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ABSTRACT 
 

For decades, blood glucose monitoring technology 
has relied on the use of reagents, including enzymes, 
mediators, and buffers.  This monitoring technology not only 
is prone to interference, but also to instability of the reagent.  
We have developed a new biomimetic sensor utilizing 
nanopore structures that does not use any reagent and is free 
from interferences commonly encountered in conventional 
blood glucose monitoring. This report presents results for a 
selectivity study with a specially designed biomimetic 
glucose oxidase. Several common known interference 
substances were studied:  D (+) xylose and D(+) galactose, 
and also ascorbic acid and uric acid.  The results show the 
sensor has negligible interferences from these substances 
(errors in the range of 1-3%).  A preliminary evaluation of 
the accuracy, precision and linearity are also presented using 
whole blood specimens. 

Key Words: Reagent-less, enzyme-free, nanostructure self-
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INTRODUCTION 

 
            Third generation biosensors are focusing on direct 
glucose measurements based on the intriguing phenomena 
known as bioelectrocatalysis with direct electron transfer 
(DET) between the electrode and the redox active sites of 
biomolecules [1-4].  Nanowire and nanopororous based 
sensors have drawn great interest recently because they are 
extremely sensitive and well suited for multiple analyte 
detection, overcoming the disadvantages of conventional 
materials [5-6].  It was discovered that the nanopores play an 
important role in enabling multiple step reactions with higher 
reaction rates vs. the same system immobilized on 
polystyrene without nanopores [7]. 
 
Synthetic nanopore structured sensors with a molecule-
recognition agent (MRA) have attracted interest [8].  
However, most synthetic nanopores are non-selective, and 
processing is needed to attach a MRA to the nanopore [8].  
As Martin mentioned in reference 8, good reproducibility and 

long-term stability is a challenge for the nanopored sensors.  
Cyclodextrins (CDs) and derivatives are used in advanced 
nanostructure materials and applications to sensors have been 
reported previously [9-12].  Nanopore sensors with 
molecular-recognition are still in its infancy.  Two 
approaches to make a nanopore with selectivity are to use 
either a biological material that binds to a molecular-
recognition probe or to binds to the synthetic nanopore [8, 
13].  When an analyte enters the pore, it binds to the receptor 
and blocks current flow, unlike molecules that do not bind to 
the receptor [8, 13].  Introducing a receptor binding to a 
nanopored protein is perhaps the major cause of inaccuracy, 
because the conformation changes during the guest-host 
inclusion in the nanopore structured protein [14]. We have 
developed a glucose sensor with a bio-inspired glucose 
oxidase [16], which enhanced the selectivity and eliminated 
interferences.  The goal of this report is to demonstrate the 
selectivity of the unique glucose sensor.  

  
 

EXPERIMENTAL 
 

Fabrication of the Nanostructure Self-
Assembling Membrane (SAM) 
 

 Reagent grade poly (4-vinylpyridine) (PVP), 
polyethylene glycol diglycidyl ether (PEG), were purchased 
from Aldrich-Sigma.  The PVP was recrystallized in 
methanol.  The mono imidazol derivative dimethyl ß-
cyclodextrin (mM-ß-DMCD) was generally synthesized 
according to the published procedures [15].  The gold disk 
electrode was purchased (BASi, IN) and cleaned before use 
as described elsewhere [16].  The mixture solution with 
proper compositions were prepared as described in [16], was 
injected onto the surface of the electrode in a certified class 
100 level clean room and was incubated for 48 hrs at 35ºC.  
The AU/SAM electrode was then washed by extra pure DI 
water for 10 minutes, and then re-incubated for 2 hrs at 35ºC. 
The electrode was stored at room temperature.         
 
Characterization of the Membrane of AU/SAM 
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The morphology of the AU/SAM was characterized 
using a Digital Instruments Nanoscope, (Veeco Instruments, 
CA).  The surface structure was scanned using a silicon 
cantilever and a tip with 5-10 nm radius, as shown below in 
Figure 1.  The roughness of the SAM was 0.82 nm RMS.   
Figure 2 shows the example of the cross-sectional pore size 
measurement as 19.5 nm in average.  

 

 
Figure 1.  An AFM 3D image of the glucose Sensor with 

nanopore structure and an internal artificial receptor. 

 
Figure 2, Cross-sectional analysis for nanopore measurement 

of the sensor. 
 

Selectivity 
 

A voltammetric analyzer (Epsilon, BASi, IN) was 
used for the electrochemical measurements. A Faraday low 
current cage (BASi) was used for protection of the electrode 
cell.   The scan rate was kept constant at 50 mv/s.  All 
electrochemical measurements were conducted in an 
unstirred cell at 20°C.  The AU/SAM electrode was the 
working electrode, Pt was the auxiliary electrode and  
Ag/AgCl was the reference electrode.  Interferences from 
well known common sources were investigated by following 
CLSI protocol in EP7 for non-glucose sugars D (+) xylose 
and D (+) galactose, and substances: ascorbic acid and uric 
acid.  All samples were measured in HPLC grade pure water. 

 
Accuracy 

 
A preliminary study was conducted to demonstrate 

the capability of measuring glucose in whole blood matrix 
with the ABS sensor. With the IRB approval and test subject 
consent, fresh capillary blood specimens were collected from 
volunteers.  Two commonly used meters (meter A and B), 
both approved for use on diabetic children by FDA, were 
used comparison with the ABS sensor.    
 

Three fresh finger stick samples, one collected at 
fasting and the other two postprandial, were tested in 
triplicate by the ABS sensor, meter A and meter B, 
respectively.   

 
In addition, six heparinized whole blood samples 

were also tested by the ABS sensor. Plasma from each 
sample was harvested within 30 minutes of testing by the 
meters and analyzed for glucose by an in-house method 
standardized against NIST SRM 965a.   This plasma glucose 
values traceable to NIST standards were used as reference for 
evaluating accuracy. 
 
Analytical Range 
 
 Specimens were prepared from heparinized whole 
blood that had been gently   rocked at room temperature for 
24 h to deplete its glucose content.  Immediately aliquots of 
the specimen were measured by our instrument, the glucose 
concentration was zero before spiking.  It was spiked with 
standard glucose solution to achieve concentrations of 
approximately 50, 100, 150, 250, 350 mg/dL.   After spiking, 
each sample was thoroughly mixed and then analyzed in 
triplicate.  In order to closely calibrate the real test variable of 
the sensor, no buffer and reagent were added to the 10 mL 
whole blood testing cell vial; furthermore, no nitrogen purge 
was needed.   
 
 

RESULTS AND DISCUSSIONS 
 
 
Characterization of the SAM. 
 

The first reported 3D view of nanopore structured 
multiple-function CD-SAM is shown in Figure 1 and 2, and 
the AFM image clearly reveals the smoothness of the SAM.  
The nanopores were well distributed and vertically oriented 
on the gold surface with a pore size from 10 to 20 nm, and 
the roughness of the SAM was 0.82 nm RMS.   Figure 2 
shows the example of the cross-sectional average pore size 
measurement of 19.5 nm.  
 
CV Profiles  
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The electrochemical behavior of sensors was 
characterized using cyclic voltammetry (CV). Under optimal 
experimental conditions, the CV profiles are shown in Figure 
3 upon the addition of various standard glucose 
concentrations successively in the 10 mL pH 7.2 buffer 
solutions.  The electrocatalytic current increased 
proportionally with increased glucose concentrations 
indicating that the channeling effect due to the nanopore 
structure had resulting in a more effective current 
amplification, hence a strong electrocatalytic current was 
observed.  This also demonstrated a new tool that by directly 
detecting the reduction of imidazolium (as an electron 
acceptor), hence glucose concentration can be sensitively 
determined. That is revolutionary in the field of biosensor.  
The insert is the calibration plot derived from response 
curves.  
  

 
 
 
 
 
 
 
 
 
 

Figure 3, CV profiles corresponding to the 
bioelectrocatalytical  reduction of the nanopored receptor-CD 
of the Sensor in the presence of glucose concentrations 0.3, 
1.0, 2.6, 4.6, 6.8, 8.7, to 14 mM, labeled a to g, respectively. 

 
Selectivity 
 
  

 In order to confirm the selectivity of the developed 
glucose sensor, several well known interferences  were 
chosen for this study: D(+) galactose, D (+) xylose,  ascorbic 
acid and uric acid. Fig 5A shows non glucose sugar D-
xylose, D- galactose (5B), and interfering substances ascorbic 
acid (5C) and uric acid (5D), did not interfere with the sensor 
detection of glucose at > 10 times of the maximum 
physiological concentration.  By comparing the results from 
each of the four pairs of cyclic voltammgrams with and 
without the interfere substances, it is clear, that the 
interferences are negligible in terms of the recoveries which 
range from 101 to 103% with errors from 1 to 3 mg. 
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Fig 4.  Non glucose sugar effects on the sensor performance 
with 50 mg/dL glucose with or without 1.0g/dL D-xylose 
(A); with or without 1.2g/DL D-galactose (B);  and the 
interfering substances effect on glucose readings in the 

presence of 100mg/dL glucose with or without 24 mg/dL 
ascorbic acid (C); and in the presence of 50 mg/dL glucose 

with or without 10mg/dL uric acid (D). 
 

Analytical Range  
 
            Following are preliminary data demonstrating the 
performance characteristics of the sensor using the whole 
blood matrix. 
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Figure 5, Plot of the Linear Least-squares regression line 

based on the measured currents from the sensor vs. prepared 
glucose concentrations in the whole blood specimen. 

 
         The calibration linear plot produced an equation of y= 
0.3 + 0.004x, r=0.996.  The plot exhibits linearity up to 320 
mg/dL.The sensor sensitivity is 4 nA/mg/dL of glucose with 
the 2.01mm2 gold SAM electrode.   

Accuracy 
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              For fresh capillary whole blood specimens, ABS’s 
laboratory sensor gave results that were within 5 mg/dL or 
5% of the reference values that were traceable to the NIST’s 
reference standards.  ABS’s sensor had used over the glucose 
range from 35 to 293 mg/dL.   Final results were comparable 
to the NIST’s reference standard glucose range, within-run 
precision of the sensor (triplicates at each level of  NIST’s 
sera: 35, 79, 122 and 293 mg/dL) was 0.68-3.2% CV.   
 
Table 1: Accuracy results using fresh capillary                                                                                                       
whole blood specimens                                                                        

     

 Table 2.  Accuracy results using heparinized whole blood 
specimens 

 
Specimen 

No. 
Reference 
glucose 
conc.1 

(mg/dL) 

ABS sensor 

Mean (sd) 
(mg/dL) 

 
1 
2 
3 
4 
5 
6 
 

 
69.4 
64.9 
125.0 
71.0 
23.3 
62.1 

 

 
69.5(5.2) 
65.0(1.4) 

125.3(0.4) 
71.2(6.3) 
23.4(8.8) 
62.2(4.8) 

1 refers to average blood glucose concentration value 
measured by reference plasma method that was traced to 

the NIST sera glucose values as true glucose. 

       Most of the data shown that the ABS sensor satisfied the 
ADA 1996 standard of  5% bias related to a laboratory 
reference method. Table 1 shows that ABS sensor measured 
glucose in fresh finger stick blood with negligible bias and 
excellent precision. 

The linear regression of the glucose results obtained by 
the ABS sensor measured with NIST’s SRM 965a sera vs. 
true glucose concentration of the sera obtained by NIST’s 
definitive gas chromatography-mass spectrometry (GC/MS) 
method produced an equation of y = -9 +1.04x, r= 0.9993, 
Sy/x = 4.0, and demonstrated a good agreement between the 
ABS sensor method and the NIST standard.   

                                                      
Precision 

           For inter-assay precision, the CV value obtained from 
three ABS sensors prepared with the same nanopored 
membranes were 1.1%, 0.7% and 2% at 50.0 mg/dL glucose 
concentration with five replicates for each of the three 
sensors.  The ABS sensors gave the within-run 1-2% CV 
when testing fresh whole blood specimens.   Using the ABS’s 
sensor in whole blood specimen at 40, 80, 120, 160, 200, 
240, 280, and 320 mg/dL with CV% results as 1.7, 2.1, 1.0, 
2.0, 2.4, 1.1, 2.7, 1.2, respectively.  

 
    

REFERENCES  
 

1  Goorton, A. Lindgren, T. Larsson, F.D. Munteanu, T. 
Ruzgas and L Gazaryan,  Anal. Chim. Acta 400, 91, 
(1999).  

 
2.        J. Updike, G.P. Hicks, Nature 214, 986, (1967). 
 
3  Dai, F, Yan, J, Chen and H, Ju, Anal. Chem. 75,      

5429, (2003). 
4.  Y. Tian, L. Mao, T. Okajima, T. Oshaka, Anal. Chem      

74, 2428-2434, (2002).  
 
5.        A. Vaseashta and J. Irudayaraj,  J. Optoelectronics    

and Advanced Materials 7(1), 35, (2005).   
 

6. B. Ei-Zahab, H. Jia and P. Wang, Biotechnology and 
Bioengineering, 87(2), 178, (2004).  
 

7. X. Zhao, B. Xiao, A. Fletcher, K. M. Thomas, D. 
Bradshaw, and M. J. Rosseinsky,  Science, 306, 1012, 
(2005).   
 

8. C. R. Martin and Z. S. Siwy, Science 317, 331-332, 
(2007).   

 9        D. Branton and J. Golovchenko,  Nature, 398, 660, 
(1999). 

10.     W.Lim, O. Crespo-Biel, M.C. A. Stuart,  
D.N.Reinhoudt, J. Huskens and B.J.Ravoo, Proc.   
Natl. Acad. Sci. U.S.A. 104, 6986-6991, (2007).   

11.     C. Park, I.H. Lee, S. Lee, Y. Song, M. Rhue and C. 
Kim, Proc. Natl. Acad. Sci. U.S.A. 103, 1199-1203, 
(2006). 

12.      A. Tripathi, J. Wang, L. A. Luck and I.I. Suni,  Anal. 
Chem, 79. 1266-1270, (2007). 

13.      Z-G. Wang, B-B. Ke and Z-K. Xu,  Biotechnology and 
Bioengineering, 97(4), 708-720, (2006). 

14.     S. Liu, Z. Dai, H. Chen and H. Ju, Biosensors and 
Bioelectronics, 19(9), 963, (2004).  

15.     E. Chen and H. L. Pardue,  Anal 
Chem, 65,  2563-2567, 1993. 

16.     E. Chen, Novel Nanopore Structured Electrochemical 
Biosensor, US #20080237063 (October 2, 2008).  

Reference  
conc. 
(mg/dL) 

Meter A 
 Mean(sd) 
  (mg/dL) 

Meter B 
Mean(sd) 
  (mg/dL) 

    ABS 
Mean(sd) 
  (mg/dL) 

 
  83.4 
 
120.9 
 
127.4 
 

 
90.3(4.0) 
 
157.0(18.5) 
 
137.0(20.6) 

 
104.3(4.0) 
 
157.3(32.8) 
 
129.7(10.3) 

 
87.8(0.3) 
 
123.1(0.9) 
 
128.5(2.0) 
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