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Stimuli-responsive nanomaterials show promise in eradicating Staphylo-
coccus aureus biofilm from implants. Peptidoglycan hydrolases (PGHs)
are cationic antimicrobials that can be bioengineered to improve the
targeting of persisters and drug-resistant bacteria. However, these
molecules can be degraded before reaching the target and/or present
limited efficacy against biofilm. Therefore, there is an urgent need to
improve their potency. Herein, PGH—polyphosphate nanoparticles
(PGH—-PP NPs) are formed by ionotropic gelation between cationic PGHs
and anionic polyphosphate, with the aim of protecting PHGs and
delivering them at the target site triggered by alkaline phosphatase
(AP) from S. aureus biofilm. Optimized conditions for obtaining M23—
PP NPs and GH15-PP NPs are presented. Size, zeta potential, and
transmission electron microscopy imaging confirm the nanoscale size.
The system demonstrates outstanding performance, as evidenced by a
dramatic reduction in PGHs' minimum inhibitory concentration and
minimum bactericidal concentration, together with protection against
proteolytic effects, storage stability, and cytotoxicity towards the Caco-2
and Hela cell lines. Time-kill experiments show the great potential of
these negatively charged delivery systems in overcoming the staphylo-
coccal biofilm barrier. Efficacy under conditions inhibiting AP proves the
enzyme-triggered delivery of PGHs. The enzyme-responsive PGH—-PP
NPs significantly enhance the effectiveness of PGHs against bacteria
residing in biofilm, offering a promising strategy for eradicating S. aureus
biofilm.
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1. Introduction

Opportunistic Staphylococcus aureus, causative of extensive
morbidity and mortality globally, can be acquired during
implant surgery, and compromised immunity may lead to
persistent infections at the implant-tissue interface." Patho-
genesis of S. aureus infections in native tissues is linked to
biofilm formation on implant devices, which have a propen-
sity to chronicity through increased antimicrobial resistance
and immune evasion."” The S. aureus biofilm matrix is
mainly composed of exopolysaccharides, extracellular
DNA (eDNA) and several proteins showing pI lower than
7.4 This dense matrix hinders the penetration of anti-
bacterial drugs.*

In the current antibiotic crisis, the use of enzybiotics like
phage endolysins have emerged as a potential alternative to
treat S. aureus infections.>>” These peptidoglycan hydrolases
(PGHs) are part of the fascinating development of biotechnol-
ogy inspired by phage nature.® They degrade the peptidoglycan
from within the cell at the end of the lytic cycle to disrupt the
cell wall and release phage progeny.”'® This can effectively kill
bacteria allowing for host-specific antimicrobial activity,
together with the improved targeting of drug-resistant bacteria
and metabolically inactive persisters.>®

PGHs can be engineered to enhance their antimicrobial
efficacy.” This was proven for M23LST(L) SH3b2638A (M23)
and CHAPGH15_SH3bALE1 (GH15) against multiple staphylo-
coccal strains in different infection models.>>*"*

Even when the activity of endolysins against biofilm has
been demonstrated,”'* their full potential has not been
reached yet. In particular, instability and susceptibility towards
peptidases and proteases cause their rapid degradation.™

Furthermore, because of the cationic charge of antimicro-
bial proteins, they show poor penetration in microbial biofilms
exhibiting a pronounced anionic net charge.'* Therefore, bio-
availability at the target site is too low to eradicate the pathogen
residing in biofilm.
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Drug delivery through stimuli-responsive materials repre-
sents an effective antibacterial strategy to overcome bioavail-
ability limitations, while fighting the current antibiotic crisis.
Viewing Nature as a source of inspiration, stimuli-responsive
materials are designed to mimic the features of the natural
environment of a cell."> Stimuli-responsive antibacterial mate-
rials (SRAMs) eradicate bacteria at the target site in a self-
defensive manner upon stimuli caused by bacteria.

SRAMSs comprising liposomes'® and poly(N-isopropylacrylamide)
nanoparticles'” have been used for the delivery of endolysins.
However, none of these materials showed improvement of effic-
acy dramatically reducing the concentrations required for biofilm
eradication.

Polyphosphate nanoparticles (PP NPs) are a type of SRAMs
undergoing changes in their chemical and/or physical proper-
ties upon degradation by alkaline phosphatase (AP) enzymatic
activity."® This delivery strategy proved effective for delivering
different cationic molecules and allowing them to bypass anionic
obstacles such as the mucus barrier, or microbial biofilm to reach
their action target.'*'*>* Since AP is expressed in planktonic and
biofilm cells from staphylococci,®?* we reasoned that PGH poly-
phosphate nanoparticles (PGH-PP NPs) constitute a ‘raise one’s
game’ approach for protecting PGHs and delivering them on site
upon trigger by the enzyme. Furthermore, to the best of our
knowledge, exploitation of AP-response for the design of a S. aureus
biofilm-targeting delivery system has not been performed yet.

Accordingly, we screened different conditions for optimizing
the production of M23-PP NPs and GH15-PP NPs. Size, zeta
potential, TEM imaging, minimum inhibitory concentration
(MIC), minimum bactericidal concentration (MBC), stability
under storage, and cytotoxicity of the NPs toward Caco-2 and
HeLa cell lines were studied. As a proof of concept, time-kill
experiments and protection against proteolytic effects were
assessed to show the great technological potential of these
delivery systems. To prove the target specific activity through
AP mediated release, changes in antimicrobial efficacy under
conditions inhibiting this enzyme were studied.

2. Results and discussion
2.1 Formation of PGH-PP NPs

Based on our previous experience and the literature, key factors
influencing polyelectrolyte complexation with antimicrobial
proteins or peptides include charge density, ionic strength,
concentration, and the ratio between the protein or peptide and
the polyelectrolyte.'**® Table S1 (ESIf) shows the systematic
screening performed here to obtain the PGH-PP NPs. Micro-
particles were obtained at concentrations of 2.5 and 5 pM
of M23 and GH15 for all the endolysin-to-PP ratios studied
(Table S1, ESIt). In contrast, a PGH concentration of 1.25 uM
was suitable for the formation of NPs (Fig. 1(A) and (B)). As
described in Table S1 (ESIt), at pH 1.92, the M23 endolysin
formed NPs with a charge of 20.85 £ 7.73 mV and a size of
189 £ 112 nm. After dropping the endolysin solution (1.25 pM)
into different concentrations of PP solution, a shift in zeta
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Fig. 1 Mean size (nm) and SD (bars), PDI (dots) and zeta potential (mV) of
(A) M23-PP NPs and (B) GH15-PP NPs as a function of the protein-to-
polyphosphate ratio. Encapsulation of each PGH is schematically repre-
sented by a negatively charged sphere. Schematics are not drawn to scale.

potential towards more negative values was observed for
increasing polyphosphate concentrations (Fig. 1(A)). This con-
firmed the formation of NPs with PP on its surface owing to its
dominating concentration over protein.™*

A molar ratio of protein to polyphosphate of 1 to 7 was
chosen for the formation of M23-PP NPs, resulting in a poly-
dispersity index (PDI) lower than 0.3 (Fig. 1(A)), which indicates
uniformity in size distribution and that they are moderately
polydisperse.'*?®

M23 is a protein with 14 negatively charged (Asp + Glu) and
16 positively charged residues (Arg + Lys). NPs of this PGH were
formulated at pH 1.92. On one hand, this pH increases the
number of charges per molecule of M23 to around +26 as
predicted in silico; it is on the other hand in the buffering
region of PP."* Therefore, an increased repulsive potential
between the positive charges of M23 and protonated phosphate
may lead to a less compact structure with a mean particle size
distribution of 229 + 119 nm (Fig. 1(A)). Additionally, as
discussed in the ESIt (Fig. S1, S3 and S4), M23-PP NPs seem
to have a mesh arrangement of coiled M23 intercalated with PP.
As will be further discussed, this may have a positive impact on
antimicrobial activity.

For GH15, a ratio of protein to polyphosphate of 1 to 5 led to
a PDI of 0.36 £ 0.04 and a zeta potential of —31.15 £+ 5.05 mV
(Fig. 1(B)). It is worth noting that the zeta potential of GH15-PP
NPs was not significantly changed upon the increase of PP from
a ratio of 1:3 to 1:5. As discussed in the ESIT (Fig. S1, S3 and
S4), this could suggest polyphosphate being saturated at the
surface of the particles already at a 1:3 ratio of GH15 to PP,
and, therefore, more accessible for cleavage by AP. Moreover,
GH15 contains 17 negatively charged residues and 21 positively
charged residues per molecule, and GH15-PP NPs are formu-
lated at a neutral pH, in which polyphosphate is negatively
charged. This enhances its crosslinking ability leading to stable
colloidal particles in the nano-size range (148 + 94 nm), as
confirmed by TEM (Fig. S1, ESIT). As will be further discussed,
this seems to endow the particles with more stability over
storage time.

This journal is © The Royal Society of Chemistry 2024
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The nano-size ranges, PDI and zeta potential obtained after
encapsulation of PGHs with polyphosphate are in the ranges of
those obtained for other antimicrobial cation-PP NPs.'* Impor-
tantly, at least 200-fold lower concentrations of PGHs were used
here compared to ionotropic gelation using other polymers."?

2.2 Technological properties of PGH-PP NPs

The technological properties of PGH-PP NPs are presented in
Fig. 2. After encapsulating the enzymes in NPs, the minimum
inhibitory concentration (MIC) and minimum bactericidal concen-
tration (MBC) of free M23 and GH15 were 8- and 4-fold lower,
respectively (Fig. 2(A)). These results show an improvement in the
efficacy of PGHs after encapsulation with polyphosphate. Similar
results were also found after encapsulating synergistically acting
CHAPy endolysin and lysostaphin in SRAMs comprising poly(N-
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Fig. 2 (A) MIC, MBC and size and zeta potential as a function of storage
time at 4 °C for (B) M23 and M23—PP NPs and (C) GH15 and GH15—-PP NPs.
Values are means of at least 3 replicates + SD.
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isopropylacrylamide) nanoparticles,"” or using antimicrobial poly-
mers like alginate and chitosan for endolysin encapsulation."®
Here, consistent with the literature, PP alone presented an inhibi-
tory effect against S. aureus ATCC 25923, probably owing to its
chelating properties.”” However, at the concentrations used in our
study (4.375 uM and 3.125 pM, respectively, for M23-PP NPs and
GH15-PP NPs), a bacteriostatic mode of action against this bacter-
ium was found (Table S2, ESIt). A synergistic bactericidal mode of
action of antimicrobials was previously reported when combining
bacteriostatic and bactericidal agents.”® Here, the synergistic bac-
tericidal mode of action of PGH-PP NPs may be attributed to the
large surface area-to-volume ratio of NPs that may provide better
interactions of PP with the cell wall, together with the high
macromolecular concentration in the M23-PP complexes,® plus
the protective effects of NPs as will be further discussed
(Section 2.3).

The size and zeta potential of PGH-PP NPs were determined
after storage at 4 °C. M23-PP NPs showed an increase of size
with a mean particle size of 1702 nm after 168 h (7 days) and no
significant changes in zeta potential (Fig. 2(B)). This indicates
the agglomeration of NPs over time that may occur due to the
presence of protonated phosphate at the pH of this formula-
tion. For GH15-PP NPs, agglomeration was not evident
(Fig. 2(C)). Compared to alginate-chitosan NPs encapsulating
PGHs,"> PP-M23 seems to be less stable for avoiding self-
aggregation in colloidal suspension for prolonged periods of
time. This may limit the shelf life of M23-PP NPs. However, the
MIC measured at the end of the storage time was 39.1 nM
for M23-PP NPs (7 days at 4 °C) and 156.3 nM for GH15-PP NPs
(4 weeks at 4 °C). Hence, agglomeration had no or very limited
impact on the antimicrobial stability of the PGH-PP NPs.

Cytotoxicity towards Caco2 and HeLa cells showed that, for
all the samples, the viability was above 78%, indicating a
nontoxic effect at the assayed concentrations (Fig. S2, ESIT).
This is in line with previous results on the application of M23
and GH15 in vivo and in vitro.>>®

2.3 Protective effect of NPs towards degradation by proteases

Since S. aureus produces serine proteases as a virulence
factor,' PGHs have to be protected from degradation by
these enzymes to avoid efficacy loss. Upon treatment of free
M23 with TrypLE, a strong decrease in the antimicrobial
efficacy of the endolysin, which is depicted by an increase
in MIC, was observed (Fig. 3; the M23/Tr sample compared
to the M23/Cont sample). In contrast, after M23-PP NPs
were treated with TrypLE, changes in MIC were not sig-
nificant compared to the control (Fig. 3; M23-PP NPs/Tr
and PP NPs/Cont, respectively). As depicted in the figure,
this suggests the protection of M23 towards proteolytic
degradation and consequently inactivation by serine pro-
tease when the endolysin is encapsulated in NPs.

2.4 Time-kill assays of PGH-PP NPs

Characterization of S. aureus biofilm regarding composition
(Fig. S5) is presented in the ESLt To prove the efficacy of PGH-
PP NPs against staphylococcal biofilm, a concentration lower
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Fig. 3 MIC changes upon treatment of M23 and M23-PP NPs with serine
protease. The indicated values are means (n = 6) + SD. ***p < 0.001
compared to the respective control. Cont: control, Tr: TrypLE treatment.

than the effective MBC (Fig. 2(A)) for free enzyme was chosen.
The value is 156.3 nM of endolysin for free M23 and M23-PP
NPs (Fig. 4(A)-(D)), and 625 nM for GH15 and GH15-PP NPs
(Fig. 5(A)-(D)). In contrast to the self-sterilizing effect observed
for other acidic polymers,®® polyphosphate alone presen-
ted no antimicrobial effect on bacteria residing in biofilm
(Fig. S6, ESIY).

Pathogens can adapt to antimicrobial materials and anti-
biotics.****
dispersing biofilm that immediately kill dispersed bacteria.
In contrast to stimuli-responsive delivery of phage endolysins
from liposomes,'® the strategy developed here for the delivery
of PGHs did not cause any deleterious effect on killing efficacy.

Therefore, it is imperative to generate strategies
32,33

Furthermore, in agreement with our findings on the effect
against planktonic bacteria (Fig. 2(A)), PGH-PP NPs outper-
formed the efficacy of free endolysins. This was observed in
terms of the decrease in S. aureus counts in biofilm (Fig. 4(A)
and 5(A), respectively, for M23 and GH15) and cell damage
(Fig. 4(B) and 5(B)). Free PGHs caused limited (Fig. 4(A)) or no
(Fig. 5(A)) killing effect at any time point, respectively, for free
M23 or GH15. In contrast, total eradication of S. aureus from
biofilm was obtained already at 1 h of treatment with M23-PP
NPs (Fig. 4(A)). For GH15-PP NPs, an increase in killing efficacy
was noted after 4 h of treatment (Fig. 5(A), (p < 0.05))
compared to GH15. The surface charge of materials plays a
key role in governing initial electrostatic interactions at the
nano-bio interface.*® These interactions are in turn of para-
mount importance to reach antimicrobial efficacy.>® Since
S. aureus biofilm is composed of proteins with an isoelectric
point lower than physiological pH,> a negative charge of biofilm
impairing the action of positively charged PGHs could explain
the obtained results, a problem that is visibly circumvented by a
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shift to a negative charge (Fig. 1) after encapsulation in poly-
phosphate NPs.**

It should be noted from the particle sizes that the probably
high macromolecular concentration in the M23-PP complexes
(229 £ 119 nm) than GH15-PP (148 + 94 nm) seems to be
correlated with the stronger efficacy of M23-PP NPs (Fig. 4(A),
compared to Fig. 4(B)).

This journal is © The Royal Society of Chemistry 2024
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Additionally, as could be observed from the analysis of AP
triggered changes in PGH-PP NPs (Fig. S3, ESIt), together with
the enzyme triggered phosphate release (Fig. S4, ESIt), a shift in
net charge driven by the effective cleavage by AP is crucial
for achieving the full potential of these NPs. This, com-
bined with the increased efficacy of M23 compared to GH15
against planktonic and bacteria residing in biofilm (Fig. 2),>°
makes M23-PP NPs a promising formulation to effectively
eradicate
S. aureus biofilm already after 1 h of incubation (Fig. 4(A)).

SEM analyses showed the spherical morphology of S. aureus
with a size around 1 pm, being embedded in an extracellular
matrix (Fig. 4(B) and 5(B), time 0 control). Exposure of bacteria
to water did not affect the bacterial structure, but partially
eliminated the extracellular matrix from biofilm (Fig. 4(B) -2 h
control and Fig. 5(B) — 4 h control). This is consistent with the
literature, which shows that S. aureus and other bacterial
species can survive without changes in morphology and/or
viability in the biofilm state on the surface of osteosynthesis
devices.*>°

Engineered M23 is composed of an M23 endopeptidase
domain from lysostaphin and an SH3b cell wall binding
domain (CBD) from phage 2638A and showed improved efficacy
at reducing multiple staphylococcal strains to undetectable
levels in human serum.>'" Similarly, GH15, consisting of a
CHAP endopeptidase domain from LysGH15 and an SH3b CBD
from ALE1, showed efficacy under conditions found in different
intracellular compartments, and intracellular activity against
S. aureus strains in multiple eukaryotic infection models.***
Consistent with their lytic mode of action, free M23 and GH15
damaged the cells by causing distortion of cell wall morphology
(marked with red arrows in Fig. 4(B) and 5(B)), leading to the
presence of extracellular debris. This effect was more evident in
the case of M23 and PGH-PP NPs compared to GH15 treatment.
Biofilm dispersal was observed for all free PGHs and PGH-PP
NPs (Fig. 4(C) and 5(C)). The results obtained here are similar to
those previously reported for the combination of M23 with the
chimeric endolysin GH15 at a 10-fold higher concentration
than that used here.” This confirms the great potential of these
NPs for the delivery of endolysins.

Harnessing the production of enzymes by microorganisms
has been a strategy used to modulate antimicrobial release. The
main biological function of AP is to supply inorganic phosphate
(Pi).*” This enzyme is constitutively expressed on the surface of
S. aureus and has been reported to participate in dephosphor-
ylation of different proteins.>**® In turn, for S. aureus biofilm,
AP regulated biofilm formation was suggested, and a correla-
tion between the phosphodiesterase activity of the enzyme and
increased biofilm formation has been established.>® We wanted
to assess the effect of PGH-PP NPs on AP activity (Fig. 4(D) and
5(D)). No increase of activity upon treatment with NPs was
observed for either M23-PP NPs (Fig. 4(D)) or GH15-PP NPs
(Fig. 5(D)). This observation is in line with a constitutive
mechanism of AP expression.>**® As the presence of AP is
essential for the proper function of PP NPs, altogether these
results validate the efficacy of polyphosphate NPs against the

This journal is © The Royal Society of Chemistry 2024
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biofilms of microorganisms in which the expression of AP is
constitutive.

2.5 Enzyme-triggered antistaphylococcal activity

The triggered release of a therapeutic agent relying on external
stimuli can be demonstrated by a gating strategy, i.e. assaying
the effect when the trigger is present or absent.'®'” The
antibiofilm activity of M23 and M23-PP NPs in the presence
(Fig. 6(A)) and absence of the AP inhibitor (Fig. 6(B)) is
schematically presented in Fig. 6(C) and (D), respectively. For
all the samples, a decrease in AP activity between 0.0010 and
0.0015 DEA ml " was observed (Fig. S7, ESIt) in the presence of
inorganic phosphate (P;). This is consistent with the role of P;
as an AP activity inhibitor."®?” When M23-PP NPs were applied
in the presence of P;, no significant differences in lytic activity
were observed compared to the control + P; (Fig. 6(A)). In
contrast, significant staphylococcal lytic activity (p < 0.001)
was observed for M23-PP NPs without the AP inhibitor
(Fig. 6(B)). These results show that a sufficiently high AP activity
is necessary for M23-PP NPs to achieve the killing of S. aureus
in biofilm. As shown in Fig. 6(C) and (D), this suggests that only
in the presence of AP, M23 would be released from M23-PP NPs
to effectively kill the bacteria, confirming the enzymatically
triggered release. An increase of the efficacy of M23 in the
presence of P; was observed (Fig. 6(A)). A transient protection of
the positive charges of M23 by P; could explain this result.
However, the effect was not as remarkable as that observed for

B 8@ AP activity

]
200}
100} A %
v 1L = @ %
E oI -]
E ok A
4 L
o 1]
2f £
0—: S . 2% =
x o x &
%“{'b N «© 0°° ,bﬁq
9‘2 o°° “&
é{b
C D

'
'
f
f
f
'
'
.
'
'
'
'
.
.

N "

Q L * \@\ Q% é,\r:,
'
f
f
f
'
'
.
'
'
'
.
.
'
.
'

Fig. 6 CFU counts after treatment of S. aureus biofilm with M23, M23-PP
NPs and control in the (A) presence and (B) absence of P;. (C), (D)
Schematic representation of the efficacy of M23—PP NPs under AP inhibi-
tion and in the presence of the enzyme, respectively. The indicated values
are means (n = 6) + SD. **p < 0.05, ***p < 0.001 compared to the control
without P;.
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M23-PP NPs, highlighting the suitability of polyphosphate for
encapsulating endolysins.

3. Conclusions

The difficulty of eradicating S. aureus residing in biofilm poses
a major threat to patients having implant related infections. In
line with the current hub for fighting the antibiotic crisis, in
this study we designed SRAMs by combining interdisciplinary
approaches to avoid drug resistance development. On the one
hand, molecular biology and biotechnology converge for the
design of engineered PGHs decreasing the chance for resis-
tance development.*® Moreover, unlike most antibiotics, PGHs
do not rely on active bacterial metabolism for antimicrobial
activity; hence, they can fight S. aureus drug-resistant bacteria
and metabolically inactive persisters, together with those resid-
ing in biofilm.>>*'> On the other hand, microbiology and
pharmaceutical technology converge with nanotechnology to
formulate enzyme-responsive NPs that improve the efficacy of
PGHs. We successfully developed PGH-PP NPs by a one-step
ionotropic gelation method. PP NPs protected PGHs from the
environmental proteases that could be present as a virulent
factor of S. aureus. Moreover, target specific activity through AP
mediated release proved to efficiently eradicate S. aureus bio-
film. Aided by nanotechnology, we were able to deliver and
dramatically improve the efficacy of PGHs against bacteria
residing in biofilm through an enzyme-responsive delivery
system.

The present work intends to contribute to the growing field
of stimuli-responsive materials to fight the current antibiotic
crisis. In this fight, cost-effective approaches that provide high
efficiency and attractive biocompatibilities for antibacterial
materials are required. We anticipate that the approach devel-
oped here does not have the bottleneck in scaling up the
technology that is faced by other stimuli-responsive delivery
systems.*® Moreover, given the specificity of GH15 and M23
towards S. aureus and S. epidermidis,”® PGH-PP NPs seem to be
a promising delivery system for avoiding the formation of
staphylococcal biofilm on implant surfaces without targeting
surrounding non-target microbial flora and host tissues.
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