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Therapeutic antibodies are the key treatment option for various
cytokine-mediated diseases, such as rheumatoid arthritis, psoriasis, and
inflammatory bowel disease. However, systemic injection of these antibodies
can cause side effects and suppress the immune system. Moreover, clearance
of therapeutic antibodies from the blood is limiting their efficacy. Here,
water-swollen microgels are produced with a size of 25 pm using
droplet-based microfluidics. The microgels are functionalized with TNFa
antibodies to locally scavenge the pro-inflammatory cytokine TNFa.
Homogeneous distribution of TNFa-antibodies is shown throughout the
microgel network and demonstrates specific antibody-antigen binding using
confocal microscopy and FLIM-FRET measurements. Due to the large internal
accessibility of the microgel network, its capacity to bind TNFa is extremely
high. At a TNFa concentration of 2.5 ug mL~', the microgels are able to
scavenge 88% of the cytokine. Cell culture experiments reveal the therapeutic
potential of these microgels by protecting HT29 colorectal adenocarcinoma
cells from TNFa toxicity and resulting in a significant reduction of COX Il and
IL8 production of the cells. When the microgels are incubated with stimulated
human macrophages, to mimic the in vivo situation of inflammatory bowel

disease, the microgels scavenge almost all TNFa that is produced by the cells.

1. Introduction

Since their introduction more than three
decades ago, therapeutic antibodies have
become the predominant treatment modal-
ity for various diseases, such as rheuma-
toid arthritis, psoriasis, Crohn’s disease,
or ulcerative colitis. Consequently, many of
the best-selling drugs today are monoclonal
antibodies.l!) Several of these antibody
drugs are designed to scavenge cytokines,
such as TNFq, IL-18, IL-6, or IL12/23,
as key inflammatory mediators and are
used for treatment of different immune-
mediated disorders. Among them, TNFa
antibodies represent the most widely used
class of antibody drugs.!!l' However, its
systemic administration leads to signif-
icant immunosuppression and increases
the risk of serious infections and malig-
nancies, as well as systemic inflammatory
responses.[23] Moreover, in vivo, the anti-
bodies encounter harsh environmental con-

ditions, which lead to their deactivation
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and therefore require higher concentrations of the administered
antibodies to retain efficacy. To increase the therapeutic effi-
ciency, and minimize the dose and systemic side effects, the
immobilization of antibodies on carriers, such as liposomes
or nanoparticles, represents a promising approach.[** IL-6 an-
tibodies have been immobilized on the surface of polymeric
nanoparticles to selectively capture the pro-inflammatory cy-
tokine IL-6 in inflammatory diseases, such as arthritis.l°! More-
over, the co-immobilization of two types of monoclonal anti-
bodies against effector and tumor cells on nanoparticles has
shown therapeutic superiority, in comparison to free antibody
and mono-functionalized nanoparticles in vitro and in vivo in
cancer immunotherapy.l’! However, such antibody-nanoparticle
conjugates often suffer from accelerated blood clearance,/’! and
conjugating an antibody to a surface might sterically restrict ac-
cess to the binding motif, resulting in low binding capacity and
strength.[®]

To overcome these challenges, we propose to use water-
swollen, soft microgels as carriers, which exhibit high internal
binding capacity as well as stealth against immune recognition to
evade physiological clearance.[®) As opposed to typical nanoparti-
cle approaches, microgels exhibit an open-meshed polymer net-
work and can therefore also be functionalized on their inside,
greatly increasing the capacity of these carrier systems.['] To
date, microgels have only been employed for presenting anti-
bodies to isolate tumor cells from the environment via cancer
immunotherapy, or to scavenge NO (nitric oxide) and ROS (re-
active oxygen species).['"1*] Extending these microgel functions
to scavenging of cytokines would greatly enhance the spectrum
of treatments for inflammatory diseases by increasing the bind-
ing performance and reducing side effects. The size and stiffness
of microgels can be tuned so that they can be applied system-
ically or locally, while precisely controlling their ability to cross
and interact with barriers,> such as cell membranes,[*®! the in-
testine and mucus,!*”®! blood vessels,!? skin,!?! and the blood-
brain barrier.[?!) Whereas anti-inflammatory antibodies against
TNFa that are released in the intestine can still pass the intestinal
barrier and enter the blood circulation,?*?3) engineered micro-
gels with micron-scale diameters could prevent this transition.!8]
Such micron-sized microgels are biocompatible, deformable, and
stable against changes in pH, and cellular uptake is prevented.
The route of administration will depend on the type of disease.
For example, in the case of inflammatory bowel disease, a chronic
intestinal disorder, oral administration would be advantageous.
This would enable local therapy with subsequent excretion of
the microgels. We have previously presented a microgel scav-
enging system that can take up and multivalently bind cholera
toxin, leading to higher affinity as compared to surface receptors
of HT29 intestinal cells.[?*]

Here, we develop immunoglobulin G (IgG) antibody function-
alized polyethylene glycol (PEG)-based microgels as scavengers
for the pro-inflammatory cytokine TNFa (schematically shown
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in Figure 1C). The microgels are produced by microfluidics and
have diameters of ~ 25 pm. The IgG antibodies are conjugated
to reactive glycidyl groups in the PEG-based microgels using
mild glycidyl-amine coupling. Our microgel system shows high
binding capability of the cytokine TNFa in a biologically relevant
range.

2. Results and Discussion

2.1. Microgel Synthesis and Characterization

To prevent cellular uptake and crossing of the intestinal bar-
rier, uniform microgels with a defined diameter in the range
of the size of a cell (diameter ~ 25 um) are synthesized via a
previously described flow-focusing microfluidic techniquel?*%3!
(see Figure 1A,B). Monodisperse droplets are formed in the mi-
crofluidic chip using the dispersed phase consisting of an aque-
ous solution of star-PEG acrylate (SPEG-Ac) polymers with gly-
cidyl methacrylate (GMA; 10 mol per mol sSPEG-Ac) and Irgacure
2959 as the photo-initiator and the continuous oil phase. The col-
lected droplets are irradiated with UV light at a wavelength of
A =365 nm (200 mW, t = 180 s), inducing free radical polymer-
ization and crosslinking to form the microgels. The microgels are
then separated from the continuous phase, purified, and steril-
ized as explained in detail in the Materials and Methods section.

2.2. Diffusion Studies with Antigen- and Antibody Mimicking
Dextrans

Before testing therapeutic IgG antibodies and targeted anti-
gens, we employ dextran, labeled with fluorescein isothiocyanate
(FITC), with a molecular weight of 20 kDa and a hydrodynamic
radius (R,,) of ~ 3.3 nm to mimic TNFa (R, = 3.2 + 0.04 nm),[2°]
and a second set of fluorescently labeled dextran with molecu-
lar weight of 70 kDa (R}, = 6.0 nm) to mimic the IgG antibody
(R, =5.6+ 0.24 nm).I?] The latter has an amine functionality that
is able to bind to the glycidyl-groups introduced via the GMA co-
monomer and functions as a proof-of-concept molecule to exam-
ine the accessibility, reactivity, and ability of our microgels to take
up and bind macromolecules. In a first step, diffusion of the FITC
dextran (M, = 20 kDa) is analyzed inside microgels prepared
from various PEG compositions and 10 equivalents (eq.) of GMA
per sPEG-Ac to investigate the impact of the crosslink density of
the polymer network on the diffusion coefficient D. Therefore,
we synthesize microgels with four- or eight-armed sPEG-Ac and
different molecular weights of 10, 20, or 40 kDa at varying ratios
and determine the diffusion coefficient using fluorescence recov-
ery after photobleaching (FRAP) method (see Figure 1A,E). For
all microgels, the diffusion coefficient is around D = 15 pm? s™!
and thus not affected by the different microgel networks. Sequen-
tially, we monitor diffusion of the larger fluorescein amine dex-
tran (M, = 70 kDa) into the same microgels after 96 h incuba-
tion time at a theoretical molar ratio dextran:GMA of 1 by confo-
cal laser-scanning microscopy (CLSM) (see Figure 1F; Figure S1,
Supporting Information). Similar as for the small 20 kDa FITC
dextran, no differences in diffusion are observed for the differ-
ent microgels. Based on the diffusion coefficients and the Ogston
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Figure 1. A) Composition of continuous and aqueous dispersed phases used in microfluidics. Continuous phase consists of Novec HFE 7500
(a fluorinated ether) with 1.5 vol% of Krytox H as a stabilizing agent, while glycidyl methacrylate (GMA) and 2-Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (HEMP, also known as Irgacure 2959) is added to the aqueous phase. B) Microfluidic set-up for the production of spherical
microgels with different SPEG-Ac polymers at a total concentration of 10 wt%. C) Schematic representation of TNFa scavenging microgels:glycidyl-co-
polymerized PEG microgels are post-functionalization with TNFa antibodies to scavenge TNFa. D) Brightfield image of collected and purified microgels
(10 wt% 4-arm PEG-Ac (10 kDa, 10 eq. GMA)) in water. The scale bar represents 50 um. E) Diffusion coefficients D of fluorescein isothiocyanate (FITC)
dextran (20 kDa) in microgels with different polymer compositions and 10 eq. GMA was determined via FRAP technique. Data are shown as mean
+ standard deviation, n = 5 microgels. Statistical significance is performed using two-way ANOVA with Tukey “s test for multiple comparisons: ns =
non-significant. F) Confocal laser-scanning microscopy (CLSM) images of the diffusion of fluorescein amine dextran (70 kDa) into microgels (10 wt%

4-arm PEG-Ac (10 kDa, 10 eq. GMA)) after 96 h of incubation. Scale bars represent 10 pm.

expression,|?’] the average mesh size is estimated to be between
ca. 6.1 and 8.8 nm for all microgel conditions, which is larger
than the hydrodynamic diameter of the antibody mimicking dex-
tran (M, = 70 kDa, ~ 6 nm) (see Table S1 and Figure S3, Support-
ing Information). We used this obstruction model (as described
in the method section), which is based on the premise that solute
movement through the microgel network is impeded by the poly-
mer chains.!?’] Importantly, the microgels produced with 4-arm
SPEG-Ac (10 kDa) are the most stable and do not aggregate com-
pared to the other microgel conditions (see Figure 1D; Figure S2,
Supporting Information). Therefore, this composition is selected
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for the continuation of this study. Microgel aggregation can oc-
cur due to increasing hydrophobicity by increasing the number of
acrylate groups by changing the number of arms and molecular
weight of the used sPEG-Ac. With increasing hydrophobicity, the
microgels behave more like solid particles, so elevated attraction
forces may be induced.[?®]

To further assess the immobilization efficiency of our func-
tional microgels via amine/glycidyl addition, we incubate micro-
gels made with 4-arm sPEG-Ac (10 kDa) and 10 eq. of GMA per
SPEG-Ac with fluorescein amine dextran (M, = 70 kDa) for 2,
4, 8, and 16 days and measure the level of their fluorescence via
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Figure 2. Time-dependent binding of fluorescein amine dextran to GMA functionalized microgels (10 wt% 4-arm sPEG-Ac (10 kDa). A) Flow cytometry-
based mean fluorescence intensity (MFI) of microgels (10 eq. GMA) incubated with fluorescein amine dextran (70 kDa) for 2, 4, 8. and 16 days. B)
Measurements of fluorescence in corresponding supernatant via plate reader. C) Flow cytometry plots of microgels containing increasing amounts
of GMA ranging from 0.5 to 10 eq. that are incubated with fluorescein amine dextran for 4 days. D) Corresponding plot of the mean fluorescence
intensity (MFI) shown in (C), n > 3. E) Confocal images of microgels containing different amounts of GMA (0.5, 1, 4, and 10 eq.) that are incubated with
fluorescein amine dextran (70 kDa) for 4 days. Scale bars represent 10 um. F) Effective Young‘s modulus (E.g) of microgels containing different eq. of
GMA determined via nanoindentation; n > 10 microgels. Data are presented as mean + standard deviation. Statistical significance is performed using

two-way ANOVA with Tukey 's test for multiple comparisons: ns = non-significant; “p < 0.05, ““p < 0.01, “**p < 0.0001.

flow cytometry. After 4 days of incubation, saturation is reached
as verified by investigating the fluorescence of the supernatant,
(see Figure 2A). The fluorescence in the supernatant does not de-
crease significantly after 4 days of incubation, meaning that the
microgels have reached their uptake limit (see Figure 2B).

2.3. Optimization of GMA Concentration Inside the Microgels

To investigate the required amount of GMA inside the micro-
gels to link a maximum number of antigen-binding sites in-
side the microgel, we vary the GMA concentration during syn-
thesis. Therefore, we synthesize microgels with 0.5, 1, 4, or 10
eq. GMA per sPEG-Ac and incubate them over the course of
4 days with a stoichiometric concentration of fluorescently la-
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beled amine dextran (dextran:GMA of 1). The fluorescence in-
tensity is analyzed using flow cytometry analysis and CLSM (see
Figure 2C-E). While a significant augmentation of dextran bind-
ing is observed for an increase from 1 to 4 eq. of GMA, no fur-
ther differences are observed in the fluorescence signal between
microgels made with 4 and 10 eq. GMA (see Figure 2C-E). Mi-
crogels without copolymerized GMA show only negligible fluo-
rescence, indicating minimal unspecific binding to the fluores-
cein amine dextrans. Importantly, the incorporation of more or
less GMA will affect the network morphology, as it separates the
sites for crosslinking and increases the mesh size — at least be-
fore any binding motifs are attached to the glycidyl units. This is
confirmed by the increased stiffness for the lower GMA concen-
trations of 0.5 and 1 eq. (see Figure 2F), suggesting a smaller
mesh size. To analyze this, FRAP experiments on the micro-
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gels with different GMA concentrations are performed with FITC
dextran (M, = 20 kDa), mimicking the size of the antigen (see
Figure S4, Supporting Information). Only in the case of 4 and 10
eq. GMA microgels (10 wt% 4-arm PEG-Ac (10 kDa)), we were
able to measure a diffusion coefficient of 7.4 and 18.3 pm? s71,
respectively. In the case of 0.5 and 1 eq., FITC dextran (M, =
20 kDa) did not diffuse (see Figure S4, Supporting Information)
into the microgels as the mesh size becomes too small. Further-
more, to study the effect of increasing mesh size with increasing
GMA, we determine Young’s modulus via nanoindentation on
isolated microgels immobilized on a surface. As expected, mi-
crogels with higher GMA concentrations are softer than those
with no or low concentrations of GMA (see Figure 2F). Notably,
such a decrease in stiffness has previously also been reported for
introducing amine methacrylate as a co-monomer in microfluidi-
cally produced sPEG-Ac microgels.[?! Microgel stiffness and de-
formability are important when interacting with biological inter-
faces. PEG-based rod-shaped microgels with an effective Young’s
modulus of ~ 20 kPa, modified with RGD, supported cell at-
tachment, spreading, and growth when incubated with human
fibroblasts and HUVECs.[?l Moreover, sPEG-based spherical mi-
crogels were assembled into microporous tissue scaffolds, while
scaffolds with a storage modulus of 13.5 kPa showed best cell
proliferation when incubated with human fibroblasts.*%l These
stiffnesses are comparable to our microgels made from 10 wt%
4-arm sPEG-Ac (10 kDa) and a GMA amount of 10 and 4 eq.

After demonstrating homogeneous uptake and binding of the
dextran as an IgG antibody-mimicking molecule, we investigate
whether a second molecule could still diffuse through the poly-
mer network after the first functionalization. In the real system,
TNFa would need to diffuse through the network and bind to the
IgG antibody. To mimic TNFa, we incubate the 70 kDa dextran-
coupled microgels (10 eq. GMA, 4-arm sPEG-Ac (10 kDa)) with a
second dextran (M, = 20 kDa) labeled with red fluorescent Rho-
damine B, at a concentration of dextran:GMA of 1 over a course
0f 96 h. Analysis via CLSM shows homogeneously green (before)
and red-fluorescing microgels (after incubation), indicating that
a small molecule like TNFa will be able to diffuse and bind into
the microgel network after coupling the IgG (see Figure S5, Sup-
porting Information).

2.4. Antibody Binding Inside the Microgels

Based on our binding efficiency experiments, we consider mi-
crogels with 4 or 10 eq. GMA as most suitable to function as
antigen scavengers as they showed significantly higher fluores-
cence intensity compared to lower eq. GMA. Therefore, micro-
gels (10 wt% 4-arm sPEG-Ac (10 kDa)) with 4 and 10 eq. are incu-
bated with IgG antibodies for 4 days to quantify uptake and bind-
ing to the microgel network via amine-glycidyl addition. After pu-
rification of the microgels, we analyze the bound protein content
with a CBQCA protein quantification kit. It becomes clear that
for both types of microgels, the level of bound IgG antibody in-
creases with higher amounts of incubated antibody. Interestingly,
microgels with 10 eq. GMA bind significantly more IgG antibody
compared to microgels with 4 eq. GMA, although this difference
is not observed in the binding study with fluorescently labeled
amine dextran of 70 kDa (see Figures 2C-E and 3), could be re-
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lated to fluorescence quenching. For the quantitative protein as-
say, different molar ratios of IgG:GMA, ranging from 0.01 to 1,
are tested. In the case of IgG:GMA = 0.1 for 4 eq. GMA in the
microgels, a concentration of bound IgG [IgG] = 191.62 + 4.1 pg
of IgG/10° microgels (uGs) is observed, while for 10 eq. GMA
in the microgels, [IgG] = 330 + 6.6 pg/10° pGs. When we in-
crease the IgG concentration during incubation, we see that the
amount of bound antibody increases proportionally up to the the-
oretical stoichiometric ratio of [gG:GMA = 1, demonstrating that
IgG can easily reach and react with the glycidyl groups. However,
itis also clear that most IgG remains in the supernatant and does
not bind to the microgels. This is expected as ~#100 000 microgels
(total volume of ~ 400 pL) are incubated in a volume of 1200 uL
containing the IgG. Based on these results, microgels made with
10 eq. GMA is selected for the continuation of the study. In or-
der to decouple microgel stiffness with the antibody conjugation,
quenching of free glycidyl groups to simulate less antigen bind-
ing sites in the 10 eq. GMA microgels will be performed in future
experiments.

2.5. Specific Antibody-Antigen Binding Inside the Microgels

First, in order to ensure that the antibody is still active after bind-
ing to the microgels, we investigate different methods to bind
the antibody to the GMA-equipped microgels without losing its
activity. The microgels are functionalized with the antibody di-
rectly, with Protein A and in a second step with the antibody,
or with a Protein A-antibody complex (see Figure S6, Support-
ing Information). From these results, it is clear that direct cou-
pling of the antibody to GMA in the microgels is the most effi-
cient. To investigate whether TNFa can diffuse and bind to the
antibody functionalized microgels, we incubate either ~100 000
non-functionalized or functionalized microgels with two differ-
ent TNFa concentrations, 0.5 uyg mL™! (2.9 #1078 mol mL™?) (see
Figure 4A) and 2.5 pgmL~! (1.5« 107 mol mL™?) (see Figure 4B),
in a volume of 500 uL and analyze the supernatant via ELISA.
Even though non-functionalized microgels behave like sponges
and absorb approximately half of the applied TNFa when using
a concentration of 0.5 pg mL™, functionalized microgels with
IgG:GMA = 0.01 scavenge significantly more TNFa compared
to non-functionalized microgels (see Figure 4A). Increasing the
IgG:GMA ratio further increases the scavenging potential, show-
ing complete uptake at a ratio of 0.05 for an applied concentration
of 0.5 ygmL~! TNF« (see Figure 4A). This experiment shows that
at low [TNFa] = 0.5 pg mL™!, microgels with IgG:GMA = 0.05
scavenge virtually all TNFa and are as efficient as for the case of
stoichiometric functionalization. To further test the limits of the
microgels to scavenge TNFa, the same microgels are incubated
with a fivefold higher concentration of [TNFe] = 2.5 pg mL™!
(see Figure 4B). Here, it requires microgels with a stoichiomet-
ric IgG:GMA ratio of 1 to be able to scavenge 88% of the applied
TNFa. Moreover, for microgels with a theoretical I[gG:GMA ratio
of 0.1,  50% of the applied TNF« is scavenged, when incubated
with [TNFa] = 2.5 uyg mL™.

Importantly, both tested TNFa concentrations are far beyond
the disease-relevant levels. For example, the TNFa concentration
in the intestinal tissue during an acute dextran sodium sulfate
(DSS) induced colitis in mice has been reported to be in the
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Figure 3. Functionalization of microgels (10 wt% 4-arm sPEG-Ac (10 kDa, 4 and 10 eq. GMA)) with IgG antibody against human TNFa. The concentration
of antibodies in microgels prepared with 4 (A) and 10 (B) eq. of GMA, as well as in the corresponding supernatants (C,D) is measured via a CBQCA
protein quantification kit. Data are presented as mean + standard deviation, n = 3. Statistical significance is performed using two-way ANOVA with
Tukey ‘s test for multiple comparisons: ns = non-significant; “**p < 0.0001.

pg mL~! range.3132] For this reason, the following experiments
are performed using microgels with IgG:GMA = 0.1, as this ra-
tio is adequate to incorporate sufficient antibodies with respect to
physiological levels of TNFa and will allow for ample binding to
scavenge the antigen in cytokine-mediated diseases. At this ratio,
we can nearly completely remove TNFa up to concentrations of
0.5 ug mL~1, which is still far above the physiological concentra-
tion (see Figure 4C).

Unfortunately, we are not able to calculate or estimate a disso-
ciation constant for the antibody in the microgels as we already
went up to a level of TNFa, which exceeds the physiological con-
centration range by far and still we do not reach saturation of the
microgels, which would be required to estimate or determine an
uptake efficiency.

To further quantify how efficiently TNFa diffuses into and
binds to the antibody functionalized microgels (10 eq. GMA,
0.1 IgG:GMA), we label the antibody (IgG) inside of the mi-
crogels with Alexa Fluor 546 (AF546) and the TNFa antigen
with Alexa Fluor 488 (AF488). These two dyes can engage in
Forster resonance energy transfer (FRET) and therefore repre-
sent a FRET pair, with the antibody functioning as the FRET
acceptor and TNFa as the donor. First, we incubate microgels
without the FRET donor with the fluorescently labeled antibody
and we observe fluorescence emission (represented in purple) in-
side the microgels after washing and excitation at 561 nm (see
Figure 5A,B). This corroborates that the functionalization with
the fluorescently labeled antibody is successful. Second, we im-
age the fluorescently labeled TNF« inside of the microgels in ab-
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sence of the FRET acceptor IgG resulting in a homogeneous fluo-
rescence emission after excitation at 488 nm (represented in yel-
low) (see Figure 5C). After this, the fluorescently labeled TNFa
FRET donor is incubated at 138 ug mL~! with ~50 000 microgels
carrying the FRET acceptor functionalized antibodies. When we
excite only with the 488 nm laser line, we observe fluorescence of
AF488 in the donor channel (yellow) and in addition the fluores-
cence of AF546 in the acceptor channel (purple), which indicates
that the Forster energy transfer is efficient, and we can therefore
infer that the TNFa is binding specifically to the TNFa antibodies
(see Figure 5D).

However, to confirm FRET!®*! as the origin for the acceptor
emission, we performed additional Fluorescence Lifetime Imag-
ing (FLIM)BY measurements of 10 different microgels. In the
FLIM experiments, we excite also with the 488 nm laser line but
collect only the fluorescence of the donor. In addition to the num-
ber of photons, we can resolve the kinetics of the fluorescence
emission. By looking at the lifetime of the fluorescence decay, we
can detect the FRET process, since in such a case the lifetime of
the donor is shortened, due to the additional FRET deactivation
channel. Indeed, we observe a shift of the lifetime of the donor
labeled TNFa (see fluorescence lifetime image in Figure 5F and
schematically shown in Figure 5I) from, = 4.02 + 0.02 ns in solu-
tion (see Figure 5M) to a value of 3.01 + 0.09 ns (see Figure 5M),
(intensity averaged lifetime), confirming the FRET interaction
(see fluorescence lifetime image in Figure 5H and schematically
shown in Figure 5K; Figure S7, and Tables S2-S6, Supporting
Information). However, we also observe some quenching of the
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Figure 4. TNFa binding to microgels (10 wt% 4-arm sPEG-Ac (10 kDa, 10 eq. GMA)) ([microgels] = 200 000 microgels mL~! = 100 ug mL~"). A)
0.5 ug mL~" TNFa is incubated with microgels containing different glycidyl-antibody ratios [I|gG:GMA]. Non-bound TNFa is measured in the supernatant
via TNFa ELISA. B) 2.5 ug mL™" TNFa is incubated with microgels containing different glycidyl-antibody ratios [IlgG:GMA]. Non-bound TNFa is measured
in the supernatant via TNFa ELISA. C) Antibody-functionalized microgels (IgG:GMA = 0.1) are incubated with increasing concentrations of TNFa. Non-
bound TNFa is measured in the supernatant via TNFa ELISA and shown as a percentage. D) Shows the correlation between the amount of incorporated
antibody and scavenged TNF« for a fixed concentration of 2.5 ug mL™! TNFa. Data are presented as mean =+ standard deviation, n = 3. Statistical
significance is performed using two-way ANOVA with Tukey ’s test for multiple comparisons: ns = non-significant, ““p < 0.001, ***p < 0.0001.

donor lifetime to a value of ~ 3.61 + 0.09 ns (intensity aver-
aged lifetime) (see Figure 5M) when donor labeled TNFu is freely
diffusing in the microgels without the antibody-acceptor moiety
(see Figures 5G and schematically shown in Figure 5]). Unfortu-
nately, this quenching, which is observed as a multiexponential
decay (Tables S3 and S4, Supporting Information), prevents us
from being able to quantify the cytokine/antibody binding with
fidelity. The origin of the non-FRET quenching was not further
investigated in this work but is likely caused by interaction with
the microgel network. Further studies are needed to determine
whether the binding of the antibody to the microgels reduces its
efficiency, potentially by surface plasmon resonance.

2.6. Microgels Protect HT29 Cells from TNFa Induced
Inflammation

Our optimized microgels for TNFa scavenging are now tested
in their ability to protect HT29 colorectal adenocarcinoma cells
from cytokine toxicity. We perform a competition experiment,
where HT29 cells are exposed to TNFa and microgels (antibody
functionalized and non-functionalized) at the same time. The
levels of COX II and the release of IL8 or LDH into the cell
culture medium are used as indicators for TNFa toxicity.*>3¢]
Exposing the cells to TNFa at a concentration of 5 ng mL™!
is sufficient to induce the biosynthesis of COX II, as well as
the release of IL8 and LDH into the supernatant (see Figure

Adv. Healthcare Mater. 2023, 12, 2300695 2300695 (7 of 12)

S9A-D, Supporting Information). The presence of a robust in-
flammation upon stimulation with TNF« is confirmed by in-
creased mRNA expression of the pro-inflammatory cytokines
TNFa and IL8 (see Figure S9E,F, Supporting Information).
To test the scavenging function of the microgels, HT29 cells
are simultaneously exposed to 5 ng mL™! TNFa and either
100 ug mL™" of antibody-functionalized or non-functionalized
microgels, which are 2200 000 microgels mL~'. Compared to
treatment with TNFa alone, the co-incubation with antibody-
functionalized microgels significantly reduced COX II levels, as
well as the amount of the pro-inflammatory cytokine IL8 in the
cell culture supernatant (see Figure 6A,B). These results sug-
gest that TNFa has a higher affinity to antibody-functionalized
microgels than the corresponding receptors present on the cell
surface. Importantly, non-functionalized microgels do not show
this reduction in inflammatory markers. Exposure of the cells
to either antibody-functionalized or non-functionalized micro-
gels without TNFa does not induce any inflammatory or toxic ef-
fects, indicating that the microgels themselves are biocompatible
(not shown).

2.7. Microgels Scavenge TNFa Produced by Human
Macrophages
To achieve a supraphysiological cytokine burst, human

macrophages are stimulated with lipopolysaccharide (LPS)

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 5. Specific TNFa binding to TNFa antibody-functionalized microgels ([microgels] = 50 000 microgels mL™"). Confocal images of microgels (10
wt% 4-arm sPEG-Ac (10 kDa, 10 eq. GMA)) to show FRET signal. A) Brightfield image, B) TNFa antibody (acceptor, Alexa Fluor 546) functionalized micro-
gels are excited (A =561nm) and detected (4 = 571-700 nm) at acceptor wavelength. C) TNFa (donor, Alexa Fluor 488) incubated with non-functionalized
microgels are excited (4 = 488 nm) and detected (4 = 498-540 nm) at donor wavelength, and D) FRET signal: TNFa antibody (acceptor) functionalized
microgels incubated with TNFa (donor) are excited at donor excitation wavelength (4 = 488 nm) and detected (4 = 571-700 nm) at acceptor wave-
length. E) TNFa antibody (acceptor) functionalized microgels incubated with TNFa (donor) are excited at donor excitation wavelength (4 = 488 nm)
and detected (4 = 498-540 nm) at donor wavelength. Fluorescence lifetime images (FLIM) of F) only donor in solution, G) non-functionalized microgels
incubated with donor, and H) TNFa antibody (acceptor) functionalized microgels incubated with donor (FRET sample). All scale bars represent 10 um. 1)
Schematic of only donor in solution, J) Schematic of non-functionalized microgels incubated with donor, and K) Schematic of TNFa antibody (acceptor)
functionalized microgels incubated with donor (FRET sample). L) Lifetime histograms from the FLIM images (F) (red curve), (G) (green curve), and (H)
(blue curve). M) The fluorescence decays and respective exponential fittings correspond to the FLIM images (F-H).
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Figure 6. Microgels efficiently scavenge TNFa in two different cellular models. A,B) TNFa antibody-functionalized microgels protect HT29 cells from
TNFa induced cyclooxygenase Il (COX Il) production, as well as interleukin 8 (IL8) release into the cell culture supernatant. Cells are exposed with
5 ng mL™! TNFa alone, with TNFa together with 100 ug mL~" of antibody-functionalized or non-functionalized microgels, or with microgels only for
24 h. (A) shows a COX-Il western blot of protein lysates of harvested cells. #-actin is used as a loading control. B) IL8 concentration in the cell culture
supernatant is measured after incubation for 24 h. Data are presented as mean + standard deviation, n = 3. Statistical significance is performed using
two-way ANOVA with Tukey s test for multiple comparisons: ns = non-significant, “**p < 0.0001. C) TNFa antibody-functionalized microgels scavenge
TNFa produced by human macrophages upon stimulation with lipopolysaccharide (LPS) (n =5 donors). Macrophages are stimulated with 100 ng mL™"
LPS, LPS, and either antibody-functionalized or non-functionalized microgels, or microgels only for 24 h. As a negative control, the cells are treated with
a normal cell culture medium. The graph shows the levels of TNFa in the cell culture supernatant of the different groups. Data are presented as mean +
standard deviation, n = 5. Statistical significance is performed using two-way ANOVA with Tukey “s test for multiple comparisons: ns = non-significant,
p<0.01.

to induce the production of TNFa instead of administer- 3, Conclusion

ing TNFa to the media.?”?® This stimulation leads to the
release of ~ 60 ng mL™! of TNFa into the cell culture su-
pernatant. Co-incubation of activated macrophages with non-

In summary, we show that microgels are able to bind large
amounts of antibodies, which are able to efficiently scavenge pro-

functionalized microgels produces the same level of TNFa
release (see Figure 6C). By contrast, co-incubation with TNFa
antibody-functionalized microgels depletes TNFa virtually
completely in the cell culture supernatant demonstrating their
ability to scavenge the produced TNFa in real-time. Notably,
co-incubation of human macrophages (no LPS activation) with
non-functionalized or antibody-coupled microgels alone triggers
no or only minimal TNFa production (see Figure 6C). These
results suggest that microgels themselves neither activate the
macrophages nor induce inflammation, which demonstrates
their biocompatibility.

Adv. Healthcare Mater. 2023, 12, 2300695 2300695 (9 of 12)

inflammatory antigens, in this case, TNFa. We optimized the
microgels’ chemical composition to incorporate large amounts
of antibodies but also determined the minimal required anti-
body concentration inside the microgels to scavenge sufficient
cytokines. Our microgels constitute an attractive approach to lo-
cally bind antigens as a treatment of cytokine-mediated inflam-
matory diseases. Our concept for local scavenging can be trans-
ferred and potentially be applied to various diseases, such as in-
flammatory bowel disease or rheumatoid arthritis, which are con-
ventionally treated by systemic injection of therapeutic antibod-
ies. In the next step, we plan to establish an inflammatory bowel
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disease animal model to test the efficacy of the antibody function-
alized microgels in vivo.

4. Experimental Section

Preparation of PDMS-Based Microfluidic Devices: Microfluidic chips
were used for the production of microfluidic devices via soft lithography.
Sylgard 184 silicone elastomer (PDMS) and curing agent were mixed in a
ratio of 10:1 in a plastic cup for 5 min. The mixture was placed in a desic-
cator under vacuum (10~3 mbar) to remove entrapped air. It was subse-
quently casted into the form and the air was evacuated again in the desic-
cator. The PDMS was cured in the oven for 12 h at 60 °C. The cured PDMS
was cut out and holes for inlets and outlets in the channels were punched
(biopsy puncher, inner diameter 0.75 mm). The PDMS form was washed
three times with iso-propanol and water. A glass slide (76 x 52 x 1 mm,
Marienfeld, Germany) was rinsed three times with acetone, iso-propanol,
and water. For bonding, the PDMS replica and glass slide were activated in
an oxygen plasma oven (PVA TePla 100E, Germany, Wettenberg) at an oxy-
gen flow of 30 mL min~" for 40 s at 100 W. The PDMS replica was bonded
to the glass slide with the structured side and baked in the oven for 3 h at
60 °C for complete adhesion.

A hydrophobic surface coating inside of the microfluidic device
channels was achieved by silanization with Tridecafluoro-1,1,2,2-
tetrahydrooctyl-trichlorosilane. To enable that, the microfluidic device
was positioned in a desiccator together with the silane and evacuated
overnight. NovecTM HFE 7500 with 1.5 vol% of KrytoxTM 157 FSH
surfactant was used to remove remaining residues of the silane from the
microfluidic device.

Microgel Synthesis: A mixture of NovecTM HFE 7500 and 1.5 vol%
of KrytoxTM 157 FSH surfactant was served as continuous oil phase for
microgel synthesis. The dispersed aqueous phase was prepared by dis-
solving PEG acrylate (10 wt%) in water (HPLC gradient grade). GMA was
added at a desired concentration and stirred until a homogenous solution
was obtained. The radical photoinitiator 2-hydroxy-4-(2-hydroxyethoxy)-
2-methylpropiophenone (HEMP/Irgacure 2959) (0.6 wt%) was subse-
quently added to the solution. The vial was wrapped with aluminum foil
to protect it against light-initiated polymerization.

For microfluidic synthesis of droplet-based microgels, the continuous
oil and dispersed aqueous phases were each placed in a pressure ves-
sel. The solutions were connected to the microfluidic device via PE tub-
ing (0.38 mm 1D/1.09 mm OD). The continuous oil phase consists of
Novec HFE 7500 (a fluorinated ether) with 1.5 vol% of Krytox H as a stabi-
lizing agent and the dispersed aqueous solution was prepared by mixing
an aqueous solution of star-PEG acrylate (sPEG-Ac) polymers with gly-
cidyl methacrylate (GMA; 10 mol per mol sPEG-Ac) and Irgacure 2959 as
the photo-initiator. The applied pressures for droplet generation for the
continuous oil phase and the dispersed aqueous solutions were 220 and
260 mbar, respectively. The produced monodisperse droplets were left out
of the microfluidic device via PE tubing in the outlet channel. The tubing
was irradiated with UV light (4, = 365 nm, 200 mW, ¢t = 180 s) to poly-
merize the droplets via free radical polymerization. The microgels were
collected in an Eppendorf vial filled with continuous oil phases to prevent
them from drying out. The microgels were stored at 4 °C until purification.

Prior to purification, the continuous oil phase and an aqueous phase
containing microgels formed a two-phase system. First, the oil phase was
removed using a syringe with a needle. The microgels were dispersed in a
mixture of n-hexane and 1wt% Span 80. After sedimentation of the micro-
gels, the solution was removed with a syringe and a needle. The microgels
were dispersed again in the solution and this step was repeated five times.
Subsequently, this process was repeated with the solvents n-hexane, iso-
propanol, and water. The microgels were finally dispersed in water and
stored at 4 °C.

Synthesis of TNFa-Antibody-Functionalized Microgels: The microgels
were dispersed in 1xPBS (pH 7.4) in an Eppendorf vial. After their sed-
imentation, PBS was removed with a syringe and a needle. This wash-
ing step was repeated five times. Microgels with a corresponding amount
of glycidyl groups were dispersed in PBS and TNFa antibody (Amgevita
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Adalimumab, Amgen, Germany) was added in a ratio of 1:1 to the glycidyl
groups. The solution was stirred using a rotating stirrer for 72 h at room
temperature to facilitate diffusion and binding of TNFa antibody to the
microgels via amine-glycidyl coupling. After sedimentation of the micro-
gels, the microgels were washed five times with fresh PBS as described
above. Afterward, remaining glycidyl groups were quenched by reaction
with 2-aminoethanol for 2 h at room temperature using a rotating stirrer.
The microgels were washed five times with fresh PBS and stored at 4 °C
until further use.

Flow Cytometry-Based Binding Studies: GMA-coupled microgels
(50 000) (10 eq. GMA) were incubated with fluorescein amine dextran
(70 kDa) with a concentration of 1:1 related to the glycidyl groups for
different periods of time, ranging from 1to 16 days at room temperature.
In a second experiment, the amount of GMA was varied, ranging from
0.5 to 10 eq., and the microgels were incubated with fluorescein amine
dextran (1:1 related to the glycidyl groups) for 4 days. Subsequently,
microgels were washed with PBS three times and re-suspended in 150 uL
fresh PBS. Flow cytometry analysis was performed at a medium flow rate
using the blue A = 488 nm laser. 10 000 events were recorded for every
sample. Measurements were carried out in triplicates and evaluated by
use of the Flowo software (Treestar, OR, USA).

Diffusion Studies and Specific TNFa-Antibody Binding: Diffusion of flu-
orescently labeled FITC-dextran (20 kDa) inside the microgels was mea-
sured via Fluorescence Recovery After Photobleaching (FRAP) technique
using Confocal Laser Scanning Microscopy (CLSM) on a Leica TCS SP8 mi-
croscope (Leica Microsystems, Germany). The microgels were incubated
in PBS with FITC-dextran (1 mg mL~") via stirring for 48 h at room tem-
perature. FRAP was performed using a 63x dry objective and an excitation
wavelength of 4 = 488 nm of an Argon-ion laser operating at 80% out-
put power, while the emission was detected at a wavelength of 4 = 500—
550 nm. A circular region of interest (ROI) with a diameter of 10 pm was
placed into the middle of the microgel. A series of images (512 x 512 pix-
els) was taken with an interval of 1.292 s using a highly attenuated laser
beam (1.3% transmission). After recording 30 pre-bleach images, the ROl
was bleached at maximum laser intensity (100% transmission) for 1.292 s
and another 150 post-bleach images were taken.

The FRAP analysis was based on solving the diffusion equation in the
Fourier domain and using that the inverse relative intensity (1-/,|) follows
the same differential equation, as the concentration.[3°] Transforming the
image stack to its spatial Fourier transform, we can collect information
from the pixels closest to the center (zero spatial frequency component).

(I - Ib) Iref, 0

i | =
re (IO - Ib) Iref

M

—4 7 (qf+q$>Dt

c (qxr qy' t) =0 (qx' qy) e (2)

An algorithm was written for the analysis in python [https://www.
python.org, https://scipy.org] fitting the individual spatial frequency com-
ponents and the selected components together. This way we could detect
if any spatial anisotropy occurred in the data set. This method allows us
to obtain the diffusion coefficient independent of the bleaching profile as
long as the spatial variation of the original concentration was low in com-
parison to that of the bleached area.

To determine the diffusion of antibody mimicking dextran, the micro-
gels were incubated in PBS with fluorescein amine dextran (70 kDa) with
a concentration of 1:1 related to the glycidyl groups via stirring for 24 h
to 96 h at room temperature. Microgels were washed five times with PBS
and imaged using CLSM as described above using a 63x dry objective. An
excitation wavelength of A = 488 nm of an Argon-ion laser operating at
25% output power and an emission wavelength of 4 = 500-550 nm were
employed.

Confocal Fluorescence microscopy and Fluorescence lifetime imaging
microscopy (FLIM) was performed using Confocal Laser Scanning Mi-
croscopy (CLSM) on a Leica TCS SP8 microscope (Leica Microsystems,
Germany). Alexa488 labeled TNFa (custom synthesis TNFa protein con-
jugated with AlexaFluor 488, Thermo Fisher Scientific, USA) was used as a
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donor and Alexa546 labeled TNFa antibody (Amgevita—Adalimumab (Am-
gen, Germany)), Thermo Fisher Scientific, USA) as acceptor. An excita-
tion wavelength of 1 = 488 nm, as well as a A = 488 nm notch filter, was
used in front of the detector. The detection band was restricted from 500
to 540 nm with a multiband spectrophotometer. A Single Molecule De-
tection Hybrid Detector (SMD HyD) in combination with PicoHarp 300
Time-Correlated Single Photon Counting (TCSPC) module has been used
to acquire the FLIM decay curves. The decay curves were fitted with a n-
Exponential Reconvolution fitting model of SymPhoTime 64 (PicoQuant,
Germany) software where the experimental IRF of the instrument was fit-
ted. The IRF was measured in the same excitation-emission conditions
of the FRET samples with a solution of fluorescein quenched with KI. For
the intensity-based Fluorescence images an HCX PL Fluotar 5x/0.15 dry
objective was used and for the FLIM images HC PL APO 63x/1.30 glyc-
erol objective was used to record 512x512 pixels images with a pixel size
of 60 nm (64x64 with a pixel size of 500 nm for the donor solution). All
measurements were realized at a room temperature of 22.5 °C.

Mechanical Properties of Microgels: The mechanical properties of the
microgels with different amounts of GMA were quantified with the high-
throughput mechanical screening Nanoindenter Pavone (Optics11Life,
Amsterdam, The Netherlands). For each type, a minimum number of
10 microgels were measured. The indentation measurements were per-
formed using a cantilever-based probe with a spherical tip radius of 9.5 um
and a cantilever stiffness of 0.31 N m~". The indentation speed was set to
1 um s7! and the indentation depth to T um. The effective Young’s modu-
lus E ¢ (kPa) was determined by fitting the load-indentation curves using
the Hertzian model.l*0] All measurements were performed in PBS at room
temperature.

Quantification of TNFa Antibody in the Microgels:  Glycidyl-equipped
microgels were incubated with different concentrations of TNFa antibody
for 96 h at room temperature. Subsequently, microgels were washed three
times with fresh 1xPBS to remove the excess non-bound antibodies. To
quantify the amount of TNFa antibody bound to the microgels a CBQCA
Protein quantification kit (ThermoFisher Scientific) was used according to
the manufacturer’s instructions. Briefly, a fixed number of microgels was
diluted in a final volume of 135 pL reaction buffer, 5 uL potassium cyanide
was added and the reaction was started by the addition of 10 uL ATTO-TAG
CBQCA reagent with a working concentration of 2 nM. Both, bovine serum
albumin (BSA) and TNFa antibody were used to prepare standard curves
as suggested by the manufacturer. Read-out was performed by a BioTek
Cytation 3 plate reader (BioTek Instruments GmbH, Bad Friederichshall,
Germany) by measuring the fluorescence emission at A = 550 nm with
excitation at A =465 nm.

TNFa Binding Experiments: Microgels (100 pg = 200 000 micro-
gels mL™") were incubated with different concentrations of recombinant
human TNFa (R&D Systems) for 1h at 37 °C. Subsequently, samples were
centrifuged for 10 min at 3000 rpm and the concentration of TNFa in su-
pernatant was measured by an ELISA kit according to the manufacturer’s
instructions (R&D Systems).

Cell Experiments (HT29): The human colorectal adenocarcinoma
HT29 cells (ATCC HTB38) were cultured in T75 cell culture flasks (Greiner
Bio-One GmbH, Frickenhausen, Germany) in RPMI-1640 cell culture
medium containing 1% (v/v) penicillin-streptomycin and 10% (v/v) fetal
bovine serum. The cells were kept at 37 °C, 5% CO,, and 95% O, in a
humidified incubator (Heracell 150i CO, incubator, Thermo Fischer Sci-
entific). Cells were seeded in 6 well plates at a density of 500 000 cells per
well and allowed to grow to ~ 80% confluency overnight. Next day, cells
were stimulated with TNFa alone, TNFa and microgels, or microgels alone
for 24 h at 37 °C. Supernatant was collected and kept at —80 °C until use.
Cells were washed with cold PBS to remove the media and harvested in
500 pL cold PBS using a cell scraper. After centrifugation, the supernatant
was removed, and the cell pellet was kept at —80 °C.

Protein Isolation and Western Blot (COX 11):  Proteins were isolated with
1% NP40 lysis buffer containing protease inhibitor, phosphatase inhibitor,
and DTT, and the protein concentration was quantified applying a Brad-
ford protein assay (BioRad) according to the manufacturer’s instructions.
The absorbance was measured using a plate reader (BioTek Instruments
GmbH) at a wavelength of 4 = 450 nm. Extracted proteins were separated
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using SDS-PAGE, transferred to Polyvinylidene difluoride (PVDF) mem-
branes, and incubated with a specific antibody against cyclooxygenase-
Il (COX I1) (Santa Cruz Biotechnology) or an antibody against f-Actin
(Sigma) as control. Following washing, a horseradish peroxidase (HRP)-
conjugated secondary antibody (Life Technologies) was used, and the de-
sired protein was visualized by use of an enhanced chemiluminescence
reagent (GE Healthcare).

IL8 ELISA: The IL8 ELISA (R&D systems, Minneapolis, Germany) was
used according to the manufacturer’s instructions with slight modifica-
tions. 96 well plates were coated with 50 pL of the provided capture anti-
body, diluted in PBS overnight at 4 °C. Next day, the plates were washed
with washing buffer consisting of PBS with 0.05% Tween 20, followed by
blocking with 5% BSA in PBS for 1 h at room temperature to avoid unspe-
cific binding. Subsequently, 50 pL of sample or standard, diluted in PBS
containing 1% BSA (v/w), were pipetted into the wells and incubated at
4 °Covernight. Next day, samples were removed, the plate was washed and
50 uL of biotin conjugated detection antibody, diluted in PBS with 1% BSA
(v/w), was pipetted into each well and incubated for 1 h at room tempera-
ture. Plates were washed, and each well was exposed to 50 pL streptavidin
HRP for 40 min at room temperature. After washing, 100 uL TMB sub-
strate solution was added per well to induce a color change. After 10 min,
the reaction was stopped by adding 50 uL 2N H,SO,. Read-out was per-
formed by a BioTek Cytation 3 plate reader (BioTek Instruments GmbH,
Bad Friederichshall, Germany) at 2 = 450 nm absorbance.

Macrophage Isolation and Scavenging Experiments: Monocytes were
isolated from buffy coats provided by the transfusion medicine depart-
ment of University Hospital RWTH Aachen. The blood was diluted with
PBS in a 1:1 ratio and a Ficoll-based density gradient centrifugation was
performed for 1 h at room temperature without the use of the brake as
described earlier.*! The serum of the corresponding donors was heat-
inactivated for 1 h at 57 °C.

To isolate monocytes for macrophage culture, the isolated Peripheral
Blood Mononuclear Cells (PBMCs) were placed on 2 cm petri dishes at a
density of two million cells per mL at a total volume of 2 mL per well. The
incubation took place in RPMI cell culture medium containing 5% (v/v)
human autologous serum for up to a maximal of 40 min and was car-
ried at 37 °C in a humidified incubator (5% CO,). During the incubation,
monocytes adhered to the petri dish, while leucocytes remained in the su-
pernatant and were removed by subsequent washing with pre-warmed cell
culture media. Monocytes were differentiated into macrophages by cul-
turing them for 6 days in RPMI cell culture medium containing 5% (v/v)
human autologous serum.

Macrophages were stimulated with cell culture medium alone (negative
control), LPS alone, LPS and 100 pg mL™! microgels, or only microgels
for 24 h in a humidified incubator at 37 °C. The supernatant was collected
and frozen at —80 °C until use. TNFa was measured with a TNFa ELISA
kit (R&D systems) as described above. To harvest cells, they were washed
by cold PBS and detached by use of a cell scraper.

Statistics: ~ Statistical analysis was performed with Origin 2018, graph
pad Prism 8 and Image]. Statistical significance was performed using two-
way ANOVA with Tukey s test for multiple comparisons. Asterisks were
used to highlighted following two-tailed p-values: ns = non-significant,
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