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ABSTRACT: A versatile synthetic strategy for the fabrication of poly(acrylamide)-based amphiphilic polymer conetworks
(APCNs) from pentafluorophenyl acrylate (PFPA)-based hydrophobic precursor networks is presented. The active ester monomer
PFPA fulfills a dual role: it provides miscibility with hydrophobic macromonomer crosslinkers and activates the acrylate for ami-
dation reactions. Thereby, it acts as a general hydrophobic masking group for acrylamides, allowing to transform the precursor
networks into a multitude of different poly(acrylamide)-/-PDMS APCNs. The resulting optically transparent APCNs possess
nanophase-separated morphologies with domains sizes in the nanometer range as shown by atomic force microscopy and small
angle X-ray scattering. Variation of the amide type results in different APCNSs, even though they are derived from the same precur-
sor network. The bulk properties of these ACPNs, from swelling behavior to stiffness, can be tailored according to the desired
application by variation of the amide type. Furthermore, the combination of PFPA with another hydrophobically masked monomer
allows for the fabrication of APCNs with small yet precisely defined amounts of amide units in the hydrophilic phase. Thereby, a
controlled functionalization of APCNs with pendant groups such as pH-responsive imidazole, fluorescent dyes, or biotin for specif-
ic protein binding is achieved, greatly expanding the functionality of the APCNs. Such functionalized APCNs could find applica-
tion as biomaterials, smart hydrogels, switchable membranes, biosensors, or as matrices for biocatalysis.

Introduction with hydrophobic macromonomer crosslinkers,'”*%%! with the
Materials consisting of two types of finely phase separated latter representing the historically most employed approach.
polymers often possess improved or even novel properties due All strategies result in conetwork structures where covalent

to a synergistic combination of the individual components in a bonds. 1nl.11.b1t macro phase separation. Howeverf the u.selof )
nanostructured material.' Amphiphilic polymer conetworks amphiphilic solvents is usually required to pr0V1d.e mle:lblhty
(APCNs) represent an outstanding class of materials within of the components during the cgr}etwork preparation Wlt.h one
this field as they combine two polymers of opposite “philici- exemption. The use of hydrophilic monomers }aeapng h}ghly
ties”, one hydrophilic and one hydrophobic, in a nanophase- hydrophobic masking groups allows the combmat}on w1th.
separated material.>* Such a phase morphology with domain even extremely hydrophobic macromonomers while enabling
sizes in the nanometer range results in an extremely large polymerizations in bulk or with little solvent addition.'® 4 5052
interfacial area and unique properties, such as their ability to 56_.57' 5.9 For f:xamp.le, 2-hydroxyethyla.1crylate (HEA) was made
swell in both water and hydrocarbons, optical transparency, miscible with a dimethacrylate-terminated o

and excellent mechanical properties. In addition to their most Poly(dlmethylsﬂoxape) (MA'PDMS'MA)' by modl.flcatlon of
well-known use as silicone hydrogel contact lenses, the its hydroxy group with the hydrophobic trimethylsilyl (TMS).
unique set of properties of APCNs makes them prime material group. The masking group was cleaved off after the polymeri-
candidates for applications including drug delivery,”' anti- zation, leaving behind an APCN with a hydr(;ghlhc _
biofouling surfaces,'*'® separation membranes,'”?, lithium poly(HEA) and a hydrophobic PDMS phase.”” However, this
ion conduction,?""?? sensors,”?’ self-sealing breathable mem- approach is limited to those hydrophilic monomers with a

branes,?* and matrices for (bio)catalysis.2” 233 Modification functional group that can be linked to a suitable masking

with stimuli-responsive groups adds further layers of function- group. This limitation excludes many monomers, eSPeCial‘ly
ality and, thereby, opens up new potential applications, as has members of the extrer.nelly versa.tlle class of.poly(acrylamlde)s
been shown, for example, with spiropyran-modified APCNs (PAAm), which are difficult to incorporate into APCN_ S
that enabled light-responsive permeation for controlled drug Moreover, each type of masked monomer needs to be individ-

delivery.* ually synthesized, which strongly limits the scope and varia-

Lo . s ility of ibl ials.
The challenge for the fabrication of APCNs lies within the bility of accessible materials

necessity to combine two immiscible polymers into a macro- Beyond the fabrication of APCNs, the functionalization of

scopically homogeneous material. Synthetic strategies are AP CNS is an important step towards ma}riy applications., hO_W‘
typically based on either crosslinking of preformed polymer ever, it faces closely related challenges:** post-polymerization
segments,** or the polymerization of hydrophilic monomers functionalization requires the presence of adequate functional



groups in the APCNs and the degree of functionalization is,
typically, not well controlled. Incorporation via functional
monomers, on the other hand, is limited by miscibility re-
strictions since many of the molecules of interest, such as
fluorescent dyes or photochroms, are highly hydrophilic. Fur-
thermore, many functional monomers could interfere with the
polymerization process or be lost due to side reactions. An
ideal synthesis strategy for APCNs would, therefore, involve a
monomer which is hydrophobically masked with a group that
allows integration into hydrophobic pre APCNs but activates
the monomer towards a variety of different post-
polymerization functionalizations.

The active ester monomer pentafluorophenyl acrylate (PFPA)
offers a solution to this challenge as it combines hydrophobi-
city with a very high reactivity towards primary but also sec-
ondary amines, a reaction that yields alkyl acrylamide (AAm)
units.? Indeed, PFPA could be considered a hydrophobically
masked AAm, as it can be transformed into many different
members of this wide-ranging class of monomers. Since its
introduction together with the less reactive pentafluorophenyl

(a)
>—(Z—ans—?_<

(PDMS-MA)
F
/\n,o F

9 F

I
o

(TMS-HEA) Variable composition:
PDMS - PFPA - TMS-HEA
b) ¢PA)  Ha
( ) /\oq (DMAPA) H’N/\/\T/
(AEE)  HN"O"on
Hist Nﬁ\nn
(Morph) HNDO (Hist) HzN/\/'%/

(PFPA)F (i) Irgacure 651, hv ” (i) R-NH,TEA
_——h L ———
AN O omws ((iii). H,O/'PrOH/H")
o\
(EDANS) HN o~ O oM
ACL

(Biotin-NH,)

methacrylate by Théato and coworkers,> PFPA has been
employed for the preparation of various PAAm- and ester-
based systems,* such as blockcopolymers,®¢’
nanohydrogels,®*”° functional surfaces,””7* and visible light
responsive polymer films for wavelength-selective photopat-
terning.”

Herein, we describe the synthesis of APCNs via hydrophobic
preAPCNs based on PFPA and PDMS macromonomers. A
variety of different PAAm/PDMS APCNs were prepared from
one preAPCN and characterized using an array of analytical
techniques. Furthermore, mixed preAPCNs based on PDMS,
defined amounts of PFPA and the well-established TMS-
masked HEA provided access to poly(HEA)-/-PDMS APCNs
that were modified with a defined amount of functional
groups, such as pH-responsive imidazole groups, fluorescent
dyes, and biotin for specific protein binding. Thereby, a syn-
thetic platform for the creation of a wide range of APCNS is
established.
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Figure 1. (a) Synthetic procedure for the fabrication of PAAm-based APCNs via hydrophobic preAPCNs based on PFPA, MA-PDMS-
MA and TMS-HEA. Depending on the monomer ratio, the final composition of APCNs range from PAAm/PDMS systems (right, top) to
HEA-based APCNs with defined amounts of functional AAm units (right, bottom). Reaction conditions: (i) photopolymerization (bulk or
25 vol% THF for PFPA-49, UV irradiation, 315 nm long pass filter), (ii) R-NHz, TEA, THF or THF/DMSO (40 °C, overnight), or DMF
(40 °C, 1 h) and, if TMS-HEA was incorporated, (iii) acidified 'PrOH/H20 1:1 (room temperature, overnight). (b) Primary and secondary

amines used to introduce the AAm units into APCNs.

Experimental Section

Materials. All solvents including anhydrous solvents were
purchased from Sigma Aldrich or Fisher Scientific and were
of analytical grade. Other reagents, if not stated otherwise,
were purchased from Sigma Aldrich (Switzerland) or TCI
Europe (Germany). Strepavidin AlexaFluor488 conjugate was
purchased from Thermofisher (Switzerland). Polypropylene
tape (50 um thickness, Tesa, Germany) was purchased from
Distrelec (Switzerland). Sterile Dulbecco’s Phosphate Buft-
ered Saline (PBS) was purchased from Sigma Aldrich. Meth-
acryloxypropyl-terminated poly(dimethylsiloxane) (MA-
PDMS-MA, viscosity 50-90 ¢St., 4500-5500 g mol!; GPC:
M,, = 5936 g mol!; PDI = 1.69,) was purchased from ABCR
(Germany). Britton-Robinson “universal” buffer (range pH 2-
12) was prepared according to a literature procedure,’ and

adjusted to the required pH values with 0.5 M NaOH. PFPA
and TMS-HEA were prepared according to previously report-
ed procedures and stored under argon at -20 °C until use.’*>

Synthesis of preAPCN. Detailed compositions of the mono-
mer mixtures are provided in the Supporting Information
(Table S1). In a typical procedure, photoinitiator Irgacure 651
was dissolved in TMS-HEA or, for PFPA-49, in THF (25
vol%) followed by the addition of PFPA and MA-PDMS-MA
(0.6 mL, 0.59 g). The monomer mix was vortexed (30 s) and
placed in an ultrasonication bath (30 s). A glass slide equipped
on two sides with approximately 200 um spacers (4 layers of
50 um thick polypropylene tape) was covered with the mono-
mer mixture. A glass slide without spacers was placed on top
and the mixture, which was then photopolymerized in a UV
chamber (UVASPOT 400/T, 400 W, 315 nm long pass filter,



Dr. Honle AG, Germany) for 3 min from each side. The glass
slides were subsequently placed in acetone to facilitate separa-
tion of the conetworks from the glass slide. The conetworks
were removed, washed for several hours in THF (40 °C) and
dried on a filter paper under vacuum to yield optically trans-
parent pre APCNs of 170-200 pm thickness.

Synthesis of APCN. Detailed amounts of reagents for the
conversion of the PFPA active esters in preAPCNs into
acrylamide units are provided in the Supporting Information.
Typically, the pre APCNs (2-5 cm?) were placed in 10 mL
THF, THE/DMSO (2:1), or DMF in a screw cap glass vial.
The amines and triethylamine (TEA) as an auxiliary base were
added, the vial was closed and the reaction was allowed to
proceed on a shaker (160 rpm) at 40 °C overnight or, for
DMF, 1 h. Subsequently, the conetworks were washed in
THEF, acetone and ethanol. Conetworks containing TMS-HEA
were placed in an acidified water/i-propanol mixture (16 drops
37 % HCI per liter) overnight and, subsequently, washed in
THF overnight, acetone for several hours, and ethanol over-
night. The samples were dried on a filter paper under vacuum
to yield optically transparent APCNs of 160-200 um thick-
ness.

Swelling Measurements. Dry samples of 1-2 cm* were im-
mersed into water or n-heptane for at least one night. The edge
lengths L; before and after swelling were measured with an
optical microscope (Keyence VHX-1000 system) and the
average volumetric degree of swelling Sy, was subsequently
determined from the sample edges (length L) as

3
S _ 1 Zn Li,swollen
Vol — ~
n i=1 Li,dry

with n denoting the number of edges. Typically, 4 edges were
used, unless an edge was damaged or too short and could not
be measured. For swelling experiments of pH responsive
APCNSs, samples were immersed in universal buffer solutions
(Britton-Robinson buffer) at pH 2, 4, 6, or 8 overnight and Sv,
was determined. Cycling experiments were conducted by
switching a single sample between buffer solutions of pH 4
and 8. For each step, the APCN was allowed to equilibrate for
at least one day.

AlexaFluor488-Strepavidin Loading. For the loading with
proteins, Biotin 0.1 and n-BA-0.1 were cut into easily distin-
guishable shapes and incubated together in 2 mL sterile PBS
buffer containing 0.5 mg/mL of AlexaFluor488-strepavidin
conjugate for one night. The conetworks were transferred to
10 mL fresh sterile PBS buffer and fluorescence intensity
values were determined immediately within 10 min. The
conetworks were kept in 10 mL PBS buffer with fluorescence
intensity measurements after 1, 2, 6, and 37 days with an ex-
change of the PBS buffer solution before any measurements.

Infrared (IR) Spectroscopy. Attenuated total reflectance
Fourier transform infrared (ATR FT-IR) spectra were recorded
on a Varian 640-IR FT-IR (Agilent Technologies) spectrome-
ter on the sample surface or, for bulk measurements, on pow-
ders obtained with a cryomill (CryoMill, Retsch, Germany).

Gel permeation chromatography (GPC). GPC was meas-
ured on an Agilent 1100 Series HPLC (Agilent, USA, serial
coupled columns: PSS SDV 5, 100A, PSS SDV 5) with THF
as the mobile phase, calibration on PDMS standards and tolu-
ene as the internal standard.

Differential Scanning Calorimetry (DSC). DSC curves were
recorded on a NETZSCH DSC 214 Polyma (NETSCHZ,
Germany) under nitrogen atmosphere at a heating rate of 10 K
min! and analyzed using the associated software (NETZSCH
Proteus Thermal Analysis, Version 7.1.0). Due to swelling of
the APCNs with atmospheric water, glass transition tempera-
tures were determined for the second heating cycle as the
middle point of the observed transitions.

Atomic Force Microscopy (AFM). AFM analysis was con-
ducted on a scanning probe microscope FlexAFM V5 (Nano-
surf AG, Switzerland) equipped with a C3000 controller and
the associated software (Nanosurf C3000 Version 3.7.3.6).
Measurements were performed at ambient conditions in tap-
ping mode with a silicon AFM probe (Tap-150Al1-G, Budget-
Sensors, Bulgaria) with a force constant of 5 N m™! and reso-
nance frequency of 150 kHz. Images were obtained on the
sample surfaces or on cross sections, which were obtained by
cryo fractures in liquid nitrogen or from cuts with a micro-
tome-type blade. The data was analyzed using Gwyddion
software (Version 2.46).

Small Angle X-ray Scattering (SAXS). SAXS studies were
carried out using a Nanostar SAXS instrument (Brucker AXS
GmbH, Karlsruhe, Germany). The instrument is equipped with
a microfocussed X-ray source (Incoatec GmbH, Geesthacht,
Germany) providing Cu Ka radiation and MONTEL optics
with two pinholes of 300 um to focus the X-ray beam. A
VANTEC-ZOOO, Xe-based gas avalanche detector was used to
record the 2D scattering patterns. The scattering patterns were
record over 30 minutes of exposure time at room temperature.
The scattering intensities as a function of scattering vector

(q = 47” sin(#)) were obtained by azimuthal integration of 2D

patterns and were further considered for detailed structural
analysis of the nanodomains. The generalized indirect Fourier
transformation approach was applied to obtain information
about the size of the domains and their spatial correlations
(form factor and structure factor calculations).”””® As the
result, the average size of the domain (pair-distance distribu-
tion function) and their spacing (domain-domain correlations)
have been identified.

Energy Dispersive X-ray Spectroscopy (EDX). EDX analy-
sis was performed on a Hitachi S-4800 (Hitachi High technol-
ogies, Canada) at 20 eV. Samples were first sputter coated
with 5 nm gold/palladium on a SEM coating unit (Polaron
Equipment, E5100, Kontron AG, Switzerland). Silicon and
carbon signals were compared relative to the respective num-
ber of atoms per repeating unit.

Fluorescence Measurements. For fluorescence intensity
quantification wet samples were placed between two glass
slides and analyzed in a fluorescence microarray scanner (LS
ReloadedTM, Tecan Trading AG, Switzerland, 100 um height,
130 gain). Fluorescence intensity values were determined over
the APCN area via ImageJ (Version 1.51n) and subtracted by
the background value. Fluorescence spectra of APCNs were
recorded on a Cary Eclipse fluorescence spectrophotometer
(Agilent, USA) on wet or dry samples. EDANS-0.1 and re-
spective control: Excitation spectra: Agy. 200-450 nm, Agm =
480 nm, ex. and em. slit 2.5 nm. Emission spectra: Agx 335
nm, Agm = 380-700 nm. ex. and em. slit 2.5 nm. Biotin-0.1 and
respective control: Agx = 488 nm, Agm = 500-650 nm ex. and
em. slit 10 nm.

Results and Discussion



Design and Synthesis. The general strategy for the synthesis
of PFPA-based APCN:ss is provided in Figure 1a. In short,
PFPA, TMS-HEA, the macromonomeric crosslinker MA-
PDMS-MA, and photoinitiator Irgacure 651 were mixed. The
monomer mixture was photopolymerized between two glass
slides equipped with 200 pum spacers by UV irradiation (Fig-
ure S1). The polymerization resulted in free standing hydro-
phobic preAPCNs that consisted of random copolymers cross-
linked by PDMS chains: poly((PFPA-co-TMS-HEA)-I-
PDMS). The amount of PFPA in the conetworks depended on
the initial monomer ratio and could be chosen all the way up
to preAPCNs consisting of only PFPA and PDMS:
poly(PFPA-I-PDMS). Here, however, a small amount of THF
(25 vol% of PFPA) was needed to ensure full miscibility. The
synthesized pre APCNs are listed in Table 1 (top) with their
theoretical molar and weight compositions. Molar composi-
tions are given for the ratios between individual repeating
units, i.e. PFPA, TMS-HEA or the dimethylsiloxane units of
PDMS. To demonstrate the wide range of accessible composi-
tions, we synthesized pre APCNs with 49 mol% of PFPA for
entirely PAAm-based APCNs (PFPA-49) as well as
preAPCNs with 5 mol% (PFPA-5) and 0.1 mol% (PFPA-0.1)
for HEA-based APCNs with different degrees of functionali-
zation. In addition, preACPNs with a 0.2:1 and a 1:1 ratio of
PFPA to HEA units (0.2:1 and 1:1) and a higher amount of
PDMS and the resulting APCNs are described in the Support-
ing Information.

Reaction of the active ester with primary or secondary amines
transformed PFPA-49 into APCNs with the network structure
poly(AAm-/-PDMS), in which hydrophilic poly(AAm) seg-
ments are connected by the hydrophobic PDMS chains (Fig-
ure 1a). For PFPA-5 and PFPA-0.1, the active ester reaction
was followed by cleavage of the TMS group, resulting in
APCNs with the structure poly(AAm-co-HEA)-/-PDMS). The
primary and secondary amines employed in this work are
depicted in Figure 1b. They were 2-hydroxypropylamine
(HPA), 2-(2-aminoethoxy)ethanol (AEE), morpholine
(Morph), and n-butylamine (n-BA). Moreover, two amines
bearing pH-responsive side groups, 3-(dimethylamino)propyl-
1-amine (DMAPA) and histamine (Hist), were used, as well as
the fluorescent dye (5-((2-aminoethyl)amino)naphthalene-1-
sulfonic acid) (EDANS) and an amine-modified biotin (Bio-
tin-NH>). Due to the excellent reactivity of PFPA active esters,
mild reaction conditions (THF, 40 °C) could be employed for
the amidation reaction.%® For amines with low solubility in
THF, either DMSO was added (Hist) or the reaction was con-
ducted in DMF (EDANS, Biotin-NH,). Due to the higher
reactivity of PFPA in DMF, the reaction time was shortened to
one hour.” Cleavage of the TMS groups to liberate the hydro-
philic HEA units took place under mild conditions in an acidi-
fied water/isopropanol mixture. The synthesized APCNs are
listed in Table 1 (middle). Importantly, from one pre APCN,
several different APCNs could be synthesized. For example,
from pre ACPN PFPA-49, which contains only PFPA and
PDMS, all PAAm-based APCNs were derived, whereas both
fluorescently-labeled EDANS-0.1 and Biotin-0.1 as well as
the n-BA-modified, n-BA-0.1 were derived from PFPA-0.1.
For comparison, we also synthesized HEA-49 which only
contained poly(HEA) and PDMS (Table 1, bottom).

Table 1. Synthesized conetworks and their composition.

Sample Composition Composition
(mol %)?* (Wt%)P
PFPA-49 49/0/51 75/0/25
PFPA-5 5/44/51 9/63/29
PFPA-0.1 0.1/48.8/51.1 69.6/1.5/28.9
AEE-49 49/0/51 67/0/33
HPA-49 49/0/51 63/0/37
Morph-49 49/0/51 65/0/35
DMAPA-49 49/0/51 67/0/33
Hist-5 5/44/51 8/53/39
EDANS-0.1 0.1/48.8/51.1 0.3/59.8/39.9
Biotin-0.1 0.1/48.8/51.1 0.4/59.7/39.9
n-BA-0.1 0.1/48.8/51.1 0.1/59.9/40.0
HEA-49 0/50/50 0/60/40

2 theoretical molar ratio of repeating units calculated from
monomer feed: PFPA/TMS-HEA/dimethylsiloxane or
AAm/HEA/dimethylsiloxane. P theoretical weight composition.
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Figure 2. (a) Surface attenuated total reflectance Fourier trans-
form infrared (ATR FT-IR) spectra of preAPCNs PFPA-49 and
PFPA-0.1, as well as APCNs derived from them. (b) Photograph-
ic images of (left-to-right) PFPA-49, AEE-49, Morph-49, HPA-
49, and DMAPA-49 (c) Photographic images of fluorescent
EDANS-0.1 under daylight and under long wave UV light.

Incorporation of PFPA into the preAPCNs and the reaction of
the PFPA active esters could be conveniently analyzed by IR
spectroscopy due to the strong and characteristic signals of the



PFPA active ester group (1782 cm™') and the aromatic C-F
bond (1516 cm™).” FT-IR spectra of PFPA-49 and several
PAAm-based APCNSs that were derived from it (AEE-49,
Morph-49, HPA-49, DMAPA-49) are presented in Figure
2a. Reaction of the PFPA active ester and formation of the
corresponding amide were accompanied by loss of the signals
of the PFP ester the aromatic C-F bond, indicating complete
conversion. The formation of the amides resulted in the ap-
pearance of the amide peak around 1640 cm™ and, for second-
ary amides, an additional peak for the N-H bending vibration
at 1545 cm’'. The different chemical nature of the amide units
can also be distinguished in the O-H region: as expected, no
signal is observable for the hydrophobic PFPA-49, whereas
AEE-49 and HPA-49 both possess protic O-H and amide N-H
groups resulting in a broad mixed peak with a maximum
around 3300 cm’'. The aprotic Morph-49 shows a weak O-H
signal, most likely caused by atmospheric water vapor due to
the hygroscopic nature of the PAAm phase. For DMAPA-49 a
stronger water O-H signal is combined with the amide N-H
peak. Bulk IR spectra were recorded on cryomilled samples
and confirmed complete reaction throughout the conetwork
and showed only minor differences between surface and bulk
(Figure S2).

APCNs with a hydrophilic phase based on HEA but a small
amount of amide modification are available, for example the
APCN EDANS-0.1 from preAPCN PFPA-0.1. The FT-IR
spectra of both conetworks are presented in Figure 2a (bot-
tom). At this low concentration, the PFP ester peak was too
small to be observed, however, the stronger aromatic C-F peak
could still be used to confirm the incorporation of PFPA and
the successful transformation into the amide (Figure 2a, in-
sets). The disappearance of the peak at 837 cm™ and the corre-
sponding appearance of the typical alcohol O-H peak around
3400 cm™! confirmed the complete cleavage of the TMS mask-
ing groups from the HEA units. FT-IR spectra of the other
preAPCNs and APCNSs of Table 1 can be found in the sup-
porting information (Figure S3-7). All preAPCNs and APCNs
appeared transparent to the eye (photographic images in Fig-
ure 2b), indicating that no macroscopic phase separation had
taken place, i.e. domain sizes were below the light scattering
limit in the nanometer range. The presence of the fluorescent
dye in EDANS-0.1 resulted in a very light reddish color in
daylight and strong blue fluorescence under long wave UV
light (366 nm peak, Figure 2¢). The dye was homogeneously

distributed throughout the APCN. To verify the selective
reaction of the EDANS with PFPA, a control experiment was
conducted with n-BA-0.1. After being treated to the same
reaction conditions (EDANS/TEA, DMF, 40°C, 1 h), fluores-
cence spectroscopy revealed no fluorescence signal for this
control sample whereas strong emission peaks typical for the
dye were found for EDANS-0.1. (Figure S3).

Thermal Analysis. Phase separation in APCNSs typically
results in two distinct glass transition temperatures (T,) corre-
sponding to the hydrophilic and hydrophobic phase, respec-
tively, which can be observed by differential scanning calo-
rimetry (DSC).%? All APCNs were analyzed by DSC. The DSC
curves of pre APCN PFPA-49, the protic APCN AEE-49, and
the aprotic APCN Morph-49 are presented in Figure 3a. The
T, of the other APCNss are listed in Table S2. Interestingly,
not only the final APCNSs but also the all-hydrophobic PFPA-
49 possessed two T,, indicating that poly(PFPA) and PDMS
became immiscible during the polymerization. They phase-
separated on the nanometer scale since no macrophase separa-
tion was observed that would turn the networks opaque. All
conetworks have the same PDMS phase that corresponds to a
T, around -130 °C, however, they differ in the nature of the
hydrophilic phase. The second T, of AEE-49 is 46 °C but the
T, of Morph-49 lies at 124 °C, most likely because of its
inflexible cyclic morpholine amide. Interestingly, for all
PAAm-based APCNs, the second T, lies above or around
room temperature, whereas for HEA-49 and other mostly
HEA-based APCNs such as EDANS-0.1 it is around 10 °C.
Consequently, the latter materials are much softer at room
temperature in the dry state than the other APCNs. Another
observation is that APCNs that contain different amounts of
HEA and AAm possesses only one T, for the hydrophilic
phase. Accordingly, the hydrophilic phase is a monogeneous
mixed phase of poly(HEA) and PAAm. The T, closely reflects
the AAM/HEA ratio (Figure S7) in that, for example, a 1:1
ratio of HEA to HPA-AAm units results in a T, of 72 °C,
almost in the middle between the T,s found for a HEA phase
(10 °C) and a HPA-AAm phase (114 °C). In conclusion, the
choice of the type of AAm as well as the ratio of AAm to
HEA strongly influences the T, of the hydrophilic phase and,
therefore, the mechanical properties, especially the soft-
ness/stiffness of the APCNS.
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Figure 3. Characterization of the phase morphology of conetworks by DSC and AFM. (a) DSC curves of PFPA-49, AEE-49 and Morph-
49. The glass transitions are marked by arrows. (b-g) Phase mode AFM images of surfaces (b-d) and cross sections (e-g): AEE-49 (left),

Morph-49 (middle), EDANS-0.1 (right).

Phase Morphology. The phase morphology of the APCNs
was investigated by AFM and SAXS. The contrast in phase
mode AFM images is related to a difference in energy dissipa-
tion, allowing the distinction of harder (bright) and softer
(dark) domains.®® Phase mode AFM images of surfaces and of
cross sections are presented in Figure 3b-g for representative
APCNSs: the protic AEE-49, the aprotic Morph-49 and the
HEA-based EDANS-0.1. Additional AFM images for the
other APCNss, as well as a low magnification overview and a
related height mode image of AEE-49 can be found in the
supporting information (Figure S5-8). All images in Figure 3
clearly show distinct phase separated domains of PDMS on
the surfaces and the cross sections. The concentration of
PDMS domains on the surfaces is lower than on the cross-
sections, which could be related to the contact of the monomer
mixture with the hydrophilic glass slide during the polymeri-
zation. Most likely, PDMS as the most hydrophobic compo-
nent has a lower affinity to the glass surface, resulting in an
enrichment of the other monomers.’?> Nevertheless, both phas-
es were present on all surfaces. The PDMS domains of all
protic PAAm-based and HEA-based APCNs appeared mostly
round, but less for Morph-49. The found phase morphology
can be interpreted as the presence of distinct, often almost
spherical domains of PDMS within a continuous hydrophilic
matrix. This observation can be related to the overall composi-
tion of the APCNss that contain more than 60 wt.% hydrophilic
phase. The diameter of single domains was found predomi-
nantly between 5 nm and 12 nm. For EDANS-0.1, the single
domains are larger with diameters mostly larger than 10 nm. It
closely resembled the phase morphology found for HEA-49
(Figure S6), indicating that the incorporation of small
amounts of functional amides does not influence the phase
morphology of HEA-based APCNS.

SAXS represents a powerful tool to gain further insight into
the bulk phase morphology of APCNs and other randomly
crosslinked conetworks.?? 3018182 Herein, the influence of the
chemical nature of the AAm units on the phase morphology

was of particular interest. The 2D SAXS patterns of the
conetworks possessed a continuous ring structure, indicating
that the conetworks were randomly oriented, as would be
expected from the random polymerization process (Figure
S9). SAXS traces of three different PAAm-based APCNs,
AEE-49, HPA-49, and Morph-49 as well as their precursor
conetwork PFPA-49 are presented in Figure 4a. The SAXS
trace of HEA-49 is also shown for comparison. A scattering
peak from domain-domain correlations is observable for all
conetworks and confirms the presence of domains in the na-
nometer range with alternating electron densities and, thus,
variations in contrast.®® Interestingly, the pre APCN PFPA-49
also shows a scattering peak. Thus, the SAXS data confirms
the observations from the DSC analysis that PFPA-49 is a
nanophase-separated conetwork with distinct domains of
poly(PFPA) and of PDMS. The main peak position g* can be
interpreted as an inter-domain spacing. For the APCNs with
protic amide units, AEE-49 and HPA-49, as well as HEA-49
with its protic glycol ester, a second order peak was found at
2q*, which is more clearly observable in the corresponding
Kratky plots (Figure S9). The second order peak indicates
correlated second nearest neighboring domains due to a short-
range order. No higher order diffractions were observed indi-
cating a lack of longer range ordering. Such a finding is typi-
cal for covalent conetworks with a randomly crosslinked struc-
ture, which hinders the development of long-range orders,
such as those typically found for self-assembled block copol-
ymers.*%31-34 For the aprotic Morph-49 and the all-
hydrophobic PFPA-49, no second order peak (2q*) was
found, which may indicate less well-ordered domains or blurry
interfaces between alternating regions. To achieve a more
quantitative perspective on the nanodomains, the SAXS curves
were fitted using the generalized indirect Fourier transfor-
mation (GIFT) approach by applying a hard-sphere interaction
model. A similar model-based method has been shown before
to be able to simulate the SAXS data of APCNs.* The fit is
shown exemplarily for AEE-49 in Figure 4b with the contri-



butions of the form factor P(q) and the structure factor S(q) as
well as the corresponding pair-distance distribution function
(PDDF). The later indicates the radius of gyration, R,, and its
almost symmetric shape demonstrates a relatively monodis-
perse distribution in the size of domains. Apart from the
PDDF which contains the information from the form factor,
the radius for the domain-domain correlation length, Raom, can
be derived from the structure factor S(q). Figure 4¢ summa-
rizes the results obtained from fitting of the SAXS profiles.
HEA-49 has the largest domain size (R, = 5.3 nm) and inter-
domain correlation length (Rgom = 8.5 nm) of all conetworks,

q
@, (b)
/\-\_ A HEA-49
] R AEE-49
1\ 29 : HPA-49 10
< Morph-49

> PFPA-49
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whereas the domains of AEE-49, HPA-49 and Morph-49 are
smaller (R; = 3.7-4.3 nm and Rgom = 6.1-7.1 nm). These find-
ing correspond well to the finer domain structure that were
observed in the cross-section AFM images of these conet-
works (Figure 3b/c, Figure S8). It is worth mentioning that
the decrease of R; and Raom from AEE-49 over HPA-49 to
Morph-49 and PFPA-49 could be related to the size differ-
ence and the chemical characteristics of the acrylamide repeat-
ing units.
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Figure 4. Characterization of the structure of conetworks by SAXS. (a) SAXS profiles of PFPA-49 and three ACPNs derived from it,
AEE-49, HPA-49, and Morph-49, as well as HEA-49, shifted vertically for comparison. First and second order peaks (q* and 2q*) are
marked with arrows where observable. (b) Example GIFT analysis with hard sphere interaction model is shown for AEE-49. The corre-
sponding form factor P(q) and structure factor S(q) as well as the PDDF function (inset) is represented. Hard sphere model fit shown ex-
emplary for AEE-49 with corresponding form factor P(q) and structure factor S(q) as well as the PDDF function (inset). (¢) Domain sizes

(R¢) and domain-domain correlation length radius (Rdom) obtained from fitting of the SAXS traces.

Swelling Behavior. The ability to swell in solvents of highly
different polarity is a defining feature of APCNs (Figure 5a).’
Therefore, the volumetric degree of swelling Sy, of the vari-
ous conetworks was measured in water and in the hydrophobic
solvent n-heptane at room temperature. Sy, is defined as

_ Vwet
SVol -

Vdry

where Vg is the volume of a sample in the dry state and Ve,
the volume after swelling to equilibrium in a solvent. Figure
5b presents Svoi for the PAAm-based HPA-49, AEE-49, and
Morph-49, as well as for the HEA-based EDANS-0.1. All
these materials swell in both solvents, albeit to different ex-
tends. The highest swelling in both n-heptane and water were
found for AEE-49 with Sy, of 1.82 and 1.55, respectively. In
contrast, HPA-49 swelled less in both solvents. Interestingly,
Morph-49 swelled equally well in n-heptane and water (both
Sver = 1.31). The swelling behavior of the conetworks supports
their character as nanophase-separated APCNs and emphasiz-
es the influence of the chosen acrylamide units on the proper-
ties of the APCNs. Since all the conetworks have a similar
PDMS content and, therefore, a similar hydrophilic-to-
hydrophobic molar ratio, the differences in water swellability

have to arise from different properties of the hydrophilic
phase, e.g. its polarity. The strong swelling in water of AEE-
49 indicates that the AEE amide is the most hydrophilic one
among the compared samples, which could be related to the
larger molecular weight of one repeating unit and the presence
of more hydrophilic groups. Morph-49, on the other hand,
possesses the least hydrophilic polar phase due to the lack of
protic groups, which is mirrored by the weakest swelling in
water. With the PDMS constituting the hydrophobic phase of
all APCNss, similar swelling in n-heptane could be expected,
which is clearly not the case. This finding indicates that the
properties of the hydrophilic phase influence the swelling of
the PDMS phase as well. The stiffness of the hydrophilic
phase could mechanically limit the swelling of the PDMS
phase for HPA-49 with its T, of 114 °C. The softer AEE-49,
on the other hand, swelled much stronger. Similar observa-
tions have been made for other APCNs where stiff high-T,
phases resulted in little swelling of the other phase.>® For
Morph-49, despite its high T, the low hydrophilicity of the
amides might allow for some swelling of the hydrophilic
phase in n-heptane or a plasticizing effect of the solvent. The
swelling properties of EDANS-0.1 mirror its composition:
clear swelling in both n-heptane and water, with the former
little restricted by the low-T, poly(HEA) phase. Swelling in



water is higher than in the organic solvent due to the bigger
weight fraction of the hydrophilic phase.
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Figure 5. Swelling of APCNs. (a) Schematic depiction of the
swelling of the APCN’s phases depending on the hydrophobi-
city/hydrophilicity of the swelling medium. (b) Volumetric degree
of swelling of selected APCNs. (c¢) Swelling of imidazole-
modified APCN Hist-5 in aqueous buffer solutions of different
pH and (d) pH cycling of one His-5 specimen. Error bars indicate
the variation of Sva calculated from different edges of the sam-
ples.

Incorporation of pH-responsive side groups into the hydro-
philic chains of APCNs should render the swelling behavior of
APCNSs pH-dependent. DMAPA-49 with its tertiary amine
groups swelled strongly in Britton-Robinson buffer of pH 7
(Svoi = 2.34). However, the APCN became opaque and white
flakes separated from the conetwork within three days of
incubation, indicating that the APCN degraded. Most likely,
the amine side groups act as nucleophilic catalyst for the hy-
drolysis of the methacrylate ester end group of the PDMS
crosslinker. Imidazole side groups that result from the reaction
of PFPA with histamine are also pH-responsive, but less nu-
cleophilic, so that it can be expected that Hist-based APCNs
will not degrade. To further demonstrate that a defined amount
of functional units can be incorporated to tailor the APCN’s
properties, we synthesized Hist-5 from PFPA-5 with 5 mol%
of imidazole units overall and 10 mol% of the hydrophilic
phase. The imidazole side group has a pK, of 6.0,%° and, there-
fore, swelling was assessed in buffer solutions from pH 2 to 8
(Figure 5c¢). Depending on the pH of the buffer and, thereby,
the protonation of the imidazole groups, Hist-5 showed vary-
ing degrees of swelling from 1.17 at pH 8 to 1.82 at pH 2.
Furthermore, the pH-responsive swelling was reversible and

could be cycled by repeatedly switching the buffer solution for
one sample (Figure 5d).
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Figure 6. Biotin-modified APCNs for specific binding of pro-
teins. (a) Loading of Biotin-0.1 with fluorescently labeled strep-
tavidin. (b) Fluorescence scanner image of Biotin-0.1 and n-BA-
0.1 (non-functionalized control) that were incubated with strep-
tavidin AlexaFluor488 conjugate for 1 day and, then, washed for
2 days in PBS. (c¢) Corresponding fluorescence emission spectra
(AExc = 488 nm) after 2 days of washing in PBS. (d) Ratio of
fluorescence intensities per area unit Ibiotin/Icontrol taken from such
images. Measurements were conducted directly after incubation
with fluorescently-labeled streptavidin and after 1, 2, 6 and 37
days of washing in PBS. Error bars were derived from the intensi-
ty distribution over the APCN area.

Specific Protein Binding. The loading of proteins and, espe-
cially, enzymes into APCNs allows for their application as
matrices for biocatalysis and as biosensors.?* 2% 3133 8 Howey-
er, especially if they are to be used in an aqueous environment,
the biomacromolecules need to be bound into the ACPNs to
avoid or reduce leaching. Modification of the conetworks with
biotin provides a pathway towards APCNs that bind proteins
due to biotin’s ability to strongly and specifically bind
(strept)avidin and (strept)avidin-labeled proteins, as depicted
schematically in Figure 6a.%” To this means, we reacted
PFPA-0.1 with Biotin-NHa to create the APCN Biotin-0.1. A
control sample, n-BA-0.1, was conveniently obtained by using
the same pre APCN, PFPA-0.1, but reacting the PFPA active
ester with n-BA under similar conditions. To ensure that both
samples possess the same swelling capability, we incubated
the conetworks into PBS buffer and determined the degree of
swelling. Both conetworks showed very similar Sy, with 1.48
+ 0.04 for Biotin-0.1 and 1.46 + 0.02 for n-BA-0.1. To load
the conetworks with protein, they were incubated in a 0.5 mg
mL! solution of AlexaFluor488-labeled streptavidin in PBS
buffer for one night at room temperature. To characterize the
leaching of the protein out of the APCNSs, they were subse-
quently transferred into fresh PBS buffer. The samples were
washed in PBS buffer over several days with an exchange of
buffer solution before each analysis steps. The APCNs were
analyzed together using a microarray fluorescence scanner. A
fluorescence scanning image after two days of washing is



presented in Figure 6b. For Biotin-0.1, strong fluorescence
was found compared to the control n-BA-0.1, which shows
only little fluorescence due to an unspecific adsorption, which
has been reported before.? Fluorescence emission spectra
obtained with a fluorescence spectrophotometer confirm the
difference in protein adsorption (Figure 6c¢). Biotin-0.1 shows
a much stronger emission peak around 520 nm than the control
sample. To compare the two APCNs quantitatively, the aver-
age fluorescent emission intensities over a representative area
of the APCNs was measured. The ratio between the area aver-
age emission intensities Ipiotin/Iconrol during the leaching exper-
iment is plotted in Figure 6d. Already after the loading step,
the fluorescence of Biotin-0.1 was more than two times
stronger than the fluorescence of the control, indicating that
the specific binding of streptavidin to biotin enriched the pro-
tein within the APCN. The ratio Ipiotin/Iconrol increased further
with washing of the APCNs in PBS buffer for 2 days, indicat-
ing that the unspecifically loaded streptavidin in the control
sample mostly washed out, while Biotin-0.1 retained its pro-
tein load. Longer washing slightly reduced the fluorescence
ratio between the two samples. Nevertheless, even after more
than a month of washing Biotin-0.1 retained most of its pro-
tein cargo.

Conclusions

The fabrication of APCNss is faced by the central challenge of
combining immiscible polymers into a macroscopically ho-
mogeneous, crosslinked material. To address this miscibility
challenge, we presented a strategy for the synthesis of APCNs
based on PFPA. With its dual role of providing miscibility
with hydrophobic macronomer crosslinkers and other hydro-
phobized monomers as well as providing active ester function-
ality, it acts as a hydrophobically masked acrylamide. There-
fore, after the polymerization, the networks could be easily
transformed into almost any kind of poly(acrylamide)-based
APCN. These APCNs can be accurately designed by control-
ling the functionality of the acrylamide units in order to tailor
the material properties according to any specific applications.
Furthermore, the combination of PFPA with other masked
monomers, such as TMS-HEA, allows the homogenous incor-
poration of functional groups, including pH-responsive moie-
ties, fluorescent dyes and protein binding motives, in precisely
defined amounts into the hydrophilic phase of the APCNs. The
wealth of available functionalities from an active ester-based
approach introduces a previously unavailable range, versatility
and control to the fabrication and functionalization of APCNs.
We expect our synthesis strategy to lead to an increased un-
derstanding of the influence of the ACPN’s network structure
and chemical functionality on their performance. Most im-
portantly, however, it will allow the fabrication of novel func-
tional APCNs, which could find applications in drug delivery,
for functional contact lenses, sensors, membranes, self-healing
materials and for interfacial bio-catalysis.
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