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Keywords: Stimuli-responsive microgels are colloidal polymer networks and the nature of the cross-links governs their
Self-assembly ability to undergo reversible structural and topological changes in response to environmental stimuli such as
Peptides

temperature, pH, light, ionic strength, and mechanical force. Herein, we exploit the supramolecular interactions
of the aromatic L-phenylalanyl-L-phenylalanine (Phe-Phe) dipeptide motif as a supramolecular cross-linker to
fabricate poly-N-vinylcaprolactam (PVCL)-based thermoresponsive microgels. In the present work, we synthesize
a series of microgels with variable content of Phe-Phe cross-links and quantify their amount (0.3-37 mol%) by
nuclear magnetic resonance (\H NMR) spectroscopy. We demonstrate that Phe-Phe cross-links retain the
integrity and colloidal stability of microgels in aqueous solutions. Circular dichroism (CD) spectroscopy is
employed to investigate aromatic n-n stacking of Phe moieties, confirming the formation of supramolecular cross-
links. An increase in the Phe-Phe content or a decrease in microgel size induces temperature-dependent aggre-
gation, which can be leveraged for the preparation of condition-guided microgel assemblies. Furthermore, we
investigate solvent-induced degradation of physical cross-linking and dipeptide concentration-controlled
morphological changes in the obtained microgels.
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1. Introduction

Self-assembly is an essential process that makes life possible as it
plays an important role in many biological processes, such as in the
formation of deoxyribonucleic acid double helix or the formation of
amyloid fibrils that play essential roles in various neurological diseases.
Inspired by these processes found in biological systems, molecular self-
assembly has been the subject of extensive research to construct bio-
logical as well as synthetic building blocks with hierarchical structures
and tailored properties [1-3]. Molecular self-assembly, the spontaneous
formation of well-defined ordered structures, relies on non-covalent
interactions such as hydrogen bonding, electrostatic interactions, or
aromatic stacking [3]. Targeted self-assembly, combined with respon-
sive features and biocompatibility, are essential factors in designing
tailored systems for biomedical applications. These systems rely on
functional materials, with functional polymers being optimal candidates
to meet these requirements [4].

Microgels are colloidal networks designed from cross-linked func-
tional polymers, with a diameter between 0.1 and 100 pm [5,6]. Their
stimuli-responsive behavior toward external stimuli, such as tempera-
ture [7], pH [8,9], ionic strength [10], or light [11] makes those colloids
interesting candidates for application as container systems for catalysts
[12], payload, or drugs [13]. The most widely studied microgel system is
based on the functional polymer poly(N-isopropylacrylamide) (PNI-
PAM) cross-linked with the covalent cross-linker N,N'-methylenbis-
(acrylamide) (BIS). The chemical cross-linker is added during precipi-
tation polymerization to generate permanent cross-links [7,14]. The
thermoresponsive polymer exhibits a lower critical solution temperature
(LCST) of approximately 32 °C [15]. Poly(N-Vinylcaprolactam) (PVCL)
is another thermoresponsive polymer with a similar LCST. It has the
advantage of showing high resistance against hydrolysis and low
toxicity, making it more biocompatible, which makes it interesting to
utilize as a building block in biomaterials [15,16].

However, besides chemical cross-linking, cross-linking can also be of
physical origin. Non-covalent cross-linking is more commonly found in
the preparation of hydrogels, but there are also examples of the use of
non-covalent interactions for the cross-linking of microgels [17]. Phys-
ical cross-linking often provides a more dynamic network offering new
properties in microgels, such as stimuli-responsive degradation,
enhanced drug release control, enhanced catalytic activity, or the for-
mation of supracolloidal assemblies [18-20]. Cross-linking through su-
pramolecular interactions in microgels is often realized by a
combination of non-covalent interactions such as hydrogen bonding, n-n
stacking, electrostatic interactions, coordination, and hydrophobic ef-
fects. In the past, our group exploited physical cross-linking to fabricate
PVCL-based microgels via hydrogen bonding using tannic acid, and via
host-guest interactions using methacrylate-modified p-cyclodextrin and
vinyl ferrocene. Most recently, we demonstrated that the transformation
of random coils into ordered p-sheets can drive the formation of sugar
beet pectin and silk fibroin-based microgels [18,19,21]. Furthermore,
there are other examples of non-covalently-cross-linked microgels
involving host-guest interactions [20,22] or multiple hydrogen bonds
[23]. For example, Woll et al. reported the synthesis of PNIPAM
microgels with supramolecular crosslinks achieved by host-guest in-
teractions between trans azobenzene and p-cyclodextrin, allowing the
volume phase transition temperature (VPTT) to change upon irradiation
[22]. Supramolecular crosslinking is also applied for the interlinking of
several microgels, for example, leading to reversible assemblies of
PNIPAM-based microgels through host-guest interactions or metal
complexation [24,25].

Peptides can self-assemble, and they are, due to their simple struc-
ture, ideal candidates for the bottom-up fabrication of complex nano-
structures. They occur abundantly in nature, where they are found to be
involved in many physiological processes. Due to their diverse array of
unique properties and straightforward structure and synthesis, peptides
are highly promising candidates for the development of functional
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materials. Another advantage is their biocompatibility and ability to be
biodegradable [26,27]. The self-assembly of short peptides has been
extensively researched, as they can form complex, functional nano-
structures. L-phenylalanyl-L-phenylalanine (Phe-Phe) is a widely
explored aromatic dipeptide building block [28-30]. Based on the Phe-
Phe building block diphenylalanine, the smallest self-assembling pep-
tide sequence derived from the Alzheimer's f-amyloid core recognition
motif has emerged as a keystone in the study of peptide-based nano-
structures. Its ability to self-assemble into diverse morphologies, such as
nanotubes, spheres, plates, and hydrogels, results from non-covalent
interactions [29-33]. The assembly of the Phe-Phe motif is primarily
driven by hydrogen bonding and n-n stacking interactions between its
aromatic residues, with additional contributions from hydrophobic in-
teractions and van der Waals forces [34]. The self-assembly process of
the dipeptides is influenced by factors such as hydrophobicity, temper-
ature, pH, or peptide concentration [35]. Phe-Phe-based nanostructures
have been utilized, among other fields, in energy storage [36,371, as
biosensors [38,39], in wound healing and tissue engineering [40,41],
and as drug delivery systems [42-44].

Most studies focus on the development of bio-inspired nanomaterials
by using supramolecular interactions between elementary building
blocks, but only a few have explored using the Phe-Phe motif in a
monomer for synthesizing polymers and nanoparticles via (controlled)
radical polymerization with Phe-Phe moieties in the side chain [45-49].
Skaat et al. reported the synthesis of polymeric nanoparticles from an N-
acryloyl amino acid monomer possessing the Phe-Phe motif via disper-
sion polymerization [45]. Warren et al. synthesized Phe-Phe-based
random amphiphilic copolymers via controlled radical polymerization,
demonstrating how hydrophobic forces drive global collapse and
B-sheet-like structures [49]. A similar monomer has been utilized by
Yonenuma et al. in combination with NIPAM to synthesize random and
block copolymers using controlled radical polymerization [47]. How-
ever, the fabrication of microgels using the self-assembling Phe-Phe
dipeptide motif has, until now, remained unexplored.

In this work, we exploit the Phe-Phe dipeptide motif, particularly the
n-n stacking of its aromatic rings, as a physical cross-linker to fabricate
thermoresponsive microgels. A variety of PVCL-based microgels with
different chemical compositions, sizes, and morphologies were synthe-
sized via precipitation polymerization using a Phe-Phe-based como-
nomer as the physical cross-linker. These physically cross-linked
microgels were compared to their chemically (BIS) cross-linked coun-
terparts and hybrid microgels containing both physical and chemical
cross-links. The monomer N-acryloyl-L-phenylalanyl-L-phenylalanine
methyl ester (A-Phe-Phe-Me) and the amount incorporated into the
microgel structures during synthesis were analyzed using nuclear mag-
netic resonance (‘\H NMR). Fourier-transform infrared (FTIR) and
Raman spectroscopy were used to further study the chemical composi-
tion of the monomers and microgels. The temperature-responsiveness of
the microgels was assessed using dynamic light scattering (DLS), while
circular dichroism (CD) spectroscopy was used to investigate aromatic
n-n stacking. Furthermore, organic solvent (tetrahydrofuran (THF))-
induced degradation, resulting from the disruption of physical cross-
linking, was examined via scanning electron microscopy (SEM) and
DLS. Finally, the effect of dipeptide concentration on morphological
changes was established.

2. Results and discussion
2.1. Synthesis and chemical composition

The objective of this work was to synthesize supramolecularly cross-
linked microgels by self-assembly of peptide motifs using precipitation
polymerization. Therefore, a Phe-Phe derivative comonomer, N-
acryloyl-L-phenylalanyl-L-phenylalanine methyl ester (A-Phe-Phe-Me),
was synthesized according to the literature to introduce a double bond
for radical polymerization via esterification and acryloyl substitution
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starting from Phe-Phe (Fig. 1a) [48,50]. It is important to note that N-
vinylcaprolactam (VCL), unlike N-isopropylacrylamide (NIPAM),
cannot self-crosslink during the free radical polymerization process,
making the use of additional cross-linkers essential for forming stable
microgels [51,52]. In total, three different PVCL-based microgel systems
were evaluated: one utilizing the covalent cross-linker N,N'-methyl-
enebis(acrylamide) (BIS), another employing A-Phe-Phe-Me as a phys-
ical cross-linker, and a third incorporating a combination of both cross-
linkers. (Fig. 1b). A total of 5 mol% cross-linker with 95 mol% VCL was
utilized for all three systems, yielding a total concentration of 0.16
mmol mL~!. In cases where both chemical and physical cross-linkers
were combined, each was employed at a ratio of 2.5 mol%. Due to the
low water solubility of A-Phe-Phe-Me, it was pre-dissolved in dimethyl
sulfoxide (DMSO), resulting in a final DMSO concentration of 10 v%.
Our previous studies showed that solvent concentration is a crucial
parameter influencing the incorporation efficiency of hydrophobic co-
monomers. Although higher amounts of organic solvents facilitate the
polymerization of hydrophobic comonomers, they can also promote the
formation of secondary particles and decrease the formation of VCL
microgels [53]. The reaction is initiated by adding 0.2 mol% of a water-
soluble initiator at 70 °C. Herby, PVCL-co-A-Phe-Phe-Me chains are
formed in a precipitated state, creating microgel nuclei due to the
temperature-responsiveness of PVCL. The n-1 interactions between the
phenylalanine rings of the Phe-Phe motif, along with hydrogen bonding
across polymer chains, lead to the formation of colloidally stable
microgels with physical cross-links, which will be further discussed
throughout this paper. Dialysis was employed to remove low-molecular-
weight oligomers and residual reactants from the microgel dispersions
(12-14 kDa molecular weight cut-off). To quantitatively investigate the
presence of higher-molecular-weight water-soluble species, centrifuga-
tion and collection of the supernatant can be used for microgels.
Therefore, a systematic fractionation study was conducted via high-
speed centrifugation on representative microgel dispersions (5 and 20
mol% A-Phe-Phe-Me). Centrifugation at a relative centrifugal force
(RCF) of 16.800 x g resulted in a significant mass fraction remaining in
the supernatant (49 and 24%, respectively), determined gravimetrically
after lyophilization. However, analysis revealed that this fraction does
not consist of dissolved linear polymer chains. Specifically, dynamic
light scattering (DLS) and atomic force microscopy (AFM) of the su-
pernatant confirmed the presence of discrete, spherical colloidal parti-
cles (Fig. Sla-d, supporting information (SI)). Ultracentrifugation at
80.000 xg was performed, leading to recovered mass fractions of 48 and
70%. However, this fraction also does not consist solely of dissolved,
water-soluble polymeric species, but rather represents a bimodal dis-
tribution of small microgel precursors and fragments. The significant
increase in the supernatant mass fraction, combined with the loss of
defined spherical morphology and thermoresponsiveness, suggests that
the supramolecular network may undergo mechanical fragmentation
under extreme centrifugal fields. DLS measurements at 20 and 50 °C
revealed a bimodal population of particles with hydrodynamic di-
ameters between 40 and 220 nm (Fig. S2a-b, SI). Furthermore, AFM
images reveal the presence of microgel fragments (Fig. S2c-d, SI).
Therefore, this method is not adequate to quantitatively determine the
exact amount of water-soluble polymer for this microgel system. All
subsequent studies were performed using the dialyzed microgel
dispersions.

The objective of this work was to synthesize supramolecularly cross-
linked microgels by self-assembly of peptide motifs using precipitation
polymerization. Therefore, a Phe-Phe derivative comonomer, N-
acryloyl-L-phenylalanyl-L-phenylalanine methyl ester (A-Phe-Phe-Me),
was synthesized according to the literature to introduce a double bond
for radical polymerization via esterification and acryloyl substitution
starting from Phe-Phe (Fig. 1a) [48,50]. It is important to note that N-
vinylcaprolactam (VCL), unlike N-isopropylacrylamide (NIPAM),
cannot self-crosslink during the free radical polymerization process,
making the use of additional cross-linkers essential for forming stable
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microgels [51,52]. In total, three different PVCL-based microgel systems
were evaluated: one utilizing the covalent cross-linker N,N'-methyl-
enebis(acrylamide) (BIS), another employing A-Phe-Phe-Me as a phys-
ical cross-linker, and a third incorporating a combination of both cross-
linkers. (Fig. 1b). A total of 5 mol% cross-linker with 95 mol% VCL was
utilized for all three systems, yielding a total concentration of 0.16
mmol mL~. In cases where both chemical and physical cross-linkers
were combined, each was employed at a ratio of 2.5 mol%. Due to the
low water solubility of A-Phe-Phe-Me, it was pre-dissolved in dimethyl
sulfoxide (DMSO), resulting in a final DMSO concentration of 10 v%.
Our previous studies showed that solvent concentration is a crucial
parameter influencing the incorporation efficiency of hydrophobic co-
monomers. Although higher amounts of organic solvents facilitate the
polymerization of hydrophobic comonomers, they can also promote the
formation of secondary particles and decrease the formation of VCL
microgels [53]. The reaction is initiated by adding 0.2 mol% of a water-
soluble initiator at 70 °C. Herby, PVCL-co-A-Phe-Phe-Me chains are
formed in a precipitated state, creating microgel nuclei due to the
temperature-responsiveness of PVCL. The zn-n interactions between the
phenylalanine rings of the Phe-Phe motif, along with hydrogen bonding
across polymer chains, lead to the formation of colloidally stable
microgels with physical cross-links, which will be further discussed
throughout this paper. Dialysis was employed to remove low-molecular-
weight oligomers and residual reactants from the microgel dispersions
(12-14 kDa molecular weight cut-off). To quantitatively investigate the
presence of higher-molecular-weight water-soluble species, centrifuga-
tion and collection of the supernatant can be used for microgels.
Therefore, a systematic fractionation study was conducted via high-
speed centrifugation on representative microgel dispersions (5 and 20
mol% A-Phe-Phe-Me). Centrifugation at a relative centrifugal force
(RCF) of 16.800 x g resulted in a significant mass fraction remaining in
the supernatant (49 and 24%, respectively), determined gravimetrically
after lyophilization. However, analysis revealed that this fraction does
not consist of dissolved linear polymer chains. Specifically, dynamic
light scattering (DLS) and atomic force microscopy (AFM) of the su-
pernatant confirmed the presence of discrete, spherical colloidal parti-
cles (Fig. Sla-d, supporting information (SI)). Ultracentrifugation at
80.000 xg was performed, leading to recovered mass fractions of 48 and
70%. However, this fraction also does not consist solely of dissolved,
water-soluble polymeric species, but rather represents a bimodal dis-
tribution of small microgel precursors and fragments. The significant
increase in the supernatant mass fraction, combined with the loss of
defined spherical morphology and thermoresponsiveness, suggests that
the supramolecular network may undergo mechanical fragmentation
under extreme centrifugal fields. DLS measurements at 20 and 50 °C
revealed a bimodal population of particles with hydrodynamic di-
ameters between 40 and 220 nm (Fig. S2a-b, SI). Furthermore, AFM
images reveal the presence of microgel fragments (Fig. S2c-d, SI).
Therefore, this method is not adequate to quantitatively determine the
exact amount of water-soluble polymer for this microgel system. All
subsequent studies were performed using the dialyzed microgel
dispersions.

The chemical composition of the microgels was characterized by
Fourier-transform infrared (FTIR), Raman, and nuclear magnetic reso-
nance (*H NMR) spectroscopy. The FTIR spectra of the PVCL-co-BIS
microgel only show the lactam carbonyl stretching vibration from VCL
at 1620 cm™!, whereas the PVCL-co-A-Phe-Phe-Me microgel shows
additionally the ester carbonyl stretching vibration band of A-Phe-Phe-
Me at 1744 cm™ !, while the amide carbonyl stretching vibration band
overlaps with the one from VCL (Fig. S5, SI). Additionally, a red shift in
the ester carbonyl stretching vibration band from 1756 cm™! (associated
with the A-Phe-Phe-Me monomer) toward a lower wavenumber of 1744
cm ! shows a weakening of the bond, indicating increased hydrogen
bonding involving the carbonyl group [54]. This indicates that the Phe-
Phe moieties within the polymer chain could interact, facilitating self-
assembly. Furthermore, the Raman spectra of the PVCL-co-A-Phe-Phe-
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Me microgel show, aside from the VCL signals, additional peaks at 3059
cm ™! corresponding to the N—H stretching of A-Phe-Phe-Me and signals
at around 1600 cm™! associated with the aromatic C=C bonds of the
phenyl groups (Fig. S6, SI). The carbonyl stretching vibration bands
from both monomers are similar to the FTIR spectra, with lower in-
tensity. The NMR spectra of the PVCL-co-A-Phe-Phe-Me microgel exhibit
a broadening of the aromatic signals at 7.2 ppm and the disappearance
of the acrylic double bond signals between 5.5 and 6.5 ppm, attributed
to the A-Phe-Phe-Me monomer in the monomer spectra. Together with
the presence of all characteristic PVCL signals, it qualitatively proves the
successful incorporation of A-Phe-Phe-Me (Fig. S3, SI). In conclusion, all
three methods show qualitatively the successful incorporation of A-Phe-
Phe-Me.

The chemical composition of the microgels was characterized by
Fourier-transform infrared (FTIR), Raman, and nuclear magnetic reso-
nance (*H NMR) spectroscopy. The FTIR spectrum of the PVCL-co-BIS
microgel only shows the lactam carbonyl stretching vibration from VCL
at 1620 cm™!, whereas the PVCL-co-A-Phe-Phe-Me microgel spectrum
shows additionally the ester carbonyl stretching vibration band of A-
Phe-Phe-Me at 1744 cm ™!, while the amide carbonyl stretching vibra-
tion band overlaps with the one from VCL (Fig. S5, SI). Additionally, a
red shift in the ester carbonyl stretching vibration band from 1756 cm ™!
(associated with the A-Phe-Phe-Me monomer) toward a lower wave-
number of 1744 cm ! shows a weakening of the bond, indicating
increased hydrogen bonding involving the carbonyl group [54]. This
indicates that the Phe-Phe moieties within the polymer chain could
interact, facilitating self-assembly. Furthermore, the Raman spectrum of
the PVCL-co-A-Phe-Phe-Me microgel shows, aside from the VCL signals,
additional peaks at 3059 cm ! corresponding to the N—H stretching of
A-Phe-Phe-Me and signals at around 1600 cm ™! associated with the
aromatic C—=C bonds of the phenyl groups (Fig. S6, SI). The carbonyl
stretching vibration bands from both monomers are similar to the FTIR
spectra, with lower intensity. The NMR spectrum of the PVCL-co-A-Phe-
Phe-Me microgel exhibits a broadening of the aromatic signals at 7.2
ppm and the disappearance of the acrylic double bond signals between
5.5 and 6.5 ppm, attributed to the A-Phe-Phe-Me monomer in the
monomer spectrum. Together with the presence of all characteristic
PVCL signals, it qualitatively proves the successful incorporation of A-
Phe-Phe-Me (Fig. S3, SI). In conclusion, all three methods show quali-
tatively the successful incorporation of A-Phe-Phe-Me.

In order to assess the amount of A-Phe-Phe-Me incorporated during
the synthesis, quantitative 'H NMR studies were performed by using the
internal standard dimethyl terephthalate (DMT) in deuterated DMSO to
prevent overlapping of the chloroform peak with the aromatic signals
(Fig. S4, SI). For microgels targeting 5 mol% A-Phe-Phe-Me, the exper-
imentally determined incorporation of 4.2 mol% aligns well with the
targeted value. However, utilizing only 5 v% DMSO instead of 10%
during synthesis significantly decreased the incorporation of A-Phe-Phe-
Me, reducing it from 4.2 to 2.6 mol% (Table S1, SI). Furthermore, when
incorporating both cross-linking types, the experimental amount of A-
Phe-Phe-Me was only 0.6 mol% compared to the target of 2.5 mol%
(Table S1, SI). The low reactivity of A-Phe-Phe-Me could result from its
bulky structure and greater hydrophobicity compared to BIS, causing
steric hindrance.

In order to assess the amount of A-Phe-Phe-Me incorporated during
the synthesis, quantitative 'H NMR studies were performed by using the
internal standard dimethyl terephthalate (DMT) in deuterated DMSO to
prevent overlapping of the chloroform peak with the aromatic signals
(Fig. S4, SI). For microgels targeting 5 mol% A-Phe-Phe-Me, the exper-
imentally determined incorporation of 4.2 mol% aligns well with the
targeted value. However, utilizing only 5 v% DMSO instead of 10%
during synthesis significantly decreased the incorporation of A-Phe-Phe-
Me, reducing it from 4.2 to 2.6 mol% (Table S1, SI). Furthermore, when
incorporating both cross-linking types, the experimental amount of A-
Phe-Phe-Me was only 0.6 mol% compared to the target of 2.5 mol%
(Table S1, SI). The low reactivity of A-Phe-Phe-Me could result from its
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bulky structure and greater hydrophobicity compared to BIS, causing
steric hindrance.

2.2. Size and morphology study

To investigate the influence of the physical cross-linking on the
colloidal stability, size, and temperature sensitivity of the microgels,
DLS and scanning transmission electron microscopy (SEM) were per-
formed (Fig. 2). Therefore, the hydrodynamic diameter (Dy) was
measured in the swollen and collapsed states at 20 °C (Dp 20 °c) and 50 °C
(Dn,50 °c), respectively. Comparing the three microgel systems reveals
that all are in a similar size range of 600 to 700 nm in Dy, 9 -¢ and be-
tween 300 and 400 nm in Dy 50 ¢ (Fig. 2a). A summary of size and
polydispersity index (PDI) can be found in the SI (Table S2). With PDI
values consistently below 0.01, all three microgel systems prepared are
demonstrably highly monodisperse. This suggests that the overall
microgel size is only minimally influenced by the type of cross-linking.
Additionally, physical cross-linking results in colloidally stable micro-
gels comparable to those formed through chemical cross-linking with
narrow size distributions. The swelling ratios (SR) were determined for
all systems (Eq. (S1)) from the hydrodynamic diameters below and
above the VPTT. The SR (11) was observed for microgels containing only
physical crosslinks. In comparison, microgels featuring both crosslinks
and those with only covalent crosslinks display reduced ratios of 4.5 and
5.8, respectively. This result suggests slightly higher network flexibility
for the physically cross-linked microgels.

To investigate the influence of the physical cross-linking on the
colloidal stability, size, and temperature sensitivity of the microgels,
DLS and scanning transmission electron microscopy (SEM) were per-
formed (Fig. 2). Therefore, the hydrodynamic diameter (D) was
measured in the swollen and collapsed states at 20 °C (Dp,20 -c) and 50 °C
(Dn,50 °c), respectively. Comparing the three microgel systems reveals
that all are in a similar size range of 600 to 700 nm in Dy 29 -c and be-
tween 300 and 400 nm in Dy 50 ¢ (Fig. 2a). A summary of size and
polydispersity index (PDI) can be found in the SI (Table S2). With PDI
values consistently below 0.01, all three microgel systems prepared are
demonstrably highly monodisperse. This suggests that the overall
microgel size is only minimally influenced by the type of cross-linking.
Additionally, physical cross-linking results in colloidally stable micro-
gels comparable to those formed through chemical cross-linking with
narrow size distributions. The swelling ratios (SR) were determined for
all systems (Eq. (S1)) from the hydrodynamic diameters below and
above the VPTT. The SR (11.0) was observed for microgels containing
only physical crosslinks. In comparison, microgels featuring both
crosslinks and those with only covalent crosslinks display reduced ratios
of 4.5 and 5.9, respectively. This result suggests slightly higher network
flexibility for the physically cross-linked microgels.

To gain deeper insights into the effects of A-Phe-Phe-Me on the size
and swelling behavior, the microgel system with solely physical cross-
linking was further investigated with a focus on the monomer compo-
sition. Microgels with tunable comonomer ratios were synthesized,
targeting 0.5 to 50 mol% A-Phe-Phe-Me. Quantitative '"H NMR mea-
surements revealed that the experimental A-Phe-Phe-Me amounts are in
good agreement with the targeted ones (Fig. 2c). However, the sample
with a target of 50 mol% A-Phe-Phe-Me shows a significantly lower
amount of 37.7 mol% incorporated comonomer. The Dy, o9 - increases
for the microgels targeting 0.5 to 5.0 mol% A-Phe-Phe-Me from 446 to
649 nm. The microgels targeting 20 and 50 mol% A-Phe-Phe-Me are
significantly smaller, with 314 nm and 296 nm, respectively (Table 1,
Fig. 2b). In the collapsed state, the Dy, 50 - ranges from 250 to 300 nm for
the microgels targeting 0.5 to 5.0 mol% A-Phe-Phe-Me, which is
significantly smaller and comparable to the chemically cross-linked
microgels. Interestingly, microgels targeting 20 and 50 mol% A-Phe-
Phe-Me do not show a size decrease at 50 °C, indicating that higher A-
Phe-Phe-Me incorporation increases polymer network stiffness. How-
ever, later temperature-dependent heating and cooling cycles (Fig. 3)
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reveal that this could be due to a kinetic effect, which is discussed later.
Furthermore, the increased hydrophobicity can reduce hydration,
thereby diminishing the extent of size change in response to temperature
variations. However, the substantial increase of the arrow bars, espe-
cially for the microgels targeting 50 mol% A-Phe-Phe-Me, also indicates

particle agglomeration. Furthermore, the PDI is significantly larger for
those microgels (Table 1).

The yield of the synthesized microgels was determined gravimetri-
cally after lyophilizing the purified microgels, which had been filtered to
remove larger aggregates and dialyzed to remove low molecular weight
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Table 1
Hydrodynamic diameters Dy, and PDIs obtained by DLS at 20 and 50 °C of the
PVCL-co-A-Phe-Phe-Me microgels with increasing A-Phe-Phe-Me ratios. The SR

were calculated from the Dy, 20 ¢ and Dh,s0 -¢ using Eq. (S1) (SD).
Hydrodynamic diameters Dy, and PDIs obtained by DLS at 20 and 50 °C of the
PVCL-co-A-Phe-Phe-Me microgels with increasing A-Phe-Phe-Me ratios. The SR
were calculated from the Dy, 29 <¢ and Dh,s0 °c using Eq. (S1) (SD).

JA-Phe-Phe-Me target ~ Dh,20 °C Dhys0 °c PDI 20°¢ PDI 50°¢ SR
Mol% (nm) (nm) =) =) =)
0.5 446 + 11 247 £ 11 0.29 £ 0.01 0.03 £ 0.02 5.9
1 510 + 21 246 + 6 0.13 £+ 0.02 0.07 £ 0.02 8.9
1.5 588 + 20 284 +13 0.10 £ 0.04 0.07 £ 0.02 8.9
2 566 + 20 286 + 6 0.04 £ 0.04 0.07 £ 0.03 7.8
5 649 +7 292 +1 0.02 £+ 0.02 0.01 £ 0.01 11.0
20 314+ 7 359 + 22 0.04 £+ 0.02 0.07 £ 0.06 0.7
50 296 + 18 280 + 71 0.21 £ 0.03 0.38 £0.28 1.1

oligomers and monomer residues. The yield of the microgels targeting
between 0.5 and 5 mol% lies between 96 and 82%. However, a signif-
icant decrease is noticeable with increasing A-Phe-Phe-Me target
amounts of 20 and 50 mol% (Table S1, SI). This is in accordance with the
reduced A-Phe-Phe-Me content at higher ratios and can be explained by
the hydrophobic character of the comonomer and resulting precipitation
from the solution with an increased ratio. Furthermore, as mentioned in
Section 2.1, the bulky structure of A-Phe-Phe-Me could hinder the re-
action and, therefore, decrease the overall yield. Additionally, the
higher A-Phe-Phe-Me amounts can lead to agglomeration of the micro-
gels due to the hydrophobicity of the comonomer. On the other side,
aggregation could arise from n-n interactions of the Phe-Phe-moieties
across several microgels. The morphology of those microgels with
compositions of 1, 5, 20, and 50 mol% is visualized in Fig. 2d-g using
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SEM. The SEM images underline the previous statement since separate
microgels are visible for the microgels with 1 and 5 mol%, while for the
ones with 20 and 50 mol%, the microgels show aggregation. However, it
is important to note that SEM images only represent the microgels in the
dry state.

The yield of the synthesized microgels was determined gravimetri-
cally after lyophilizing the purified microgels, which had been filtered to
remove larger aggregates and dialyzed to remove low molecular weight
oligomers and monomer residues. The yield of the microgels targeting
between 0.5 and 5 mol% lies between 96 and 82%. However, a signif-
icant decrease is noticeable with increasing A-Phe-Phe-Me target
amounts of 20 and 50 mol% (Table S1, SI). This is in accordance with the
reduced A-Phe-Phe-Me content at higher ratios and can be explained by
the hydrophobic character of the comonomer and resulting precipitation
from the solution with an increased ratio. Furthermore, as mentioned in
Section 2.1, the bulky structure of A-Phe-Phe-Me could hinder the re-
action and, therefore, decrease the overall yield. Additionally, the
higher A-Phe-Phe-Me amounts can lead to agglomeration of the micro-
gels due to the hydrophobicity of the comonomer. On the other side,
aggregation could arise from n-n interactions of the Phe-Phe-moieties
across several microgels. The morphology of those microgels with
compositions of 1, 5, 20, and 50 mol% is visualized in Fig. 2d-g using
SEM. The SEM images underline the previous statement since separate
microgels are visible for the microgels with 1 and 5 mol%, while for the
ones with 20 and 50 mol%, the microgels show aggregation. However, it
is important to note that SEM images only represent the microgels in the
dry state.

The cross-linker distribution within the microgels strongly de-
termines their network microstructure and thus influences their prop-
erties. The observed microgel sizes and swelling ratios between 0.5 and
5.0 mol% A-Phe-Phe-Me ratios deviate from the expected monotonic
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Fig. 3. Hydrodynamic diameters of microgels measured by DLS during temperature-dependent heating and cooling cycles from 5 to 67 °C. (a, b) Microgels
cross-linked by A-Phe-Phe-Me using 5 and 20 mol%, respectively. (c) Enlarged view of the heating cycle between 20 and 40 °C of the 20 mol% microgels. (d)
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Enlarged view of the heating cycle between 20 and 40 °C of the 5 mol% + CTAB microgels. Each value represents the average of three replicate measurements.
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decrease despite the increase in crosslinker content. This non-
monotonicity is likely attributed to the structural impact of low cross-
linker concentrations (0.5 to 5.0 mol%). Specifically, the crosslinker
distributes differently within the microgel at these small ratios, which,
in turn, influences the hydrodynamic radius. In the case of PVCL
microgels cross-linked by BIS it has been observed in the past, that the
absolute size of the microgel particles, measured by DLS, increases with
the increase of cross-linker amount, which is not observed for PNIPAM
microgels [55]. The examined regime was between 1.6 and 6.1 mol%
(related to the total monomer amount) and is therefore comparable to
the regime in this study. Thus, the standard theory correlating increased
crosslinker ratio with reduced swelling, determined by DLS, is only
applicable beyond a threshold crosslinker concentration and might also
apply to this system [56]. For the high crosslinker amounts a significant
decrease in size and swelling degree is noticeable.

The cross-linker distribution within the microgel is also dependent
on the differences in hydrophobicity between the components. While
VCL is water-soluble at the reaction temperature, the A-Phe-Phe-Me
cross-linker is significantly more hydrophobic. This high hydrophobicity
is expected to cause the cross-linker to preferentially partition into the
growing polymer particle after nucleation step during precipitation
polymerization. This partitioning effect dictates that the concentration
of the cross-linker is highest in the core of the newly formed particle and
decreases radially outward. Therefore, a non-homogeneous structure
characterized by a highly cross-linked, dense core and a less cross-
linked, more diffuse shell is hypothesized. To support this hypothesis,
bright-field scanning transmission electron microscopy (BF-STEM) im-
ages were recorded to give qualitative insights into the microgels
microstructure. In Fig. 2h, a corresponding STEM image of the microgel
with 20 mol% A-Phe-Phe-Me is shown. A density gradient within the
microgels is clearly visible, indicating a core-shell-like structure. A
higher electron density in the central region of the microgels, tran-
sitioning to a more diffuse periphery, can be observed. Fig. 2i shows the
corresponding grey value profile from the STEM image, obtained from a
single microgel, marked by the yellow rectangle. This difference in
contrast is indicative of a higher cross-linking density in the particle
core. Supplemental STEM images and grey value profiles of the other
microgels are included in the SI (Fig. S7). While the microgels con-
taining 1 and 5 mol% A-Phe-Phe-Me show similar density gradients to
the ones in Fig. 2h, the microgels with 50 mol% A-Phe-Phe-Me show
sharp borders, indicating a more uniform structure and a denser overall
particle.

The cross-linker distribution within the microgel is also dependent
on the differences in hydrophobicity between the components. While
VCL is water-soluble at the reaction temperature, the A-Phe-Phe-Me
cross-linker is significantly more hydrophobic. This high hydrophobicity
is expected to cause the cross-linker to preferentially partition into the
growing polymer particle after nucleation step during precipitation
polymerization. This partitioning effect dictates that the concentration
of the cross-linker is highest in the core of the newly formed particle and
decreases radially outward. Therefore, a non-homogeneous structure
characterized by a highly cross-linked, dense core and a less cross-
linked, more diffuse shell is hypothesized. To support this hypothesis,
bright-field scanning transmission electron microscopy (BF-STEM) im-
ages were recorded to give qualitative insights into the microgels
microstructure. In Fig. 2h, a corresponding STEM image of the microgel
with 20 mol% A-Phe-Phe-Me is shown. A density gradient within the
microgels is clearly visible, indicating a core-shell-like structure. A
higher electron density in the central region of the microgels, tran-
sitioning to a more diffuse periphery, can be observed. Fig. 2i shows the
corresponding grey value profile from the STEM image, obtained from a
single microgel, marked by the yellow rectangle. This difference in
contrast is indicative of a higher cross-linking density in the particle
core. Supplemental STEM images and grey value profiles of the other
microgels are included in the SI (Fig. S7). While the microgels con-
taining 1 and 5 mol% A-Phe-Phe-Me show similar density gradients to
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the ones in Fig. 2h, the microgels with 50 mol% A-Phe-Phe-Me show
sharp borders, indicating a more uniform structure and a denser overall
particle.

To gain a deeper understanding of this behavior, temperature-
dependent DLS measurements were performed by heating the samples
from 5 to 67 °C and cooling in a reverse manner, which are presented in
Fig. 3. The microgels cross-linked with 5 mol% A-Phe-Phe-Me (Fig. 3a)
exhibit a similar trend to the ones cross-linked with 5 mol% BIS
(Fig. 3d). However, in this case, the physically cross-linked microgels
show a sharper transition than the chemically cross-linked ones, sug-
gesting that the physically cross-linked polymer chains have more
freedom to undergo cooperative collapse. Furthermore, the physically
cross-linked microgels show a small hysteresis and a reduction of the
final microgel size in the cooling cycle compared to the heating cycle,
indicating that the reswelling process is not fully reversible, which could
arise from hydrophobic interactions.

When the amount of A-Phe-Phe-Me is increased to 20 mol%, two
effects can be observed from the heating cycle. Firstly, a reduction in size
of 100 nm can be observed from 321 nm at 20 °C to 221 nm at 38 °C
(Fig. 3c). This reveals that a volume phase transition takes place. This
was not apparent in the static size data from the single-point measure-
ments at 20 and 50 °C (Fig. 2b). The size reduction is more gradual
compared to the 5 mol% sample. The second effect that can be observed
is a sharp increase in Dy, at 40 °C (Fig. 3b). However, this apparent size
increase is likely due to the aggregation of multiple microgels rather
than an actual growth in size. This is further supported by an increase in
PDI from around 0.05 to around 0.2 (Fig. S8b, SI). Interestingly, the
cooling cycle does not restore the initial microgel size, suggesting that
the aggregation is thermally irreversible, possibly due to intermolecular
n-n stacking across multiple microgels. Furthermore, the size of the
aggregates at 50 °C is significantly larger in the temperature trend
measurement compared to the single-point temperature measurement
(Fig. 2b). Overall, this can be attributed to a kinetic effect that occurs
over the prolonged period during temperature-dependent measure-
ments when the particles are maintained in their collapsed, highly ad-
hesive state (above the VPTT), as one complete heating and cooling
cycle takes approximately 14 h. In comparison, the time between the
single-point measurements of 20 and 50 °C is only approximately 6 min.

When the amount of A-Phe-Phe-Me is increased to 20 mol%, two
effects can be observed from the heating cycle. Firstly, a reduction in size
of 100 nm can be observed from 321 nm at 20 °C to 221 nm at 38 °C
(Fig. 3c). This reveals that a volume phase transition takes place. This
was not apparent in the static size data from the single-point measure-
ments at 20 and 50 °C (Fig. 2b). The size reduction is more gradual
compared to the 5 mol% sample. The second effect that can be observed
is a sharp increase in Dy, at 40 °C (Fig. 3b). However, this apparent size
increase is likely due to the aggregation of multiple microgels rather
than an actual growth in size. This is further supported by an increase in
PDI from around 0.05 to around 0.2 (Fig. S8b, SI). Interestingly, the
cooling cycle does not restore the initial microgel size, suggesting that
the aggregation is thermally irreversible, possibly due to intermolecular
n-n stacking across multiple microgels. Furthermore, the size of the
aggregates at 50 °C is significantly larger in the temperature trend
measurement compared to the single-point temperature measurement
(Fig. 2b). Overall, this can be attributed to a kinetic effect that occurs
over the prolonged period during temperature-dependent measure-
ments when the particles are maintained in their collapsed, highly ad-
hesive state (above the VPTT), as one complete heating and cooling
cycle takes approximately 14 h. In comparison, the time between the
single-point measurements of 20 and 50 °C is only approximately 6 min.

The microgels with 20 mol% A-Phe-Phe-Me are significantly smaller
than those with 5 mol%. Therefore, size could also play a crucial role in
the formation of aggregates. To investigate this, microgels targeting 5
mol% cross-linker were prepared with the addition of 0.5 mol% of the
surfactant cetyltrimethylammonium bromide (CTAB) during the syn-
thesis. Surfactants are, in general, known to decrease the size of
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microgels as they act as stabilizers during nuclei formation in precipi-
tation polymerization, depending on the concentration [7]. The sur-
factant was removed from the dispersion by dialysis after the synthesis.
This resulted in A-Phe-Phe-Me cross-linked microgels with a Dy 29 ¢ of
around 200 nm (Fig. 3e). For comparison, BIS cross-linked microgels
with a Dy 29 ¢ of around 400 nm were prepared under the same con-
ditions (Fig. 3d). Interestingly, temperature-dependent DLS measure-
ments reveal that the size of physically cross-linked microgels
significantly influences their thermoresponsive behavior. While small
BIS cross-linked microgels synthesized with CTAB exhibit similar
behavior to their larger counterparts synthesized without CTAB
(Fig. 3d), small A-Phe-Phe-Me cross-linked microgels synthesized with
CTAB do not mimic their larger counterparts. Instead, their behavior
closely resembles that of microgels with a target composition of 20 mol
% A-Phe-Phe-Me (Fig. 3e-f). Although the size appears to decrease
during the cooling cycle, the persistently high PDI suggests that the
aggregates do not disassemble (Fig. S8b, SI). However, unlike the 20 mol
% microgels, the smaller 5 mol% microgels exhibit a less pronounced
increase in Dy, occurring at higher temperatures (Fig. 3e), as supported
by the PDI data (Fig. S8e, SI). This suggests that aggregate formation
occurs more gradually at elevated temperatures. To further investigate
this behavior, scanning transmission electron microscopy (STEM) im-
ages were taken of this sample under different conditions: one was
dispersed on the grid at room temperature (RT), while the other was
heated to 70 °C and dispersed while hot (Fig. S9a-b, SI). The RT sample
exhibits a monodisperse distribution of microgels, whereas the heated
sample shows aggregate formation.

The microgels with 20 mol% A-Phe-Phe-Me are significantly smaller
than those with 5 mol%. Therefore, size could also play a crucial role in
the formation of aggregates. To investigate this, microgels targeting 5
mol% cross-linker were prepared with the addition of 0.5 mol% of the
surfactant cetyltrimethylammonium bromide (CTAB) during the syn-
thesis. Surfactants are, in general, known to decrease the size of
microgels as they act as stabilizers during nuclei formation in precipi-
tation polymerization, depending on the concentration [7]. The sur-
factant was removed from the dispersion by dialysis after the synthesis.
This resulted in A-Phe-Phe-Me cross-linked microgels with a Dy 29 ¢ of
around 200 nm (Fig. 3e). For comparison, BIS cross-linked microgels
with a Dp 29 ¢ of around 400 nm were prepared under the same con-
ditions (Fig. 3d). Interestingly, temperature-dependent DLS measure-
ments reveal that the size of physically cross-linked microgels
significantly influences their thermoresponsive behavior. While small
BIS cross-linked microgels synthesized with CTAB exhibit similar
behavior to their larger counterparts synthesized without CTAB
(Fig. 3d), small A-Phe-Phe-Me cross-linked microgels synthesized with
CTAB do not mimic their larger counterparts. Instead, their behavior
closely resembles that of microgels with a target composition of 20 mol
% A-Phe-Phe-Me (Fig. 3e-f). Although the size appears to decrease
during the cooling cycle, the persistently high PDI suggests that the
aggregates do not disassemble (Fig. S8b, SI). However, unlike the 20 mol
% microgels, the smaller 5 mol% microgels exhibit a less pronounced
increase in Dy, occurring at higher temperatures (Fig. 3e), as supported
by the PDI data (Fig. S8e, SI). This suggests that aggregate formation
occurs more gradually at elevated temperatures. To further investigate
this behavior, scanning transmission electron microscopy (STEM) im-
ages were taken of this sample under different conditions: one was
dispersed on the grid at room temperature (RT), while the other was
heated to 70 °C and dispersed while hot (Fig. S9a-b, SI). The RT sample
exhibits a monodisperse distribution of microgels, whereas the heated
sample shows aggregate formation.

To determine if the observed heat-induced aggregation effects stem
from a reduced charge density due to size shrinkage, zeta potential ({)
measurements above and below the VPTT were performed (Table 2).
Contrary to the expected slightly positive { (resulting from the positively
charged AMPA initiator), the microgels were found to have negative ¢
values. This result may be due to the low initiator concentration (0.2 mol
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Table 2

Zeta potential ({) at 20 and 55 °C of different microgels.
Microgel C20°c (mV) {ssoc (mV)
20 Mol% A-Phe-Phe-me —2.6 £0.7 —29.3+0.7
5 Mol% A-Phe-Phe-me -7.4+0.7 —-32.0 £ 0.8
5 Mol% A-Phe-Phe-me + CTAB -53+1.1 —35.7 £ 0.7
5 Mol% BIS + CTAB —-1.0+ 0.5 —6.0+1.4

% in relation to the monomer content), which is significantly lower than
the concentration used in reports showing positive { (which, e.g. used
8x higher AMPA amounts) [57]. Therefore, this low charge density may
also be subject to shielding effects during the measurement. Upon
collapse, the { of BIS cross-linked microgels became marginally more
negative (from —1 to —6 mV), whereas the A-Phe-Phe-Me cross-linked
microgels showed a strong shift to negative values between —23 and
— 32 mV. The strong negative { suggests that the increased hydropho-
bicity, resulting from the A-Phe-Phe-Me units and the collapse of the
polymer chains, promotes the adsorption of negatively charged ions
(such as hydroxide ions) from the surrounding aqueous medium [57].
Therefore, it can be assumed that the aggregation is not due to a reduced
charge density. While a highly negative { normally indicates strong
inter-particle repulsion and ensures colloidal stability, in this specific
case, the highly hydrophobic A-Phe-Phe-Me moiety introduces a coun-
teracting hydrophobic attraction between the collapsed polymer chains,
which can induce aggregation. The observed heat-induced aggregation
may be a consequence of the hydrophobic A-Phe-Phe-Me moiety com-
bined with differences in the SR. Determining the SR from the
temperature-dependent heating cycles (at 20 and 38 °C) reveals a sig-
nificant difference: the large microgels with 5 mol% A-Phe-Phe-Me
exhibit an SR of 9.5, which is much larger than their small counterparts
with a SR of 5.7. Microgels containing 20 mol% A-Phe-Phe-Me show the
lowest SR of 3.1.

2.3. Time-dependent formation of A-Phe-Phe-me cross-linked microgels

To gain deeper insight into the mechanism of microgel formation,
DLS measurements and SEM images were recorded at various time
points during the reaction (Fig. 4). Samples were collected during the
synthesis of microgels with a monomer ratio of 95 to 5 (VCL to A-Phe-
Phe-Me) at times between 1 and 180 min. To stop the polymerization
process, the samples were rapidly cooled down and exposed to oxygen.
DLS analysis reveals that the microgels grew steadily, reaching a final
hydrodynamic diameter of approximately 500 nm after about 30 min
(Fig. 4a). This observation aligns well with previous reports made on
microgels cross-linked with the covalent cross-linker BIS, which are
extensively characterized in the literature [58].

Interestingly, the samples collected at 1- and 3-min display larger
hydrodynamic diameters from the DLS measurements compared to
those collected at 5 min (Fig. 4a). The PDI of these early-stage samples
exceeds 1, which normally indicates heterogeneity. However, these re-
sults require caution because PDI measurements under weak scattering
conditions, caused by the predominance of small particles after this
short time, can be unreliable. In contrast, samples collected at 5 min and
later time points are highly monodisperse, with PDIs close to 0 (Fig. 4b).
A table of size and PDI value can be found in the SI (Table S4). To
complement the DLS data, SEM images were obtained from the samples
collected at 3, 5, and 15 min (highlighted in orange in Fig. 4a). The SEM
images reveal that, in contrast to the DLS results, the microgels at 3 min
are highly monodisperse and significantly smaller than those at 5 and
15 min. The image shows aggregated particles, but this may result from
drying artifacts, especially given the presence of unreacted molecules
and oligomers in the continuous phase (Fig. 4d-f). The diameters of
multiple microgels from SEM images were measured and displayed as a
histogram in Fig. 4b. The observed aggregation behavior may indicate a
faster reaction of A-Phe-Phe-Me, leading to intramolecular interactions



N.A. Wolter et al.

Journal of Colloid And Interface Science 708 (2026) 139770

a b ; Cso. 0136 0182 0234 0275

. 8 PVCL-co-A-Phe-Phe-Me (95:5) s PVCL-co-A-Phe-Phe-Me (95:5) :

E 6004 3 min

& 5 min

g a ® ! - . . : 4 404 15 min

§ 500 - post-synthesis

Q -

E o 34 . 304

5 400{%/* =) E

o * o 8

z 3 21 204

‘é 300 T

3 1. 2h;

S [ 104

B 2004 \%

=
S — Ol o= * = & * + .+ 7 [ berd by .
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200 8‘10" 7015 020 0.25 0.30 035

reaction time (min)

reaction time (min)

diameter (um)

Fig. 4. Time-dependent formation of A-Phe-Phe-Me cross-linked microgels. (a) Hydrodynamic diameter of PVCL-co-A-Phe-Phe-Me microgels measured at 20 °C
at various time points during the reaction. The orange circles represent the time points at which the SEM analysis was made. (b) Corresponding PDI data to the Dj,.
Each value represents the average of four replicate measurements. (c) Diameter distribution histogram of microgels measured after 3, 5, and 15 min, as well as post-
synthesis, based on multiple SEM images. (d-g) Representative SEM images corresponding to each time point: 3 min (d), 5 min (e), 15 min (f), and post-synthesis

(180 min) (g).

between the small precursor microgels as the aromatic groups from A-
Phe-Phe-Me are more available on the surface. With increasing reaction
time, those agglomerates are broken by the constant stirring of the so-
lution. Additionally, the surface morphology of the particles shows a
transition from smooth to increasingly rough surfaces as the reaction
progresses. Notably, the post-synthesis microgels display the roughest
surface morphology (Fig. 4g).

Interestingly, the samples collected at 1- and 3-min display larger
hydrodynamic diameters from the DLS measurements compared to
those collected at 5 min (Fig. 4a). The PDI of these early-stage samples
exceeds 1, which normally indicates heterogeneity. However, these re-
sults require caution because PDI measurements under weak scattering
conditions, caused by the predominance of small particles after this
short time, can be unreliable. In contrast, samples collected at 5 min and
later time points are highly monodisperse, with PDIs close to 0 (Fig. 4b).
A table of size and PDI value can be found in the SI (Table S4). To
complement the DLS data, SEM images were obtained from the samples
collected at 3, 5, and 15 min (highlighted in orange in Fig. 4a). The SEM
images reveal that, in contrast to the DLS results, the microgels at 3 min
are highly monodisperse and significantly smaller than those at 5 and
15 min. The image shows aggregated particles, but this may result from
drying artifacts, especially given the presence of unreacted molecules
and oligomers in the continuous phase (Fig. 4d-f). The diameters of
multiple microgels from SEM images were measured and displayed as a
histogram in Fig. 4b. The observed aggregation behavior may indicate a
faster reaction of A-Phe-Phe-Me, leading to intramolecular interactions
between the small precursor microgels as the aromatic groups from A-
Phe-Phe-Me are more available on the surface. With increasing reaction
time, those agglomerates are broken by the constant stirring of the so-
lution. Additionally, the surface morphology of the particles shows a
transition from smooth to increasingly rough surfaces as the reaction
progresses. Notably, the post-synthesis microgels display the roughest
surface morphology (Fig. 4g).

2.4. Investigation of n-z stacking-driven microgel formation

Following the above characterizations, the n-n stacking-driven for-
mation of the microgels was examined using CD spectroscopy. For this,
microgels targeting 20 mol% A-Phe-Phe-Me were analyzed at increasing
concentrations. A strong positive peak at 226 nm (Fig. 5a) was observed,
indicating n-n stacking of the phenylalanine rings within the A-Phe-Phe-
Me comonomer. This attribution is supported by previous studies
reporting phenylalanine-based aromatic stacking-driven self-assembly,
resulting in fibril and hydrogel structures [59-61]. A plot of the circular
dichroic signal at 226 nm as a function of microgel concentration ex-
hibits a linear correlation (Fig. 5b), indicating dispersion homogeneity
in solution and the absence of aggregation within the examined range of
0.1 to 0.4 mg mL~. Microgels cross-linked solely by BIS were used as a
negative control and exhibited no representative CD signal (Fig. S11f,
SI). Subsequently, microgels with a target of 2.5 mol% each of the
chemical cross-linker BIS and the physical cross-linker A-Phe-Phe-Me
were studied. A strong positive CD signal at 226 nm, which increased
linearly with concentration, confirmed the presence of -t stacking and
the homogeneity of the system (Fig. 5c). Lastly, CD spectra of microgels
with increasing molar ratios of A-Phe-Phe-Me, measured at a fixed
concentration of 0.2 mg mL ™}, were recorded. A linear correlation be-
tween signal intensity and A-Phe-Phe-Me content was observed
(Fig. 5d). Overall, these results demonstrate that microgel formation is
driven by n-n stacking.

Following the above characterizations, the n-n stacking-driven for-
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microgels targeting 20 mol% A-Phe-Phe-Me were analyzed at increasing
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indicating n-x stacking of the phenylalanine rings within the A-Phe-Phe-
Me comonomer. This attribution is supported by previous studies
reporting phenylalanine-based aromatic stacking-driven self-assembly,
resulting in fibril and hydrogel structures [59-61]. A plot of the circular
dichroic signal at 226 nm as a function of microgel concentration ex-
hibits a linear correlation (Fig. 5b), indicating dispersion homogeneity
in solution and the absence of aggregation within the examined range of
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Fig. 5. CD-based analysis of A-Phe-Phe-Me cross-linked microgels. (a) CD spectra of PVCL-co-A-Phe-Phe-Me microgel targeting 20 mol% A-Phe-Phe-Me at
concentrations ranging from 0.1 to 0.4 mg mL~!. (b) Linear correlation between the circular dichroic signal at 226 nm and microgel concentration. (c) CD spectra and
the corresponding linear correlation plot of PVCL-co-A-Phe-Phe-Me-co-BIS microgels, prepared with 2.5 mol each of BIS and A-Phe-Phe-Me, at concentrations ranging
from 0.2 to 0.5 mg mL ™. (d) CD spectra and the corresponding linear correlation plot of PVCL-co-A-Phe-Phe-Me microgels with increasing molar ratios of A-Phe-Phe-
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0.1 to 0.4 mg mL L. Microgels cross-linked solely by BIS were used as a
negative control and exhibited no representative CD signal (Fig. S11f,
SI). Subsequently, microgels with a target of 2.5 mol% each of the
chemical cross-linker BIS and the physical cross-linker A-Phe-Phe-Me
were studied. A strong positive CD signal at 226 nm, which increased
linearly with concentration, confirmed the presence of n-r stacking and
the homogeneity of the system (Fig. 5c). Lastly, CD spectra of microgels
with increasing molar ratios of A-Phe-Phe-Me, measured at a fixed
concentration of 0.2 mg mL™!, were recorded. A linear correlation be-
tween signal intensity and A-Phe-Phe-Me content was observed
(Fig. 5d). Overall, these results demonstrate that microgel formation is
driven by n-n stacking.

Furthermore, the thermal effect on n-n stacking was monitored by
recording temperature-dependent CD spectra. A decrease in signal in-
tensity at 226 nm with increasing temperature was observed for
microgels (0.2 mg mL ™) targeting 20 mol% A-Phe-Phe-Me (Fig. S11a-b,
SI). This is likely a result of microgel aggregation at elevated tempera-
tures, as indicated by a concurrent drop in absorbance to zero. Aggre-
gation onset occurs at 40 °C, consistent with previously discussed
temperature-dependent DLS measurements. However, 0.2 mg mL ™" of
microgel cross-linked using 5 mol% A-Phe-Phe-Me exhibited no change
in CD signal intensity when subjected to a temperature increase from 25
to 65 °C, indicating the absence of aggregation (Fig. S11d-e, SI), in
agreement with the DLS data (see Section 2.2).
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to 65 °C, indicating the absence of aggregation (Fig. S11d-e, SI), in
agreement with the DLS data (see Section 2.2).

2.5. Organic solvent-induced degradation

A degradation study with organic solvent was performed to study the
stability and degradation potential of the previously characterized
microgels. Therefore, the lyophilized microgels of the three systems with
chemical and physical cross-links were redissolved in water and tetra-
hydrofuran (THF) and characterized by SEM (Fig. 6). All microgels
redissolve in water with no visible aggregation, which can be seen
visually from the turbid solutions as well as from the SEM images. The
BIS cross-linked microgel shows no significant difference from being
redissolved in THF compared to water (Fig. 6a). Measuring the diameter
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of several SEM images reveals that the microgels redispersed in THF are
229 nm on average, slightly larger than the microgels redispersed in
water, with an average of 205 nm. However, the microgels consisting of
chemical and physical cross-links from BIS and A-Phe-Phe-Me, respec-
tively, have an average diameter of 300 nm when being redissolved in
THF, which is 38% larger in contrast to an average diameter of 217 nm
when being redispersed in water (Fig. 6b). This could be due to the
breaking of the physical cross-links in THF. As a result, the microgels are
only cross-linked by the remaining covalent cross-links, which makes the
system more flexible, as there are fewer cross-links. The PVCL-co-BIS-co-
A-Phe-Phe-Me microgels were additionally dialyzed again in water and
analyzed by DLS, revealing that there is a small increase in size from 610
to 734 nm in the swollen state, as well as in the collapsed state from 370
to 439. PDI and swelling ratios are similar (Fig. S10, Table S3).
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redissolve in water with no visible aggregation, which can be seen
visually from the turbid solutions as well as from the SEM images. The
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A-Phe-Phe-Me microgels were additionally dialyzed again in water and
analyzed by DLS, revealing that there is a small increase in size from 610
to 734 nm in the swollen state, as well as in the collapsed state from 370
to 439. PDI and swelling ratios are similar (Fig. S10, Table S3).

Finally, the microgel system, when cross-linked solely by the phys-
ical cross-linker, exhibited no optical turbidity upon dissolution in THF
(Fig. 6c¢). Furthermore, no detectable particles are left in the SEM
analysis, showing that the microgels fully disintegrate. The degradation
product of the physically cross-linked microgels was further investigated
using size exclusion chromatography (SEC). Therefore, the microgels
were dissolved in DMF. In contrast to the PVCL-co-BIS microgels, the
PVCL-co-A-Phe-Phe-Me microgel sample could easily be filtered through
a 0.2 pm syringe filter, indicating the disassembly and absence of large,
cross-linked particles. The SEC diagram shows a broad distribution with
molecular weights (M) of 675 kDa (Fig. S13, SI).

Finally, the microgel system, when cross-linked solely by the phys-
ical cross-linker, exhibited no optical turbidity upon dissolution in THF
(Fig. 6¢). Furthermore, no detectable particles are left in the SEM
analysis, showing that the microgels fully disintegrate. The degradation
product of the physically cross-linked microgels was further investigated
using size exclusion chromatography (SEC). Therefore, the microgels
were dissolved in DMF. In contrast to the PVCL-co-BIS microgels, the
PVCL-co-A-Phe-Phe-Me microgel sample could easily be filtered through
a 0.2 pm syringe filter, indicating the disassembly and absence of large,
cross-linked particles. The SEC diagram shows a broad distribution with
molecular weights (My,) of 675 kDa (Fig. S13, SI).

To further investigate the degradation by solvent, the physically
cross-linked microgels were examined in different water/THF mixtures.
The samples were characterized by SEM and DLS (Fig. 7). While the
microgels are fully intact at 100 v% water and 0 v% THF, they gradually
start to disassemble with an increasing solvent ratio. When dissolving
them in a solution of 25 v% THF, small particles start to disassemble
from the microgels. Overall, the majority of the microgels are still intact,
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Fig. 7. Degradation of PVCL-co-A-Phe-Phe-Me microgels in THF with varying THF to water ratios. (a) SEM images of microgels with 5 mol% A-Phe-Phe-Me,
lyophilized and redissolved in solvent mixtures between 0 and 100 v% THF. Inserted is a picture of the respective solvent solution (c = 2 mg mL~1). (b) Size
distribution of microgels between 0 and 75 v% THF by number measured by DLS at 50 °C. (c) Histograms illustrating the diameters of the particles measured from

SEM images between 0 and 75 v% THF.

however, the roughness of the surface increases. At a volume ratio of 50
v% THF, the large microgels are fully disassembled into small particles.
The size decreases further with 75 v% THF, while at 100 v% THF, no
particles and only polymer traces could be detected in SEM images
(Fig. 7a). The microgel sizes were measured from several SEM images
and are depicted as a histogram in Fig. 7c.

This behavior is challenging to analyze using DLS, as particle disas-
sembly increases polydispersity and can lead to aggregate formation. To
better capture the disassembly process, size distribution by number was
chosen over size distribution by intensity, as it provides a more accurate
representation of polydisperse systems and emphasizes smaller particles
[62,63]. The size distribution by number shows the same trend as that
observed in SEM. The particle size increases for the sample dissolved in
25 v% THF compared to the one with 0 v% THF, while with increasing
THF ratios of 50 and 75, the particles become significantly smaller
(Fig. 7b). In agreement with the SEM and DLS results, there is a decrease
in turbidity visually detectable with increasing THF ratio when
comparing the solutions depicted in the inserted images in Fig. 7a,
which is not observed for the microgels containing chemical cross-links
(Fig. S12, SD).

This behavior is challenging to analyze using DLS, as particle disas-
sembly increases polydispersity and can lead to aggregate formation. To
better capture the disassembly process, size distribution by number was
chosen over size distribution by intensity, as it provides a more accurate
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representation of polydisperse systems and emphasizes smaller particles
[62,63]. The size distribution by number shows the same trend as that
observed in SEM. The particle size increases for the sample dissolved in
25 v% THF compared to the one with 0 v% THF, while with increasing
THF ratios of 50 and 75, the particles become significantly smaller
(Fig. 7b). In agreement with the SEM and DLS results, there is a decrease
in turbidity visually detectable with increasing THF ratio when
comparing the solutions depicted in the inserted images in Fig. 7a,
which is not observed for the microgels containing chemical cross-links
(Fig. S12, SI).

2.6. Concentration-dependent microgel morphology

Concentration plays a critical role in self-assembling processes.
Literature reports indicate that the self-assembly of Phe-Phe-based
nanostructures depends on the peptide concentration, enabling, for
example, structural variations from nanotubes to nanovesicles as pep-
tide concentration decreases [34,64]. Inspired by these results, the for-
mation of A-Phe-Phe-Me cross-linked microgels was further examined in
terms of their concentration during synthesis. This approach could offer
a promising strategy for tailoring microgel morphology, particularly for
the fabrication of asymmetric-shaped microgels, which are challenging
to achieve via precipitation polymerization. Therefore, the synthesis was
performed with a constant total monomer amount of 1.6 mmol and a
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fixed monomer ratio of 95 to 5 (VCL to A-Phe-Phe-Me) while varying the
reaction volume between 20 mL and 10 mL. The solvent ratio of 90 to 10
(Water to DMSO) as well as the absolute amount of initiator was kept
constant for each synthesis. The microgels were characterized by SEM
and DLS (Fig. 8). Increasing the monomer concentration by decreasing
the volume showed two effects on the microgels. Firstly, according to
DLS measurements, the Dy, 29-¢ of these microgels increases from 649 to
1170 nm when changing from a total volume of 20 mL to 15 mL. The size
increases further to 1940 nm for a volume of 10 mL. The Dy, 50°c, also
increases from 292 to 385 to 508 nm (Fig. 8d). The rise in size is
accompanied by an increase in PDI and, therefore, a decrease in mon-
odispersity. Secondly, a change in morphology is visible in the SEM
images. While the microgels prepared in 20 mL reaction volume are
highly monodisperse and spherical, the decrease in volume results not
only in a size increase but also in the formation of dimers and trimers
(Fig. 8a-c). Therefore, the reduction in reaction volume results in an
increase in non-spherical, partly asymmetric-shaped microgels, which
could be due to increased dipeptide concentration as well as the
increased initiator concentration.

The decrease in reaction volume also affects the incorporation effi-
ciency of A-Phe-Phe-Me, which decreases from 4.2 to 3.5 to 3.0 mol% for
the respective volumes (Table S1, SI). This can be attributed to the
overall lower amount of DMSO at reduced volumes, as discussed in
Section 2.1. However, the total yield remains unaffected by the change
in volume.

The decrease in reaction volume also affects the incorporation effi-
ciency of A-Phe-Phe-Me, which decreases from 4.2 to 3.5 to 3.0 mol% for
the respective volumes (Table S1, SI). This can be attributed to the
overall lower amount of DMSO at reduced volumes, as discussed in
Section 2.1. However, the total yield remains unaffected by the change
in volume.

3. Conclusions

In this study, we successfully synthesized and characterized novel
poly(N-vinylcaprolactam) (PVCL) based microgels containing supra-
molecular cross-links originating from a diphenylalanine-based mono-
mer bearing the well-known L-phenylalanyl-L-phenylalanine (Phe-Phe)
motif. The monomer was synthesized and copolymerized with VCL via
precipitation polymerization, leading to supramolecular cross-linking
involving hydrogen bonds and aromatic interactions. The chemical
structures and compositions of the monomer and microgels were vali-
dated using 'H NMR, FTIR, and Raman spectroscopy, confirming the
efficient incorporation of the dipeptide. It was shown that the microgel
formation is driven by n-n stacking using CD spectroscopy. A detailed
analysis of the thermoresponsive behavior through DLS showed that the
physical cross-linked microgels are comparable to the chemical cross-
linked ones. However, small physically cross-linked microgels as well
as microgels with high physical cross-linker content showed a pro-
nounced tendency to form aggregates at temperatures above 40 °C. The
data suggest that the heat-induced aggregation is facilitated by the
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combined effect of the hydrophobic A-Phe-Phe-Me moiety and the un-
derlying structural differences in the swelling ratio SR. We therefore
hypothesize that the non-covalent interactions of the Phe-Phe motif are
not only limited to generating intramolecular cross-links in the micro-
gels but could open the possibility for the preparation of microgel as-
semblies. The microgels were further examined regarding their
degradation potential by SEM and DLS. In this model study, the physical
cross-links were broken using organic solvents, potentially allowing for
the controlled release and delivery of biomacromolecules. Lastly, the
morphology of the microgels can be tuned by the reaction solution
concentration during synthesis. This opens the possibility for the for-
mation of asymmetric-shaped microgels, which are challenging to pro-
duce using precipitation polymerization. These findings contribute to a
deeper understanding of microgel formation, aggregate formation,
degradation, and morphology changes using physical cross-links.
Compared to previous studies on supramolecular cross-linked micro-
gels, which are mostly based on host-guest interactions or metal
complexation, our work demonstrates a novel, simple approach to apply
physical cross-linking via n-n-stacking by short aromatic peptides,
making the microgels interesting candidates for applications in the
biomedical field, where controlled degradation and stimuli-
responsiveness are critical factors. In future work, employing feeding
strategies during microgel formation could effectively control the Phe-
Phe unit distribution. Specifically, generating surface-bound Phe-Phe
groups would be beneficial for the supramolecular assembly of micro-
gels, which is currently often achieved using host-guest interactions,
electrostatic interactions, or metal coordination [65].

4. Experimental section
4.1. Materials

N-vinylcaprolactam (VCL, 98%, Sigma-Aldrich) was purified by
distillation under vacuum and recrystallization from n-hexane before
usage. All of the following chemicals were used as received. N,N-
methylenbis(acrylamide) (BIS, 99%), 2,2-azobis(N-methyl-
propionamidine) dihydrochloride (AMPA, 97%), acryloyl chloride
(97%), 4-(dimethylamino)pyridine (DMAP, 99%), and magnesium sul-
fate (MgSO4, 98%) were purchased from Sigma-Aldrich. L-phenylalanyl-
L-phenylalanine (98%, Phe-Phe) and acetyl chloride (98%) were pur-
chased from TCI. Furthermore, triethylamine (TEA, 99%) and cetyl-
trimethylammonium bromide (CTAB, 99%) were purchased from Alfa
Aesar and Carl Roth, respectively. Anhydrous methanol (99.8%, Sigma-
Aldrich), anhydrous dichloromethane (DCM, 99.8%, Sigma-Aldrich),
and dimethylsulfoxide (DMSO, 99.9%, Fisher Chemical) were used as
solvents during synthesis. For analysis purposes, tetrahydrofuran (THF,
99.9%, Sigma Aldrich), deuterated chloroform (CDCl3, 99.8%, Deutero),
dimethyl sulfoxide (DMSO-ds, 99.8%, Deutero) with dimethyl tere-
phthalate (DMT, certified reference material, standard for quantitative
NMR, Sigma-Aldrich), and N,N-dimethylformamide (DMF, 99.8, Sigma-
Aldrich) were used.
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Fig. 8. Concentration-dependent morphological changes in A-Phe-Phe-Me cross-linked microgels. (a-c) SEM images of microgels prepared using 20, 15, and 10 mL of
total reaction volume. (d) Hydrodynamic diameters and PDIs of microgels measured at 20 and 50 °C. Each value represents the average of at least four replicate

measurements.

13



N.A. Wolter et al.

4.1.1. Monomer synthesis

The monomer N-acryloyl-L-phenylalanyl-L-phenylalanine methyl
ester (A-Phe-Phe-Me) was synthesized in two steps via esterification of
Phe-Phe followed by an acryloyl substitution as reported previously
[48,50]. In the first step, Phe-Phe (0.99993 g, 3.20 mmol) was dissolved
in anhydrous methanol (50 mL). The mixture was maintained in an ice
bath while acetyl chloride (5 mL, 70.07 mmol) was added dropwise. The
resulting solution was stirred at 0 °C for 2 h, followed by stirring at room
temperature overnight. The solvent was removed under reduced pres-
sure, yielding the white solid L-phenylalanyl-L-phenylalanine methyl
ester (Phe-Phe-Me, 1.07082 g, 2.95 mmol, 92.2%). For the second step,
Phe-Phe-Me (0.9764 g, 2.69 mmol) was dissolved in anhydrous DCM
(40 mL), followed by the addition of TEA (804 pL, 5.77 mmol) and
DMAP (36.2 mg, 0.296 mmol). Acryloyl chloride (370 pL, 4.55 mmol) in
DCM (5 mL) was added over 15 min while stirring the solution in an ice
bath. The solution was stirred at room temperature overnight, diluted
with DCM (40 mL), and washed with HCl (1 M, 85 mL) and brine (85
mL). The organic phase was dried over MgSO4 and the solvent was
removed under reduced pressure. The obtained product was recrystal-
lized from DCM at —18 °C, filtered, and dried under vacuum to obtain
the white solid A-Phe-Phe-Me (0.37339 g, 0.981 mmol, 36.5%). The
final product was analyzed by 'H NMR spectroscopy (Fig. S3, SI).

The monomer N-acryloyl-L-phenylalanyl-L-phenylalanine methyl
ester (A-Phe-Phe-Me) was synthesized in two steps via esterification of
Phe-Phe followed by an acryloyl substitution as reported previously
[48,50]. In the first step, Phe-Phe (0.99993 g, 3.20 mmol) was dissolved
in anhydrous methanol (50 mL). The mixture was maintained in an ice
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resulting solution was stirred at 0 °C for 2 h, followed by stirring at room
temperature overnight. The solvent was removed under reduced pres-
sure, yielding the white solid L-phenylalanyl-L-phenylalanine methyl
ester (Phe-Phe-Me, 1.07082 g, 2.95 mmol, 92.2%). For the second step,
Phe-Phe-Me (0.9764 g, 2.69 mmol) was dissolved in anhydrous DCM
(40 mL), followed by the addition of TEA (804 pL, 5.77 mmol) and
DMAP (36.2 mg, 0.296 mmol). Acryloyl chloride (370 pL, 4.55 mmol) in
DCM (5 mL) was added over 15 min while stirring the solution in an ice
bath. The solution was stirred at room temperature overnight, diluted
with DCM (40 mL), and washed with HCl (1 M, 85 mL) and brine (85
mL). The organic phase was dried over MgSO4 and the solvent was
removed under reduced pressure. The obtained product was recrystal-
lized from DCM at —18 °C, filtered, and dried under vacuum to obtain
the white solid A-Phe-Phe-Me (0.37339 g, 0.981 mmol, 36.5%). The
final product was analyzed by 'H NMR spectroscopy (Fig. S3, SI).

4.1.2. Microgel synthesis

The microgels were synthesized using precipitation polymerization.
The following procedure is exemplary for a synthesis using 5 mol% A-
Phe-Phe-Me and 10 v% DMSO. VCL (1.57 mmol) was dissolved in ul-
trapure water and purged with nitrogen for 30 min while heating to
70 °C. AMPA (0.0032 mmol) and A-Phe-Phe-Me (0.08 mmol) were
dissolved in ultrapure water (18 mL) and DMSO (2 mL), respectively,
and purged with nitrogen for 20 min. The reaction was started by adding
the AMPA solution, which was directly followed by A-Phe-Phe-Me
addition. The reaction mixture was stirred at 70 °C for 3 h before being
cooled to room temperature and stirred overnight. Low molecular
weight impurities were removed by dialysis using a tube with a mo-
lecular weight cut-off of 12-14 kD in deionized water for 7 days,
changing the water 3 times a day. Parts of the microgel solution were
lyophilized to determine the yield and perform further characterization.
For the concentration-dependent synthesis, the total volume of the re-
action was adjusted to 15 and 10 mL. The absolute amounts of VCL, A-
Phe-Phe-Me, and AMPA were held constant, and the water to DMSO
ratio remained at 90:10.

4.1.3. Centrifugation experiments
To investigate the amount of higher molecular weight species

14

Journal of Colloid And Interface Science 708 (2026) 139770

remaining in the microgel dispersion, centrifugation was applied. For
the high-speed centrifugation, an Eppendorf 5418R centrifuge was used,
applying the maximal relative centrifugal force (RCF) of 16.800 x g for
30 min at 20 °C. For the ultracentrifugation, an Optima centrifuge from
Beckman was used, applying 80.000 x g for 80 min at 4 °C. For both
centrifugation experiments, 1.0-1.5 mL of the dialyzed samples con-
taining 5 and 20 mol% A-Phe-Phe-Me was used. 1.0-1.2 mL of the su-
pernatant was collected without destroying the pellet and lyophilized.
The polymer mass was determined gravimetrically.

4.1.4. Dynamic light scattering

Dynamic light scattering (DLS) was performed to determine the hy-
drodynamic diameter and the size distribution of the microgels using a
Zetasizer Ultra by Malvern Panalytical and analyzed using the software
ZS Xplorer. To avoid particle-particle interactions and the confounding
effects of multiple scattering, purified microgels were dispersed in ul-
trapure water. A typical low concentration of 0.01-0.1 mg mL™~! was
used, which yielded minimal turbidity (mean count rates between 200
and 600). The samples were transferred into a disposable capillary cell
of the type DTS0012. A glass cuvette was used in the case where THF and
mixtures of THF/water were used for the dilution at concentrations
between 0.2 and 0.3 mg mL™!. The samples were measured at a fixed
scattering angle of 90° (side scatter) and a laser beam operating at A =
632.8 nm at temperatures of 20 and 50 °C. Each reported value is the
average of at least four independent consecutive runs, starting with the
lower temperature. After reaching a stable temperature, the samples
were allowed to equilibrate for an additional 60 s at 20 °C and 120 s at
50 °C. For the temperature-dependent measurements, the temperature
was set from 5 to 67 °C (and backward), measured in 1 °C steps with an
equilibration time of 120 s at each temperature. Each reported value is
the average of at least three independent consecutive runs. The mean
peak values from the intensity-weighted or number-weighted distribu-
tions were used for the size determination.

4.1.5. Zeta potential measurements

The zeta potential ({) was measured with a Zetasizer Ultra (Malvern
Panalytical, Germany) and a disposable capillary cell (DTS1070, Mal-
vern Panalytical). For all measurements, the sample was diluted with
ultrapure water to concentrations of 0.2 mg mL™'. The dispersions were
measured at 20 and 55 °C with an applied voltage of 150 V. Each re-
ported value is the average of at least four independent consecutive runs,
starting with the lower temperature. After reaching a stable tempera-
ture, the samples were allowed to equilibrate for an additional 120 s at
20 °C and 600 s at 55 °C. The software ZS Xplorer was used to analyze
the results.

4.1.6. Scanning and transmission electron microscopy

For scanning electron and scanning transmission electron micro-
scopy (SEM/STEM) measurements, an ultra-high-resolution SU-9000
microscope by Hitachi was used. The electron energy was set to 30 kV,
and the magnification was between x20000 and x100000. The scanning
electron (SE) and bright-field STEM (BF-STEM) modes were applied.
Samples were diluted with HPLC-grade water or THF to a concentration
of 0.8 mg mL ™}, which was determined by the lyophilization of a known
volume. A droplet of 7 uL was placed onto a carbon-coated copper grid
(400 Mesh), while a filter paper absorbed the excess liquid. The sample
was set to dry for several hours so that the solvent could evaporate
before the measurement.

4.1.7. Nuclear magnetic resonance spectroscopy

'H NMR spectroscopy of the monomer and microgels was recorded
on a Bruker AV400 Spectrometer at 400 MHz. For all measurements,
deuterated DMSO (DMSO-dg, chemical shift § H = 2.50 ppm, water
residue chemical shift § H = 3.30 ppm) or deuterated chloroform
(CDCls, chemical shift § H = 7.26 ppm) were used as a solvent. Dimethyl
terephthalate (DMT) was used as an internal standard in DMSO-dg for
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quantitative NMR measurements. The NMR spectra, as well as the cal-
culations for the quantitative determination, can be found in the SI.

'H NMR spectroscopy of the monomer and microgels was recorded
on a Bruker AV400 Spectrometer at 400 MHz. For all measurements,
deuterated DMSO (DMSO-dg, chemical shift § H = 2.50 ppm, water
residue chemical shift § H = 3.30 ppm) or deuterated chloroform
(CDCls, chemical shift § H = 7.26 ppm) were used as a solvent. Dimethyl
terephthalate (DMT) was used as an internal standard in DMSO-dg for
quantitative NMR measurements. The NMR spectra, as well as the cal-
culations for the quantitative determination, can be found in the SI.

4.1.8. Circular dichroism spectroscopy

Circular dichroism (CD) spectra of the microgels were recorded on a
JASCO J-1500 Spectrometer using a 1 mm path-length quartz cuvette.
Each spectrum is an average of three accumulations. The spectral con-
tributions from the water were subtracted. The spectra were recorded
using the following parameters: 200-300 nm wavelength range, 1 nm
data pitch, 1 nm bandwidth, 0.5 s response, and 100 nm min~! of
scanning speed. The microgels were diluted with HPLC-grade water to
concentrations between 0.01 and 0.5 mg mL L.

4.1.9. Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC), utilizing size exclusion
chromatography (SEC), was employed to determine the average mo-
lecular weights (My,, M;,) and molecular weight distributions (M,/M,) of
the disassembled PVCL-co-A-Phe-Phe-Me microgel. Dimethylformamide
(DMF) was used as the eluent with 1 g L7! Lithium Bromide, and SEC
was performed with a Bischoff HPLC compact pump coupled to a Jasco
RI-2031 plus refractive index detector. Three columns containing SS
GRAM gel were used for separation. Data analysis was conducted using
PSS WinGPC UniChrom software. For the measurements, lyophilized
microgels were dissolved in the eluent with a concentration of 7 mg
mL ™! and filtered through a syringe filter with a pore size of 0.2 pm.

4.1.10. Fourier transform infrared and Raman spectroscopy

To investigate the microgel and monomer structure, Fourier trans-
form infrared (FTIR) spectra were recorded using a PerkinElmer FTIR
spectrometer. Measurements were taken between 400 and 4000 em !
with a resolution of 4 cm™! and 4 scans per measurement. The data was
analyzed using the Spectrum IR software (version 10.7.2). Raman
spectroscopy was employed using a Bruker RFS 100/S Raman spec-
trometer equipped with a Nd:YAG laser (k = 1064 nm). The measure-
ments were conducted with a spectral resolution of 4 em ™}, power of
200 mW, and 1000 scans. For the measurements, the lyophilized
microgels were compressed into an aluminum pan. For the data analysis,
the software OPUS 4.0 was used. Baseline corrections were performed.

4.1.11. Atomic force microscopy

Atomic force microscopy (AFM) images were recorded using a
NanoScope V from Veeco Instruments in tapping mode. As a cantilever,
an NCH-50 POINTPROBE®-Silicon SPM-Sensor from Nanoworld with a
resonance frequency of 320 kHz and a force constant of 42 Nm™! was
used. The samples (50 pL, 5 mg mL~!) were spin-coated on a silicon
wafer using a WS-650SZ-6NPP/LITE spin-coater by Laurell, applying
2000 rpm. The wafers were plasma treated at 0.2 mbar for 60 s be-
forehand using a Flecro 10USB-MFC plasma oven by Plasma Technol-
ogy. The recorded images were analyzed with the software Gwyddion.
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