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Abstract: The surface chemistry of colloidal silica has
tremendous effects on its properties and applications.
Commonly the design of silica particles is based on their de
novo synthesis followed by surface functionalization leading
to tailormade properties for a specific purpose. Here, the
design of robust “precursor” polymer-decorated silica nano-
and microparticles is demonstrated, which allows for easy
post-modification by polymer embedded thiolactone
chemistry. To obtain this organic-inorganic hybrid material,
silica particles (SiO,P) were functionalized via surface-initiated
atom transfer radical polymerization (SI-ATRP) with poly(2-
hydroxyethyl acrylate) (PHEA)-poly(thiolactone acrylamide

(PThIAm) co-polymer brushes. Exploiting the versatility of
thiolactone post-modification, a system was developed that
could be used in three exemplary applications: 1) the
straightforward molecular post-functionalization to tune the
surface polarity, and therefore the dispersibility in various
solvents; 2) the immobilization of metal nanoparticles into
the polymer brushes via the in situ formation of free thiols
that preserved catalytic activity in a model reaction; 3) the
formation of redox-responsive, permeable polymer capsules
by crosslinking the thiolactone moieties with cystamine
dihydrochloride (CDH) followed by dissolution of the silica

core.
J

Introduction

Colloidal silica is of immense interdisciplinary interest in many
fields of applications such as coatings, chromatography, bio-
technology and pharmaceutics. The vast number of advanta-
geous properties, e.g. controllable size and shape, large surface
area, outstanding physical and chemical stability, biocompati-
bility and well established surface chemistry, turns it into an
ubiquitous material."? Especially the surface chemistry is a
dominant factor, as it allows to finely tune the surface proper-
ties of particles and therefore the interaction with their
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environment.®™ In this way it is possible to endow the surface
of colloidal silica with new functionalities, thus expanding the
applicability into new fields like drug delivery,"® imaging
agents,"’®% catalytic supports,"'? biosensors,"" templates for
polymer capsules''® or self-assembly."™'® The functionaliza-
tion of silica particles is usually achieved by two main strategies.
On the one hand the one-pot synthesis via the co-condensation
of different silica or alcohol sources.*'” On the other hand there
is the post-functionalization using grafting methods.>*'®
Independent of which method is favored in detail, the modified
particles are usually designed to fulfil a specific purpose for a
certain application. To be used in other applications, it is
therefore often necessary to adjust the synthetic parameters
according to the new requirements. Hence, developing a
toolbox particle system that allows for simple modification with
several functional groups under mild conditions would be
highly desirable. Recently, such an example was reported by
Cattoén and Wong Chi Man."? They presented a general
method to prepare multi-functional mesoporous silica nano-
particles with homogeneously distributed functionalities. By co-
condensation of clickable azide and alkyne organosilanes with a
silica source they were able to combine the advantageous
features of both approaches. The homogeneous distribution of
functionalities as well as the post-functionalization by copper-
catalyzed cycloaddition (CuAAC) enables the divergent syn-
thesis of particles and molecular precursors from well docu-
mented synthetic protocols. However, the copper catalyst
necessary for the CuAAC limits biological applications. Another
very interesting class of compounds for versatile post-function-
alizations under mild conditions are thiolactones that can
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undergo an aminolysis step and subsequently react with thiols,
alkenes or Michael acceptors in a one-pot synthesis
(Scheme 1).2%

In numerous examples, Du Prez and co-workers demon-
strated the ease of functionalization for this class of molecules
by designing oligomers and polymers either with thiolactones
as monomeric unit®” or as post-modifiable group.?? Moreover,
due to the ability to convey multifunctionality, thiolactones are
used for growing dendrimers® forming emulsions®” and
gels” and modifying solid supports like gold® or silicon®”
surfaces. Although, thiolactones feature a large variety of
possibilities in terms of post-functionalization only very few
reports address surface modifications of particles with
thiolactones.” Herein, we present a toolbox approach utilizing
polymer decorated silica particles as a precursor that can easily

HN’R
0, R?
Ws/\/
X 2 R1NH
R (@)
(o] 1 (o) I!lH HN'R
N RENH X EWG
R —_— OWSNEWG
s HN ®)
& g NH

giNH

Scheme 1. Schematic overview of thiolactone-based synthetic approaches
for post-modification. The aminolysis of a thiolactone is followed either by a
thiol-ene conjugation via (a) a radical (UV-initiated) or (b) a nucleophilic
(thiol-Michael) addition or by (c) a disulfide formation.*”
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introduce multiple functionalities for a wide range of different
applications. Our system is based on colloidal silica modified
with statistical co-polymer brushes incorporated with thiolac-
tone moieties (PSiO,NP). The co-polymer brushes equip the
particles with important surface properties, specifically: a high
density of homogeneously distributed functional groups as well
as a high colloidal stability by steric repulsion. In addition, the
thiolactones enable derivatization under very mild conditions
(ambient atmosphere, no catalyst etc.) with a large variety of
functionalities by using amines and thiols or Michael acceptors.
Structurally inherent, the two appended molecules are in close
proximity that could potentially be used for interaction or
synergetic effects between them, such as energy transfer or
dual catalysis. In this work, we further demonstrate the
versatility and applicability of our system as a template for
various heterogenous catalysis by the immobilization of metal
nanoparticle into the polymer, as a template to form permeable
polymer capsules potentially capable of drug delivery and on-
demand release and as a way to allow the simple functionaliza-
tion of our particles with different molecules that can feature
e.g. light responsiveness or define the polarity of the particles
(Scheme 2).

Results and Discussion

Preparation of precursor particles (PSiO,NP)

SiO,NP with an average size of 67 nm were obtained following
a modified Stéber method.” According to previous works of

Scheme 2. Synthesis of precursor silica particles functionalized with PHEA-PThLAm co-polymer brushes and their post-modification by molecular
functionalization, immobilization of metal nanoparticles, or crosslinking and capsule formation.
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our group,™ we functionalized the SiO,NP with polymer

brushes in order to generate a high density of functional groups
as well as to gain a high colloidal stability due to steric
repulsion. Therefore, the particles were pre-functionalized with
an ATRP initiator followed by the co-polymerization of HEA and
ThLAm yielding our PHEA-PThLAmM co-polymer functionalized
precursor particles (PSiO,NP) (Scheme 3). Detailed information
about the particle preparation is provided in the Supporting
Information.

Dynamic light scattering (DLS) and transmission electron
microscopy (TEM) revealed the size of the SiO,NP before
(Figure S1a) and after the surface-initiated polymerization.
Compared to the bare NP, an increase of 128 nm in hydro-
dynamic diameter (d,) can be detected for the PHEA-PThLAmM
functionalized NP (Figure 1a). This indicates the successful
functionalization of the silica cores with a roughly 64 nm thick
polymer shell. We observed that dy remains constant upon
washing with various solvents and sonication, indicating stable
anchoring of the polymer to the particle surface. Considering
that the dy provides an overestimation of the thickness due to
solvation of the polymer brushes, we also investigated the
thickness of the polymer brushes in TEM. Here we found the
distinct formation of a polymer shell of about 15 nm in the
dried state (Figure 1b and Figure S1b). It is known that in the
dried state the polymer brushes collapse and form a dense shell
around the NP core which leads to a size underestimation via
TEM. GPC measurements of the residual polymer after dissolu-
tion of the silica core resulted an average molecular weight (M,)
of 1.13x10° g/mol.

To further determine the polymer content on the NP
surface, we measured the weight loss by thermogravimetric
analysis (TGA). Figure 1c shows the TGA curve for the PSiO,NP

up to 1000°C. An immense weight loss of around 74 % between
200°C and 500°C followed by reaching a plateau was observed
for the polymer decorated NP. This indicates that a large
amount of organic material covers the silica cores. The slight
decrease in weight at low temperature (<200°C) is due to the
evaporation of water physically adsorbed on the particle
surface. The contribution to weight losses caused by the
continued condensation reaction of silanol groups and associ-
ated water loss between 200°C and 500°C should have a
neglectable impact in our case (around 6% for bare silica), as
roughly 75% of our polymer decorated NP consists of organic
material.®*” Combining the GPC and TGA results, we calculated
the grafting density of the polymer brushes and determined a
density of 0.037 chains/nm>"®" We note that although the
grafting density of the polymer is rather low, their average
molecular weight is very high, resulting in a dense surface
coating of the particles with polymer brushes. The polymer
composition (molar ratio of HEA and ThLAm) on the particles
was estimated by 'H-NMR. Therefore, a polymer sample was
formed in solution from free initiator and purified (Figure S2).
The measured ratio of co-monomers (15 mol% ThLAm) was
similar to the monomer feed in the polymerization. Moreover,
IR spectra of the PSiO,NP showed the characteristic ester
carbonyl group (vc_o=1730 cm™") and C—H stretching vibration
(vey=2850-2980 cm™") of the acrylic polymer backbone (Fig-
ure 53).5? These results support the successful modification of
the particles with the desired polymer.
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Scheme 3. Pre-functionalization of silica particles with the ATRP initiator followed by the co-polymerization of HEA and ThLAm.
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Figure 1. Determination of size (DLS, TEM) and polymer content (TGA) of the hybrid PSiO,NP. (a) Hydrodynamic radius (dy) of SiO,NP in DMF before and after
functionalization with PHEA-PThLAm polymer brushes. (b) TEM image of an unstained PSiO,NP particle showing the silica core and the polymer shell. Scale
bar: 50 nm. (c) TGA graph indicating the weight loss depending on temperature for the PSiO,NP.
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Molecular post-modification

Our initial goal was to demonstrate the ease of post-
modification for the precursor particles by addressing both
crucial functionalities in our system. Therefore, we used the
arylazopyrazole (AAP) photoswitch,** which allows for an easy
UV/vis detection to verify the successful post-functionalization.
One the one hand, we used an AAP—NH, to test the aminolysis
reaction of the thiolactone. On the other hand, a mixture of
ethanolamine and an AAP—SH was chosen to verify one-pot
aminolysis followed by a disulfide bond formation. With the
help of tris(2-carboxyethyl)phosphine (TCEP) as mild reducing
agent, we could further show the redox-responsive behavior of
the disulfide by releasing the AAP-SH again from the particles.
In both cases, the particle dispersed in DMF were simply mixed
with the reactants and stirred at room temperature overnight.
The purified particles were then dissolved in DMF and
characterized by UV/vis spectroscopy. In contrast to the
unfunctionalized particles, the UV/vis spectrum of AAP—NH,
functionalized particles clearly displays the typical AAP absorb-
ance with its striking m-t* transition band at 338 nm and the n-
mt* absorbance at 423 nm (Figure S4a). Similar observations
were made for the AAP—SH modified particles, confirming the
successful functionalization by the aminolysis reaction and the
subsequent formation of disulfides (Figure 2a). We also meas-
ured the supernatant solution after the last purification step to
confirm that the absorbance was not caused by remaining AAP
in solution (Figure 2a). For investigating the redox responsive-
ness, we exposed the AAP—S—S—PSiO,NP to a reductive environ-
ment using TCEP. Both, the purified particles and the super-
natant solution were investigated after the reduction using UV/
vis spectroscopy (Figure 2c). Hardly any absorbance of the AAP
is left in the particle dispersion whereas the supernatant
displays high absorbance of the corresponding AAP—SH.

In addition, irradiation experiments with UV light (365 nm)
and green light (520 nm) revealed the well-preserved reversible
photoswitchability of the E to Z isomerization for both AAP—NH,
and AAP—SH immobilized on the particle surface (Figure 2b and
Figure S4b). For at least five cycles the AAPs were perfectly
switchable without any loss in absorbance intensity at 338 nm.
Furthermore, we attempted to estimate the lowest number of
thiolactone moieties accessible for the AAP—NH, in the polymer

brushes. Therefore, we calibrated the AAP-NH, between 1 pM
and 100 uM and calculated the amount of AAP on the particles
to be approximately 0.13 umol/mg (Figure S4c,d), which is
equivalent to the lowest number of thiolactone moieties
accessible. In addition, based on the results of the TGA analysis
and '"H-NMR measurement we roughly calculated the amount
of ThLAm theoretically incorporated in the polymer. Assuming
that around 74% of the material is polymer with 15%
thiolactone content, the maximum particle concentration of
ThLAm is 0.89 umol/mg. We believe, the discrepancy between
these two values can be explained by incomplete yields
presumably caused by the limited accessibility of the thiolac-
tone moieties in the interior of the polymer brush shell. These
results were considered later for the crosslinking experiments
prior to the formation of polymer capsules.

To further demonstrate the possibilities for post-modifica-
tions of our precursor particles, we utilized molecules of
different polarity to affect the dispersibility in different solvents.
Hexadecylamine (HDA) and the polyamine spermine were
exemplarily used for the functionalization of PSiO,NP with
nonpolar or polar molecules, respectively. The simple addition
of each amine to the particles dispersed in DMF resulted in the
formation of HDA-PSiO,NP and spermine-PSiO,NP functional-
ized particles, which were confirmed by IR spectroscopy (Fig-
ure S5). An increase of the C—H stretching vibration (v, =2850-
2980 cm™') compared to the PSiO,NP is indicating the presence
of (CH,) groups in the HDA molecule (Figure S5a). Furthermore,
the resulting particles were not dispersible in polar solvents
such as water anymore, which is a strong indicator for the
reduced surface polarity. The spermine functionalized particles
exhibited an increase of the absorption band at around
3300 cm™' which can be attributed to the vy, wy stretching
modes. The appearance of the bands between 1320-1650 cm™
can be attributed to vy, ¢y, Scissor and vy, bend bands,?¥ both
indicating the presence of spermine (Figure S5b). In addition to
the changes in the IR spectrum, we could also measure an
increase of the zeta potential from {=—33 mV for the PSiO2NP
to {=+24 mV for the spermine-PSiO,NP. Furthermore, these
particles were only dispersible in water and aggregated in
organic media, both again validating the change in surface
polarity of the polymer.
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Figure 2. UV/vis spectra of the AAP—S—S—PSiO,NP (a) and the photoisomerization of the immobilized AAP—SH in DMF (b). Irradiation times: 10 s (365 nm) and
30 s (520 nm). (c) UV/vis spectra of the same particles after incubation with TCEP in DMF.
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Immobilization of metal nanoparticles

Our precursor particles at hand, we wanted to further illustrate
the versatility of our post-modifiable particles by immobilizing
metal NP into the polymer brushes. Attaching metal NP to a
support material can feature synergistic properties and can be
important to improve their colloidal stability, handling and their
utility in a range of applications.*”*¥ In addition, clusters or

Figure 3. Representative TEM images of immobilized AuNP (a), PANP (b),
AuNP/PdNP (c) and MNP (d) on PSiO,NP. Scale bars: 50 nm.

Figure 4. BF-TEM image and HAADF-EDX mapping of mixed AuNP and PdNP
immobilized on PSiO,NP. Scale bars: 50 nm.
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controlled assemblies of metallic and inorganic NP are able to
enhance the relevant physical properties and cooperative
functions as compared to the individual particles.*® Here, we
used dodecylamine (DDA) stabilized gold NP (AuNP), oleylamine
(OlIAm)  stabilized  palladium NP  (PANP) and  3-
aminopropyltriethoxysilan  (APTES) functionalized magnetic
CoFe,0, NP (MNP) for the immobilization experiments. Au and
Pd can endow the precursor particles with catalytic or imaging
functionalities, whereas the MNP can implement magnetic
properties e.g. for magnetic separation. Initially, we simply
mixed AuNP (Figure 3a), PANP (Figure 3b), a mixture of both
(Figure 3c) or MNP (Figure 3d) together with our PSiO,NP to
form the NP assemblies (detailed experimental procedures can
be found in the Supporting Information). TEM measurements
revealed the successful immobilization of the precursor particles
with each type of metal NP (Figure 3 and S6) and showed
significantly less free NP not located on the precursor support.

Additionally, a HAADF-EDX mapping for the sample with
mixed AuNP and PdNP immobilized on the PSiO,NP displays
the localization of the elemental distribution of the system. The
mapping confirms the presence of AuNP and PdNP covering
the silica core as well as the presence of sulfur from the ThLAm
in the polymer (Figure 4 and Figure S7). We propose that for Au
and Pd the NP are immobilized due to the aminolysis reaction
of the amine ligands with the thiolactone and the subsequent
in situ formation of free thiols. These thiols are known to be
strongly binding and well stabilizing ligands for noble metal NP.
In the case of APTES functionalized MNP the free amine can
directly form a covalent bond to the thiolactone moieties within
the polymer brushes leading to the NP immobilization. As
shown in Figure 3d, the MNP are, in contrast to the individually
distributed AuNP and PdNP, clustered. This is possibly caused
by a partial aggregation during the ligand exchange with
APTES. However, the images show that the MNP clusters are
located solely on the polymer, indicating that the immobiliza-
tion mechanism is driven by the aminolysis reaction. In these
proof of principle experiments we demonstrated the versatility
of our precursor particles for the immobilization of various NP
utilizing thiolactone chemistry.

Focusing on the prominent class of Au-SiO, hybrid
materials,”” we proceeded to optimize the immobilization of
AuNP and to apply the assemblies in the catalytic reduction of
4-nitrophenol as a model reaction. Moreover, we found
supporting evidence for our assumption that the immobiliza-
tion is driven by the attractive interaction between the AuNP
and the in situ formed free thiols. We assume that the number
of AuNP immobilized on the PSiO,NP is in proportion to the
number of free accessible thiols. Therefore, our goal was to
maximize the aminolysis of the thiolactone prior to the NP
immobilization by adding an excess of ethylene diamine (EDA)
to the PSiO,NP dispersion. Thus, the affinity of the polymer
brushes towards the NP should be increased in a twofold
manner. On the one hand we maximized the number of
accessible thiols as the strong binding ligand for noble metal
NP. On the other hand, we introduced additional amine groups
increasing the local concentration of binding moieties and
therefore enhancing the multivalent driving force for the

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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immobilization of the NP. Both are contributing to the
stabilization of AUNP which we observed in a higher number of
NP localized on the polymer-decorated particle surface (Fig-
ure 5a and Figure S8a,b). Furthermore, UV/vis spectroscopy of
the NP assemblies identified the typical distinct surface plasmon
resonance (SPR) band of AuNP at 532 nm indicating the
immobilization of individual stabilized AuNP rather than
aggregated species for which a higher SPR band wavelength
would be expected (Figure 5b). Notably, control experiments
using simply PHEA functionalized SiO,NP (PHEA—SiO,NP) with-
out thiolactone moieties under otherwise similar conditions did
not show the typical SPR band for AuNP (Figure S9a). In contrast
to our precursor particles, the PHEA—SIO,NP are not able to
stabilize the AuNP in the form of red colored assemblies but
rather lead to AuNP aggregation accompanied by the character-
istic purple color (Figure S9b,c).

The catalytic activity of the gold-supported catalyst
AuNP—PSiO,NP was investigated for the well-known reduction
of 4-nitrophenol at room temperature in the presence of NaBH,.
The catalytic reaction was monitored by UV/vis spectroscopy as
described in the Supporting Information. The time dependent
degradation of 4-nitrophenol catalyzed by the gold-supported
catalyst is presented in Figure 5c. Upon addition of the catalyst,
the absorbance at A=400 nm, which is characteristic for nitro-
phenolate ions in basic media, decreased and a new absorb-
ance band at A=300 nm arose corresponding to the formation
of 4-aminophenol. To evaluate the activity and recyclability of
the catalyst, the particles were separated from the reaction
medium by centrifugation and reused after washing in four
further cycles. For each cycle a substrate conversion of over
99% was reached indicating a high catalytic activity and
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Figure 5. Characterization of the AuUNP—PSiO,NP assemblies formed under
optimized conditions and their use in a catalytic model reaction. (a) TEM
image of AUNP immobilized on PSiO,NP. Scale bar: 50 nm. (b) UV/vis spectra
of the AUNP-PSiO,NP assemblies in DMF. (c) UV/vis absorbance spectra
showing the reduction of 4-nitrophenol to 4-aminophenol using the AuNP-
PSiO,NP assemblies as catalyst. (d) Calculated conversion of 4-nitrophenol
for five consecutive reduction cycles based on the monitored UV/vis spectra.
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reusability of the AuNP—PSIO,NP catalyst (Figure 5c and Fig-
ure S8c¢,d).

Formation of redox responsive polymer capsules

Further, we utilized our precursor particles as a scaffold to form
redox responsive polymer capsules permeable for mass transfer
and redox-degradable in the presence of TCEP under mild
conditions. Hollow containers are of great interest due to their
unique properties and promising application in different fields
like material science, catalysis or biomedicine.*® Especially the
application as drug delivery vehicles makes polymer capsules
particularly attractive as they can accommodate high payloads
with improved efficiency, reduced toxicity and side effects, and
can be modified for targeting and controlled release of the
therapeutic agents."** Herein, we used nano- and micron-sized
precursor particles for the formation of polymer capsules. By
simply crosslinking the thiolactone moieties within the polymer
brushes using the diamines EDA or CDH (Scheme S1) followed
by the etching of the templating silica core with a buffered
oxide etch (BOE), we obtained non-degradable (for EDA) or
redox-responsive (for CDH) polymer capsules. DLS measure-
ments as well as TEM and SEM images showed that the
capsules with mean diameters of d,=175 nm and d,=1.1 um
for the PnCapsules and PuCapsules, respectively, maintained
approximately the same size as before etching (Figure 6a and
Figure S1c,d). Interestingly, in the dried state (for TEM and SEM),
the polymer nano-capsules appeared as spheres (Figure 6b and
Figure S10a) whereas the micro-capsules are rather plum-like
shaped (Figure 6¢, d and Figure S10b,c). The latter appearance
is most likely due to the larger size and the hollow interior
causing the soft polymer shell to collapse under solvent free
conditions. Removal of solvent and collapse also explains the
change in size for the PuCapsules in one dimension (Fig-
ure S1d).

To obtain redox-responsive polymer capsules, we used
cystamine as disulfide bridging crosslinker. Exposed to a
reductive environment or a competitive thiol, like the biorele-
vant glutathione, the disulfide bonds are cleaved due to
reduction or to disulfide exchange reaction, which leads to a
disassembly of the capsules. Starting from the micron sized
capsules the addition of TCEP as reducing agent resulted in the
successful degradation of capsules and the formation of
undefined polymer structures (<150 nm) (Figure 6e,f and Fig-
ure S11a—c). In order to take up or release molecules the
polymer shell has to be permeable to allow the mass transfer.
Therefore, to demonstrate the potential applicability of the
polymer capsules for drug delivery, we performed confocal laser
scanning microscopy (CLSM) to visualize the uptake of rhod-
amine b as model compound (Figure 7). Utilizing the in situ
formed free thiol during the crosslinking process, we introduced
NBD-SH as a second functionality to obtain fluorescently-
labeled capsules (Figure S12).

For the time-dependent analysis of the rhodamine b uptake,
the NBD-labeled capsules were first diluted in water, transferred
to an ibidi slide and placed on ice for one hour in order to

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 6. (a) Size distribution of nano- (PnCapsules) and micro-capsules (PuCapsules) in DMF. (b) TEM image of EDA crosslinked PnCapsules. Scale bar: 200 nm.
(c) TEM image of CDH crosslinked plum-shaped PuCapsules. Scale bar: 500 nm. (d) SEM image of CDH crosslinked PuCapsules. Scale bar: 2 um. (e) DLS graph
of CDH crosslinked PuCapsules before and after degradation with TCEP in DMF. (f) TEM image of the degraded PuCapsules. Scale bar: 200 nm. TEM samples

were negatively stained before measurement.

Rhodamine B NBD

10 minutes

40 minutes

Figure 7. CLSM images of rhodamine b uptake into the NBD-labeled
PuCapsules. Images were taken after 10 min (top) and approximately 40 min
(bottom). Scale bars: 5 um.

decrease their mobility. Then, rhodamine b was added and
CLSM was performed to follow the dye uptake. Images were
taken after incubation at room temperature for 10 min, 20 min
(not shown here), 40 min and 90 min (not shown here),
respectively. Initially, the interior of the polymer capsules
appeared as dark spot presenting the absence of rhodamine b
at the beginning of incubation (Figure 7, top). Over time the
dye is able to diffuse into the capsules as indicated by the red
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fluorescence distributing within the capsules. In less than
40 min, complete diffusion of the model compound can be
observed (Figure 7, bottom), demonstrating the permeability of
the polymer capsules and the potential use for triggered
delivery of payload.

Combining both approaches, the immobilization of metal
nanoparticles and the formation of capsules, we were also able
to obtain polymer capsules decorated with AuNP. This kind of
system might be interesting as dual treatment for e.g. cancer
therapy by combining photothermal ablation therapy (PTA) and
drug delivery as well as potential photoacoustic imaging. PTA is
a therapeutic strategy in which irradiated near infrared light
(NIR) is converted into heat to damage and destroy cancer
cells."*” Therefore, the SPR band of gold nanoparticles has to be
tuned from the visible region to NIR to reach the “therapeutic
window” of 700 nm to 1400 nm. An example for shifting the
SPR band of AuNP towards longer wavelength was demon-
strated previously via ripening of AuNP on cyclodextrin
vesicles."" Aside from that, this could also be addressed by the
immobilization of anisotropic gold nanorods with their charac-
teristic NIR absorbance.

Here, we first crosslinked the polymer shell of the precursor
particles (PSiO,NP and PSiO,uP) with CDH under oxygen free
conditions to prevent the oxidation of in situ formed thiols. In a
next step, we simply mixed these crosslinked particles together
with AuNP to immobilize the NP on our precursor. The
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dissolution of the silica template as a final step yielded our
polymer capsules decorated with AuNP (Figure 8 and Fig-
ure S13). UV/vis measurements (Figure 8a,d) as well as TEM
images (Figure 8b,c and e and Figure S1e) confirmed a dense
coverage of the capsule surface with AuNP, which are, however,
still individually stabilized indicated by the distinct SPR band of
around 530 nm.

Conclusion

The preparation of co-polymer decorated silica particles is a
facile approach for diverse post-modifications. By exploiting the
beneficial properties of thiolactones for the straightforward
post-modification with different functionalities, we created
precursor particles easily adjustable towards various applica-
tions. Thus, we were able to demonstrate the post-functionali-
zation of silica particles with fluorophores and photoswitches,
the immobilization of various metal nanoparticles and their use
in the catalytic reduction of 4-nitrophenol, as well as the
formation of redox responsive, permeable polymer capsules
decorated with AuNP. We anticipate that our concept can serve
as variable toolbox for many more applications, since the
straightforward post-modification with amines, thiols, alkynes
or Michael acceptors establishes a wide variety of possibilities.
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Experimental Section

Preparation of ATRP initiator functionalized SiO,NP

3-Dimethylethoxysilylpropyl-2-bromoisobutyrate (10 vol %) as ATRP
initiator was added to the SiO,NP dispersed in DMF (ca. 260 mg in
4 mL DMF) and the mixture was stirred at 80°C for 15h. The
initiator functionalized particles were purified by centrifugation
(11,000 rpm, 20 min) and redispersion in DMF (3 x).

Functionalization of SiO,NP with PHEA-PThLAm co-polymer
brushes (PSiO,NP)

HEA (2-hydroxyethyl acrylate) (1.01 g, 8.68 mmol) was mixed with
ThLAm (262 mg, 1.53 mmol, 15 mol%) in a Schlenk tube under
argon atmosphere. Then, ATRP initiator functionalized SiO,NP (ca.
260 mg) in DMF (1 mL) were added. To this mixture, a solution
(1 mL) of Cu(ll)Br, (5 mg, 22 umol) and Tris-[2-(dimethylamino)ethyl]
amine (36 mg, 110 umol) in DMF (10 mL) and a solution (5 L) of
ethyl a-bromoisobutyrate (62 mg, 0.32 mmol; EBIB) in DMF
(0.95 mL) as co-initiator were added. The tube was subjected to
four freeze/thaw cycles, and after adding ascorbic acid (20 mg,
0.11 mmol), the reaction mixture was stirred at 85°C for 48 h. The
particles were collected by centrifugation (11,000 rpm, 20 min) and
purified by redispersion in DMF (4 x) before storing them in a stock
solution of 8.62 mg/mL in DMF (20 mL). The polymer grown in
solution was dissolved in Milli-Q and precipitated from acetone
(3x) in order to remove unreacted monomers. To determine the
composition, the pure PHEA-PThLAm co-polymer was characterized
by 'H-NMR.

oL 250 %
o F-n @
AL ) !;:‘.'0\ {“"'-'
- 'e: s _.;‘:‘
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Figure 8. UV/vis spectra and TEM images of AuNP decorated PnCapsules and PuCapsules. (a) UV/vis spectra of AuNP-PnCapsules in DMF. (b,c) TEM images of
AuNP-PnCapsules with (b) and without (c) staining of the organic material. Scale bars: 50 nm. (d) UV/vis spectra of AuNP—PuCapsules in DMF. (e) TEM images
of stained AuNP—PuCapsules. (e,) zoom in of (e). Scale bars: 500 nm (e), 100 nm (e,).
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Preparation and functionalization of silica microparticles
(SiO,mP)

Silica microparticles were obtained from microParticles GmbH as
5% w/v aqueous suspension with average diameters of 0.977 um
(standard deviation (SD)=0.026 pm). Prior to use, the particles
(1.5 mL, 75 mg) were solvent exchanged to DMF by centrifugation
(10,000 rpm, 3 min) and redispersion. The functionalization of micro
particles with ATRP initiator and PHEA-PThLAm co-polymer brushes
(PSiO,uP) were carried out similar to the procedures of PSiO,NP.
Stock solution: 17.68 mg/mL in DMF (5 mL).

Preparation of polymer capsules

Polymer capsules were obtained by crosslinking the thiolactone
moieties within the polymer brushes with either EDA or CDH and
the subsequent dissolution of the silica core by etching with
buffered oxide etch (BOE 6:1). In detail, 250 uL of polymer
functionalized particles (PSiIO,NP or PSiO,uP) were mixed with
250 uL DMF in a small glass vial. Then, 6x2 uL of either an EDA
(30 mM) or a CDH/NEt; (30 mM/60 mM) stock solution were added
in one-hour intervals before adding 0.2 uL or 0.7 mg of pure EDA or
CDH, respectively, as the final step. After stirring overnight, the
particles were purified by centrifugation (10,000 rpm, 20 min) and
redispersion in DMF and Milli-Q (2x). In order to dissolve the silica
core, the particles dispersed in 500 pL Milli-Q were mixed with 1T mL
of BOE 6:1 (NH,F/HF buffer) at room temperature for 4 h. The
precipitated hollow polymer capsules were purified by washing
with Milli-Q (3x) and finally dispersed in DMF (1 mL) using
sonication.

General method for the immobilization of metal
nanoparticles on PSiO,NP

In proof of principle experiments, we immobilized MNP, PANP and
AuNP under not optimized conditions into the polymer brushes of
our PSiO,NP. Therefore, the metal nanoparticles (0.3-0.5 mg)
dispersed in toluene (AuNP, PANP) or EtOH (MNP) were added to a
mixture of 50 pL of PSiO,NP in 0.5 mL toluene/DMF (v/v 1:1). Using
an orbital shaker, the particles were allowed to assemble overnight.
The nanoparticle assemblies were purified by centrifugation
(10,000 rpm, 20 min) and redispersion in toluene/DMF (v/v 1:1) and
DMF (2 x).

Optimized procedure for the immobilization of AUNP on
PSiO,NP (AuNP-PSiO,NP)

A dispersion of 50 uL PSiO,NP in 250 L DMF was degassed by
sonication for one hour. EDA (4.5 mg, 75 pmol) was added under
oxygen free conditions and the mixture was stirred overnight. The
particles were purified by centrifugation (10,000 rpm, 20 min) and
redispersion in DMF (0.5 mL). Half of the particle dispersion was
added to a mixture of AuNP (0.4 mg) in toluene (0.5 mL) before
placing the vial on an orbital shaker for 18 h. The nanoparticle
assemblies were purified by centrifugation (10,000 rpm, 20 min)
and redispersion in toluene/DMF (v/v 1:1) and DMF (2x) before
storing in a stock solution of DMF (1 mL), which was used for the
catalytic reduction of 4-nitrophenol as nanocatalyst.

Preparation of AuNP decorated polymer capsules

Polymer capsules decorated with AuNP were prepared by combin-
ing the procedures of “Polymer Capsules” and the “Optimized
Procedure for the Immobilization of AuNP-PSiO,NP”. First, a
dispersion of 50 uL PSiO,NP or PSiO,puP in 250 uL DMF was
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degassed by sonication for one hour. Then, 6 x2 puL of a CDH/NEt;,
(30 mM/60 mM) stock solution were added in one-hour intervals
before adding 0.7 mg of pure CDH. The particles were stirred at
room temperature under an argon atmosphere overnight and
purified by centrifugation and redispersion cycles (3x DMF).
Second, the dispersed particles (in 250 uL DMF) were added to a
mixture of AuNP (0.4 mg) in toluene (0.5 mL) before placing the vial
on an orbital shaker for 18 h. The nanoparticle assemblies were
purified by centrifugation (10,000 rpm, 20 min) and redispersion in
toluene/DMF (v/v 1:1), DMF and Milli-Q (2x). The silica core was
removed as described before.

General procedure for the post-functionalization of PSiO,NP

If not stated otherwise, the PSiO,NP were post-functionalized as
follows: the particles (50 uL of PSiO,NP for a typical experiment)
were diluted to a total volume of 0.5 mL DMF. To this dispersion,
the desired primary amine or thiol bearing compound was added
and the mixture was stirred at room temperature for 18 h. The
amount of compound used was set to 2.5 mg/50 pL of PSiO,NP. For
cleaving the disulfide bond, we simply added 5-10 mg of TCEP as
reducing agent to the particles and stirred the dispersion overnight.
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