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’ INTRODUCTION

Industrial biotechnology uses genetically engineered whole
cells (e.g., bacteria, yeasts), plants, and isolated enzymes in
chemical manufacturing processes. The basic tool set available
to develop bioprocesses continues to rapidly grow providing
exciting new opportunities to develop products such as biobased
monomers, polymers, and biofuels.1�3 Such growth is fueled by
government incentives and a social push toward sustainable
development. However, catalyst efficiency and process engineer-
ing challenges remain to develop cost-effective products. One
bioprocess opportunity is the use of isolated enzymes (in vitro
catalysis) to replace toxic metal catalysts enabling more benign
process conditions for a wide range of chemical transformations.4

Particularly, enzymes immobilized on solid supports have been
used to synthesize biodegradable polyesters at lower tempera-
tures and without many precautions (e.g., exclusion of moisture
and oxygen) required for conventional catalysts; however, these
polymerization reactions, similar to many processes that involve
a biological entity, are complex relative to conventional
manufacturing routes.5�8 Complexities associated with any
polymerization reaction, such as change in transport properties
as the viscosity of the system increases with the progress of
polymerizations, are further compounded by: (1) participation of
bound water on enzymes in reactions as initiators and regulators
of enzyme activity,5,6 (2) the nonmonotonic change of enzyme
activity with temperature,5,9,10 and (3) the stability of adsorbed
enzymes on solid supports.11 In this paper, we aim to investigate
these complex systems by precisely controlling the experimental
parameters using a novel microchannel reactor or microreactor
in continuous flowmode. Our results provide critical insight into

these processes and will establish a framework for the develop-
ment and characterization of continuous flow polymerization
reactions using solid-supported enzymes.

Conducting polymerization reactions in microreactors offers
several advantages over traditional batch synthesis methods, such
as improved temperature control, low waste generation, and safer
experimental conditions.12,13 In addition, reactor design/config-
uration and reaction parameters can be varied easily and system-
atically. Furthermore, processes can be scaled up from laboratory
scale to industrial scale. In the past, we successfully performed
atom transfer radical polymerizations14 and anionic polymeriza-
tions in microreactors.15 Here, microreactors were used to study
solid supported (immobilized) enzyme-catalyzed ring-opening
polymerization (ROP) of lactones in continuous flow conditions.
We took advantage of (1) high catalyst surface area to the reactor
volume and (2) improved transport properties in the micro-
reactors. Themodel reactionwe chose is the ROPof ε-caprolactone
(ε-CL) to polycaprolactone (PCL), using immobilized Candida
antartica Lipase B (CAL B) in the form of Novozym 435 (N435), a
widely used commercial biocatalyst.5,6,10 Although enzymes have
been used in microreactors previously, very few studies reported
the use of solid supported enzymes to study organic synthesis or
polymerization reactions.16 This is likely due to the difficulty in
loading of immobilized enzyme beads in microreactors and the
high pressure drop across themicrochannel because of increasing
viscosity of polymer products. By implementing a suitable
reactor design and performing reactions in semidilute organic
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ABSTRACT: Enzymes immobilized on solid supports are
increasingly used for greener, more sustainable chemical trans-
formation processes. Here, we used microreactors to study
enzyme-catalyzed ring-opening polymerization of ε-caprolac-
tone to polycaprolactone. A novel microreactor design enabled
us to perform these heterogeneous reactions in continuous
mode, in organic media, and at elevated temperatures. Using
microreactors, we achieved faster polymerization and higher
molecular mass compared to using batch reactors. While this
study focused on polymerization reactions, it is evident that similar microreactor based platforms can readily be extended to other
enzyme-based systems, for example, high-throughput screening of new enzymes and to precision measurements of new processes
where continuous flow mode is preferred. This is the first reported demonstration of a solid supported enzyme-catalyzed
polymerization reaction in continuous mode.
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media, we have overcome these problems and achieved (1) faster
polymerization rates and (2) higher PCL molecular masses
compared to that obtained in batch reactors at similar experi-
mental conditions.

’EXPERIMENTAL SECTION

Chemicals. All chemicals used were obtained from Sigma Aldrich,
Inc. NovozymN435, a commercially available immobilized lipase prepara-
tion with Candida antarctica Lipase B (CAL B) physically immobilized
on mesoporous polymethylmethacrylate supports (Lewatit VP OC
1600), was obtained from Novozymes. The molecular mass of CAL B
is 33 000 g/mol. Typically, the amount of CAL B present in N435 beads
is 10% by mass based on supplier specifications. Amount of CAL B on
N435 was further confirmed by elemental analysis for nitrogen content.
To control the amount of CAL B used in microreactor experiments,
N435 beads were sieved to obtain a narrow bead size distribution (400(
50 μm). Since water is an initiator, care was taken to dry and to store the
reactants and N435 beads. Sieved N435 beads were preserved over
desiccants in a vacuum desiccator. ε-CL and toluene were dried over
anhydrous calcium hydride and 4 Å activated molecular sieves. Water
content of toluene, ε-CL, and N435 beads, measured using a Metrohm
Coulometric Karl Fischer titrator, was 0.003, 0.025, and 0.46% by mass,
respectively. Thus, the major source of water in reactions is N435 beads.
Batch Reactors. ε-CLROPbatch reactions were performed in 25mL

round-bottom flasks sealed with a rubber septum and maintained under an
argon environment. Reaction flasks were placed in a heated oil bath with a
feedback temperature controller. Using a syringe, 2 mL of dry toluene was
introduced in the flask containing 100 mg of N435. After toluene reached
the experimental temperature, 1 mL of ε-CL was added in the flask.
Here, the mass ratio of CAL B to ε-CL was maintained at 1:100. Using a
magnetic stirrer, the reaction mixture was stirred at 60 rad/s. Reaction
temperature was monitored by inserting a thermocouple in the mixture.
Samples were collected at different time intervals, using a syringe, to
determine %-conversion and PCLmolecular mass. All experiments were
performed at least three times to determine the experimental variability.
Control experiments were performed using beads without enzyme
(Lewatit VP OC 1600) at the highest experimental temperature of
100 �C and no significant conversion was observed.

Microreactor Platform.Microchannels with dimensions of 2 mm,
1 mm, and 260 mm in width (W), depth (D), and length (L),
respectively, were milled on a 10 mm thick aluminum block. Micro-
channel cross section was selected in order to facilitate the loading of
beads. The channels were covered with Kapton film using ResinLab
epoxy adhesive (E950g) and the epoxy was treated at 120 �C to obtain
sufficient adhesive strength. The channels were filled with 100 mg of
N435 beads of diameter 400( 50 μm by applying vacuum at one end of
the reactor and introducing beads at the other end. The packing fraction
(ε) of the beads was estimated as ≈0.5 by flowing toluene through the
reactor. Considering a uniform plug flow in the reactor, residence time
(t) was estimated as V(1 � ε)/Q, where V (W � D � L) is the total
volume of the reactor and Q is the volumetric flow rate.

The microreactor was placed on a uniform heating stage to control
the experimental temperature with a variability of (0.5 �C. To ensure
temperature uniformity, temperature inside the microchannel was
occasionally measured by inserting a thermocouple. A 2:1 mixture of
toluene and ε-CL by volume was introduced into the microreactor at
different flow rates, from 30 to 640 μL/min, corresponding to residence
times of ≈240 to 15 s. For every data point, 3 mL of ε-CL and toluene
mixture was passed through the reactor, if not specified otherwise.
Similar to batch experiments, all the experiments were performed at least
three times to determine the experimental variability.
Characterization.Gel permeation chromatography (GPC)was used

to obtain molecular mass information. A Waters system equipped with a
1515 isocratic HPLC pump with online degassing, 717 Plus autosampler,
2414 refractive index detector, a guard column, and three mixed bed
columns (HR0.5, HR3 and HR4E) with 5 μm particle size was used. The
HR0.5, HR3, and HR4E columns are specified for molar mass separation
range of 0�1000, 500�30 000, and 50�100 000) g/mol, respectively.
Other GPC parameters were as follows: THF was the eluent at a flow
rate of 0.35 mL/min, maintained at 30 �C, 5 mg/mL was the sample
concentration and the injection volume was 40 μL. A series of narrow
polydispersity polystyrene standards were used to calibrate the GPC
system and the molecular masses reported here are relative to poly-
styrene standards. The uncertainty in the measurement of polystyrene
equivalent molar mass is 10%.

Raman spectra for different samples were obtained using a Raman
Systems (model R3000HR) Raman spectrometer. The instrument is

Figure 1. (a) Reaction scheme for ring-opening polymerization of ε-caprolactone to polycaprolactone. (b) Schematic of the microreactor setup. The
microreactor wasmade of aluminum andwas covered with Kapton film using a thermally cured epoxy. Themicroreactor was placed on a uniform heating
stage for temperature control. (c) Image shows photograph of a typical microreactor used in this study. CAL B immobilized solid beads (macroporous
polymethyl methacrylate) were filled in the channel. Polymerization reactions took place at enzyme active sites. The residence time for the reactants
inside microreactors was changed by varying the flow rate.
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equipped with a laser having an excitation wavelength of 785 nm and a
fiber optic probe. Spectra were collected for 60 s and data analysis was
performed using GRAMS software.

’RESULTS AND DISCUSSION

The ROP of ε-CL (Figure 1a) was performed in toluene at
temperatures ranging from 55 to 100 �C. Because of their
chemical resistance and excellent heat transfer properties,
metal/silicon/ceramic microreactors17 are preferred for these
reactions compared to those made with polymers, such as
polydimethylsiloxane (PDMS),17,18 perfluoropolyethers,19 and
thiolene-based polymers.14 For the present study, we chose
aluminum microreactors (Figure 1b,c), which are inexpensive
and easy to fabricate in contrast to silicon and ceramic reactors.17

The channels were filled with 100 mg of N435 beads of diameter
400( 50 μm. A 2:1 mixture of toluene and ε-CL by volume was
introduced in the microreactors at different flow rates, from 30 to
640 μL/min, corresponding to residence times, t, of≈240�15 s.

The monomer conversion in microreactors was measured
using Raman spectroscopy. With this technique, we captured the
disappearance of the antisymmetric ring stretching peak of ε-CL
at 696 cm�1, as ε-Cl converted to PCL.20 As indicated in the
literature, activation of monomer by formation of the
acyl�enzyme complex is the rate-limiting step.6 This step
involves opening of the ε-CL ring structure; therefore, disap-
pearance of the ring structure, as captured by Raman spectros-
copy, describes the apparent reaction rate. As displayed in
Figure 2a, conversion increased with time. The experimental
data was fitted with first-order reaction kinetics (Figure 2b) as
follows:

� lnð1� XtÞ ¼ kappt ð1Þ
where, Xt is the fractional monomer conversion for a residence
time of t and kapp is the apparent rate constant. Here, for
simplicity, we have not normalized the rate constants with the
effective catalyst amount, since it is difficult to determine the
exact amount of available enzyme immobilized on porous beads.

The apparent rate of reaction was lowest at 55 �C and then
increased to 70 �C; however, the reaction rate does not change
significantly with further increase of temperature. Typically,
reaction rate depends on two factors, catalytic (enzyme) and
mass transfer rates. Reasonable first-order fitting of the data for
all residence times indicate that mass transfer resistance for

monomer is not significant for this system, at least at the lower
residence times, where molecular mass of the products and
viscosity are not high. Therefore, the chemical reaction step is
the rate-limiting step. The nonmonotonic behavior of reaction
rates observed here, which is much different than the Arrhenius
behavior typically observed, is similar to previous reports on
lactone ROP reactions5,10 and esterifications of small
molecules21 in batch reactors. This nonmonotonic behavior of
reaction rates at higher temperatures is likely due to the
deactivation and denaturation of enzymes.21

We also compared the kinetics data of microreactors to that of
batch reactors. As displayed in Figure 3, at 70 �C, the rate of
reaction is much faster in themicroreactor compared to the batch
reactor. Over the tested temperature range, the apparent
rate constants for the microreactors are in the range of 0.007
to 0.012 s�1; whereas for the batch reactors, the rate constants
vary from 0.0004 to 0.0008 s�1 (Supporting Information).
Therefore, the apparent rate of reaction in microreactors is at
least an order of magnitude higher than that observed for batch
reactors. This can be attributed to two factors: (1) in the confined
volume of microreactors, relative to batch reactors, reactants are
forced to be in contact with enzyme active sites,22 that is,
transport path length in the microreactors is much smaller; and
(2) as the surface-to-volume ratio in the microreactors is much
higher than that of batch reactors, more enzyme active sites are
available to reactants at any instance. A similar improvement in
performance would be expected in batch reactors by increasing
the amount of enzymes (to increase the surface-to-volume ratio).
However, such an increase of the amount of enzymes immobi-
lized on solid beads would be practically impossible due to
difficulty of mixing at high solid contents and could cause
breaking of particles and loss of enzymes from the solid bead
surfaces due to mechanical shear. Furthermore, recovery of the
enzyme would be impaired, dramatically increasing costs of the
process.

The estimation of molecular mass for enzymatic ε-CL ROP
reactions using gel permeation chromatography (GPC) poses a
significant challenge.Unlike symmetrical, monomodal GPC traces
typically reported for polyesters synthesized by chemical cata-
lysts, we observed a long tail in addition to a broad polymer peak
for all samples (inset Figure 4b and Supporting Information).
This result is consistent with other reports on enzyme-catalyzed
PCL synthesis.23,24 Mass spectrometry results indicate that the
tail consists of oligomeric compounds, both linear and cyclic,

Figure 2. (a) Conversion of ε-caprolactone as a function of residence time for five temperatures. The dotted line is for visual guidance only, not a model
fit. (b) Semilogarithmic plot of conversion data fitted with first-order reaction kinetics. The apparent rate constants are shown as inset. The errors
indicate one standard uncertainty based on measurements on at least three different samples.
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however, mostly dominated by cyclic (see Supporting
Information).25,26 An estimated value of molar mass, particularly
Mn (the number average relative molecular mass), depends on
the selection of end point in the GPC trace, that is, the amount of
low molecular mass species that are included in the estimation.
To obtain self-consistent results for various experimental condi-
tions presented here, we consistently used the inflection point of
the broad polymer peak as the end point (inset Figure 4b and
Supporting Information). Because of differences in our approach
and those used in the literature to define polymer peaks, the
molecular mass values reported here may differ from the
literature. However, use of this analysis method enables valid
data comparisons and the general trend in this data remains
consistent with the literature.

The enzymatic polymerization reaction follows the ‘activated
monomer mechanism’.6 In the initiation step, the acyl�enzyme
complex formed during chain activation undergoes nucleophilic
attack by bound water on the outer regions of the enzyme, resulting
in formation of aω-hydroxy-carboxylic acid, the shortest propagating
component. In the subsequent chain propagation step, the terminal
hydroxyl group of a propagating chain end performs nucleophilic
attack on the acyl�enzyme complex to form a one-monomer unit
longer oligomer/polymer chain.6,8 The amount of available water
determines the number of initiated chains, which further propagate
to form longer chains. Similar to living polymerization, in principle,

the monomer to water ratio determines the final molecular mass;
however, initiation and chain propagation steps for this enzymatic
polymerization reaction are not very efficient8 and, as a result, not all
initiated chains grow to larger chains. In addition to chain propaga-
tion, polycondenstation and intrachain transesterification reactions
can also take place.27 CAL B can also degrade PCL by chain
scission;24,28 however, the rate of degradation is slower than the rate
of polymerization.24Molecularmass at any instance is determined by
two competing reactions, polymerization and degradation.

Plots of Mn versus time for microreactors (Figure 4a) clearly
show thatMn increases regularly with time up to about 120 s and
then reach a plateau value indicating an equilibrium between the
polymerization and the degradation reactions.24,29 PlottingMn as
a function of conversion shows the same general trend at all
experimental temperatures, Mn increases with conversion
(Figure 4b). The observed increase in Mn with increased
conversion is consistent with previous reports for batch
enzyme-catalyzed ε-CL ROP reactions5,27 and indicates propa-
gation is by a chain growthmechanism, wheremonomer addition
occurs at chain ends. The deviation from linearity of data in
Figure 4b may be due to differences in low molecular mass
content and fluctuations in nonideal flow condition in the
microreactor as a function of flow rate (e.g., reaction time).

Furthermore, comparison of batch and microreactor systems
herein (Figure 4a and Figure S6) show that, at identical reaction

Figure 3. (a) Conversion as a function of time for batch and microreactors at 70 �C. (b) Conversion data fitted to first-order kinetics. The error bars
indicate one standard uncertainty based on measurements on at least three different samples.

Figure 4. (a)Number averagemolecular mass (Mn) as a function of residence time at four temperatures. (b)Mn as a function of conversion. Inset shows
GPC trace for a PCL sample. The error bars indicate one standard uncertainty based on measurements on at least three different samples.
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temperatures,Mn reached higher values in microreactors. This is
likely related to the diffusivity of polymer chains. Specifically,
polymer chain ends must diffuse to enzyme active sites for chain
propagation reactions to occur. As the viscosity of the system
increases with polymerization, the diffusivity of chains decreases,
thus, limiting chain propagation. However, the diffusion problem
can be particularly important in batch reactors because of
inefficient mixing; whereas in the confined space of microreac-
tors, the diffusion path length is shorter and chain propagation to
higher molecular mass can take place more easily. Diffusion
improves with the increase of temperature as the diffusivity
increases and the viscosity decreases, which may result in slightly
higher molecular mass at higher temperatures in both batch and
microreactors.

Reusability and extended service life are two important para-
meters which dictate the economic feasibility of enzymes in
commercial applications. The present microreactor design enables
us to study the change of enzyme efficiency during continuous flow
synthesis over a prolonged period. In a set of experiments, we
processed 15mL of reactants through the microreactors at a fixed
residence time and collected 5 samples with 3mL volume each to
determine the stability of conversion and molecular mass during
a prolonged run. If no treatment was performed in between
collection steps (no wash), the conversion decreased signifi-
cantly with the continuous processing of reactants (Figure 5). To
determine whether the decrease of conversion was caused by
adsorption and accumulation of PCL onCALB-loaded beads, we
flushed the microreactors with dry toluene after every 3 mL of
sample collection (dry wash). This had little effect on the results,
ruling out the possibility of polymer deposition. It is likely that,
during the continuous flow process, most of the water was
consumed, which resulted in lower monomer conversion. Also,
the lower water concentration reduced CAL B activity. Decrease
in enzyme activity at lower water concentration is generally
explained in the literature as water acting as a lubricant for
enzymes, and therefore, as water is removed from enzymes, they
become stiffer and less active.30 To test the hypothesis that water
depletion was the cause of the decrease of conversion, we flushed
the microreactor with toluene saturated with water after every
3 mL of sample collection (wet wash). During the washing
process, enzymes absorbed water from toluene and regained
their activity, which resulted in nearly constant conversion and

Mn (Figure 5, panels a and b, respectively). This strategy will be
important for enzyme-catalyzed chemical synthesis, where water
content depletes continuously due to its involvement in the
synthesis.

Although we addressed several important issues, another
critical parameter for enzyme-catalyzed reactions is leaching of
enzymes from solid beads into products. Such leaching contam-
inates products while also reducing biocatalyst (immobilized
enzyme) service lifetime. A preliminary study by us indicates that
enzyme leaching is lower in microreactors compared to the batch
reactors; however, the quantification of enzyme present in the
products (less than 1%) poses a significant measurement chal-
lenge. Further research into a robust quantitative method is
ongoing.

’CONCLUSION

In this paper, we have reported the application of a micro-
reactor based platform for studying enzymatic polymerization
reactions in continuous flow mode. The versatile reactor design
enabled us to change the reaction conditions readily and to
achieve faster product formation compared to conventional
batch reactors. While this study focused on enzyme-catalyzed
lactone polymerization reactions, it is evident that similar micro-
reactor based platforms can readily be extended to other systems,
for example, high-throughput screening of new enzymes and to
processes where continuous flow mode is preferred.
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Figure 5. (a) Conversion as a function of reactant volume processed in the microreactor. “Dry wash” indicates that after every 3mL of sample collection
the microreactor was flushed with dry toluene, whereas in the “wet wash” case, flushing was performed with wet toluene. (b)Mn as a function of reactant
volume for “wet wash”. The experimental temperature was 70 �C and residence time in the microreactor was 120 s. The errors indicate one standard
uncertainty based on measurements on at least three different samples.
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