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The novel endolysin XZ.700 effectively treats MRSA biofilms in two biofilm
models without showing toxicity on human bone cells in vitro

Jesse W. P Kuipera , Jolanda M. A Hogervorstb, Bjorn L. Herpersc , Astrid D. Bakkerb ,
Jenneke Klein-Nulendb , Peter A. Noltea,1 and Bastiaan P. Kromd,1

aDepartment of Orthopedic Surgery, Spaarne Gasthuis, Hoofddorp, The Netherlands; bDepartment of Oral Cell Biology, Academic
Centre for Dentistry Amsterdam (ACTA), University of Amsterdam and Vrije Universiteit Amsterdam, Amsterdam Movement Sciences,
Amsterdam, The Netherlands; cDepartment of Medical Microbiology, Spaarne Gasthuis, Hoofddorp, The Netherlands; dDepartment of
Preventive Dentistry, Academic Centre for Dentistry Amsterdam (ACTA), University of Amsterdam and Vrije Universiteit Amsterdam,
Amsterdam, The Netherlands

ABSTRACT
In this in vitro study the effect of XZ.700, a new endolysin, on methicillin resistant
Staphylococcus aureus (MRSA) biofilms grown on titanium was evaluated. Biofilms of S. aureus
USA300 were grown statically and under flow, and treatment with XZ.700 was compared with
povidone-iodine (PVP-I) and gentamicin. To evaluate the cytotoxic effects of XZ.700 and derived
biofilm lysates, human osteocyte-like cells were exposed to biofilm supernatants, and metabol-
ism and proliferation were quantified. XZ.700 showed a significant, concentration dependent
reduction in biofilm viability, compared with carrier controls. Metabolism and proliferation of
human osteocyte-like cells were not affected by XZ.700 or lysates, unlike PVP-I and gentamicin
lysates which significantly inhibited proliferation. Using time-lapse microscopy, rapid biofilm kill-
ing and removal was observed for XZ.700. In comparison, PVP-I and gentamicin showed slower
biofilm killing, with no apparent biofilm removal. In conclusion, XZ.700 reduced MRSA biofilms,
especially under flow condition, without toxicity for surrounding bone cells.
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Introduction

Periprosthetic joint infection and other biofilm-associ-
ated infections, such as infections of mechanical heart
valves, vascular endoprostheses and pacemakers, are
major complications after surgery, burdening the
patient and the hospital with prolonged intravenous
antibiotic treatment and multiple surgical procedures
(Bozic 2005; Osmon et al. 2013; Rietbergen et al.
2016). The costs of such infections put a strain on the
health care system (Brochin et al. 2018). Most of these
infections are caused by Staphylococcus spp, with
Staphylococcus aureus being a prominent species
(Malhas et al. 2015). S. aureus is known to extensively
form biofilms, i.e. structured microbial communities
embedded in a matrix of polymeric substances
(Archer et al. 2011). Bacteria within biofilms are pro-
tected against antimicrobial therapy and the host
immune system; biofilm formation causes treatment

resistance and enhances the development of antibiotic
resistant strains (Ricciardi et al. 2018). Surgical ther-
apy for periprosthetic joint infection is focused on
macroscopic removal of infected tissue and biofilm,
i.e. (partial) exchange of arthroplasty components,
rigorous tissue removal, and extensive irrigation with
saline. Local antimicrobial therapy, such as irrigation
with antibiotics or povidone-iodine (PVP-I) or
implantation of antibiotic-releasing material can be
used in addition to surgical removal, but currently,
no local therapy exists that has been proven suffi-
ciently effective to be implemented in clinical guide-
lines (Kuiper et al. 2013; Ruder and Springer 2017;
Argenson et al. 2019).

With the worldwide rise of antibiotic-resistant
microorganisms, recent studies have focused on alter-
native treatment modalities, that are less prone to
resistance, such as light therapy, bacteriophages, and
endolysins (Hughes and Webber 2017). Endolysins
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are cell wall hydrolyzing enzymes that are produced
by bacteriophages, and cause cell death to specific
bacterial species, while other species are not killed
(Nelson et al. 2012; Guti�errez et al. 2018). Their use
in fighting biofilm-associated infections is promising,
as several endolysins have been shown to significantly
reduce numbers of S. aureus in biofilms in vitro
(Chopra et al. 2015; Schuch et al. 2017; Zhou et al.
2017; Olsen et al. 2018; Cha et al. 2019).

XZ.700 is a chimeric endolysin built combining
parts of S. aureus bacteriophage endolysin Ply2638
(Abaev et al. 2013) and Lysostaphin (Sabala et al.
2014). The enzymatic cleavage of the staphylococcal
cell wall by XZ.700 is dependent on both the recogni-
tion of the cell wall by a cell wall-binding domain
(with SH3b homology), and by the specific hydrolytic
activity of the two enzymatically active domains (an
amidase and an endopeptidase). XZ.700 is produced
as a recombinant protein in a microbial expres-
sion system.

The current study was designed to study the effi-
cacy and safety of XZ.700 endolysin against S. aureus
biofilms in vitro. S. aureus biofilms were grown on
titanium discs in vitro in the previously described
Amsterdam Active Attachment (AAA) biofilm model
(static model) (Exterkate et al. 2010; Krom and
Willems 2016). The effectiveness of XZ.700 endolysin
was determined by the reduction in colony forming
units (CFU ml�1) following several treatment strat-
egies (e.g. dose-response and time-response), com-
pared with standard of care treatments (povidone-
iodine and gentamicin). To assess whehter breaking
extracellular DNA bonds in the biofilm would
enhance the effect of XZ.700, the combined effect
with DNase I was tested. In addition, a microfluidics-
based biofilm model (flow model) was applied to
mimic flow-based treatment strategies (Krom and
Willems 2016). Finally, the cytotoxicity of endolysin
and endolysin-treated biofilms was tested using
human osteocyte-like cells.

Materials and methods

Bacterial strains and culture

Methicillin-resistant S. aureus (MRSA) strain USA300
(Tenover and Goering 2009) was routinely cultured at
37 �C on tryptic soy agar (TSA) plates or in tryptic
soy broth (TSB). To allow visualization of S. aureus
by microscopy in the flow model, S. aureus USA300
was transformed with plasmid pMV158-GFP carrying
a gene for green fluorescent protein (GFP) (Nieto and
Espinosa 2003; Li et al. 2011). Successful

transformants were selected and maintained on TSA
plates containing 2 mgml�1 of tetracycline.

Antibiotics

Endolysin XZ.700 was supplied by Micreos
(Bilthoven, The Netherlands), and diluted to a solu-
tion of 250mgml�1 in phosphate buffered saline (PBS,
containing NaCl 8 g l�1, KCl 0.2 g l�1, Na2HPO4

1 g l�1, KH2PO4 0.2 g l�1) with the addition of 0.1%
bovine serum albumin (BSA; Sigma-Aldrich, St Louis,
MO, USA). Povidone-iodine (PVP-I; AddedPharma,
Oss, The Netherlands) at 0.35% (3.5 mgml�1) (Ruder
and Springer 2017), and gentamicin (Sigma-Aldrich,
St Louis, MO, USA) at 1000 mgml�1, comparable with
the tissue concentration when using local gentamicin
(Diefenbeck et al. 2006; Mandell et al. 2019), were
prepared in PBS from stock solutions containing 10%
PVP-I and 50mgml�1of gentamicin, respectively.

Static biofilm model

Biofilms were grown in half strength TSB supple-
mented with 0.25% (w/v) D-glucose. The inoculum
was prepared by diluting an overnight culture of S.
aureus USA300 grown in TSB 1:50 in half strength
TSB containing 0.25% (w/v) D-glucose. The stainless-
steel lid of the AAA-model was fitted with titanium
discs (diameter 9.52mm, thickness 1.1mm) and steri-
lized by autoclaving as described previously
(Exterkate et al. 2010; Krom and Willems 2016). Each
well of a sterile 24 well plate was filled with 1ml of
inoculum and incubated for 8 h at 37 �C to allow for
adhesion of S. aureus to the titanium surfaces.
Subsequently the medium was refreshed once for the
24 h old biofilms and following a 16 h � 8 h � 16 h
regime until 48 h biofilms were obtained. After expos-
ure to XZ.700 and control treatment agents (PVP-I
and gentamicin) for 4 h (or shorter in experiments
with different exposure times), the discs were irrigated
with PBS, vortexed, and sonicated twice for 50 s (1 s
on, 1 s off to prevent overheating, turning the disc
after the first 50 s) at 20 kHz and 40% amplitude of
130W with a probe sonicator (Sonics Vibracell
VC130, Newtown, CT, USA). The number of residual
viable bacteria was determined upon serial dilution
and plating on TSA. All tests were performed in
triplo or quadruplo and on two separate occasions.
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Flow biofilm model

Biofilms were formed under flow-conditions using the
Bioflux Z1000 (Fluxion Biosciences, San Francisco,
CA, USA) setup (Krom and Willems 2016). The
Bioflux was inoculated with GFP-expressing S. aureus
USA300. A biofilm was allowed to grow for 16 h
under constant medium flow (medium: half strength
TSB þ 0.25% (w/v) glucose þ 2 mgml�1 of tetracyc-
line (Sigma-Aldrich, St Louis, MO, USA); pressure:
0.4 dyne cm�2). After biofilm growth, for 16 h the
biofilms were exposed to XZ.700 (12.5, 25 and
50 mgml�1), PVP-I 0.35% or gentamicin 1000 mgml�1,
supplemented with 0.5ml ml�1 of propidium iodine
(PI) to assess cell death. The treatment solutions were
supplied at a pressure of 0.4 dyne cm�2. The effect of
the different agents on the biofilm in terms of
decrease in green fluorescence and increase in PI
fluorescence was visualized with time-lapse micros-
copy, taking images with a 10x objective of two
selected positions per channel every 2.5min for 4 h,
using brightfield (HDIC) and fluorescence (FITC) fil-
ters acquisition. Videos showing changes in fluores-
cence of treated and untreated controls were
constructed after addition of a timestamp and a scale
bar using image analysis software (ImageJ, version
1.52, W. Rasband, National Institutes of Health,
Baltimore, MD, USA). Except for image cropping, no
image modification was performed.

Cytotoxicity, cell metabolic activity, and
proliferation

The supernatants obtained in the static model com-
paring XZ.700 (12.5, 25 and 50 mgml�1) with PVP-I
(0.35%) and gentamicin (1000mgml�1) were used for
subsequent toxicity testing, hypothesizing that not
only the agent, but also the debris of lysed cells and
bacteria, including bacterial toxins, have an effect on
surrounding cells in vivo. Briefly, human osteocyte-
like cells were obtained as outgrowths from collage-
nase-stripped pieces (1-3mm) of human bone,
obtained as surgical waste material from elective hip
or knee surgery (Ethical Review Board of the VU
Medical Center, Amsterdam, The Netherlands, proto-
col number 2016/105). Donors were adult males and
females, without metabolic bone disease. No further
data about the donors are available. Cells from 5
donors were pooled to obtain more repeatable results,
representative of multiple individuals. Cells were cul-
tured up to passage 5, released by incubation with
0.25% trypsin (Gibco, Invitrogen, Waltham, MA,
USA), and 0.1% ethylene-diamine-tetra-acetic acid

(Merck, Darmstadt, Germany) in PBS, and seeded at
20,000 cells cm�2 in 48-wells plates (Greiner Bio-One,
Kremsmuenster, Austria). Cells were left to adhere for
24 h in culture medium consisting of Minimum
Essential Medium Alpha modification (a-MEM,
Thermo Fisher Scientific, Eugene, OR, USA) supple-
mented with 10% HyClone FetalClone1 (FC1,
Thermo Fisher Scientific) and 1% penicillin, strepto-
mycin, and fungizone-mix (PSF; Sigma, St Louis, MO,
USA). After cell attachment the cells were washed
and subsequently exposed to the supernatants (50%
supernatant, 50% fresh culture medium without PSF)
for 48 h. Seven controls were added: 100% cell culture
medium, and the six different supernatants without
biofilm exposure (50% in culture medium).
AlamarBlue (Thermo Fisher Scientific) was added for
analysis of metabolic activity. After incubation for
48 h the fluid was analyzed using a Synergy HTVR
spectrophotometer for quantification of AlamarBlue
conversion (fluorescence was read in the samples at
530 nm excitation and 590 nm emission).
Subsequently, the wells were emptied, 200ll sterile
water were added, cells were lysed by freezing and
thawing three times, and total cell DNA was assessed
using the Cyquant Cell Proliferation Assay (Molecular
Probes, Eugene, OR, USA) according to the manufac-
turer’s instructions (fluorescence was read in the sam-
ples at 480 nm excitation and 520 nm emission with a
Syngergy HTVR spectrophotometer), to evaluate
cell number.

Statistical analysis

Statistical analysis was performed using IBM SPSS
version 23 (IBM, Armonk, NY, USA). Analysis of
variance (ANOVA) and Tukey multiple range test
were used to test differences between groups. Values
of p< 0.05 were considered statistically significant.

Results

Effect of XZ.700 on MRSA biofilms in a
static model

Dose dependent effect
After biofilm development for 24 and 48h, the biofilm-
containing titanium discs were immersed in serially
diluted concentrations of XZ.700 (6.25� 400mgml�1)
and a carrier control, for 4 h. For the 24h-old biofilms,
a maximum biofilm reduction of 80-90% was obtained
at concentrations between 6.25-50mgml�1. Higher con-
centrations of XZ.700 did not result in higher killing; in
contrast, the remaining viability after treatment with
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high concentrations was higher compared with the
lower concentrations. No significant reduction was seen
for the 48h-old biofilms (Figure 1).

Comparison with povidone-iodine and gentamicin
After biofilm development for 24 and 48 h, the discs
were immersed in serially diluted concentrations of
XZ.700 (12.5� 50 mgml�1), PVP-I (0.35%), gentami-
cin (1000 mgml�1), and a control, for 4 h. For 24 h-
old biofilms, all three XZ.700 concentrations, PVP-I
and gentamicin showed a significant reduction in via-
bility, and PVP-I and gentamicin showed a higher
reduction in viability than XZ.700 (95-99% vs 80-
90%). For 48 h-old biofilms, all XZ.700 concentra-
tions, PVP-I, and gentamicin showed a significant
reduction in biofilm viability (Figure 2).

Effect of different exposure times and single,
double, and quadruple hits
After biofilm development for 24 and 48h, the discs
were immersed in the most effective concentration of
XZ.700 (25lgml�1) for 0 (control), 15, 30, 60, 120 and
240min. Maximum biofilm reduction was achieved after
60min exposure and did not increase with increasing
exposure times, achieving a significant reduction in via-
bility for both 24h and 48h old biofilms (Figure 3A).

After biofilm development for 24 and 48h, the titanium
discs were immersed in the most effective concentration
of XZ.700 (25mgml�1) for either 120min, 2� 60min
or 4� 30min, and this was also performed with 25% of
the concentration for comparison purposes, and with
two controls (1� 120min and 4� 30min of PBS). For
multiple hits (2� 60 and 4� 30min) the medium was
directly exchanged. Double or quadruple hits did not
show significantly more biofilm viability reduction than
single hit treatment (Figure 3B).

Effect of DNase I. After biofilm development for 24
and 48h, the biofilm containing titanium discs were
immersed in the most effective concentration of XZ.700
(25mgml�1), DNase I (50U ml�1; with the addition of
10mM MgCl2, and the combination of the two. A no-
treatment control (PBS þ 0.1% BSA þ 10mM MgCl2)
was used as a reference. XZ.700 achieved a similar
reduction in viability compared with DNase I and com-
pared with the combined treatment methods (Figure 4).

Effect of XZ.700 on MRSA biofilms in a
flow model

As shown in the supplementary videos and in Figure
5, in the Bioflux model, treatment with XZ.700 (12.5,

Figure 1. Dose-dependent effect of 4 h exposure to XZ.700 on
the viability of 24 h (white bars) and 48 h (black bars) old
MRSA biofilms. �Significant reduction in biofilm viability com-
pared with the control, p< 0.05.

Figure 2. Comparison of the effect of 4 h exposure to XZ.700
(12.5, 25 and 50mg ml�1), PVP-I (0.35%), and gentamicin
(1000mg ml�1) on biofilm viability in 24 h (white bars) and
48 h (black bars)-old MRSA biofilms. �Significant reduction in
biofilm viability compared with the no treatment con-
trol, p< 0.05.
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25 and 50mgml�1; S2, S3, S4 respectively) achieved a
rapid decrease in GFP activity and visible biofilm mass,
i.e. within 10min after exposure of the biofilm to
XZ.700, GFP fluorescence disappeared, a slight peak in
red fluorescence was seen, and all macroscopic biofilm
was gone. The control (S1) showed an increase in GFP
fluorescence over the course of 4 h after a small decrease
in the first minute. The biofilms exposed to PVP-I (S5)
and gentamicin (S6) showed the most pronounced
decrease in GFP fluorescence in the first 30min, after
which the PVP-I-exposed biofilm showed almost no

GFP activity, and the gentamicin-exposed biofilm
showed some residual fluorescence. For both PVP-I and
gentamicin-treated biofilms, the biomass remained vis-
ible over the course of the experiment, in contrast with
the XZ.700 treated biofilms.

Cytotoxicity of XZ.700 supernatants on human
bone cells

To study possible cytotoxic effects of XZ.700-induced
biofilm lysates on human bone cell viability, cell

Figure 3. Panel A: Comparison of the effect of exposure times to XZ.700 (25mg ml�1) on the viability of 24 h-old (dashed line)
and 48 h-old (solid line) MRSA biofilms. �Significant reduction in CFU ml�1 compared with the control, p< 0.05. Panel B:
Comparison of the effect of a single hit, two hits and four hits of XZ.700 (25mg ml�1 and 6.25mg ml�1) on the viability of 24 h-
old (white bars) and 48 h-old (black bars) MRSA biofilms. �Significant reduction in CFU ml�1 compared with the respective single
hit control (1 x 120min) and four hit control (4 x 30min), p< 0.05. ��Significant reduction in CFU ml�1 compared with the four
hit control (4 x 30min), p< 0.05.
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cultures were exposed to supernatants obtained after
biofilm exposure to XZ.700, PVP-I, and gentamicin.

After being exposed to the supernatants of XZ.700-
treated 24 h-old biofilms (SN 24 h) and 48 h-old bio-
films (SN 48 h), osteocyte-like cells showed a similar
amount of DNA in comparison with untreated con-
trols. Exposure to PVP-I (0.35%) and gentamicin
(1000 mgml�1) derived lysates resulted in amounts of
DNA that were significantly less (37-69%) compared
with the untreated controls (Figure 6).

Using the AlamarBlue assay, exposure to all differ-
ent supernatants resulted in similar, normal cell
metabolism for osteocyte-like cells (all results were
between 79 and 112% compared with the positive
controls) (Figure 7).

Discussion

In this in vitro study, the new chimeric endolysin
XZ.700 was effective in reducing the viability of 24 h-
old and 48 h-old MRSA biofilms grown on titanium
discs in a static model. In a flow model, a fast
decrease in GFP fluorescence and visible biofilm mass
was observed. The standard of care treatments, PVP-I
and gentamicin, were used for comparison and
showed a larger reduction in viability for 24 h-old
biofilms in the static model, but appeared much less
effective in the flow model. Furthermore, XZ.700
derived biofilm lysates showed no significant effect on
metabolism and proliferation of human osteocyte-like
cells, whereas PVP-I and gentamicin-derived biofilm

lysates had a large inhibitory effect on cell
proliferation.

XZ.700 was tested on MRSA biofilms using a static
model as well as a flow biofilm model. Generally, in
the static biofilm model with titanium discs, a signifi-
cant reduction in viability of 80-90% (� 1 log) was
achieved. In terms of bacterial viability count reduc-
tion, in the 24 h-old biofilm groups, PVP-I (0.35%)
and high local concentrations of gentamicin
(1000 mgml�1) performed better. The 48 h-old biofilm
showed more treatment resistance for gentamicin,
which is in line with known increased biofilm resist-
ance to antibiotics (Mandell et al. 2019). Interestingly,
this increase in resistance was not observed for
XZ.700, which, like PVP-I, showed comparable reduc-
tion in biofilm viability compared with 24 h-
old biofilms.

The flow biofilm model showed a rapid removal of
MRSA biofilm after exposure to XZ.700, whereas
PVP-I and gentamicin exposure showed decreased
GFP fluorescence but no biofilm mass removal. This
might be explained by the fact that in the Bioflux
model, there is a continuous supply of fresh com-
pounds and removal of cell debris that might inhibit
the activity of XZ.700, representing in vivo conditions
more closely (D�ıez-Aguilar et al. 2017).

In the static model, titanium was used for biofilm
adherence, while in the Bioflux, for technical reasons,
glass was used. Surfaces could affect the effectiveness
of treatment. A study that compared biofilms formed
on plastic and titanium found comparable bacterial
biofilm growth for the two materials, but slower
recovery after gentamicin exposure for titanium com-
pared with plastic (Coraça-Huber et al. 2012). It
should also be noted that biofilms in the Bioflux were
16 h-old biofilms, compared to 24 h-old and 48 h-old
biofilms in the static model.

Another factor to be considered in the differences
between static models and the clinical situation, is the
large extent of biofilm formation in the static model.
As discs with a surface of � 150mm2 were used, a
conservative estimate of the extend of biofilm forma-
tion results in at least 105 CFU mm�2. In contrast,
studies that provide information on biofilm formation
(CFU mm�2) on actual arthroplasty components
described numbers of � 101 CFU mm�2 (G�omez-
Barrena et al. 2012), and when determining these
numbers indirectly they are � 10�-102 (Portillo et al.
2013; Karbysheva et al. 2019). This illustrates that the
clinical situation is different from the static in vitro
model: biofilms probably grow slower, impeded by
the immune system, or more bacteria may die in the

Figure 4. Comparison of the effect of 4 h exposure to XZ.700
(25mg ml�1), DNase I (50U ml�1) and both combined, on the
viability of 24 h-old (white bars) and 48 h-old (black bars)
MRSA biofilms. �Significant reduction in biofilm viability com-
pared with the respective no-treatment controls, p< 0.05.
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process, explaining the low number of viable bacteria
in biofilms. More dead bacteria in the biofilm might
result in decreased penetration of antimicrobial agents
into the lower layers of the biofilm. Flow models may
be a better representation of the clinical situation,
mimicking the physiological flow of synovial fluid in
joints, i.e. removing debris and constantly supplying
nutrients, but in vivo studies are even more essential.

Interestingly, higher endolysin concentrations and
longer exposure showed a trend in less efficacy in the
static model. Two possible explanations can be
offered: high concentrations might evoke competitive
inhibition between binding and cutting sites of the

endolysin through occupation of the bacterial surface,
and longer exposure to the agent might provide new
nutrients (of killed micro-organisms) to still living
bacteria and thus initiate regrowth. In the flow model,
the highest concentrations were not tested, but
regrowth was not seen after XZ.700 treatment. This is
not unexpected, as cell debris (including nutrients)
are flushed away during flow.

It was hypothesized that the extracellular matrix of
the biofilm could inhibit the activity of XZ.700, and
DNase I treatment to disperse biofilm matrix would
then enhance the effectiveness of XZ.700, as has been
described for several antiseptic agents (Kaplan et al.

Figure 5. Time lapse microscopic images of the effect of different treatments on 16 h-old MRSA biofilms cultured under flow con-
ditions. Images obtained 1min (left column) and 15min (right column) after start of flow with A: control medium, B: XZ.700
12.5mg ml�1, C: XZ.700 25mg ml�1, D: XZ.700 50mg ml�1, E: PVP-I 0.35%, F: gentamicin 1000mg ml�1. Green fluorescent protein
(GFP) fluorescence is shown in green, propidium iodine (PI) fluorescence (indicative for cell death) is shown in red. The size bar
represents 200mm.
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2012). However, as no synergistic effect between
DNase I and XZ.700 was found, it may be concluded
that extracellular DNA (and associated biofilm matrix
components) did not limit penetration or activity of
XZ.700 in biofilms in vitro.

The endolysin XZ.700 and the obtained super-
natant did not significantly affect osteocyte-like cells
in vitro, even after exposure for 48 h, including bac-
terial lysis products after biofilm treatment
(supernatants).

PVP-I and gentamicin showed significantly lower
yields of DNA for osteocyte-like cells. PVP-I is known
to be cytotoxic, and a recent study described a safe
threshold of 80 ngml�1 (Zhao et al. 2016), which is
2,000 times less than the concentration of 0.35% that
is used in the clinical setting (and in this study),
based on another study (Ruder and Springer 2017).
To test the antimicrobial effect, Zhao et al. (2016)
used 0.5% PVP-I for bone matrix sterilization, and

found 100% reduction after immersion for 24 h in
PVP-I (Zhao et al. 2016).

Gentamicin is known to affect proliferation of
bone cells in vitro: one study found a decrease in total
DNA yield for high concentrations of gentamicin
(>700mgml�1) (Isefuku et al. 2003), and another
study found similar effects for another aminoglyco-
side, tobramycin (Miclau et al. 1995). In this study,
the gentamicin-treated biofilm supernatants were
diluted, resulting in a gentamicin concentration
of 450 mgml�1.

For the Alamarblue based metabolic activity assays,
cells were exposed to the treatment supernatants for
48 h. This in vitro experiment might be more extreme
than the in vivo situation, where fluids are constantly
refreshed, and (toxic) waste products are removed by
the host. To the authors’ knowledge, this is the first
study to investigate the effect of treatment superna-
tants after endolysin therapy on human cells. The
data indicate that XZ.700 did not have a measurable

Figure 6. Proliferation of osteocyte-like cells (as amount of
DNA), after 48 h exposure to 50% a-MEM and 50% MRSA bio-
film supernatant, and a control (white bar; 100% a-MEM). The
supernatants used were PBSþ BSA (control), XZ.700 (12.5, 25
and 50mg ml�1), PVP-I (0.35%), and gentamicin (1000mg
ml�1) in three different groups: without biofilm exposure (light
grey bars), supernatant obtained after treatment of 24 h-old
MRSA biofilm (dark grey bars), and supernatant obtained after
treatment of 48 h-old MRSA biofilm (black bars). �Significantly
lower than PBSþ BSA and XZ.700 at 12.5, 25 and 50mg ml�1

within own group.

Figure 7. Metabolic activity of osteocyte-like cells, measured
in percentage metabolized AlamarBlue, after 48 h exposure to
9% AlamarBlue, 45.5% a-MEM and 45.5% supernatant, and a
control (white bar; 9% AlamarBlue, 91% a-MEM). The superna-
tants used were PBSþ BSA (control), XZ.700 (12.5, 25 and
50mg ml�1), PVP-I (0.35%), and gentamicin (1000mg ml�1) in
three different groups: without biofilm exposure (light grey
bars), supernatant obtained after treatment of 24 h-old MRSA
biofilm (dark grey bars), and supernatant obtained after treat-
ment of 48 h-old MRSA biofilm (black bars).
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effect on proliferation (DNA content) of osteocyte-
like cells, in contrast with the standard of care, PVP-I
and gentamycin. Both PVP-I and gentamycin showed
an inhibitory effect on osteocyte-like cells. The obser-
vation that this inhibitory effect was not apparent in
the metabolic activity (Alamarblue) can be explained
by a compensatory mechanism resulting in increased
metabolic activity in stressed cells.

When comparing this study to others, other in vitro
studies have shown similar or higher reduction in S.
aureus biofilm viability in static models for different
endolysins ( LysK (Zhou et al. 2017; Olsen et al. 2018),
LysCSA13 (Cha et al. 2019), MR-10 (Chopra et al.
2015), CF-301 (Schuch et al. 2017)), indicating that
several endolysins have shown a promising effect on
biofilm-associated infections. However, endolysin ther-
apy is still in its early stages, and although other endo-
lysins performed well in static models, only one other
study used a flow model (Biostream), achieving 80%
reduction in staining (Olsen et al. 2018). Furthermore,
to the authors’ knowledge, a comparison with current
standard of care local treatment agents, such as PVP-I
and gentamicin, has not been previously described.

Conclusion

This study demonstrated the efficacy of endolysin
XZ.700 on 24 h-old and 48-h old MRSA biofilms on
titanium in a static model, with a reduction for
MRSA biofilms of 80-90%. On 16 h-old MRSA bio-
films on glass in a flow model, which is a better rep-
resentation of clinical conditions, XZ.700 treatment
resulted in fast killing of bacteria in the biofilm and
removal of all biomass. Also, XZ.700, combined with
bacterial debris components, showed no adverse effect
on bone cells in vitro, unlike commonly used thera-
peutics such as PVP-I and gentamicin.

After this first in vitro study, XZ.700 seems a
promising agent against (methicillin resistant) S. aur-
eus on orthopedic material. Further in vitro evaluation
and subsequent in vivo testing should be performed
to determine successful application as treatment in
orthopedic implant-related infections.
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