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Sprayable Thermoset Nanocomposite Coatings Based on
Silanized-PEG/ZnO to Prevent Microbial Infections of
Titanium Implants

Davide Morselli,* Ramona Iseppi, Evie L. Papadopoulou, Giovanni Bolelli, Carla Sabia,
Micaela Degli Esposti,* and Paola Fabbri

Post-surgery microbial infections are still one of the main reasons for implant
failure, which results in very high physical and psychological pain for the
patient and an increased cost for the healthcare system. A polymer
nanocomposite antibacterial coating on titanium implants represents a
valuable alternative to the more expensive and energy-consuming
technological solutions nowadays used. In this regard, a sprayable thermoset
nanocomposite composed of silanized-terminals polyethylene glycol
(PEG)/ZnO nanoparticle is herein proposed. Initially, PEG’s terminals’
solvent-free silanization and curing are studied by Fourier Transform Infrared
and μRaman spectroscopies. Scanning Electron Microscope investigations
and scratch tests have shown that the spraying procedure optimization and
the oxidation treatment of the titanium substrate lead to a homogeneous
coverage and improved adhesion of the coatings. The antibacterial activity is
tested against not only both S. aureus and P. aeruginosa bacterial American
Type Culture Collection strains, but also using very aggressive
antibiotic-resistant clinical strains. Interestingly, antibacterial activity,
evaluated by time-killing tests, is observed for all tested bacterial strains.
Live/dead tests further confirm that 5 wt% of ZnO allows obtaining a
bacteriostatic activity within 24 h, whereas a complete growth inhibition
(bactericidal activity) of both tested strains is observed for coatings with
20 wt% of ZnO nanoparticles.
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1. Introduction

The aging of the world population[1]

has been leading to an overall increase
in medical treatments and healthcare
costs.[2,3] In particular, orthopedic and
dental surgeries using artificial titanium
implants have become frequent opera-
tions with millions of people treated ev-
ery year.[4,5] Although titanium implants
are characterized by suitable mechani-
cal and chemical properties, corrosion
resistance, and biocompatibility, micro-
bial infections are still one of the main
reasons for implant failure.[6–8] Despite
the improvements in the healthcare qual-
ity in the last two decades, the proba-
bility of infection during an orthopedic
surgical procedure is still in the range
of 2–5%.[9] This range might seem a
rather low value, however, different as-
pects should be considered for a fair
evaluation. When failure is due to im-
plant infection, the most common so-
lution is to remove the infected im-
planted part by a second surgery and
a massive treatment of the patient with
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antibiotics. This procedure is then followed, after an appropriate
amount of time, by a third surgery to introduce the new implant.
For the unlucky patient, this long, painful, and annoying process
is an experience of extreme suffering from both a physical and
psychological point of view. Furthermore, this represents an enor-
mous expense for the healthcare system if compared to a regu-
lar single-operation procedure, which typically involves a short
stay in the hospital. Therefore, antibacterial activity is an impor-
tant feature for titanium implants, preventing the development
of post-surgery microbial infections and reducing the chance of
the aforementioned severe complications. The infections asso-
ciated with medical devices can progress rapidly as planktonic
bacteria adhere to the implant interface and eventually evolve
into biofilm.[10] Biofilm is defined as a structured community of
microorganisms, enclosed in a self-produced polymeric matrix,
adhering to an inert or living surface in an aqueous medium.
Biofilms are very heterogeneous communities characterized by
multiple interactions between the different microbial species
that constitute them,[11] allowing microbial cells to continuously
adapt to extreme conditions. Biofilms can form on biotic and abi-
otic surfaces, such as solid surfaces of medical devices, epithelia,
mucous membranes, and dental plaques. A fundamental biolog-
ical characteristic of the biofilm is the presence of a self-produced
extracellular matrix (EPS, Extracellular Polymeric Substance),
composed of a mix of polysaccharides, water, ions, DNA, and pro-
teins released by the biofilm bacteria,[12] which behaves as a bar-
rier for external agents (e.g., disinfectants and antimicrobials).

In the last decade, several approaches have been proposed to
develop antibacterial titanium implants.[13,14] Among them, the
surface modification with an active material is indeed the most
promising method, which allows to envision a straightforward
technology transfer from lab to industry.[14,15]

The modification of the titanium implant surface with an an-
tibacterial agent, such as ZnO, CeO2, TiO2, or Ag nanoparticles
(NPs), is an extensively explored option.[16,17] In particular, metal
oxides are most interesting from an industrial point of view be-
cause of their average cost, which is lower with respect to Ag
NPs. Typically, the antimicrobial properties of inorganic oxides
have to be triggered by UV light irradiation, which induces the
formation of the so-called Reactive Oxygen Species (ROSs) and
thus the desired antibacterial activity.[18] Interestingly, Prasanna
and Vijayaraghavan[19] have shown that ZnO can induce ROSs
formation even in the dark. Furthermore, they have shown that
antibacterial activity in the dark is mainly attributed to ROSs orig-
inating through the interaction of water/moisture with superox-
ide species.[19] More in detail, Xu et al. have demonstrated that
the formation of ROSs can be catalyzed in the oxygen vacan-
cies on the surface of ZnO particles when are surrounded by an
aqueous environment.[20] This specific property of ZnO has been
further exploited to obtain antibacterial activity in PMMA-based
composite fibers with potential application in the biomedical
field.[21]

The main drawbacks of the direct modification of the implant
surface with NPs are associated with the release of NPs within
the patient’s body and the high production cost to apply this kind
of inorganic coating. This is due to the large number of NPs
and the high energy consumption of the technologies needed to
fully cover the implant surface.[15] It is known that the antibacte-
rial properties are not enhanced linearly over a given amount of

NPs,[22] which depends on the material morphology and nature.
Therefore, a further increase in the NPs content only results in
an overall increase in the final production costs with no further
benefit in terms of antibacterial performance.

A possible solution to the aformentioned drawbacks is found
in coating the titanium implant surface with a polymer/NPs com-
posite material.[23] The use of polymer/NPs composites allows
to use less energy-consuming particle deposition methods and
a lower amount of NPs with respect to the conventional tech-
nologies used for full-ceramic coatings.[20,22] A further advantage
of using NPs embedded in a polymeric cross-linked network is
to limit the NPs release and mineralization with the consequent
release of high concentrations of metallic ions. Indeed, this ap-
proach requires a polymeric matrix that has to be biocompatible
and insoluble in water-based media since the application is envi-
sioned in body fluids. Polyethylene glycol (PEG) and PEG-derived
materials have been widely proposed in various biomedical appli-
cations thanks to their known biocompatibility and relatively low
cost.[24–26] In addition, PEG can be easily spray-coated and it is
characterized by antifouling properties, which can significantly
reduce bacteria adhesion.[27]

The combination of PEG and ZnO NPs can lead to a suitable
composite material for preparing a sprayable antibacterial coat-
ing for titanium implants. However, a thermoset polymer that
can form a cross-linked macromolecular network, which ensures
the stability of the coating and improves adhesion to the metal-
lic substrate, is the most appropriate for this application. By ex-
ploiting and adjusting the first step of the procedure typically re-
ported to produce SiO2/polymer hybrids,[28,29] it is possible to ob-
tain a PEG-based thermoset formulation suitable for coating ap-
plication. In particular, using 3-isocyanatopropyltriethoxysilane
(ICPTES), the hydroxyl terminal groups of the polymer can be
silanized[30] thus obtaining a silane-terminated PEG (sil-PEG),
which can be thermally cured similarly to a thermoset resin.
This would allow to obtain the desired material, which could be
sprayable, thermal-curable, and thus insoluble in water and even-
tually antibacterial even in dark conditions through the addition
of the selected NPs.

The scope of this study is to develop a nanocomposite combin-
ing ZnO NPs and a PEG-derived curable resin to obtain sprayable
antibacterial coatings to prevent bacterial infections on titanium
implants. Specifically, we initially optimize the functionalization
of PEG and the spray-coating and curing procedures used to ob-
tain homogeneous transparent coatings. After the characteriza-
tion of their morphological aspects and scratch resistance, the
prepared coatings have been extensively studied on different bac-
terial strains deriving from both ATCC collections and real in-
fected titanium prostheses, in order to explore the suitability
and reliability of the proposed composite material and coating
method, as a potential alternative to the currently used bare inor-
ganic materials.

2. Results and Discussion

In brief, the formulations for spray-coating have been prepared
following Scheme 1. PEG has been initially functionalized and
consequently diluted in tetrahydrofuran (THF), where ZnO NPs
(<100 nm) have then been added as antibacterial agents in dif-
ferent ratios (1, 5, 10, and 20 wt%). The so-obtained suspensions
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Scheme 1. Schematization of the whole process to produce the nanostructured composite coatings.

have been then sprayed onto titanium substrates and cured at
65 °C for 24 h (more experimental details in Section 4). This pro-
cedure allows to achieve a homogeneous nanocomposite coating
(≈ 10 μm thick) that does not significantly alter the aspect of the
used titanium substrate (Figure S1, Supporting Information).

More in detail, the hydroxyl terminals of PEG have been re-
placed with ethoxy silane groups by a solvent-free reaction with
3-isocyanatopropyltriethoxysilane (ICPTES) (more experimental
details in Section 4) resulting in the formation of triethoxysilane-
terminated PEG (sil-PEG), as summarized in the silanization re-
action reported in Scheme 2.

The functionalization reaction has been followed by Fourier
Transform Infrared (FT-IR) spectroscopy, monitoring the vari-
ation of the peak at 2270 cm−1, which is associated with the
stretching of the isocyanate group.[31] As shown in Figure 1A
and highlighted in Figure 1B, the intensity of the peak associ-
ated with the isocyanate group (2270 cm−1) decreases with time,
indicating that ICPTES is reacting. The increase of the peak
at ≈ 1720 cm−1, assigned to the bending of the urethane car-
bonyl group (O═C─N─H),[32] is also showing that the reaction
is taking place as desired (Figure 1A,B). The intensity of this
peak increases simultaneously with the decrease of the peak at
2270 cm−1, indicating that the silanization process can be consid-
ered finalized after ≈ 90 min. In detail, the intensity of the peak
at 2270 cm−1 has been normalized (as described in Experimental
Section) and the conversion (X) of the isocyanate group has been
calculated by Equation 1 and plotted as a function of the reaction
time (Figure 1C). The data have been then fitted (Figure 1C), pro-
viding deeper insight into the reaction kinetics and the reaction
order. In particular, it has been observed that the kinetic curve can
be divided into three stages: in the initial 30 min, the reaction rate
is very high, then it becomes slower in the range of 30–90 min

and after 90 min no further significant variation of the peak can
be observed.

The as-obtained triethoxysilane terminals of sil-PEG (in so-
lution of THF) have been substituted by hydroxyl groups us-
ing nitric acid as a catalyst as reported in Scheme 3 (pre-curing
step). Afterward, the curing step allows cross-linking of the newly
formed hydroxy silane-terminated PEG (sil-PEG-OH) at low tem-
perature (65 °C), leading to the formation of Si─O─Si cross-
links among the oligomeric monomers and water as the only by-
product (Scheme 3, more details in Section 4).

The formation of a cross-linked polymeric network can also be
observed by FT-IR analysis. It can be noticed that after the cur-
ing process, from the background of the FT-IR spectrum of neat
PEG, presented in Figure 2A, appears a low-intensity peak cen-
tered at ≈ 800 cm−1 that is assigned to the symmetric stretching
mode of the Si─O─Si bond.[33]

The curing of the polymer can be further confirmed by Raman
spectroscopy. In Figure 2B, the comparison of the normalized Ra-
man spectra of the uncured and the cured polymer is depicted.
In the spectrum of the uncured sample, in addition to all the
characteristic peaks of PEG,[34] a small peak at 658 cm−1 is seen,
attributed to the symmetrical Si(OR)3 stretching[35–37] of the tri-
ethoxysilanes, which disappears after curing. The intensity of the
584 cm−1 band (due to silanol vibrations) is decreased post-curing
due to the cross-linking of the siloxane network.[36] In addition,
after curing there is an increase in the intensity of two peaks at
846 and 1130 cm−1, which are typically attributed to C─O stretch-
ing and CH2 rocking of PEG. The fact that the intensity of these
peaks increases after curing can be also attributed to the forma-
tion of Si─O─Si bonds as previously observed.[37,38] Finally, the
appearance of three new weak shoulders after curing at 813, 893,
and 1030 cm−1, can be considered a further confirmation of the

Scheme 2. Reaction scheme of the silanization process.

Adv. Mater. Interfaces 2023, 2300178 2300178 (3 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202300178 by U
niversity M

odena, W
iley O

nline L
ibrary on [01/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advmatinterfaces.de

Figure 1. A) FT-IR spectra of the silanization reaction mixture at differ-
ent time intervals. B) Magnification of the spectral areas highlighted in
light blue in Figure 1A. C) Kinetics of the silanization reaction shown
as ICPTES conversion (X, calculated by Equation 1) as a function of the
time.

siloxane cross-link formation. These three peaks are typically at-
tributed to SiO4 stretching, which is structurally very similar to
what is formed as a cross-linking bond between PEG chains.[39,40]

The development of a covalently bonded macromolecular net-
work is also supported by the extractable fraction (f) calculated by
Equation 2 (experimental details reported in Section 4). Figure 2C
clearly shows a very low extracted fraction of ≈ 2 wt% for the
cured sil-PEG sample, indicating that the formation of a covalent
3D network is achieved. Moreover, the introduction of the ZnO
NPs does not significantly affect the formation of the polymeric
cross-linked network showing, for the composite samples, f val-
ues in the range between 1 and 2.5 wt% that are comparable with
the cured neat sil-PEG (Figure 2C).

The morphology of the coatings and homogeneity of the NPs
dispersion have been investigated by a Scanning Electron Mi-
croscope equipped with a Field Emission source (FESEM). As
shown by back-scattered electron images presented in Figure 3,
the neat sil-PEG coating presents a smooth surface that homo-
geneously covers the titanium substrate. The composite coatings
are characterized by exposed NPs that are quite homogeneously
distributed, but not very highly dispersed. In particular, it is pos-
sible to observe that some small aggregates of a few micrometers
are present in all NP-containing samples. However, the NPs do
not alter the homogeneity of the coating which does not present
significant defects.

The adhesion of the composite coating is significantly compro-
mised when titanium surface oxidation is not carried out. More
in detail, scratch tests revealed that the increment of the NPs con-
tent reduces the coatings’ adhesion (Figure S2A, Supporting In-
formation), although the cross-linking density of the coating is
not affected (Figure 2C). In fact, up to a maximum load of 30 N,
the neat sample did not delaminate (Figure S2B,C, Supporting
Information): the indenter only exerted a plowing and wedging
action, plastically displacing the cross-linked sil-PEG to the sides
and the front of the scratch track (Figure S2C, Supporting Infor-
mation). This testifies to a ductile/strong mechanical response
according to the categorization by Jiang and co-workers.[41] By
contrast, NP-containing coatings delaminated at progressively
lower loads. Even with as low as 1 wt% NPs, failure occurred at
≈ 5 N (Figure S2A, Supporting Information). With 5 wt% NPs or
more, the coating delaminated at the very beginning of the test
(Figure S2C, Supporting Information). This shows the poor ad-
hesion of the NP-reinforced polymer to the untreated Ti surface.
Moreover, the NP-containing coatings do not flow as homoge-
neously as the neat polymer to the sides of the indenter (Figure
S2C, Supporting Information). The irregularity of the plastic flow
suggests that the NPs compromise the ductility of the coating,
which is consistent with the embrittlement effect reported by
Kurcku et al. for polymer matrices loaded with hard particles.[42]

On the other hand, when coatings are deposited onto oxi-
dized Ti substrates, no large-scale failure (e.g., delamination)
is observed up to the highest NPs content used in this work
(Figure 4A), indicating a significantly enhanced adhesion. Mag-
nified views (Figure 4B) only show minor damage, whose mor-
phology changes with the addition of nanoparticles. Specif-
ically,the neat coating exhibits ductile tearing, like the one

Adv. Mater. Interfaces 2023, 2300178 2300178 (4 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Scheme 3. Reaction scheme of the pre-curing and curing processes.

observed elsewhere.[41] The morphology of those tears also re-
sembles the typical damage produced when a blunt, hard asper-
ity produces a “folding” mode of abrasion on ductile metals.[43]

All this testifies again to the plasticity of an unreinforced PEG
film. On the other hand, sharp-edged cracks are formed in NP-
reinforced PEG films (Figure 4B), which indicates a somewhat
more brittle behavior. This is consistent with the previous obser-
vations concerning the embrittlement caused by the NPs; how-
ever, in this case, cracks did not turn into delamination thanks
to the stronger interface to the oxidized substrate. Notably, Jiang
et al.[41] reported rather straight cracks across brittle polymers
(e.g., unreinforced epoxy resins), whilst the cracks seen in the
NPs-reinforced composites (Figure 4B) exhibit an irregular mor-
phology, which likely results in crack deflection due to the NPs
themselves. Hence, the NPs shift the coating’s response from
ductile to brittle, but at the same time exert some toughening
action in this rather brittle material.

Because the surfaces of all samples are not perfectly smooth,
it is somewhat difficult to pinpoint the exact load at which tears
and cracks appear during the scratch test. However, an SEM in-
spection allows the estimation of critical loads for the onset of
crack formation (which could be designated as LC1 according to
the classification scheme proposed in the ISO 20502 standard,
although that applies to ceramic films on metal substrates) as
9.75 ± 0.66, 7.47 ± 0.33, 6.49 ± 0.83, and 6.11 ± 0.65 N for the
neat coating and the 5%, 10%, and 20% NPs composite coatings,
respectively. This would confirm that the NPs reduce the film

strength, albeit not very significantly when this strongly adheres
to an oxidized titanium substrate.

The observed improved adhesion of the composite coating on
the oxidized titanium substrate can be attributed to the forma-
tion of covalent bonds at the polymer/metal interface. As pre-
viously reported silane-terminated polymers can be easily cova-
lently grafted to an oxidized metal surface[13] according to the
scheme reported in Figure 5A. In the FT-IR spectra reported in
Figure 5B, the arising band in the range of 3600–3000 cm−1 in-
dicates that after 30 s treatment with a suitable oxidizing solu-
tion (H2SO4/H2O2, more detail in the Experimental Section), a
significant formation of surface hydroxyl groups (─OHs) takes
place.[44,45] Therefore, it is reasonable to assume that the OHs
deriving from the oxidation of the titanium surface and OHs of
silane-terminated polymer can condense by water elimination re-
action, leading to the formation of covalent bonds at the interface,
as previously described for similar systems.[46]

It has been demonstrated by Prasanna and Vijayaraghavan[19]

that ZnO particles can catalyze the formation of ROSs when they
are dispersed in an aqueous medium, not only under UV irra-
diation, but also in dark conditions. This is an important aspect
since it opens the possibility to use ZnO particles also for appli-
cations where the sample cannot be irradiated by UV light, as
in the case of coating of titanium implants. For this reason, the
prepared nanocomposite coatings have been tested against S. au-
reus and P. aeruginosa, which are the Gram+ and Gram- strains
that typically cause implant infections.[47,48] ATCC and clinical

Figure 2. A) FT-IR spectra of PEG, sil-PEG, sil-PEG-OH, and sil-PEG cured. The inset reports the magnification in the range of 870–770 cm−1. B) μRAMAN
spectra of uncured and cured sil-PEG. C) Extractable fractions (f, calculated by Equation 2) of the neat and ZnO NPs-loaded sil-PEG after thermal curing.
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Figure 3. Top-view FESEM images (back-scattered electrons) of the neat cured sil-PEG and nanocomposite coatings filled with 5, 10, and 20 wt% ZnO
nanoparticles (NPs), respectively (scale bar is the same for all images).

strains of both bacteria have been tested. Especially for clinical
strains, it is very important to have a very fast antibacterial effect
to block the contamination of the implant and to inhibit the pos-
sible further development of an infection. Whether no contami-
nation takes place during the surgical procedure, the consequent
development of infection becomes less and less likely within the
healing process. The time-kill curves (Figure 6A–C) show that
by increasing the content of ZnO NPs the antibacterial activity
against S. aureus is overall improved, whereas bare titanium and
neat sil-PEG did not show a reduction in the viable cells. In par-
ticular, viable S. aureus ATCC 6538 cells decrease in contact with
the composite coating after 8 h of incubation. A bactericidal ac-
tivity is observed for the sil-PEG cured/20%NPs sample, which
leads to the absence of viable S. aureus ATCC 6538 cells after 16
h of contact (p = 0.01, Figure 6A). Interestingly, the same trend
is also found for the methicillin-resistant S. aureus P2 strain,
as reported in Figure 6B. Similarly, the sil-PEG cured/20% NPs
sample shows the best activity against the methicillin-resistant
S. aureus P3 strain, where no viable cells are detected after 16
h (p = 0.0007, Figure 6C). sil-PEG cured/5% NPs and sil-PEG
cured/10% NPs samples showed their antibacterial activity at the
end of the experiment (p < 0.05) (Figure 6C).

Concerning P. aeruginosa ATCC 9027, high antibacterial activ-
ity is seen for the sil-PEG cured/20% NPs sample after 4 h of
incubation, and no viable cells are found in the samples after 24
h. (Figure 6D). The samples containing 5 and 10% of NPs also
showed remarkable antibacterial activity (p = 0.008 and 0.00109,
respectively). As shown in Figure 6D, at the end of the experi-
ment (24 h), samples 5% NPs and 10% NPs displayed significant
differences compared with the negative controls (bare titanium
substrate and neat sil-PEG p = 0.0004 and p = 0.0002, respec-
tively).

Regarding the clinical strains of P. aeruginosa (Figure 6E,F)
the samples that contain ZnO NPs show an acceptable antibac-
terial activity throughout the experiment, taking into account
that clinical strains are in general more resistant than ATCC
strains. As observed for P. aeruginosa ATCC 9027 strain, after
24 h the sil-PEG cured/20% NPs sample displayed the high-
est activity against P. aeruginosa 21 compared with the controls
(Figure 6F).

In general, the coatings composed of 5 and 10 wt% NPs show a
bacteriostatic activity and not bactericidal as for 20 wt%. However,
these results are anyway remarkable considering that the initial
bacterial contaminations used in the experiment are significantly
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Figure 4. Results of scratch tests performed on neat and ZnO NPs-modified sil-PEG coatings: A) overviews (optical microscopy) of the scratch tracks
(all images have the same scale bar); B) SEM micrographs showing magnified views of the areas marked in Figure 4A. The upper figures show the
magnification of the scratch tracks, while the lower figures show the edge of the scratch tracks (the images on the same row have all the same scale
bars).

higher than what can be commonly found in an operating room.
This ensures a much more promising antimicrobial activity in
the actual application of the proposed coatings.

To corroborate the results of the time-kill tests (Figure 6),
the viability of S. aureus ATCC 6538 and P. aeruginosa ATCC
9027 in contact with neat sil-PEG and coated samples (sil-PEG
cured/5% NPs and sil-PEG cured/20% NPs) were analyzed us-
ing the fluorescence method. The method is based on the use
of two nucleic acid dyes: propidium iodide (PI), a red fluores-
cent dye that penetrates only damaged cell membranes, and 5(6)-
carboxyfluorescein diacetate (CFDA), a green fluorescent dye
that penetrates all cell membranes (representative images are re-
ported in Figure S3, Supporting Information).

As expected, the fluorescence assay shows that both S. aureus
ATCC 6538 (Figure 7A) and P. aeruginosa ATCC 9027 (Figure 7B)

present an exponential growth, for 24 h of incubation, when they
are not in contact with the antibacterial composite coating. On
the other hand, when the bacteria are in contact with sil-PEG
cured/5%NPs and sil-PEG cured/20%NPs, a significant decrease
in the bacteria viability of both tested strains, over time, can be
observed as shown by Figure 7C–F. Specifically, for these two
composite coatings, very few viable cells are found already af-
ter 18 h of incubation if compared to the control experiments
(Figure 7A,B) (p = 0.001 and p = 0.0003 for S. aureus and P.
aeruginosa, respectively). After 24 h almost only dead cells can
be detected (Figure 7C–F), with a significant reduction of viable
bacteria compared to the control for both sil-PEG cured/5% NPs
(p = 0.0006 and p = 0.0007 for S. aureus and P. aeruginosa, respec-
tively) and sil-PEG cured/20% NP (p = 0.0007 and p = 0.0003 for
S. aureus and P. aeruginosa, respectively).
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Figure 5. A) Schematic representation of the oxidation treatment and the consequent formation of hydroxyl groups (─OHs) and polymer grafting on
the titanium surface. B) FT-IR spectra of the bare titanium and the oxidized surface after the treatment with the oxidizing solution for 15 and 30 s,
respectively. Light green highlighted area shows the wide band associated with the formation of the OH groups on the titanium surface due to the
oxidation treatment.

It has been reported that PEG-based substrates have a reduced
bacterial biofilms adhesion.[49,50] Both S. aureus and P. aeruginosa
bacterial strains have the ability to form biofilms, therefore we
have also tested the anti-biofilm formation activity of the coat-
ing with 10% of NPs as a representative sample with an aver-
age content of the active material, at 4 and 24 h on ATCC and
clinical strains of both bacteria (Figure 8). In general, after 4 h
from the beginning of biofilm formation, only negligible differ-
ences have been observed for the tested bacterial strains on the
different substrates. Mature biofilm formation (24 h) appears to
be slightly lower on the coated sample with 10% NPs for both
S. aureus strains (Figure 8A,B), probably due to the combined ef-
fect of PEG, which reduces the adhesion, and ZnO NPs as an
antibacterial agent. On the other hand, for the two P. aeruginosa
strains, lower anti-biofilm activity is not as clear as in the case
of S. aureus strains observed in the first stage (4h) of biofilm for-
mation (Figure 8C,D). In fact, for P. aeuriginosa 21, even greater
biofilm growth has been observed in the presence of neat PEG (p
= 0.0043) compared to bare titanium (Figure 8D). At 24h (mature
biofilm), a small decrease of the biofilm formation is observed
on the 10%NPs-coated samples, for both P. aeruginosa strains
(p = 0.005) (Figure 8C,D). This is further confirmed by the in-
vestigations carried out by optical microscope that have shown
slight eradication of biofilm structures and a small decrease in

the number of adherent cells on coated samples compared to the
two negative controls (bare titanium and neat sil-PEG substrates;
Figure S4, Supporting Information).

Our results revealed a high efficiency of sil-PEG-cured sur-
faces/NPs against planktonic bacteria and limited activity in
biofilm reduction. For the bacterial colonization of a surface to
form a biofilm, the growth and migration of planktonic bacte-
ria is essential. Therefore, antibacterial activity against planktonic
bacteria is crucial for early containment of bacterial colonization.
Biofilm is a structured community of microorganisms, enclosed
in a self-produced polymeric matrix, adhering to an inert or living
surface surrounded by an aqueous medium. Within the biofilm,
there are multiple interactions between the different microbial
species, which allow them to continuously adapt to extreme con-
ditions and protect from external agents (e.g., disinfectants and
antimicrobials). This complex structure is difficult to break down
in the mature phase, but also in the initial phase of colonization
and production of the biofilm, which causes an irreversible at-
tachment to the surfaces. This explains the reason in our study
the anti-biofilm activity is not remarkable, toward both the ma-
ture biofilm and after 4 h from the beginning of its formation
on the tested substrates. Until now, studies on the anti-biofilm
activity of functionalized ZnO NP surfaces have not shown al-
ways consistent results. More in detail, Applerot et al.[51] reported

Adv. Mater. Interfaces 2023, 2300178 2300178 (8 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. Time-kill curves of composite coatings and related negative controls (bare titanium substrate and neat sil-PEG) in contact with all tested
bacterial strains: A) S. aureus ATCC 6538; B) S. aureus MRSA P2; C) S. aureus MRSA P3; D) P. aeruginosa ATCC 9027 E) P. aeruginosa P, and F) P.
aeruginosa 21. CTRL+ is a suspension of tested bacteria not in contact with coatings. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****)
are considered significant by t-test and ANOVA with Bonferroni correction. Results were expressed as mean ± SD of the three determinations (error bar
= S.D.; n = 3).

Figure 7. Bacterial growth kinetics and related live/dead cells quantification. Mean value of relative fluorescence units (RFU) of live and dead cells of A)
S. aureus ATCC 6538 and B) P. aeruginosa ATCC 9027 in contact with neat sil-PEG coated sample as negative controls (CRTL-) for the tests. The same
bacterial strains were also tested in contact with (C and D) sil-PEG cured/5%NPs and (E and F) sil-PEG cured/20%NPs coatings. Statistically significant
differences between live and dead cells, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****) are detected by t-test and ANOVA with Bonferroni
correction. Results were expressed as mean ± SD of the three determinations (error bar = S.D.; n = 3).

Adv. Mater. Interfaces 2023, 2300178 2300178 (9 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 8. Anti-biofilm activity of sil-PEG cured/10%NPs against A) S. aureus ATCC 6538, B) clinical S. aureus MRSA P3, C) P. aeruginosa ATCC 9027, and
D) clinical P. aeruginosa 21. Bare titanium substrate and neat sil-PEG samples are used as negative controls. p < 0.05 (*), p < 0.01 (**), p < 0.001 (***),
and p < 0.0001 (****) are considered significant by t-test and ANOVA with Bonferroni correction. Results were expressed as mean ± SD of the three
determinations (error bar = S.D.; n = 3).

an antibiofilm activity for a ZnO NP-derived coating with no de-
crease in cell viability. While other studies[52,53] displayed that NP-
derived ZnO coatings allowed the formation of bacterial biofilms,
but with less viable cells.

3. Conclusion

Sprayable formulations composed of silanized-PEG and ZnO
nanoparticles have been herein proposed as an antibacterial
coating for reducing post-surgery microbial infections of tita-
nium implants. The silanization process of the PEG’s terminals
has been studied and successfully achieved. The sprayable ther-
mosetting nanocomposite formulations, with increasing content
of ZnO, have been optimized in order to obtain the desired coat-
ing adhesion, a homogeneous coverage, and no significant alter-
ations of the metallic substrate aspect. In particular, the oxida-
tion treatment of titanium substrates before the coating deposi-
tion significantly improved the adhesion of the composite coat-
ing that is intended for being applied onto metallic surfaces not
subjected to cyclic movements and constant abrasion, but asso-
ciated with low wear. Although the ZnO is embedded into the
polymeric layer, the nanocomposite coatings show a significant
antimicrobial activity, against S. aureus both ATCC and clinical
strains, with nanoparticles content of 5 wt% within 24 h. The
antimicrobial activity increases significantly when the nanopar-
ticles content is increased to 20 wt%, resulting in coatings with

bactericidal properties within 16 h. Very similar results have been
observed for ATCC strains of P. aeruginosa. On the other hand,
when P. aeruginosa clinical strains have been used, bacteriostatic
activity is observed due to the higher aggressive behavior of these
strains that are also antibiotic-resistant. Knowing that even the
partial growth inhibition of P. aeruginosa clinical strains has to
be considered an appreciable result. The presented thermoset
formulations can be used not only as antibacterial material for
different applications, but also open up a new route to prepare
sprayable active coatings in which changing the active nanopar-
ticles or hydroxyl-terminated polymers a large variety of applica-
tions can be envisioned.

4. Experimental Section
Materials: Polyethylene glycol (PEG, average MW 8000 g mol−1), 3-

isocyanatopropyltriethoxysilane (ICPTES), nitric acid (HNO3) at 65% con-
centration, tetrahydrofuran (THF), ethanol (EtOH), acetone and zinc oxide
(ZnO) NPs (<100 nm) were all supplied by Sigma–Aldrich and used as re-
ceived without further purification. Titanium substrates (15 mm × 15 mm
and 140 μm thick) were also purchased from Sigma–Aldrich and were
used after cleaning the surface with 30 min sonication in acetone. After
drying, titanium substrates were immersed for 30 s in a solution of an
equal volume of sulfuric acid (H2SO4, ACS reagent, 95.0–98.0%, Sigma–
Aldrich) and hydrogen peroxide (H2O2, 30% wt/wt, Sigma–Aldrich) in or-
der to form an oxidized surface layer and thus improve the adhesion of the

Adv. Mater. Interfaces 2023, 2300178 2300178 (10 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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polymeric coating.[54] The titanium substrates were then further washed
with distilled water and carefully dried before the spray-coating process.

PEG Terminals Modification: The silanization of PEG was carried out
by a free-solvent approach following the reaction, as reported in Scheme 2.
In detail, a given amount of PEG has been placed in a round-bottom flask
and heated up to 120 °C by an oil bath. The system was kept under vigor-
ous mechanical stirring and connected to nitrogen flow to obtain an inert
environment. Once the polymer was completely melted, the ICPTES was
added in a slight excess (ICPTES:PEG molar ratio of 2.2). The reaction was
left running for 2 h, monitoring its evolution by FT-IR at different time in-
tervals. At the end of the reaction, the obtained mixture was placed in a
vacuum for a few minutes in order to remove, by evaporation, the possible
unreacted ICPTES. Afterward, the silanized PEG (sil-PEG) was collected
and stored in a fridge.

In order to obtain a low-temperature-curable oligomer, the ethoxy termi-
nals of sil-PEG need to be substituted with hydroxyl groups (sil-PEG-OH,
Scheme 3). Specifically, a solution of sil-PEG in THF (0.3 g mL−1) was
placed in a round-bottom flask and a solution containing EtOH, deion-
ized water, and concentrated HNO3 (weight ratio 26.6 g:9.8 g:2.9 g) was
added (0.04 g of solution per 1 g of sil-PEG). The mixture was heated up
to 60 °C and left stirring for 2 h. The resulting solution was further diluted
with THF to achieve a sil-PEG-OH concentration of 0.03 g mL−1. The de-
sired amount of ZnO NPs was then added to the diluted sil-PEG-OH/THF
solution and sonicated for 40 min by a water-bath sonicator. Besides the
neat sil-PEG used for comparison reasons, four compositions with dif-
ferent ZnO NPs content were prepared: sil-PEG cured/1%NPs, sil-PEG
cured/5%NPs, sil-PEG cured/10%NPs, and sil-PEG cured/20%NPs.

Coating Preparation: The as-prepared suspensions (1.5 mL per sub-
strate) were sprayed on titanium substrates (15 × 15 mm2) using a Tim-
bertech ABPST01 air brusher (0.3 mm nozzle, siphon feed) positioned at
150 mm from the substrate and applying an air pressure of 2.5 bar. The
spray-coated Ti substrates were placed in an oven at 65 °C for 24 h to
activate the curing process (Scheme 1). In Figure S1 (Supporting Infor-
mation), photographs of the produced coated substrates are reported.

Characterization: The silanization reaction and the titanium surface
oxidation were followed by Fourier Transform Infrared (FT-IR) spec-
troscopy. For this purpose, a PerkinElmer Spectrum two spectrometer
equipped with a diamond crystal was used in Attenuated Total Reflectance
(ATR) mode, accumulating 32 scans with a resolution of 4 cm−1. The re-
action mixture (silanization) was sampled at different time points for 120
min (T0 is just after the addition of ICPTES). Spectral data were processed
with Spectrum 10 software (PerkinElmer).

The conversion (X) of the ICPTES was calculated by Equation 1 from
the maximum intensity of the signal at 2270 cm−1, which is associated
with the stretching of the isocyanate group. The intensity of such a signal
was normalized with respect to the constant signal at 1090 cm−1, which
corresponds to the stretching of the C─O─C bond.[55]

X (%) = [1 − (It∕I0)] ⋅ 100 (1)

where I0 and It are the normalized intensities of the isocyanate group sig-
nal (at 2270 cm−1) at T0 and different time points, respectively.

The uncured and cured sil-PEG were also analyzed by μRaman spec-
troscopy (Horiba Jobin-Yvon LabRAM HR800 μRaman Spectrometer). The
μRaman spectrometer was equipped with a microscope and a 632.8 nm
excitation line, in backscattering geometry through a 100× objective lens,
was used to excite the specimens, at low power of 0.25 mW. The grating
was 600 lines per mm with a spectral resolution of ≈ 1 cm−1.

The fraction that does not form a covalently bonded polymeric network
(extractable fraction, f) was evaluated on bulky specimens with the same
composition of sprayed coatings. Specifically, the sil-PEG/THF suspen-
sions were cast in molds and left to dry overnight. The obtained speci-
mens were then cured a 65 °C for 24 h in the oven. The extraction tests
were performed on ≈ 200 mg of each sample wrapped in a filter paper and
immersed in 10 mL of THF for 24 h under gentle stirring, at room temper-
ature. Afterward, the samples were removed from THF and dried at 60 °C
under a dynamic vacuum up to constant mass. The extractable fraction of

each sample was normalized to the extractable fraction of the wrapping
filter paper. The f values were calculated by the following equation:

f = [(m0 − me)∕m0] ⋅ 100 (2)

where m0 and me are the mass of the sample before and after the extrac-
tion test, respectively.

Field Emission gun Scanning Electron Microscopy (FESEM, Mira3, Tes-
can) was used to investigate the NPs distribution and for analyzing the
thickness of the coating. The coated Ti substrates were attached on a stub
by carbon tab and analyzed by applying an accelerating voltage of 5 kV.
The samples were previously coated by electro-deposition method with ≈

10 nm of gold.
Scratch tests (Micro-Combi Tester, Anton Paar Tritec, Corcelles, CH)

were performed using a Rockwell C-type conical diamond indenter (120°

aperture) with a rounded tip (200 μm radius). Tests were performed in
“progressive loading” mode according to the ISO 20502 standard, i.e.,
the load was increased linearly along the scratch track, from 0.02 to 30 N
along a 6 mm-long track, advancing at a speed of 1 mm min−1. The criti-
cal loads for the onset of failure were identified by inspecting the scratch
tracks both with an optical microscope (200× magnification) and a Scan-
ning electron microscope (Nova NanoSEM 450, FEI Thermo Fisher Scien-
tific, Eindhoven, NL). Three tests were performed on each sample.

Antibacterial Activity: Bacterial Strains: Both reference (ATCC-
American Type Culture Collection) and clinically isolated bacterial strains
were used. Gram-positive Staphylococcus aureus ATCC 6538, two strains of
methicillin-resistant Staphylococcus aureus (MRSA), Pseudomonas aerug-
inosa ATCC 9027, and two clinical Pseudomonas aeruginosa were grown
in Tryptic Soy Broth (TSB, Oxoid, Italy) supplemented with 0.6% yeast
extract (TSB-YE, Oxoid, Italy) and kept at 37 °C for 24 h. All cultures were
centrifuged at 2000 rpm for 20 min. After discarding the supernatant fluid,
the pellets were re-suspended in 5 mL of deionized water. Centrifugation,
supernatant discard, and re-suspension were repeated three times. The
obtained suspensions were stored until use in phosphate-buffered saline
supplemented with 30% (vol/vol) glycerin at −80 °C.

Time-Kill Experiment: For the antibacterial quantitative evaluation,
coated samples (15 × 15 mm2) were added in 10 mL saline solution (NaCl
0.85%) suspensions of all the test strains (104 CFU mL−1). The suspen-
sions were incubated at 37 °C for 24 h with an oscillating speed of 150 rpm,
and bacterial counts were determined, at regular intervals, by spreading
serial tenfold dilutions on selective agar plates (Mannitol Salt Agar for S.
aureus and MacConkey Agar for P. aeruginosa, Oxoid, Italy). Neat sil-PEG
and titanium substrates were tested as negative controls. A suspension of
each test strain not in contact with the coated sample was used as a bac-
terial growth control (positive control). The experiments were replicated
three times.

Bacterial Growth Kinetics: Growth kinetics were evaluated for S. au-
reus ATCC 6538 and P. aeruginosa ATCC 9027, using the fluorescence
method. Coated samples (sil-PEG cured/5% NPs and sil-PEG cured/20%
NPs) were placed in contact with overnight cultures of the tested bacteria
(≈ 104 CFU mL−1), in sterile phosphate-buffered saline solution (PBS),
and stained by the “live/dead cells stain kit” (Thermo Fisher Scientific,
USA) according to manufacturer instructions. The method is based on
the use of propidium iodide (PI) as a marker of dead cells and 5(6)-
carboxyfluorescein diacetate (CFDA) to detect live cells. All samples were
incubated at 37 °C under agitation inside a multi-well plate fluorescence
reader (Synergy HTX, BIOTEK, USA). Every 6 h, the number of viable and
dead cells of indicator strains placed in contact with the coated sam-
ples, was compared by fluorescence readings to that of a control suspen-
sion in contact with a neat sil-PEG coated sample (CRTL-). The results
are expressed in fluorescence units (RFU). The “live/dead cells stain kit”
method is based on using propidium iodide (PI) to mark dead cells (PI ex-
citation/emission: 528/645 nm) and 5(6)-CFDA to determine viable cells
(CFDA excitation/emission: 485/528 nm). Following the 24 h experiments,
100 μL aliquots of each sample were taken and placed on a slide for analy-
sis under a fluorescence microscope (Normaski DIC optics. Nikon Instru-
ments Inc., USA).
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Biofilm Tests: The mature biofilm produced by all the strains was ob-
tained by introducing the coated samples (sil-PEG cured/10% NPs) in
12-well polystyrene microtiter plates, containing Tryptic Soy Broth (TSB,
Oxoid, Italy) added with ≈ 104 CFU mL−1 of single microbial strains and
incubated at 37 °C for 4 and 24 h. After biofilm formation, the samples
were washed three times with sterile PBS solution (pH 7.2) to remove
unattached cells, sonicated for 15 min, and vortexed. Serial tenfold di-
lutions of the obtained re-suspensions were spread onto selective agar
plates for the viable cell count (CFU cm−2). The colonies were counted fol-
lowing incubation at 37 °C for 24 h. Titanium-substrate and sil-PEG were
also tested as negative controls.

The biofilm on the coated samples was washed three times with sterile
PBS and the attached cells were fixed with paraformaldehyde for 1 h at
4 °C. Subsequently, the surfaces were washed twice with sterile PBS and
150 μL of crystal violet (CV) solution at 0.1% was added to stain both the
cellular component and the biofilm matrix. After incubation for 30 min at
room temperature, the unbound dye was removed by washing three times
with sterile PBS and a sticky tape was glued from the adhesive side to
the samples for 15 min at room temperature. Then, for better visualizing
the biofilm, the tape with adherent CV-stained biofilms was removed and
placed on a glass microscope slide.[56] The slides were analyzed by a Light
Microscope Nikon Eclipse 90i imaging system equipped with Nomarski
DIC optics (Nikon Instruments, Melville, NY, USA). DS-2Mv Nikon digital
camera was employed to obtain images. Ti-substrate and sil-PEG were also
tested as negative controls.

Statistical Analysis: The statistical significance was determined by the t-
test and ANOVA test using the statistical program GraphPad Prism 9.2.0.
(San Diego, CA, USA). The analysis was followed by Bonferroni’s post hoc
test. The p-values were declared significant at ≤0.05. Each experiment was
replicated three times under the same conditions.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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