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Abstract
Real-time monitoring of patient’s blood metabolites, such as glucose and lactate, could potentially improve surgery and 
recovery outcomes for patients in surgical and intensive care units. Our enzyme thermometric biosensor which is based on 
flow injected calorimetric determination of immobilized enzyme reaction is capable of performing continuous, fast, and 
quantitative analysis of metabolites using whole blood. A key technical advantage the assay affords is the ability to use unpre-
treated whole blood. In this article, the enzyme thermometric biosensor was used, for the first time, to determine glucose and 
lactate concentrations in the blood of ICU patients. The linear detection range for glucose was 0.5–30 mM and 0.25–12 mM 
for lactate, using a 20 μL sample volume. A maximum sampling rate of 15 measurements per hour was achieved using 
venous blood samples, which corresponds to a 4-min measurement interval. In order to validate the accuracy of the results, 
a comparative analysis between the thermometric biosensor and the clinically applied instrument (LifeScan’s  OneTouch®) 
which is based on disposable dry chemical reaction was performed using samples from 33 patients. The results showed a 
good correlation between the two methods for both glucose (r = 0.843, p < 0.0001) and lactate (r = 0.78, p = 0.0105). The 
ability to monitor metabolite levels and trends on a clinically relevant timescale of 5 min is critical for intensive monitoring 
of ICP and operative patients.
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Introduction

Metabolites in human blood can provide valuable informa-
tion for profiling and assessing health status. For example, 
evaluation of patient’s lactate can be useful in predicting 
septic shock and multi-organ dysfunction, whereas high 
glucose levels have been recognized as a risk factor for 
post-surgery infection. Rapid glucose and lactate monitor-
ing is particularly important for management of critically ill 
and diabetic patients. In the management of stress-induced 
hyperglycemia, which is commonly observed in patients 
with or without diabetes in intensive care units (ICUs) [1], 
tight glucose control reportedly decreased morbidity or mor-
tality or both in surgical, medical, and pediatric ICUs [2–4]. 
This is due to the fact that numerous drugs can alter labora-
tory test results and therefore can confuse the physician; for 
instance, spurious data from drug interference have been 
reported for glucose measurements [5]. On the other hand, 
classically, the attention of the anesthesiologist in managing 
the care of diabetic patients has centered around prevention 
of acute complications of abnormal blood glucose levels and 
ketosis during the surgery itself, but intraoperative glucose 
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level management may influence perioperative events as 
diverse as wound healing, infection response, and neuro-
logical function [6]. With surgical stress, psychological or 
physical, the secretion of counter-regulatory hormones is 
increased; the same stress, together with the action of some 
anesthetic agents, may independently decrease insulin secre-
tion in normal patients and type II diabetics [6].

Measurement of blood glucose concentration in ICUs is 
currently taken almost entirely intermittently, with analysis 
using either point-of-care glucose meters or blood gas ana-
lyzers [7]. Although accurate data are not available, most 
measurements are probably taken on glucose meters and the 
majority of samples are capillary blood obtained by finger 
pricks. The use of glucose meters and sampling capillary 
blood both have the potential to introduce errors into the 
measurement of blood glucose concentration [7]. The accu-
racy of glucose meters has been the subject of a number 
of studies, with the near-universal conclusion that they are 
not sufficiently accurate for use in the ICU [8–11]. Further-
more, many current meters are susceptible to interferences 
from reducing substances such as ascorbic acid and aceta-
minophen (paracetamol), and many are still affected by the 
patient’s hematocrit [12, 13]. An additional consideration 
is that the blood glucose concentration varies in different 
vascular beds and the site from which blood is sampled can 
introduce further errors. The blood glucose concentration for 
healthy person is in the range from 3.9 to 6.1 mM in venous 
whole blood, but in radial arterial blood will be approxi-
mately 0.2 mmol L−1 higher than that in blood sampled from 
a peripheral vein, and 0.3 to 0.4 mmol L−1 higher than that 
in blood sampled from the superior vena cava. Sampling 
capillary blood in ICU patients, particularly in those who are 
hemodynamically unstable and being treated with vasopres-
sors, can introduce large errors when compared with a refer-
ence method in which glucose is measured in central venous 
or arterial samples [8, 14]. The frequency with which the 
blood glucose concentration is measured in the ICU makes 
venipuncture impractical, and viable alternatives are to sam-
ple from indwelling arterial or venous catheters [7].

Carefully monitoring the alterations of glucose and lac-
tate could improve the outcome of patients. Therefore, the 
development of real-time monitoring system is of impor-
tance. Numerous techniques are available for continuous 
glucose monitoring in the ICU, including microdialysis and 
optical methods such as absorption spectroscopy, optical 
scattering, and fluorescence [15]. The blood glucose con-
centration can be measured in vivo by sensors that sit in the 
vascular or interstitial space or ex vivo by drawing blood 
samples or a dialysate to a sensor from an indwelling vascu-
lar catheter or dialysis membrane. Although these methods 
have some advantages, they require frequent recalibration 
and often suffer from electrical or optical interferences of 
the substrates, in particular in whole blood.

The enzyme thermometric (ET) biosensor is capable of 
detecting changes in temperature caused by an enzyme-cat-
alyzed reaction [16–20]. The temperature change is propor-
tional to the molar concentration of the substrate [21, 22]. 
Levels of glucose and lactate can be measured by immobi-
lizing glucose or lactase oxidase, respectively. The ET has 
great potential at performing online and real-time monitor-
ing in clinical environment since it has the ability to analyze 
whole blood without pre-treatment [23, 24]. An additional 
advantage is the capability of measuring multiple analytes 
simultaneously [25]. A previous small-scale study, analyz-
ing glucose in blood from healthy donors and comparing 
the results obtained from ET instrument with a HemoCue 
glucose analyzer, has shown an excellent correlation [26]. 
However, the ET biosensor accuracy and feasibility of the 
glucose and lactate measurements in patient’s blood in clini-
cal environment have not been investigated. This article 
presents our novel studies in clinical assessment of the ET 
biosensor in comparison with the clinically applied instru-
ment LifeScan  OneTouch® in neurosurgical ICU in Navy 
General Hospital in Beijing. Whole blood glucose and lac-
tate samples from more than 33 patients were analyzed and 
compared with the clinical results.

Materials and methods

Chemicals and equipment

Spherical controlled pore glass (CPG) beads with particle 
size of 100–160 μm and a mean pore diameter of 50 nm 
were purchased from VEB Trisola, Steinach, Germany. 
Glucose oxidase (E.C. 1.1.3.4) from Aspergillus niger 
(type X-S, 100–250 U mg−1), lactate oxidase (E.C. 1.1.3.2) 
from Pediococcus sp., and catalase (E.C. 1.11.1.6) from 
bovine liver (2000–5000 U mg−1 solid) were obtained from 
Sigma-Aldrich. The enzyme thermometric biosensor (Model 
ET-2010-2) used in this study was provided from Omik Bio-
science AB, Sweden. A peristaltic pump (Type BT100N) 
was purchased from Baoding Shenchen Precision Pump Co., 
Ltd, China. An injection valve (Model V-450) was obtained 
from Upchurch Scientific, IDEX Co., Oak Harbor, USA. 
The d-(+)-glucose, l-lactic acid, and ethanolamine were also 
obtained from Sigma-Aldrich.

EDTA-K2 (Insepack, ST520EK) (EDTA–ethylene 
diamine tetra acetic acid) and sodium heparin (Insepack, 
ST750SH) tubes were purchased from Sekisui Medical 
technology (China) LTD. The clinical analyzer LifeScan 
 OneTouch® instrument used in hospital was obtained from 
Johnson & Johnson. All the solutions were preparing using 
de-ionized (18 MΩ) water from a Milli-Q system (Millipore, 
Bedford, MA, USA).
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Preparation of immobilized enzymes

CPG beads were used as support material for immobiliza-
tion of the enzymes. To 500 mg of CPG was added 12 mL 
of 2.5% glutaraldehyde solution in 0.1 M sodium phosphate 
buffer, adjusted to pH 7.0. The reaction was allowed to take 
place under reduced pressure for 30 min in order to allow 
air bubbles to exit. After an additional 30 min of incuba-
tion in atmospheric pressure, the brick red-colored product 
was washed exhaustively under reduced pressure with the 
phosphate buffer.

Immobilizing glucose oxidase

Glucose oxidase (GOD) and catalase (CAT) were co-immo-
bilized in order to eliminate harmful  H2O2. One gram of 
activated glass beads was transferred to 1000 units of glu-
cose oxidase and 1000 units of catalase in 1.5 mL of 0.1 M 
potassium phosphate buffer, pH 7. Coupling was allowed to 
proceed overnight at 4 °C and under mild agitation. In the 
following day, the CPG was washed under reduced pres-
sure with buffer before the remaining activated groups were 
blocked with ethanolamine 0.2 M in buffer. After one hour 
gentle mixing at 4 °C, the enzyme coupled CPG was exhaus-
tively washed and loaded into the enzyme column (0.4 mL 
volume). The unused columns were stored in buffer at 4 °C.

Immobilizing lactate oxidase

Lactate oxidase (LOD) was immobilized according to the 
procedure described above for glucose oxidase immobili-
zation. To 300 mg activated GPG, 100 units of LOD were 
added.

Performance method

The enzyme thermometric biosensors utilize the absorption 
or production of heat in a reaction, reflected as a change in 
temperature within the reaction medium [27]. For non-spe-
cific interferences, e.g., in blood, a differential measurement 
method was performed using a split-flow system, one for 
the enzyme column and the other for the reference column. 
Therefore, the non-specific disturbance could be eliminated 
(Fig. 1). This is one of the advantages in real sample (e.g., 
blood) analysis.

Assay schemes

A sample volume of 20 μL and a flow rate of 1.2 mL min−1 
were used in this study unless stated elsewise. 0.05 mM PBS 
(phosphate-buffered saline) was used as running buffer. For 
blood analysis, 2% heparin was also added to the running 
buffer to prevent coagulation.

Patient blood samples got clinical permission and col-
lected by clinical doctors. The samples were collected 
from veins into EDTA-K2 (Insepack, ST520EK) test tubes 
or sodium heparin (Insepack, ST750SH) tubes containing 
20 mg mL−1 blood NaF (sodium fluoride). For compara-
tive analysis, each blood sample was immediately divided 
into two aliquots: one for the clinical reference analysis by 
LifeScan  OneTouch® instrument, and the other for the ther-
mometric analysis. Samples were stored at 4 °C prior to use.

Addition of NaF in test tubes can be of importance if 
measurements are not taken immediately after withdrawing 
the blood samples since the glucose concentration rapidly 
decreases due to glycolysis [28]. As the effect on rate of 
glycolysis is limited during the first 1–2 h, the alternative 
methods, such as acidification of blood and addition of 
EDTA, were suggested [29]. For lactate, as the concentra-
tion increased as high as 0.36 mM during the first 30 min 
after the acquisition [30], adding NaF could stabilize the 
concentration.

The thermometric biosensor measurements run continu-
ously in the interval of every 5-min injection of samples. In 
calibration, blood samples spiked with defined substrate of 
1 mM in buffer were prepared for control.

Statistical analysis

Statistical analyses were performed with Prism 5.0 (Graph-
Pad Software Inc, San Diego, CA, USA). Unpaired Student’s 
t-test was used to compare differences, and a two-tailed p 
value less than 0.05 was considered significant. The devia-
tion of the ET data versus the clinical data was represented 
as the mean deviation ± standard deviation. Spearman’s cor-
relation coefficient r was used to determine the correlation 
between variables.
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Fig. 1  Schematic setup of the ET biosensor for whole blood analysis
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Results

Assay optimization

By adding 2% heparin to the running buffer, blood 
cells were less extent trapped inside the column and the 
response baseline became more stable. 5% Heparin addi-
tion was also investigated, but did not result in any addi-
tional improvement. During the following experiments, 
2% heparin was used in running buffer.

In comparison with EDTA-K2 containing samples, 
more stable responses from analysis of the sodium hepa-
rin containing samples were obtained. However, since the 
glucose concentration rapidly decreased using the heparin 
tubes, an addition of NaF was required.

Linear range and calibration

In order to analyze glucose and lactate in patients including 
diabetes, a sufficient measurement range of the glucose and 
lactate concentration should be investigated with ET biosen-
sor, since blood glucose concentration of diabetic patient can 
be more than 20 mM, and lactate level can be elevated from 
normal 1.15 to 10 mM for some patients, e.g., cardiac dis-
ease [31]. A series of concentrations of glucose and lactate 
in buffer were determined with ET instrument. The linear 
ranges 0.5–30 mM for glucose and 0.25–12 mM for lactate 
were achieved (Fig. 2). The linear regression coefficients 
were 18.4 and 9.5 for glucose and lactate, respectively.

For recalibration of standard concentration in buffer and 
whole blood, blood samples spiked with a defined concen-
tration of substrate (1 mM in buffer) were tested. Blood 
spiked with substrate gave incorrect result since the substrate 
was instantly consumed. This is studied by the following 
experiments.
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Fig. 2  ET measuremental linear range of glucose and lactate in 
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for glucose and lactate are shown in b and c, respectively. Glucose 
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Glucose measurements

EDTA‑K2 test tubes

Even though analysis utilizing EDTA-K2 tubes was prob-
lematic, in optimized working conditions and using fresh 
blood samples, only a minor deviation (4.63% ± 5.90%, 
mean ± SD) between the ET data versus the clinical data 
was observed (Fig. 3 and Table 1) and the ET data were 
well correlated with clinical data based on 16 patient’s sam-
ples (r = 0.8427, p < 0.0001, data not shown). The concen-
trations were recalibrated using a clinical data as reference 
from the day of analysis. The detailed data and patient’s 

information can be seen in Table 1. Out of 16 samples were 
15 within ± 10% deviation from clinical results. Samples 1, 
5, 10, and 14 were used as the calibration references.

Heparin test tubes

When EDTA tubes were substituted with sodium heparin 
tubes, more than 25 injections could be continuously deter-
mined with satisfied performance of ET. Disadvantage with 
these tubes was that the ET results for glucose measurements 
showed lower values and a high deviation (40.6% ± 9.37%) 
(mean ± SD) in comparison with the clinical results (Fig. 4), 
assuming that the blood glucose was constantly metabolized 
during the analysis process.

As blood glucose in the heparin tubes seemed to be 
decreased more rapidly than in EDTA tubes, a study by add-
ing 20 mg NaF mL−1 blood was investigated based on above 
conditions. Additional NaF significantly reduces deviation 
between ET data and clinical data down to 6.14% ± 5.96% 
(mean ± SD) (p = 0.0025, data not shown) (Fig.  5 and 
Table 2). No significant decrease in the enzyme activity was 
observed after two days of operation. 

Reproducibility

Even though the ET for analysis of 100 healthy human 
blood samples gave relative standard deviation value 
10.5% [26], the reproducibility for analysis of patient 

Fig. 3  Comparison between glucose concentrations obtained with the 
ET biosensor and the clinical analysis. Blood was withdrawn from 
patients into EDTA-K2 tubes

Table 1  Comparative data of ET with clinical analysis for patient blood glucose using EDTA-K2 test tubes

Concentration (C1, C2) where calibration with (1) blood samples supplemented with known concentration of glucose; (2) utilizing the clinical 
results from the day of analysis (in bold). The deviation (%) between the ET data and the corresponding clinical data was calculated as (the con-
centration of C2 divided by clinical results-1) × 100

Patient Gender Age Disease C1/mM C2/mM Clinical 
result/
mM

Dev./% Mean dev. (%) of the ET 
versus the clinical

Standard dev. (%) of the ET 
versus the clinical

1 M 62 Craniopharyngoioma 5.1 4.8 4.8 0 4.63 5.9
2 F 25 Epilepsy 6.2 5.8 4.7 + 23
3 M 49 Intracranial tumor 6.3 5.8 5.9 − 2
4 M 42 Pituitary tumor 4.8 4.5 4.5 0
5 M 18 Intracranial tumor 6.6 4.3 4.3 0
6 M 41 Glioma 6.8 4.4 4.1 + 7
7 M 61 Intracranial tumor 7.3 4.7 5.1 − 8
8 M 71 Subdral effusion 6.8 4.4 4.3 + 2
9 M 21 Craniopharyngoioma 3.8 5.7 5.7 0
10 F 37 Craniopharyngoioma 3.3 4.9 4.7 + 4
11 M 31 Craniopharyngoioma 3.8 5.6 6.1 − 8
12 M 61 Intracranial tumor 3.6 5.4 5.8 − 7
13 M 53 Cerebellar tumor – 5.9 5.9 0
14 F 45 Glioma – 4.6 4.6 0
15 M 33 Intracranial tumor – 3.9 4.2 − 7
16 M 44 Skull lack – 4.7 5.0 − 6
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blood samples was different. Continuous determination 
of patient blood glucose over 25 samples using heparin 
and NaF tubes gave standard deviation of 16.6%. By com-
parison, the standard deviation value was worse for those 

samples without adding NaF in the tubes due to constant 
breakdown of the glucose. However, this could become 
better with ET for continuously in vivo monitoring of 
patient blood since the real-time analysis of fresh blood 
can minimize glucose variation. In the optimal conditions, 
the ET response time of 1.5 min and maximum sampling 
rate of 15 per hour were achieved for the blood analysis.

The deteriorated performance of ET for frequent deter-
mination of patient blood as compared with healthy body 
could be partly due to the fact that red blood cells (RBCs) 
in healthy body are biconcave discocyte with flexible 
membrane for elastic deformability that makes it easily 
to pass through small capillaries during microcircula-
tion. Similarly, the healthy blood facilitates them to pass 
through the flow channel and enzyme column fitting with 
spherical CPG. However, pathological conditions affect-
ing RBCs can lead to significant cell morphology changes, 
which compromises cell deformability and disrupt, and, in 
some instances, even obstruct blood circulation in human 
[32], that could be similar cause in the microfluidic chan-
nel of ET system.

Lactate measurements

In the consecutive three-day determinations, ten patient’s 
blood lactate were evaluated with ET in comparison 
with the clinical results (Fig.  6), and an intermediate 
deviation between the ET data and the clinical data was 
18.8% ± 17.52% (mean ± SD, Table 3). However, a sig-
nificant correlation between the data generated from two 
methods is still achieved (r = 0.78, p = 0.0105, data not 
shown). Concentrations were calibrated using a clinical 
data as reference from the day of analysis. The details for 
data and patient information are listed in Table 3. It can 
be seen that the results obtained from these two methods 
present similar diagram pattern. 

Fig. 4  Comparative analysis where ET instrument utilized heparin 
tubes without addition of NaF in blood samples. All ET measure-
ments resulted in lower concentrations than that from the clinical 
analysis since blood glucose had rapidly been consumed

Fig. 5  Comparison between glucose concentrations obtained by the 
ET instrument and from clinical analysis. Blood was withdrawn into 
sodium heparin tubes for the ET measurement, and 20 mg NaF mL−1 
blood was immediately added. Out of the seven blood samples, were 
five within accepted accuracy range. Samples 1 and 6 were used as a 
calibration reference. All details can be seen in Table 2

Table 2  Comparative data of ET with clinical analysis for patient blood glucose using sodium heparin test tubes

Concentration (C1, C2) where calibration with (1) blood samples supplemented with known concentration of glucose and (2) utilizing the clinical 
results from the day of analysis (in bold)

Patient Gender Age Disease C1/mM C2/mM Clinical 
result/
mM

Dev./% Mean dev.  % of the ET 
versus the clinical

Standard dev. (%) of the ET 
versus the clinical

1 M 65 Intracranial tumor 4.1 5 5 0 6.14 5.97
2 M 32 Craniopharyngoioma 3.2 4 4.6 − 13
3 F 34 Glioma – 5.7 6.2 − 8
4 M 54 Epilepsy 4.7 4.3 4.9 − 12
5 M 45 Intracranial tumor 3.5 4.4 4.4 0
6 F 42 Subdural effusion – 4.4 4.4 0
7 F 44 Glioma – 4.5 5 − 10
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Discussion

Assay optimization

Using EDTA-K2 test tubes, the coagulated blood could 
increase flow pressure inside the enzyme columns, which 
caused baseline shifting. However, by adding anticoagu-
lant 2% heparin to the running buffer, the stability was 
improved. Similar procedure was performed with 5% 
heparin in buffer, but no further improvement could be 
seen, which means a 2% heparin buffer in some extend 
could be enough for anticoagulation of blood. In order to 
verify effect of the heparin on glucose oxidase activity, 
a study indicated that after one week operation of the ET 
instrument, no significant change for enzyme activity was 
observed.

Linear range and calibration

For the purpose of calibration, each day a blood sample was 
spiked with a defined concentration of substrate and 1 mM 
substrate in buffer was analyzed. When adding glucose or 
lactate solution to the blood sample, it was partly consumed 
over period. The glucose was also seen to be consumed rap-
idly even though NaF addition perhaps the NaF function was 
delayed. Furthermore, response from substrate in buffer was 
higher than those from blood samples under same condi-
tion, probably as a consequence to the higher dispersion of 
blood samples in ET flow system. Utilizing these values for 
calibration resulted in either too high or too low concentra-
tions. Instead, using one of the clinical data as reference 
made well correlation between ET and clinical methods. The 
calibrated linear ranges obtained for both glucose and lactate 
are adequate for clinical applications.

Glucose measurements

The comparative analysis between ET instrument and 
LifeScan  OneTouch® utilizing EDTA and heparin test tubes 
showed good correlation (r = 0.843, p < 0.0001). Acceptable 
deviation between the two assays was ±  10%. Out of the 16 
analyzed blood samples in EDTA tubes, 15 implemented this 
requirement. Many factors could affect the accuracy of glu-
cose analysis; for instance, one slightly higher ET glucose 
value could be as a result of individual error, environmen-
tal, or substance interference. Metabolism rate and medica-
tion could also contribute the difference between patients, 
and exogenous substances interfering may contribute to the 
errors too. It is known that, for example, triglycerides and 
uric acid affect the results [33]. High levels of triglycerides 
cause low result since they take up volume and decrease 
the glucose in the capillary volume. Medication such as 

Fig. 6  Comparison of lactate concentrations obtained with ET instru-
ment and clinical analysis. Blood was withdrawn into sodium hepa-
rin tubes from patient’s vein. Out of the ten blood samples, were five 
within accepted accuracy range. Samples 1, 5, and 8 were used as a 
calibration references

Table 3  Comparative data of ET with clinical method for patient’s blood lactate measurements using sodium heparin test tubes

Concentration (C1, C2) where calibration with (1) blood samples supplemented with known concentration of lactate and (2) utilizing the clinical 
results from the day of analysis (in bold)

Patient Gender Age Disease C1/mM C2/mM Clinical 
result/
mM

Diff./% Mean dev. (%) of the ET 
versus the clinical

Standard dev. (%) of the ET 
versus the clinical

1 M 45 Epilepsy 0.54 0.7 0.7 0 18.8 17.52
2 F 34 Meningioma 0.9 1.2 1 + 20
3 M 23 Craniopharyngoioma 1 1.2 1.3 − 8
4 F 34 Intracranial tumor 0.9 1.1 0.8 + 38
5 M 47 Intracranial tumor 1.7 0.9 0.9 0
6 M 46 Epilepsy 1.3 0.7 0.5 + 40
7 M 34 Intracranial tumor 1.7 0.9 0.7 + 29
8 M 55 Craniopharyngoioma 1 1.3 1.3 0
9 F 45 Meningioma 0.8 1 0.7 + 43
10 M 33 Intracranial tumor 0.7 0.9 1 − 10
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paracetamol, l-dopa (given to patients with Parkinson’s), 
tolazamide, and ascorbic acid could also alter readings. The 
volume percentage of red blood cells, hematocrit, affects the 
result since the erythrocytes function as a physical barrier 
affecting diffusion rate of glucose and contain significant 
amounts of intracellular glucose. Clinical glucose meters are 
usually calibrated toward 40–50%, which is the normal range 
for patients varying depending on age and gender. Hema-
tocrit values increase during dehydration and occasionally 
for patients with lung diseases, or tumors result in a lower 
glucose reading during analysis.

For the blood samples withdrawn in heparin tubes with 
NaF, five out of seven samples met the requirement except 
two results with deviation − 13%. NaF was seen to be of 
great importance for glucose stabilization in blood as com-
pared with the results of below 4 mM glucose without addi-
tion of NaF.

Lactate measurements

The comparative analysis between ET instrument and 
LifeScan  OneTouch® utilizing EDTA and heparin test tubes 
showed well correlation (r = 0.78, p = 0.0105). However, the 
lactate concentration was seen to increase rapidly, making a 
big deviation for in vitro analysis. This could be due to the 
effects of leukocytosis or high hematocrit, in particularly, 
when the in vitro analysis was performed after 15 min of the 
sampling [34, 35]. For in vivo analysis, on the other hand, 
this will not be an issue as blood is directly withdrawn from 
patients.

Conclusions

The ET biosensor with split-flow channels has been vali-
dated in clinical site for comparative analysis of glucose and 
lactate in patient whole blood. Even though some perfor-
mances need to be improved, the results from more than 33 
patients demonstrated that the linear ranges for glucose and 
lactate could cover the clinical interest levels; the response 
time of 1.5 min and maximum sampling rate of 15 per hour 
were achieved for the blood analysis, which meets clinical 
measurement of frequency for intensive care patients at 
5-min interval and could be applied for real-time monitor-
ing of severe patients in the clinical condition.
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