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1. Introduction

DNase | functional microgels for neutrophil
extracellular trap disruptiont

Aisa Hosseinnejad,® Nadine Ludwig, & ® Ann-Katrin Wienkamp, & ° Rahul Rimal,?
Christian Bleilevens,© Rolf Rossaint,® Jan Rossaint® and Smriti Singh € 29

Neutrophil extracellular traps (NETs) are web-like chromatin structures produced and liberated by neutro-
phils under inflammatory conditions which also promote the activation of the coagulation cascade and
thrombus formation. The formation of NETs is quite prominent when blood comes in contact with artifi-
cial surfaces like extracorporeal circuits, oxygenator membranes, or intravascular grafts. DNase | as a
factor of the host defense system, digests the DNA backbone of NETs, which points out its treatment
potential for NET-mediated thrombosis. However, the low serum stability of DNase | restricts its clinical/
therapeutic applications. To improve the bioavailability of the enzyme, DNase | was conjugated to the
microgels (DNase | MG) synthesized from highly hydrophilic N-(2-hydroxypropyl) methacrylamide
(HPMA) and zwitterionic carboxybetaine methacrylamide (CBMAA). The enzyme was successfully conju-
gated to the microgels without any alternation to its secondary structure. The K, value representing the
enzymatic activity of the conjugated DNase | was calculated to be 0.063 yM demonstrating a high
enzyme—substrate affinity. The DNase | MGs were protein repellant and were able to digest NETs more
efficiently compared to free DNase in a biological media, remarkably even after long-term exposure to
the stimulated neutrophils continuously releasing NETs. Overall, the conjugation of DNase | to a non-
fouling microgel provides a novel biohybrid platform that can be exploited as non-thrombogenic active
microgel-based coatings for blood-contacting surfaces to reduce the NET-mediated inflammation and
microthrombi formation.

system is a major part of the innate immunity for early
effective recognition and lysis of pathogens. The activation of

The morbidity arising from the material-induced thrombosis
along with the risk of bacterial colonization and subsequent
infections limits the biomedical applications of blood-contact-
ing materials such as extracorporeal membrane oxygenators
(ECMOs) used in artificial lungs-supporting systems."* The
lack of active thrombosis- and pathogenesis-resistance on the
artificial surfaces promotes adverse interactions with blood
components. The most important of these is the adsorption of
proteins on the surfaces followed by the activation of platelets
and subsequent inflammation, which triggers thrombus for-
mation and complement activation.*” The complement
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this system is mainly mediated by adsorbed inflammatory
complement peptides at sites of thrombo-inflammation
including C3b and C5b to activate and recruit leukocytes par-
ticularly neutrophils.”®° Additionally, activated platelets also
play a significant role in neutrophil recruitment and thereby
the pathogenesis of the inflammatory response.'®"
Neutrophils adhere to activated platelets mainly via the
binding of Macl (integrin ayf,) and P-selectin glycoprotein
ligand-1 (PSGL-1) to the platelet adhesion molecules glyco-
protein Ib (GPIb) and P-selectin (CD62P) expressed on the
platelet plasma membrane. These platelet-neutrophil aggre-
gates exacerbate the functions bilaterally resulting in a vicious
cycle of thrombo-inflammation. Thereby the activated platelets
and platelet-derived agonists/proteins initiate outside-in sig-
naling in neutrophils and stimulate them to release neutrophil
extracellular traps (NETs)."'"” NETs are web-like chromatin
structures decorated with histones and antimicrobial enzymes
expelled from neutrophils as a part of the host defense system
to trap and kill pathogens at sites of inflammation.'®"?
However, uncontrolled or dysregulated NET formation
(NETosis) may intensify inflammation and the NET-induced
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activation of the coagulation cascade. NETs and granular pro-
teins released by the stimulated neutrophils including neutro-
phil elastase (NE), serine proteases, and cathepsin G contrib-
ute to procoagulant reactions in different ways such as the pro-
teolysis of tissue factor pathway inhibitor (TFPI), thereby acti-
vating the intrinsic coagulation cascade.?® Moreover, the inter-
action of NET components like histones H; and H, with
platelets via Toll-like-receptors (TLRs) or fibrinogen enhances
the activation and aggregation of platelets and thus induces
the local thrombin generation.'*'®'%*"?> These adverse
effects of NETosis dysregulation lead to the formation of clots
and vessel occlusion,” host tissue injuries**** and chronic
human inflammatory diseases/disorders, e.g. pulmonary fibro-
sis or acute respiratory distress syndrome (ARDS) recently
observed as a common clinical symptom of COVID-19 during
the current SARS-CoV-2 pandemic.'”*67°

The recent findings have also shown that NETs are
sufficient to generate all the aforementioned life-threatening
complications even in the absence of platelets. As we recently
demonstrated, the platelet reduction in an in vitro ECMO
circuit inhibits platelet activation but it is not sufficient to
prevent clot formation, possibly due to the generation of
NETs.*!

As antiplatelet and antithrombotic drugs are ineffective to
disrupt NET formation, finding ways to degrade NETs has
been a matter of intense research and may lead to great thera-
peutic opportunities. Physiologically, NETs are degraded by
serum DNases such as DNase 1.*>** DNase I is an endonu-
clease predominant in plasma. It is a member of the DNase
protection family expressed by non-hematopoietic cells, which
preferentially cleaves/hydrolyzes protein-free DNA strands in a
non-sequence-specific manner.>**> Apart from being used as a
molecular biology tool, DNase I is U.S. Food and Drug
Administration (FDA)-approved and is commonly used in
therapeutic methods of modern medicine for cystic fibrosis*®
to clear extracellular DNA fibers in the lungs and systemic
lupus erythematosus.”” Recent findings have also shown the
effectiveness of DNase I in the digestion of NETs.**
However, the low serum stability, and fast deactivation by
environmental stimuli have been considered as the limiting
factors for clinical applications of DNase I1.*!

In this work, we show the synthesis of biohybrid, highly
hydrophilic microgels conjugated to the DNase I (DNase I
MGs) for the digestion of NETs. The systematically studied
conjugation of the enzyme to the microgel abstains any influ-
ence on the structural stability of the protein. In this regard,
comparing with the native enzyme, the enzymatic activity of
conjugated DNase I was measured over time using variable
concentrations of a fluorescently labeled DNA probe as a sub-
strate. The DNase I MG showed negligible fouling when chal-
lenged with bovine serum albumin (BSA) used as a model
foulant in both static and flow conditions. To show the
efficiency of the DNase I MGs to digest NETs in biological
media, the conjugated microgels were incubated with stimu-
lated polymorphonuclear neutrophils continuously secreting
NETs. Using live-cell imaging and the specific citrullinated
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histone H3 based ELISA, the fast and more efficient digestion
of NETs by the DNase I MGs compared to the native enzyme
was demonstrated for a long duration of time. We envision
that these novel biohybrid microgels can be used as a coating
material for blood-contacting surfaces®” to digest the formed
NETSs.

2. Experimental

2.1. Materials

Anhydrous dichloromethane (DCM), Span 80 (sorbitan mono-
oleate), Tween 80 (polyethylene glycol sorbitan monooleate),
n-hexadecane 99%, anhydrous sodium sulfate, N-[3-(dimethyl-
amino)propyl jmethacrylamide, 3-hydroxypropionic acid
lactone (p-propiolactone 97%), anhydrous tetrahydrofuran
(THF), diethyl ether (DEE), N,N-methylenebis(acrylamide)
(MBAA) 99%, purified DNase I from the bovine pancreas and
Phosphate-buffered saline (PBS) (1x pH 5.0) were purchased
from Sigma-Aldrich. 2-Methylprop-2-enoyl chloride (methacry-
loyl chloride 97%) and 2,2'-azobis(2-methylpropionamidine)
dihydrochloride (AMPA 97%) were purchased from Acros
organics. 1-Aminopropan-2-ol 98% and liquid chromato-
graphy-mass spectrometry (LC-MS) grade water, PBS (1x pH
7.4), sodium carbonate and blotting-grade sodium dodecyl
sulfate (SDS > 99.5%) were purchased from Merck, Lonza AG,
ChemPur and Carl Roth GmbH respectively. 1-Ethyl-3-(3-di-
methylaminopropyl) carbodiimide hydrochloride (EDC) and
sulfo-N-hydroxysuccinimide (sulfo-NHS) crosslinkers were pur-
chased from ThermoFischer Scientific. The fluorometric
DNase I activity assay kit (K-429) was purchased from
BioVision containing a vial of 25 uM DNA probe and 25 mL
molecular biology grade water. The chemicals used for the
NET formation assays were included 0.5 M ethylenediaminete-
traacetic acid (EDTA) solution, 1 ug mL~" Hoechst 33342 stain-
ing dye solution, 100 nM phorbol 12-myristate 13-acetate
(PMA) from Sigma-Aldrich, discontinuous 1077/1119 Pancoll
gradient separating solution and imaging medium
(RPMI-1640) plus 0.5% fetal calf serum (FCS) from PAN
Biotech, SYTOX™ orange and micrococcal nuclease solution
from Thermo Fischer Scientific and Poly-i-Lysine (PLL) coated
micro-slides from Ibidi, Anti-Histone H3 (citrulline R2 + R8 +
R17) capture antibody from abcam and Anti-DNA-POD detec-
tion antibody from Roche. All chemicals and reagents were of
analytical grade and used as received without further
purification.

2.2. Methods

2.2.1 Synthesis of N-(2-hydroxypropyl)methacrylamide
(HPMA). 1-Aminopropan-2-ol (22 g, 289 mmol, 1.0 eq.) and
sodium carbonate (34 g, 318 mmol, 1.1 eq.) were mixed and
stirred in 85 mL anhydrous dichloromethane (DCM) using a
500 mL three-neck flask immersed in an ice bath. 27 mL
methacryloyl chloride (275 mmol, 0.95 eq.) dissolved in 15 mL
anhydrous DCM was added dropwise into the mixture for 2 h,
after which the ice bath was removed and the reaction mixture

This journal is © The Royal Society of Chemistry 2022
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was allowed to stir for a further 4 h at room temperature. The
whole reaction was carried out under N, atmosphere. After
completion of the reaction, anhydrous sodium sulfate (10 g)
was added to the reaction mixture and filtered. The filtrate was
concentrated under reduced pressure at 40 °C and further kept
at —20 °C overnight. The obtained crystals were filtered and
recrystallized in acetone at —20 °C. The purified solid was
dried under reduced pressure and stored at 4 °C (yield 18 g,
47%). The structural analysis of the product was performed by
"H NMR recorded on a Bruker Avance I1I-300 FT-NMR spectro-
meter (Bruker Corporation, Billerica, MA, USA) at 300 MHz
using deuterium oxide as a solvent. "H NMR (300 MHz, D,0):
1.2 (dd, 3H, CH(OH)-CHj3), 2.0 (s, 3H, C(CH,)-CH3), 3.3 (m,
2H, NH-CH,), 4.0 (m, 1H, C(OH)-H), 5.5 (s, 1H, C=CH,),
5.7 ppm (s, 1H, C=CH,).

2.2.2 Synthesis of the zwitterionic carboxybetaine metha-
crylamide (CBMAA). 36 mL (200 mmol, 1.45 eq.) N-[3-(di-
methylamino)propyl|methacrylamide and 9 mL (138 mmol,
1.0 eq.) p-propiolactone were respectively added in 200 and
80 mL anhydrous THF. The solution of N-[3-(dimethylamino)
propyljmethacrylamide was cooled to —4 °C using a cooling
bath with sodium chloride. p-Propiolactone was dropwise fed
into N-[3-(dimethylamino)propyljmethacrylamide for 15 min.
The whole procedure was performed under N, gas. The solu-
tion was stirred for a further 15 min at 4 °C and kept in a
fridge (2-8 °C) for 1-2 days. The white powder of the purified
product was obtained by washing the solids with 20 mL anhy-
drous THF (x3) and 20 mL DEE (x1) and drying under reduced
pressure (yield 27 g, 82%). The structural analysis of the
product was performed by 'H NMR recorded on a Bruker
Avance III-300 FT-NMR spectrometer (Bruker Corporation,
Billerica, MA, USA) at 300 MHz using deuterium oxide as a
solvent. "H NMR (300 MHz, D,0): 2.0 (s, 3H, C(CH,)-CHj3), 2.1
(m, 2H, C(CH,)-H,), 2.7 (t, 2H, C(CH,)-H,), 3.1 (s, 6H, N-
CH,), 3.4 (m, 4H, N-(CH,)-CH,), 3.6 (t, 2H, N-CH,), 5.5 (m,
1H, C=CH,), 5.8 (m, 1H, C=CH,).

2.2.3 Synthesis of p(HPMA-co-CBMAA) microgels. The
microgels were prepared via an inverse miniemulsion polymer-
ization using N,N-methylenebis(acrylamide) (MBAA) cross-
linker. 10 mL of hexadecane consisting of 280 mg of Span 80
and Tween 80 in a weight ratio of 3:1 used as the continuous
phase. HPMA (122 mg, 0.80 mmol, 75 mmol%), CBMAA
(36 mg, 0.14 mmol, 13 mmol%), and different amounts of
MBAA were dissolved in 0.5 mL of PBS followed by addition to
the organic phase. The mixture was vigorously stirred for
5 min at room temperature, transferred to a rosette cooling
cell (Sonic materials™, Fischer Scientific GmbH, NRW,
Germany) and subjected to ultrasonication. The pre-emulsion
in the cooling cell was firmly closed to the clamp stand
immersed in/under the water bath. The mixture was sonicated
for 5 min using a microtip of 6.4 mm in diameter adjusted
closely to the bottom of the cell. The sonication parameters
were kept at 50% amplitude in a set pulse regime (0.9 s soni-
cation, 0.1 s pause) using a Branson 250 W sonifier. AMPA
(25.5 mg, 0.094 mmol, 9 mmol%) dissolved in 0.5 mL PBS was
added dropwise to the mixture along with the ultrasonication

This journal is © The Royal Society of Chemistry 2022
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treatment for a further 5 min. The mixture was sonicated once
more for 5 min and then purged with N, gas. The polymeriz-
ation was initiated upon heating the emulsion to 70 °C under
constant stirring (700 rpm) and inert atmosphere for 45 min.
Separation of the microgels was achieved after removing the
organic phase by centrifuging the emulsion at 10 000 rpm for
5 min. The microgels were further washed with hexadecane (3
x 10 mL) and purified by dialysis (MWCO: 50 kDa; reg.
cellulose) against distilled water for 7 days. The obtained
microgels were freeze-dried and kept at 2-8 °C (yield 50 mg,
31%).

2.2.4 Scanning electron microscopy (SEM) analysis and
size distribution of microgels. The morphology and distri-
bution of different microgel preparations were evaluated by
scanning electron microscopy (SEM) using a Hitachi S-3000
electron microscope (Hitachi, Tokyo, Japan) with an accelera-
tion voltage between 1 and 10 kV. For analysis 1 mg mL™" of
the microgels without prior filtration was spin-coated on a
1 cm x 1 cm silicon wafer followed by sputter coating with a
10 nm layer of gold/palladium (80:20) using an ACE 600
sputter coater (Leica, Germany).

The particle size and distribution were analyzed from the
obtained SEM micrographs using Image] analysis software
(Image]/Fiji).*® It facilitates measuring the diameter of an ade-
quate number of particles (N) for statistical significance of
each preparation of microgels with different amounts of cross-
linker (MBAA) used. The frequency distribution of particle
radius was further plotted with Origin data analysis software
(OriginLab 2018b).

2.2.5 DNase I conjugation. A stock solution of DNase I at a
concentration of 10 mg mL ™' was prepared in PBS (pH 7.4).
4.7 mL of the DNase I solution was directly added to 8 mg of
p(HPMA-co-CBMAA) microgel. 1 mg mL™" stock solutions of
EDC (6.4 mM) and sulfo-NHS (4.6 mM) were prepared in PBS
(pH 7.4) and 291 pL of EDC and 330 pL of sulfo-NHS were sub-
sequently added to the previous solution. The volume was
adjusted to 8 mL (PBS pH 7.4) to achieve a final concentration
of 1 mg mL™" for the microgels. The prepared mixture was
stirred for 2 h at room temperature protected from light. The
obtained conjugates were purified by centrifugation followed
by dialysis (MWCO: 50 kDaj; reg. cellulose) against PBS for a
day and against DI water for two more days to remove the
unconjugated enzymes. The prepared DNasel MGs were freeze-
dried and kept at 2-8 °C until further use.

2.2.6 Structural characterization of DNase I incorporated
microgels. The morphology and distribution of DNase I MGs
were evaluated by scanning electron microscopy using a
Hitachi S-4800 electron microscope (Hitachi, Tokyo, Japan)
with an acceleration voltage between 1 and 20 kV. For analysis
1 mg mL™" of the microgels was spin-coated on a 1 cm x 1 cm
silicon wafer followed by sputter coating with a 10 nm layer of
gold/palladium (80:20) using an ACE 600 sputter coater
(Leica, Germany). The microgel structure was further charac-
terized by a Fourier Transform Infrared Spectroscopy with
Thermo Nicolet Nexus 470 FT-IR spectrometer (Thermo Fisher
Scientific Inc., MA, USA) using a KBr tablet. To determine the

Biomater. Sci, 2022,10, 85-99 | 87
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elemental composition of the microgel, X-ray photoelectron
spectroscopy (XPS) was conducted with a Kratos Ultra Axis
(Kratos Analytical Ltd, Manchester, UK). The samples were
excited with monochromatic Al-K,, , radiation (1486.6 eV) and
the resulting spectra were analyzed with CasaXPS processing
software (Casa Software Ltd, United Kingdom). The binding
energy (BE, eV) was corrected with C 1s (285.0 eV) as the stan-
dard. The conformational structure of DNase I modified
microgels was evaluated by CD spectroscopy. The cuvette and
the holding chamber were flushed with a constant stream of
dry N, gas to avoid water condensation on the cuvette exterior.
Data were collected from 280 to 190 nm with a 1 s response
time and a 1 nm bandwidth using a Jasco V-780 spectrophoto-
meter (Jasco, Tokyo, Japan) in a 0.1 cm quartz cuvette. The
UV-CD measurements for 2 pM free DNase I and 5 uM conju-
gated DNase I corresponded to 0.6 mg mL~" DNase I MGs (the
concentration of immobilized enzyme will be discussed in the
following section of enzymatic activity) were carried out in PBS
(pH 7.4) at 25 °C. Each spectrum shown is the average of three
individual scans and is corrected according to the baseline
spectrum of the buffer.

2.2.7 Protein fouling. The protein repletion of the prepared
DNase I MGs was assessed using bovine serum albumin (BSA).
1 mg mL ™" of microgel dispersion was prepared by incubation
with 0.1% BSA (in PBS, pH 7.4) for 60 min at 25 °C. The micro-
gels were 3 times thoroughly washed and centrifuged at 10 000
rpm for 5 min and analyzed by XPS (Kratos Analytical Ltd,
Manchester, UK) before and after contact with the protein
solution. Additionally, the antifouling activity of the microgels
was evaluated by a QCM-D measurement performed on a
QSense® Explorer device (Biolin Scientific, Vistra Frolunda,
Sweden) and an IPC 8 multichannel peristaltic pump (Ismatec,
Wertheim, Germany). For all measurements, gold-coated
QCM-D sensors (QSX 301 QSensor®, Biolin Scientific, Vistra
Frolunda, Sweden) have been used as supports for microgel
adsorption. Before use, each sensor has been exposed to UV
light for 15 min, immersed in a 2 wt% solution of blotting-
grade SDS for 45 min, then rinsed with Milli-Q water, dried
under a mild stream of N, flow, and exposed again to UV light
for another 15 min. 100 pL of the microgels were spin-coated
at 2000 rpm with an initial acceleration of 800 rpm for a min
on a clean surface of a gold sensor previously treated by 300 s
of air plasma at a pressure of 0.2 mbar, which activates the
surface and further improves the microgel adsorption. An
additional sensor without any coating was used as a reference.

In each experiment, microgel-coated sensors have been allo-
cated in a standard QSense flow module at a constant tempera-
ture of 25 °C and the medium has been pumped at a constant
flow rate of 20 pL min~"'. After initial equilibration in PBS (pH
5.0), the measurement was restarted to obtain a baseline value
for the frequency and the dissipation curves around 0 Hz and
0 ppm, respectively followed by monitoring study of protein
fouling by alternating use of PBS (pH 5.0) as a medium and
BSA (in PBS pH 5.0) as a model foulant. The experimental data
have been collected using software QSoft401® and processed
by Dfind software (QSense AB)** and Origin (OriginLab
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2018b). The mass change on the surface of the QCM-D sensor
before and after washing step was calculated using Sauerbery
equation, Am = C-n~'-Af, with C mass sensitivity constant
(17.7 ng em™? Hz for 5 MHz quartz crystal sensors used in this
study); n number of harmonics and Afvariation of frequency.

2.2.8 DNase I conjugation in flow. To evaluate the conju-
gation of DNase I to the microgels QCM-D was used. 8 mg of
P(HPMA-co-CBMAA) microgels were activated using 291 pL of
6.4 mM EDC and 330 pL of 4.6 mM sulfo-NHS prepared in PBS
(pH 7.4). The volume was adjusted to 8 mL (PBS pH 7.4) to
achieve a final concentration of 1 mg mL™" for the microgels.
The prepared mixture was stirred for 2 h at room temperature
protected from light. The activated microgels were separated
by centrifugation and carefully washed with PBS (3 x 5 mL)
and DI water (3 x 5 mL). 100 pL of the activated microgel dis-
persion was likewise spin-coated on a clean surface of a gold
sensor as described above. The gold-coated sensor was pre-
viously cleaned using the aforementioned protocol. The
measurements were performed on a QSense® Explorer device
and an IPC 8 multichannel peristaltic pump at a constant
temperature (25 °C) and flow rate (20 uL min™"). After initial
equilibration in PBS (pH 7.4) and regulating the baseline, the
measurement was followed by alternating use of different con-
centrations of DNase I (0.1, 0.5, 1.0 wt% in PBS pH 7.4) and
PBS (pH 7.4). The experimental data in form of frequency (Af)
and dissipation shifts (AD) were collected by QSoft401® soft-
ware and processed by Dfind (QSense AB) and Origin
(OriginLab 2018b) data analysis software.

2.2.9 Enzymatic activity assay of DNase I conjugated micro-
gels. To evaluate the activity of the conjugated enzyme,
different concentrations of DNA probes were treated with the
modified DNase I MGs. In this regard, a 2 uM stock solution
of DNA probe was prepared by diluting 8 pL of supplied stan-
dard DNA probe (25 pM) in 92 pL of molecular biology grade
water. 0, 2, 4, 8, 12.5, 20 and 40 pL of 2 pM DNA probe was
added into a series of wells on a 96-well plate to respectively
generate 0, 4, 8, 16, 25, 40 and 80 pmol per well of standard
DNA solutions. The volume was adjusted to 50 pL with mole-
cular biology grade water. In each well containing standard
DNA solutions, 50 pL of a reaction mix was added containing
10 pL of the 10x DNAse I assay buffer, 38 pL of the molecular
biology grade water and 2 pL of the 50 mg mL~" DNase I MGs.
The fluorescence of the prepared DNA probe standards was
measured using a multi-mode SpectraMax-M3 microplate
reader (Molecular Devices, San Jose, CA, USA) set on fluo-
rescence mode at Ex/Em wavelength of 651/681 nm for 5 h at
37 °C. The enzymatic activity of free DNase I was also evaluated
quantitatively by the same fluorometric assay. For this, first,
the concentration of enzyme conjugated to the microgels was
measured using Beer-Lambert law equation, A = &-L-C, with ¢
extinction coefficient of DNase I (1.11 mL mg ' em™'); L
optical path length (1 cm) and C microgel concentration (mg
mL™"). The absorbance (4) was measured using a multimode
SpectraMax-M3 microplate reader (Molecular Devices, San
Jose, CA, USA) set on UV-Vis absorption mode at 280 nm, the
wavelength of maximal absorbance of DNase 1. Bare microgels

This journal is © The Royal Society of Chemistry 2022
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(unconjugated) was used as a control (blank). Using this, the
concentration of the conjugated enzyme in 1 mg mL™' of
DNase I MGs was estimated to be 8 pM. The activity of equi-
valent amount of free DNase I activity was measured fluorome-
trically as described above.

2.2.10 NET formation. Human neutrophils were isolated
from anticoagulated (1.6 mL EDTA per mL) venous whole
blood of healthy adult volunteers. Isolation was performed by
using a discontinuous 1077/1119 Pancoll gradient and cen-
trifugation at 700g for 30 min. Neutrophils were collected from
the interphase, washed twice with PBS and re-suspended in
the imaging medium (RPMI-1640) plus 0.5% fetal calf serum
(FCS). A cell count of 2.5 x 10° neutrophils per sample was sup-
plemented with 0.5 uM SYTOX™ Orange and 1 pg mL™*
Hoechst 33342 staining dye solution followed by cultivated on
Poly-1-Lysine (PLL) coated micro-slides for 30 min at 37 °C and
5% CO,. DNase I MGs were added at a final concentration of
0.6 mg mL™" corresponded to 5 uM conjugated DNase I and
neutrophils were stimulated with 100 nM phorbol 12-myristate
13-acetate (PMA). The NET formation was measured and ana-
lyzed for 6 h by live-cell imaging using a Lionheart™ FX auto-
mated microscope (BioTek Instruments Inc., Winooski, VT,
USA). Images were captured every 2 min. The results were
quantified as NET density versus time by plotting the SYTOX™
orange area per cell using Prism graphing and statistics soft-
ware (GraphPad Software, Inc.). The NET formation in pres-
ence of free DNase I was also measured in the same assay
described using the equivalent concentration of conjugated
enzyme (5 pM).

To have a more specific measurement of NET formation
and to exclude the false positive signals, the impact of the
DNase I MGs on the persistence of NETs was analyzed in a
H3Cit-DNA complex ELISA. The NET formation was induced
by stimulating isolated human PMNs with PMA in a 24-well
plate for 6 h at 37 °C. DNase I MGs was supplemented in the
same way as shown in the SYTOX™ assay. Appropriate controls
(unstimulated, DNase I treatment, DNase I MGs only) were
added to the well plates. The supernatants were collected after
treatment with a micrococcal nuclease to detach NETs from
surfaces and cell remnants. Samples were analyzed in the
H3Cit-DNA complex ELISA using the Anti-Histone H3 (citrul-
line R2 + R8 + R17) antibody as capture and the Anti-DNA-POD
antibody as a detection antibody.

3. Results and discussion

3.1. Synthesis of p(HPMA-co-CBMAA) microgels

The microgels were synthesized using N-(2-hydroxypropyl)
methacrylamide (HPMA) and zwitterionic carboxybetaine
methacrylamide (CBMAA). The synthesis of HPMA was
through the Schotten-Baumann condensation of methacryloyl
chloride and 1-aminopropan-2-ol as reported in the
literature.”*® The zwitterionic CBMAA was synthesized by the
ring opening of (-propiolactone in reaction with N-[3-(di-
methylamino)propyl Jmethacrylamide.*”"*® The synthesis route

This journal is © The Royal Society of Chemistry 2022
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of monomers and the "H NMR evaluation of their chemical
structure are shown in ESI Fig. S1 and S2.7 The characteristic
peaks of HPMA and CBMAA are evident at 4.0 and 3.6 ppm
respectively. The typical methacryloyl peaks observable at
5.7-5.8, 5.5 and 2.0 ppm confirm the successful formation of
the methacrylamide in both monomers.

The microgels were synthesized using HPMA and CBMAA
in a molar ratio of 17:3 with different molar ratios of N,N'-
methylenebis(acrylamide) (MBAA) as a crosslinker, using a
free-radical emulsion polymerization in an inverse mini-
emulsion (Scheme 1A). The emulsion was prepared by ultra-
sonically dispersing a 1:10 volume of monomeric phase in
hexadecane using 2,2'-azobis(2-methylpropionamidine) dihy-
drochloride (AMPA) as an initiator. A mixture of non-ionic
Span 80 and Tween 80 was applied as a surfactant in a weight
ratio of 3:1, which provided a hydrophilic-lipophilic balance
(HLB) of 7 required for stability of the inverse emulsions.
Further optimized parameters to achieve a stable colloidal
system are summarized in Table S1.f On completion of the
reaction, microgels were centrifuged, dialyzed, and freeze-
dried.

HPMA and CBMAA were used as monomers for the syn-
thesis of microgels due to their excellent non-fouling pro-
perties. Fig. S31 shows the NMR spectrum of the p(HPMA-co-
CBMAA) microgels. The integral ratio of the characteristic
peaks of HPMA and CBMAA at 3.8 and 3.5 ppm respectively,
are attributed to the molar ratio of the corresponding protons
(17 x 1H): (3 x 2H), which is in agreement with the feed com-
position ratio of copolymerized HPMA and CBMAA (17:3).
The relevance of this ratio is later discussed in section 3.5 the
microgels were further tuned for their size by varying the cross-
linker amounts (Scheme 1B). The morphology of the prepared
microgels with different crosslink densities is shown in
Fig. S4A-D.f As can be seen from the SEM images in the dry
state the microgels tend to flatten which is an inherent nature
of the microgels due to the soft open structure. The particle
size and distribution were evaluated from the given SEM
micrograph for each microgel sample without prior filtration.
The analysis was conducted using Image] analysis software
(Image]/Fiji)*® analyzing each particle under the Feret para-
meter. This allows calculating the average diameter of the par-
ticles in each micrograph considering the distance between
two parallel tangents to the projected silhouette/outline of a
particle at any angle.”® As shown in Fig. S4A-D,1 the diameter
of approximately 100 particles (N) was measured from the SEM
micrographs for statistical significance of each preparation of
microgels with varying amounts of crosslinker (MBAA) used.
The frequency distribution of particle radius was plotted with
Origin data analysis software (OriginLab 2018b). The results
are summarized in Table S27 indicating the obtained particle
radius in the range of 7 um to 300 nm with the increasing
amount of MBAA, however, it leads to a decline of the mono-
dispersity of particles. The particles size and the mechanical
properties (e.g. stiffness) of micro-/nanogels can be fine-tuned
by varying the crosslinking density. This inevitably induces a
change in the surface properties of microgels as the microgel
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Scheme 1 (A) Schematic representation of the w/o inverse miniemulsion method used for fabrication of microgels from HPMA and CBMAA: (1) the

aqueous phase consists of the monomers and the crosslinker in PBS (blue) while the organic phase consists of n-hexadecane and the surfactants
Span 80 and Tween 80 in the ratio of 3:1 (yellow); (2) the initiator AMPA dissolved in PBS was added along with ultrasonic dispersion of the phases;
(3) the polymerization was initiated within the stabilized droplets upon heating the miniemulsion to 70 °C under an inert atmosphere which leads to
the formation of microgels after 45 min. (B) Different molar ratios of the crosslinker were used to optimize the size of p(HPMA-co-CBMAA)

microgels.

composition varies and therefore, it might influence their
interaction with enzymes on conjugation.”® The extent of
enzyme-substrate interaction is a predominant parameter
impacting the enzymatic activity of enzyme-microgel conju-
gates and it is thought to be enhanced due to the high surface
area offering by the microgelic support. However, it signifi-

90 | Biomater. Sci,, 2022, 10, 85-99

cantly depends on the morphology and the pore size of the
microgels tuned by crosslink density. Highly crosslinked
microgels impose physical restrictions in accessing the avail-
able surface area for enzyme conjugation and the substrate
(and solvent) diffusion due to their compact structure, while
ultra-low crosslinked microgels with an extremely open

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1bm01591e

Open Access Article. Published on 23 November 2021. Downloaded on 4/2/2026 2:44:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

swollen structure suffer from the lack of available surface
area.”* This implies that the tunability of crosslinking
density facilitates control over the average particle and pore
size, swelling capacity, and mechanical properties of micro-
gels, which further regulates the modality of their interaction
with both enzyme and substrate and later on the local density
of immobilized enzyme as well as the diffusion rate of the
substrate.

3.2. Conjugation of DNase I with p(HPMA-co-CBMAA)
microgels

The bovine pancreatic DNase I was chosen as a model nucle-
ase for conjugation with the microgels, due to its potential
clinical and pharmacological relevance.*'”>® The conjugation
was carried out through amide crosslinks formed between the
carboxylic group of CBMAA and lysine residues of the enzyme
in a molar ratio of 5: 1. The reaction was mediated by the zero-
length 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride/sulfo-N-hydroxysuccinimide (EDC/sulfo-NHS) cross-
linkers (Fig. 1A). The use of sulfo-NHS stabilizes the ester
intermediate, prevents its fast hydrolysis, and facilitates a
nucleophilic addition with amines.”>®> The EDC/sulfo-NHS
mediated conjugation was carried out in PBS at a physiological
pH of 7.4. At this pH the DNase I is negatively charged (isoelec-
tric point ~ 5),°® while the microgels have a net positive charge
due to the EDC/sulfo-NHS driven conversion of acid groups of
CBMAA to active esters. This facilitates the electrostatic attrac-
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tion of the DNase I to the highly hydrophilic microgels fol-
lowed by a covalent conjugation over sufficient time. The elec-
trical neutrality of the microgels is re-established once the
reaction is complete.>>>”:>®

3.3. Characterization of DNase I conjugated p(HPMA-co-
CBMAA) microgels

The FESEM was used to ascertain the morphology of the
DNase I MGs. Fig. 1B shows a FESEM micrograph of mono-
disperse spherical microgels. The particle size and distribution
were evaluated from the given SEM micrograph indicating the
microgel size of 7.3 + 1.4 um in radius with 3% of MBAA
(Fig. 1C). The enzyme conjugation and its structural stability
in an enzyme-microgel biohybrid were assessed by circular
dichroism (CD) spectroscopy. Fig. 1D demonstrates the CD
spectrum of the DNase I MG compared to the free DNase I at
25 °C. DNase I is an alpha, beta-protein with two 6-stranded
beta-pleated sheets packed against each other which forms the
core of a ‘sandwich-type structure’. The anti-parallel beta-
sheets are flanked by three longer alpha-helices and extensive
loop regions making the alpha helix the dominant structure.”®
Any change in the conformational stability of the enzyme will
reduce the dominant alpha-helix structure while increasing
the beta-sheet. The CD spectrum of DNase I MG shows a posi-
tive band around 192 nm and a strong negative band around
205 nm in the far UV region as it can be seen in the spectrum
of free DNase I due to the dominant alpha-helical structure of

EDC/sulfo-NHS

\l .
NH.* PBS (pH 7.4)
RT,2h
Oo DNase |
30 = 3
7.3+ 1.4pum ) —— DNase | MG
244N =100 b ——Free DNase |
>‘ -
2 18 39
5 2
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C m
6 &
°
= 6
o 3 6 9 12 15 200 220 240 260
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Fig. 1

(A) Schematic illustration of the DNase | conjugation with p(HPMA-co-CBMAA) microgels mediated by EDC/sulfo-NHS at pH 7.4. (B) FESEM

micrograph of the DNase | MGs revealing the spherical morphology of the synthesized microgels. (C) The size distribution of 100 particles (N = 100)
of DNase | MGs from the given SEM micrograph. (D) CD spectra of the conjugated DNase | compared to the free enzyme revealing the preservation

of the secondary structure of the enzyme after a successful conjugation.
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DNase I°°® (Fig. 1D). This reveals the absence of any altera-
tion in the secondary structure of the enzyme after being suc-
cessfully conjugated to the microgels.

The high-resolution XPS further ascertained the microgel
composition after the incorporation of DNase I (Fig. 2). The C
1s spectrum of the DNase I MG (Fig. 2B) reveals the signals of
C-C (284.9 €V), 0-C=0 (286.2 eV), and N-C=0 (287.9 eV)
mostly related to the amide and carboxylic groups, which are
also detectable in the structure of unconjugated microgels
(Fig. 2A), however, an increase in the peak intensity of N-C=0
and O-C=0O is evident after conjugation. The peaks of C-NH-
C (400.1 eV) and C-N (402.6 eV) are invariant in the N 1s spec-
trum of the microgels before (Fig. 2C) and after conjugation
(Fig. 2D) with DNase I, but the C-N peak in DNase I MGs
shows a broadening.

According to the XPS data before and after conjugation (n =
3) summarized in Table 1, the relative carbon/nitrogen ratio
(C/N) shows an obvious decrease after conjugation (C/N = 5.4 +
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Table 1 Elemental composition of microgels before and after conju-
gation with DNase |

C1s N 1s O1s C/N
Before conjugation 53.8+1.2% 7.6+ 0.6% 38.6+1.4% 7.2+0.5
After conjugation ~ 51.5+1.3% 9.8+1.4% 38.7+0.3% 5.4+0.9
DNase I 349+0.2% 84+02% 56.7+0.2% 4.2+0.1

0.9) compared to the composition ratio of the unconjugated
microgels (C/N = 7.2 + 0.5). This is due to the significant 1.3
fold increase of nitrogen atomic percentage after the enzyme
incorporation, thus it can justify the observed increase in peak
intensity of N-C=0 and O-C=O and confirm the successful
biofunctionalization of microgels with DNase I. Additionally,
the broadening of the C-N peak after conjugation corroborates
the incorporation/distribution of DNase I throughout the
microgel structure, as the same broad peak for C-N can be
also seen in the native DNase I (Fig. S57).

After Conjugation
c-C?
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Fig. 2 High-resolution C 1s and N 1s XPS spectra of the p(HPMA-co-CBMAA) microgels (A and C) before and (B and D) after conjugation with

DNase | demonstrating the characteristic structural peaks.
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3.4. DNase I conjugation to microgel in flow

To further monitor the successful conjugation of the DNase I
to the EDC/sulfo-NHS activated microgels QCM-D was used.
The freshly EDC/NHS activated microgel-coated sensor was
allocated in a standard QSense flow module at a constant
temperature of 25 °C and the media (PBS or different concen-
trations of DNase) was pumped at a constant flow rate of 20 pL
min~". After initial equilibration in PBS (pH 7.4), the measure-
ment was followed by monitoring the conjugation of DNase I
(PBS pH 7.4) with alternate cycles of PBS (pH 7.4) washing.
The change in thickness and conjugated mass on the surface
of the QCM-D sensor before and after washing steps were
extrapolated from the collected experimental QCM-D response
using the Voigt model embedded in Smartfit algorithm of
Dfind software assigned to the soft viscoelastic surfaces. Three
overtones (third, fifth, seventh) were used to fit the layer thick-
ness and mass.

As shown in Fig. S6A,T upon injection of varying concen-
trations of DNase (0.1, 0.5, 1.0 wt% in PBS pH 7.4), a damping
of the resonance frequency due to the mass adsorption on the
coated surface was evident, while the energy dissipation
increased concerning the adhered film/mass on a surface. The
dampening effect on the frequency is directly related to the
DNase concentration. With increasing DNase concentration
from 0.1 to 1.0 wt% with intermittent washing by PBS a total
of 28.8 pmol cm™ of DNase was conjugated at the microgel
surface (Fig. S6Bf). This gives a clear indication of the
efficiency of conjugation and that the microgel coating on the
QCM-D sensor is thin and sensitive enough to observe any
changes in mass owing to either conjugation or fouling.

3.5 Antifouling microgels

Effective biofunctionalization of polymer without impairing
antifouling properties poses a challenge. To study the antifoul-
ing behavior of DNase I MGs, the microgels were incubated in
1 mg mL~" bovine serum albumin (0.1% BSA) for 60 min at
room temperature and subsequently centrifuged and washed.
Since, the temporal evaluation of adsorbed protein corona on
the DNase I MG can indicate the non-fouling nature of the
microgels, the change in the chemical nature of microgels due
to protein adsorption was in-depth analyzed by XPS (Fig. S77).
The adsorption of the protein layer is reflected by an increase
in C-O and C=0 components in C 1s peak and C-NH-C in N
1s spectra of the microgels after incubation with the protein.
Fig. S71 shows no changes in the characteristic peaks of C 1s
and N 1s spectra of DNase I MG after BSA treatment.
Additionally, the persistent atomic contents of C (51.5 + 1.3%)
and N (9.8 + 1.4%) calculated from XPS analysis before the
BSA incubation corresponded to the percentages after incu-
bation, C (51.3 + 0.4%) and N (10.1 + 0.9%). This corroborates
the antifouling nature of the DNase I MGs (Table S37).

The antifouling property of the microgels was also evalu-
ated using quartz crystal microbalance with dissipation
(QCM-D). This method provides the possibility to probe
binding and interactions under dynamic conditions and in

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

real-time by monitoring the variations in resonance frequency
(Af) resulting from changes in the adsorbed mass on the
surface. To confirm the antifouling property of the DNase I
MGs under flow conditions, the microgels were spin-coated on
a QCM-D gold chip and a bare gold chip was used as a refer-
ence surface. In a typical adsorption experiment by QCM-D,
with an increase of adsorbed mass on the surface, the Af
decreases.®® With the injection of 0.1% BSA (in PBS pH 5.0)
used as a model foulant onto the DNase I MG coated QCM-D
chip, the frequency of the crystal sensor slightly decreased
(Fig. S8-11) due to the mass adsorption on the coated surface.
Using, Sauerbery equation the adsorbed protein was calculated
to be 3.54 ng cm > However, the surface was almost comple-
tely regenerated on washing with PBS (pH 5.0) (Fig. S8-27),
which implies the efficient removal of adsorbed proteins from
the surface. This shows the excellent protein resistance of the
DNase I MG coating in comparison to the control surface,
where the frequency drastically dropped from 0 to —6 Hz upon
BSA exposure (Fig. S8-11) and the surface could barely be
regenerated even after prolonged washing (Fig. S8-31). The
amount of adsorbed protein on the control after washing was
97.35 ng cm >,

Protein adsorption on blood-contacting surfaces leads to
the initiation of coagulation cascade or in the case of nano-
particle influences the immune response in the body. To over-
come this, microgels were synthesized with HPMA and
CBMAA. The high hydrophilicity and the low surface charge of
HPMA supplies a strong hydration shell surrounding its
hydroxyl or amide groups, which enthalpically hinders protein
fouling.®>®® Additionally, the electroneutrality and the potent
electrostatically induced hydrophilicity due to the zwitterionic
nature of CBMAA give rise to a high surface wettability (ionic
solvation) and non-specific protein fouling resistance.*®®"~%°
The random or statistical copolymerization of high carboxyl-
functional low-fouling zwitterionic CBMAA with the high
fouling resistant HPMA, gives a novel enhanced antifouling
functional polymer that performs significantly better than
individual homopolymers.”®”! It has been reported in the lit-
erature that commonly used non-fouling homopolymers like
CBMAA during functionalization often encounter the reaction
of too many functional groups, loss of neutrality and/or cross-
linking of the chains that leads to antifouling deterioration.”
Since in this work, the attainment of a biofunctionalized and
antifouling microgel was intended, the approach of HPMA and
CBMAA combination enabled the efficient biofunctionaliza-
tion of the p[HPMA-co-CBMAA] based microgels while preser-
ving antifouling properties owing to the HPMA units. It has
been shown that different ratios of HMPA : CBMAA particularly
with an optimized CBMAA molar content (15%)
(*xHPMA:CBMAA 17:3) provided a higher conjugation
capacity and resistance to plasma fouling that was comparable
or much better than recently developed ultra-low-fouling CB
polymers or conventional antifouling carboxyl-functional poly-
meric coatings.”?

Until now, different types of hydrophilic and/or zwitterionic
polymeric materials are commonly used in form of linear or
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brush-like polymers,”*”* hydrogels’® or nano-/microgels’”"”®
have been extensively studied for different purposes particu-
larly in the fields of antifouling surface modifications.”
However, the success achieved so far mostly relies on zwitter-
ionic or hydrophilic homopolymers. In this work, we aimed
to show a novel functional antifouling microgel system from
a particular combination of both highly fouling resistant
HPMA and functional low-fouling zwitterionic CBMAA pro-
moting the antifouling properties. These microgels can be
biofunctionalized and can be tuned for a variety of appli-
cations including drug delivery or functional surface coating
materials.

B

35 ® 0.04puM
—_— ® 0.08uM
oD ® 0.16uM ¢
T ® 025uM
K 2513 i
Q
AN
8 15.& @ 1
£ ]
o [ ]
b= |
T 51 |

0 100 200 300
Time [min]

Fig. 3

View Article Online

Biomaterials Science
3.6. Enzymatic activity of conjugated DNase I

The enzymatic activity of DNase I MGs was quantitatively eval-
uated by a fluorometric assay, by measuring the ability of the
conjugated DNase I to cleave the quenched fluorescently
labeled DNA probe.® The successful cleavage results in fluo-
rescent DNA fragments detected at an excitation/emission (Ex/
Em) wavelength of 651/681 nm (Fig. 3A). For this, 1 mg mL ™"
of DNase I MG was incubated with model DNA as a substrate,
and changes in fluorescence intensity were recorded for 5 h at
37 °C. With increasing time and concentration of the substrate
the formation of the product was increased. A plateau was

o

X

I II 11
Fluorescent Dye- Cleavage by Fluorescent Active
DNA Conjugate DNase [ DNA Fragments

(@)

=

S

o

o, 61 B

o o B

S 44 =B 4

X A a

.*? A -30 -20‘-10 0 10 20 30

3 DNA"' [uM1]

[0} y ’ y

> 00 0.2 0.4 0.6 0.8
DNA [uM]

(A) The fluorometric DNase | activity assay: (I) Self-quenched covalent fluorescent dye—DNA conjugates (ll) undergoes cleavage by DNase |

leading to (Ill) unquenching of fluorescence tags on formed DNA fragments. The fluorescently activated DNAs are detectable at Ex/Em wavelength
of 651/681 nm as a result of the enzymatic activity of DNase I. (B) Quantitative analysis of DNase | MG kinetics by measuring the fluorescence over
time using different substrate concentrations. Reactions contained 8 pM of the incorporated enzyme. Fluorescence was normalized by subtraction
of background fluorescence observed in the absence of enzyme. (C) The velocity data were fitted to the Michaelis—Menten equation by non-linear
regression. The inset shows the Lineweaver—Burk plot of the fluorometric kinetic data. The error bars represent the standard error of the regression
(n=3).

94 | Biomater. Sci, 2022, 10, 85-99 This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1bm01591e

Open Access Article. Published on 23 November 2021. Downloaded on 4/2/2026 2:44:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Biomaterials Science Paper

attained with a substrate concentration of 0.8 uM making the inner chain segments allowing high mobility of solvent and
substrate concentration rate-limiting (Fig. 3B). The velocity of  solute molecules.®*?

the enzyme (RFU min™") catalyzing the rate of reaction as a
function of the substrate concentration was plotted (Fig. 3C).
The plot of rate against substrate concentration is a rectangu-
lar parabola as shown by Michaelis-Menten kinetics. The K, To ascertain the bioactivity of the DNase I MGs, their ability to
calculated from Lineweaver-Burk was 0.06275 + 0.010 uM. The = degrade NETs was measured. To determine this, a time course
low Ky, value of the DNase I MG compared to the Ky of the measurement was performed at 37 °C for 6 h which is the
free enzyme, 0.15945 + 0.006 pM (Fig. S97), indicates its much  limit of DNase half-life in serum.®**! The DNase I MGs were
higher affinity for the substrate. The higher substrate-enzyme incubated with polymorphonuclear neutrophils (PMNs) in
interaction of DNase I MGs is attributed to the increased loca- RPMI-1640 media with 0.5% fetal calf serum (FCS) and visual-
lized density of enzymes in a given volume and enhanced ized using time-lapse microscopy. To produce NETs, PMNs
mass transport due to the open structure of highly swollen were stimulated with phorbol 12-myristate13-acetate (PMA).
microgels with a diffused outer boundary and well solvated The cell impermeable DNA dye SYTOX™ orange was added to

3.7. Enzymatic degradation of NETs exposed to DNase I
conjugated microgels
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Fig. 4 (A) The live-cell imaging of neutrophils with stimulated neutrophils (PMA) and stimulated neutrophils in presence of DNase | MGs (PMA +
DNase | MGs). The results are recorded for 6 h at 37 °C revealing the interaction of DNase | MGs with neutrophils and its NETosis degradation effect
in presence of NETs released upon neutrophils stimulation. (B) The quantitative expression of live-cell imaging results presents the density of NETs
with time. In presence of free DNase | (purple) and DNase | MGs (green) the NETs are disrupted over time in the same way while an intense accumu-
lation of NETs is measured after 6 h in the absence of any inhibitors (red). As expected the unstimulated neutrophils do not show significant pro-
duction of NETs in presence of DNase | MGs (blue). (C) The analysis of NET formation by H3Cit-DNA complex ELISA. The NET formation was
induced by PMA stimulation for 6 h. The addition of DNase | MGs disrupts NET integrity thereby reducing the measurable NET fragments (green) to
a greater extent compared to free DNase | (purple). Moreover, the addition of DNase | MGs also decreases the amount of spontaneously formed
NETs (compare Ctrl (gray) and DNase | MGs (blue)). Mean + SD, n = 5, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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the stimulated PMNs to visualize the extracellular DNA like
NETs. On stimulation, the PMNs commence the formation of
NETs after an hour of incubation and add up significantly
during the measurement (ESI Video S1%). Fig. 4A above shows
fluorescent microscopy images of stimulated PMNs with
Hoechst staining (blue) of the nuclei and SYTOX™ orange
staining of the NETs. In presence of DNase I MGs the stimu-
lated PMNs started to form NETs after 2 h, however no sooner
than the NETs were formed they were degraded by the DNase I
MGs. (Fig. 4A below, ESI Video S2t). In presence of DNase I
MGs the unstimulated PMNs did not show any significant
release of NETs compared to the stimulated PMNs. This shows
that the microgel itself did not contribute towards the amplifi-
cation of NETs (Video 31). Unstimulated PMNs were used as
baseline control (Video 47).

The results were further quantified as NET density over
time by plotting the SYTOX™ orange area per cell shown in
Fig. 4B. As mentioned before, the unstimulated neutrophils
(black) represent the baseline control which does not show sig-
nificant production of NETs in presence of the DNase I MGs
(blue). The PMA-induced formed NETs are disrupted overtime
in front of the DNase I MGs (green) while an intense accumu-
lation of NET is measured after 6 h in the negative control
group excluded any inhibitory enzymes (red). The significant
anti-NET performance of the DNase I MGs was similar to the
free DNase (purple) considered as a positive control in the
same concentration with the conjugated enzyme. It shows the
successful conjugation of DNase I to form a microgel-based
biohybrid as well as the significantly preserved activity of anti-
NETosis in DNase I MGs.

However, since the SYTOX™ can also measure apoptotic
and necrotic events that may or may not be associated with
NET formation, a new set of the assay was performed. The
presence of a typical NET-related protein, such as myeloperoxi-
dase (MPO), neutrophil elastase (NE), or citrullinated histone
H3 (H3Cit) would exclude false-positive signals originating
from other types of cell death and would distinctly prove the
formation of NETs. Several publications demonstrate that the
citrullination of histone tails (histones H3, H4 and H2A)
(H3Cit) plays a crucial role in the development of NETS.
Furthermore, H3Cit is a positive marker for NET formation
similar to NE and MPO®® Hence, the influence of the DNase
I MGs on the persistence of NETs was additionally analyzed
using H3Cit-DNA complex ELISA. The NET formation after sti-
mulating isolated human PMNs with PMA was evaluated for
6 h at 37 °C. DNase I MGs and the appropriate controls were
prepared and supplemented in the same way as was done in
the SYTOX™ assay. The collected supernatants were analyzed
in the H3Cit-DNA complex ELISA, using the Anti-Histone H3
antibody as capture and the Anti-DNA-POD antibody as a
detection antibody. As shown in Fig. 4C, the addition of DNase
I MGs destroys PMA-induced NETs more efficiently compared
to free DNase I which was used as a positive control. These
promising results are attributed to the increased localized
density of enzymes in the DNase I MG in a given volume
which results in fast and effective disruption of the NETs.
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NETosis is a process that leads to an explosive release of
NETs by neutrophils mainly causing programmed death of the
cell. This process is accompanied by granulation of cell mem-
brane and nucleus rupture which leads to chromatin decon-
densation and the release of NETs into extracellular space.>
DNase I as a host defense system is known to ameliorate the
dissociation of NETs and somewhat alters the proteolytic
activity of NET-related proteins.® There are a significant
number of studies reporting the beneficial aspects of DNase I
treatment ranging from the recovery of disease indications® to
the suppression or the reduction of inflammatory*® and coagu-
lation®! responses to the immunomodulation.”> However, the
use of DNase I by systemic administration to tackle NETs is
limited by its low stability in serum.>***%" To improve the
serum stability of DNase I, the conjugation of the DNase I to
non-fouling microgels has been shown that can improve the
stability with preservation of enzymatic activity in the biologi-
cal milieu for a significantly longer duration of time.

4. Conclusion

Non-fouling microgels were synthesized from highly hydro-
philic HPMA and zwitterionic CBMAA through a free-radical
emulsion polymerization in an inverse miniemulsion. The
obtained microgels were functionalized with DNase I to yield
active biohybrid DNase I MGs. The enzyme-conjugated micro-
gels were systematically evaluated for successful conjugation,
structural characteristics, conformational stability, fouling re-
sistance and enzymatic activity. The conjugation of DNase I on
the microgels enhanced the bioactive surface area for enzyme-
substrate interaction without alteration in its secondary struc-
ture and antifouling property of the microgels. The biohybrid
microgels when challenged by stimulated neutrophils explo-
sively expelling NETs, showed fast disruption of NETs and the
more efficient clearance of NET accumulation in comparison
to free DNase I throughout the 6 h measurements in serum.
This corroborates the significant enzymatic bioactivity of
DNase I MGs even in complex biological solutions. Altogether,
the biohybrid microgel shows a high potential for use as a bio-
active coating material for blood-contacting artificial surfaces
like in membrane oxygenators to reduce the NET-mediated
inflammation and microthrombi formation.”***
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