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ABSTRACT: Reversible-deactivation radical polymerizations (controlled radical polymerizations) have revolutionized and revital-
ized the field of polymer synthesis. While enzymes and other biologically derived catalysts have long been known to initiate free
radical polymerizations, the ability of peroxidases, hemoglobin, laccases, enzyme-mimetics, chlorophylls, heme, red blood cells,
bacteria, and other biocatalysts to control or initiate reversible-deactivation radical polymerizations has only been described recently.
Here, the scope of biocatalytic atom transfer radical polymerizations (bioATRP), enzyme-initiated reversible addition—fragmentation
chain transfer radical polymerizations (bioRAFT), biocatalytic organometallic mediated radical polymerizations (bioOMRP), and
biocatalytic reversible complexation mediated polymerizations (bioRCMP) is critically reviewed and the potential of these reactions
for the environmentally friendly synthesis of precision polymers, for the preparation of functional nanostructures, for the modification

of surfaces, and for biosensing is discussed.

Biologically derived catalysts, such as enzymes or their co-
factors, represent an attractive alternative to conventional
polymerization catalysts because they are non-toxic, biode-
gradable, and derived from sustainable resources. Moreover,
enzymes can display high stereo-, regio-, or chemo-selectivity,*
while working under mild conditions. They have been exten-
sively explored for the in vitro synthesis of polymers,*? e.g. by
ring opening polymerization (ROP)*® or polycondensation.®”’
Several enzymes can also mediate free radical polymeriza-
tions.®® For example, laccases use oxygen to create radicals on
phenols, which then undergo radical coupling polymerization.°
This reaction has been used since ancient times to create tradi-
tional Japanese lacquerware from the sap of the lacquer tree
Rhus vernicifera that contains the monomers and the enzyme.**
Enzymatic radical polymerizations are also involved in the bio-
synthesis of lignin'2 and of melanin.®® Not surprisingly, radical-
producing enzymes have also been explored in synthetic poly-
mer chemistry, for example to polymerize vinyl monomers (e.g.
acrylates and acrylamides),® ' anilines,*® phenols? %7 and lig-
nols.% 181° While peroxidases and other heme proteins, as well
as laccases, can initiate free radical polymerizations using per-
oxides and oxygen, respectively,®® until recently it was un-
known that biocatalysts can also control or initiate radical
polymerizations in very similar ways to conventional catalysts
for reversible-deactivation radical polymerizations (also termed
controlled radical polymerizations (CRPs).20-23

Here, we review the nascent field of biocatalytic controlled
radical polymerizations (bioCRP) and critically discuss the po-
tential of these novel enzymatic polymerizations in applications
such as polymer synthesis, development of functional
nanostructures, and biosensing.

Reducing Agent

Figure 1. Mechanism of bioATRP using hemoglobin as the ATRPase
catalyst under ARGET ATRP conditions.

Enzyme-catalyzed ATRP. The first evidence of the catalytic
activities of enzymes in an ATRP-like manner were found sim-
ultaneously by our group®-2¢ and by di Lena and coworkers.?”
2 \We polymerized N-isopropylacrylamide (NIPAM),225 me-
thyl ether poly(ethylene glycol) acrylate (PEGA)? and methyl
ether poly(ethylene glycol) methacrylate (PEGMA)? under ac-
tivator regenerated by electron transfer (ARGET) ATRP condi-
tions using horseradish peroxidase (HRP),2 hemoglobin (Hb),?
and the erythrocyte fraction of full human blood® as catalysts
(Figure 1). We termed this novel activity of these promiscuous
enzymes ATRPase activity. Over the last years, we could show
that laccase polymerizes N-vinlyimidazole,® that HRP-
catalyzed ATRP can be confined into polymersomes® and that
it can be carried out in protein nanoreactors.3* Moreover, we
have investigated surface-initiated ATRP mediated by hemo-
globin.® These and other examples will be discussed in more
detail below to illustrate the main conceptual ideas of this View-
point. Di Lena and coworkers first performed a laccase-initiated
free radical polymerization of PEGMA from a typical ATRP
initiator which they controlled by the addition of a conventional
RAFT agent.?” They also synthesized PEGMA brushes onto the
surface of crosslinked polystyrene microparticles by laccase-


https://core.ac.uk/display/195294164?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

catalyzed bioATRP. Unfortunately, the resulting polymer
brushes were not characterized in depth so that it cannot be
judged which level of control was achieved.?” Then, they car-
ried out the ATRP-like controlled radical polymerization of
PEGA, which was catalyzed by laccase, catalase, and HRP.?

The discovery of ATRPase activity of metalloproteins in-
spired research groups worldwide to explore bio-catalyzed
ATRP or enzyme-initiated RAFT  polymerizations.
Matyjaszewski and coworkers confirmed that catalase can syn-
thesize narrowly dispersed polymers.®® Proof that surface-initi-
ated bioATRP can result in narrowly dispersed polymers came
from the group of Ko.3* They used laccase, HRP, and catalase
to control the grafting-from polymerization of NIPAM from the
surface of lignin nanofibers that were modified with an ATRP
initiator. Electrospun lignin fiber mats could be modified by
PNIPAM brushes that were more than 100 nm thick, which had
monomodal molecular weight distributions and dispersities as
low as 1.3. Chanana and coworkers immobilized HRP on gold
nanoparticles to be able to recycle the enzyme after bioATRP.%
The catalyst-coated nanoparticles could be recovered and re-
used in multiple polymerizations. However, relatively broad
molecular weight distributions were obtained. Sun et al. intro-
duced the method of electrochemically mediated ATRP to the
field of biocatalytic ATRP. Using hemoglobin simultaneously
as the polymerization catalyst and as the template, they synthe-
sized protein-imprinted polymers (acrylamide crosslinked by
bis-acrylamide) on electrodes that were modified with ATRP
initiators.>®%" The aim was to generate electrochemical sensors
for the protein (vide infra).

Enzyme-mimetic ATRP catalysts. It is very likely that acti-
vation and deactivation reactions involved in bioATRP take
place at the metal center of the enzymes. In the case of HRP and
Hb, the prosthetic group is heme, i.e. an iron protoporhyrin IX
complex. Metalloporphyrins have been used as catalysts in a
variety of polymerizations for years.®*! To the best of our
knowledge, the first work on photopolymerizations catalyzed
by iron-porphyrins had been reported in 1974.“2 PEGylated
heme complexes were used as catalysts for free radical
polymerization in the early 2000s.%** Inspired by the discovery
of ATRPase activity of heme proteins, Kadokawa and cowork-
ers® as well as Matyjaszewski and coworkers® 647 developed
reaction conditions that allowed the use of hemes as catalytic
species for ATRP of NIPAM* and PEGMA.% 46 As heme is
not soluble in water, mixtures of DMF and water were used.%*
446 Furthermore, PEG was conjugated to heme to increase its
solubility.®® %647 The out of plane vinyl double bond of heme
was hydrogenated to avoid the catalyst copolymerizing with the
monomer.3 447 Addition of halogen salts proved key to im-
prove the degree of control in the reaction, possibly because the
heme catalysts have a low halidophilicity.3® 4

The group of Tang decorated a heme with six amino acid res-
idues rendering it water soluble. With this enzyme mimetic cat-
alyst, they could synthesize block copolymers via ARGET
ATRP of PEGMA, methacrylic acid, HEMA and glycidyl
methacrylate from a polycaprolactone macroinitiator that had
been synthesized by enzymatic ROP.*® The same peroxidase-
mimetic catalyst was also used to grow poly(N,N-dimethyl ami-
noethyl methacrylate) on mesoporous silica nanoparticles,*® and
to synthesize poly(caprolactone)-b-poly(glycidyl methacrylate)
block copolymers as precursors for amphiphilic non-viral gene
vectors.%

Other approaches for quasi-biocatalytic controlled radical
polymerizations are the use of metal-organic frameworks to im-
mobilize heme,! or to create enzyme mimetic polymerization
catalysts by single polymer chain folding.%? In the latter case,
the resulting globules are stable against degradation by hydro-
lytic enzymes and can possess a higher temperature stability
than proteins. Pomposo and coworkers created copper-contain-
ing single chain globules from a copolymer of PEGMA and 2-
acetoacetoxy ethyl methacrylate as mimics of laccase. They
used them as a catalyst for the ARGET ATRP of PEGMA with
a good degree of control.%

RAFT polymerizations initiated by biocatalysts. Enzymes
are also used to initiate RAFT polymerizations. Unlike bio-
ATRP, where the enzyme is responsible for the activation and
deactivation steps of the reaction, bioRAFT only requires the
enzyme to generate a radical for the initiation step. In contrast
to the first example by di Lena who used ATRP initiators to
start RAFT polymerizations,?” An and coworkers,> Konkole-
wicz and coworkers,*57 as well as Tan, Zhang, and coworkers®
relied on the classic reaction of HRP with hydrogen peroxide
and acetylacetone (ACAC; pentan-2,4-dion) as a mediator to
create ACAC radicals (Figure 2). A variety of monomers, in-
cluding dimethylacrylamide,5* 565" 2-hydroxy ethylacrylate,>
PEGA,* % PEGMA 5 N-vinylpyrrolidone, NIPAM,% and 2-
hydroxypropyl methacrylate® were polymerized with good
degrees of control. Block copolymers® % %8 and protein-
polymer conjugates®® were synthesized, and enzymatic RAFT
polymerization was used to prepare nanostructures such as
worms and vesicles by polymerization-induced self-assembly
(PISA).>® Moreover, the cascade reaction of glucose oxidase
and HRP allowed to initiate the RAFT polymerizations by con-
version of glucose and oxygen.5* 8 In a similar approach, Yang
and coworkers utilized the peroxidase-like activity of a bovine
serum albumin/copper phosphate hybrid nanoflower to catalyze
the polymerization of DMAEMA and PEGMA via a RAFT
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Figure 2. Mechanism of bioRAFT using horseradish peroxidase to cata-
lyze the reaction of H,0, and ACAC to generate ACAC radicals that in-
itiate RAFT polymerizations.

mechanism initiated by ACAC radicals.®® Very recently, Qiao
and coworkers initiated RAFT polymerizations by the conver-
sion of hydrogen peroxide into reactive hydroxyl radicals, cat-
alyzed by Hb and ovine blood.®°

Chlorophyll a and bacteriochlorophyll are naturally abundant
porphyrin-magnesium complexes. They were used as biocata-
lysts to mediate photoinduced electron transfer (PET) during in-
itiation of RAFT polymerizations by the group of Boyer.51-52
This allowed for the polymerization of a wide variety of mono-
mers, including acrylates, methacrylates and acrylamide in an
‘on’ and ‘off’ manner dictated by visible®2 and near infrared
light.52 Chlorophylls represent a green alternative to expensive



and potentially toxic iridium or ruthenium catalysts that are con-
ventionally used for such kinds of PET-RAFT polymerizations.

Biocatalytic organometallic mediated radical polymeriza-
tions (bioOMRP). Vitamin By, is a cobalt(l1) complex with
octahedral geometry. It is also known as cobalamin. Di Lena
and coworkers reduced the derivative hydroxocobalamin (vita-
min Biz,) to produce a catalyst that lead to a linear growth of
molecular weight in a conventionally initiated radical polymer-
ization of 2-hydroxyethyl acrylate.®® However, the polymer’s
dispersity increased from 1.4 to 3.3 over the course of the reac-
tion. The catalyst controlled the polymerization though a re-
versible deactivation by coupling mechanism. In contrast, the
methacrylate PEGMA underwent catalytic chain transfer.

Biocatalytic reversible complexation mediated polymeri-
zations (bioRCMP). One can veer from metal-containing bio-
catalysts and focus on organic biomolecules as candidates for
CRP catalysts. Goto and coworkers reported the controlled rad-
ical polymerization of methacrylates and acrylates using cho-
line iodide, acetylcholine iodide, and butyrylcholine iodide as
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Figure 3. Mechanism of bioRCMP using choline derived alkyl iodide
catalysts.

catalysts for reversible complexation mediated polymerizations
(Figure 3).%* These molecules are derived from a vitamin-like
nutrient and a neurotransmitter. Therefore, they should be non-
toxic and affordable catalysts for the synthesis of well-defined
polymers and block copolymers.

Advantages of biocatalytic controlled radical polymeriza-
tions. The abovementioned examples demonstrate that en-
zymes, their cofactors, and enzyme-mimetic catalysts can con-
trol ATRP or initiated RAFT polymerizations. However, it is
difficult for a novel type of catalyst to outperform conventional
polymerization catalysts and initiating systems that have been
explored and optimized in thousands of research papers over the
last two decades. The main impact of biocatalytic polymeriza-
tions is therefore not to provide yet another set of catalysts, but
to tackle those kinds of reactions and systems where the special
properties of the biomolecules provide an intrinsic advantage.
The following paragraphs will discuss such cases and will hope-
fully stimulate scientific curiosity and creativity amongst our
readers. The list is by no means exhaustive and we are con-
vinced that many exciting and unexpected features of biocata-
lytic controlled radical polymerizations are yet to be demon-
strated.

Controlled radical polymerization of difficult monomers.
While CRPs are conducted widely in academic laboratories and
for the synthesis of some industrial products, several important
monomers can still not be polymerized by conventional CRP
methods in a controlled way, or can only be polymerized by one
method and not another, e.g. by RAFT but not by ATRP. Bio-
catalysts can open new routes for the polymerization of such
difficult monomers and therefore expand the toolbox of syn-
thetic polymer chemistry. For example, poly(N-vinylimidazole)
(PNVIm), its cationic derivatives, and its copolymers have great
potential as gene delivery vectors,%% as laundry formulation

ingredients,®” or as polymerized ionic liquids (PILs).® How-
ever, the full potential of this polymer is not unlocked, because
it is difficult (and even considered “impossible®®) to polymer-
ize this monomer in a controlled way by ATRP.” One reason
for this problem is that the polymer strongly complexes copper
ions and therefore removes the metal from conventional ATRP
catalysts. We could show that laccase from Trametes versicolor
can overcome this limitation by catalyzing the polymerization
of NVIm under ARGET ATRP conditions. Polymers with dis-
persities as low as 1.07 were synthesized (Figure 4).2° In the
enzyme, the copper ions are embedded within its three-dimen-
sional structure and are not released to the polymer. Thus, lac-
case-catalyzed polymerization of NVIm represents a good pos-

Laccase Trametes versicolor

_
N, - N
n b sodium L-ascorbate «
(L,Q Nj

2-hydroxyethyl-2-bromoisobutyrate
acetate buffer solution (pH 4.0, 100 mM)

NVIm monomer

PNVIm polymer

(b)

3824.6 39187
1004 37305—) 4012.8
= 801
=
-3' 60
]
c 40-
7]
e
£ 20
2000 4000 6000 8000
m/z

Figure 4. a) Controlled radical polymerization of NVIm by laccase;
b) MALDI mass spectrum of a PNVIm (M,= 4300 g mol, B = 1.07)
synthesized by laccase-catalyzed CRP. Adapted from Ref. 29 with
permission from the Royal Society of Chemistry. Copyright 2016.

sibility to synthesize PNVIm-based building blocks for
nanostructures and gene-delivery systems and as precursors for
PILs.

Another example for difficult to polymerize monomers in
ATRP is methacrylic acid, as many conventional ATRP cata-
lysts do not perform well in acidic conditions. Remarkably,
PEGylated hemin was found to be a good catalyst for the ATRP
of this monomer,*’ because the enzyme-mimetic catalyst with-
stands the acidic conditions and because the iron-based catalyst,
in contrast to conventional copper-based catalysts, suppresses
chain-end cyclization of brominated-terminated chains.

Route towards metal-free polymer products. Conven-
tional ATRP requires heavy metal complexes as catalysts; they
can be toxic and are often tedious to remove from the polymer.
Although modern developments in catalyst design and reaction
processes have greatly reduced the concentration of catalysts
needed to achieve a good degree of control,? traces of the metal
in the polymer can deteriorate the material properties. Residual
catalyst traces still represent a major problem for the use of



ATRP-derived polymers in biomedical and in electronic appli-
cations.?® Enzymes can be easily removed from solution be-
cause of their distinct physicochemical properties. Many meth-
ods are routinely used in biochemistry labs. For example, pro-
teins can be precipitated by addition of water-soluble organic
solvents’™ or by ammonium sulfate,”? and thereby separated
from polymers.”" Moreover, proteins can be isolated by dial-
ysis, spin ultracentrifugation, and by size exclusion, affinity, or
ion exchange chromatography.”™ The effectiveness of such
methods to purify polymers after a biocatalytic polymerization
was demonstrated recently.?® After the laccase-catalyzed con-
trolled radical polymerizations of NVIm, a few simple purifica-
tion steps, including precipitation of the enzyme, quantitatively
removed the catalyst from PNVIm, even though the polymer
strongly complexes copper ions. The metal ion content of the
polymer was below the detection limit of inductively coupled
plasma optical emission spectrometry (ICP-OES) which can de-
tect copper as low as 9.1 ppb in the dry mass of the polymer.
Thus, enzymes represent a viable way to generate ATRP-
derived polymers that are free of metal traces.

Enzymatic deoxygenation. Traditionally, CRPs are con-
ducted under stringent oxygen-free conditions because oxygen
inhibits radical polymerizations. It is well known that in nature
deoxygenation occurs through the enzymes glucose oxidase
(GOx)™ and pyranose oxidase (P20x).”” The research groups of
Stevens,”®”® Matyjaszewski and Russell,® as well as An,882
have pioneered the utilization of nature’s own deoxygenating
processes for radical polymerizations. GOx and P20x were em-
ployed to deoxygenate RAFT polymerizations®® 787% 8183 gng
ATRP.® Highlighting one of these works, An and coworkers
generated a suite of multi-block and ultrahigh-molecular-
weight (UHMW) polymers using a variety of monomers: N,N-
dimethylacrylamide (DMA), 4-acryloylmorpholine (AM),
PEGMA, and PEGA.®! An elegant, dual enzyme cascade catal-
ysis was designed to first deoxygenate the reaction vessel by
P20x, which produced H,O; as a byproduct, followed by the
HRP-catalyzed generation of ACAC radicals to initiate the
RAFT polymerization (Figure 5). The multiblock polymers had
good sequence definition up to 10 blocks, and UHMW poly-
mers with molecular weights up to 2.3x10° g mol? were
achieved.
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Figure 5. Schematic representation of P20x-HRP cascade catalysis of
oxygen-tolerant bioRAFT polymerization and chemical structures of
the chain-transfer agent (CTA) and monomers (M). Adapted from Ref.
81 with permission from John Wiley and Sons. Copyright 2017.

Immobilized biocatalysts. In order to make biocatalysis ef-
ficient and cost-effective, the catalysts should be recycled after
a biotransformation. To this end, enzymes are often immobi-
lized, e.g. on porous microbeads.®*% The catalysts can then be

recovered from a reaction mixture by simple filtration or cen-
trifugation. For bioATRP, the first step in that direction repre-
sents the immobilization of HRP on gold nanopatrticles, as re-
ported by Chanana and coworkers.*® Although gold nanoparti-
cles have useful properties (e.g. because their plasmonic prop-
erties allow for an easy and fast detection of their aggregation),
they are certainly not the best choice to improve the costs of
biocatalysis. Enzymes on superparamagnetic iron oxide nano-
particles, as reported by the same group, could be an alterna-
tive.®” Given the fact that enzyme immobilization is well-estab-
lished, microporous supports, polymeric microbeads, or other
carriers will have to be tested for the immobilization of
ATRPases and RAFT-initiating enzymes.

Polymerizations in spatial confinements. Because of their
large size, enzymes can be physically entrapped into nanoreac-
tors,28% such as block copolymer vesicles, nanostructured pol-
ymeric materials, polymer microcapsules, or the pores of inor-
ganic mesoporous materials. Moreover, the rich, yet very de-
fined distribution of functional groups on the surface of proteins
allows to covalently conjugate them into various cavities. In ad-
dition, they can be directly engineered into hollow proteina-
ceous nanoobjects, such as virus-like particles or other protein
cages.”®2 Therefore, enzymes are ideally suited to confine
chemical reactions into nanoscale reaction compartments. A
rich body of literature describes intriguing biocatalytic nanore-
actors.®92 They have led to improved catalytic properties in de-
manding environments, altered or switchable substrate selectiv-
ity and the possibility of establishing efficient cascade reactions
by close spatial proximity of several different enzymes. Nano-
reactors can also be beneficial for controlled radical polymeri-
zation reactions, as chain growth reactions in confined reaction
spaces improves the control over the molecular mass distribu-
tion and reduces the chance of termination reactions, therefore
increasing the degree of chain end functionality.® To demon-
strate that enzymatic ATRP can be conducted in nanoreactors,
HRP was chemically conjugated into the cavity of the protein
cage thermosome.®! It is a chaperonin with approx. 16 nm di-
ameter that usually helps to refold unfolded proteins and there-
fore has pores that are large enough to allow macromolecules to
leave the cage. BioATRP within the protein nanoreactor re-
sulted in more narrowly dispersed polymers compared to poly-
mers synthesized by the same enzyme in solution, indicating
that the confined space within nanoreactors can enhance the
polymerization. HRP was also encapsulated into poly-
mersomes.*® Polymerization of PEGA by bioATRP within the
vesicles transformed the nanoreactors from hollow spherical
objects to polymersomes that were filled with the hydrophilic
polymer. Thus, bioATRP allows packing polymers into poly-
mersomes. The resulting nanostructures mimic cell organelles.
They have a semipermeable membrane that encloses a dense
and viscous interior, similar to the cytosol. Thus, they could be
used as model systems to study enzymatic reactions in crowded
microenvironments. Moreover, polymerization of monomers
with side chains that allow attaching drug molecules or mag-
netic resonance imaging contrast agents could lead to drug de-
livery vehicles and imaging probes with a very high loading
density of cargo.

Surface-initiated biocatalytic controlled radical polymer-
izations. Surface-initiated polymerizations allow to modify sur-
faces with a thin layer of polymers in so-called “grafting from”
polymerizations, e.g. to produce biomaterials.** Enzymatic con-
trolled radical polymerizations on surfaces have been reported
by di Lena,?” Ko,** Chen,® and by our group in collaboration
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Figure 6. Surface-initiated bioATRP catalyzed by Hb: Control of poly-
mer brush growth through the affinity of the surface towards proteins. a)
Linear increase in thickness of PNIPAM films upon repetitive bioATRP
at 25 °C, where the polymer chains are hydrated and protein repellent, and
at 37 °C, where the polymer chains are collapsed and protein adsorbent;
b) Linear, but small growth of protein repellent PPEGA films at 25 °C
and 37 °C. Adapted from Ref. 32 with permission from the American
Chemical Society. Copyright 2017.

with Benetti.®? An obvious advantage of such polymerizations
is that the surface only gets in contact with a biological benign
molecule, which could be beneficial for the creation of biocom-
patible surfaces. However, this biocompatibility remains yet to
be demonstrated. A unique feature of proteins compared to
other polymerization catalysts is that their interaction with sur-
faces can be finely tuned, as surfaces can be designed to be pro-
tein repellent or protein adherent. It can therefore be expected
that the affinity of a surface towards proteins plays an essential
role in such polymerizations and that it should be possible to
influence the course of surface-initiated polymerizations in
unique ways by engineering the interactions between the sur-
face and the biomolecules. To demonstrate this concept, we
conducted an in-depth study of surface-initiated enzymatic
ATRP using Hb as the catalyst.®> PNIPAM brushes with switch-
able bioaffinity as well as protein-repellent PPEGA brushes
were synthesized. Both polymers formed homogeneous thin
films. When reinitiated by hemoglobin at 25 °C, the thickness
of PPEGA and of PNIPAM brushes increased only slightly,
even though their chain end fidelity was high. However, when
PNIPAM grafting was stimulated at 37 °C, above the polymer’s
lower critical solution temperature (LCST), a significant in-
crease in thickness was observed due to hemoglobin’s ad-
sorbtion on the propagating polymer chains in their collapsed
hydrophobic state. When brought back to 25 °C, the protein
layer could be detached from the brush and renewed in a subse-
quent heating step. Based on this principle, a multistep SI-
bioATRP protocol was developed that allowed for a linear
growth of PNIPAM brushes in 4 nm steps up to at least 30 nm
dry thickness, suggesting the absence of irreversible termina-
tion reactions and a high degree of control over the polymeriza-
tion (Figure 6). Moreover, multi-block copolymer brushes con-
sisting of one PPEGA and five PNIPAM blocks were synthe-
sized. Thus, the growth of the polymer brushes could be tuned
by the hydrophobicity of the polymer layer and, therefore, the
tendency of the protein to weakly adsorb to the polymer surface.

Exploiting the catalytic activity of biocatalysts for bio-
sensing. An intriguing opportunity for biosensing and diagnos-
tic purposes is to use the catalytic activity of ATRP-active bio-
molecules to prepare biosensors, such as molecularly-imprinted
polymer networks (MIPs) on electrodes. When an imprinted

protein is present in a sample, the pores in the polymer get
blocked and therefore the peak current in differential pulse volt-
ammetry measurements decreases. To prepare such biosensors,
hemoglobin-catalyzed eATRP of acrylamide and bisacrylamide
on planar® and dendritic gold electrodes®” was carried out. The
protein not only acted as the catalyst but also as a template for
the MIPs. As a result, hemoglobin-selective, highly sensitive
biosensors with a lower limit of detection of 3.2x10"%* mg mL!
and an impressive linear range (spanning protein concentrations
over 12 orders of magnitude) were achieved. The dendritic gold
electrodes had better performance characteristics than the pla-
nar electrodes because of the higher surface area of the
nanodendrites.

Controlled radical polymerizations with living cells. A yet
largely unexplored aspect of biocatalytic CRPs is that they can
be conducted with living systems, therefore bridging polymer
chemistry into biology. First examples are bioATRP? and bio-
RAFT® catalyzed by red blood cells (vide supra), but the sta-
bility of the cells during polymerization remains an issue.% The
electroactive bacteria Shewanella oneidensis has been explored
by Keitz and coworkers as a living reduction system to regen-
erate copper-complex-based ATRP catalysts through an extra-
cellular electron transfer process (Figure 7).% These reports
show that cells cannot only act as catalysts to initiate and con-
trol radical polymerizations, but can also control other im-
portant aspects of CRPs. Full cell biocatalysis could therefore
be developed as a means to produced well-defined polymers by
fermentations, or to prepare polymers in, on, or around cells,
e.g. as novel therapeutic approach or biosensing mechanism.
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Figure 7. S. oneidensis as living reductant for conventional ATRP. a)
Reaction scheme; b) Reaction kinetics and evolution of molecular weight
and dispersity during the ATRP of PEGMA catalyzed by tris(2-pyridyl-
methyl)amine copper(ll). Adapted from Ref. 96 with permission from
the National Academy of Sciences. Copyright 2018.

Perspectives and outlook. Many interesting and important
aspects of biocatalytic controlled radical polymerizations have
not yet been investigated. The first advantage that comes to
mind when discussing enzymes for any kind of biotransfor-
mation is that they are natural, non-toxic, and biodegradable
compounds that are derived from renewable resources. Thus,
they are generally considered to be green, environmentally
friendly catalysts.® While this statement is true in many cases,
the equation “enzyme = green” is too simplistic and the whole
process of a reaction, including the used solvents, the atom ef-
ficiency of the reaction, the energy and efforts required to pro-
duce the enzymes, the recyclability of the catalyst, etc. has to be



taken into account in a holistic evaluation of the environmen-
tally friendliness of a given biocatalysis.®” Unfortunately, this is
seldom done in academic research. It remains yet to be deter-
mined how green biocatalytic controlled radical polymeriza-
tions really are. The fact that most enzymes are non-toxic com-
pounds allows to assume that the materials prepared by biocat-
alytic polymerizations are suitable for biomedical applications
or for food contact, even if traces of the catalysts remain within
the polymer. However, this has also not been investigated. Stud-
ies that compare, e.g. the cytotoxicity of polymeric materials
synthesized by bioATRP to those synthesized by copper-com-
plex-mediated ATRP would be highly desirable.

The second important advantage of biocatalysis is that en-
zymes often display a high stereo-, regio-, or substrate selectiv-
ity,! thus enabling syntheses that are not possible with conven-
tional catalysts. The available data on bioATRP and bioRAFT
does not hint towards a stereo- selectivity induced by the bio-
catalysts. The resulting polymers are atactic, judging from their
NMR spectra. This is not surprising, because the radical chain
growth reactions of ATRP and RAFT polymerizations usually
do not happen on the catalyst itself but free in solution.®® Thus,
the role of the bioATRP catalyst is to activate and deactivate the
chain ends, but not to guide monomers in a specific orientation
to the growing chain. Nevertheless, in-depth and systematic
studies on the selectivity of biocatalytic controlled radical
polymerizations have still to be carried out. It could be, e.g. that
bulky asymmetric monomers interact with the active site of en-
zymes so that the enzyme can induce stereo-, regio-, or substrate
selectivity. Moreover, it might be possible to induce chemo se-
lectivity between different (macro)initiators by fine tuning the
interactions of the initiator with the enzyme, e.g. at hydrophobic
secondary binding sites, in analogy to what has been reported
for the processive polymerization of carbohydates. %1%

As enzymes are water-soluble, it is straightforward to synthe-
size water-soluble polymers with them. However, enzymes are
also stable and active in non-aqueous media such as organic sol-
vents.¥74 101103 Enzymatic CRPs in non-aqueous conditions
would greatly expand the scope of the polymers that can be bi-
ocatalytically synthesized. An alternative is to conduct disper-
sion polymerizations,*® or to use enzymatic cofactors, such as
modified hemes, which can be directly applied in organic sol-
vents such as anisol®

Systematic studies to understand mechanistic details or the
structure-activity relationships for biocatalysts in controlled
radical polymerizations have not been reported, except for the
seminal work on CRP-catalysis by heme derivatives.*¢ Compu-
tational simulations could be useful to model the interaction of
the catalysts’ active site with the growing polymer chains. Sim-
ilarly, the parameter space for these reactions is huge and in-
volves, e.g. the pH, temperature, reagent concentration, influ-
ence of salts and buffers, choice of reducing agent and type, and
biological source of metallo-enzymes. Only a few combinations
of parameters were explored to date and we are far from a pre-
dictive understanding of such parameters on the performance of
biocatalysts in controlled radical polymerizations. A first de-
tailed investigation of the influence of the concentration of the
various reagents in HRP-initiated RAFT polymerizations
showed e.g. that an optimum RAFT agent concentration is es-
sential for well-controlled polymerizations, as a too high con-
centration of the RAFT agent inhibits the activity of HRP.%’

Similar detailed studies are urgently required for other biocata-
lytic CRPs in order to increase their performance and to under-
stand the underlying chemistry.

While it is very tempting to reduce the catalytic activity of
enzymes to their active site or even their prosthetic group, this
is an oversimplified approach. The protein structure gives a de-
fined steric environment around the metal centers and it pro-
vides an intricate network of hydrogen bonds, electrostatic in-
teractions, and hydrophobic interactions that bring the redox ac-
tive metal centers into the right reduction potential.2%+1% More-
over, amino acids can participate directly in electron transfer
reactions to and from the metal center.®®> While this makes bi-
ocatalysts more complex to understand than conventional metal
complex catalysts, it also offers the tremendous opportunity to
engineer the enzyme towards, e.g. higher catalytic turnover,
higher or different selectivity, or an increased thermal stabil-
ity.102 106107 Bjocatalytic controlled radical polymerizations
have so far only been carried out with off-the-shelf enzymes and
the opportunities of protein engineering still wait to be ex-
ploited for the benefit of radical polymerizations.

Building off of the natural promiscuity of enzymes and the
ability to construct tailor-made active sites and secondary coor-
dination spheres, one can imagine that these biocatalysts can be
used beyond the scope of the above-mentioned polymerization
techniques. These newly designed enzymes could potentially be
applied to other CRP methods as well as other atom transfer
techniques, e.g. atom transfer radical addition (ATRA) and
atom transfer radical coupling (ATRC).

Conclusions. The discovery that certain metalloproteins cat-
alyze ATRP by reversible dehalogenation and halogenation re-
actions has shown that radical polymerizations can not only be
initiated by biomolecules, but also controlled by them. As a
consequence, various biocatalytic controlled radical polymeri-
zations have been developed in recent years. In this Viewpoint,
we have highlighted those reactions and applications that
demonstrate the advantages that arise from using biocatalysts
instead of conventional polymerization systems. It is, however,
also clear that significant research efforts will be necessary to
further improve the performance of biocatalysts, e.g. to enhance
the degree of control in the polymerizations and to gain a fun-
damental understanding of the involved reactions. Neverthe-
less, the field of biocatalytic controlled radical polymerizations
is still in its infancy and offers significant chances and opportu-
nities, especially if the unique properties of bio(macro)mole-
cules are exploited in creative ways.
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