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FIGURE 2. Criterion B-~based Kaplan-Meier survival curves of surgical outcomes in patients with steroid-induced glaucoma (solid
line) vs primary open-angle glaucoma (POAG; dotted line) that underwent trabeculotomy. The steroid-induced glaucoma eyes had
a significantly higher cumulative probability of success than the POAG eyes (P < .0001).

TABLE 2. Cox Proportional Hazards Model Determining Likelihood of Surgical Outcomes for Patients With Steroid-Induced
Glaucoma and Primary Open-Angle Glaucoma who Underwent Trabeculotomy

Criterion A Criterion B

Variable RR 95% Cl P Value RR 95% Cl P Value
Steroid-induced glaucoma 0.409 0.223-0.735 .0027 0.451 0.286-0.706 .0005
Age (per year) 0.999 0.982-1.015 .8917 1.007 0.995-1.019 .2408
Preoperative IOP (per mm Hg) 1.004 0.977-1.029 4557 0.993 0.972-1.013 5118
Female 0.761 0.451-1.260 .2911 0.695 0.468-1.021 .0639
Previous cataract surgery 2.105 0.823-4.681 1132 1.627 0.784-3.084 .1804
Combined sinusotomy 1.054 0.575-1.847 .8600 0.839 0.526-1.300 .4399

Cl = confidence interval; IOP = intraocular pressure; RR = relative risk.

Institute, Cary, North Carolina, USA). Comparisons of
the outcomes between the steroid-induced glaucoma with
trabeculotomy group and the POAG with trabeculotomy
group, as well as between the steroid-induced glaucoma
with trabeculotomy group and the steroid-induced glau-
coma with trabeculectomy group, were analyzed by the
Kaplan-Meier survival curve and the log-rank test. To
assess prognostic factors of steroid-induced glaucoma with
trabeculotomy in univariate analysis, Kaplan-Meier survival-
curve analysis and the log-rank test were used. To confirm
the effects of prognostic factors and to identify the relative
risk (RR) of surgical failure, multivariate prognostic factor
analysis was performed with the Cox proportional hazards
model. Multivariate factors were selected from variants
with a probability (P) value of less than .15 shown by
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univariate analysis. A P value less than .05 was considered
statistically significant.

RESULTS

® PATIENT CHARACTERISTICS: In total, 163 patients
(163 eyes) with steroid-induced glaucoma and 108 patients
(108 eyes) with POAG satisfied the study criteria. All
eligible patients were Japanese. Of the 163 eyes with
steroid-induced glaucoma, 121 were included in the ste-
roid-induced glaucoma with trabeculotomy group and 42
were included in the steroid-induced glaucoma with trab-
eculectomy group. Table 1 lists the characteristics of the
enrolled patients.
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FIGURE 3. Criterion A-based Kaplan-Meier survival curves of surgical outcomes in eyes with trabeculotomy (solid line) vs
trabeculectomy (dotted line) for steroid-induced glaucoma. There was no significant difference in the cumulative probability of
success between the eyes with trabeculotomy and trabeculectomy (P = .3636).

100, ... S . Steroid-Induced Glaucoma
RN with Trabeculectomy
< 80
4
§ 60
B
2
= 40+
§ Steroid-Induced Glaucoma
© with Trabeculotomy
&~ 20
0 T T T T T
0 1 2 3 4 5
Years post trabeculotomy
Trabeculotomy

No.atrisk 121 121 89 76 64 48 33 22 16 13 10
Failure 0 19 9 5 3 2 3 0 0 1 0

Censored 0 13 4 7 13 13 8 6 3 2 2
Trabeculectomy
No.atrisk 42 42 32 30 26 21 15 11 9 8 7
Failure 0 1 1 2 0 1 2 1] 0 0 0
Censored 0 9 1 2 5 5 2 2 1 1 1

FIGURE 4. Criterion B-based Kaplan-Meier survival curves of surgical outcomes in eyes with trabeculotomy (solid line) vs
trabeculectomy (dotted line) for steroid-induced glaucoma. The trabeculectomy group showed a significantly higher cumulative
probability of success than the trabeculotomy group (P = .0352).

The steroid-induced glaucoma with trabeculotomy | female patients (P = .014), a higher number of previous
group was significantly younger (P= .001) and had a | cataract surgeries (P = .029), and a lower number of

higher preoperative IOP (P < .001), a higher number of | combined sinusotomies (P = .012) than the POAG with
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Criterion A Criterion B
Number of 80% Survival 80% Survival
Variable Patients Time (Days) P Value® Time (Days) P Value®
Gender 1779 .0422
Female 62 >3850 305
Male 58 385 146
Age (years) .9040 2458
<30 51 852 206
=30 70 916 181
Preoperative IOP {mm Hg) 7443 4387
<40 79 181 181
=40 42 840 200
Diabetes mellitus .1936 .0848
Yes 13 146 96
No 108 816 291
Hypertension .9394 9815
Yes 18 >2148 291
No 103 852 195
Combined sinusotomy .2416 9270
Yes 20 146 120
No 101 916 260
Previous cataract surgery .0055 .1829
Yes 17 49 49
No 104 1732 272
Previous vitrectomy <0.0001 .0050
Yes 6 10 10
No 115 1742 260
Cause of corticosteroid use
Collagen disease 3397 9248
Yes 37 750 195
No 84 1732 200
Atopic dermatitis .9929 2449
Yes 21 278 162
No 100 852 195
Uveitis 4674 7942
Yes 25 >2519 177
No 96 840 200
Route of steroid administration
Ocular instillation only 6968 1204
Yes 17 1732 1286
No 104 852 181
Posterior sub-Tenon’s 8546 3239
injection of TA
Yes 13 >1339 >1339
No 108 916 200
Intravitreal injection of TA 1843 4379
Yes 10 49 49
No 111 916 206
Oral administration 7412 6920
Yes 72 840 181
No 49 1732 272
Intravenous administration 4050 .1883
Yes 3 >1580 >1580
No 118 852 195
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TABLE 3. Influence of Prognostic Factors on Survival Time of Steroid-Induced Glaucoma
Patients who Underwent Trabeculotomy (Continued)

Criterion A Criterion B
Number of 80% Survival 80% Survival
Variable Patients Time (Days) P Value? Time (Days) P Value®
Postoperative corticosteroid .1987 4335
administration
>3 months 68 <3850 195
=3 months 53 372 200

IOP = intraocular pressure; TA = triamcinolone acetonide.

“The P values are based on the log-rank test.

trabeculotomy group. However, there were no significant
differences in patient characteristics between the steroid-
induced glaucoma with trabeculotomy group and the
steroid-induced glaucoma with trabeculectomy group.

® STEROID-INDUCED GLAUCOMA VS POAG: The mean
follow-up periods were 38.4 = 28.7 months in the steroid-
induced glaucoma with trabeculotomy group and 49.8 +
37.2 months in the POAG with trabeculotomy group (P =
0.010). Kaplan-Meier survival-curve analyses of the ste-
roid-induced glaucoma with trabeculotomy group and the
POAG with trabeculotomy group for criteria A and B are
presented in Figures 1 and 2, respectively. The steroid-
induced glaucoma with trabeculotomy group had a signif-
icantly higher cumulative probability of success for criteria
A (P = .0008) and B (P < .0001). For criterion A, the
probabilities of success 1, 2, 3, and 5 years after trabecu-
lotomy in the steroid-induced glaucoma with trabecu-
lotomy group and the POAG with trabeculotomy group
were as follows: 86.5% vs 73.2%, 83.5% vs 63.0%, 78.1%
vs 55.8%, and 73.5% vs 52.2%, respectively. For criterion
B, the probabilities of success 1, 2, 3, and 5 years after
trabeculotomy in the steroid-induced glaucoma with tra-
beculotomy group and the POAG with trabeculotomy
group were as follows: 74.6% vs 44.7%, 66.1% vs 33.0%,
56.4% vs 30.6%, and 51.7% vs 27.5%, respectively. The
number of eyes classified as surgical failures in the steroid-
induced glaucoma with trabeculotomy group and the
POAG with trabeculotomy group were 22/121 (18.2%) vs
45/108 (41.7%) for criterion A and 42/121 (34.7%) vs
73/108 (67.6%) for criterion B, respectively.

Since there were significant differences between the
preoperative data of the steroid-induced glaucoma with
trabeculotomy group and the POAG with trabeculotomy
group, a Cox proportional hazards model including age,
preoperative IOP, gender, previous cataract surgery, and
combined sinusotomy was performed (Table 2). The mul-
tivariate model suggested that trabeculotomy in steroid-
induced glaucoma eyes was independently associated with
a better prognosis when compared with the same procedure
in POAG eyes, even after adjusting for confounding

Vor. 151, NO. 6
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factors (criterion A, RR = 0.409, P = .0027; criterion B,
RR = 0.451, P = .0005).

® TRABECULOTOMY VS TRABECULECTOMY: The mean
follow-up period in the steroid-induced glaucoma with
trabeculectomy group was 37.1 = 31.8 months (38.4 =+
28.7 months in the steroid-induced glaucoma with trabe-
culotomy group, P = .808). The Kaplan-Meier survival-
curve analysis between the steroid-induced glaucoma with
trabeculotomy group and the steroid-induced glaucoma
with trabeculectomy group for criteria A and B are
presented in Figures 3 and 4, respectively. No significant
difference was found between the 2 groups for criterion A
(P = .3636). The probabilities of success 1, 2, 3, and 5
years after surgery in the steroid-induced glaucoma with
trabeculectomy group for criterion A were 97.6%, 94.3%,
83.8%, and 74.5%, respectively. The number of eyes
classified as surgical failures in the steroid-induced glau-
coma with trabeculectomy group was 5 (11.9%) for crite-
rion A. However, the steroid-induced glaucoma with
trabeculectomy group showed a significantly higher cumu-
lative probability of success for criterion B (P = .0352).
The probabilities of success 1, 2, 3, and 5 years after surgery
in the steroid-induced glaucoma with trabeculectomy
group for criterion B were 94.5%, 87.7%, 71.6%, and
71.6%, respectively. The number of eyes classified as
surgical failures in the steroid-induced glaucoma with
trabeculectomy group was 7 (16.7%) for criterion B.

® PROGNOSTIC FACTORS FOR FAILURE OF TRABECU-
LOTOMY FOR STEROID-INDUCED GLAUCOMA EYES:
The potential prognostic factors influencing survival time
are listed in Table 3. Univariate analysis showed previous
cataract surgery (P = .0055) and previous vitrectomy (P <
.0001) to be significant prognostic factors for criterion A,
and male gender (P = .0422) and previous vitrectomy (P =
.0050) for criterion B. Diabetes mellitus (P = .0848) and
ocular instillation of corticosteroid (P = .1204) were the
factors with a P value of less than .15 for criterion B. The
Cox proportional hazards model including these variables
revealed that prognostic factors for surgical failure were
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TABLE 4. Cox Proportional Hazards Model on Criteria A and B, Determining Likelihood of Surgical Outcomes for All 121
Patients With Steroid-Induced Glaucoma who Underwent Trabeculotomy

Criterion A Criterion B
Variable RR 95% ClI P Value RR 95% Cl P Value
Previous cataract surgery 1.614 0.255-5.688 .5488 —_
Previous vitrectomy 5.340 1.037-38.655 .0452 3.898 1.108-10.688 .0360
Male — 1.783 0.938-3.414 0774
Diabetes mellitus — 1.871 0.754-4.018 .1632
Corticosteroid administration other
than ocular instillation — 2.752 1.065-9.426 .0352

Cl = confidence interval; IOP = intraocular pressure; RR = relative risk.

previous vitrectomy (RR = 5.340, P = .0452 for
criterion A; RR = 3.898, P = .0360 for criterion B) and
corticosteroid administration other than ocular instilla-

tion (RR = 2.752, P = .0352 for criterion B) (Table 4).

® POSTOPERATIVE COMPLICATIONS: In the steroid-in-
duced glaucoma with trabeculectomy group, choroidal
detachment occurred in 2 eyes (4.8%), flat anterior cham-
ber requiring anterior chamber reformation occurred in 1
eye (2.4%), and hypotony maculopathy occurred in 7 eyes
(16.7%). None of these complications occurred in either
the steroid-induced glaucoma with trabeculotomy group or
the POAG with trabeculotomy group. The progression of
postoperative cataracts was observed in 9 eyes (7.4%) of
the steroid-induced glaucoma with trabeculotomy group, 1
eye (0.9%) of the POAG with trabeculotomy group, and 4
eyes (9.5%) of the steroid-induced glaucoma with trabecu-
lectomy group. No eyes encountered postoperative infec-
tious blebitis or endophthalmitis.

DISCUSSION

THIS STUDY COMPARED THE SUCCESS RATES OF TRABECU-
lotomy for steroid-induced glaucomatous eyes with those
for trabeculectomy for steroid-induced glaucoma eyes, and
for trabeculotomy for POAG eyes. Trabeculotomy showed
a significantly higher cumulative probability of success in
steroid-induced glaucoma patients than POAG patients
for both criterion A (P = .0008) and criterion B (P <
.0001). The probability of success in steroid-induced glau-
coma eyes treated with trabeculotomy was comparable to
that in steroid-induced glaucoma eyes treated with MMC
trabeculectomy for criterion A (P = .3636), but was
significantly lower for criterion B (P = .0352). Significant
prognostic factors for surgical failure of trabeculotomy in
steroid-induced glaucoma patients were previous vitrec-
tomy for criteria A (RR = 5.340, P = .0452) and B
(RR = 3.898, P = .0360), and corticosteroid treatment
other than ocular instillation for criterion B (RR =

2.752, P = .0352).
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Several studies have demonstrated surgical results for
steroid-induced glaucoma patients.'®'!13-15.17:23-27 Eq,
example, Sihota and associates'® reported that 9 eyes with
steroid-induced glaucoma that required trabeculectomy
with MMC showed normal [OP levels after surgery. Sev-
eral reports'"***7 demonstrated that filtering surgery was
successful for IOP management in steroid-induced glauco-
matous eyes after intravitreal injection of triamcinolone
acetonide. Krishnan and associates'’ found that all of 3
eyes with triamcinolone-induced IOP elevation were suc-
cessfully treated with viscocanalostomy. For laser trabecu-
loplasty, Ricci and associates'* and Viola and associates'’
reported that argon laser trabeculoplasty was effective in
all cases in their studies, and selective laser trabeculoplasty
was shown to lower IOP in 5 of 7 eyes.'” However, these
reports on surgical treatment for steroid-induced glaucoma
included only a small number of cases and lacked control
groups and details of long-term prognosis. Our previous
study lacked control groups but showed that trabeculotomy
reduced IOPs to 21 mm Hg or less in 14 eyes with
steroid-induced glaucoma.'? To our knowledge, our pres-
ent multicenter study reports on the largest number of
steroid-induced glaucoma patients.

Trabeculotomy showed a better prognosis in steroid-
induced glaucoma eyes than POAG eyes in the present
study. The accumulation of extracellular matrices in tra-
becular meshwork has been believed to cause increased
outflow resistance of the aqueous humor in steroid-induced
glaucoma patients. This is because histochemical data
demonstrate abnormally accumulated extracellular matri-
ces such as type IV collagen, heparin sulfate, proteoglycan,
and fibronectin in the trabecular meshwork of steroid-
induced glaucoma patients.” Because the main target of
trabeculotomy for IOP reduction is the relief of outflow
resistance in the trabecular meshwork, the consistency
between the surgical target and the pathologic lesion
might explain the effectiveness of surgery for steroid-
induced glaucoma eyes.

The surgical success of trabeculotomy for steroid-in-
duced glaucoma was comparable to the success of MMC
trabeculectomy for steroid-induced glaucoma for criterion
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A. Trabeculectomy has a potential risk of late-onset
infection of the filtering bleb.”®~*! A previous multicenter
case-control study suggested that the use of systemic
corticosteroid and juvenile-onset glaucoma should be in-
cluded among the risk factors for late-onset infection after
filtering surgery.’> Moreover, younger patients are more
susceptible to steroid-induced IOP elevation.**** Trabe-
culotomy might be more beneficial for younger patients
with steroid-induced glaucoma, from the viewpoint of
late-onset infection, than trabeculectomy because of the
nonfiltering surgery.

Trabeculectomy had a significantly higher probability of
success than trabeculotomy using criterion B in the present
study. Thus, many steroid-induced glaucoma eyes treated
with trabeculotomy had postoperative IOPs of 18 to 20
mm Hg, which might be too high to prevent progressive
visual field changes for glaucomatous eyes with advanced
progressive visual field defects. The Advanced Glaucoma
Intervention Study’® found that visual field loss in eyes
with advanced open-angle glaucoma progresses further if
postoperative IOP of 18 mm Hg or higher is more frequent.
These findings imply that trabeculectomy rather than
trabeculotomy is more favorable for controlling IOP in
steroid-induced glaucoma eyes with advanced visual field
loss.

Even when other types of glaucoma are included, the
prognostic factors for the surgical failure of trabeculotomy
have not been sufficiently identified. Our previous report
indicated that higher preoperative IOP results in poorer
prognosis in eyes with POAG or exfoliative glaucoma.'?
Higher preoperative IOP might reflect the severity of
glaucoma, resulting in a poorer response to reduce [OP.
The present study showed that higher preoperative IOP
was not a prognostic factor for surgical failure of trabecu-
lotomy for steroid-induced glaucoma, while corticosteroid
administration other than ocular instillation was shown to
be a prognostic factor in criterion B. These data might

reflect the fact that the severity of steroid-induced glau-
coma depends on the route of corticosteroid administra-
tion rather than the preoperative IOP levels. In addition,
previous vitrectomy was a prognostic factor for surgical
failure for both criteria. Although we have no conclusive
explanation, it is conceivable that vitrectomy causes the
elevation of inflammatory factors or growth factors in the
aqueous humor. Vitrectomized eyes might lead to recurrent
fibrosis in the outflow pathway of the trabecular meshwork
that was created by the trabeculotomy.

This study had some limitations caused by the retrospec-
tive design. First, the selection bias of the type of surgery
performed for steroid-induced glaucoma eyes might have
affected the surgical result. In fact, all 6 vitrectomized eyes
were treated with trabeculotomy. Because of conjunctival
scarring after vitrectomy, trabeculotomy rather than trab-
eculectomy might have been the surgery of choice for
vitrectomized eyes. Second, as higher IOP is a prognostic
factor for failure of trabeculotomy for POAG eyes,'”
POAG patients with higher [OP might have been treated
with trabeculectomy rather than trabeculotomy; this might
have increased the cumulative probability of success in
POAG with trabeculotomy.

In conclusion, this study demonstrates that trabecu-
lotomy might be more effective for steroid-induced glau-
coma eyes than POAG eyes. Moreover, the surgical success
in steroid-induced glaucoma eyes is comparable to the
outcome of trabeculectomy unless more substantial IOP
reduction is necessary, in which case trabeculectomy
would be a better option. [OP reduction of steroid-induced
glaucoma patients with previous vitrectomy or with corti-
costeroid administration other than ocular instillation
might be more resistant to trabeculotomy. Trabeculotomy
should be considered as an option for the surgical manage-
ment of steroid-induced glaucoma, although future pro-
spective studies are necessary to validate our findings.
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ABSTRACT: Nanostructured carbons have been widely used
for fabricating enzyme-modified electrodes due to their large
specific surface area. However, because they are random
aggregates of particular or tubular nanocarbons, the postmodi-
fication of enzymes to their intrananospace is generally hard to
control. Here, we describe a free-standing film of carbon
nanotube forest (CNTF) that can form a hybrid ensemble with

Enayme

enzymes through liquid-induced shrinkage. This provides in situ regulation of its intrananospace (inter-CN'T pitch) to the size of
enzymes and eventually serves as a highly active electrode. The CNTF ensemble with fructose dehydrogenase (FDH) showed the
oxidation current density of 16 mA cm™ ~ in stirred 200 mM fructose solution. The power density of a biofuel cell using the FDH—
CNTF anode and the Laccase—CNTF cathode reached 1.8 mW cm™ > (at 0.45 V) in the stirred oxygenic fructose solution, more
than 80% of which could be maintained after continuous operation for 24 h. Application of the free-standing, flexible character of the
enzyme—CNTF ensemble electrodes is demonstrated via their use in the patch or wound form.

B INTRODUCTION

Enzyme-modified electrodes are core components of bioelec-
tronic devices, such as biofuel cells, which have attracted atten-
tion as safe power sources, generating electricity from natural
fuels, like sugars and alcohols.''® A variety of nanoengineered
carbon electrodes for biofuel cells have recently been developed
in rapid succession. The carbon nanotube (CNT)-based micro-
fiber electrode is a cutting-edge example that improves a glucose
biofuel cell to achieve a power of 0.74 mW cm ™~ even in
physiological, quiescent conditions.'' Another noteworthy de-
velopment is the careful control of the intrapore size of carbon
cryogel that resulted in a high-power fructose fuel cell producing
0.85 mW cm > under stirred conditions.'* The optimized
nanopores can be eercted to support the activity and the
stability of enzymes."* However, all attempts to incorporate
nanoengineered carbon electrodes have focused on prestructur-
ing electrodes before enzyme modification. This is because the
process for engineering carbon is bioincompatible due to the use
of organic solvents or heating, If the nanostructure of the electrode
can be regulated in response to the enzyme to be immobilized, then
the resultant enzymatic ensemble would avoid the difficulty in
postmodification of enzymes.

We present here a method to achieve ideal enzyme electrodes
having suitable intrananospace automatically regulated to the
size of enzymes. We utilize a carbon nanotube forest (CNTF)
consisting of extremely long (~1 mm) single-walled CNTs,"?

v ACS Pubhcations (92011 American Chemical Society

which can be handled with tweezers, as a 100% binder-free
carbon film. When liquids are introduced into the as-grown
CNTF (CNTs with a pitch of 16 nm) and dried, the CNTF
shrinks to a near-hexagonal close-packed structure (CN'Ts with a
pitch of 3.7 nm)) because of the surface tension of the liquids."®'”
By using an enzyme solution as the liquid, the CN'TF is expected
to dynamically entrap the enzymes during the shrinkage, as
illustrated in Figure 1. This “in-situ regulation” approach has
led to reproducible activity of enzyme electrodes, to the first
free-standing flexible character, and to high-power density biofuel
cells.

B EXPERIMENTAL SECTION

Preparation of Enzyme—Nanotube Ensemble Electrodes.
CNTEF was synthesized in a 1-in. tube furnace by water-assisted chemical
vapor deposition at 750 °C with a C,H, carbon source and an AL, O
(10 nm)/Fe (1 nm) thin-film catalyst grown on silicon wafers.">® We
used He with H, as the carrier gas [total flow 1000 standard cubic
centimeters per minute (sccm)] at 1 atm with a controlled amount of
water vapor with ethylene (100 sccm) for 10 min. The synthesized
CNTF (1 mm X 1 mm) could be pulled from the substrate with tweezers
(Supporting Information, Figure S1). The film thickness was set to 4 and
12 or 20 fim by the width of line-patterns of the catalyst. The CN'TF film
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Figure 1. Schematic diagram of enzyme entrapment inside a CNTF by
liquid-induced shrinkage. The photograph shows a free-standing en-
zyme—CNTF ensemble film that can be manipulated with tweezers.

was evaluated by the Brunauer—Emmett—Teller (BET) analysis of N,
adsorption and the cyclic voltammetry in Mcllvaine buffer (pH 5.0) at
10mVs™"; the resulting specific surface area and the specific capacitance
of the film were approximately 1300 m* g~ ' and 400 F g, respectively.
The calculated capacitance per effective surface area is thus ca. 30
#F cm™? in agreement with that reported for highly oriented pyrolytic
graphite (HOPG)."®

We used two model enzymes: p-fructose dehydrogenase (FDH; EC
1.1.99.11, 169.9 U mg_l, ca. 140 kDa, from Gluconobacter, purchased
from Toyobo Enzyme Co.) and laccase (LAC; EC 1.10.3.2, 108 Umg ™',
ca. 60 kDa, from Trametes sp, purchased from Daiwa Kasei Co.), which
can directly catalyze the oxidation of D-fructose and the reduction of
dioxygen, respectively.'> The FDH was used as received without further
purification. The LAC was purified by anion exchange chromatography
with a DEAE—Toyopearl column.'” The size of the FDH can be
assumed similar to that of 160 kDa glucose oxidase (7 X 5.5 X
8 nm)." In fact, the atomic force microscopy (AFM) showed ca.
7 nm bumpy structure for an FDH-adsorbed surface.”’ On the other
hand, the LAC has dimensions of 6.5 x 5.5 x 4.5 nm.”!

The CNTF film was first treated by 0.1% Triton X-100 and then
immersed in a stirred Mcllvaine buffer (pH $.0) containing FDH for 1 h
to introduce enzymes into its void space. After being washed three times,
the CNTF film was placed on a carbon paper and dried in air, typically
for 15 min. For cathode preparation, the CNTF film was immersed in
0.25 mgmL ™" (4.3 uM) LAC in Mcllvaine buffer (pH 5.0) and stirred
for 10 min, followed by drying on a carbon paper.

Quantitative Analysis of the Entrapped Enzymes. The
enzyme-immobilized CNTF film was washed and immersed in
20 mM sodium phosphate buffer (pH 9.3) containing 0.1 M sodium
borate and 1% sodium cholate and dispersed with an ultrasonic
homogenizer for 15 min. The FDH in the dispersion was then analyzed
using a C-6667 Protein Quantitation Kit (Molecular Probes), using
S mM (3-(4-carboxybenzoyl)-quinoline-2-carboxaldehyde) (ATTO-
TAG CBQCA) and 20 mM KCN to label the enzyme with CBQCA.
After 1.5 h of incubation, the fluorescent intensity was measured by a
luminescent image analyzer system (Fuji Photo Film, LAS-3000 mini),
and the amount of enzyme was determined by referencing a
calibration curve.

Theoretical Prospect of FDH Content inside CNTF. The
previous structural analysis of the as-grown CNTF revealed a mean tube
diameter of 2.8 nm by transmission electron microscopy (TEM) and an
intertube pitch of 16 nm by X-ray diffraction (XRD).'®'” If we assume
that FDH is a 7 nm diameter globe, four FDHs can enter the void space
surrounded by 16 nm pitched CNTs (Figure 2a and b). The number of
enzymes (N.,,) entrapped in a 12 #m thick CNTF is estimated by the
following equation: N, = 4 (H/r) (S/U), where H = 1.0 mm (CNT
length), r = 7.0 x 107° mm (FDH diameter), S = 12 X 107 mm®
(cross-sectional area of CN'TE sheet), and U = 2.6 x 10 ' mm” (the
area of the void space swrrounded by 16 nm pitched CNTs). The
entrapped mass (6.2 ug) is derived by multiplying N.,, by the molecular

a b
16 nm
£ 7nm
gc. ?
@

00
® ®

SWNT

Figure 2. (aand b) Hllustrations of as-grown CNTF whose void volume
is fully occupied by 7 nm diameter globular enzyme molecules. (c)
Tllustration of the linear arrangement of the enzymes trapped between
the shrunk CNTF.

weight (140kD)/Avogadro's constant. On the other hand, as we explain
later in the Results and Discussion Section, the best performance of
FDH—CNTF ensemble was obtained by the film containing ca. 1.5 ug
FDH (one-quarter of the limiting value, 6.2 ug) (Figure 2c). Note these
arguments are based on the assumption that FDH is a 7 nm
diameter globe.

Electrochemical Measurements. The enzyme—CNTF ensem-
ble film, anchored at the edge with SUS316L fine tweezers, was analyzed
by a three-electrode system (BSA, 730C electrochemical analyzer) in
stirred solutions using a Ag/AgCl reference and a platinum counter
electrode. The catalytic currents of enzyme—CNTF ensemble films did
not significantly decrease when the film was attached to a planner
electrode (Supporting Information, Figure S2). We therefore used the
area of one side of the film for the calculation of the current and power
densities. The performance of a biofuel cell constructed from an FDH-
based anode and an LAC-based cathode was evaluated on the basis of the
cell voltage upon changing the external resistance between 1 k€2 and 2
MQ (1.0, 5.1, 10.8, 15.8, 24.5, 35.3, 55.3, 100, 196, 500, 1000, and 2000
kQ) at the time step of 60 s. Unless otherwise indicated, the electro-
chemical measurements were carried out at room temperature (25 °C).
Although the apparent Michaelis—Menten constant (Km,lpp) of the
entrapped FDH is around 10 mM as we estimated later, we used
200 mM fructose solution in order to evaluate the cell performance in
the high enough concentration of fuel and to compare the performance
with previous works'? under similar conditions.

LED Device Experiments. The LED device consisted of a charge
pump IC (S-882Z20, input voltage [0.3—3 V), output voltage (Vic, 2
V)], a 1 4F ceramic capacitor (C), and a red LED. The interval of
the LED blink is the time required to charge the capacitor, which is
described by

CVic>  CVigp®
p=lo—2 2 (1)
p I x Ve

where | is the practical energy for the LED device operation, P is the cell
power, Vi pp is the operation voltage (1.6 V) of the LED, I is the cell
current, and V. is the cell voltage; thus, the time interval (t) is inversely
proportional to the power of the biofuel cell.

B RESULTS AND DISCUSSION

Entrapment of Enzymes inside Self-Regulating Nano-
structure of CNTF Films. The initial step of the entrapment
process depends on sufficient loading of enzymes inside the as-
grown 16 nm pitch CNTF film. As shown in Figure 3a, the in situ
monitoring of electrocatalytic activity of the CNTF films on
soaking in a buffer containing 3 mg mL ™' FDH with 200 mM b-
fructose showed currents corresponding to their thickness (80
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Figure 3. (a) The monitoring of the oxidation current at 0.5 V vs Ag/AgCl in a stirred Mcllvaine buffer (pH 5.0) containing 3 mg mL~" FDH and
200 mM fructose for the 4 and 12 um thick CNTF films (1 X 1 mm), and a random CNT aggregate prepared by casting a CNTs’ dispersion onan 1 X 1
mm Au electrode. (b) The relationship between the amount of entrapped FDH inside a piece of 12 zm thick CNTF film and the concentration of FDH
solution in which the CNTFs were soaked for 1 h before the shrinkage. The experiments were carried out three times for each condition. (c) Photographs
of CNTF films shrunk after soaking in different concentrations of FDH. For reference, the dashed square measures 1 X 1 mm.

UA for 12 um thick film and 25 uA for 4 um thick film),
indicating that the FDH molecule can entirely penetrate inside
the CNTF films. On the other hand, the catalytic activity of the
conventional random CNT electrode, which was prepared by
casting a CNTs’ dispersion, remained around 1 #A despite
having a large effective surface area comparable to that of the 4
um thick CNTF film (both showed capacitance per geometric
area of around 5 mF cm ™ 2). The results obtained from the
random CNT electrode demonstrate the general difficulty in
postmodification of enzymes to the prestructured nanocarbon
electrodes, which will be addressed by the present “in-situ
regulation” approach.

The content of FDH inside a CNTF film was controllable by
the concentration of FDH solution in which the as-grown CNTF
films were soaked for 1 h (Figure 3b). The FDH content
increased toward the theoretical limiting value (6.2 ig), at which
the void volume of as-grown CNTF is fully occupied by FDH
(Figure 2). Such controlled entrapment of enzymes can be also
examined via the degree of CNTF shrinkage (Figure 3c). Typi-
cally, the CNTF film without enzymes shrank to one-quarter of
its original area; the CNTF film treated with 3 mg mL™' FDH
solution shrank to one-half of the original. The degree of
shrinkage also depended on the size of enzyme. For example, a
smaller enzyme, laccase, led to shrinkage to one-third of the
original area. These results support our methodology, which
induces in situ regulation of intrananospace of CNTF by the
amount and size of entrapped enzymes. We refer to the enzyme-
entrapped CNTF as “e?’CNTF”. The enzyme-containing CNTF
before shrinkage (before drying), in which enzymes simply
adsorbed on CNTs’ sidewall, is denoted as “eCNTE”.

Electrocatalytic Activity of Enzyme—CNTF Ensembles.
The FDH—CNTF ensembles prepared using 3 mg mL™'
FDH solution exhibited superior electrocatalytic activity for
fructose oxidation in stirred conditions (Figure 4a). The current

5134

density of the eCNTF film reached 8 mA ecm™* at 0.6 V. In
addition, the shrinkage of the area to one-half of the original (see
Figure 3c for 3mgmL ™ ") boosted the current density by a factor
of 2, ca. 16 mA cm ™ 2, indicating that the eCNTF can shrink to
the e?CNTF without significant loss of enzyme activity. Even in
quiescent conditions, the current density reached 11 mA cm ™ at
0.6 V (Supporting Information, Figure $3). These high current
densities of e?CNTF films indicate an effective interfacing of the
enzymes with the large intrasurface of the shrunken CNTF films.
In contrast, probably due to the limited loading of enzymes, the
conventional random CNT electrode showed a low current
density of only ~0.4 mA cm™ > (not shown), in agreement with
previous Teports of conventional CNT aggregate-based enzyme
electrodes.”>*

The electrode performance depended on the concentration of
FDH solution used for preparing e’CNTFs, as shown in
Figure 4b. Among the conditions we studied, the best perfor-
mance was reproducibly obtained from the ¢?’CNTF electrode
prepared from 3 mg mL ™" FDH solution, which contains ca. 1.5
g FDH (see Figure 3b). This value of FDH content represents
one-quarter of the limiting value (6.2 #g) and can be modeled as
a linear arrangement of FDH molecules trapped between the
CNTs (Figure 2c). At higher contents of FDH, the current values
decreased, probably because the overloaded enzymes failed to
interface effectively with the CNTs. To investigate enzyme
activity within the e’CNTF films, the apparent Michaelis—
Menten constant (ijapp) was estimated from the currents at
various fructose concentrations using the Lineweaver—Burke
equationl“'25 (Figure S). The derived K app was around 10 mM,
which is in agreement with the K, value for the reaction in the
bulk solution,*® in dicating that the nanospace formed by CNTF
shrinkage could maintain the nature of the FDH enzyme.

Construction of Biofuel Cells. To construct biofuel cells
using a FDH-based anode, we prepared a LAC-entrapped CNTF

dx.doi.org/10.1021/ja111517e |[J. Am. Chem. Soc. 2011, 133, 5129-5134
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Figure 4. (a) Cyclic voltammograms at 10 mV s~ " in the stirred buffer
containing 200 mM fructose for the enzyme-adsorbed as-grown CNTF
(eCNTF) and the enzyme-entrapped CNTF (e*CNTE); both were
prepared using 12 ztm thick CNTF films and 3 mg mL™' FDH solution.
The control experiments (enzyme-free or fructose-free) are also shown.
The area of one side of the film (1 mm” for eCNTF and 0.5 mm? for
¢’CNTE) was used to the calculation of current density, as validated in
the Experimental Section (Electrochemical Measurements) by using
Suppomng Information, Figure $2. (b) Currents at 0.6 V vs Ag/AgCl of
the e”CNTF films prepared from FDH solutions of different concentra-
tions. The experiments were carried out three times for each condition.

cathode for O, reduction. The optimized LAC solution (0.25
mgmL~ 'Y was perfused into a 20 ym thick CNTF film, followed
by shrinkage to one-third of the original area (~0.3 mm?). Cyclic
voltammograms of the e’CNTF showed O, reduction at a
potential more negative than 0.67 V with a maximum current
density of ca. 2 mA cm ™~ in stirred condition (Figure 6a). From
the separate 7 experiments using different LAC-¢’CNTF elec-
trodes, the average of current density was found to be 2.1 & 0.3
mA cm . A further increase in current density to ca. 4 mA cm ™ >
was achieved by overlapping two pieces of e?CNTF by taking
advantage of their free-standing character. By connecting this
cathode with the FDH-based anode (Figure 6b), the fuel cell
performance was evaluated in an O,-saturated Mcllvaine buffer
containing 200 mM fructose. Figure 6¢ shows the typical
power—voltage and current—voltage curves plotted on the basis
of the cell voltage upon changing the external resistance (1 kQ ~
2 MQ). The open-circuit voltage of the cell was 0.77 V in
agreement with the difference between the potentials at which
fructose oxidation and oxygen reduction start to occur on cyclic
voltammetries (—0.1 V in Figure 4a and 0.67 V in Figure 6a,
respectively). The maximum current density of the cell was ca.
4.8 mA cm > by reflecting the performance of the present LAC-
based cathode. The power density reached 1.8 mW cm ™~ (at 0.45 V)

100
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Figure 5. The oxidation currents as a function of the fructose concen-
tration, measured at 0.6 V vs Ag/AgCl in stirred Mcllvaine buffer (pH
5.0) for the ¢’CNTF electrode prepared using a 12 zm thick CNTF and
3 mg mL™" FDH solution.

in stirred condition, 84% of which could be maintained after con-
tinuous operation for 24 h, as shown in Figure 6d.

Application of Enzyme—CNTF Ensemble Films To Power a
LED Device. The “free-standing and flexible” character of the
present enzyme electrode is its most attragtlve advantage from a
practical viewpoint. The application of such e *CNTF electrodes
for flexible and miniature biodevices is demonstrated in Figure 7.
Pieces of e*CNTF films were patched on an O, plasma-treated
gold pattern on a polyethylene terephthalate (PET) substrate.
After being air dried, the e’CNTF films remained attached while
being bent and immersed in a solution. Similarly, the e’CNTF
films can be wound on the electric leads of a light-emitting diode
(LED) device, whose blinking interval is inversely proportional
to the power of the biofuel cell. The leads of the LED device were
immersed in O,-saturated stirred Mcllvaine buffer (pH 5.0)
containing 200 mM fructose. The blinking interval of the LED
driven by the e CNTF-wound anode and cathode (0.24 s) was
similar to that when the e*CNTF film were merely clamped on
the leads without winding (0.20 s), which indicates that the
¢’ CNTEF electrodes maintained their performance in the stressed
wound conditions. This unique ¢ *CNTF-wound needle- -type
bioelectrode will also be applicable to advanced biosensors and
medical devices.””*

B CONCLUSION

The results presented here show the controlled entrapment of
enzymes inside CNTF films through liquid-induced shrinkage.
This provides a first example of an enzyme electrode that
automatically regulates its intrananospace in response to en-
zymes to be immobilized. The proposed “in-situ regulation” is a
straightforward approach to avoid the longstanding difficulty in
the postmodification of enzymes into conventional nanostruc-
tured electrodes. In addition, the prepared e>CNTF film is the
first free-standing, flexible enzyme electrode. We demonstrate its
use in miniature biofuel cells in patch and wound forms. This
free-standing character should also be a significant advantage for
other miniature biodevices, such as biosensors. The e CNTF film
electrodes exhibited reproducible activity in the mA cm ™ range.
The biofuel cells with e?’CNTE films retained ~80% output at

5132 dx.doi.org/10.1021/ja111517e |J. Am. Chem. Soc. 2011, 133, 5129-5134
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Figure 6. (a) Typical cyclic voltammograms of LAC-entrapped e*CNTF films (single piece and overlapped double pieces) at 10 mVs ™" in O,-saturated
stirred Mcllvaine buffer (pH 5.0). The electrode films were prepared using 20 zm thick CNTF film and 0.25 mg mL ™" LAC solution. The area of one side of
the e*CNTF film (0.3 mm?* for both single and overlapped double films) was used for the calculation of current density, as validated in the Experimental
Section (Electrochemical Measurements) by using Supporting Information, Figure S2. (b) Schematic of e?*CNTF-based biofuel cell structure. (c)
Performance of a biofuel cell composed of a FDH—e*CNTF anode and the LAC—e’CNTF cathode in O,-saturated stirred Mcllvaine buffer (pH 5.0)
containing 200 mM fructose. The area of one side of the cathode film (0.3 mm®) was used for the calculation of current and power densities. (d)
Dependence of relative stability of power (%) on time with external load of 35.3 kQ, which is the condition for the maximum power in (c).
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Figure 7. (a) Photographs of ¢’CNTF films patched to a flexible PET
substrate. The films remained attached while being rolled and immersed
in water. (b) Photographs of e”CNTF films wound on the electric leads
of the LED device. The inset shows the time course of the emission
intensity of an LED driven by the e*CNTF-wound anode and cathode.

5133

the mW cm™~ level for more than 1 day. To further enhance the
cell performance, we intend to create end and sidewall openings
in the CNTs by preheating to 600 °c,'” allowing more efficient
flow through the CNTF. The present in situ regulation approach
is also applicable for co-entrapment of multiple kinds of enzymes
for multifuel or multistep oxidation systems.w’30

B ASSOCIATED CONTENT

© Supporting Information.  Details of the synthesized
CNTF (PDF), a movie of LED emission (MPG), and data of
electrochemical measurement (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.
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