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Chitosan derivatives substituted with benzophenone groups that can be cross-linked by ultraviolet light
were synthesized as coatings for PEEK substrates used in the construction of lumbar cages. The IC90

values of the benzophenone-modified chitosan polymers in solution before crosslinking were in the
same range as those reported for native chitosan. The resulting hydrogel surface after crosslinking
exhibited excellent antimicrobial properties and was highly effective (up to 5 log-fold) against clinically
relevant strains of methicillin-resistant S. aureus and E. coli. As a result, the coated surface also signifi-
cantly reduced biofilm formation. The coatings show good biocompatibility with numerous cell lines as
well as low levels of cytotoxicity (ISO 10993e5) and pyrogenicity (ISO 10993e11). The coatings also
exhibited strong antioxidant properties toward formed hydroxyl radicals in an in-vitro Fenton reaction.
Overall, substitution of chitosan with benzophenone residues is an interesting and important approach
to the functionalization of materials used for medical implants that are prone to microbial contamination
and mechanical failure. Biocompatible antimicrobial coatings might also be employed in photopatterning
methods used in the design of medical devices.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Chitosan is the deacetylated derivative of chitin that exhibits
antimicrobial properties due to the positive charge of the amino
groups of its constituent glucosamines. Due to this cationic prop-
erties, chitosan is able to disrupt the outer and inner bacterial cell
membrane [1e4], via interactions of its polycationic properties
with the negatively charged phosphocholine groups of the bacterial
cell wall as suggested by the Shai-Matsuzaki-Huang (SMH) model
ner).

ier Ltd. This is an open access artic
of the behavior of cationic antimicrobial peptides in solution,
leading to the antimicrobial properties of chitosan as well [5,6]. This
is backed by a publication from Li et al., 2010, who investigated
E. coli after chitosan treatment under an electron microscope,
finding partly cell lysis and dissolved cell membranes of E. coli [7].
Another publication, analyzing an experimental chitosan coating,
showed cell lysis and cytosol leakage of S. epidermis on the sub-
strate [8]. As second potential mechanism, chitosan has been pro-
posed to bind DNA inside the bacterial cytosol, inhibiting mRNA
synthesis and therefore, inhibiting microbial growth and biofilm
formation. This ability also follows the electrostatic interaction
model, proposed by the SMH model, but refers to shorter chained
chitosan molecules, which are able to penetrate the cell wall. A
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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study on E. coli using fluorescein-modified chitosan, analyzed with
a confocal laser microscope, shows an accumulation of chitosan
inside the bacteria [9]. A third proposed mechanism of chitosan is
based on its metal chelating ability [10]. Through this chelating
ability free Ca2þ andMg2þ cations, present in the bacterial cell wall,
are bound, leading to decreased enzyme activity in the cell wall
and,therefore, inhibition and disruption of bacterial growth
[1,11e14]. In all cases, the bacteria are disturbed in their meta-
bolism upon contact with the coated chitosan surface and, there-
fore, ultimately killed and unable to biofilm formation.

Due to these unique antimicrobial properties, several publica-
tions describe the use of chitosan for its antimicrobial properties in
medicine-related applications. For example, thiolated mucoadhe-
sive chitosan fibers prevent the growth of bacteria that cause dental
caries while exhibiting no cytotoxicity against relevant cell lines
[15]. Similarly, chitosan limits the formation of biofilms of Actino-
bacillus pleuromoniae [16]. Findings reported in another recent
publication revealed that the introduction of chitosan N-halamine
conjugates in hemostaticwound dressings resulted in a onemillion-
fold reduction in the extent of microbial contamination [17]. Other
applications for chitosan that have been widely described in the
literature include bone tissue engineering [18-20], stem cell
encapsulation [21e23], and wound dressings [24,25]. Unmodified
chitosan has only limited solubility in both aqueous and organic
solvents andexhibits comparativelypoormechanical properties and
heat resistance. Thus, the use of chitosan as an antimicrobial coating
formedical implants remains limited. However, the aforementioned
studies revealed that chitosan may serve as an attractive substrate
for specific functionalization designed to improve its properties and
use on implant surfaces prone to microbial infection.

Benzophenone is a UV-responsive crosslinker, described in
several publications over the last 30 years regarding photo-
patterning, including the generation of surface-anchored benzo-
phenone hydrogels that promote cell adhesion [26e28] and
micropatterning for analytical purposes [28e31] as well as for the
design of antimicrobial and anti-adhesive surfaces [26,32e35]. We
recently published a description of the synthesis of a
benzophenone-acrylamide hydrogel in which N-acetyl glucos-
amine units were connected by various oligoethylene glycol chains.
This hydrogel was used successfully to prevent microbial growth
and biofilm formation when used as a coating for polyethylene
terephthalate glycol (PETG) coverslips [36]. The mechanism of the
underlying crosslinking reaction has been extensively reviewed
[37-40]. Briefly, by activation through photons, benzophenone
forms a highly reactive triplet radical via n-p* or p-p* transition,
while the exact orbital transition depends on the wavelength [41].
This transition of a nonbonding n orbital of the oxygen into the p*-
LUMO of the carbonyl group leads to a biradicaloid state of the
benzophenone. The then formed electrophilic ketyl radical can
abstract a hydrogen atom from a nearby substrate or polymer chain,
leading to two alkyl radicals, undergoing recombination, and
therefore, crosslinking [42]. The kinetics of such CeH crosslinking
reactions, leading to surface-anchored polymer networks and their
surface-bond gelling kinetics, have also been described by Rühe
et al. 2016, showing unique, non-linear kinetics of the crosslinking
reaction inside the coating hydrogel network [43].

Functionalization of glycosidic polymers with benzophenone has
been described primarily for the design of UV-protective scaffolds. For
example, Heo et al. [44] described the modification of pullulan with
benzophenone that exhibited UV-absorption properties while main-
taining good biocompatibility, thereby suggesting its use in the for-
mulations of sunscreens [38]. Similarly, Morimoto et al. [38] described
the synthesis of UV-absorbing phenolic chitosan derivatives with
formaldehyde in a Mannich reaction [37]. Likewise, Hong et al. [45]
described the antimicrobial activity of benzophenone-modified
2

cotton; in this case, benzophenone functioned as an antimicrobial
agent after UV irradiation and radical activation [45].

Polyether ether ketone (PEEK) is a high-performance thermo-
plastic, showing similar mechanical properties like the Ti6Al4V ti-
tanium alloy which is commonly used in medical applications [46]
and displaying properties similar to human bone [47]. It is not
cytotoxic, nor does it degrade or leach ions into the surrounding
tissue [48]. Given these properties, it has been used for
manufacturing of a variety of medical implants, for example, spinal
cages [49e52], endoprotheses for hip replacement [53e55], or im-
plants for cranial reconstructions [56,57] which can also be manu-
factured in a 3D printing process [58e61]. Given its otherwise bio-
inert surface, tissue integration and osseointegration of PEEK is
still an issue of concern, leading to the need of proper surface
functionalization of PEEK implants [62]. Therefore, multiple ap-
proaches for surface functionalization have been described, for
example, deposition of inorganic substrates via atomic layer depo-
sition (ALD) [63]. Newer works aim at further improving the me-
chanical properties of PEEK, for example by blending with other
polymers and incorporation of carbon fibers [64] or calcium hy-
droxyapatite together with graphene [65]. A newer approach
focusses on polydopamine coating on PEEK, able to complex Ca2þ

ions in order to improve biocompatibility and bone mineralisation
on the PEEK surface [66]. Since the PEEK consists of a diphenyl ke-
tone group, similar to those present in benzophenone, this func-
tional group is able to undergo the same radical generation
mechanismvia the n-p* transition induced by UV light as usedwith
benzophenone, [67]. Further, it been employed as radical starter for
grafting-on approaches of polymer brushes using free radical poly-
merization [68,69] and ATRP [70,71], to mention a few examples.

While the antimicrobial properties of benzophenone-modified
polysaccharides have been studied extensively, to the best of our
best knowledge, there are no publications that describe
benzophenone-mediated, covalent surface anchoring of chitosan to
polymeric surfaces, especially PEEK, in order to exhibit its antimi-
crobial action on a real-world material used for medical implants
and devices. In this study, we describe the successful synthesis of
benzophenone-modified chitosan derivatives with varying degrees
of substitution. We herein report the successful surface function-
alization of PEEK with these chitosan derivatives including chem-
ical and physical surface characterization. We also examine their
antimicrobial activities, their biocompatibility according to ISO
10993e5, and their pyrogenicity as well as potentially anti-
inflammatory properties.

2. Experimental

2.1. Synthesis of chitosan derivatives

Chitosan (molecular weight 100,000e300,000 g/mol, Sigma
Aldrich, Germany) was dissolved in 1% (v/v) CH3COOH in ddH2O. A
mixture of 4-benzoyl-benzoic acid in tetrahydrofuran (THF,
100 mg/mL) was added, followed by 1-ethyl-3-(3-dimethyl-ami-
nopropyl)carbodiimide (EDC, 1 eq) was added and the mixture was
then stirred at room temperature for 60 h. Derivatized chitosanwas
precipitated in 5-fold excess of acetone, the precipitate filtered, and
re-precipitated two more times. The resulting material was dis-
solved in 100 mL ddH2O and dialyzed 5 times against an excess of
1 mM hydrochloric acid. After lyophilization, the benzophenone-
substituted chitosan derivatives were obtained as a white powder.

2.2. UV/vis and nuclear magnetic resonance (NMR) measurements

Benzophenone-substituted chitosan derivatives were dissolved
to 5 mg/mL in 1 mM HCl. The UV/Vis absorbance (220e600 nm) of
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various dilutions was measured in a Perkin Elmer Lambda
XLS þ photometer. Absorption at 263 nm was used to determine
the degree of functionalization, which was calculated from a
standard curve of 4-benzoyl-benzoic acid dissolved in ethanol, cf.
Fig. S1 in SupplementaryMaterial. Degree of substitution is given as
the ratio between determined benzophenone concentration in the
measured solutions and total polymer amount. NMR measure-
ments were performed in 1 mM deuterium chloride (DCl) in D2O in
a Varian Unity 500 NMR spectrometer. Chemical shifts are reported
in parts permillion relative to the solvent signal (D2O). Signals were
assigned by first-order analysis.

2.3. Coating formation

To generate polyether ether ketone (PEEK) sample coatings, a
rod of PEEK polymer (2 m length, 25 mm diameter, Schmidtþ Bartl
GmbH, Villingen-Schwenningen, Germany) was cut into 2 mm
chips using a lathe; the cut edges were deburred, and a smooth
surface was obtained by grinding with a lathe. The PEEK chips were
washed extensively with acetone, ethyl acetate, ethanol and water
in an ultrasonic bath. After drying of the chips, a 100 mL sterile-
filtered solution of the benzophenone-chitosan derivatives dis-
solved in 1 mM HCl to a concentration of 10 mg/mL was added to
cover the entire surface of the PEEK chip. The PEEK chip immersed
in solution was permitted to dry overnight in a sterile cabinet to
prevent dust contamination and then subjected to crosslinking
with UV-light (254 nm, 3 J/cm2) using a UV-crosslinker (Analy-
tikJena UVP Crosslinker 254 nm). After washing 2 times with excess
1 mM HCl and ddH2O, the chips were vacuum-dried for 16 h and
then used directly in the following experiments.

For cell culture dishes, a sterile-filtered solution of the
benzophenone-chitosan derivatives in 1 mM HCl (10 mg/mL for
625 mg/cm2, 5 mg/mL for 312 mg/cm2, and 1 mg/mL for 62.5 mg/cm2)
was added at 20 mL per well for 96-well plates or 60 mL per well for
24-well plates. The plate was permitted to dry overnight under a
sterile cabinet to prevent contamination andwhen then subjected to
crosslinkingwith UV light (254 nm, 3 J/cm2) as described above. The
plates were washed two times with 1mMHCl and oncewith ddH2O
(200 mL per well for 96-well plates or 1 mL per well for 24-well
plates). The plates were then dried to generate the final coatings
that were evaluated in cell culture and microbiology experiments.

2.4. Physicochemical surface characterization

Infrared (IR) spectra of the coated PEEK chips were obtained
using a PerkinElmer Spotlight 200 FT-IR microscope that was
attached to a PerkinElmer Frontier FT-IR spectrometer unit. A blank
PEEK chip was used as background. Difference spectra between
coated and uncoated PEEK chips were recorded to eliminate
interference from PEEK signals. Microscopic images were collected
using the FT-IR microscope in illumination mode and are shown
without any further processing. Scanning electron microscope
(SEM) images were taken at a 40� tilted angle using an XL-30 SEM
(Philips, Amsterdam, Netherlands) operating at 10 kV. Samples
were dried in a vacuum chamber, followed by coating with a 5 nm
thick Au/Pd layer (SC7620 sputter coater, Quorum, Laughton, UK).
X-ray photoelectron spectroscopy (XPS) was carried out using a
Physical Instruments Quantera SXM (Physical Instruments, Chan-
hassen, MN, USA) equipped with a monochromatic Al Ka

(1486.6 eV) X-ray source. X-ray beam had a diameter of 200 mm at
50 W, area of investigation was a square of 1.4 � 1.4 mm. SEM
coupled energy dispersive X-ray spectroscopy (SEM-EDS) was car-
ried out using a Phenom XL (Thermo Fisher Scientific, USA)
equipped with BDS, SED, and EDS detectors (15 kW of acceleration
voltages under high vacuum level). The sample was coated with
3

carbon prior to analysis and a copper wire was used for electrical
conduction between the sample and the manifold. The acquisition
data are present in the figures acquired with the instrument.
Atomic force microscope (AFM) images were recorded using a
CoreAFM (Nanosurf, Liestal, Switzerland) equipped with a
TAP150GD-G tip (BudgetSensors, Sofia, Bulgaria, tip radius <10 nm)
in tapping mode. Coating roughness on PEEK was measured with
an Alphastep 500 surface profiler (KLA Tencor) using a tip with
12.5 mm radius and a force of 61 mg. Profiles with a length of
1000 mmwere obtained with a scanning speed of 50 mm/s. Coating
thickness was determined by measuring the surface profile with
1000 mm length over a border of the coating to uncoated PEEK and
calculated by the difference in surface levels.

2.5. Biocompatibility studies

2.5.1. Cell culture
L-929 mouse fibroblasts were obtained from Dr. Oliver Podlech

(CleanControlling GmbH, Emmingen-Liptingen, Germany) and
cultured in low-glucose Dulbecco's Modified Eagle Medium
(DMEM), containing 10% (v/v) fetal calf serum (FCS), 1% penicillin-
streptomycin (10,000 U/mL) and 1% (v/v) L-glutamine. Human
umbilical vein endothelial cells (HUVECs, neonatal, pooled) were
obtained from Sigma Aldrich, Germany, and cultured in endothelial
cell growth medium (Sigma Aldrich, Germany). Saos-2 human
osteogenic sarcoma cells (Sigma Aldrich, Germany, DSMZ No. ACC
243) were cultured in McCoy's 5a medium supplemented with 10%
(v/v) FCS, 2 mM L-glutamine, and 1% penicillin-streptomycin
(10,000 U/mL). Mono Mac-6 monocytes (Sigma Aldrich, Germany,
DSMZ No. ACC 124) were maintained in RPMI-1640 (Sigma Aldrich,
Germany) supplemented with 10% (v/v) FCS, 1 mM sodium pyru-
vate, 10 mg/mL human insulin (Sigma Aldrich, Germany) and 1%
penicillin-streptomycin (10,000 U/mL). All cell lines used in these
studies were maintained in a humidified atmosphere supple-
mented with 5% CO2 at 37 �C in a tissue culture incubator (CB series
C150, Binder, Tuttlingen, Germany).

2.5.2. Cytotoxicity testing: extracts
Cytotoxicity testing of polymer extracts was performed accord-

ing to United States Pharmacopeia (USP) standards as previously
described [36,72]. Polymer extracts were obtained by coating the
wells of a 24-well plate with final polymers (Fig. 1) followed by the
addition of 317 mL cell culture media identified as suitable for the
cell line to be evaluated. After incubation for 24 h at 37 �C in a
humidified atmosphere, 100 mL of each polymer extract was added
to cells grown to adherence overnight (100,000 cells/mL). Medium
supplemented with 6% (v/v) DMSO was used as a positive control.
After 72 h, the medium was removed from each well and replaced
with 110 mL freshmedia supplemented with 10% of a 10 mM 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) so-
lution in phosphate-buffered saline (PBS), followed by 4 h incuba-
tion at 37 �C and 5% CO2 in a humidified atmosphere. in the
incubator. The formed formazan crystals were solubilized with
100 mL 10% sodium dodecyl sulfate (SDS; w/v) in 10 mM HCl fol-
lowed by incubation at 37 �C and 5% CO2 in an H2O-saturated at-
mosphere. Absorbance measurements (570 nm) obtained using a
Tecan Infinite M200 microplate reader provide a measurement of
cell viability in response to each extract; this value was calculated
from the ratio/percentage of the average absorbance measured in
triplicate wells of extract-treated versus non-treated cells. Standard
deviations for each of the triplicate samples are shown as error bars.

2.5.3. Cytotoxicity testing: contact
Cytotoxicity testing based on contact with the polymer was

performed as described in our previous publication [36]. A 100 mL



Fig. 1. Synthesis (A) and degree of substitution (ds) (D) of the chitosan derivatives. The degree of substitution determined calculated by stoichiometry matches that determined by
UV/vis spectroscopy (B). The 1H NMR spectrum confirms that the reaction between chitosan and 4-benzoyl-benzoic acid is chemoselective and results in substitution at the amino
group only (C).
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cell suspension containing 100,000 cells/mL was added to a coated
96-well plate which was then incubated for 24 or 72 h. Themedium
was removed from each well and replaced with 110 mL of fresh
medium containing 10% of a 10 mM MTT solution in PBS. The cells
were then incubated for 4 h in an incubator. This was followed by
the addition of 100 mL of a 10% SDS solution in 10 mM HCl and
another incubation for 4 h in an incubator. Absorbance (570 nm)
was then measured using a Tecan Infinite M200 pro microplate
reader. Cell viability was calculated as mean absorbance measured
inwells containing polymer coatings versus uncoated control wells.
Each measurement was performed in triplicate with error bars
indicating standard deviation.
2.5.4. Interleukin (IL)-6 ELISA
Mono Mac-6 cells were used for quantitative evaluation of IL-6

expression. A 200 mL suspension containing 200,000 cells/mL was
aliquoted into wells of a polymer-coated 96-well plate, followed by
a 16 h incubation either with or without lipopolysaccharide (LPS,
500 ng/mL). Cells in uncoated wells treated with LPS (500 ng/mL)
and untreated cells served as positive and negative controls,
respectively. After 16 h incubation, the cells were collected by
centrifugation (300 g, 5 min at room temperature). Levels of
immunoreactive IL-6 were assessed in 100 mL samples of the
resulting supernatant by ELISA according to the manufacturer's
4

instructions (PeproTech Human IL-6 Standard ABTS ELISA Devel-
opment Kit). Absorbance after reaction quenching was measured at
450 nm using a Tecan Infinite M200 microplate reader. The IL-6
concentration in each biological replicate was calculated using
mean values from three triplicate wells. Error bars are used to
indicate standard deviation.

2.5.5. Expression of IL-1b, IL-8, and IL-10
One million Mono Mac-6 cells in 2 mL of medium were seeded

inwells of a 12-well plate coatedwith final benzophenone-chitosan
polymers and incubated for 16 h. LPS (500 ng/mL) was used as a
positive control for cytokine expression. The cells were collected by
centrifugation at 350g for 5 min at 4 �C. The cell pellets were
washed with 1 mL PBS and collected again by centrifugation. RNA
was extracted from the cell pellet using the MACHEREY-NAGEL
NucleoSpin® RNA Plus Kit according to the manufacturer's in-
structions. From the extracted RNA, 1 mg of each sample was con-
verted into cDNA using the Thermo Scientific RevertAid First Strand
cDNA Synthesis Kit according to the manufacturer's instructions.
GAPDH was used as the reference gene. Quantitative gene expres-
sion analysis was performed in triplicate experiments using the
Roche Light LightCycler® 480 II with Roche SYBR Green I mix ac-
cording to the manufacturer's instructions. Data shown are the
calculated ratios of interleukin RNA to GADPH. Error bars are used
to indicate standard deviation over three triplicates.
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Primer sequences include
IL-1b fwd: 5‘-GAAGATGCTGGTTC-3‘
IL-1b rev: 5‘-TCCCATGTGTCGAAGAAGATAG-3‘
IL-8 fwd: 5‘-GAGCACTCCATAAGGCACAAA-3‘
IL-8 rev: 5‘-ATGGTTCCTTCCGGTGGT-3‘
IL-10 fwd: 5’-CATAAATTAGAGGTCTCCAAAATCG-3‘
IL-10 rev: 5’-AAGGGGCTGGGTCAGCTAT-3‘
GAPDH fwd: 5’-CTCTGCTCCTCCTGTTCGAC-3’
GAPDH rev: 50-CAATACGACCAAATCCGTTGAC-3’

2.6. Microbiology

2.6.1. Bacterial cell culture
Methicillin-resistant Staphylococcus aureus (MRSA, DSM 28766)

and Escherichia coli (K12, DSM 498) were used in the antimicrobial
assays. Glycerol stocks of these bacterial strains were stored
at �80 �C. A new overnight culture was initiated for each experi-
ment. Bacteria were incubated (Minitron, Infors HT, Bottmingen,
Switzerland) at 37 �C with aeration (rotation at 100 rpm) in
lysogeny broth (LB) medium. All bacterial suspensions were pre-
pared in LB medium.

2.6.2. Antibacterial assay for the evaluation of polymer coatings
A modified version of the direct contact method based on ISO

22196 and Skytta et al. was used to evaluate the antibacterial
properties of the polymer coatings [73,74]. Briefly, 200 mL of bac-
terial suspension a concentration of 5 � 103 cells/mL was added to
each well of a coated 96-well plate. A well without polymer
treatment was used for reference. The plate was sealed with par-
afilm to reduce evaporation and incubated for 24 h at 37 �C in a
humidified incubator. The bacterial cell suspension was removed,
and the wells were washed twice with 200 mL of sterile PBS.
Adherent bacteria that remained in direct contact with the coating
were removed with 200 mL of soybean casein digest lecithin poly-
sorbate broth (SCDLP); the suspension was mixed thoroughly and
transferred to a new 96-well plate. In addition, serial dilution of a
suspension with 104 cells/well in SCDLP was added to the plate
layout for the calculation of a calibration curve to determine the
absolute reduction in bacterial count. After all empty wells were
filled with sterile PBS, the plate was sealed with parafilm and
placed in a Tecan Infinite M200 microplate reader that was pre-
heated to 37 �C. Optical density at 600 nm was measured every
20 min over the next 16 h. The first derivative of the maximum rate
of growth shown in each curve was calculated using GraphPad
Prism 8 (San Diego, CA, USA). The live bacteria count was then
determined from the calibration curve (Fig. S5) and logarithmic
reductions were determined compared to results from the un-
treated well.

2.6.3. Bacteriostatic assay
The bacteriostatic impact of the chitosan polymers before

crosslinking was evaluated according to a modified version of the
assay described by Skytta et al. [73]. Briefly, 20 mL of polymer so-
lution (concentrations including 10 mg/mL, 5 mg/mL, 1 mg/mL,
500 mg/mL, 100 mg/mL, 50 mg/mL, 10 mg/mL, 100 ng/mL, and 1 ng/
mL) dissolved in 1 mM HCl, or 20 mL of 1 mM HCl as vehicle control
were added to 180 mL of a bacterial suspension containing
5 � 104 cells/ml in a 96-well plate. In addition, serial dilution of 104

cells/well in LB media was added to the plate layout as a negative
control. After all empty wells were filled with sterile PBS, the plate
was sealed with parafilm and placed in a Tecan Infinite M200
microplate reader that was preheated to 37 �C. Optical density at
600 nm was measured every 20 min over the next 16 h.

The area under the growth curves between the two thresholds
was calculated using GraphPad Prism 8; the lower threshold was
5

defined as the baseline and the upper threshold was defined as the
endpoint of the exponential growth phase. The areas under the
growth curves for each samplewere compared to those observed in
suspensions exposed to vehicle control to determine relative bac-
terial growth. The inhibitory concentration (IC90) value was calcu-
lated from these findings.

2.6.4. Crystal violet assay for biofilm assessment
Staining with crystal violet was performed to quantify biofilm

formation as described previously [36]. Briefly, an overnight bac-
terial culture was diluted in LB medium to a concentration of
3 � 105 cells/ml. These suspensions were added to each well in a
96-well plate after the coating was washed twice with
200 mL sterile PBS. All empty wells were filled with 200 mL sterile
PBS to prevent samples from drying out. The plate was then sealed
with parafilm and incubated for 24 or 72 h at 37 �C in a humidified
incubator without shaking. The medium was then carefully
removed, and the samples were washed three times with
200 mL sterile PBS, with care taken to avoid detaching any biofilm
that may have formed. This was followed by fixationwith 200 mL of
absolute EtOH. EtOH was then aspirated, and the samples were
dried for 10 min in a sterile hood. Biofilms were then stained for
2 min in 200 mL of a 0.1% (w/v) crystal violet solution in PBS. The
staining solutionwas removed, and samples werewashed six times
with 200 mL sterile PBS to remove excess dye. The samples were
then dried overnight to avoid dilution errors and the dye was then
released from the bacteria by adding 100 mL of absolute EtOH. The
crystal violet-containing solution was transferred to a new well
after 10 min incubation at room temperature and was quantified by
measuring the absorbance at 595 nm in a microplate reader.

2.6.5. Live/dead staining
Live/Dead Staining was performed according to the manufac-

turer's instructions of the live/dead staining kit (PromoCell GmbH,
Heidelberg, Germany). Briefly, polymer coatings were crosslinked
in a 96-well plate andwashed three times with 200 mL sterile PBS to
remove residues. The sterile PBS was removed and coatings were
inoculated with 200 mL of overnight bacterial culture (E.coli or
MRSA) diluted to 3 � 105 cells/ml with LB medium. Samples were
incubated for 24 h at 37 �C in a humidified incubator without
shaking. For staining, medium was carefully removed and samples
were washed three times with 200 mL sterile 150 mMNaCl solution
and stainedwith an appropriatemixture of DMAO (ex/em 490/540)
and EthD-III.

(ex/em 530/630) for 15min at room temperature protected from
light. Images were takenwith the fluorescent microscope Observer.
Z1 (Carl Zeiss AG, Oberkochen, Germany) and processed with ZEN
blue edition (Version 3.4, Carl Zeiss AG, Oberkochen, Germany). The
membrane-permeable DNA dye DMAO stains all cells (live and
dead), while the membraneimpermeable DNA dye EthD-III stains
only dead cells with damaged cell membranes.

3. Results and discussion

3.1. Synthesis

The reaction of chitosan with 4-benzoyl-benzoic acid in pres-
ence of EDC in the ratios shown in Fig. 1D results in the corre-
sponding, substituted benzophenone-chitosan (BP-CS) derivatives
(Fig. 1A). The degree of substitution at the chitosan glucosamine
moiety was determined by UV/vis spectroscopy using a calibration
curve of 4-benzoyl-benzoic acid dissolved in EtOH. The UV/vis
spectrum of the benzophenone group shows a strong absorbance
peak at 263 nm. The degree of chitosan substitution determined by
UV/vis spectroscopy (Fig. 1B) approximately matches the values
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that were calculated theoretically. Thus, the degree of chitosan
functionalization could be determined stoichiometrically and is
shown in Fig. 1D.

To determine whether substitution occurred at one of the hy-
droxyl groups or was limited to the free amino groups, we per-
formed NMR measurements of the most highly substituted
chitosan derivative (100%-BP-CS) in 1 mM DCl in D2O (Fig. 1C). The
aromatic region of the spectrum includes nine aromatic protons of
the benzophenone group in two doublets (at 7.9 ppm and 7.7 ppm)
and two triplets (at 7.6 ppm and 7.5 ppm). The spectrum also in-
cludes an amide signal at 8.3 ppm that is detected in an integral
ratio that matches the benzophenone protons. Collectively, these
results indicate that the benzophenone modification of chitosan
occurs chemoselectively, as this moiety is linked to the amino but
not the free hydroxyl groups. These findings confirm the structure
of the benzophenone-chitosan amide derivative shown in Fig. 1A.

3.2. Surface functionalization

PEEK is a ductile polymer with mechanical properties that are
similar to those of human bone [47]. This compound is not cytotoxic
nor does it degrade or leach ions into the surrounding tissue [48].
Given these properties, it has been used to generate a variety of
medical implants, for example, spinal cages [49-52] and endo-
prostheses for hip replacement [53e55]. Given its otherwise bio-
inert surface, multiple approaches for surface functionalization
have been described, for example, deposition of inorganic sub-
strates via atomic layer deposition (ALD) [63]. Here, the BP-CS
containing solutions were solvent-cast on PEEK chips, used as a
model substrate for PEEK implants, followed by UV-crosslinking at
254 nm, washing, and drying in vacuo. The surfaces of the solvent-
cast coatings were then further investigated by XPS, SEM-EDS and
IR spectroscopy.

Recorded XPS spectra of 100%-BP-CS and 30%-BP-CS coatings are
shown in Fig. 2A. In general, the presence of oxygen, nitrogen and
carbon could be confirmed. Al, Si, S and Cl could be detected in
traces <1% (for determined atom ratios cf. Fig. S2). Due to the high
presence of nitrogen in the measured coating areas, the successful
coating with chitosan could be confirmed. The element ratios of
carbon, nitrogen and oxygen in the 100%-BP-CS coating were also
determined using SEM-EDS (cf. Fig. S3) and match the values
determined via XRD within deviations of 3%, thus showing
consistent data over different methods applied.

The C1s signals between 290 and 282 eV show the presence of
CeC, CeH, C¼C, CeO, CeN and C¼O bonds. The ratio in C¼O bonds,
which is present in non-crosslinked benzophenone, matches the
ratio 3:1 between 100%-BP-CS and 30%-BP-CS, and, therefore, is in
accordance with the measurements of the degree of substitution,
where 100% and 30% benzophenone content could be determined in
the coatings. The relatively high difference in CeO bonds between
100%-BP-CS and 30%-BP-CS also shows successful crosslinking, since
the content of CeO and CeN resulting from chitosan itself is con-
stant, while the benzophenones carbonyl is converted into a bir-
adicaloid triplet state, followed by hydrogen abstraction from a
neighboring CeH bond and formation of a hydroxy ketyl radical,
which undergoes recombination into a CeC bond while a hydroxy
group is left as residue [37]. Therefore, the content of hydroxyl
groups, as shown in 100%-BP-CS C1s and 30%-BP-CS C1s graphs
(Fig. 2A), also differs to a certain factor, which indicates successful
crosslinking of the benzophenone photophore through the CeH
insertion reaction. Further, it is an additional confirmation of the
degrees of substitution as determined on the chitosan polymers.

Microscopic images (200x magnification) of the coatings are
shown in Fig. S4. The coarse structure of the PEEK substrate (final
panel) caused by milling while cutting PEEK into slices on a lathe
6

includes circular, groove-like structures of approximately 40 mm
thickness. Coatings 100%-BP-CS, 50%-BP-CS, 12%-BP-CS, and 7%-BP-
CS applied to the PEEK substrate cover these structures; by contrast,
the groove-like structures remain in evidence in PEEK substrates
coated with 30%-BP-CS polymer.

IR spectra of those microscopically analyzed areas are shown in
Fig. 2B. The IR spectrum of the coating is generally characterized by
dominant CeH bands at 2929 cm�1 and 2881 cm�1 as well as the
OeH band detected at 3284 cm�1 which are the result of glycosidic
carbon backbone CeH stretching vibrations and the free glycosidic
hydroxyl groups, respectively. These measurements are consistent
with literature reports of bands associated with the parent chito-
san molecule [75]. Of these, the most dominant bands are those
associated with the glycosidic hydroxyl groups at 3284 cm�1;
these are also detected in compound 30%-BP-CS, which was not
visible microscopically as noted above. Collectively, these results
lead us to conclude that all five coatings were formed appropri-
ately upon UV-crosslinking of the benzophenone group with the
PEEK substrate.

3.3. Surface topology

The surface topology of the coatings formed on the PEEK sub-
strate was examined further using AFM and SEM measurements
for the formed nanoscale surface topology. SEM images of the
surfaces with each of the five coatings are shown in Fig. 3A.
Coatings 100%-BP-CS, 50%-BP-CS, and 12%-BP-CS appear as coarse,
sponge-like structures with pore diameters of ~2 mm (100%-BP-CS
and 50%-BP-CS) and ~4e5 mm (12%-BP-CS). Coatings 30%-BP-CS
and 7%-BP-CS appear relatively flat with lamellar-like structures.
The uncoated PEEK substrate is also relatively flat; the 40 mm
grooves cannot be detected at this resolution. The surface topology
of the PEEK substrate measured by AFM reveals grooves of ~40 mm
within the borders of resolution (Fig. 3B). The sponge-like struc-
tures associated with coatings 100%-BP-CS, 12%-BP-CS, and (to
some extent) 50%-BP-CS can also be detected by this method. By
contrast, coatings 30%-BP-CS and 7%-BP-CS appear as flat surfaces
with underlying grooves that can be attributed to the PEEK
substrate.

The surface thickness has been determined using a surface
profiler, measuring over a formed edge of the polymer coating.
Measured values are shown in Table 1. Overall, a surface thickness
ranging between 1 and 4 mm was obtained for the coatings using
the solvent casting method. The standard derivatives determined
by triplicate measurements of the thickness approximately match
the determined values for surface roughness, where Ra is the
arithmetic average of the profile heigh deviations and Rq the
quadratic average of profile heigh deviations.

Differences in the topology, resulting in either sponge-like
structures or relatively flat surfaces, could be caused by differences
in the degree of substitution, resulting in different solubilities in the
used solvent (1 mM HCl). Chitosan itself is insoluble in water or
1 mM HCl, therefore, the reaction with 4-benzoylbenzoic acid was
carried out in 1% CH3COOH. The solubility in 1mMHCl is, therefore,
caused by the conversion of the amine into the amide functionality
(cf. Fig.1), which still leads to different solubilities through different
amide-amine ratios. Solubility differences in solvent casting have
been shown to influence the formation of topologyusing the solvent
casting method and leading to inconsistencies [76]. Furthermore,
the same crosslinking conditions of 3 J/cm2UV-light of 254 nmwere
applied to all coatings with different benzophenone content; we,
therefore, expected differences in coating topology as shown in the
SEM and AFM images. Nevertheless, the surface thickness is rela-
tively constant in the range of 1e4 mmover all coatings aswell as the
determined surface roughness is.



Fig. 2. XPS spectra of 100%-BP-CS and 30%-BP-CS coating on PEEK after crosslinking with UV light at 254 nm. The presence of nitrogen confirms the presence of chitosan on the
coating, furthermore, the presence of C¼O bonds in spectra C1s for both coatings confirm the presence of benzophenone through non-reacted residues (A). IR spectra of the material
(B). The most dominant peaks in IR spectra are the glycosidic OeH bounds at 3284 cm�1, followed by the glycosidic CeH stretching vibrations at both 2929 cm�1 and 2881 cm�1.
These spectra match those obtained for chitosan in this region [75] and indicate successful crosslinking of this material on the surface of the PEEK chip.
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3.4. Cytotoxicity

Cytotoxicity of the synthesized coatings was determined in ex-
periments targeting the L-929mouse embryonal fibroblast cell line,
human umbilical vein endothelial cells (HUVECs), Saos-2 osteo-
sarcoma cell line, and Mono Mac-6 monocytes. Both extract and
direct contact methods were used according to ISO 10993e5
[72,77,78]. Growth inhibition of L-929 cells in response to all extract
dilutions was comparatively low (Fig. 4A). By contrast, these same
dilutions (except for 30%-BP-CS) promote somewhat more sub-
stantial growth inhibition of the HUVEC cell line (Fig. 4B). Overall,
little to no growth inhibition was observed in response to the 30%
substituted chitosan derivative (30%-BP-CS). More substantial
7

growth inhibition of both L-929 cells and HUVECs was observed
in response to functionalized chitosan derivatives with both
higher as well lower benzophenone content.

Direct contact cytotoxicity tests were performed that targeted
HUVECs as well as the L929, Saos-2, and Mono Mac-6 cell lines
(Fig. 4CeF). The results of these cytotoxicity tests were similar to
one another. Similar to the extract tests, the 30% benzophenone-
substituted chitosan derivative was minimally cytotoxic in direct
contact assays targeting both HUVECs and L929 cells. Among our
other results, inhibition of Saos-2 cell growth was enhanced after
72 h of contact with all chitosan derivatives evaluated; inhibition in
response to compound 30%-BP-CS increased from <0% at 24 h to
40% at this time point (Fig. 4E). By contrast, the proliferation of



Fig. 3. SEM images (A) and AFM measurements (B) of the coatings, applied to the PEEK substrate (final panel).

Table 1
Surface thickness and surface roughness of the BP-CS coatings determined using a
surface profiler.

Sample Surface
thickness [mm]

Surface roughness
Ra [nm]

Surface roughness
Rq [nm]

100%-BP-CS 2.15 ± 0.13 456.1 509.2
50%-BP-CS 1.46 ± 0.41 615.5 739.5
30%-BP-CS 1.51 ± 0.48 287.2 334.4
12%-BP-CS 3.75 ± 0.60 271.6 339.7
7%-BP-CS 2.12 ± 0.98 323.3 398.6
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Mono Mac-6 cells remained constant, with slightly less inhibition
observed in response to coatings 12%-BP-CS and 7%-BP-CS (Fig. 4F).

Benzophenone derivatives of N-acetyl glucosamine and short-
chain chitooligosaccharides have been characterized as matrix
metallopeptidase (MMP) inhibitors with potent activity against
cancer cells [79] with potential utility as adjuvant anti-cancer
therapy [80]. The activity of these compounds against sarcoma-
type cells may explain some of the growth inhibition and
decreased cell viability observed in cytotoxicity assays performed in
this study. The doubling time of the Saos-2 sarcoma cell line is 40 h
[81]. Thus, the growth inhibition of this cell type is observed most
8

prominently at the 72 h time point, most notably in experiments
performed with coating 30%-BP-CS. Downregulation of MMP2 and
MMP-9 has also been linked to diminished angiogenesis and
reduced migration of human endothelial cells [82]; these findings
may explain the decreased viability observed in HUVEC cultures at
24 and 72 h. Results from previous studies suggest that chitosan
may form polyelectrolyte complexes in culture medium that
sequester growth factors provided by FCS and that this will ulti-
mately result in decreased fibroblast proliferation. In literature, this
effect was not observed in cell cultures that were not supplemented
with FCS [83]. In the current study, exposure to the 30% substituted
chitosan derivative 30%-BP-CS results in the retention of ~70% of the
original proliferative activity relative to untreated cells at both 24
and 72 h in all cell lines evaluated. Thus, derivative 30%-BP-CS has
been identified as non-cytotoxic. Interestingly, the 30%-BP-CS chi-
tosan derivative is also most effective at inhibiting the growth and
viability of both E. Coli and S. aureus bacterial strains.

3.5. Anti-inflammatory potential

The pyrogenicity of the coating surface and/or the presence of
potential pyrogenic residues or contaminants was elucidated by a



Fig. 4. Cytotoxicity at 24 and 72 h associated with exposure to extracts of BP-CS coatings in L-929 cells and HUVECs with 6% DMSO as positive control (A, B). Cytotoxicity at 24 and
72 h associated with direct contact of L-929, HUVECs, Saos-2, and Mono Mac-6 with BP-CS coatings (CeF). Error bars are given as standard derivation of triplicates each. In (G) L-929
mouse fibroblasts growing on the coated surface at 72 h before the addition of the MTT reagent. Cytotoxicity is observed in response to contact with polymers 100%-BP-CS, 50%-BP-
CS, 12%-BP-CS, and 7%-BP-CS. By contrast, relatively little cytotoxicity is observed in response to contact with polymer 30%-BP-CS. This result was confirmed by the cell viability test
evaluated quantitatively in (C); the images shown are at 10x magnification.
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monocyte activation test using the Mono Mac-6 cell line and an
enzyme-linked immunosorbent assay (ELISA) for quantitative
detection of IL-6 secretion [84,85]. An approximately two-fold in-
crease in IL-6 was detected in the medium of cultures grown in
wells with 625 mg/cm2 of 100%-BPCS, 50%-BP-CS, 12%-BP-CS and
7%-BP-CS coatings compared to negative controls (Fig. 5A, left). By
contrast, no increase in IL-6 levels was detected in wells coated
with 30%-BP-CS derivative. No significant increases in IL-6 release
9

were observed over control levels in cultures grown inwells coated
with lower concentrations of these chitosan derivatives. Thus, all
coatings can be considered non-pyrogenic when used at concen-
trations at or below 312.5 mg/cm2; 30%-BP-CS derivative is non-
pyrogenic at concentrations as high as 625 mg/cm2. We also eval-
uated the expression of genes encoding the cytokines IL-1b, IL-8,
and IL-10 in monocytes that were cultivated for 16 h in coated
wells. We detected no significant increase in IL-1b expression in



Fig. 5. Secreted IL-6 from Mono Mac-6 monocytes (A) detected in the medium by ELISA at 16 h both with (left) and without (right) stimulation with 500 ng/mL LPS together with
LPS and vehicle control (VC) alone. IL-6 levels are twice as high in LPS-stimulated monocytes exposed to 625 mg/cm2 coatings compared to vehicle control (VC). By contrast, IL-6
levels remain at baseline in cell cultures exposed to lower coating concentrations. IL-6 levels remained at baseline in all cultures exposed to coating 30%-BP-CS. Expression of IL-1b,
IL-8, and IL-10 genes (B) determined by qPCR after 16 h cultivation on a benzophenone-substituted chitosan-coated microtiter plate (625 mg/cm2). Expression of all three cytokine
genes remained at or near baseline in cultures exposed to polymer 30%-BP-CS. (C) Radical (OH$) quenching mediated by benzophenone-substituted chitosan polymers in solution
compared to unmodified chitosan (left) and as coatings on microtiter plates.
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Mono Mac 6 cells cultured with derivatives 100%-, 50%-, 30%- and
12%-BP-CS, compared to the LPS-positive control [63]. A similar
pattern was observed for IL-8; this might be related to findings
indicating that IL-8 expression is induced by exogenous IL-1b in
monocytes [86]. The lowest level of IL-8 expressionwas detected in
cells culturedwith 30%-BP-CS derivative; expression levels increase
from 50%_BP-CS to 100%-BP-CS and from 12%-BP-CS, reaching a
maximum in the presence of 7%-BP-CS, approaching the levels
observed in response to the LPS positive control. Expression of the
anti-inflammatory cytokine, IL-10 increases in a similar pattern,
which may represent its capacity to modulate the responses of the
proinflammatory cytokines IL-1b, IL-6, and IL-8. Interestingly, the
expression of IL-10 is more prominent in response to 100%-BP-CS
derivative than 7%-BP-CS; the 100%-BP-CS derivative also elicits
comparatively lower levels of both IL-6 and IL-8. Overall, we can
10
conclude that the 30%-BP-CS coating is non-inflammatory, while
the 100%-BP-CS coating exhibits anti-inflammatory properties as
described above.

LPS induces oxidative stress via the production of reactive ox-
ygen species (ROS) in both monocytes and macrophages. LPS-
mediated monocyte activation also leads to the synthesis and
release of proinflammatory cytokines, including IL-1b, followed by
IL-6 and IL-8, which are cytokines that stimulate local inflammation
[87-89]. Chitosan has characterized antioxidative properties and is
capable of quenching hydroxyl- and superoxide radicals in solution
[90]. Chitosan also exhibits anti-inflammatory properties including
its capacity to limit the expression of cyclooxygenase (COX)-2
[91e93]. We tested the radical scavenging potential of each coating
and examined their capacity to suppress monocyte-mediated IL-6
release in response to 500 ng/mL LPS. ROS is generated in biological



Fig. 6. Antimicrobial activity of benzophenone-substituted chitosan coatings and solubilized chitosan derivatives. Shown are reductions in the number of viable E. coli (A) and MRSA
(B) that are adherent to coatings relative to the untreated surface of a tissue culture plate. The impact of solubilized chitosan derivatives at various concentrations on the growth of
E. coli (C) and MRSA (D) and the calculated IC90 values. (E) Biofilms of E. coli and MRSA at 24 and 72 h were evaluated by crystal violet staining. All values represent means ± standard
deviations; n ¼ 3.
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systems mainly via the Fenton reaction [94]. Thus, we performed
this reaction in an ex vivo as described by Li et al. [90] that utilized
photometric measurements of Safranin O degradation mediated by
hydroxyl radicals [90]. We found that compound 30%-BP-CS was
most effective at radical quenching; exposure to polymers of this
compound in solution resulted in a 3-fold increase in OH-
quenching compared to the negative control (Fig. 5C). Interest-
ingly, the effectiveness of coating 30%-BP-CS exceeds that of chi-
tosan alone by a factor of 1.5, also compared to the negative control.
However, these anti-oxidant activities were not detected when
compound 30%-BP-CSwas evaluated as a coating. Furthermore, and
despite their capacity for radical quenching, none of the coatings
had an impact on monocytes-mediated IL-6 secretion compared to
the responses of unstimulated monocytes alone (see Fig. 5A, right).

In conclusion, we found that exposure to coating 30%-BP-CS
resulted in no increase in proinflammatory cytokine release; this
coating also had a negligible effect on modulating the responses of
LPS-stimulated monocytes. Monocyte viability remained at or near
100% after 24 or 72 h in a contact with this coating. Based on these
results, we identify coating 30%-BP-CS as both inert and biocom-
patible in experiments performed in relevant ex vivo settings.

3.6. Antimicrobial properties

The antibacterial properties of soluble chitosan are well-
characterized. Among these findings, Li et al. [95] reported that
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chitosan at ~0.1% (w/v) resulted in >80% inhibition of several bac-
terial strains. In this study, we tested our compounds within a
general range of concentrations to determine the 90% inhibitory
concentration (IC90) based on the results of growth curves of E. coli
and MRSA (Fig. S3). Our findings revealed that all five BP-CS de-
rivatives retained their antibacterial properties when evaluated in
solution (Fig. 6C and D). The IC90s determined for benzophenone
chitosan derivatives targeting E. coli were 75, 74, 72, 59, and 63 mg/
mL, respectively; IC90s determined for chitosan derivatives targeting
MRSA were 66, 86, 82, 64, and 63 mg/mL, respectively. These
calculated IC90 values are comparable to the minimum inhibitory
concentrations previously reported for non-functionalized chitosan
against E. coli (50 mg/mL) and MRSA (100 mg/mL) [96]. Interestingly,
although benzophenone is considered toxic to bacteria [97], higher
IC90 values were observed for compounds with higher benzophe-
none content. The reduced impact associated with more extensive
substitution may be explained by reductions in the number of free
amino groups contributing to the overall cationic charge of the
polymer. Of note, according to the SMHmodel, cationic charge is the
critical feature underlying chitosan-mediated antimicrobial activity
[5,6]. Thus, our results suggest that the impact of the loss of cationic
charge may exceed the potential for increased toxicity associated
with an increase in the benzophenone content. This net effect may
result in an overall reduction of its antibacterial properties.

We then examined the antibacterial properties of coatings
prepared from the dissolved chitosan derivatives after UV-



Fig. 7. Representative microscopic images of Live/Dead stained E. coli (A) and MRSA (B) after 24 h incubation on the corresponding polymer-coated or untreated surface of a 96-well
cell culture plate. Magnification is 200x; scale bar measures 0.1 mm.
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crosslinking. Polymer coatings were prepared at mass-to-surface
ratios of 625, 312.5, and 62.5 mg/cm2. Our results revealed a net
reduction in antibacterial efficacy of all coatings that paralleled the
decreases in mass-to-surface ratios (Figs. S2, 6A, and 6B).

Maximum antibacterial activity was observed for coating of
30%-BP-CS applied at 625 mg/cm2. Direct contact with this coating
(30% benzophenone) resulted in an approximately 5-log reduction
of viable E. coli or MRSA. Compounds with higher (100%-BP-CS and
50%-BP-CS) and lower (12%-BP-CS and 7%-BP-CS) benzophenone
contents were not as effective at limiting bacterial viability (Fig. 6A
and B). These results indicate that the antibacterial activity of the
cross-linked compound in the form of a coating may be more
effective than the individual components in solution. In the case of
benzophenone derivatives, crosslinking is critical to ensure a uni-
form and functional coating.

We also examined biofilm formation on the polymer coatings at
24 and 72 h by crystal violet (CV) staining (Fig. 6E) and Live/Dead
staining (Fig. 7). These observations confirmed the results of pre-
vious experiments as they revealed that coating 30%-BP-CS was
more effective than the other four benzophenone-substituted
coatings evaluated. Coating 30%-BP-CS was the only derivative
that promoted a reduction in the level of CV stained E. coli biofilm
between the 24 and 72 h time points, to a point at which it was
nearly undetectable. Similar results were obtained in experiments
targeting MRSA. However, it is also worth noting that no increases
in biofilm formation were observed by CV staining between 24 and
72 h for MRSA in experiments performed with the four additional
coatings; experiments performed with coatings 12%-BP-CS and 7%-
BP-CS revealed reductions in the amounts of CV stained MRSA
biofilms during this time interval. Live/dead staining confirmed
that, after 24 h, there was considerably less biofilm on coating 3c
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and almost all cells still present were stained as dead. In contrast,
the other coatings had developed biofilms, albeit with a higher
percentage of dead cells compared to the untreated control.
Collectively, the results suggest that these compounds are more
effective against biofilms generated by Gram-positive bacteria such
as MRSA compared to Gram-negative bacteria, such as E. coli.

4. Conclusion

In this study, our findings document the successful functional-
ization of the free amino groups of chitosan with benzophenone
moieties. The degree of functionalization obtained approximately
matched the stoichiometrically-calculated ratios. Chemoselective
functionalization of the free amino groups via amide formationwas
confirmed by NMR spectroscopy. Coatings prepared from 30%
functionalized derivative, named 30%-BP-CS, were the most effec-
tive of the group against the bacterial pathogens MRSA and E. coli,
which were used as clinically relevant microbial strains in antimi-
crobial testing. The 30%-BP-CS derivative also exhibited the least
cytotoxicity when evaluated in cultures of L-929 fibroblasts,
HUVECs, Saos-2 osteoblasts, and Mono Mac-6 monocytes using ISO
10993e5 testing methodology for cytotoxicity assessment. No
inflammationwas observed in response to the 30%-BP-CS coating in
the pyrogen test performed as per ISO 10993e11. Thus, the 30%-BP-
CS coating can be considered biologically inert. Interestingly, this
30% functionalized chitosan shows the optimum properties with
respect to antimicrobial action and biocompatibility under the UV-
crosslinking conditions applied. Different levels of benzophenone
substitution (both higher and lower) lead to reduced biocompati-
bility, a greater potential for inflammation, and diminished anti-
microbial activity. This may relate at least in part to differences in
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crosslinking efficiency under the applied conditions (3 J/cm2,
254 nm), leading to different amounts of uncrosslinked benzo-
phenone residues, which have been shown in the XPS spectra
(Fig. 2A). The appropriate combination of these factors may lead to
the thinnest possible coating and a smoother surface byminimizing
pore formation and the concentration of benzophenone residues
that remain uncrosslinked. Previous studies have suggested that
the smoothness of the surface is a critical determinant of the
biocompatibility and inflammatory potential of biomedical im-
plants [98]. The XPS and IR spectra (Fig. 2) and AFM and SEM
measurements (Fig. 3) support this conclusion; these studies
revealed that the 30%-BP-CS coating exhibited a relatively smooth
surface with no visible pores or sponge-like structures that may
promote cell adhesion and inflammation. However, the surface
roughness of the 30%-BP-CS coating is slightly higher than the
roughness of the 12%-BP-CS coating. This property might also
explain the limited capacity for OH-radical quenching (Fig. 4);
coatings prepared from 30%-BP-CS derivative display compara-
tively less active surface area for radical quenching. This can explain
the relatively bioinert properties of this coating despite the fact that
IC90 of the polymers were within range of those exhibited by the
other compounds when they were all examined in solution. How-
ever, when applied as a coating, their capacity for growth inhibition
differed significantly (Fig. 5). While the exactly optimized param-
eters for crosslinking conditions and surface properties of the
coatings still need more adjustment, overall, our study presents an
interesting chemical approach that can be used to generate
chitosan-derived coatings for implant materials that are biocom-
patible, non-inflammatory, and antimicrobial with potential for use
in photopatterning applications.
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