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Summary. A miniaturized amperometric, enzymatic, glucose 

sensor (outer diameter 0.45 ram) was evaluated after implan- 

tation in the subcutaneous tissue of normal rats. A simple ex- 

perimental procedure was designed for the long-term assess- 

ment of the sensor's function which was performed by 

recording the current during an intraperitoneal glucose load. 

The sensor was calibrated by accounting for the increase in 

the current during the concomitant increase in plasma glu- 

cose concentration, determined in blood sampled at the tail 

vein. This made it possible to estimate the glucose concentra- 

tion in subcutaneous tissue. During the glucose load, the 

change in subcutaneous glucose concentration followed that 

in blood with a lag time consistently shorter than 5 rain. The 

estimations of subcutaneous glucose concentration during 

these tests were compared to the concomitant plasma glucose 

concentrations by using a grid analysis. Three days after im- 

plantation (n = 6 experiments), 79 estimations were con- 

sidered accurate, except for five which were in the acceptable 

zone. Ten days after implantation (n = 5 experiments), 

101 estimations were accurate, except for one value, which 

was still acceptable. The sensitivity was around 0.5 nA. 

mmol-l.1-1 on day 3 and day 10. A longitudinal study on 

seven sensors tested on different days demonstrated a 

relative stability of the sensor's sensitivity. Finally, histologi- 

cal examination of the zone around the implantation site re- 

vealed a fibrotic reaction containing neocapillaries, which 

could explain the fast response of the sensor to glucose ob- 

served in vivo, even on day 10. We conclude that this minia- 

turized glucose sensor, whose size makes it easily implanted, 

works for at least ten days after implantation into rat subcu- 

taneous tissue. 
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The aim of a glucose sensor is to provide an accurate con- 

tinuous measurement  of in vivo glucose concentrations. 

Its potential  use for the t reatment  of Type i (insulin-de- 

pendent)  diabetes mellitus includes the possibility of con- 

tinuous glucose monitoring, the development  of an alarm 

device for detecting hypoglycaemia or ultimately part  of a 

closed-loop insulin delivery system [1]. Due to the poten- 

tial hazards if the sensor were implanted in the vascular 

bed [2], most  of the studies have focused on the develop- 

ment  of needle-type glucose sensors which, implanted in 

the subcutaneous tissue, can be easily removed and re- 

placed by the patient [3-11]. Indeed the glucose concen- 

tration in subcutaneous tissue closely follows the plasma 

glucose concentration under stationary conditions [12]. 

Moreover,  the possibility of using subcutaneous glucose 

concentrations as a signal to monitor  blood glucose with a 

closed-loop insulin delivery system has been clearly estab- 

lished [13]. Deve lopment  of a needle-type glucose sensor 

as a step towards the achievement of a clinically useful de- 

vice requires two further advances: its miniaturization and 

improvement  of its lifespan. Our laboratories have de- 

veloped a sensor whose size (outer diameter  less than 

0.5 mm)  makes  it easily implanted into the subcutaneous 

tissue. This sensor was evaluated after implantation into 

the subcutaneous tissue of normal  rats, for up to ten days. 

Materials and methods 

Miniaturized sensor 

The sensor consisted of a platinum-iridium wire coated with teflon 
(0.25 mm outer diameter), except for a 2 mm cavity near its ex- 
tremity, where glucose oxidase was immobilized on cellulose ace- 
tate, reticulated with glutaraldehyde, and covered by a polyurethane 
layer. The cathode consisted of an Ag/AgC1 wire, wrapped tightly 
around the teflon coated wire. The external diameter of the glucose 
sensor was therefore 0.45 mm (Fig. 1). The sensor and its in vitro 
characterization have been described elsewhere [14]. The in vitro 
characteristics of the 11 sensors used in this study, determined in 
phosphate buffer at 37 ~ before implantation, are shown in Table 1. 
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least 10 rain, long enough to establish equilibration between plasma 

and subcutaneous glucose concentrations [14]. A two-point calibra- 

tion procedure previously described [15] was used to transform the 

recorded current (expressed in nA) into an estimation of the glucose 

concentration in subcutaneous tissue (expressed in mmol/l): This 

procedure takes into account the plasma glucose values (in mmol/1) 
and the corresponding current levels (in nA) in the basal state and at 

the peak reached during the glucose load. From these values it was 
possible to calculate, for each individual experiment, an in vivo sen- 

sitivity coefficient (SC, in nA-mmol-l.1-1) and an extrapolated 

background current (current in absence of glucose: Io, in nA). The 
subcutaneous glucose concentration (SCG) was calculated from the 

current and the in vivo parameters, according to the equation: 

SCG = [I(t)-Io]/SC. 

Fig. 1. Miniaturized glucose sensor 

Sensors were sterilized by dipping them into thimerosal 2.5% 

thiomersal, Sigma, St, Louis, Mo., USA, [11]. 

Experimental procedure for the long-term evaluation 

of the sensor 

A simple experimental procedure was used for the long-term assess- 
ment of the sensor: the sensor was implanted under halothane anaes- 

thesia into the interscapular subcutaneous tissue of overnight-fasted 

male normal Wistar rats (250-300g body weight), through a 
16 gauge cannula. The cannula was then removed, leaving the sensor 
in place secured with adhesive plaster. Between the tests which are 

described below, the animals were left free-moving in their cages, 

without polarization of the sensor. 
For the recording of the current, the sensor was connected to an 

amperometric unit (PRG-DEL, Tacussel Electronique, Villeur- 
banne, France). A run-in period (2 to 6 h) was required to obtain a 

stable current before performing the glucose test, consisting of an in- 

traperitoneal injection of glucose (30% solution, 1.0g/kg body 
weight, or 1.2 g/kg if plasma glucose was lower than 5 mmol/1). Plas- 

ma glucose concentration was determined in blood from a tail vein 

sample with a heparinized Pasteur pipette, at 5 rain intervals. A 
Beckman analyser was used for glucose assay. Eleven different rats 
were used, each implanted with a different sensor. In seven cases, the 

tests were performed on different days after implantation (up to 
10 days in one rat). In this first set of experiments, the cause for ex- 

periment termination was the removal of the sensor by the animal. It 
was, nevertheless, possible to recognize the sensor implantation site 

which was sampled for histological examination. In four additional 
cases, the glucose test was only performed on day 10, the animal 

being killed after the test. In these cases, the implantation area was 
fixed with the sensor in Bouin's solution for histological exami- 

nation. After fixation (10-12 h) the sensor was removed, then longi- 

tudinal and transverse slices of specimen were processed for routine 
histological study in paraffin sections. Thus, we will present the 

figures obtained on day 3-4 (n = 6), on day 10 (n = 5) following the 

implantation, and a longitudinal study of the sensor response evalu- 

ated on different days (n = 7). 

Calculation of the in vivo characteristics of the sensor 
and data analysis 

The in vivo characteristics (sensitivity, extrapolated background cur- 
rent) were determined during an intraperitoneal glucose load. Plas- 
ma glucose increased to a plateau, whose duration was usually at 

Statistical analys& 

A statistical study (regression equation, correlation coefficient) is in- 

sufficient for evaluating the accuracy of the glucose concentrations 
determined from the signal of the sensor, since in addition, exami- 

nation of clinical significance, taking into account the range of blood 
glucose concentrations currently observed in diabetes practice, is re- 

quired. Thus, we supplemented the usual statistical methodology by 

using the "error grid analysis", proposed by Clarke et al. [16], to 
evaluate the clinical accuracy of various monitoring systems of blood 

glucose. This grid is divided into five zones, corresponding on a clini- 
cal basis to different degrees of accuracy of glucose estimations. 

Briefly, values of glucose concentration in zone A are accurate, in 

zone B, acceptable, and in zones C, D, E, unacceptable because the 
results would lead to inaccurate and clinically dangerous treatment 

decisions. This analytical procedure was applied to the data collected 

during intraperitoneal tests performed at a day 3 and 4 (n = 6) or at 
day 10 (n = 5): the estimation of the subcutaneous glucose concen- 

tration was plotted against the concomitant plasma glucose concen- 
tration. The basal and peak glucose values used for the determina- 

tion of the sensor in vivo parameters were neither included in this 
analysis nor in the calculation of regression equation and correlation 

coefficient, since, by mathematical construction, they are identical to 

the subcutaneous glucose values. 

Results  

Figure  2 presents  the data  ( me a n  + SEM) for the six ex- 

per iments  (six different  animals  with a different  sensor)  

pe r fo rmed  on day 3 (n = 5) or day 4 (n = 1). The  run - in  

per iod (the 2 to 6 h after  connec t ion  of the sensor  to the 

amperomet r i c  un i t  necessary to ob ta in  a stable current )  is 

not  represented .  Its dura t ion  was no t  in f luenced  by the 

dura t ion  (in days) of implan ta t ion .  Fol lowing the glucose 

inject ion,  p lasma glucose increased f rom 4.6 + 0.7 mmol/1 

to a peak  value of 10.8 + 0.3 mmol/1. It  then  decreased 

Table 1. In vitro characteristics of the sensors before implantation 

AI/AC" Linearity range Io u t 90 % ~ 
(nA.mmol-l.l-1) (retool/l) (nA) (s) 

Mean 1.72 22 1.9 190 
SEM 0.17 2 0.4 40 

mean _+ SEM, n = 11 
a AI/AC, in vivo sensitivity coefficient; 
u Io, extrapolated background current (glucose concentra- 

tion = 0 retool/l); 
c t 90 %, time until 90 % of the final steady-state current is reached 

after switching the sensor from 0 to 5 mmol/1 glucose-containing so- 
lutions 
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Fig.2. Means + SEM of six experiments performed at day 3 or 4 
after sensor implantation. Upper panel: plasma glucose concentra- 
tion (11); middle panel: simultaneous sensor output (A), lower 
panel: plasma glucose concentration ( �9 ) and estimated subcuta- 
neous glucose concentration ( [] ) 

slowly after a 10 rain plateau to reach a new stable value of 

9.0 + 0.2 retool/1 at 45 rain. In the same time interval, the 

current values, depending on the characteristics of each 

sensor, rose f rom 8.3 _+ 1.7 nA to 11.7 + 2.0 nA and then 

decreased to 10.0 + 1.7 nA. The in vivo sensitivity coeffi- 

cient and the background current, calculated for each ex- 

per iment  f rom the initial and peak values of glycaemia 

and current, were 0.54+0.08 nA-m m ol - l . 1 -1  and 

5.8 + 1.4 nA, respectively. The sensitivity was significantly 

lower in vivo than that observed in vitro for the same sen- 

sors (1.82 + 0.29 nA-mmo1-1.1-1,  p < 0.005), (Fig.3, left 

panel). Subcutaneous glucose concentrations, taking into 

account the individual in vivo parameters,  are represented 

on the lower panel of Figure 2 with the plasma glucose 
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Fig.3. Individual values of the in vitro sensitivity before implanta- 
tion and the corresponding in vivo sensitivity on day 3M (left panel) 
or day 10 (right panel) after implantation, determined for each sen- 
sor 
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Fig.& Error grid analysis for estimation of the accuracy of sensor 
generated blood glucose values, three or four days after implanta- 
tion. Zone A: clinically accurate; zone B: acceptable values; zones C, 
D, E: inaccurate values. Each sensor is represented by a different 
symbol 

concentration curve. The lag between the two curves was 

always shorter  than 5 rain. Thus, the peak  in plasma glu- 

cose and in subcutaneous glucose concentrations was ob- 

served respectively at 22 + 3 rain and 25 + 2 min. It  must 

be stressed that no drift in the sensor signal was observed 

over the duration o f  these experiments, since subcuta- 

neous glucose concentrations determined at the end of the 

experiment  from the  parameters  calculated at its begin- 

ning were strictly identical with plasma glucose concentra- 

tions (8.4+0.3 mmo!/1 ). The correlation between the 

79 values of glycaemia and the 79 values estimated f rom 
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Fig.& Error grid analysis for estimation of the accuracy of sensor 

generated blood glucose values, ten days after implantation 
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Fig.5. Mean • SEM of five experiments performed at day 10 after 
sensor implantation. Upper panel: plasma glucose concentration 
(R); middle panel: simultaneous sensor output (A); lower panel: 
Nasma glucose concentration ( n ) and estimated subcutaneous glu- 
cose concentration ( D ) 

the signal of the sensor was y =0.97x + 0.22 mmol/1, 

r = 0.91, p < 0.001. Analysis of these results through the 

error grid analysis proposed by Clarke yielded 74 values 

(93.6 %) in zone A and five values (6.3 %) in zone B 
(Fig.4). 

Figure 5 represents sensor response obtained dm'ing a 

glucose test performed on day 10 after implantation 

(n = 5). It illustrates the rapid increase in the signal after 

the glucose injection which was observed in all cases 
within 2 min. Plasma glucose concentration measured and 

subcutaneous glucose concentrations estimated from the 

signal are represented. In these experiments also, subcu- 

taneous glucose concentration determined at the end of 
the experiment from the parameters calculated at its be- 

ginning was identical to the concomitant plasma glucose 

concentration. After the glucose injection, the signal 

began to increase with a short lag time (2.0_+ 0.5 min, 

n = 5). The correlation at day 10, between the values of 

glycaemia and the simultaneous estimates of subcuta- 

neous glucose concentration (n = 101), was y =0.99x 

-0.16 mmol/t, r = 0.99, p < 0.001. Analysing these results 

through the error grid analysis indicated that all values 

were in zone A, except one value present in zone B near 
the border of zone A (Fig. 6). 

The in vivo background current was 4.2+0.48 

nA. Here again, the in vivo sensitivity (1.05 + 0.55 hA.  

mmol-*'-I -I) was lower than that observed in vitro 

(1.59_+0.18 nA.mmol - l .1  1), except for one sensor 

(Fig. 3, right panel). Together, the four other sensors yield 

in vitro and in vivo sensitivities of 1.96_+0.30 and 

0.60 + 0.23 nA.  mmol-  1.1- ~, respectively. These figures 

were similar to those observed with the sensors investi- 
gated at day 3. 

Figure 7 represents the follow-up study of one sensor 

implanted for 5 days in a rat, the glucose test being per- 

formed on days 1, 2, 3, and 5. Plasma glucose concentra- 
tion and the current are represented. Figure 8 represents a 

longitudinal study of the sensor sensitivity. The results of 

seven experiments are shown, the sensors being im- 

planted for up to ten days. Except for one sensor, for which 
a major increase in sensitivity was observed from day 5, 

and whose sensitivity on day 10 is shown in Figure 3, this 

figure demonstrates the relative stability of the sensor 
under these experimental conditions�9 

The histological examination showed a fibrovascular 

tissular reaction arround the site of implantation of the 

sensor (Fig.9a, b). Few inflammatory cells were seen: 

mainly macrophages, plasma cells and a few polymorpho- 
nuclear cells. 
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Fig.7. Follow-up study of one sensor im- 

planted for five days in a rat: plasma glu- 

cose concentration (upper panel) and 

concomitant current (lower panel) on 

days 1, 2, 3 and 5 after implantation 

Discussion 

This miniaturized glucose sensor was implanted in the 

subcutanous tissue of normal rats and its ability to monitor 

glucose concentration was evaluated up to ten days fol- 

lowing implantation. This experimental procedure 

proved to be useful for the long-term assessment of the 

sensor. It is simple, non-irlvasive and reproducible. The in- 

crease in plasma glucose concentration following an intra- 

peritoneal injection of glucose and the simultaneous 

changes in subcutaneous glucose concentration were 

highly reproducible. The kinetics of glucose variation in 

the subcutaneous tissue - estimated from the changes in 

the sensor current during the glucose load - were rapid 

and followed that of blood, even on day 10, with a lag time 

always shorter than 5 min. This major finding was clearly 

demonstrated by using the error grid analysis: on day 3 
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Fig.8. Longitudinal study of the in vivo sensor sensitivity, up to ten 

days after implantation (n = 7) 

or 4, only five out of the 79 estimated values from the sig- 

nal sensor could have been considered as incorrectly esti- 

mated compared with the concomitant plasma glucose 

concentrations, and on day 10 only one of the 101 esti- 
mated values could have been considered as such. Even 

for these six cases, the values fall within acceptable zone B 

of the error grid analysis. It is impressive to note that this 

near-identity between subcutaneous glucose concentra- 

tion and the concomitant glucose level was observed des- 

pite the physiological lag between the changes in plasma 

glucose concentration and those in the subcutaneous glu- 

cose. It is compatible with the use of such a sensor for con- 

tinuous glucose monitoring and even for its use as a part of 

a closed-loop insulin delivery system, confirming the in- 

terest of subcutaneous tissue as a site for glucose sensing 

[12, 13]. We speculate that the tissue reaction observed 
around the sensor, namely the presence of capillaries 

could explain the rapid glucose transfer from the blood to 

the electrode, and thus explain the improved performan- 

ces with time reported in this paper. 

In addition, these data suggest that the sensor de- 

veloped and evaluated in our laboratories functioned con- 

sistently for at least 10 days, which is longer than the dura- 

tion reported by others, who have consistently observed a 
drift in the sensitivity within less than 5 days [17, 18]. The 

postulated effect was glucose consumption by the sur- 

rounding tissue inflammatory response [19]. 

In contrast, we did not observe a drift in the sensor sen- 
sitivity: except for one sensor, the sensitivity determined 
in vivo remained relatively stable considering that these 

experiments were performed in anaesthetized animals, 
which could vary the glucose supply from blood to the sen- 
sor. On the other hand, one must consider that the sensors 
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Fig. 9. a Transverse section of rat 
skin and subcutaneous tissue after 
sensor implantation. A dense gra- 
nulation tissue surrounds the sen- 
sor's area: 4t: skin; @ : sensor's 
area; ~ :  muscle (haematoxylin 
and eosin, x 40). b Higher magni- 
fication of the tissue reaction 
around the sensor (~<), several 
small capillaries ( ~ )  are vis- 
ualized (haematoxylin and eosin, 
x 375) 

were  no t  p o l a r i z e d  b e t w e e n  the  tests.  I t  will  be  necessa ry  

to r eadd re s s  this issue with a con t inous ly  p o l a r i z e d  sensor.  

In teres t ingly ,  the  in vivo sensi t ivi ty  e x a m i n e d  on  day  10 

(except  for  one  sensor) ,  was iden t ica l  to  tha t  o b s e r v e d  on  

days  3 -4  and  day  10 for  sensors  wi th  s imi lar  in v i t ro  sensi-  

tivity. A l t h o u g h  the d a t a  were  o b t a i n e d  with  d i f fe ren t  

g roups  of  sensors  and  do  no t  r e p r e s e n t  a l ong i tud ina l  

study, this  f inding  suggests  tha t  the  in vivo sensi t iv i ty  in 

subcu taneous  t issue r e m a i n e d  s tab le  a r o u n d  0.5 n A -  

m m o l -  1.1-1 b e t w e e n  day  3 and  day  10, and  a re  cons i s ten t  

with the  da ta  of  the  long i tud ina l  study. 

W e  o b s e r v e d  the  d e v e l o p m e n t  of  neovesse l s  a r o u n d  

our  sensor  inside a t i ssular  reac t ion .  I t  is t e m p t i n g  to 

specu la t e  tha t  this  t issue b e h a v i o u r  was due  to  the  min ia -  

tu r iza t ion  of  our  sensor.  In  add i t ion ,  t h e r e  was no  cor re la -  

t ion b e t w e e n  the  in vivo sensi t iv i ty  and  the  c o r r e s p o n d i n g  

in vi t ro  sensi t iv i ty  of  the  same  sensor  (da t a  no t  shown).  

This  suggests  tha t  the  in vivo sensi t ivi ty  is ma in ly  d e p e n d -  

ent  on  the  in si tu e n v i r o n m e n t  of  the  sensor,  conf i rming  

the  n e e d  for  in vivo ca l ibra t ion .  

In  conclus ion,  this p a p e r  p rov ides  the  first ev idence  

tha t  a n e e d l e - t y p e  glucose  sensor  min i a tu r i zed  to  a size 

c o m p a t i b l e  wi th  cl inical  use can w o r k  for  m o r e  than  

i w e e k  when  i m p l a n t e d  in ra t  subcu t aneous  tissue. The  

k n o w l e d g e  of  the  ac tua l  d u r a t i o n  of  the  sensor ' s  funct ion  

is n o w  essent ia l  for  def in ing  the  s t ra tegy  of  its fu r the r  de-  

v e l o p m e n t ,  n a m e l y  t owards  an i m p l a n t a b l e  or  d i sposab le  

device.  
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