomolecules, make them fascinating in the field of 
biological/biomedical applications. In this review, various approaches will be discussed and 
compared to the newly developed nanogel technology in terms of efficiency and applicability 
for determining their potential role in combating infections in the biomedical area including 
implant-associated infections. 
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 Introduction 

Bacterial infections are the major causes of death worldwide. Reducing the mortality rate 
caused by bacterial infections is considered one of the most critical challenges. The 
infections are mostly occurring due to the bacterial biofilms formed by initial bacterial 
attachment and subsequent proliferation and colonization of bacterial cells.1–4 Bacterial 
biofilm and infection complications are not affecting only the biomedical field; it creates 
problems also in the textile and food packaging industries, marine equipment, and water 
purification systems. When microorganisms colonize on textile materials, this leads to 
undesired hygienic problems.5 For food packaging materials, biofilm formation creates a 
health risk for the consumer and also reduces the production efficacy of the industry itself.6 
For the marine industry, biofilm can be the cause of corrosion and biofouling of marine 
equipment, resulting in its degradation and high economic costs.7 Bacteria accumulation in 
water purification systems decreases the quality of home drinking water creating health 
threats.8 Medical implants and devices, such as hip and knee joints, pacemakers, intraocular 
lenses, and vascular catheters, are crucial in health care. Infections can develop in or around 
these devices, which impairs the function of the device and can even lead to device failure. 
Besides, these complications place the health of the patient at high risk, sometimes even 
leading to death.9–11 Over the past decades, the situation is becoming even worse due to 
increasing antibiotic resistance.12 Antibiotic resistance occurs when bacteria develop the 
capability to become unresponsive towards the drug, which then results in infections that 
are complicated to treat.13,14 Therefore, novel antibacterials, delivery systems and surface 
coatings are urgently needed to fight infections arising within the biomedical context in 
which the implant-associated infections take a prominent place but certainly is not the only 
urgent type of infection.  
Recently, the development of hydrogels has become an attractive strategy and the design of 
tissue engineering scaffolds, antifouling coatings on implant surfaces, drug delivery, and 
wound dressing systems have been widely studied.15,16 Hydrogels are soft materials with 
cross-linked networks of hydrophilic polymers with high water content, which contribute 
to their biocompatibility and make them highly useful for biomedical applications; hence 
the development of hydrogels are one of the most studied areas at the interface of 
engineering and medicine.17–19 The translation and usage of hydrogels into the clinical 
applications can be seen in many examples such as contact lenses, dermal fillers in soft tissue 
augmentation for aesthetic products, encapsulation and release systems for cancer products, 
mechanical support and scaffolding materials for spinal fusion applications.20  While many 
applications involve hydrogels, these are often of macroscopic nature and for many 
interesting applications, particularly when interacting with tissue cells and bacterial cells, 
nano- and microstructures are of high interest because these interact with cells on a different 
level and even have the capability of being internalized. Hence, many efforts have been 
directed towards the development of nano- and microgels.  
Nanogels are newly emerging nano-sized hydrogel-like polymeric materials and have 
overlapping properties of both nanoparticles and hydrogels.21 Nanoparticles, both inorganic 
(gold, silver, etc.) and organic (liposomes), are already present in the clinic as well as many 
natural and synthetic hydrogels.22 To this end, nanogels provide a cross-over for 
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combinations of hydrogels and nanomaterials. They have advantages over macro-sized 
networks because their size enables them to interact with cells in a more specific fashion 
and even be internalized and due to their soft nature behave differently from solid and self-
assembled polymer-based drug delivery systems, including polymer-based nanoparticles, 
micelles, and liposomes.23–25 Nanogels consist of physically or chemically cross-linked three-
dimensional polymer networks that can also be functionalized and integrated easily with 
pharmaceutical agents. Up to now, various nanogels have been widely used in the delivery 
of pharmaceuticals, mainly antitumor agents and proteins.26 More recently, increasing 
attention has been paid to enhance their biocompatibility as well as using them as 
antimicrobial and antifouling surface coatings. In this context, different approaches have 
recently been followed in the biomedical field; for example, the antifouling performance to 
inhibit protein, macrophage, and bacteria adhesion to the surface, the enzyme uptake 
capability for biosensors, the capacity to control the cell proliferation and cell adhesion of 
nanogel coatings have been investigated.27–32 Their features such as size, charge, porosity, 
amphiphilicity, and softness can be tuned by changing the chemical composition during the 
synthesis or post-modification.33 Moreover, the properties of nanogels can be modified by 
adding stimuli-responsive functional groups, which respond to external stimuli such as 
temperature and pH by swelling or collapsing.34 The responsiveness can be ideal for a 
combination with drug release, in order to create a combined antimicrobial and antifouling 
coating.35 Different physicochemical properties of nanogels and their applications are 
represented in Scheme 1. 
Despite the promising progress made in the past years, much development is still needed. 
This review will describe the recent advances of highly biocompatible nanogel particles with 
particular emphasis as antimicrobial delivery carriers and surface coatings, including 
antifouling coatings, for biological and biomedical applications. 
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Scheme 1. Schematic representation of the different strategies of nanogel design and their applications 
in biomedical field. 

 Synthesis, Properties and Biocompatibility of Nanogels 

 Synthesis 

Nanogels can be fabricated by numerous techniques that have been summarized recently in 
various excellent reviews.36–43 Generally, the synthesis methods can be divided into three 
major categories: 1) polymerization of monomers, 2) physical or chemical cross-linking of 
polymer precursors or natural polymers, 3) template-assisted nanofabrication. A brief 
overview of the commonly used techniques for the preparation of nanogels that have been 
studied in the context of antimicrobial applications will be provided. 
Heterogeneous polymerization is the most extensively employed method used to synthesize 
stable nanogels by free radical polymerization of monomers with the aid of cross-linkers 
and functional co-monomers. The polymerization is generally performed in aqueous matrix 
since most of the monomers and cross-linkers are hydrophilic. Approaches for such 
heterogeneous polymerization reactions include inverse emulsion, inverse miniemulsion and 
inverse microemulsion polymerization,44–47 dispersion polymerization,48–50 and precipitation 
polymerization42,51,52, as shown in Figure 1.  
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Figure 1. Schematic description of nanogel formation by heterogeneous polymerization. The inverse 
emulsion, inverse miniemulsion and inverse microemulsion polymerization are considered to proceed 
as follows: (a) emulsification and homogenization, (b) polymerization, (c) removal of excess surfactant, 
and (d) transfer to good solvent. The dispersion and precipitation polymerization are considered to 
proceed as follows: (e) initiation and chain growth, (f) precipitation and nucleation by polymer chains 
collapse when the temperature is far above the lower critical solution temperature or by colloidal 
stabilizer on the surface of the unstable particles, (g) particle growth and (h) transfer to good solvent 
or decrease of temperature below the volume phase transition temperature. 

The most appropriate polymerization processes depend on the desired properties of 
nanogels and the nature of the monomers. The inverse emulsion, inverse miniemulsion, and 
inverse microemulsion polymerization methods proceed via the polymerization of 
hydrophilic (ionic) monomers and cross-linkers within “(nano/micro) reactors” (the 
aqueous droplets), where the polymerization occurs upon the addition of the polymerization 
initiator.53 One main difference between inverse emulsion and inverse miniemulsion 
processes is the initial size of the dispersed aqueous phase. In the case of inverse emulsion 
polymerizations, monomer droplets are formed by mechanical stirring and the size range 
from 1 to 20 µm.54 In contrast, inverse miniemulsion polymerization has been broadly used 
to synthesize poly(N-isopropylacrylamide ((p(NIPAM)) nanogels and the nanogel size is 
around 150~300 nm.55–57 The aqueous droplets are generated by applying high shear stress, 
e.g., by ultrasonication or high-pressure homogenizer, and stabilized with surfactants in a 
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continuous organic phase. The used surfactant concentration is below or near its critical 
micellar concentration (CMC), so the miniemulsions are only kinetically stable where the 
stability greatly depends on the formation conditions. Thermodynamic stability is obtained 
by a further addition of surfactant above the CMC leading to inverse microemulsions. The 
inverse microemulsion is used to produce p(NIPAM), polyacrylamide ((P(AAM)), and 
poly(vinylpyrrolidone) (PVP) nanogels with a diameter usually less than 100 nm.45,58–63 In 
contrast to the heterogeneous inverse emulsion polymerizations, dispersion and 
precipitation polymerizations are initiated by a homogeneous nucleation mechanism that 
contains all ingredients, including the monomers, cross-linker, initiator and/or surfactants 
that are initially dissolved in the solvent. Following the polymerization, the polymer chains 
start growing until an insoluble critical chain length is reached and ultimately leads to the 
formation of stable distributed polymeric nanogels. Dispersion polymerization is mainly 
used to synthesize nanospheres of hydrophobic polymers such as polystyrene (PS).64 
Recently, the efforts have been made towards the synthesis of nanogels in aqueous systems 
(water or water/ethanol mixture) using reversible addition-fragmentation chain transfer 
(RAFT) dispersion polymerization.49,50,65–67 Dispersion polymerization generally yields 
smaller nanogels because of the presence of a colloidal stabilizer.68 Differently, precipitation 
polymerization is frequently used to synthesize thermosensitive p(NIPAM) and poly(N-
vinylcaprolactam) (PVCL) nanogels utilizing the phase separation behavior from swollen to 
a collapsed state since the reaction temperature (50−80 °C) is far above the volume phase 
transition temperature (VPTT). The detailed polymerization mechanism of precipitation 
polymerization has been addressed previously.42,69,70 Briefly, initiators produce free radicals 
at the polymerization temperature, which attack water-soluble monomers followed by 
radical propagation and chain-growth to form oligoradicals. The growing polymer chains 
subsequently collapse when they reach a critical length and form precursor particles because 
the temperature is far above the lower critical solution temperature (LCST) of the formed 
polymers. The formed precursor particles can grow by aggregation with other precursor 
particles to form larger colloidal particles, by deposition onto the surface of existing 
particles, or by further addition of monomers. Once the nanogel particles reach the critical 
size, they are stabilized by the use of surfactants or electrostatic stabilization originated from 
charges of the initiator. When the reaction stops and cools down to room temperature 
(below VPTT), the nanogels swell to a “fuzzy” morphology and are stabilized by steric 
mechanisms due to the formation of hydrogen bonds between polymer segments and water 
molecules. There are some advantages using precipitation polymerization for the 
preparation of aqueous nanogels: 1) controllable nanogel size by the use of surfactants or 
co-monomers; 2) narrow nanogel size distribution; 3) desired properties and complex 
architectures can be obtained by integration of different co-monomers or even 
encapsulation of nanoparticles during the polymerization process.  
Apart from the heterogeneous polymerization of monomers, nanogels prepared by cross-
linking of synthetic or natural polymer precursors provides opportunities for producing 
more biocompatible nanogels.41,71 Synthetic polymers with the desired function can be first 
synthesized by controlled polymerization to finely tune the composition, molecular weight, 
functional groups, and architecture. Functionalized natural polymers, such as polypeptides, 
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alginate, pullulan, chitosan, dextran, and hyaluronic acid contribute to the improvement of 
biocompatibility and biodegradability of nanogels.72–77 There is a variety of cross-linking 
approaches, including “click” chemistry, thiol-disulfide exchange, Schiff-base reactions, 
photo-induced cross-linking have been developed for the synthesis of nanogels from the 
polymer precursors.21,75,78–83 Complementary to chemical cross-linking, physical self-
assembly offers a reversible property since they are stabilized by relatively weak interactions 
between polymer chains such as hydrogen bonding, hydrophobic interactions, Van der 
Waals interactions, and electrostatic interactions. Usually, the physical self-assembly is 
conducted under mild conditions in an aqueous medium. The size of nanogels is controlled 
by the polymer concentration, amphiphilic character, functional groups, pH, ionic strength, 
and temperature.84 
Different from the other previously mentioned polymerization approaches where templates 
were used such as emulsion droplets, another template-assisted nanofabrication, such as 
photolithography85,86, is a new top-down particle lithographic technique called PRINT 
(Particle Replication In Non-wetting Templates), which provides the opportunity to 
fabricate a stable nanogel system with precise control over size, shape, deformability, and 
surface functionality.84,87 Step and Flash Imprint Lithography (S-FIL) is a method that was 
recently developed as a nanofabrication method that is able to directly harvest nanogels 
from a silicon wafer substrate into aqueous buffers using a simple and biocompatible 
process in a high-throughput manner.88 With this technique, the shape and surface chemistry 
of nanogels can be finely controlled, which is difficult using other bottom‐up methods. 

 Properties 

Polymer nanogels, also known as microgels -since the first usage of the term "Microgel" in 
1949 by W. O. Baker, have a fixed extent of polymer assembling resulting from their 
chemical cross-linking have attracted considerable attention in theoretical studies regarding 
soft matter. 89–91 At low concentrations, a nanogel solution acts like a dilute colloidal system, 
and the size of these well-dispersed nanogel particles and the local concentration of the 
cross-linked polymer chains in each particle can be adjusted by changing the cross-link 
density and surfactant amount during the polymerization.92,93 By the time, the term microgel 
gave its place to the term "nanogels" since smaller microgels were started to be synthesized. 
Thanks to the unique behaviors of nanogels, such as their three-dimensional, 
macromolecular polymer network of colloidal size swollen by the dispersing solvent, and 
their versatile features like biocompatibility, degradability, high colloidal stability, and high 
loading capacity make them important candidates for biomedical applications for drug 
delivery, cell imaging, and tissue engineering.94–96 Moreover, the ability to rapidly respond 
to environmental changes such as temperature, light, pH, ionic strength offers them distinct 
advantages over other types of nanomaterials in the biomedical field.21,97 Through the 
advanced chemical design and synthesis methods mentioned above, the important 
parameters as size, shape, swelling degree, and chemical, as well as the topological 
composition, can be tuned to achieve the unique properties of nanogels.94 Various reviews 
have summarized the fundamental research of nanogel structure, properties and applications 
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in materials science and the biomedical field.21,38,40,41,43,83,94,95,98 Within this review, the focus 
lies on the selective properties of nanogels specific for antimicrobial applications. 
First of all, aqueous colloidal stability under physiological conditions is the most important 
requirement for any type of nanomaterials to be applied in antimicrobial applications, which 
will ultimately decide the biological efficiency, in vivo distribution, and toxicity of 
nanoparticles. Nanogels show better stability compared to macromolecules, micelles, 
inorganic nanoparticles, and other nanoparticles, which is derived from intra-particle cross-
linking of the polymer chains and their hydrophilic nature.39,94,95 
To apply nanogels as a delivery system to combat bacterial infections, the versatility of the 
architecture and the tunable pore size of nanogels allows for the incorporation of numerous 
guest molecules ranging from inorganic nanoparticles to biomacromolecules such as 
proteins and DNA or small therapeutic molecules without compromising their hydrogel-
like behavior and colloidal stability.53,99–103 To achieve long circulation half-life of their cargo 
and improve the retention at the target site in vivo, meanwhile preventing the degradation of 
enzymes or genetic material, the size, softness, charge, and surface properties of nanogels 
play crucial roles. As compared to the size of biomolecules, the nanoscale size of nanogels 
helps to avoid rapid renal segregation, enhances bloodstream transport, easily enables tissue 
permeation, and increases passive targeting by the enhanced permeation and retention 
(EPR) effect.21 Another unique characteristic that helps nanogels prevent fast renal clearance 
is their softness and deformability, which help them easily pass through the splenic filtration 
bed leading to longer circulation half-life and lower splenic accumulation.104–107 Further, 
nanogels can be designed to be stimuli-responsive and react to external stimuli to help 
achieve a controlled, triggered response at the infection region. The external stimuli can be 
the physiological environmental change within the body such as temperature, pH, enzyme 
presence, and redox conditions, or the stimuli can be applied externally such as light, 
electrochemical signal, pressure, and magnetic field. These stimuli can cause conformational 
or structural changes and then alter the hydrophilicity and/or hydrophobicity of the 
nanogels, subsequently resulting in swelling or collapse of the nanogel network.108,109 The 
extent of swelling depends on the chemical composition, hydrophilicity of cross-linkers, 
ionization of functional groups, and the degree of cross-linking of the nanogel network, 
which controls the polymer mobility and the interaction of the polymer chains with 
water.110–112 Depending on the desired stimulus and the utilized antimicrobial agents and 
target ligands, the cargo can either be chemically conjugated to nanogels or physically loaded 
into the network to achieve an on-demand release nanogel delivery system. 
The hydrophilic nature of the hydrogel facilitates uses in vivo due to the presence of 
numerous polar groups such as –OH, –COOH, –CONH2 and –SO3H distributed along the 
polymer chain.41,113 Besides, to facilitate the renal clearance of the final degraded products, 
many labile cross-links have been introduced in the chemical design of nanogels such as 
hydrazone, disulfide, carbonate ester, and siloxane to develop degradable nanogels.82,99,114,115 
Besides, nanogels composed of natural biodegradable polymers such as chitosan, pullulan, 
dextran, hyaluronic acid, alginate, and gelatin can be degraded by biological 
microenvironments.99  
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 Biocompatibility of Nanogels  

Nanogels coatings and particles have great potential in the development of smart 
biomaterials and are gaining interest in the biomedical field.116 Because nanogels may 
interact with tissues and cells, they must be non-cytotoxic, non-apoptotic, and non-necrotic. 
A biomaterial is said to be biocompatible when it optimally performs its desired function 
without eliciting any local or systemic harmful effects.117 Introduction of a biomaterial into 
a host organism triggers the foreign body response (FBR), which is preceded by the 
formation of a provisional matrix as a result of blood-biomaterial interactions, acute and 
chronic inflammation and coupled with the formation of foreign body giant cells.118 The 
aim of the FBR is to enclose the biomaterial in a fibrotic capsule, isolating it from the 
surrounding tissue.119 This inevitable enclosure in a fibrotic capsule has led to a revision of 
the definition of biocompatibility117 where a distinction has been made between 
biotolerability and biocompatibility. The former is the ability of a biomaterial to reside in 
the host for a long period of time while eliciting a low degree of inflammation and the latter 
is defined as the ability of a material to locally trigger and guide non-fibrotic wound healing, 
reconstruction, and tissue integration.120 Biocompatibility, and specifically cytotoxicity is 
often tested in vitro. The present in vitro assays are insufficient to allow in vitro assessment of 
biotolerability. Therefore, information on biotolerability is obtained from in vivo studies. 
Nanogels are often found to be non-cytotoxic, although sometimes it is a dose and time 
dependent phenomenon. Temperature sensitive poly(N-vinylprolactam)-based nanogels 
were found to be non-cytotoxic to both 9-day and 16-day neurons from the cerebral cortex 
of rat embryos for up to 24 hours121 based on the outcome of both MTT and LDH assays. 
Rosmarinic nanogel particles, cross-linked products of Rosmarinic acid, showed improved 
cytotolerance of COS-1 cells lines at concentrations below 100 µg/mL when compared to 
rosmarinic acid, a non-biocompatible antioxidant and bioflavanoid. Also, Rosmarinic acid 
nanogels were blood compatible only at concentrations below 50 µg/mL as it showed a 
dose dependent stimulation of blood clotting and hemolysis at 100 µg/mL.122 Similarly, 
hybrid core shell nanogels based on poly (NIPAM-co-3-acrylamidophenylboronic acid-co-
dextran-maleic acid) coated nanoparticles with a great potential for temperature-controlled 
insulin release, showed higher cell viability of A549 cells from 2 - 4 days of exposure at 400 
µg/mL with respect to 3-(Methacryloxy) propyltrimethoxysilane coated silica nanoparticles 
according to the results of MTT assay. Even increasing the concentration of the nanogels 
was accompanied with a slight increase in cytotolerance after 2 and 4 days.123  
Conjugation of nanogels to biomaterials are often applied in order to modulate their 
biocompatibility. Khan et al.124 developed gold nanorod-nanogel (Au NRs-nanogels) 
composite particles by connecting gold nanorods to pNIPAM based nanogels via 
electrostatic interactions. The Au NRs-nanogels showed reduced cytotoxicity to MCF-7 
cells based on MTT and LDH. In addition, the nanogel almost eliminated the hemolytic 
activity of the gold nanorods on blood agar. Ketoprofen, an anti-inflammatory drug, inhibits 
cyclooxygenase and shows high gastrointestinal toxicity. Encapsulation by nanogels based 
on cellulose acetate phthalate and hydroxyethyl methacrylate (CAP-co-poly(HEMA)), 
reduced the cytotoxicity of ketoprofen against Vero cells after 24 h incubation at a 
concentration range of 1-20 µg/mL125. 2-hydroxy-1-(4-(2-hydroxyethoxy)phenyl)-2-methyl-
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1-propanone (Irgacure 2959) is an often used photoinitiator for water borne photo-curing 
of biomaterials because of its excellent water solubility and low toxicity.126 However, 
Irgacure 2959 is characterized by a high migration of the photolysis fragments into the liquid 
environment due to its low molecular weight which is potentially harmful for tissue cells. 
Incorporation of Irgacure 2959 into nanogels based on oligo(ethylene glycol) monomethyl 
ether methacrylate (OEOMA) with a molecular weight of 950 g/mol and polyethylene glycol 
dimethacrylate (PEGDMA) enhanced its thermostability and also reduced the migration of 
the photolysis fragments of the photo-cured film when compared with Irgacure 2959. 
Furthermore, MTT assay was used to demonstrate excellent cell viability of HeLa Cells after 
24 h exposure to the nanogels in comparison to Irgacure 2959.126  
Besides the reduction of cytotoxicity of compounds used in biomedical applications through 
encapsulation in nanogels, the biocompatibility of nanogels themselves can be affected by 
further functionalization.125 Modification of the zwitterionic betaine of polyethyleneimine  
(PEI) via treatment with 1,3-propane sultone to improve the antifouling properties of PEI, 
reduced its proapoptotic and pronecrotic properties as well as its cytotoxicity to Vero79 
cells in comparison with bare PEI after 48 h incubation. However, as a result, the 
antimicrobial ability of bare PEI was lost after modification.127 Gum Arabic is widely 
employed as a thickening and emulsifying agent in the food industry. Nanogels of gum 
arabic crosslinked with gelatin is cytotolerant at concentration 0.125-1 mg/mL and 
hemocompatible at concentrations 0.2-1 mg/mL under ISO/TR 7406.128 Biocompatibility 
of Gum Arabic nanogels conjugated  with diethylenediamine (GA-DETA) and taurine (GA-
TA) in an attempt to tune the properties of the nanogels was studied. On one hand, DETA 
introduced positive charges which improved protein adsorption and in turn contributed to 
its improved cytotolerance on fibroblast L929 cells in comparison with unmodified Gum 
Arabic nanogels and on the other hand, taurine resulted in increased cytotoxicity on 
fibroblast L929 cells at 0-200µg/mL. While both GA-DETA and GA-TA nanogels were 
found to induce blood clotting, GA-TA showed a higher capacity to induce apoptosis by 
reducing intracellular calcium concentrations.129 
On one hand, hydrophilic nanogel drug carriers resist opsonization and protein adhesion in 
a host but are poor transporters of hydrophobic drugs. On the other hand, the blood 
circulation time and therapeutic potential of hydrophobic nanogels is low because of their 
removal by the reticuloendothelial system. Amphiphilic nanogels are a new family of 
nanogels that combine resistance to opsonization and removal with increased uptake of 
hydrophobic drugs due to the presence of both hydrophilic and hydrophobic groups 
respectively.130 The cytotolerance of amphiphilic nanogels is important since they can induce 
toxicity through interaction with cellular lipids. Combining 80 mol% of hydrophilic 2-
hydroxypropylamin (HPA) groups with 20 mol% of either benzyl (BENZA-20), hexyl 
(HEXA-20), cholesteryl (CHOlA-20) or dodecyl (DODA-20) showed similar cell viability 
(circa 100%) of monocytic-like THP-1 cells at 20 -100ug/mL after 2 h incubation in 
comparison to the biocompatible pentafluorophenyl methacrylate (PFPMA) as determined 
by WST-1 assay. Additionally, opsonization and protein adhesion was dependent on the 
hydrophobicity and structure of the nanogels while the former determined the corona 
composition of the nanogels, which will in turn determine their circulation time.130 Magnetic 
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nanogels can be guided to areas of interest to release contrast agents in magnetic resonance 
imaging.131 Microscopy was employed to evaluate the biocompatibility of magnetic nanogels 
which consisted of PDEAEMA-based nanogels encapsulated with Fe3O4 nanoparticles on 
red blood cells and platelets. In autologous plasma, the presence of biomolecules such as 
proteins, carbohydrates and lipids adhered to the surface of these magnetic nanogels which 
prevented interaction with red blood cells and preserved their morphology while red blood 
cells were lysed after 15 min contact with these magnetic nanogels in physiological saline 
solution. In both situations, no interaction with platelets was observed.132  
Biocompatibility can be influenced by physico-chemical properties of the nanogels. For 
example, the temperature at which MTT and LDH assays are performed for some 
temperature sensitive nanogels can influence the outcome of these tests, which in particular 
is relevant in cases of temperature triggered drug release. The cell viability of both Human 
breast cancer cell line (MCF-7) and Jurkat cells were approximately 100% when incubated 
with poly N,N′-diethylacrylamide (DEEam) at concentration range of 0.1-2.5 mg/mL and 
poly(N-isopropylacrylamide) (NIPAM) at concentrations up to 1mg/mL for 24 hours when 
MTT and LDH assays were performed at 37 °C. However at 22 °C, which is below the 
critical temperature, the permeability of the cell membranes of both MCF-7 and Jurkat cells 
for LDH increased at concentration up to and above 1mg/mL for polyDEEAm and 
polyNIPAM respectively due to their improved solubility and interaction with the cell 
membrane.133 

 Biotolerability  

As far as we know, no standard procedures are available to test the biotolerability of 
nanogels, nor for the FBR against biomaterials in general. In vivo studies, however, often 
gives a clear picture of the wide repertoire of interactions that occur once  nanogels are 
introduced into a living host.134,135 The provisional matrix which is formed by the non-
specific adhesion of serum proteins, attracts fibroblasts and other cells involved in acute 
inflammation. Therefore preventing the adhesion of proteins to the surface of the 
biomaterial may limit the extent of the FBR.136 Coating poly(ethylene terephthalate) (PET) 
with films of pNIPAM cross-linked with the non-fouling poly(ethylene glycol), reduced 
cellular adhesion both in vitro and in vivo in comparison with uncoated PET substrates. 
Histological assessment of the implants after intraperitoneal implantation in mice at 48h 
showed a thinner and denser collagen capsule on coated PET in comparison to uncoated 
PET as shown in Figure 2, indicating a shorter chronic inflammation and a faster resolution 
of the immune response on the coating.137 
Since nanogels are hydrogels at nanometer scales, zwitterionic nanogels may promote a non-
fibrotic incorporation of biomaterials in the host tissue. The zwitterionic polycarboxybetaine 
methacrylate (pCBMA) is the only hydrogel known to resist the formation of a fibrotic 
capsule after 3 months of subcutaneous implantation in mice.138 However, a disadvantage 
of zwitterionic hydrogels is their low mechanical strength. To improve the mechanical 
strength of zwitterionic hydrogels while mitigating the foreign body response, triazole 
groups were introduced in pCB to form triazole zwitterionic hydrogels(TR-ZW).139  This 
resulted in a 250% percent tensile strain, which is higher than the 65% tensile strain of pCB. 



 
CHAPTER II 

 

21 
 

In vitro assessment showed similar cell adhesion to the TR-ZW when compared to pCB and 
the biocompatible poly(2-hydroxyethyl methacrylate) (PHEMA). The expression of 
interleukin 10 was also increased, which is a characteristic of the pro healing macrophage 
phenotype. Histological evaluation after subcutaneous implantation of the TR-ZW in mice 
showed that the introduction of hydrophobic triazole groups increased the adsorption of 
plasma (3-10 ng/cm2) on the TR-ZW hydrogels in comparison to pCB (0.3ng/cm2). 
However, this did not interfere with the attenuation of a fibrotic capsule and increased blood 
vessel formation when compared to PHEMA. Temperature sensitive PNIPAM nanogels 
elicited mild inflammation which kept declining in severity from one week up to 3 months 
after injection into the right kidney of rabbits at an embolization rate of 0.10mL/s. After 3 
months, no signs of neovascularization, foreign body granuloma, extravasation, mural 
hemorrhage and vascular spasms were found. However, fibrous tissues were found in 
embolized vessels together with the PNIPAM  nanogels, which contributed to the 
persistence of the embolic effect 1 and 2 months after the operation.140 

 
Figure 2. Microgel coatings reduce chronic inflammation associated with materials implanted 
subcutaneously in the rat dorsum for 4 wk. Explants were evaluated for fibrous encapsulation by 
staining collagen (pink), elastin (black), and nuclei (black). Representative images for unmodified PET 
(a) and microgel-coated PET (b) disks, and the original implant location is designated. Black arrows 
indicate capsule measurements. Microgel coatings reduced fibrous capsule thickness by 22% compared 
to unmodified PET controls as quantified in (c), * p < 0.04. The density of capsule-associated cells 
was also significantly reduced in microgel-coated samples (* p < 5.6×10−3) compared to unmodified 
PET controls as quantified in (d). Data is represented as the average value ± standard error of the 
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mean using n = 4–7 samples per treatment group. Scale bar is 50 μm. (Reproduced with permission 
from ref 137. (Copyright 2010 Wiley)) 

Biocompatibility and biotolerability are dynamic and multifactorial properties that depend 
on the concentration and physico-chemical properties of the biomaterial, location, the types 
of interaction between material and host tissue. The intended functionality is essential since 
the given definition of biotolerability is not applicable to nanogels used as embolic agents. 
The research presented above proves the complexity involved in defining the 
biocompatibility or biotolerability of nanogels. Changes in the biomaterial or in the host 
environment can potentially cause a once biocompatible biomaterial to become toxic or 
non-compatible.135  This makes a single definition of biocompatibility unrealistic. Rather, 
biocompatibility and biotolerability could be redefined for classes of nanogels that have 
similar biomedical applications. In addition to this, the biocompatibility of nanogels should 
not be based only on MTT and LDH assays as sometimes found in the literature. The MTT 
assay can be influenced by factors such as pH and the presence of superoxide, polyphenols, 
and pyruvate analogs. Superoxide is capable of reducing MTT to Formazan, resulting in an 
inaccurate estimation of cell viability.141 Moreover, MTT formazan formed needle-like 
crystals at nanomolar concentrations that could induce apoptosis of SH-SY5Y cells which 
resulted in increased plasma permeability and leakage of cell content.142 Therefore, these 
assays should always be combined with tests that evaluate apoptotic, necrotic and hemolytic 
effects of newly synthesized nanogels.  
In contrast to drugs, the preclinical and clinical testing of biomaterials is not well defined.143 
Therefore, standard tests can help avoid inaccurate claims of biocompatibility. In addition, 
choosing the appropriate standard toxicity tests provide some understanding about the 
physiological, chemical and biochemical processes that become operative in cells or tissues 
upon contact with nanogels and this is key in defining their biocompatibility and 
biotolerability.144 This knowledge may in turn facilitate the development of nanogels with 
defined properties that may  result in successful clinical application.145 

 Nanogel-Based Antimicrobial Systems 

Over the past few decades, multidrug-resistant bacteria have become a serious health 
concern due to the abuse and misuse of antibiotics.146,147 A high therapeutic dosage of 
antibiotics is required to treat the resistant bacterial infection, therewith further contributing 
to the increased emergence of drug resistance. Therefore, it is imperative to develop novel 
antimicrobial agents and new treatment strategies.148,149 The recent advancements in the 
development of antimicrobial nanogels offered a promising approach to tackle multidrug-
resistant bacteria.150–153 This section will first provide the applications of nanogels used as 
delivery tools for conventional biocidal agents; then, the focus will be on the recent 
development of nanogels with intrinsic antimicrobial actions. 

 Nanogels as Antimicrobial Delivery Vehicles 

To reduce the applied dosage of biocidal agents and enhance the bioavailability at the same 
time, the conventional biocidal agents can be conjugated or encapsulated into nanogels and 
enriched in the infected zone, and released to kill bacteria. The widely used biocidal agents 
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in literature include but are not limited to antibiotics,154–160 bioactive antimicrobial agents,161–

165 silver and gold nanoparticles,166–175 and antimicrobial peptides.176–180 

2.3.1.1 Antimicrobial Agent-Loaded Nanogels 
In addition to developing new antibiotics, reduction of the administered dose is also 
important to cope with the rise of drug-resistant bacteria. Small molecular active antibiotics 
are easily cleared and quickly inactivated, while the remaining active antibiotics have 
difficulty penetrating the tissue barrier and killing bacteria in the infected area. To enhance 
the bioavailability of antibiotics, conventional antibiotics can be encapsulated into nanogels. 
Encapsulation protects the drugs from degradation and may improve the penetration by 
tuning specific (bio)chemical interactions with the cell wall, and subsequently (triggered) 
release of the antibiotics to the infected zone to improve the therapeutic 
concentrations.155,156 
Among all the commercially available antibiotics, vancomycin is considered a last resort 
medicine for the treatment of sepsis and lower respiratory tract infections caused by Gram-
positive bacteria. Vancomycin is a glycopeptide antimicrobial as alternative penicillin to treat 
penicillinase-producing strains of Staphylococcus aureus, and it is also widely used for the 
treatment of serious infections involving methicillin-resistant S. aureus (MRSA).181,182 
However, the incidence of infections with vancomycin-resistant bacteria strains have greatly 
increased.183,184 Recently, several studies have used nanogels to deliver vancomycin to the 
bacterial infection site.154,159,185,186 However, the hydrophilic nature of vancomycin may 
cause undesired leakage or non-specific release when loaded into nanogels. To overcome 
the problem, a bacterial-lipase sensitive polymeric triple-layered nanogel (TLN) was 
synthesized by a convenient arm-first procedure using an amphiphilic diblock copolymer 
mPEG-PCL (monomethoxy poly(ethylene glycol)-b-poly(ε-caprolactone)) to initiate the 
ring-opening polymerization of the difunctional monomer DEGDP (3-oxapentane-1,5-diyl 
bis(ethylene phosphate)).154 In this approach, the bacterial lipase-sensitive hydrophobic PCL 
interlayer formed a hydrophobic and compact molecular fence surrounding the cross-linked 
polyphosphoester core to prevent vancomycin release from the drug reservoir before 
reaching the infection sites. The approach eliminates potential adverse side effects due to 
non-specific drug leakage. After reaching the bacterial infection sites, the TLN sensed the 
lipase-secreting bacteria and the PCL fence degraded to release the loaded vancomycin. To 
further achieve the selective eradication of intracellular bacteria, a macrophage targeted 
antibiotic delivery nanogel (MNG-V) was developed by the same group using a 
mannosylated PEG-arms shell and a vancomycin-loaded polyphosphoester cross-linked 
core, as shown in Figure 3.185 The conjugated mannose moieties could target the mannose 
receptors expressed on macrophages and facilitated the uptake of nanogels to accumulate 
the drug at the bacterial infection site in vivo through macrophage transport.187 Subsequently, 
after bacteria are phagocytosed by macrophages, the rapid triggered vancomycin release was 
achieved in the presence of the bacterial enzymes (e.g., phosphatase or phospholipase) by 
degrading the polyphosphoester core of the nanogel. The released vancomycin further killed 
the bacteria, when the absolute concentration of vancomycin was increased to 10 μg/mL, 
the counting the colony forming units (CFU) of surviving intracellular bacteria, treated by 
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MNG-V, was about 50 times lower than in cells treated with free vancomycin, which also 
significantly improves the therapeutic efficacy of vancomycin in the infected zebrafish 
embryo model. However, the increased macrophage uptake of nanogels may also speed up 
the immune clearance to reduce the therapeutic efficacy.188  

 

Figure 3. (A) Schematic illustration of a vancomycin‐loaded mannosylated nanogels (MNG‐V) and 
the bacteria‐responsive drug release; (B) Schematic illustration of targeted uptake of MNG‐V, 
transport, degradation, drug release and bacteria inhibition. (Reproduced with permission from ref 
185. (Copyright 2012 Wiley)) 

To avoid the immune clearance by macrophages, Li et al. reported red blood cell (RBC) 
membrane coated vancomycin-loaded supramolecular gelatin nanoparticles (SGNPs) for 
adaptive and “on-demand” antibiotic delivery.186 As shown in Figure 4, the RBC membranes 
also act as detoxifiers to absorb the exotoxins produced by bacteria to relieve bacteria-
induced inflammation. Meanwhile, the overexpressed bacterial gelatinases in the infection 
microenvironment could effectively hydrolyze SGNPs into small fragments, and triggered 
the release of loaded vancomycin to kill pathogenic bacteria locally. In this way, the bacterial 
infection was treated by the biomimetic antibiotic delivery system with a minimum dose of 
antibiotics. Another group combined the two unique strategies, toxin neutralization 
property of RBC membranes and the ‘on-demand’ drug release nanogel, to achieve the 
specific intracellular release of vancomycin to treat the MRSA infection.159 Different from 
the prior wrapping of RBC membranes onto pre-formed nanogels is that they first prepared 
the cell membrane-derived vesicles and then polymerize the hydrogel cores inside the 
vesicles by a redox-responsive cross-linker containing a disulfide bond. Therefore, in an 
extracellular environment, the RBC-nanogels effectively neutralized MRSA-associated 
toxins, which in turn promoted further bacterial uptake by macrophages. The intracellular 
reducing environment facilitated an accelerated drug release profile, which resulted in more 
effective bacterial inhibition. 
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Figure 4. (a) Preparation of vancomycin encapsulated supramolecular gelatin nanoparticles with RBC 
membrane coating layer (Van⊂SGNPs@RBC). (b) Schematic representation of adaptive and 
multifunctional Van⊂SGNPs@RBC in the treatment of a bacterial infection. (Reproduced with 
permission from ref 186. (Copyright 2014 American Chemical Society)) 

Alternatives to synthetic antibiotics, a growing number of antibacterial studies using natural 
antimicrobial compounds, have emerged to solve the severe issues mainly raised from the 
overuse of antibiotics.189–191 However, the intrinsic problems of natural compounds, such 
as low activity, low availability, and instability, hinder their applications. Recent advances 
have been made by introducing nanogels to transport and protect these natural compounds 
for enhanced effectiveness.192–194 For instance, essential oils consist of multiple 
phenylpropanoids, which are natural antifungal agents but with intrinsic hydrophobicity and 
rapid evaporation. These oils have been encapsulated into chitosan nanogels to improve 
antimicrobial activity and stability and are applied in the food industry.195–197 Curcumin, a 
natural yellow phenolic compound present in turmeric, has numerous pharmacological 
properties such as anticancer, anti-inflammatory, antimicrobial, anti-malarial, and 
antioxidant, as studied in both preclinical and clinical studies.198–200 However, the rapid 
degradation of curcumin at physiological pH and poor aqueous solubility limits their 
application. To tackle the problem, Li and coworkers fabricated a strawberry-like novel 
temperature-sensitive nanogel using (p(NIPAM), temperature-sensitive polymer to 
encapsulate poly(3,4-ethylene dioxythiophene) nanoparticles (PEDOT, photothermal 
agents) and curcumin through reformative precipitation polymerization.194 The release of 
curcumin was achieved by the shrinkage of p(NIPAM) networks triggered by a light-induced 
temperature increase of PEDOT. This temperature-sensitive nanogel system showed 
excellent antioxidant and antibacterial performance. 
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Other than the conventional antibiotics and natural antimicrobial compounds, some 
chemical antiseptic and disinfection moieties, such as chlorhexidine and Triclosan, have 
received great attention in oral and skin health applications, for instance, periodontal therapy 
and wound healing. 201,202 The mechanisms of action of chlorhexidine are bactericidal as well 
as bacteriostatic, causing membrane disruption.203 Triclosan combats bacteria by non-
specific interaction with the cell membrane but also blocks the lipid synthesis explicitly to 
inhibit the bacterial growth.204 However, both of them are small molecules that have poor 
bioavailability; especially, Triclosan has poor solubility in aqueous solutions, and is under 
scrutiny because of its environmental and potential hazardous effects,205 which makes it 
important to provide systems that greatly diminish the used concentration without losing 
the antimicrobial effects.  Therefore, controlled delivery of them to the target sites can help 
to reduce the toxicity and enhance the biological effectiveness. Some investigations have 
used nanogels as a carrier to be applied in both aqueous dispersion and surface coatings, 
which will be addressed in the coating section.206–209 Recently, in our group, a p(NIPAM-co-
DMAPMA) based nanogel quaternized with 1-bromododecane was designed to induce 
intraparticle micellization and thereby create a hydrophobic domain inside the nanogel to 
host hydrophobic drug, e.g., Triclosan.210 The minimum inhibitory concentration (MIC) and 
minimum bactericidal concentration (MBC) results showed that the synergy of physical 
destruction of the microbial cell membrane by quaternary ammonium compounds and 
active nano-injection of Triclosan dramatically enhanced the antimicrobial efficiency 1018 
fold as compared to free Triclosan against S. aureus.  
Notably, bacteria generally have negatively charged cell membranes consisting of lipid layers 
and peptidoglycan.211 Therefore, nanogel carriers with a positive surface charge could 
enhance the interaction between the nanogel and the surface of the bacteria. Paunov and 
coworkers have conducted a series of experiments on the enhancement of the antimicrobial 
effect of antibiotics or cationic antimicrobial agents using nanogel carriers with cationic 
surface functionality.212–215 In one of these studies, the antibacterial agent berberine was 
loaded into polyacrylic acid-based nanogels, the surface of which was subsequently coated 
with a layer of cationic polyelectrolyte, poly(diallyl dimethylammonium chloride) (PDAC).214 
The PDAC-coated nanogels encapsulated with berberine exhibited enhanced antimicrobial 
efficacy against both Escherichia coli (E. coli) and Chlamydomonas reinhardtii, compared to the 
free berberine. In another work, the biocompatible cationic polyelectrolyte 
polyethyleneimine (PEI) was used to functionalize the polyacrylic acid-based nanogel. The 
nanogel was loaded with two small cationic antimicrobial molecules, tetracycline 
hydrochloride and lincomycin hydrochloride, which can potentially overcome antibiotic 
resistance.213 The functionalized antibiotic-loaded cationic nanogel carriers enhanced the 
antimicrobial activity by specific electrostatic adhesion to the microbial cell wall, and due to 
accumulation, a higher local antibiotic concentration was achieved. 

2.3.1.2 Silver-Loaded Nanogels  

Metal nanoparticles exhibit unique chemical, physical, and biological properties that are 
significantly different from bulk metals or isolated molecules. For example, silver 
nanoparticles (AgNPs) display antimicrobial and anti-inflammatory properties, thus have 
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been exploited as antimicrobial agents.216,217 The proposed mechanism of action of AgNPs 
vary: the destruction of the bacterial cell wall by their favorable surface properties; 
generation of free radicals that can alter the membrane permeability; inactivation of 
indispensable enzymes by thiol group modification due to the release of silver ions.218,219 To 
achieve the controlled or sustained release of AgNPs locally while limiting the cellular uptake 
and possible cytotoxicity of AgNPs, encapsulation of AgNPs inside nanogels, so-called 
hybrid nanogels or nanocomposites have been developed.220–224 However, most of the 
hybrid nanogels were prepared with prefabricated AgNPs, followed by the addition of 
AgNPs into the polymer network.225,226 Alternatively, efforts are heading towards studying 
greener and easier methods for AgNPs containing antimicrobial hybrid nanogels.170,227–230 
Ferrer and coworkers developed the hybrid nanogels (~160 nm) consisting of a lysozyme 
rich core and a dextran rich shell containing AgNPs (~5 nm), which were synthesized “in 
situ” in the nanogel solution without requiring additional reducing agents.231 Lysozyme was 
found to enhance nucleation and stabilization of AgNPs while limiting their growth. 
Furthermore, with varying lysozyme content, they were able to tune the size of both AgNPs 
and nanogels and the loading capacity; larger nanogels with greater loading of smaller 
AgNPs were obtained following increased lysozyme concentration.229 Similarly, Khan et al. 
also reported an environmentally greener reducing agent, glucose, to form the AgNPs 
nanogel “in situ”, but with a microwave-assisted heating technique.230 Also, AgNPs nanogel 
have been synthesized and stabilized simultaneously “in situ” with the help of gamma 
irradiation, the mean size of AgNPs ranged from 10-50 nm.170 Analogously, Choi et al. 
developed a one-step process to synthesize nanogels containing AgNPs involving electron 
beam irradiation of silver nitrate and poly(acrylic acid). The size of the prepared nanogels 
decreased with increasing irradiation doses, while the antibacterial effects increased due to 
a larger surface area for bacterial interaction of smaller AgNPs.227  

2.3.1.3 Antimicrobial Peptide-Loaded Nanogels 

As an attractive alternative to commercial antibiotics, antimicrobial peptides (AMPs) have 
gained large interest over the last decades and some found their way into clinical practice.232 
AMPs are natural compounds driven from innate immune systems and can kill bacteria by 
non-specific membrane disruption, which is less likely to induce bacterial resistance.233 With 
their both hydrophobic and hydrophilic moieties, AMPs affect bacteria in several ways: 
AMPs destabilize the membrane by pore formation, causing the leakage of intracellular 
components, and the carpet mechanisms where the coverage of AMPs on the outer and 
inner membrane is uneven, which induces the imbalanced surface tension resulting in cell 
membrane collapse.234,235 However, some undesirable characteristics, such as high toxicity, 
easy degradation, and low bioavailability by binding to serum proteins, mucins, and other 
anionic components, have impaired the clinical translation of AMPs.233,234 Therefore, 
recently increased attention has been placed on nanogels as carriers for the delivery of AMPs 
to improve the antimicrobial performance.236–243 The Malmsten group investigated cationic 
AMPs incorporated into anionic poly(ethyl acrylate-co-methacrylic acid) (MAA) nanogels in 
different ways that influenced the encapsulation efficiency and release of AMPs, and the 
membrane interactions and antimicrobial effects of those nanogels. To investigate the 
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mechanisms of membrane interactions of free and nanogel-loaded AMPs, the 
dimyristoylphosphatidylcholine/ dimyristoylphosphatidylglycerol (DMPC/DMPG) 
(75/25) was chosen as model cellular membrane to obtain solid-supported bilayers with an 
anionic charge to mimic the bacterial membranes. They found that the peptide 
incorporation increased with increasing nanogel charge density and peptide amphiphilicity. 
The nanogel displayed a negative zeta potential even at high peptide loading and therefore 
did not bind to the bacteria-mimicking membranes. Instead, membrane disruption and 
antimicrobial effects against E. coli relied largely on peptide release, nanogel charge density, 
primarily influencing the peptide loading and release rate.238 They also investigated how 
poly(ethylene glycol) conjugation (PEGylation) of AMPs affected their loading and release 
behavior from MAA nanogels. They found that the PEG content influenced the nanogel 
loading and release rather than the PEG conjugation site. PEGylation appeared to shift 
peptide localization towards the corona instead of in the core of the nanogel.242 Building on 
the studies of AMPs-loaded nanogels synthesized by emulsion polymerization, recently the 
same group prepared AMPs-loaded nanogels using continuous microfluidic particle 
generation based on 3D-printed micromixers by complexation of polymyxin B with Ca2+ 
cross-linked alginate, as shown in Figure 5.241 As such, Polymyxin B was localized in the 
particle core and caused particle growth with increasing peptide loading up to > 80%, and 
the peptide release was strongly accelerated at physiological ionic strength. To offer better 
stability during the production of AMPs-loaded nanogels, Parilti and coworkers used 
supercritical carbon dioxide as a green alternative for the conventional solvents to synthesize 
AMP-loaded poly(2-hydroxyethyl methacrylate) (poly(HEMA)) nanogel via one-pot free-
radical dispersion polymerization as a powder.236 The antibacterial tests revealed the 
sustained release of the AMP from this poly(HEMA) nanogel that was swollen in water. 

 
Figure 5. Preparation of Ca2+-cross-linked alginate nanogels loaded with the AMP polymyxin B in a 
continuous process using 3D-printed micromixers with three different geometric designs: turbulent 
flow micromixers, laminar flow micromixers, or integrated compartment micromixers. (Reproduced 
with permission from ref 241. (Copyright 2019 Elsevier)) 
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 Nanogels as Active Antimicrobial Agents 

Although antimicrobials-containing nanogels significantly show antibacterial efficacy and 
potentially slow down the emergence of multidrug-resistant bacteria, the development of 
new materials with intrinsic antimicrobial activities is still in urgent demand. Metal-based 
nanoparticles can be directly used but, as mentioned before, usually with high toxicity. 
Nanogels provide a versatile platform to generate novel intrinsically antimicrobial structures 
due to their large surface area to mass ratio allowing multivalent interactions with bacteria, 
their chemical reactivity, and highly compatible surface for facile functionalization, and their 
high colloidal stability and excellent biocompatibility.  
Whereas in the previous section nanogels were applied as carriers for antimicrobials and the 
susceptibility of microorganisms to these antimicrobials are in most cases expected to be 
unchanged (or in some cases enhanced), the susceptibility of microorganisms towards 
nanogels with intrinsic antimicrobial action need to be assessed separately. Antimicrobial 
susceptibility tests have been designed to evaluate the time or concentration dependent 
antimicrobial potential of newly synthesized antimicrobial agent by determining the 
minimum inhibitory concentration (MIC) against microorganisms, indicating the 
antimicrobial concentration that inhibits visible growth of a planktonic bacterial suspension 
after incubation.244,245 Because the MIC can be influenced by factors such as the inoculum 
preparation method and concentration, type of growth medium and incubation time, these 
tests have been standardized by the Clinical and Laboratory Standards Institute, 
International Standard Organization (ISO) and European committee of antimicrobial 
susceptibility testing (EUCAST), making clinical evaluation possible, however these 
guidelines do not guarantee clinical relevance.244 
Recently, the developments of nanogels with intrinsic antimicrobial moieties, such as 
quaternary ammonium compounds (QACs),246–249 guanidine,250 AMPs and their synthetic 
mimics,251 have been subject of investigation but is still underdeveloped as compared to the 
previously mentioned systems. Positively charged moieties cause physical damage to the 
bacterial cell membrane and are one of the major mechanisms of antimicrobial activity of 
functional nanogels. This strong charge interaction leads to the generation of pores and 
alteration in membrane permeability and, eventually, bacterial cell death.252 Among the 
different cationic compounds that have been used in nanogel functionalization, QACs are 
the most explored ones. Echeverría and coworkers synthesized a tertiary amine group-
containing nanogel by copolymerization of NIPAM and dimethylaminoethyl methacrylate 
(DMAEMA), and further quaternized with methyl iodide and butyl iodide.249 The MIC 
results showed that compared with pNIPAM nanogel (MIC > 10 mg/mL) and 
unquaternized nanogels (MIC=5 mg/mL), the methyl quaternized nanogels with highest 
incorporation of DMAEMA up to 25 wt% provide some antimicrobial ability, although the 
MIC was still high (MIC=2.5 mg/mL).   
In addition to quaternized nanogels, nanogels with cationic guanidine groups on the surface 
inhibits bacterial growth by attacking them through electrostatic attraction on the bacteria 
cell surface.253 Han et al. prepared a guanidine nanogel by copolymerization of styrene, 
polycaprolactone-hydroxyethyl methacrylate, and polyhexamethylene guanidine 
hydrochloride methacrylate. The resultant nanogels exhibit a strong ability to kill S. aureus 
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and E. coli by destroying the cell membrane and causing the cell lysis. Besides, the nanogels 
had a positive effect on preventing wound infection as a result of the antibacterial activity.250 
As addressed above, AMPs show broad and effective antimicrobial activity against bacteria, 
viruses, and fungi, but their high manufacturing cost, susceptibility to proteolysis, and poorly 
understood pharmacokinetics due to the complexity of their native structures hindered their 
applicability as drugs. Therefore, there has been increasing research interest towards 
preparing synthetic AMPs with the amino acids, lysine, arginine, and histidine as cationic 
components and leucine, valine, and phenylalanine as their hydrophobic analogs.254 Except 
being delivered by nanogels, a series of polypeptide nanogels (PNGs) have been fabricated 
by coordination-assisted self-assembly of a mannose-conjugated AMP, poly(arginine-r-
valine)-mannose, as a ligand and Zn2+ ion as a metal ion source to minimize the toxicity of 
the pristine polypeptide without compromising the antimicrobial activity, as shown in Figure 
6.251 The PNGs showed the potential bactericidal effect as revealed from their MIC results 
(2−16 μg/mL) against S. aureus and E. coli, which were significantly lower than the 
traditionally used antibiotic, vancomycin (> 128 μg/mL; E. coli). Notably, the PNGs 
exhibited higher cell viability (above 80%) against mammalian cells with a negligible 
hemolytic effect compared to the pristine polypeptide (viability below 35%). Determination 
of the MIC in the above studies is necessary to evaluate the susceptibility of microbes to 
these nanogels with antimicrobial functionality. 

 
Figure 6. Schematic presentation of the fabrication of PNG by coordination-assisted self-assembly 
of a mannose-conjugated antimicrobial polypeptide, poly(arginine-r-valine)-mannose with Zn2+ ions. 
(Reproduced with permission from ref 251. (Copyright 2019 American Chemical Society)) 

 Antimicrobial Nanogel Surface Coatings for Biomedical Applications 

Bacterial attachment and subsequent biofilm formation on implant surfaces is a severe 
problem from both an economical and healthcare perspective, since bacterial biofilms show 
a high resistance towards antibiotics and biomaterial associated infections are notoriously 
persistent and difficult to eradicate.255,256 In recent decades, considerable focus has been 
placed on the creation of surface coatings to prevent initial bacterial adhesion and biofilm 
formation as an alternative platform since antibiotic resistance is becoming a serious threat. 
These antimicrobial surface coatings are mainly based on three strategies: an antifouling 
strategy that can significantly reduce the amount of initial bacterial attachment, an 
antibacterial (bactericidal) strategy, based on killing bacteria before or after coming in 
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contact with the surface, and a third strategy based on triggered bacterial detachment.257 
Some methods combine strategies to achieve multi-functional surfaces.258 
Based on their physical adsorption capabilities, colloidal particles are known to have 
excellent ability to form well-organized films regardless of the substrate material.259–262 Many 
attempts have been made to perform surface coatings with hard colloidal particles such as 
polystyrene nanoparticles. However, these coatings were found to be unstable under 
physiological conditions since the contact point between the particle and surface is 
limited.263 From this point of view, nanogels, as being soft deformable colloidal particles, 
can stick to the surface firmly and create remarkably homogenous coatings.264,265 Nanogel-
based surface coatings can be easily prepared by physical adsorption without requiring any 
harsh chemical procedures such as grafting or covalent binding.261 Besides, the 
characteristics of the nanogel-coated surface can be simply modified by just modulating the 
chemical functionalities of the adsorbed nanogel particles.  
Nanogels have great potential as antifouling and/or antimicrobial coatings on the surface of 
medical implants. Their advantages, such as high water content, desirable chemical and 
physical structures, good mechanical properties, and excellent biocompatibility, make them 
useful candidates as antimicrobial surface coatings.266,267  

 Nanogel-Based Antifouling Coatings 

Antifouling surfaces are designed to reduce the initial bacteria attachment by repelling the 
bacteria and consequently preventing biofilm formation.268 Apart from zwitterion-based 
surfaces and polymer brush coatings, these surface coatings are usually created using 
hydrogels, which can form a hydration layer in an aqueous environment. Hydrogels have 
been used in the field of biomaterials due to their affinity to water and the formation of a 
hydration layer, which works as a physical barrier resisting protein adsorption and bacterial 
adhesion.138,269  Antifouling hydrogel surfaces can possess strong hydration properties also 
under physiological conditions such as in serum or salt solutions.270–272 As mentioned 
before, nanogels are possessing similar behaviors as hydrogels with a nano-sized feature. 
Many applications of nanogels inspired by hydrogels, such as antifouling surfaces, have been 
developed in the biomedical field, based on the excellent tunable-chemical properties and 
film-forming capabilities of nanogels. Poly(N-isopropylmetacrylamide) (p(NIPMAM)) 
nanogel coatings have been previously studied to prevent adhesion of cells and proteins on 
the surface.27,261,273 More recently, our group focused on these nanogel surfaces as an 
antifouling coating system that repels bacteria and subsequently prevents biofilm formation 
and a possible infection.29 In this work, internal cross-linking density and the size of the 
nanogels and thickness of the coating was investigated to find the highest reduction of initial 
bacterial adhesion. As shown in Figure 7, all nanogel coatings provided a homogeneous 
monolayer, with a surface coverage of over 90%. The results presented that the thickest and 
softest (lowest cross-linking density) nanogel coating exhibited more than 98% reduction in 
the number of initial bacterial adhesion. These findings clearly suggested that a promising 
antifouling surface coating was successfully developed. 
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Figure 7. Atomic force microscopy images of the p(NIPMAM) nanogel coated glass surfaces with 
different internal stiffness/cross-linking density and hydrodynamic radii Rh at 23 °C in the dry state. 
(A) nGel1, Rh = 114 nm, (B) nGel2, Rh = 109 nm, (C) nGel3, Rh = 101 nm, (D) nGel4, Rh = 787 nm, 
(E) nGel5, Rh = 301 nm, (F) nGel6, Rh = 650 nm at 30 °C. (Reproduced with permission from ref 29. 
(Copyright 2019 American Chemical Society)) 

Similarly, Mergel et al. investigated the effect of electrochemical switching of poly(N-
isopropylacrylamide-co-vinylferrocene) p(NIPAM-co-VFc) nanogel coatings prepared with 
nanogels that have a ferrocene (Fc)-enriched (collapsed/hard) core and a NIPAM-rich shell 
on the antifouling behavior.274 The stiffness on the surface was altered by switching the 
oxidation states of the nanogels with electrochemical stimuli. Quantitative analysis proved 
that upon oxidation, nanogels coated on the glass surface turn into a significantly softer, 
highly swollen layer. Furthermore, the bacterial adhesion was examined under flow 
conditions on coated surfaces on the oxidized and non-oxidized state of the nanogels and 
also on bare glass. Although the difference in stiffness did not affect the fouling behavior 
the nanogel coated surfaces showed a remarkable antifouling performance compared to bare 
glass. These results indicated that the alteration in stiffness of the nanogels is not sufficient 
to provide a difference in bacteria attachment. 
Very recently, addressing the potential use of surface-bound nanogels as coatings for 
improving the non-fouling properties of the biomaterials, Huang et al. introduced 
zwitterionic nanogel coated surfaces.275 Poly(sulfobetaine methacrylate) 
(PSBMA)/poly(ether sulfone) (PES) nanogels were blended within the PES polymer matrix 
and further cast on glass surfaces. The biofilm formation of E. coli and S. aureus on the 
surfaces both in static and flow conditions was investigated with confocal laser scanning 
microscopy (CLSM). The CLSM results highlighted that the reduced biomass and biofilm 
thickness were proving the decreased bacterial attachment on the surface for both Gram-
negative E. coli and Gram-positive S. aureus bacteria due to the presence of the hydration 
layers provided by nanogels. On the other hand, the developed zwitterionic system displayed 
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strong anti-abrasion properties and chemical durability, even in harsh chemical 
environments. 
Addressing the temperature-responsive characteristics of nanogels, Saha and co-workers 
investigated a synthetic strategy to obtain zwitterionic nanogels that exhibit tunable dual-
VPTT.276 These nanogels were covalently bound on activated SiO2 quartz sensors, and the 
anti-fouling activity was tested by quartz crystal microbalance-dissipation (QCM-D) 
experiments under a flow of protein solution. The nanogel-coated surface showed excellent 
antifouling characteristics resulting in remarkably reduced protein adsorption. Thus, these 
dual-stimuli responsive nanogel coated systems can be used as a coating material to prevent 
protein adsorption, which may suggest reduced bacterial adhesion as well. 
Similarly, addressing the potential use of nanogels as coatings for biomaterials, Brosel-Oliu 
et al. profited from the nanogel antifouling properties for biosensors to measure the bacterial 
response to antibiotics, avoiding time consuming culturing procedures.277 To this end, a 
p(NIPMAM) nanogel coating was employed to prevent the attachment of E. coli on top of 
insulating barriers of the biosensor, in order to optimize the sensors sensitivity towards 
bacterial adhesion on the electrodes of the device. Successful nanogel deposition and 
immobilization of bacteria was found by confocal microscopy analysis. This approach 
exhibited the bacterial response to ampicillin when measured by electrochemical impedance 
spectroscopy, which promotes novel applications in biosensing related to toxicity 
validations.  
In an attempt to further explore the performance of the antifouling behavior of surface-
bound nanogels, Liu et al. fabricated pH-responsive membranes with poly(4-vinyl pyridine) 
(P4VP) nanogels.278 P4VP nanogels were self-assembled on the membrane surface and in 
the inner channels, through the phase-inversion procedure of membrane casting solution, 
as shown in Figure 8. The nanogels on the surface of the membrane promoted the 
antifouling properties and self-cleaning performance, which were examined by water flux 
experiments. Herein the fouling experiments firstly performed by measuring pure water flux 
before and after the pollution by pure milk filtration. In the inner channels of the membrane, 
nanogels can respond to pH changes. Upon this environmental trigger the channels alter 
their diameter due to the protonation/deprotonation ability of pyridine groups, providing 
an excellent pH-responsive water gating capability to membranes. Therefore, such nanogels 
can be potentially used in smart separation applications, in addition to their antifouling 
properties. 

 
Figure 8. Fabrication diagram of the pH-responsive membrane prepared with nanogels. (Reproduced 
with permission from ref 278. (Copyright 2019 Elsevier)) 
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Furthermore, Ji et al. explored the use of heparin-mimicking nanogels to prevent bacteria 
and protein accumulation on membrane surfaces and also to improve the 
hemocompatibility of these membranes.279 Polyethersulfone (PES) membranes were 
fabricated by a simple physical blending of heparin-mimicking nanogels, namely poly(acrylic 
acid-co-N-vinyl-2-pyrrolidone) (P(AA-VP)) and poly(2-acrylamido-2-methylpropanesulfonic 
acid-co-acrylamide) (P(AMPS-AM)), obtained through conventional free-radical 
copolymerization. Results revealed that nanogel modified membranes inhibited not only the 
bacterial adhesion but also the protein adsorption on the surface due to the hydrophilic 
characteristics provided by the nanogels. In addition to the antifouling behavior of the 
heparin mimicking nanogel an increase of the adhesion of the L929 cells and an enhanced 
cytocompatibility was shown on the surface of nanogel-modified membranes, as was also 
found earlier.280 Thus, nanogel-blended PES membranes have great potential use for various 
biomedical applications such as blood purification membranes. Another antifouling and 
antibacterial membrane approach was investigated by, Li et al. (Figure 9).281 Briefly, 
electrospun polycarbonate urethane substrate membranes were coated with a nanogel layer 
by cross-linking of eugenol-modified chitosan and the zwitterionic copolymer 
poly(sulfobetaine methacrylate-co-2-aminoethyl methacrylate) (PSA). The prepared 
membranes not only presented a significant bacteria repelling performance towards E. coli 
and S. aureus but also a lower non-specific protein adsorption on the surface. Furthermore, 
antibacterial results showed that the nanogel coated membranes could inhibit not only initial 
bacteria attachment but also kill the adhered bacteria. Moreover, prepared membranes 
showed no serious cytotoxicity against L929 fibroblasts, with more than 80% of relative cell 
viability which; thus, it is considered to have a potential use for biomedical implant 
applications. According to ISO 10993-5 procedure, percentages of cell viability above 80% 
are considered as non-cytotoxic; within 80%–60% weak; 60%–40% moderate and below 
40% strong cytotoxic, respectively.282   

 
Figure 9. Integrated antibacterial and antifouling membranes via cross-linking eugenol-
modified chitosan and a zwitterionic copolymer on the electrospun polyurethane surface. 
(Reproduced with permission from ref 281. (Copyright 2018 Elsevier)) 

Investigating similar designs of both antifouling and antimicrobial surface coatings, 
Nyström et al. studied the peptide-loaded poly(ethyl acrylate-co-methacrylic acid) nanogels.283 
Therefore nanogel films were prepared by covalent immobilization of nanogel on silica 
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substrates with or without the incorporation of peptides. To assess the antifouling 
properties, nanogel-coated surfaces were immersed in an E. coli bacterial suspension under 
static conditions. The analysis showed that all coatings displayed a strong anti-adhesive 
effect on E. coli bacteria, as shown in Figure 10. Moreover, peptide-loaded nanogel coatings 
exhibited an efficient bacteria-killing at the same time. 

 
Figure 10. (A) Bacterial adhesion of E. coli to surface-modified glass slides after 4 h of incubation in 
Tris buffer with or without additional 150 mM NaCl (top) and viability of the adhered E. coli quantified 
using BacLight LIVE/DEAD staining (bottom). Data were normalized against E. coli killed in 70% 
isopropanol. (B) Representative CLSM images of adhered E. coli on surface-modified glass slides in 10 
mM Tris buffer. Images are presented as z-projections of stacks of six images or more, with increased 
brightness and contrast added after data analyses for improved visualization. (Reproduced with 
permission from ref 283. (Copyright 2018 American Chemical Society)) 

Although the primary emphasis has been placed on biomaterials or biomedical devices, 
nanogel-coated surfaces offer opportunities also in other industries, e.g., for marine 
equipment to prevent biofouling and its costly consequences. Chen and co-workers 
developed a self-healing underwater–oil-repellent and biofouling-resistant coating prepared 
with nanogel spheres modified with hydrophilic polymeric chains, that were then prepared 
by self-assembly on a glass substrate.284 The results show that this coating is highly stable 
under harsh acidic conditions and prevents biofouling meanwhile also displaying a self-
healing ability when mechanically damaged. Albeit these coatings are created to avoid 
biofouling in marine equipment, it can also be used as a new platform within the biomedical 
field. Even though, nowadays, most of the coatings for marine equipment are made by 



 
CHAPTER II 

 

36 
 

environmentally friendly techniques and materials, the biocompatibility and cytotoxicity 
regulations must be carefully fulfilled when antifouling coatings are used in the body.285 

 Nanogel-Based Antibacterial Coatings 

Antibacterial surfaces are identified as surfaces that can kill bacteria. Antibacterial coatings 
can be categorized into two groups: Contact-killing antibacterial coatings and release-based 
antibacterial coatings. Contact killing occurs when the bacteria touch the surface and are 
killed by molecules attached to the surface possessing antimicrobial activity or by the surface 
pattern itself.286–288 Release-based antimicrobial coatings are pre-loaded with drugs that are 
released to kill the bacteria in the near vicinity.289 
As already discussed above, the formation of nanogel-based coatings for antifouling 
applications has attracted some interest. Apart from these strategies to control the 
biomaterials associated infections, the research on antibacterial coatings facilitated by 
nanogels has developed in recent years, as will be described in this section briefly. Nanogels 
can be combined with conventional antibacterial agents to enhance the killing-mechanism 
based on a release approach as well as can be functionalized with long tethering molecules 
to activate the contact killing mechanism.   
In our very recent study, we prepared antibacterial surfaces with poly(N-
isopropylacrylamide-co-N-[3(dimethylamino)propyl]methacrylamide) (P(NIPAM-co-
DMAPMA)-based nanogels.290 Through the tertiary amine in the DMAPMA comonomer, 
nanogels are quaternized  which introduced the antibacterial activity due to the bacterial 
membrane binding and the intercalating ability of the aliphatic QAC. Subsequently, the 
quaternized nanogels enabled the formation of intraparticle hydrophobic domains allowing 
for Triclosan incorporation as a very common antimicrobial agent (Figure 11). The coating 
with Triclosan-loaded nanogels provided excellent bacteria-killing properties with a killing 
efficacy of up to 99.99% of adhering bacteria on the surface while still possessing an 
antifouling activity. This study effectively demonstrated that the first time, the possibility to 
achieve Triclosan encapsulation into the nanogel for a powerful antibacterial effect. 

 
Figure 11. Schematic representation of antifouling and antimicrobial nanogel coatings (Reproduced 
with permission from ref 290. (Copyright 2019 Elsevier)) 
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In one of the recent studies on antibacterial nanogel coated surfaces, Zhao et al. reported 
the bactericidal activity of coatings formed by QAC-based p(NIPAM) nanogels synthesized 
with 1-vinyl imidazole and 1,6-dibromohexane.291 Monolayer nanogel films were prepared 
on different substrates such as silicon, gold, polystyrene and polydimethylsiloxane. Next, 
the antibacterial efficiency, due to the QAC moieties in the nanogel coating was examined 
using E. Coli MG1655 bacteria; the bacteria viability was investigated by fluorescent staining 
and also by colony counting method on agar plates. The nanogel-coated surfaces exhibited 
almost 100% efficacy in bacteria-killing. This bactericidal effect of this QAC-based 
p(NIPAM) nanogel coating was established by showing that after inoculating 104 E. Coli 
MG1655 bacteria in 1 mL of buffer and exposure of the suspension to the coated surface 
resulted in only one viable colony on the utilized agar plate. Moreover, they proved that 
these robust coatings could be performed on many different substrates with a desired 
cytocompatibility.  
In a similar line, another research is introduced by Xue et al. also using QAC-based 
p(NIPAM) nanogels.292 Herein, firstly the thin films (quaternized p(NIPAM) nanogel, QPM 
film) were prepared with quaternized nanogels on silicon wafers by drip coating. Then a 
glycopolymer (P(SS-co-MAG)), which is containing both sulfonate groups and sugar units, 
was attached via a chemical modification to the QPM films. E. coli bacteria were 
subsequently used as a model microbe to examine the bactericidal properties of nanogel 
films. Both nanogel films QPM and QPM modified with P(SS-co-MAG) showed excellent 
antibacterial activity compared to the bare silicon wafer surface. The bactericidal efficacy of 
the nanogel coating was solely based on a Live/Dead staining assay after a 2 h incubation 
in 107/mL E. coli culture without a corresponding viable cell count to show whether the 
level of bacterial killing answers the 99% killing required by ISO20743 and JIS Z 2801. 
However, no significant differences were observed between P(SS-co-MAG) modified and 
QPM surface; thus, it can be concluded that the killing efficiency was not affected by 
modification with P(SS-co-MAG). Notably, after the P(SS-co-MAG) modification, the films 
showed an improved cytocompatibility.  
According to ISO20743 and the Japanese industry standard JIS Z 2801, dealing with coated 
materials, the efficacy of antimicrobial agents is determined by the difference in the 
logarithmic value of viable cell counts after incubating an inoculum with the antimicrobial 
compound and its corresponding inert control. This difference is only microbiologically 
relevant when the reduction in viable cell count is more than two log values or more than 
99 percent when linearly expressed.293 Furthermore, the initial inoculum concentration must 
correspond to the microbial challenge associated with the intended application of the 
antimicrobial agent since microbial density can influence the MIC.293,294 
Furthermore, Chattopadhyay et al. explored the use of physically cross-linked nanogels 
(PCNGs) to form protective coatings on mica and highly oriented pyrolytic graphite 
surfaces.295 The nanogels used in this study were synthesized in water as a solvent with C-
10 alkyl chains modified poly(ethylene imine) (PEI) and azetidinium groups, thus yielding 
amphiphilic characteristics. PCNGs were possessing a high colloidal stability due to the 
hydrophobic interactions of long alkyl chains and the ionic repulsion of the azetidinium 
groups, thus spontaneously self-assembled. Consequently, prepared PCNGs demonstrated 



 
CHAPTER II 

 

38 
 

excellent antimicrobial activity against a varied range of bacteria. As shown in this work, the 
nanogels are stable in water up to 120 days. Considering the stability results of these 
nanogels, their coatings can be a potential candidate for water-based biomedical 
applications. To this end, an optimized and successful coating method needs to be 
performed and the stability tests of the coatings needs to be completed.  
Sproul et al. prepared thin nanogel films by using platelet-like particles (PLP), which were 
synthesized with NIPAM-co-acrylic acid with antimicrobial gold through non-covalent and 
covalent methods to develop nanogold composites (NGCs).296 Antimicrobial assay results 
suggested that all fabricated thin films by NGC PLPs possessed an effective activity for 
inhibiting bacterial attachment and growth. Here, viable cell counts were performed at time 
0, 3, 6, 12, and 24h using a testing solution which was made by a 1:10000 dilution of 105/mL 
CFU* 0.2mL/sample. Meanwhile, the antimicrobial effects of these particles on inhibiting 
bacterial growth in suspension were not significant due to the available gold particle surface 
area which facilitates the bacteria killing; therefore, in the future, applications of NCG PLP’s 
should be applied as a coating on the surface to prevent infections.  
Addressing mechanisms confirming antimicrobial effects of nanogel-bound antimicrobial 
peptides (AMPs), Nyström et al. examined the incorporation of AMPs into a nanogel by 
electrostatic interactions.283 Bactericidal properties by contact-killing and release of 
incorporated peptides of the peptide-loaded nanogels were investigated. The antimicrobial 
efficiency was dependent on the release rate of the bactericidal peptides from the nanogel 
network, and it was speculated that the ionic strength in the solution controlled their release. 
At low ionic strength, peptides remained attached to the nanogels by electrostatic 
interactions; therefore, the killing mechanism is mostly due to contact killing and partly by 
the release of the peptides. At high ionic strength, however, the antimicrobial effect was 
mainly based on peptide release. Such nanogel coatings containing peptides exhibited 
enhanced antimicrobial and anti-inflammatory properties to control the inflammatory 
response to biomaterials. 
In a similar line of research Nyström et al. investigated the formation of peptide-loaded 
poly(ethyl acrylate-co-methacrylic acid) (MAA) nanogel multilayers.297 These nanogels were 
synthesized with biotin, and the nanogel multilayers were formed by alternating biotin 
containing nanogels and avidin with layer-by-layer deposition method since avidin can 
strongly bind to biotin. Next, the loading and release of the antimicrobial peptide into the 
formed nanogel multilayers were examined at physiological conditions with pH 7.4 and ionic 
strength 150 mM. At this high ionic strength, the peptide release was observed to be slow 
because the peptide diffusion through the multilayer from the outside was kinetically 
hindered. As a result the antimicrobial effects on E. coli bacteria of peptide-loaded 
multilayers were decreased when compared to a peptide-loaded nanogel monolayer. 
Furthermore, it was proven that the increased loading of the antimicrobial peptide resulted 
in an improved antimicrobial activity on the surface, both for planktonic and adhered 
bacteria. In conclusion, cross-linked nanogel multilayers show great potential as a useful 
antimicrobial surface coating. However, more attention needs to be given to peptide release 
phenomena. 
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Additionally, Liang et al. examined the coated surfaces prepared by poly(acrylic acid)-based 
anionic nanogels loaded with the antimicrobial (lipo)peptides.298 They showed that the 
contact with macrophages and osteoblasts was not able to trigger antimicrobial release; it 
was only possible with bacteria. Very interestingly, the bacterial contact was found to trigger 
the release of these AMPs, consequently resulting in local bacterial killing as shown in Figure 
12. Here, a microprobe experiments is performed in order to understand the contact transfer 
between bacteria and nanogels loaded with antimicrobial peptides, as L5 and Sub5. The 
bacteria in contact with the peptide loaded nanogels were killed as can be seen in the Figure 
12. The loaded antimicrobials continued being stably complexed within the nanogels for 
extended periods, even for weeks. Thus, this coating can be assessed as a promising 
antimicrobial triggered bacteria-release system. 

 
Figure 12. Contact transfer kills S. epidermidis on AMP loaded microgel-modified surfaces. Confocal 
images showing live (green) and dead (red) S. epidermidis after 30 min of contact with microgels loaded 
with: (A) Antimicrobial peptide L5 (in 0.07 M ionic strength buffer); and (B) Antimicrobial peptide 
Sub5 (in 0.28 M ionic strength buffer). The dashed lines outline the outer diameter of the probe tip. 
(Reproduced with permission from ref 298. (Copyright 2019 Elsevier)) 

Some examples of nanogels and their applications as coatings can be found in Table 1. 

Table 1. Nanogels and their coating applications 

Coating Applications Nanogels Ref. 

Reduced protein adhesion p(NIPAM) nanogels cross-linked 
with PEG diacrylate 

27 

Prevented bacteria attachment on the 
surface for biomaterials 

p(NIPMAM) nanogel coatings 29 
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Allowed cell adhesion and spreading p(NIPAM) nanogels  261 

Antifouling surface towards bacteria 
on the surface 

p(NIPAM-co-VFc) nanogels  274 

Decreased bacterial attachment and 
biofilm thickness for biomaterials 

PSBMA/PES nanogels  275 

Reduced protein adsorption SiO2 
quartz sensors 

(PVCL-co-PGMA-g-PSB) 
zwitterionic nanogels  

276 

antifouling properties for biosensors p(NIPMAM) nanogels  277 
Antifouling properties and self-
cleaning performance for the 
membrane 

(P4VP) nanogels  278 

Inhibited the bacterial adhesion and 
the protein adsorption on the 
membrane 

P(AA-VP) and (P(AMPS-AM)) 
nanogels  

279,280 

Antifouling and antibacterial 
membrane surface 

poly(sulfobetaine methacrylate-co-2-
aminoethyl methacrylate) nanogels by 
cross-linking of eugenol-modified 
chitosan  

281 

Antifouling and antimicrobial surface 
coatings 

Peptide-loaded poly(ethyl acrylate-co-
methacrylic acid) nanogels  

283 

Prevent biofouling for marine 
equipment 

NIPAM, methacrylic acid (MAA), 
and poly(ethylene glycol) diacrylate 
(PEGDA) based nanogel spheres  

284 

Antibacterial and antifouling coating Quaternized and Triclosan 
incorporated p(NIPAM-co-
DMAPMA)-based nanogels  

290 

Antibacterial surface on silicon, gold, 
polystyrene and PDMS 

QAC-based p(NIPAM) nanogels  291 

Antibacterial surface on silicon wafers p(NIPAM) nanogels modified with 
P(SS-co-MAG)  

292 

Antibacterial surface on mica and 
graphite surface 

Nanogels with C-10 alkyl chains, 
modified PEI and azetidinium groups  

295 

Antibacterial thin films p(NIPAM-co-acrylic acid) nanogels 
modified with gold  

296 
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Antimicrobial and anti-inflammatory 
properties 

Nanogel-bound antimicrobial 
peptides (AMPs)  

283 

Antimicrobial multi and monolayers Antimicrobial peptide-loaded 
poly(ethyl acrylate-co-methacrylic 
acid) (MAA) nanogels  

297 

Antimicrobial triggered bacteria-
release system 

 

Poly(acrylic acid)-based anionic 
nanogels loaded with the 
antimicrobial (lipo)peptides  

298 

 

 Conclusions and Outlook 

Biomedical applications of nanogels have made quick progress in the last years. These 
developments have allowed an expansion in the field of drug delivery and antimicrobial 
approaches, by controlling characteristics of nanogels such as size, stability, surface 
functionality for biodegradability. A current challenge is the development of strategies for 
the nanogel surface coatings to have both antifouling and antimicrobial features, both in vitro 
and in vivo. To address this matter, combining different approaches as exemplified by e.g. 
the Triclosan loading of the quaternized nanogels earlier presented in this article, is an 
important example of possible concepts that can give rise to advances in creating effective 
nanoparticles to prevent infections, both in suspension and on biomedical implant surfaces.  
Taken together, nanogels have demonstrated to be not only versatile drug delivery systems 
but also, when bound onto the substrate, an effective antimicrobial coating system to 
combat infections on the biomaterial surface is created. One future goal should be the usage 
and development of these nanogels as multifunctional particles with several additional 
attributes incorporated to be used for a broad spectrum of biomedical applications with 
multiple functions, robust biocompatible features, and programmed responses that can be 
controlled by stimuli and triggers under physiological conditions. Such integrated nanogel-
based systems will provide superior material characteristics, especially in the field of 
biomedical research, to combat biomaterial-associated infections as well as general 
pathogenic intrusions within the body. Extensive biocompatibility and biotolerability testing 
of nanogels is a prerequisite for clinical trials and application. To help reach this goal, ISO-
standard toxicity tests are designed to guide researchers in acquiring knowledge that will 
facilitate a better understanding of the interactions between living tissues and nanogels. 
The clinical impact that these nanogel-based systems could have reaches far beyond the 
antimicrobial applications as depicted in this review. General drug delivery approaches 
would certainly benefit from these nanogels and would be an excellent addition to the 
liposomal and polymersomal approaches. Therefore, it is expected that nanogels will also 
impact diseases such as cancer but also due to the diverse range of possible modifications 
including metallic structures, metal-ions, small molecular conjugates, peptides, antibodies 
and other biomacromolecules will provide possibilities for applications in imaging, 
theranostics, biosensing, and gene-delivery. Although hydrogels themselves are already 



 
CHAPTER II 

 

42 
 

known and used in clinical applications for long times, nanogels require special attentions 
with respect to their size as they belong to the class of nanotechnology, which is under 
particular scrutiny in all fields as it is regarded as difficult to predict long-term outcomes. 
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Abstract 

Polydimethylsiloxane (PDMS) is a silicone elastomer-based material that is used in various 
applications, including coatings, tubing, microfluidics, and medical implants. PDMS has 
been modified with hydrogel coatings to prevent fouling, which can be done through UV-
mediated free radical polymerization using benzophenone. However, to the best of our 
knowledge, the properties of hydrogel coatings and their influence on the bulk properties 
of PDMS under various preparation conditions, such as the type and concentration of 
monomers, and UV treatment time, have never been investigated. Acrylate-based 
monomers were used to perform free radical polymerization on PDMS surfaces under 
various reaction conditions. This approach provides insights into the relationship between 
the hydrogel coating and the bulk properties of PDMS. Altering the UV polymerization time 
and the monomer concentration resulted in different morphologies with different roughness 
and thickness of the hydrogel coating, as well as differences in the bulk material stiffness. 
The surface morphology of the coated PDMS was characterized by AFM. The cross-section 
and thickness of the coatings were examined using scanning electron microscopy coupled 
with energy-dispersive X-ray spectroscopy. The dependence of coating development on the 
monomer type and concentration used was evaluated by surface hydrophilicity, as measured 
by the water contact angle. Elongation-until-break analysis revealed that specific reaction 
conditions affected the bulk properties and made the coated PDMS brittle. Therefore, 
boundary conditions have been identified to enable high-quality hydrogel coating formation 
without affecting the bulk properties of the material. 
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 Introduction 

In recent years, silicone rubber (polydimethylsiloxane, PDMS) has gained growing 
importance due to its beneficial properties in many promising applications including 
insulating coatings, microfluidics, optics, tubing in both food industry and biomedical 
devices (catheters), and implants.1–8 PDMS is a silicone elastomer, which is a transparent, 
chemically inert, non-toxic, and biocompatible material with good mechanical properties.9,10 
However, PDMS lacks many of the desired characteristics for these applications because of 
its hydrophobic nature; for instance, PDMS shows undesirable fouling behavior by different 
organisms and wettability complications in microfluidic systems.2,11–13 Moreover, the 
hydrophobic surface causes undesired adsorption, such as proteins, which therefore affects 
the function of the material.14–16 To overcome these negative issues of PDMS, many 
different types of surface modification approaches have been developed. Previously, 
polyethylene oxide (PEO) and polyethylene glycol (PEG)-based coatings, UV-ozone 
treatments, silanization, oxygen plasma treatments, and zwitterion-based coatings were 
applied to enhance the hydrophilicity of PDMS surfaces.17–24 Nevertheless, the long-term 
stability of these surface modifications still needs to be developed further.2,25 On the other 
hand, polymer brushes have offered many fascinating possibilities to enhance the fouling 
resistance of PDMS. However, so far, this method still requires complex synthetic 
approaches and the usage of undesired Fe or Cu catalysts.26–29 
Easy coating approaches have been developed for hydrogel coatings, which offer interesting 
possibilities as they are easy to functionalize, adaptive and deformable, and can be made 
responsive towards external stimuli.30,31 Moreover, surface-attached hydrogel coatings are 
very easy to fabricate and can be implemented under various conditions.32 Further, the 
resulting hydrogel layer is stable under many conditions. An approach to create hydrogel 
coatings on a PDMS surface is via UV-mediated free radical polymerization using 
benzophenone (BP). A large surface area is readily modified by photo-initiated 
polymerization because these reactions can be performed under mild experimental 
conditions.33 In particular, UV-mediated photo-grafting using benzophenone is a well-
established procedure that does not require special surface functionalization before 
polymerization, other than the infusion of PDMS with benzophenone.34,35 UV-excitation is 
used to create surface-bound free radicals as benzophenone excited and by proton 
abstraction, creates a methyl-radical, thereby initiating the free-radical reaction where the 
surface-confined methyl radicals react with the monomers ((meth)acrylates) present in 
solution.36–38 This approach is used for different applications within coloring, medical 
coatings, and adhesives.39–41 However, neither the bulk properties of PDMS after applying 
these coatings nor the effect of possible changes in these bulk properties on optimum 
coating properties were considered previously. 
In this paper, we use benzophenone UV-mediated free radical polymerization to 
demonstrate the relationship between coating conditions and hydrogel coating properties, 
and we relate these findings to the bulk properties of the modified PDMS. Hydrogel coatings 
were formed using N-Isopropylacrylamide (NIPAM), hydroxyethylmethacrylate (HEMA) 
and acrylamide (AAm). These monomers exhibit hydrophilic behavior and have been used 
frequently to enhance the characteristics of PDMS surfaces.28,42,43 The influence of 
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monomer type, monomer concentration, and UV irradiation time on the coating 
characteristics and bulk properties were investigated and optimized. The properties of these 
covalently-bound coatings were studied by determining the water contact angle (WCA), 
surface morphology, coating thickness, and elongation-until-break analysis. To the best of 
our knowledge, the coating preparation conditions related to coating characteristics and bulk 
material properties, which provide key insights in applying hydrogels coatings without losing 
functional material properties, have not been reported. Therefore, we have performed 
mechanical tests to better understand the influence of coating preparation on the alteration 
of bulk elasticity. Figure 1 illustrates an overview of the applied hydrogel coating method 
and the main parameters investigated that affect the coating and bulk PDMS. 

 

Figure 1. Schematic illustration of UV-mediated free radical polymerization onto a 
polydimethylsiloxane PDMS surface. The molecular structures used, a representative image for a 
hydrogel coating, and the main parameters that affect either the coating or the bulk properties are 
shown. 

 Results  

UV-mediated free radical polymerization, with surface-infused benzophenone as an 
initiator, was successfully carried out on PDMS surfaces under the nitrogen atmosphere. In 
this study NIPAM, HEMA, and AAm were selected as model monomers for the surface 
modification. Upon irradiation, benzophenone generates free radicals on the surface, 
thereby absorbing H-atoms from the methyl groups of PDMS. Subsequently, the free 
radicals engage in free radical polymerization reactions, providing covalently-bound polymer 
coatings. We chose AAm as the monomer for investigating the polymerization under 
various reaction conditions, such as with different UV irradiation times (5 min, 15 min, 30 
min, and 60 min) and four monomer concentrations (1 wt %, 5 wt %, 10 wt %, and 20 wt 
%). The optimum reaction conditions for coating formation while maintaining bulk 
properties were identified by applying this systematic approach and investigating the coating 
and bulk properties via various techniques. 
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 Monomer Type, Concentration, and UV-Irradiation Time Affect 
Coating  Characteristics 

To study the effect of UV irradiation time, monomer type, and concentration on the degree 
of coating formation, WCA characterizations were performed. The influence of parameter 
variations on the surface morphology of the coatings was investigated by AFM. Figure 2a 
shows WCA measurements for 1–1.5 µL water droplets placed onto the surface of the 
uncoated PDMS; benzophenone infused PDMS; and PDMS coated with 10 wt % NIPAM, 
20 wt % HEMA, and 20 wt % acrylamide after 10 min UV irradiation. As illustrated, the 
uncoated PDMS was hydrophobic, with a WCA of approximately 100°. Besides, the PDMS 
infused with benzophenone displayed similar hydrophobicity. The WCA measurements 
clearly indicate that the PDMS surfaces were becoming hydrophilic after modification with 
these three monomers. Figure 2b shows the AFM analysis of the surface morphology of 
uncoated PDMS; BP infused PDMS; and PDMS coated with 10 wt % NIPAM, 20 wt % 
HEMA, and 20 wt % acrylamide after 10 min of UV radiation. Rough surface structures 
were observed after the modifications with different monomers compared to the 
unmodified PDMS and PDMS infused with BP. The presence of the coatings was also 
apparent because the transparent PDMS surface became opaque after the coating was 
formed. All modifications with monomers resulted in hydrophilic surfaces due to the 
hydrophilic nature of the monomers used. The final WCAs were 40°, 20°, and 10° for 
HEMA, AAm, and NIPAM, respectively. It is noteworthy that the WCA of coated PDMS 
decreased over time. Although all three coatings were hydrophilic in the end, the time to 
reach hydrophilicity was different, which reflects the reorganization speed of the polymer 
network inside the hydrogel coatings. As the coatings were dried, a specific organization 
occurred at the interface to minimize interfacial tension. Hydration of this layer during WCA 
measurements initiated the rearrangements of the polymers to accommodate the change in 
environment polarity.  

 
Figure 2. (a) Contact angle measurements as a function of time and (b) surface morphology images 
captured by AFM of an uncoated PDMS surface; PDMS infused with benzophenone (BP); and PDMS 
surface coated with (NIPAM) 10 wt %, (HEMA) 20 wt %, and (AAm) 20 wt % (UV irradiation time 
is 10 min). 
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Hydrophilic polymer coatings on PDMS lead to enhanced hydrophilicity, and the speed of 
surface hydration differs by used monomers. To obtain further insights on the wetting 
behavior of the coatings formed on the PDMS surface, a single monomer type was used, 
and the monomer concentration and UV-irradiation time were varied. Again, WCA 
measurements and surface morphology analysis by AFM were performed. Coating 
preparations were done using AAm with different concentrations (1 wt %, 5 wt %, 10 wt % 
and 20 wt %) and various UV irradiation times (5 min, 15 min, 30 min, and 60 min). In 
Figure 3, the WCAs are shown for all these conditions. It can be seen in Figure 3a that 
varying the UV radiation time from 5 to 60 min for the PDMS modified with 1 wt % AAm 
had only a mild impact on the measured WCA, which was reduced to 70° for irradiation 
times of 5–30 min and 60° for 60 min irradiation. This mild change of WCA may be due to 
the very low AAm concentration, which was not enough to grow a proper polymer layer on 
the surface because the termination of the polymerization becomes more dominant with 
respect to propagation. The slight change in WCA was also reflected by the surface 
morphology as shown in Figure 4. AFM images in the left column show that the 
modification with 1 wt % AAm did not affect the surface morphology and roughness, 
irrespective of the UV irradiation time. Most likely, there was an incomplete surface 
coverage of polymer coating because the monomer concentration was too low. The same 
effect was also observed for the 5 wt % AAm modification after UV polymerization of 5 
and 15 min, respectively, according to the AFM images (second column, Figure 4) and WCA 
measurements (Figure 3b). The surface morphology of these coatings was not as developed 
as the coatings obtained with higher concentration of AAm, as shown in Figure 4, even 
though they seemed more homogenous. The homogeneity of the coating is reflected by the 
WCA, which decreased over time but not as rapidly as those coatings from higher AAm 
concentrations and with similar irradiation times, or with the same concentration of AAm 
but longer irradiation times. Longer UV irradiation time, 30 and 60 min, did show the more 
strongly hydrophilic character. The WCA values were less than 45° in both cases and the 
rougher surface morphology, as shown by AFM, supports this notion. These findings show 
that the degree of modification on the surface was better for these conditions when 
compared to 5 and 15 min irradiated coatings.  

https://www.sciencedirect.com/science/article/pii/S0169433211002534#fig0035
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Figure 3. Contact angle measurements of PDMS surfaces coated with different concentrations of 
acrylamide and with various UV irradiation times: (a) AAm 1 wt %, (b) AAm 5 wt %, (c) AAm 10 wt 
% and (d) AAm 20 wt %. 

The more significant decrease in WCA when the AAm concentration was 10 wt % with 5, 
15, and 30 min irradiation times represents the degree of coating formation (Figure 3c). As 
seen in Figure 4, the polymer layer obtained after 5 min irradiation was not as rough as those 
obtained after 15 and 30 min of irradiation. This indicates that the AAm concentration (10 
wt %) was sufficient to form a proper polymer layer on the surface with 5 min UV 
irradiation, although the surface is not as rough as when longer UV irradiation times are 
used. A similar decrease can be seen in the contact angle results for the samples that were 
modified for 5, 15, and 30 min UV irradiation with 20 wt % of AAm. However, as seen in 
Figure 4, the surface morphology was quite inhomogeneous for the 10 wt % AAm and 60 
min UV reaction as well as 20 wt % AAm and 30 min UV reaction. The reason why the 
WCA values have a high standard deviation for these samples may be the inhomogeneity of 
the coating. WCA measurement was not possible for the modified sample with 20 wt % 
AAm and 60 min UV irradiation time because the surface was not flat; higher monomer 
concentration and long UV irradiation time led to severe substrate deformations. It should 
be noted that the surface structures reflect the dry state and that after hydration, these 
features are less prominent due to swelling of the hydrogel layer. 

a ) b )

c ) d )
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Figure 4. Surface morphology images captured by AFM of PDMS surfaces coated with different 
concentrations of acrylamide and with various UV irradiation times: AAm 1 wt %,  AAm 5 wt %, 
AAm 10 wt %, and AAm 20 wt %. Areas analyzed are 100 µm × 100 µm. 

To measure the coating thickness, cross-sectional EDS line scans were performed on freeze-
fractured coated PDMS samples. In our case, PDMS itself consists of Si, C, H and O, while 
the polymer coating does not contain Si. From this point of view, the composition profile 
of Si on fractured cross-sections can be used to measure the thickness of the polymer 
coating (Figure 5). A representative graph can be found in the Supplementary Information 
(Figure S1). This method was used as an alternative to AFM analysis because the 
conventional removal of coating from the surface by scratching with a cannula proved 
unsuccessful. Also, attempts to perform site-specific modifications with subsequent 
scanning of the interface between the modified and unmodified PDMS did not function 
correctly, as the area between modified and unmodified was not sharp enough, resulting in 
the scanning area being too large for proper AFM height profiling.  

 

Figure 5. Scheme of Si amount determination from a cross-section image of a coated PDMS surface 
obtained by SEM-EDX. 
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In Figure 6, it can be seen from the SEM cross-section images that the NIPAM, HEMA, 
and AAm modifications resulted in different coating thicknesses and morphology. This 
difference may be due to the different reaction kinetics of these monomers. In radical 
polymerization, the acrylate group of NIPAM and AAm, on which propagation step occurs, 
will have a secondary free radical. However, the methacrylate-propagating group of HEMA 
will carry a tertiary free radical. Tertiary radicals are more stable than secondary radicals. 
Therefore, the polymerization rate would be slower for methacrylate derivatives, which 
directly affects the polymer layer formation. It can be concluded that the thickness of the 
polymer layer is connected to the type of monomers used to modify the PDMS substrate. 
In addition, we have demonstrated that it is possible to control the coating thickness by 
using UV-mediated free radical polymerization approach. In this case, the polymer layer 
thickness can be easily regulated by varying the acrylamide concentration and UV irradiation 
time. 

 
Figure 6. SEM cross section images: (a) uncoated PDMS surface, (b) PDMS surface coated with 
NIPAM 10 wt %, (c) AAm 20 wt %, and (d) HEMA 20 wt %. 

The relation between coating thickness and UV irradiation time for the 10 wt % acrylamide 
coated samples is shown in Figure 7b. The error bars represent the standard deviation of 
the three different positions along the cross-section of the sample. It is observed that the 
coating thickness increased with an increase with increasing UV irradiation time. On the 
other hand, with 30 min UV polymerization time and higher monomer concentration 
resulted in thicker polymer layers (Figure 7c). A higher AAm concentration and longer UV 
irradiation times resulted in thicker coatings, which may be associated with the final polymer 
density.  
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Figure 7. Coating thicknesses of coated PDMS surfaces according to Si content profile by SEM-EDS: 
(a) PDMS surface coated with acrylamide 20 wt %, NIPAM 10 wt %, and HEMA 20 wt %, irradiated 
for 30, 10, and 10 min, respectively; (b) PDMS surface coated with acrylamide 10 wt % and irradiated 
with different UV irradiation times; (c) PDMS surface coated with different concentrations of 
acrylamide and UV irradiated for 30 min. 

 Bulk Material Properties are Affected by Coating Procedures 

 It was observed that for some specific reaction conditions, the bulk PDMS became brittle 
and deformed after applying the coating. Therefore, we performed tensile tests (Figure 8) 
to understand the mechanical properties of the bulk material depending on the applied 
coating conditions, with coated PDMS samples of 10 wt % AAm with 5, 15, and 30 min 
UV irradiation. The Young’s modulus of the coated samples was calculated from the linear 
elastic region (<5% strain of the stress-strain curves (Figure 8) using Hooke’s law, and the 
results are summarized in Table 1. The Young’s modulus of the specimens was found to 
increase with the UV irradiation time for the 10 wt % acrylamide coated samples. The 
Young’s modulus of the specimen with 5 min irradiation at 10 wt % (4.9 ± 0.5 MPa), was 
slightly higher than unmodified PDMS, 3.7 ± 0.1 MPa. The Young’s modulus of the 15 and 
30 min specimens were even higher (8.2 ± 3 MPa and 6.2 ± 3 MPa, respectively; Table 1). 
Although the average value for the Young’s modulus for the 15 and 30 min specimens 
appeared different, due to the large standard deviation, according to statistical analysis (one-
way ANOVA), these are the same (p = 0.249, significant difference when p < 0.05). 

 
Figure 8. Stress-strain diagram of (a) PDMS and PDMS coated with 10 wt % acrylamide irradiated 
for different UV radiation time, (b) PDMS and PDMS coated with acrylamide of different 
concentrations after 5 min UV radiation. 
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Table 1. Young’s modulus and elongation percentage values at the breaking point of uncoated and 
coated PDMS samples. 

Sample 
Young's Modulus  

(MPa) 

Elongation at break  

(%) 

PDMS 3.7 ± 0.1 76.0 ± 9.0 

10 wt % - 5 min 4.9 ± 0.5 68.2 ± 13.0 

10 wt % - 15 min 8.2 ± 3.0* 34.0 ± 5.0 

10 wt % - 30 min 6.2 ± 3.0* 22.2 ± 21.0 

10 wt % - 60 minA --- --- 

5 wt % - 5 min 6.1 ± 2.0 # 65.2 ± 7.0 

10 wt % - 5 min 4.9 ± 0.5# 68.2 ± 13.0 

20 wt % - 5 min 7.2 ± 1.0 34.0 ± 6.0 

A Measuring this condition was unsuccessful due to highly brittle material. * Statistical analysis indicates 
no difference between the two conditions according to one-way ANOVA (p = 0.249; p < 0.05 depicts 
significance). # Statistical analysis indicates no difference between the two conditions according to 
one-way ANOVA (p = 0.184; p < 0.05 depicts significance). 

The elongation-until-break values (%) showed an inverse tendency of the specimen to break 
with respect to the Young’s modulus. When the material stiffness increased, the bulk 
became more brittle, causing earlier failure during the elongation test (Figure 8a). It was not 
possible to perform the elongation test for the sample coated with 10 wt % AAm and 60 
min UV-irradiation time, as the PDMS was profoundly affected and readily broke while 
being placed into the measuring setup. 

 To investigate the influence of monomer concentration on tensile strength, tensile tests were 
done with the samples coated using 5 min UV irradiation and 5 wt %, 10 wt %, and 20 wt 
% AAm solution. It can be seen in Figure 8b that with the highest (20 wt %) AAm 
concentration, the initially soft bulk PDMS turned more rigid and brittle. This coated sample 
could elongate 34% until breaking, and the Young’s modulus was higher than that of PDMS 
(Table 1). However, there was no significant difference in the brittleness/softness and 
elongation properties of the samples that were coated with 5 and 10 wt % acrylamide and 
irradiated with UV for 5 min. Apparently, long UV polymerization time and high monomer 
concentration affected the bulk material properties, making PDMS brittle after the coating 
procedure. It has been reported that long-term exposure of PDMS to UV irradiation affects 
its properties and that scissoring of side-chains leads to oxidation, which could explain the 
more brittle nature of the material.44 This may be an essential problem for many applications, 
including insulating coatings, microfluidics, biomedical devices, and implants, as the material 
property and the softness of the original PDMS must be maintained. Therefore, 
preservation of the material bulk property should be considered when enhancing the surface 
properties of PDMS by polymer coatings for its applications. 
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 Discussion 

On many occasions, the approach of benzophenone-infused PDMS has been used to 
perform surface modifications and to create hydrogel layers.34–38 However, it has not been 
reported that the reaction conditions, such as the presence of monomer, UV irradiation, 
solvent, etc., negatively affect the bulk properties of the elastomer. It may well be that such 
extensive alterations to the bulk materials have not been reported as it could have been 
overlooked depending on the applied conditions. On various occasions, the benzophenone-
infused PDMS approach is used to fuse a predefined hydrogel layer onto the PDMS surface, 
or the benzophenone is used as an additional cross-linker for pre-coated surfaces.36,45 Hence, 
there is no monomer present during the UV-irradiation. Additionally, the polymerizations 
are often performed in thin films rather than in bulk solution. Using small volumes, in either 
microchannels or liquid layers between the substrate and a cover glass, enhances reactivity, 
and even though the overall monomer concentration is high, in absolute terms, it is 
minor.46,47 The enhanced reactivity reduces the UV exposure time. In many of the studies, 
the UV irradiation time is substantially shorter because activation has been reported to be 
in the order of seconds and minutes.48 Avoiding larger volumes and long UV exposure seem 
to be key aspects to maintain bulk properties. Even in the past, a system highly similar to 
that presented here also used long UV-irradiation times (120 min) in the presence of 
monomer for the preparation of zwitterionic polymer coatings on PDMS via thin liquid 
films.49 The main differences in the study by Goda and co-workers were that in addition to 
the very long UV exposure times, pretreatment was done on the PDMS using plasma 
oxidation. Plasma oxidation prevents many of the methyl-groups from being activated by 
benzophenone but also makes the surface denser and less penetrable for small molecules. 
The pretreatment also impacted on the layer thickness, which was below 100 nm. Therefore, 
this reduced penetrability seems also to be a key aspect for maintaining bulk properties 
because no differences in bulk mechanical properties were observed. A specific combination 
of factors will likely affect the bulk material properties, in particular the presence of bulk 
monomer solution. However, when aiming for extremely thick and mechanically robust 
coatings, such bulk solution approaches need to be taken into account. 

 Conclusion 

Acrylamide monomer coatings on PDMS substrates via UV mediated free radical 
polymerization using benzophenone were successfully modulated by changing the 
acrylamide monomer concentration and controlling the UV irradiation time. Altering the 
UV polymerization time and the monomer concentration significantly affected the 
wettability performance and the morphology of the surface, as well as the thickness of the 
hydrogel coatings. Increasing the monomer concentration and UV reaction time resulted in 
more hydrophilic, rough surfaces, and thicker polymer coatings. Additionally, we 
demonstrated that the reaction conditions affected not only the surface but also bulk 
material properties, illustrating the importance of connecting surface properties and bulk 
material characteristics for optimal functional PDMS elastomeric materials. Additionally, 
this study revealed that the monomer type used for hydrogel coating has an impact on the 
surface properties. The reaction kinetics of the polymerization reaction differs between the 
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various monomers. The coatings rendered the surface more hydrophilic compared to 
uncoated PDMS, which could enhance the PDMS surface characteristics. These insights 
provide the tools for optimizing hydrogel coatings on elastomeric materials, such as PDMS, 
and indicate the importance of assessing the full composition of the materials including 
coating and bulk material. 

 Experimental Section 

 Modification of PDMS Substrates  

PDMS samples were prepared by mixing the silicone elastomer base and silicone curing 
agent at a weight ratio of 10:1. To prevent bubble formation, the mixture was degassed 
under vacuum. Two grams of the mixture was poured into a 2 × 0.7 cm mold, providing a 
1 mm thick PDMS substrate. Molds were placed in an oven and cured at 70 °C overnight. 
UV-mediated free radical polymerization onto the PDMS was performed based on previous 
approaches, with some adjustments to optimize the coating procedure.12,34 All solutions 
used for coating preparation were degassed by purging with nitrogen for 60 min before use. 
The PDMS substrates were incubated in a benzophenone solution in acetone (10 wt %) for 
15 min under a nitrogen atmosphere and dried. The benzophenone-infused PDMS substrate 
was placed in a quartz cuvette. Aqueous monomer solutions with either N-
Isopropylacrylamide (NIPAM) 10 wt %, 2-Hydroxyethyl methacrylate (HEMA) 20 wt %, 
or acrylamide (AAm) 1 wt %, 5 wt %, 10 wt %, 20 wt % were prepared in ultrapure water. 
The degassed monomer solution was then loaded into the quartz cuvette, sealed with the 
PDMS substrate, and subsequently irradiated by UV using a Spectrolinker XL 1500 UV 
source (Spectronics Corp., Westbury, NY, USA) with eight, fluorescent, 15-W blacklight 
tubes; the UV (F15T8/BLB GTE Sylvania) light was predominantly at a wavelength of 365 
nm. The UV lamp provided an intensity between 2300–1100 µW/cm2. After the 
polymerization, the coated PDMS substrates were washed in 20 mL ethanol for 1 h to 
remove the non-reacted compounds, followed by washing in 20 mL water for 1 h at room 
temperature. The samples were dried under a nitrogen atmosphere at room temperature for 
24 h. 

 Characterization Methods 

Water Contact Angle: The degree of surface modification and wettability properties of the 
surfaces were determined by measuring the static water contact angles (WCA) over time at 
room temperature. Droplets were placed on the surface with a syringe (1–1.5 µL), and 
contact angles were measured using a homemade contour monitor throughout 600 s. 
Control measurements were performed to identify if potential evaporation affected the 
measurements, which was not the case. Atomic Force Microscopy: The surface morphology of 
the coatings was imaged using an atomic force microscopy (AFM) model Dimension 3100 
Nanoscope V system (Veeco, Plainview, NY, USA) in contact mode and with 0.24 N/m 
tips. All data were processed using Nanoscope Analysis (Veeco, Version 1.70).  
Scanning Electron Microscopy and Energy-dispersive X-ray Spectroscopy: The cross-section of the 
coatings was examined using a Philips ESEM-XL30 scanning electron microscope (SEM; 
SEMTech solutions, North Billerica, U.S.A.) equipped with a field emission gun operating 
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at 20 kV. Prior to SEM examination, the specimens were prepared by freeze-fracturing after 
immersion in liquid N2 and coated with gold. The elemental composition was determined 
using energy-dispersive X-ray spectroscopy (EDS) operating at an accelerating voltage of 15 
kV. Due to the poor contrast in the SEM observation between the polymer coatings and 
PDMS substrate, the thickness of polymer coatings was measured based on the composition 
profile of the tracing element on fractured cross-sections of the coated PDMS samples using 
SEM imaging and EDS line scanning. The measurement was performed at 3 different 
locations on each fractured sample and then averaged. 
Determining Young’s modulus: The stiffness (Young’s modulus) of the coated PDMS samples 
was tested using a Zwick Z 2.5 universal testing machine (Zwick/Roell, Ulm, Germany). 
For the measurement, dumbbell-shaped specimens with 1 mm thickness were prepared. The 
wider end-sections of these samples were clamped into the testing device, and the narrower 
gauge region was investigated. Uniaxial tension was applied to measure the strain and stress. 
Loading speed of 1 mm/min was applied until fracture. All measurements were performed 
in triplicate. Acquired values for stress and strain were extrapolated using Hooke’s Law, E 
= σ/ε, where σ is the applied stress and ε is the resultant strain. The Young’s modulus was 
calculated by linear regression using the data from the stress-strain region below 5% 
elongation. 
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Figure S1: Si (at%) amount of uncoated PDMS surface and PDMS surface coated with NIPAM 10 
wt% as a function of distance. Data extracted from SEM – EDX measurement. 
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Abstract 

Bacterial infection is a severe problem, especially when associated with biomedical 
applications. This study effectively demonstrates that poly-N-isopropylmethacrylamide 
based microgel coatings prevent bacterial adhesion. The coating preparation via a spraying 
approach proved to be simple and both cost and time-efficient, creating a homogeneous 
dense microgel monolayer. In particular, the influence of crosslinking density, microgel size, 
and coating thickness was investigated on the initial bacterial adhesion. Adhesion of 
Staphylococcus aureus ATCC 12600 was imaged using a parallel plate flow chamber set-up, 
which gave insights into the number of the total bacteria adhering per unit area onto the 
surface and the initial bacterial deposition rates. All microgel coatings successfully yielded 
more than 98% reduction in bacterial adhesion. Bacterial adhesion depends both on the 
crosslinking density/stiffness of the microgels and on the thickness of the microgel coating. 
Bacterial adhesion decreased when a lower crosslinking density was used at equal coating 
thickness and equal crosslinking density with a thicker microgel coating. The highest 
reduction in the number of bacterial adhesion was achieved with the microgel that produced 
the thickest coating (h = 602 nm) and had the lowest crosslinking density. The results 
provided in this paper indicate that microgel coatings serve as an exciting and easily 
applicable approach and that it can be fine-tuned by manipulating the microgel layer 
thickness and stiffness. 
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 Introduction 

Bacterial adhesion on surfaces negatively affects a wide range of applications such as medical 
implants and biomedical devices1–4 biosensors,5,6 water purification plants,7,8 food 
packaging,9 marine and industrial materials.10–12 Particularly, bacterial adhesion and biofilm 
formation on a biomaterial implant surface can create biomaterial related infections and 
subsequently serious health risks to patients. Adhering and growing bacterial colonies 
rapidly produce a matrix of extracellular polymeric substances (EPS) on the implant surface, 
which shields against antibiotics and the host immune system. Accordingly, biofilms on 
implant surfaces are more difficult to treat with antibiotics compared to planktonic bacteria. 
Consequently, surgical removal of infected implants is often required and is causing much 
pain for the patients and costs for healthcare.13,14 
Initial bacterial adhesion is related to the surface properties of the solid surface and 
influenced by many factors such as hydrophobicity,15 roughness,16 charge17, and stiffness.18 
To minimize the initial bacterial adhesion and to gain control of the biomaterial surface 
characteristics via surface modification has been a long-standing approach. Hence, different 
surface modification methods, such as polymer brush coatings,19,20 polyethylene glycol 
(PEG)-based coatings,21,22 or self-assembled monolayers (SAMs),23 have been used to 
enhance the fouling resistance. Although these methods improve the non-fouling behavior 
of the surface, they have drawbacks in terms of stability and cytotoxicity. Covalently attached 
polymer brushes require a complicated synthesis set-up and the use of Fe or Cu catalysts is 
not desirable for biomedical applications.24 The stability of SAMs on gold substratum, 
including alkane thiol-based ones, are also limited due to e.g., the thiolate oxidation that is 
occurring even under ambient environmental conditions.25 On the other hand, the long-
term stability of polyethylene oxide (PEO) and (PEG)-based coatings still needs to be 
developed further.26  
Recently, microgel coatings attracted increasing attention to inhibit cellular27–29 or protein 
adhesion29 onto surfaces. Microgels are water-swollen, crosslinked spherical polymeric 
particles, with the ability to undergo a volume phase transition (VPT) upon environmental 
alterations.30–33 When the chemical composition is chosen carefully, microgels are able to 
respond to external stimuli such as temperature,33,34 pH,34 light,31 electric field,35 solvent 
composition,36 inducing conformational changes. Based on their stimuli responsiveness and 
excellent properties such as softness, porosity, elasticity, water storage capacity27 combined 
with good biocompatibility37 these “intelligent” hydrogels attracted tremendous interest in 
material science owing to their potential applications in biomedical technologies, as 
controlled drug delivery,36,38 and tissue engineering39 but also in catalysis,40 photonics,41 
purification technologies,33,42 and sensing.43  
Microgels offer a robust and facile approach for surface modification and microgel-based 
coatings have been used to prevent mammalian cells (10-100 µm) and proteins (4-150 kDa) 
from adhering to the coatings.27,29,44–49 The hydrogel and highly hydrated state of these kinds 
of coatings are presumably a major contributor to the antifouling effects, although the 
presence of specific chemistry may further influence or facilitate these effects. Heparin-
mimicking microgels composed of poly(acrylicacid-co-N-vinyl-2-pyrrolidone) (P(AA-VP)) 
and poly(2-acrylamido-2-methylpropanesulfonic acid-co-acrylamide) (P(AMPS-AM)) 
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decreased the amount of adsorbed protein with more than 50% when applied as a coating 
on a membrane surface.50 Also, zwitterionic−dopamine copolymer microgel coatings 
showed distinct antifouling performance towards proteins on a wide spectrum of different 
materials.51 While proteins and mammalian cells have been studied on microgels, adhesion 
of bacteria has not been investigated so far. Besides, the full potential of the microgel coating 
is not yet explored as microgels offer the opportunity to introduce various physicochemical 
as well as (bio)chemical functionalities.52 
One of the tunable physicochemical properties of microgels is the microgel stiffness, and it 
is known that the mechanical properties of a material influence the adhesion of eukaryotic 
cells.53,54 Although, it was recently demonstrated that bacterial adhesion is affected by 
stiffness and coating thickness of homogeneously bulk-like hydrogels,53,54 bacterial adhesion 
to microgels and their altering mechanical properties and size features has not yet been 
investigated. Moreover, microgels have a much larger surface to volume ratio and exhibit 
remarkably faster swelling/de-swelling transition rates compared to their macroscopic 
counterparts, which is advantageous for many types of applications.27,55,56  
In the present study, we use poly-N-isopropylmethacrylamide, P(NIPMAM) based 
microgels as antifouling coatings and evaluate the decoupled relationship between microgel 
coating stiffness and thickness on bacterial adhesion properties. The P(NIPMAM) microgel 
building blocks with easy controllable predetermined characteristics were adsorbed on glass 
substrata by a simple, cost- and time-efficient spraying deposition technique based on 
electrostatic interactions, with polyethyleneimine (PEI) as an anchoring polymer.27 One of 
the main advantages of this type of bottom-up approach compared to more elaborate 
synthetic approaches (e.g., surface-initiated polymerization) is the easy tunability of microgel 
properties providing a versatile approach for the design of surfaces with predetermined 
characteristics such as thickness, stiffness, porosity and functionality. The mechanical 
properties of microgels were evaluated by atomic force microscopy (AFM) in the hydrated 
state. Bacterial adhesion studies were conducted using nonmotile Gram-positive 
Staphylococcus aureus ATCC 12600 as a model microbe. By combination of well-controllable 
P(NIPMAM) microgel design parameters (functionality, thickness, and stiffness), we have 
created a powerful scaffold to systematically evaluate how bacterial adhesion is affected by 
the thickness or microgel internal crosslinking concentration (N,N´-
methylenebis(acrylamide), BIS). Hence, we successfully evaluated the influence of these 
parameters and gained new insight to enhance the non-fouling surface characteristics for 
possible biomedical applications (Scheme 1). 
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Scheme 1. Schematic illustration of bacterial adhesion on microgel-coated surfaces as function of 
microgel stiffness and coating thickness decreased bacterial adhesion for softer microgel coatings. 
Thick and soft coatings are most efficient in their anti-fouling performance. 

 Results and Discussion 

 Microgel Synthesis and Characterization  

Temperature responsive P(NIPMAM) microgels were prepared by a precipitation 
polymerization method described earlier.27 The internal stiffness of the microgels was varied 
by changing the molar ratio of the cross-linker BIS to the main monomer NIPMAM; see 
Table 1 for the different compositions. The chosen cross-linker concentration percentages 
with respect to NIPMAM were 1.5 mol %, 5 mol %, and 15 mol % of BIS and the synthesis 
parameters are summarized in Table 1. The microgel stiffness is reflected by the 
swelling/deswelling ratio (Q; Rh swollen/Rh collapsed), meaning that a larger difference 
between the swollen state and the collapsed state upon passing the volume phase transition 
temperature (VPTT), the microgel is regarded as softer due to lower internal crosslinking 
density. The temperature response of three microgels with very similar hydrodynamic radii 
Rh, but different crosslinking densities is shown in Figure 1. The VPTT of the P(NIPMAM) 
microgels is 44 °C and in good agreement with previously reported values.27 The highly 
crosslinked, more rigid microgel with 15 mol% of BIS exhibits the lowest swelling ratio of 
Q=1.5, based on many connection points in the particle interior, which restrict the 
swelling/deswelling. In contrast, the soft P(NIPMAM) microgel with low crosslinking 
density shows a swelling ratio of Q=2.3 (see Table 2 and Figure 1).  
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Table 1. Molar composition of the P(NIPMAM) microgel reaction mixture and the initial weight of 
the components. 

 

The deformability, because of different internal crosslinking, is also expected to influence 
the morphology of the microgel adsorbed onto the surface. Morphological characterization 
of surface adsorbed microgels was performed by AFM in the wet state (Figure 2) and dry 
state (Figure S1). As shown in Figure 2, the softer particles, with 1.5 mol% BIS (µGel1; 
h=10±5 nm at the particle center) and 5 mol% BIS (µGel2; h=13±3 nm) reveal a “pancake”-
like structure. In contrast, the highly crosslinked P(NIPMAM) particle with 15 mol% BIS 
(µGel3) exhibits a larger height of h=59±14 nm due to internal particle stabilization based 
on the crosslinks preventing it from deforming as much as the other particles. The 
deformability of the microgels adsorbed onto the surface is in good agreement with the 
microgel stiffness obtained by quantitative nanomechanical mapping AFM experiments. 
The elastic modulus ranges from 21 ± 8 kPa for the soft particle, with 1.5 mol % BIS 
(μGel1), over 117 ± 20 kPa for the intermediate stiff microgel, with 5 mol % BIS (μGel2) 
to 346 ± 125 kPa for the stiff particle with a crosslinking density of 15 mol % BIS (μGel3, 
see Table 2 and Figure S5). For the intermediate stiff microgel (5 mol % BIS), the quantified 
values are in good agreement with previously reported values of around 100 kPa and 
displayed a lateral stiffness gradient profile over the entire particle increasing toward the 
article center.17 This phenomenon is especially pronounced for the stiffer microgel with 
changes over 1 order of magnitude from 610 kPa at the particle center to 60 kPa at the outer 
region of the microgel (ΔE = 550 kPa see Figure S5). The changes in elastic modulus are 
decreasing with increasing deformability and flexibility of the particle, with ΔE = 97 kPa for 
a crosslinking density of 5 mol% BIS (131 kPa (center) - 34 kPa (periphery)) and ΔE = 42 
kPa for the soft microgel (1.5% BIS, 44−2 kPa, see Figure S5). The characteristics of the 
microgels in solution and at the surface are given in Table 2.   
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Figure 1. Hydrodynamic Radius Rh as a function of the temperature of P(NIPMAM) microgels with 
different crosslinking densities. 

The thickness of the coating, as also indicated previously with bulk hydrogel layers 53 may 
play a crucial role in bacterial adhesion. Therefore, microgels with a similar surface adsorbed 
thickness of h≈60 nm were synthesized in order to investigate the effect of the stiffness 
independently from thickness variations. Different amounts of surfactant (SDS) were used 
to control the final hydrodynamic radius Rh of the microgels.57 The temperature response 
of these microgels (µGel4, µGel5 and µGel6) is given in the Supporting Information (Figure 
S2) and the height profile in Figure 2 reveals a similar thickness as the higher crosslinked 
P(NIPMAM) microgels. The characteristics of all microgels used in this study are 
summarized in Table 2. This selection of P(NIPMAM) microgels enables elucidation of the 
particle stiffness (Q-value), size, and coating thickness on the bacterial adhesion in an 
independent fashion allowing to assess which parameter is most crucial. 
For example, the particles depicted in Figure 2A, B, C reveal a comparison of different 
stiffnesses and similar Rh, but different deformability characteristics of the surface absorbed 
particles. Microgels shown in Figure 2C, E, F instead show similar surface adsorbed 
characteristics in terms of thickness. Further, the particles depicted in Figure 2A, D, F 
exhibit a similar crosslinking density but a gradual variation (from A over F to D) in coating 
thickness upon adsorption onto the surface. In general, the characteristics and deformability 
of the surface adsorbed particles is determined by the particle size and stiffness (Figure 1, 
S2, and Table 2)                      
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Figure 2. Atomic force microscopy images of single absorbed P(NIPMAM) microgels with different 
crosslinking densities onto silica wafer in wet state at 23 °C and corresponding representative height 
profiles across the apex of the absorbed μGels. The upper images represent the smaller microgels with 
similar Rh, but increasing stiffness form A (1.5 mol% BIS), B (5 mol% BIS), to C (15 mol% BIS), scale 
bar: 1µm and images at the bottom D, E, F show in general larger particles (scale bar 2µm) with 
different Rh. (depicted in table 2) that provide variations in coating thickness and with altered internal 
crosslinking density also microgel stiffness.      
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Table 2. Characteristics of surface adsorbed P(NIPMAM) microgels and P(NIPMAM) microgels in 
suspension. 

 

 Microgel-Based Coatings  

In order to investigate the antifouling properties of the P(NIPMAM) microgel coating based 
on the particles described above, the negatively charged P(NIPMAM) microgels (see 
negative ζ-potentials, Table 2) were electrostatically adsorbed onto a PEI modified glass 
surface via spaying a microgel suspension onto the modified surface. The resulting microgel 
coated surfaces are depicted in Figure 3, in which A-C show AFM images of microgel 
coatings made of similar hydrodynamic radii, but increasing stiffness (see Table 2). In Figure 
3D-F, AFM images of microgel coatings prepared of particles with larger Rh are depicted. 
In Figure 3D (µGel 4) and F (µGel 6) coatings prepared from soft particles (1.5 mol% BIS) 
are shown, which is the same crosslinking density as for Figure 3A but with an increasing 
Rh. Based on the fussy surface of the particles at low crosslinking densities (Figure 3 A, D 
and F) and due to spreading on the surface, the microgel structure in these images is less 
defined than the stiffer coatings (Figure 3B, C and E). In all cases (Figure 3, A-F) the 
microgel coating consists of a homogeneous monolayer, with a surface coverage of over 
90%. The thickness of the coating was determined by surface scratching and evaluation of 
the height differences in the dry state, exemplarily shown for μGel 3 (Rh = 101 nm. 15 mol 
% BIS, see Figure S8). The height of the coating h = 26 ± 3 nm is in good agreement with 
the height of the single absorbed microgel in the dry state (h = 31 ± 8 nm), confirming a 
microgel monolayer structure. For the soft microgel coatings (Figure 3, A, D, F) some 
inhomogeneities, which are attributed to inhomogeneities within the microgel adhesive PEI 
layer (see Supporting Information, Figure S3). In Figure 3E the microgel coating of the 
intermediate stiffness (5 mol% BIS, µGel 5) is depicted but with a larger Rh as used in Figure 
3B namely Rh = 114 nm (µGel 2, Fig. 3B) versus Rh = 301 nm (µGel 5, Fig. 3E).  
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Figure 3. Atomic force microscopy images of the P(NIPMAM) microgel coated glass surfaces with 
different internal stiffness/ cross-linking density and hydrodynamic radii Rh at 23 °C in the dry state. 
A) µGel1, Rh = 114 nm, B) µGel2, Rh = 109 nm, C) µGel3, Rh = 101 nm, D) µGel4, Rh = 787 nm, 
E) µGel5, Rh = 301 nm, F) µGel6, Rh = 650 nm at 30 °C. 

 Bacterial Adhesion on Microgel Coatings Affected by Layer Thickness 
and Stiffness 

In order to understand the effect of P(NIPMAM) microgel crosslinking density, microgel 
size and layer thickness on bacterial adhesion, we used S. aureus ATCC 12600 in a parallel 
plate flow chamber system. Representative phase-contrast microscopy images after 4 h 
bacterial adhesion for the uncoated and PEI coated glass slides, as well as glass surfaces 
coated with microgels differing in crosslinking density, are presented in Figure 4A. These 
images qualitatively show a decreased number of adhered bacteria on the microgel coated 
glass as compared to the bare glass and PEI coated glass controls. Hence, it can be 
concluded that microgel coatings are good candidates to prevent fouling. 
In order to study the effect of the microgel coating on bacterial adhesion quantitatively, the 
number of adhering bacteria was determined by counting the number of bacteria on several 
spots on the substratum in three independent flow experiments (Figure 4B). The results 
demonstrate a significant, almost two orders of magnitude, a reduced number of adhering 
bacteria per unit area for all microgel coatings. Compared to the bare glass surface, the 
reduction in the number of adhering bacteria was 98%, 99% and 98% on the surfaces coated 
with microgels with 1.5 mol %, 5 mol % and 15 mol % BIS crosslinking density, respectively. 
It is generally known that the antifouling properties of materials are connected with the 
formation of a hydration layer on the surface.26,29 The water molecules adsorbed to the 
polymer layer form a physical and energetic barrier that hinders the adhesion of the 
bacteria.58 Microgels with their crosslinked, but porous networks can reach an extremely 
hydrated state when swollen in aqueous media. Therefore, in addition to proteins and 
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mammalian cells, bacteria are also efficiently repelled.44,47 No significant difference is 
observed between the microgel coated surfaces with different crosslinking densities. This 
shows that the particle stiffness analyzed here does not affect the number of adhering 
bacteria on the surface.   

 
Figure 4. A) Micrographs of S. aureus ATCC 12600 adhering after 4 h in a parallel plate flow chamber. 
Scale bar is 40 µm. B) The number of bacteria adhering after 4 h on glass, PEI-coated glass, microgel 
(Rh≅100 nm each) coated glass with 1.5 mol % BIS, 5 mol % BIS, 15 mol % BIS crosslinking density. 
Statistically significant differences are indicated with **** (p <0.0001). 

Other systems showed that cell adhesion is reduced when the concentration of cross-linker 
incorporated into the microgel networks was increased.29 However, in that study, the 
microgels had a larger Rh and this may result in a thicker coating or altered surface roughness. 
Therefore, the surface morphology and roughness of the microgel coated samples were 
examined by AFM in the hydrated state to evaluate the effect of the surface roughness on 
adhesion behavior (see Figure S5). It is interesting to note that the surface roughness of the 
samples, with the mean roughness values (Ra), is below 1.4 nm. These Ra results suggest 
that quite a low surface roughness range of 0.3−1.4 nm Ra is unlikely to influence the 
bacterial adhesion. Remarkably, globular microgels produce a coating with an Ra of below 
1.4 nm. We hypothesize that this flattening behavior occurs due to the drying step of the 
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preparation method. During drying of the initially microgel multilayers, the microgels shrink 
and vacancies are produced between the microgels. Subsequently, microgels on top fill the 
spaces and form a film that is much denser than before. While rehydrating during washing 
that removes the multilayers, the particles swell. The high density of microgels results in a 
situation where the hydrodynamic diameter is larger than the interparticle distance resulting 
in the microgels being pushed into each other. The compression of the microgels results in 
reduced height features becoming more flattened (Figure S9). From our previous work using 
collagen hydrogel layers, the apparent stiffness is a combination of the substratum and 
thickness of the hydrogel layer.59 It has been shown that the apparent stiffness of the layer 
also depends on the microstructure of the layer, although, in the presented system, this is 
unlikely as the over the roughness of the hydrated microgel coating is in the low nanometer 
regime.60 The thicker the layer, the lower the measured stiffness when a soft gel layer was 
applied to a hard substratum. Recent studies showed that decreasing the coating thickness 
on the substratum significantly increased the bacterial adhesion.61,62 For this reason, the Rh 
of the µGel 1 was increased in order to form a thicker coating and identify if this increase 
would further influence the bacterial adhesion properties.  

 
Figure 5. A) Micrographs of S. aureus ATCC 12600 adhering after 4 h in a parallel plate flow chamber. 
Scale bar is 40µm. B) The number of bacteria adhering after 4 h on glass, PEI-coated glass, microgel 
coated glass with the same 1.5 mol % BIS crosslinking density but with different coating thicknesses 
as 10 nm, 54 nm and 602 nm. Statistically significant differences are indicated with ** (p<0.01) and 
**** (p <0.0001). 

In order to examine the effect of the layer thickness on bacterial adhesion, we prepared 
microgel coatings with the same crosslinking density (1.5 mol % BIS), but different 
hydrodynamic radii, Rh (see Table 2 for microgel properties) and consequently three 
different microgel coating thicknesses for the surface absorbed state, with 10, 602 and 54 
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nm (see Figure 2, µGel1, µGel4 and µGel6). The microscopy images are shown in Figure 
5A display that all coatings prevent bacteria from adhering but that the thicker coatings (h 
= 54 nm and h = 602 nm) have a better antifouling property than the thinnest coating, purely 
owing to the thicker microgel coating as otherwise, the microgel composition is the same. 
This finding illustrates that the substratum stiffness becomes an essential factor when 
coatings are too thin.  Although, the exact mechanism is not known how bacteria sense 
substrate stiffness, it is envisioned that bacteria on the microgel surface will deform the 
coating to some degree. If this deformation is more significant than or in the same regime 
as the coating thickness, then the stiff substrate would be sensed by the bacteria as a stiffer 
substrate, which is in line with the increased stiffness of the microgel being associated with 
higher number of adhered bacteria. Figure 5B illustrates the quantitative analysis and shows 
that bacterial adhesion is diminished with a decrease of around 99.8% in the case of the 
thickest microgel coating (h = 602 nm) compared to the bare glass. As there is a relatively 
substantial contribution of the stiff substratum when coatings are thin, differences in 
bacterial adhesion with respect to the different crosslinking densities might not be apparent. 
Therefore, different microgels were synthesized that form similar thick microgel coatings 
on the surface with varying crosslinking density. To achieve a similar layer thickness, the 
differently crosslinked microgels need to vary in Rh as they will have different deformability 
on the surface. 

 
Figure 6. A) Micrographs of S. aureus ATCC 12600 adhering after 4 h in a parallel plate flow chamber. 
Scale bar is 40 µm. B) The number of bacteria adhering after 4 h on glass, PEI-coated glass, microgel 
coated glass with 1.5 mol % BIS (Rh=650 nm), 5 mol % BIS (Rh=301 nm), 15 mol % BIS (Rh=101 
nm), crosslinking density (Thickness ≅ 54-59 nm). Statistically significant differences are indicated 
with * (p<0.05), *** (p<0.001) and **** (p <0.0001). 
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By controlling the size of the synthesized P(NIPMAM) microgels sprayed on the substrate, 
coatings with similar thickness of roughly h ∼ 60 nm were achieved while varying the 
microgel crosslinking densities. Figure 6 displays the bacterial adhesion on the different 
microgel coatings that are of similar thickness but differ in crosslinking density (1.5%, 5%, 
and 15%). The microscopy images show that progressively more bacteria adhere to the 
stiffer microgel coatings (Figure 6A), which is supported by quantification of the number of 
bacteria (Figure 6B). The graph in Figure 6B indicates that the decrease in the number of 
bacteria adhered to the surface coated by microgels with 1.5 mol % BIS crosslinking density 
is 99.7% when compared to uncoated glass. It shows that the microgel with the lowest 
crosslinking density prevents bacterial adhesion more than the surfaces coated by stiffer 
microgels while the coating thickness is equal. Besides, the effect of hydrogels with different 
crosslink density on mechanical interactions between bacteria and microgel coated surfaces 
might be related to the coupled effect of stiffness and chemistry, although the chemistry of 
the microgels, particularly at the surface, is highly similar among the different stiffnesses.63 
On the other hand, no significant differences were detected between 5 mol % BIS and 15 
mol % BIS containing microgel coatings. Additionally, all microgel coatings exhibit excellent 
stability after flow chamber experiments as the coatings are still present and unaltered (see 
Figure S4). 

 Adhesion Kinetics are Unaffected by Microgel Coating Properties  

 
Figure 7. The initial deposition rates (j0) of S. aureus ATCC 12600 on uncoated, PEI coated and 
microgel coated-glass surfaces. Statistically significant differences are indicated with **** (p <0.0001). 
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The number of bacteria adhering per unit area after 4 h to the different coatings is much 
affected by the coating properties. In order to identify whether this is due to the initial rate 
of bacterial adhesion or adhesion stability, adhesion kinetics were investigated. The initial 
deposition rate j0 (cm-2 s-1) was determined by monitoring the first 15 min of initial bacterial 
adhesion and the results are shown in Figure 7 of uncoated and PEI coated glass surface 
and glass surface coated with different microgels. The results show that the initial adhesion 
rate of S. aureus ATCC 12600 is hugely reduced on the microgel coated surfaces. The initial 
deposition rate is reduced by 95% after the coating of microgels regardless of the microgel 
or coating characteristics as compared to the control surfaces. There is no significant 
difference between the different microgel coated surfaces, indicating that the kinetics of 
initial bacteria adhesion is the same for all coatings. Therefore, the resulting final difference 
in the number of bacteria adhering is most likely affected due to long term differences in 
adhesion stability in which softer and thicker coatings exert different influences. 

 Conclusion 

Our data show that the adhesion of S. aureus ATCC 12600 on surfaces can be distinctly 
reduced by properly designed microgel coatings with respect to adhesion to glass controls. 
This, however, does not reveal a variance in reduced numbers of bacteria adhering onto 
microgel coated surfaces for different crosslinking densities of microgels when microgels 
have the same size. The size in solution does not reflect the size at the surface as upon 
microgel adsorption, and the different crosslinking densities will allow for different 
deformation, resulting in different coating thicknesses. Increasing the crosslinking density 
while keeping the coating layer thickness the same, resulting in a higher number of bacterial 
adhesion on the surface. Hence, we can state that softer microgel coatings provide for better 
antifouling behavior. 
Additionally, a thicker microgel coating with the same stiffness will also allow for better 
antifouling behavior. The coatings were shown to be stable under experimental conditions 
as the microgel layer was still present after the flow experiments. While the final number of 
adhered bacteria per unit area differs for the different coatings, the initial deposition rate 
diminished up to 95% irrespective of the microgel coating characteristics. Hence, the initial 
adhesion kinetics are not influenced by microgel stiffness or coating thickness. In order to 
achieve different coating thicknesses, the size of the microgels was adjusted, and ones 
adsorbed to the substratum, it may cause a difference in surface roughness. Although, due 
to the soft nature of the layers and their deformability, it is expected that is could have a 
minor contribution. 
It is expected that the strategy presented here can be employed to fabricate a variety of 
intelligent coating materials. After further development, a possible usage of these smart 
microgel coating systems not only for antifouling purposes but also for additional triggered 
uptake and release of drugs and other cargo molecules for biomedical applications (e.g., 
localized drug delivery, functional biomaterials and regenerative medicine) is envisioned. 
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 Experimental Section 

 Materials 

N-Isopropylmethacrylamide (97%, NIPMAM), the cross-linker N,N´-
Methylenebis(acrylamide) (99%, BIS), the surfactant Sodium dodecyl sulfate (SDS), the 
initiator Ammonium persulfate (98% APS) and Polyethyleneimine (PEI, branched, Mw 
25.000 g/mol) were purchased from Sigma-Aldrich, Zwijndrecht, The Netherlands. The dye 
Methacryloxyethyl thiocarbamoyl rhodamine B (MRB) and Nile blue acrylamide (NBA) 
were purchased from Polysciences, Inc., Hirschberg, Germany. N-
Isopropylmethacrylamide was recrystallized from hexane; all other chemicals were used as 
received without any further purification. Ultrapure water (18.2 MΩ, arium 611 DI water 
purification system; Sartorius AG, Göttingen, Germany) was used in all experiments.  

 Synthesis of P(NIPMAM) Microgel 

In a three-necked 100 mL flask equipped with a flat anchor-shaped mechanical stirrer, a 
reflux condenser and a nitrogen in- and outlet, 604 mg (4.8 mmol, 95mol%) of NIPMAM, 
39 mg (0.25 mmol, 5 mol%) of BIS, 10 mg of MRB (0.02 mmol, 0.3 mol%), and 23 mg (1.6 
mM) of SDS were dissolved in 45 mL of water and the reaction mixture was degassed with 
N2 for 1 h. The solution was heated to 70 °C and the reaction was started by injecting the 
degassed initiator solution of 11 mg (0.05 mmol) APS in 5 mL water into the reaction 
mixture. After 10 min, opalescence appeared, and the reaction was continued for another 4 
h at 70 °C and 300 rpm under N2 atmosphere. The reaction mixture was cooled down to 
room temperature and stirred overnight. The microgel dispersion was purified by 
ultracentrifugation followed by decantation and dispersion of the sediment in water (3 times 
at 179.200 g). The product, P(NIPMAM) µGel, was freeze-dried after purification for 
further use. The synthesis was carried out via the same procedure for all microgels with a 
slight adjustment of the reaction mixture composition, which is indicated in Table 1 and 
Table S1. 

 Surface Preparation/Microgel Coating 

A glass slide (Menzel GmbH, Braunschweig, Germany, 76 × 26 × 1 mm) was rinsed with 
ethanol (70 %) and water and subsequently dried with pressurized air. Plasma oxidation was 
performed for 10 min (at 100 mTorr and 0.2 mbar, on Plasma Active Flecto 10 USB). The 
glass slide was immersed in PEI solution for 20 min (1.5 mg/mL, 0.15 wt%, while the pH 
was adjusted to pH 7 with 0.1 M HCl solution) and afterwards rinsed three times with water. 
After drying at room temperature, a microgel suspension (5 mg/mL, 0.5 wt%) was sprayed 
onto the PEI modified glass slide (tilted 45°) until the whole surface is wetted (8-12 times) 
to coat the surface. The spraying device used is a glass bottle with a spray nozzle, which 
assists the microgel suspension in transforming from a liquid into a spray in order to disperse 
the liquid evenly over the area of the substrate. The specific volume for one spray burst of 
this spraying bottle is about 140 µl. 8 up to 12 times spraying means 1.1 ml up to 1.7 ml of 
microgel suspension sprayed to the surface. The coated surface was dried first at room 
temperature and subsequently overnight in the oven at 50 °C. The slides with the dried 
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microgel (multi) layer were immersed in water for at least 6 h while the water was replaced 
three times. The washing step assures that only microgels that are physically bound to the 
PEI surface remain attached and create a homogeneous monolayer.  

 Characterization 

Dynamic Light Scattering (DLS). The hydrodynamic radius, Rh and particle size distribution 
experiments of the microgels were performed on a Zetasizer Nano-ZS (Malvern 
Instruments, Worcestershire, U.K.). Temperature-dependent measurements were recorded 
at a fix scattering angle of 173° and a wavelength λ=633 nm of the laser beam while the 
temperature was varied in the range of 30 to 60 °C at 2 °C intervals and with a measurement 
time of 10 s and 11 runs, performed in triplicates. The samples were highly diluted to avoid 
multiple scattering. For data evaluation, the cumulant fit analysis was used and the 
hydrodynamic radius Rh calculated by use of the Stokes−Einstein equation.  
Zeta (ζ) Potential Measurements. Electrophoretic mobility measurements were performed on a 
Zetasizer Nano-ZS (Malvern Instruments, Worcestershire, U.K.) in disposable capillary cells 
(Malvern, DTS1070) in water. Electrophoretic mobility was measured at an angle of 17° and 
a wavelength λ=633 nm of the laser beam. The ζ-Potential was calculated from the 
electrophoretic mobility by the use of the Smoluchowski equation.  
Atomic Force Microscopy. Surface morphology of the microgel coated glass slides was 
determined with AFM (Dimension 3100 Nanoscope V, Veeco, Plainview, NY, USA) in 
contact mode using DNP cantilevers (spring constant k=0.06 N/m, or k=0.24 N/m and 
resonant frequency 𝑓𝑓0=18 kHz, or 𝑓𝑓0=56 kHz) made from silicon nitride in dry and wet 
state.  
For the investigation of single adsorbed microgels, a 20 µL of a 0.025 wt% microgel solution 
was spin-coated (60 s at 81 ps) onto a plasma-activated silicon wafer, and AFM 
measurements were performed in their hydrated state.   Quantitative analysis of the single 
absorbed microgel properties was performed on a Catalyst Nanoscoop V instrument 
(Bruker, Billerica, MA, USA) using the PeakForce QNM (quantitative nanomechanical 
mapping) mode of Bruker with a large amplitude in fluid. Bruker SCANASYST-FLUID 
silicon nitride cantilevers (k=0.7 N/m, 𝑓𝑓0= 120-180 kHz,) with nominal tip (20 nm) were 
used. The system was calibrated before each measurement by determining the exact spring 
constant deflection sensitivity of the tip in fluid for the determination of the elastic modulus. 

The force curves were fitted with the Hertz model 𝐹𝐹 = 4
3
� 𝐸𝐸
1−𝜗𝜗2

�√𝑅𝑅𝛿𝛿3/2, with F: force, E: 

Young’s modulus, R: tip radius, υ: Poisson's ratio and δ: indentation to extract the elastic 
modulus E from the force mapping data. The given E-modulus represents an average over 
the entire microgel particle profile, while a minimum amount of 5 particles was used for 
calculation. The NanoScope® Analysis software was used for data evaluation. 
Bacterial Strain and Growth Conditions. S. aureus ATCC 12600 was used in this study. The strain 
was first grown overnight at 37 °C on an agar plate from a frozen stock that was stored in 
DMSO at -80 °C. Several colonies were used to inoculate 10 mL tryptone soya broth (TSB; 
Oxoid, Basingstoke, UK). This preculture was then incubated at 37 °C for 24 h and used to 
inoculate a second culture of 200 mL TSB that was grown for 16 h. The bacteria from the 
second culture were harvested by centrifugation at 5000 g for 5 min at 10 °C and washed 
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with potassium phosphate-buffered saline (PBS, 10 mM potassium phosphate, 0.15 M NaCl, 
pH 7.0). Following this, bacteria were sonicated on ice for 30 s at 30 W (Vibra Cell model 
VCX130; Sonics and Materials Inc., Newtown, Connecticut, USA) in order to obtain single 
bacteria by breaking bacterial clusters. Subsequently, the bacteria were resuspended in 200 
mL PBS solution to a concentration of 3 x 108 bacteria per mL for adhesion experiments, as 
detected using a Bürker - Türk counting chamber. 
Assessment of Bacterial Adhesion. Bacterial adhesion on microgel coated glass surfaces was 
performed using a custom-built parallel plate flow chamber by flowing bacterial suspension 
3 × 108 mL-1 for 4 h at room temperature at a set shear rate of 12 s−1, as stated by a protocol 
previously described.64,65 Before starting each experiment, PBS was circulated through the 
flow chamber to remove air bubbles. The dimensions of the viewing area of the flow 
chamber system are with a width of 17 mm, length of 67 mm, height of 0.75 mm and the 
assembly of the flow chamber with a diagram is explained in detail in the Supporting 
Information (Scheme S1). After 4 h, the flow of the bacterial suspension was stopped and 
switched to PBS buffer solution at the same flow rate for 30 min in order to remove non-
adhering bacteria from the system. Bacterial adhesion was monitored using a phase-contrast 
microscope (OlympusBH-2) and live images (1392 x 1040 pixels with 8-bit resolution) were 
acquired after the summation of 15 consecutive images (time interval 1 s) to increase the 
signal to noise ratio and to eradicate moving bacteria from the analysis.  
For identifying the numerical values for bacterial adhesion, individual bacteria were counted 
as follows. Five images at different spots on the coated glass slide were taken after 4 h 
bacterial adhesion. The total number of individual bacteria adhering to the surface was 
counted from these images both manually and by software. The number of bacteria adhering 
per cm2 was enumerated using in-house developed software based on MATLAB, when the 
total number of bacteria was more than ca. 300 and manually when below 300. The number 
of bacteria per unit area was calculated and compared using one-way Anova comparison 
tests. Differences were considered significant if p < 0.05. The initial deposition rate was 
calculated from the number of bacteria adhering during the first 15 min. Images were taken 
every minute for the first 15 min, and the number of bacteria adhering per cm2 was 
enumerated. From the plot of the number of adhering bacteria versus time, the initial 
deposition rate (j0, in cm-2 s-1) was calculated by linear regression analysis. Statistical analysis 
for the initial deposition rate comparisons was done using a two-tailed t-test with the 
Bonferroni correction. Differences were considered significant if p < 0.05. All values given 
in this paper are the averages of experiments on three separately microgel coated surfaces 
and were performed with separately cultured bacteria. 
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ASSOCIATED CONTENT 

Supporting Information 

Additional figures of atomic force microscopy and dynamic light scattering are shown along 
with technical details concerning the parallel flow setup for bacterial adhesion experiments. 

 

Figure S1: Atomic force microscopy images of single absorbed P(NIPMAM) microgels with different 
internal crosslinking density onto silica wafer in the dry state at 23 °C and average height profiles 
across the apex of the absorbed μGels. 
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Figure S2: Hydrodynamic Radius Rh as a function of temperature of larger P(NIPMAM) microgels 
(μGel4, μGel5 and μGel6) with different internal crosslinking densities.  

 

Figure S3. Surface morphology images captured by AFM of A) bare glass surface and B) PEI coated 
glass surface. 

 

Figure S4. Representative atomic force microscopy images of the P(NIPMAM) microgel coated glass 
surfaces after flow chamber experiments at 23°C in the dry state, A: µGel3, 15 mol% BIS; B µGel2, 5 
% BIS; and C: µGel4, 1.5 % BIS. Substrata were analyzed directly after the flow experiments without 
cleaning. 

 µGel 4 (1.5 mol% BIS)
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Figure S5. Representative atomic force microscopy images of single absorbed P(NIPMAM) microgels 
with different internal crosslinking density onto silica wafer at 23°C in wet state, A: µGel1, 1.5 mol% 
BIS; B µGel2, 5 % BIS; and C: µGel3, 15 % BIS, D: µGel4, 1.5 mol% BIS; E µGel5, 5 % BIS; and F: 
µGel6, 1.5 % BIS and average E-modulus profiles across the apex of the absorbed μGels. 
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Figure S6. Representative AFM images and analysis of coated glass surfaces with different microgels 
in wet state. Ra indicates the mean surface roughness, calculated on 2 × 2 μm2 regions. 

 

Figure S7. Representative AFM images and analysis of coated glass surfaces with µGel5 a) dry b) in 
the wet state. Ra indicates the mean surface roughness, calculated on 2 × 2 μm2 regions. 
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Figure S8. Representative AFM image of a scratched coated glass surface with µGel3 (15 mol% BIS) 
in the dry state and corresponding height profile, h = 26 ± 3 nm. 

 

Figure S9. Digital image of microgel coating which forms a flat surface  

 

Detailed Explanation of The Parallel Plate Flow Chamber System 

Bacterial adhesion on microgel coated glass surfaces was performed in a parallel plate flow 
chamber. The top glass and bottom microgel coated glass slides were fit in the middle of 
the stainless steel frames. Following, the flow chamber was assembled by placing a Teflon 
spacer (thickness 0.75 mm) between these stainless steel frames, with a defined cut-out that 
formed the chamber (width: 17 mm, length: 67 mm).  Next, the chamber was connected to 
inlet and outlet tubing from the sides (Scheme S1). Before each experiment, the flow 
chamber and tubes were filled with PBS, and all air bubbles were purged from the system. 
The tube on the entrance side of the chamber was connected to the flasks containing 
bacterial suspension and PBS buffer, while the tube attached to the exit side of the flow 
chamber was connected to collecting flasks. A pulse-free flow was created by hydrostatic 
pressure and the suspension was recirculated by using a Multiperpex (Model 2115) peristaltic 
pump. Prior to use, top glasses were washed with 2% Extran (Merck, Darmstadt, Germany) 
and sonicated for 5 min in 2% RBS35 (Omni Labo International BV, Breda, The 
Netherlands) afterwards rinsing with tap water, demineralized water, methanol, tap water 
and demineralized water. Besides, flow chamber was cleaned with 2% Extran and rinsed 
with tap water and demineralized water. 
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Scheme S1. Diagram of the parallel-plate flow chamber system 

Exploded View 

 

Assembled Top View 
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Abstract  

Multifunctional nanogel coatings provide a promising antimicrobial strategy against 
biomedical implants associated infections. Nanogels can create a hydrated surface layer to 
promote antifouling properties effectively. Further modification of nanogels with 
quaternary‐ammonium‐compounds (QACs) potentiates antimicrobial activity owing to 
their positive charges along with the presence of a membrane intercalating alkyl chain. This 
study effectively demonstrates that poly(N-isopropylacrylamide-co-N-
[3(dimethylamino)propyl]methacrylamide) (P(NIPAM-co-DMAPMA) based nanogel 
coatings possess antifouling behavior against S. aureus ATCC 12600, a Gram-positive 
bacteria. Through the tertiary amine in the DMAPMA comonomer, nanogels are 
quaternized with 1-bromo-dodecane chain via an N-alkylation reaction. The alkylation 
introduces the antibacterial activity due to the bacteria membrane binding and the 
intercalating ability of the aliphatic QAC. Subsequently, the quaternized nanogels enable the 
formation of intraparticle hydrophobic domains because of intraparticle hydrophobic 
interactions of the aliphatic chains allowing for Triclosan incorporation. The coating with 
Triclosan loaded nanogel shows a killing efficacy of up to 99.99 % of adhering bacteria on 
the surface compared to non-quaternized nanogel coatings while still possessing an 
antifouling activity. This powerful multifunctional coating for combating biomaterial 
associated infection is envisioned to greatly impact the design approaches for future 
clinically applied coatings. 
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 Introduction 

Biofilm formation is one of the major complications with implants as implant surfaces create 
a high risk of infection and inflammation.1–3 Initial bacterial adhesion is often followed by 
the growth of microbial communities and extracellular polymeric substances formation 
(EPS), resulting in biofilm formation on the surface.4,5 Almost 80% of the medical 
associated infections are predicted to originate from biofilm formation.6 Many studies are 
concerned with the treatment of biofilm to kill the bacteria on the implant surfaces only by 
antibiotics.7 However, this antibiotic treatment strategy presents a massive disadvantage, due 
to limited efficacy based on bacterial resistance in the formed biofilms as well as posing 
difficulty of reaching the target infection.8,9 In this sense, alternative approaches such as a 
combination of antifouling and antimicrobial coatings created by hydrogels may become a 
more promising strategy.10 In such surface modification approaches, the role of antifouling 
or antimicrobial coatings would be preventing initial bacteria adhesion and formation of a 
biofilm and meanwhile, stop bacterial growth contamination on the surface. 
In the last decade, surface coatings created by nanogels from natural and synthetic 
hydrophilic monomers have attracted great scientific interest11–15 for biomedical applications 
since they offer an excellent biocompatible environment.16,17 Nanogel coatings exhibit a 
combination of properties from polymer brushes and hydrogel networks such as robustness, 
easily tunable composition, and responsiveness.18,19 Various applications of nanogel coatings 
have been described as components for biointerfaces; for instance, nanogel coatings can 
provide a hydration layer on the surface to prevent fouling.20–22 Recently, our group reported 
the effect of nanogel size, mechanical properties, and coating thickness on the antifouling 
behavior towards bacteria adhesion. So far, nanogel coatings have been used for antifouling 
purposes towards proteins23, macrophage adhesion24, antifogging and antifrosting 
performance,25 enzyme uptake capability for biosensor design,26 controlling the cell 
proliferation and cell adhesion,27,28 and to control antimicrobial and anti-inflammatory 
properties via peptide-loading.29 The surface coating preparation with nanogel particles is a 
facile method and predominantly based on the electrostatic interactions of a pre-treated 
surface and the nanogel surface charge that is induced by the synthesis method.30,31  
A crucial advantage of polymeric nanogels and hydrogels is the possibility to have access to 
a broad range of chemical functional groups to tailor the coatings and introduce 
antimicrobial properties for contact killing activity or release of antimicrobials in a controlled 
fashion.32,33 Quaternary‐ammonium‐compounds (QACs) are well-known for their 
antibacterial properties, and have been covalently bound to surfaces to introduce contact 
killing. Although the exact killing mechanism of QACs is still not completely understood, it 
is accepted that positively charged surfaces with quaternary-ammonium functionalities kill 
attached bacteria by disrupting the membrane when the contact occurs between the 
negatively charged bacterial membrane and positively charged QACs.34–36 Recently, we have 
introduced QACs with long alkyl chains into nanogels to induce killing of bacteria in 
suspension,37 which was more effective than using previously designed quaternarization 
approaches using methyl iodide. Upon introducing the longer alkyl chain, we found that a 
more sophisticated killing effect was achieved due to the formation of intraparticle micelles, 
which facilitated the storage of Triclosan, a hydrophobic antimicrobial, that only was 
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released when coming into contact with bacteria and displayed a synergistic killing effect. 
Although the strategy was ideal for suspension killing approaches, when combating implant-
associated bacterial infection, applying it as a coating provides a better chance to prevent 
infection and is therefore considered as an essential strategy.  

 
Scheme 1. Schematic representation of antifouling and antimicrobial nanogel coatings. 

Herein, our aim was to transform the suspension killing approach of functionalized nanogels 
into a multifunctional coating to be able to combat implant-associated infections. To that 
end, we show the effect of the Triclosan-loaded antifouling nanogel coatings on the 
antibacterial performance. The non-quaternized nanogel (N-nGel) with poly(N-
isopropylacrylamide-co-N-[3-(dimethylamino)propyl]methacrylamide) (P(NIPAM-co-
DMAPMA) has been synthesized and used for the preparation of surface coatings to reveal 
the antifouling property. Subsequently, these nanogels have been quaternized by N-
alkylation with 1-bromo-dodecane (Q-nGel) and applied as a coating not only to have 
antimicrobial activity on the surface but also to obtain a platform for further encapsulation 
and active release of Triclosan when bacteria are present and attaching as we previously 
found in suspension. For this purpose, Triclosan has been successfully loaded into the 
hydrophobic cavity of the Q-nGels on the surface coating to enhance the antimicrobial 
efficacy (Q-nGel coating+TCS). The resulting nanogel coatings have been tested under flow 
conditions, and the influence of the nanogel quaternization and Triclosan encapsulation on 
the antifouling and antibacterial properties has been assessed. With this approach, the 
Triclosan-loaded coatings owing to the dodecane chain of the quaternized nanogels provide 
a straightforward and novel antimicrobial approach with multifunctionality composed of 
both bacteria repelling and bacterial killing capabilities (Scheme 1). 

 Results and Discussions 

 Characterization of Nanogels 

The synthesis of the non-quaternized P(NIPAM-co-DMAPMA) nanogel (N-nGel) was done 
via precipitation copolymerization with the monomers NIPAM and DMAPMA, cross-
linker N,N´ Methylene-bis(acrylamide) (BIS) and 2,2’-azobis(2-
methylpropionamidine)dihydrochloride (AMPA, V50) as a cationic initiator. Afterwards, 
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the tertiary amine of these N-nGels was quaternized using 1-bromo-dodecane (Q-nGel) for 
obtaining the antimicrobial property, as shown in Figure 1 and Figure S1.  

 
Figure 1. Schematic overview of nanogel formation and preparation of the antifouling and 
antimicrobial nanogel coating. The synthesis of the non-quaternized nanogel (N-nGel) was done via 
precipitation polymerization using NIPAM and DMAPMA. N-alkylation of N-nGel’s tertiary amine 
groups with 1-bromo-dodecane resulted in the quaternized nanogels (Q-nGel). Next, the surface 
coating on pre-activated glass was performed with these nanogels (Q-nGel coating). Finally, the 
Triclosan-loaded nanogel coating (Q-nGel coating+TCS)) was prepared by incorporating Triclosan 
into the hydrophobic domains of the intraparticle micelles of the Q-nGel. 

The quaternization of the nanogel with 1-bromo-dodecane was proven by 1H NMR analysis 
(Figure S2). The signal assigned to the dodecane chain appeared at 1.32 and 0.91 ppm in the 
spectra of Q-nGel and the signal at 2.3 ppm disappeared, which depicts the methyl protons 
of DMAPMA, indicating the quaternization. The degree of quaternization is approximately 
93% as determined by 1H NMR analysis of the nanogels upon quaternization in a 
quantitative fashion. 
Dynamic light scattering (DLS) results showed average hydrodynamic diameters (at 24°C) 
of 763 ± 7 nm and 622 ± 11 nm for N-nGel and Q-nGel, respectively (Figure 2a). The 
hydrophobic interactions within the nanogel due to the aliphatic chains induce a contraction 
within the hydrogel network and decreases the diameter upon quaternization. According to 
transmission electron microscopy (TEM) results, both nanogels possessed spherical shapes 
with an average diameter of 485 ± 38 nm for the N-nGel, and a smaller value of 311 ± 29 
nm for Q-nGel (Figure 2b and 2c). The size difference between these two techniques is 
ascribed to the solvated state of the nanogel particles when measured by DLS, while with 
TEM, the dry state is visualized.  
The thermoresponsive behavior of the N-nGels and Q-nGels was investigated by DLS in 
ultrapure water (Figure S3). Upon increasing the temperature beyond the volume phase 
transition temperature (VPTT), the nanogel hydrodynamic radius (Rh) decreased, which is 
common for PNIPAM-nanogels. The data show that there is a shift in the VPTT of N-nGel 
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to a temperature range of 35−50 °C, which is higher than the VPTT of 32 °C that is generally 
found for conventional poly(N-isopropylacrylamide) (PNIPAM).38 The increase of the 
VPTT is attributed to the charges introduced by DMAPMA. The introduced electrostatic 
repulsion of the charged DMAPMA comonomer leads to the altered thermosensitivity, 
which then affects the Rh.26 Additionally, the protonated DMAPMA amino segments are 
hydrophilic, leading to a stronger coordination of water molecules and consequently, the 
VPTT is affected and the VPTT increase as compared to pure PNIPAM and the decrease 
in hydrodynamic radius happens over a broader temperature range.39 After quaternization 
with 1-bromo-dodecane, the thermoresponsiveness was altered compared to the N-nGel, 
most likely because of the already collapsed network due to the intraparticle hydrophobic 
interactions of the dodecane chains that limits the swelling/deswelling process. As expected, 
the hydrophobic interactions and permanent charges affect the VPTT after quaternization, 
which additionally confirms that the modification with 1-bromo-dodecane is successful.  
Furthermore, the zeta potential measured in ultrapure water of the protonated N-nGel is + 
25.2 ± 1.0 mV and the Q-nGel + 33.6 ± 1.1 mV, which supports that the quaternization 
increased the zeta potential. 

 

Figure 2. a) Hydrodynamic diameters dh of nanogels at 24 °C, transmission electron microscopy 
(TEM) images of b) N-nGels, c) Q-nGels in dry state. 

 Nanogel Coating Formation and Loading Strategy 

 Nanogel Coating Formation 

The synthesized nanogel particles were immobilized on a glass surface to create the nanogel 
coating. Figure 3 depicts the AFM images of the N-nGel coating, Q-nGel coating, and the 
Q-nGel coating+TCS on glass surfaces. The positively charged N-nGels were sprayed on 
the glass slide after surface activation with plasma oxidation. After the washing step, the 
resulting homogeneous nanogel coating displayed a surface coverage of more than 90% 
(Figure 3a). The same method was applied for Q-nGel coating preparation. However, the 
adsorption of Q-nGel onto the plasma-treated glass surface was much lower than the N-
nGel (Figure S4a); hence a similar surface coverage could not be obtained. This can be 
attributed to the strong ionic inter-particle repulsion among Q-nGels and weak interaction 
between nanogels and plasma-treated glass surface, as shown before.31,40,41 To obtain a fully 
packed surface, a solution of poly(sodium 4-styrene sulfonate) (PSS), was used as a 
polyanionic anchoring layer to enhance the electrostatic attractions between Q-nGels and 
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the surface. Thus, following the plasma oxidation, the deposition of hyperbranched 
polyethyleneimine (PEI) was performed, and then PSS is adsorbed on the glass surface 
(Figure S4b). Subsequently, Q-nGel solution was sprayed onto the PSS coated glass, 
resulting in a close-packed nanogel layer on the surface as expected (Figure 3b).  

 Loading Strategy 

Due to the aliphatic tails attached to the Q-nGel network, the surface-bound Q-nGels can 
be loaded with Triclosan to further increase the antimicrobial effectiveness of the coating. 
The loading of Triclosan into the hydrophobic cavities is possible due to the intraparticle 
micelle formation of the introduced dodecane chains in the aqueous environment.42,43 These 
intraparticle micelles facilitate the encapsulation of hydrophobic components such as 
Triclosan, as shown in suspension previously research.37 To achieve the Triclosan 
incorporation on the coated surface, previously prepared Q-nGel bounded glass substrate 
is immersed in a Triclosan solution. Figure 3c depicts the coating pattern with a high surface 
coverage of the nanogel layer after the Triclosan loading. 

 
Figure 3. Nanogel coated glass surfaces at room temperature in the dry state imaged by Atomic force 
microscopy (AFM). a) N-nGel coating, b) Q-nGel coating, c) Q-nGel coating+TCS. 

Additionally, nanogel coatings exhibit good stability after washing with mechanical agitation 
following the Triclosan incorporation on the surface (Figure 3c and Figure S5a).The nanogel 
layer is still present and unchanged even when the coating is immersed in EtOH solution 
and shaken for 48 h (Figure S5c).  
To determine the loading of the coating with hydrophobic compounds, a technique based 
on IVIS (in vivo imaging system) fluorescence mapping was applied. IVIS is able to identify 
the presence of fluorescence, which was introduced by the incorporation of a hydrophobic 
fluorescent dye into the nanogel coating. Nile Red, a bathochromic dye, was chosen as a 
hydrophobic dye since it has been frequently used to identify hydrophobic domains within 
the biomedical field.44,45 The fluorescence intensity of Nile Red dramatically increases when 
it is residing within a hydrophobic domain, indicating that when there is high fluorescence 
intensity, such hydrophobic cavities are present and has been used previously with polymeric 
micelles.46 Thus, the ability to incorporate Triclosan inside the hydrophobic cavities can be 
proven by a direct comparison of the capability to load Nile Red into the nanogel coatings. 

1.0 µm

a b c
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Triclosan is a hydrophobic molecule similar in molecular weight as Nile Red and was 
previously shown to behave similarly within these particles.37 

Figure 4 shows the fluorescent images taken by IVIS of the N-nGel and Q-nGel coatings 
with and without the loading of Nile Red. The N-nGel coating, which is immersed in the 
Nile Red solution, did not demonstrate any fluorescence signal due to the absence of 
hydrophobic domains. The Q-nGel coating without Nile Red does not have an appreciable 
fluorescent signal as a control sample, indicating that autofluorescence does not contribute. 
As can be seen in Figure 4c, upon the introduction of Nile Red, an intense fluorescent signal 
is present. The representative IVIS images have been quantified, as shown in Figure 4d, 
where the Q-nGel with Nile Red displays a radiant efficiency of 1.5 x108, which is 
substantially higher than the other coatings displaying 7.3 x106 and 4.7 x106 for N-nGel with 
Nile Red and Q-nGel without Nile Red, respectively. 

 
Figure 4. Representative fluorescence images of glass surfaces taken by IVIS a) N-nGel coating with 
Nile Red loading, b) Q-nGel coating without Nile Red loading, c) Q-nGel coating with Nile Red 
loading, d) Graph shows a correlation expressed as radiant efficiency (p/sec)/(µW/cm²)  of IVIS 
imaged  surfaces. 

 Antifouling Properties and Antibacterial Activity of Nanogel Coatings 

 Antifouling Properties 

To assess the antifouling properties of the nanogel coatings and to evaluate the differences 
between the N-nGel coating, Q-nGel coating, and Q-nGel coating+TCS; phase-contrast 
micrographs of dynamic bacterial adhesion experiments were acquired at 2 h timepoint. 
Figure 5a qualitatively illustrates the bacteria attachment, which decreases on nanogel coated 
surfaces  when compared to uncoated glass. 

d)

c)b)a)

Q-nGel coating 
with Nile Red

N-nGel coating
with Nile Red

Q-nGel coating
without Nile Red

0

1×108

2×108

3×108

Ra
di

an
t E

ffi
ci

en
cy N-nGel coating

+ Nile Red

Q-nGel coating
without Nile Red

Q-nGel coating
+ Nile Red

 



 
CHAPTER V 

 

111 
 

 

Figure 5. a) Images of adhered S. aureus ATCC 12600 after 2 h of flow on uncoated glass, N-nGel 
coating, Q-nGel coating, and Q-nGel coating+TCS. The scale bar depicts 40 µm. b) The number of 
adhering bacteria after 2 h. Experiments were performed on three independent nanogel coated 
surfaces and with separately cultured bacteria. Differences that are statistically significant are marked 
with * (p < 0.05), ** (p < 0.01), *** (p < 0.001) and **** (p <0.0001). 

The quantitative results in Figures 5b demonstrate the antifouling properties of the nanogel 
coatings toward bacterial adhesion. The N-nGel coated surface shows bacterial adhesion, 
with a reduction in bacterial adherence of about 97.0 % compared to uncoated glass, which 
is in line with previously reported data by our group using a different type of nanogel.13 
When the surface is coated with Q-nGels, the bacterial adhesion increases, and the reduction 
in adhering bacteria is around 70.9 %, which is due to the positively charged QACs of the 
Q-nGel. The positive charge attracts negatively charged bacteria, but also, the hydrophobic 
alkyl chains may possible interact with the membrane and thereby enhancing the surface 
adhesion. Finally, the influence of the Triclosan loading on the antifouling performance of 
the nanogel coating was quantified as an 86 % reduction of adhering bacteria. It can be 
stated from these results that adhesion of bacteria is inhibited due to the presence of the 
hydrated nanogels present at the surface.  

 Antibacterial Activity of the Nanogel Coatings 

To examine the nanogel coatings concerning antibacterial properties, the adhering bacteria 
were stained with Live/Dead stain after 2 h under flow and the bacteria viability on the 
surface was investigated by fluorescence microscopy. As shown in Figures 6a and b, the N-
nGel coating shows similar properties compared to the uncoated glass, as almost 10.1 % of 
bacteria are dead on the surface, compared to 9.0 % of dead bacteria for the uncoated glass. 
The N-nGel coating does not show killing properties towards adhered bacteria on the 
surface; therefore, it can be classified as an antifouling coating rather than being an 
antibacterial coating, as expected. The results show that the Q-nGel coating and Q-nGel 
coating with Triclosan loading present an efficient killing of S. aureus bacteria on the surface, 
27.6 % and 67.0 %, respectively. As can be seen that the incorporation of Triclosan almost 

https://pubs.acs.org/doi/full/10.1021/am9005435#fig5
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triples the number of dead bacteria when compared to without Triclosan loading, hence the 
loading amplifies the antibacterial activity (Figure 6b). Even though the quaternization of 
the N-nGel reduces the antifouling property of the coating (Figure 5), it still actively kills 
the bacteria upon adhesion, particularly when the coating is combined with Triclosan that 
is additionally being delivered into the bacteria upon adherence and enhances the killing 
efficiency. 

 
Figure 6. a) Fluorescence microscopy images of S. aureus ATCC 12600 that adhered to glass with and 
without nanogel coatings after 2 h under flow. The scale bar depicts 20 µm. (Intensity has been 
adjusted for better representation, although for the calculation the originals were used). b)  The 
adhered bacteria viability was quantified by BacLight LIVE/DEAD staining as a percentage on 
uncoated glass, N-nGel coating, Q-nGel coating, and Q-nGel coating+TCS. Live and dead bacteria 
are indicated by green and red, respectively. Experiments were performed on three independent 
surfaces bearing the nanogel coating and with bacteria that were separately cultured. Differences that 
are statistically significant are marked with * (p < 0.05), ** (p < 0.01) and **** (p <0.0001). 

In principle, live‐dead staining results solely indicate membrane disruption47 while 
determination of the bacterial cell death is solely possible from culture-based assays. 
Focusing on the contact killing aspect here rather than the antifouling behavior under flow 
conditions, we used a culture‐based Petrifilm® assays (Figure S6). As the Q-nGels were 
sprayed and immobilized onto the glass surface owing to the electrostatic interactions 
created between the charges of nanogels and the surface, the bacterial lipid membrane is 
most likely the only part of bacteria with which the nanogels are in contact. Through this 
contact, the negatively charged bacterium might be attracted by the positively charged 
nanogels to the surface, which leads to membrane disruption and killing (Table S1). As 
depicted in Figure S6, the images qualitatively show that Triclosan loaded nGel coatings 
possess an enhanced killing towards bacteria when compared to Q-nGel coatings.  
To identify and quantify the antibacterial aspects concerning the nanogel coatings, colony-
forming unit (CFU) counting method, which is another culture-based assay, was carried out. 
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Through the CFU method, only the viable bacteria can be counted and quantified, as this 
technique excludes dead bacteria.  
According to the antibacterial activity assays (Figure 7), also the Q-nGel coating is able to kill S. 
aureus ATCC 12600 by direct contact; incorporating Triclosan drastically increases the killing 
efficiency. Particularly, when the bacterial cell membrane opens up by the electrostatic and 
hydrophobic chain disruption, Triclosan can be released inside the cell membrane and thereby kill 
the bacterium. Previously we showed that passive diffusion does not liberate the Triclosan. 
As depicted in Figure 7, the most effective bactericidal killing has been observed by a 
remarkable decrease (99.99 %) in CFU numbers upon the release of Triclosan from the 
nanogel structure on the coated surface. In comparison to other studies using Triclosan 
loaded polymers or micelles that also displayed effective killing, the focus lies on the 
treatment of the infections48,49 while our our nanogel particle coatings show promising 
results to design an efficient antimicrobial systems that prevents infections. This is assigned 
to a successful collaboration between the hydrophobic chain as it destroys the bacterial 
membrane and Triclosan as it kills the bacteria. 

 
Figure 7. The determined number of colony forming units of surviving S. aureus ATCC 12600 after 
24 h incubation on the surface of uncoated glass, N-nGel coating, Q-nGel coating, and Q-nGel 
coating+TCS. Experiments were performed on three independent surfaces that were coated with 
nanogel and with bacteria that were cultured separately. Differences that are statistically significant are 
marked with *** (p < 0.001) and **** (p <0.0001). 

Furthermore, to identify the absence of unspecific Triclosan release from the nanogel, UV–
vis absorption spectroscopy has been performed. Triclosan incorporated Q-nGel coatings 
are immersed into the water for different periods as 1 h, 3 h, 6 h and 24 h, and in Figure 
S7a, the UV absorbance spectra of these solutions have been compared. The absorption 
signal at ∼280 nm that is resulting from Triclosan, as supported by the UV–vis spectrum of 
an aqueous solution Triclosan, is not observed even after extensive washing.50 In the 
depicted spectra, no absorption related to Triclosan was detected even at 24 h from the 
Triclosan loaded nanogel coatings. It was further confirmed by using Nile Red, which was 
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still detectable by IVIS even after 24 hours in water when entrapped inside the nanogel 
coating, proving the encapsulation is successful and that there is no detectable unspecific 
release unless there is contact with bacteria. (Figure S7b).  

 Conclusion  

In this work, the novel quaternized, drug-loaded nanogel system was successfully translated 
into surface coatings comprising Triclosan as the antimicrobial agent have been investigated 
in order to obtain a multifunctional combination of antifouling and bacteria-killing coating 
properties. Firstly, we have demonstrated a tertiary amine-functionalized nanogel network 
that could be successfully deposited as a surface coating, and the reduction in the number 
of adhered bacteria is 97%, as expected from nanogel systems owing to their hydration layer. 
Next, the quaternization was performed from the tertiary amine groups of these N-nGels 
by 1-bromo-dodecane, and the surface coatings reveal that the quaternized nanogel coatings 
have an impact on the bacteria-killing potency. Further, the Triclosan loading is achieved by 
the hydrophobic interactions in the hydrophobic pockets of the nanogel network, which are 
created through the intraparticle micellization of the dodecane chain in an aqueous 
environment. Triclosan release from the nanogel occurs when the bacteria lipid membrane 
interacts with the nanogel allowing Triclosan to enter the bacterial cell. The best results from 
live-dead staining experiments were obtained for the Triclosan loaded surface coatings, 
which led to a significant enhancement of the antimicrobial activity up to three times 
compared to N-nGel coated surfaces. Similar results were obtained when performing 
Petrifilm® assays and CFU counting method proving that quaternized nanogels disrupted 
the bacteria cell membrane in the surface-attached states providing Triclosan release to 
increase the killing activity reaching a 99.99% efficiency. It should be noted that there is a 
trade-off between antifouling efficiency and killing capability. Even though the amount of 
adhered bacteria is lower on the Q-nGel+TCS than on the Q-nGel alone, indicating that 
killing the bacteria is beneficial for detachment of the bacteria, it is not as effective in 
repulsion as the N-nGel coating. This delicate balance of effectiveness is common for most 
contact killing coatings and even though the coating presented here has a significant 
reduction, still there is room for improvement. These results confirm that nanogels provide 
an exciting approach to prevent bacteria adhesion on the surface but also demonstrate the 
first time the possibility to achieve Triclosan encapsulation into the nanogel for a powerful 
antibacterial effect. An appropriate selection of the nanogel functional groups and coating 
preparation together with antimicrobial drug encapsulation on the coating surface resulted 
in an excellent performing antimicrobial structure. Future focus will entail not only other 
hydrophobic therapeutic agents but will also include extensive biological screening and 
testing including hemocompatibility, immune response, complement activation, and in vivo 
performance. This development is vital for further successful development of antimicrobial-
carrying multifunctional nanogel coatings towards future clinically applied coatings. 
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 Experimental Section 

 Materials  

2,2´-azobis(2-methylpropioamidine)dihydrochloride (AMPA, V50, 97%), N-[3-
(dimethylamino)propyl]methacrylamide (DMAPMA, 99%), N,N´ Methylene-
bis(acrylamide) (BIS, 99%), potassium carbonate (K2CO3), Nile Red, 
hexadecyltrimethylammonium bromide (CTAB, 99%), N,N-dimethylformamide (DMF, 
anhydrous),methyl iodide,  polyethylenimine (PEI, branched, Mw 25.000 g/mol), 1-bromo-
dodecane (97%), poly(sodium 4-styrenesulfonate) (PSS, Mw 70.000 g/mol ) and deuterium 
oxide (D2O) were obtained from Sigma-Aldrich, The Netherlands. N-isopropylacrylamide 
(NIPAM, 98%) was obtained from TCI, Belgium. Potassium chloride (KCl), ethanol, 
methanol (anhydrous), and tetrahydrofuran (THF, anhydrous) were obtained from Merck, 
Germany. Triclosan was obtained from Duchefa B.V., The Netherlands. All chemicals were 
used as received without any further purification. Ultrapure water (18.2 MΩ, arium 611 DI 
water purification system; Sartorius AG, Go ̈ttingen, Germany) was used in all experiments. 

 Synthesis of non-Quaternized Nanogel 

The N-nGel P(NIPAM-co-DMAPMA) was prepared via precipitation polymerization.51 
3.37 g NIPAM (29.8 mmol, 85 mol%), 0.27 g BIS (1.7 mmol, 5 mol%) and 0.0106 g CTAB 
(0.03 mmol) were solubilized in ultrapure water (236 mL) in a three-necked flask of 500 mL, 
which was equipped with a reflux condenser. Oxygen was removed from the reaction 
mixture by bubbling N2 through the solution for 1 h. The mixture was heated to 85 °C, and 
subsequently 0.6 g degassed DMAPMA (3.4 mmol, 10 mol%) was introduced into the 
solution via a syringe. The pH was maintained between 8 and 9 using 0.1 M degassed NaOH 
and HCl solutions, and the reaction was initiated by addition of the initiator (14 mL degassed 
aqueous AMPA V50 solution of 0.135 g (0.5 mmol)) to the reaction. The solution turned 
turbid after 10 min and the reaction was continued at 85 °C with stirring at 300 rpm under 
N2 atmosphere for 6 h. Subsequently, the solution was allowed to cool to room temperature 
and stirring was continued overnight. Purification of the nanogel dispersion was done by 
ultracentrifugation at 179.200 g and redispersion of the isolated pellet in ultrapure water. 
The washing sequence was performed 3 times. The P(NIPAM-co-DMAPMA) nGel, was 
isolated by freeze-drying  as a powder. 

 Quaternization of N-nGel to Q-nGel 

500 mg of the previously synthesized N-nGel (14 wt% amine) and 82 mg NaOH were 
dissolved in 100 mL DMF in a round bottom flask equipped with a stirrer. The reaction was 
started by injection of 1,027 g 1-bromo-dodecane (BDD). The reaction was stirred for 4 
days at 80 °C. Impurities were removed via centrifugation at 12.300 g. After the 
centrifugation, dialysis (MWCO 3500 kDa) was performed for 3 days against 96 % ethanol 
and afterwards against water also for 3 days. The pure Q-nGel was isolated as a powder by 
freeze-drying. 
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 Surface Preparation and Nanogel Coating 

A glass substrate was cleaned using 70 % ethanol and water with subsequent drying. Surface 
activation was done for 10 min using plasma oxidation at 100 mTorr and 0.2 mbar  (Plasma 
Active Flecto 10 USB). After surface activation, N-nGel suspension (5 mg/mL, 0.5 wt %) 
was deposited by spraying it onto the surface of the glass slide till complete surface wetting 
was achieved (8-12 times) to form the coating on the surface. For the Q-nGel coating, the 
glass slide was dipped in 1.5 mg/mL PEI solution for 20 min (pH was maintained at pH 7 
using an aqueous solution of 0.1 M HCl) after plasma oxidation treatment. PEI coated glass 
slide was cleaned three times using ultrapure water and immersed for 20 min in a 3.0 mg/mL 
(0.3 wt %) poly(sodium 4-styrenesulfonate) (PSS) solution. After rinsing with water and 
drying at room temperature, Q-nGel suspension (5 mg/mL, 0.5 wt%) was deposited via 
spraying on the PSS coated surface identically. The coated surfaces were initially dried at 
room temperature and subsequently at 50 °C overnight. The glass substrates were washed 
for 6 h in water, which was refreshed three times. All nanogel coatings were sterilized before 
use by dipping in 70% ethanol for 1 minute and afterwards washed excessively using 
sterilized ultrapure water prior to use for the microbiology experiments. 

 Loading of Nile Red and Triclosan on the Q-nGel Coatings 

10 mg (0.031 mmol) of Nile Red and (0.035 mmol) Triclosan is dissolved in 1 ml of THF. 
From this mixture 5 µL is taken and added in 1 mL of 70 % ethanol. Afterward, 5 µL of 
Nile Red/ethanol and Triclosan/ethanol is added in 5 mL ultrapure water. A Q-nGel coated 
glass slide (10 × 10 × 1 mm) was then immersed in this mixture, which was continuously 
shaken at a speed of 50 rpm for 3h. The Nile Red and Triclosan loaded nanogel coatings 
were washed overnight in ultrapure water and dried at ambient temperature before using for 
further analysis. 

 Characterization Methods  

Dynamic Light Scattering (DLS). The hydrodynamic radius (Rh), size distributions and zeta 
potentials of the nanogels were identified using a Zetasizer Nano-ZS (Malvern Instruments, 
Worcestershire, UK) in ultrapure water. Temperature-dependent measurements were 
logged at a fixed scattering angle of 173° and a wavelength λ = 633 nm of the laser beam 
while variations in temperature were used in the range of 20 to 50 °C at 2 °C intervals and 
with 10 s a measurement time and 11 runs, performed in triplicates.  
Zeta (ζ) Potential Measurements. Zeta potential measurements were performed in water using 
capillary cells (Malvern, DTS1070) that are disposable at an angle of 17° and a laser beam 
wavelength of λ = 633 nm.  
Transmission Electron Microscopy. TEM analysis was carried out using a Phillips CM12 
Microscope operating at an accelerating voltage of 120 kV and coupled to a 4k CCD camera. 
Uranium acetate was used to stain the samples which were prepared by drop-casting of a 
nanogel suspension  (0.5 mg/mL) onto a copper grid modified with carbon. 
A Varian Mercury-400 NMR spectrometer (400 MHz) was used for Nuclear Magnetic 
Resonance. All spectra were taken at ambient temperature. D2O was used as a solvent and 
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a nanogel concentration of 10 mg/mL was used. The proton signal of residual D2O was 
used as a reference. 
Atomic Force Microscopy. Surface morphology of the nanogel coatings was observed with AFM 
(Dimension 3100 Nanoscope V, Veeco, Plainview, NY, USA) in contact mode using DNP 
cantilevers (spring constant k = 0.06 N/m, or k = 0.24 N/m and resonant frequency f0 = 
18 kHz, or f0 = 56 kHz) made from silicon nitride in the dry state. 
In-vivo imaging system measurements. The IVIS Lumina II, Imaging System (PerkinElmer), a bio-
optical Imaging System, was used to detect the fluorescence signal on the nanogel coating. 
Fluorescence images were taken and adjusted automatically for background signals. 3 
independent regions of interest (ROIs) (each 0.15 cm2) were created manually for every 
surface, and average radiances for these ROIs were transformed to radiant efficiency 
((p/sec)/(µW/cm²)) using Living Image software (PerkinElmer). 
UV-Vis measurements. The Triclosan loading of Q-nGel coating+TCS was determined by 
UV-Vis absorption measurements. The nanogel coated surface was suspended in 5 ml of 
water and was placed on a shaker at 120 rpm. 1 ml aliquots were taken out of the dissolution 
suspension at exact time points (1 h, 3 h, 6h and 24 h), replaced by the same volume of 
freshwater, to keep the volume of the release solution constant. For comparison reasons, a 
Triclosan solution in water (5 µg/ml) was prepared. The absorption at 280 nm of the 
nanogel solution was measured using a UV-vis spectrophotometer (Perkin Elmer Lambda 
2s). 
Bacterial Strain and Growth Conditions. S. aureus ATCC 12600 strain was grown at 37 °C 
overnight on an blood agar from a frozen stock. A single colony inoculated in 10 mL 
tryptone soy broth (TSB; Oxoid, Basingstoke, UK) and the mentioned preculture was 
incubated for 24 h at 37 °C and further used for inoculation of a 200 mL TSB main culture 
that was allowed growing for 16 h. The bacteria were isolated from the second culture via 
centrifugation at 5000 g at 10 °C for 5 min and washed with potassium phosphate-buffered 
saline (PBS, 10 mM potassium phosphate, 0.15 M NaCl, pH 7.0). Subsequently, to brake 
bacterial clusters and obtain single bacteria, these were sonicated for 30 s at 30 W (Vibra 
Cell model VCX130; Sonics and Materials Inc., Newtown, Connecticut, USA) on ice. Next, 
the bacterial number in suspension was determined by Bürker-Türk counting chamber, and 
for further experiments the concentration was adjusted accordingly.  
Assessment of Bacterial Adhesion. Adhesion of bacteria on the nanogel coatings on glass was 
done with a custom-built parallel plate flow chamber and passing the bacterial suspension 
of 3 × 108 mL-1 for 2 h at ambient temperature at a shear rate of 12 s−1, as reported 
before.52,53 Through the flow chamber system PBS was circulated to remove bubbles before 
starting each experiment. The size of the area for analysis of the flow chamber was 17 mm 
(width) by 67 mm (length) by 0.75 mm (height). After 2 h, the flow was terminated and 
replaced for PBS buffer solution for 30 min at similar flow rate to get rid of non-attached 
bacteria.  
Enumeration of Live and Dead Staphylococci. The nanogel coated glass slides were taken from 
the 2 h bacterial adhesion experiment immediately and used to assess live and dead bacteria. 
SYTO 9 and propidium iodide (Molecular Probes, Leiden, The Netherlands) with 1:1 ratio 
were mixed for the live/dead staining solution. After addition of the staining solution, 
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samples were incubated for 15 min at ambient temperature avoiding light exposure. Imaging 
of the bacteria was performed by fluorescence microscopy (Leica DFC350 FX)  (40× plan 
apochromatic objective) equipped with a highly light-sensitive digital CCD camera and an 
automatic light shutter. The density of live and dead bacteria was determined using ImageJ 
and provided as the percentage of red-fluorescence over the sum of red-and green-
fluorescent pixels using 5 different pictures.  
Antibacterial Activity of Nanogel Coatings on Biofilm Formation - Colony Count Method. 1 mL of 
bacterial suspension in PBS with a concentration of 1.0 × 106 bacteria/mL was applied to 
the coating and incubated for 1 h at 37 °C to allow for adherence of the bacteria. 
Subsequently, the PBS was taken out carefully and the slides were immersed into 1 mL of 
TSB growth medium, and bacteria were cultured on the coatings at 37 °C for 24 h. After 
incubation, the coatings were washed three times with PBS to remove the poorly attached 
bacteria. Coatings were subjected to an ultrasonic bath in 1 mL PBS for 5 min in order to 
remove the biofilm that had developed on the coating surface. The detached bacterial 
suspension was diluted serially in ten-fold steps with PBS. The dilute suspensions were 
plated on TSB agar plate and incubated overnight at 37 °C and subsequently the colony-
forming units per ml (CFU/mL) were identified.  
Contact-killing Activity of Nanogel Coatings. To evaluate the contact-killing potential of nanogel 
coatings the Petrifilm® Aerobic Count plate system (3M Microbiology, USA) was applied. 
Petrifilm® plates consisted of two foils both containing nutrients, a cold-water-soluble gel, 
and tetrazolium indicator for easy identification of the number of colonies on top of the 
sample. These plates were prepared 1 h before the use by hydrating the gel with 1 ml of 
sterilized ultrapure water. Then, the coated substrate was placed in between the two foils 
while place together with 15 ml of the overnight inoculum (3 x 105 bacteria/ml) and the gel, 
to ensure that the bacterial suspension is homogeneously distributed over the whole sample. 
The films were incubated for 48 h at 37 °C. The coating was positively assessed for contact-
killing upon absence of colonies contacting the gel, while the presence of colonies indicated 
negative for contact-killing.  
A phase-contrast microscope (OlympusBH-2) was used to monitor bacterial adhesion and 
live images (1392 x 1040 pixels with 8-bit resolution) were taken after the summation of 15 
consecutive images (time interval 1 s) to enhance the signal to noise ratio and eliminate 
moving bacteria from the analysis. The bacteria that were individually adsorbed were 
determined within five images, which were taken at various positions on the substrates after 
2 h bacterial adhesion. The total number of individual surface attached bacteria was 
enumerated from the obtained images in both a manual approach and by using software. 
The number of bacteria that adhered per cm2 was counted using software that was 
developed in-house and is based on MATLAB. If more than ca. 300 bacteria were present 
the software was used while a manual approach was used when the number was well below 
300 per image. The bacteria density was determined. 
All values associated to the presented experiments are averages of three independently 
fabricated surfaces (coated and uncoated) and conducted with bacteria that were separately 
cultured. Statistical analysis is performed using a one-way analysis of variance (ANOVA), 
followed by Tukey’s test. At a value of p < 0.05 it is considered statistical significant. 
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Figure S1. N-nGel synthesis and the quaternization reaction to Q-nGel. 

 

 

Figure S2. 1H-NMR spectrum corresponding to N-nGel and Q-nGel. 
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Figure S3. Hydrodynamic radius (Rh) as a function of the temperature of N-nGel and Q-nGel. 

 

 

Figure S4. AFM images of a) Q-nGel coating on plasma oxidized glass surface, b) PEI and subsequent 
PSS coating on the plasma oxidized glass surface at 23 °C in the dry state. 
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Figure S5. a) Schematic illustration of Triclosan incorporation for 3h and b) Following the washing 
procedure for 24h in water, AFM picture is taken in dry state after the washing step c) The stability 
test performed in EtOH for 48 shaking the Q-nGel coating+TCS, AFM picture is taken in dry state 
after this step. 

 

 

Figure S6. Petrifilm® plate images of S. aureus ATCC 12600 after a 48 h incubation on the surface 
of uncoated glass, N-nGel coating, Q-nGel coating, and Q-nGel coating+TCS. 
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Table S1. Contact killing capability of the nanogel coatings using the Petrifilm® system 

 

 

 

 

 

 

 

 

Figure S7. a) UV-vis absorption spectra of Triclosan and Triclosan loaded nanogel coatings (Q-nGel 
coating+TCS) in water. b) Representative fluorescence images taken by IVIS of Q-nGel coating with 
Nile Red loading after 24 hours of washing in water. 

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given 
approval to the final version of the manuscript. 

Acknowledgements 

The manuscript was written through the contributions of all authors. All authors have 
approved the final version of the manuscript. The authors thank Reinier Bron and Willem 
Woudstra for the helpful discussions regarding biology experiments. The authors 
acknowledge the financial support of: the European Union's Horizon 2020 research and 
innovation program under the Marie Skłodowska-Curie grant agreement No 713482 
(ALERT Cofound); the China Scholarship Council (CSC; G.Z no.201706890012); O.M. is 
funded by the Alexander von Humboldt Foundation for the Feodor Lynen Research 
Fellowship; E.M.W. is funded by TKI Health Holland. 

 

 

3.0

2.0

1.0

x 
10

8

Fluorescence

b)a)

Coating Contact-killing (2 days) 

Uncoated glass NO 

N-nGel coating NO 

Q-nGel coating YES 

Q-nGel coating +TCS YES 



 
CHAPTER V 

 

123 
 

References 

1. Arciola, C. R., Campoccia, D. & 
Montanaro, L. Implant infections: 
adhesion, biofilm formation and 
immune evasion. Nat. Rev. Microbiol. 16, 
1–13 (2018). 

2. Magill, S. S. et al. Multistate point-
prevalence survey of health care–
associated infections. N. Engl. J. Med. 
370, 1198–1208 (2014). 

3. Jamal, M. et al. Bacterial biofilm and 
associated infections. J. Chinese Med. 
Assoc. 81, 7–11 (2018). 

4. Flemming, H.-C. & Wingender, J. The 
biofilm matrix. Nat. Rev. Microbiol. 8, 
623–633 (2010). 

5. Hou, J., Veeregowda, D. H., van de 
Belt-Gritter, B., Busscher, H. J. & van 
der Mei, H. C. Extracellular polymeric 
matrix production and relaxation under 
fluid shear and mechanical pressure in 
biofilms. Appl. Environ. Microbiol. 84, 
e01516-17 (2018). 

6. Harro, J. M. et al. Vaccine development 
in Staphylococcus aureus: taking the 
biofilm phenotype into consideration. 
FEMS Immunol. Med. Microbiol. 59, 306–
323 (2010). 

7. Kolodkin-Gal, I. et al. D-Amino acids 
trigger biofilm disassembly. Science 
(5978). 328, 627 LP – 629 (2010). 

8. Bridier, A., Briandet, R., Thomas, V. & 
Dubois-Brissonnet, F. Resistance of 
bacterial biofilms to disinfectants: a 
review. Biofouling 27, 1017–1032 (2011). 

9. Nadell, C. D., Drescher, K., Wingreen, 
N. S. & Bassler, B. L. Extracellular 
matrix structure governs invasion 
resistance in bacterial biofilms. ISME J. 
9, 1700–1709 (2015). 

10. Zander, Z. K. & Becker, M. L. 
Antimicrobial and antifouling strategies 
for polymeric medical devices. ACS 
Macro Lett. 7, 16–25 (2018). 

11. Saxena, S. et al. Microgel film dynamics 
modulate cell adhesion behavior. Soft 
Matter 10, 1356–1364 (2014). 

12. Sigolaeva, L. V et al. Dual-stimuli-
sensitive microgels as a tool for 
stimulated spongelike adsorption of 
biomaterials for biosensor applications. 
15, 3735–3745 (2014). 

13. Keskin, D., Mergel, O., van der Mei, H. 
C., Busscher, H. J. & van Rijn, P. 

Inhibiting bacterial adhesion by 
mechanically modulated microgel 
coatings. Biomacromolecules 20, 243–253 
(2019). 

14. Nyström, L. et al. Factors affecting 
peptide interactions with surface-
bound microgels. Biomacromolecules 17, 
669–678 (2016). 

15. Kujur, A., Kiran, S., Dubey, N. K. & 
Prakash, B. Microencapsulation of 
Gaultheria procumbens essential oil 
using chitosan-cinnamic acid microgel: 
Improvement of antimicrobial activity, 
stability and mode of action. LWT 86, 
132–138 (2017). 

16. Rose, J. C. et al. Biofunctionalized 
aligned microgels provide 3D cell 
guidance to mimic complex tissue 
matrices. Biomaterials 163, 128–141 
(2018). 

17. Singh, N., Bridges, A. W., García, A. J. 
& Lyon, L. A. Covalent tethering of 
functional microgel films onto 
poly(ethylene terephthalate) surfaces. 
Biomacromolecules 8, 3271–3275 (2007). 

18. Uhlig, K. et al. Patterned 
thermoresponsive microgel coatings 
for noninvasive processing of adherent 
cells. Biomacromolecules 17, 1110–1116 
(2016). 

19. Wei, J. et al. Investigation of cell 
behaviors on thermo-responsive 
PNIPAM microgel films. Colloids 
Surfaces B Biointerfaces 132, 202–207 
(2015). 

20. Liu, Y. et al. Thermo- and salt-
responsive poly(NIPAm-co-AAc-Brij-
58) microgels: adjustable size, stability 
under salt stimulus, and rapid protein 
adsorption/desorption. Colloid Polym. 
Sci. 294, 617–628 (2016). 

21. Saha, P. et al. Dual-temperature-
responsive microgels from a 
zwitterionic functional graft copolymer 
with superior protein repelling 
property. ACS Macro Lett. 9, 895–901 
(2020). 

22. Brosel-Oliu, S. et al. 3D impedimetric 
sensors as a tool for monitoring 
bacterial response to antibiotics. Lab 
Chip 19, 1436–1447 (2019). 

23. Nolan, C. M., Reyes, C. D., Debord, J. 
D., García, A. J. & Lyon, L. A. Phase 



 
CHAPTER V 

 

124 
 

transition behavior, protein adsorption, 
and cell adhesion resistance of 
poly(ethylene glycol) cross-linked 
microgel particles. Biomacromolecules 6, 
2032–2039 (2005). 

24. South, A. B., Whitmire, R. E., García, 
A. J. & Lyon, L. A. Centrifugal 
deposition of microgels for the rapid 
assembly of nonfouling thin films. ACS 
Appl. Mater. Interfaces 1, 2747–2754 
(2009). 

25. Vatankhah-Varnosfaderani, M. et al. 
Universal coatings based on 
zwitterionic–dopamine copolymer 
microgels. ACS Appl. Mater. Interfaces 
10, 20869–20875 (2018). 

26. Sigolaeva, L. V et al. Surface 
functionalization by stimuli-sensitive 
microgels for effective enzyme uptake 
and rational design of biosensor setups. 
Polymers (Basel). 10, 791 (2018). 

27. Lynch, I., Miller, I., Gallagher, W. M. & 
Dawson, K. A. Novel method to 
prepare morphologically rich polymeric 
surfaces for biomedical applications via 
phase separation and arrest of microgel 
particles. J. Phys. Chem. B 110, 14581–
14589 (2006). 

28. Xia, Y. et al. Cell 
attachment/detachment behavior on 
poly(N-isopropylacrylamide)-based 
microgel films: the effect of microgel 
structure and swelling ratio. J. Mater. Sci. 
53, 8795–8806 (2018). 

29. Nyström, L., Strömstedt, A. A., 
Schmidtchen, A. & Malmsten, M. 
Peptide-loaded microgels as 
antimicrobial and anti-inflammatory 
surface coatings. Biomacromolecules 19, 
3456–3466 (2018). 

30. Schmidt, S. et al. Adhesion and 
mechanical properties of pnipam 
microgel films and their potential use as 
switchable cell culture substrates. Adv. 
Funct. Mater. 20, 3235–3243 (2010). 

31. Schmidt, S., Hellweg, T. & von 
Klitzing, R. Packing density control in 
P(Nipam-co-AAc) microgel 
monolayers: effect of surface charge, 
ph, and preparation technique. 
Langmuir 24, 12595–12602 (2008). 

32. Wang, Q., Uzunoglu, E., Wu, Y. & 
Libera, M. Self-assembled 
poly(ethylene glycol)-co-acrylic acid 
microgels to inhibit bacterial 

colonization of synthetic surfaces. ACS 
Appl. Mater. Interfaces 4, 2498–2506 
(2012). 

33. Mergel, O. et al. Cargo shuttling by 
electrochemical switching of core–shell 
microgels obtained by a facile one-shot 
polymerization. Chem. Sci. 10, 1844–
1856 (2019). 

34. Ping, M., Zhang, X., Liu, M., Wu, Z. & 
Wang, Z. Surface modification of 
polyvinylidene fluoride membrane by 
atom-transfer radical-polymerization of 
quaternary ammonium compound for 
mitigating biofouling. J. Memb. Sci. 570–
571, 286–293 (2019). 

35. Zhang, X. et al. Antibiofouling 
polyvinylidene fluoride membrane 
modified by quaternary ammonium 
compound: direct contact-killing versus 
induced indirect contact-killing. 
Environ. Sci. Technol. 50, 5086–5093 
(2016). 

36. Dong, J. J. et al. Contact killing of gram-
positive and gram-negative bacteria on 
pdms provided with immobilized 
hyperbranched antibacterial coatings. 
Langmuir. 35, 14108–14116 (2019). 

37. Zu, G.; Steinmuller, M.; Keskin, D.; van 
der Mei, H. C.; Mergel, O.; van Rijn, P. 
Antimicrobial nanogels with nano-
injection capabilities for delivery of 
hydrophobic antibacterial agent 
Triclosan. Appl. Polym. Mater. (2020). 

38. Monteux, C. et al. Poly(N-
isopropylacrylamide) microgels at the 
oil−water interface: interfacial 
properties as a function of temperature. 
Langmuir 26, 13839–13846 (2010). 

39. Müller, M. et al. Switchable release of 
bone morphogenetic protein from 
thermoresponsive Poly(NIPAM-co-
DMAEMA)/Cellulose sulfate particle 
coatings. Polymers (Basel). 10, 1314 
(2018). 

40. Tsuji, S. & Kawaguchi, H. Self-
Assembly of poly(N-
isopropylacrylamide)-carrying 
microspheres into two-dimensional 
colloidal arrays. Langmuir 21, 2434–
2437 (2005). 

41. Schmidt, S., Motschmann, H., Hellweg, 
T. & von Klitzing, R. 
Thermoresponsive surfaces by spin-
coating of PNIPAM-co-PAA 
microgels: A combined AFM and 



 
CHAPTER V 

 

125 
 

ellipsometry study. Polymer (Guildf). 49, 
749–756 (2008). 

42. Mani, P., Pandey, A. K. & Tripathi, A. 
K. Synthesis and binding affinity of 
hydrophobic tail containing 
naphthalene derivatives with different 
type of organized media. ChemistrySelect 
5, 2135–2141 (2020). 

43. Lundin, J. G., Giles, S. L., Fulmer, P. A. 
& Wynne, J. H. Distribution of 
quaternary ammonium salt 
encapsulated polyoxometalates in 
polyurethane films. Prog. Org. Coatings 
105, 320–329 (2017). 

44. Rumin, J. et al. The use of fluorescent 
Nile red and BODIPY for lipid 
measurement in microalgae. Biotechnol. 
Biofuels 8, 42 (2015). 

45. Maes, T., Jessop, R., Wellner, N., 
Haupt, K. & Mayes, A. G. A rapid-
screening approach to detect and 
quantify microplastics based on 
fluorescent tagging with Nile Red. Sci. 
Rep. 7, 44501 (2017). 

46. Trimaille, T., Mondon, K., Gurny, R. & 
Möller, M. Novel polymeric micelles 
for hydrophobic drug delivery based on 
biodegradable poly(hexyl-substituted 
lactides). Int. J. Pharm. 319, 147–154 
(2006). 

47. Stocks, S. M. Mechanism and use of the 
commercially available viability stain, 
BacLight. Cytom. Part A 61A, 189–195 
(2004). 

48. Liu, Y. et al. Surface-adaptive, 
antimicrobially loaded, micellar 
nanocarriers with enhanced penetration 
and killing efficiency in staphylococcal 
biofilms. ACS Nano 10, 4779–4789 
(2016). 

49. Su, Y. et al. Triclosan loaded 
polyurethane micelles with pH and 
lipase sensitive properties for 
antibacterial applications and treatment 
of biofilms. Mater. Sci. Eng. C 93, 921–
930 (2018). 

50. Wong-Wah-Chung, P., Rafqah, S., 
Voyard, G. & Sarakha, M. 
Photochemical behaviour of triclosan 
in aqueous solutions: Kinetic and 
analytical studies. J. Photochem. Photobiol. 
A Chem. 191, 201–208 (2007). 

51. Mergel, O. et al. Selective packaging of 
ferricyanide within thermoresponsive 

microgels. J. Phys. Chem. C 118, 26199–
26211 (2014). 

52. Roosjen, A., van der Mei, H. C., 
Busscher, H. J. & Norde, W. Microbial 
adhesion to poly(ethylene oxide) 
brushes:  influence of polymer chain 
length and temperature. Langmuir 20, 
10949–10955 (2004). 

53. Busscher, H. J. & van der Mei, H. C. 
Microbial adhesion in flow 
displacement systems. Clin. Microbiol. 
Rev. 19, 127–41 (2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 



127 
 

 

 

 

 

 

 
 

 
General Discussion & 
Future Perspectives 

 
 
 
 
 
 
 
 

  



 
CHAPTER VI 

 

128 
 

General Discussion & Future Perspectives 

Bacterial infections by antimicrobial-resistant bacteria might become the number one cause 
of death in 2050.1 Nanotechnology-based antimicrobial strategies such as antifouling 
implant coatings have yet to advance to clinical application. Combining existing antibiotics 
with a new nanotechnology-based strategy may be a more eminent solution for clinical 
infection control, as already mentioned in Chapter I. 
The major focus of this thesis is the ability to tailor the (multi)functionality of nanogels 
through synthesis and to reveal aspects of nanogels as adsorbed on a surface for biomedical 
applications, as indicated in Figure 1. Nanogel coatings are a beneficial tool for numerous 
purposes, as shown by the work in this thesis, showing an alternative platform different 
from common antimicrobial strategies. The possibility of altering the properties of a surface 
by modification is a vital aspect of designing surfaces with unique properties. The scope of 
this thesis encompasses several approaches for investigating the functionality and properties 
of hydrogel coatings with a particular emphasis on nanogel systems that are adsorbed on a 
surface and used as a surface coating. The results regarding the antifouling and antibacterial 
performance of the nanogel coatings are placed here in perspective.   

 
Figure 1. Multifunctionality of nanogels for designing surfaces with desired properties for biomedical 
applications.  
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 The Importance of Hydrogel Coatings on the Bulk Material Properties  

The foundation of the results and findings in this thesis is mostly about bacteria and surface 
interactions and the nanogel coatings designed to have an antifouling (Chapter IV) or an 
antimicrobial feature (Chapter V) used in related biomedical applications.  
However, it should be noted that the coating's mechanical properties and their influence on 
the substrate characteristics also play a crucial role in modulating the coating parameters for 
a desired biomedical application. Chapter III demonstrated a macroscopic hydrogel coating 
created by UV-mediated free radical polymerization on PDMS (Figure 2). For instance, the 
stiffness -one of the mechanical properties of the PDMS substrate was highly influenced 
during the coating procedure by the monomer concentration and UV polymerization time. 
Specific reaction conditions affected the bulk properties and made the coated PDMS 
extremely brittle. Therefore, in this work, boundary conditions have been identified to 
enable high-quality hydrogel coating formation without affecting the bulk properties of the 
substrate material. This project was designed to optimize the hydrogel coating parameters 
to avoid affecting the stiffness of PDMS because if the PDMS is brittle, it cannot be used 
as an implant in the body due to the danger of breaking into pieces. 
Chapter III shows a straightforward approach and a well-established method to create 
hydrogel coatings, but such a method is only convenient for elastomers and not for other 
materials. This chapter also displays only limited conditions to achieve a coating without 
affecting the bulk material integrity, whereas the nanogels do not show these boundary 
conditions. Nanogels can be used to coat surfaces of different materials such as glass, PDMS 
or Teflon regardless of their surface morphology and chemical properties. However, 
nanogel coatings are very thin while the macroscopic ones are thick and therefore probably 
more robust in terms of mechanical damage.  

 

Figure 2.  Scanning electron microscopy cross-section image of PDMS surface coated with NIPAM  

Further antifouling studies should be investigated with these macroscopic hydrogel coatings. 
If possible, the best antifouling performance needs to be evaluated among the hydrogel 
coatings with different thicknesses and monomer concentrations. This future study needs 
to be compared to nanogel coatings presented in Chapter IV to comprehend the differences 
towards bacterial adhesion between macroscopic hydrogel layer coatings and coatings 
prepared by hydrogels in its particle-form in nanoscale dimensions. 
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 The Effect of Physicochemical Properties of Nanogels on Bacterial 
Adhesion   

Chapter IV has revealed an exciting aspect of nanogels adsorbed at an interface where an 
anionic nanogel containing NIPMAM was used to create surface coatings. It has been 
shown that NIPMAM nanogels with different stiffnesses, due to altered intraparticle cross-
linking, behaved differently when adsorbed on a surface and presented distinct bacteria-
repelling properties. While the softer particles adsorbed onto the surface via electrostatic 
interactions display a "pancake"-like structure, the highly cross-linked particle exhibits a 
thicker layer due to internal particle stabilization based on the cross-links preventing it from 
deforming as much as the softer particles. These findings show that the microgel 
deformability adsorbed onto the surface relates to the microgel stiffness, further affecting 
the antifouling properties. Besides, the thickness of the nanogel coatings was altered by 
changing the size of the nanogels during the polymerization procedure. Hence, it has been 
shown that the softer nanogel of a larger size, which results in a thicker nanogel coating, 
provides a better antifouling behavior.   
Regarding these findings, numerous other experiments can be performed to comprehend 
various aspects of the work presented in Chapter IV.  
As explained above, being able to investigate the deformability of the nanogels on the 
surface by only changing the synthesis procedure and chemical cross-linking density of the 
nanogels allowed us to explore the relations between surface bounded nanogels and bacterial 
adhesion properties. To better understand single bacterial interactions with the nanogel 
coatings possessing different stiffnesses, future investigations focusing on adhesion 
strength, friction, and coating deformability by a bacterium on these coatings should be 
performed. Some investigations have already been performed to understand the adhesion 
forces sensed by bacteria upon adhesion to various biomaterial surfaces that regulate the 
gene expressions.2 They pointed out that the bacteria-substratum relationship regarding 
adhesion forces can control the gene expression and EPS production; hence increasing the 
adhesion forces can lead the adhered bacteria closer to the lethal regime where adhesion is 
so strong that it will physically kill the bacterium (Figure 3).3 In addition, Li et al. showed 
that the nanoscale cell wall deformation upon adhesion of the bacterium to the surface could 
be measured.4 These findings would help us to understand the bacterial susceptibility to 
antimicrobials since bacterial cell deformation is very crucial for understanding the surface 
adhesion dynamics and biofilm formation. In that work, surface-enhanced fluorescence 
(SEF) was explored to measure the bacterial cell wall deformation based on adhesion-related 
deformations.5 A precise determination of cell wall deformation due to bacterial adhesion 
to surfaces is important to develop alternatives for current antimicrobials. On the other 
hand, the early stage of bacterial adhesion and biofilm formation on the surface as a function 
of different substratum properties was explored using low-energy backscattered scanning 
electron microscopy (SEM) coupled with Focused-Ion-Beam (FIB) tomography.6 The high 
resolution provided by the FIB-SEM technique offers the opportunity to image and measure 
the adhesive area between a single bacterium and the surface as well as the deformation that 
occurred by the adhesion. 
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Figure 3. Three regimes of bacterial adhesion to substratum surfaces that dictate the bacterial 
response to a surface.3 (Reprinted with the permission from PLOS) 

In the light of these explorations, to focus on the interaction between an individual 
bacterium and a nanogel-coated surface would be fascinating. To combine the FIB-SEM 
technique and SEF measurements to understand the numerous interactions at nanoscale 
dimensions, namely adhesion forces, deformation of a bacterium upon adhesion, gene 
expression, EPS production, would be an exciting approach to identify the biofilm 
formation in a more in-depth manner as it enhances our understanding regarding biofilm 
formation and bacterium susceptibility towards antibiotics. Additionally, since the nanogel 
coatings are open for chemical functionalization as well as alterations of their mechanical 
properties, it makes it an ideal platform to study such interactions.  
The nanogels used in this thesis are temperature-responsive particles. Hence, coatings 
created by these nanogels show reversible surface wettability and adhesion properties in 
response to temperature changes due to the volume phase transition temperature (VPTT). 
NIPMAM-based nanogels have a VPTT at 44 °C and NIPAM-based around 32 °C. In 
Chapters IV and V, the antifouling assays were performed at room temperature below the 
VPTT of both nanogels; thus in their swollen state. Antifouling assays can be performed at 
37 °C representing a more physiological temperature. In that way, a comparison can be 
made regarding bacterial behavior upon adhesion on the surface while the nanogels are in 
their shrunken state for NIPAM and swollen for NIPMAM. In addition, Lopez et al. 
established a study of interfacial interactions between NIPAM-modified surfaces and 
bacteria, proving that the modified surfaces acted as a fouling-release coating.7 When the 
temperature was changed to below the VPTT, NIPAM-modified surfaces were able to 
release the attached bacteria from the surface. This knowledge could potentially be used as 
a combined system where a NIPAM core which is collapsed and hydrophobic at 37 °C while 
a NIPMAM shell is in the swollen state. The NIPMAM would offer the antifouling and in 
case an additional release event needs to be triggered, a lowering of the temperature could 
initiate that because of the NIPAM. These combinations and possibilities further emphasize 
the powerful nature of nanogels.  
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 Implementation of Bacteria-Killing Properties via Chemical 
Modifications 

After showing the influence of the nanogel coating properties on bacterial adhesion 
behavior as a fundamental observation to understand the antifouling performance by 
altering the stiffness of the nanogel in Chapter IV, we asked the following question: Why 
not chemically modify the nanogel network in order to kill the bacteria? Therefore, in 
Chapter V, instead of stiffness, other functionalities of the nanogel systems were varied to 
incorporate and explore the antimicrobial effect of the coatings. Previous research has 
shown that Triclosan, one of the most used antimicrobial drugs, has a good killing efficiency 
for Gram-positive and Gram-negative bacteria.8,9 However, as known, Triclosan has a low 
solubility in water; this intrinsic feature of Triclosan is a big disadvantage. Therefore, much 
effort is put into designing specific particles to incorporate Triclosan molecules to create 
antibacterial effects, such as TiO2 nanocapsules by aging dissolution technique, hybrid-silica 
nanoparticles where Triclosan is covalently connected to the matrix, alginate and chitosan-
based microcapsules obtained by emulsification.10–12 
Meanwhile, little attention was paid to functionalize the nanogels to obtain antimicrobial 
properties in the coatings. The loading of hydrophobic molecules into the hydrophobic 
cavities of micelles is possible, as previously shown in the literature.13,14 Inspired by this idea 
of micelle formation using a nanogel and creating a template for further encapsulation of 
Triclosan, in Chapter V, we presented the enhanced antimicrobial influence of nanogel 
coatings by Triclosan incorporation. Hence, the modification of the nanogel with functional 
groups such as quaternary ammonium compounds was successfully designed to have 
hydrophobic domains (intraparticle micelles) to encapsulate Triclosan that was applied as a 
coating. 
Besides choosing the appropriate functionalities and coating compositions, the 
biocompatibility of the nanogel coatings is essential for applications in the biomedical field. 
In Chapter V, regarding the nanogel coatings' biocompatibility, the related cytotoxicity 
assays are not presented. Having said that, in a very recent study in our group, we have 
performed the cell viability tests to prove that the nanogels are not cytotoxic at therapeutic 
concentrations.15 The cytotoxicity of the nanogels with the Triclosan was assessed with 
mouse fibroblast cells L929 after 24 h, 48 h, and 72 h incubation (according to ISO 
protocols) by measuring the metabolic activity using the XTT assay. After exposure to the 
various concentrations of the nanogels with the Triclosan, it has been observed that there 
is no severe cytotoxicity displayed below 125 µg mL-1 nanogel concentration.  
As known, not only bacterial adhesion but also protein adsorption on the surface can initiate 
the fouling, which is a great challenge in biomedical applications, including biosensors, 
bioanalytical appliances, surgical equipment, and implants.16,17 The layer of adsorbed 
proteins on surfaces might serve as a platform for additional bacteria attachment; hence 
proteins are a critical part of the biofilm formation on the surfaces.18 Consequently, low 
performance of the coating may be a concern for long-term applications of the biomedical 
devices mentioned above. Therefore, the screening of various proteins with different sizes, 
functionalities, surface charges, hydrophobicity, etc., should be performed to unravel the 
main factors playing a role in preparing the antifouling and antibacterial nanogel coatings. 
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Gram-negative bacteria are intrinsically resistant to many hydrophobic antibiotics due to the 
permeability barrier presented by the outer membrane.19,20 Therefore, drug compounds or 
material surfaces must be developed that are able to host and release these hydrophobic 
active antibiotic drugs under the appropriate conditions. In Chapter V, Triclosan was the 
only antimicrobial molecule focused on for this purpose. However, many other antibiotics 
cannot effectively penetrate and kill Gram-negative bacteria because of their hydrophobic 
nature. As shown in Chapter V, owing to the quaternary ammonium compound 
functionalized nanogel coatings, hydrophobic antibiotics can gain access to the bacterial 
interior through the bacterial cell wall by the injection from the nanogel coating.21 To this 
end, incorporation of different antibiotic molecules into the nanogel coatings and 
subsequent bacteria-killing efficacy investigations can give insights into the battle of 
infections of Gram-negative bacteria and bacterial resistance.  

 Multifunctionality of Nanogels for Various Biomedical Applications 

We previously mentioned in Chapter V that the tunability of nanogels creates a platform 
for a controllable functionalization of nanogels with different chemical groups such as 
hydrophobic dyes or antibiotic molecules. Several functionalities22–24 can be introduced into 
the nanogel during the synthesis as well as on the nanogel coated surface as a post-
modification step. The concepts described in this thesis are of great significance, not only 
for the fields of antifouling and antimicrobial coatings but also for medical imaging 
applications.  
Implants are hidden materials within the human body, thus assessing ruptures or cracks are 
difficult without surgical examination. The examination of implant failure by magnetic 
resonance imaging (MRI) is limited since most of the implant materials cannot be visualized 
by clinical MRI equipment. Many implant materials are produced by polymer-based 
materials such as polydimethylsiloxane (PDMS), polyethylene (PE), polypropylene (PP), 
polyvinylidene fluoride (PVDF) surgical meshes or polytetrafluoroethylene (Teflon); 
therefore, they do not emit a measurable MR signal.25 A limited amount of research has 
demonstrated that the incorporation of MRI contrast agents such as gadolinium (Gd) or 
iron (II,III) oxide (Fe3O4) into nanogels provide enhancement of the MR signal needed for 
visualization by clinical MRI equipment.26–29 Recently, in a preliminary study, we prepared 
nanogel coatings with Gd MRI contrast agents incorporated on Teflon surfaces (Figure 4a). 
Herein, we demonstrated that those coatings can be used as MRI visibility-enhancing 
coatings since they are able to improve the contrast. The one-side nanogel coated Teflon 
was held stationary in a tube and the MR signal enhancement was measured on the cross-
section (Figure 4b). As can be seen in Figure 4c, the in vitro MRI visualization experiment 
confirmed that the coated side of the Teflon substrate has a strong MR signal. In contrast, 
the uncoated side of the Teflon does not show any MR signal.  
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Figure 4. a) The schematic illustration of the Gd functionalized nanogel coating on Teflon substrate, 
yellow dots represent Gd incorporation, b) Top view of cross-section of coated Teflon surface, which 
is used in MRI signal measurement, c) Typical phantom in vitro MRI visualization image of Gd 
modified nanogel coatings on the Teflon substrate using spin-echo technique. 

MRI is a non-invasive medical imaging method; thus, this investigation is vital for 
biomedical engineering to increase the MRI examination efficacy and avoid surgical inquiry 
and consequent high costs, especially for the implanted materials in the body. To achieve 
this aspect in the future, the modification processes, synthesis, surface modifications, and 
implementation of these into coatings require a detailed investigation.  

 The Ease of the Method Precedes a “Universal Coating” 

In this thesis, the nanogel coatings are prepared with NIPAM or NIPMAM-based nanogels 
with easy controllable predetermined characteristics on glass substrates by a simple, cost- 
and time-efficient spraying deposition technique based on electrostatic interactions.30 A 
plasma oxidation treatment on the substrate was performed before the deposition of 
negatively or positively charged nanogels. Alternatively, following the oxidation, a positively 
charged polyethyleneimine (PEI) or an additional polystyrene sulfonate (PSS) polymer layer 
was employed as an anchoring polymer. Washing and drying steps after the deposition of 
nanogels on the surface are essential to have a proper and controlled adsorption of nanogels.  
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Figure 5.  a) A representative scheme of universal nanogel coating method on any plasma-oxidized 
biomaterial surface. b) Different biomaterial substrates which are used to coat with nanogels. c) 
Atomic force microscopy pictures of nanogel coatings on different biomaterial surfaces (Scale bar is 
1 µm). 

Based on the literature, we know that surface and nanogel characteristics influence a wide 
variety of adsorption pathways that might influence the surface coating. Many investigations 
are already made to understand these influences to create densely packed nanogel 
coatings.31–33 Considering the ease of the coating method, we currently investigate the 
“universality” of this nanogel deposition. The idea behind having a universal coating is to 
have a unique and straightforward surface modification technique that can be performed on 
a wide variety of biomaterial surfaces with any shape regardless of their structural 
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morphology and chemical properties. Conventionally, applying the same coating on 
different implant materials requires a specifically tailored chemical approach and a different 
methodology that might affect the coating itself and its function.  
Figure 5a shows a very simple spraying method to achieve a coating with nanogels on 
different materials. This one‐step and universal surface coating method can be performed 
for depositing nanogels on any plasma-oxidized biomaterial substrate via the electrostatic 
interaction between positively charged nanogels and negatively charged oxidized materials. 
As a result, we successfully coated various materials that are often used in the biomedical 
field, as shown in the schematic drawing in Figure 5b. All materials showed a similar surface 
topography determined by AFM (Figure 5c).  

The biomaterial surface is often designed to maximize performance and tailored to adjust 
the physical and chemical properties to improve the functionality. Usually, stainless steel, 
titanium alloys, alumina, Teflon, polyethylene (PE), polyetheretherketone (PEEK), and 
polydimethylsiloxane (PDMS), as frequently used biomaterials, show decent 
biocompatibility, but the surface features of those materials might require enhancement 
depending on the desired application.25 For instance, by applying surface coatings, the 
wettability of silicone contact lenses can be improved as well as biofouling performances 
towards bacteria or proteins of polyvinylidene fluoride (PVDF) based surgical hernia meshes 
or titanium dental implants. 
Therefore, this developed universal nanogel coating system can be used on many different 
biomaterial surfaces as a simple method using their potential functionalization capabilities 
to obtain preferred surface properties for various biomedical applications. 

 The Stability In Vitro and In Vivo 

From a biomedical point of view, one of the most critical key feature of surface structures, 
both for fundamental research and their applications, is stability.34,35 As already described in 
Chapter IV, the nanogel coatings are proven to be stable even after flow chamber 
experiments, as can be seen from AFM pictures taken after the flow studies. Similarly, in 
Chapter V, we also demonstrated the stability of nanogels coatings with AFM images taken 
after Nile Red or Triclosan incorporation for 3 hours and following the washing step for 24 
hours. However, it was evident that a more in-depth analysis of the stability of nanogel 
coatings was necessary. Therefore, we demonstrated the stability of the nanogel coated 
polyvinylidene fluoride (PVDF) hernia meshes implanted in mouse models (Figure 6).  

The nanogels used in this experiment are the same as in Chapter IV. They are labeled with 
the dye methacryloxyethyl thiocarbonyl Rhodamine B (MRB) to be able to detect the 
fluorescent signal of the nanogel coatings by in vivo imaging (IVIS) measurements in the 
mouse models. 
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Figure 6. a) Quantitative radiant efficiency values of nanogel coated PVDF meshes implanted in mice 
at different time points. b) Representative fluorescence images of coated mesh (fluorescent color-in 
the middle) and uncoated meshes (grey) taken by IVIS before the implantation in the mice.  

As demonstrated in Figure 6a, the nanogel coatings were stable enough up to 13 days in vivo 
since the nanogels are still possessing a fluorescent signal, even though the signal is 
becoming lower. This short-term in vivo assessment can be considered an initial proof of the 
stability of nanogel coatings; however, further evaluation of long-term stability, both in vitro 
and in vivo, might also be necessary for these coatings to be used in clinical applications in 
the biomedical field. On the other hand, these preliminary results are only a small section of 
a larger in vivo study and more experimental results are currently processes concerning 
antifouling properties and coating-tissue interactions such as fibrosis formation.  

 Key Aspects  

Within this current research in the interdisciplinary areas of Science, Technology, 
Engineering, and Mathematics (STEM) and life sciences, main design principles are 
completed in order to develop nanogel particles by linking fundamental aspects at the 
nanoscale level to the coating production techniques and their applications in the biomedical 
field. Nanogels and their innovative functional modifications as novel antifouling and 
antibacterial coatings with a high efficacy of up to 99.99% are the unique and outstanding 
aspects of this project concerning the infection problem. To date, it is shown that nanogel 
based coatings hold many promises for the antifouling and antibacterial performance that 
are the key properties for the applications of these nanogels on biomedical material surfaces 
to fight the infection problem. The link between the innovation and my research topic is 
based on the strong ground of adopting interdisciplinary techniques in innovative and 
straightforward ways in tandem with the medical-oriented applications. This project includes 
being trained not only in chemistry but also in biology, material science, and biomedical 
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engineering fields in order to adopt and implement different principles and techniques of 
STEM and life sciences to achieve the project objectives. 

 Relevance to Society 

The project has enabled the innovative process design and promoted a substantial 
improvement in nanoparticle process development efficiency by reducing the time it takes 
to optimize a process, reduce energy consumption, operating costs, and generate waste. 
From societal perspectives, the relevance of the project is two folds: (i) In medical 
applications, highly efficient antimicrobial coatings will diminish the number of infections 
and inflammations because of the absence of microbial- and other contaminants, 
respectively resulting in improving the conditions of the patient's health, avoiding failing or 
malfunctioning of the implants, and reduced medical costs for complications, (ii) The 
coating is broadly applicable to many different materials and hence is able to extend the 
targeted applications ranging from the food industry to prevent package and machinery 
contaminations, marine-, automotive- and aviation industry, where less marine fouling and 
reduced air-drag will result in lower fuel consumption which is highly beneficial and 
sustainable for the environment. 
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SUMMARY 
 

Nowadays, many people use biomedical implants such as voice prosthesis, hip and breast 

implants, and urinary catheters, which are significantly impacting the quality of life of 

patients. During the implantation of a biomaterial into the body, bacteria can attach to the 

surface, which eventually creates an infection on the implant and causes its malfunction as 

well as a great danger for the life of the patient. In this project, the aim was to overcome the 

great challenge of bacteria-driven infections in the current state of the biomedical implants 

by developing a broadly applicable surface coating. Chapter I of this thesis provides a brief 

introduction to biofilm formation and biomaterial-associated infections. A specific focus 

lies on the unique properties of nanogels and the preparation and applications of nanogel 

coatings in the biomedical field. The infection problem is highly challenging for medical 

implants; therefore, inhibiting the initial bacteria attachment on the surface is vital to combat 

the biomaterial-associated infections. 

Chapter II gives an overview of different methods for preventing initial bacterial adhesion 

and growth on biomedical implant surfaces. The implementation of nanotechnology to 

develop efficient antimicrobial systems has a significant impact on the prospects of the 

biomedical field. Nanogels are soft polymeric particles with an internally cross-linked 

structure, which behave as hydrogels and can be reversibly hydrated/dehydrated 

(swollen/shrunken) by the dispersing solvent and external stimuli. Their excellent 

properties, such as biocompatibility, colloidal stability, high water content, desirable 

mechanical properties, tunable chemical functionalities, and interior gel-like network for the 

incorporation of biomolecules, make them fascinating in the field of biological/biomedical 

applications. In this chapter, various approaches will be discussed and compared to the 

newly developed nanogel technology in terms of efficiency and applicability for determining 

their potential role in combating infections in the biomedical area, including implant-

associated infections.  

The mechanical properties of coatings and their influence on the substrate characteristics 

play an important role in modulating the coating parameters for a desired biomedical 

application. In Chapter III, macro-sized hydrogel coatings have been created on the 

polydimethylsiloxane (PDMS) surfaces via UV mediated free radical polymerization using 

benzophenone as an initiator. PDMS is a silicone elastomer-based material that is used in 

various applications, including coatings, tubing, microfluidics, and medical implants. PDMS 

has been modified with hydrogel coatings to prevent fouling, which was done through UV-

mediated free radical polymerization using benzophenone. We have investigated the 

properties of hydrogel coatings and their influence on the bulk properties of PDMS under 

various preparation conditions, such as the type and concentration of monomers and UV 

treatment time. Acrylate-based monomers were used to perform free radical polymerization 

on PDMS surfaces under various reaction conditions. This approach provided insights into 

the relationship between the hydrogel coating and bulk properties of PDMS. Altering the 

UV polymerization time and the monomer concentration resulted in different morphologies 
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with different roughness and thickness of the hydrogel coating, as well as differences in the 

bulk material stiffness. The surface morphology of the coated PDMS was characterized by 

AFM. The cross-section and thickness of the coatings were examined using scanning 

electron microscopy coupled with energy-dispersive X-ray spectroscopy. The dependence 

of coating development on the monomer type and concentration used was evaluated by 

surface hydrophilicity, as measured by water contact angle. Elongation-until-break analysis 

revealed that specific reaction conditions affected the bulk properties and made the coated 

PDMS brittle. Therefore, boundary conditions have been identified to enable high-quality 

hydrogel coating formation without affecting the bulk properties of the material. Acrylate-

based monomers such as N-isopropylacrylamide, hydroxyethyl methacrylate, and 

acrylamide were covalently bonded onto the surface under various reaction conditions.  

We proved in the previous chapter that creating a hydrogel coating without affecting the 

bulk material integrity is crucial. Taking this issue into account, in Chapter IV, we designed 

hydrogel coatings consisting of nanogels which are not influencing the bulk material 

properties. Bacterial infection is a severe problem, especially when associated with 

biomedical applications. In Chapter IV, it has been effectively demonstrated that poly-N-

isopropylmethacrylamide based microgel coatings prevent bacterial adhesion. The coating 

preparation via a spraying approach proved to be simple and cost and time efficient, creating 

a homogeneous dense microgel monolayer. In particular, the influence of cross-linking 

density, microgel size, and coating thickness was investigated on the initial bacterial 

adhesion. Adhesion of Staphylococcus aureus ATCC 12600 was imaged using a parallel plate 

flow chamber setup, which gave insights into the number of the total bacteria adhering per 

unit area onto the surface and the initial bacterial deposition rates. All microgel coatings 

successfully yielded more than 98% reduction in bacterial adhesion. Bacterial adhesion 

depends both on the cross-linking density/stiffness of the microgels and the thickness of 

the microgel coating. Bacterial adhesion decreased when a lower cross-linking density was 

used at equal coating thickness and at equal cross-linking density with a thicker microgel 

coating. The highest reduction in the number of bacterial adhesion was achieved with the 

microgel that produced the thickest coating (h = 602 nm) and had the lowest cross-linking 

density. The results provided in this chapter indicate that microgel coatings serve as an 

interesting and easily applicable approach and that they can be fine-tuned by manipulating 

the microgel layer thickness and stiffness. Besides, the coatings were shown to be stable 

under experimental conditions as the nanogel layer was still present after the flow 

experiments. Hence, we successfully evaluated the influence of these parameters and gained 

new insight to enhance the non-fouling surface characteristics for biomedical implants. 

Based on the platform developed in Chapter IV, we investigated in Chapter V the 

antifouling nanogel coatings combined with quaternary‐ammonium‐compounds (QACs) 

and Triclosan incorporation to include bacteria-killing properties. Multifunctional nanogel 

coatings provide a promising antimicrobial strategy against biomedical implant-associated 

infections. Nanogels can create a hydrated surface layer to promote antifouling properties 

effectively. Further modification of nanogels with QACs potentiated antimicrobial activity 

owing to their positive charges along with the presence of a membrane-intercalating alkyl 
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chain. This chapter effectively demonstrated that poly(N-isopropylacrylamide-co-N-

[3(dimethylamino)propyl]methacrylamide) (P(NIPAM-co-DMAPMA)-based nanogel 

coatings possessed antifouling behavior against S. aureus ATCC 12600, a Gram-positive 

bacterium. Through the tertiary amine in the DMAPMA comonomer, nanogels were 

quaternized with a 1-bromo-dodecane chain via an N-alkylation reaction. The alkylation 

introduced the antibacterial activity due to the bacterial membrane binding and the 

intercalating ability of the aliphatic QAC. Subsequently, the quaternized nanogels enabled 

the formation of intraparticle hydrophobic domains because of intraparticle hydrophobic 

interactions of the aliphatic chains allowing for Triclosan incorporation. The coating with 

Triclosan-loaded nanogels showed a killing efficacy of up to 99.99% of adhering bacteria on 

the surface compared to non-quaternized nanogel coatings while still possessing an 

antifouling activity. This powerful multifunctional coating for combating biomaterial-

associated infection is envisioned to impact the design approaches for future clinically 

applied coatings greatly. Taken together, these results not only confirmed that surface-

coated nanogels offer an exciting approach to prevent bacteria adhesion on the surface but 

also demonstrated the possibility to achieve Triclosan encapsulation into the nanogel within 

a coating for a powerful antibacterial effect. To this end, the coatings, which have both 

bacteria-repelling and bacteria-killing properties, were developed based on nanogel 

chemistry. We engineered antifouling nanogel coatings so that initial bacterial adhesion is 

prevented on the implant; moreover, with chemical modification of the nanogels, the 

coating also demonstrated bacterial killing properties. The innovative nanogel coatings are 

envisioned to diminish infection risk significantly. 

In Chapter VI, the general discussion is given, and the findings of this thesis are highlighted 

concerning the different chapters and ongoing research. Current understanding and future 

perspectives toward developing multifunctional surface coatings with multifunctional 

nanogels are discussed.  
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SAMENVATTING 

Vandaag de dag worden biomedische implantaten, zoals stemprothesen, heup en 

borstimplantaten, en urinekatheters door vele mensen gebruikt, en deze hebben een 

significante impact op de kwaliteit van leven van patiënten. Tijdens de operationele 

handeling en het inbrengen van een biomateriaal in het menselijk lichaam kunnen bacteriën 

aanhechten op het oppervlak, wat uiteindelijk tot een infectie en ontstekingsreactie kan 

leiden rondom het implantaat. Dit zorgt ervoor dat het implantaat niet meer functioneert 

zoals bedoeld en kan het leven van een patiënt ernstig in gevaar brengen. Tijdens dit project 

was het doel om de grote uitdaging van bacterie-gerelateerde infecties op huidige 

biomedische implantaten te overkomen, door het ontwikkelen van een breed toepasbare 

oppervlaktecoating. Hoofdstuk I van dit proefschrift biedt een beknopte introductie in 

biofilmformatie en biomateriaal-gerelateerde infecties. De focus ligt specifiek op de unieke 

eigenschappen van nanogelen en de synthese en applicaties van nanogel coatings in het 

biomedische veld. Het probleem van infectie is zeer uitdagend om te overwinnen, in het 

tegengaan van biomateriaal-gerelateerde infecties en het behoud van het goed functioneren 

van medische implantaten. Daarom is het van groot belang om de initiële aanhechting van 

bacteriën op het oppervlak van biomaterialen tegen te gaan. 

Hoofdstuk II biedt een overzicht van verschillende methoden die worden toegepast in het 

proberen tegen te gaan van initiële bacteriële adhesie en groei op biomedische 

implantaatoppervlakten. De implementatie van nanotechnologie in de ontwikkeling van 

efficiënte, antimicrobiële systemen heeft een significante impact op de vooruitzichten in het 

biomedische veld. Nanogelen zijn zachte polymeerdeeltjes met een intern vernet structuur, 

welke zich gedragen als hydrogelen en omkeerbaar kunnen worden 

gehydrateerd/gedehydrateerd (opzwellen/krimpen) door het dispersiemiddel en externe 

stimuli. De excellente eigenschappen van nanogelen, zoals biocompatibiliteit, colloïdale 

stabiliteit, hoge waterinhoud, wenselijke mechanische eigenschappen, afstembare chemische 

functionaliteiten en interne gel-achtige netwerk voor het incorporeren van biomoleculen, 

maken ze fascinerend in het veld van biologische/biomedische applicaties. In dit hoofdstuk 

passeren strategieën van verschillende invalshoeken de revue en worden ze vergeleken met 

de nieuw ontwikkelde nanogeltechnologie, met betrekking tot efficiëntie en toepasbaarheid, 

om zo hun potentiele rol in het tegengaan van infecties in het biomedische veld, inclusief 

implantaat-gerelateerde infecties, te verifiëren. 

De mechanische eigenschappen van coatings en hun invloed op de karakteristieken van het 

substraat spelen een belangrijke rol in het reguleren van coating parameters voor een 

gewenste biomedische applicatie. In Hoofdstuk III zijn hydrogel coatings gemaakt op 

polydimethylsiloxaan (PDMS) oppervlaktes, om oppervlaktevervuiling tegen te gaan. Dit is 

gedaan via UV-gemedieerde vrije radicaalpolymerisatie, waarbij benzofenon als initiator 

diende. PDMS is een siliconen materiaal, op basis van elastomeer, welke in verscheidene 

applicaties gebruikt wordt; inclusief coatings, slangen, microfluïdica en medische 

implantaten. We hebben de eigenschappen van de hydrogelcoatings en hun invloed op de 
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bulkeigenschappen van PDMS onderzocht onder verschillende bereidingscondities, zoals 

het type en de concentratie monomeer, en de tijd van blootstelling aan UV licht. 

Monomeren op acrylaatbasis zijn gebruikt voor de vrije radicaalpolymerisatie op de PDMS 

oppervlaktes onder de verschillende reactiecondities. Deze strategie bood inzichten in de 

relatie tussen de hydrogel coating en de bulkeigenschappen van PDMS. Het variëren van de 

UV polymerisatietijd en de monomeerconcentratie resulteerde in verschillen in morfologie 

met verschillende ruwheid en dikte van de hydrogel coatings, alsmede in verschillen in de 

stijfheid van het bulkmateriaal. De oppervlaktemorfologie van het gecoate PDMS is 

gekarakteriseerd met AFM. De doorsnede en dikte van de coatings werden onderzocht met 

een rasterelektronenmicroscoop (SEM) gekoppeld met energiedispersieve 

röntgenspectroscopie (EDS). Hoe de coatingontwikkeling afhing van het type monomeer 

en de verschillende concentraties werd geëvalueerd door te kijken naar 

oppervlaktehydrofiliciteit, gemeten met een watercontacthoekmeter. Treksterkteanalyse 

onthulde dat specifieke reactiecondities de bulkeigenschappen beïnvloedden, wat 

resulteerde in bros PDMS. Om deze reden zijn randvoorwaarden geïdentificeerd die een 

hoge kwaliteit hydrogelcoatingformatie garanderen, waarbij de bulkeigenschappen van het 

materiaal niet worden beïnvloedt. Monomeren op acrylaatbasis, zoals N-

isopropylacrylamide, hydroxyethylmethacrylaat, en acrylamide zijn covalent gebonden aan 

het oppervlak, onder verschillende reactiecondities. 

In het voorgaande hoofdstuk hebben we bewezen dat het van cruciaal belang is dat er een 

hydrogel coating wordt gemaakt, welke de integriteit van het bulkmateriaal niet beïnvloedt. 

Met dit in het achterhoofd beschrijven we in Hoofdstuk IV het ontwerpen van 

hydrogelcoatings, bestaande uit nanogelen, welke het bulkmateriaal niet beïnvloeden. 

Bacteriële infecties zijn een groot probleem, in het bijzonder als zij betrekking hebben op 

biomedische applicaties. In Hoofdstuk IV is gedemonstreerd dat microgelen op basis van 

poly-N-isopropylmethacrylamide effectief bacteriële adhesie tegengaan. Het aanbrengen 

van de coating via een spraymethode bewees een simpele, kostenefficiënte en tijdsefficiënte 

manier te zijn om een homogene en dichte microgel monolaag te creëren. Meer specifiek is 

de invloed van vernetdichtheid, microgelgrootte en coatingsdikte op de initiële bacteriële 

adhesie onderzocht. Adhesie van Staphylococcus aureus ATCC 12600 is gevisualiseerd door 

middel van een stromingskamer tussen parallelle platen, wat inzichten bood in het totaal 

aantal aanhechtende bacteriën per oppervlakte-eenheid en de initiële bacteriële 

aanhechtingssnelheid. Alle microgelcoatings waren succesvol en bewerkstelligden een 98% 

reductie van bacteriële adhesie. Bacteriële adhesie hangt af van zowel 

vernetdichtheid/stijfheid van de microgelen en de dikte van de microgelcoating. Bacteriële 

adhesie nam af wanneer een lagere vernetdichtheid werd gebruikt bij eenzelfde 

coatingsdikte, en bij eenzelfde vernetdichtheid met een dikkere microgelcoating. De hoogste 

reductie in het aantal aanhechtende bacteriën werd bereikt met microgelen welke de dikste 

coating produceerden (h = 602 nm) en tegelijkertijd de laagste vernetdichtheid hadden. De 

resultaten die in dit hoofdstuk worden gepresenteerd indiceren dat microgelcoatings als een 

interessante en makkelijk toepasbare strategie kunnen fungeren en dat zij nauwkeurig 

kunnen worden afgesteld door zowel de laagdikte als de stijfheid van de microgelcoating te 

manipuleren. Daarnaast, bewezen de coatings stabiel te zijn onder experimentele condities, 
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gezien de nanogel laag nog steeds aanwezig was na stroningsexperimenten. Aldus, hebben 

wij succesvol de invloed van deze parameters geëvalueerd en hebben we nieuwe inzichten 

verkregen voor de doorontwikkeling en verbetering van niet-vuilende 

oppervlaktekarakteristieken voor biomedische implantaten.  

Gebaseerd op het platform ontwikkeld in Hoofdstuk IV onderzochten we in Hoofdstuk 

V de combinatie van het niet-vuilende vermogen van nanogelcoatings met quaternaire 

amoniumverbindingen (QACs) en Triclosan voor het introduceren van bacteriedodende 

eigenschappen. Multifunctionele nanogelcoatings bieden een veelbelovende antimicrobiële 

strategie tegen medisch implantaat-gerelateerde infecties. Nanogelen kunnen een 

gehydrateerde oppervlaktelaag bewerkstelligen, welke een effectieve niet-vuilende werking 

hebben. Verdere modificatie van de nanogelen met QACs versterkte antimicrobiële 

activiteit, wat toegewezen kon worden aan hun positieve lading, gepaard gaande met de 

aanwezigheid van membraan-intercalerende alkylketens. Dit hoofdstuk heeft effectief 

gedemonstreerd dat poly (N-isopropylacrylamide-co-N-[3(dimethylamino) propyl] 

methacrylamide) P(NIPAM-co-DMAPMA)-gebaseerde nanogelcoatings een hoog niet-

vuilend effect vertoonden tegen S. aureus ATCC 12600, een Grampositieve bacterie. Door 

het tertiair amine in het DMAPMA co-monomeer zijn de nanogelen gequaterniseerd met 

een 1-bromo-dodecaanketen via een N-alkylering. De alkylering introduceerde de 

antibacteriële werking, door de bacteriële membraanbinding en het intercalerend vermogen 

van de alifatische QAC. Hierop volgend, maakten de gequaterniseerde nanogelen de 

formatie van intra-partikel, hydrofobe domeinen mogelijk, door de intra-partikel hydrofobe 

interacties van de alifatische ketens, wat de incorporatie van Triclosan mogelijk maakte. De 

coatings van met Triclosan geladen nanogelen vertoonden een dodingseffectiviteit van 

aanhechtende bacteriën op het oppervlak tot aan 99,99%, vergeleken met niet-

gequaterniseerde naogelcoatings, terwijl de niet-vuilende activiteit gewaarborgd bleef. Van 

deze krachtige, multifunctionele coating voor het bestrijden van biomateriaal-gerelateerde 

infecties wordt verwacht dat ze een zeer grote impact zal hebben in het ontwerpen van 

toekomstige, klinisch toepasbare coatings. Alles bij elkaar genomen, bewijzen deze 

resultaten niet alleen dat oppervlakte-coatende nanogelen een veelbelovende strategie 

bieden voor het tegengaan van bacteriële adhesie aan het oppervlak, maar demonstreerden 

ook de mogelijkheid voor het incorporeren van Triclosan in de nanogelcoatings voor een 

zeer krachtig antimicrobieel effect. Daartoe, werden de coatings, die zowel bacterieafstotend 

als bacteriedodend werken, ontwikkeld gebaseerd op nanogel chemie. We hebben niet-

vuilende nanogelcoatings ontworpen, zodat de initiële bacteriële adhesie op het 

implantaatoppervlak kan worden voorkomen. Bovendien, werden door middel van 

chemische modificatie van de nanogelen ook bacteriedodende eigenschappen bereikt. Er 

wordt voorzien dat deze innovatieve nanogelcoatings het risico op infecties significant 

verminderen. 

In Hoofdstuk VI wordt de algemene discussie beschreven en worden de bevindingen in 

dit proefschrift gemarkeerd, aangaande de verschillende hoofdstukken en het huidig, 

voortdurende onderzoek. Daarnaast worden ook de huidige opvattingen en 
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toekomstperspectieven, met betrekking tot het ontwikkelen van multifunctionele nanogel 

oppervlaktecoatings, bediscussieerd.  
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