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1. Introduction

Transport and programmed release of nanoscale
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Cells can take up nanoscale materials, which has important implications for understanding cellular func-
tions, biocompatibility as well as biomedical applications. Controlled uptake, transport and triggered
release of nanoscale cargo is one of the great challenges in biomedical applications of nanomaterials.
Here, we study how human immune cells (neutrophilic granulocytes, neutrophils) take up nanomaterials
and program them to release this cargo after a certain time period. For this purpose, we let neutrophils
phagocytose DNA-functionalized single-walled carbon nanotubes (SWCNTSs) in vitro that fluoresce in the
near infrared (980 nm) and serve as sensors for small molecules. Cells still migrate, follow chemical gradi-
ents and respond to inflammatory signals after uptake of the cargo. To program release, we make use of
neutrophil extracellular trap formation (NETosis), a novel cell death mechanism that leads to chromatin
swelling, subsequent rupture of the cellular membrane and release of the cell's whole content. By using
the process of NETosis, we can program the time point of cargo release via the initial concentration of
stimuli such as phorbol 12-myristate-13-acetate (PMA) or lipopolysaccharide (LPS). At intermediate stimu-
lation, cells continue to migrate, follow gradients and surface cues for around 30 minutes and up to
several hundred micrometers until they stop and release the SWCNTs. The transported and released
SWCNT sensors are still functional as shown by subsequent detection of the neurotransmitter dopamine
and reactive oxygen species (H,O,). In summary, we hijack a biological process (NETosis) and demon-
strate how neutrophils transport and release functional nanomaterials.

lar membranes.” Additionally, they can be imparted with
useful functions. For example, single-walled carbon nanotubes

Targeted delivery of (nano)materials and pharmaceuticals is
one of the great challenges in biomedicine." Encapsulation of
drugs in colloidal structures such as liposomes or polymeric
micelles has been studied thoroughly over the years. These
approaches demonstrated great success in delivery of anti-
cancer agents or antimicrobials.'” Nanomaterials such as
nanoparticles,” carbon nanotubes® or nanobots® offer several
benefits for such applications due to their optoelectronic pro-
perties, tunable surface chemistry and ability to infiltrate cellu-
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(SWCNTs) are known for their near infrared (nIR) fluorescence
and serve as versatile building blocks for optical
nanosensors.” '° Their surface can be chemically tailored with
DNA, peptides, lipids, nanobodies or viruses to sense biologi-
cally relevant signaling molecules with high spatiotemporal
resolution.””™® Thus, such nanomaterials are attractive candi-
dates for biomedical applications. It is also known that nano-
materials such as SWCNTs can be taken up by living cells
depending on their size.' Furthermore, surface functionali-
zation plays an important role and determines uptake and
retention inside cells.*

From a different perspective, the uptake of nanomaterials
by cells can be used as a concept for cargo delivery or
transport.>>> One example is engineered bacteria that are pro-
grammed for lysis in vivo, resulting in the delivery of cytotoxic
agents and a potential way to tackle cancer.>®> Another example
is the binding and transport of cargo molecules by surface-
modified red blood cells, which form long-living, biocompati-
ble hybrid carriers.**** Neutrophilic granulocytes (neutrophils)

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic of uptake, transport and programmed release of cargo by neutrophils; (1) neutrophils take up a nanomaterial such as DNA-coated
single-walled carbon nanotube (SWCNT) sensors. (2) Afterwards, NETosis is chemically induced (with LPS or PMA), which determines the timepoint
of NETosis and membrane rupture. During the first phase of NETosis, cells are still functional and able to migrate and follow inflammatory signals
(3). (4) Finally, at the end of the NETotic process (tgeiay). the cell membrane ruptures and releases the cargo into the extracellular space. In the case
of SWCNT sensors (as cargo), they sense analytes at the new location via their near infrared fluorescence signal.

are the most abundant type of white blood cells. They are
interesting candidates for cargo delivery because they are able
to take up materials (phago-/endocytosis),*® sense and migrate
along chemical gradients (chemotaxis) to inflammatory
sites?”?® or cross dense borders, such as the blood-brain
barrier.”>*° The abilities of neutrophils have been used to take
up silica particles to follow E. coli gradients and paclitaxel-con-
taining liposomes for cancer treatment.>**"

In general, neutrophils have been discussed in different
ways for cargo transport and delivery.>>*%*> However, so far it
was not possible to program cargo release. Another function of
neutrophils is neutrophil extracellular trap (NET) formation
(NETosis), a defense strategy and novel type of cell death.**3*
During NETosis, the cell’s chromatin is chemically modified,
which leads to its expansion and ultimately the rupture of the
cellular membrane and the release of their cytosolic content

This journal is © The Royal Society of Chemistry 2020

(Fig. 1).>> Neubert et al. showed that this process consists of
different phases, including a first active phase in which the
cell remains fully functional.®®> NETosis is triggered by
different (chemical) stimuli, such as phorbol 12-myristate-13-
acetate (PMA) or lipopolysaccharides (LPS), that activate signal-
ing pathways that include the enzymes protein-arginine deimi-
nase 4 (PAD4),*® neutrophil elastase (NE) or myeloperoxidase
(MPO).>**”"*° In summary, neutrophils possess several func-
tions that are highly interesting for cargo delivery of nanoscale
materials.

Here, we make use of these functions and demonstrate
uptake, transport and programmed release of functional nano-
sensors. We show that neutrophils take up carbon nanotube-
based nIR fluorescent sensors as cargo, transport them and
release them again via NETosis. Importantly, we quantify time
and length scales of this process and showcase that the cargo

Nanoscale, 2020, 12, 9104-9115 | 9105
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is fully functional after delivery by detecting small molecules
with the transported nanosensors.

2. Results and discussion

2.1 Uptake and release of carbon nanotubes by neutrophils

Neutrophils use phagocytosis to destroy foreign objects.?®*!

Therefore, neutrophils should also be able to take up nano-
materials. In this study, we chose SWCNTSs as a model cargo to
make use of their unique nIR fluorescent sensing properties.
Neutrophils readily took up DNA-functionalized (GT);5-(6,5)-
SWCNTs (Fig. 2a and b). The nIR signal (red) of the uptaken
SWCNTs is localized in a region of the neutrophil outside the
nucleus (blue), and this compartment often remained in the
rear of the cells during migration (Fig. 2a, ESI Movie 17).

It is most likely that this compartment is the phagosome,
as it is often found in the actomyosin-rich rear of polarized
neutrophils.** Similarly, streptavidin-functionalized SWCNTs
in HL60 cells, a model cell line for primary neutrophils, were
found in a similar location.”® The nuclei (blue), on the other
side, remained rather at the middle/front of the cell during
migration as previously described.** Uptake of SWCNTs
increased with concentration and incubation time as evi-
denced by the nIR fluorescent signal inside the cells (Fig. 2b).
After around 15 min, uptake reached a plateau (Fig. 2b). For
low SWCNT concentrations (0.1 nM), cells showed normal be-
havior while at higher concentrations (>1 nM), we sometimes
observed cell agglomerates (ESI Fig. S1at). For this reason, we
used 0.1 nM SWCNT for uptake and for all following experi-
ments. Cells that took up SWCNTs were still able to perform
NETosis after stimulation with 100 nM PMA and demonstrated
the well-documented time course of chromatin decondensa-
tion and subsequent cell rupture (Fig. 2c¢). Surprisingly, the
distribution of the SWCNT cargo changed during NET for-
mation (Fig. 2d).

The size of the intracellular SWCNT-containing compart-
ment did not change in early phases. In contrast, in later
stages of NETosis, the compartment with the SWCNTs shrank
parallel to chromatin expansion (Fig. 2d, ESI Fig. S2 and Movie
27), which could be explained by an increasing intracellular
pressure by chromatin swelling that compresses this compart-
ment.*® This finding also explains why SWCNTs ended up in
close proximity to the cell membrane. These observations are
in agreement with measurements taken with a recently devel-
oped nIR fluorescence confocal microscope.*> The improved
resolution in the z-direction provides additional insights into
the location of SWCNTs inside neutrophils before and after
activation (ESI Fig. S31). SWCNTs are distributed in the whole
cell but accumulate in the phagosome. Over the time course of
NETosis, the SWCNTs are pushed closer to the cell wall, as
seen from wide-field microscopy. After membrane rupture, the
SWCNT signal is found in all areas around the cell as
expected.

Additionally, the SWCNT fluorescence intensity decreased
during the time course of NETosis, which could be attributed
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to several processes within the cell. During migration, no sig-
nificant changes in nIR fluorescence intensity were observed
(ESI Fig. S4f). Changes in the pH were reported to cause
SWCNT fluorescence quenching.*® Similarly, SWCNTs that get
closer to each other during the process could quench them-
selves. Degradation of SWCNTs by myeloperoxidase (MPO) or
neutrophil elastase (NE) is also well known, but unlikely as it
occurs over longer time scales (hours to days).*”*®

2.2 Functionality of cargo-loaded neutrophils

Uptake and release of the cargo is a necessary step for a deliv-
ery system. However, it was unclear if DNA-SWCNT-loaded
cells activated to perform NETosis were still functional and
able to migrate for a considerable amount of time. Therefore,
live-cell imaging of neutrophils exposed to different types and
concentrations of NETosis-inducing compounds (LPS and
PMA) was performed in the next step. For this purpose, the
random movement of the most motile cells (n = 30) for each
condition and blood donor (N = 3 independent donors) were
tracked. Exemplary tracks are shown in Fig. 3a and trajectories
for all conditions are shown in ESI Fig. S5.}

The results show that the time for the neutrophils to reach
a stationary phase (stopping time) decreased with increasing
concentration of the activator for both LPS and PMA as
expected (Fig. 3b). The migration velocity stayed relatively con-
stant for all LPS concentrations (Fig. 3c) but drastically
decreased with increasing PMA concentration (>10 nM).
Furthermore, NETosis (indicated by chromatin decondensa-
tion) was assessed 160 min after activation and showed a dose-
dependent probability for cells to become NETotic (Fig. 3d).

Together, these results show that low activator concen-
trations (0.1-10 pg mL™' LPS and 0.1-1 nM PMA) do not
trigger high NETosis rates but maintained the neutrophil’s
motility. On the contrary, too high concentrations (10-100 nM
PMA) resulted in high decondensation rates but also inhibited
cell migration completely. Only for certain concentrations
(100 pg mL™" LPS and 1 nM PMA), cells were still able to
migrate and perform NETosis during the time course of the
experiment (decondensation images are shown in ESI Fig. S6,T
example of cell migration behavior in ESI Movie 3t). In
summary, we identified 100 pg mL™" LPS as an optimal con-
centration to guarantee both migratory capabilities and
efficient cargo release via NETosis.

2.3 Transport of nanoscale cargo via migration of
neutrophils

To further investigate whether SWCNTs inside neutrophils
affect their migration, a gradient migration assay (under
agarose migration) was performed with cargo-loaded and
unloaded cells.*® This assay mimics an in vivo scenario in
which cargo-loaded neutrophils are supposed to follow inflam-
matory cues and finally release their cargo at the inflammatory
site. Both experiments were performed in commonly used fetal
calve serum (FCS) environments at low (0.5%, Fig. 4 and ESI
Fig. S77), as well as high concentrations (20%, ESI Fig. S8t)
and showed (ESI Movie 47) that cells react to chemokine gradi-

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Uptake of nanomaterial cargo by neutrophils; (a) neutrophils take up (GT)15-SWCNT nanosensors, are still fully functional and able to
migrate. Phase contrast (top) and fluorescence images of chromatin (blue, Hoechst 33342 staining) and nIR fluorescent SWCNTs (red). SWCNTs
appear to be located at the rear of the cell. Scale bar = 10 um. (b) SWCNT uptake measured by nIR fluorescence intensity increases inside the cells.
Uptake takes place within minutes and saturates after 15 minutes. Mean + SEM, N = 2 donors, n > 60 cells for each time point. (c) The SWCNT fluor-
escence signal changes during NETosis. Both SWCNT area (blue, circular data points) as well as intensity (black, circular data points) decrease during
the process. Chromatin area (blue, triangular data points) increases as expected from NETosis. Mean + SEM, N = 3 donors, n > 30 cells. (d) Time
course of NETosis in different (GT);5-SWCNT-loaded and activated neutrophils show cell rounding and chromatin decondensation. SWCNTs
(>900 nm, red), chromatin (blue), cell membrane (green), phase contrast (grey). SWCNTs appeared to be compressed/pushed by the expanding
chromatin to the outer cell membrane in the final phase of NETosis. Scale bar = 10 pm.

ents of interleukin-8 (IL8). In addition, cells were again fied after three hours of consecutive movement. In agreement
exposed to different amounts of activators (0.1-10 nM PMA & with Fig. 3, increasing LPS concentrations decreased motility/
1-100 pg mL™" LPS) and their migration distance was quanti- covered distances. In contrast, addition of PMA showed either
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Fig. 3 Migratory properties of SWCNT-loaded and NETosis-programmed neutrophils; (a) typical trajectories (left) and the (absolute) covered dis-
tance of a neutrophil (right). Without inflammatory gradient, cells randomly move in all directions until they stop due to the onset of the second
phase of NETosis. Scale bar = 10 um. (b) and (c) Time until the cells stop moving (stopping time) and migration velocity of activated neutrophils for
different activation conditions. Increasing the concentration of LPS (red) decreases stopping time linearly. For PMA (blue) there was practically no
movement above a certain concentration. Likewise, LPS does not influence the migration velocity whereas PMA slows them down at higher concen-
trations. N = 3 donors, n > 60 cells. Boxplot shows box line = 25-75% percentile, cross = mean, dot = min/max, error bars = SD. (d) Decondensation
(NETosis) rates of neutrophils from (b)/(c) 160 minutes after activation. Very low amounts of LPS and PMA did not trigger NETosis. In contrast, higher
values (100 pg mL™* LPS, 10-100 nM PMA) lead to massive chromatin decondensation/NETosis. Data: mean + SEM, N = 3, n > 60 cells. Nucleus

stained with Hoechst 33342.

the same behavior as control samples (0.1-1 nM) or no
migration at all (10 nM), implying an “all or nothing” behavior
for PMA-induced NETosis pathways (Fig. 4c). This result is in
agreement with a recent study that shows that PMA-induced
NETosis does not require adhesion or mechanical input at
all.>® Interestingly, cells migrated over longer distances at
higher serum concentration (20% vs. 0.5%) conditions, which
highlights that this approach could also work in vivo (ESI
Fig. S7-S9 and Tables T1/T2%). Cargo-loaded and stimulated
(LPS, 100 pg mL™") cells migrated between 145 + 44 pm (0.5%
FCS) and 478 + 162 pm (20% FCS).

9108 | Nanoscale, 2020, 12, 9104-9115

2.4 Programmed release of functional nanosensors

In the final step, we performed functionality tests of the
SWCNT cargo in inactivated and ruptured cells to investigate
whether the specific abilities of the internalized material
remain intact throughout NETosis. SWCNTs are useful nIR
fluorescent building blocks of nanosensors for novel appli-
cations, and their selectivity depends on the specific surface
functionalization.®** We used (GT),5-(6,5)-SWCNTs because
they change their fluorescence in the presence of the neuro-
transmitter dopamine and are therefore powerful sensors.>>™>>

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Collective migration and nanoscale cargo transport by activated neutrophils; (a) design of the migration experiment: neutrophils pro-
grammed to perform NETosis migrate along an IL-8 gradient (under-agarose assay). Then the distance to the frontier of the leading cells is quan-
tified. (b) The concentration of the NETosis activator affects the period during which the cells still migrate and the onset of NETosis. Images show
nuclei of neutrophils (chromatin stained by Hoechst 33342) after 3 h of migration. Scale bar = 500 pm. (c) Mean radial migration plots for different
activators of NETosis and SWCNT uptake. Higher activator concentrations reduce the distance migrated by the cells. Interestingly, SWCNT-loaded

cells travel around 30% further than the control cells after 3 h.

Such sensors have been used to image dopamine release from
cells with high spatiotemporal resolution.’® As a second func-
tional nanomaterial, we employed hemin-aptamer-functiona-
lized SWCNTs,*””® which are known to decrease their fluo-
rescence in the presence of H,0,.>’° In both cases, SWCNTs
were taken up by neutrophils and their responses were
measured via consecutive nIR imaging either while they were
carried by non-activated cells or after NETotic membrane
rupture. Here, the addition of 100 nM dopamine led to an
instantaneous increase of the sensors’ intensity for disrupted
cells. In comparison, in non-damaged cells, dopamine is not
expected to enter the cell, and indeed, such cells showed no
sensor response to dopamine (Fig. 5a and ESI Movies 5/67).
This result indicates a successful release and accessibility of
the cargo after NETosis and full functionality of the dopamine
nanosensors after release. In contrast, 100 pM H,0, addition
decreased the nIR signaling for both intact and NETotic cells

This journal is © The Royal Society of Chemistry 2020

(Fig. 5b and ESI Movies 7/87), which can be explained by the
diffusion of H,O0, 60,61
Interestingly, we were also able to locate differences in the
sensors’ uptake behavior depending on the associated surface
functionalization. While (GT);5-(6,5)-SWCNTs appeared most
often in larger, intracellular structures, hemin-aptamer-
SWCNTs were found closer to the cell membrane in smaller
agglomerates (Fig. 5a/b and ESI Fig. S10at). Nevertheless, both
sensor types were functional after cargo transport and rupture,

through the cellular membrane.

as evidenced by the same fluorescence response performance
prior to cellular uptake (ESI Fig. S10bf) and control experi-
ments (ESI Fig. S10c/d¥).

Finally, we also demonstrated the transport and release of
the functionalized nanosensors to specific target sites. For this
purpose, fibrinogen was patterned on glass surfaces and
SWCNT-loaded, activated neutrophils were allowed to migrate
over the coated area, resulting in an alignment of the cells

Nanoscale, 2020, 12, 9104-9115 | 9109
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along the fibrinogen pattern (Fig. 5c). Again, the immobilized
sensors were still functional after cell rupture on the pattern
and showed an instant response to 100 nM dopamine (Fig. 5d
and ESI Movie 9%). Thus, neutrophils can be programmed to
take up such a nanoscale cargo, transport it to specific sites
and release it in a functional state.

Of course, SWCNTs can vary in length, functionalization
and chirality. It is known that those properties affect uptake
and retention in cells.?® Therefore, one could envision to tailor
the nanoscale cargo for specific uptake/retention kinetics. In
this study, functionalized SWCNTs have been used as sensors
for two important signaling molecules (dopamine, H,0,).
However, sensors for many other interesting molecules have
been developed and could be transported by this
approach.' 171852 Eor example, recently, a SWCNT-based
sensor for another important neurotransmitter (serotonin) has
been introduced.” Another application is to use SWCNTSs as
mechanical sensors. In this context, SWCNTs have been used
to study movements in cells and the extracellular space in
brain tissue.®>®* Therefore, the cargo transport approach pre-
sented in this work could also be extended to bring SWCNT
sensors into specific in vivo locations and explore the local
mechanical properties.

3. Conclusion

Over the years, much effort has been put forward to study
uptake and release of nanomaterials by cells. Here, we demon-
strated a novel approach that makes use of particular and
unique functions of neutrophils including phagocytosis,
migration and NET formation. As we show, neutrophils take
up nIR fluorescent SWCNT sensors and precise chemical acti-
vation determines how long the cells migrate and the time
point of cargo release. In this process, the internalized nano-
scale cargo remains functional at all times and is protected
from most extracellular influences. This new type of transport-
and-release mechanism might be of great benefit for various
in vivo biomedical applications as it combines the biocompat-
ibility and targeting capabilities of cells and a tool to program
the time scale of release. For example, one could envision iso-
lation of neutrophils from a patient, loading with functional
nanomaterials and reinjection for programmed release. This
approach would benefit from using the patient’s own cells.
Furthermore, circulating neutrophils would most likely
accumulate in inflammatory sites because the vessel surfaces
present surface cues that lead to enhanced adhesion.®>®®
Consequently, inflammatory sites, for example around a
tumor, are targeted, which would reduce side effects from
drugs. Besides the potential for in vivo drug delivery, this work
also emphasizes the utility of SWCNTs as versatile chemical
sensors that can be transported inside cells and are highly
stable. In conclusion, we present a concept for nanoscale
cargo transport and delivery by programming immune cells
via NETosis.

This journal is © The Royal Society of Chemistry 2020
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4. Experimental
4.1 Cell isolation of human neutrophils

Neutrophils were isolated from human venous blood of healthy
donors. The study itself was approved by the ethics committee of
the university medical center in Géttingen (chairman Prof. Jiirgen
Brockmoller). A fully informed consent of all donors was obtained
after being informed about possible consequences of the study
and procedure. Consent could be withdrawn at any time during
the study. The study and all experiments were carried out in com-
pliance with all relevant laws and the guidelines of Gottingen
University as well as the Gottingen University Medical Center.
Isolation of human neutrophils was performed according to a stan-
dard protocol.”” In brief, fresh blood of healthy donors was col-
lected with S-Monovettes KE 7.5 mL (Sarstedt) and layered gently
on top of a Histopaque 1119 solution (ratio 1:1). After a first cen-
trifugation step (1100g for 21 minutes), the transparent third, as
well as the pink fourth layer, were collected and washed with HBSS
(w/o Ca**/Mg?*, Thermo Fisher Scientific). Cells were then again
centrifuged for 10 minutes at 400g and the resulting pellet was
resuspended in HBSS before layered on top of a phosphate
buffered percoll (GE Healthcare) gradient with concentrations of
85, 80, 75, 70 and 65%. After a third centrifugation (1100g,
22 minutes), neutrophils were extracted by collecting half of the
70% and 80% layer as well as the entire 75% layer and washed
once with HBSS. The remaining cell pellet was then resuspended
in 1 mL HBSS, counted and lastly diluted to the needed concen-
tration of the experiment. As a culture medium, RPMI 1640
(Lonza) with the addition of 10 mM HEPES and 0.5% fetal calf
serum (FCS, Sigma-Aldrich) was used if not stated otherwise.
Cellular identity was furthermore confirmed by a standard cytospin
assay (Cytospin 2 Zentrifuge, Shannon) and a subsequent Diff-
Quick staining (Medion Diagnostics). Cell purity had to exceed a
95% threshold to be used for any experiment.

4.2 SWCNT modification with ssSDNA

Surface modification of SWCNT was performed as described
previously.’>>* Briefly, 125 pL ssDNA solution (2 mg mL ™"
stock in phosphate buffered saline (PBS)) (Sigma Aldrich) and
125 pL (6,5 chirality)-enriched SWCNTs (Sigma Aldrich,
Product no. 773735) (2 mg mL™" stock in PBS) were placed for
tip sonication (15 min/30% Amplitude, Fisher Scientific TM
Model 120 Sonic Dismembrator) in an ice bath. The obtained
dispersion was centrifuged 2 x 30 min/RT/16 100g, followed by
removal of the excess sSDNA using a Vivaspin 500 MWCO-filter
(100000 Da cut-off). The sequence of the hemin-binding
aptamer was (5-AGT GTG AAA TAT CTA AAC TAA ATG TGG
AGG GTG GGA CGG GAA GAA GTT TAT TTT TCA CAC T-3').>">°

4.3 SWCNT uptake

To increase uptake rates, around 400000 cells were resus-
pended in 200 pL RPMI 1640 medium in a standard 1.5 mL
Eppendorf tube and mixed 1:1 with a SWCNT solution (0.2
nM if not stated otherwise) that was diluted in RPMI
1640 medium. Cells were then incubated at 37 °C, 5% CO, for
20 minutes, centrifuged once at 600g (5 minutes) and washed
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extensively with RPMI 1640 medium before seeding on the
desired substrate.

The uptake analysis, shown in Fig. 2b, was performed like-
wise. Neutrophils were incubated, placed in a commonly used
p-slide 8 well chamber slide (ibidi, 75000 cells per well and
200 pL RPMI 1640 medium) and fixated using 4% paraformal-
dehyde (PFA) (Sigma Aldrich, CAS 30525-89-4) for 1 hour after
letting the cells adhere for another 30 minutes at 37 °C, 5%
CO,. Fixed samples were then placed in a custom-build nIR
microscope composed of an Olympus IX-51 housing
(Olympus), regular fluorescence (X-Cite Series 120 Q lamp,
EXFO) and white light illumination (TH4-200 lamp, Olympus),
a 561 nm laser (Jive 500, Cobolt) and two cameras (Zyla 4.2
sCMOS, Andor and Xeva-1.7-320, Xenics) with a 900 nm long-
pass filter (FEL0900, Thorlabs) in front to visualize SWCNT
excitation as well as phase contrast and fluorescence in paral-
lel. For imaging, a 20x objective (MPLFLN20X, Olympus) was
chosen. For each condition, four images at each side of a well
were recorded in phase contrast and nIR-mode (100 mW laser
power, 500 ms exposure time) using the Zyla camera and saved
in separate 16-bit files for subsequent analysis.

Measuring the intensity of SWCNTs inside the cells was
then performed using Image]’s thresholding system (v3.52i).
nIR images were tuned to 8-bit depths, cropped into 20 x
20 um areas containing only the respective SWCNTs and thre-
sholded via a common MinError thresholding algorithm to
calculate a mean intensity. SWCNT spots that could not be cor-
related with a cell area in the corresponding phase contrast
image, as well as sensors that were found in cell agglomera-
tions, were excluded from the analysis. The remaining data
were averaged (weighted mean of all experiments) and normal-
ized over the corresponding background value (I,, = 1) to calcu-
late a normalized mean intensity for each condition.

4.4 Live cell imaging of SWCNT during NETosis

1 mL of RPMI medium containing 200000 (GT);5-(6,5)-
SWCNT-loaded cells and a 1 pg mL™' concentration of
Hoechst 33342 (Cat. H1399, Thermo Fisher Scientific) was
poured on a glass-bottom Petri dish (Cat. 150680, Thermo
Fisher Scientific) and incubated to enable sufficient cell
adhesion.

Subsequently, the sample was placed into a preheated incu-
bation system (37 °C) (Cat. 11922, ibidi), on top of the custom-
build nIR microscope mentioned in the previous section.
Using a 100x oil objective (UPLSAPO 100XO, Olympus) con-
secutively, phase contrast as well as chromatin (DAPI) and nIR
images were taken manually from the chosen sample position
every ten minutes for 150 minutes after addition of 100 nM
phorbol myristate acetate (PMA) (Sigma-Aldrich) to the cell
sample. SWCNTs were excited by a common fluorescence lamp
in combination with a built-in 561 nm filter cube (F48-553,
AHF Analysentechnik), and excitation powers and exposure
times were kept constant to ensure data comparability.

Analysis of chromatin and SWCNT area as well as SWCNT
intensity was similar to the uptake study described before.
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4.5 Live cell imaging of activated neutrophil migration

To record the migration behavior of activated neutrophils,
around 200 pL of RPMI 1640 medium containing 75000
untreated cells and 1 pg mL™" Hoechst 33342 stain were incu-
bated in 8 well p-slides (ibidi) for 20 minutes. Subsequently,
the p-slides were incorporated in pre-heated ibidi heating
chambers (37 °C, 5% CO,, 90% humidity) on top of Olympus
IX-81 microscopes. Using integrated XY-stages, 20x objectives
(UCPLFLN 20x, Olympus) and corresponding phase contrast
and DAPI channels (CBH white light lamp, U-HGLGPS fluo-
rescence lamp, Olympus and 86-370-OLY DAPI filter-cube), a
suitable position within each well was chosen and saved using
the implemented steering software (Cell Sense, v. 2.1,
Olympus). Subsequently, 200 pL of RPMI medium containing
a distinct concentration of PMA (0.2, 2, 20, 200 nM) or lipopo-
lysaccharide from Pseudomonas aeruginosa (LPS) (0.2, 2, 20,
200 pg mL™") (Sigma-Aldrich) were added to a well in a
blinded fashion and phase contrast as well as DAPI channels
were recorded every two minutes for 160 minutes to image the
cell movement.

4.6 Migration analysis of preactivated neutrophils

Cell tracking was performed by Image]’s TrackMate plugin.
Briefly, all chromatin images gained by the image process were
combined to form a z-stack and implemented into the plugin.
Segmentation was then performed using the Laplacian of
Gaussian (LoG) detector module with an estimated blob dia-
meter of 20 pixels (6.5 pm) and a 5 pixel (1.6 pm) threshold. As
a result, all cell trajectories within a stack could be traced back
by using a subsequent simple LAP tracker model with a
maximal linking and gap-closing distance of 50 pixels (16 pm)
and a maximal frame gap of two frames. All trajectories were
then further analyzed via a custom-built MATLAB code (v.
Matlab 2014a) which was able to calculate the traveled distance
d for every cell and frame i according to the formula

4 =|(50)) - G ) o
= /(x(t) = x(0))* + ((t) —3(0))°

Subsequently, for each condition, 30 cells with the highest
average distance values of the data set were further analyzed to
detect the migration behavior of the most motile neutrophils
within the environment. The stopping time of the migratory
phase was calculated by plotting the distance-plots, likewise in
a blinded fashion, together with the respective cell trajectory
and manually searching for a time point of stagnation within
the data set for each cell. Cells that did not show a clear
change of moving patterns were excluded from the data set.
The cell velocity of the migratory phase was then calculated by
averaging the cell speed

V= (N%l)rz VOt) —3(6)? + (x(t) —x(60)? ()

This journal is © The Royal Society of Chemistry 2020
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with N defining the number of frames until the stopping time
and 7 the frame time (2 minutes) between two images.

4.7 Decondensation rate analysis

Counting decondensed and intact/globular shaped nuclei was
performed according to existing protocols.*>®® Briefly, chroma-
tin images of the recorded positions were taken after
180 minutes and analyzed via Image]’s Cell Counter plugin.
Nuclei that appeared in their known, compressed shape were
counted and defined as intact/condensed whereas nuclei that
showed increased, roundish chromatin distributions defined a
basis for the decondensed/NETotic state. Cells were counted
and the number of decondensed cells was divided by the total
number of cells to generate a relative decondensation value.

4.8 Migration in a gradient

Under-agarose assays were performed to measure cell
migration of SWCNT-loaded neutrophils in a gradient. Gels
were manufactured according to the protocol of B. Heit et al.*®
A HBSS/RPMI 1640 solution was prepared by mixing 5 mL
HBSS (w/o Ca*>*, Mg®", Thermo Fisher Scientific) and 10 mL
RPMI containing 0.75% FCS (Merck) in a common 50 mL
Eppendorf tube and heated up to 68 °C using a common water
bath. Meanwhile, 0.24 g ultra-pure agarose (Roth) was added
to a vial containing 5 mL of milliQ and the solution was vor-
texed extensively in order to suspend the agarose homoge-
neously. The latter was subsequently heated up until boiling
by the use of a common Bunsen burner and quickly vortexed
three times. The HBSS/RPMI solution was added to the
agarose and 3 mL of each mixture was evenly distributed on a
plastic-bottom Petri dish (cat. 81156, ibidi). Agarose gels were
then allowed to solidify at room temperature and samples were
stored overnight at 4 °C with the dish lid covered in dust-free,
milliQ-saturated cloth to avoid gel draining. Shortly before the
cell experiment, two wells with a diameter of 3 mm and a dis-
tance of 2.2 mm were punched in each gel using a dermal
biopsy punch (cat. KBP-48101, kai medical), and remaining
agarose within each of the wells was extensively removed by
vacuum aspiration. Lastly, gels were equilibrated with RPMI
1640 medium for one hour (37 °C, 5% CO,), and the super-
natant medium was again removed by vacuum aspiration
shortly before cell loading.

For the latter, around 100000 neutrophils ((GT);5(6,5)-
SWCNTs loaded or without any pre-treatment) were poured in
one of the prepared agarose wells using 5 pL of medium
plus 1.6 uM Hoechst 33342 solution and were allowed to
equilibrate for 20 minutes at 37 °C, 5% CO,. Subsequently,
10 pL of a 0.1 pM IL-8 solution was poured into the second
well while 5 pL of the respective NETosis activator concen-
tration (LPS: 200, 20, 2 pg mL_l, PMA: 20, 2, 0.2 nM or
medium as control) was added to the cell well at the same
time. All samples were stored for three hours in an incubator
(37 °C, 5% CO,) and imaged afterwards using the aforemen-
tioned IX-81 microscopic setup in combination with a 4x
objective (UPLFLN 4x, Olympus). Afterward, cells were fixated
by adding 2% PFA in PBS after carefully removing the gels with

This journal is © The Royal Society of Chemistry 2020
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a scalpel and tweezers, washed twice with PBS, stored at 4 °C
overnight and nIR-imaged by the aid of our aforementioned,
customized nIR setup the next day.

For image analysis, single images of each sample were
stitched using Image]’s plugin Mosaic]. Fused images were
background corrected, and the existing cell distributions
outside of the well were divided radially into 30-degree sec-
tions (see ESI Fig. S71) in which the distance of the leading
cell edge was manually analyzed using Image]’s line tool.
Resulting distances were averaged over all experiments and
plotted as radial bar plots shown in Fig. 4 or ESI Fig. S7/8 or
listed in ESI Tables T1/2.}

4.9 nIR imaging of sensors

Cells for SWCNT functionality tests were prepared similarly to
those used for live-cell imaging. Likewise, recordings of the
sensor response in intact or ruptured neutrophils were per-
formed with the custom-built nIR setup mentioned above in
combination with an integrated ibidi heating chamber (37 °C)
and the 100x oil objective. SWCNTs for each condition were
excited by a 561 nm laser (200 mW) and recorded with a frame
time of 2 or 5 seconds per image for 4 (dopamine addition) or
10 minutes (H,O, addition), respectively, during which, at
around the 1 minute mark, 500 pL of the particular analyte
(300 nM dopamine, 300 uM H,0,, both in medium) was
added. Subsequent exportation of image files, intensity ana-
lysis of single SWCNT areas or data handling was performed
as described in the live cell imaging section.

4.10 Cell patterning

Cell patterns on substrates shown in Fig. 5¢ were achieved by
light-induced fibrinogen printing controlled by a PRIMO
micropatterning machine (alvéole). Briefly, 18 x 18 mm glass
coverslips (Fisher Scientific) were washed with 75% ethanol
twice and plasma-treated for five minutes to clean and
improve the hydrophilicity of the sample. Subsequently, PDMS
stencils with a circular well (r = 2 mm) in the center were
pressed onto the glass and filled with 0.1 mg mL™" PLL-g-PEG
(Sigma) in PBS for one hour to guarantee a homogeneous pas-
sivation layer. Next, the as-prepared sample was fixed on the
respective PRIMO setup, calibrated according to the manufac-
turers’ instructions (microscope specs: Olympus IX83 with an
UCPlanFL N 20x objective and an IX3-SSU stage) and filled
with 5 pL of the photoactive reagent PLPP (1x, alvéole). Local
radiation of the PLPP-bound PEG substrate using the pattern-
ing software LEONARDO (alvéole) then led to protein degra-
dation within the illuminated spots and enabled deposition of
a second substrate protein. Samples were washed three times
with PBS, coated with Alexa-488-labeled fibrinogen solution
(10 pL of a 50 pg mL™" solution in PBS, Sigma) for twenty
minutes and stored at 4 °C after an additional three washing
steps. Patterns were normally used the next day. However,
pattern degradation was not visible within one week after
printing.

Nanoscale, 2020, 12, 9104-9115 | 9113
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