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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. 
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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


 
CHAPTER V 

 

112 
 

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. 
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