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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 
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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. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
CHAPTER I 

 

7 

 

References 
1. Joung, Y.-H. Development of 

implantable medical devices: from an 
engineering perspective. Int. Neurourol. 
J. 17, 98–106 (2013). 

2. Schierholz, J. M. & Beuth, J. Implant 
infections: a haven for opportunistic 
bacteria. J. Hosp. Infect. 49, 87–93 (2001). 

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

4. Weinstein, R. A. & Darouiche, R. O. 
Device-associated infections: a 
macroproblem that starts with 
microadherence. Clin. Infect. Dis. 33, 
1567–1572 (2001). 

5. VanEpps, J. S. & Younger, J. G. 
Implantable device-related infection. 
Shock 46, 597–608 (2016). 

6. Bryers, J. D. Medical biofilms. 
Biotechnol. Bioeng. 100, 1–18 (2008). 

7. Rukavina, Z. & Vanić, Ž. Current 
trends in development of liposomes for 
targeting bacterial biofilms. 
Pharmaceutics  vol. 8 (2016). 

8. Drug-resistant infections in disease 
control priorities, Major Infectious 
Diseases Third Edition (Volume 6): 433–
448 (The World Bank) (2017) 
doi:10.1596/978-1-4648-0524-0_ch18.  

9. WHO (World Helath Organization). 
Antimicrobial resistance: global report on 
surveillance. (2014). 

10. Du, H., Chen, L., Tang, Y.-W. & 
Kreiswirth, B. N. Emergence of the 
mcr-1 colistin resistance gene in 
carbapenem-resistant 
Enterobacteriaceae. Lancet Infect. Dis. 
16, 287–288 (2016). 

11. Stapleton, P. D. & Taylor, P. W. 
Methicillin resistance in Staphylococcus 
aureus: mechanisms and modulation. Sci. 
Prog. 85, 57–72 (2002). 

12. Cloutier, M., Mantovani, D. & Rosei, F. 
Antibacterial coatings: challenges, 
perspectives, and opportunities. Trends  

 
Biotechnol. 33, 637–652 (2015). 

13. Hook, A. L. et al. Combinatorial 
discovery of polymers resistant to 
bacterial attachment. Nat. Biotechnol. 30, 
868–875 (2012). 

14. Wang, Z., Fei, G., Xia, H. & Zuilhof, H. 
Dual water-healable zwitterionic 
polymer coatings for anti-biofouling 
surfaces. J. Mater. Chem. B 6, 6930–6935 
(2018). 

15. Higaki, Y., Kobayashi, M., Murakami, 
D. & Takahara, A. Anti-fouling 
behavior of polymer brush 
immobilized surfaces. Polym. J. 48, 325–
331 (2016). 

16. Jennings, M. C., Minbiole, K. P. C. & 
Wuest, W. M. Quaternary ammonium 
compounds: an antimicrobial mainstay 
and platform for innovation to address 
bacterial resistance. ACS Infect. Dis. 1, 
288–303 (2015). 

17. Druvari, D. et al. Polymeric quaternary 
ammonium-containing coatings with 
potential dual contact-based and 
release-based antimicrobial activity. 
ACS Appl. Mater. Interfaces 8, 35593–
35605 (2016). 

18. Caló, E. & Khutoryanskiy, V. V. 
Biomedical applications of hydrogels: A 
review of patents and commercial 
products. Eur. Polym. J. 65, 252–267 
(2015). 

19. Li, J. & Mooney, D. J. Designing 
hydrogels for controlled drug delivery. 
Nat. Rev. Mater. 1, 16071 (2016). 

20. Zhang, Q., Liu, N., Wei, Y. & Feng, L. 
Facile fabrication of hydrogel coated 
membrane for controllable and 
selective oil-in-water emulsion 
separation. Soft Matter 14, 2649–2654 
(2018). 

21. Park, J. et al. Soft, smart contact lenses 
with integrations of wireless circuits, 
glucose sensors, and displays. Sci. Adv. 
4, eaap9841 (2018). 

22. Lemieux, P. et al. Block and graft 
copolymers and nanogelTM copolymer 
networks for DNA delivery into Cell. J. 
Drug Target. 8, 91–105 (2000). 

23. Plamper, F. A. & Richtering, W. 
Functional microgels and microgel 
systems. Acc. Chem. Res. 50, 131–140 
(2017). 

24. Echeverria, C., Fernandes, S. N., 
Godinho, M. H., Borges, J. P. & Soares, 
P. I. P. Functional stimuli-responsive 
gels: hydrogels and microgels. Gels 
(Basel, Switzerland) 4, 54 (2018). 

25. Zou, Z. et al. Selective functionalization 



 
CHAPTER I  

 

8 

 

of microgels with enzymes by 
sortagging. Bioconjug. Chem. 30, 2859–
2869 (2019). 

26. Cui, Z. et al. Using intra-microgel 
crosslinking to control the mechanical 
properties of doubly crosslinked 
microgels. Soft Matter 12, 6985–6994 
(2016). 

27. Nyström, L. & Malmsten, M. Surface-
bound microgels — from 
physicochemical properties to 
biomedical applications. Adv. Colloid 
Interface Sci. 238, 88–104 (2016). 

28. Wellert, S., Richter, M., Hellweg, T., 
Klitzing, R. von & Hertle, Y. 
Responsive microgels at surfaces and 
interfaces. Zeitschrift für Phys. Chemie 229, 
1225–1250 (2015). 

29. Karg, M. et al. Nanogels and microgels: 
from model colloids to applications, 
recent developments and future trends. 
Langmuir acs.langmuir.8b04304 (2019) 
doi:10.1021/acs.langmuir.8b04304. 

30. Schmidt, S., Motschmann, H., Hellweg, 
T. & von Klitzing, R. 
Thermoresponsive surfaces by spin-
coating of PNIPAM-co-PAA 
microgels: A combined AFM and 
ellipsometry study. Polymer (Guildf). 49, 
749–756 (2008). 

31. Serpe, M. J., Jones, C. D. & Lyon, L. A. 
Layer-by-layer deposition of 
thermoresponsive microgel thin films. 
Langmuir 19, 8759–8764 (2003). 

32. Geisel, K., Richtering, W. & Isa, L. 
Highly ordered 2D microgel arrays: 
compression versus self-assembly. Soft 
Matter 10, 7968–7976 (2014). 

33. Sorrell, C. D. & Lyon, L. A. 
Deformation controlled assembly of 
binary microgel thin films. Langmuir 24, 
7216–7222 (2008). 

34. 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). 

35. Oh, J. K., Drumright, R., Siegwart, D. J. 
& Matyjaszewski, K. The development 
of microgels/nanogels for drug delivery 
applications. Progress in Polymer Science 
(Oxford) (2008) 
doi:10.1016/j.progpolymsci.2008.01.00
2. 

36. Mauri, E. et al. Effects of primary 
amine-based coatings on microglia 
internalization of nanogels. Colloids 
Surfaces B Biointerfaces 185, 110574 
(2020). 

37. Pinelli, F., Perale, G. & Rossi, F. 
Coating and functionalization strategies 
for nanogels and nanoparticles for 
selective drug delivery. Gels  vol. 6 
(2020). 

38. Kather, M. et al. Functional isoeugenol-
modified nanogel coatings for the 
design of biointerfaces. Angew. Chemie 
Int. Ed. 56, 2497–2502 (2017). 

39. Uhlig, K. et al. Thermoresponsive 
microgel coatings as versatile functional 
compounds for novel cell manipulation 
tools. Polymers (Basel). 10, 656 (2018). 

40. 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). 

41. Latnikova, A., Grigoriev, D., 
Schenderlein, M., Möhwald, H. & 
Shchukin, D. A new approach towards 
“active” self-healing coatings: 
exploitation of microgels. Soft Matter 8, 
10837–10844 (2012). 

42. Lohaus, T. et al. Tunable permeability 
and selectivity: Heatable inorganic 
porous hollow fiber membrane with a 
thermo-responsive microgel coating. J. 
Memb. Sci. 539, 451–457 (2017). 

 


	Chapter 1



