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ABSTRACT: An aqueous electrochemically mediated atom
transfer radical polymerization (eATRP) was performed in a
small volume solution (75 yL) deposited on a screen-printed
electrode (SPE). The reaction was open to air, thanks to the
use of glucose oxidase (GOx) as an oxygen scavenger. Well-
defined poly(2-(methylsulfinyl)ethyl acrylate) (PMSEA),
poly(oligo(ethylene oxide) methyl ether methacrylate)
(POEOMA), and corresponding DNA—polymer biohybrids
were synthesized by the small-volume eATRP at room
temperature. The reactions were simplified and polymer-
ization rates increased by the application of the enzyme
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deoxygenating system and the compact electrochemical setup. Importantly, the volume of polymerization mixture was lowered
to microliters, which not only decreases the cost for each reaction, but can also be potentially implemented in combinatorial
chemistry and electrode-array configurations for high-throughput systems.

Atom transfer radical polymerization (ATRP) is one of the
most widely used techniques to generate polymers with
narrow molecular weight distributions and predetermined
architectures.' With the development of active catalyst systems,
ATRP can now be conducted at parts per million (ppm) levels of
transition metal using activators regenerated by electron transfer
(ARGET),2 initiators for continuous activator regeneration
(ICAR),” supplemental activator and reducing agent (SARA),*
photoinduced (photo-ATRP),” electrochemically mediated
ATRP (eATRP),® and mechanically induced (mechano-)
ATRP.

eATRP and other electrochemical polymerizations® receive
an increasing attention due to low catalyst loading, improved
tolerance toward oxygen, elimination of chemical reducing
agents, capability of copper removal through electrodeposition,
and fabrication of functional surfaces.” Also, eATRP allows
precise selection and control of the ratio of activator to
deactivator, and the polymerization can be stopped and
restarted by changing the applied current (Iapp) or applied
potential (E,,,)."" eATRP was previously used to prepare
various functional polymers. For example, Li et al.'" conducted
eATRP on nonconducting substrates, and they controlled brush
growth through catalyst diffusion between the working electrode
and the initiator-anchored substrate. Sun et al.'” prepared a
hemoglobin (Hb) imprinted polymer by eATRP in which Hb
was used as the catalyst via electrochemical reduction of
methemoglobin (Hb-Fe(IIl)) to Hb-Fe(I). De Bon et al."”
carried out eATRP of methyl acrylate (MA) in an ionic liquid
without a supporting electrolyte.
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eATRP is generally carried out in a traditional three-electrode
system, which includes a working electrode (WE), a counter
electrode (CE), and a reference electrode (RE).*>'* The WE is
used to generate the active Cu(I) catalysts from air-stable Cu(1I)
complexes."> The setup requires quite large volumes (~10 mL)
to ensure appropriate stirring and contact of all electrodes with
the polymerization solution. It would be beneficial to reduce the
volume of an eATRP polymerization in order to employ scarce
or expensive materials such as proteins or DNA or for high-
throughput synthesis with microelectrode arrays. A small-
volume polymerization (<100 uL) not only reduces the cost
for each reaction, but also has a positive environmental impact,
generating less waste and contamination.

We employed a compact and very simple electrochemical
setup consisting of a screen-printed electrode (SPE) in order to
decrease the typical reaction volume of an eATRP by over 100X
(down to 75 uL). SPEs are disposable and inexpensive electrode
substrates, which contain the WE, CE, and RE in an all-in-one
package and in a small footprint of <1 cm?'® SPEs can avoid
traditional preparation and polishing of solid electrodes, thus,
making the operation drastically easier. Moreover, in an SPE, the
surface area of the working electrode is very large compared to
the tiny polymerization volume, which is a fundamental
prerequisite to efficiently reduce Cu(II) species to active
Cu(I) complexes.
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Scheme 1. Preparation of DNA—Polymer Hybrids by Small-Volume eATRP
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Figure 1. eATRP of MSEA. (A) CV of CuBr,/Me,TREN in the presence of HOiBBr, MSEA, and EDS at 0.1 V/s. (B) I—t curve. (C) Kinetics and (D)
evolution of M, and M,,/M, with conversion of MSEA. Reaction conditions: MSEA (monomer, M; 50% m/v), [M]/[1]/[CuBr,]/[Me,TREN] =
500:1:2.5:5. I = initiator (HOiBBr). [Glucose] = 0.2 M, [GOx] =2 uM, [SP] = 0.1 M. E,, = E,,. = —0.32 V (vs Ag pseudoreference electrode). SPE =

app
DS110 (Metrohm Dropsens), WE: Carbon, CE: Carbon, RE: Silver.

However, such a drastic cut of the reaction volume anaerobic environments because propagating radicals react with

exacerbates the challenge of deoxygenation of the reaction oxygen to form stable peroxy radicals and hydroperoxides, thus

mixture. Radical polymerizations are typically performed in quenching chain growth.'” Commonly used techniques for
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Table 1. Small-Volume eATRP of MSEA”
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HOIBBr PEG,,iBBr MSEA
entry EDS E,, (mV) initiator M/1/CuBr,/Me,TREN ¢ (min)  k° (h™)  conv.®% My (X107) M, gpc® (X1073)  M,/M,°
1 x Epe HOIBBr 500:1:2.5:5 60 0.051 s 43 52 1.37
2 v Epe HOiBBr 500:1:2.5:5 60 0.083 8 6.8 8.0 1.34
3 v E 40 HOIiBBr 500:1:2.5:5 60 0.105 10 83 9.0 1.44
4 v Ei HOiBBr 500:1:2.5:5 60 0.073 7 59 6.4 1.34
s x E,. PEG,,iBBr 500:1:2.5:5 120 0.047 9 9.4 12.1 127
6 Vv Eye PEG,iBBr 500:1:2.5:5 60 0.073 7 7.9 10.0 133

“[M] = 50 vol %, total volume = 75 uL, T = rt, SPE = DS110 (Metrohm Dropsens), WE: carbon, CE: carbon, RE: silver, [glucose] = 0.2 M, [GOx]
=2 uM, [SP] = 0.1 M. “Calculated from the slope of the In([M]/[M],) vs time plot. “Conversion determined by 'H NMR using <2% DMF as

internal standard. dManh calculated based on equation (M, 1y = Mysga X [MSEA], X conv/([1]y) + M.

e

M, cpc and M, /M, were determined by

GPC in DMF, based on poly(methyl methacrylate) (PMMA) as the calibration standards. GPC traces are shown in Figure S5./The half wave

potential of the catalysts.

degassing polymerization solutions are freeze—pump—thaw
cycles, purgin§ with inert gas, and working in a glovebox or
Schlenk line."® However, these methods are time-consuming,
difficult to scale up, challenging for nonexperts, and may lead to
significant evaporation of some volatile reagents, especially in
the case of low-volume reactions.'” Moreover, freeze—pump—
thaw cycles are not compatible with most electrochemical
instruments. Enzyme degassing, on the other hand, does not
require any applied vacuum or inert gas, because the enzyme
glucose oxidase (GOx) creates an in situ anaerobic environment
by the continuous conversion of oxygen to carbon dioxide in the
presence of glucose and sodium pyruvate (SP)."5*'?*%° It is a
very convenient, fast, and efficient deoxygenation method for
controlled radical polymerizations, and it is especially suitable
for electrochemistry setups.

Considering the advantages of eATRP and small volume
reactions, this paper describes the preparation of well-defined
polymers and DNA—polymer biohybrids via small-volume
eATRP. As shown in Scheme 1, eATRP was conducted using
75 uL samples on SPEs with an enzyme degassing system (EDS;
glucose + SP + GOx).

The reaction setup for small-volume eATRP is shown in
Figure S1. A pipette tip was cut and placed on the surface of SPE
to confine the polymerization solution, thus, acting as a vial open
to air (diameter 9 mm). A small volume of polymerization
solution (75 uL) was mixed and put into the pipette-tip “vial”. A
small, nonairtight chamber hood covered the electrode setup to
slow down solvent evaporation and oxygen diffusion.

To investigate the effect of the EDS on eATRP, we conducted
cyclic voltammetry (CV) of the polymerization mixture in the
presence, or in the absence, of EDS. As shown in Figure S2, the
CV of the ATRP catalyst CuBr,/Me,TREN (Me,TREN =
tris[2-(dimethylamino)ethyl] amine) was similar in the
presence or in the absence of EDS, which showed that the
enzyme degassing system had no effect on the electron transfer
on the surface of a SPE and, thus, can be used in an eATRP
process .

We first tested the small-volume eATRP of the monomer 2-
(methylsulfinyl)ethyl acrylate (MSEA) due to its biocompati-
bility.”' The catalyst was CuBr,/MesTREN and the initiator 2-
hydroxyethyl a-bromoisobutyrate (HOiBBr).

Figure 1 shows the eATRP results of MSEA. Figure 1A
illustrates the CV of CuBr,/L (L = Me,TREN) in the presence
of HOiBBr, MSEA, and EDS at 0.1 V/s. The cathodic peak
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potential (E,,) is selected to conduct the polymerization.””
Figure 1B shows the typical I—t curve. The current decays
rapidly as [XCuL]* is converted to [XCu'L] with time.
Afterward, the current approaches a low and constant value as
the system tends toward a fixed [XCu"L]/[XCu'L] ratio,
determined by the selected applied potential (E,y,). Figure 1C
shows the polymerization kinetics for the eATRP of MSEA after
application of a potential of E,.. Cu(I)/L was generated at the
working electrode and diffused into the small solution volume,
triggering polymerization. Figure 1C shows a linear semi-
logarithmic kinetic plot. Figure 1D shows the evolution of the
number-average molecular weight (M, cpc) and dispersity
values with conversion of MSEA (GPC traces can be seen in
Figure S3). The M, gpc values of the polymers increased linearly
with monomer conversion. The experimental molecular weights
were a little higher than the theoretical values, which could be
attributed to the difference between PMSEA and the GPC
calibration standards (PMMA).

After this first successful microscale electropolymerization,
several eATRP parameters were studied, such as the effect of
enzyme degassing, Epp and nature of the initiator, Table 1.

When the polymerization was conducted in the absence of
EDS, the reactions reached 5% conversion in 60 min with the
dispersity (P) of 1.37. This indicated that this low volume
eATRP is itself oxygen tolerant. The presence of EDS, however,
accelerated the polymerization: the conversion was 8%, with a
slightly lower D = 1.34 (Table 1, entries 1 and 2). The reaction
rate increased more than 60% in the presence of the degassing
enzyme (apparent propagation rate constant, k,*, increased
from 0.051 to 0.083 h™"). Figure S4 further showed the effect of
EDS on the kinetics of the low volume eATRP of MSEA.

Three E,,, values were selected to perform the polymerization
(entries 2—4), thus, altering the Cu(I)/Cu(Il) concentration at
the surface of the SPE. The reaction rate increased with the
application of a more negative potential, in agreement with
increasing [Cu(I)] at the working electrode. The polymer
prepared at the most negative potential, E,. — 40 mV, showed
the highest dispersity, which could be due to too low [Cu(II)]
and, thus, insufficient deactivation. Conversely, the polymer
prepared at both E,. and E, , (half-wave potential of the redox
couple) had the same low D value of 1.34. Since the
polymerization at E,. was faster than at E;),, E,. was used as

the E,, in the following experiments.
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Figure 2. (A) CV of CuBr,/Me,TREN in the presence of DNA initiator, MSEA, and EDS at 0.1 V/s. (B) Evolution of M,, and M,,/M,, with conversion
of MSEA using modified-DNA as the initiator. Reaction conditions: MSEA (M) (50% m/v), [M]/[1]/[CuBr,]/[Mes,TREN] = 500:1:0.25:5, SPE =
DS110 (Metrohm Dropsens), WE: carbon, CE: carbon, RE: silver.

Table 2. eATRP Results for Polymerization of OEOMA,,, under Various Conditions”

entry EDS  E,, (mV) initiator M/1/CuBr,/TPMA  t(min)  k® (h™) conv.” % M5 (X107°) M, opc” (x107)  M,/M,?
1 v E,. PEG,,iBBr 500:0.5:1:5 s 0.35 2 10.4 7.8 1.37
2 v E,. PEG,,iBBr 500:0.25:1:5 30 0.31 12 74.6 632 1.39
3 v E,. PEG,,iBBr 500:0.25:0.5:2.5 10 0.26 4 242 184 1.36
4 v E,. PEG,,iBBr 500:0.25:0.2:1 20 0.22 6 38.0 27.0 1.59

4[M] = 50 vol %, total volume = 75 uL, T = rt, SPE = DS550 (Metrohm Dropsens), WE: platinum, CE: platinum, RE: silver, [glucose] = 0.2 M,
[GOx] =2 uM, [SP] =0.1 M. bConversion determined by '"H NMR. M, , calculated based on equation (M, 1, = Mogoma X [OEOMA], X conv/
(1) + M, dMn,GPC and M,,/M, were determined by GPC in DMF, based on PMMA as the calibration standards. GPC traces can be seen in
Figure S10.

The macroinitiator poly(ethylene glycol),s modified with an Cy3-DNA-poly(MSEA), which indicated the successful prep-

a-bromoisobutyrate end group (PEG,,iBBr) was also tested for aration of the DNA—polymer conjugates.
the small-volume eATRP of MSEA. The polymer’s D was low Polymerization of the commercially available monomer
whether it was prepared in the presence or in the absence of the oligo(ethylene oxide) methyl ether methacrylate (M, = 300,

EDS (Table 1, entries 5—6). The M, values estimated from GPC OEOMA;,) was also conducted on the SPEs. A catalyst with
were slightly higher than the theoretical values, which could be lower activity was selected, CuBr,/TPMA (TPMA = tris(2-

due to either incomplete initiation or the difference in pyridylmethyl)amine), Flue to the. higher activity Of_ tbis
hydrodynamic volume between the PMMA standards and methacrylate monomer in ATRP. First, in order to optimize
PMSEA 2'® the conditions for the preparation of DNA—POEOMA;;,

hybrids, a PEG,,iBBr macroinitiator was used. The effects of a
targeted degree of polymerization (DPr) and Cu catalyst
concentrations were studied. As shown in Table 2, for different
DPr, all the experiments exhibited relatively narrow molecular
weight distributions (M,,/M, < 1.40). When DP; = 1000 or
2000 (Table 2, entries 1—2), the polymerization rate decreased
when targeting higher DP. Different loadings of Cu catalyst were

previously reported.*”’ Figure 2A presents the CV of then tested at DPy = 2000. Initially 2000 ppm of Cu(II) catalytic
CuBr,/Me,TREN in the presence of DNA initiator, MSEA, T ‘ Y 2 U PP vt
complex (vs monomer) was utilized and then gradually

and enzyme degassing system. According to the results of Table decreased to 400 ppm (Table 2, entries 2—4). Although, with
1, eATRP was conducted at E,,, which gave a successful grafting
from DNA with linear polymerization kinetics (Figure S8A).
The evolution of M, gpc and dispersity values versus MSEA

The bioconjugates of synthetic polymers with DNA, that is,
DNA—polymer hybrid materials,”® have been considered for
drug delivery,”* as scaffolds for directing organic reactions,” or
models of virus-like particles.26 Herein, a 6-mer DNA macro-
initiator (cf. Figures S6A and S7A) was synthesized with a
preattached a-bromoisobutyrate group on the 5’-end, as

a reduced rate of reaction, eATRP provided good control with
1000 ppm of Cu catalyst. When 400 ppm of Cu was used, only
6% of conversion was reached in 20 min, and the polymer had a

conversion are shown in Figure 2B. The polymerization was broader molecular weight distribution (M, /M, = 1.59). The
stopped when the dispersity increased to higher than 1.45, which limited control was possibly due to the low deactivator
may be due to not homogeneous stirring conditions. The GPC concentration at lower ppm of Cu. The polymerization rate
traces can be seen in Figure S8B. In order to confirm that the increased at increasing Cu concentration, in agreement with
DNA remained intact after the polymerization, a DNA initiator previous reports.zs

with Cyanine3 dye on the 3’-end (Cy3-DNA-iBBr) was The molar ratio of [M]/[I]/[CuBr,]/[TPMA] =
synthesized for the polymerization (cf. Figures S6B,C and 500:0.25:0.5:2.5 was used to prepare DNA—POEOMA;,
S7B). As shown in Figure S9, the characteristic fluorescent peak hybrids because of the low concentration of DNA initiator

of the dye at 585 nm was observed on both the Cy3-DNA and and catalyst. Figure 3A shows the CV of CuBr,/TPMA in the
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Figure 3. eATRP of OEOMAy,. (A) CV of CuBr,/TPMA in the presence of DNA initiator, OEOMA;, and EDS at 0.1 V/s. (B) Evolution of M, and

M,,/M, with conversion of OEOMA,,. Reaction conditions: OEOMA,o, (M) (50% m/v), [M]/[1]/[CuBr,]/[TPMA] = 500:0.25:0.5:2.5, E

app =

Epc, SPE = DSS550 (Metrohm Dropsens), WE: platinum, CE: platinum, RE: silver.

presence of DNA initiator, OEOMA;(, and enzyme degassing
system. After the eATRP of OEOMA;y,, conducted at E,, for
different times, a linear semilogarithmic kinetic plot versus time
was observed, Figure S11A. The evolution of the number-
average molecular weight (M, gpc) and dispersity values with
conversion of OEOMA are shown in Figure 3B; the M, gpc
values of the polymers increased linearly with monomer
conversion. Despite the low monomer conversion, a well-
defined polymer with a molecular weight >25000 was grafted
from DNA in less than 30 min. The GPC traces can be seen in
Figure S11B.

In conclusion, the first example of small-volume eATRP using
GOx as oxygen scavenger was conducted in aqueous media.
Well-defined polymers and DNA hybrids were synthesized, with
reaction times varying from a few minutes to hours at room
temperature. The reactions benefitted from the simple setup and
were accelerated by the application of a Glu + GOx + SP
deoxygenating system.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS DPublications website at DOI: 10.1021/acsmacro-
lett.9b00159.

Experimental details and GPC traces of DNA—polymer
hybrids (PDF)

H AUTHOR INFORMATION
Corresponding Author

*E-mail: km3b@andrew.cmu.edu.

ORCID

Yi Wang: 0000-0002-4002-9516

Liye Fu: 0000-0002-7077-5632

Subha Das: 0000-0002-5353-0422

Krzysztof Matyjaszewski: 0000-0003-1960-3402
Notes

The authors declare no competing financial interest.

607

B ACKNOWLEDGMENTS

We thank the NSF (CHE-1707490) for financial support. Y.S.
gratefully acknowledges financial support from the China
Scholarship Council. G.S. gratefully acknowledges the Polish
Ministry of Science and Higher Education (“Mobilnosc Plus”
Grant No. 1646/MOB/V/2017/0) for financial support.

B REFERENCES

(1) (a) Matyjaszewski, K; Tsarevsky, N. V. Macromolecular
Engineering by Atom Transfer Radical Polymerization. J. Am. Chem.
Soc. 2014, 136 (18), 6513—6533. (b) Ribelli, T. G.; Lorandj, F.; Fantin,
M.; Matyjaszewski, K. Atom Transfer Radical Polymerization: Billion
Times More Active Catalysts and New Initiation Systems. Macromol.
Rapid Commun. 2019, 40 (1), 1800616. (c) Matyjaszewski, K.
Advanced Materials by Atom Transfer Radical Polymerization. Adv.
Mater. 2018, 30 (23), 1706441.

(2) Jakubowski, W.; Min, K.; Matyjaszewski, K. Activators
Regenerated by Electron Transfer for Atom Transfer Radical
polymerization of Styrene. Macromolecules 2006, 39, 39—4S.

(3) Konkolewicz, D.; Magenau, A. J. D.; Averick, S. E.; Simakova, A.;
He, H.; Matyjaszewski, K. ICAR ATRP with ppm Cu Catalyst in Water.
Macromolecules 2012, 45 (11), 4461—4468.

(4) Konkolewicz, D.; Krys, P.; Gdis, J. R.; Mendonga, P. V.; Zhong,
M.; Wang, Y.,; Gennaro, A.; Isse, A. A.; Fantin, M.; Matyjaszewski, K.
Aqueous RDRP in the Presence of Cu’: The Exceptional Activity of Cu'
Confirms the SARA ATRP Mechanism. Macromolecules 2014, 47 (2),
560—570.

(5) Pan, X; Tasdelen, M. A; Laun, J; Junkers, T.; Yagci, Y,;
Matyjaszewski, K. Photomediated Controlled Radical Polymerization.
Prog. Polym. Sci. 2016, 62, 73—125.

(6) Magenau, A. J. D.; Strandwitz, N. C.; Gennaro, A.; Matyjaszewski,
K. Electrochemically Mediated Atom Transfer Radical Polymerization.
Science 2011, 332, 81—84.

(7) Mohapatra, H.; Kleiman, M.; Esser-Kahn, A. P. Mechanically
Controlled Radical Polymerization Initiated by Ultrasound. Nat. Chem.
2017, 9 (2), 135—139.

(8) (a) Guo, J.-K.; Zhou, Y.-N.; Luo, Z.-H. Kinetic Insights into the
Iron-Based Electrochemically Mediated Atom Transfer Radical
Polymerization of Methyl Methacrylate. Macromolecules 2016, 49
(11), 4038—4046. (b) Qi, M;; Dong, Q; Wang, D.; Byers, J. A.
Electrochemically Switchable Ring-Opening Polymerization of Lactide
and Cyclohexene Oxide. J. Am. Chem. Soc. 2018, 140 (17), 5686—5690.
(c) Chen, C. Redox-Controlled Polymerization and Copolymerization.
ACS Catal. 2018, 8 (6), 5506—5514. (d) Peterson, B. M; Lin, S.; Fors,

DOI: 10.1021/acsmacrolett.9b00159
ACS Macro Lett. 2019, 8, 603—609


http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00159/suppl_file/mz9b00159_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00159/suppl_file/mz9b00159_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsmacrolett.9b00159
http://pubs.acs.org/doi/abs/10.1021/acsmacrolett.9b00159
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00159/suppl_file/mz9b00159_si_001.pdf
mailto:km3b@andrew.cmu.edu
http://orcid.org/0000-0002-4002-9516
http://orcid.org/0000-0002-7077-5632
http://orcid.org/0000-0002-5353-0422
http://orcid.org/0000-0003-1960-3402
http://dx.doi.org/10.1021/acsmacrolett.9b00159

ACS Macro Letters

B. P. Electrochemically Controlled Cationic Polymerization of Vinyl
Ethers. J. Am. Chem. Soc. 2018, 140 (6), 2076—2079.

(9) (a) Chmielarz, P.; Fantin, M.; Park, S.; Isse, A. A.; Gennaro, A.;
Magenau, A. J. D.; Sobkowiak, A.; Matyjaszewski, K. Electrochemically
Mediated Atom Transfer Radical Polymerization (eATRP). Prog.
Polym. Sci. 2017, 69, 47—78. (b) Chmielarz, P.; Sobkowiak, A.;
Matyjaszewski, K. A Simplified Electrochemically Mediated ATRP
Synthesis of PEO-b-PMMA Copolymers. Polymer 2018, 77, 266—271.
(c) Chmielarz, P.; Yan, J.; Krys, P.; Wang, Y.; Wang, Z.; Bockstaller, M.
R.; Matyjaszewski, K. Synthesis of Nanoparticle Copolymer Brushes via
Surface-Initiated seATRP. Macromolecules 2017, S0 (11), 4151—4159.
(d) Shida, N.; Koizumi, Y.; Nishiyama, H.; Tomita, L; Inagi, S.
Electrochemically Mediated Atom Transfer Radical Polymerization
from a Substrate Surface Manipulated by Bipolar Electrolysis:
Fabrication of Gradient and Patterned Polymer Brushes. Angew.
Chem., Int. Ed. 2015, 54 (13), 3922—3926. (e) Bortolamei, N.; Isse, A.
A.; Magenau, A. J.; Gennaro, A.; Matyjaszewski, K. Controlled Aqueous
Atom Transfer Radical Polymerization with Electrochemical Gen-
eration of the Active Catalyst. Angew. Chem., Int. Ed. 2011, S0 (48),
11391-11394.

(10) (a) Fantin, M.; Park, S.; Wang, Y.; Matyjaszewski, K.
Electrochemical Atom Transfer Radical Polymerization in Miniemul-
sion with a Dual Catalytic System. Macromolecules 2016, 49 (23),
8838—8847. (b) Magenau, A. J. D.; Bortolamei, N.; Frick, E.; Park, S.;
Gennaro, A.; Matyjaszewski, K. Investigation of Electrochemically
Mediated Atom Transfer Radical Polymerization. Macromolecules
2013, 46 (11), 4346—4353. (c) Chmielarz, P.; Park, S.; Sobkowiak,
A.; Matyjaszewski, K. Synthesis of f-Cyclodextrin-Based Star Polymers
via a Simplified Electrochemically Mediated ATRP. Polymer 2016, 88,
36—42.

(11) Li, B; Yu, B.; Huck, W. T.; Liu, W.; Zhou, F. Electrochemically
Mediated Atom Transfer Radical Polymerization on Nonconducting
Substrates: Controlled Brush Growth Through Catalyst Diffusion. J.
Am. Chem. Soc. 2013, 135 (5), 1708—1710.

(12) Sun, Y.; Du, H,; Lan, Y,; Wang, W,; Liang, Y.; Feng, C.; Yang, M.
Preparation of Hemoglobin (Hb) Imprinted Polymer by Hb Catalyzed
eATRP and its Application in Biosensor. Biosens. Bioelectron. 2016, 77,
894—900.

(13) De Bon, F.; Fantin, M.; Isse, A. A.; Gennaro, A. Electrochemically
Mediated ATRP in Ionic Liquids: Controlled Polymerization of Methyl
Acrylate in [BMIm][OTf]. Polym. Chem. 2018, 9 (S), 646—65S.

(14) (a) Lorandi, F.; Fantin, M.; Isse, A. A.; Gennaro, A.
Electrochemical Triggering and Control of Atom Transfer Radical
Polymerization. Curr. Opin. Electrochem. 2018, 8, 1—7. (b) Chmielarz,
P.; Sobkowiak, A. Ultralow ppm seATRP Synthesis of PEO-b-PBA
Copolymers. J. Polym. Res. 2017, 24 (S), 77.

(15) Fantin, M.; Chmielarz, P.; Wang, Y.; Lorandi, F.; Isse, A. A;
Gennaro, A.; Matyjaszewski, K. Harnessing the Interaction Between
Surfactant and Hydrophilic Catalyst to Control eATRP in Mini-
emulsion. Macromolecules 2017, 50 (9), 3726—2732.

(16) (a) Renedo, O. D.; Alonso-Lomillo, M. A.; Martinez, M. J. A.
Recent Developments in the Field of Screen-Printed Electrodes and
their Related Applications. Talanta 2007, 73 (2),202—219. (b) Li, M.;
Li, Y.-T.; Li, D.-W.; Long, Y.-T. Recent Developments and Applications
of Screen-Printed Electrodes in Environmental Assays—A Review.
Anal. Chim. Acta 2012, 734, 31—44. (c) Taleat, Z.; Khoshroo, A.;
Mazloum-Ardakani, M. Screen-Printed Electrodes for Biosensing: A
Review (2008—2013). Microchim. Acta 2014, 181 (9), 865—891.

(17) (2) Yeow, J.; Chapman, R;; Gormley, A. J.; Boyer, C. Up in the
Air: Oxygen Tolerance in Controlled/Living Radical Polymerisation.
Chem. Soc. Rev. 2018, 47 (12), 4357—4387. (b) Shanmugam, S.; Xu, J.;
Boyer, C. Aqueous RAFT Photopolymerization with Oxygen
Tolerance. Macromolecules 2016, 49 (24), 9345—9357. (c) Xu, J.;
Jung, K; Atme, A.; Shanmugam, S.; Boyer, C. A Robust and Versatile
Photoinduced Living Polymerization of Conjugated and Unconjugated
Monomers and its Oxygen Tolerance. J. Am. Chem. Soc. 2014, 136 (14),
5508—-5S19.

(18) (a) Kottisch, V.; Michaudel, Q.; Fors, B. P. Photocontrolled
Interconversion of Cationic and Radical Polymerizations. . Am. Chem.

608

Soc. 2017, 139 (31), 10665—10668. (b) Treat, N. J.; Sprafke, H.;
Kramer, J. W,; Clark, P. G.; Barton, B. E.; Read de Alaniz, J.; Fors, B. P.;
Hawker, C. J. Metal-Free Atom Transfer Radical Polymerization. J. Am.
Chem. Soc. 2014, 136 (45), 16096—16101. (c) Enciso, A. E.; Fu, L,;
Lathwal, S.; Olszewski, M.; Wang, Z.; Das, S. R;; Russell, A. J;
Matyjaszewski, K. Biocatalytic "Oxygen-Fueled” Atom Transfer
Radical Polymerization. Angew. Chem. Int. Ed. 2018, S7 (49),
16157—16161. (d) Enciso, A. E.; Fu, L.; Russell, A. J.; Matyjaszewski,
K. A Breathing Atom-Transfer Radical Polymerization: Fully Oxygen-
Tolerant Polymerization Inspired by Aerobic Respiration of Cells.
Angew. Chem., Int. Ed. 2018, 57 (4), 933—936.

(19) (a) Yeow, J.; Chapman, R; Xu, J.; Boyer, C. Oxygen Tolerant
Photopolymerization for Ultralow Volumes. Polym. Chem. 2017, 8
(34), 5012—5022. (b) Fu, L.; Wang, Z.; Lathwal, S.; Enciso, A. E.;
Simakova, A; Das, S. R.; Russell, A. J.; Matyjaszewski, K. Synthesis of
Polymer Bioconjugates via Photoinduced Atom Transfer Radical
Polymerization under Blue Light Irradiation. ACS Macro Lett. 2018, 7
(10), 1248—1253.

(20) Wang, Y.; Fu, L.; Matyjaszewski, K. Enzyme-Deoxygenated Low
Parts per Million Atom Transfer Radical Polymerization in
Miniemulsion and Ab Initio Emulsion. ACS Macro Lett. 2018, 7 (11),
1317—-1321.

(21) (a) Li, S.; Chung, H. S.; Simakova, A.; Wang, Z.; Park, S.; Fu, L.;
Cohen-Karni, D.; Averick, S.; Matyjaszewski, K. Biocompatible
Polymeric Analogues of DMSO Prepared by Atom Transfer Radical
Polymerization. Biomacromolecules 2017, 18 (2), 475—482. (b) Li, S;
Omi, M.; Cartieri, F.; Konkolewicz, D.; Mao, G.; Gao, H.; Averick, S. E.;
Mishina, Y.; Matyjaszewski, K. Cationic Hyperbranched Polymers with
Biocompatible Shells for siRNA Delivery. Biomacromolecules 2018, 19
(9), 3754—3765.

(22) Wang, Y.; Fantin, M.; Matyjaszewski, K. Synergy between
Electrochemical ATRP and RAFT for Polymerization at Low Copper
Loading. Macromol. Rapid Commun. 2018, 39 (12), 1800221.

(23) (a) Lueckerath, T.; Strauch, T.; Koynov, K.; Barner-Kowollik, C.;
Ng, D. Y. W,; Weil, T. DNA-Polymer Conjugates by Photoinduced
RAFT Polymerization. Biomacromolecules 2019, 20, 212—221.
(b) Kwak, M.; Herrmann, A. Nucleic Acid/Organic Polymer hybrid
Materials: Synthesis, Superstructures, and Applications. Angew. Chem.,
Int. Ed. 2010, 49, 8574—8587. (c) Kwak, M.; Herrmann, A. Nucleic
Acid Amphiphiles: Synthesis and Self-Assembled Nanostructures.
Chem. Soc. Rev. 2011, 40 (12), 5745—5S. (d) Kwak, M.; Gao, J;
Prusty, D. K.; Musser, A. J.; Markov, V. A,; Tombros, N.; Stuart, M. C.
A.; Browne, W. R; Boekema, E. J.; ten Brinke, G.; Jonkman, H. T.; van
Wees, B. J.; Loi, M. A.; Herrmann, A. DNA Block Copolymer Doing It
All: From Selection to Self-Assembly of Semiconducting Carbon
Nanotubes. Angew. Chem. 2011, 123, 3264—3268. (e) Yang, J.; Meng,
Z.; Liu, Q.; Shimada, Y.; Olsthoorn, R. C. L.; Spaink, H. P.; Herrmann,
A.; Kros, A. Performing DNA Nanotechnology Operations on a
Zebrafish. Chem. Sci. 2018, 9, 7271-7276. (f) Tokura, Y.; Jiang, Y.;
Welle, A,; Stenzel, M. H.; Krzemien, K. M.; Michaelis, J.; Berger, R;
Barner-Kowollik, C.; Wu, Y.; Weil, T. Bottom-Up Fabrication of
Nanopatterned Polymers on DNA Origami by In Situ Atom-Transfer
Radical Polymerization. Angew. Chem., Int. Ed. 2016, SS (19), 5692—
5697. (g) Tokura, Y.; Harvey, S.; Chen, C.; Wy, Y.; Ng, D. Y. W.; Weil,
T. Fabrication of Defined Polydopamine Nanostructures by DNA
Origami-Templated Polymerization. Angew. Chem., Int. Ed. 2018, 57,
1587—1591. (h) Pan, X;; Lathwal, S.; Mack, S.; Yan, J.; Das, S. R;;
Matyjaszewski, K. Automated Synthesis of Well-Defined Polymers and
Biohybrids by Atom Transfer Radical polymerization Using a DNA
Synthesizer. Angew. Chem., Int. Ed. 2017, 56, 2740—2743.

(24) (a) Yin, M; Ding, K.; Gropeanu, R. A.; Shen, ].; Berger, R.; Weil,
T.; Miillen, K. Dendritic Star Polymers for Efficient DNA Binding and
Stimulus-Dependent DNA Release. Biomacromolecules 2008, 9, 3231—
3238. (b) Rodriguez-Pulido, A.; Kondrachuk, A. L; Prusty, D. K; Gao,
J.; Loi, M. A,; Herrmann, A. Light-Triggered Sequence-Specific Cargo
Release from DNA Block Copolymer—Lipid Vesicles. Angew. Chem.
2013, 125, 1042—1046.

(25) Tokura, Y.; Harvey, S; Xu, X,; Chen, C.; Morsbach, S.;
Wunderlich, K.; Fytas, G.; Wu, Y.; Ng, D. Y. W.; Weil, T. Polymer Tube

DOI: 10.1021/acsmacrolett.9b00159
ACS Macro Lett. 2019, 8, 603—609


http://dx.doi.org/10.1021/acsmacrolett.9b00159

ACS Macro Letters

Nanoreactors via DNA-Origami Templated Synthesis. Chem. Commun.
2018, 54 (22), 2808—2811.

(26) Kwak, M.; Minten, L. J.; Anaya, D.-M.; Musser, A. J.; Brasch, M,;
Nolte, R.J. M,; Miillen, K.; Cornelissen, J. J. L. M.; Herrmann, A. Virus-
like Particles Templated by DNA Micelles: A General Method for
Loading Virus Nanocarriers. J. Am. Chem. Soc. 2010, 132, 7834—7835.

(27) Averick, S. E.; Dey, S. K; Grahacharya, D.; Matyjaszewski, K;
Das, S. R. Solid-Phase Incorporation of an ATRP Initiator for Polymer-
DNA Biohybrids. Angew. Chem., Int. Ed. 2014, 53 (10), 2739—2744.

(28) Fantin, M.; Lorandi, F.; Gennaro, A.; Isse, A. A.; Matyjaszewski,
K. Electron Transfer Reactions in Atom Transfer Radical Polymer-
ization. Synthesis 2017, 49, 3311—-3322.

609

DOI: 10.1021/acsmacrolett.9b00159
ACS Macro Lett. 2019, 8, 603—609


http://dx.doi.org/10.1021/acsmacrolett.9b00159

