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Dosage-Dependent Antimicrobial Activity of DNA-Histone
Microwebs Against Staphylococcus Aureus

Ting Yang, Shi Yang, Tasdiq Ahmed, Katherine Nguyen, Jinlong Yu, Xuejun Cao, Rui Zan,
Xiaonong Zhang, Hao Shen, Meredith E. Fay, Evelyn Kendall Williams, Wilbur A. Lam,

Jeremy Scott VanEpps, Shuichi Takayama,* and Yang Song*

Neutrophil extracellular traps (NETs) are antimicrobial cobweb-structured
materials produced by immune cells for clearance of pathogens in the body, but
are paradoxically associated with biofilm formation and exacerbated lung infec-
tions. To provide a better materials perspective on the pleiotropic roles played
by NETs at diverse compositions/concentrations, a NETs-like material (called
“microwebs”, abbreviated as [i\webs) is synthesized for decoding the antimicro-
bial activity of NETs against Staphylococcus aureus in infection-relevant condi-
tions. It is shown that uwebs composed of low-to-intermediate concentrations
of DNA-histone complexes successfully trap and inhibit S. aureus growth and
biofilm formation. However, with growing concentrations and histone pro-
portions, the resulting microwebs appear gel-like structures accompanied by
reduced antimicrobial activity that can even promote the formation of S. aureus
biofilms. The simplified model of NETs provides materials-based evidence on

1. Introduction

Biofilms are surface-bound microbe assem-
blies encased in an extracellular matrix
including extracellular DNA (eDNA),
proteins, and polysaccharides, which allow
bacteria to resist host immune clearing
mechanisms.!!! One critical biofilm compo-
nent is eDNA, which helps maintain bio-
film structural integrity,?! as well as counter
host antimicrobial peptides!3 and antibiotic
treatments.! Although eDNA can engage
positively with pathogens, it is known
to have an important role in the innate
immune response, where neutrophils may
be triggered to release neutrophil extracel-
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lular traps (NET5),% cobweb-structured
DNA-histone complexes that capture and
disarm microorganisms.”# The observed
antimicrobial activity of NET-based eDNA
is due, at least in part, to their chelation with bacterial mem-
brane proteins and subsequent lysis.’l Histones, key NET
components that modulate the self-assembly of DNA, also con-
tribute to overall antimicrobial activity by destabilizing bacterial
cell walls and chromosome organization.'%!l It is also reported
that histone inhibits biofilm formation in a dosage-dependent
manner." Previous studies have indicated that the antimicro-
bial activity of DNA or histone largely depends on their surface
charges, and blockage of the surface charge results in declined
antimicrobial activity.>!!

Staphylococcus aureus is an opportunistic pathogen that
can cause persistent biofilm infections in soft tissues and
bones.!! Planktonic S. aureus induces neutrophils to produce
NETs that can effectively trap and suppress the bacteria.”! On
the other hand, S. aureus biofilms can thwart the antimicro-
bial functions of NETs by secreting nucleases to degrade the
eDNA in NETs;>*] they also utilize fibronectin-binding pro-
tein B (FnBPB) and proteases to neutralize histone-mediated
killing 191l Producing DNA-degrading nucleases that pro-
tect them from NETs within hours of surface attachment,!
S. aureus biofilms actively induce neutrophil NETosis to protect
themselves from other granulocytic killing mechanisms.["]

In contrast to the many studies that study how biofilms affect
neutrophils, NETosis, and NETSs, there is no systematic analysis
of how different types of NETs may impact planktonic S. aureus
response in forming biofilms. This may be important because
NET composition including protein content and DNA sources
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has been previously found to vary depending on the NETosis
stimulant.'®l Additionally, there may be relevant, physiological
composition changes that occur over time as DNases and pro-
teases selectively degrade NET components to skew component
ratios.>1%15-V1 We have previously demonstrated the prepa-
ration of DNA-histone uwebs with NETs-like structures and
antimicrobial functions.'”l Unlike NETs collected from acti-
vated neutrophils, uwebs can be compositionally well-defined
in order to facilitate the systematic evaluation of component-
specific biological effects. Here, we evaluate how different con-
centrations and ratios of the main NET components, DNA and
histone, induce or suppress S. aureus biofilm formation.

2. Results and Discussion

DNA-histone complexes constitute the backbone of endog-
enous NETs, and the mass ratio of DNA to histone in the as-
formed NETs is close to 1:1.2% By mimicking the structure,
composition, and antimicrobial function of NETs backbone, we
have previously reported that DNA-histone uweb suspensions
inhibit the proliferation of Gram-negative E. coli in a DNA: his-
tone ratio-dependent manner!"! and that DNA-histone meso-
structures (DHMs) stimulate proinflammatory responses from
dendritic cells.?!y DHMs form a stable and intact membrane
coated on the microwell plates, which can withstand flushing
by manual pipetting, as described in Figure 1a. By staining with
SYTOX green, the DNA backbone in the DHMs is visualized
as a porous mesh (Figure 1b); SEM images (Figure 1c) show
that the DNA mesh pore size is approximately 50-300 nm. The
uwebs with the same concentration of DNA and histone as
DHMs were prepared by homogenization in Hank’s balanced
salt solution (HBSS) using a probe sonicator (Figure 1d). These
uwebs are colloidal suspensions with a size distribution similar
to the endogenous NETs collected from neutrophils. Fluores-
cent microscopy (Figure le) and scanning electron microscopy
(SEM) (Figure 1f) reveal that surface-adsorbed uwebs show sim-
ilar DNA-rich structures with their pore sizes varied from 20 to
100 nm, in agreement with that observed on the NETs. These
mesh-like structures with submicron-sized pores enable entrap-
ment of bacteria that have characteristic lengths of =0.4-2 um.
Bacterial adhesion on a surface is often a prerequisite for
biofilm formation.? Considering many NET structures may
be surface-bound while others are floating in body fluids, we
tested bacterial adhesion on two forms of DNA-histone struc-
tures, including DHMs and uwebs with the same formulations
(Figure 2e and Figure S1, Supporting Information). Using GFP-
S. aureus, we seeded 107 cells into DHM-coated 96-well plates
(tissue culture-treated, polystyrene), using nutrient-poor HBSS
media. Uncoated, DNA, or histone-coated microwells were used
as control groups. The total weight of DNA or histone solution
in each well was equal to that used for forming the DHMs.
After incubation for specified periods (0.5, 1.5, and 4.5 h), we
aspirated the unattached/loosely attached bacteria by washing
the microwells with HBSS three times; the number of attached
bacteria was quantified from their relative fluorescence inten-
sity (RFI). In the first half-hour, only a weak RFI signal was
detected from all groups, suggesting that the time interval was
too short for bacteria to adhere or that the substrate attachment
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of S. aureus was weak, reversible, and readily washed away at the
beginning. After 1.5 h, the number of attached bacteria was dras-
tically increased on the DHM-coated substrate compared to that
in the non-coated microwells, as shown in Figure 2a,b. Meas-
urements of the bacterial RFI suggest that 50-100 times more
cells were adhered to the DHM-coated substrate than to the
non-coated substrate. The DNA or histone-coated microplates
did not induce pronounced adhesion of S. aureus in the first
1.5 h. By staining the eDNA and dead bacteria with propidium
iodide, 3D fluorescent images (Figure 2c¢,d) of DHMs and
trapped bacteria could be constructed using confocal laser scan-
ning microscopy (CLSM). We found that only a small fraction
(<10%) of the attached S. aureus had died, while the majority of
surface-attached S. aureus (>80%) aggregated into clusters after
being trapped on the DHM. At ¢t = 4.5 h, the number of live bac-
teria attached to the non-coated, DNA-containing, and histone-
containing microwells started to increase, and the RFI of
S. aureus in the DHM-coated microplates remained stable at a
high level (Figure 2e). When pwebs were used for the bacterial
adhesion test, we also observed more bacterial adhesion on the
puwebs than that in the DNA or histone groups (see Figure S1,
Supporting Information).

Having compared bacterial adhesion on surface-attached
DHMs (Figure 2) and pwebs (Figure S1, Supporting Informa-
tion), we pursued further studies with the more conveniently
handled DNA-histone pweb suspensions. We have previously
reported that DNA-histone uweb suspensions that possess a
positive zeta potential are antimicrobial materials against Gram-
negative E. coli due to the bactericidal activity of histone, which
can permeabilize the bacterial cell wall.®) Here, uweb- and
histone-induced bactericidal activity is observed with S. aureus,
as shown by the reduced colony forming units (CFU) counts
after culturing S. aureus with 200 pig mL™ histone solution in
nutrient-poor HBSS media for 1.5 h (Figure 3a). When cultured
in the commonly used, nutrientrich TSBg medium, histone
remains efficient in killing S. aureus while DNA alone minimally
inhibits proliferation of S. aureus (Figure 3b,c). Although pweb
presented antimicrobial activities against S. aureus under these
conditions, the antibacterial potency of histones is compromised
after binding with DNA (Figure 3d).?3l We also conducted experi-
ments with two different strains of bacteria (RN4220 vs US300) in
two different labs (Shanghai and Atlanta). The uweb effects were
somewhat different against RN4220 (Figure 3d) versus US300
(see Figure S2, Supporting Information). Because the source of
DNA, histones, and media components may be somewhat dif-
ferent depending on the lab and location, caution is required in
making strong conclusions, but the RN4220 strain had a more
complex concentration-dependent response to the antimicrobial
activities of DNA and puwebs. We thus proceeded with additional
uweb dosage experiments using the RN4220 strain.

The formation of biofilms on polystyrene surfaces from sus-
pensions of bacteria with and without uwebs was visualized
at different time points under SEM, as shown in Figure 4a—c.
During the first 6 h of incubation, S. aureus was trapped in
the meshwork of uwebs and a subset of bacteria had their cell
wall damaged, likely resulting from histone-mediated bacte-
rial killing. In comparison, the S. aureus in uweb-free medium
remained intact during the initial 6 h (Figure 4d). At t = 12 h,
more S. aureus were lysed after being trapped in pwebs,”! and
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Figure 1. Preparation and characterization of DHMs and microweb (web) suspensions. a) Schematic showing the preparation of a DHM from dehy-
drated DNA-rich droplets. b) A fluorescent image of the DHM membrane, showing DNA (green) resembles a mesh in the DHMs overall structure.
c) SEM observation of mesh-like DHMs with submicron pores. d) Preparation of pweb suspensions. e) Fluorescence microscopy image of surface-
bound pwebs. f) Scanning electron microscopy image of surface-bound pwebs.
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Figure 2. 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) DHM-coated substrates. t =1.5 h. ¢,d) CLSM 3D reconstructions showing the attached S. aureus aggregate into small clusters. Red: propidium
iodide stained DHM and dead S. aureus; Green: live S. aureus. t =1.5 h. Scale bars, 10 um. e) Statistics of the relative fluorescence intensity of S. aureus
attached to non-coated, DNA-coated, histone-coated, or DHM-coated microplates. The statistics were performed by one-way analysis of variance
(ANOVA) with post hoc Tukey test: ns, not significant; *p < 0.05, **p < 0.01 and ***p < 0.001, N = 6 for each condition.

the intracellular compounds released from dead bacteria entan-
gled with the uweb meshwork (Figure 4b). In contrast, little
bacterial extracellular polymeric substances (EPS) were depos-

ited in pweb-free culture (Figure 4e). The antimicrobial activity
of the uweb is typically insufficient to kill all S. aureus; instead,
most S. aureus continues to proliferate and form a biofilm with
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Figure 3. Evaluation of the bacterial killing potency of DNA, histone, and DNA-histone pweb suspensions against S. aureus. a) Enumeration of colony-
forming units of S. aureus (seeding density: 10° CFU mL™) after culture in nutrient-poor HBSS media, DNA-histone uwebs suspensions (200 ug mL™
DNA + 200 pg mL™" histone), DNA solution (200 g mL™), and histone solution (200 wg mL™"). ANOVA followed by Tukey’s test was used for statistical
analysis: ns, not significant; *p < 0.05, **p < 0.01, and ***p < 0.001, N = 6 for each condition. b—d) Growth curves of S. aureus in nutrient-rich TSBg
medium containing (b) eDNA, (c) histone, or (d) Lwebs at physiologically relevant concentrations. Seeding density: 107 CFU mL™".
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Figure 4. Aggregated clumps of uwebs promote the formation of S. aureus biofilm in nutrient-rich TSBg medium. a—c) SEM images showing that
400 pg mL™" uweb promotes the formation of S. aureus biofilm. Time of bacterial incubation, (a) t = 6h, (b) t=12h, and (c) ¢ = 24h. The white arrows
indicate the EPS or bacteria lysed by uweb. d—f) SEM images showing the formation of S. aureus biofilm without the addition of pwebs in the culture

medium. (d) t=6h, (e) t =12h, and (f) t = 24h.

more EPS after 24 h (Figure 4c) compared with the puweb-free
control group (Figure 4f). These observations suggest that
uwebs may play an important role in the formation of early-
stage biofilm.*4

To further understand how the composition of uwebs alters
the bacterial mode of growth between the planktonic and bio-
film states, S. aureus was cultured in TSBg supplemented with
uwebs prepared from mixtures of DNA (0-1000 pug mL™) and
histone (0~1000 pg mL™) at different concentrations (Figure 5).
After incubation for 24 h, the floating S. aureus in the superna-
tant was transferred to a new microplate while the wells con-
taining the surface-attached biofilms were refilled with HBSS.
The RFI of GFP-S. aureus in the biofilm (I,) and that in the
supernatant (I;) were separately quantified using a plate reader.
As a blank control group, S. aureus was cultured in pweb-free
medium for 24 h, and the RFI in the biofilm (I) and in the
supernatant (Iy) were recorded separately. Compared to the
blank control group, the formation of biofilm in the presence
of uwebs is either increased if I > I, or decreased if [< Iy.
The increases in the RFI in the biofilm amount relative to the
uweb-free group are calculated by (Iy—Iyo)/I,, as shown in
Figure 5a. Meanwhile, the number of planktonic S. aureus is
either increased if (I—Iy)/Is > 0, or decreased if (I;—I)/Iso < O
(Figure 5b).

By varying the formulations of uwebs and measuring the
changes in RFI in the biofilm and in the supernatant relative to
that in the blank control group, we obtain a diagram to describe
four different categories of bacterial growth in the presence of
puwebs, as shown in Figure 5c. When the DNA/histone weight
ratio approaches that of endogenous NETS, W pna):W istone) = 1:1,
the pwebs inhibit the growth of both floating bacteria and bio-
film only if the DNA concentration is below a critical value of
500 pg mL™! (yellow region).”) Above this critical concentra-
tion, the pwebs were observed to form hydrogels (see Figure S3,
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Supporting Information) and their antimicrobial function
diminished. Instead, the formation of biofilm is acceler-
ated under this condition (as shown by the green region in
Figure 5c¢), probably because the uwebs with a relatively high
DNA concentration serve as nutrient reservoirs for both bio-
film and planktonic bacteria growth.?%! Previous studies have
reported that eDNA can associate with positively-charged
bacterial matrix proteins in a low-pH environment, thereby
supporting biofilm formation.””) Similarly, we find that the
complex of eDNA and histone promotes bacterial adhesion (see
Figure 2e) and biofilm formation (Figure 5c) at relatively high
concentrations.

When the total concentration of uwebs is maintained con-
stant, an increasing weight ratio of DNA/histone (as shown
by the red region in Figure 5c) tends to reduce the settling of
S. aureus and the formation of biofilm. The puwebs with rela-
tively low weight ratios of DNA/histone promote biofilm for-
mation (blue region) and decrease the number of planktonic
S. aureus. This apparent uweb-mediated formation of biofilm
may be explained by the interaction between bacteria and the
uweb electrostatic meshwork. Many polycationic polymers
and peptides, such as polyethyleneimine (PEI) and catheli-
cidin LL-37 rely on their positive surface charges to target and
penetrate through the bacterial cell wall.?8] Among structur-
ally similar molecular entities, antimicrobial copolymers with
higher zeta potentials typically have more potent bactericidal
activity than those with lower zeta potentials.”’! In consist-
ence with these observations, our experiments show that the
antimicrobial activity of bactericidal histone is declined after
combining with NET DNA (Figure 3¢).'®?l The number of
floating bacteria decreases as the fraction of histone in uwebs
increases, likely for two reasons: either histone facilitates the
killing of planktonic S. aureus, and/or the histone-induced envi-
ronmental stress promotes conversion from planktonic state to

© 2021 Wiley-VCH GmbH
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Figure 5. Concentration-dependent antimicrobial/biofilm promoting effects of pwebs on S. aureus. S. aureus was cultured with uwebs for 24 h to
evaluate the effect of pwebs with different compositions on the formation of S. aureus biofilm. The RFIs of planktonic bacteria and biofilm were
measured separately. a) Changes in the RFls of S. aureus biofilm in the presence of uwebs with different compositions. b) Changes in the RFls of the
planktonic S. aureus in the presence of pwebs with different compositions. c) A state diagram showing the effect of uweb compositions on the mode
of bacteria growth in TSBg. Four different regions are defined in the diagram: i) red, inhibits the formation of biofilm and slightly promotes the growth
of planktonic bacteria. ii) yellow, inhibits both the growth of biofilm and planktonic bacteria. iii) green, promotes the growth of planktonic bacteria and

the formation of biofilm. iv) blue, inhibits the growth of planktonic bacteria but prompts biofilm formation. The solid lines dividing boundaries between
different zones are served as a guide for the eye.

biofilm. Adhesion of S. aureus on uwebs decreases as the DNA
fraction in the pwebs increases, probably driven by the growing
electrostatic repulsion between bacterial matrix proteins and
DNA phosphate backbones, which in turn attenuates the anti-
microbial potency of uwebs against floating bacteria.

The model of electrostatic interactions between uwebs and
S. aureus is further supported by our zeta potential meas-
urements. After the DNA ({ = —55.9 + 2.4 mV) and histone

({=+11.6 £ 0.3 mV) solutions are mixed to form uweb suspen-
sion, the zeta potential of resultant pwebs increases with the
growing histone fraction (see Figure S4, Supporting Informa-
tion).”) With sufficiently high zeta potentials (29 mV) and his-
tone concentrations (2500 pg mL™), planktonic S. aureus was
easily killed. With sufficiently low zeta potentials (<-20 mV)
and high DNA concentrations (=300 pg mL™), the formation
of S. aureus biofilm was suppressed. When the zeta potentials

Adv. Mater. Interfaces 2021, 8, 2100717 2100717 (6 of 9) © 2021 Wiley-VCH GmbH
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Figure 6. A schematic illustration of the S. aureus responses to uwebs with varying compositions.

of uwebs fall between —20 and 9 mV, the bactericidal activity of
puwebs largely depends on their degree of gelation (see Figure S3,
Supporting Information). At a fixed mass ratio of DNA to his-
tone, an increase in the concentration of DNA and histone causes
stronger aggregation of hydrocolloids, resulting in lower mem-
brane permeability across the bacterial cell wall.l'”! Consequently,
the uwebs with NETs-like compositions (DNA: Histone = 1:1)
allow bacterial trapping and clustering but fail to eliminate
S. aureus efficiently at a high physiological concentration
(500-1000 pg mL7Y). These findings support the hypothesis
that the electrostatic interaction between DNA, histone, and
S. aureus impact the bacterial clustering, colonization, and the
subsequent assembly of biofilms. A schematic showing how
NETs compositions affect S. aureus biofilm formation and the
proposed mechanism is summarized in Figure 6.

The dose-dependent antimicrobial and pro-biofilm properties
of uwebs may shed light on understanding the pleiotropic roles
of NETs. Most endogenous NETs have a DNA/histone weight
ratio close to 1:1 (see the dotted blue line in Figure 5c), and their
physiological concentrations typically fall within 400 ug m1.712%:30
(denoted by the dotted ellipse), so NETs exhibit antimicrobial
activity against planktonic bacteria and biofilms in general
immune responses. However, NETs can cause obstruction
of airways in cystic fibrosis (CF) patients, and the DNA con-
centration in their sputum and bronchoalveolar lavage fluids
goes over 600 ug mLBY (denoted by a rectangle in Figure 5c).
Many clinical studies have reported that a high DNA level in
airway fluids strongly correlates to the exacerbation of CF lung
infection.l? Our phase diagram indicates that the gelatinous
microwebs formed by concentrated DNA/histone become mal-
functional antimicrobial structures and pathologically relevant
to the exacerbation of S. aureus infection. The aggregation of
uwebs colloids and their gelation at high DNA and histone con-
centrations may result in declined permeability across the bac-
terial wall and reduced bactericidal potency. We have previously
reported the dosage-dependent antimicrobial activity of puwebs
against E. coli UTI89.) E. coli with thinner bacterial cell walls
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than S. aureus are more susceptible to histone-mediated killing,
suggesting the permeability of polycationic histone across the
bacterial cell wall is critical to their antimicrobial activity. How-
ever, responses of Gram-negative bacteria to the uwebs could
be very complicated and unexplored. For example, E. coli were
observed to elongate in response to the uweb-mediated killing,
rather than forming a biofilm.'”] These observations suggest
many differences in bacterial responses to NETs, depending on
different bacterial strains, which deserve further investigation.

3. Conclusions

In summary, we synthesized DHMs and pweb suspensions
with NET-like structures for understanding the role of the
overall material dosage, with different zeta potentials, in the
development of S. aureus biofilms. Microwells coated with
DHMs promote fast and efficient trapping (or adhesion) of
S. aureus, compared to microwells coated with polyanionic
DNA or bactericidal histone. Although DNA or histone alone
is thought to be antimicrobial, the antimicrobial potency of
suspended uwebs varies with their concentration. Interest-
ingly, high concentrations of uwebs that lead to the formation
of gel-like bacteria-clusters promote bacterial growth and bio-
film formation, and uwebs with relatively low DNA/histone
ratios promote bacterial clustering and biofilm formation. Our
analysis provides an improved understanding of how NET
components might impact S. aureus viability and biofilm for-
mation. Further studies need to confirm the generalizability of
our observations by testing different clinical isolates of bacte-
rial strains. While neutrophils may not produce NETs with
such drastically varied compositions as studied in this paper,
there may be relevant, physiological composition differences
as well as changes that occur over time as DNases and pro-
teases selectively degrade NET components to skew component
ratios.>V] There are multiple clinical situations where high
concentrations of NETs components are present physiologically

© 2021 Wiley-VCH GmbH
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such as in CFBY and soft tissue infections.** The data from our
study is envisioned to assist in the development of hypotheses
for future biological and pathological studies of how NETs and
biofilms may exacerbate or alter the course of infections.

4. Experimental Section

Preparation of DHMs: To mimic attached NETs, DHMs were prepared
by ionic crosslinking of salmon DNA (salmon DNA, Sigma, D1626)
using calf thymus histone (Diamond, A002544-0250) in the presence
of trehalose dihydrate (Beyotime, ST1245).2 First, salmon DNA was
dissolved into 0.4 m trehalose solution until the final DNA concentration
reached 150 pug mL7. Next, 40 uL of DNA-trehalose solution was
spotted to the center of each well of a 96-well plate (Tissue culture
treated, BWTC). After vacuum drying in a desiccator for 24 h, the
dehydrated DNA-trehalose forms a glassy film. Next, 60 uL of histone
solution (0.1 ug mL™, dissolved in 0.1 m Tris-HCI, pH = 8) was added
into each well to rehydrate the DNA-trehalose film. After incubation for
3 h, a thicker and fibrous, DHMs formed. Trehalose was dissolved and
removed upon washing with deionized water three times.

Preparation of Suspended pwebs: To mimic NETs in suspension,
suspended pwebs were produced by mixing DNA and histone together
at different concentrations and ratios, followed by using a probe
sonicator (Qsonic 125, intensity set: 20%, 15 s) to homogenize the
mixture in HBSS solutions.

Characterization of Sutface-Bound DHMSs and pwebs: DHMs or pwebs
were stained with 0.01% SYTOX green (Sigma) or 0.5 vol% propidium
iodide (Sigma) solution for 15 min, washed repeatedly, and observed
under a fluorescent microscope (Nikon Eclipse 80i). The surface-bound
DHM and uweb structures were also observed by SEM (Hitachi SU8230).
In brief, samples were fixed in 4% paraformaldehyde for 30 mins, washed
with deionized water, and sequentially dehydrated in 25 vol%, 50, 75, 95,
and 100% ethanol respectively. After ethanol dehydration, the structures
were immersed in hexamethyldisilane and vacuum-dried overnight. The
next day, the sample was sprayed with gold nanoparticles using a modular
sputter coater (SPI-Module 60s, 18 mA). SEMPB4 images of the samples
were taken under the following condition: Ucc =T1kV, I =15 mA.

Bacteria Culture: A frozen glycerol stock of S. aureusB’ (strain
RN4220-sfGFP transfected with GFP plasmid, China) was streaked on a
tryptic soy agar (TSA, Sigma 22 091) plate and incubated at 37 °C. After
overnight culture, one bacterial colony was scratched from TSA plate and
suspended in 1 mL tryptic soy broth (TSB, Sigma 22 092) supplemented
with 1 wt% glucose (TSBg). The bacteria culture was further incubated
under a rotation speed of 220 rpm at 37 °C for 3—4 h until their optical
density ODgqo reaches =0.3-0.6. Then, the culture was diluted using
TSBg until ODgg = 0.02 (S. aureus density: =10’ CFU mL™) for bacterial
adhesion and growth curve measurement. For a subset of tests (see
Supporting Information), a different methicillin-resistant S. aureus with
GFP label (strain USA300) was also used.*!

Bacterial Adhesion Test: 107 S. aureus cells (counted in Colony Forming
Units, CFU) pre-suspended in 200 puL of HBSS were seeded into DHM-
coated 96-well plates. As a blank control, an equal number of bacteria
suspended in HBSS were seeded into DHM-free 96-well plates. To
understand the contribution of the individual NET components to
bacterial adhesion, the HBSS was supplemented with DNA or histone
before dispensing into non-DHMs-coated 96-well plates for comparison.
The total weight of DNA or histone in the uwebs was prepared equally
to that in the DHMs of the experimental group. After incubation for 0.5—
4.5 h, the unattached bacterial cells were extracted by pipetting and the
remaining S. aureus was washed with HBSS twice. The amount of live
bacteria attached to the microwell plates was quantified from the relative
GFP fluorescence intensity using a plate reader (Biotek Synergy HT).
One-way analysis of variance (ANOVA) followed by post-hoc Tukey test
were applied to quantify statistical significance. Dead S. aureus attached
to the DHMs were stained by using 0.5 vol% propidium iodide solution
and observed under a confocal laser scanning microscope.l*’]
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Zeta Potential Measurement: The zeta potentials of S. aureus incubated
with suspended uwebs or its separate components (DNA or histones)
were measured using a zeta potential analyzer (Nanobrook Omni).l¥l
Bacteria cultures (ODgo = 0.02) were centrifuged at 12000 g for 10 min.
Thereafter, the supernatant was discarded, and the bacterial pellet was
resuspended in T mL HBSS or HBSS supplemented with DNA, histone,
or uwebs at different concentrations of 50, 100, and 200 pg mL™". The
samples were incubated at 37 °C for 0.5 h before their zeta potentials
were measured.

Bacterial Killing Test: 10 uL of S. aureus culture (OD = 0.02) were
separately mixed with 100 pL HBSS, HBSS supplemented with DNA
(200 pug mL™"), HBSS supplemented with histone (200 ug mL7),
and HBSS supplemented with suspended pwebs (400 pg mL™, the
DNA: histone weight ratio = 1:1). After 1 h incubation at 37 °C, the
bacterial culture was diluted with deionized water at a ratio of 1:1000.
Subsequently, 10 uL of the diluted bacterial culture was extracted and
spotted on a tryptic soy agar plate. Each sample was serially diluted
6 times to obtain a minimum of 50 CFU counts in the blank control
group. After further incubation overnight, the CFU counts in each
bacterial sample were enumerated, presented as mean values £ S.D.
The percent of killed S. aureus, P, was calculated from the reduced
CFU counts relative to that in the blank control group in HBSS.
ANOVA followed by post-hoc Tukey test was applied to quantify
statistical significance.

Bacterial  Proliferation Test: Suspended uwebs were pelleted by
centrifugation (10* xg for 10 min) and resuspended in HBSS to
concentrations of 80, 200, 400, and 800 pug mL™". Next, 100 pL of the
suspended pwebs at different concentrations were separately mixed
with 100 pL of the diluted bacterial culture (OD = 0.02) for bacterial
growth curve measurement. As comparison groups, 100 uL of HBSS
supplemented with DNA (40, 100, 200, and 400 ug mL™), or histone
(40, 100, 200, and 400 pg mL™") were separately mixed with 100 uL of
the diluted bacterial culture and reallocated into 96-well plates (200 plL
total in each well). Proliferation of S. aureus was monitored at 37 °C in
a plate reader for 16 h, and the fluorescence intensity of GFP-S. aureus
(E,/En = 488/525 nm) were measured.

Biofilm Characterization: 10° S. aureus cells were seeded in tissue
culture-treated 96-well plates and incubated in a mixture of 100 pL
TSBg and 100 pL HBSS added to microwells containing different
concentrations of suspended pwebs (0, 50, 75, 100, 200, 300, 500,
750, and 1000 pg mL™") for 24 h. As control groups, S. aureus were
separately cultured in a mixture of 100 puL TSBg and 100 pL HBSS
supplemented with 0-1000 pg mL™ DNA, or 0-1000 pug mL™" histone
under the same condition. Subsequently, the non-attached bacteria in
supernatants were extracted and gently transferred to a new 96-well
plate, and the remaining biofilms were resuspended in 200 puL HBSS.
The non-attached S. aureus and the adherent cells in the biofilms
were separately quantified by measuring their bacterial fluorescence
(Ex/Em = 488/525 nm) using a plate reader (Biotek Synergy H1). To
image the biofilm, S. aureus suspensions containing pwebs were seeded
onto a silicon wafer in a microplate. The bacteria deposited on the
wafer were fixed and dehydrated before imaging with SEM, following the
protocols described above.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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