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9 ABSTRACT: We demonstrate self-assembly, character-
10 ization and bioelectrocatalysis of redox-active cyclodextrin-
11 coated nanoparticles. The nanoparticles with host−guest
12 functionality are easy to assemble and permit entrapment
13 of hydrophobic redox molecules in aqueous solution. Bis-
14 pyrene-ABTS encapsulated nanoparticles were investigated
15 electrochemically and spectroscopically. Their use as
16 electron shuttles is demonstrated via an intraelectron
17 transfer chain between neighboring redox units of
18 clustered particles (Dh,DLS = 195 nm) and the mono-
19 and trinuclear Cu sites of bilirubin oxidases. Enhanced
20 current densities for mediated O2 reduction are observed
21 with the redox nanoparticle system compared to
22 equivalent bioelectrode cells with dissolved mediator.
23 Improved catalytic stability over 2 days was also observed
24 with the redox nanoparticles, highlighting a stabilizing
25 effect of the polymeric architecture. Bioinspired nano-
26 particles as mediators for bioelectrocatalysis promises to be
27 valuable for future biofuel cells and biosensors.

28 Electron transfer (ET) reactions are vital in biological
29 systems including metabolic pathways and photosyn-
30 thesis.1 In nature, many ET processes involve redox proteins
31 that rely on intramolecular electron transfer and long-range
32 electron transport between enzymes. The high efficiency and
33 specificity of nature’s biocatalysts has driven the development
34 of biomimetic enzyme-electrode interfaces for applications such
35 as energy conversion and biosensing.2 Biofuel cells are
36 emerging devices for converting chemical energy into electrical
37 energy which ideally exploit fast and efficient ET between
38 electrodes and enzymes.3 In most cases, such electron transfer
39 reactions are hampered due to the insulating globular structure
40 of the protein matrix surrounding the enzyme’s active site.
41 Improvements in the electrical wiring of enzymes and the
42 stability of enzyme−electrode interfaces are required to address
43 limitations of biofuel cells including limited operational stability
44 and low power output.
45 Direct electron transfer (DET) over short distances (≤1.5
46 nm) between the redox center(s) of enzymes and electrodes
47 has been achieved for a limited number of enzymes including
48 multicopper oxidases (MCOs). MCOs are of great interest for
49 the reduction of O2 at the cathode in biofuel cells.4,5 Mediated

50electron transfer (MET) is an alternative to DET that enables
51ET with a wide range of enzymes. For MET, redox polymers
52and redox molecules are employed to shuttle electrons to and
53from the enzyme’s active site.6,7 This can reduce the kinetic
54hindrance of interfacial ET but commonly at the expense of a
55high overpotential. Use of a mediator is attractive, but complex
56synthesis, chemical stability and leaching of the mediator in vivo
57and ex vivo are major concerns. An approach to address these
58limitations has been to use carbon or metal nanoparticles
59(NPs).
60Early work has described the use of gold NPs functionalized
61with enzyme cofactor for high catalytic turnover of glucose via
62modified apo-glucose oxidase (GOx)8 and apo-glucose
63dehydrogenase.9 More recently, gold NPs have been elegantly
64bonded to GOx and MCO enzymes to facilitate enzyme wiring
65with the electrode.10,11 While these examples highlight
66improved enzyme wiring via electronic bridging, multistep
67synthesis and protein engineering are necessary. Alternatively,
68carbon and metal NPs directly immobilized on electrode
69surfaces create high area meso- and nanostructured interfaces
70for DET via oriented immobilization and enzyme trapping.12,13

71Surface immobilization of catalytic components is the classic
72approach for biofuel cell construction. Immobilization is
73considered effective for electrode stabilization. Nevertheless,
74desorption, limiting surface coverages and enzyme activity loss
75(for example, due to conformational changes) are constraining
76factors.14,15

77Here, we further extend the use of MET between electrodes
78and enzymes to a strategy which uses mediator-containing
79sugar-coated nanoparticles in solution. To the best of our
80knowledge, no polymeric nanoparticle system has been
81explored either for ET with enzymes or for bioelectrocatalysis.
82In addition, we move away from the mainstream use of
83immobilized biocatalytic components and instead explore their
84use only in solution. This unconventional approach in
85particular opens up the possibility for (i) higher amounts of
86enzyme and mediator, (ii) improved enzymatic activity and (iii)
87the possibility to refuel electrode compartments for prolonged
88fuel cell performance. The cyclodextrin-based NPs are
89envisaged here for solution-based biofuel cells and flow-through
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90 biosensors but could also be harnessed for applications
91 including light harvesting.16

92 The encapsulated nanoparticles were prepared by self-
93 assembly of an amphiphilic β-cyclodextrin modified polystyrene

f1 94 polymer (PSCD) (Figure 1A). The PSCD polymer was

95 synthesized according to a convenient protocol via click
96 chemistry of functionalized cyclodextrin and polystyrene blocks
97 in high yield.17 Self-assembly of PSCD was explored in the
98 absence and presence of bis-pyrene-ABTS (2,2′-Azino-bis(3-
99 ethylbenzothiazoline-6-sulfonic acid)) via nanoprecipitation in
100 a large excess of water (see Supporting Information).
101 The possibility to spontaneously self-assemble nanoparticles
102 from β-cyclodextrin modified polystyrene solutions was first
103 confirmed by transmission electron microscopy (TEM) and
104 nanoparticle tracking analysis (NTA). TEM imaging of the bis-
105 pyrene-ABTS nanoparticles (PSCD-P2ABTSNP) revealed ag-
106 gregated clusters composed of individual nanoparticles with an
107 average diameter of 51 ± 18 nm (Figure 1B). NTA analysis
108 revealed direct evidence for NPs undergoing Brownian motion
109 with Dh,NTA = 169 and 74 nm for the PSCD-P2ABTSNP
110 nanoparticles and unmodified nanoparticles (PSCDNP),
111 respectively (Figure 1C and S1). The difference between self-
112 assembly performed in the absence and presence of bis-pyrene-
113 ABTS is consistent with the incorporation of guest molecules.
114 The clusters can form in solution with bis-pyrene-ABTS
115 molecules functioning as molecular bridges where each pyrene
116 functionality forms a 1:1 inclusion complex with a β-
117 cyclodextrin cavity present in the outer layer of individual
118 nanoparticles.18 Nonspecific aggregation must also be consid-
119 ered and likely contributes to the self-assembly of the clusters.
120 Dynamic light scattering (DLS) experiments were performed
121 to examine the PSCD-P2ABTSNP nanoparticles in more detail

f2 122 (Figure 2A). The relaxation time distribution plot, correspond-
123 ing to a mass-weighted distribution, reveals the presence of two
124 particle sizes with Dh,DLS = 195 and 1800 nm according to
125 Equation S1. The smaller population is complementary to that
126 obtained by NTA. The larger population confirms the presence
127 of large agglomerations in the suspension but their presence is
128 very small in number terms. Assuming that the particles behave
129 like a hard sphere in water and have the same density, the

130estimated number of the smaller objects with Dh,DLS = 195 nm
131is 97.5% according to Equation S2.
132The feasibility to encapsulate bis-pyrene-ABTS during
133nanoparticle self-assembly was established by UV−visible
134spectroscopy (Figure 2B). Three suspensions were inves-
135tigated: as-prepared PSCDNP and PSCD-P2ABTSNP, and
136saturated bis-pyrene-ABTS (H2O-P2ABTS) in 0.1 M phos-
137phate buffer (PB). The absorption spectrum for PSCDNP shows
138background absorbance due to the polymer and no well-defined
139peaks. In contrast, PSCD-P2ABTSNP and H2O-P2ABTS exhibit
140a single well-defined absorption peak at λmax = 344 and 340 nm,
141respectively, confirming the presence of the ABTS functionality.
142The absorption is markedly enhanced for PSCD-P2ABTSNP
143compared to the saturated H2O-P2ABTS solution, consistent
144with a dramatic improvement in solubility for bis-pyrene-ABTS
145via the polymeric architecture. The concentration of bis-pyrene-
146ABTS in PSCD-P2ABTSNP was estimated to be 6.5 μM based
147on linear calibration curves obtained for both ABTS and
148ABTS•− solutions (Figure S2).
149The electroactivity of as-prepared PSCD-P2ABTSNP and
150PSCDNP nanoparticle solutions was investigated at a glassy
151carbon electrode (GC) without additional supporting electro-
152lyte. Figure 2C shows cyclic voltammograms (CVs) recorded at
153100 mV s−1 of the redox encapsulated and control nano-
154particles. The CVs clearly show a chemically reversible redox
155couple at E1/2 = 0.46 V corresponding to the one electron
156oxidation of ABTS2− to ABTS•− for PSCD-P2ABTSNP. No
157redox signal is observed for PSCDNP in the absence of bis-
158pyrene-ABTS. The redox functionalities are therefore clearly
159present and accessible. The plots in Figures 2D and S3 show
160that the peak currents for the oxidation and reduction processes
161are proportional to the square root of the scan rate, as expected
162for diffusion-controlled behavior. Poor fitting was observed for
163the peak current vs scan rate over a wide scan rate range,
164discounting the presence of adsorbed electroactive species.
165Furthermore, after recording several CV cycles in PSCD-
166P2ABTSNP solution, no evidence for adsorbed electroactive
167NPs was observed at a GC electrode in PB (Figure S4).
168Although this data does not reveal evidence for NP adsorption,
169the possibility of dynamic adsorption/desorption during

Figure 1. (A) Schematic representation of the self-assembly of bis-
pyrene-ABTS encapsulated glyconanoparticles. (B) TEM imaging and
(C) hydrodynamic diameter distribution by NTA of PSCD-
P2ABTSNP.

Figure 2. (A) DLS autocorrelation function (g(2)-1) measured at 90°
and relaxation time distribution of PSCD-P2ABTSNP. (B) UV−visible
spectra for (red −) PSCD-P2ABTSNP, (--) PSCDNP and (-·-) H2O-
P2ABTS. (C) CVs at glassy carbon of as-prepared (red −) PSCD-
P2ABTSNP and (--) PSCDNP at 100 mV s−1. (D) Corresponding plots
of peak current vs the square root of the scan rate for PSCD-
P2ABTSNP.
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170 potential cycling cannot be entirely ruled out. Repeated
171 potential cycling of PSCD-P2ABTSNP showed good stability
172 with little change in the electrochemical redox activity after 10
173 cycles (Figure S5). The electrochemical stability provides
174 further evidence for the stable entrapment of bis-pyrene-ABTS
175 as well as the oxidized radical form in the nanoparticles.
176 Next the catalytic activity of the PSCD-P2ABTSNP nano-
177 particles for the 4-electron 4-proton reduction of O2 to water
178 with bilirubin oxidase (BOx from Myrothecium verrucaria, 68
179 kDa) was investigated. This enzyme offers high enzymatic
180 activity, stability at neutral pH and stability toward chloride

f3 181 ions.19 Figure 3 shows CVs that demonstrate bioelectrocatalytic

182 O2 reduction at GC with 3.5 μmol L−1 BOx in quiescent
183 oxygen saturated solution ([O2] ∼ 1.1 mmol L−1). A summary
184 of the catalytic parameters are displayed in Table S1. For all
185 cases, the limiting catalytic currents were obtained from CVs at
186 0.1 V vs SCE. The biocathodes prepared with the dissolved
187 mediators, bis-pyrene-ABTS and ABTS, exhibited maximum
188 current densities for O2 reduction of −0.67 ± 0.15 μA cm−2

189 (Figure 3A) and −1.20 ± 0.03 μA cm−2 (Figure 3E),
190 respectively. The smaller current observed with bis-pyrene-
191 ABTS is consistent with its very poor solubility. For the
192 biocathode without NPs or dissolved mediator, a limiting
193 current of 1.39 ± 0.46 μA cm−2 was obtained (Figure 3D). For
194 this case, effective DET is clearly observed between GC and
195 BOx in solution. Quasi-steady-state (sigmoidal) voltammo-
196 grams are obtained for the PSCD-P2ABTSNP biocathode,
197 which exhibits a comparably remarkable current density of
198 −3.97 ± 0.86 μA cm−2 (Figure 3C). For the control PSCDNP
199 nanoparticles, very low current densities were observed due to
200 the insulating polymeric structure blocking ET between the
201 enzyme and the electrode (Figure 3B). PSCD-P2ABTSNP
202 solutions prepared at different concentrations (with Dh,DLS
203 between 190 and 390 nm) demonstrated a linear dependence
204 of catalytic current on mediator concentration and also revealed
205 a catalytic improvement with the NPs compared to dissolved
206 ABTS (Figure S6 and S7)
207 The enhancement in catalytic current observed for PSCD-
208 P2ABTSNP is consistent with an efficient intraelectron transfer
209 chain between neighboring ABTS redox units of clustered
210 particles and the mono- and trinuclear Cu sites of enzymes in

f4 211 solution, as represented in Figure 4A. The redox conduction
212 observed for bis-pyrene-ABTS nanoparticles at GC is explained

213by the phenomena of electron hopping widely reported for
214redox polymers,20 where electron transfer proceeds by
215sequential self-exchange steps between adjacent redox groups
216within, between and on the surface of individual NPs. Mediated
217electron transfer was also observed for visibly aggregated
218PSCD-P2ABTSNP in solution, confirming the ability of the
219redox particles to accept and transfer electrons over substantial
220distances (Figure S8). The source of catalytic enhancement for
221the NPs is in part attributed to free rotation of the particles on
222the time scale of the experiment which allows many redox sites
223at the NP surface to access enzymatic active sites close to the
224electrode, enabling many catalytic events. Similar rotation
225enhancement effects are known with redox dendrimers.21

226Effective redox hopping across and around the redox NPs also
227allows many “active” mediators, therefore facilitating many
228enzymes to be connected.
229The mediated BOx-catalyzed bioelectrocatalytic reduction of
230O2 is considered to follow a ping-pong bibi mechanism with a
231two substrate reaction.4 Next, kinetic parameters for PSCD-
232P2ABTSNP and ABTS were determined from the catalytic
233current as a function of the substrate (O2) concentration. This
234approach permits extraction of the Michaelis constant (KM)
235and kcat, according to Equation S6, as described by Bartlett and
236co-workers for mediated homogeneous bioelectrocatalysis via
237ping-pong enzyme kinetics.22 Figure 4B and 4C shows the
238calibration plots and nonlinear best fit for the BOx-oxygen
239reaction with the ABTS and P2ABTSNP mediator solutions
240containing 10 nmol L−1 BOx, respectively. From amperograms
241recorded at 0.2 V vs SCE in triplicate, the estimated kcat and KM
242values are 142 ± 15 s−1 and 77 ± 15 μmol L−1 for the PSCD-
243P2ABTSNP mediator and 200 ± 25 s−1 and 107 ± 25 μmol L−1

244for the ABTS mediator. The different kinetic values suggest that
245the BOx has a higher affinity for oxygen in the presence of the
246NPs compared to the dissolved ABTS mediator, although with
247a slower turnover rate. The values obtained are of the same
248order reported for MCO enzymes for O2 reduction in solution
249including 118 ± 10 s−1 for Tvlaccase/ABTS,23 and 57 s−124 and
250230 s−15 for MvBOx/ABTS. The KM values fall in the general
251range of 10 to 500 μmol L−1 found in the literature. Crucially,
252these results confirm that the NPs serve as effective electron
253relays.
254A preliminary assessment of short-term biocathode stability
255was performed. Amperometric currents were monitored in
256oxygen-purged solution at 0.2 V vs SCE for periods of 1800 s
257on 2 days (Figure S9 and Table S2). The catalytic currents were
258stable during 1800 s for PSCD-P2ABTSNP, ABTS and BOx
259solutions with 3.5 μmol L−1 BOx. After storage at room
260temperature overnight, the operational stability during a further
2611800s remained relatively stable (current fluctuation <10%).

Figure 3. CVs recorded at GC at 5 mV s−1 (pH = 5.6) with (--) argon
saturation and (red −) O2 saturation with BOx for (A) saturated bis-
pyrene-ABTS in PB, (B) as-prepared PSCDNP (pH = 5.9), (C) as-
prepared PSCD-P2ABTSNP, (D) BOx only and (E) ABTS in PB.
[BOx] = 3.5 μmol L−1 and [mediator] = 6.5 μmol L−1 (<6.5 μmol L−1

for saturated bis-pyrene-ABTS).

Figure 4. (A) Schematic representation of the intraelectron transfer
chain between redox nanoparticles and BOx. (B, C) Plot of limiting
current as a function of substrate concentration with line of best fit to
Equation S6 for (B) ABTS and (C) P2ABTSNP solutions. [BOx] = 10
nmol L−1 and [med] = 6.5 μmol L−1. Current measured from
amperograms at 0.2 V vs SCE.
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262 However, the current densities were drastically lower in all
263 three cases. The percentage of current remaining after 3600 s
264 (2 × 1800 s) operation and 24 h storage is 67%, 25% and 37%
265 for the PSCD-P2ABTSNP, ABTS and BOx only biocathodes,
266 respectively. After a further 24 h and a total operation time of
267 5400 s, 33% of the initial current remained for the PSCD-
268 P2ABTSNP biocathode. The current density was therefore still
269 higher for the nanoparticle biocathode after 2 days than for the
270 ABTS and BOx after only 1 day. The homogeneous ABTS/
271 BOx solution with MET is therefore extremely unstable. The
272 BOx solution with DET is slightly better but still very poor.
273 Remarkably, a major improvement in biocathode stability was
274 observed using the redox NPs. The improved stability is, at
275 least in part, attributed to the NP architecture stabilizing
276 reactive ABTS•− radicals. The apparent improvement in
277 enzyme stability is tentatively attributed to the NPs, which
278 help prevent enzymes from interacting with each other without
279 significantly impeding enzyme diffusion.
280 In conclusion, this work demonstrates the ability of
281 polymeric glyconanoparticles containing redox-active bis-
282 pyrene-ABTS molecules to function as electron shuttles in
283 solution for the electrical wiring of BOx. Thanks to an intimate
284 MET exchange between nanoparticles containing a high density
285 of electron acceptors, enhanced catalytic currents have been
286 observed compared to homogeneous mediators. In addition to
287 enhanced catalytic performance and low overpotentials, the
288 biocathode with redox nanoparticles showed dramatically
289 improved stability after 60 min of operation and 24 h of
290 storage, suggesting that the polymer architecture stabilizes both
291 the enzyme and mediator. Furthermore, the large size of the
292 nanoparticles should permit their containment in permselective
293 membranes. In future work, the nanoparticle system will be
294 exploited to solubilize new hydrophobic mediators at high
295 concentrations for bioelectrocatalysis toward a refuelable all-in-
296 solution biofuel cell for powering electronics devices. Biofuel
297 cell designs are envisaged in which enzymes and nanoparticles
298 are periodically introduced to prolong biofuel cell lifetime.
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