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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.  



 
CHAPTER VI 

 

129 
 

 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. 



 
CHAPTER VI 

 

130 
 

 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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