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A new route for the preparation of enzymatically degradable amphiphilic conetworks (APCNs) based on
unsaturated polyesters by radical ring-opening copolymerization of vinylcyclopropane (VCP) with cyclic
ketene acetal (CKA) is presented in this article. In the first step, the unsaturated biodegradable polyesters
with random distribution of cross-linkable double bonds and degradable ester units were prepared by
radical ring-opening copolymerization of VCP and CKA such as 2-methylene-4-phenyl-1,3-dioxolane
(MPDO). Very similar reactivity ratios (rycp = 0.23 + 0.08 and ryppo = 0.18 + 0.02), unimodal gel per-
meation chromatography (GPC) curves and 2D NMR technique (heteronuclear multiple bond correlation,
HMBC) showed the formation of random copolymers with unsaturation and ester units. The unsaturated
units were used for cross-linking by radical polymerization with a hydrophilic macromonomer (oligo
(ethylene glycol) methacrylate, OEGMA) in a second step for the formation of enzymatically degradable
amphiphilic conetworks (APCNs). Enzymatic degradability was studied using Lipase from Pseudomonas
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cepacia. Due to the hydrophilic (HI) and hydrophobic (HO) microphase separation, the APCNs showed
swelling in both water and organic solvents with different optical properties. The method provides an
interesting route for making functional biodegradable APCNs using radical chemistry in the future by

www.rsc.org/polymers

Introduction

Amphiphilic conetworks (APCNs), composed of covalently
linked hydrophilic and hydrophobic (HI/HO) chain segments,
have the capability of swelling in both water and organic
solvents." Owing to the unique structures and properties,
APCNs were developed for various applications.®™® One of the
applications of APCNs is in the stabilization and enhancement
of enzymatic activity in organic solvents.*

The most common method of making APCNSs, in fact one
of the first examples, was using radical copolymerization of
polymerizable telechelics (low molar mass polymers with poly-
merizable chain-ends) with a suitable comonomer.’®™® Other
methods used for the formation of APCNs were click chem-
istry,” thiol-ene reaction,'? Diels-Alder reaction®’ etc.

Biodegradable APCNs would be highly interesting for many
biomedical applications and have also been made using
photo, thermal conventional/controlled radical polymerization
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choosing appropriate vinyl comonomers.

of a,w-acrylate chain-end functionalized common biodegradable
polymers such as poly(i-lactide), polyglycolide and poly(e-capro-
lactone) (PCL) with comonomers like 2-hydroxyethyl meth-
acrylate and N,N-dimethylaminoethyl methacrylate.> > In all
these examples aliphatic polyesters made by metal catalyzed
ring-opening polymerization (ROP) of corresponding cyclic
esters were used as degradable hydrophobic segment.** Both
chain-ends were modified with polymerizable double bonds, i.e.
acrylate units, to make them suitable as cross-linker in radical
copolymerization with hydrophilic comonomers in a second
step. In addition, azide-alkyne coupling of diazide chain-end
functionalised ABA triblock copolymers of PCL and PEO with
tetrakis(2-propynyloxymethyl) methane (TMOP) was also applied.’
Polyesters, in general, can also be prepared by radical ring-
opening polymerization (RROP) of cyclic ketene acetals (CKAs).
This method provides opportunities of making functional
polyesters in a simple but versatile way by copolymerization of
CKAs with a large variety of vinyl comonomers available.*>®
The formation of polyester during copolymerization depends
upon the reaction conditions and comonomer type as CKAs
can also undergo vinyl polymerization without isomerization
leading to polyacetals with ring-retained structures.
Vinylcyclopropane (VCP) and its derivatives are interesting
vinyl monomers undergoing radical ring-opening polymeri-
zation for the formation of polymers with unsaturated units in
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the backbone®®*” and have been intensively studied for dental
applications as low volume shrinkage monomers (Scheme 1A).
The copolymerization of VCP with CKAs could provide new
polymers with cross-linkable unsaturated units and biodegrad-
able ester linkages randomly distributed on the polymer back-
bone (Scheme 1C), which could be useful for making APCNs.
Unsaturated biodegradable amphiphilic hydrogels made by
condensation polymerization of diol functionalised PCL and
poly(ethylene glycol) with diacid functionalised poly(propylene
fumarate), followed by cross-linking with polyacrylamide are
known in the literature with main focus on swellability in
water.*®%°

We highlight the formation of APCNs, in which the hydro-
phobic part is made by radical ring-opening copolymerization
of vinylcyclopropane (VCP) and 2-methylene-4-phenyl-1,3-
dioxolane (MPDO), followed by cross-linking with a hydro-
philic macromonomer oligo(ethylene glycol) methacrylate
(OEGMA, M,, ~ 500). The copolymerization of VCP and MPDO
provides an unsaturated polyester with random distribution of
carbon-carbon double bonds and ester units, as characterized
by reactivity ratio determination. This is a new method of
making unsaturated polyesters (UPs) by radical polymerization
with the advantage of easy and versatile introduction of
additional functional groups simply by choosing appropriate
vinyl comonomers. The state-of-the art method of making UPs
is by condensation polymerization using high temperatures
that restricts the use of many functional monomers. The
APCNs were characterized by swelling studies in water and
DMF, and the enzymatic degradability of APCNs was studied
using Lipase from Pseudomonas cepacia in pH = 7 PBS buffer
solution. The unique swelling property and biodegradability of
the prepared APCNs suggests the potential application in the
biomaterial field.
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Scheme 1 Schematic process of radical ring-opening polymerization
(RROP) of (A) vinylcyclopropane (VCP),*® (B) 2-methylene-4-phenyl-1,3-
dioxolane (MPDO),*° and (C) VCP and MPDO.
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Experimental section

Materials

1-Phenyl-1,2-ethanediol (Aldrich), potassium tert-butoxide
(Acros), p-toluenesulfonic acid (Aldrich), 1,4-dibromo-2-butene
(Aldrich), diethyl malonate (Aldrich), sodium (Aldrich), di-tert-
butyl peroxide (DTBP, Aldrich) and Lipase (from Pseudomonas
cepacia, >30 U mg™", Aldrich) were used as received. All sol-
vents were distilled before use. Oligo(ethylene glycol) metha-
crylate (OEGMA, M, ~ 500, Aldrich) was passed through a
basic alumina column to remove the inhibitor.
2-Methylene-4-phenyl-1,3-dioxolane (MPDO) was synthesized
using the literature method of W. J. Bailey et al’>® with some
modifications. 2-Vinylcyclopropane-1,1-dicarboxylate (VCP) was
synthesized using the literature method of T. Endo et al.*®

Instrumentation

'H (300 MHz), *C (75 MHz) NMR spectra were recorded on a
Bruker Ultrashied-300 spectrometer in CDCl;, using tetra-
methylsilane (TMS) as an internal standard. Molecular weights
and molar-mass dispersities (D,,) of the polymers were deter-
mined by gel permeation chromatography (GPC) with a
Knauer system equipped with 4 PSS-SDV gel columns (particle
size = 5 pm) with pore sizes ranging from 10> to 10° A (PSS,
Mainz, Germany) together with a differential refractive index
detector (RI-101 from Shodex). THF (HPLC grade) was used as
solvent at a flow rate of 1.0 mL min~". A Mettler thermal ana-
lyzer with 851 TG and 821 DSC modules was used for the
thermal characterization of copolymers. Thermal stability was
determined by recording TGA traces at a heating rate of 10 K
min~" in nitrogen atmosphere (flow rate = 50 ml min™"). DSC
scans were recorded in nitrogen atmosphere (flow rate = 80 ml
min~") at a scanning rate of 10 K min™". A sample mass of 10
+ 1 mg was used in both DSC and TGA analysis.

Copolymerization of MPDO and VCP under free radical
condition

The mixture of MPDO and VCP with different molar ratios and
di-tert-butyl peroxide as initiator were added into a 10 mL
Schlenk tube equipped with a magnetic stir bar under argon.
After degassing by freeze-vacuum-thaw cycles three times, the
tubes were sealed under argon, and then placed in a preheated
oil bath at 120 °C for 48 h while stirring. Subsequently, the
tubes were opened and the reaction mixture was poured into
methanol while stirring to cause polymer precipitation.
Finally, the purified polymer was dried under vacuum at 60 °C
for 48 h. Copolymerization of MPDO and VCP for reactivity
ratios calculation was carried out with various feed ratios at
120 °C and stopped at low conversion. The reactivity ratios
were calculated using Kelen-Tiidds method.>! Details are given
in the ESL T

APCN preparation using VCP-MPDO copolymers and OEGMA
under free radical condition

VCP-MPDO copolymer, OEGMA and DTBP were dissolved in
0.5 mL dioxane at a molar ratio of carbon-carbon double

This journal is © The Royal Society of Chemistry 2015
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bonds: OEGMA : DTBP = 1:25:1. After degassing with argon
for 1 h, the reaction mixture was placed in a preheated oil bath
at 140 °C for 24 h without stirring. After the polymerization,
the resulting gel was extracted with chloroform overnight to
remove the unreacted VCP-MPDO copolymer and linear
POEGMA. Finally, the purified APCNs were dried in vacuum at
60 °C for 24 h.

In vitro degradation studies of APCNs

In vitro degradation studies of APCNs were carried out by
placing APCNs in pH = 7 PBS buffer solution with the enzyme
concentration of 15 U mL™" (Lipase from Pseudomonas cepacia)
at 37 °C. The degradation medium was replaced every 24 h.
The remaining mass of APCNs was recorded after freeze drying
at different degradation time.

Results and discussion
Copolymerization of VCP with MPDO

Various copolymers of VCP with MPDO were prepared by chan-
ging the molar ratio of the two monomers in the initial feed
(Scheme 1, Table 1).

After purification, the resulting copolymers were obtained
as white solids. The copolymer structure was analyzed by NMR
spectroscopy (Fig. 1). According to the NMR spectra of PVCP
(please see ESI, Fig. S11) and PMPDO>° homopolymer, the
characteristic peaks of VCP and MPDO units were confirmed
and marked in Fig. 1. In the ">C-NMR spectrum (Fig. 1B), the
absence of peaks between § = 90-110 ppm confirms that all
MPDO units were copolymerized as ring-opened structure pro-
viding ester units in the polymer backbone (structure 3 in
Fig. 1). In the "H-NMR spectrum (Fig. 1A), the broad peak c at
d = 4.7-5.3 ppm originates from the carbon-carbon double
bond -CH=CH- of VCP units with ring-opened structure
(structure 1 in Fig. 1), the peak a at § = 0.9-1.1 ppm from the
CH;CH,0O- group of VCP units with ring-opened and also ring-
closed structure (structures 1 and 2 in Fig. 1) and peak b,i
between & = 3.7-4.5 ppm were assigned to the -CH,-CH(Ph)-
group of MPDO units and CH3;CH,O- group of VCP units in
the copolymer. Through comparing the areas of these 3 peaks,
the VCP-MPDO copolymer composition was calculated.

The 2D HMBC NMR spectrum (Fig. 2) shows correlation of
the proton peaks originating from d,e of VCP units (structure

Table 1 Copolymerization data for VCP—MPDO copolymers
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1) at 2.4 ppm with the aromatic carbon signals of MPDO units
(structure 3) at 128 ppm, confirming covalent linkage between
VCP and MPDO units in the copolymer. The compositions of
VCP-MPDO copolymers with different monomer ratio in
feed are summarized in Table 1. An increase of VCP in the
initial feed led to a higher VCP content in the VCP-MPDO
copolymer and slightly increased amount of ring-retained
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Fig.1 NMR-spectra of VCP-MPDO copolymer (entry 1 in Table 1). A:
IH-NMR spectrum; B: *C-NMR spectrum. Structure 1: VCP unit with
ring-opened structure in copolymer; structure 2: VCP unit with ring-
retained structure in copolymer; structure 3: MPDO unit in copolymer.

Feed ratio (mol%)

Copolymer composition® (mol%)

Entry” VCP MPDO Yield % M," (g mol™) Dy’ VCP (ring-opened) VCP (ring-retained) MPDO
1 30 70 33 5.4 x 10° 1.4 25 20 55
2 50 50 43 8.3 x 10° 1.4 31 28 41
3 70 30 46 1.2 x 10 1.8 29 35 36

“Initiator: DTBP (1 wt% of monomer); reaction temperature: 120 °C; reaction time: 48 h. ” Determined by THF-GPC with RI detector; PS-
standards used for calibration (Fig. 3).  Determined by "H-NMR spectra of resulting VCP-MPDO copolymers (Fig. 1A).

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 HMBC spectrum of VCP-MPDO copolymer (entry 1 in Table 1).
Cross-peak A: Coupling between group d,e of VCP unit with ring-
opened structure (structure 1) and carbon-carbon double bond ¢ of
VCP unit with ring-opened structure (structure 1); cross-peak B: Coup-
ling between group d,e of VCP unit with ring-opened structure (struc-
ture 1) and phenyl group of MPDO unit (structure 3).

cyclobutane units. The cyclobutane units were formed by the
addition of a newly formed radical during propagation via
ring-opening of VCP to the double bond of the same unit in
the polymer main chain ie. intramolecular isomerization, a
very well-known reaction during ring-opening polymerization
of VCP.>* It is a competitive reaction with the reaction of ring-
opened propagating VCP radical with a new VCP monomer/
MPDO and increases slightly (45% to 55%) with the VCP
content in the reaction mixture (Table 1) when all other para-
meters such as amount and type of the initiator and tempera-
ture of polymerization remained the same. The change in the
amount of ring-retained structure with feed composition is not
very drastic. In our previous work about homopolymerization
of VCP using DTBP initiator at 120 °C the ratio of ring-opened
and ring-retained structures were about 50 : 50.>>

The number-average molecular weights of the resulting
VCP-MPDO copolymers were determined by THF-GPC apply-
ing a polystyrene calibration and ranged from 5.4 x 10° to 1.2 x
10* g mol™" (Table 1). The corresponding GPC-traces show
unimodal molecular weight distributions for all copolymers
(Fig. 3). An increase of VCP in the initial feed led to a higher
molar mass of the resulting copolymer.

The reactivity ratios of the two monomers were calculated
using the Kelen-Tiidés method.”® To that end, a series of
VCP-MPDO copolymers with low yields (< 5%) were prepared.
The composition of the resulting polymers was determined
using "H-NMR technique as described above. A detailed dis-
cussion on the determination of the reactivity ratios can be
found in the ESI (Tables S1, S2 and Fig. S3, S41). From the
corresponding Kelen-Tiidos plot (Fig. S37T) the reactivity ratios
of VCP and MPDO were determined to rycp = 0.23 + 0.08 and
'mppo = 0.18 + 0.02. There are no big differences between the
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Elution Volume (mL)

Fig. 3 THF-GPC traces of VCP-MPDO copolymers with different
comonomer ratios in feed. Reaction temperature: 120 °C, reaction time:
48 h. Composition in feed: black-solid line: VCP: MPDO = 30:70; red-
broken line: VCP:MPDO = 50:50; blue-dotted line: VCP: MPDO =
70: 30.

reactivity ratios of VCP and MPDO and both values are below
1. Consequently, depending on the monomer unit at the active
chain end, i.e., VCP or MPDO, the incorporation of the respect-
ive other comonomer, i.e., MPDO or VCP, is slightly preferred
(copolymerization diagram in Fig. S47). This suggests a nearly
random distribution of MPDO and VCP units in the
copolymer.

Thermal characterization of VCP-MPDO copolymers was
carried out using TGA and DSC techniques. The glass tran-
sition and decomposition temperatures of the copolymers are
listed in Table 2.

The copolymers show a high thermal stability (Tia temp-
erature at which rate of decomposition was maximum =
400-410 °C) with single step decomposition (please see Fig. S5
in ESIT). Single glass transition was obtained for copolymers
with different comonomer ratios (please see Fig. S6 in ESIt),
reconfirming the nearly random incorporation of MPDO and
VCP in the copolymer chains.

Table 2 Thermal properties of VCP-MPDO copolymers

Copolymer composition” (mol %)

VCP VCP Tgc Dec.
Entry®  (ring-opened) (ring-retained) MPDO (°C) temp.? (°C)
1 25 20 55 45 402
2 31 28 41 43 410
3 29 35 36 49 410

“Initiator: DTBP (1 wt% of monomer); reaction temperature: 120 °C;
reaction time: 48 h; same as entries 1-3 in Table 1. ® Determined by
"H-NMR spectra (Fig. 1A). ° Determined by DSC (please see Fig. S6 in
ESI). ¢ Determined by TGA (please see Fig. S5 in ESI).

This journal is © The Royal Society of Chemistry 2015
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Synthesis of biodegradable amphiphilic conetworks using
VCP-MPDO copolymers

Based on the cross-linkable carbon-carbon double bonds and
the almost random VCP-MPDO combination on the copolymer
backbone (random distribution of ester units), the VCP-MPDO
copolymers have the potential to be used for the preparation
of biodegradable amphiphilic conetworks (APCNs). As shown
in Scheme 2, APCNs were prepared from a reaction mixture of
VCP-MPDO copolymer, OEGMA and DTBP in dioxane with a
molar ratio of carbon-carbon double bonds : OEGMA : DTBP =
1:25:1 at 140 °C. After 24 h reaction, colorless cross-linked
gels with very high gel fractions were obtained. The gel fraction
was determined by calculating the ratio of the gel dry mass to
polymer precursor mass (Table 3). The FT-IR showed the pres-
ence of characteristic peaks of both VPC-MPDO copolymer
and POEGMA segments in the APCNs (please see ESI Fig. S2+).

Characterization of biodegradable APCNs

The swelling property is one of the most important properties
of APCNs and it was studied by immersing dry gels in different
solvents. The swelling ratio was calculated using the following

A
Radical
+ o)j\ Polymerization

o
ot”

VCP-MPDO copolymer OEGMA APCN Structure

/\/\/  VCP-MPDO copolymer
backbone
POEGMA backbone

"\

Cross-link point
(C-C double bond on VCP-MPDO copolymer)

Scheme 2 Preparation of biodegradable amphiphilic conetworks.
OEGMA = oligo(ethylene glycol) methacrylate, M,, ~ 500 g mol™. Di-
tert-butyl peroxide was used as initiator and reaction temperature was at
140 °C.

Table 3 Physical properties of APCNs prepared using VCP-MPDO
copolymers?®

Weight swelling ratio (w/w)
after equilibration (%)

Gel fraction

Sample (%) In water In DMF
Gel 17 79 1130 1230
Gel 2¢ 91 1030 1160
Gel 34 93 1070 1150

“The OEGMA : VCP-MPDO (feed molar ratio) was 6.25:1, 7.75:1 and
7.25:1 for gels 1, 2 and 3, respectively. ” APCNs Gel 1: prepared by
VCP-MPDO copolymer of entry 1 in Table 1. “APCNs Gel 2: prepared
by VCP-MPDO copolymer of entry 2 in Table 1. APCNs Gel 3:
prepared by VCP-MPDO copolymer of entry 3 in Table 1.

This journal is © The Royal Society of Chemistry 2015
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equation and averaged for 3 samples:

Weight swelling ratio = [(weightgwolien get/Weightary gei) — 1]
x 100% (w/w)

Because of the co-existence of hydrophilic (HI) and hydro-
phobic (HO) structures in the copolymer network, the APCNs
show different swelling properties in various solvents. The
swelling properties of APCNs in water and DMF are shown in
Fig. 4 and listed in Table 3.

The gels showed equilibration in water and also DMF in
approximately 8 h. DMF is a good solvent for both the hydro-
philic and hydrophobic phases in the resulting APCNs and
results in an extension of all polymer chains in the networks.
However, water is a selective solvent only for the hydrophilic
phase and only the poly[oligo(ethylene glycol) methacrylate]
(POEGMA) segments extend in water. Due to the lowest
content of VCP units with carbon-carbon double bond in the
VCP-MPDO copolymer for network preparation, Gel 1 has the
lowest concentration of cross-linking points in the network
and hence showed the maximum swelling ratio of 1130% in
water (Fig. 4B) and 1230% in DMF (Fig. 4A). It was larger than
Gel 2 (1030% in water and 1160% in DMF) and Gel 3 (1070%
in water and 1150% in DMF). The swelling ratios of all APCNs
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Fig. 4 Weight swelling ratio of APCNs (black: Gel 1, red: Gel 2, blue:
Gel 3) in (A) DMF and (B) water.
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in water were smaller than in DMF. All APCNs showed a high
transparency in DMF (Fig. 5 top) due to the extension of both
hydrophobic and hydrophilic parts. Because of the phase
separation between the hydrophilic (POEGMA chains) and
hydrophobic (VCP-MPDO copolymer) segments, the APCNs
appeared opaque in water (Fig. 5 bottom).

Due to the influence of polymer crystallinity to the drug
permeation and biodegradability of the whole network in the
aim of biomedical application,”® the thermal properties of
APCNs were studied through DSC technique (Fig. 6). The
APCNs showed a low melting temperature around —3 °C due
to oligo(ethylene glycol) side-chains. The glass transition
temperature of the VCP-MPDO copolymer segments in the
conetwork was observed at 45 °C and T, of POEGMA backbone
at 85 °C, respectively. Due to the higher glass transition temp-
erature of the hydrophobic segments in the conetwork, the
APCNs could keep their shape at room temperature.

The degradation behavior of APCNs was studied by placing
APCNs in pH = 7 PBS buffer solution with the enzyme concen-
tration of 15 U mL™' at 37 °C (Lipase from Pseudomonas
cepacia) (Fig. 7). The degradability of cross-linked APCNs was
realized through cleavage of VCP-MPDO copolymer segments,
which act as cross-linking chains in the APCNs. The weight
loss noted might be due to the release of POEGMA chains

Fig. 5 Photographs of APCNs swollen in different solvents. Al: Gel 1 in
DMF; A2: Gel 1 in H;O; B1: Gel 2 in DMF; B2: Gel 2 in H,O; C1: Gel 3 in
DMF; C2: Gel 3 in H;O.

T of POEGMA segments

Endo

TH of POEGMA backbone

N

T}z of VCP-MPDO copolymer

50 25 0 25 50 75 100
Temperature (°C)

125 150

Fig. 6 DSC heating trace of purified APCNs, Gel 3 as an example.
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Fig. 7 Mass loss of APCNs against enzyme in pH = 7 PBS buffer solu-
tion in dependence of degradation time. Black: Gel 1; red: Gel 2; navy:
Gel 3.

or OEGMA fragments or a combination of both after enzymatic
degradation of ester units from VCP-MPDO and ester units of
POEGMA linking OEGMA to the polymer backbone. The com-
plete degradability of the present APCNs is not possible due to
the C-C backbone of POEGMA. Due to the highest content of
ester bonds from MPDO-units and the lowest content of
carbon-carbon double bonds as cross-linking points from
ring-opened VCP-units in the conetwork, Gel 1 exhibited the
fastest decomposition rate and was decomposed in 35 d in the
presence of Lipase from Pseudomonas cepacia.

Conclusions

Cross-linkable unsaturated polyesters were prepared by radical
ring-opening copolymerization of VCP and MPDO. The unsatu-
rated and ester units were provided by ring-opening of VCP
and cyclic ketene acetal (MPDO), respectively, and were distri-
buted almost randomly along the copolymer backbone. The
VCP-MPDO copolymers were used as hydrophobic (HO) pre-
cursors for the formation of amphiphilic conetworks (APCNs)
via copolymerization with OEGMA, forming the hydrophilic
(HI) part. Through the free radical polymerization of OEGMA
in the presence of VCP-MPDO copolymer, the APCNs were suc-
cessfully produced. The concentration of the cross-linking
points and hence the swelling property of APCNs in DMF and
water depend on the amount of double bonds in the hydro-
phobic precursor. The APCNs provided unique swelling pro-
perty with excellent enzymatic degradability. The method
provides a simple and versatile route for making functional
biodegradable APCNs using radical chemistry in the future.
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