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Systematic Screening of Different Polyglycerin-Based
Dienophile Macromonomers for Efficient Nanogel
Formation through IEDDA Inverse Nanoprecipitation

Alexander Oehrl, Sebastian Schétz, and Rainer Haag*

Alternatives for strain-promoted azide-alkyne cycloaddition (SPAAC) chem-
istries are needed because of the employment of expensive and not easily
scalable precursors such as bicyclo[6.1.0]non-4-yne (BCN). Inverse electron
demand Diels Alder (iEDDA)-based click chemistries, using dienophiles and
tetrazines, offer a more bioorthogonal and faster toolbox, especially in the
biomedical field. Here, the straightforward synthesis of dendritic polyglycerin
dienophiles (dPG-dienophiles) and dPG-methyl-tetrazine (dPG-metTet) as
macromonomers for a fast, stable, and scalable nanogel formation by inverse
nanoprecipitation is reported. Nanogel size-influencing parameters are
screened such as macromonomer concentration and water-to-acetone ratio are
screened. dPG-norbonene and dPG-cyclopropene show fast and stable nanogel
formation in the size range of 40-200 nm and are thus used for the coprecipi-
tation of the model protein myoglobin. High encapsulation efficiencies of more
than 70% at a 5 wt% feed ratio are obtained in both cases, showing the suit-
ability of the mild gelation chemistry for the encapsulation of small proteins.

These nanogels are commonly highly
water-swollen polymer networks in the
size range of 10-1000 nm that offer a
stealth effect to any protein cargo inside,
due to their hydrophilic nature and small
and unspecific interactions with blood
proteins.1% The size of a nanogel is
typically above the renal threshold, yielding
increased circulation times for the encap-
sulated proteins. Furthermore, nanogels
only physically entrap the protein instead of
forming covalent bonds such as in the case
of PEGylation, preventing any detrimental
influence of covalent modifications.**

A variety of different methods are
available for the preparation of nanogels.
The most common preparation methods
are the mini- and microemulsion poly-
merizations of monomers or macromono-

Therapeutic protein drugs are on the rise in the treatment of
various diseases, due to their increased specificity compared to
small molecules. However, they suffer the drawback of increased
immune recognition and undergo renal clearance if their size is
below the renal threshold of 45 kDa or a hydrodynamic diam-
eter of about 5.5 nm.['2 In order to prevent the rapid clearance,
the proteins are usually covalently modified with polyethylene
glycol (PEG), also calles PEGylation, to increase their total mole-
cular weight and reduce immune recognition.3%! However,
PEG seems to be able to induce an immune response, as well as
hypersensitivity reactions in some patients.[l

Moreover, to prevent the immune recognition, therapeutic
proteins can be masked by non-covalent encapsulation in nano-
carriers such as nanogels.’17!
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mers.[>23 These methods utilize droplets

of reactive monomers in the desired size
range which are obtained by high energy input from ultrasoni-
cation in miniemulsion and large surfactant amounts in micro-
emulsions. Subsequent crosslinking of the monomers in those
templated droplets led to a dispersion of polymer beads in the
nanometer to micrometer range. However, the use of ultrasoni-
cation and surfactants has the downside of not providing mild
conditions for the in situ encapsulation of proteins and poses
problems with purification.?3-2%]

A very useful method for the preparation of hydrophobic
nanoparticles is the nanoprecipitation method, which is based on
the insolubility of certain growing polymers in a corresponding
non-solvent.l?®! For example, polystyrene (PS),?”! polylactic acid,
and copolymers of polylactic and glycolic acid (PLA/PLA-co-
PGA)12628 nanoparticles have been prepared in such a fashion.
These polymers can be used for the encapsulation of hydro-
phobic drugs. Our group reported the use of an inverse nano-
precipitation method with hydrophilic macromonomers based
on dendritic polyglycerol (dPG)."! Due to the reversal of polarity
in this method, a surfactant-free, mild, and easy to purify way of
producing nanogels is offered. Proteins were encapsulated with
high efficiency and retained their functionality upon release.

During inverse nanoprecipitation, the macromonomers form
nanoaggregates due to the diffusion of the solvent into the non-
solvent. These aggregates then must be crosslinked in order to
obtain a stable polymer network that does not break up upon
dilution with water. The type of crosslinking chemistry has
thus a very big impact on the gel formation process. Click-type
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reactions are especially suitable for this application. They are
fast and usually proceed in a quantitative fashion.*’! Copper-
catalyzed Huisgen 2 + 3 cycloaddition, for example, is based on
the reaction of organic azides with terminal organic alkynes and
has been used for the preparation of nanoparticles and nano-
gels.?”] The reactive groups are easily obtained, although the
need of copper as a catalyst is a major drawback. Copper ions
are usually hard to remove and can bind to some proteins and
therefore subject cells to oxidative stress due to the production
of reactive oxygen species, diminishing the biocompatibility of
nanogels produced in such a manner.2% Copper-free alternatives
exist, where the terminal alkyne is replaced by a strained version,
usually embedded in an eight-membered ring system.!l These
highly strained systems allow for the complete elimination of
copper, because the ring-strain release upon reaction with the
azide provides the driving force for the coupling reaction. Yet,
some major drawbacks of these strain-promoted azide—alkyne
cycloaddition (SPAAC) reactions are the high price for the pre-
cursor molecules, as well as the tedious and low-yielding syn-
thetic protocols, especially for bicyclo[6.1.0]non-4-yne (BCN).

Another common crosslinking method, the thiol-ene reac-
tion, is based on free thiols reacting with olefin derivatives.
This method has the advantage of easily accessible macromon-
omers, which makes the process scalable and comparatively
inexpensive. However, it is incompatible with proteins that con-
tain free thiols.[?

We have previously reported on nanogels, which are based
on a hydrophilic, biocompatible, and easy to functionalize dPG-
backbone.?*3" A lot of the aforementioned different linking
strategies have been used, such as CuAAC,"! thiol-ene,*>3% and
the SPAAC reaction.l’”]

Due to the drawbacks of some of these methods, the need
for newer generations of click reactions arose. One of the most
recent advances in “click chemistry” was the development
of inverse electron demand Diels-Alder (iEDDA) reactions
based on tetrazine derivatives and different dienophiles.[381]
Depending on the dienophiles and tetrazines used, the reac-
tion kinetics can be orders of magnitude faster than the cor-
responding SPAAC alternatives.*!]

IEDDA has been used as a bioorthogonal linking strategy for
fluorescent labeling of antibodies,*?) DNA-tagging,*}! and even
cell labeling. Due to the fast reaction rates, iEDDA is con-
sidered more bioorthogonal than SPAAC, as any possible side
reactions with biological systems are much slower.*’ There is
a big variety of synthetically accessible tetrazinel*! derivatives
and dienophiles. They all offer different reactivities and syn-
thetic accessibility as well as stability in aqueous solutions.[*®!
Depending on the application, one can choose the most suit-
able combination of tetrazine and dienophile.

We hypothesize that these characteristics of iEDDA reactions
are thus optimal for the substitution of SPAAC in the forma-
tion of nanogels by inverse nanoprecipitation.

We present the synthesis of new dPG-based macromono-
mers functionalized with methyl-tetrazine and different
dienophiles such as the well-known norbonene, methyl-
cyclopropene, and dihydropyran (DHP). The macromonomers
are characterized by nuclear magnetic resonane (NMR) and
dynamic light scattering (DLS) and tested regarding their ability
to form macrogels, as well as stable nanogels during inverse
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nanoprecipitation in acetone. The most promising macromono-
mers dPG-norbonene and dPG-cyclopropene are used for the
in situ coprecipitation of the small protein myoglobin (17 kDa)
and show very good encapsulation efficiencies up to 93%. The
fast and efficient synthetic route to dPG-norbonene and dPG-
metTet, as well as the stable and scalable nanogels that are
obtained from them, while avoiding the drawbacks of other
crosslinking strategies makes this a possible new platform for
the bioorthogonal encapsulation of therapeutic proteins.

The success of a nanocarrier depends on its key physical
properties, such as the nature of the material that it is made
of (e.g., functional groups), hydrophilicity/hydrophobicity bal-
ance, and the size, as well as the synthetic accessibility of the
respective crosslinkers. We chose, for the purpose of a high
biocompatibility and ease of functionalization, the already
well known dPG.B3344748] Dye to its large amount of terminal
hydroxyl groups, it is highly hydrophilic and easy to function-
alize without losing its hydrophilicity upon a low degree of
functionalization. The polymer itself can be synthesized in kilo-
gram scale which makes it a very suitable candidate as a mac-
romonomer for nanogel synthesis.

We chose the inverse nanoprecipitation method for the for-
mation of the nanogel network as no surfactant is needed and
thus a mild encapsulation of proteins becomes possible. In
order to achieve a stable gel in a fast way, the iEDDA chemistry
was chosen as a gel crosslinking strategy due to its biorthogo-
nality and high reaction rates. However, the stability of the reac-
tive groups to reaction conditions, as well as storage conditions
is also very important for potential applications.

For our work, we therefore selected a water stable tetrazine
derivative, which still has a moderate reactivity toward dieno-
philes and can be easily attached to the dPG-core. 4-(6-Methyl-
1,2,4,5-tetrazin-3-yl)benzoic acid was thus chosen, which can be
attached via simple amide bond formation to a dPG-amine core.
As the counterpart, four different dienophiles were chosen, in
order to compare their reactivity during gel formation and the
stability of the final nanogels in terms of aggregation. As can
be seen in Scheme 1, we obtained four different dPG-dieno-
philes with approximately the same degree of functionalization
starting from a 6 kDa dPG core. The different dPG-macromon-
omers are depicted as the corresponding colored spheres.

The synthetic overview for the precursor molecules (1-5) can
be found in Scheme S1, Supporting Information.

One great advantage of using iEDDA chemistry com-
pared to strained alkyne-azide cycloaddition is the accessi-
bility of the reactive tetrazines and dienophiles. The tetrazine
precursor 4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzoic acid was
obtained according to a one-pot reaction reported in literature
in a moderate yield of 40% but can be used for functionaliza-
tion with any kind of amine and has a good stability in water
and buffer.*®l The different dienophiles were synthesized as the
reactive carbonate derivatives. In this form, they can be reacted
with any kind of amine, yielding the corresponding carbamate-
linked dienophiles. In contrast, the synthesis of BCN is quite
lengthy, with five steps and an overall yield of only 27%. In
the series of dienophiles reported here, BCN is known to be one
of the most reactive dienophiles in tetrazine click-reactions.*’!
The next one in line in terms of reactivity is the cyclopropene
derivative, which we obtained in four steps with a low overall
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Scheme 1. Synthetic overview for the different macromonomers dPG-BCN, dPG-norbonene, dPG-cyclopropene, dPG-DHP, and dPG-metTet. The fol-
lowing conditions were used: a) MsCl, NEt;, DMF, rt, overnight; b) NaN3, 60 °C, 3 d; c) PPhs, water/THF, rt, 3 d; d) 1, NEt;, DMF, rt, overnight; e) 2,
NEt;, DMF, rt, overnight; f) 3, NEt;, DMF, rt, overnight; g) 4, NEt;, DMF, rt, overnight; and h) 5, HATU, DIPEA, DMF, rt, overnight. Number of reactive

groups not representative; provided only for clarity.

yield of 19%. We chose the structural motive of bicyclo[2.2.1]
hept-5-ene-2-carbaldehyde as a precursor as it is commercially
available at a low price and was easily transformed in two steps
with a good overall yield of 84% to the reactive carbonate form
bicyclo[2.2.1]hept-5-en-2-ylmethyl  (4-nitrophenyl) carbonate.
Thus, norbonene was the most promising and well-known
dienophile candidate in terms of potential upscaling and com-
mercial use, even though it presents a relatively moderate reac-
tivity.l’” The last dienophile we tested, was based on a common
protecting group for alcohols. The (3,4-dihydro-2H-pyran-2-yl)
methanol is commercially available for a relatively low price and
is structurally related to DHP. The commercial precursor was
transformed to the activated DHP carbonate (3,4-dihydro-2H-
pyran-2-yl)methyl (4-nitrophenyl) carbonate in one step, with
a yield of 79%. This structural motif is known as a dienophile
in literature; although, the reaction rates are considerably lower
compared to the other structural motives used in this work.l*!]

With the reactive dienophiles and tetrazine in hand, the
functionalization of the polymer core, dPG-amine, was per-
formed in a straightforward fashion using the same proce-
dure for every dienophile (Scheme 1). This provided us with a
toolbox of macromonomers for the formation of nanogels. The
macromonomers were characterized by NMR, IR, and DLS, as
can be seen in the Supporting Information.

In a first screening, we used the macromonomers in the for-
mation of macroscopic hydrogels to determine the reactivity of
each type of dienophile. This was investigated by measuring
the time required for the gelation of a mixture of dPG-metTet
with the respective dPG-dienophile. As can be seen in Figure 1,
the dPG-cyclopropene was the macromonomer with the fastest
gelation time. It was followed in reactivity by dPG-norbonene.
dPG-BCN and dPG-DHP did not show any macrogel formation
even after 30 min.

Only an increased viscosity was observed for dPG-BCN.
As BCN was supposed to have the highest reaction rates,
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we expected it to have the fastest macrogel formation. We
hypothesized that, due to the fast reaction, the dPG-BCN was
quenched almost instantaneously before a network forma-
tion could happen. The lower reactivity of cyclopropene and
norbonene led to diffusion of macromonomers within the
network and thus to a stable gel formation. As expected, the
cyclopropene derivative reacted faster than the norbonene
derivative. However, both showed macrogel formation in a
reliable manner. Only dPG-DHP was too unreactive and did
not yield even an increased viscosity of the macromonomer
mix.

Subsequently, we performed the synthesis of nanogels via
inverse nanoprecipitation. The process works by fast injection
of a dilute macromonomer solution into the corresponding
non-solvent. In our case, the non-solvent for dPG-based
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Figure 1. Macrogelation for the dPG-dienophiles MM2 and MM3, n =
3. A) Gelation times of MM2 and MM3 measured in triplicate. Control
depicts the measurement setup with a small glass vial at an angle of
45° and MMS5 without crosslinker. B) Macrogel of MM2 after 30 min.
C) Macrogel of MM3 after 30 min.
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Scheme 2. Overview on nanogel formation by inverse nanoprecipitation in acetone with dPG-norbonene as an example. Linking points and structure
of dPG-polymer core are shown. Possible encapsulation of myoglobin is shown.

polymers was acetone. The schematic overview on the inverse
nanoprecipitation process can be seen in Scheme 2.

A lot of parameters can influence the outcome of the nano-
precipitation method such as macromonomer concentration,
solvent/non-solvent ratio, stirring speed, temperature, mac-
romonomer ratio, and reaction time. Usually, the size distri-
bution and polydispersity are influenced by the parameters
described above. For biomedical applications, nanogel sizes
in the range of 20-200 nm are desirable.5233 We investigated
most of these parameters for the most promising dienophile
dPG-norbonene. The gels were produced by separately dis-
solving the respective macromonomers in water and then
mixing dPG-dienophile with dPG-metTet, just prior to injection
into acetone. Depending on the experiment, different amounts
of the stock solutions were employed. The macromonomer
solutions were cooled to 4 °C in order to prevent premature
crosslinking.

Table 1. Concentration dependence of dPG-norbonene/dPG-metTet-NGs.

First, the influence of the macromonomer concentration in
water on the nanogel formation was studied. As can be seen
in Table 1, the concentration was changed between 0.5 and
5 mg mL™L

The macromonomer concentration apparently did not have a
relevant influence on the size or the polydispersity of the nano-
gels. However, for a concentration of 1 mg mL™, we observed a
disturbed gel formation, that led to very large gels with a high
polydispersity. As the macromonomer concentration in water
directly correlates with the scalability of the process, we chose
the highest concentration of 5 mg mL™! for further studies.

In order to prevent subsequent crosslinking of already
formed nanogels, an excess of one of the macromonomers was
used. The ratio of reactive groups was set to 1:1.5. dPG-metTet
exhibits a pink color, which can be used as an indicator of the
status of the reaction. For this reason, dPG-metTet was used in
shortfall to the other macromonomer to observe completion

Entry Macromonomer V(H,0): V(acetone) T, chem [Min] T, water [MiN] Z-average [nm] PDI
Ratio (A:B) C[mgmLT]

1 1:1.5 5 1:40 5 30 163 £13 0.02£0.01

2 1:1.5 25 1:40 5 30 209 + 21 0.03 £0.02

3 1:1.5 1 1:40 5 30 1528 + 801 0.6+0.1

4 1:1.5 0.5 1:40 5 30 190 +20 0.03 £0.02

A, dPG-metTet; B, dPG-norbonene; size values correspond to the mean of three individual gels.
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Table 2. Dependence of water quenching time on dPG-norbonene/dPG-metTet-NGs.

Entry Macromonomer T4, water [Min] Z-average [nm] PDI
Ratio (A:B) C[mgmLT]
1 1:1.5 5 on nd nd
2 1:1.5 5 60 194+ 6 0.07 £0.02
3 1:1.5 5 30 188+9 0.07 £0.02
4 1:1.5 5 10 136 +5 0.07 £0.01
5 1:1.5 5 5 121+4 0.06 £0.02
6 1:1.5 5 2.5 41+4 0.40£0.03
7 1:1.5 5 1 nd nd

A, dPG-metTet; B, dPG-norbonene; nd, measurement quality criteria not achieved due to very high polydispersity; V(H,0):V(acetone) = 1:40; T chem

overnight.

of the reaction. Additionally, a chemical quencher (2-(viny-
loxy)ethan-1-ol) was used in order to deactivate the remaining
methyl-tetrazine groups. The influence of the time, after which
the chemical quencher was added, on the nanogel formation is
reported in Table S2 and Figure S2, Supporting Information.

No clear trend could be seen, as the size was in the same
range for all different time points and the polydispersity index
(PDI) stayed below 0.1. Apparently, the reaction rates were so
fast for the crosslinking reaction that the chemical quencher did
not have an influence on the nanogel formation, whatsoever.
Aggregation of already formed nanogels was also not an issue,
as even without the addition of a chemical quencher, the gels
stayed stable and maintained their size (Table S2, Supporting
Information, entry 1). In order to assure that no crosslinking
would happen, we chose to add the chemical quencher anyway
and used 10 min as the delay time for its addition.

Due to the stability of the system, which gave in most of the
cases, reproducibly nanogels in the size range of 180-200 nm,
we wanted to see if it is possible to influence the particle size
while still maintaining a good PDI. As the crosslinking seemed
to be almost complete after 10 min, we tried to physically quench
the nanogel formation after defined time spans. Water was added
to decrease the local macromonomer concentration and to break
up any preformed aggregates that did not crosslink yet. As can
be seen in Table 2 and Figure 2, the nanogel size was not really
affected after roughly 30 min. If the gels were not quenched at
all, then complete precipitation occurred overnight (Table 2, entry
1). For quenching times of 60 and 30 min, there was no differ-
ence in nanogel size. However, quenching after 10 and 5 min
showed a significant reduction in nanogel size while still main-
taining a low PDI value of less than 0.1. Quenching at 1 and

2.5 min nanogel formation was severely hampered. Only small
aggregates of around 40 nm were observed in DLS (vol%) for a
reaction time of 2.5 min, whereas no reliable measurement could
be obtained for a reaction time of 1 min. This trend of smaller
particles after short reaction times can be explained with the
dissolution of non-crosslinked aggregates. Figure 3 shows the
overall trend between water quenching time and nanogel size.
Due to the fast reaction rates the size distribution quickly
reached saturation. Therefore, there is only a small time
window to influence the size of the nanogels towards smaller

values.
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=10 min; on =

Another way to control the size of nanogels is to change the
ratio of solvent to non-solvent. The right ratio depends on the
actual solubility of the macromonomers in each solvent. For
extremely high ratios of solvent to non-solvent, there will not
be nanogel formation anymore as the macromonomers do
not aggregate in very low amounts of the non-solvent. As the
ratio decreases, the macromonomers can aggregate due to their
decreasing solubility in the mixture of solvent and non-solvent.

The effect of several ratios of solvent and non-solvent,
ranging from 1:20 to 1:200, are reported in Table 3.

For low ratios such as 1:200 to 1:80, the nanogel formation
was strongly disturbed, leading to precipitation. Meaningful
size values could not be determined, because the measurement
quality was not achieved in DLS. Ratios of 1:60 to 1:20, how-
ever, were suitable for nanogel formation, with higher ratios
leading to smaller nanogels. The polydispersity of the gels was
in all cases below 0.1, which suggested a stable gel formation
for such high ratios of solvent to non-solvent. This was a very
promising result, as the main drawback of the inverse nano-
precipitation method is that very high amounts of non-solvent
are needed for the preparation of relatively small amounts of
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Figure 2. Dependency of nanogel size on water quenching time.
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Figure 3. Overview on nanogel formation behavior, synthetic accessibility, and reactivity of the different macromonomers. DLS measurement of an
exemplary gel is shown for each macromonomer, directly after synthesis and purification (black line) and after 4 to 5 months (red line). A) dPG-
norbonene NG, B) dPG-cyclopropene NG, C) dPG-BCN NG, and D) dPG-DHP + dPG-metTet.

nanogels, usually a ratio of 1:200. Obtaining stable and almost
monodisperse nanogels with a relatively high ratio of 1:20
means that the nanogel formation is scalable. For all batches,
we used 5 mg of macromonomers, as higher amounts make it
usually time consuming to remove acetone. To obtain relevant
amounts of nanogels, we wanted to confirm if the production
process is scalable to ten times the amount that is usually taken
for a gel batch. Table 4 shows the obtained nanogels for 50 mg
batches.

Gels in the size range of 100-120 nm were obtained with
PDI values below 0.1. The three gels were combined to yield
a single dispersion of nanogel in water, with an average size
distribution between the three gels and a PDI value of 0.1. This

Table 3. dPG-norbonene/dPG-metTet-NGs; water:acetone ratios.

showed that several batches could be combined without a big
increase in polydispersity. The scalability of a single batch and
the possible combination of several batches into one batch thus
holds the possibility to produce these nanogels in gram scale.
The stirring speed can also influence the nanogel forma-
tion. Table S3 and Figure S3, Supporting Information show the
effect of different stirring speeds on the size and polydisper-
sity of the nanogels. The stirring speed had no relevant influ-
ence on the size and PDI of the nanogels, although the same
volume of non-solvent was used for each stirring speed. Thus,
the highest stirring speeds were used for all the experiments.
The other combinations of macromonomers were then
studied. Starting with the lowest reactivity, dPG-DHP was

Entry Macromonomer V(H,0): V(acetone) Z-average [nm] PDI
Ratio (A:B) C[mgmLT

1 1:1.5 5 1:200 nd nd
1:1.5 5 1:150 nd nd

3 1:1.5 5 1:100 nd nd

4 1:1.5 5 1:80 nd nd

5 1:1.5 5 1:60 233+10 0.06 £0.01

6 1:1.5 5 1:40 165+7 0.06 +0.01

7 1:1.5 5 1:20 110+ 4 0.09 +£0.01

A, dPG-metTet; B, dPG-norbonene; nd, measurement quality criteria not achieved due to very high polydispersity; T chem =10 min and T yater = 30 min.
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Table 4. Nanogel formation of dPG-norbonene/dPG-metTet (50 mg batch size).

Entry Macromonomer Z-average [nm] PDI
Ratio (A:B) C[mgmL™]

1 1:1.5 5 1221 0.07 £0.01

2 1:1.5 5 129+2 0.07 £0.01

3 1:1.5 5 104£2 0.07 +£0.01

Avg. 1:1.5 5 18£11 0.07 +£0.01

A, dPG-metTet; B, dPG-norbonene; V(H,0):V(acetone) = 1:40; Ty chem = 5 min; and T, yater = 30 min.

tested regarding its ability to form nanogels. As already shown,
the macrogel experiments did not yield any gel after extended
periods of time for dPG-DHP. Even after a reaction time of
18 h, only the non-crosslinked macromonomers could be
seen by DLS (Figure 3). This showed that the reactivity of the
DHP moiety was far too low for a nanogel formation. Thus,
we decided to not investigate the dPG-DHP macromonomer
further as useful time spans for gel formation could not be
achieved.

dPG-BCN showed a delayed and incomplete gelation during
macrogel formation. As can be seen in Tables S4 and S5, Sup-
porting Information, the optimal conditions for nanogel forma-
tion, which were observed for dPG-norbonene, were also tested
for dPG-BCN. The nanogel formation leads almost in all cases
to big aggregates with high polydispersities, which are also not
dependent on the preparation conditions. No reproducibility
could be observed under the tested conditions, as size values
scattered from 100 to 2000 nm, with PDI values between 0.2
and 0.8. We assumed that the high reactivity of BCN led to pre-
mature crosslinking and further crosslinking of the nanoaggre-
gates that formed during the inverse nanoprecipitation. This
resulted in a very fast growth of bigger and bigger aggregates.
This might explain the big and polydisperse gels we observed
with this macromonomer.

The last macromonomer that was tested was dPG-cyclopro-
pene. The cyclopropene moiety is rather small compared to the
alternatives presented in this work and in literature. In general,
it does not have as big of an influence on hydrophilicity as dien-
ophiles, such as BCN. Moreover, the reactivity toward tetrazine
derivatives is also reported to be moderately high.’* However,
the synthesis reported in literature is quite lengthy. Hence, it
could be an alternative to norbonene, in cases where very small
and less hydrophobic crosslinkers are needed, despite the draw-
back of low scalability. As for the other macromonomers, dif-
ferent conditions were tested, which are summarized in Table
S6, Supporting Information. dPG-cyclopropene, as well as dPG-
norbonene, showed stable nanogel formation in the size range
of 70-120 nm. This macromonomer also yielded nanogels with
very low polydispersity indices of below 0.1.

Zeta potential measurements (Figure S4, Supporting Infor-
mation) showed that all gels had a close to neutral surface
charge. dPG-norbonene and dPG-cyclopropene nanogels were
slightly positively charged and dPG-BCN nanogels slightly neg-
atively charged.

A summary of the nanogel formation process for the dif-
ferent macromonomers is described in Figure 3 and the
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corresponding NTA measurements can be found in Figure S5,
Supporting Information.

Of all the dienophiles, dPG-norbonene and dPG-cyclopro-
pene showed reliably nanogel formation in the biologically rel-
evant size range of below 100-200 nm. The most influencing
parameters on nanogel size and polydispersity were water to
acetone ratio and the water quenching time Tyt dPG-nor-
bonene, however, is by far the most promising candidate for the
easy upscaling and robust application, due to the straightfor-
ward synthesis of the precursors and the stable and monodis-
perse nanogels which can be obtained.

Due to their stable and reproducible nanogel formation,
dPG-norbonene and dPG-cyclopropene were used in copre-
cipitation experiments with the protein myoglobin. During the
mild coprecipitation, the protein was first physically encapsu-
lated by the formation of nanoaggregates in the acetone phase.
This polyglycerol shell around the protein protects it from the
organic solvent and provides, due to the many hydroxyl groups,
an almost natural environment to it. As the aggregates of poly-
glycerol macromonomers start to crosslink, the protein stays
physically entrapped in the growing polymer network and dif-
fusion gets ever more hindered. Due to the very mild reaction
conditions of iEDDA and the absence of surfactants, high tem-
perature and radicals, the sensitive protein cargo is very likely
to be intact after nanogel formation.

Myoglobin, a small 17 kDa protein which is mostly respon-
sible for oxygen transport within muscle tissue, was used as an
inexpensive and abundant model protein for coprecipitation.
We tested two different myoglobin feed ratios, a higher 5 wt%
and lower 2.5 wt% of myoglobin compared to macromonomer.
Tables S7 and S8, Supporting Information summarize the con-
ditions we used and the nanogel sizes and polydispersity values
that were obtained for dPG-norbonene and dPG-cyclopropene
macromonomers, respectively.

The addition of a protein to the system changes the aggre-
gation behavior during inverse mnanoprecipitation signifi-
cantly. The sizes of the nanogels at least doubled compared
to the same conditions without protein (Figure 4A). However,
the polydispersity indices of the formed nanogels, stayed low
(below 0.1).

The determination of protein concentration within the gels
was performed by a bicinchoninic acid (BCA) assay using
bovine serum albumin (BSA) and myoglobin standard curves
(Figures S6 and S7, Supporting Information). The total amount
of protein was determined by multiplying the concentration
of protein, determined in the BCA assay, by the total volume

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Influence of coprecipitation of myoglobin on nanogel size for dPG-norbonene and dPG-cyclopropene nanogels at 5 wt% myoglobin feed.
A) left: DLS data for a dPG-norbonene-NG without (black line) and with (red line) encapsulated myoglobin; right: DLS data for dPG-cyclopropene-NG
without (black line) and with (red line) encapsulated myoglobin. B) Encapsulation efficiency at 5 wt% feed of myoglobin in dPG-norbonene and dPG-
cyclopropene nanogels. dPG-norbonene without dPG-tetrazine was used as a control, n = 3.

of the individual gel dispersions and then divided by the feed
amount of protein. The results can be seen in Figure 4.

Both dPG-norbonene as well as dPG-cyclopropene nano-
gels could encapsulate myoglobin with a very high encapsu-
lation efficiency of 75-93% at 5 wt% feed. The control shows
only dPG-norbonene without dPG-metTet as crosslinker. The
control sample was treated in the same way as the other sam-
ples, however, as no crosslinker was present, no gel formation
was expected. Thus, no protein should have been present after
centrifugal filtration. As confirmation, almost no protein was
observed in the control experiments.

The results clearly showed, that the nanogels, which
were formed through iEDDA click chemistry, especially the
dPG-norbonene-based NGs, could efficiently encapsulate
myoglobin.

We have shown the synthesis of different amine-reactive
dienophiles as a toolbox for the functionalization of dPG-
amine. The activated carbonates of norbonene, BCN, cyclo-
propene, and DHP were synthesized. The corresponding
carbamate-linked dPG-dienophiles were obtained by a stand-
ardized procedure. The macromonomers dPG-norbonene
and dPG-cyclopropene showed a fast macrogel formation
within 12 min and nanogels in the size range of 40-200 nm
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were obtained with excellent polydispersity indices of 0.1 and
below. dPG-norbonene-based nanogels were reproducibly
synthesized under a wide range of conditions and showed
batch scalability to at least 50 mg per batch. Combination of
different batches yielded gels that retained the low polydis-
persity of the individual batches. dPG-BCN and dPG-DHP
showed non-reproducible or no gel formation at all, respec-
tively. In case of dPG-BCN, the reason was probably due to
very high reaction rates and thus premature cross-linking
and, in the case of dPG-DHP, a very low reactivity and hence,
no crosslinking at all.

Coprecipitation of myoglobin (17 kDa) showed excel-
lent encapsulation efficiencies of up to 93% for nano-
gels made from dPG-norbonene and dPG-cyclopropene,
respectively.

All in all, dPG-norbonene is the most promising candidate
for nanogel formation with dPG-metTet, within the series of
dienophile macromonomers presented in this work, in terms
of synthetic access to the precursors, scalability, and reproduci-
bility of the system. Thus, the goal for future studies will be the
preparation of responsive nanogels based on dPG-norbonene/
dPG-metTet for the triggered degradation and release of thera-
peutic proteins.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Experimental Section

Materials: The solvents n-pentane, ethyl acetate, and diethyl ether
were obtained from the technically pure solvents by distillation before
use. DCM and acetone (HPLC grade) were used without further
purification. Dry DCM and THF were taken from a SPS-800 type
MBRAUN solvent drying system. Dry methanol and DMF were acquired
from Acros and Fischer Chemical. All other chemicals and deuterated
solvents were purchased from Sigma Aldrich, Merck, Acros, and Fisher
Chemicals and were used as reagent grade without further purification.
Qualitative thin layer chromatography (TLC) was performed on silica gel-
coated aluminum plates serving as stationary phase (silica gel 60 F254
from Macherey-Nagel). The analytes were identified by irradiation of the
TLC plates with UV light (A =254 nm) or by treatment with a potassium-
permanganate-based staining reagent (100 mL deionized water, 200 mg
potassium permanganate) or anis aldehyde-based (450 mL EtOH,
25.0 mL anis aldehyde, 25.0 mL conc. sulfuric acid, 8.0 mL acetic acid).
Column chromatography was performed with silica gel of the company
Macherey-Nagel (grain size 40-63 um, 230-400 mesh) as stationary
phase and the indicated eluent mixtures as mobile phase.

Analytical Methods: IR spectra were recorded on a JASCO FT/IR-4100
spectrometer. The characteristic absorption bands were given in wave
numbers. '"H NMR spectra were recorded at 300 K on Joel ECX 400
(400 MHz) and AVANCE Il (700 MHz) instruments. Chemical shifts
0 were indicated in parts per million (ppm) relative to tetramethyl
silane (0 ppm) and calibrated as an internal standard to the signal of
the incompletely deuterated solvent (CDCls: 6 = 7.26 ppm, MeOD: § =
3.31 ppm). Coupling constants | were given in Hertz. >C NMR spectra
were recorded at 300 K on AVANCE Il instruments (176 MHz). Chemical
shifts & were given in ppm relative to tetramethyl silane (0 ppm) and
calibrated as an internal standard to the signal of the incompletely
deuterated solvent (CDCl;: 6 = 77.16 ppm, MeOD: & = 49 ppm).
Coupling constants | were given in Hertz. The spectra were decoupled
from proton broadband. DLS and Zeta potential were measured on a
Malvern zeta-sizer nano ZS 90 with He—Ne laser (A = 532 nm) at 173°
backscatter and automated attenuation at 25 °C. Three measurements
were performed per sample with between 10 and 16 individual
measurements, yielding a mean size value plus standard deviation.
Sample concentration was kept at 1 mg mL™". GPC was performed on
an Agilent 1100 at 5 mg mL™" using a pullulan standard, 0.1 m NaNO3
solution as eluent, and a PSS Suprema column 10 um with a flow rate of
1 mL min~". Signals were detected with an RI detector.

Precursors and Macromonomers: All air- and moisture-sensitive
reactions were carried out in flasks in an inert atmosphere (argon)
using conventional Schlenk techniques. Reagents and solvents were
added via argon rinsed disposable syringes. Solids were added in argon
counterflow or in solution.

The synthesis of the literature known precursors is described in the
Supporting Information, showing the modified procedures.

Bicyclo[2.2. T]hept-5-en-2-ylmethyl ~ (4-nitrophenyl) Carbonate (7): In
a dried 500 mL Schlenk flask, bicyclo[2.2.1]hept-5-en-2-ylmethanol
(2.5 g, 20 mmol) and pyridine (4 mL, 50 mmol) were dissolved in dry
DCM (235 mL) under an argon atmosphere and stirred for 5 min.
Then, 4-nitrophenyl chloroformate (6 g, 30 mmol) was added and the
reaction was stirred at room temperature for 90 min. After quenching
with 200 mL of saturated ammonium chloride solution, the water
phase was extracted three times with 100 mL DCM each. The organic
phases were united and dried over sodium sulfate and the solvent was
removed under reduced pressure. The raw product was purified with
column chromatography using silica and pentane:EtOAc as solvent
system (10:1; Rg= 0.6 in pentane:EtOAc 10:1). The product was obtained
as a colorless solid and stored in the freezer (5.5 g, 87%). '"H NMR
(700 MHz, CD;0D): §8.27 (m, 2 H, aryl), 7.43-7.34 (m, 2 H), 6.22-5.98
(m, 2 H, RTHC = CHR?), 4.36-3.86 (m, 2 H, RCH,OCO,R), 2.96-2.80
(m, 2 H, bridgehead-H), 2.57-2.46 (m, 1 H, R®*R*CHCH,OR®), 1.94-0.58
(m, 4 H, bridge-H atoms + R®CH,CR’CH,OR®). 3C NMR (176 MHz,
CD;0D): § 157.3, 154.1, 146.9, 139.0, 138.2, 137.3, 133.1, 126.3, 123.4,
74.4,73.8,50.5, 45.9, 45.2, 44.9, 43.6, 42.9, 39.4, 39.1, 30.4, 29.8.
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General Procedure for dPG-Dienophiles: All dPG-dienophiles were
synthesized according to the same general procedure. As an example,
dPG-norbonene is described in detail.

dPG-Norboneneg, (MM2): In a 50 mL Schlenk flask, dry DMF
(15 mL) was added to a methanolic solution of dPG-amine (22.22 mL,
0.09 g mL™"). Methanol was removed under reduced pressure, fresh dry
DMF (15 mL) was added, the solution was constricted under reduced
pressure to 25 mL and Et;N (0.82 g, 8.11 mmol, 1.12 mL) was added.
Bicyclo[2.2.1]hept-5-en-2-yImethyl (4-nitrophenyl) carbonate (0.94 g,
2.97 mmol) (or other activated carbonate of dienophile) was dissolved
in DMF (10 mL) and the solution was added dropwise via syringe to
the dPG-amine solution. The resulting reaction mixture was stirred at
room temperature overnight. The crude product was dialyzed against
a mixture of water and acetone (1:1) for 3 days and methanol for 2
days (MWCO = 1 kDa). The product was obtained as a slightly yellow
methanolic solution (9% functionalization, 83%). '"H NMR (700 MHz,
CD;0D, §): 6.25-6.21 (m, 1 H, H-olefin), 6.05-6.00 (m, 1 H, H-olefin),
3.98-3.48 (dPG-backbone), 2.98-2.92 (m, 1 H, H-bridgehead), 2.89-2.84
(m, 1 H, H-bridgehead), 2.49-2.42 (m, 1 H, H-bridgehead), 1.94-1.88
(m, 1 H, H-bridge), 1.51-1.47 (m, 1 H, H-bridge), 1.37-1.32 (m, 1 H,
H-bridge), 0.64-0.59 (m, 1 H, H-ring). 3C NMR (176 MHz, CD;0D, §):
159.3, 138.6, 138.0, 137.4, 133.3, 81.4, 79.9, 74.0, 72.6, 72.4, 72.24, 70.7,
69.4, 64.4, 62.8, 50.4, 49.9, 45.1, 44.9, 43.5, 42.8, 39.8, 39.5, 30.5, 29.9.
IR (ATR): v = 3364, 2910, 2871, 1697, 1540, 1418, 1457, 1418, 1327,
1254, 1107, 1076 cm™.

dPG-BCN; 5, (MMT): dPG-BCN was synthesized according to a
literature protocol. dPG-amine (22.22 mL, 0.09 g mL™"); Et;N (0.82 g,
8.11 mmol, 1.12 mL); BCN (0.94 g, 2.97 mmol). The product was
obtained as a yellow methanolic solution (7.5% functionalization,
85%). '"H NMR (700 MHz, CD;OD, §): 4.22-3.35 (dPG-backbone),
2.47-2.12 (m, 4 H, H-vinyl), 1.72-1.32 (m, 4 H, H-ring), 1.04-0.93 (m,
1 H, H-cyclopropane), 0.85-0.71 (m, 2 H, H-cyclopropane). '3C NMR
(176 MHz, CD;0D, 9): 99.7, 81.5, 80.0, 74.0, 73.1, 72.6, 72.3, 72.3, 71.0,
70.7, 64.5, 64.4, 63.0, 34.5, 30.3, 25.1, 24.2, 22.1, 21.4. IR (ATR): v =
3379, 2915, 2873, 1696, 1614 1517, 1457, 1394, 1304, 1244, 1078, 934
cm™

dPG-Cyclopropenegs, (MM3): dPG-amine (5.55 mL, 0.09 g mL™);
Et;N (0.21 g, 2.03 mmol, 0.28 mL); (2-methylcycloprop-2-en-1-yl)methyl
2-(4-nitrophenyl)acetate (0.22 g, 0.88 mmol). The product was obtained
as a colorless methanolic solution (8% functionalization, 85%). 'H
NMR (700 MHz, CD;0D, 8): 6.76-6.69 (m, 1 H, H-olefin), 3.97-3.46 (m,
dPG-backbone), 2.25-2.15 (m, 3 H, methyl), 1.73-1.63 (m, 1 H, H-ring).
13C NMR (176 MHz, CD;0D, §): 122.2, 103.1, 81.5, 79.9, 74.0, 73.4,
72.5, 72.2, 70.9, 70.7, 64.5, 64.4, 62.8, 18.4, 11.8. IR (ATR): Vv = 3374,
2912, 2876, 1697, 1541, 1457, 1325, 1259, 1110, 1080, 874, 848 cm™'. EA
(C72H136N043): cale. C (50.34%), found C (50.36%); calc. N (1.63%),
found N (2.45%); calc. H (7.98%), found (7.96%).

dPG-DHP 5, (MM4): dPG-amine (5.55 mL, 0.09 g mL™); Et;N (0.15 g,
1.52 mmol, 0.21 mL); (3,4-dihydro-2H-pyran-2-yl)methyl (4-nitrophenyl)
carbonate (0.16 g, 0.56 mmol). The product was obtained as a colorless
methanolic solution (9% functionalization, 82%). '"H NMR (700 MHz,
CD;0D, &): 6.41-6.34 (m, 1 H, R'THC = CHOR?), 4.78-4.72 (m, 1 H,
R3OHC = CHR'), 4.22-4.13 (m, 2 H, R*OCHR®R®), 4.07-3.44 (dPGC-
backbone), 2.19-1.96 (m, 2 H, H-ring), 1.96-1.67 (m, 2 H, H-ring). 3C
NMR (176 MHz, CD;0OD, §): 101.8, 101.7, 81.7, 81.5, 79.9, 74.5, 74.0,
73.0, 72.5, 72.3, 71.0, 71.0, 70.7, 67.8, 64.5, 64.4, 62.7, 49.9, 25.3, 20.2.
IR (ATR): V = 3384, 2913, 2874, 1701, 1650, 1541, 1457, 1418, 1329,
1240, 1111, 1070 cm™". EA (Cy26H1366N200435): calc. C (50.30%), found
C (48.86%); calc. N (1.62%), found (2.18%); calc. H (7.94%), found H
(8.47%).

dPG-metTets sy, (MMS5): In a 250 mL Schlenk flask, dry DMF
(50 mL) was added to a methanolic solution of dPG-amine (44.44 mL,
0.09 g mL™"). Methanol was removed under reduced pressure, fresh
dry DMF (50 mL) was added, and the solution was constricted under
reduced pressure to 75 mL. The 4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzoic
acid (0.89 g, 4.05 mmol), EDC-HCI (1.04 g, 5.41 mmol), HOBT (0.73 g,
5.41 mmol), and DIPEA (1.05 g, 5.41 mmol, 1.38 mL) were dissolved in
dry DMF (50 mL) and the solution was added dropwise via syringe to the
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dPG-amine solution. The resulting reaction mixture was stirred at room
temperature overnight. The crude product was dialyzed against DMF
for 4 days and methanol for 4 days (MWCO = 1 kDa). The product was
obtained as a red methanolic solution (6.5% functionalization, 85%). 'H
NMR (700 MHz, CD;0D, §): 8.69-8.53 (m, 2 H, H-aryl), 8.12-7.98 (m,
2 H, H-aryl), 4.05-3.48 (m, dPG-backbone), 3.10 (s, 3 H, methyl-H).*C
NMR (CD;OD, 176 MHz, ): 169.4, 169.2, 164.8, 139.1, 136.3, 129.4,
128.9, 81.7, 81.4, 80.2, 79.8, 74.0, 73.0, 72.5, 72.2, 71.0, 70.7, 70.3, 64.5,
64.4, 62.8. IR (ATR): V = 3348, 2871, 1644, 1548, 1456, 1404, 1364, 1327,
1305, 1258, 1070, 931 cm™".

Macrogel Formation: The time required for the gelation of a mixture of
dPG-metTet with the respective dPG-dienophile was measured. For each
experiment, 50 UL of macromonomer solution was used (20 pL of dPG-
metTet + 30 uL of dPG-dienophile) at a concentration of 200 mg mL™".
The mixture was added to a small glass vial and after defined time
spans, the vial was tilted at an angle of 45° to see if the mixture started
to gelate. This was confirmed by the inability of the gels to flow down the
glass vial. For samples that did not gelate even after 30 min, the time it
took for the macromonomer mixture to flow from the top of the vial to
the bottom of the vial was measured and compared to just dPG-metTet
solution.

Nanogel Formation: General Procedure—The ratios of macromonomer
A (dPG-metTet) to macromonomer B (dPG-dienophile) were set to 1:1.5.
Acetone was utilized as the non-solvent. Parameters such as solvent
to non-solvent ratio (1:10-1:200), macromonomer concentration in
water (0.5-7.5 mg mL™"), stirring speed (300-1200 rpm), chemical
quenching time Tqchem (0—c0 min), and water quenching time T ater
(0-120 min) were varied. As an example, a general procedure for one set
of parameters is described below.

Macromonomers A and B were stored as stock-solutions in water. An
aliquot was taken and separately diluted with water to a final volume
of 1 mL. For this, 15 uL of macromonomer A were diluted with 485 uL
water and 22.5 uL of macromonomer B with 477.5 pL water. Both
solutions were cooled in an ice bath to 4 °C. Macromonomer A solution
was added fast to solution B and shortly vortexed for 5 s. Then, the
mixed solution was added very fast via syringe to a glass vial containing
magnetically stirred acetone (40 mL) at 1200 rpm. The turbid dispersion
was stirred for another 2 s and then kept still for 10 min. The reaction
was then quenched by the addition of 20 uL of 2-(vinyloxy)ethan-
1-ol. Water (1/3 of acetone) was added after 30 min and the acetone
was removed under reduced pressure. Purification was performed by
centrifugal filtration, using a membrane with a cutoff of 300 kDa and
three consecutive washing steps with 10 mL each. Nanogels were
obtained as stable dispersions in water and characterized using DLS,
NTA, and Zeta-potential measurements.

Coprecipitation of Myoglobin: The inverse nanoprecipitation was
performed as described in the general procedure for nanogel formation.
Varying amounts of a stock solution of myoglobin were added to the dPG-
metTet macromonomer solution and thoroughly mixed. The total volume
of water was kept at 1 mL. 2.5 and 5 wt% of myoglobin were encapsulated
each for dPG-norbonene- and dPG-cyclopropene-NGs (n = 3). The gels
were purified by centrifugation filtration, using filters with a molecular
weight cutoff of 1 MDa at 234 rcf. The gel volume was reduced to 1 mL
and fresh PBS buffer solution was added (10 mL). Then, the volume was
reduced to 1 mL again and the whole process was repeated three times to
ensure the complete removal of the nonencapsulated protein.

Protein Content Determination Assay: A standard Pierce BCA assay
kit was used for the determination of protein content within the
nanogels. 25 uL of the purified nanogels were added to a 96-well plate.
Then, 200 pL of working reagent was added to each well and the plate
was shaken for 30 s on a plate shaker. The plate was then incubated
at 37 °C for 1 h. After cooling to room temperature, the absorbance
was measured at 562 nm on a plate reader. Samples were recorded in
triplicates and for three independent gels of the same type. Calibration
curves were prepared for a dilution series of albumin and myoglobin
in the range of 0-750 pg mL™". Concentrations of myoglobin in the
samples were determined via the fitted standard curves of myoglobin
(Figure S6, Supporting Information).
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