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ABSTRACT

Radical ring opening polymerization is a powerful tool to achieve a polyester via radical
polymerization. We used it to obtain a dimethylated version of poly(caprolactone) (PdmCL)
from dimethylated MDO (DMMDO). First, we revisited monomer synthesis and achieved a
milder synthetic protocol by introducing a cobalt-based catalyst. We also developed a new
route towards DMMDO via a cyclic carbonate using the Petasis chemistry. Amphiphilic block-
copolymers were then generated by free radical polymerization of DMMDO with a PEG-based

macroinitiator. The resulting polyesters self-assembled into nanoparticles that were
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biodegradable as well as biocompatible. The nanoparticles proved to be an effective protective
shell for an entrapped enzyme that was released upon degradation of the polyester by esterase.
We are confident that our results will spur further research into block-copolymers resulting

from RROP.

INTRODUCTION

Self-assembling materials are a major topic in todays’ research.[1] Especially colloidal
nanoparticles such as micelles and vesicles (or polymersomes) hold promise as drug delivery
systems and nanoreactors for enzymatic reactions.[2-4] Out of the polymers available, several
show responsiveness to environmental factors, rendering some biodegradable. Amongst the
polymers used to achieve biodegradability are poly(lactic acid) PLA and poly(caprolactone)
(PCL)[4-6] Both polymers can be synthesized via ring opening polymerization (ROP) and are
FDA approved. However, they are both semi-crystalline at room temperature which limits their
applications due to the lack of flexibility.[6, 7] For PCL, this problem can be reduced by the
introduction of a methyl substituent, like it is known for Poly(methylcaprolactone) (PmCL).[7]
Introducing a second methyl group would soften the material even more but has not been
synthesized via ROP so far. Poly(dimethylcaprolactone) (PdmCL compound 3 in Fig. 1a) has
been obtained from a cyclic ketene acetal (CKA, compound 2 in Fig. la) via radical ring
opening polymerization (RROP)).[8-10]

CKAs are the monomers for RROP. In order to polymerize, the CKA is attacked by a radical
and the molecule ring-opens and transforms into a polyester (see section 2.7 of the SI).[11-13]
Among the monomers applicable for this reaction, 4,7-dimethyl-2-methylene-1,3-dioxepane
(DMMDO 2, Figure 1a) is the one that yields PdAmCL. CKA 2 originates from 2,5-hexanediol
(compound 1 in Fig. 1a) and transforms into PAmCL (3) in the course of RROP (Figure 1).[8,

9, 14] Homopolymers as well as statistical copolymers with acrylates or methacrylates are



known for this CKA and similar ones.[15-17] Due to their polyester backbone, they can be
enzymatically degraded.[18-22] This makes DMMDO (2) an ideal candidate for self-
assembling block-copolymers. Previous works on amphiphilic block-copolymers from CKA 2
utilized a statistical copolymerization with vinylic polymers to create a biodegradable
hydrophobic block.[21] This procedure results in longer chain segments with a hydrocarbon

backbone, interrupted by degradable ester bonds resulting from RROP.
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Figure 1: The CKA DMMDO (2) is formed from hexanediol 1, via the acetal route (established) or the carbonate
route (new). The polyester 3 can then be made via RROP that (b) self-assemble into enzymatically degradable

nanoparticles, which can serve as removable protective coatings for enzymes (green).

Because a completely biodegradable backbone would be much more preferred, we set out to
generate block-copolymers based purely on the RROP of DMMDO. Starting from a PEG-based
macroinitiator, our goal was to synthesize PEG-PdmCL 3 (Figure 1). Due to their entirely
degradable hydrophobic segment, self-assembled PEG-PdmCL nanoparticles could serve as
temporary protective shells for enzymes (Figure 1). We are confident that degradable
nanoparticles from RROP lacking vinylic polymers will be an important step to further
establish RROP in the field of polymer science. At the same time we also took the opportunity

to more closely explore monomer synthesis. CKAs for RROP are exclusively produced via an



intermediate haloacetal, which is then eliminated towards the CKA.[11] Our aims were to make
this process available at lower temperatures and via an intermediate carbonate (Figure 2a).
Tebbe et al. reported that a CKA can be formed from the corresponding carbonate using a

Titanium alkylidene, but the chemistry has so far not been developed for the CKA 2.[23]

MATERIALS AND METHODS

MATERIALS: 2,5-Hexanediol was purchased from TCI Chemicals (Belgium). Triphosgene,
copper (I) bromide, N,N’-bipyridyl, ethyl-alpha-bromoisobutyrate, 2-cyano-2-propyl
benzodithioate, 2-[(ethoxythioxo-methyl)thio]-2-methyl-propionic acid, 2,2’ azobis(2-
methylpropionitril), cobalt(ll)chloride, chloro-acetaldehyde dimethylacetal,
bromoacetaldehyde dimethylacetal, chlorotrimethyl-silane (TMSCI), potassium tert-butoxide,
tert-butanol, 2,2’-bipyridyl, pyridine, sodium chloride, ammonium chloride, horse raddish
peroxidase, esterase from porcine liver and dry acetonitrile were purchased from Sigma-
Aldrich (Switzerland). Dimethyltitanocen — 5 % in THF/toluene was purchased from ABCR
(Germany). Dichloromethane, ethyl acetate, ethanol, acetone, hexane and diethyl ether were

purchased from Brenntag (Germany). All chemicals were used as received.

METHODS:

Gel Permeation Chromatography (GPC) was performed on an Agilent infinity 1200
instrument (Polymer Standard Services, Germany) with chloroform as eluent and two Mixed-
C columns (Polymer Standards Services, Germany) were used for separation. The column oven
was set to 35°C and a flow rate of 1.0 mL/min applied. All GPC traces shown were recorded

using a refractive index (RI) detector.

Gas chromatography with mass spectrometry (GC-MS) was performed on a Shimadzu

GCMS-QP2010 SE instrument (Shimadzu, Japan) with hydrogen as carrier gas and a heat flow



detector. The samples were injected at 80°C oven temperature following a linear rise to 280 °C

over 20 minutes.

All NMR experiments were performed on a Bruker Avance I1l NMR spectrometer operating
at 400 MHz proton frequency and at 100 MHz for spectra of *3C. The instrument was equipped
with a direct observe 5-mm BBFO smart probe. The experiments were performed at 295 K and

the temperature was calibrated using a methanol standard showing accuracy within +/- 0.2 K.

Dynamic Light Scattering (DLS) was performed on an LS spectrometer from LS Instrument
(Switzerland) with a HeNe laser (633 nm) with varying scattering angles. A scattering angle of
90° was used for all and the device was set to give the data in intensity-mode. To monitor
particle degradation, the laser intensity was set to 3.5 % and the count rate averaged over 3

measurements of 10 seconds each.

Lyophilization was performed on a Christ alpha 2-4 LD plus lyophilizer (Martin Christ,
Germany). Microwave assisted reactions were performed on a Biotage Initiator+ instrument

(Biotage, Sweden) with the power set to 120 W.

Synthetic procedures:

Synthesis of halogenated acetaldehyde cyclic acetals 5a/b

We derived a synthesis from Battisti et al.[24] For 5a: 2,5-Hexanediol (1, 10.0 g, 84.7 mmol,
1.0 equiv.) was dissolved in anhydrous MeCN (840 mL) and CoCl> (3.62 g, 27.9 mmol, 0.33
equiv.), TMSCI (9.30 g, 85.4 mmol, 1.01 equiv.) and 2-chloro-1,1-dimethoxyethane (4a, 10.64
g, 85.4 mmol, 1.01 equiv.) were added sequentially. The mixture was stirred under argon
overnight at RT. The mixture was then poured into H>O (in two batches, 450 mL each), each
extracted with EtOAc (3x 400 mL) and the combined organic phases from both batches washed
with sat. ag. NaHCOs3 (500 mL). The solution was then dried (Na2SOs), filtered and the solvent

evaporated at reduced pressure. Distillation gave 5a: 8.63 g, bp 73 °C (6 mBar). Details to



optimization of the experiment (in terms of conversion) can be found in section 2.1. of the SI.

Yield: 61 %

The product was a mixture of 3 diastereomers by 1H NMR and GC in a ratio of 58 % / 39 % /

3 %, see details in section 3.2. The analytical data corresponds with literature.[9]

'H NMR (400 MHz, CDCls, & ppm): 1.08-1.13 (m, 6 H, CH3 (contains distinct d, J = 6.7 Hz),
1.31-1.75(m, 4 H, CHy), 3.31/3.32/3.37 (3x d,J=5.3Hz /5.3 Hz /55 Hz, 2 H, CH»), 3.60

-3.97 (m, 2 H, CH), 4.61/4.76/4.87 (3 x t, J=5.2 Hz / 5.3 /5.3, 1 H, CH).

13C NMR (100 MHz, CDCls & ppm): 22.0 / 22.2 (CHs), 32.2 / 32.8 (CH2) 44.0 / 45.1 (CH2),

68.9/75.6 (CH), 98.1/100.7 (CH)

5b. Following an identical procedure to above, but with 2-bromo-1,1-dimethoxyethane (4b,

84.5 mmol) gave 5b: 9.52, bp 75 °C (6 mBar). Yield: 51%

H NMR (400 MHz, CDCls, & ppm): 1.05-1,13 (m, 6 H, CH3 (contains distinct d J = 6.7 Hz),
1.31-1.75(m, 4 H, CHy), 3.17/3.18/3.22 (3x d, J=5.2Hz /5.0 Hz / 5.5 Hz, 2 H, CH2), 3.60

-3.97 (m, 2 H, CH), 4.61/4.76/4.87 (3 x t,J=5.2Hz /5.3/5.3,1 H, CH).

13C NMR (100 MHz, CDCls & ppm): 22.2 / 22.3 (CHs), 32.5 / 33.1 (CH2) 35.7 / 36.0 (CH2),

75.9/76.0 (CH), 98.3 / 100.9 (CH)

Synthesis of CKA 2 from halogenated Acetal 5

We derived a method from Bailey et al.[10] The acetal 5a (4.10 g 23.0 mmol, 1.0 equiv.) was
dissolved in 'BuOH (5 mL) and KO'Bu (3.10 g, 27.6 mmol, 1.2 equiv.) was added which gave
a thick slurry. The mixture was stirred for 16 h in a sealed tube at 120 °C. During the reaction,
the solution became much less viscous. The reaction was cooled to RT and the addition of Et.O

(50 mL) lead to the formation of a precipitate. The solution was centrifuged (2000 rpm, 5



minutes) and the supernatant decanted and evaporated. The residue was distilled to give CKA

2:1.24 g, bp 51 °C (12 mBar). Yield: 32 %

Please note: Running the reaction in a microwave vessel at 130 °C gave no conversion after

1 h and the reaction vessel broke soon after due to a sudden increase in pressure.

According to *H NMR, a mixture of two diastereomers was obtained. Ratio: 65% / 35%. The

analytical data corresponds to literature.[9, 25]

IH NMR (400 MHz, CDCls, 5 ppm): 1.28/1.30 (2 x d, J = 6.4 / 6.7 Hz, 6 H, CH3), 1.40 - 1.87
(M, 4 H, CHy), 3.44/3.49 (2 x s, 2 H, CH,), 3.97 - 4.07/ 4.19 - 4.32 (2 x m, 2 H, CH)

13C NMR (100 MHz, CDCls, § ppm): 19.1 / 22.3 (CHs), 32.2 / 35.5 (CH2), 67.1/ 70.0 (CH),
72.3/76.9 (CH), 160.3 / 162.9 (C)

Synthesis of cyclic carbonate 6

This step is based on a method by Hicklin et al.[26] 2,5-Hexanediol (1, 1.20 g, 10.2 mmol, 1.0
eq.) was dissolved in CH2Cl, (170 mL) and pyridine (7.50 mL, 91.5 mmol, 9.0 eq.) and the
solution was purged with argon at -20 °C. A solution of triphosgene (4.55 g, 15.2 mmol, 1.5
eq.) in CH2Cl2 (90 mL) was slowly added (over 10 minutes) to the solution through a dropping
funnel. The cooling bath was removed and the reaction mixture stirred for 20 minutes before
being quenched with sat. ag. NH4Cl (100 mL). The solution was extracted with CH2Cl> (3x
150 mL), the combined organic layers washed with brine (2x 100 mL), dried (Na2SOs), filtered
and evaporated. Distillation gave 4,7-dimethyl-1,3-dioxepan-2-one (6): 0.96 g, bp 95°C (1

mbar). Yield: 66%

According to *H NMR and GC, a mixture of two diastereomers was obtained. Ratio: 55% /

45%, see section 3.3 for details. The compound was already reported.[27]



IH NMR (400 MHz, CDCls, § ppm): 1.39/1.42 (2 x d, J = 6.4/ 6.5 Hz, 6 H, CH3), 1.66 - 1.99

(m,4H, CHy),4.33-443/4.55-4.66 (2xm, 2 H, CH)

13C NMR (100 MHz, CDCls, & ppm): 20.6 / 22.3 (CHs), 37.6 / 36.9 (CH,) 77.2 / 78.8 (CH),

155.5/153.1 (C)

Synthesis of CKA 2 from Carbonate 6

We adopted a method from Petasis et al.[23] A 5 wt-% solution of Cp>TiMe> (2.00 mL, 0.50
mmol, 3.0 eq.) in THF/toluene (50/50 (Vol/Vol)) was mixed with the cyclic carbonate 6 (0.023
g, 0.16 mmol, 1.0 eq.) under an argon atmosphere in the dark at 60-65 °C for 20 h. Addition of
hexane (10 mL) led to the formation of a yellow precipitate, which was filtered off. The filtrate
was concentrated under reduced pressure to give the CKA 2 as a pale yellow oil (0.015 g).

Yield: 65 %
Spectroscopic data was identical to that reported in section 2.2 of the supporting information.

Radical polymerisation of CKA 2
The radical polymerisation techniques have been adopted from methods published earlier,

details can be found below in the specific reaction conditions.[28-30]

Free radical polymerisation of CKA 2

A solution of CKA 2 (300 mg, 2.1 mmol) and 2,2’ azobis(2-methylpropionitril) (8, 9.0 mg, 55
pmol) in 0.05 mL of toluene was purged with argon for 15 minutes at RT. The reaction was
then stirred at 85 °C for 66 h. The reaction mixture was cooled, opened to air and diluted with
CH2Clz (50 mL). The solution was dialysed (MWCO 1000 Da) against CH2Cl> (300 mL),
exchanging the solvent three times, leaving each batch of solvent at least 3 h. The solvent was
removed under reduced pressure to yield the polymer (120 mg) (Dispersity from GPC: 1.3-1.5,

see Table 1 and Figure 3 in the main paper for sample elugram).



'H NMR (400 MHz, CDCl3, § ppm): 4.87 (m, 1H, CH), 4.42 (m, 2H, CH>), 4.27 (m, 2H, CH,),
4.04 (m, 2H, CHy), 3.83 (m, 2H, CH>), 3.45 (s, 2H, CH>), 2.10 (m, 2H, CH2), 1.60 (m), 0.94
(m, 3H, CHy).

Controlled Radical Polymerisation of CKA 2

We used standard procedures for controlled radical polymerisation (ATRP, RAFT, MADIX-
RAFT). None gave a polymer, as comprized in figure 3. Details can be found in the supporting

information (SI)

Synthesis of the PEG-Macroinitiator

We prepared the initiator using the Steglich-esterification. Polyethylene glycol monomethyl
ether (Mn 550 g/mol, 1.10 g, 2.00 mmol, 5.00 eq., PEG) and DMAP (6, 24.4 mg, 200 umol,
0.50 eq.) were dried by adding toluene (5.00 mL) and evaporating the solvent under reduced
pressure. EDCI (7, 169 mg, 880 mol, 2.20 eq.) was dissolved in DCM (4.00 mL). In a second
round bottom ask, PEG, DMAP 6 and 4,4'-(diazene- 1,2-diyl)bis(4-cyanopentanoic acid) (5,
112 mg, 400 umol, 1.00 eq.) were dissolved in DCM (4.00 mL). Both solutions were stored in
the freezer at 20 °C for 1 h. The EDCI solution was added to the second solution drop by drop.
The reaction mixture was allowed to warm up to RT and stirred for 48 h in an argon
atmosphere. Then the reaction mixture was added to Et2O (100 mL) to precipitate unreacted
acid and longer polymers. The supernatant was skimmed oand the solvent evaporated. The
residue was redissolved in DCM (2.00 mL) and added to hexane (100 mL) to precipitate the

polymer. The precipitation in hexane was repeated twice.

Synthesis of the Block-Copolymers PEG-PdmCL

The PEG macroinitiator (4.58 mg, 3.36 umol, 0.03 eq.) was dissolved in toluene (5 drops).
CKA 2 (200 mg, 1.41 mmol, 1.00 eq.) was added. The mixture was purged with argon for 15
min. Then the mixture was heated to 130 °C and stirred for 4 days in an argon atmosphere. The

reaction mixture was dissolved in EtOH (10.0 mL) and dialyzed (MWCO 1000 Da) against



EtOH, exchanging the solvent three times and leaving each batch of solvent for 2 h. The solvent

was then removed under reduced pressure to yield PEG-PdmCL block-copolymer (114 mg).

'H NMR (400 MHz, CDCls, 8, ppm): 4.87 (m, 1H, CH, PdmCL), 4.42 (m, 2H, CH,, PdmCL),
4.27 (m, 2H, CHz, PAmCL), 4.04 (m, 2H, CH, PdmCL), 3.83 (m, 2H, CH,, PdmCL), 3.63 (s, 4H,
PEG) 3.45 (s, 2H, CH2, PdmCL), 2.10 (m, 2H, CH,, PdmCL), 1.60 (m, PdmCL), 0.94 (m, 3H,

CHs, PdmCL).

Formation of the Nanoparticles

PEG-PdmCL block copolymer (3.00 mg) was dissolved in DCM (1.00 mL) inside a 2.5 mL
glass vial. The vial was placed in a vacuum oven and the solvent evaporated by setting the
temperature to 45 °C and the pressure to 400 mbar for 1 h, supplying a constant flow of air.
Then the pressure was set to 0 mbar for 3 h. Pure water (1.00 mL, filtered with a hydrophilic
PTFE filter with 0.45 pm pores) was added and the mixture was stirred at RT for at least 2
days. The hydrodynamic radius of the formed nanoparticles was measured by DLS, conducted
in “2D Pseudocross” mode with a HeNe laser (A=633 nm). The correlation function was
measured at 25 °C and at scattering angles of 45°, 90° and 135°, with an acquisition time of
20 s, measuring three times per angle. The intensity size distribution of the samples was
obtained by estimating the translational diffusion coefficient from the correlation function
using Contin analysis and convert it to the hydrodynamic radius using the Stokes-Einstein

equation.

Degradation of the Nanoparticles

The degradation of PEG-PdmCL nanoparticles was observed by measuring the intensity of the
scattered light of a nanoparticle suspension (count rate at the detector). The apparatus described
in section was used for this experiment. The laser intensity was set to 296 = uW, the

temperature to 25 °C and the scattering intensity was measured at an angle of 90°. After the



first measurement, an aqueous solution of porcine liver esterase (40 uL, 1.20 mg/mL, 2 mass-
% of the polymer) was added. The scattering intensity was then measured at different points in

time over two days, using the previously described settings.

Encapsulation of HRP and Assay with Amplex-Red

A PEG-PdmCL film was formed as indicated previously. The film was rehydrated with an
aqueous solution of horse raddish peroxidas (HRP) (1.00 mL, 20 ng/mL) and the mixture was
stirred at RT for 1 week. Separation of the nanoparticles from free HRP was achieved using
SEC, which was performed on a column packed with Sepharose 2B and monitored with an
Aecta Prime UV-Detector (Amersham Pharmacia Biotech). Pure water was used as eluent. See

section 3.2 of the SI for more details on the used amounts.

Cell Viability Test

A PEG-PdmCL polymer film was prepared as mentioned in section 0 and rehydrated with 0,1M

PBS. The mixture was stirred at RT for 1 week.

The effect of PEG-PdmCL particles on cell viability was tested by a standard MTS assay
(CellTiter 96® AQueous one solution cell proliferation assay, Promega). Briefly, 3x103 HeLa
cells per well were seeded in 96-well microtiter plates and cultured for 24 h at 37°C in a 5%
C02-95% air incubator. Particles were added at a maximum concentration of 0.4 ug/mL and
incubation continued for 24 h. 20 ul of MTS reagent were directly added to the culture medium
of each well and incubated for 2h at 37 °C. The absorbance of treated and untreated cells was
measured at OD 490 nm with a microtiter plate reader (SpectraMax M5, Molecular Devices).

All experimental conditions were tested in quadruplicate.



RESULTS AND DISCUSSION

We realized that the predominantly used acetal route is rather harsh. Producing the intermediate
acetal 5 using the dimethylated haloacetal 4 (Figure 2a) requires high temperatures to
constantly distill off methanol.[10] Recent research has shown that CoCl, together with
chlorotrimethylsilane (TMSCI) can be an effective catalytic system for the formation of cyclic
acetals.[24] Applying this protocol to our system led to the closed ring acetal 5 with 61 % yield.
Key properties of the CoClo/TMSCI induced formation of acetal 5 are its high reproducibility
and ambient reaction conditions (see section 2.2 of the SI for details). The subsequent
elimination reaction with potassium tert-butoxide yielded the CKA 2 in 32%, which amounts
to an overall yield of 20 %. This relatively low yield prompted us to investigate an alternative
route towards DMMDO via the intermediate carbonate 6 and consecutive olefination.
Carbonate 6 was formed from diol 1 by treatment with triphosgene in 66% yield (Figure 2a).
Because it proved to be an effective carbonylation agent, triphosgene is useful despite its
toxicity provided that extra care is taken during the reaction. Timing proved to be critical for
this reaction. Kinetic studies via gas chromatography (GC) showed that the product formation
had reached its peak after 20 minutes, and side-products started to appear afterwards. Over the
following hours, the fraction of carbonate product decreased considerably (see section 2.4 of
the SI for details). Therefore, the optimal reaction conditions were found to be 20 minutes at
room temperature. The olefination reaction was then performed with commercially available
Petasis reagent[23, 31]. The Petasis reagent (7, Figure 2a) is a titanium based methylenation
reagent similar to the Tebbe reagent,[31, 32] but is free from Lewis acids.[*3!33/GC and NMR
confirmed the formation of the same CKA 2 as with the acetal pathway, now with a yield of
65% yield (see sections 2.5 and 2.6 of the SI). These results proved that the titanium compound

7 had successfully transferred one methylene unit onto the carbonate 6 (Figure 2a). The overall



yield of this procedure was 39%. Because this yield is a significant improvement over the acetal

pathway, we plan to explore its use for other CKAs.
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Figure 2: a) The CKA 2 can be produced via the acetal pathway (top) or the carbonate pathway (bottom). GC
confirmed that both routes lead to the same product (section 2.6 of the SI). b) CKA 2 was then polymerized using

different polymerization protocols and the results analyzed with GPC. A polymer was only formed using FRP.

The homopolymerization of CKA 2 with free and controlled radical polymerization techniques
(approaches known to work in RROP) was investigated next (Figure 2b).[13, 19, 34-36] We
observed that neither atom transfer radical polymerization (ATRP), nor reversible addition-

fragmentation chain transfer polymerization (RAFT) led to polymerization. While xanthate-



based RAFT[18, 19] (RAFT-MADIX, see section 1.1 of the SI for details) led to oligomers, it
was also not suitable to generate polymers. Free radical polymerization (FRP), however, led to
short polymers of about 5000 g/mol (determined via GPC), which could be purified towards a
low dispersity (Figure 2b). Further optimization of the FRP reaction conditions showed that a
polymerization at 90 °C produced larger polymers at 110 °C or 130 °C, whereas polymers
obtained at 130 °C exhibited a lower dispersity. As expected, lower amounts of initiator yielded
longer polymers, although this trend was not linear (see Table 1-SI of the SI for details). The
results suggest a low reactivity of DMMDO, making it react slowly in FRP and since CRP
protocols lower the reaction rate, it then becomes unreactive. Evidently, more research on
controlled homopolymerization of DMMDO is required. Nevertheless, the synthesized
polyester proved to be completely degradable in basic acetonitrile. Due to a lack of solubility,
degradation, basic or enzymatic, in aqueous media showed only limited success (see section

1.2 of the SI for details).

Since FRP yielded polymers, a PEG-modified derivative of AIBN allowed for the production
of PEG-PdmCL, an amphiphilic block-copolymer (Figure 3a, details in section 1.3 of the SI).
Like all amphiphilic block-copolymers, PEG-PdmCL self-assembled in aqueous media into
nanoparticles. DLS and TEM analysis of the corresponding solution revealed a particle radius
of 40 nm and 20-30 nm, respectively (Figure 3b). The larger size obtained from DLS is due to
the water shell present around the nanoparticles. Due to their block-length ratio, the block-
copolymer could self-assemble vesicles.[37] However, the particles do not collapse on a TEM
grid, as one would expect for vesicles, and are too big to be simple micelles. They are thus

likely to be multi-compartment micelles. [38]

Since the polymer was in a colloidal suspension, aqueous degradation ought to be possible.
Adding esterase to the micelles led to a quick degradation of the polyester and thus also of the

micelles.[39] At the same laser intensity, the count rate in DLS showed a short increase, but



then decreased rapidly over time (Figure 3c). Because the esterase can attack the nanoparticles
only from the outside, one of the first bonds cleaved is the linkage between the PEG and
PdmCL. Exposed hydrophobic PAmCL segments would then agglomerate and form undefined
clusters of nanoparticles before further degradation. This explains the initial spike in the DLS
count rate after esterase addition as well as the slow increase in size (see section 3.1 of the SI
for details). With ongoing degradation, the number of agglomerates and thus the count rate

decreases.
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Figure 3: a) A PEG-modified derivative of AIBN leads to amphiphilic block-copolymers (b) which can then self-
assemble into nanoparticles of a defined size as illustrated by TEM and the DLS intensity plot. c) Adding esterase

leads to a disassembly of the nanoparticles as shown by the time-course of the DLS count rate.



Biodegradable PEG-PdmCL nanoparticles are promising candidates for drug delivery, which
is why we tested their biocompatibility on cells in vitro. An MTS cell proliferation assay with
HeLa cells showed that the particles did not affect cell viability up to a concentration 400
pg/mL of polymer. These results encourage us to further explore the use of PEG-PdmCL based

micelles for drug delivery (Figure 4a).
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Figure 4: (a) PEG-PdmCL nanoparticles did not affect HeLa viability at a concentration of 400 pg/mL, (b)
Encapsulated HRP in the presence of hydrogen peroxide did not convert Amplex Red (black dots) into resorufin
(red dots). After adding esterase, the conversion took place. No reaction was observed when empty nanoparticles

were treated with esterase. The graph represents duplicate data sets for all experiments.

Biodegradable nanoparticles can be used as a temporary shell for protecting enzymes.[3, 40]
To test the suitability of our PEG-PdmCL nanoparticles for this application, we encapsulated
horseradish peroxidase (HRP). The enzyme is known to oxidize Amplex Red into resorufin in

the presence of hydrogen peroxide.[41, 42] Based on its fluorescence, resorufin can easily be



detected. Addition of Amplex Red and hydrogen peroxide to PEG-PdmCL nanoparticles with
entrapped HRP did not yield fluorescence for 30 minutes (Figure 4b). This indicates that the
Amplex Red was unable to penetrate the PEG-PdmCL shell and the entrapped HRP was unable
to diffuse out of the nanoparticles. Thus, the nanoparticles appear diffusion-proof for at least
30 minutes. It is also noteworthy that hydrogen peroxide did not induce degradation of the
polyester. Just like for the empty nanoparticles, adding esterase induced the degradation of the
nanoparticles with entrapped HRP. The process creates unprotected HRP, which catalyzed the
conversion of Amplex Red to resorufin (Figure 4b). Control micelles without HRP did not
promote resorufin formation when treated with esterase and hydrogen peroxide. This finding
underlines that the release of HRP from the nanoparticles initiated the conversion of Amplex
Red. We conclude that PEG-PdmCL based nanoparticles act as protection for enzymes that are
set free and activated upon cleavage of the polyester. This is of particular interest in light of
our previous report showing that free enzymes tend to become inactive if left in an aqueous
solution.[43] In contrast, PEG-PdmCL encapsulated HRP retained activity for at least one

week.

CONCLUSION

In conclusion, we found that the introduction of the CoClo/TMSCI catalyst decreased the
reaction temperature of the conventional monomer synthesis to room temperature. Moreover,
we established a new carbonate route involving the Petasis compound to produce the DMMDO
broadening this approach for CKA synthesis. Larger synthetic diversity to gain CKAs may
eventually extend the overall scope of RROP if more monomers become available. We
achieved homopolymers from DMMDO using free radical polymerization, but also
amphiphilic block-copolymers using a PEG-based macroinitiator. Empty and enzyme
encapsulating nanoparticles readily self-assembled from the PEG-PdmCL block copolymers.

The sensitivity of the nanoparticles to esterase degradation offers a release mechanism to



control the activity of entrapped enzymes. Our results motivate us to use the polymer in a more
general context as a temporary protective cover for enzymes. Moreover, the nanoparticles did
not affect cell viability, making them interesting candidates for drug delivery. Our data shows
that polyesters from RROP are already readily available and are especially promising in

applications involving self-assembled nanoparticles.

ASSOCIATED CONTENT

Supporting Information. Details on the applied chemicals, synthetic protocols, NMR data, GC
data on monomer synthesis, GPC traces protocols for the enzymatic reactions and cell tests are
available in the supporting information. This material is available free of charge via the Internet

at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author

* Jens Gaitzsch (jens.gaitzsch@unibas.ch)

Author Contributions

The manuscript was written through contributions of all authors. All authors have given
approval to the final version of the manuscript.

Funding Sources

Swiss National Science Foundation (SNSF), especially with the National Centre for

Competence in Research on Molecular Systems Engineering (NCCR-MSE)

ACKNOWLEDGMENT

The authors would like to thank Sebastian Scherb, Silvan Kédser and Charlotte Kress for their

support in the synthetic part of this study.

ABBREVIATIONS



AIBN, azobisobutyronitril; ATRP, atom transfer radical polymerisation; CKA, cyclic ketene
acetal; DLS, dynamic light scattering; DMMDO, 4,7-dimethyl-2-methylene-1,3-dioxepane;
HRP, horse raddish peroxidase; MADIX, macromolecular design via interchange of xanthates;
PCL, poly(caprolactone); PdAmCL, poly(dimethylcaprolactone); RAFT, reversible addition and
chain fragment transfer polymerisation; RROP, radical ring opening polymerization, TEM,

transmission electron microscopy

REFERENCES

[1] Schwille P. Bottom-Up Synthetic Biology: Engineering in a Tinkerer's World. Science.
2011;333(6047):1252-1254.

[2] Gaitzsch J, Huang X, Voit B. Engineering Functional Polymer Capsules toward Smart
Nanoreactors. Chem Rev. 2016;116(3):1053-1093.

[3] Najer A, Wu DL, Vasquez D, Palivan CG, Meier W. Polymer nanocompartments in broad-
spectrum medical applications. Nanomedicine. 2013;8(3):425-447.

[4] Palivan CG, Goers R, Najer A, Zhang XY, Car A, Meier W. Bioinspired polymer vesicles
and membranes for biological and medical applications. Chem Soc Rev. 2016;45(2):377-411.
[5] Kang SW, Li Y, Park JH, Lee DS. pH-triggered unimer/vesicle-transformable and
biodegradable polymersomes based on PEG-b-PCL-grafted poly(beta-amino ester) for anti-
cancer drug delivery. Polymer. 2013;54(1):102-110.

[6] Konishcheva EV, Zhumaev UE, Meier WP. PEO-b-PCL-b-PMOXA Triblock Copolymers:
From Synthesis to Microscale Polymersomes with Asymmetric Membrane. Macromolecules.
2017.

[7] Hillmyer MA, Petersen MA, Yin LG, Kokkoli E. Synthesis and characterization of reactive

PEO-PMCL polymersomes. Polym Chem. 2010;1(8):1281-1290.



[8] Yuan JY, Pan CY. "Living" free radical ring-opening copolymerization of 4,7-dimethyl-2-
methylene-1,3-dioxepane and conventional vinyl monomers. Eur Polym J. 2002;38(10):2069-
2076.

[9] Bailey WJ, Ni Z, Wu SR. Free-Radical Ring-Opening Polymerization of 4,7-Dimethyl-2-
Methylene-1,3-Dioxepane and "5,6-Benzo-2-Methylene-1,3-Dioxepane. Macromolecules.
1982;15(3):711-714.

[10] Bailey WJ, Ni Z, Wu SR. Synthesis of Poly-Epsilon-Caprolactone Via a Free-Radical
Mechanism - Free-Radical Ring-Opening Polymerization of 2-Methylene-1,3-Dioxepane. J
Polym Sci, Part A: Polym Chem. 1982;20(11):3021-3030.

[11] Tardy A, Nicolas J, Gigmes D, Lefay C, Guillaneuf Y. Radical Ring-Opening
Polymerization: Scope, Limitations, and Application to (Bio)Degradable Materials. Chem Rev.
2017;117(3):1319-1406.

[12] Agarwal S. Chemistry, chances and limitations of the radical ring-opening polymerization
of cyclic ketene acetals for the synthesis of degradable polyesters. Polym Chem.
2010;1(7):953-964.

[13] Tardy A, Honore JC, Siri D, Siri D, Gigmes D, Lefay C, et al. A comprehensive kinetic
study of the conventional free-radical polymerization of seven-membered cyclic ketene acetals.
Polym Chem. 2017;8(34):5139-5147.

[14] YuanJY, Pan CY. The effects of monomer structure of cyclic ketene acetals on the behavior
of controlled radical ring-opening polymerization. Chin J Polym Sci. 2002;20(1):9-14.

[15] Ren L, Agarwal S. Synthesis, Characterization, and Properties Evaluation of Poly[(N-
isopropylacrylamide)-co-ester]s. Macromol Chem Phys. 2007;208(3):245-253.

[16] Yang Z, Jiang ZZ, Cao Z, Zhang C, Gao D, Luo XG, et al. Multifunctional non-viral gene
vectors with enhanced stability, improved cellular and nuclear uptake capability, and increased

transfection efficiency. Nanoscale. 2014;6(17):10193-10206.



[17] Hill MR, Guégain E, Tran J, Figg CA, Turner AC, Nicolas J, et al. Radical Ring-Opening
Copolymerization of Cyclic Ketene Acetals and Maleimides Affords Homogeneous
Incorporation of Degradable Units. ACS Macro Lett. 2017;6(10):1071-1077.

[18] Bell CA, Hedir GG, O'Reilly RK, Dove AP. Controlling the synthesis of degradable vinyl
polymers by xanthate-mediated polymerization. Polym Chem. 2015;6(42):7447-7454.

[19] Hedir GG, Bell CA, O'Reilly RK, Dove AP. Functional Degradable Polymers by Radical
Ring-Opening Copolymerization of MDO and Vinyl Bromobutanoate: Synthesis,
Degradability and Post-Polymerization Modification. Biomacromolecules. 2015;16(7):2049-
2058.

[20] Hedir GG, Bell CA, Teong NS, Chapman E, Collins IR, O'Reilly RK, et al. Functional
Degradable  Polymers by Xanthate-Mediated Polymerization. = Macromolecules.
2014;47(9):2847-2852.

[21] Ganda S, Jiang Y, Thomas DS, Eliezar J, Stenzel MH. Biodegradable Glycopolymeric
Micelles Obtained by RAFT-controlled Radical Ring-Opening Polymerization.
Macromolecules. 2016;49(11):4136-4146.

[22] Delplace V, Nicolas J. Degradable vinyl polymers for biomedical applications. Nature
Chem. 2015;7(10):771-784.

[23] Petasis NA, Lu SP. Methylenations of Heteroatom-Substituted Carbonyls with Dimethyl
Titanocene. Tetrahedron Lett. 1995;36(14):2393-2396.

[24] Battisti UM, Sorbi C, Franchini S, Tait A, Brasili L. Transacetalization of Acetals with
Butane-1,2,4-triol Using Cobalt(Il) Chloride and Chlorotrimethylsilane. Synthesis.
2014;46(7):943-946.

[25] Yamamoto S, Sanda F, Endo T. Cationic polymerization of cyclic ketene acetals via
zwitterion formation with cyanoallene. Journal of Polymer Science Part a-Polymer Chemistry.

2000;38(11):2075-2081.



[26] Hicklin RW, Lopez Silva TL, Hergenrother PJ. Synthesis of Bridged Oxafenestranes from
Pleuromutilin. Angew Chem, Int Ed. 2014;53(37):9880-9883.

[27] Rob T, Rahman MR, Mosihuzzman M. A new compound from Pencillium thiomii, an
endophytic fungus, isolated from the root of Terminalia chebula Retz (Haritaki). J Bangladesh
Chem Soc. 2005;18(1):64-69.

[28] Ruiz-Perez L, Madsen J, Themistou E, Gaitzsch J, Messager L, Armes SP, et al. Nanoscale
detection of metal-labeled copolymers in patchy polymersomes. Polym Chem.
2015;6(11):2065-2068.

[29] Messager L, Burns JR, Kim J, Cecchin D, Hindley J, Pyne ALB, et al. Biomimetic Hybrid
Nanocontainers with Selective Permeability. Angew Chem, Int Ed. 2016;55(37):11106-11109.
[30] Ruiz-Perez L, Messager L, Gaitzsch J, Joseph A, Sutto L, Gervasio FL, et al. Molecular
engineering of polymersome surface topology. Science Advances. 2016;2(4):e1500948.

[31] Petasis NA, Bzowej EI. Titanium-Mediated Carbonyl Olefinations .1. Methylenations of
Carbonyl-Compounds with Dimethyltitanocene. ] Am Chem Soc. 1990;112(17):6392-6394.
[32] Brownwensley KA, Buchwald SL, Cannizzo L, Clawson L, Ho S, Meinhardt D, et al.
CP2TICH2 COMPLEXES IN SYNTHETIC APPLICATIONS. Pure Appl Chem.
1983;55(11):1733-1744.

[33] Straus DA, Grubbs RH. TITANACYCLOBUTANES - SUBSTITUTION PATTERN AND
STABILITY. Organometallics. 1982;1(12):1658-1661.

[34] Huang JY, Gil R, Matyjaszewski K. Synthesis and characterization of copolymers of 5,6-
benzo-2-methylene-1, 3-dioxepane and n-butyl acrylate. Polymer. 2005;46(25):11698-11706.
[35] Delplace V, Harrisson S, Tardy A, Gigmes D, Guillaneuf'Y, Nicolas J. Nitroxide-Mediated
Radical Ring-Opening Copolymerization: Chain-End Investigation and Block Copolymer

Synthesis. Macromol Rapid Commun. 2014;35(4):484-491.



[36] Yuan JY, Pan CY. Block copolymerization of 5,6-benzo-2-methylene-1,3-dioxepane with
conventional vinyl monomers by ATRP method. Eur Polym J. 2002;38(8):1565-1571.

[37] Blanazs A, Armes SP, Ryan AJ. Self-Assembled Block Copolymer Aggregates: From
Micelles to Vesicles and their Biological Applications. Macromol Rapid Commun. 2009;30(4-
5):267-2717.

[38] Sigg SJ, Postupalenko V, Duskey JT, Palivan CG, Meier W. Stimuli-Responsive
Codelivery of Oligonucleotides and Drugs by Self-Assembled Peptide Nanoparticles.
Biomacromolecules. 2016;17(3):935-945.

[39] Marten E, Muller RJ, Deckwer WD. Studies on the enzymatic hydrolysis of polyesters I.
Low molecular mass model esters and aliphatic polyesters. Polym Degrad Stab.
2003;80(3):485-501.

[40] Feng AC, Yuan JY. Smart Nanocontainers: Progress on Novel Stimuli-Responsive
Polymer Vesicles. Macromol Rapid Commun. 2014;35(8):767-779.

[41] McMurray F, Patten DA, Harper ME. Reactive Oxygen Species and Oxidative Stress in
Obesity-Recent Findings and Empirical Approaches. Obesity. 2016;24(11):2301-2310.

[42] Adibhatla RM, Hatcher JF, Gusain A. Tricyclodecan-9-yl-Xanthogenate (D609)
Mechanism of Actions: A Mini-Review of Literature. Neurochem Res. 2012;37(4):671-679.
[43] Grafe D, Gaitzsch J, Appelhans D, Voit B. Cross-linked polymersomes as nanoreactors for
controlled and stabilized single and cascade enzymatic reactions. Nanoscale.

2014;6(18):10752-10761.



