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a  b  s  t  r  a  c  t

Biomolecule-polymer  conjugates  are  constructs  that  take  advantage  of  the  functional  or  otherwise  ben-
eficial traits  inherent  to biomolecules  and  combine  them  with  synthetic  polymers  possessing  specially
tailored  properties.  The  rapid  development  of novel  biomolecule-polymer  conjugates  based  on  proteins,
peptides,  or  nucleic  acids  has  ushered  in  a  variety  of  unique  materials,  which  exhibit  functional  attributes
including  thermo-responsiveness,  exceptional  stability,  and  specialized  specificity.  Key  to  the  synthesis  of
ioconjugate
rotein-polymer conjugates
eptide-polymer conjugates
NA-polymer conjugates

new  biomolecule-polymer  hybrids  is the  use  of  controlled  polymerization  techniques  coupled  with  either
grafting-from,  grafting-to,  or grafting-  through  methodology,  each  of  which  exhibit  distinct  advantages
and/or  disadvantages.  In this  review,  we  present  recent  progress  in the  development  of  biomolecule-
polymer  conjugates  with  a focus  on works  that  have  detailed  the use  of  grafting-from  methods  employing
ATRP,  RAFT,  or ROMP.
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. Introduction

Biomolecule-polymer conjugates represent an important class
f macromolecular architectures that combine the advantageous
roperties inherent to both the biomolecule and synthetic poly-
er(s) appended to it. The attachment of poly(ethylene glycol)

PEG) to biomolecule therapeutics represents the most utilized
orm of biomolecule-polymer conjugates in the pharmaceutical
ealm, and there currently exist 17 PEGylated peptide and pro-
ein therapeutics which have garnered approval from the United
tates Food and Drug Administration (FDA) [1–8]. In this instance,
EG acts to increase the in vivo biomolecule half-life by pro-
ecting the therapeutic from recognition by the immune system
nd/or reducing clearance [2]. The development of controlled
olymerization techniques has equipped the scientific commu-
ity with the ability to prepare specially tailored polymers of
ontrolled molecular weights and well-defined architectures from

 wide array of monomers [9–11]. This has led to the develop-
ent of diverse polymers able to invoke unique characteristics

uch as pH responsiveness, increased storage and in-vivo stabil-
ty, thermo-responsiveness, and in PEG alternatives which exhibit
ower immunogenicity [1,12–16]. Commonly used controlled poly-

erization techniques for biomolecule-polymer modification are
tom transfer radical polymerization (ATRP), reversible addition-
ragmentation chain transfer polymerization (RAFT), and ring
pening metathesis polymerization (ROMP), which are the focus
f this review [11,16–18]. It is important to note that nitroxide-
ediated radical polymerization (NMP) has also been used to great

xtent to prepare bioactive polymers and conjugates, and inter-
sted readers are directed to the many interesting reviews and
anuscripts which detail the use of NMP  [19–22].
Biomolecule-polymer conjugates prepared using controlled

olymerization techniques are typically accessed through three dif-
erent routes: grafting-to in which a polymer is first synthesized,
urified, and subsequently coupled to the biomolecule, grafting-
rom in which a small-molecule reactive handle is attached to the

will briefly cover a few examples in that area towards the end of
the review. The grafting-to strategy has been employed to a greater
extent most likely due to the great advances that have been made
in coupling chemistry and the introduction of so-called “click”
reactions which are highly versatile and efficient methods to gener-
ate bioconjugates (Fig. 1A). However, the grafting-from technique
offers many advantages, especially in regard to the purification
of the prepared biomolecule-polymer conjugate (Fig. 1B) [15,23].
Using an excess amount of a small-molecule for bioconjugation is
a straight-forward process, as any unreacted material can easily
be removed either by dialysis or size-exclusion chromatography
(SEC) due to the large disparity in molecular weights between the
protein and small-molecule. In contrast, using an excess amount
of polymer to couple onto a biomolecule can be problematic due
to the time intensive nature of polymer synthesis. Purification of
polymers from the bioconjugates is also challenging due to similar-
ities in molecular weight. Additionally, in grafting-from limitations
due to sterics, which are inherent to the coupling of polymers
to biomolecules, are avoided and characterization of the loca-
tions of the polymer chains on the conjugate is easier. However,
grafting-from techniques require polymerization conditions which
are suited to the stability of the biomolecule and it remains chal-
lenging to generate low dispersity conjugates.

Over the course of this review, we  will cover recent progress
in the formation of biomolecule-polymer conjugates which have
been prepared using the grafting-from technique. For reading ease,
the review is sectioned in terms of the controlled polymerization
technique used. The initial section will cover select works using
ATRP, the second section will cover RAFT polymerization, and the
third will be devoted to ROMP with a brief discussion on grafting-
through techniques to develop bioactive polymers (Fig. 1C).

2. Conjugation of reactive groups onto biomolecules

Key to the successful implementation of the grafting-from

iomolecule and used as an initiation site to grow the polymer from
he surface of the protein, and grafting-through in which monomers
unctionalized with a specific payload are polymerized (Fig. 1)
15,23,24]. Grafting-through has been used to a great extent in the
reparation of bioactive polymers synthesized using ROMP and we
technique is the installation of small molecule reactive handles

capable of initiating or mediating polymerization processes from
the biomolecule surface. Throughout the years this has taken many
forms, with lysine (Lys) and cysteine (Cys) amino acid residues
being the most frequently targeted sites for modification on pro-
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Fig. 1. Schematic representations depicting different methods of preparing biomolecule-polymer conjugates along with a list of key advantages or disadvantages.

difica

t
a
e
s

Fig. 2. Commonly used protein mo
eins (Fig. 2) [1,25]. For the purposes of grafting-from, Cys amino
cid modifications have taken the form of pyridyl disulfide (PDS)
xchange and Michael addition using maleimide-modified sub-
trates. The weaknesses of these linkages lie in their inherent
tion techniques for grafting-from.
instability with disulfide bridges being reversible in the presence of
external reductants and the thiol-ether bond from the maleimide
being susceptible to retro-Michael processes in vivo. However, Cys
remains a popular site for conjugation due to the low relative
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Fig. 3. Commonly used peptide and nuclei

bundance on proteins, thereby allowing for site selectivity [25].
ys is also a popular site for conjugation of reactive groups with
everal research groups taking advantage of conjugation through
cid-halides, N-hydroxysuccinimide (NHS)-esters, nitrophenyl car-
onates, and squaric acid containing functionality (Fig. 2) [1,25,26].
owever, Lys residues typically have a high abundance on pro-

eins and conjugation methods are generally non-selective, and as
 result there are groups currently working on selective Lys conju-
ation techniques [27–29].

Other methods of conjugating reactive handles onto protein
ubstrates include non-covalent modification taking advantage of
he streptavidin (SAv)-biotin interaction, genetic incorporation of
on-native amino acids, sortase A (SrtA)-mediated modifications
argeting LPGXTG/A sequences on the C-terminus of proteins, and
xime formation after treatment by pyridoxal-5-phosphate (PLP)
argeting the protein N-terminus [1,23,30,31]. Given the expansion
f amino acid modification techniques along with the introduc-
ion of transition-metal-mediated conjugation techniques, there
emains a wealth of opportunities to modify proteins with reactive
andles capable of mediating polymerization [32–41].
Typical peptide conjugation for grafting-from has been per-
ormed via on-resin reactions targeting the amine terminus
f the peptide by either acid-halide conjugation or N,N-
icyclohexylcarbodiimide (DCC) coupling of reactive handles
modification techniques for grafting-from.

[42,43]. Deoxyribonucleic acid (DNA) modification for grafting-
from has typically made use of either PDS exchange on a thiol
terminated DNA strand, NHS-ester or pentafluorophenyl (PFP)-
ester conjugation on amine terminated DNA, and phosphoramidite
coupling which targets the phosphoester backbone on DNA (Fig. 3)
[24,44,45].

3. Biomolecule-polymer conjugates accessed through ATRP

ATRP is a living and controlled radical polymerization tech-
nique, first reported independently by the Matyjaszewski group
and the Sawamoto group in 1995, which falls under the category of
reversible deactivation radical polymerization (RDRP) [18,46,47].
In the traditional ATRP mechanism, homolytic cleavage of a C(sp3)-
X (where X = Br or Cl) bond on an ATRP initiator is imposed by
a reduced metal halide catalyst thereby initiating polymerization
(Fig. 4). The then oxidized metal catalyst can reversibly deactivate
the radical propagation of the polymer chain transfer of the halide
to the end of the propagating polymer chain. This reversible deacti-
vation ultimately imposes control over the polymerization process

by decreasing the amount of active radicals in solution thereby
minimizing unproductive termination pathways (Fig. 4) [9,18].

There are many alternatives to typical ATRP procedures which
differ in the method of initiation used. A few commonly used
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Fig. 4. Mechanism of t

lternative ATRP strategies for grafting-from processes include
nitiators for continuous activator regeneration (ICAR), activators
enerated by electron transfer (AGET), activators regenerated by
lectron transfer (ARGET), and photo-induced ATRP among others
18]. Though there exist many other ATRP strategies, we will only
ocus on those used for the grafting-from polymerization [9,18].

.1. Traditional ATRP to access protein-polymer conjugates by
rafting-from

Workers at Biocompatibles Ltd synthesized hydroxysuccin-
mide ester substituted ATRP initiators which were then appended
nto Lys residues of the protein lysozyme (Lyz) [48]. Protein func-
ionalization was performed in borate buffer at room temperature
nd the resulting protein-macroinitiator was used without purifi-
ation. A variety of olefin substituted monomers and zwitterionic
onomers were polymerized from the protein surface under tradi-

ional ATRP conditions in the presence of a copper bromide catalyst
nd bipyridyl ligand at room temperature. The resulting protein-
olymer conjugates could be isolated via capillary electrophoresis
48].

Our group published grafting-from methodology by employing
raditional ATRP to polymerize N-isopropylacrylamide (NIPAAm)
rom both SAv and T4 lysozyme (T4-Lyz) (Fig. 5A and B) [49,50].
n our initial disclosure targeting SAv bioconjugates, we developed

 biotin functionalized ATRP initiator. The strong binding affinity
f biotin to SAv (Kd = 10−15 M)  was utilized to modify the protein
ith up to four of the biotin ATRP initiators thereby forming the

Av-macroinitiator (Fig. 5A) [49,51]. The room temperature poly-
erization of NIPAAm using the SAv-macroinitiator was carried

ut in an aqueous solution in the presence of copper (I) bromide
CuBr) and the 2,2′-bipyridine ligand [49]. In a follow-up arti-
le that same year, our group modified a Cys amino acid residue
Cys-34) on bovine serum albumin (BSA) as well as a Cys residue
Cys-131) on a genetically engineered T4-Lyz protein with an
TRP initiator. The BSA- or T4-Lyz-macroinitiators were prepared
sing either pyridyl disulfide exchange to modify the proteins with
eversible disulfide linkages or by maleimide conjugation (Fig. 5B)
50]. Grafting-from polymerization of NIPAAm was carried out sim-
larly to the previous report grafting-from SAv (Fig. 5B) [49,50]. The
olymer-conjugates were purified via preparative SEC and charac-
erized using gel permeation chromatography and sodium dodecyl
ulfate polyacrylamide gel electrophoresis (SDS-PAGE). Addition-
lly, the T4-Lyz-polymer conjugate retained activity as determined
y a commercially available fluorescence assay which monitored

ysis of the Micrococcus lysodeikticus substrate. Though these works
rovided a foundation for the introduction of the grafting-from

oncept, polymerization from the SAv and T4-Lyz bioconjugates
equired the addition of a 2-bromoisobutyryl-functionalized resin
hich was introduced in order to increase the concentration of

nitiating sites (Fig. 5A and B) [49,50]. The addition of a sacrificial
ditional ATRP process.

initiator is not needed when there is an abundance of the protein
substrate, as is the case with cheaper proteins such as BSA.

Matyjaszewski, Russell, and co-workers also disclosed an
example of grafting-from using traditional ATRP from chy-
motrypsin functionalized at Lys amino acid residues with
2-bromoisobutyramide initiators (Fig. 5C) [52]. The authors
expanded the monomer scope to include polymerization of
monomethoxy poly(ethylene glycol)-methacrylate (MPEGMA),
sodium 4-styrenesulfonate, and 2-(dimethylamino)ethyl
methacrylate (DMAEMA) from the chymotrypsin macroinitia-
tor, which was carried out in the presence of phosphate buffered
saline (PBS) (pH 6.0), CuBr, and 2,2’-bipyridine (Fig. 5C). All of
the protein-polymer conjugates retained their bioactivity to
varying degrees dependent on the nature of the polymer, with the
poly(MPEGMA) conjugated protein retaining the highest at 76 %, as
determined by a spectrophotometric assay monitoring enzymatic
hydrolysis of an oligopeptide sequence [52]. An important feature
represented in this manuscript is that uniform protein-polymer
conjugates could be accessed when attaching one initiator onto
the protein [52]. Taking further advantage of grafting-from using
traditional ATRP techniques, the groups have gone on to publish
manuscripts detailing the tuning of enzyme activity and stability
based on the polymers attached to the enzyme [53]. Additionally,
redox active polymers have been polymerized from the surface of
glucose oxidase (GOx) and exhibited an increase in the efficiency
of current generation when testing the GOx-polymer conjugates
on the surface of an anode [54].

The initial reports on grafting-from were followed-up exten-
sively with reports, which demonstrated expansions in the
conjugation chemistry, monomer scope, variance in polymer archi-
tectures, and the protein substrates used. The Haddleton group
developed protein macroinitiators using maleimide conjugation
chemistry to target the Cys-34 on BSA and NHS-ester conju-
gation to target Lys residues on Lyz [55]. They were able to
co-polymerize methacrylate-functionalized fluorescent monomers
based on either rhodamine B or hostasol along with PEGMA [55,56].
An impressive example of grafting-from is a report by the Velo-
nia group in which they combined copper-catalyzed azide-alkyne
cycloaddition (CuAAC) and ATRP which resulted in the polymer-
ization, from a Cys-34 modified BSA, of alkyne-functionalized
methacrylate monomers and subsequent attachment of azide-
functionalized small-molecules for the in-situ production of giant
amphiphiles [57]. The Klok group has also shown success in using
squaric acid mediated conjugation techniques to install ATRP ini-
tiators on Lys amino acid residues of BSA [26].

Mehl, Matyjaszewski and co-workers devised an elegant
approach to installing ATRP initiators within proteins by genet-

ically encoding the ATRP initiator containing unnatural amino
acid 4-(2’-bromoisobutyroamido)phenylalanine within green flu-
orescent protein (GFP) [58]. The authors evolved a Methanococcus
jannaschii tyrosyl-tRNA synthetase/tRNACUA pair that installed the
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mployed in the controlled polymerization of NIPAAm [49]. The Maynard group Cy
50]. (C) The Matyjaszewski and Russell groups work in developing a chymotrypsin

ovel amino acid in the presence of an amber codon. Incredibly,
p to 420 mg  of the ATRP initiator modified GFP was purified from
ne liter of medium. Upon purification of the GFP-macroinitiator
nd characterization by ESI-mass spectrometry, which showed an
ncrease in mass from the wild type GFP corresponding to addition
f the ATRP initiator, polymerization was carried out using tra-
itional ATRP techniques in PBS with methoxy OEG methacrylate
onomer (MOEGMA) at room temperature [58].
The scientific community also gained interest in grafting-from

arger types of biomolecule constructs. Wang and co-workers
odified Lys residues on horse spleen apoferritin (apo-HSF)
ith bromoisobutyrate initiators via NHS-ester bioconjugation

59]. Matrix assisted laser desorption/ionization time-of-flight
MALDI-ToF) analysis following tryptic digestion of the apo-HSF

acroinitiator revealed modification of Lys-83, Lys-97, Lys-104,
nd Lys-143, all of which are highly exposed on the surface
f the biomolecule. Polymerization of PEGMA from the apo-HSF
acroinitiator was carried out in a 4:1 mixture of PBS (pH 8.5) and
,N-dimethylformamide (DMF) at 4 ◦C upon treatment with CuBr
nd bipyridine. Hydrogels could be formed in the presence of high
onomer loadings (up to 1800 equiv to the macroinitiator) which

ould be subsequently solubilized in dichloromethane (DCM).
he biomolecule-polymer conjugates were characterized via fast
rotein liquid chromatography (FPLC) and transmission electron

icroscopy (TEM) [59]. The Russell and Emrick research groups

lso used grafting-from to access horse spleen ferritin (HSF) and
oly(methacryloyloxyethyl phosphorylcholine) poly(MPC) conju-
ates [60]. Poly(MPC) is a biocompatible zwitterionic polymer
kers use of SAv-biotin interaction in order to develop a SAv-macroinitiator to be
eted approaches towards polymer-protein conjugate generation via grafting-from
oinitiator through Lys conjugation [52].

which is resistant to non-specific protein adsorption, similarly
to PEG, though it is much more hydrophilic. The authors used
NHS-ester chemistry to conjugate up to 45 bromoisobutyryl ATRP
initiators onto Lys residues of HSF and accessed HSF-poly(PEGMA)
conjugates in a similar manner to what was previously reported
[59]. Notably, the HSF-poly(MPC) and HSF-poly(PEGMA) conju-
gates exhibited distinct changes in recognition properties due to
the presence of the polymers on the protein surface. This was  appar-
ent in the decreased ferritin antibody binding as determined by
an enzyme-linked immunosorbent assay (ELISA)-based assay [60].
The Ye group has also utilized NHS-ester bioconjugation to develop
temperature and pH responsive hybrid biomaterials made by poly-
merizing NIPAAm from the surface of amelogenin [61].

Finn and co-workers demonstrated an elegant example of
grafting-from virus-like nanoparticles (VLP’s) using traditional
ATRP (Fig. 6) [62]. The group developed bacteriophage Q� VLP
macroinitiators by reacting azide functionalized NHS-ester link-
ers to Lys residues on the biomolecule and using CuAAC to add
on the alkyl bromide ATRP initiator. It was  found by protein
digestion and subsequent mass spectrometry analysis that ∼180
Lys residues were modified (Fig. 6). Polymerization of oligoethy-
lene glycol methacrylate (OEGMA) was carried out by treating
the macroinitiator and monomer solution with 2,2’-bipyridine,
CuBr, and CuBr2 in water. The purified conjugates were charac-

terized via dynamic light scattering (DLS) and SEC which showed
that the VLP-polymer conjugates were much larger in size to the
Q� wild-type. Notably, the bromine end-groups present on the
polymers of the VLP-poly(OEGMA) conjugates could be modified
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urther through treatment with sodium azide to form azide ter-
inated polymers which could undergo CuAAC with an alkyne

earing AlexaFluor488 fluorescent dye (Fig. 6). Additionally, the
uthors developed VLP-poly(OEGMA-N3) conjugates in which each
EGMA repeat unit was modified with a pendent azide. This
llowed for post-polymerization modification using CuAAC with
he AlexaFluor488 dye, doxorubicin (Dox), or a gadolinium (Gd)
omplex (Fig. 6). This is a notable achievement given the impor-
ance of Gd-modified nanoparticles in magnetic resonance imaging.
hrough inductively coupled plasma optical emission spectroscopy
ICP-OES), the authors found that the VLP-poly(OEGMA-Gd) parti-
les contained 500–650 Gd complexes per conjugate. Additionally,
he authors conjugated Dox via ‘click’ chemistry on the pendent
oly(OEGMA-N3) and found about 150 Dox molecules appended
nto the particle. The drug could be released in the presence of
H 5.5 2-(N-morpholino)ethanesulfonic acid (MES) buffer through
egradation of the hydrazone linkage present on Dox and were also
ound to be cytotoxic towards HeLa cells at the same concentrations
s free Dox. Interestingly, control experiments in which Dox was
oaded directly on the VLP through triazole linkages and subjected
o pH 5.5 MES  buffer led to complete degradation and subsequent
recipitation of the biomolecule indicating that the presence of
oly(OEGMA) conjugated to the protein surface is required for sta-
ility [62].

The Chilkoti group has targeted the N-terminus of myoglobin
Mb) to attach an ATRP initiator by way of oxime ligation chem-
stry [31]. This modification resulted in a single reactive site on the
rotein surface. The site-specific conjugation of the ATRP initiator
as confirmed by liquid chromatography with tandem mass spec-
rometry (LC-MS/MS) of peptide fragments after trypsin digestion
f the Mb-macroinitiator. In-situ ATRP of OEGMA from the singly
odified Mb-macroinitiator in aqueous conditions resulted in

he formation of a Mb-poly(OEGMA) bioconjugate which retained
acroinitiators to synthesize polymers which could undergo post-polymerization

bioactivity and exhibited an increased in vivo half-life compared
to native Mb  [31]. Chilkoti and coworkers have also used SrtA-
mediated conjugation to attach an ATRP initiator on the C-terminus
of GFP [30]. GFP harboring a SrtA recognition site was expressed
and purified then subsequently treated with an amine functional-
ized ATRP initiator in the presence of SrtA. This reaction resulted
in a singly modified GFP-macroinitiator which was modified exclu-
sively at the C-terminus of the protein. Notably, this methodology
proved to be highly efficient with the GFP-macroinitiator puri-
fied in >85 % yield [30]. SrtA mediated installation of a reactive
handle has also been used in the attachment of an ATRP ini-
tiator onto the C-terminus of interferon-� (IFN-�) by the Gao
group [63]. Using traditional ATRP techniques they were able to
polymerize OEGMA thereby developing IFN-�-poly(OEGMA) con-
jugates which exhibited increased in-vivo half-life compared to
native IFN-�. Additionally, IFN-�-poly(OEGMA) showed increased
anti-proliferative activity in mice compared to IFN-�-PEG conju-
gates used clinically [63]. The Gao group has also made use of SrtA
mediated transformations to produce a cyclized GFP (cGFP) deriva-
tive and subsequently coupled an ATRP initiator using maleimide
chemistry to target an engineered Cys residue on the protein [64].
Polymerization of OEGMA to produce cGFP-poly(OEGMA) conju-
gates resulted in a hybrid protein with increased thermal stability
and enhanced tumor retention relative to either native GFP or the
non-cyclized GFP-poly(OEGMA) conjugates [64].

3.2. Peptide-polymer conjugates

Traditional ATRP techniques have also been used to access

peptide-polymer conjugates via grafting-from. Though it is impor-
tant to note that peptide-polymer conjugates had been previously
prepared by grafting-from using NMP  and additionally, ATRP had
been previously shown to operate using substrates attached to
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Fig. 7. Development of peptide containing amphiphilic block copolymers whic

 Wang resin [65,66]. The Washburn group used ATRP to pre-
are peptide-polymer conjugates via grafting-from to prepare
RGDS-poly(2-hydroxyethyl methacrylate) (poly(HEMA)) conju-
ates [67]. GRGDS is an oligopeptide sequence within the protein
bronectin, which has been shown to interact with cell surface

ntegrins. The GRGDS sequence was prepared through solid-phase
eptide synthesis (SPPS) using a Wang resin. The ATRP initiator, 2-
romopropionyl bromide, was introduced in the final coupling step
hereby producing an initiator-terminated protected oligopeptide
n resin. Polymerization of HEMA was carried out by treatment
f the GRGDS-resin initiator with the monomer, CuCl, and 2,2′-
ipyridine in the presence of butanone and 1-propanol. Cleavage
rom the resin and subsequent deprotection of the prepared
RGDS-poly(HEMA) was carried out by treatment with a standard
eptide cleavage cocktail (trifluoroacetic acid (TFA), triisopropy-

silane (TIPS), and H2O). A cell adhesion assay was carried out
sing mouse NIH-3T3 fibroblasts and the results indicated success-
ul adhesion of cells to the GRGDS-poly(HEMA) conjugate and cell
preading while no adhesion was detected using the poly(HEMA)
ontrol thereby indicating the biocompatibility of the peptide-
olymer conjugate and retention of the cell adhesive peptide
oiety [67]. The Börner group also disclosed a report detailing

heir preparation of peptide-polymer conjugates via grafting-from
oon after [43]. Incorporation of an ATRP initiator on the amine
erminus of an oligopeptide during SPPS using DCC coupling chem-
stry and subsequent cleavage of the oligopeptide from the resin
fforded an oligopeptide-macroinitiator. The authors carried out
olymerization of n-butyl acrylate (nBA) in the presence of the
ligopeptide-macroinitiator and performed an extensive study on
he polymerization kinetics. Though the CuBr catalyst was  found
o interact with the amine functionality on the oligopeptide, this
nteraction was found not to have an effect on the controlled syn-
hesis of monodisperse polymers [43].

The Wooley group was also able to utilize ATRP of protected
eptides on-resin, in addition to NMP  [42,65]. They prepared the
3 amino acid residue tritrpticin peptide, an oligopeptide which
xhibits anti-microbial activity, using SPPS on Wang resin (Fig. 7).
he tritrpticin-resin was treated with bromoisobutyryl bromide to
nstall the ATRP initiator on the oligopeptide end. The group was
ble to polymerize block co-polymers made from tert-butyl acrylate
tBA) and styrene monomers by treatment of the tritrpticin-
esin with CuBr and N,N,N′,N′ ′,N′ ′-pentamethyldiethylenetriamine
PMDETA) in the presence of the monomers. Cleavage and depro-
ection were carried out to afford the tritrpticin-b-poly(acrylic
cid-b-styrene) conjugate (Fig. 7). Micelles from the peptide-

olymer conjugates were generated and found to have improved
nti-microbial activity at lower concentration towards Staphylo-
occus aureus and Escherichia coli in comparison to tritrpticin alone
Fig. 7).
mble to form micelles exhibiting a high degree of anti-microbial activity [42].

3.3. DNA-polymer conjugates

Grafting-from to access DNA-polymer conjugates using tradi-
tional ATRP was  used by the He group for the amplification of
signal to specific DNA sequences [68]. Hybridization and ligation of
an ATRP-functionalized single-stranded DNA (ssDNA) onto com-
plementary ssDNA sequences modified on a gold surface led to
the formation of DNA-macroinitiators. Polymerization of HEMA
from the DNA-macroinitiators led to the surface formation of
DNA-poly(HEMA) conjugates which were characterized by atomic
force microscopy, ellipsometry, and contact angle measurements.
Notably, the formed polymer films could be detected visually with-
out the need for an optical microscope, and the technique allowed
for the detection of single point mutations as ATRP modified ssDNA
exclusively hybridizes to complementary sequences on the surface
[68]. An interesting observation was  found that initial polymeriza-
tion rates from DNA surfaces were considerably accelerated [69].
The authors have attributed this initial rate enhancement to an
interaction of Cu with the highly charged phosphate backbones
on DNA [69]. Using similar methodology to their previous reports,
the He group was  also able to develop DNA-polymer conjugate
coated core-shell Au nanoparticles using traditional ATRP under
aqueous conditions [70]. Again, only nanoparticles harboring the
complementary ssDNA strands to the ssDNA-macroinitiator were
able to undergo polymerization leading to the visual detection of
DNA-polymer conjugate loaded nanoparticles [70].

3.4. AGET and ARGET ATRP

While the effectiveness of traditional ATRP to prepare
biomolecule-polymer conjugates via grafting-from has been well
established, the main challenges with traditional ATRP techniques
include sensitivity to oxygen which may  limit its implementation
by novice users and low efficiency in aqueous solutions [71,72].
Activator generated by electron transfer (AGET) ATRP relies on the
introduction of an external reducing agent to reduce the transition
metal species in solution thereby promoting activation of the initia-
tor or halide terminated polymer chain. AGET ATRP is much more
tolerant to low oxygen concentrations which allows for better con-
trol over polymerization in aqueous media at lower temperatures.
The higher oxygen tolerance arises from the use of oxidatively sta-
ble transition metal-based catalysts coupled with the ability for the
introduced reductant to remove dissolved oxygen and to reduce the
transition metal catalyst (Fig. 8) [18]. This important characteristic
makes AGET ATRP a more feasible technique for the novice user

and a popular approach to access protein-polymer conjugates via
ATRP.

In an early example using AGET ATRP to graft-from
biomolecules, He and co-workers expanded on their previous
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Fig. 8. Mechanism of AGET ATRP.
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urification than the grafting-to method [74].

ork (vide supra) but instead used AGET ATRP with water sol-
ble ascorbic acid as a reducing agent, thereby employing an
xygen-tolerant and homogenous method to make DNA and pro-
ein sensors based on a unique amplification-by-polymerization
trategy [73]. Polymerization of HEMA from an ssDNA macroini-
iator following hybridization and ligation to the immobilized
omplimentary ssDNA strand allowed for detection and deter-
ination of DNA concentration, which was proportional to the

lm thickness. The sensitivity of this method was comparable
o that of sensors using traditional ATRP techniques but the
urnaround time was reduced by 2.5 times and a purging step
o remove dissolved oxygen was eliminated, making it more
ttractive for portable applications [73]. The authors extended
his work further by the implementation of electrochemical
ensors based on polymers harboring pendant ferrocene-based
onomers. Post-polymerization modification of ssDNA-polymer

onjugates made from either glycidyl methacrylate (GMA) or
EMA was carried out by coupling aminoferrocene to the pen-
ant chains on the polymer thus generating electrochemically
ctive polymers. This method allowed for detection of unlabeled
NA or proteins with sensitivity modulated by the length of

he polymer chains and amount of aminoferrocene added to the
olymers [73].

Other groups have also utilized AGET ATRP to graft from oligonu-
leotides. Das, Matyjaszewski, and co-workers incorporated an
cid-stable amide initiator during solid-phase DNA synthesis using
hosphoramidite coupling chemistry [44]. A variety of methacry-

ate monomers were polymerized from the DNA macroinitiator
hich either remained attached on the solid support or was poly-
erized from while in solution after cleavage from the solid
upport. DNA remained stable under the mild polymerization con-
itions and was able to hybridize with complementary strands.
he DNA-polymer hybrids were characterized via gel permeation
hromatography (GPC) and fluorescence analysis.
 the grafting-from technique exhibited improved conjugation efficiency and easier

Lin and Maynard prepared polymer conjugates with small inter-
fering ribonucleic acid (siRNA) using AGET ATRP (Fig. 9) [74]. A
macroinitiator was prepared by modifying a 5’-thiol siRNA with
a PDS-functionalized ATRP initiator. Ethylene glycol methacry-
late monomers, which varied in length, were polymerized in
the presence of CuCl2, tris(2-pyridylmethyl amine (TPMA), and
ascorbic acid (AA) from siRNA in PBS using a sacrificial resin,
due to the low quantities of the siRNA-macroinitiator available.
The authors compared the grafting-to strategy to prepare siRNA-
polymer conjugates by conjugating pyridyl disulfide terminated
polymers to siRNA through disulfide exchange reactions. Ulti-
mately, the grafting-from process exhibited improved conjugation
efficiency and a more facile purification process (Fig. 9). All siRNA-
polymer conjugates were characterized by PAGE analysis.

The groups of Wu  and Weil used a bottom-up approach to
construct nanoscale polymer patterns by grafting-from ATRP ini-
tiator modified DNA origami [75]. Different DNA origami patterns
were formed on a surface and underwent hybridization with ATRP-
initiator functionalized complementary strands. AGET ATRP of
MPEGMA in the presence of a sacrificial initiator was then per-
formed from the DNA origami initiating sites and polymer growth
was followed using atomic force microscopy (AFM). The purified
polymer products were characterized by agarose gel electrophore-
sis which showed a molecular weight increase from the native DNA
origami and AFM which showed an increase in the height from the
surface. The surface height could be controlled depending on the
ratio of monomer to initiator employed which led to differences in
the molecular weight of the polymer. Interestingly, after the prepa-
ration of cross-linked polymers using similar techniques and the
degradation of the DNA origami template under heat stress, the

polymers retained their shape. Ultimately, this work showcased
the great potential of pairing grafting-from techniques using AGET
ATRP with DNA origami templates to create unique 2D and 3D
polymer shapes [75].
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ncreased in-vivo lifetime in comparison to the native proteins [78,79].

Enzyme conjugates have also been prepared by the grafting-
rom method using AGET ATRP. Liu and coworkers prepared
n enzyme-polymer conjugate by polymerizing acrylamide from
orseradish peroxidase (HRP) in the presence of air, thus taking
dvantage of the oxygen tolerance inherent to AGET conditions
76]. Molecular weight was controlled by the ratio of the HRP

acroinitiator to monomer and the polymers exhibited low dis-
ersity values. Modification of HRP with the small-molecule ATRP

nitiators decreased the activity of the protein by nearly 50 %, likely
ue to the use of dichloromethane during the initial modifica-
ion step. However, no change in activity after polymerization was
etected and the stability of the conjugate to elevated temperatures
55 ◦C) and enzymatic degradation by trypsin was improved. Mag-
usson, Alexander, and co-workers prepared thermo-responsive
rypsin conjugates using AGET ATRP [77]. The Lys residues
n trypsin were modified using a heterobifunctional NHS-ester
unctionalized tetraethylene glycol ATRP initiator and MALDI char-
cterization of the trypsin macroinitiator determined there to be
n average of 5 initiating sites per protein. Trypsin proteins harbor-
ng PEGMA-based copolymers or block copolymers which varied in

olecular weight were synthesized through grafting-from under
ypical AGET ATRP conditions in aqueous buffer solutions at low
emperature (4 ◦C) to form trypsin-polymer conjugates which were
haracterized by SDS-PAGE. The polymers were analyzed by GPC
fter cleavage from trypsin using tetra-n-butylammonium fluoride
TBAF) to validate differences in molecular weight. The trypsin-
olymer conjugates exhibited different self-assembly behaviors
bove the lower critical solution temperature (LCST) dependent on
he molecular weight of the polymers appended to the protein. Con-
ugate activity could also be regulated through the phase transition
f the conjugated polymers [77].

Conjugates with therapeutically relevant proteins have also
een prepared by grafting-from using AGET ATRP conditions.

s an alternative to traditional grafting-to PEGylation, Caliceti
nd coworkers utilized AGET ATRP to polymerize PEGMA from
ecombinant human growth factor (rh-GH), a hormone used as a
oly(trehalose) conjugates. Both conjugates retained bioactivity and exhibited an

therapeutic for growth deficiency (Fig. 10A) [78]. Conjugation of Lys
amino acid residues on rhGH was carried out by treatment of the
protein with a tetraethylene glycol based heterobifunctional ATRP
initiator harboring an NHS ester functional group in the presence of
pH 7.5 PBS. MALDI-ToF analysis revealed rh-GH functionalized with
6–8 initiating sites. Polymerization from the rh-GH macroinitiator
was performed in phosphate buffer at 4 ◦C using standard AGET
ATRP conditions. This conjugate exhibited improved stability to
heating at 37 ◦C, mechanical agitation, and enzymatic degradation
compared to the native protein (Fig. 10A). The rh-GH-polymer con-
jugates were characterized via SDS-PAGE which indicated a large
increase in molecular weight from the native rh-GH. Additionally,
acidic hydrolysis to liberate the polymers from the protein allowed
for GPC analysis which showed relatively monodisperse (Ð = 1.2)
polymers. The stability of native rh-GH and the rh-GH-polymer
conjugate during exposure to heat stress or in the presence of the
enzyme pepsin was  tested. In each case, the rh-GH-polymer con-
jugates exhibited a higher degree of stability over native rh-GH.
In vivo studies were carried out wherein rats were injected with
either native rh-GH or the rh-GH-polymer conjugates. It was  found
that the rh-GH-polymer conjugates retained biological activity sim-
ilarly to the native rh-GH as indicated by weight increase following
dosage in rats with a daily dosage schedule. Notably, the rh-GH-
polymer conjugate retained bioavailability when following a twice
weekly dosage schedule as indicated by a weight gain in rats, in
contrast to rats injected with native rh-GH which maintained their
weight [78].

We have previously used AGET ATRP to prepare a trehalose
glycopolymer conjugate of insulin (Fig. 10B). Using the grafting-
from approach simplified purification and characterization of
the insulin-macroinitiator [79]. A site-specific insulin macroini-
tiator was prepared by treatment of insulin with a nitrophenyl
carbonate modified ATRP initiator in the presence of pH 11.0

borate buffer (Fig. 10B). Basic conditions were used in order
to favor modification at the Lys residues due to the residues
higher nucleophilicity over other N-terminal amines. Purification
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y of the insulin-macroinitiator by HPLC and characterization by
ALDI and LC-MS/MS after reduction of the conjugate with DTT

evealed a single modification at the LysB29 residue on insulin.
 methacrylate trehalose monomer was polymerized from the

nsulin-macroinitiator in pH 7.4 PBS using AGET ATRP conditions
n the presence of a sacrificial resin and the insulin-polymer con-
ugate was purified via HPLC after polymerization. The purified
nsulin-polymer conjugate was characterized by SDS-PAGE which
ppeared as a higher molecular weight band to that of native
nsulin, and the polymer was characterized by GPC after diges-
ion of insulin with proteinase K and found to be well defined.
hough a 3-fold increase in dosage was needed in order to achieve
imilar decreases of blood glucose to native insulin in mice, the
nsulin-polymer conjugate retained bioactivity to a greater extent
han nonspecific insulin-polymer conjugates prepared by grafting-
o [79].

Other groups have prepared nanostructures with covalently
ncorporated proteins by grafting-from ATRP macroinitiators in
he presence of cross-linkers to encapsulate the protein over
he course of polymerization. Matyjaszewski and co-workers
repared GFP nanogels wherein GFP was incorporated into a poly-
er  matrix through the course of AGET ATRP in a water-in-oil

nverse miniemulsion. GFP containing a genetically incorporated
TRP initiator was expressed through site-directed mutagenesis.
olymerization from the GFP macroinitiator was  carried out in
he presence of a PEGMA monomer and a bifunctional methyl

ethacrylate PEG cross-linker [80]. The GFP-nanogels were char-
cterized by DLS and confocal microscopy. Importantly, it was
ound that grafting-from was essential for keeping the protein
ovalently entrapped in the nanogel. Polymerization using sim-
lar conditions to form the nanogel in the presence of wt-GFP,

hich did not contain a genetically incorporated ATRP initiator,
esulted in GFP leaching out of the nanogel, as determined by the
V–vis absorption spectrum of the purified product. Liu, Zhao, and
o-workers prepared core-corona type nanoparticle with a BSA
ecorated corona and a cross-linked poly(HEMA) core [81]. The
SA-macroinitiator was  prepared through disulfide exchange with

 PDS-functionalized ATRP initiator to modify Cys-34 on BSA. Poly-
erization from the BSA-macroinitiator was carried out in aqueous

olutions using typical AGET ATRP conditions in the presence of
EMA and the cross-linker N,N’-methylene diacrylamide. Because

he protein macroinitiator functioned as a colloidal stabilizer, par-
icle size was controlled by the amount of the BSA-macroinitiator
mployed: loading of a smaller amount of BSA-macroinitiator
esulted in larger nanoparticles. Interestingly, upon treatment of
he nanoparticles with dithiothreitol (DTT) in order to reduce disul-
de linkages thereby removing BSA from the particle coronas, the
anoparticles underwent aggregation as determined by TEM. This

ndicated that the BSA-macroinitiator was also important for the
tabilization of the nanoparticles in addition to its role in initiat-
ng polymerization. Additionally, the authors found that covalently
mmobilized BSA on the nanoparticle surface retained up to 76

 activity in comparison to native BSA as determined by a spec-
rophotometric assay measuring the hydrolysis of 4-nitrophenyl
cetate. The BSA-nanoparticles were also found to be non-toxic
hen incubated with HepG2 cells and were internalized in the

ame cell line. These examples illustrate the utility of AGET ATRP
rafting from in preparing more complex architectures with reten-
ion of protein structure and activity [81].

Matyjaszewski and coworkers systematically screened condi-
ions to polymerize PEGMA from BSA using ATRP in aqueous
onditions resulting in conjugates with good control over molecu-

ar weight and dispersity [71]. Conditions were first screened with
raditional ATRP methods, then AGET ATRP was then investigated
o prepare BSA conjugates. Interestingly, different CuX/ligand con-
itions were optimal for traditional ATRP compared to AGET ATRP.
Progress in Polymer Science 100 (2020) 101186 11

Additionally, controlled polymerization in PBS buffer, which can
be challenging due to formation of insoluble phosphate salts and
displacement of ligands by chloride, was  achieved with different
CuX/ligand conditions than was  optimal in water. The authors also
observed that slow feeding of the ascorbic acid reducing agent
resulted in the highest molecular weight and narrowest molecu-
lar weight distribution by minimizing termination with very active
ligands like TPMA for polymerization of PEGMA under AGET ATRP
conditions.

This observation of improved control with slow feeding of
reducing agent, or activators regenerated by electron transfer
(ARGET) ATRP, was then investigated in depth by the Maty-
jaszewski group to polymerize from proteins [82]. This technique
allows for low catalyst loading and an extra handle of control to
start/stop polymerization based on the feed of reducing agent. Sys-
tematic optimization of polymerization conditions with OEGMA
was first accomplished with a small molecule initiator; addition of
halide salt (30−100 mM),  increased equivalents of ligand (4/1 L/Cu),
and altering copper concentration (300 to 100 ppm) resulted in the
best control with acceptable rates of polymerization. Additionally,
a block copolymer could be prepared with the optimized method
and polymerization could be stopped and started with the ascorbic
acid feed. Polymerization of OEGMA from a BSA macroinitiator was
accomplished in PBS buffer with 300 ppm Cu. Matyjaszewski and
coworkers also utilized this technique to polymerize OEGMA from
GFP with a genetically encoded, base-cleavable initiator [83].

3.5. ICAR ATRP

During initiators for continuous activator regeneration (ICAR)
ATRP, addition of a conventional thermal radical initiator (typ-
ically an azo-initiator) generates the active Cu(I)/L complex in
situ, enabling use of low (<100 ppm) levels of copper catalyst
[84]. Similar to ARGET ATRP, oxidatively stable Cu(II) reagents
are used and the technique allows for some tolerance to oxy-
gen. However, continuous feeding to regenerate the active species
is not required due to the slow decomposition of the radical
initiator. Polymerization conditions are generally mild, although
with slightly elevated temperatures to activate the thermal ini-
tiator, this method may  not be appropriate for more sensitive
biomolecules. The Matyjaszewski group was the first to report
the use of ICAR ATRP to polymerize from a biomolecule [85].
The group initially optimized aqueous polymerization conditions
for homopolymers of oligo(ethylene glycol) acrylate (OEGA) with
a small molecule initiator in the presence of TPMA, CuBr2, an
excess of tetraethylammonium bromide (TEA-Br, 20−300 mM)  to
maintain the concentration of the deactivator complex, and 2,2′-
azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA-044) as
the thermal initiator. Cu catalyst concentrations as low as 20 ppm
could be employed while maintaining control over molecular
weight and dispersity. Optimized conditions (100 ppm Cu, 44 ◦C,
8 h) were then used to polymerize OEGA from a BSA macroinitia-
tor, resulting in a conjugate with polymers of controlled molecular
weight and molecular weight distribution [85].

ICAR ATRP has also been used by the Averick group to poly-
merize homo- and block- copolymers of acrylamide monomers
[86]. Conjugates of BSA with a block copolymer of acrylamide,
N,N-dimethylacrylamide (DMA), and N-vinylimidazole (VI) were
prepared by ICAR using PBS buffer as the halide source as
opposed to TEA-Br. BSA conjugates harboring block copolymers
of VI and OEGA underwent cross-linking in the presence of
palladium through the metal interaction with the imidazole con-

taining block, thus forming a biohybrid nanoparticle capable of
serving as a catalyst for Suzuki-Miyaura cross-coupling reac-
tions [86]. Further work used ICAR ATRP to explore the effect of
conjugation site on Thermomyces languginosa lipase (TL)-poly[N-(3-
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N,N-dimethylamino)propyl) acrylamide] conjugates [87]. TL was
odified with an ATRP initiator at either Lys residues with an
HS-ester or acidic (glutamic and aspartic acid) residues with
-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) coupling.
nzyme activity was increased by 50 % for conjugates grafted from
cidic residues compared to from Lys residues, despite 6 initiating
ites for the former compared to 3 for the latter [87].

.6. SET-LRP

Single electron-transfer living radical polymerization (SET-LRP)
r Cu(0)-mediated LRP involves disproportionation of Cu(I) in
olar solvents to generate active Cu(0) species and Cu(II) species
hich deactivate the propagating polymer chains; thus aque-

us conditions are well suited for this polymerization method.
addleton and coworkers utilized SET-LRP to polymerize water

oluble monomers from a small library of proteins and peptides
56]. BSA, bovine hemoglobin (Hb), human Lyz, salmon calci-
onin (sCT), and bovine insulin were chosen as model proteins
nd peptides with a variety of molecular weights and properties.
acroinitiators were prepared by reacting ATRP initiators with

roteins/peptides through NHS-ester coupling at Lys amino acid
esidues. Conditions were screened to polymerize NIPAAm, DMA,
nd OEGA from the protein/peptide-macroinitiators. Synthesis of
ell-defined BSA conjugates were achieved through an excess of
uBr relative to Me6TREN ligand to improve control. Conjugates of
b were obtained, though with broad dispersities (>1.6) likely due

o interactions with Cu(II) with the Fe(II) containing heme centers
resent on the protein. Lyz and sCT macroinitiators were insoluble

n aqueous conditions, but the addition of 0.5 % SDS denaturant to
olubilize the protein-macroinitiators and sodium bromide (NaBr)
o minimize loss of halide anions from SDS resulted in well-defined
rotein-polymer conjugates. The insulin-macroinitiator formed a
table colloid in aqueous solution but polymerization could be
ccomplished in this heterogeneous system with the SET-LRP con-
itions. These conjugates also exhibited interesting self-assembly
ehavior in solution. Demonstration of the range of conjugates pre-
ared by SET-LRP indicates that this is a versatile method to prepare
olymer conjugates by the grafting from method [56].

In collaboration with the Haddleton group, Joensuu, Milani, Lin-
er and coworkers synthesized protein-polymer conjugates by the
rafting-from method using Cu(0)-mediated LRP to make antifoul-
ng surfaces [88]. A Cys mutant of hydrophobin (NCysHFBI), a
rotein that self-assembles on hydrophobic surfaces, was used
nd conjugation with a maleimide modified initiator afforded

 site-specific macroinitiator. Growth of poly(PEGA) from the
acroinitiator already self-assembled on a hydrophobic surface

esulted in a surface with decreased nonspecific binding. Utiliza-
ion of this method to graft from NcysHFBI enabled facile synthesis
f these surfaces [88].

.7. Photo-mediated ATRP (photo-ATRP)

Photo-ATRP processes have also gained considerable interest
ue to the high degree of temporal control provided by using

ight as an external stimulus for the generation of active Cu(I)
pecies. The need for external radical initiators or reducing agents
s replaced with the requirement of additional ligands in the sys-
em which also serve as reductants under light irradiation [89].
he Matyjaszewski group has recently utilized visible-light (Blue
ED) mediated ATRP to graft oligo(ethylene oxide) methyl ether
ethacrylate (OEOMA) monomers from the surface of BSA and

NA in order to develop BSA- and DNA-polymer conjugates [90].
otably, polymerization was carried out in aqueous conditions and

n the presence of low ppm of Cu (50−1000 ppm). The deploy-
ent of glucose, glucose oxidase, and sodium pyruvate (Glu, GOx,
Progress in Polymer Science 100 (2020) 101186

SP) was used to deoxygenate the polymerization mixture, thus
precluding the need for N2 sparging or freeze-pump-thaw proce-
dures [90]. The complete elimination of metal catalysts in order
to synthesize protein-polymer conjugates would be a welcome
development, especially given the recent progress in metal-free
photo-ATRP methodology [91–94].

3.8. Electrochemical ATRP (eATRP)

Electrochemically mediated ATRP was  first reported by the
Matyjaszewski group in 2011 and has garnered attention due to its
general tolerance of oxygen, low catalyst loading, removal of chem-
ical reducing agents, and feasibility of temporal control [95]. In the
case of eATRP, polymerization is performed in an electrochemi-
cal cell with regeneration of the reduced metal species controlled
by an applied cathodic current. Application of an anodic current
acts to oxidize the metal species thereby terminating the poly-
merization [95–97]. Many groups have taken advantage of eATRP
for a variety of unique applications [98–100]. The Matyjaszewski
group recently utilized eATRP for grafting-from initiator function-
alized DNA substrates under aqueous conditions [101]. A screen
printed electrode (SPE) was used to bypass the large reaction
volumes required of electrochemical setups, which would render
grafting-from using eATRP an unreasonable method for expen-
sive biomolecules. SPE’s are inexpensive substrates that can be
smaller than 1 cm2 and contain a working electrode, counter elec-
trode, and a reference electrode typical of electrochemical setups.
Interestingly, the authors were able to decrease reaction volumes
down to 75 �L using SPEs. This large decrease in reaction volume
necessitated the use of an enzyme degassing system consisting
of GOx, glucose, and SP rather than traditional degassing meth-
ods. Polymerization of 2-(methylsulfinyl)ethyl acrylate (MSEA) and
OEGMA was  carried out from the DNA-macroinitiator in the pres-
ence of CuBr2 and TPMA under eATRP conditions and an extensive
study was  carried out to elucidate the effects that different catalyst
and ligand loadings had on the reaction outcome. Notably, DNA-
polymer conjugates larger than 25 kDa were able to be synthesized
in <30 min, despite the low monomer conversion observed [101].

4. Biomolecule-polymer conjugates accessed through RAFT
polymerization

RAFT polymerization is a living and controlled radical polymer-
ization technique that quickly garnered popularity after its initial
discovery was  reported in 1998 [102–104]. Control during RAFT
polymerization is obtained through a degenerative chain trans-
fer process that is mediated by a chain transfer agent (CTA; also
referred to as a RAFT agent) [11,105,106]. The RAFT agent is a
small molecule organic compound typically composed of a thiocar-
bonylthiol group, some common architectures include xanthates,
trithiocarbonates, dithioesters, and dithiocarbamates [107,108].
The RAFT agent structure is often conceptually split into two  parts,
the “R” group and the “Z” group (Fig. 11) [105,106]. The R group
reinitiates radical polymerization while the Z group is involved in
both modulating the reactivity of the thiocarbonyl bond towards
radical addition and also in stabilizing the subsequent radical
formed on the thiocarbonyl carbon atom (Fig. 11). A useful feature
of RAFT polymerization is that both the R and Z groups are incor-
porated on the polymer chain ends upon termination, allowing for
further functionality to be engendered at either end [105,106,108].

The widely accepted mechanism for traditional RAFT polymer-

ization involves initiation using a prototypical radical initiator such
as the thermally activated initiator azobisisobutyronitrile (AIBN)
(Fig. 11) [11,106,109]. Photochemical initiation is another popular
form of initiation for RAFT polymerization and will be discussed
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Fig. 11. RAFT poly

ater in the review. Initiation and radical addition to monomers
roduce propagating oligomeric radicals which can then enter into
he RAFT equilibrium whereby the propagating radicals add into
he thiocarbonyl bond of the RAFT agent (I) and produce a sta-
ilized radical on the thiocarbonylthio carbon atom (II) (Fig. 11).
uring this equilibrium process, (II) can fragment back to produce

he oligomeric propagating radical and the intact RAFT agent, or
omolytic cleavage of the R group can occur whereby the RAFT
gent becomes appended to the end of the oligomer (III) and the

 group radical can then re-initiate polymerization. After this ini-
ial equilibrium process, polymer chains propagate through the
ddition of monomers and either enter into the RAFT equilibrium
rocess again with the thiocarbonylthio capped polymer chains
r continue adding monomers. It is this rapid equilibrium process
hat affords control over the polymerization because the concen-
ration of stabilized radical intermediates is greater than that of the
ropagating radicals, thus unproductive termination pathways are
reatly limited (Fig. 11). RAFT polymerization is a popular method
n the bioconjugation realm due to its wide monomer scope, solvent
ompatibility, and general avoidance of transition metals (though
here are exceptions such as in photo-induced electron transfer-
AFT (PET-RAFT)) [110,111]. Although there exist many examples
f generating polymers through RAFT with bioactive functionality
ither at the end of the polymer or as pendant groups, this sec-
ion of the review will only cover peptide-, protein-, and nucleic
cid-polymer conjugates by grafting-from using RAFT [112–116].

.1. Protein-polymer conjugates

The initial report of grafting-from a protein using RAFT poly-

erization was by Davis, Bulmus and co-workers where they

eveloped a pyridyl disulfide functionalized trithiocarbonate RAFT
gent which could undergo disulfide exchange with Cys-34 on
SA thereby forming a macroRAFT agent where BSA acted as the
ation mechanism.

Z-group. This was planned due to Z-group retention on polymer
chain ends (Fig. 12, top) [117]. Formation of the macroRAFT agent
was monitored by UV–vis spectroscopy to visualize the formation
of the 2-pyridinethione byproduct that occurs after PDS  exchange
and absorbs in the 340−370 nm range. The authors opted to ini-
tiate polymerization of PEG-acrylate (PEGA) using �-irradiation
which offered the benefit of room temperature initiation in aque-
ous conditions suitable to the stability of BSA. Though �-irradiation
can potentially be detrimental to protein structure and function,
the authors determined both BSA and glucose oxidase to retain
up to 92 % and 88 % activity after 6 h of �-irradiation, respec-
tively. Polymerization of PEGA was carried out in the presence of
the macroRAFT agent in a mixture of water and DMF  under �-
irradiation at room temperature thereby producing BSA-polymer
conjugates which were characterized by GPC, MALDI, and non-
denaturing PAGE. The BSA-polymer conjugate was treated with
tris(2-carboxyethyl)phosphine (TCEP) in order to reduce the disul-
fide linkage thus facilitating disassembly of the polymer from the
protein to allow for characterization of the polymer itself. However,
the disulfide bond remained intact upon treatment with TCEP, only
demonstrating partial reduction for low molecular weight conju-
gates which the authors attributed to the shielding of the disulfide
bond by the polymer. Treatment of the BSA-poly(PEGA) conju-
gates in the presence of concentrated TCEP solutions completely
denatured the protein but allowed for analysis of the polymers.
Characterization of the polymers revealed a few drawbacks: though
the molecular weight of the polymers increased linearly with
increasing monomer conversion, the polymers exhibited dispersity
values of up to 2.0 with increasing molecular weight. This obser-
vation was  attributed to the steric hindrance imparted by BSA in

addition to the growing polymer chains during the equilibrium
process. Additionally, there was an observed two-hour inhibition
period at the start of polymerization which was attributed to
slow fragmentation of the macroRAFT agent. Despite these minor
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ig. 12. (Top) The Davis and Bulmus groups work developing protein Z-group mo
ork  on developing R-group modified macroRAFT agents to develop thermorespon

rawbacks, this elegant work paved the way for the expansion of
rafting-from using RAFT to generate biomolecule-polymer conju-
ates (Fig. 12, top) [103].

The Davis and Bulmus groups quickly expanded on their initial
ork by polymerizing NIPAAm and hydroxyethyl acrylate (HEA)

n the presence of the BSA-macroRAFT agent using a room tem-
erature and water soluble radical initiator (VA-044) [119]. An

nhibition period was observed at the beginning stages of poly-
erization as in their earlier work, however the polymerization

xhibited a linear evolution of Ln[M]0/[M] versus time indicative
f a steady concentration of radicals in solution over the course
f polymerization. TCEP reduction of the protein-polymer conju-
ate was carried out and the polymers analyzed via GPC which
gain showed a linear increase in molecular weight with increas-
ng monomer conversion. Interestingly the poly(NIPAAm) samples

ere relatively monodisperse exhibiting dispersity values up to
.3 for the higher molecular weight polymers. This is in stark
ontrast to their above described grafting-from polymerization of
EGA which exhibited dispersity values up to 2.0. Activity stud-
es were also carried out to determine the esterase-like activity
f BSA to hydrolyze p-nitrophenyl acetate. The BSA-macro RAFT
gent, BSA incubated with VA-044, and BSA-poly(NIPAAm) con-
ugates all remained active, while controls in which BSA was
eated to 85 ◦C in buffer for 4 h lost up to 80 % activity. Addi-
ionally, BSA-poly(NIPAAm) conjugates displayed increased LCST
alues in comparison to poly(NIPAAm) alone, which increased as
he polymer molecular weight of the conjugate decreased [119].
n an interesting follow-up work, the Davis group was  able to
mploy similar polymerization methodology in the presence of

 bifunctional PDS trithiocarbonate RAFT agent to access poly-
ers harboring biomolecules at each end through a combination

f grafting-to and grafting-from approaches [120].
The thermoresponsive properties of BSA-poly(NIPAAm) conju-

ates were studied further by the Sumerlin group (Fig. 12, bottom)
118]. A BSA-macroRAFT agent was developed through attach-

ent of a maleimide functionalized RAFT agent on Cys-34. Instead
f attaching BSA to the Z-group portion of the RAFT agent sim-
lar to the Bulmus and Davis work mentioned above, Sumerlin

nd co-workers attached BSA on the R-group portion of the RAFT
gent (Fig. 12, bottom). This offers several unique advantages; the
hiocarbonyl bond is more accessible for chain transfer thereby
 macroRAFT agents and polymerization from BSA [117]. (Bottom) Sumerlin group
rotein-polymer conjugates [118].

improving on the control over polymerization processes. Addi-
tionally, having the thiocarbonylthio group at the polymer chain
end would allow for post-polymerization modification without
interfering with the protein on the other end of the polymer. Poly-
merization of NIPAAm in the presence of the BSA-macroRAFT agent
was carried out in pH 6.0 phosphate buffer using VA-044 as the
radical initiator similar to earlier reports. Purification of the BSA-
poly(NIPAAm) conjugates was carried out via thermal precipitation
at 40 ◦C. The purified BSA-poly(NIPAAm) conjugates were treated
with TCEP and the corresponding polymers characterized via GPC
which showed an increase in polymer molecular weight with
increasing monomer conversion and high molecular weight poly-
mers (234 kDa) exhibited a dispersity of 1.38. The BSA-macroRAFT
agent and the BSA-poly(NIPAAm) conjugate both retained their
secondary structure as determined by circular dichroism and also
retained esterase-like activity (>90 % activity compared to native
BSA). The activity of the protein could be modulated due to the
thermally responsive nature of poly(NIPAAm) (Fig. 13). Upon expo-
sure to heating above the LCST of the BSA-poly(NIPAAm) conjugate
(40 ◦C), the protein activity was  reduced to 75 %. Interestingly, the
protein activity was  regained upon cooling of the conjugate solu-
tion below the LCST and this process was  cycled up to 5 times with
no apparent loss in protein activity after each cycle (Fig. 13) [118].

The Sumerlin group next explored the synthesis of more com-
plex thermoresponsive protein-polymer conjugates through RAFT
polymerization by implementing methodology which allowed for
the formation of block copolymer architectures through grafting-
from [121,122]. In their initial work, the group attached a RAFT
agent to Cys-34 on BSA through a maleimide linkage, again
appending the protein to the R-group of the RAFT agent [121].
The BSA-poly(NIPAAm) conjugate was  synthesized, purified, and
subsequently characterized using SDS-PAGE. Retention of the
trithiocarbonate end-group could be visualized using UV–vis spec-
troscopy with the characteristic absorption appearing at ∼310 nm.
The BSA-poly(NIPAAm) conjugate was then employed as the
macroRAFT agent in the subsequent polymerization of DMA  using
similar conditions to those mentioned above to produce the
second block. UV–vis spectroscopy indicated retention of the

trithiocarbonate end-group even after addition of the DMA  block.
Additionally, the thermoresponsive properties were measured
using DLS which showed an increase in the hydrodynamic diameter



M.S. Messina, K.M.M. Messina, A. Bhattacharya et al. / Progress in Polymer Science 100 (2020) 101186 15

Fig. 13. “(a) Activity of (1) BSA, (2) BSA-macroCTA, (3) BSA-poly(NIPAAm) (free BSA present) with conjugated polymer of 234,000 g/mol, (4)BSA-poly(NIPAAm) thermal
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recipitate, (5) BSA-poly(NIPAAm) thermal precipitate at 40 ◦C assay temperature (w
8)  BSA after incubation at 75 ◦C for 3 h. All assays were conducted with identical [BS
5  and 40 ◦C.” [118], Copyright 2008. Reproduced with permission from the Americ

f the protein-polymer conjugate at elevated temperatures [121].
imilar work targeted the seven Lys amino acid residues on Lyz
sing a NHS-ester functionalized RAFT agent thereby forming a
yz-macroRAFT agent with the protein on the R-group [122]. Lyz-
oly(NIPAAm)-b-poly(DMA) conjugates were synthesized using
imilar polymerization conditions to their previous work and their
hermoresponsive solution behavior analyzed [122].

Konkolewicz, Page, Berberich, and co-workers used RAFT poly-
erization and a combination of grafting-to and grafting-from

rocedures to perform a thorough study detailing the effects of
ifferent types of polymers of varying lengths and structures on
he stability and activity of Lyz conjugates [123]. The activity of
yz was tested using a standard spectrophotometric technique
hat measures lysis of Micrococcus lysodeikticus in the presence
f Lyz. As might be expected, the Lyz-polymer conjugate activity
as reduced as the molecular weight of the polymer increased.
harged polymers attached to Lyz were also studied with nega-
ively charged polymers resulting in reduced enzyme activity due
o charge repulsion on the negatively charged M. lysodeikticus cell.
ationic polymers had the opposite effect. Additionally, the thermal
tability of the Lyz-polymer conjugates was reduced. However, the
hemical stability towards treatment with the protein denaturant
uanidine HCl was increased with the highest molecular weight
onjugates exhibiting the greatest stability, most likely due to a
hielding effect imposed by polymers on the enzyme surface [123].

The establishment of photochemically initiated grafting-from
olymerization using RAFT proved to be a significant addition to
he practitioners’ toolbox which introduced an additional degree of
ontrol over the polymerization process. Chen and co-workers used

 specially prepared Escherichia coli inorganic pyrophosphatase
PPase) protein in which they exchanged the Lys-148 amino acid
esidue with Cys through site-directed mutagenesis [124]. The Cys
mino acid residue was  used as the conjugation site for the attach-
ent of a maleimide functionalized RAFT agent, thus generating the

Pase-macroRAFT agent with the protein appended as the R-group.
olymerization of NIPAAm was performed in water and at room
emperature under visible (420 nm)  light irradiation in the pres-
nce of (2,4,6-trimethylbenzoyl)phenyl phosphonic acid sodium
TPO-Na) as the photoinitiator. The polymerization exhibited rapid

inetics with molecular weights reaching 150 kDa within 30 min.
otably, the authors were able to control polymerization by either

urning the light source ‘on’ or ‘off’. Polymerization was  halted upon
emoval of the light source but continued when the light source
spect to BSA at 40 ◦C), (6) BSA + poly(NIPAAm) physical mixture, (7) poly(NIPAAm),
 Activity of BSA-poly(NIPAAm) thermal precipitate during thermal cycling between
emical Society.

was turned on. This process was cycled and the molecular weight
of the PPase-poly(NIPAAm) conjugate was  followed by SDS-PAGE.
Because the conjugation site of the RAFT agent and the conjugated
polymer are near the active site of the protein, the PPase activ-
ity was  greatly reduced. However, an interesting observation was
made when it was  determined that PPase-poly(NIPAAm) conju-
gates harboring higher molecular weight poly(NIPAAm) show an
increased activity over the wild-type PPase above the LCST of the
conjugate (45 ◦C) [124].

Boyer and co-workers reported on using PET-RAFT to graft-
from BSA in aqueous conditions (Fig. 14) [125]. PDS exchange
was used to append a trithiocarbonate-based chain transfer agent
on BSA to generate the BSA-macroRAFT agent where BSA was
appended as the R-group. Grafting-from polymerization of either
DMA or OEGA was  carried out in aqueous conditions in the pres-
ence of Ru(bpy)3Cl2, the BSA-macroRAFT agent, and blue LED
irradiation and proceeded in a controlled manner to produce
monodisperse protein-polymer conjugates. Additionally, the pre-
pared BSA-polymer conjugates retained identical activity to native
BSA as determined by an esterase activity assay [125]. In 2017, the
Sumerlin group expanded on PET-RAFT methodology by employ-
ing an organophotocatalyst to polymerize an extended class of
monomers under visible-light irradiation and also demonstrated
the construction of block copolymers grafted-from Lyz [126].

Beyond protein-polymer conjugation, the ability to engineer
whole live cell surfaces with polymers of controlled molecular
weights and architectures represents an important challenge [127].
Seminal work by Soh, Hawker, and coworkers used grafting-from
techniques to assemble polymers on live cell surfaces (Fig. 15)
[128]. Though there were a few previous reports of using grafting-
to methods to obtain polymer-functionalized cells, the conjugation
efficiencies were often minimal which necessitated the need for
a large excess of synthesized polymer. Additionally, uncontrolled
polymerization techniques to encapsulate cells resulted in the cells
being difficult to access. Polymerization of PEG modified acry-
lamide monomers was carried out in the presence of live wild-type
Saccharomyces cerevisiae (Baker’s yeast) cells under PET-RAFT con-
ditions with eosin Y as the photocatalyst and triethanolamine
as the co-catalyst (Fig. 15). In order to maximize cell viability,

the PET-RAFT conditions were modified in order to quicken poly-
merization kinetics and monomer conversion was kept low in
order to maximize end-group retention. Notably, the yeast cells
remained intact and were able to undergo cell proliferation after
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Fig. 14. Proposed mechanism of a prototypical PET-RAFT polymerization using a transition-metal based chromophore.
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Fig. 15. Modification of yeast cells with RAFT 

eing subjected to polymerization conditions. After these promis-
ng initial results, the authors introduced dibenzocyclooctyl (DBCO)
unctionality on the yeast cell surfaces through NHS-ester con-
ugation (Fig. 15). This allowed for the efficient conjugation of
zide-modified RAFT agents through strain-promoted 1,3-dipolar
ycloaddition (SPAAC) thereby producing cell-based macro-RAFT
gents. PEG-based acrylamide monomers were then polymerized
sing the modified PET-RAFT conditions employing the cell-based
acro-RAFT agents and also a sacrificial RAFT agent in order to
aintain control over polymerization. Additionally, the authors
ere able to incorporate azide functionality along the polymer

hain for post-polymerization functionalization with an Alexa Fluor
47 strained alkyne analogue. Using confocal microscopy of the
uorescently labeled cell-polymer conjugates indicated that fluo-
escence was localized only on the cell surface. This experiment
howcased that cell-surface polymers were able to undergo post-
olymerization modification using bioorthogonal methods and
hat polymerization only occurred on the cell surface without any
bservable polymer growth occurring inside the cell. Notably, the

ell-polymer conjugates derived from grafting-from polymeriza-
ion exhibited much greater grafting densities than those prepared
sing the traditional grafting-to technique. The authors were able
o carry this technique forward to a mammalian cell line through
s and polymerization from yeast cell surfaces.

the non-covalent modification of Jurkat cell membranes with a
RAFT agent modified lipid. Cell viability assays performed after
polymerization from the cell surface exhibited up to 90 % viability
and also retained their metabolic activity [128].

4.2. Peptide-polymer conjugates

Some examples of grafting-from oligopeptide sequences using
RAFT polymerization were reported by the Perrier and Börner
groups [129–131]. Börner and coworkers’ first manuscript of this
kind describes the SPPS of an oligopeptide in which the N-terminus
was modified with a dithiobenzoate-based RAFT agent via DCC cou-
pling while on-resin (Fig. 16) [129]. Treatment of the resin-bound
peptide with a TFA cleavage cocktail and subsequent precipitation
resulted in the production of the oligopeptide-macroRAFT agent (1)
with the oligopeptide positioned as the R-group. The authors noted
the formation of a thioamide byproduct which is due to nucle-
ophilic attack of the peptide amine terminus with the dithioester
functionality during the DCC coupling step (Fig. 16). This byprod-

uct was  observed via electrospray ionization mass spectrometry
(ESI-MS) and is probable given the sensitivity of dithiobenzoate-
based RAFT agents towards aminolysis. Despite this, the authors
proceeded with polymerization of nBA using 1 as the thioamide
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Fig. 16. Development of o

yproduct would not interfere with polymerization conditions.
owever, the authors also developed a second approach to creat-

ng oligopeptide-macroRAFT agents by modifying an oligopeptide
TRP macroinitiator on resin. This was then reacted with a pyri-
inium salt of dithiobenzoic acid to produce 2 without formation of
he previously observed thioamide byproduct (Fig. 16). Polymeriza-
ion of nBA employing either of the oligopeptide-macroRAFT agents
enerated monodisperse polymers and exhibited linear polymer-
zation kinetics typical of a controlled RAFT process. However,
t is important to note the significant inhibition observed at the
tart of polymerization which lasted between 4−8 hours depend-
ng on the oligopeptide-macroRAFT agent used [129]. In a later
eport, the authors developed a trithiocarbonate-based GGRGDS
ligopeptide-macroRAFT agent (3) which was much more sta-
le than the dithiobenzoate derivative published earlier [130].
otably, polymerization of nBA using 3 did not exhibit an inhibi-

ion period at the start of the polymerization, though it is not clear
f the inhibition period was due to differences in the oligopeptide
tructure or differences between the dithiobenzoate or trithiocar-
onate structures. The authors employed 3 in the polymerization of
IPAAm to produce oligopeptide-poly(NIPAAm) conjugates, the ω-

rithiocarbonate group was then reduced to afford a poly(NIPAAm)
erminated with a free thiol which could be used for surface func-
ionalization on a gold substrate. Cell adhesion of L929 mouse
broblasts was examined on the GGRGDS-poly(NIPAAm) function-
lized surface and was found to be faster than the corresponding
oly(NIPAAm) functionalized surfaces [130]. The Börner group
as also developed ABC-triblock co-polymers from oligopeptide-
acroRAFT agents synthesized on-resin [132].
An important additional consideration in the construction

f oligopeptide-macroRAFT agents is hydrolysis of nitrile (CN)
roups on the RAFT agent structure during cleavage of resin-
ound peptides (Fig. 17) [133]. Because typical peptide cleavage
ocktails make use of strongly acidic conditions (>95 % TFA),
AFT agents appended to peptide structures during SPPS undergo
ydrolysis thereby forming carboxamide functional groups in
lace of the nitrile substituent (Fig. 17) [133–135]. Despite
his, Thang and co-workers were still able to perform con-
rolled RAFT polymerization of DMAEMA, OEGMA, and n-butyl
ethacrylate (nBMA) monomers employing trithiocarbonate-
ased oligopeptide-macroRAFT agents in which the nitrile
ubstituent had undergone hydrolysis to the corresponding carbox-
mide [133]. Though the earlier reports by the Börner group made
ptide-macroRAFT agents.

use of nitrile modified dithiobenzoate RAFT agents in which no car-
boxamide formation was reported, they used a 2 % TFA in DCM
cleavage cocktail which cleaved the oligopeptide from the resin
but did not remove the protecting groups present on the amino
acid residue side-chains [129].

4.3. Nucleic acid-polymer conjugates

Grafting-from DNA using RAFT was first employed by the He
group for purposes of DNA biosensing [136,137]. A few of their
reports detailing their use of grafting-from for DNA detection
made use of ATRP conditions (vide supra), however the transi-
tion metals employed for polymerization formed complexes with
DNA molecules which complicated their intended application due
to unwanted background noise. RAFT seemed to be a promis-
ing alternative due to the absence of transition metals [136].
Complementary oligonucleotide probes were functionalized on
a gold surface and a separate complementary oligonucleotide
sequences were synthesized with a trithiocarbonate-based RAFT
agent attached to the amine terminus of the sequence via NHS-ester
chemistry. The strands were allowed to hybridize and ligation was
performed using a T4 ligase, thereby affixing the RAFT agent to the
complementary strand placed on the gold substrate, forming sur-
face immobilized DNA-macroRAFT agents. RAFT polymerization of
OEGMA was  performed from the modified surfaces in the presence
of water at 30 ◦C using AIBN as the thermal initiator. Film charac-
terization was  performed using AFM, ellipsometry, and ATR-FTIR.
Notably, the polymer film generated from the DNA-macroRAFT
agents were much thicker than those generated by ATRP described
in their previous reports and a large reduction in the background
signal was  observed, most likely due to the absence of transi-
tion metals during polymerization [136]. A thorough follow-up
report was published soon after detailing the effects of variations
in polymerization conditions (initiator concentration, temperature,
reaction time, RAFT agent surface density) on film thickness of the
DNA-polymer conjugates [137].

RAFT polymerization from DNA-macro-RAFT agents have also
been used for electrochemical target DNA (tDNA) biosensing appli-
cations [138,139]. Recently reported methodology makes use of

immobilized peptide nucleic acid (PNA)-DNA duplexes on gold
electrode substrates that have been modified with dithiobenzoate-
based RAFT agents using Zr4+ mediated coupling chemistry
targeting the phosphate groups on the PNA-DNA duplexes. Poly-
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tives after treatment with standard peptide cleavage cocktails [133].
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Fig. 17. Exhibited hydrolysis of nitrile substituted RAFT deriva

erization of ferrocenylmethyl methacrylate (FcMMA) using
A-044 in the presence of the DNA-macroRAFT agent-modified
urface was carried out and the electrochemical response of the
repared polymer modified surfaces was tested. Only gold elec-
rodes which contained the tDNA-polymer conjugates exhibited
n oxidation peak on the square-wave voltammogram, with a peak
otential of 0.3 V. Electrochemical analysis of gold substrates which
erved as controls (PNA probe, tDNA, Zr4+, RAFT agent, VA-044,
r FcMMA) did not exhibit any visible oxidation peaks on the
quare-wave voltammogram. Notably, oxidation peak currents of
he tDNA-polymer substrates increased linearly as the surface con-
entration of tDNA increased and allowed for the detection of the
DNA at concentrations as low as 3.2 aM [138,139].

Recently, photo-RAFT processes have also been used to develop
NA-polymer conjugates via grafting-from [45]. Barner-Kowollik,
g, Weil, and co-workers developed two ssDNA-macroRAFT agents
ased on either 4-cyano-4-(phenylcarbonothioylthio)pentanoic
cid (CPADB) or 2-(butylthiocarbonothioyl)propionic acid (BTPA)
ith the ssDNA appended as the R-group of the RAFT agent.
PADB and BTPA were functionalized with either a PFP or NHS-
ster group and coupled to the amine terminus of the purified
sDNA (NH2-ssDNA). RAFT polymerization employing the BTPA-
r CPADB-DNA macroRAFT agents was performed using acry-
amide, acrylate, or methacrylate based monomers in the presence
f eosin Y and ascorbic acid under blue LED irradiation. DNA-
olymer conjugates could be purified by membrane filtration and
ere characterized by GPC and native PAGE. While polymeriza-

ion from the ssDNA-macroRAFT agent was operative, the polymers
ere not monodisperse owing to potential side reactions with

he ssDNA which produced low molecular weight tailing in the
PC traces of the DNA-polymer conjugates. Additionally, high
olecular weight shoulders were observed in the GPC spectra of

sDNA-poly(OEGMA) conjugates most likely due to transesterifi-
ation or side reactions to the growing polymer backbone [45,140].
mpressively, the purified ssDNA-polymer conjugates were able
o undergo hybridization with a complementary ssDNA sequence
hich had been modified with a Rhodamine dye on the DNA

erminus thereby showcasing that the prepared ssDNA-polymer
onjugates maintain functionality [45].

. Biomolecule-polymer conjugates accessed through
OMP
Ring-opening metathesis polymerization (ROMP) has early
oots stemming from the initial discovery of olefin metathesis in the
950s, unlike the more recently developed ATRP and RAFT method-
Fig. 18. General mechanism of ROMP polymerization.

ologies which were reported in the mid-1990s [17,46,47,141,142].
The introduction of well-defined single-component carbene com-
plexes based on molybdenum or ruthenium, spearheaded by
the Schrock and Grubbs groups, has paved way for significant
advances in ROMP thereby enhancing the synthesis of well-defined
and monodisperse polymers through the living polymerization of
strained cyclic olefin monomers [10,17,143,144]. In particular, the
augmented functional group tolerance and increased stability in
aqueous media of the ruthenium-based carbenes introduced by
Grubbs and co-workers expanded the scope of chemical trans-
formations and facilitated expansion of ROMP into the realm of
biomolecule-polymer conjugation [145–148]. As such, ROMP bol-
sters the chemical toolbox available to chemical biologists and
materials chemists alike through the expansion of available poly-
mers with unique function, structures, and material properties
[10,149].

The ROMP mechanism involves coordination of a transition-
metal based carbene to a strained cyclic olefin and subsequent
[2 + 2] cycloaddition to form a metallacyclobutane intermediate
[17,150] (Fig. 18). The metallacyclobutane then undergoes [2 + 2]
cycloreversion to yield a new olefin and transition-metal car-
bene which exists on the end of the propagating polymer chain
(Fig. 18). The transition-metal carbene catalyst will continue to
react with other cyclic olefin monomers with the typical driving
force being the release of ring strain from the strained cyclic olefin
or an increase an entropy when polymerizing non-strained cyclic
olefins. Ruthenium-based transition-metal carbene complexes are
the most widely utilized in the context of biomolecule modification
due to their stability and functional group tolerance [17,39].

5.1. Grafting-from proteins using ROMP
Isarov and Pokorski reported the only example of developing
protein-polymer conjugates through grafting-from using ROMP
(Fig. 19) [151]. Because the polymerization needed to be carried
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ig. 19. ROMP from Lyz to develop Lyz-polymer conjugates using a water-soluble
hemical Society.

ut in buffered aqueous solutions compatible with the protein,
he authors synthesized a water-soluble Grubbs 3rd genera-
ion carbene analogue. Taking inspiration from the Emrick group
ho prepared PEG-functionalized ruthenium carbene derivatives,

sarov and Pokorski synthesized a PEGylated Grubbs 3rd generation
erivative (4) through a ligand exchange reaction of to displace
he original bromopyridyl groups with PEGylated pyridyl ligands
o generate 4 (Fig. 19) [151,152]. The catalyst was found to be sta-
le in water for over 10 h as confirmed by 1H NMR  monitoring of
he alkylidene resonance in D2O which remained unchanged over
he course of the study. Test polymerizations to evaluate catalyst
ctivity were carried out with PEGylated norbornene monomers in
oth DCM and PBS in order to compare reactivity in both organic
nd aqueous conditions. Ultimately, polymerization kinetics were
ound to be slower in aqueous solutions most likely due to a
ecreased rate of ligand dissociation [151].

Norbornenyl groups were added to reactive Lys residues on
he protein surface of Lyz. Treatment of the protein with exo-
orbornene dicarboxylic anhydride resulted in the modification
f up to 5–6 Lys residues per protein. Excess amounts of 4 were
hen reacted with the norbornenyl modified Lyz to yield the protein

acroinitiator which was used for the in-situ growth of PEGylated
orbornene monomers from the protein surface. Large monomer

oadings (>200 equiv per protein) were ultimately needed to initi-

te polymerization due to the poor accessibility of the catalytic site
n the protein. As a result, only high molecular weights were able
o be targeted, since at low monomer concentrations no polymer-
zation could be initiated [151].
ased carbine. [151], Copyright 2015. Adopted with permission from the American

In a follow-up work from the Pokorski group, this challenge
was resolved by using a grafting-to approach to instead attach
the synthesized polymer to the protein [153]. This allowed for
greater control during polymerization and enabled the synthesis
of monodisperse polymers of varying molecular weights to be fully
characterized and subsequently conjugated to the protein through
the Lys residues. The grafting-to strategy is utilized to a greater
extent for the conjugation of polymers prepared through ROMP
[12,154,155]. Though grafting-from is under-utilized in the context
of ROMP, the initial disclosure from Isarov and Pokorski provides
an important foundation with which to develop improved systems
through careful tuning of catalyst systems [151,153].

5.2. Grafting-through approaches with ROMP

The bulk of examples for ROMP in the context of biomolecule
modification use the grafting-through strategy. In grafting-
through, a biomolecule or bioactive material is attached
directly to a monomer (such as norbornene) thus generating
a “macromonomer”. The prepared macromonomer can then be
polymerized, resulting in a polymer chain with the pendant
bioactive cargo attached. Several elegant examples make use
of grafting-through using ROMP to prepare polymer materials

with potential therapeutic utility [156–159]. The employment
of grafting-through using ROMP in the context of biomolecule
modification has been developed extensively for materials bearing
nucleic acids or DNA and oligopeptides.
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ig. 20. Development of copolymers containing pendent oligopeptides via ROMP fo
ith  permission from the Royal Society of Chemistry.

.2.1. Oligopeptides
There exist many examples of grafting-through using ROMP

o generate polymer architectures harboring pendant amino acids
nd oligopeptides. Grubbs and co-workers disclosed many of
he initial reports detailing the modification of amino acids
nd peptides using ruthenium-based carbene complexes. Early
anuscripts in the 1990’s detailing the extensive use of ring-

losing metathesis (RCM) for the generation of cyclic peptides
stablished a foundation for the use of ruthenium-based carbenes
o invoke chemical transformations on densely functionalized sub-
trates; interested readers are directed to these literature reports
160–162]. In an early example from Maynard and Grubbs tran-
itioning into ROMP, template directed RCM was  used to create
yclic crown ether monomers with a pendent phenylalanine (Phe)
mino acid residue [163]. These cyclic monomers were subse-
uently polymerized through ROMP to yield polyethers with novel
lefinic backbone structures and bioactive side chains. Olefin
ontaining polyethers are of interest primarily due to their struc-
ural similarity with PEG; however the presence of olefins along
he backbone of the polymer introduces a greater degree of
ynthetic utility making possible the introduction of complex func-
ionality through post-polymerization modification techniques.
olymerization attempts using unprotected phenylalanine sub-
trates were ultimately stymied due to solubility challenges
hich led to the employment of protected amino acids in earlier

pproaches [164–166]. Follow-up work focused on developing co-
olymers with more complex functionality. Polymers composed of

 norbornenyl backbone with pendant oligonucleotide sequences
ly-Arg-Gly-Asp-Ser (GRGDS) and Pro-His-Ser-Arg-Asn (PHSRN)
ere synthesized and their biological activity tested [167,168]. RGD

s a peptide sequence on extracellular proteins which mediates
inding to cell surface integrins thereby influencing cell processes.
he SRN sequence, physically near the near the RGD sequence
n the extracellular matrix protein fibronectin, enhances binding
o integrins. Norbornene monomers harboring the RGD or SRN
ligopeptides were homo- or copolymerized using Grubbs 2nd gen-
ration catalyst. Using ROMP allowed for the fine-tuning of the final
olymer to incorporate a controlled amount of RGD. The oligopep-
ide functionalized monomers remained protected over the course
f polymerization in order to maintain solubility which neces-
itated a post-polymerization deprotection strategy resulting in
ater-soluble polymers to be used in biological assays. Cell adhe-

ion inhibition studies were performed where fibronectin coated
urfaces were incubated with human foreskin fibroblast (HFF) cells

n the presence of either oligopeptide homo- and co-polymers,
he oligopeptides alone, or buffer. Interestingly, the co-polymers
onsisting of pendant GRGDS and PHSRN sequences inhibited
eneration of peptide-containing nanoparticles. [171], Copyright 2013. Reproduced

HFF adhesion to fibronectin to a greater degree than homopoly-
mers with pendant GRGDS and the GRGDS or PHSRN peptides
alone, highlighting the synergistic effect of the two oligopeptide
sequences and underscoring the utility of ROMP to prepare bioac-
tive materials.

Several groups sought to expand or improve upon the use
of ROMP to access pendant oligopeptide polymer architectures
in order to better understand structure/function relationships
of oligopeptide grafted polymers. The Muthukumar and Emrick
groups used ROMP to generate polyelectrolytes through the poly-
merization of OEG or pentalysine oligopeptide functionalized
cyclooctene monomers thereby accessing homo- or co-polymers
which differed in charge density [169]. Solution behavior could
be modulated based on the length of the OEG or Lys blocks
and on the graft density of Lys blocks. Additionally, it was
found that poly(cyclooctene)-graft-pentalysine polymers under-
went complexation with DNA under acidic conditions but was
disrupted under basic conditions. This characteristic can potentially
be utilized in plasmid DNA transfection applications [169]. Con-
rad and Grubbs also utilized ROMP to develop polymers bearing
the pendant VPGVG elastin oligopeptide attached to a norbornene
monomer [170]. An OEG functionalized norbornene comonomer
was also included to varying degrees along the polymer chain. The
LCSTs of each polymer were then studied as a function of the poly-
mer  concentration in solution, degree of polymerization, or OEG
comonomer feed. Ultimately it was  found that the LCST depended
greatly on the ratio of oligopeptide versus OEG monomers along
the copolymer chain and on the concentration of the copolymer
in solution, but to a lesser degree on the molecular weight of the
copolymer [170].

The Gianneschi group has greatly expanded on the develop-
ment of oligopeptide containing homo- or block- (co)polymers
prepared via grafting-through using ROMP. In their earliest
examples, copolymerization of either hydrophilic or hydrophobic
norbornene-based monomers functionalized with oligopeptides
was achieved via ROMP which resulted in the formation of bioactive
nanoparticles (Fig. 20) [171]. The Gianneschi group has also been
successful in developing protecting-group free strategies towards
accessing polymers harboring pendant oligopeptides using ROMP
[172]. These initial works served as a foundation to understand pro-
teolytic stability of peptide-based nanoparticles and established
a set of synthetic principles to better develop polymers harbor-
ing pendant oligopeptide functionality. Expansion of this platform
led to the development of polymer brushes harboring pendant

cell-penetrating peptides (CPPs) which were resistant to proteoly-
sis and also maintained their cell penetration activity [173,174].
The elegant use of ROMP has also allowed for facile tuning of
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olymer architectures and grafting densities which has made pos-
ible unique nanoparticle materials for drug delivery, fluorescence
maging, and for either the evasion or uptake of macrophages
175,176]. The ring-opening metathesis polymerization-induced
elf-assembly (ROMPISA) ushered in by the Gianneschi group has
lso proven to be an extremely useful method for the generation of
ell-defined nanostructures [177,178].

.2.2. Nucleic acids
ROMP has been used to great extent in the polymerization of

ucleic acid containing polymers. Initial reports by Williams and
o-workers have utilized ROMP to develop polymers with pen-
ant nucleic acid functionality via grafting-through of norbornene
onomers substituted with either thymine, adenine, cytosine,

uanine, or uracil [179,180]. The monomers were poorly soluble,
owever, and polymerization of the monomers was only able to
roduce short oligomers due to precipitation over the course of the
eaction. Bazzi and Sleiman were able to successfully synthesize
omopolymers and copolymers containing adenine side chains via
OMP using a succinimide additive to solubilize the resulting poly-
er  through hydrogen bonding interactions [181]. Work by Weck

nd co-workers has also developed template-directed strategies to
arry out ROMP of nucleic acid based monomers [182,183].

Expanding further on this, Herrmann and co-workers recently
eported a strategy to solubilize DNA in the organic phase
y exchanging counter-ions on the backbone with quaternary
mmonium surfactants [184]. These DNA-side chains are then
odified with norbornene and polymerized via ROMP to yield DNA

omopolymers of varying architectures. This strategy allowed for
igher yields for DNA-based conjugates and overcame challenges
f nucleic acid modification in organic solvents [184].

Gianneschi and co-workers have shown recent progress in
reparing nucleic acid brush polymers and co-polymers from
NA functionalized norbornene monomers [185]. Homopoly-
ers made from the oligonucleotide substituted monomers or

mphiphilic brush copolymers made up of a pendant oligonu-
leotide block and a benzyl-substituted poly(norbornene) block
ere synthesized through ROMP. The authors were able to develop

pherical nanoparticles from the synthesized brush copolymers
hich harbored the oligonucleotide block exposed as the outer

hell of the sphere. Notably the oligonucleotides present on the
anoparticle surface were able to undergo hybridization with com-
lementary DNA oligonucleotide sequences thereby showcasing
ost-polymerization functionality [185].

. Summary and outlook

Utilizing controlled polymerization methods to graft-from
iomolecules has enabled rapid access to biomolecule-polymer
onjugates which combine the unique traits of both the
iomolecule and the synthetic polymer attached to it. Over the
ourse of the review, we have examined recent developments in the
eneration of biomolecule-polymer conjugates synthesized using
rafting-from techniques tracing back from the initial discover-
es employing ATRP, RAFT, or ROMP. There are many advantages
o utilizing grafting-from techniques with purification and small

olecule coupling efficiencies being the two most critical. Addi-
ionally, each controlled polymerization process holds inherent
dvantages and disadvantages in the context of grafting-from
iomolecules. While an advantage of ATRP is the high degree of flex-

bility offered by the availability of many different variations based

n the polymerization process, this also presents a challenge as the
orrect choice of ATRP method to use may  not always be straightfor-
ard to the novice user. The deployment of transition-metal based

eagents and the need for oxygen-free conditions also presents a
Progress in Polymer Science 100 (2020) 101186 21

challenge in the context of grafting-from. RAFT polymerization is
an incredibly versatile method which allows for the polymeriza-
tion of a wide range of monomers in a variety of solvent conditions,
and the absence of transition-metal based reagents is also a signif-
icant advantage of the technique. However, RAFT in the context
of grafting-from suffers from relatively slow reaction kinetics or
long inhibition periods which may  be dependent on the structure
of the biomolecule-macroCTA, the amount of oxygen in the reac-
tion mixture, or on the reagent concentrations. On the other hand,
ROMP typically exhibits fast polymerization kinetics and allows
access to polymers made from monomers which may  not be read-
ily polymerized using controlled radical techniques. However, the
need to employ transition-metal based reagents, especially from
the biomolecule surface represents a significant challenge. Fortu-
nately, all together these methods provide scientists with a plethora
of opportunities to prepare protein-polymer conjugates of choice.

We anticipate continued interest in grafting-from processes,
given the recent resurgence and creativity by many groups to
investigate new bioconjugation techniques which have expanded
the scope of targetable amino acid residues and increased the
conjugation yields [6,36–38,41,186–190]. The relatively recent
highly-efficient methods to label methionine and histidine residues
on proteins provide additional, less abundant, amino acid residues
with which to polymerize from, if reagents bearing ATRP ini-
tiators can be accessed [36,37,191–193]. Additionally, the rapid
progress of metal-free and photo-induced controlled polymeriza-
tion techniques paves way  for the synthesis of polymers from
more therapeutically relevant biomolecules that exhibit greater
sensitivity to reaction conditions [91–93,126,194,195]. It would be
an exciting and much needed addition to identify water-soluble
organic photo-reductants capable of promoting ATRP processes
in purely aqueous solutions in the absence of transition metals
[196,197]. Oxygen tolerant polymerization techniques that can
operate at low volumes also represent a significant breakthrough
that may  play a role in further development of grafting-from
techniques [198–200]. Combined altogether, newly developed
polymerization and conjugation techniques may  soon allow for
rapid access and high-throughput screening of constructs to
develop new biomolecule-polymer conjugates with vastly unique
properties that would give additional insights into structure-
property relationships of complex bioconjugates.
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[29] Matos MJ,  Oliveira BL, Martínez-Sáez N, Guerreiro A, Cal PM,  Bertoldo J, et al.
Chemo-and regioselective lysine modification on native proteins. J Am
Chem Soc 2018;140:4004–17.

[30] Qi Y, Amiram M,  Gao W,  McCafferty DG, Chilkoti A. Sortase-catalyzed
initiator attachment enables high yield growth of a stealth polymer from
the C terminus of a protein. Macromol Rapid Commun 2013;34:1256–60.

[31] Gao W,  Liu W,  Mackay JA, Zalutsky MR,  Toone EJ, Chilkoti A. In situ growth
of  a stoichiometric PEG-like conjugate at a protein’s N-terminus with
significantly improved pharmacokinetics. Proc Natl Acad Sci USA
2009;106:15231–6.

[32] Messina MS,  Stauber JM,  Waddington MA,  Rheingold AL, Maynard HD,
Spokoyny AM.  Organometallic gold (III) reagents for cysteine arylation. J Am
Chem Soc 2018;140:7065–9.

[33] Vinogradova EV, Zhang C, Spokoyny AM,  Pentelute BL, Buchwald SL.
Organometallic palladium reagents for cysteine bioconjugation. Nature
2015;526:687–91.

[34] Vinogradova EV. Organometallic chemical biology: an organometallic
approach to bioconjugation. Pure Appl Chem 2017;89:1619–40.

[35] Hanaya K, Ohata J, Miller MK,  Mangubat-Medina AE, Swierczynski MJ, Yang

DC,  et al. Rapid nickel (II)-Promoted cysteine S-Arylation with arylboronic
acids. Chem Commun (Camb) 2019;55:2841–4.

[36] Jia S, He D, Chang CJ. Bioinspired thiophosphorodichloridate reagents for
chemoselective histidine bioconjugation. J Am Chem Soc
2019;141:7294–301.
Progress in Polymer Science 100 (2020) 101186

[37] Lin S, Yang X, Jia S, Weeks AM,  Hornsby M,  Lee PS, et al. Redox-based
reagents for chemoselective methionine bioconjugation. Science
2017;355:597–602.

[38] deGruyter JN, Malins LR, Baran PS. Residue-specific peptide modification: a
chemist’s guide. Biochemistry 2017;56:3863–73.

[39] Isenegger PG, Davis BG. Concepts of catalysis in site-selective protein
modifications. J Am Chem Soc 2019;141:8005–13.

[40] Hoyt EA, Cal PM,  Oliveira BL, Bernardes GJ. Contemporary approaches to
site-selective protein modification. Int Rev Chem Eng 2019;3:147–71.

[41] Zhang C, Vinogradova EV, Spokoyny AM,  Buchwald SL, Pentelute BL.
Arylation chemistry for bioconjugation. Angew Chem Int Ed
2019;58:4810–39.

[42] Becker ML,  Liu J, Wooley KL. Functionalized micellar assemblies prepared
via block copolymers synthesized by living free radical polymerization upon
peptide-loaded resins. Biomacromolecules 2005;6:220–8.

[43] Rettig H, Krause E, Börner HG. Atom transfer radical polymerization with
polypeptide initiators: a general approach to block copolymers of
sequence-defined polypeptides and synthetic polymers. Macromol Rapid
Commun 2004;25:1251–6.

[44] Averick SE, Dey SK, Grahacharya D, Matyjaszewski K, Das SR. Solid-phase
incorporation of an ATRP initiator for polymer–DNA biohybrids. Angew
Chem Int Ed 2014;53:2739–66.

[45] Lueckerath T, Strauch T, Koynov K, Barner-Kowollik C, Ng DY, Weil T.
DNA–Polymer conjugates by photoinduced RAFT polymerization.
Biomacromolecules 2018;20:212–21.

[46] Kato M,  Kamigaito M,  Sawamoto M,  Higashimura T. Polymerization of
methyl methacrylate with the carbon
tetrachloride/dichlorotris-(triphenylphosphine) ruthenium
(II)/methylaluminum bis (2, 6-di-tert-butylphenoxide) initiating system:
possibility of living radical polymerization. Macromolecules
1995;28:1721–3.

[47] Wang JS, Matyjaszewski K. Controlled/l̈ivingr̈adical polymerization. Atom
transfer radical polymerization in the presence of transition-metal
complexes. J Am Chem Soc 1995;117:5614–5.

[48] Lewis AL, Leppard SW,  EP 20040702752 Conjugation reactions; 2004.
[49] Bontempo D, Maynard HD. Streptavidin as a macroinitiator for

polymerization: in situ protein− polymer conjugate formation. J Am Chem
Soc 2005;127:6508–9.

[50] Heredia KL, Bontempo D, Ly T, Byers JT, Halstenberg S, Maynard HD. In situ
preparation of protein−“smart” polymer conjugates with retention of
bioactivity. J Am Chem Soc 2005;127:16955–60.

[51] Weber PC, Ohlendorf D, Wendoloski J, Salemme F. Structural origins of
high-affinity biotin binding to streptavidin. Science 1989;243:85–8.

[52] Lele BS, Murata H, Matyjaszewski K, Russell AJ. Synthesis of uniform
protein−  polymer conjugates. Biomacromolecules 2005;6:3380–7.

[53] Cummings C, Murata H, Koepsel R, Russell AJ. Tailoring enzyme activity and
stability using polymer-based protein engineering. Biomaterials
2013;34:7437–43.

[54] Campbell AS, Murata H, Carmali S, Matyjaszewski K, Islam MF,  Russell AJ.
Polymer-based protein engineering grown ferrocene-containing redox
polymers improve current generation in an enzymatic biofuel cell. Biosens
Bioelectron 2016;86:446–53.

[55] Nicolas J, San Miguel V, Mantovani G, Haddleton DM. Fluorescently tagged
polymer bioconjugates from protein derived macroinitiators. Chem
Commun 2006:4697–9.

[56] Zhang Q, Li M,  Zhu C, Nurumbetov G, Li Z, Wilson P, et al. Well-defined
protein/peptide–polymer conjugates by aqueous Cu-LRP: synthesis and
controlled self-assembly. J Am Chem Soc 2015;137:9344–53.

[57] Daskalaki E, Droumaguet BL, Gérard D, Velonia K. Multifunctional Giant
Amphiphiles via simultaneous copper (I)-catalyzed azide–alkyne
cycloaddition and living radical polymerization. Chem Commun
2012;48:1586–8.

[58] Peeler JC, Woodman BF, Averick S, Miyake-Stoner SJ, Stokes AL, Hess KR,
et  al. Genetically encoded initiator for polymer growth from proteins. J Am
Chem Soc 2010;132:13575–7.

[59] Zeng Q, Li T, Cash B, Li S, Xie F, Wang Q. Chemoselective derivatization of a
bionanoparticle by click reaction and ATRP reaction. Chem Commun
2007:1453–5.

[60] Hu Y, Samanta D, Parelkar SS, Hong SW,  Wang Q, Russell TP, et al.
Ferritin–polymer conjugates: grafting chemistry and integration into
nanoscale assemblies. Adv Funct Mater 2010;20:3603–12.

[61] Jiang L, Bonde JS, Ye L. Temperature and pH controlled self-assembly of a
protein–Polymer biohybrid. Macromol Chem Phys 2018;219, 1700597/1-7.

[62] Pokorski JK, Breitenkamp K, Liepold LO, Qazi S, Finn MG.  Functional
virus-based polymer–protein nanoparticles by atom transfer radical
polymerization. J Am Chem Soc 2011;133:9242–5.

[63] Hu J, Wang G, Zhao W,  Liu X, Zhang L, Gao W.  Site-specific in situ growth of
an interferon-polymer conjugate that outperforms PEGASYS in cancer
therapy. Biomaterials 2016;96:84–92.

[64] Hu J, Zhao W,  Gao Y, Sun M,  Wei  Y, Deng H, et al. Site-specific in situ growth
of  a cyclized protein-polymer conjugate with improved stability and tumor

retention. Biomaterials 2015;47:13–9.

[65] Becker ML,  Liu J, Wooley KL. Peptide-polymer bioconjugates: hybrid block
copolymers generated via living radical polymerizations from
resin-supported peptides. Chem Commun 2003:180–1.

http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0020
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0025
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0030
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0035
dx.doi.org/10.1007/s10989-019-09840-4
dx.doi.org/10.1007/s10989-019-09840-4
dx.doi.org/10.1007/s10989-019-09840-4
dx.doi.org/10.1007/s10989-019-09840-4
dx.doi.org/10.1007/s10989-019-09840-4
dx.doi.org/10.1007/s10989-019-09840-4
dx.doi.org/10.1007/s10989-019-09840-4
dx.doi.org/10.1007/s10989-019-09840-4
dx.doi.org/10.1007/s10989-019-09840-4
dx.doi.org/10.1007/s10989-019-09840-4
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0045
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0050
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0055
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0060
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0065
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0070
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0075
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0080
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0085
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0090
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0095
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0100
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0105
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0110
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0115
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0120
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0125
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0130
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0135
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0140
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0145
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0150
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0155
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0160
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0165
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0170
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0175
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0180
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0185
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0190
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0195
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0200
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0205
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0210
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0215
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0220
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0225
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0230
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0235
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0240
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0240
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0240
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0240
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0240
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0240
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0240
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0240
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0240
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0245
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0250
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0255
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0260
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0265
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0270
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0275
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0280
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0285
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0290
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0295
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0300
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0305
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0310
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0315
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0320
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325
http://refhub.elsevier.com/S0079-6700(19)30192-3/sbref0325


t al. / 
M.S. Messina, K.M.M. Messina, A. Bhattacharya e

[66] Angot S, Ayres N, Bon SAF, Haddleton DM.  Living radical polymerization
immobilized on Wang resins: synthesis and harvest of narrow
polydispersity poly (methacrylate)s. Macromolecules 2001;34:768–74.

[67] Mei Y, Beers KL, Michelle Byrd HC, VanderHart DL, Washburn NR.
Solid-phase ATRP synthesis of peptide− polymer hybrids. J Am Chem Soc
2004;126:3472–6.

[68] Lou X, Lewis MS,  Gorman CB, He L. Detection of DNA point mutation by
atom transfer radical polymerization. Anal Chem 2005;77:4698–705.

[69] Lou X, He L. DNA-accelerated atom transfer radical polymerization on a gold
surface. Langmuir 2006;22:2640–6.

[70] Lou X, Wang C, He L. Core−Shell Au nanoparticle formation with
DNA−Polymer hybrid coatings using aqueous ATRP. Biomacromolecules
2007;8:1385–90.

[71] Averick S, Simakova A, Park S, Konkolewicz D, Magenau AJD, Mehl RA, et al.
ATRP under biologically relevant conditions: grafting from a protein. ACS
Macro Lett 2011;1:6–10.

[72] Jakubowski W,  Matyjaszewski K. Activator generated by electron transfer for
atom transfer radical polymerization. Macromolecules 2005;38:4139–46.

[73] Wu Y, Liu S, He L. Electrochemical biosensing using
amplification-by-polymerization. Anal Chem 2009;81:7015–21.

[74] Lin EW,  Maynard HD. Grafting from small interfering ribonucleic acid
(siRNA) as an alternative synthesis route to siRNA–polymer conjugates.
Macromolecules 2015;48:5640–7.

[75] Tokura Y, Jiang Y, Welle A, Stenzel MH,  Krzemien KM,  Michaelis J, et al.
Bottom-up fabrication of nanopatterned polymers on DNA origami by in situ
atom-transfer radical polymerization. Angew Chem Int Ed 2016;55:5692–7.

[76] Zhu B, Lu D, Ge J, Liu Z. Uniform polymer–protein conjugate by aqueous
AGET ATRP using protein as a macroinitiator. Acta Biomater 2011;7:2131–8.
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