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Enzyme-catalyzed polymerization in vitro has gained considerable attention in the last two decades as an efficient
tool in the polymerization of various monomers, such as saccharides, esters, phenols, and aromatic anilines; however,
the polymerization of vinyl monomers using enzymes has been more limited, perhaps due to the hydrophobicity
of most common vinyl monomers. Enzyme-initiated miniemulsion polymerization is demonstrated herein as a
way to polymerize hydrophobic vinyl monomers such as styrene. By application of enzyme-initiated radical
polymerization in miniemulsion, stable poly(styrene) latexes are prepared with a particle size near 50 nm. A very
small amount of enzyme and surfactant is required to facilitate the miniemulsion polymerization, whereas a relatively
high polymerization rate and conversion are achieved.

Introduction

Enzyme-catalyzed polymerization in vitro has been a research
focus for the past two decades for the preparation of various
polymers.1,2 The high selectivity, mild reaction conditions, and
environmental compatibility inherent in enzymatic reactions
have made this approach a very attractive alternative in the
synthesis of complex, stereoselective, and bioactive compounds,
which are often difficult to obtain by conventional chemical
routes. To date, polymers such as poly(saccharides), poly(esters),
poly(phenols), and poly(anilines) have been the synthesized by
enzyme-catalyzed polymerizations.3-14 The enzymatic polym-
erization of hydrophobic vinyl monomers such as styrene,
however, has scarcely been reported.15,16

Oxidoreductases, especially horseradish peroxidase (HRP),
are known to have the ability to catalyze the oxidation of
phenols, anilines and their derivatives.4,10-14 The potential of
HRP and other oxidases to catalyze the free radical polymeri-
zation of vinyl monomers was first reported by Derango et al.17

The polymers were formed in the presence of a large excess of
hydrogen peroxide. It was claimed that the oxo-iron(IV)
π-radical cation generated by HRP and H2O2 may contribute
to the polymerization. Poly(acrylamide), poly(methyl methacry-

late), and poly(styrene) were synthesized by HRP and other
oxidases withâ-diketones as initiators.15,16,18-22 It was found
that no polymer was produced if a low ratio of H2O2:monomer
was used in the absence ofâ-diketones. Thus, another mech-
anism was proposed whereâ-diketone radicals generated by
HRP-catalyzed oxidation of theâ-diketone with H2O2 may
initiate the polymerizations.15

One reason why enzymatic polymerizations of vinyl mono-
mers have not been thoroughly investigated may be that the
majority of common vinyl monomers are barely soluble in water,
which is the traditional reaction medium for the application of
biocatalysts. Indeed, hydrophilic vinyl monomers were utilized
in most previous studies using HRP as an initiator.17-20,22

Cosolvents have also been utilized to allow polymerization of
hydrophobic monomers.15 However, the yields of polymer were
relatively low under these conditions, i.e., 21.2% in THF-H2O
and only 3.8% in methanol-H2O cosolvent after 24 h.15

Here we demonstrate a simple way to realize the enzyme-
initiated polymerization of hydrophobic vinyl monomers in an
aqueous system via the application of miniemulsion polymer-
ization. A miniemulsion is an aqueous dispersion of relatively
stable oil droplets with a size range of 50-500 nm in which
polymerizations are performed. In the ideal case, there is little
exchange of material between droplets and the droplets act as
nanoreactors.23 Miniemulsion polymerizations are robust to
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variations in chemistry, with traditional radical polymeriza-
tions,24,25 controlled radical polymerizations such as ATRP,26

RAFT,27,28NMP,29 and coordination-insertion polymerizations30-33

being carried out effectively in them. Additionally, miniemulsion
polymerizations are considered to be “green” processes because
they use water in place of organic solvents. Moreover, mini-
emulsion polymerizations produce polymers of uniform com-
position and final latexes with excellent shear stability exceeding
those of conventional emulsion polymerizations. The methodol-
ogy demonstrated here may also allow for the enzyme-initiated
polymerization of various hydrophobic vinyl monomers other
than styrene, with possible advantages over conventional
polymerizations such as use of milder reaction conditions that
might be especially suitable when using thermosensitive mono-
mers or for chemoselective polymerizations.34

Experimental Details

Materials. Styrene (J.T. Baker) was purified by removing the
inhibitor tert-butylactechol by passing the monomer through a column
packed with inhibitor remover (Aldrich), followed by distillation under
vacuum. Hexadecane (Aldrich, 99%) and sodium dodecyl sulfate (SDS;
J.T. Baker. 99.8%) were used as received. Deionized water was
generated with a U.S. Filter Systems Deionizer and was used without
further purification. Horseradish peroxidase (HRP; TCI America),
hydrogen peroxide (Aldrich, 30% w/w), and 2, 4-pentanedione (ACAC;
Alfa Aesar, 99%) were used as received.

Polymerization. The miniemulsion was prepared by adding a
solution of degassed styrene and hexadecane to a solution of sodium
dodecyl sulfate in deionized water. The mixture was stirred under
nitrogen in an ice bath for 10 min and then sonicated with a Fischer
model 30 sonic dismembrator operated at 70% power output for
approximately 10 min, while being stirred under nitrogen and cooled
in an ice bath. HRP was dissolved in a small amount of deionized
water and purged with nitrogen for 10 min. A portion of the HRP
solution was injected in the styrene miniemulsion and stirred for 5 min,
followed by adding ACAC and H2O2 simultaneously. The miniemulsion
was stirred under nitrogen, and samples were drawn at intervals. The
samples were poured into a large excess of cold methanol. The polymer
was precipitated and filtered, washed with cold methanol, and dried
under vacuum at 30°C.

Characterization. The dried polymer was dissolved in chloroform
(J.T. Baker, HPLC) and filtered through a 0.2µm syringe filter. GPC
analyses were carried out using three columns (American Polymer
Standards styrene-divinylbenzene 100, 1000, and 105 Å) at 30°C. The
columns were connected to a Viscotek GPCMax pump and autoinjector
and a Waters 410 refractive index detector and calibrated with narrow
polystyrene standards (Polymer Laboratories). Chloroform was used
as the eluent at a flow rate of 1.0 mL/min, and the injection volume
was 100µL.

Latex particle sizes were analyzed using quasielastic light scattering
(QELS, Protein Solutions DynaPro). The conversion of styrene
monomer conversion was determined gravimetrically.

Results and Discussion

Kinetic Study of HRP-Catalyzed Miniemulsion Polym-
erization. Assuming the polymerization follows the mechanism
outlined in the Introduction,15 it is believed that H2O2 oxidizes
HRP and the oxidized metal center is reduced by ACAC,
yielding ACAC-derived radicals in the aqueous phase. These
radicals presumably can do two things to initiate the polymer-
ization, either (i) enter the monomer droplets and start the
polymerization directly in the droplet or (ii) oligomerize the
small fraction of styrene that is present in the aqueous phase,

with these active styryl chains entering the droplets as they get
more hydrophobic with increasing chain length.

The main recipe used for HRP-initiated miniemulsion
polymerization is shown in Table 1. It is interesting to note
that the conversion of styrene proceeded slowly until 360 min,
as shown in Figure 1. After 360 min, the conversion of styrene
increased significantly, followed by a gradual decrease in
polymerization rate after around 800 min. Because this kinetic
behavior was quite unusual, the main experiment was repeated
three times, and in all cases, a period of slow conversion was
observed.

There are many possible causes of these observations. The
consumption of ACAC and H2O2 with time, which decreases
the radical initiation rate, could cause the decreased polymer-
ization rate observed at long times. A loss of enzyme activity
or degradation of HRP with increasing reaction time could also
contribute to this phenomenon. Concerning the slow conversion
at short reaction times, one potential cause is an imbalanced
ratio of ACAC:H2O2 in the aqueous phase. Although the molar
ratio of ACAC:H2O2 was chosen to be close to an optimal ratio
reported previously for another polymerization system (set at
1.3:1, (Table 1)),35 the actual ratio of ACAC:H2O2 in the
aqueous phase, where the enzyme is presumed to reside, could
be much lower due to the preferential partitioning of ACAC
into the monomer droplets. Additionally, it is possible that a
different initiation mechanism operates under these conditions.
Derango et al. suggested a different mechanism could operate
under some conditions and found that, with a low ratio of vinyl
monomer:H2O2, polymerization could take place even without
ACAC (vide supra).17,34 In the present work, the concentration
ratio of styrene to H2O2 in the aqueous phase may be quite low.
Assuming that all of the H2O2 was dissolved in the aqueous
phase that was saturated with styrene, the molar ratio of styrene
to H2O2 was around 0.04 at the start of the polymerization.36

These conditions may favor the alternate mechanism of Derango
et al. Furthermore, the drastic changes in polymerization rate

Table 1. Recipe for HRP-Catalyzed Miniemulsion Polymerization

miniemulsion

H2O 2.88 g HRP 2.4 mg
Styrene 0.689 g H2O2 (30 wt %) 7 µL
SDS 0.0155 g ACAC 9 µL
Hexadecane 0.0162 g

Figure 1. Relationship between of conversion and reaction time of
the HRP mediated miniemulsion using the recipe in Table 1.
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at certain times throughout the process may be indicative of
the system operating via different mechanisms at different times.

Although a much smaller amount of HRP and H2O2 were
used than in the previous report,15 the conversion after 24 h,
around 48%, was still much higher than previously reported
using cosolvent solutions. Moreover, a stable poly(styrene) latex
with a narrowly distributed particle size distribution around 50
nm was achieved, as shown in Figure 2. The1H NMR spectrum
of the poly(styrene) is shown in Figure 3.

There was a discontinuity in the number average molecular
weight (Mn) of poly(styrene) in this HRP-initiated miniemulsion
polymerization, similar to the trend observed in conversion. The
Mn was almost constant at the beginning of the polymerization
and then sharply increased afterward, as shown in Figure 4. It
is worth pointing out the relatively high molecular weight of
the poly(styrene), as high as 406k, compared to the previous
enzyme-mediated work using a cosolvent, which gave molecular
weights of ∼30k.15 A low concentration of ACAC in the
aqueous phase may lead to a low total radical concentration,
accounting for the high molecular weight of the poly(styrene).
The radical segregation effect in miniemulsion also favors high
molecular weights by inhibiting termination of propagating
radicals.

Effects of Reaction Temperature.It is well-known that
temperature has significant effects on the reactivity of enzymes.
Therefore, the conversion of styrene at different temperatures
was measured after about 24 h. As shown in (Table 2),

temperature has a dramatic influence on the miniemulsion
polymerization, and the conversion was lower at high temper-
atures. At 305 K, only 9.8% conversion was achieved after 24
h, whereas a much higher conversion could be achieved at a
lower temperature of 279-296 K. The result is reasonable given
that a previous study showed that HRP has its highest activity
at 278 K and gradually loses its activity at higher temperatures.37

Amount of Enzyme. The effect of the amount of enzyme
used in the miniemulsion polymerization was investigated. The
conversion in three experiments with increasing HRP concentra-
tion was measured after 24 h. With a doubling of HRP in
experiment 4, the conversion in experiment 5 was greatly
improved from 48.3% to almost a full conversion (Table 3).

Effect of H2O2/ACAC Ratio. Previous studies have indi-
cated the ratio of ACAC:H2O2 has a major influence on HRP-
mediated polymerizations.15,16,18,19,22At low concentrations,
hydrogen peroxide functions as an electron acceptor and
initiator, whereas at higher concentrations, it can inhibit enzyme
activity. Therefore, a study was carried out for 24 h at 296 K
to determine how the concentrations of hydrogen peroxide and
2,4-pentanedione affected the outcome of styrene miniemulsion
polymerizations. Four control experiments were carried out first.
In these control experiments, one component in the reaction
(HRP, ACAC, or H2O2) was removed from the recipe to see
the impact of each individual component on the polymerization.
No poly(styrene) was formed in these control experiments except

Figure 2. SEM photograph of poly(styrene) latex nanospheres
obtained from HRP-mediated miniemulsion with the recipe in Table
1 after 24 h.

Figure 3. 1H NMR spectrum of HRP catalyzed poly(styrene) with
the recipe in Table 1 after 24 h using CDCl3 as solvent.

Figure 4. Relationship between Mn, PDI, and conversion using the
recipe in Table 1

Table 2. Effects of Reaction Temperature on the HRP-Catalyzed
Miniemulsion Polymerization

expa

temperature/
K

reaction time/
mins conversion%

average
particle size/

nm

1 279 1355 50.2 50.63
2 296 1320 48.3 54.09
3 305 1375 9.8 47.42

a The recipe was shown in Table 1.

Table 3. Effects of the Amount of Enzyme on the HRP-Catalyzed
Miniemulsion Polymerization

exp
HRP/
mg

ACAC/
µL

H2O2/
µL conversion%

average
particle size/

nm

4 2.4 9 7 48.3 54.09
5 5.0 9 7 98.3 62.76
6 9.0 9 7 100.0 65.16
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for a trace of polymer in the case where ACAC was not used
(Table 4). These results agreed with the results reported before.15

As shown in (Table 4), with an increase of ACAC concen-
tration from 9 to 20µL, the conversion only slightly increased
from 48.3% to 51.2%. Further increasing the concentration of
ACAC, however, lead to a slight decrease in the conversion. A
similar phenomenon was observed by altering the concentration
of H2O2. Increasing the amount of from 7 to 15µL contributed
an increase in conversion from 48.3% to 52.6%, while further
increasing H2O2 resulted in a decrease in the final yield. Thus
it is reasonable to assume that there should be an optimal ratio
of ACAC:H2O2 in the HRP catalyzed miniemulsion polymer-
ization, although such conditions were not identified here.

Conclusion

Enzymatic miniemulsion polymerization was demonstrated
in this work to be a way to use enzymes to polymerize
hydrophobic vinyl monomers. Stable poly(styrene) latexes were
synthesized by HRP initiated miniemulsion polymerization. A
very small amount of HRP, H2O2, and ACAC was required to
facilitate the miniemulsion polymerization while a relatively
high conversion was achieved.
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Table 4. Effects of H2O2 and ACAC on the HRP-Catalyzed
Miniemulsion Polymerization

exp
HRP/
mg

ACAC/
µL

H2O2/
µL conversion%

control 1 2.4 0 0 0
control 2 2.4 0 7 trace
control 3 2.4 9 0 0
control 4 0 9 7 0
7 2.4 40 7 32.7
8 2.4 20 7 51.2
9 2.4 9 7 48.3
10 2.4 9 15 52.6
11 2.4 9 40 33.4
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