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Automation and Analytical Techniques

Clinical Evaluation of Bionime Rightest
GM310 Biosensors with a Simplified
Electrode Fabrication for Alternative-Site
Blood Glucose Tests

Ming-Hsun Wu," Mei-Yen Fang,? Lin-Ni Jen,? Hung-Chan Hsiao,? Andreas Miller,> and Cheng-Teng Hsu®"

BACKGROUND: Most processes for fabricating biosensors
applied to screen-printed carbon electrodes (SPCEs) are
complex. This study presents a novel one-step process
for manufacturing electrodes for injection-molding
biosensors.

METHODS: During the sensor-fabrication process, bar-
rel-plated gold electrodes were inserted into an in-
jection-molded base. The electrode directly touched
the electrical contact of a meter. We analyzed techni-
cal measurements for this biosensor, including tests
of the measurement range, within-run imprecision,
and between-meter imprecision. In clinical trials, ex-
perienced technicians tested 3 alternative sites (finger-
tip, palm, and arm). The results were simultaneously
compared with plasma values obtained with the hex-
okinase method on the Olympus AU640 instrument.
Analytical results were evaluated according to Inter-
national Standards Organization 15197 (ISO 15197:
2003) criteria and by Clarke error grid analysis (EGA),
and CVs were calculated to evaluate within-run
imprecision.

ResULTS: The glucose measurement range was 0.6—
33.3 mmol/L (y = 0.96x + 0.07 mmol/L; r* = 0.9977).
The CVsin the within-run imprecision test were 1.7%-—
3.5%, and the overall CV was 2.1%, indicating good
reproducibility of results. The Student t-tests of mean
values from 5 meters revealed statistically insignificant
differences (P > 0.05). In clinical trials, the agreement
of the Rightest GM310 meter results with those of a
laboratory method complied with ISO 15197:2003 cri-
teria. In the EGA, 100% of the values were within the
acceptable zones (A + B), and the proportion of values
within zone A exceeded 95%.

concrusions: The Bionime Rightest GM310 meter ap-
plied a simplified process for biosensor fabrication and
displayed acceptable performance for monitoring glu-
cose concentrations at alternative test sites.

© 2008 American Association for Clinical Chemistry

Meters for self-monitoring of blood glucose (SMBG)*
are indispensable home-use devices for effective con-
trol of glycemia levels by diabetes patients (1 ). Moni-
toring blood glucose concentrations requires a reli-
able and affordable measurement system, and many
improvements have been made in the last few decades
to enhance SMBG meter performance (2-8). These
enhancements include an improved methodology,
use of a redox mediator, and simplified processes for
manufacturing electrodes. For instance, glucose de-
hydrogenases, such as quinoprotein glucose dehydro-
genase, and flavoprotein glucose dehydrogenase, were
introduced to improve the accuracy of glucose measure-
ment and make it O,-insensitive. Various screen-printed
carbon electrodes (SPCEs) have been developed, and
these electrodes have the advantages of simplicity, low
cost, and the potential for mass production (9, 10).
Major problems can still occur with SPCE techniques,
however, as when polymers in the ink increase electron-
transfer resistance, for example. In addition, inconsis-
tency of the electrochemical area of SPCEs may produce
imprecise measurements of blood glucose concentrations
(4,11).

Pretreating SPCEs can enhance the electrochemi-
cal properties of carbon electrodes, including elec-
trochemical response, response time, cyclical voltam-
metric behavior, and mechanical stability (4, 12).
Therefore, such processes as electroplating of copper
(13) and sputtering of palladium and gold (11, 14)
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have frequently been used to modify electrodes and
thereby accelerate electron-transfer kinetics and re-
duce the potential required. Fabrication processes ap-
plied to most SPCE-based devices are extremely com-
plex, however, and thus a simple process is required.
This study investigated a novel technique for fabricat-
ing amperometric glucose biosensors that involved in-
serting barrel-plated gold electrodes into hollow holes
in the injection-molded base, followed by immobiliza-
tion of chemical reagents on a U-shaped furrow. This
technique has the potential for producing manufac-
turing costs as low as those for the SPCE technique.
Furthermore, gold particles generate large and specific
areas that can immobilize most glucose oxidase mole-
cules on the biosensing interface, and the excellent
conductivity of gold accelerates electron transfer (14—
16 ). This novel electrode-manufacturing technique for
amperometric biosensors has been patented in the
Us (17).

Although commercially available glucose meters
have been developed for alternative-site testing, the
stability of measurements has been an ongoing topic of
study in arm tests (18, 19). The aim of this study was to
characterize and evaluate the clinical performance of
the Bionime Rightest GM310 meter for alternative-site
tests (e.g., fingertips, palms, and arms) with novel test
strips fabricated by means of a one-step electrode-
manufacturing process.

Materials and Methods

STUDY PARTICIPANTS

We enrolled 139 diabetic and nondiabetic patients in
clinical trials at the outpatient clinic of Min-Sheng
General Hospital (accredited by Joint Commission
International), Taoyuan City, Taiwan. The clinical
trial evaluated the performance of Bionime Rightest
SMBG system GM310. The age range of the 139 vol-
unteers (49 men and 90 women) was 21-84 years.
The study participants were not necessarily users of
Bionime Rightest meters. Informed consent was ob-
tained from each participant, and the study proto-
col was reviewed and approved by the clinical trial
committee of Min-Sheng General Hospital for experi-
ments involving humans (MSEIRB Authority no.
951206).

BLOOD GLUCOSE METERS
This study used Rightest SMBG system GM310 (Bio-
nime) and a new test strip. The meter used ampero-
metric electrochemistry to measure capillary blood
glucose concentrations. The meter required a 0.6-uL
blood sample and reported a venous plasma—equiva-
lent glucose concentration in 5 s. The test strip was
40 mm long and 9 mm wide. The test strip consisted of

1690 Clinical Chemistry 54:10 (2008)

.
~.
> 4 —=2——— Cover film
3 o
r
S, ~
et Sz Chemical reagent
Auelectrode - =
/.&,,;n

AT

Fig. 1. Schematic diagram of fabrication of the ap-
plied test strip.

an injection-molded base, enzyme-modified gold-
plated electrodes, chemical reagent, and a cover film
(Fig. 1). The test strips were from the same batch (lot
no. 1178062).

TEST PROCEDURES

The analytical measurement range was evaluated by
assaying venous blood samples spiked with various
glucose concentrations (range, 0.6-33.3 mmol/L) in
heparin-containing tubes. Four replicates of each sam-
ple were tested with the meters. We centrifuged the
samples, tested for the plasma glucose concentration in
duplicate, and compared the results with those ob-
tained with a glucose oxidase procedure on the YSI
2300 STAT Blood Glucose & Lactate Analyzer (Yellow
Springs Instruments). Mean glucose values were cal-
culated, and the meter results were plotted against the
results obtained with the comparison method. We
used 6 glucose concentrations (1.11-16.66 mmol/L) in
venous blood samples with one meter to estimate
within-run imprecision. The test procedure was de-
signed on the basis of International Standards Or-
ganization (ISO) 15197:2003 criteria (20 ). In addition,
we assessed between-meter imprecision with 5 meters;
all meters measured the same venous blood sample
(glucose concentration approximately 5 mmol/L) si-
multaneously in 10 replicates with the same batch of
test strips. The imprecision in the mean values among
the 5 meters was analyzed statistically with the paired
Student ¢-test.

Supplementary Fig. 1 (see the Data Supplement
that accompanies the online version of this article
at http://www.clinchem.org/content/vol54/issuel0)
describes the clinical trial procedures. Trained techni-
cians and nurses performed measurements according
to the user manual with the meter at room tempera-
ture. Manufacturer-recommended methods were used
to obtain blood samples from the fingertip, palm, and
arm. We used the hexokinase method on an Olympus
AU640 instrument (Olympus America) as a compari-
son method. The clinical trial was funded by Bionime
Technology, Taiwan.



Bionime Rightest GM310 Biosensors for Blood Glucose Tests

STATISTICAL AND CLINICAL ANALYSES

The clinical acceptability of the results obtained with
the SMBG meter was evaluated by comparing them
with those obtained with the Olympus AU640 method.
We adopted 3 procedures for this analysis: (a) linear
regression analysis, (b) Clarke error grid analysis (EGA),
and (c) bias plots of accuracy criteria in accordance
with ISO 15197:2003.

The EGA criteria specify that 95% of measure-
ment results must fall in zone A and that 100% must
fall in zones A plus B. The 5 zones in the EGA are based
on their clinical acceptability. Measurements within
zones A and B are clinically acceptable. Values in zone C
lead to overcorrection of true glucose values. Values in
zone D indicate the potential for dangerous treatments.
Values in zone E may result in erroneous treatment.
The EGA graph plots comparison-method values on the x
axis and glucose values obtained with the meter on the y
axis.

The primary objectives of the international stan-
dards (ISO 15197) are to establish requirements that
result in acceptable performance. Performance cri-
teria for blood glucose—monitoring systems were es-
tablished on the basis of the accuracy (precision and
trueness) required for individual glucose results. The
accuracy determined by the degree of agreement be-
tween values obtained with blood glucose meters and
laboratory plasma values was assessed further ac-
cording to the criteria in ISO 15197:2003. The mini-
mum acceptable performance for glucose-monitoring
meters has been stipulated by ISO 15197:2003 (20 ):
95% of the individual glucose results must be within
+0.83 mmol/L of the comparison-method results at
glucose concentrations <4.20 mmol/L and within =20%
of the comparison-method results at glucose concen-
trations =4.20 mmol/L.

Results

IMPRECISION TEST AND LINEARITY ANALYSIS

The Rightest GM310 method showed excellent linear-
ity over the analytical measurement range of blood glu-
cose concentrations (0.6—33.3 mmol/L), with the fol-
lowing meter results: y = 0.96x + 0.07 mmol/L; r* =
0.9977 (Fig. 2).

The imprecision results are shown in Table 1.
Within-run CVs were 1.7%-3.5%, and the overall CV
was 2.1%, excluding the SD value of 0.08 mmol/L
for extra-low glucose concentrations (Table 1). For
between-meter tests, differences in mean values were
not statistically significant (P > 0.05, paired t-test). The
maximum mean difference among the 5 meters was
0.08 mmol/L or a 1.6% variation (Table 1).

Meter concentration (mmol/L)

0 ! . 1 1 ) )
0 11.1 222 333 444 555 66.6

YSI 2300 (plasma, mmol/L}

Fig. 2. The analytical range of glucose measurements
obtained with Bionime Rightest GM310 glucose
meters.

Plots of glucose values obtained with the meter vs plasma
glucose values obtained with the YSI 2300 instrument. The
meter displays the range of high values (Hi) in typical
hyperglycemia (glucose >33.33 mmol/L) and low values
(Lo) in the hypoglycemia range (glucose <0.60 mmol/L).

CLINICAL EVALUATION OF RIGHTEST BLOOD
GLUCOSE-MONITORING SYSTEM GM310

The capillary blood glucose concentration was mea-
sured at the fingertip, the palm, and the arm. Within
5 min after values were obtained with the Rightest
GM310, we drew a venous sample from the same in-
dividual, centrifuged the sample for 10 min, and ana-
lyzed it within 1 h at the Min-Sheng General Hospital

Table 1. CVs of imprecision tests.
Mean, mmol/L  SD, mmol/L  CV, %

Within-run

Extra-low (n = 20) 134 0.08

Level | (n = 20) 232 0.08 3.5

Level Il (n = 20) 4,55 0.10 2.4

Level Ill (n = 20) 8.31 0.15 1.8

Level IV (n = 20) 10.61 0.18 1.7

Level V (n = 20) 18.36 0.34 1.9

Total 8.83 0.19 2.1
Between-meter

Meter A (n = 10) 5.02 0.08 1.6

Meter B (n = 10) 4,99 0.08 1.7

Meter C (n = 10) 5.07 0.09 1.8

Meter D (n = 10) 5.01 0.07 1.6

Meter E (n = 10) 5.03 0.08 1.7
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Table 2. Comparison of blood glucose values obtained within the defined criteria for the laboratory method
and for the Rightest GM310 method at the 3 alternative measurement sites.

Blood glucose measurements within the defined criteria (N = 139), n®

Difference (<4.20 mmol/L, n, = 26)

Difference (=4.20 mmol/L, n, = 113) Values within

b Criteria of 1SO 15197:2003.

Alternative measurement
site =0.27 mmol/L =0.55 mmol/L =0.83 mmol/L =5% =10% =15% =20% criteria, %"
Finger 18 24 26 55 84 103 110 97.8
Palm 23 26 26 57 91 108 110 97.8
Arm 21 26 26 44 74 92 108 96.4

2 Defined criteria are blood glucose concentrations <4.20 mmol/L and =4.20 mmol/L.

with an Olympus AU640 chemistry analyzer. Supple-
mentary Fig. 1 in the online Data Supplement shows
the flow chart of this clinical trial.

The range of blood glucose concentrations for the
139 study participants was 1.6—26.7 mmol/L, and he-
matocrits met the manufacturer’s criteria (30%-55%).
The agreement between the Rightest GM310 results
and the comparison-method results (Olympus AU640)
was clinically satisfactory (Table 2; Fig. 3).

In addition to fingertip tests, this study measured
values from palm and arm sites. Although 139 mea-
surements from the participants’ arms produced 5 re-
sults that failed to fall within the *20% interval of
reference values, the agreement of the values for the
Rightest GM310 and the comparison method was clin-
ically acceptable.

An evaluation of subsets of measurements for the
3 alternative sites for the comparison interval of
<4.20 mmol/L showed that 26 of 26 values were within
the £0.83-mmol/L interval of comparison values spec-
ified by ISO 15197:2003. For the comparison interval of
=4.20 mmol/L, 110, 110, and 108 of 113 values fell
within the =20% interval of comparison values for the
finger, palm, and arm tests, respectively, as specified by
the ISO 15197:2003 criteria (Table 2). Thus, the ISO
15197:2003 requirements for SMBG meters were met.
Fig. 4 shows the correlation coefficients for the com-
parison between the Rightest GM310 test and the com-
parison method for the 3 alternative sites. For the fin-
gertip test (n = 139), y = 0.99x — 0.08 mmol/L, r =
0.989, and the SD of the residuals (S,;,) = 0.90 mmol/L.
For the palm test (n = 139), y = 0.98x + 0.14 mmol/L,
r = 0.990, and S,, = 0.85 mmol/L. For the arm
test (n = 139), y = 0.97x — 0.21 mmol/L, r = 0.990,
and S, = 0.85 mmol/L.

EGA results for the fingertip test (Fig. 4A) were
within acceptable zone A in 97.8% of the cases. In the
palm and arm tests, 100% of the values were within
zones A plus B (97.8% and 96.4%, respectively, within
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zone A; 2.2% and 3.6% within zone B; Fig. 4, B and C).
The EGA results demonstrate that Rightest SMBG
meter GM310 was clinically acceptable for use with al-
ternative test sites.

Discussion

In this study, within-run imprecision tests demon-
strated that the mean CV of the Bionime Rightest
GM310 meter was 2.1%. Commercially available
meters that apply the SPCE technique have CVs in the
range of 3%—6% (21-23). The imprecision of glucose
meter measurements has been attributed to inconsis-
tency in the electrochemical response area (11 ). In the
present study, efficient control of the electrochemical
area seemed to effectively improve the imprecision.
Additionally, gold electrodeposition during electrode
manufacturing has better precision than the sputtering
process because of the former’s electrochemical repro-
ducibility (11 ). We suggest that the superior precision
of the GM310 may be attributed to its simplified fabri-
cation technique (24).

The EGA results showed that 100% of the values
fell within clinically acceptable zones A and B, suggest-
ing that results obtained in alternative-site tests with
the Rightest GM310 meter are clinically acceptable.
According to ISO 15197:2003 criteria, the Bionime
Rightest GM310 has met the requirements of SMBG
systems for testing at alternative sites (fingertip, palm,
and arm).

More than 50% of the values generated with the
Bionime Rightest GM310 meet the alternative-site test
criteria of the American Diabetes Association, which
recommends that 100% of the values fall within the
+5% interval of comparison-method values (25, 26).
Currently, only 15%-50% of values of most commer-
cially available glucose meters meet this criterion
(7, 22, 23, 2628 ), and the performance of the Rightest
meter is consistent with that of other meters.
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Several complicating methodologic factors should
be considered when a comparison method is used.
The glucose concentration of capillary whole blood is
lower than that of venous plasma (29). This difference is
partly attributable to the hematocrit, or a fasting vs non-
fasting state. One potential limitation of the performance
of the Rightest GM310 is the hematocrit in a blood sam-
ple. Many studies have concluded that variation in the
hematocrit significantly reduces the accuracy of SMBG
measurements. A high hematocrit is associated with un-
derestimation, whereas a low hematocrit causes overesti-
mation of glucose concentrations (30—32). Therefore,
hematocrits may constitute a significant clinical risk in
evaluating the hypoglycemia symptoms that are encoun-
tered in the up to 20% of the neonatal population that
commonly has high hematocrits (33, 34). We analyzed
the effect of hematocrits in this clinical trial and obtained
results similar to those of prior hematocrit studies. Fig. 2
in the online Data Supplement shows the effect of the
hematocrit on glucose measurement.

In summary, the Bionime Rightest GM310 com-
plies with ISO 15197:2003 criteria and produces ac-
ceptable glucose results for alternative test sites (finger-
tip, palm, or arm) that are generally equivalent.
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