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Abstract
 E—
Neutrophi!extracellular traps (NETSs) is an antimicrobial cobweb-structured material

produced @ne cells for clearance of pathogens in the body, but paradoxically
associated gwitiPiofilm formation and exacerbated lung infections. To provide a better
materials ive on the pleiotropic roles played by NETs at diverse
compositiﬁentrations, a NETs-like material (called ‘microwebs’, abbreviated as
uwebs) is gnthesized for decoding the antimicrobial activity of NETs against
Staphylocmreus in infection-relevant conditions. We show that pwebs composed of
low-to gate concentrations of DNA-histone complexes successfully trap and inhibit
S. aureus and biofilm formation. However, with growing concentrations and histone
proportions, the resulting microwebs appear gel-like structures accompanied by reduced
antimicrolh/ity that can even promote formation of S. aureus biofilms. Our simplified

model of \@Qvides a materials-based evidence on NETs-relevant pathology in the

developmegnt of biofilms.

g

1. Intr i

f

Biofilms e-bound microbe assemblies encased in extracellular matrix including

u

eDNA, protei d polysaccharides, which allow bacteria to resist host immune clearing

A
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mechanisms.! One critical biofilm component is eDNA, which helps maintain biofilm
structurW, (2 as well as counter host antimicrobial peptides" and antibiotic

treatments @ pugh eDNA can engage positively with pathogens, it is known to have an

o

import#ht FIeNANhe innate immune response, where neutrophils may be triggered to release

neutrophil gxtragellular traps (NETs),"” ® cobweb-structured DNA-histone complexes that

C

capture an microorganisms.!”*! The observed antimicrobial activity of NET-based

S

eDNA is atd€ast in part, to their chelation with bacterial membrane proteins and

subsequent lysis. & Histones, key NET components that modulate the self-assembly of DNA,

tl

also contr verall antimicrobial activity by destabilizing bacterial cell walls and

n

[10, 11

chromoso ization. It is also reported that histone inhibits biofilm formation in a
dosage—demmanner.m] Previous studies have indicated that the antimicrobial activity
of DNA or largely depend on their surface charges, and blockage of the surface
charge eclined antimicrobial activity.” '

Staphyloc@ccus aureus 1s an opportunistic pathogen that can cause persistent biofilm

19

infections in soft tissues and bones.!"*) Planktonic S. aureus induces neutrophils to produce

NETs that ctively trap and suppress the bacteria.l”? On the other hand, S. aureus

1(

biofilms can thwart the antimicrobial functions of NETs by secreting nucleases to degrade the

{

eDNA in NETs;" '* 1] they also utilize fibronectin-binding protein B (FnBPB) and proteases

L

to neutralize histone-mediated killing.[lo’ el Producing DNA-degrading nucleases that protect
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them from NETs within hours of surface-attachment," S. aureus biofilms actively induce

neutrophil NETosis to protect themselves from other granulocytic killing mechanisms.!”
08

In contrastmmany studies that study how biofilms affect neutrophils, NETosis, and
NETs, theFesigmess ystematic analysis of how different types of NETs may impact planktonic
S. aureus reggpompse in forming biofilms. This may be important because NET composition
including Qontent and DNA sources has been previously found to vary depending on

the NETo igghlant."™® Additionally, there may be relevant, physiological composition

changes that occult over time as DNases and proteases selectively degrade NET components

US

[5, 10, 15-17

to skew ¢ t ratios. ' We have previously demonstrated preparation of

n

DNA—hist(ﬁbs with NETs-like structures and antimicrobial functions.!'” Unlike NETs

collected from activated neutrophils, pwebs can be compositionally well-defined in order to

1

facilitate the systematic evaluation of component-specific biological effects. Here, we
evaluaﬁﬁrent concentrations and ratios of the main NET components, DNA and

histone, il!uce or suppress S. aureus biofilm formation.

2. Results@scussion
DNA-histo mplexes constitute the backbone of endogenous NETs, and the mass ratio of

DNA t& the as-formed NETs is close to 1:1.*) By mimicking the structure,

composition and antimicrobial function of NETs backbone, we have previously reported that

DNA-histjb suspensions inhibit proliferation of Gram-negative E. coli in a DNA:

<
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[19]

histone ratio-dependent manner' - and that DHMs stimulate proinflammatory responses from

dendritiMDHMs form a stable and intact membrane coated on the microwell plates,

which caﬂushing by manual pipetting, as described in Figure 1a. By staining

with SV @XEgEgen, the DNA backbone in the DHMs is visualized as a porous mesh (Figure

1b); SEM @(Figure 1c) show that the DNA mesh pore size is approximately 50-300

nm. The p ith the same concentration of DNA and histone as DHMs were prepared by

S

homogeni HBSS using a probe sonicator (Figure 1d). These pwebs are colloidal

suspensions withJa size distribution similar to the endogenous NETs collected from

Gl

neutrophi scent microscopy (Figure 1e) and scanning electron microscopy (Figure

n

1f) reveal mace—adsorbed pwebs show similar DNA-rich structures with their pore

sizes varied¥r 0 to 100 nm, in agreement with that observed on the NETs. These

mesh-like s s with submicron sized pores enables entrapment of bacteria that have
charac hs of 0.4 ~ 2 um.

. -
@,
e
r—
)
<C
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Figure 1. Preparation and characterization of DHMs and microweb (uweb) suspensions. (a)
Schematic showing the preparation of a DHM from dehydrated DNA-rich droplets. (b) A
ﬂuoresWof the DHM membrane, showing DNA (green) resembles into a mesh in
the DHMs gugiall structure. (¢) SEM observation of mesh-like DHMs with submicron pores.
(d) Prepa
puwebs. -(f) canning electron microscopy image of surface-bound pwebs.

@ uweb suspensions. (¢) Fluorescence microscopy image of surface-bound

Cri

Bacterial aghesigll on a surface is often a prerequisite for biofilm formation.””! Considering
many NEF stflictlires may be surface bound while others are floating in body fluids, we

tested bac esion on two forms of DNA-histone structures, including DHMs and

Us

uwebs wiE‘ne formulations (Figure 2e & S1). Using GFP-S. aureus, we seeded 10’

cells into ated 96-well plates (tissue culture-treated, polystyrene), using

nutrient-pQor @ S media. Uncoated, DNA or histone coated microwells were used as

cl

control s. The total weight of DNA or histone solution in each well was equal to that
used fi 1 e DHMs. After incubation for specified periods (0.5, 1.5 and 4.5 hours),
we aspiratﬂnattached/loosely attached bacteria by washing the microwells with HBSS
three times; umber of attached bacteria was quantified from their relative fluorescence

intensity ( the first half hour, only weak RFI signal was detected from all groups,

h

sugges time interval was too short for bacteria to adhere or that the substrate

{

attachmen®of 5. aureus was weak, reversible, and readily washed away at the beginning.

U

After 1.5 e number of attached bacteria was drastically increased on the

A
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DHM-coated substrate compared to that in the non-coated microwells, as shown in Figure 2a
&b. MMS of the bacterial RFI suggest that 50-100 times more cells were adhered to
the DHMstrate than to the non-coated substrate. The DNA or histone-coated
microplétésdid et induce pronounced adhesion of S. aureus in the first 1.5 hours. By
staining the eDNA and dead bacteria with propidium iodide, three-dimensional fluorescent
images (Fi ¢ & d) of DHMs and trapped bacteria could be constructed using CLSM. We
found tha mall fraction (<10%) of the attached S. aureus had died, while the majority
of surface—attach; S. aureus (>80%) aggregated into clusters after being trapped on the
DHM. At Eours, the number of live bacteria attached to the non-coated,
DNA-containingand histone-containing microwells started to increase, and the RFI of S.
aureus in m/hcoated microplates remained stable at a high level (Figure 2e). When

pwebs were or the bacterial adhesion test, we also observed more bacterial adhesion on

the pw t in the DNA or histone groups (see Figure S1).

c e
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Figure 2. DNA-histone mesostructures (DHMs) promote adhesion of S. aureus in nutrient
poor HBSS medium. (a,b) SEM images showing the adhesion of S. aureus on a) non-coated
and b) \W— d substrates. t =1.5 hour. (¢,d) CLSM 3D reconstructions showing the
attached S. gukeus aggregate into small clusters. Red: propidium iodide stained DHM and

dead S. au @ een: live S. aureus. t =1.5 hour. (e) Statistics of the relative fluorescence

intensity of S. aureus attached to non-coated, DNA-coated, histone-coated, or DHM-coated
H

microplat!. The statistics were performed by ANOVA with post hoc Tukey test: ns, not

significanf® .05, **p <0.01 and ***p <0.001, N=6 for each condition.

C

Having cWacterial adhesion on surface-attached DHMs (Fig 2) and uwebs (Fig S1),

we pursue@ studies with the more conveniently handled DNA-histone pweb

suspensiozave previously reported that DNA-histone pweb suspensions that possess a

positive zeta potential are antimicrobial materials against Gram-negative E. coli due to the
bactericidmy of histone, which can permeabilize the bacterial cell wall."”! Here, pweb-
and histonf®agduced bactericidal activity is observed with S. aureus, as shown by the reduced
CFUc ulturing S. aureus with 200 pg mL™ histone solution in nutrient-poor
HBSS meﬂj hours (Figure 3a). When cultured in the commonly used, nutrient-rich
TSBg medi istone remains efficient in killing S. aureus while DNA alone minimally
inhibits prolifcration of S. aureus (Figure 3b & c¢). Although pweb presented antimicrobial
activiti i . aureus under these conditions, the antibacterial potency of histones is

compromﬂbinding with DNA (Figure 3d).”*) We also conducted experiments with

two differ s of bacteria (RN4220 versus US300) in two different labs (Shanghai and

This article is protected by copyright. All rights reserved.
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Atlanta). The pweb effects were somewhat different against RN4220 (Figure 3d) versus

US300 W S2). Because the source of DNA, histones, and media components may be

somewhaepending on the lab and location, caution is required in making strong

conclugiorsmbudehe RN4220 strain had a more complex concentration-dependent response to

the antimicgobial activities of DNA and pwebs. We thus proceeded with additional pweb

dosage exp ts using the RN4220 strain.
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Figure 3. on of the bacterial killing potency of DNA, histone and DNA-histone
pweb sus Q¥ against S. aureus. a) Enumeration of colony forming units of S. aureus

(seeding densi 0° CFU mL™) after culture in nutrient-poor HBSS media, DNA-histone
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uwebs suspensions (200 pg mL™ DNA + 200 pg mL™" histone), DNA solution (200 pg mL™)
and histone solution (200 pg mL™"). ANOVA followed by Tukey’s test was used for
i§ ns, not significant; *p < 0.05, **p <0.01 and ***p <0.001, N=6 for each

The formagion offbiofilms on polystyrene surfaces from suspensions of bacteria with and
without ums visualized at different time points under SEM, as shown in Figure 4a-c.
During thSmurs of incubation, S. aureus were trapped in the meshwork of uwebs and

a subset c:& had their cell wall damaged, likely resulting from histone-mediated

bacterial comparison, the S. aureus in pweb-free medium remained intact during
the initial § h Figure 4d). At t=12 hours, more S. aureus were lysed after being trapped

in pwe nd the intracellular compounds released from dead bacteria entangled with the

uweb igure 4b). In contrast, little bacterial extracellular polymeric substances
(EPS) Werﬂosited in uweb-free culture (Figure 4e). The antimicrobial activity of the
uweb is typa insufficient to kill all S. aureus; instead, most S. aureus continue to
proliferate rm biofilm with more EPS after 24 hours (Figure 4c) compared with the

uweb-f& group (Figure 4f). These observations suggest that uwebs may play an

importan! lo|e in the formation of early-stage biofilm.*¥

-
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Figure 4. 36(1 clumps of pwebs promote formation of S. aureus biofilm in nutrient

gﬁ;ﬂ&ﬁ% %3.“ A

rich TSBg mediufh. (a-c) SEM images showing that 400 pg mL™" pweb promotes formation
of S. aureus biofilm. Time of bacterial incubation, (a) t=6hr, (b) t=12hr, (c) t=24hr. The white
arrows indiCate the EPS or bacteria lysed by pweb. (d-f) SEM images showing formation of
S. aureus ithout addition of pwebs in the culture medium. (d) t=6hr, (e) t=12hr, (f)

t=24hr. m

To furt nd how the composition of pwebs alters the bacterial mode of growth
bemeeﬁonic and biofilm states, S. aureus were cultured in TSBg supplemented
with pwebs prepared from mixtures of DNA (0-1000 pg mL™") and histone (0-1000 pg mL™)
at differehtrations (Figure 5). After incubation for 24 hours, the floating S. aureus in
the supere transferred to a new microplate while the wells containing the
surfaceﬂioﬁlms were refilled with HBSS. The relative fluorescence intensity (RFI)
of GFPWn the biofilm (Iy) and that in the supernatant (I5) were separately quantified

using a plate rea§r. As a blank control group, S. aureus were cultured in pweb-free medium

for 24 hour he RFI in the biofilm (I,¢) and in the supernatant (I5) were recorded

This article is protected by copyright. All rights reserved.
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separately. Compared to the blank control group, formation of biofilm in the presence of
pwebs Wreased if I > I, or decreased if I,< Iyg. The increases in the RFI in the
biofilm ave to the pweb-free group is calculated by (Iy-Iy0)/Ivo, as shown in Figure
Sa. Meaaviliill@miie number of planktonic S. aureus is either increased if (Is-Is)/Iso> 0, or

decreased 1 0)/Iso < 0 (Figure 5b).

Author Manus
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Figure 5. Concentration-dependent antimicrobial/biofilm promoting effects of pwebs on S.

aureus. S. aureus were cultured with pwebs for 24 hours to evaluate the effect of pwebs with
differeWions on the formation of S. aureus biofilm. The RFIs of planktonic bacteria
and biofil

presence d

e measured separately. a) Changes in the RFIs of S. aureus biofilm in the

with different compositions. b) Changes in the RFIs of the planktonic S.
aureus in the presence of pwebs with different compositions. ¢) A state diagram showing the
effect o-f mmpositions on the mode of bacteria growth in TSBg. Four different regions
are deﬁn:hdiagram: (1) red, inhibits the formation of biofilm and slightly promotes
growth of@nic bacteria. (ii) yellow, inhibits both growth of biofilm and planktonic
bacteria. (1 n, promotes the growth of planktonic bacteria and formation of biofilm. (iv)
blue, inhi cgrowth of planktonic bacteria but prompts biofilm formation. The solid lines

dividing bouitdaftes between different zones are served as a guide for the eye.

)

By varyin ulations of pwebs and measuring the changes in RFI in the biofilm and in

the supe ative to that in the blank control group, we obtain a diagram to describe

four diffeories of bacterial growth in the presence of uwebs, as shown in Figure 5c.
When 1stone weight ratio approaches that of endogenous NETs, W pna): W histone) =
1:1, th i

concentrag' n is below a critical value 500 pg mL™! (yellow region).[w’ 231 Above this critical

ibit the growth of both floating bacteria and biofilm only if the DNA

concentra‘prebs were observed to form hydrogels (see Figure S3) and their

antimicrobi ction diminished. Instead, formation of biofilm is accelerated under this
conditi n by the green region in Figure 5c), probably because the probably

because tht pwebs with a relatively high DNA concentration serve as nutrient reservoirs for

both bioﬁ:lanktonic bacteria growth.[26] Previous studies have reported that eDNA

This article is protected by copyright. All rights reserved.
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can associate with positively-charged bacterial matrix proteins in a low-pH environment,

thereby-supastislk biofilm formation.”” Similarly, we find that the complex of eDNA and

histone prterial adhesion (see Figure 2¢) and biofilm formation (Figure 5c¢) at

relativélly HiERNgSHcentrations.

When the hlcentration of pwebs is maintained constant, an increasing weight ratio of
DNA/histo shown by the red region in Figure 5c) tends to reduce the settling of S.
aureus anwion of biofilm. The pwebs with relatively low weight ratios of
DNA/histone proilote biofilm formation (blue region) and decrease the number of planktonic

S. aureus.Eparent pweb-mediated formation of biofilm may be explained by the

interaction n bacteria and the pweb electrostatic meshwork. Many polycationic
polymers & ides, such as polyethyleneimine (PEI) and cathelicidin LL-37 relies on
their positiv ce charges to target and penetrate through the bacterial cell wall.”**
Amon similar molecular entities, antimicrobial copolymers with higher zeta

potentials ﬁically have more potent bactericidal activity than those with lower zeta

potentials@nsistency with these observations, our experiments show that the

antimicrobyj wyity of bactericidal histone is declined after combining with NET DNA
(Figur . he number of floating bacteria decreases as the fraction of histone in
puwebs in ikely for two reasons: either histone facilitates killing of planktonic S.

aureus, and/or ihistone-induced environmental stress promotes conversion from

This article is protected by copyright. All rights reserved.
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planktonic state to biofilm. Adhesion of S. aureus on pwebs decreases as the DNA fraction in
the MWWS, probably driven by the growing electrostatic repulsion between bacterial

matrix prNA phosphate backbones, which in turn attenuates the antimicrobial

potenc o @B against floating bacteria.

The model gf electrostatic interactions between pwebs and S. aureus is further supported by
our zeta po measurements. After the DNA ({=-55.9 £ 2.4 mV) and histone ({=+11.6
+0.3 mes are mixed to form pweb suspension, the zeta potential of resultant pwebs
increases @growing histone fraction (see Figure S4).!"" With sufficiently high zeta

potentialsﬂ) and histone concentrations (>500pug/ml), planktonic S. aureus were easily

killed. Wit iently low zeta potentials (<-20 mV) and high DNA concentrations
(=300pg/n1h, ation of S. aureus biofilm was suppressed. When the zeta potentials of
puwebs fall -20 mV and 9 mV, the bactericidal activity of uwebs largely depends on
their d ation (see Figure S3). At a fixed mass ratio of DNA to histone, an increase

in the conintration of DNA and histone causes stronger aggregation of hydrocolloids,
resulting embrane permeability across the bacterial cell wall.'”! Consequently, the
uwebs wit like compositions (DNA: Histone=1:1) allow bacterial trapping and

cluster o eliminate S. aureus efficiently at a high physiological concentration

s

(SOO-IOOQI). These findings support the hypothesis that the electrostatic interaction

between , iftone and S. aureus impact the bacterial clustering, colonization and the

This article is protected by copyright. All rights reserved.
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subsequent assembly of biofilms. A schematic showing how NETs compositions affect S.

aureus Wmation and the proposed mechanism is summarized in Figure 6.

O

Bacteria Adhesion

Electrostatic ) N ol Pro-bacterial & Pro-biofilm
- » L .
attraction ,FJ?.;: i: . Histone
e "i J
o ,;;_-’:‘:_'g e X 5, aureus
' ' Hydrogel Wiy J
- ’ —
High Histone/DNA ratio 33; I -4&[_. -
: 27 CQ‘H
o i T
D I e // Equal DMA/histone Ratio
S
RS
o o2
Bacteria Adhesion &

b ﬂ_iﬂ
Antimicrobial Activity ; % :

) v ‘,‘f}g Electrostatic
g %% t’ﬁ:?. ° . B o o

Equal DNA/histone Ratio Low Histone/DMNA Ratio

Figure ematic illustration of the S. aureus responses to pwebs with varying
compo

[

The dose-d. ent antimicrobial and pro-biofilm properties of pwebs may shed lights on
understan pleiotropic roles of NETs. Most endogenous NETs have a DNA/histone

weight ratg close to 1:1 (see the dotted blue line in Fig.5c), and their physiological

concen‘mmally fall within 400 pg mL™'>3% (denoted by the dotted ellipse), so

U

NETSs exhjbi icrobial activity against planktonic bacteria and biofilms in general

immu ses. However, NETs can cause obstruction of airways in cystic fibrosis (CF)

A
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patients, and the DNA concentration in their sputum and bronchoalveolar lavage fluids goes

over 6W 11 (denoted by rectangle in Fig.5¢). Many clinical studies have reported

that a higl in airway fluids strongly correlates to the exacerbation of CF lung

infection. BSm@wMphase diagram indicates that the gelatinous microwebs formed by
concentrate T histone become malfunctional antimicrobial structures and pathologically

relevant to tH@Xacerbation of S. aureus infection. The aggregation of pwebs colloids and

S

their gelat gh DNA and histone concentrations may result in declined permeability

across bacterial wiall and reduced bactericidal potency. We have previously reported that

U

dosage-d antimicrobial activity of pwebs against E.coli UTIS9."™ E. coli with

N

thinner bac 11 wall than S. aureus are more susceptible to the histone-mediated killing,

a

suggesting the eability of polycationic histone across the bacterial cell wall is critical to
their antimicC activity. However, responses of Gram negative bacteria to the pwebs

could

M

plicated and unexplored. E.g, E. coli were observed to elongate in response

of pweb-igdiated killing, rather than forming biofilm.!"” These observations suggest many

[

difference @ erial responses to NETs, depending on different bacterial strains, which

deserve fu il estigations.

{

3. Conclu

In summary, we gynthesized DHMs and uweb suspensions with NET-like structures for
understanding the role of the overall material dosage, with different zeta potentials, in the
develop . aureus biofilms. Microwells coated with DHMs promote fast and efficient

AU

This article is protected by copyright. All rights reserved.

19



WILEY-VCH

trapping (or adhesion) of S. aureus, compared to microwells coated with polyanionic DNA or
bactericidal histone. Although DNA or histone alone are thought to be antimicrobial, the
antimicroi al poincy of suspended pwebs varies with their concentration. Interestingly, high
concent uwebs that lead to formation of gel-like bacteria-clusters promote bacterial
growth andfB1oflin formation, and pwebs with relatively low DNA/histone ratios promote
bacterial ) and biofilm formation. Our analysis provides improved understanding of
how NET components might impact S. aureus viability and biofilm formation. Further
studies neg to confirm the generalizability of our observations by testing different clinical
isolates o ial strains. While neutrophils may not produce NETs with such drastically
varied co sitf@ns as studied in this paper, there may be relevant, physiological

compositi ifféfences as well as changes that occur over time as DNases and proteases
selectively degiade NET components to skew component ratios.”> '* ' There are multiple
clinical sifilationsfwhere high concentrations of NETs components are present physiologically
such as in cYsti®fibrosis™®" and soft tissue infections.”* The data from our study is

envisione t in the development of hypotheses for future biological and pathological
studies of Ts and biofilms may exacerbate or alter the course of infections.

£

4. Experimental Section

F)

Preparatiml s: To mimic attached NETs, DNA-histone mesostructures (DHMs) were
prepar 1 crosslinking of salmon DNA (salmon DNA, Sigma, D1626) using calf
thymus hist. iamond, A002544-0250) in the presence of trehalose dihydrate (Beyotime,

ST1245).1! Firstly, salmon DNA was dissolved into 0.4M trehalose solution until the final
DNA conhn reached 150 ug mL™". Next, 40 uL of DNA-trehalose solution was
spotted tor of each well of a 96-well plate (Tissue culture treated, BWTC). After
vacuum Ea desiccator for 24 hours, the dehydrated DNA-trehalose forms a glassy
film. NWf histone solution (0.1 pg mL™, dissolved in 0.1M Tris-HCl, pH=8) was

added into eacE 5611 to rehydrate the DNA-trehalose film. After incubation for 3 hours, a

<
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thicker, fibrous, DHMs formed. Trehalose was dissolved and removed upon washing with

deionizMree times.
Preparatinded uwebs: To mimic NETs in suspension, suspended pwebs were

produc®d b¥EEsEhe DN A and histone together at different concentrations and ratios,

followed lﬁa probe sonicator (Qsonic 125, intensity set: 20%, 15 seconds) to

homogeniz ixture in Hank’s Balanced Salt Solution (HBSS) solutions.
Charactve surface-bound DHMSs and pwebs: DHMs or pwebs were stained with
0.01% SYTOX ;en (Sigma) or 0.5 vol% propidium iodide (Sigma) solution for 15 minutes,

washed re@ and observed under a fluorescent microscope (Nikon Eclipse 801). The

surface-bo M and pweb structures were also observed by scanning electron
microscop , Hitachi SU8230). In brief, samples were fixed in 4% paraformaldehyde
for 30 mins, d with deionized water, and sequentially dehydrated in 25 vol%, 50 %, 75
%, 95 %, % ethanol respectively. After ethanol dehydration, the structures were

immersed@ hexamethyldisilane and vacuum-dried overnight. The next day, the sample was

sprayed wnanoparticles using a modular sputter coater (SPI-Module 60s, 18 mA).

Scannirxmicroscopym] images of the samples were taken under the following
condition: =1kV,I=15mA.

o

Bacteria frozen glycerol stock of S. aureus™ (strain RN4220-sfGFP transfected

with GFP p;asmlf, China) was streaked on a tryptic soy agar (TSA, Sigma 22091) plate and
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incubated at 37 °C. After overnight culture, one bacterial colony was scratched from TSA
plate anMd in 1 mL tryptic soy broth (TSB, Sigma 22092) supplemented with 1wt%
glucose (bacteria culture was further incubated under a rotation speed of 220 rpm
at 37 °@ fom8=gui®urs until their optical density ODggo reaches 0.3~0.6. Then, the culture is
diluted using TSBg until ODggo= 0.02 (S. aureus density: ~10" CFU mL'l) for bacterial
adhesion a h curve measurement. For a subset of tests (see SI), we also used a
different rmn—resistant S. aureus with GFP label (strain USA300).5¢

Bacterial adhesi; test: 10" S. aureus cells (counted in Colony Forming Units, CFU)
pre—suspenEOO pL of HBSS were seeded into DHM-coated 96-well plates. As a blank

control, amumber of bacteria suspended in HBSS were seeded into DHM-free 96-well

plates. To nd the contribution of the individual NET components to bacterial
adhesion, t S was supplemented with DNA or histone before dispensing into
non-D 96-well plates for comparison. The total weight of DNA or histone in the

pwebs wa&regared equally to that in the DHMs of the experimental group. After incubation

for 0.5 -4.he unattached bacterial cells were extracted by pipetting and the remaining
S. aureus shed with HBSS twice. The amount of live bacteria attached to the
microv&as quantified from the relative GFP fluorescence intensity using a plate

reader (Bi:ergy HT). One-way analysis of variance (ANOVA) followed by post-hoc

Tukey test was afalied to quantify statistical significance. Dead S. aureus attached to the
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DHMs were stained by using 0.5 vol% propidium iodide solution and observed under a

confoching microscope.*”!
Zeta poterement: The zeta potentials of S. aureus incubated with suspended

uwebs @ ##SS@PaEate components (DNA or histones) were measured using a zeta potential
analyzer (Nanoprook Omni).”™ Bacteria cultures (ODggo = 0.02) were centrifuged at 12,000g
for 10 min. after, the supernatant was discarded, and the bacterial pellet was
resuspendmL HBSS or HBSS supplemented with DNA, histone, or pwebs at different
concentrations 0;0, 100 and 200 ug mL™". The samples were incubated at 37 °C for 0.5 hour

before the@temials were measured.

Bacterial wy 10 uL of S. aureus culture (OD = 0.02) were separately mixed with 100

pL HBSS supplemented with DNA (200 ug mL" ", HBSS supplemented with histone
(200 pg m HBSS supplemented with suspended pwebs (400 pg mL™, the DNA:
histone o= 1:1). After 1 h incubation at 37°C, the bacterial culture was diluted with

deionized $ater at a ratio of 1:1000. Subsequently, 10 pL of the diluted bacterial culture was

extracted s ed on a tryptic soy agar plate. Each sample was serially diluted 6 times to
obtain a of 50 CFU counts in the blank control group. After further incubation
ovemlg counts in each bacterial sample were enumerated, presented as mean

utho

values + percent of killed S. aureus, P, was calculated from the reduced CFU counts

This article is protected by copyright. All rights reserved.

23



WILEY-VCH

relative to that in the blank control group in HBSS. ANOVA followed by post-hoc Tukey test

was ap;Wntify statistical significance.
Bacterial n test: Suspended pwebs were pelleted by centrifugation (10* xg for 10

min) arid reswspenAded in HBSS to concentrations of 80, 200, 400, and 800 pg mL™'. Next,
100 pL of the sgspended pwebs at different concentrations were separately mixed with 100

pL of the acterial culture (OD=0.02) for bacterial growth curve measurement. As

S

comparis owps, 100 uL of HBSS supplemented with DNA (40, 100, 200, 400 pg mL™),

or histone (40, 1B, 200, 400 pg mL™") were separately mixed with 100 pL of the diluted

Cl

bacterial d reallocated into 96-well plates (200 pL total in each well). Proliferation

n

of S. aurey, onitored at 37°C in a plate reader for 16 hours, and the fluorescence

o

intensity o . aureus (Ex/Exn=488/525 nm) were measured.

Biofilm cha zation: 10° S. aureus cells were seeded in tissue culture-treated 96-well

I\

plates ed in a mixture of 100 uL TSBg and 100 uL HBSS added to microwells

containingidifferent concentrations of suspended pwebs (0, 50, 75, 100, 200, 300, 500, 750,

F

1000 pg 24 hours. As control groups, S. aureus were separately cultured in a

€

mixture of] TSBg and 100 pL HBSS supplemented with 0-1000 pg mL" DNA, or

0-1000 stone under the same condition. Subsequently, the non-attached bacteria in

th

supernata extracted and gently transferred to a new 96-well plate, and the remaining

U

biofilms were resyspended in 200 pL HBSS. The non-attached S. aureus and the adherent

A
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cells in the biofilms were separately quantified by measuring their bacterial fluorescence

(EX/EW nm) using a plate reader (Biotek Synergy HI). To image the biofilm, S.

aureus suontaining uwebs were seeded onto a silicon wafer in a microplate. The

bacteri#d &p@sited on the wafer were fixed and dehydrated before imaging with SEM,

following the prgtocols described above.
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‘Microwebs’, a wigb-like DNA structure mimicking the neutrophil extracellular traps shows

5

antimicro ity against S. aureus at physiological conditions, but it paradoxically

n

induces bio rmation at higher concentrations. This paradigm can be explained under the

a

framewor trostatic interactions between DNA, histone and bacterial cell walls, which
provides a ials-based insight for understanding the NETs-relevant pathology in the

biofil
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