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The reverse iontophoresis-based glucose monitoring circumstance is similar to the small-volume solution in which mass diffu-
sion controls the current response of the electrochemical biosensors. In this study, the law of mass transfer in this type of solu-
tion was analyzed and a mathematic model was established to depict the current-time behavior of the fabricated planar elec-
trode used in the non-invasive meter designed by ourselves. A small-volume glucose solution was directly constructed on the 
electrode to simulate the reverse iontophoresis-based sensing condition. The correctness of the model was demonstrated by 
chronoamperometry. Animal assay was subsequently carried out to verify the practicality of the model in determination of 
blood glucose. The results processed by the new method accurately traced the authentic value, confirming the advantage of the 
new method and the potential in clinical analysis. 
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1  Introduction 

Blood glucose monitoring has attracted much attention. In 
2008, two reviews referring to glucose biosensors and diabetes 
management were published on Chemical Reviews [1, 2]. 
Commercial blood glucose biosensors mainly make use of 
two methods, including electrochemical approaches and 
optics. Among them, electrochemical test-strip plays a 
leading role for the advantages of requiring less than 4 μL 
finger blood and ensuring high clinical accuracy. However, 
it brings pain to diabetics for pricking skins. The ultimate 
goal of diabetes diagnosis is to use non-invasive ways to 
alleviate pain and to provide continuous monitoring [3]. In 
1989, Guy’s group established “reverse iontophoresis” 
[4–6], which demonstrated small molecules, such as tissue 
glucose, could be extracted through skins by imposing a 

couple of electrodes with small current on scarfskins. It 
enlightened one possibility of non-invasive glucose moni-
toring. Commercial GlucoWatch Biographer was subse-
quently developed based on this theory [7], but discontinued 
due to potential problems [1]. Recently, a new type of reverse 
iontophoresis-based blood sugar meter was developed by our 
group [8]. Compared to GlucoWatch, it has high performance 
on the glucose biosensor contributing to low power consump-
tion and short warm-up time less than 30 min. 

The two steps under reverse iontophoresis-based glucose 
monitoring system are extraction and sensing. Their pro-
gress orderly and eventually generate the current corre-
sponding to the concentration of blood glucose. The osmo-
sis kinetics of glucose drawn through skins is complex, 
leading to unclear rules established in early reports [9, 10]. 
The uncertainties of the extraction period may directly af-
fect the next step, so effective analysis has the necessity of 
dividing the reverse iontophoresis system into two parts. 
When the monitoring process is analyzed, the extraction is 
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under control. In the present study, we focus on the cur-
rent-time behavior of the fabricated biosensor used in this 
system. The extraction process was simulated by the fol-
lowing ways: We constructed a small-volume glucose solu-
tion on the electrode in order to make its configuration simi-
lar to the real reverse iontophoresis-based monitoring condi-
tion. The rationality of the simulation was demonstrated by 
the principle of the monitoring system as follows [7]: A cou-
ple of three-electrode biosensors are fastened to the skin. 
During detection, the space between the skin and the surface 
of the electrode (about hundreds of micrometers) is filled 
with small-volume buffer solution to enhance the mobility 
of extracted glucose to the electrode. The immobilized GOx 
layer serves for collecting and catalyzing glucose. 

The diffusion of glucose molecules in such small-volume 
solution was theoretically analyzed and a mathematic model 
was established to depict the current behavior. Then 
chronoamperometric measurement was performed with the 
fabricated electrode, and the current vs. time plots con-
firmed the correctness of the model. The animal experiment 
was subsequently processed using portable non-invasive 
blood glucose detection equipment invented by our group. 
The specimen was chosen from mini-pigs due to the simi-
larities of skin structures between pig and human. The ob-
tained curves demonstrated that the variation of porcine 
blood sugar could be precisely inspected by the mathematic 
model, according to the authentic values detected by the 
invasive method.  

2  Experimental part and simulation 

2.1  Reagents and apparatus 

Glucose oxidase (GOx, EC 1.1.3.4, 230 units/mg) was from 
Amresco, Japan. β-D-Glucose was purchased from Laibo 
Biology Inc., China. Poly(ethylene oxide) (PEO, average 
MW 600,000), phosphate buffer solution (PBS) containing 
0.0027 M KCl, and 0.133 M NaCl (0.01 M, pH 7.4 at 25°C) 
were obtained from Sigma-Aldrich Inc., USA. Bovine se-
rum albumin (BSA) and 25% glutaraldehyde solution were 
purchased from Yili Chemicals Inc., China. Silver/silver 
chloride (Ag/AgCl) ink was from Dupont Corp, USA. The 
poly-(vinylpyridine) complex of Os(bpy)2Cl wiring horse-
radish peroxidase, designated as HRP-PVP-Os, was synthe-
sized by partially complexing the pyridine nitrogens of 
poly(4-vinylpyridine) with Os(bpy)2Cl+1/+2 according to the 
previously published reports [11, 12]. All the other reagents 
were of analytical grade and used without further purifica-
tion. All aqueous solutions were prepared with deionized 
water. 

The electrochemical measurements were performed at 
room temperature (25 °C) with a CHI660A electrochemical 
workstation (CH Instruments, USA). Microsoft Office Ex-
cel 2003 and MATLAB 7 were used for analyzing the ex-
perimental data. 

2.2  Biosensor fabrication  

For commercial purpose, the biosensors (conventional 
three-electrode systems) were mass-produced with a vac-
uum sputtering machine (H46500-4, Nanguang Machine 
Factory, China) by sputtering gold on a polyethylene 
terephthalate (PET) substrate, and then were cleaned by a 
plasma cleaner (Harrick Scientific Corp., USA) to enhance 
the electroactivity. 

The reference electrode and the auxiliary electrode were 
simultaneously printed by Ag/AgCl ink for its strong stabil-
ity in extraction, better than platinum as counter electrodes. 
The coated electrode was baked at 120 °C for 5 min. The 
gold working electrode was modified by dropping 4 μL 
HRP-PVP-Os solution onto the surface and stored for 3–     
5 days under ambient condition. The GOx layer was con-
structed by entrapping glucose oxidase (10 μL, 10 units/μL) 
in 90 μL gel (consisting of 6 mg PEO as a gel-substrate for 
GOx immobilization, 10 μL wt 20% bovine serum albumin, 
8 μL glycerol as a humectant, 40 μL wt 1.25% glutaralde-
hyde as a cross-linking reagent, and 40 μL PBS), denoted as 
GOx/HRP-PVP-Os electrode. The fabricated biosensor was 
dried and stored at 4 °C in a refrigerator.  

2.3  Large-volume solution electrochemical measure-
ment  

To confirm whether the current response on the electrode 
was mass transfer limited, the electrochemical measurement 
was performed in a 15 mL glucose solution cell within 
which the biosensor was completely immersed. The elec-
trode was linked to CHI660A used to measure the current vs. 
time plots. The measurement started with the potential 0.0 
V vs. Ag/AgCl. Notably, it had been confirmed that 0.0 V 
was negative enough so that fast reactions happened at the 
electrode and the response current was limited by the mass 
transfer [11, 13, 14]. The current vs. time was measured 
every 0.1 second. The observed data were analyzed by Ex-
cel. 

2.4  Simulation of the monitoring circumstance in re-
verse iontophoresis system and small-volume solution 
electrochemical measurement 

The electrode was linked to the electrochemical workstation 
and its modified surface was exposed to the air. Before 
measurement, the gel layer was saturated with PBS in order 
to reduce double-layer charging. Subsequently 3 μL of glu-
cose solution was dipped on the surface of the electrode and 
paved swiftly by the pipette. As shown in Figure 1, by this 
action, the configuration of the simulation was similar to the 
real monitoring circumstance of the reverse iontophoresis 
system. The measurement was subsequently started with 0.0 
V. The data were analyzed by Excel and MATLAB 7.   
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Figure 1  Schematic of the GOx/HRP-PVP-Os electrode and the simula-
tion of monitoring circumstance of the reverse iontophoresis system. The 
thickness of each layer was approximately calculated according to its vol-
ume and the electrode scale. 

2.5  Animal experiment  

The animal experiment was performed in Chinese Academy 
of Herbalist Science Attached Xiyuan Hospital. The speci-
men was chosen from Chinese experimental mini-pigs of 30 
kg. The meter was fastened on the right belly of the pig 
which had been anesthetized by 3% amyl barbiturate, as 
shown in Figure 2(a). The small-volume solution was con-
structed between porcine skin and the electrode (Figure 2(b)) 
by PBS. In each cycle of detection, the extraction time was 
set at 5 min and the detection was 100 s. The authentic val-
ues were acquired by a GlucoDr AGM2200 glucose meter 
(Allmedicus Company, Korea). The data were analyzed by 
Excel and MATLAB 7. 

3  Mathematic model  

Figure 1 also represents the reactions of the biosensor. It 
can be found after glucose molecules in small-volume 

 

 
Figure 2  Photograph of installation of the detection system in animal 
experiment (a) and details of the planar glucose biosensors (b). 

solution diffused into the GOx layer, 5 steps were taken to 
generate electrons [13, 15]:  

GOx (FAD) + glucose → GOx (FADH2) + gluconolactone 
(1) 

 GOx (FADH2) + O2  GO→ x (FAD) + H2O2 (2) 

H2O2 generates and diffuses into the PVP-Os mediator 
layer: 

 H2O2 + HRP  HRP→ (2+) + 2OH−  (3) 

 HRP(2+) + 2PVP-Os(2+)  HRP→  + 2PVP-Os(3+) (4) 

 2PVP-Os(3+) + 2e−  → 2PVP-Os(2+) (5) 

As evidence from eqs. (1)–(5), electrochemical behavior 
on the GOx/HRP-PVP-Os electrode is complex for existence 
of nernstian reaction coupled chemical reaction. Response 
time at the electrode is influenced by the redox reaction and 
mass transport [16].  

However, it has been reported that the electron transfer 
was rapid due to high performance of the film, such as high 
electroactivity of substantial portion [17], high permeability 
[18], short transfer route of electrons [11, 13, 14, 19, 20], 
etc. In appropriate range of concentrations where the en-
zymic bioactivity was high enough so that the rate of 
chemical reaction is much faster than that of mass transfer, 
the current can be considered as diffusion controlled.  

As shown in Figure 1, the initial thickness of small- 
volume solution signed as l is calculated of 77.92 μm, larger 
than (Dmt)1/2 (Dm is obtained in 3.1) defined as the shortest 
distance satisfying semi-infinite diffusion [21], leading to 
semi-infinite diffusion of the glucose molecules. However, 
the structure of the small-volume solution in Figure 1 dif-
fers with the typical thin layer electrochemical cell on the 
open-up configuration [22–24]. The influence from solvent 
evaporation should be taken into account. The thickness of 
the solution, l, should be replaced by a decline function de-
noted as l(t). In the entire measurement, the diffusion of 
glucose follows Fick’s second law [25]:  

 
⎡ ⎤∂ ∂

= ⎢ ⎥
∂ ∂⎢ ⎥⎣ ⎦

2

2

( , ) ( , )g g
m

C x t C x t
D

t x
 (6) 

where Dm is the mass diffusive coefficient. Herein, the 
two-gel layer where active molecules transferred led Dm to 
be slower than that it should be in solution; Cg is the glucose 
concentration. The initial time condition is 

 = *( ,0)g gC x C  (7) 

where *
gC  is the initial concentration of glucose solution. 

The boundary condition of the electrode surface is 

 =(0, ) 0gC t  (8) 

The other boundary is determined by the solution thick-
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ness. As analyzed above, when t is small, semi-infinite dif-
fusion is dominant for l(t) > (Dmt)1/2, so the boundary effect 
can be neglected, and the mass transfer is considered as 
semi-infinite diffusion [21] with its boundary condition 
represented in eq. (9). When t grows up, l(t) becomes 
smaller whereas (Dmt)1/2 increases. The small-volume effect 
strengthens and the thickness of solution should be taken 
into account (eq. (10)) [26]. 

 = *( , )g gC l t C ; l > (Dmt)1/2 (9) 

 =( ( ), ) 0gC l t t ; l(t) < (Dmt)1/2 (10) 

After Laplace transform, left term of the eq. (6) can be 
transformed to 
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Due to coexistence of two effects, right term of eq. (6) is 
divided into two parts. After transformation of Laplace: 
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where κ1, κ2 are factors influenced by eqs. (9) and (10). κ1 

+κ2 = 1. Then 
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Eq. (13) under the semi-infinite boundary condition with 
*( , ) lim( , )g gx

C l t x t C
→∞

= =  derives:  
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To eq. (14), using eq. (10) as boundary condition: 
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where m is exponential cofactor caused by Laplace trans-

form. Diffusion-limited current is received: 
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where n, F have their usual significance; Am is the geometric 
area of the work electrode. For long experimental time, 
terms of m > 2 can be omitted and an approximate equation 
yields, 
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l(t) in eq. (18) is mathematical model about time depend-
ence of the evaporative flux in a liquid-air system which 
recently was established by D.V. Alexandrov whose theory 
is based on the diffusion equation under the boundary con-
dition [27]: 

 α
ξ

∂
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∂
Vd

,
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l C
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t
 ξ = lV(t), t > 0 (19) 

where C is the concentration of solvent; D is the diffusivity 
of the solvent; lV is the vaporize thickness of the liquid; α is 
evaporation rate coefficient. Since the solvent con- centration 
distribution is assumed homogeneous throughout the experi-
ment, eq. (19) can be highly simplified (eq. (20)), and expres-
sion of lV(t) is obtained in eq. (21), 

 α=
d

d
VlC C
t

 (20) 

 α=V( ) ,l t t  t > 0 (21) 

Therefore, the residual thickness of the small-volume can 
be given, 

 α= − = −V( ) ( ) ,l t l l t l t  t > 0 (22) 

Substituting into eq. (22) leads to the equation, 
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Since the decline rate of l -αt is much slower than that of 
current showing exponential decay, we are allowed to use 
its initial value, l, instead of eq. (22). The approximate 
equation yields, 
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The model takes advantages of compatibility with 
Cottrell Equation under semi-infinite boundary and the thin 
layer electrochemical model. When κ1 = 1, κ2 = 0, meaning 
the ratio of the volume of solution to electrode area is large 
enough so that this model can be treated as semi-infinite 
diffusion [28], thus eq. (24) equals to Cottrell equation; 
when κ 1 = 0, κ 2 = 1, it can be completely treated as thin 
layer electrolysis [29–31]. κ 1, κ 2 are variables dependent on 
initial thickness of solution and concentration distribution of 
electroactive species. 

4  Results and discussion  

4.1  Large-volume solution current-time behavior of 
the GOx/HRP-PVP-Os electrode 

Figure 3 shows the large-volume solution current vs. time 
plots of the electrode at different concentrations. It can be 
observed that the current decline rapidly in initial and keep 
stable after 40 s at the concentration range studied. Distinct 
gradients proportional to the concentrations are observed. 
Fitting results by i vs. t −1/2 are shown in inset of Figure 3. 
Good linearity can be obtained between 1 and 100 s with 
the lowest R2 of 0.9847, indicating that the reaction on the 
electrode is active and the current are controlled by mass- 
diffusion [15–17]. Evidently, the current response on the 
investigated electrode obeys Cottrell equation under the 
semi-infinite boundary [28]: 

 −=
π

1/ 2 *
1/ 2

1 / 2
( ) m m gnFA D C

i t t  (25) 

The concentration range was 5–100 μM. By eq. (25), we 
obtained the detection sensitivity of 15.75 nA μM−1 cm−2, 
and Dm of 0.94 × 10−6 cm2 s−1. Because of the influence 
from gel layer, it was smaller than theoretical value of 6.7 × 
10−6 cm2 s−1, yet experimental curves demonstrated the  

 

 

Figure 3  Large-volume solution current response of the fabricated elec-
trode in (a) 100 μM, (b) 50 μM, (c) 20 μM, (d) 10 μM, (e) 5 μM glucose 
solution. Inset represents the fitting plots of i vs. t −1/2 at concentrations of 
(a)–(e) with the time window of 1–100 s. Inserted equation and square of 
relativity coefficient belong to the plot of 100 μM concentration. 

semi-infinite diffusion of glucose could be guaranteed in 
5–100 μM. 

4.2  Small-volume solution current-time behavior of the 
GOx/HRP-PVP-Os electrode 

GlucoWatch reported that the extracted glucose concentra-
tions were several orders of magnitude lower than those 
presented in the blood (~5 μM vs. ~5 mM) [7, 32, 33]. Our 
previous work also confirmed the detection linear range of 
the investigated electrode was 2–600 μM, being competent 
in reverse iontophoresis system (about 5–100 μM drawn 
glucose) [34]. Figure 4 represents the current vs. time plots 
of the electrode in constructed small-volume glucose solu-
tion. It can be found that the curves display similar trend in 
first 10 s. High relativity of i(t) vs. t −1/2 can be obtained in 
Figure 5 with the lowest R2 of 0.9974, confirming that the 
semi-infinite mass diffusion is dominant in 1–10 s. Inset of 
Figure 4 shows current continue declining until their values 
are below background of 50 nA, indicating glucose mole-
cules in the solution have been electrolyzed out. The  

 

 

Figure 4  Small-volume solution current response of the fabricated elec-
trode in (a) 100 μM (□), (b) 50 μM (◊), (c) 20 μM (∆), (d) 10 μM (×), (e) 
5 μM (○) glucose solution. Inset shows attenuation details of current after 
200 s. 

 

Figure 5  Fitting curves of i vs. t −1/2 at concentrations of (○) 5 μM, (×) 10 
μM, (∆) 20 μM, (◊) 50 μM, (□) 100 μM small-volume glucose solution 
with the time windows of 1–10 s. 
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depletion phenomenon supports the rationality of the simu-
lation, according to the report from GlucoWatch that extrac-
tion for 3 min and detection for 7 min during which the 
concentration of H2O2 consumed to near zero [7], implying 
electrolysis was completed. 

The experimental data (black dots) were fitted by three 
models, as shown in Figure 6. Time windows were set from 
10 to 300 s. As dashed-dots lines are results fitted by  
eq. (25), it can be obviously found semi-infinite diffusion 
curves trace beneath the experimental curves in the first 50 s, 
then turn over and keep stable. The residual values out-
weigh background current. The reasons for the disagree-
ment have been analyzed before. Firstly, the initial thick-
ness of the small-volume solution is larger than (Dmt)1/2 of 
30.7 μm with t =10 s, Dm = 0.94×10−6 cm2 s−1. Then the 
requirement of semi-infinite diffusion is dissatisfied due to 
gradual enhancement of (Dmt)1/2. Secondly, the thickness of 
the solution lessens for evaporation, which makes dissatis-
faction augment. Yet the rate of evaporation is much lower 
than that of electrolysis [27], so the complete electrolysis 
of glucose can be realized. The dashed lines represent the  

results fitted by typical thin-layer chronoamperometric 
equation which had been established by Hubbard and  
Anson [30], as shown in eq. (26). 
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In this model, p is 0.0486 when l = 77.92 μm. It is ob-
served that the model takes the advantage of expressing the 
depletion phenomenon of glucose, for the current declines 
into background in finite time [35, 36]. Due to the semi- 
infinite diffusion, eq. (26) fits original data poorly in the 
first 50 s. The data fitted by the small-volume solution dif-
fusion-limited model were shown as the solid lines. p is 
calculated of 0.0486 by the initial value of l. This model 
complies well with the experimental data with high R2. For 
instance, 0.9864 was obtained in 100 μM, higher than  
eq. (25) of 0.8708 and eq. (26) of 0.7608. κ 1 and κ 2 are 
dispensable variables in practical blood glucose measure-
ment, so the investigation to acquire the precise expressions 
is not continued.  

 

 

Figure 6  Results of experimental data (black dots) in the small-volume glucose solution fitted by eq. (25) (dashed-dots lines), eq. (26) (dashed lines) and      
eq. (24) (solid lines). Parameters p in eqs. (26) and (24) were calculated with l = 77.92 μm, Dm = 0.94×10−6 cm2 s−1.
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4.3  Animal experimental results 

Figure 7 represents current vs. time plots in animal experiment. 
After 5 min of extraction, the meter kept sensing for 100s 
until the obtained current decayed into background value of 
50 nA. The experimental data (black dots) were fitted by 
three models. It can be seen that the curve fitted by the new 
model (solid lines) complied much better with the original 
data than those fitted by the semi-infinite model (dashed- 
dots lines) and the thin layer model (dashed lines). Because 
of the difference in the initial thickness of the solution, the 
curves at animal experiment appeared a little different with 
simulation assay curves. New method used to calculate 
blood sugar value was deduced from eq. (24). According to 
the equation, the term of κ2 as influential portion could lead 
the exponent in i(t) ~ t −1/2 to depart from −1/2 when the 
equation i(t) ~ t −x was adopted to fit the experimental curve. 
x was directly proportional to blood glucose concentration. 
Based on the consideration, new method used x in i(t) ~ t − x 
as contrast to indicate the trend of blood glucose. As shown 
in Figure 8, reverse iontophoresis based non-invasive 
method complies well with the fluctuation of porcine blood 
glucose, according to invasive detection. 

 

 

Figure 7  Results of obtained data (black dots) in one time of animal 
experimental fitted by eq. (25) (dashed-dots lines), eq. (26) (dashed lines) 
and eq. (24) (solid lines). 

 

Figure 8  Fluctuation of porcine blood glucose detected by the non-inva- 
sive method (triangle lines) in comparison with the authentic value by 
invasive detection (rectangle lines) in one continuous monitoring. 

5  Conclusions  

In the present study, the mathematic model of mass transfer 
in small-volume solution was established with the aim to 
improve the precision and stability of reverse iontophoresis 
based non-invasive glucose detection. A simulation experi-
ment was designed to simulate the detection environment in 
reverse iontophoresis system. Through the experiment, the 
correctness of the model was demonstrated. The animal 
experiment was subsequently performed, and the results 
confirmed the capability of the model in enhancing the pre-
cision and stability of non-invasive blood glucose monitor-
ing. Human assay is underway to accumulate clinical data. 
Medical Clark errors grid used for evaluating the precision 
of the non-invasive glucose detection meter is about to be 
established. 
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