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Introduction

Dual-reactive nanogels for orthogonal
functionalization of hydrophilic shell and
amphiphilic networkf

Alexandra Gruber, Lucila Navarro and Daniel Klinger (2 *

Amphiphilic nanogels (NGs) combine a soft, water-swollen hydrogel matrix with internal hydrophobic
domains. While these domains can encapsulate hydrophobic cargoes, the amphiphilic particle surface
can reduce colloidal stability and/or limit biological half-life. Therefore, a functional hydrophilic shell is
needed to shield the amphiphilic network and tune interactions with biological systems. To adjust core
and shell properties independently, we developed a synthetic strategy that uses preformed dual-reactive
nanogels. In a first step, emulsion copolymerization of pentafluorophenyl methacrylate (PFPMA) and a
reduction-cleavable crosslinker produced precursor particles for subsequent network modification.
Orthogonal shell reactivity was installed by using an amphiphilic block copolymer (BCP) surfactant
during this particle preparation step. Here, the hydrophilic block poly(polyethylene glycol methyl ether
methacrylate) (PPEGMA) contains a reactive alkyne end group for successive functionalization. The
hydrophobic block (P(PFPMA-co-MAPMA) contains random methacryl-amido propyl methacrylamide
(MAPMA) units to covalently attach the surfactant to the growing PPFPMA network. In the second step,
orthogonal modification of the core and shell was demonstrated. Network functionalization with
combinations of hydrophilic (acidic, neutral, or basic) and hydrophobic (cholesterol) groups gave a
library of pH- and redox-sensitive amphiphilic NGs. Stimuli-responsive properties were demonstrated by
pH-dependent swelling and reduction-induced degradation via dynamic light scattering. Subsequently,
copper-catalyzed azide—alkyne cycloaddition was used to attach azide-modified rhodamine as model
compound to the shell (followed by UV-Vis). Overall, this strategy provides a versatile platform to
develop multi-functional amphiphilic nanogels as carriers for hydrophobic cargoes.

(PPFPMA) precursor nanogels. Transferring the concept of

post-polymerization functionalization from linear polymers®™°

to crosslinked NG networks,*'*™** allows the preparation of NG

Hydrophilic nanogels (NGs) are swollen crosslinked polymer
nanoparticles that are promising nanocarriers in next genera-
tion therapeutics."* However, due to their overall hydrophilic
nature, such NGs are limited in their ability to efficiently
encapsulate and deliver hydrophobic drugs. Thus, amphiphilic
NGs with a hydrophilic polymer matrix and embedded hydro-
phobic groups are emerging to expand the therapeutic
potential of conventional NGs.>”

To address the challenging synthesis of such amphiphilic
colloids (i.e., combine groups of opposing solubility in a single
colloidal system) we have recently developed a versatile approach
that uses reactive poly(pentafluorophenyl methacrylate)
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libraries with varying hydrophobicity but similar colloidal
features.’® In this strategy, the internal reactive network of
precursor particles is functionalized with different mixtures of
hydrophilic and hydrophobic moieties.® This approach results in
amphiphilic NGs containing crosslinked copolymer networks
with randomly distributed hydrophilic and hydrophobic side
groups. Small angle X-ray scattering (SAXS) on these NGs
revealed that the hydrophobic groups phase segregate into
hydrophobic nanodomains within a hydrophilic polymer
matrix."* While these domains enable the efficient loading and
sustained release of hydrophobic cargoes,® the amphiphilic
character of the network is not restricted to the interior of the
NGs but also displays on their surface.'> This can lead to
undesired effects such as particle aggregation or the formation
of specific protein coronas that determine the nanogels’
interaction with surrounding (biological) systems and can
reduce their biological half-life.">™” Therefore, shielding the
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amphiphilic structure with a hydrophilic shell is needed to
enhance the potential of such colloidal structures for advanced
delivery applications. A common strategy to address this need is
the coating with hydrophilic macromolecules, e.g., polyethylene
glycol (PEG) as the gold standard. This process, also known as
PEGylation, has been shown to reduce the uptake by macro-
phages, thus increasing the circulation time of polymeric
nanoparticles."®'® However, PEGylation can also reduce the
desired selective interaction with targeted cells, resulting in the
so-called PEGylation dilemma.”>*' To overcome this problem,
specific targeting ligands need to be introduced to the hydro-
philic polymer shell.

Thus, an ideal amphiphilic NG contains the following ele-
ments: (1) it has an amphiphilic interior to enable loading of
hydrophobic cargoes. (2) The network needs to be stimuli-
responsive and degradable to control the release profile of
the cargo. (3) The NGs should contain a hydrophilic shell to
cloak the amphiphilic surface, thus preventing aggregation and
ultimately increasing biological half-life. (4) The NGs surface
should be functionalized with specific moieties that control the
interaction with (biological) systems.

To prepare such multi-functional systems, we have developed a
detailed synthetic design that takes the following considerations
into account (see Scheme 1): to control the interior network
functionality, we aim to expand our reactive precursor particle
approach. The utilization of cleavable disulfide-based crosslinkers
during particle preparation enables reduction-sensitive degradation/
swelling of the final nanogels. In addition, network functionali-
zation with a combination of ionic hydrophilic (acidic or basic)
and hydrophobic groups can impart pH-responsive swelling
properties. In combination with the cleavable crosslinkers, this
gives access to a library of double-responsive amphiphilic nano-
gels, i.e., pH- and reduction sensitive.

In contrast to network functionalization, the introduction
of an orthogonally reactive hydrophilic shell is much more
challenging. To address this challenge, several synthetic
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strategies are available. These include the physical adsorp-
tion of hydrophilic polymers,*** the grafting of hydrophilic
polymers (e.g., PEG) onto nanoparticles after particle forma-
tion,>*° and the introduction of hydrophilic co-monomers
(e.g., polyethylene glycol methyl ether methacrylate (PEGMA))
during particle preparation.>”*® Alternatively, we were drawn to
using reactive block copolymer (BCP) surfactants. This versatile
approach convinces with a high level of control over the covalent
hydrophilic shells since the desired properties can be pro-
grammed through the molecular design of the BCP building
block as follows (see Scheme 1):

To control the shell properties, we used an amphiphilic
block copolymer (hydrophilic-b-hydrophobic) as macromolecu-
lar surfactant. In this structure, the hydrophobic block needs to
attach to the surfactant to the final nanogels. This is realized
already during the preparation of the PPFPMA precursor particles.
Here, the BCP enables steric stabilization of the (minijemulsion
droplets consisting of hydrophobic PFPMA monomers and cross-
linkers. Consequently, the hydrophobic block of the surfactant
also consists of PPFPMA to increase the affinity to the dispersed
phase. To anchor the surfactant to the colloidal surface, the
hydrophobic PPFPMA block contains reactive groups that enable
covalent incorporation into the polymer network during particle
synthesis. Such a strategy can be realized by the surfactants
acting as macromolecular crosslinker,">** macromonomer,** or
macroinitiator.*" In our case, we introduced multiple methacry-
late groups to the surfactant’s PPFPMA block to enable copoly-
merization with the network forming monomer. In contrast, the
hydrophilic block should be water soluble and show low protein
adsorption to provide steric stabilization and increase biological
half-life. To provide these properties, we were drawn to
PPEGMA;, (poly(polyethylene glycol methyl ether methacrylate);
molecular weight of PEG side chains 500 kDa). In such a
graft polymer, the PEG side chains are water soluble polymers
that are known for the preparation of ‘stealth”-nanocarriers
due to their protein- and cell resistant properties.’®*> In addition,
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Scheme 1 Schematic representation of the synthetic platform for the preparation of functional NGs. Reactive precursor particles with a hydrophilic
reactive PPEGMA shell, that contains alkyne end groups, allow orthogonal functionalization of the interior and the surface of the precursor particles. The
alkyne groups of the reactive shell can be functionalized with azides, while the interior pentafluorophenyl groups can be reacted with functional amines

giving access to a library of NGs with different functionalities.
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the resulting hydrophilic PPEGMA;,, block also contains a reac-
tive end group for further functionalization of the nanogel
surface.*’ To enable such a modular introduction of functional
moieties to the shell, the coupling reaction must not interfere
with the modification of the reactive network in the interior of the
precursor particles. Thus, shell modification reactions need to be
orthogonal to the existing active ester chemistry. Here, we used
copper-catalyzed azide-alkyne cycloaddition (CuAAC) as versatile
functionalization strategy that allows fast and quantitative reac-
tions in aqueous media (Scheme 1). Moreover, CuAAC is well
known to be orthogonal to PFP active ester chemistry.*

Overall, this strategy allows sequential functionalization of
the reactive precursor particles’ interior (in organic solvents)
and surface (in water). This will be demonstrated by the
incorporation of responsive moieties into the network and the
determination of pH- and reduction-sensitive swelling and
degradation profiles. In addition, the functionalization of the
shell with a fluorescent model compound will serve to demon-
strate the modular nature of this approach. Focusing on the
synthetic aspects of this approach, this work shows a significant
improvement of our previously developed synthetic platform.

Results and discussion
Synthesis of reactive block copolymer surfactant

The use of functionalized block copolymer surfactants is a
versatile approach to tune colloidal surface properties, e.g.,
adjusting particle interactions with biological systems. In this
context, hydrophilic blocks are of special interest to provide
colloidal stability and control protein adsorption on hydropho-
bic particles. While PEG is still the gold standard, new poly-
meric building blocks are currently evolving as promising
alternatives, e.g., poly(phosphoester)s.>® Combining such
hydrophilic blocks with hydrophobic segments enables physical
adsorption to the hydrophobic particle surface. While these
systems provide versatility, the sole reliance on physical interac-
tions between surfactant and particle limits the stability. Thus,
covalent surfactant attachment is required to increase stability.

To fulfill the specific surfactant requirements, we synthesized
an amphiphilic block copolymer of poly(polyethylene glycol
methyl ether methacrylate-b-pentafluorophenyl methacrylate-co-
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methacrylamido propyl methacrylamide) (P(PEGMA-b-(PFPMA-
c0-MAPMA)). For the hydrophilic block PPEGMA;,, was used as
water-soluble polymer that is well-established in biomedical
applications. As hydrophobic block PPFPMA was chosen due
to its structural similarity to the forming PPFPMA network.
Partial functionalization of the PFP esters with N-(3-
aminopropyl)-methacrylamide hydrochlorid (APMA) introduces
reactive vinyl groups for the covalent attachment of the
surfactant to the polymer network during particle formation
(Scheme 2).

The controlled polymerization of the surfactant was realized via
reversible addition fragmentation transfer (RAFT) polymerization.
This method not only provides control over the polymers’ molecular
weight and molecular weight distribution, but also provides access
to a,mend group-functionalized polymers.*>® Using an alkyne-
modified CTA for the polymerization of PEGMAsq, enabled us to
install a reactive alkyne in the a-position (Scheme 2). Subsequent
chain extension with a second block of PFPMA resulted in the
respective surfactant BCP that still contains the o alkyne for
modifications of the hydrophilic shell. To avoid side reactions of
the alkyne function during the polymerization process, the reaction
was performed at a low temperature of 40 °C using 2,2’-azobis(4-
methoxy-2,4-dimethylvaleronitrile) (V70) as initiator. To ensure good
stability of (mini)emulsion droplets in an aqueous environment, the
volume of the hydrophilic block should be larger than the volume
of the hydrophobic block. Therefore, a length of 30 kDa was
targeted for the hydrophilic PPEGMA block, corresponding to a
degree of polymerization (DP) of 60 monomer units. For the
hydrophobic PPFPMA block, a molecular weight of about 10 kDa
was aimed for. This was achieved by targeting 20 kDa (DP of 79) and
controlling the conversion of the chain extension process. The
progress of polymerizations was followed by size exclusion chro-
matography (SEC) (Fig. S10, ESIt). However, accurate molecular
weight determination of block copolymers via SEC can be difficult
due to the different solubility behavior of the blocks. Therefore,
chain extension of a polymer by a second block can lead to
incoherent retention times, resulting in an apparent reduction
in molecular weight when, in fact, the opposite occurred.’”
These problems became also apparent during molecular weight
determination of the PPEGMA5n,-b-PPFPMA copolymer. Here, SEC
showed only a negligible increase of the molecular weight upon
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Scheme 2 Synthesis of a reactive block copolymer surfactant via RAFT polymerization of PEGMA followed by a second block of PPFPMA using an
alkyne-modified CTA. Partial functionalization of the PFP groups with N-(3-aminopropyl)-methacrylamide hydrochlorid (APMA) introduces methacryl-

amide groups for covalent attachment during particle formation.
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chain extension with the second block. Thus, an alternative method
was used to examine the molecular weight of the PPEGMA;,
polymer and the PPEGMA;y-b-PPFPMA copolymer. For this,
'H NMR spectroscopy with DMF as internal standard was used.
In this approach, monomer conversions were determined and
translated into the respective degrees of polymerizations. For the
polymerization of PEGMA;, a conversion of 83% was determined
which translates to a 25 kDa PPEGMA;, block (SEC: M,, 28.5 kDa,
D 1.36). The chain extension with PFPMA showed a conversion of
45%, thus the second hydrophobic PPFPMA block has a length of 9
kDa (SEC BCP: M,, 29.5 kDa, D 1.42). After successful polymerization
of both blocks, the trithiocarbonate w-end group was removed by
reaction with an excess of V70 before the APMA groups were
installed by partial post-functionalization of the PFP groups. For
this, a functionalization of 20% of the PFP groups (corresponding to
7 groups) was targeted. "H NMR evaluation showed an incorpora-
tion of 3 APMA groups. Therefore, the final composition of the BCP
surfactant is the following: P(PEGMA;y-b-(PFPMAg,-c0-MAPMA;)).

Preparation of reactive precursor particles with a hydrophilic
orthogonal reactive shell

To conjugate the functional BCP to the final nanogels, it was
used as reactive surfactant during the preparation of the
PPFPMA precursor particles. For this, two different methods
were compared: miniemulsion and emulsion polymerization of
the PFPMA monomer and crosslinker. With this, we aimed to
examine the influence of different particle preparation
methods on the resulting particle size and size distribution.

emulsion
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In our previous work, miniemulsion polymerization was
used to prepare the reactive precursor particles: Free radical
co-polymerization of PFPMA and EGDMA crosslinker occurred
in miniemulsion droplets that are stabilized by sodium dodecyl
sulfate (SDS). In this miniemulsion process, the inhibition of
net diffusion between droplets (Ostwald ripening) is achieved
by the addition of an osmotic pressure agent.***° Thus, the
droplets serve as stable ‘“nanoreactors”, which bypass nuclea-
tion and growth mechanisms. This results in an isotropic
distribution of crosslinkers in the particle network.*®*° In this
process, we now replaced the small molecule surfactant
SDS with the new double-reactive block copolymer surfactant.
This installs the hydrophilic shell during particle synthesis. The
respective miniemulsion contained the monomer PFPMA,
bis(2-methacryloyl)oxyethyl disulfide (DSDMA) (2 mol%) as
reduction-cleavable crosslinker, and V70 as oil-soluble initiator
in the dispersed phase. The continuous phase consisted of a
solution of the BCP surfactant (1 wt%) in water. Polymerization
was carried out at 40 °C for 18 hours. Resulting particles were
washed with water before their examination via dynamic light
scattering (DLS) and transmission electron microscopy (TEM).
As can be seen from the TEM images in Fig. 1 (left column),
miniemulsion polymerization using the customized surfactant
leads to spherical nanoparticles. However, statistical examination
of the particle sizes (in TEM) and DLS measurements revealed a
broad particle size distribution. Especially in comparison to
the particles prepared with the small molecule surfactant SDS
(Fig. 1, left column). This phenomenon is a typical drawback of
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Fig. 1 Comparison of particle size and size distribution of reactive precursor particles prepared via miniemulsion (first column) and emulsion
polymerization (second column) using SDS (first row) or a customized reactive surfactant (second row). Overall, emulsion polymerization results in
more defined precursor particles than miniemulsion polymerization. While the usage of SDS in emulsion polymerization results in very narrow size
distributions, also the reactive BCP surfactant during particle preparation results in well-defined particles with narrow particle size distribution as visible by
TEM images and their statical evaluation (lower inlet) and DLS curves at 90° (upper inlet).
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miniemulsions that use non-ionic steric stabilization: realizing
a narrow particle size distribution is challenging. Thus, the
utilization of tailormade block copolymer surfactants in
miniemulsion polymerizations needs to balance an enhanced
control over surface properties with a broadening of particle
size distribution. For example, size distributions similar to our
system are reported for the utilization of bi-functional block
copolymer surfactants in the preparation of nanocapsules via
miniemulsion polymerization.**

Therefore, another particle preparation technique is
required to improve the size distribution of the precursor
particles. Here we were drawn to emulsion polymerization.
Emulsion polymerization is a well-known industrially estab-
lished method for the synthesis of polymeric nanoparticles.
It is suitable for the free radical polymerization of a broad range
of water-immiscible vinyl monomers and requires water-
soluble initiators and surfactants for stabilization. In contrast
to the miniemulsion process, statistical monomer diffu-
sion represents a key step in this technique. Therefore, this
process is known for the resulting narrow particle size
distributions.*"*?

To establish a protocol for the emulsion polymerization of
PFPMA with DSDMA (2 mol%) as crosslinker, we first used SDS
as conventional ionic surfactant that provides high colloidal
stability. Using ammonium persulfate (APS) as water soluble
initiator, the emulsion polymerization was conducted at 80 °C
for 72 hours. As demonstrated by DLS and TEM, this protocol
results in monodisperse PFPMA reactive precursor particles
(Fig. 1, right column). Thus, in the next step we replaced SDS
with the reactive BCP surfactant. However, in first attempts,
these conditions resulted in disperse aggregates that show a
raspberry-like appearance (Fig. S1, ESIt). It seems like several
nanoparticles collapsed into one big aggregate.

It is assumed that this can be explained by the thermo-
responsiveness of the hydrophilic PPEGMA block in the BCP
surfactant, i.e., PPEGMA;,, exhibits a lower critical solution
temperature (LCST) of roughly 90 °C.** Since copolymerization
with the hydrophobic PFPMA block can lead to a reduction of
the LCST, we suggest that a reaction temperature of 80 °C can
cause partial collapse of the PPEGMA chains. The resulting
decrease in stabilization can cause aggregation and formation
of the observed raspberry-like particles. To circumvent the
collapse of the surfactant and the resulting aggregation of the
particles, the reaction temperature was lowered to 50 °C. As can
be seen in Fig. 1, the reduction of the reaction temperature
resulted in well-defined precursor particles with a diameter of
62 nm in their dried state (by TEM) and a hydrodynamic
diameter of 155 nm (by DLS). The size distribution of these
reactive particles is not as narrow as the one for particles
synthesized with SDS by emulsion polymerization. However,
it is significantly narrower than the size distributions that are
obtained for particles synthesized via miniemulsion polymer-
ization. Thus, emulsion polymerization of PFPMA with the
functional BCP surfactant represents a scalable synthetic
strategy to prepare well-defined reactive precursor particles
with a reactive hydrophilic shell.

2862 | Soft Matter, 2022, 18, 2858-2871
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Generation of an amphiphilic NG library via post-
functionalization of the internal PPFPMA network

Having established the synthesis of dual-reactive precursor
particles, we examined the orthogonal and sequential function-
alization of core and hydrophilic shell. Regarding the internal
functionality, a disulfide-based crosslinker was used to introduce
reduction-cleavable network points already during preparation of
the hydrophobic precursor particles. The hydrophilic/amphiphilic
network properties were then installed in a subsequent function-
alization step. Due to the hydrophobic nature of the PFPMA
monomer and the DSDMA crosslinker, this two-step approach
circumvents the challenging direct incorporation of comparable
disulfide-crosslinkers in hydrophilic networks. For example, rea-
lizing such systems through inverse (mini)emulsion polymeriza-
tions often suffers from limited emulsion stability and can lead to
broad particle size distributions.**

In addition to the crosslinker-defined network degradability,
functionalization of the reactive PPFPMA network enables the
introduction of further stimuli-responsive and amphiphilic
network properties. Such variations in nanogel properties are
traditionally realized by using different monomers in the
particle preparation step.*>*® For example, the volume phase
transition temperature of thermoresponsive nanogels can be
tuned by changing the ratio between N-isopropylacrylamide
and N-isopropylmethacrylamide monomers.*” However, this
approach involves the synthesis of a new nanogel batch for
each new network composition. This can lead to variations in
the nanogel features and limits the incorporation of our
hydrophobic cholesterol groups. Consequently, our post-
polymerization modification allows more synthetic flexibility
and ensures comparable colloidal features. For this, different
network functionalities (anionic, cationic and/or hydrophobic)
can be installed through reaction of functional amines with the
reactive PFP ester groups. With this, a library of NGs of varying
functionality but similar colloidal features such as size
distribution and crosslinking density can be obtained (see
Scheme 3). Since these features are determined by the “parent”
reactive precursor particles, the resulting high level of compar-
ability enables systematic investigation of structure-property
relations.®* 529

To demonstrate the versatility of this approach, we focused
on the preparation of a small library of multi-functional nano-
gels (Scheme 3 and Table 1). Here, by combining different
functionalities, various properties can be programmed into the
network. Overall, two sets of nanogels were prepared:

Set 1 focuses on amphiphilic nanogels by combining hydro-
philic and hydrophobic moieties in the same network. Resulting
hydrophobic nanodomains could enhance the loading of hydro-
phobic drugs.® For all NGs of this set, amine-functionalized
cholesterol (CHOLA) was used to impart the hydrophobic proper-
ties in the network. This was combined with various hydrophilic
groups. The ratio between these hydrophilic moieties and hydro-
phobic CHOLA groups was held constant at 20/80 mol-%. In
one nanogel, neutral 2-hydroxypropylamine (HPA) was used
to provide the NGs with a water swollen, biocompatible matrix,

ie., poly(N-(2-hydroxypropyl) methacrylamide) PHPMA.*®*

This journal is © The Royal Society of Chemistry 2022
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Scheme 3 Schematic representation of the synthetic platform for preparation of functional amphiphilic NGs (crosslinker fraction y = 2 mol%) with a
hydrophilic, reactive shell. Functionalizing the interior of reactive PPFPMA precursor particles with different hydrophilic moieties gives access to a library
of NGs with opposing pH response (cationic, neutral and anionic NGs). Incorporation of additional 20 mol% of hydrophobic amine-functionalized
cholesterol (CHOLA) results in amphiphilic NGs with a reactive hydrophilic shell that can be used for further functionalization.

Table1 Library of amphiphilic nanogels after post-modification with different hydrophilic and hydrophobic groups: network composition, charge type,
size, and degradability

Hydrophilic group Hydrophobic group
Sample name Type Amt.“ [mol%] Type Amt.“ [mol%] Charge type” Size‘ [nm] Degr.?
Set 1 HIS CHOLA-20 His 80 CHOLA 20 Cationic 150 Redox
PHPMA CHOLA-20 HPMA 80 CHOLA 20 Neutral 170 Redox
AMPAA CHOLA-20 AMPAA 80 CHOLA 20 Anionic 165 Redox
Set 2 HIS His 100 — — Cationic 140 Redox
PHPMA HPMA 100 — — Neutral 250 Redox
AMPAA AMPAA 100 — — Anionic 180 Redox

“ Amount with respect to the total number of groups (hydrophilic + hydrophobic) Charge at pH < pK, for His-containing samples, at pH > pK,
for AMPAA-containing samples. ¢ Size in the collapsed state: at pH > pK, for His-containing samples, at pH < pK, for AMPAA-containing samples.
? Degradabilty due to incorporation of 2 mol% DSDMA as disulfide-containing crosslinker.

In contrast, acidic or basic groups allow the introduction of total reflection Fourier-transform infrared spectroscopy
pH-responsive properties that could be used to tailor release (ATR-FTIR) as described previously (see Fig. S2, ESIt).®
properties. For this, we used a combination of CHOLA and Regarding the size and size distribution of the particles,
histamine (HIS) or CHOLA and 4-aminomethylphenylacetic acid our synthetic strategy suggests that these parameters are
(AMPAA) to prepare cationic and anionic NGs, respectively. determined by the reactive precursor particles and translate
Nanogels are denoted based on their composition as PHPMA to all NGs equally. To test this assumption, TEM images were
CHOLA-20, HIS CHOLA-20, and AMPAA CHOLA-20 (see statistically evaluated with respect to particle sizes. These
Scheme 3). studies revealed well-defined spherical structures with similar
Set 2 focuses on purely hydrophilic nanogels. Here, the size and size distributions for all NGs (Fig. S3, ESIf). In
networks are functionalized with 100 mol% of the respective addition, DLS was used to compare the size of the different
hydrophilic groups. By omitting the CHOLA functionality, these NGs to the parent precursor particles in aqueous dispersion.
NGs serve as control materials to demonstrate the influence of In this case, the pH-responsive particles were measured at pH
hydrophobic groups on the network swelling. The resulting values that ensure a collapsed state of the networks, thus
NGs are denoted as PHPMA, HIS, and AMPAA (see Scheme 3). providing better comparability to the non-swollen hydrophobic
In all NGs, the successful conversion of the pentafluorophenyl PPFPMA precursors. Consequently, DLS measurements were
esters to the respective amides was demonstrated by attenuated conducted at pH > 10 for the cationic HIS and HIS CHOLA-20,

This journal is © The Royal Society of Chemistry 2022 Soft Matter, 2022, 18, 2858-2871 | 2863
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and at pH < 4 for anionic AMPAA and AMPAA CHOLA-20 NGS.
The neutral PHPMA-based NGs were measured at pH 7.
As shown in Fig. 2, the hydrodynamic diameters of all pH-
responsive NGs do not significantly deviate from the size of the
precursor particles. For the neutral PHPMA NGs, a significantly
increased size is the result of their pH-independent hydrophi-
licity. Thus, the networks of the PHPMA NGs are measured in
their naturally swollen state while the pH-responsive NGs are
measured in their collapsed state. Even though the amphiphilic
PHPMA CHOLA-20 NGs are also swollen, the difference to the
precursor particles is not as pronounced as in their purely
hydrophilic PHPMA counterparts. We suggest that the hydro-
phobic CHOLA groups act as additional physical crosslinks in
the network and counteract NG swelling for the amphiphilic
system. As a result, the size of the amphiphilic PHPMA CHOLA-
20 NGs is comparable to the size of the precursor particles.
In general, size differences in dispersion vanish in the dried
state. Statistical evaluations of TEM images show very similar
diameters in the size range of ca. 70-80 nm for all NGs (see
Fig. S3, ESIt). These values are much lower than the DLS
diameters in aqueous dispersion (ca. 160-250 nm) due to two
reasons: First, DLS provides the hydrodynamic diameters (d},)
whereas TEM shows the “hard” geometric diameters. This
inherent difference in measuring techniques is enhanced by
the collapse of the highly hydrated hydrophilic shell
upon drying. Second, an increased size in water also includes
swelling of the networks. This effect is most pronounced in the
PHPMA samples.

The hydrated properties of the PPPEGMA shell are further
demonstrated by the colloidal stability of the particles.
Independent from their hydrophobic CHOLA-content, all NGs
show no aggregation in aqueous dispersion for at least
3 months (see Fig. S4, ESIT). Thus, PPEGMA shell hydration
contributes to a pronounced steric stabilization.

Regarding the morphology of the NGs, TEM images (Fig. S3,
ESIt) show a clear difference between the hydrophilic and the
amphiphilic NGs. While the purely hydrophilic NGs show a
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typical deformation of soft particles, the amphiphilic ones are
more defined and show less deformation. This supports our
previous findings, where phase separated hydrophobic groups
form hydrophobic nanodomains that act as additional physical
crosslinks in the NG networks. As a result, the rigidity of the
NGs increases."* This concept of combining physical and
covalent crosslinks is also well-known from the self-assembly
of amphiphilic copolymers in nanoparticles®® and hydrogels®*
and bridges the gap between soft hydrophilic NGs and hard
hydrophobic latex particles in our system.

Functionalization of the hydrophilic Shell via CuAAC

After functionalization of the NG core, the hydrophilic shell can
be modified subsequently. Utilization of end-functionalized
block copolymer surfactants is an established versatile strategy
to realize this approach. Especially dual-reactive block copolymer
surfactants are of interest to combine covalent particle anchoring
and orthogonal surface functionalization e.g., demonstrated for
the functionalization of nanocapsules.®* Similar to such reported
systems, alkyne end groups at the surface of our NG hydrophilic
shell enable CuAAC click reactions with functional azides. Since
this reaction is orthogonal to the PFP ester functionalization in
the core, this platform offers the possibility to attach a broad
variety of molecules (dyes or targeting moieties) to the shell.
As a proof of concept, the dye rhodamine-azide was attached
(Scheme 4). To optimize the reaction conditions, test reactions
were performed on the free BCP surfactant, ie.,, not bound
to a nanogel. This allows monitoring the success of the dye-
conjugation via size exclusion chromatography in combination
with an UV/VIS absorbance detector. The elugrams in Fig. 3 show
SEC traces for the coupled conjugate and the non-coupled control
(physical mixture of dye and BCP). Both samples were monitored
by a refractive index (RI) and a variable wavelength (VW) detector
at 501 nm (the adsorption maximum of rhodamine-azide).
In Fig. 3a, the trace for the coupled polymer is clearly visible in
both detectors (RI and VW), thus indicating successful attachment
of rhodamine to the BCP. To ensure that the dye is covalently

b) — HIS

— HIS CHOLA-20
PHPMA

— PHPMA CHOLA-20 f

— AMPAA ‘

— AMPAA CHOLA-20|f

Intensity

1 10 100
d, [nm]

1000

10000

Fig. 2 DLS measurements of (collapsed) NGs at an angle of 90° show similar size and size distributions as the reactive precursor particles.
(@) Comparison of the size of the NGs. Error bars represent the width of the size distribution as the standard deviation. The dashed line represents
the diameter of the reactive precursor particles and the green coloured box the respective width of the size distribution as the standard deviation. (b) DLS

curves of the NGs in their collapsed state.
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Scheme 4 Post-functionalization of the alkyne groups of the hydrophilic PPEGMA-shell via CuAAC click reaction with rhodamine-azide.

bound and not just physically attached, a negative control was
performed. Therefore, the reaction was carried out under similar
conditions without the addition of copper and ascorbic acid, thus
preventing covalent attachment of the dye. While the RI detector
shows the signal for the BCP, the VW detector lacks this signal.
This supports the covalent conjugation of rhodamine under the
optimized CuAAC conditions as seen in Fig. 3a.

After having demonstrated the successful click function-
alization on a simplified system, we transferred the synthetic
procedure to the amphiphilic NGs. For this PHPMA CHOLA-20
NGs were chosen as model system for functionalization
with rhodamine. The success of this coupling reaction was
demonstrated via fluorescence spectroscopy on the nanogel
dispersion. To rule out physical entrapment of the rhodamine,
similarly to the BCP test reactions, a negative control was
carried out (no coupling reagents). As can be seen in Fig. 4
only negligible amount of dye is entrapped in the control, thus
suggesting the covalent conjugation of rhodamine under click
conditions. In summary, these experiments provide the proof-
of-concept for the orthogonal functionalization of core and
shell in the double-reactive NGs. The simplicity and versatility

of this approach allows potential functionalization with a
variety of different compounds to control the network functionality
and tailor the interaction with (biological) materials through
respective surface modifications.

Examination of stimuli-responsive network properties

Based on the synthetic modularity of our platform, the multi-
functional properties of the nanogel library were investigated.
For this, we focused on the stimuli-responsive swelling
behavior of the NGs. In aqueous medium, the different ionic
functionalities (anionic AMPAA and cationic HIS) are expected
to govern the network swelling through their protonation/
deprotonation at different pH values. Furthermore, the
incorporation of hydrophobic CHOLA is expected to reduce
the network swelling due to hydrophobic interactions that act
as additional physical crosslinks. To investigate these proper-
ties in detail, pH-dependent swelling profiles of cationic and
anionic NGs were studied by DLS. Fig. 5 shows a clear pH-
dependent volume phase transition of the NGs. The purely
anionic AMPAA NGs show the expected transition from a
collapsed to a swollen state with increasing pH (Fig. 5a).

— Rl detector
—— VW detector

b)

—— Rl detector
—— VW detector

Control

0 5 .10 15 0 5 _ .10 15
time [min] time [min]

Fig. 3 Overlay of the elugram of P(PEGMA-b-(PFPMA-co-MAPMA) detected via refractive index (RI) and variable wavelength at 501 nm (VW) detector
proof the successful attachment of rhodamine to the reactive surfactant via CUAAC click reaction. Elugram (a) of click reaction of the reactive surfactant
with rhodamine azide an (b) of the negative control (same reaction without the addition of copper and ascorbic acid) after purification.
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Fig. 4 Fluorescence spectra of NGs functionalized with rhodamine via
CuAAC demonstrates successful coupling of the dye. To ensure covalent
attachment and not only physical entrapment, a control experiment was
performed without the addition of copper and ascorbic acid.
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With increasing pH, the deprotonation of the carboxylic acid
groups results in steric repulsion, thus leading to a swelling of
the network and a volume phase transition between pH 6 and 7.
A similar trend is visible when 20 mol% CHOLA is introduced
to the network. However, the change in volume is significantly
smaller for AMPAA CHOLA-20 NGs (3 fold) than for purely
hydrophilic AMPAA (6 fold). This agrees with a higher structural
integrity for the amphiphilic NGs as observed in the TEM
images. As mentioned above, the reduced swelling and higher
rigidity is suggested to result from the additional physical
crosslinks that are formed by self-assembled hydrophobic
domains of cholesterol in the NG network." In contrast to
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the anionic AMPAA NGs, the cationic HIS NGs exhibit
an opposite swelling profile (Fig. 5b). With decreasing pH,
protonation of the basic imidazole groups in the histamine
functionalized NGs increases network swelling (5-fold).
A volume phase transition is observed between pH 5 and 6.
Similar to the anionic NGs, incorporation of 20 mol% CHOLA
limits the magnitude of response in swelling significantly
(3-fold). Overall, these results demonstrate the successful trans-
fer of properties from the small molecules (acidic AMPAA and
basic HIS) to the NG networks via functionalization of the PFP
active esters.

In addition to the pH-responsive swelling properties, the NG
networks are also sensitive to reduction agents due to the
incorporated disulfide crosslinker (DSDMA). Cleavage of the
-S-S- bonds can be used to control the network integrity.”*"
In amphiphilic nanogel networks, crosslinker cleavage has a
complex influence on the NG size. For example, it was shown
that degradation of disulfide crosslinked amphiphilic nanogels
followed a two-step profile upon incubation with a reducing
agent.> In the first stage, the degree of swelling increased due
to the decreased crosslinking density. In the second stage, the
size decreased again due to particle fragmentation. Similar
profiles are observed in core-crosslinked BCP micelles. Here,
reductive cleavage of disulfide crosslinking points needs to be
followed by dilution below the critical micellization concen-
tration to trigger complete disintegration.>® In hydrophilic
networks, a direct decrease in size can often be observed. In
such cases, hydrophilic degradation products/fragments are
rapidly released into the medium.’® Thus, to examine the
influence of disulfide cleavage on the network properties,
turbidity measurements were performed. Such measurements
can correlate a decreasing light scattering intensity to an
increasing network swelling, ie, a reduced scattering
contrast.”” > For this, the turbidity of NG dispersions was
followed after the addition of 10 mM dithiothreitol (DTT). As
can be seen in Fig. 6, the turbidity decreases over time for the
overall hydrophilic and anionic NGs when treated with DTT in
PBS. In contrast, the turbidity of the controls (no DTT, pure
PBS) stays the same. The decrease in turbidity suggests an
increasing swelling (increasing mesh size) due to the cleavage
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Fig. 5 pH-dependent swelling profile of (a) anionic and (b) cationic NGs. Incorporation of 20 mol% of hydrophobic CHOLA groups results in a reduced
swelling due to the formation of hydrophobic nanodomains that can act as physical crosslinks in the interior of the NGs.
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Fig. 6 Turbidity measurements of NGs dispersion of (a) PHPMA and (b) AMPAA treated with 10 mM DTT indicate a cleavage of the disulfide bond of the
reduction-cleavable DSDMA crosslinker that results in a swelling of the NGs. Solid lines represent the average of 3 turbidity measurements. Colored areas

represent the error as standard deviation.

of disulfide linkers. However, the turbidity for both NGs
reaches a plateau at around 70% of the initial value, thus
suggesting an incomplete nanogel disintegration even at long
incubation times. It is assumed that this effect can be
attributed to the covalent attachment of the BCP surfactant to
the NG network. At the surface of the NGs, the reactive hydro-
phobic anchoring block of the surfactant can act as additional
crosslinker. Since these crosslinking points do not contain
cleavable disulfide bonds, they prevent complete disintegration
of the network. To test this assumption, we prepared PHPMA
NGs without the PPEGMA shell, from reactive precursor
particles prepared via emulsion polymerization with SDS as
surfactant. As can be seen in Fig. S5 (ESIt) the turbidity
decreases significantly more than for the NGs with the attached
shell, thus indicating a complete degradation. These results
support our hypothesis that the NGs with the hydrophilic BCP
shell do not disintegrate completely. Instead, the mesh size
of the network increases while the surfactant stabilizes the
colloidal structure on its surface. Nevertheless, controlling the
swelling through reducing agents and pH gives the opportunity
to precisely tailor the NGs properties to specific applications
and cargoes in future studies.

Conclusion

In this work, we demonstrated the development of a versatile
synthetic platform for the preparation of multi-functional
amphiphilic nanogels. These colloidal particles combine a
pH- and reduction-sensitve internal network with a reactive
hydrophilic shell that enables further surface modification. Key
to this approach is the use of an alkyne end functionalized BCP
surfactant for the preparation of reactive PPFPMA precursor
particles. As amphiphlic surfactant, alkyne-P(PEGMA-b-
(PFPMA-co-MAPMA)) contains a hydrophilic PPEGMA block
and a hydrophobic PPFPMA block with reactive APMA vinyl
groups. This hydrophobic anchoring block enables covalent
incorporation of the surfactant moieties to the PPFPMA nework
during free radical emulsion polymerization of PFPMA with a
reduction-cleavable crosslinker. Hence, reactive precursor

This journal is © The Royal Society of Chemistry 2022

particles were prepared that contain a hydrophilic PPEGMA
shell with reactive alkyne groups on the surface. These pre-
cursor particles enabled the formation of a small library of
multi-functional nanogels. Here, a reduction-sensitive swelling/
degradation was realized by the utilization of a disulfide based
crosslinker (DSDMA) already during particle synthesis. In addi-
tion, more functionalities were introduced in a post-particle
preparation approach. Due to the orthogonality of the reactions
for modification of interior (active ester chemistry) and surface
(copper-catalyzed azide-alkyne cycloaddition), sequential func-
tionalization was enabled. For the interior, acidic AMPAA or
basic HIS functionalities were used in combination with hydro-
phobic groups to prepare pH-sensitive amphiphilic NGs. These
nanogels exhibit similar colloidal features such as crosslinking
density and size distribution but show opposing swelling
profiles as response to pH changes. For the hydrophilic shell,
subsequent modification was demonstrated with an azide-
containing rhodamine model compound. The successful ortho-
gonal functionalization of core and shell demonstrates the
potential of this synthetic platform to tailor nanogel properties
to advanced applications very precisely. In this context, it is
suggested that functionalizing the surface with specific func-
tionalities such as targeting moieties (e.g. proteins) can be used
to accurately tune the interactions of such nanogels with
biological systems in future studies. Together with the hydro-
philic shell and biodegradable crosslinking points, this mod-
ular synthetic platform lays the foundation for the development
of novel, highly functional nanocarriers for targeted delivery of
(hydrophobic) cargoes in response to external triggers.

Experimental
Materials

All starting materials and reagents were purchased from com-
mercial sources and used without further purification, unless
otherwise stated. Pentafluorophenyl methacrylate (PFPMA),°*°*
CHOLA®>®® and DSDMA®* were prepared according to literature
procedures. Dialysis was performed in regenerated cellulose
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dialysis tubes (Spectra/Por® 4 width: 45 mm, MWCO 12 000-
14000 g mol ", Repligen, USA).

Methods

Nuclear magnetic resonance spectroscopy. 'H spectra were
recorded at 300 K on a JEOL ECP 500 spectrometer operating
at 500 MHz and on a JEOL ECZ600 spectrometer operating at
600 MHz. Spectra were referenced to residual solvent peaks.®®
The chemical shifts (6) are expressed in parts per million (ppm)
while coupling constants (/) are stated in hertz (Hz). Coupling
patterns are differentiated into s (singlet), d (doublet), t (triplet),
g (quartet) including their combinations and as m (multiplet).

ATR-FTIR. IR spectra by attenuated total reflection (ATR)
were recorded on a PerkinElmer Spectrum Two spectrometer
measuring between 4000 and 650 cm ™" (PerkinElmer, Waltham,
United States of America). All data were processed using Spec-
trum (10.4.4) from PerkinElmer.

Gel permeation chromatography (GPC). The number-
average molecular weights (M) and molecular weight distribu-
tions (M,,/M,) of polymers were determined using a customized
chromotography system (PSS Polymer Standard Service GmbH,
Mainz, Germany). A 5 cm precolumn (PSS SDV in DMF, 5 um
particles size) coupled with a 30 cm column (PSS SDV linear M
in DMF 5 pm particle size) and a differential refractometer
detector a PSS SECcurity RI and variable wavelength detector
was used to separate and analyze the polymer samples. HPLC-
grade DMF with 10 mmol lithium bromide was used as eluent at a
flow rate of 1.0 mL min~'. The columns were heated to 50 °C
while the differential refractometer detector was maintained at
35 °C. For each measurement, 50 pl of a prefiltered (PTFE 0,45
pm) 1.5 mg ml~" sample solution was injected. Data was pro-
cessed using WinGPC UniChrom from PSS. Molecular weights
and molecular-weight distributions were reported relative to
poly(methy methacrylate) standards (PSS, Mainz, Germany).

Dynamic light scattering. The particle size distributions of
freeze dried, redispersed NGs in water were determined by
dynamic light scattering at 90° using a nicomp nano Z3000
(Particle Sizing Systems, USA).

Transmission electron microscopy. The size of the NGs in their
dried state was investigated via transmission electron microscopy.
Samples were prepared by applying a 10 pL droplet of the NG
dispersion (1 mg mL ™" in ultrapure water) on a carbon-coated
copper grid (400 meshes, Quantifoil Micro Tools GmbH,
Grof3lobichau, Germany) for 45 s. The supernatant liquid was
removed with filter paper. This process was repeated two times
and the grids could dry in air overnight. The TEM samples were
measured afterward using the TEM mode of a Hitachi scanning
electron microscope (SU8030, Hitachi High-Technologies Cor-
poration, Tokyo, Japan) with a working voltage of 30.0 kV at
different magnifications. The size and size distribution of the NGs
in the dried state was evaluated by determining the diameter of
500 NGs each sample with the software Image] (version 1.52e).

UV/Vis. UV/Vis and Fluorescence spectroscopy was per-
formed on a Tecan Spark plate reader (Tecan Trading AG,
Minnedorf, Switzerland). All data were processed using the
software SparkControl.
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Synthesis

Synthesis of alkyne chain transfer agent. The synthesis was
carried out in three steps. Step 1: the synthesis of 4,4'-
azobis(N,N-propargyl-4-cyanopentanamide (dialkyne-V-501) (1)
was synthesized according to literature.®® Briefly, 4,4-azobis(4-
cyanopenanoic acid) (5, 17.8 mmol), N,N,N’,N'-tetramethyl-O-
(1H-benzotriazol-1-ylJuranium hexafluorophosphate (HBTU)
(14.2 g, 37.4 mmol), and 1-hydroxybenzotriazole (HOBt) (5.1
g, 37.4 mmol) were dissolved in 80 ml of anhydrous DMF and
cooled to 0 °C with an ice bath. Then 9.3 ml N,N-
diisopropylethylamine (DIPEA) (6.9 g, 53.4 mmol) was added
followed by the addition of propargylamine (2.0g, 36.5 mmol).
The reaction was allowed to warm up to room temperature
while stirring overnight. Then 300 ml of EtOAc and 300 ml of
saturated NaHCO; solution were added. The aqueous layer was
extracted two times with EtOAc. The organic layer was washed
with twice with saturated bicarbonate solution, 1M HCI and
brine. The organic layer was dried over NaSO, and concentrated
under reduced pressure before the reaction mixture was cooled
to 0 °C to initiate crystallization and obtain the final product
(4.4 g, 12.4 mmol, 70%).

'H NMR (500 MHz, DMSO-d6): & = 8.39 (br, J = 7.1 Hz, 2H,
-NH-), 3.86 (m, 4H, -CH,-C =H), 3.07 (s, 2H, -C=H), 2.39-2.04
(m, 8H, ~CH,~CH,-C—0), 1.68 (s, 3H, -CH}), 1.64 (s, 3H, ~CH).

Step 2: ethylsulfanyl(ethylsulfanylcarbonylcarbothioyldi-
sulfanyl)methanthione (2) was synthesized according to
literature.®” Ethanethiol (10.0 g, 161 mmol) was added drop-
wise over 30 min to a solution of cold sodium hydroxide (6.44 g,
161 mmol) in anhydrous ether (100 ml). After stirring at room
temperature overnight, carbon disulfide (12.25 g, 161 mmol)
was added and stirred at room temperature for 2 h. The
reaction mixture was washed with hexane and the solvent was
evaporated and the residue was dispersed in 150 ml anhydrous
ether. Iodine (7.9 g, 31 mmol) was added in portions and stirred
at room temperature for 3 h. The reaction mixture was filtered,
and the filtrate was washed with an aqueous Na,S,0, solution
(5 wt%), water and brine. The organic phase was dried over
Na,S0, and removed under reduced pressure. The product was
used in the following step without further purification.

Step 3: synthesis of 2-cyano-5-oxo-5-(prop-2-yn-1-ylamino)
pentan-2-yl ethyl carbonotrithioate (alkyne chain transfer
agent) (3) was synthesized according a modified literature
procedure for a similar CTA without the click function.®” Under
nitrogen atmosphere 1.2 g of crude product of step 2 (4.2 mmol)
and dialkyne-V-501 (3 g, 8.4 mmol, 1) were dispersed in 40 mL
EtOAc and was heated to 80 °C overnight. The solvent was
evaporated, and the residue was purified by automated column
chromatography using a gradient solvent mixture (hexane/
EtOAc 20% to 100% EtOAc) to yield the product as yellow oil
(2 g, 6.6 mmol, 79%).

'H NMR (600 MHz, CDCl,): 6 =6.00 (br, 1H, NH), 4.05 (dd, J =
5.3, 2.6 Hz, 2H, NH-CH,-), 3.34 (q, ] = 7.4 Hz, 2H, ~-CH,~CHj;), 2.57-
2.33 (m, 4H, -CH,-CH,-CO-), 2.25 (t, ] = 2.6 Hz, 1H, -C=CH), 1.88
(s, 3H, -CH3), 1.35 (t, J = 7.5 Hz, 3H, -CH,~CHj3) ppm.

BC NMR (151 MHz, CDCl3): § = 217.11 (-C=S), 170.11
(-C=0), 119.29 (-C=N), 79.29 (-C=CH), 71.97 (-C=CH),

This journal is © The Royal Society of Chemistry 2022
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47.81 (Cquat), 34.82 (-CH,-CH,-CO-)), 31.63 (-CH,-CO-), 31.49
(-CH,-CHj,). 29.49 (-NH-CH,-), 24.29 (-CHj), 12.09 (-CH,-
CH3).

HRMS: cal. for C;,H;(N,0S; [M + Na]: 323.0322, found
[M + Na]': 323.0352.

Synthesis of PPEGMA The synthesis was carried out accord-
ing to a slightly modified literature procedure.®® PEGMA (10 g,
20 mmol), Alkyne CTA (100 mg, 332 pmol) and V70 (13 mg,
42 umol) were dissolved in 20 ml anhydrous dioxan. 1 ml
anhydrous DMF was added as an internal standard. Argon was
bubbled through the polymerization solution for 20 min before
the reaction vessel was sealed and immersed in an oil bath at
40 °C for 16 hours. The conversion of the reaction was deter-
mined via "H NMR spectroscopy of the reaction mixture before
and after the reaction. By monitoring the decreasing integral of
the vinyl peaks relative to DMF peak showed a monomer
conversion of 83%. The resulting polymer was precipitated in
cold hexane and centrifugated, redissolved in DCM and precipi-
tated in hexane another 2 times. The precipitated polymer dried
on high vacuum and was obtained as yellow oil (8.4 ).

Monomer conversion of 83% (by '"H NMR) corresponds to
25000 Da.

GPC M, = 28500 Da, M,, = 39000 Da, D = 1.36

Synthesis of P(PEGMA-b-PFPMA). The synthesis was carried
out according to a slightly modified literature procedure.®
PPEGMA (8.3g, 332 pmol), PFPMA (6.6 g, 26.2 mmol) and V70
(13 mg, 42 umol) were dissolved in 40 ml of anhydrous dioxan.
1 ml anhydrous DMF was added as internal standard. The
reaction vessel was bubbled with argon for 20 min, sealed and
immersed in an oil bath at 40 °C for 16 h. The conversion of the
reaction was determined via 'H NMR spectroscopy of the
reaction mixture before and after the reaction. By monitoring
the decreasing integral of the vinyl peaks relative to DMF peak
showed a monomer conversion of 45%. The resulting polymer
was precipitated in cold hexane and centrifugated, redissolved
in DCM and precipitated in hexane another 2 times. The
precipitated polymer dried on high vacuum and was obtained
as yellow solid (11.3 g).

Monomer Conversion of 45% (by "H NMR) corresponds to a
PPFPMA block of 9000 Da

GPC M, = 29500 Da, M,, = 42000 Da, b = 1.42

Removal of the ethyl carbonotrithioate endgroup of
P(PEGMA-b-PFPMA). The synthesis was carried out according
to a slightly modified literature procedure.®® P(PEGMA-b-
PFPMA) (11.3 g, approx. 332 pmol) and V70 (3.1 g, 10 mmol)
were dissolved in 40 ml anhydrous dioxane bubbled with argon
for 20 min, sealed and immersed in an oil bath at 40 °C
for 16 h. The polymer was precipitated in cold hexane and
centrifugated, redissolved in DCM and precipitated in hexane
another 2 times. The precipitated polymer dried on high
vacuum and was obtained as white solid (10.8 g).

Synthesis of P(PEGMA-b-(PFPMA-co-MAPMA)). P(PEGMA-b-
PFPMA) (10.8 g, approx. 11.4 mmol PFPMA units), N-(3-
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Aminopropyl)-methacrylamide hydrochlorid (APMA) (0.4 g,
2.2 mmol) and TEA (3.5 g, 34.2 mmol) were dissolved in
200 ml of DMF and heated to 50 °C for 24 h. Afterwards the
polymer was dialyzed against DMF and subsequently against DI
water. After lyophilization the polymer surfactant was obtained
as slightly brownish highly viscous oil. The degree of function-
alization was determined by "H NMR to be around 3 groups per
polymer chain.

Synthesis of PPFPMA precursor particles with PEGMA shell.
1 g of reactive surfactant P(PEGMA-b-(PFPMA-co-MAPMA)) was
dissolved in 20 mL of THF before adding slowly 9 ml of
ultrapure water. The polymer solution was stirred in the open
until the THF was evaporated. Then the polymer concentration
was adjusted with ultrapure water to final concentration of
10.4 mg ml" and filtered (0.8 pm CME syringe filter). The
aqueous surfactant solution was purged with nitrogen at 50 °C
for 45 min. Then a mixture of PFPMA (4 g, 15.8 mmol) and
DSDMA (92 mg, 0.31 mmol) was added to the surfactant
mixture and continued purging with nitrogen for 15 min.
Followed by 4 mL of a prepurged APS solution in water
(10 mg ml™"). The reaction vessel was sealed, and the reaction
was allowed to proceed for 72 h at 50 °C. Afterwards, the
dispersion was filtered over cotton and centrifuged (60 min,
10000 rpm) and the supernatant was removed and replaced by
ultrapure water. The particles were redispersed by vortex and
sonication in an ultrasonic bath. The centrifugation-washing-
redispersion step was repeated 5 times before the particles were
freeze-dried and obtained as white powder (3.7 g).

Post-polymerization modification of the interior of reactive
PPFPMA precursor particles with alkyne modified PEGMA
shell. Post-polymerization of the interior PPFPMA was carried
out as previously described.® Briefly, 100 mg freeze dried
reactive precursor particles (approx. 396 pmol w.r.t. monomer
units of PPFPMA) were dispersed in DMF and reacted with
different molar ratios of amine functionalized moieties (3 eq.
w.r.t. monomer units, see Table S1, ESIt) dissolved in DMF
(total volume 20 ml) and TEA (120 mg, 1.2 mmol). The reaction
was allowed to proceed at 50 °C for 48 h.

Because of the low solubility of AMPAA in DMF, the general
procedure was modified as follows. AMPAA was dissolved in
30 ml of DMSO and added to dispersed particles in DMF. The
reaction was allowed to proceed at 70 °C for 4 days. For AMPAA
CHOLA-20 NGs the amines were added sequentially. First,
CHOLA (38 mg, 80 umol) and TEA (120 mg, 1.2 mmol) were
added to the particle dispersion in DMF and reacted at 70 °C.
After 24 h AMPAA dissolved in 30 mL of DMSO was added and
the reaction was allowed to proceed for another 4 days.

Synthesis of Rhodamine functionalized PHPMA CHOLA-20
NGs. As representative PHPMA CHOLA-20 NGs (9 mg, assuming
all is surfactant: 0.26 umol) were dispersed in 2 mL ultrapure
water. 200 uL of rhodamine azide stock solution (1 mg ml™") in
MeOH (0.2 mg, 0.3 pmol rhodamine azide) was transferred to
the NG dispersion and degassed by 3 freeze-pump-thaw cycles.
Stock solution of CuSO, (1 mg ml™") and sodium ascorbate
(1 mg ml") were prepared in ultrapure water and degassed by
bubbling with argon for 20 min. CuSO, (18 uL, 18 pg, 0.072 pmol)
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sm00116k

Open Access Article. Published on 29 March 2022. Downloaded on 12/4/2025 3:15:37 AM.

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

(cc)

Soft Matter

and sodium ascorbate (15 pl 150 pg, 0.75 pmol) were added to the
reaction mixture. After another 3 freeze-pump-thaw cycles the
reaction vessel was sealed and immersed in an oil bath in the dark
at 40 °C for 7 days. As control the same reaction was carried out
without CuSO, and sodium ascorbate. Afterwards the NGs were
purified by extensive dialysis with MeOH/water mixture for 7 days.

Synthesis of Rhodamine functionalized P(PEGMA-b-(PFPMA-
¢c0-MAPMA)). As control P(PEGMA-b-(PFPMA-co-MAPMA)) (9 mg,
0.26 pmol) were dispersed in 2 mL ultrapure water. 200 puL of
rhodamine azide stock solution (1 mg ml™") in MeOH (0.2 mg,
0.3 pmol rhodamine azide) was transferred to the polymer
solution and degassed by 3 freeze-pump-thaw cycles. Stock
solution of CuSO, (1 mg ml~ ") and sodium ascorbate (1 mg ml")
were prepared in ultrapure water and degassed by bubbling with
argon for 20 min. CuSO, (18 pL, 18 pg, 0.072 pmol) and sodium
ascorbate (15 pl 150 pg, 0.75 umol) were added to the reaction
mixture. After another 3 freeze-pump-thaw cycles the reaction
vessel was sealed and immersed in an oil bath in the dark
at 40 °C for 7 days. As control the same reaction was carried
out without CuSO, and sodium ascorbate. Afterwards the
polymers were purified by extensive dialysis with MeOH/water
mixture for 7 days.
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