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Nanomaterials are promising novel antibiotics, but often ineffective. We found that nanomaterial-bacteria
complex formation occurred with various nanomaterials. The bactericidal activity of NMs strongly depends
on their physical binding to (multidrug-resistant) bacteria. Nanomaterials’ binding and antibiotic effect was
reduced by various pathophysiological biomolecule coronas strongly inhibiting their antibiotic effects. We
show from analytical to in vitro to in vivo that nanomaterial-based killing could be restored by acidic pH
treatments. Here, complex formation of negatively-charged, plasma corona-covered, nanomaterials with
bacteria was electrostatically enhanced by reducing bacteria's negative surface charge. Employing in vivo
skin infection models, acidic pH-induced complex formation was critical to counteract Staphylococcus
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Introduction

Besides the wide use of engineered nanomaterials (NMs) in
technical products, their applications are not only increasing in
biotechnology and biomedicine, but also in the environment,
including potential antimicrobial approaches, such as fighting
recent pandemics as exemplified by COVID-19.** Particularly,
the availability of nanomaterials (NMs) has increased in size-
range, complexity, and functionality, potentially allowing
control over microbial pathogens by novel NM-based antimi-
crobial therapies, harnessing the nano-characteristics of the
different materials, which mostly are different compared to
their bulk counterparts.**® Nevertheless, besides their desired
benefits, extended exposure to NMs might also result in nano-
toxicity and thus, potential risks for human health and

ecosystems.>"*> Hence, over the last decade, numerous
comprehensive studies focused on interactions of NMs with
eukaryotic cells, and their consequences at nano-bio
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provide a clinically practical solution.

interfaces.'>> For further details on mechanisms of nano-
toxicity on eukaryotic cells as well as potential involved molec-
ular signaling pathways. We refer the reader to the pertinent
literature. While the physico-chemical properties and the
behavior of NMs can be engineered and characterized under
idealized conditions, this is no longer the case in complex
physiological or natural environments.'** Here, proteins and
other biomolecules rapidly bind to NMs, forming the protein/
biomolecule corona, which critically affects the NM's (patho)
biological, biotechnical and therapeutic identity.>***** As the
corona impacts in vitro and/or in vivo NM applications in
humans and ecosystems, a mechanistic understanding of its
relevance and the biophysical forces regulating corona forma-
tion is mandatory, but still incomplete. Rational design of NMs
to reduce their potential toxicity requires knowledge of how
NMs cause toxic effects. The mechanisms of toxicity include
oxidative stress, membrane damage, inflammasome activation,
genotoxicity and fibrosis.>'**> Here, the mechanisms induced
by a specific NM are highly dependent on the NM's physico-
chemical characteristics as well as the (patho)physiological
environment.>*">*> However, surprisingly little is known about
the crosstalk of NMs with socio-economical highly relevant
pests, including viruses, (pathogenic) fungi or the plethora of
bacteria. Besides being crucial to maintain ecological homeo-
stasis, bacteria are associated with a wide spectrum of diseases,
highly relevant for humans or animals but also for
agriculture.?*?¢

Not only the increasing cases of multidrug-resistant (MDR)
bacteria but also the lack of still effective and novel antibiotics
represent an increasing socio-economic problem.””* Here,

This journal is © The Royal Society of Chemistry 2020
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hospital-acquired MDR bacteria such as Methicillin-resistant
Staphylococcus aureus (MRSA), Salmonella enterica or Pseudo-
monas aeruginosa, and extended-spectrum p-lactamase-
producing Escherichia coli (ESBL-EC) are problematic in the
clinics even in highly developed countries.'®****¢ Conse-
quently, NMs are investigated as tools for diagnosis of bacteria,
as antibiotic drug carriers and/or based on their antimicrobial
activity, directly tested as novel nano-antibiotics.*¢%27:2%3537
Antibacterial nano-therapeutics so far mainly focused on
a variety of semiconductor, metal, and metal oxide
NMs. #10:2227:2938,39 Here, their antibacterial properties seem to be
mainly due to the release of toxic metal ions, physical damage of
bacterial membranes, the generation of free radicals and reac-
tive species, as well as by local heating through surface plasmon
resonance effects.'®?*3#4° Moreover, anti-microbial nano-
peptide polymers have been reported, potentially acting via
membrane destabilization and damage.'******> As not all NMs
are antibiotics and not all antibiotics are NMs, we here wish to
define the term ‘nano-antibiotics’ as any nano-sized antibacte-
rial material. These include NMs that are already antibacterial,
but also any nano-sized carrier for antibiotic drugs.
Interestingly, nano-antibiotics often fail in practical clinical
or biotechnological applications and the details are not yet
understood.******3% ‘Classical’ antimicrobial resistances are
mainly based on a pathogen's ability to stop the antibiotic from
reaching its target at a high enough concentration and/or to
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modify or bypass the target that the antibiotic acts on. In
contrast, besides these known ‘classical’ resistance mecha-
nisms, potentially relevant though not specific for nanoanti-
biotics, there is an ongoing discussion if nano-size specific
effects could also contribute to limited practical applications,
i.e. causing resistance.** The blood-system, the oro-
gastrointestinal tract, lung as well as (skin) wound applica-
tions of NMs represent main targets for nano-antibi-
otics.»*1?7293537 Notably, such (patho)physiological systems
are often highly dynamic and NMs are expected to contact
bacteria only for a short period of time. However, most studies
investigated rather artificial static and constant treatment
scenarios so far, often neglecting the dynamics of bacteria-NM
interaction.'*?”?%%*3 Moreover, (patho)physiological systems
contain various molecules, quickly assemble on the NM's
surface and form biomolecule coronas of various identities and
complexities.®0122229,35,38-40,4353 Thege coronas may modulate
the physico-chemical and (patho)biological identity of NMs via
different mechanisms, including their impact on the NM's
colloidal  stability, dissolution, and/or =zeta poten-
tial, #10:11,22,29,35,38-40,44,45,55,5¢ Although one may hypothesize that
corona formation may potentially affect ‘nano-antibiotics’
activity, its detailed (practical) impact has not been compre-
hensively investigated before.

In our study, we therefore investigated these ‘neglected’
factors employing well-characterized NM models and found

Table 1 Nanoparticle characterization. The average size of indicated nanomaterials was determined in the dry state (TEM) as well as in buffer-A
by DLS. Zeta potentials were determined with a Zetasizer. Values are mean =+ s.d. from three independent experiments®

TEM diameter in Hydrodynamic diameter

Zeta potential Reduced binding

dry state + s. d. [nm] in water + s. d. [nm] + s.d. [mV] Bacteria binding by biomolecule coronas
Metal-based NMs
Agio 10.3 + 2.2 12.4 + 0.5 —43 £ 3 +EM/EDX/SEM; * +
Ag100 95.6 + 6.9 118.4 + 4.5 —36+4 +EM/EDX/SEM; * +
CuO 55.2 £ 3.6 488.3 + 12 —4.5 £+ 0.5 +EM/EDX/SEM +
ZnO 20.2 + 2.0 158 £ 11 +14 £ 3 +SEM/EDX +
CeO, 28.4 +10.4 135+ 4 +49 £+ 2 +SEM/EDX +
CdTe (2.4 eV) 31404 3.0£0.5 —30+3 +SEM +
Silica NMs
Sizo 31.6 £ 5.8 33+7 -15+2 +EM/EDX +
Si1a0a/k 140.8 & 8.0 142.4 + 6 —20+3 +FM*/EM/EDX +
Siys0 141 + 6.0 141 +6 —21+3 +EM/EDX +
Sig 30.6 + 6.8 33.6 + 8 —14 £ 2 +FM*/SEM +
Sig 30.8 64 34.0+ 7.6 -15+2 +FM* +
Polymer NMs
OSigc 9.1+ 1.8 14.9 + 0.09 —324+2 +FM* +
OSign 10.2 £ 1.9 15.7 £ 0.09 +24 £5 +FM* +
OSigprg 104 + 1.7 22.1 + 0.09 —14+1 —FM* +
OSigprio 11.8 £ 2.0 26.0 + 0.19 —541 —FM* +
Microparticles
MP-Si 3012 £ 113 n.d. —36.1 +2 — —
MP-Ag 1012 £ 56 n.d. —28.3+1 —; * —
MP-Ag, 2102 + 98 n.d. —29.2 +2 — * n.d.
MP-Cu 2207 £ 213 n.d. —39.1+2 — —

“ NP-bacteria interaction was verified by the indicated methods: FM: (*quantitative) fluorescence microscopy, EM: electron microscopy (SEM); EDX:
energy dispersive X-ray spectroscopy. Fluorescent labels (R = rhodamine; G = FITC). n.d.: not determined.
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that complex formation is required for NMs' efficient antibac-
terial effects. Subsequently, from analytical to in situ to in vitro
to in vivo, we provide convincing evidence that biomolecule
coronas acts as a ‘resistance modulator’ to NMs, and a simple
and effective way to overcome this effect to enhance the activity
of nano-antibiotics relevant for practical applications of
medical and biotechnological nanotechnology.

Results and discussion

NMs' physico-chemical characteristics co-determine complex
formation with bacteria

Although not tested in detail before, one may expect that the
effects of NMs on bacteria are dependent on their physical
contact, the type of NM and bacteria, as well as by how these
attractions are potentially modulated by the (patho)physiolog-
ical environment. Clearly, NMs' physicochemical characteristics
define their biological behavior, though it is impossible to test
all types of NMs. Hence, we here employed NM models
combined with an experimental pipeline to uncover NM
characteristics-function correlations. We tested NMs varying in
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size and/or surface functionalization, including NMs that have
been proven as reliable models in previous studies, to define
determinants for bacteria-NM interactions and antibiotic
effects (Table 1).****>% For one, we first analyzed the interac-
tion of various fluorescent polymer and silica NMs with auto-
fluorescent pathogenic as well as apathogenic bacterial genera
in situ using mainly live cell microscopy as a non-invasive
method (Fig. 1a, b and e).

To study and mimic exposure and contact times simulating
realistic dynamic pathophysiological environments, we exposed
bacteria to NMs under controlled conditions, allowing to vary
potentially relevant parameters such as temperature, biomole-
cules, time or pH (Fig. 1a, ESI Fig. S1f). NM-bacteria complexes
were subsequently recovered by mild centrifugation and washed
to remove unbound NMs. We found by fluorescence microscopy
that all tested NMs rapidly bound to all examined bacteria,
including Shigella flexneri, enteropathogenic strains of E. coli as
well as Listeria monocytogenes (Fig. 1b-d; ESI Fig. S2a;} Table 1).

Moreover, kinetic analyses showed that NM adsorption to
bacteria occurred rapidly (~30 s) and complex stability was not
affected by variations in temperatures (8-42 °C) (ESI Fig. S1d
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b
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Fig.1 NM size determines likelihood of interaction with bacteria. (a) The applied workflow allows to analyze NM-pathogen interaction regarding
important parameters and their impact. Following co-incubation under controlled conditions, NM—bacteria complexes are harvested by mild
centrifugation. Unbound NMs in the supernatant are then discarded and NM—bacteria complexes subsequently analyzed. (b) Living bacteria form
complexes with NMs in situ. Autofluorescent bacteria and fluorescent silica NMs (Sig,g) were co-incubated according to the introduced workflow
and analyzed by microscopy. Scale bar, 2 pm. (c) SEM visualizes assembly of Si30 and Ag10 NMs on the surface of E. coli bacteria. Scale bar, 1 pm.
(d) Cultivation of primary clinical isolates. (e) Different physico-chemical properties affect the NM's complex formation with bacteria. Automated
microscopy allows to quantify the interaction of NMs with E. coli. A minimum of 1 x 10° NM—bacteria complexes/well were analyzed using
the Target Activation assay. Reduced binding was observed for positively (OSign; £ = +24 mV) compared to negatively (OSigc; £ = —32 mV)
charged polymer NMs. Small NMs (Sig & ~30 nm; Agio & ~10 nm) show higher binding rates compared to larger NMs (Sij40r & ~140 nm; Ag100 &
100 nm). For Ag NMs, the interaction was determined by surface plasmon peak adsorption spectra. Assays were performed in triplicates. Images
are representative of at least three independent experiments. Columns: mean + s.d. from three independent experiments.
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and et). Of note, as Brownian motion, which is directly affected
by temperature, is the reason for the NMs' mobility also driving
their adsorption to bacteria.

Observed NM-interactions could also be verified by inde-
pendent methods, including energy-dispersive X-ray spectros-
copy (EDX) or electron microscopy approaches (Table 1; Fig. 1c,
3b; ESI Fig. S1aft). Building upon the results and insights from
these though non-antibacterial NM models (even when used in
high concentrations - data not shown), we were able to confirm
the results also for clinically and biotechnologically relevant
anti-bacterial NMs, such as ZnO, CuO, and Ag (Table 1; Fig. 1f,
2a; ESI Fig. S2at). EM showed a NM-coating of the bacteria's
surface with silica NMs (Si3) (Fig. 1c), whereas NMs that already
tend to aggregate in physiological buffers, such as ZnO or CeO,,
mainly bound as NM clusters (data not shown). The relevance of
these insights is further underlined by showing that not only
laboratory bacteria but also freshly isolated MDR bacteria
including primary clinical isolates, such as extended-spectrum
B-lactamase-producing E. coli (ESBL-EC), MRSA as well as
Salmonella enterica, efficiently bound to all investigated NMs
(Fig. 1d and e; Table 1; ESI Fig. S2aft).

We moreover discovered that self-assembly of NMs on
bacteria cannot be explained by the rules of electrostatics alone.
Using NMs varying only in distinct parameters, fluorescence-
microscopy automated quantification of complex formation
revealed enhanced binding for negatively (OSigc, { = —32 mV)
compared to positively (OSigy, { = +24 mV) charged polymer NMs
of similar size (Table 1; Fig. 1e). Notably, all tested bacteria dis-
played an overall negative zeta potential, but also various nega-
tively charged NMs, including silica as well as antibiotic Ag NMs
(Ag10), bound efficiently (Fig. 1; Table 1). Binding also occurred
under ion-free conditions, such as in deionized water, excluding
the potential influence of counter ions (ESI Fig. S2ct). Interest-
ingly, also protein corona formation cannot be predicted by
electrostatics alone as proteins displaying an overall negative
charge constitute the majority of all corona proteins, irrespective
of the NM's initial surface charge (Fig. 4a; ESI Table S27).*%%°
Our data further indicates that NM-bacteria complex formation
is enhanced by small NM size rather than charge or material.
Small silica (O ~ 30 nm) NMs bound more efficiently compared
to larger ones (0 ~ 140 nm), despite their similar negative
surface charge (Table 1; Fig. 1f, 2b; ESI Fig. S2ct). These NMs
seem to establish more contact points than larger NMs resulting
in more efficient binding. The possibility that microparticles do
not bind to bacteria in contrast to NMs due to their increased
negative charge is rather unlikely as less negatively charged Ag
microparticles (MP-Ag, { = —28 mV) did not interact at all
compared to highly negative Ag NMs ({ = —43 £ 3 mV) (Table 1).
Enhanced binding of smaller antibacterial NMs to pathogens,
resulted in a stronger antibiotic effect (shown for silver NMs;
Fig. 2a). However, one may need to test additional NM models
varying only in size in order to generalize our findings. Also, one
may study identical NMs only differing in their shape, which
might affect NM-pathogen interaction and/or bacterial vitality.

Currently, supramolecular structural and/or charged
domains on biomolecules are recognized and addressed as
targets by the powerful field of supramolecular chemistry. It is

This journal is © The Royal Society of Chemistry 2020
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likely that supramolecular domains of components constituting
the complex architecture and molecular surface structure of
bacteria may also determine the binding of NMs. Hence, tar-
geted supramolecular chemistry may be investigated as
a strategy to rationally guide design of NM-pathogen interac-
tion. Such chemical strategies aiming at the surface of bacteria
have been tested, potentially allowing to control NM-bacteria
complex formation upon their integration on NM surfaces.**"*

Clearly, we feel that our findings are of general relevance,
and may with caution be extrapolated to other NMs, as we could
not test all existing NMs. Future work might likewise examine
identical NMs only differing in their shape, although the
mechanisms of how NM-shape alone could enhance their
bactericidal activity needs to be determined and is controver-
sially discussed.®

Relevance of protein coronas for NM-bacteria complex
formation as a ‘resistance modulator’ to nano-antibiotics

As introduced, it is accepted in the field that biomolecule
coronas rapidly form on almost all NMs in pathophysiologically
relevant and complex environments. However, as their impact
on NMs' antimicrobial activity has not been studied in detail
and pathophysiological environments relevant for practical
application include protein-rich environments, such as wounds
or the blood, we focussed on the (hard) protein corona in our
study. We observed that enhanced binding of NMs correlated
directly with improved anti-microbial activity of metal based
NMs, such as CuO, ZnO or different Ag NMs, inhibiting also the
growth of MDR bacteria (Fig. 2a and b; ESI Fig. S21). However,
when we used human plasma as an additional component in
our SOP, we observed that the blood protein corona mediated
resistance to anti-microbial NM reducing the NMs' colloidal
stability (Fig. 2c and e; Table 2; ESI Fig. Sic; ESI Table S17),
explaining the NMs' reduced antibiotic effects in physiologically
relevant surroundings. Here, SDS-PAGE and LC-MS confirmed
that all tested NMs developed a plasma protein corona (Fig. 4a;
ESI Table S2t). Biomolecule coronas may transform NMs by
also modulating their colloidal stability and/or zeta poten-
tial‘4,10,11,22,29,35,38—40,44,45,47,48,54,55,65 Summarizing the resultS Of
numerous studies, (patho)biological and ecological environ-
ments seem to be facing mainly negatively-charged, protein
corona-covered NMs, irrespective of the NM's initial zeta
potential.*®>>°%¢6-6% Although we only tested a selection of rele-
vant NMs, our data demonstrates that binding to also negatively
charged bacteria occurs and thus, that binding cannot be pre-
dicted by colloidal electrostatics alone in the absence or pres-
ence of biomolecules.

Moreover, NM exposure to simulated wound fluid (SWF; ESI
Table S3t) equally resulted in resistance of Gram+ and Gram—
model bacteria as well as freshly isolated multi-drug resistant
primary clinical isolates (Gram+ and Gram-) (Fig. 1d, 2;
Table 2). However, pathogens pre-incubated even with undi-
luted human plasma still bound NMs (ESI Fig. S3et), showing
that the NMs' protein coronas but not proteins potentially
adsorbed on microbes, are critical for the observed effects. Also,
no protein corona-mediated resistance was evident for free

Nanoscale Adv., 2020, 2, 5428-5440 | 5431
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Fig.2 NM-bacteria complex formation is inhibited by biomolecule coronas and determines antimicrobial activity. (a) NM binding and killing of
Gram-positive (G+) and Gram-negative (G—) bacteria by antibiotic metal-based NMs, which inhibit growth size-dependently. MDR clinical
isolates were incubated in PBS in the absence or presence of the indicated NMs (50 ug mL™). Formed complexes were cultured, and growth
inhibition determined as 1 — (ODNM/ODctrl), using optical density measurements (OD600) at 6 h. (b) NM—bacteria complex formation is
stronger for G+ than for G— bacteria. Complex-formation was analyzed in situ by automated microscopy. (c) E. coli bacteria were preincubated
with Ag10 NMs in diluted plasma or PBS as control. Growth was monitored in LB medium via continuous OD600 measurements in a TecanSpark
at 37°Cand 160 rpm over 12 h. (d) NM protein corona acquired in human plasma inhibits NM—bacteria complex formation. Clinical isolates were
fluorescently-stained and incubated with SiG in the presence of human plasma. Scale bar, 2 um. Formation of the plasma corona on the green-
fluorescent NMs inhibits their binding to bacteria. As no NMs adsorb to the bacteria, no green fluorescence is detectable. (e) The antibacterial
activity of silver ions is not affected by the presence of biomolecules. Bacteria were exposed to 1 mM silver nitrate in the absence or presence of
human plasma and further cultivated correspondingly to “a”. Growth was determined using OD600 measurements. No biomolecule-mediated
resistance against Ag-ions was observed. Columns: mean =+ s.d. from three independent experiments.

conclusion, it seems that not flagellin's biological activity but its
mere physical binding to NMs is relevant for resistance by
inhibiting NM-pathogen complex formation (Fig. 3e).

In addition, we examined whether the reduction of antibiotic
activity mediated by protein coronas is caused by reduced
liberation of toxic ions due to high protein concentrations or

Table 2 MIC [ug mL™Y of NMs' to demonstrate pH-dependent
increase of antibiotic effects, even in wound fluid (SWF)

Ag10 ZnO

H,0 SWFpH7 SWFpH3 H,0 SWFpH7 SWF pH 3

MRSA 6.5 >50 3.5 21.5 >50 14.5 pH-mediated dissolution. Here, we studied antibiotic quantum

ESBL-EC 5.5 >50 1.5 24.0 >50 12.0 dots (QDs; 2.4 eV CdTe QDs; 150 nM), for which the antibiotic

iy, *OSing activity -is not dependen't on the release of- toxic ions, but on the

generation of photo-activated charge carriers.” As expected, we

H,0 SWFpH7 SWFpH3 H,0 SWFpH7 SWF pH 3 found that light-activated inhibition of bacterial growth was

also inhibited by protein coronas (ESI Fig. S2bt) and improved

MRSA — >150 >150 >150 >150 >150 150 by low pH (light-activated inhibition of S. aureus MIC [pg mL™']:
ESBL-EC >150 >150 >150 >150 >150 >150

pH 7 = 130 nM; pH 3 = 55 nM).

Collectively, this data further supports our main finding that
protein corona formation is most likely the main resistance
modulator mechanism to nano-antibiotics in general and that
complex formation of nano-antibiotics with bacteria seems

silver ions, demonstrating the nano-size relevance of the iden-
tified mechanism (Fig. 2e).

In a recent study, it was suggested that flagellin confers
resistance to Ag NMs.** Under laboratory conditions also
flagellin formed a protein corona on anti-microbial NMs, thereby
conferring bacterial resistance by inhibiting NM-bacteria
complex formation (Fig. 3e). In contrast, in pathophysiological
realistic environments already containing high protein concen-

essential for an optimal therapeutic effect, independent of the
NMs' mode of activity, such as the release of toxic ions (Table 3).

Strategies to overcome protein corona-mediated NM
resistance

trations, such as wound fluid or human blood plasma, adding
flagellin did not further increase bacterial resistance. In

5432 | Nanoscale Adv, 2020, 2, 5428-5440

As outlined above, supramolecular structural and/or charged
domains on biomolecules are recognized and addressed as
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of Ag10 NMs to MDR E. coli after incubation at pH 3 for 1 h. Assays were performed in triplicates. (c) Complex-formation of red fluorescent NMs
with green fluorescent bacteria was quantified in situ by automated microscopy at the indicated pH conditions. (d) Incubation under acidic pH
conditions (pH 3) increases binding and antibacterial efficacy of metal-based nano-antibiotics against MDR bacteria. Due to the formation of
a NM biomolecule corona, the NMs' binding and antibacterial activity is reduced at pH 7, but can be restored by enhancing complex formation at
pH 3. Clinical isolates were incubated with indicated NMs (50 ug mL™) in PBS at pH 7 or pH 3. Additionally, the experiment was performed in the
presence of 20% human plasma to induce protein corona formation. After washing, NM—bacteria complexes were cultured and growth inhi-
bition determined by ODggp measurement after 6 h. (e) Low pH restores NM—bacteria interaction, which is hampered by the formation of
biomolecule coronas in protein-containing environments. Quantification of NM E. coli complex formation in the presence of the respective
biomolecules by automated microscopy at indicated pH. Assays were performed in triplicates. (f and g) While bacterial growth is inhibited by
antibiotic NMs, human cell vitality is not affected. (f) Primary human epithelial cells (HEC) were exposed to 1 x 10° bacteria and ZnO or Ag NMs
(50 pg mL™Y) either at pH 3, pH 7 or in PBS alone. Cell vitality was assessed after exposure for 6 h. (g) Bacterial growth was efficiently inhibited at
pH 3. Presence of bacteria in cell lysates was determined by CFU assays. Assays were performed in triplicates. Columns: mean + s.d. from three
independent experiments.

Table 3 Parameters identified to influence NMs' adsorption to bacterial pathogens

NM size (Potentially) highly relevant; improved binding for smaller NMs,
correlating with enhanced antibacterial effects (shown for Ag NMs)

NM charge Potentially less relevant (binding of negatively or positively charged
NMs)

Material Less relevant (binding of various NMs)

Biomolecule coronas Concentration-dependent inhibition of complex formation by various
types of coronas

Exposure time Rapid binding of NMs to bacteria

Type of bacteria Potentially less relevant (although a limited number of bacteria have
been tested)

Antibacterial activity Antibiotic activity of the NM is required; increased upon NM-pathogen

complex formation
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targets by the field of supramolecular chemistry. One may
speculate that targeted supramolecular chemistry may also be
exploited in the future as a strategy to increase NM-pathogen
complex formation and thus, the NMs' bactericidal activity,
even in practical environments and applications. Clearly, our
data indicates that approaches restoring NM-bacteria complex
formation even in protein corona forming environments are
expected to boost NMs' antibiotic efficacy. Therefore, we tested
environmental parameters, which may influence the bacteria's
cell surface charge. The field has shown that the dense glyco-
calyx, containing numerous deprotonated carbohydrates, is
mainly responsible for the overall negative bacterial surface
charge. We speculated that variations in pH may lower (pH < 7)
or increase (pH > 7) this negative surface charge, based on
protonation or deprotonation of molecules. Indeed, our zeta
potential analyses showed that the overall negative surface-
charge of Gram-pathogens (E. coli; pH 7; { = —74.2 mV) or of
Gram+ bacteria (S. aureus; pH 7; { = —12.8 mV) became less
negative (E. coli, pH 3; { = —6.2 mV; S. aureus; pH 3; { = —1.3
mV) under acidic pH conditions. Interestingly, our analyses
revealed that NM-bacteria complex formation was enhanced in
acidic surroundings (pH 3-5) for Gram— as well as for Gram+
(MDR) bacteria (Fig. 3a—c; ESI Fig. S31). Notably, even a short
acidic pulse (<1 min) enhanced complex formation, which
remained stable under subsequent transfer to neutral pH
conditions (ESI Fig. S3a and bf). Moreover, we observed that
when bacteria, which have been pretreated at pH 3, were mixed
with bacteria pretreated at pH 7, the tested NMs mainly
adsorbed to pH 3-pretreated bacteria (ESI Fig. S3ct). These
results indicate that pH-induced effects on the bacterial cell
rather than at the NMs' surfaces are determining likelihood and
strength of interaction.

Building upon the obtained results, we further hypothesized
that lowering the negative surface charge of bacteria by acidic
pH increases the electrostatic attraction even of protein corona-
covered NMs to pathogens, which was confirmed by zeta
potential analyses, measured 10 min post exposure in plasma
(Cu NM: £ = —0.6 + 0.8 mV; AgNM: { = —33 & 6 mV).

Furthermore, we used LC-MS based proteomics to profile the
number and identity of human plasma proteins adsorbing on
anti-microbial Cu or silver NMs (ESI Table S2t). Analyses and
bioinformatic classification of the identified corona components
(>200 proteins) could demonstrate that mainly proteins with an
overall negative-charge composed the majority of the protein
corona (Fig. 4a). As (patho)biological environments seem to be
facing mainly negatively-charged, protein corona-covered NMs,
reducing the bacteria’s surface charge by acidic pH would mech-
anistically explain enhanced complex formation and improved
anti-microbial activity promoted by the induced electrostatic
attractions (Fig. 4a). It is suffice that by enhancing the physical
binding of NMs with pathogens’ cell surface the nanotoxic effects
mediated by light-activated free radicals and/or the release of toxic
ions is increased and may also enhance the impact of bactericidal
chemicals, which are released from engineered NMs.

In order to probe the relevance of our discovery for realistic
treatments, we subsequently examined the effects of lowering
the pH of the applied NMs in in vitro scenarios such as
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simulated wound fluids or human blood plasma. Notably,
resistance to anti-microbial NMs' mediated by protein coronas
could be overcome in these relevant environments by acidic pH
treatments (Fig. 3d; Table 2), allowing even the killing of clinical
MDR isolates, including MRSA, ESBL-EC or CRKP (Fig. 3d).

To further examine the relevance of the findings for practical
(clinical) applications, primary human epithelial cells (HEC)
were exposed to bacteria in combination with anti-microbial
silver or ZnO NMs or inert fluorescent Si NMs at different pH
conditions (pH 7 or 3). NM-bacteria complexes were stable and
detectable at the cell membrane (ESI Fig. S3ff). Notably, these
treatments did not affect cellular vitality but the bacterial
growth was efficiently inhibited mainly at pH 3 (Fig. 3f and g).

Long-term acidic pH conditions have been used as food
preservation method for centuries and are present in the
human stomach.” To investigate if acidic pH and not enhanced
interaction of bacteria with antibiotic NMs is key for the
observed enhanced killing of (MDR) bacteria, bacteria were
exposed to non-antibiotic NMs (silica or polymer NMs) at
various pH conditions. However, we did not observe an antibi-
otic effect of acidic pH with these non-bactericidal NMs
(Table 2). Previous studies also suggested that highly acidic pH
can promote dissolution of (metal)-based NMs.”*”® Thus, we
performed DLS measurements, which confirmed that the
increased antibiotic effect of Ag or Cu NMs at pH 3 conditions
was not merely mediated by enhanced NM dissolution under
our experimental conditions and exposure time points (NMs'
hydrodynamic diameter: Cu NM: H,O £+ s. d. [nm], ¢ =0h —
488.3 £12;t=3h — 479.5 £ 10; SWFpH3 £ s.d.[nm],t=0h
— 491.3 4+ 14;t = 3 h — 475.3 £ 13; Ag NM: H,O + s. d. [nm],
t=0h —> 124 +£0.5;t=3h — 12.3 +£ 0.3; SWF pH 3 + 5. d.
[nm],t=0h — 12.1 £ 0.4; ¢t =3 h — 10.4 + 0.5). Although less
important for most biomedical applications, it is likely that
acidic pH will promote NM dissolution upon prolonged incu-
bation, such as days or month in ecologically and agriculturally
relevant environments, which may influence desired or unde-
sired nanotoxicology for microbial habitats.**** In addition,
EDX analysis showed improved binding of silver NMs to (MDR)
E. coli following 1 h exposure at pH 3, arguing against a major
dissolution-mediated antibiotic impact of Ag NMs (Fig. 3b).

Collectively, our data supports our conclusion that resis-
tance to nano-antibiotic NMs is mediated by pathophysiological
protein coronas reducing NMs' binding to bacteria. We thus
provide a nanosize-specific explanation why the activity of
current nano-antibiotics is often impaired under clinically
relevant conditions. Also, we found that low pH treatment
seems to be a promising approach to override the observed
protein corona-mediated resistance by restoring NM-bacteria
complex formation.

Practical translation: applying acidic-pH NM formulations to
treat bacterial infections of the skin

Following our tiered experimental pipeline, we subsequently
tested the relevance of the encouraging in vitro data by using in
vivo models of growing complexity and (pre)clinical relevance.
Clearly, in contrast to the intravenous systemic use of
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Fig.4 Low pH-NM formulations improve NM pathogen interaction and improve antibiotic skin therapy. (a) Distribution of the electric charges in
the surface protein corona of silver and copper NMs as determined by MS measurements of pooled corona proteins. The overall resulting net
charge of the protein corona is negative. lllustration how complex formation of negatively charged corona-covered NMs with bacterial surfaces
is electrostatically increased by protonation-induced lowering of bacterias' negative surface charge. (b) Galleria mellonella larvae were scratched
with a lancet and infected with MRSA (5 pL; 4.0 x 10”7 CFU mL™%). Wounds were topically treated with either Ag;o NM formulations of pH 3 (5 uL;
Adio NMs: 0.1 mg mL™; 1% PEGgoo, 1 mM citrate) or pH 7 (5 uL; Agig NMs: 0.1 mg mL™%; 1% PEGggo PBS) or a PBS control (1% PEGggo PBS). As
further controls, to exclude Ag;o NM-mediated toxicity, uninfected controls were treated with the same agents. As demonstrated by the Kaplan
Meier survival curves, a single application of Ag;o NMs at pH 3 prevents bacterial growth and animal death. Each group comprised n = 35 animals.
Representative results of one out of three independent experiments are shown. (c) Skin wounds were induced on either side of the backbone of
CD-1 mice and infected with S. aureus (10 L, 3.0 x 107 CFU mL™Y). Animals were treated in three groups of n = 5 with Ag;o NMs in pH 3 (10 uL,
Adio NMs — 0.1 mg mL™%; 1% PEGgoo, 1 MM citrate), pH 7 (10 pL, pH 7 Agyo NMs — 0.1 mg mL~%; 1% PEGgoo PBS), or as control with PBS (10 ul, PBS,
1% PEGgoo PBS). NM-formulations were topically administered on wound beds. The mean wound area was monitored over time and used as
a read-out for wound healing. Application of Agio NMs in pH 3 formulation significantly inhibited infection and increased wound healing. (d)
Human skin wounds were induced with a lancet as indicated and infected with S. aureus (10 uL, 3.0 x 107 CFU mL™%). Wounds were subsequently
treated with Agio NMs in two different concentrations (1 mg mL™t and 0.1 mg mL™%, 10 pL each) at pH 3 or pH 7. As a control, NMs were
additionally applied to an uninfected wound. NM-formulations were topically administered on wound beds. Application of Ag;p NMs in pH 3
formulation inhibited infection and increased wound healing.

nanoformulations, the topical application of nanoformulations
is currently more accepted by the field, expected to minimize
potential adverse nanotoxicological complications. The pH of
wounds during infection, treatments, and healing seems rele-
vant though complex topic involving multiple signaling path-
ways in both, the wound microenvironment, as well as in
microbes.””> Although not fully understood, acidosis of the

This journal is © The Royal Society of Chemistry 2020

wound supports oxygenation, macrophage activity, collagen
formation, angiogenesis as well as the proliferation of fibro-
blasts, whereas alkalization is often favorable for the growth of
microbes.”*”> Hence, we chose topical wound infections as
a relevant model to test our anti-bacteria nanoformulations,
protein corona effects, and the impact of pH modulation on
improving NM-pathogen complex formation, and thus,
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increasing the NMs' antibiotic effect. Of note, our single topical
ointment treatments did not allow to modulate the wound pH
for a prolonged period.

Currently, research heavily relies on murine models for
studying the activity of (nano-based) anti-microbials.*>*
However, there is a growing public consciousness demanding
alternative experimental models as initial proof-of-concept
screening systems, as there are ethical, financial, and logis-
tical problems connected with the use of mammals. The
invertebrate insect Galleria mellonella can be infected by
numerous microorganisms including bacteria, and thus is
suggested to be highly useful to investigate bacterial infections
and their therapies.” G. mellonella larvae can be easily and
inexpensively obtained in large numbers, and have a short life
cycle. Though lacking a typical vertebrate adaptive immune
response, insects possess well-developed innate immune
responses with remarkable similarities to vertebrates. In
particular, their anti-bacterial immunity also involves cellular
and humoral components.”””” The hemolymph system
contains different types of hemocytes, important for recogni-
tion and elimination of pathogenic microorganisms.”””®
Moreover, insects and humans have evolutionary conserved
anti-microbial peptides, including defensins.”*’””® Here, G.
mellonella larvae were scratched with a lancet in the left proleg
and infected with MRSA. Animals were then treated by topical
administration of pH 7 or pH 3 AgNM formulations. Compared
to PBS-treated controls, the treatment with pH 3 AgNMs pre-
vented bacterial growth and animal death, whereas pH 7
formulations were less effective (Fig. 4a). As an additional
control for pH-regulated effects in the wound microenviron-
ment, using non-antibiotic silica NMs even at pH 3 did not
counteract MRSA infection and animal death, excluding again
a major relevance of acidic pH alone, independent of nano-
antibiotics (ESI Fig. S4b¥).

Building upon the effects observed in the invertebrate
system, we next investigated the pH-dependent antibiotic effect
of AgNMs in a preclinical mouse wound infection model. Here,
we generated full-thickness skin wounds on the back of mice,
which were infected with S. aureus bacterial suspensions.
Wounds were treated by topically administering AgNMs in pH 7
or pH 3 formulations or using saline as controls for one time
only. We monitored wound healing macroscopically over time
and found that mainly the application of pH 3 silver NMs
effectively inhibited the bacterial infection and promoted
wound healing (Fig. 4b), supporting our conclusions obtained
from employing our in vitro data and the data acquired in the
invertebrate wound infection model. Of note, when monitoring
treatment-induced changes in wound pH, we observed that ten
minutes after treatments, the wound fluids' pH correlated with
the pH of the topical ointments (pH < 5 for Ag;, NMs in pH 3;
pH 7 for Ag;o NMs in pH 7). Already two hours later, the pH of
recovered wound fluid was similar and around pH 7 for both
treatments, thus neutralized by the fluid's physiological buff-
ering capacity. Due to wound healing/closure and ethical
reasons, we could not recover wound fluids at later time points.
Though, based on the current literature, there are no reasons to
expect that acidification of wounds will occur at later time
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points, particularly without additional treatments.””> Hence, as
NM-pathogen complex formation occurs rapidly and was
mimicked by our experimental procedures from analytical to in
vitro as well as in vivo, our data strongly indicate that complex
formation of nano-antibiotics with bacteria seems essential for
an optimal therapeutic effect, rather then a low-pH triggered
rapid dissolution of metal-based NMs.

As a final proof-of-concept experiment, we tested our pH-
switch to treat human skin wounds infected with S. aureus in
a single healthy volunteer (R.S.). Topical application of silver
NMs (pH 3), even when diluted 10-fold higher than the other
treatments, reduced infection and increased wound healing
more effectively than treatment with silver NMs at pH 7
(Fig. 4d). Treatments were applied for one time only. No signs of
skin irritation or inflammation were observed by administering
silver NMs alone (Fig. 4d).

Experimental
Reagents

If not stated otherwise, reagents and chemicals were purchased
from Merck, MSC UG, Invitrogen, and Promega.

NM synthesis and characterization

Silica, polymer, and metal-based NMs as well as various
microparticles were synthesized and provided by the DENANA/
NanoBEL Research consortium, purchased (Merck, Invitrogen,
MSC UG) or synthesized as indicated.?>?3*°>57:8082 NMs were
characterized by EM, DLS, and zeta potential measurements as
reported.>>°7%

Clinical isolates and cultivation of bacteria

MDR bacteria were isolated and respective resistance pheno-
types characterized at the University Medical Centers of Essen
and Mainz using microbial methods as described.?>3>3%8
Identity confirmation and susceptibility testing were performed
by the semi-automated systems VITEK 2 (bioMérieux, Germany)
and MicroScan WalkAway (Siemens, Germany) or by MALDI
Biotyper® System (Bruker, Germany).**** For microscopy,
bacteria strains, expressing red (tdTomato) or green fluorescent
protein (GFP) were used.* Bacteria were grown in liquid
cultures overnight at 37 °C and 140 rpm or on agar plates in
their respective media.

Characterization of NM-bacteria complexes

To form NM-bacteria complexes, bacteria from an overnight
culture were washed five times before incubation with NMs in
the indicated media, temperature, and time points. NM-
bacteria complexes were harvested by mild centrifugation
(10 min, 3000 rpm, 20 °C), the pellet was resuspended in PBS
buffer and two more washing steps were performed (10 min,
3000 rpm, 20 °C) before resuspension in PBS buffer, counting
and subsequent use. Binding of NMs was analysed by inde-
pendent methods, including fluorescence microscopy, auto-
mated high content microscopy analysis, EM, and EDX.

This journal is © The Royal Society of Chemistry 2020
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Biocorona profiling

Label free quantitative liquid chromatography-mass spectrom-
etry (LC-MS)-based profiling of human plasma coronas on Ag
and Cu NMs and bioinformatic analyses were performed as
reported.®>* Briefly, NMs were incubated in human plasma and
then separated from unbound plasma molecules via a centrifu-
gation-based protocol. Proteins were eluted from the NMs with
the help of lysis buffer and quantified by LC-MS.

Microscopy

Confocal laser scanning microscopy, fluorescence microscopy,
and automated high content microscopy analysis were used to
visualize and quantify NM-bacteria complexes in situ and to
show their cellular localisation.>® The ArrayScanVTI automated
HTS microscopy platform was employed for quantification of
NM-bacteria complexes.*® A minimum of 1 x 10> NM-bacteria
complexes/well was analysed. A binary image mask was created
from the GFP signal of the bacteria (XF93 GFP 475/515). In the
second channel (XF32 TRITC 547/570), this circular mask was
dilated by one pixel to quantify the adhered NMs on the
bacterial surface in the Target Activation mode.”” All samples
were imaged unfixed.

Growth curve analysis of bacteria

Bacterial growth was analysed as optical density (OD600) using
the Infinite® 200 PRO Tecan reader (Tecan Group) at time
points after exponential growth of control samples or a Tecan
Spark® (Tecan Group) for continuous measurements while
being incubated at 37 °C and 162 rpm (3.5 mm) in a humidity
chamber. Growth inhibition was defined as 1 — (ODgo(treated)/
ODggo(untreated)).

For quantum dot (QD) inhibition studies, bacteria-QD
complexes were illuminated using a filtered halogen lamp (GE
35200-EKE) as described.” When applicable, a colony forming
unit (CFU) assay was performed additionally.*3581%>

Cell and cytotoxicity experiments

Primary human epithelial skin cells (HEC) were purchased from
Provitro AG and cultured for up to five passages in Epithelial
Cell Medium (Provitro AG) as described elsewhere.* For cyto-
toxicity studies, cells were seeded in 96-well cell culture plates.
After incubation for 24 h, cells were exposed to the respective
samples (bacteria preincubated + NMs; 90 min 37 °C, 5% CO5).
Cells were washed three times with PBS buffer to remove
unattached and non-phagocytosed bacteria and viability
measured using the CellTiter-Glo® Cell Viability Assay
(Promega).

Galleria mellonella skin infections

Larvae of G. mellonella (MSC UG) weighing 250-300 mg were
randomly selected and scratched with a lancet in the left proleg.
Both treatment and control group were hereafter infected with
MRSA (5 uL; 4.0 x 10”7 CFU mL™"). They were then treated with
AgNMs in pH 3 solution (5 pL; 0.1 mg mL™"; 1% PEGgoo, 1 mM
citrate), pH 7 solution (5 pL; 0.1 mg mL™"; 1% PEGgg, PBS) or
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PBS alone (5 pL; 1% PEG600 PBS) for one time only. Infected
and control larvae were housed under air conditioned S1-safety
requirements at 20 °C/55% humidity for 96 h in the dark.
Survival was recorded by visual inspection and testing signs of
vitality by brief touching every 24 h.

Murine skin infections

CD-1 mice (Charles River Laboratories) were housed and used
for infection experiments according to locally approved German
Animal Welfare Guidelines at the University of Mainz and Essen
as previously described.***” Briefly, full-thickness skin wounds
were induced on the back of anesthetized mice and infected
with S. aureus (10 pL; 3.0 x 10’ CFU mL™'). Animals were
treated in three groups of n = 5 with Ag10 NMs in pH 3 solution
(10 pL, Ag10 NMs - 0.1 mg mL~*; 1% PEGeqo, 1 mM citrate), pH
7 solution (10 pL, pH 7 Ag10 NMs - 0.1 mg mL ™ '; 1% PEGgq,
PBS), or as control with PBS (10 uL, PBS, 1% PEGg, PBS). NM-
formulations were topically administered on wound beds
immediately post infection for one time only. Wound fluids
were collected using glass microcapillaries (Fisherbrand™
Color-Coded Capillary Tubes; Fisher Scientific) and pH deter-
mined qualitatively by using pH indicator stripes (Merck AG).
The mean wound area was macroscopically monitored over
time and visualized by photography on days 0, 3, 6, 9, and 12
after infection. The remaining wound area was used as a read-
out for wound healing.

Human skin infections

Skin wounds were induced on the arm of a healthy volunteer
(author RS) using a lancet and infected by adding 3 pL of
Staphylococcus aureus bacterial suspension (3.0 x 107 CFU
mL™") or saline control. Subsequently, 5 uL of AgNMs pH 3
(1 mg mL™" or 0.1 mg mL’l; 1% PEGgo, 1 mM citrate) or
AgNMs pH 7 (1 mg mL ™ '; 1% PEGgq, PBS) formulations were
topically applied immediately post infection for one time only.
Infection and wound healing was macroscopically monitored.
All experiments were performed in accordance with in compli-
ance with relevant laws, the University Medical Center Mainz
Guidelines, and approved by the institutional ethics committee
at the University Medical Center Mainz. Informed consents
were obtained from human participants of this study.

Statistical analysis

Statistical significance was determined by using the Mann-
Whitney test or paired t-test assuming significance at *P: 0.05;
**P: 0.01; ***P: 0.005 as described previously.***>* Columns
show the mean =+ s.d. from three independent experiments,
unless stated otherwise.

Conclusions

Despite the initial enthusiasm for exploiting NMs to combat
MDR infections worldwide, nano-antibiotics were often mainly
tested under artificial laboratory conditions and often fail in
practical clinical applications. Clearly, the combined complexity
of pathophysiology, microbiology, chemistry, and material
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sciences explains why the details are not yet understood. Hence,
we did not investigate known resistance mechanisms here, which
are not specific for nano-antibiotics, but rather focused on the
relevance of biomolecule coronas forming in (patho)physiolog-
ical systems, which has been neglected so far. Employing
comprehensive experimental approaches from analytical to in
situ to in vitro to in vivo, we found that physical complex forma-
tion of anti-microbial NMs with bacteria is required to achieve an
optimal therapeutic effect, which is promoted by small NM size.
We also found that resistance to antimicrobial NMs is mediated
by protein coronas forming in pathophysiologically relevant
environments, such as blood or wounds, reducing the binding of
NMs' to bacteria. Based on our data, we strongly feel we uncov-
ered a nanosize-specific mechanism explaining why the antibi-
otic activity of NMs in general is often reduced under
pathophysiologically relevant conditions. We though wish to
emphasize that additional, yet unknown (NM-specific) effects
may contribute to nano-antibiotic resistance.

Furthermore, we discovered a simple and effective way to
overcome protein corona-mediated resistance by employing an
acidic pH-mediated mechanism, electrostatically restoring
complex formation and NMs' antibiotic activity also against
highly pathogenic and MDR bacteria.

As previous studies and our own data showed that (most)
protein corona-covered NMs in pathophysiological environ-
ments are negatively charged, lowering bacteria's cell surface
charge by acidic pH may be used to boost the anti-microbial
activity of nano-antibiotics in general. Though, we emphasize
that our insights may need to be confirmed in detail for alter-
native antibacterial nanoformulations. In addition to lowering
bacteria's cell surface charge, acidic pH treatments may also
induce additional structural and chemical changes favouring
NM-pathogen complex formation. Whether such effects may be
exploited to design nano-antibiotics specific for Gram-positive
or Gram-negative pathogens, needs to be explored.

Due to the complexity of pH-dependent effects during wound
healing, acidosis of wounds seems to enhance healing although
it was reported that the effectiveness of silver antiseptics and
gentamycin was reduced in acidic wounds.”»”® Moreover, as
depicted in the graphical abstract, wounds infected by bacteria
are often alkalescent, counteracting NMs' binding to patho-
gens.”*”® Hence, lowering the pH by acidic NM formulations
could prove relevant for improving nano-antibiotic effects in
general, as shown for silver NMs here.

Our proof-of-concept study further proposes to employ our
invertebrate insect model to study the therapeutic and/or toxi-
cological activity of nanoformulations in vivo prior to perform-
ing extensive studies in mammals. Although we also tested our
pH-switch to treat human skin wound infections, we are fully
aware that well-controlled clinical trials are required prior to
using acidic silver NM formulations in the clinical routine. Also,
our insights need to be confirmed for alternative factors causing
resistance to antibacterial nanoformulations. Moreover, one
might test alternative approaches, such as pre-covering NMs
with a widely effective protease (e.g., proteinase K) to reduce
protein corona formation and sustain prolonged antibiotic
activity. Collectively, we feel that our findings may stimulate the
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development of more effective antibacterial NM-containing
treatments for broad clinical applications as well to rationally
guide bacteria-NM interaction in biotechnology.
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