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1. Introduction

Synthesis and functionalization of dendritic
polyglycerol-based nanogels: application in T cell
activationy
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The concept of multivalency finds various applications in the fields of chemistry and biology, relying on the
principle that multiple weak interactions can lead to strong adhesive forces. Polymeric carriers are promising
tools to translate these properties into the field of biomedicine, especially upon functionalization by active
biomolecules, such as antibodies. In this study we report on the synthesis of dendritic polyglycerol (dPG)
and dPG-based nanogels (NGs) as platforms for the multivalent display of molecules and their potential
application as carrier units. Macromolecules based on dPG were synthesized and NGs were generated by
strain-promoted azide—alkyne cycloaddition (SPAAC) by inverse nanoprecipitation under mild conditions.
Scale-up screening rendered a reproducible method for a batch size of up to 50 mg for the formation of
NGs in a size range of 150 nm with narrow dispersity. Dye-labelled bovine serum albumin (FITC-BSA) was
chosen as a model protein and showed successful conjugation to the carriers, while the protein’s secondary
structure was not affected. Consequently, cyanine-5-amine (Cy5-NH,) and avidin (Av) were conjugated in
order to exploit the strong avidin-biotin interaction, facilitating the directed attachment of a myriad of
biotinylated (bio)molecules. As a proof-of-concept, the biotinylated monoclonal antibodies (mAbs) a-CD3
and o-CD28 were attached to the platforms and their capability to activate T cells was assessed.
Experiments were performed with a Jurkat reporter cell line which expresses green fluorescent protein
(GFP) upon activation, providing a rapid and reliable readout by flow cytometry. Carriers clearly
outperformed conventional compounds for activation (i.e. antibodies crosslinked with anti-IgG antibody) at
significantly lower dosages. These findings could be confirmed by confocal laser scanning microscopy
(CLSM), showing accumulation of the functional nanoplatforms at the cell surface and cytoplasmic GFP
expression (>95% activation of cells for the multivalent conjugates at 10 pg mL™! compared to 37%
activation with conventionally crosslinked mAbs at 25 pg mL™%), whereas carriers without mAbs could not
activate cells. As the attachment of biotinylated molecules to the functional nanoplatforms is straightforward,
the results obtained show the great potential of our platforms for a broad range of applications.

binding as compared to the mere sum of its monovalent
participants.™ This phenomenon is used for example by patho-

Multivalency plays a key role in nature and describes interactions
between a large number of binding partners, leading to improved
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gens such as viruses and bacteria to enhance their cell binding
strength and thus promote internalization. As an analogy, relevant
examples that rely on multivalency are the burr or Velero®™, where
relatively weak binding between hooks and loops results in
powerful adhesion due to the sheer number of multivalent
interactions.

Biocompatible polymeric carriers are excellent candidates
for introducing a variety of binding sites and generate multi-
valency, since they are usually easy to manufacture on an
industrial batch scale, show little immunogenicity and are
rarely prone to enzymatic degradation and opsonization in the
body.> Moreover, they can be manufactured in a variety of

This journal is © The Royal Society of Chemistry 2022
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architectures including linear,* star-like,” and dendritic
structures.®® These systems can have a particularly large
beneficial impact for the multivalent display of biomolecules,
such as sugars, proteins, peptides or antibodies, which are
subject to very low availability upon administration and
furthermore can be cleared by the body easily via enzymatic
degradation or renal clearance.’ ™

Besides natural polymers such as alginate, chitosan and
hyaluronic acid, synthetic biocompatible polymers that have
been explored include the polyesters N-(2-hydroxypropyl)
methylacrylamide (HPMA),'*'®> poly(lactic-co-glycolic acid)
(PLGA),"® polyglutamic acid (PGA)"”"® and polyethers such as
the FDA-approved poly(ethylene) glycol (PEG),"® which is con-
sidered to be the gold standard for biomedical applications.

Another excellent carrier for such applications is dendritic
polyglycerol (dPG), a hyperbranched polymer which is synthesized
by controlled anionic ring-opening polymerization of glycidol.>*>*
Apart from its tuneable molecular weight and size, the free
hydroxyl groups allow for high-precision chemical modifications
as well as introduction of reactive groups, hydrophobic residues
or surface charges. Besides its globular shape and polyether
backbone, dPG is highly biocompatible and water-soluble, while
the inertness of the polymer to biological components is
retained.>* In order to enhance the surface area for multivalent
display, larger nano-sized polymer-based carriers for example
polymersomes, micelles or nanogels (NGs) can be synthesized.
The latter are highly hydrated, crosslinked networks of amphi-
philic or hydrophilic polymers in the size range of 1-1000 nm.>>™’
NGs can be prepared in a variety of methods, including the
dispersion of preformed polymers via solvent evaporation, salting
out, dialysis, supercritical fluid technologies or by different
polymerization techniques (e.g mini- and microemulsion or
nanoprecipitation).””>* Many of these techniques, however, rely
on the use of surfactants, potentially hampering their use in
biomedical applications if not purified properly. The surfactant-
free formation of nanogels using Cu(i)-catalyzed azide-alkyne
cycloaddition, thiol-Michael addition, strain-promoted azide-
alkyne cycloaddition (SPAAC) and inverse electron demand
Diels-Alder (iEDDA) cyclization via inverse nanoprecipitation
under mild conditions has been reported previously.*** When
considering the display of biomolecules by polymeric carriers, one
key factor is their accessibility and correct geometry after
coupling. One way to achieve the site-specific coupling is the
use of avidin-biotin interactions. Avidin is a highly stable,
tetrameric glycoprotein and shows the strongest non-covalent
interaction to biotin as a counterpart, showing orders of
magnitude stronger affinity than antigen-antibody interaction.
The use of multivalent structures exploiting these interactions
could be particularly interesting for the display of prodrugs or the
emerging field of drug-free macromolecular therapeutics, which
aims at the treatment of diseases by crosslinking receptors
without the need of low molecular weight drugs.*® Due to the
versatility of nanomedicine, the development of novel multivalent
platforms is still highly demanded. In this work, we report on the
synthesis of dPG and dPG-based NGs as nanoplatforms for the
multivalent display of biomolecules, using avidin-biotin
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interaction. Nanogels are formed via inverse nanoprecipitation
by SPAAC and subsequently coupled to Av to allow for further
directed coupling of any biotinylated biomolecule. We sought to
compare an assembled NG with a size distribution around
150 nm to a monomeric dPG with a hydrodynamic diameter of
25 nm. As a proof-of-principle, Av was coupled and biotinylated
antibodies (o-CD3 and «-CD28) were loaded. The functionality of
the conjugates was tested in a cell-based assay. Activation of
the TCR was visualized by microscopy and flow cytometry in a
respective reporter cell line.

2. Experimental
2.1 Materials and methods

Anhydrous solvents were chemically dried by conventional
methods prior to use or commercially purchased from Acros
Organics™ in septum-sealed bottles. All reactions which
involved air- or water-sensitive compounds were carried out
in a dried flask under an argon atmosphere. Water was used
from a Milli-Q station from Millipore (Merck, Millipore).

Dendritic Polyglycerol (dPG) with a molecular weight of
10 kDa, dPG-Nj(19) and dPG-NH,q9,) Were synthesized accord-
ing to an established procedure.**®” Since dPG is a hygroscopic
polymer, it was dried (50 °C, 10~ mbar, 24 h) prior to reactions.
dPGy 4 mpa-N3(79) Was kindly provided by Matthias Wallert.

Methane sulfonylchloride, diethylene glycol, propargyl bromide,
potassium tert-butoxide, tert-butyl acrylate, sodium azide,
N,N,N',N'-tetramethyl-O-(N-succinimidyljuronium hexafluoropho-
sphate (HSTU), triphenyl phosphine, bovine serum albumine
(BSA), fluorescein-labeled BSA (FITC-BSA) and benzoylated dialysis
tubing with a molecular weight cut-off (MWCO) of 2 kDa were
purchased from Sigma-Aldrich. Pierce™ BCA Protein Quantification
Kit was purchased from ThermoFisher and used according to
the manufacturer’s instructions. Spectra/POR dialysis membrane
(100-500 Da, 50 kDa and 100 kDa MWCO) were purchased from
Carl Roth. Moreover, the following compounds were acquired:
trifluoroacetic acid (Acros), cyanine-5-amine (Lumiprobe), avidin
(Pierce, ThermoFisher), biotinylated human anti CD3 antibody
clone OKT3, biotin anti human CD28 antibody clone CD28.2
(Biolegend), goat anti-mouse IgG H&L (abcam).

'H and "*C NMR spectra were recorded with a Bruker DPX
(400 MHz) or a Bruker AVANCE III (500 MHz; 700 MHz)
instrument. As deuterated solvents, CDCl;, D,O and DMSO-d,
were used. Chemical shifts J are given in ppm relative to TMS
as an internal standard or relative to the resonance of
the solvent ("H NMR: Chloroform: § = 7.26 ppm, DMSO: § =
2.50 ppm; D,0: § = 4.79 ppm; *C NMR: chloroform: § =
77.00 ppm, DMSO: J = 39.70 ppm). All spectra were recorded
at room temperature.

2.2 Synthesis of dendritic polyglycerol (dPG)-based
macromolecules

Dendritic polyglycerol (dPG), dPG-(NH,)190, and dPG-(N3);qe
were synthesized according to established protocols.”®*” Their
corresponding coupling partners for the formation of the
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macromolecules Bicyclo[6.1.0Jnon-4-yn-9-ylmethyl-(4-nitrophenyl)
carbonate (BCN) and azide-linker (3) were synthesized according
to Dommerholt et al. and Kumar et al., respectively.*®*° The final
dPG-(BCN);9, and dPG-azide-linker macromonomers were
synthesized according to modified reported procedures.’®*!

Analogously to 6, the large dPG; 4 mpa-(N3)79, Was decorated
with the azide linker 3, aiming for 200 groups of carboxylic
acids on the surface.

2.3 Preparation of dPG nanogels (NGs) by nanoprecipitation

dPG-azide-linker 6 (20 mg, 16.8 umol azide groups) and dPG-
BCN 8 (30 mg, 31.9 umol alkyne) were dissolved separately in
Milli-Q water (5 mL each). The solutions were unified, vortexed
and injected into acetone (800 mL) under vigorous stirring.
The reaction was quenched after 45 min by addition of 3-
azidopropanol (100 pg). After 24 h, Milli-Q water (50 mL) was
added, the non-solvent was removed in vacuo in order to obtain
blue shimmering dispersions of the nanoparticles. Nanogels
were dialyzed against Milli-Q water with regular exchange of the
dialysate for 3 d using a MWCO 50 kDa membrane and were
characterized by means of DLS, AFM and NTA.

2.4 Preparation of active esters

Nanogels were transferred into DMF with subsequent evaporation
of water using a vacuum line. All carboxylic acids in the nanogel
were converted with 1.5 equiv. of DIPEA as well as HSTU into NHS
esters for amide coupling. Active esters were formed in situ under
an argon atmosphere and left overnight. Protein coupling was
further investigated in solution.

2.5 FITC-BSA coupling

We coupled NGs in different ratios to FITC-BSA. The protein
(1 mg mL™" stock solution in PBS (2.0, 0.3 and 0.1 equiv. per
NHS ester) was added dropwise under cooling on ice. The
reaction mixture was stirred for 24 h and then dialyzed against
phosphate buffer (pH 7.4) for 72 h with a MWCO 100 kDa
membrane. Conjugates were analysed by means of DLS and CD.
The coupling efficiency was determined based on UV/vis
measurements against a calibration curve (Fig. S1, ESIt).

2.6 Avidin coupling

For decoration of the carriers with avidin, we chose to couple
each, dPG-azide-linker 6 in the NG network and dPG;, wmpa-
(N3)-COOH with 1 equivalent avidin. The reaction was per-
formed similar to the one using the model protein. However,
since Av was not dye-labelled itself, Cy5-NH, (1 mg mL ™" stock
solution in DMSO; 0.1 equiv. per NHS ester) was added to the
reaction mixture two hours after the addition of the protein.
Avidin-coupled nanogels were dialyzed against phosphate
buffer (pH 7.4, MWCO 100 kDa) for 72 h and their volume
was reduced in vacuo for further analysis. Here, coupling
efficiency was determined using a BCA protein quantification
kit (Pierce). The integrity of the secondary structure was
determined using CD spectroscopy. Similar modifications were
performed with dPG; 4 m-(COOH),40. A detailed description is
given in the ESL ¥
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2.7 Coupling of a-CD3 and a-CD28 to the architectures

Based on the values obtained by BCA assay, carriers bearing Av
were incubated with 4 equiv. of either only one antibody or a
combination of both antibodies (50/50 mol%) at room
temperature for 1 h. Conjugates were dialyzed against Milli-Q
water (MWCO 100 kDa) for 24 h and the dialysate was
exchanged regularly. Finally, the volume of reduced in vacuo
and the sample was stored in PBS. As negative controls, bare
carriers were processed in the same fashion.

2.8 Physical characterization of dPG-based NGs

Atomic Force Microscopy (AFM) was performed on a Multi-
mode 8 microscope which was equipped with a Nanoscope V
controller (Bruker Corporation). 15 pL of highly diluted sample
(10 ug mL ") was deposited on the substrate and incubated at
room temperature for 15 minutes. Cantilever A, type SNL-10
from Bruker with a nominal tip radius and nominal spring
constant of 0.35 N m ™" were used in these experiments to map
the samples. Prior to imaging, cantilevers were calibrated on
the naked mica surface. A compression on mica was taken to
extract the cantilever sensitivity and then, the thermal noise
method was used to derive its spring constant.*” Imaging in
soft tapping mode (sTM) was performed at room temperature
in air. Imaging in PeakForce mode was carried out with a
maximal applied force of 200 pN using a 512 points per line
at a scan rate of 0.7 Hz. Image analysis was performed using
Nanoscope Analysis 1.5 software. All images were processed by
the Plane fit program and the flatten tool (order 1) to correct
from effects of bowing from the piezo movement.

Circular Dichroism (CD) spectra were recorded using a JASCO
J-810 spectropolarimeter with a HAAKEWKL recirculating chiller
(ThermoFisher Scientific). The cuvettes were set to a constant
temperature of 25 °C with a JASCO PTC-423S Peltier-type thermo-
couple. Measurements were performed in quartz cuvettes
(Suprasil Hellma) with a path length of 2 mm.

Sample preparation for cryogenic transmission electron
miscroscopy (cryo-TEM). Droplets (4 puL) of the sample solution
were placed on hydrophilized holey carbon filmed grids
(Quantifoil R1/2) at room temperature. The excess fluid was
blotted off using filter paper to generate an ultra-thin layer of the
solution (typical thickness around 100 nm) spanning the holes
in the carbon film. The grids were vitrified in liquid ethane using
an automated vitrification robot (FEI Vitrobot Mark III) and
stored in liquid nitrogen prior to the measurement.

Cryo-TEM measurement. The vitrified grids were stabilized
by a copper autogrid and fixed with a spring clamp under liquid
nitrogen. These autogrids were transferred under liquid nitrogen
into a Talos Arctica transmission electron microscope (Thermo-
Fisher Scientific) using the microscope’s autoloader transfer
routine. Micrographs were recorded using the microscopes
low-dose protocol at a primary magnification of 28000x and
an acceleration voltage of 200 kV. Images were recorded by a
Falcon 3CE direct electron detector (48 aligned frames) at full
size (4k). The defocus was chosen to be 4 pm in all cases to create
sufficient phase contrast.

This journal is © The Royal Society of Chemistry 2022
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DLS and zeta potential measurements were performed on a
Malvern zetasizer nano ZS 90 with a He-Ne laser (1 =633 nm) at
25 °C. Size and zeta potential were measured in triplicates at a
concentration of 1 mg mL ™" in phosphate buffer at pH 7.4.

Nanoparticle Tracking Analysis (NTA) was performed in
triplicates using a Nanosight NS500 (Malvern Instruments).
As compared to DLS, samples were diluted 1000 times in
Milli-Q water.

UV/vis measurements were performed on a Agilent Cary 8654
UV-visible spectrophotometer using half-micro quartz cuvettes.

2.9 Cytotoxicity measurements

The cytotoxic effect of NGs on three cancer cell lines (HeLa,
A549, and MCF-7) as well as the Jurkat reporter cell line was
determined using the cell viability assay Cell Counting Kit 8
(CCK-8) from Sigma Aldrich according to the manufacturer’s
instructions. HeLa (DSMZ no.: ACC 57), A549 (DSMZ no.:
ACC107), and MCF-7 (DSMZ no.: ACC115) were obtained from
Leibniz-Institute DSMZ - Deutsche Sammlung von Mikroorga-
nismen und Zellkulturen GmbH and cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v)
FBS, 100 U mL™ " penicillin and 100 ug mL™" streptomycin
(all from Gibco/ThermoFisher Scientific). Cells were regularly
cultured at least twice a week when they reached 70-90%
confluency. For the cytotoxicity measurements, 90 puL of a cell
suspension in DMEM containing 50 x 10* cells per mL were
seeded in each inner well of a 96-well plate and incubated
overnight at 37 °C and 5% CO,. In the outer wells, 90 pL of
DMEM without any cell were added. The next day, serial
dilutions of all samples were prepared and 10 pL each were
added in triplicates to the cells, as well as to one outer well for
background correction. SDS (1%) and untreated cells were used
as controls. After another 48 h at 37 °C and 5% CO,, the CCK-8
solution (10 pL per well) was added and absorbance was
measured after approximately 3 h incubation at a wavelength
of 450 nm and a reference wavelength of 650 nm with a
microplate reader (TECAN infinite M200Pro). Measurements
were performed in triplicate and the cell viability was calculated
by setting the untreated controls to 100% after subtracting the
background using Excel software. All cell experiments were
conducted according to German genetic engineering laws and
German biosafety guidelines in the laboratory (safety level 1).

2.10 Sample preparation for T cell activation and flow
cytometry

A Jurkat JE6.1 NFkB-eGFP T cell line engineered to express a
T cell receptor (TCR) specific for a immunodominant T cell
epitope (Art v 125-36 presented on HLA-DRB1*01:01) was used
as reporter for T cell activation. The cells had been previously
reported by Rosskopf et al., were obtained directly from the
authors and were cultured and maintained as described in the
original publication.*® The cell line was routinely cultivated in
RPMI medium (Gibco/ThermoFisher Scientfic) supplemented
with 10% FBS and 1% Penicillin/Streptomycin at 37 °C and 5%
CO,. Cell clumps were dispersed by pipetting up and down and
the cell density was kept between 0.5 x 10°and 2 x 10° cells per mL

This journal is © The Royal Society of Chemistry 2022
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by dilution with fresh medium twice a week. One day before the
experiments, cells were adjusted to 1 x 10° cells per mL in fresh
medium. The next day, cells were counted and distributed in 96 well
plates at 3 x 10° cells per well. Test compounds were added at
different concentrations and incubated for 6 h at 37 °C and 5% CO,.
After incubation, cells were transferred to microcentrifuge tubes and
centrifuged for 4 minutes at 140 x g. The supernatant was removed
and cells were washed 2x with 1 mL PBS supplemented with
1% (v/v) BSA at 4 °C and centrifugation at 140 x g for 4 minutes.
After washing, cells were resuspended in PBS-BSA (200 pL) and
kept on ice.

Flow cytometry was performed on an Accuri Cé6 (BD Bio-
sciences) flow cytometer. Data were acquired by the BD Accuri
C6 software and further processed with the FlowJo V10 analysis
software.

2.11 Confocal laser scanning microscopy

After flow cytometry, the remaining cells were fixed by addition
of formaldehyde to a final concentration of 10% (v/v) for
30 minutes. Fixed cells were washed 3x with PBS and
transferred to a 8-well slide (ibidi p-slide 8) for microscopy on
a Leica SP8 confocal laser scanning microscope. Images were
acquired using LASX software and the preset settings for GFP
and Cy5, as well as transmission.

3. Results and discussion
3.1 Synthesis of nanogel precursors

Inverse nanoprecipitation relies on fast reaction kinetics, hence
click reactions such as [3+2] cycloadditions or inverse electron
demand Diels-Alder (iEDDA) reactions can be used.’®** Here,
we chose the strain-promoted azide alkyne cycloaddition
(SPAAC) for the synthesis of the macromolecular precursors
of the nanogels (Scheme 1).

This reaction is performed without the addition of any
catalyst, and in water at room temperature.

In this process, 10% of the hydroxyl groups of a 10 kDa dPG
4 were converted in two reaction steps into azide groups
according to a well-established protocol to obtain dPG-Nj3(199,)
5.7 In order to allow for post-functionalization via amide
coupling, four azide groups of dPG-Nj(;90,) Were converted with
3-(2-(2-(prop-2-yn-1-yloxy)ethoxy)ethoxy)propanoic acid 3, in a
copper(i)-catalysed azide-alkyne cycloaddition to macromole-
cule dPG-azide-linker 6 according to a modified procedure.*®
This step leaves about ten remaining groups for the nanogel
crosslinking. Then, dPG-Nj(14,) 5 was reduced in a Staudinger
reduction with PPh; to the corresponding amine 7, which was
then decorated with bicyclo[6.1.0.]Jnon-4-yne (BCN) by using its
activated carbonate to the second macromolecule dPG-BCN 8.**
Carboxylated NGs 9 were obtained by inverse nanoprecipitation
of an aqueous precursor solution into acetone.

3.2 Nanogel synthesis and characterization

To find a method for the reproducible preparation of nanogels,
different nanoprecipitation variables such as ratio of

J. Mater. Chem. B, 2022,10, 96-106 | 99
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Scheme 1 Synthesis of the nanogel components: (a) KO'Bu, propargyl bromide, THF, 0 °C-r.t., 24 h; (b) KO'Bu, tert-butyl acrylate, THF, 0 °C-r.t., 24 h; (c)
TFA, DCM, r.t.,, 24 h; (d) NEts, mesyl chloride, DMF, 0 °C-r.t.,, 24 h; (e) NaNs, DMF, 60 °C, 3 d; (f) PPhs, THF/H,O, r.t., 24 h; (g) 3, CuSQOg4, sodium ascorbate,
THF/H,O, r.t., 3 d; (h) BCN (4-nitrophenyl) carbonate, NEts, DMF, r.t,, 4 h; (i) inverse nanoprecipitation in acetone.

macromonomers, amount of solvent and non-solvent, reaction
and quenching times were screened. Our hypothesis is that
medium-sized flexible NGs can attach to the cell surface in a
multivalent fashion. Therefore, we sought after conditions that
reliably yield NGs in a size range of 100-200 nm. Macromonomers
were dissolved separately in Milli-Q water, briefly mixed, and then
injected into acetone under vigorous stirring. The reaction was
quenched by the addition of 3-azidopropanol after 40 minutes.
The resulting nanogel sizes, PDIs and zeta potentials are
summarized in Table 1. We found that for this system, a ratio
of a slight excess (1.5:1 w/w) of dPG-BCN 8 to dPG-azide-linker 6
is favourable.

We could implement a scale-up of the nanoprecipitation and
up to 50 mg batch size, yielding NGs with a narrow size distribu-
tion. It is worth noting that all gels have a negative zeta potential,
indicating the presence of carboxylic acids on the surface of NGs
and not entangled in the polymer network (Table 1).

This facilitated surface coupling for the next steps, in which
proteins and/or antibodies need to be conjugated. The particle

Table 1 Results of different batch sizes for the nanoprecipitation method

Batch size Acetone Azidopropanol Size

(mgmL ") H,0 (mL) (mL) (ug) (d nm) PDI & (mv)
5 1 80 10 185 £2 0.16 —16 £ 1
25 5 400 50 149 £6 0.22 -13 £ 1
50 10 800 100 143 £2 0.02 —19+1
100 | J Mater. Chem. B, 2022, 10, 96-106

size and morphology of NG 9 from a 50 mg batch was
characterized by means of DLS, nanoparticle tracking analysis
(NTA), atomic force microscopy (AFM) (Fig. 1).

DLS indicated an average size of the NG of 170 nm, which
was corroborated by NTA with 155 nm. Microscopic methods
could demonstrate the globular shape of the nanogel, consisting
of crosslinked dPG macromolecules, and their narrow size
distribution. We could further confirm this by AFM measured
in soft tapping mode.

3.3 Synthesis of dye-labelled nanogel-protein conjugates

Prior to coupling of our carriers, NHS ester formation was
verified for dPG-azide-linker 6 by '"H NMR (see ESIf). We
evaluated the ability and capacity of the dPGs and NGs to bind
different biomolecules. As coupling strategy, we chose unspecific
amide coupling of the activated carboxylic acids on the NGs to
amines (either N-terminal or lysine side chains) on the proteins.
An overview of the process can be seen in Scheme 2.

The carboxylic acids on NG 9 were first converted to form
NG-NHS 10 in situ, and subsequently the model protein was
coupled to them resulting in NG-FITC-BSA 11. We established
protein coupling to the nanogels using FITC-labeled bovine
serum albumin (FITC-BSA) as a model protein as it is readily
available, inexpensive and has a similar monomeric size
compared to avidin (FITC-BSA 65 kDa and Av 67 kDa). We used
the dye label as a convenient reporter for the coupling

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Physical characterization of NG 9 from a 50 mg batch. (A) Particle size by DLS or (B) NTA; and (C) particle morphology as determined by AFM.

efficiency, as it can be followed by UV/Vis spectroscopy. Fig. 2
shows the evaluation of the coupling as well as stability of FITC-
BSA coupled to the NG scaffold by DLS and CD spectroscopy.
For the evaluation of the NG’s NHS ester formation, they were
transferred from water into DMF and DLS measurements were
performed in order to determine any size difference (Fig. 2A).

NG 9 showed no difference in size or zeta potential upon
storage for 1 year at 4 °C, indicating that they are stable under
these conditions. There seemed to be no impact concerning the
solvent either and FITC-BSA was coupled to the activated esters
in DMF in different ratios. We calculated the coupling efficiency
using a calibration curve (Fig. S1, ESIf) of the dye-labeled
protein, and determined a range between 51 and 62%. DLS
measurements showed that after work-up no free protein was
contained within the mixture and that NG-FITC-BSA 11
increased very little in size compared to the unconjugated NG
(Fig. 2B). This is further supported by the number average size
distribution (Fig. S2, ESIt). In order to analyse the structural
integrity of the protein after coupling, we performed CD spectro-
scopy of the blank NG 9, the free protein and NG-FITC-BSA
conjugate 11. The resulting curves indicate that the o-helical

O,

o o
Iinker)l\OH Iinker)LO/z?o
a)
—_—
NG9 NG-NHS 10
Avidin

NG-Av 12

Cy5-NH,

) .6. o ¢ 7 A
. linker/lLu./? * > Iinker)Lu/ ,O‘ ‘
Biotin a-CD3 2\ !

secondary structure of FITC-BSA was still intact after coupling
(Fig. 2C).*°

3.4 Functionalization via avidin

After successful coupling of the model protein, we proceeded
with using avidin (Av) for the further development of this
system as a platform for the multivalent display of biotinylated
biomolecules. We chose to couple Av to 10% of the activated
NHS esters on the nanogel and add Cy5-NH,. Addition of his
dye label will allow for localization of the carriers for the
evaluation of their performance. Fig. 3 shows the evaluation
of NG-avidin coupling by protein quantification assay, DLS, CD
spectroscopy and cryo-TEM.

In contrast to the NG-FITC-BSA evaluation, here we used Av
without any dye label. Therefore, the coupling efficiency was
evaluated by a protein quantification kit (BCA assay) (Fig. 3A)
and calculated to be in the range between 30% and 40% (for
exemplary calibration see Fig. S3, ESIt). DLS indicated that the
coupling leads to a small increase in the hydrodynamic radius
from 140 nm (NG 9) to 160 nm (NG-Av 12), but also to a broad-
ening of the size distribution after coupling. The hydrodynamic

b)

% i ® 40
g o
FITC-BSA

NG-FITC-BSA 11

d) Sz

\

Biotin a-CD28 NG-Av-Ab 13

Scheme 2 NG-protein conjugation scheme: (a) HSTU, DIPEA, DMF, r.t,, 24 h; (b) FITC-BSA, DMF/PBS, 0 °C-r.t,, 24 h; (c) avidin, Cy5-NH,, DMF/PBS, 0

°C-r.t, 24 h; (d) biotin-a-CD3/CD28, r.t., 1 h.

This journal is © The Royal Society of Chemistry 2022

J. Mater. Chem. B, 2022, 10, 96-106 | 101


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1tb02144c

Open Access Article. Published on 25 November 2021. Downloaded on 4/7/2026 4:52:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

View Article Online

Journal of Materials Chemistry B Paper
A) === NG 9 in water === NG 9 after 1 year (water) === NG 9in DMF C)
25
=20 0
c
o
S i
&15
>
3 10
2 5 20 7 —®— BSA 100 nM
- —&— NG 9 blank
0 5 A NG-FITC-BSA11
1 10 100 1000 10000 10 7
Size (d, nm) £
B) 5
= FITC-BSA == NG9 =—— NG-FITC-BSA 11 0 A
25
?, 20
g -10
g
%‘ 10
§ . -20 ' ; r : . . . : - ,
c 190 200 210 220 230 240
1 10 100 1000 10000 Wavelength (nm)
Size (d,nm)

Fig. 2 Evaluation of amide coupling of the NG scaffold to FITC-BSA: (A) DLS spectra of NG 9 in water and DMF as well as stability
measurement after 1 year in water; (B) DLS spectra of the NG 9, free FITC-BSA and their conjugate 11; (C) CD spectra of the NG 9, free FITC-BSA
and their conjugate 11.

—Free Ay ——NG9— NGAv12

B)
25
=20
@
2
@,15
2
=10
=
[
£ 5
0
1 10 100 1000 10000
Size (d, nm)
C) s | D)
6 4 —=— Av30uM
—— NG-Av 13
o4 A
O
el
Eo |
8
0 4
_2 il
-4

190 200 210 220 230 240

Wavelength [nm]

Fig. 3 Evaluation of NG-avidin coupling: (A) picture of BCA assay with free avidin and its NG- and dPG-conjugate; (B) DLS of free Av, NG 9 and NG-Av
12; (C) CD measurement of Av and NG-Av 12; (D) cryo-TEM of NG-Av 12.
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diameter of Av was determined to be around 6 nm (Fig. 3B). CD
spectroscopy revealed that the secondary structure of Av was still
intact after coupling (Fig. 3C)."” Cryo-TEM images of NG-Av 12
(Fig. 3D) show spherical particles with a rather narrow size
distribution. Just as for the measurements for the nanogel 9
(Fig. 1D), a smaller diameter as compared to DLS can be observed,
which again can be attributed to the missing hydration shell.

3.5 Evaluating the performance of Ab conjugates in T cell
activation

We first investigated whether cultured cells incubated with the
NGs would be affected in terms of their viability. For this, we
performed cell viability assays with three well-established
cell lines (HeLa, A459 and MCF-7). We could confirm the
biocompatibility of dPGs, as it has been previously described.*®
Up to the highest concentration tested (1 mg mL ™", see Fig. S4,
ESIt), we did not observe any detrimental effects of the NGs to
the cell viability of all three cell lines, supporting their safe use in
biomedical applications.

With these promising results regarding the method for
particle formation, protein coupling and cell viability at hand,
we then decided to evaluate the use of dPGs and NGs for the
display of molecules. For this, biotinylated mAbs (¢-CD3 and
a-CD28) were coupled to our platforms and T cell receptor
(TCR) activation was investigated. T cell activation can be
achieved via simultaneous ligand binding to the co-
stimulatory cell surface molecules CD3 and CD28 via mono-
clonal antibodies (mAbs). Usually, mAbs in solution fail to
trigger T cell activation on their own. Essential is either a
multivalent display on beads or crosslinking secondary anti-
bodies (polyclonal) targeting the Fc domains of the primary
antibodies.*’

First, we investigated the T cell activation by confocal laser
scanning microscopy (CLSM), using the Jurkat-NFxB-GFP
reporter cell line that expresses green fluorescent protein
(GFP) upon NFkB pathway activation. This signal pathway is
initiated as result of TCR assembly, providing a rapid and
reliable readout (Fig. 4).

Images were taken of non-treated cells as control as well as
cells incubated with NG-Av, dPG-Av, NG-Av-Ab and dPG-Av-Ab,
respectively, at a concentration of 10 ug mL ™" after 6 h. The
images show that carriers (red) clearly bind to cells and
accumulate along the cell surface for all formats. Moreover,
strong cytoplasmic GFP expression can be observed for those
carriers bearing conjugated mAbs (NG-Av-Ab and dPG-Av-Ab).
This qualitatively demonstrates the ability of our platforms
bearing both mAbs to activate T cells (as compared to carriers
with only avidin).

To complement our findings, we chose to quantify the T cell
activation via flow cytometry and compare them to conven-
tional methods for antibody crosslinking (Fig. 5). Under normal
conditions, although a single conjugated antibody could trigger
activation, a complete bulk activation will only occur if both
molecules can target one single cell at once (Fig. 5A). Activation
with PMA/Ionomycin, a conventional mix that bypasses cell
surface activation, is achieved with 12.5 ng mL~" within 6 h

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Confocal microscope images of Jurkat-GFP reporter cells treated
for 6 h with Cy5-labeled nanocarriers: NG-Av-Abs, dPG-Av-Abs, NG-Ay,
dPG-Av, and untreated cells, respectively. Green: GFP; red: Cy5.

(see Fig. S6, ESIT).”® We evaluated different conditions used
regularly in T cell activation based on mAbs o-CD3 and o-CD28.
These conditions include crosslinking antibodies, which create
CD3/CD28 clusters including the TCR. Cells were incubated
with all different formats for 6 h and subsequently analysed via
flow cytometry.

After 6 h incubation of dPG or NG conjugates bearing both
a-CD3 and o-CD28 with the cells, we see a large proportion of
the cell population to shift to higher fluorescence values in the
GFP channel compared to untreated cells, which clearly demon-
strates successful activation (Fig. 5B). Activation was possible
with carrier concentrations as low as 1 pg mL™", while the
unconjugated carriers seem to contact the cell surface but
are not competent to mediate significant pathway activation.
On the y-axis that shows fluorescence intensity in the Cy5
channel, we see a shift of the cell populations that were treated
with both the conjugated and unconjugated carriers, with the
conjugates shifting markedly to higher fluorescence values.
The shift in the fluorescence intensity of the cells treated with
the bare carriers suggests that the carriers were taken up by the
cells. The clear shift to higher GFP expression levels that can be
seen in the histograms in Fig. 5C achieved with our carriers
indicates that they outperform conventional methods based on
soluble or conjugated mAbs, especially at lower dosages. This
can be attributed to the multivalency effect. We determined the
fraction of the gated main populations that can be activated
within 6 h at a concentration of 10 pg mL ' and found
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respectively, and schematic mechanism and readout of T cell activation via GFP expression upon stimulation; (B) measurements of NG/dPG with and

without antibodies and untreated cells with staining (i.e. Cy5) vs. activation (i.

e. GFP); (C) histograms of untreated cells and after incubation with crosslinked

Abs, NG-Av Ab and dPG-Av-Ab; (D) percentage of activation of gated main population (n = 3 + SD).

activation of more than 95% of the gated cells as compared to
roughly 37% activation with the conjugated mAbs (Fig. 5D).
When taking a more detailed look on the functionalized
nanoplatforms bearing either one of the antibodies, slight
activation can also be seen for these constructs at a concen-
tration of 10 pg mL~" (Fig. S8, ESIY).

4. Conclusions

We present the synthesis of a platform for the multivalent
display of biomolecules on the surface of biocompatible polymers
in the size range of 25 and 150 nm. Macromonomers based on
dendritic polyglycerol for the NG formation were successfully
synthesized and the screening of the inverse nanoprecipitation
rendered a reproducible method at a batch size of up to 50 mg.
A 1.4 MDa dPG was functionalized in a similar fashion for
comparison. FITC-BSA was coupled to NGs as a model protein,
yielding coupling efficiencies between 51-60%, which were

104 | J Mater. Chem. B, 2022, 10, 96-106

determined by UV/vis spectroscopy. DLS showed little impact of
the conjugation on the carrier’s size. The integrity of the protein’s
secondary structure was confirmed by CD spectroscopy, indicat-
ing successful coupling and formation of a stable polymer-protein
conjugate. We chose avidin as a protein for conjugation, as it has
four binding sites for biotin, allowing for a directed conjugation of
biotinylated biomolecules to the surface of our carriers. In order
to detect the carriers themselves, an additional Cy5-NH, dye was
incorporated in a one-pot reaction. The resulting conjugates were
analysed by DLS, CD and cryo-TEM. Avidin coupling efficacy was
determined using a BCA assay, indicating a ratio between 30-
40%, and the structural integrity of the protein was confirmed by
CD. To demonstrate further functionalization, biotinylated anti-
bodies o-CD3 and a-CD28 were conjugated to dPG-Av and NG-Av,
respectively. Bioactivation by the complete carriers was demon-
strated on a Jurkat reporter cell line visualized by CLSM and
quantified by flow cytometry. We determined 95.8% and 98.8%
activation of the gated cells after incubation with 10 pg mL ™" of

This journal is © The Royal Society of Chemistry 2022
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dPG-Av-Ab and NG-Av-Ab, respectively. This shows that our
Ab-conjugated nanoplatforms perform significantly better than
standard assays applying crosslinking antibodies and at lower
dosages with 36.8% activation after incubation with 25 ug mL ™.
Due to their facile synthesis and high biocompatibility, these
polymeric nanoplatforms are promising candidates for the multi-
valent display of biotinylated compounds and their downstream
applications.
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