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Although glucose sensors with millimolar sensitivity are still the norm, there is now a developing
interest in glucose sensors with micromolar sensitivity for applications in minimally invasive
sampling techniques such as fast microdialysis and extraction of interstitial fluid by iontophoresis
and laser poration. In this regard, the glucose binding protein (GBP) with a binding constant for
glucose in the micromolar range is of particular relevance. GBP is one of the soluble binding
proteins found in the periplasmic space of Gram-negative bacteria. Because of its hinge-like
tertiary structure, glucose binding induces a large conformational change, which can be used
for glucose sensing by attaching a polarity sensitive fluorescent probe to a site on the protein
that is allosterically responsive to glucose binding. Correspondingly, the resulting optical biosensor
has micromolar sensitivity to glucose. Because binding is reversible, the biosensor is reusable
and can be stored at 4°C for 6 months without losing its sensitivity. In this paper, we show the
feasibility of using the GBP biosensor to monitor glucose in microdialysis. The effect of perfusion
rate, bulk glucose concentration and temperature on microdialysis efficiency was determined.
Additionally, the glucose concentrations in mammalian cell culture were monitored to demonstrate
the applicability of this sensor in complex and dynamic processes over a period of time. As the
sensor is sensitive to micromolar glucose, high dialysis efficiency is not required when the bulk
glucose concentration is within the millimolar physiological range. Thus, a perfusion rate of 10
µL/min or faster can be used, resulting in delay times of 1 min or less.

Introduction

Glucose monitoring is very important in bioprocesses such
as fermentation and mammalian cell culture. As glucose is the
major energy source for cells, optimal glucose concentrations
are crucial in healthy cell growth and efficient product yield.
In addition, glucose analysis is of importance as a clinical
indicator of diabetes. Because the glucose concentration in cell
culture media and human blood is in the millimolar range,
currently available glucose sensors predictably have millimolar
sensitivities. Most of these glucose sensors utilize glucose
oxidase as the biological element. In this design, the enzyme is
immobilized in a polymer or a porous membrane (1-11) in
close contact with a polarized electrode. When exposed to
glucose, the enzyme converts glucose into gluconolactone and
hydrogen peroxide, which is then detected by the electrode.
Another protein that has been investigated as a possible glucose
sensor is concanavalin A (12-15). This sensor utilizes the
competition between glucose and a sugar-containing macro-
molecule like dextran for binding to the ConA. In addition,
D’Auria et al. used coenzyme-depleted enzymes labeled with
ANS as the signal transducers (16-18).

With advancements in diabetes research, it became apparent
that continuous monitoring of blood glucose levels is far superior
to the intermittent testing from finger pricks that is now accepted
practice. Additionally, relatively painless and minimally invasive
sampling promotes patient compliance. Thus, novel sampling
techniques such as fast microdialysis (19), extraction of

interstitial fluid by iontophoresis (20) and laser poration (21,
22) have emerged in recent years. However, these technologies
have inherent barriers that do not allow full extraction of glucose
from blood and tissue. For example, to achieve millimolar
concentrations of glucose in microdialysis, the dimensions of
the probe should be large, which may not be practical for a
subcutaneous device. Alternatively, the perfusion rate should
be slow which can result in a long lag time. In iontophoresis,
the skin itself acts as a barrier when the weak electromotive
force is applied to extract glucose from the interstitial fluid.
Consequently, it has become necessary to develop new glucose
sensors with submillimolar glucose sensitivities.

In the search for glucose sensors with submillimolar sensitivi-
ties, ligand-specific periplasmic binding proteins have drawn
much attention (23-38). These binding proteins have a two-
domain structure connected by a hinge (39). The binding of
the ligand at the binding site close to the hinge can induce a
large conformational change from an “open” ligand-free struc-
ture to a “closed” ligand-bound structure (40, 41). By introduc-
ing a polarity-sensitive fluorophore into such a protein, the
conformational change in response to ligand binding can be
indirectly detected. The result is an optical biosensor that
responds in submillimolar concentrations of the ligand (42).
Many of the papers on the binding proteins have focused on
the construction of the biosensors such as the introduction of
the mutation, the expression and purification of the protein and
labeling of the protein with fluorescent probes. Little has been
written on the useful characteristics of such sensors and none
on their application in conjunction with novel sampling tech-
niques.
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The construction and fluorescent labeling of this biosensor
has been described previously (36, 37). Monitoring of glucose
consumption in cell culture and fermentation through direct
assay of the media was shown to be feasible in both large
(hundreds of mL) and small (hundreds ofµL) culture volumes
(34). The small cultures in particular are impossible to monitor
for glucose concentration using the gold standard glucose
oxidase electrodes. We have shown that the micromolar
sensitivity and submicromolar limit of detection of the GBP
biosensor allowed for dilution of minute volumes of the cell
culture media to within the analytical range of GBP. On the
basis of this result, we concluded that any sampling technique
that inherently dilutes the sample from millimolar to micromolar
glucose will work appropriately with the sensor. In this paper,
the characteristics of the GBP-based glucose biosensor and its
application in fast microdialysis for bioprocess monitoring are
investigated. The sensor characteristics including sensitivity,
stability, accuracy, reversibility, selectivity and temperature
sensitivity were scrutinized further. Additionally, the effects of
bulk glucose in the media, perfusion flow rates and temperature
on dialysis efficiency were studied.

Materials and Methods

Materials. 6-Acryloyl-2-dimethylaminonaphthalene (acry-
lodan) and tris(2-carboxyethyl) phosphine (TCEP) were pur-
chased from Invitrogen. Fructose, fucose, galactose, glucose,
maltose, mannose, sucrose, DEAE Sephadex A-50,N,N-
dimethylformamide (DMF), NaCl, KH2PO4, Na2HPO4, NaH2-
PO4, and MgCl2 were purchased from Sigma-Aldrich (St. Louis,
MO). Tryptone and yeast extract were obtained from Becton
Dickinson (Sparks, MD). All chemicals were used without
further purification. Snakeskin pleated dialysis tubing (10 K
MWCO) was purchased from PIERCE (Rockford, IL).

GBP Expression, Purification and Fluorophore Coupling.
The preparation of the engineered protein and the labeling of
the fluorescent probe have been described previously (30, 34-
37). The plasmid expressing the wild-type GBP was constructed
by cloning theE. coli K12 MglB gene into vector pTZ18U.
The single-cysteine mutation at position 255 was introduced
by using the Quick-Change mutagenesis kit from Stratagene
(Cedar Creek, TX). The mutated plasmid was then transformed
into E. coli NM303. The protein was overexpressed by growing
the cells in LB media overnight. The cells were then collected
by centrifugation and the periplasmic binding protein was
released by osmotic shock method (23). After the protein was
purified on a DEAE Sephadex A-50 column, the protein was
labeled with acrylodan by reacting with 10- to 20-fold dye at
pH 7.5 for 2 h atroom temperature or overnight at 4°C in the
presence of 10-fold TCEP. Unreacted acrylodan was removed
by passing through a Sephadex G-25 column. The total protein
concentration was determined and the labeling efficiency was
estimated from the total protein concentration and the concen-
tration of protein-bound probe, which was calculated from its
absorbance and extinction coefficient (43). The final product
was 0.2µm filter-sterilized. The filtered protein can be stored
at 4 °C for over 6 months without losing its sensitivity (34).

Experimental Setup. The experimental setup for microdi-
alysis of buffer solutions and mammalian cell culture is shown
in Figure 1. The minibioreactor was produced by Fluorometrix
(Stowe, MA). The bioreactor has a volume of 40 mL and has
disposable pH and oxygen-sensing patches attached to the
bottom for pH and dissolved oxygen monitoring (44). It is
capable of temperature control. The agitation speed can be
adjusted smoothly from 0 to 1000 rpm. The microinjector and

controller (Bioanalytical Systems, West Lafayette, IN) is
connected through plastic tubing to the dialysis probe (MWCO
10 000), which is immersed in the buffer solution or cell
medium. The glucose concentration in the dialysate and the
dialysis efficiency were determined as a function of the glucose
concentration in the medium, the flowrate of the perfusion
buffer, and temperature. In the buffer experiments, the flowrate
was adjusted stepwise from 0.1 to 100µL/min.

Mammalian Cell Culture. A SP2/0 based myeloma/mouse
hybridoma cell line (2055.5) secreting an IgG3 antibody specific
for theNeisseria meningitidescapsular-polysaccharide (MCPS)
(Rubinstein and Stein, 1988) was maintained in a 250-mL
spinner flask (Kontes, Vineland, NJ) in CD Hybridoma protein-
free media (Gibco Brand, Carlsbad, CA) supplemented with 2
mM glutamine (HyClone, Laboratories Inc., Logan, UT), 100
U/mL penicillin (HyClone), 100 g/mL streptomycin (HyClone),
1 g/L PF-68 (MP Biomedicals, LLC, Aurora, OH), and 3.5×
10-4% mercaptoethanol (v/v) (Sigma, St. Louis, MO). The flask
was kept in a water-jacketed incubator (Napco, Winchester,
VA). Before performing the cell culture in the bioreactor (Figure
1), the air inlet was covered with a 0.22µm syringe filter
(Millex-GV, Millipore, Bedford, MA). The bioreactor except
the dialysis probe, which was ethanol sterilized separately, was
then steam sterilized at 121°C for 25 min. Upon cooling, the
vessel was first rinsed with media and then filled with 35 mL
of cell culture media inoculated with 7.2× 104 cells/mL in a
laminar flow hood. The process was monitored by DO and pH
sensors. The temperature and agitation speed was controlled at
37 °C and 100 rpm. The vessel headspace was open to the
atmosphere via the 0.22µm syringe filter. Dialysate samples
were taken twice a day for glucose measurement using a 10
µL/min perfusion rate. Culture samples were withdrawn twice
a day with syringes through the sampling port on the vessel for
cell counting. Cells in the samples were counted using a
hemocytometer.

Fluorescence Measurements.The fluorescence intensity of
the labeled protein was measured either in cuvettes on Varian
Cary Eclipse fluorescence spectrophotometer (Varian Instru-
ments, Walnut Creek, CA) or in 96-well plates on a SpectraMax
M5 plate reader (Molecular Devices, Sunnyvale, CA). To
measure the fluorescence intensity in cuvettes, 200µL of GBP
solution was added to a 1.5-mL poly(methylmethacrylate)
cuvette (BrandTech Scientific, Essex, CT). After the intensity
was measured 10 times, 2.0µL of glucose standard or sample
was added. The mixture was gently vortexed for 10 s, and the
intensity was measured again 10 times. The assay was performed
in triplicate for each standard or sample. All measurements were
made at the same instrumental conditions: excitation wavelength

Figure 1. Experimental setup for mammalian cell culture and
microdialysis.
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380 nm, emission wavelength 510 nm, excitation slit width 5
nm, emission slit width 5 nm, PMT detector voltage 750 V,
and average time 0.1 s. To measure the fluorescence intensity
in 96-well plates, 200µL of GBP solution was added to each
of the designated wells, and the fluorescence intensities were
measured 3 times. Volumes of 2.0µL of glucose standard or
sample were then added to each of the wells. The plate was
gently shaken for 10 s, and the intensities were measured 3
times.

Results and Discussion

Characteristics of the GBP-Based Glucose Assay.The
engineered glucose binding protein described here has a single
cysteine mutation at 255 where a polarity sensitive probe
acrylodan is covalently attached. The labeled acrylodan emits
strong green fluorescence (510 nm) when excited with violet
light (380 nm). In the presence of glucose, the fluorescence
intensity of acrylodan decreases with glucose concentration. A
typical calibration curve of the glucose biosensor is shown in
Figure 2. It can be seen that the calibration curve is almost linear
at low glucose concentrations but gradually saturates at higher
glucose concentration. The thick black line with circles shows
the average relative error of the biosensor at different glucose
concentrations. The average relative error is defined as

where∆G is the standard deviation of the measured glucose
concentrations, andG is the average of the measured glucose
concentrations. Obviously, the average relative error reaches
its minimum, which is 2.1%, at glucose concentration of 2.0
µM. If the slope of the calibration curve in Figure 2 is defined
as the sensitivity of the assay, the standard deviation of the
measured glucose concentrations in eq 1 is then equal to

where ∆S is the standard deviation of the measured signal
changes, andm is the sensitivity of the assay at measured
glucose concentration. Substitution of eq 2 into eq 1 gives

It can be seen that the average relative error of the measured
glucose concentrations is proportional to the standard deviation
of the measured signal changes and inversely proportional to
the measured glucose concentration and the sensitivity of the
assay at that concentration. At low glucose concentrations, the
average relative error is higher becauseG is small although
the sensitivity of the assay,m, is high. On the other hand, the
average relative error is also higher at high glucose concentra-
tions because of low sensitivity. At medium glucose concentra-
tions, the two factors offset somewhat and the average relative
error of the measured glucose concentrations is lower. The thick
black line without symbols gives the average relative error of
the measured glucose concentrations caused by 1% standard
deviation of fluorescence intensity measurements. It can be seen
that 1% intensity measurement error can cause a relative error
of 10% or higher for glucose concentrations. This means that it
is very critical to accurately measure the fluorescence intensity.
One way to effectively decrease the errors is to read the
fluorescence intensity many times and then average the data
(38). Accordingly, averaging reduces the lower limit of detection
(45) up to 5 times depending on how many measurements are
averaged.

As shown in Figure 2, the biosensor has micromolar sensitiv-
ity for glucose. Although the detection range can be broadened
by increasing the concentration of the GBP as previously
described (34-38), it cannot be easily extended to measure
millimolar glucose solely by increasing the GBP concentration
because of the concentration limit. Therefore, physiological
concentrations of glucose, which are in the millimolar range,
require a dilution step prior to measurement with this biosensor.
Alternatively, sampling techniques that inherently dilutes the
sample such as microdialysis and iontophoresis are especially
applicable. In clinical diagnostics applications, these techniques
generally sample the interstitial fluid rather than venous blood.
Although the glucose concentration in interstitial fluid is similar
to blood, when extracted by iontophoresis the concentration is
reduced to 0-30 µM (20). Note that these concentrations fit
the responsive range of the glucose sensor discussed here. In
the case of microdialysis, the concentration of glucose in the
dialysate depends on the dimensions of the microdialysis
membrane, properties of the membrane material, the perfusion
flow rate and the temperature. However, in general, practical

Figure 2. Typical calibration curve and relative measurement error.
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Figure 3. Reusability of the labeled glucose binding protein.
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considerations give rise to submillimolar concentrations of
glucose in the dialysate. For dialysates at such low glucose
levels, the conventional glucose oxidase-based methods are more
difficult to implement as these concentrations approach the limit
of detection. It is clear that, in contrast, GBP can be used for
glucose measurements in these submillimolar concentrations.
Nevertheless, some preliminary measurements may be required
to determine the proper dilution of the samples and appropriate
calculations to determine the concentration of glucose in the
original sample.

To check if the labeled GBP is reusable, used GBP was
recovered after the assay and its reusability was studied. After
the assay, the GBP was no longer responsive to glucose because
of the bound glucose. To remove the bound glucose, used GBP
solution was injected into a dialysis bag, which was then
dialyzed in PBS buffer at 4°C for 2 h. After that, the PBS
buffer was replaced with fresh buffer and the GBP solution was
dialyzed for another 2 h. After that, 99.99% of the bound glucose
was removed from the GBP solution. The GBP solution could
then be transferred from the dialysis bag to a sterile plastic tube
for tests. Results show that the calibration curves do not change
significantly after several recoveries (Figure 3). These experi-
ments prove that should the protein sensor be immobilized on
a solid surface, it will result in a reversible and reusable sensor.

For any analytical method, it is very important to study what
factors affect the measurements and, thus, should be controlled
or set. For the GBP glucose biosensor, the temperature is a very
important factor because it affects both the fluorescence as well
as the protein structural dynamics. Figure 4a shows the changes
in fluorescence intensity of the labeled GBP with temperature

at different glucose concentrations. As expected, the fluores-
cence intensity of the labeled protein decreases with temperature.
The data in Figure 4a can be re-plotted to get Figure 4b. The
apparent binding constants could be calculated by fitting the
experimental results to the binding isotherm:

where ∆F is the normalized signal change at any glucose
concentration,∆Fmax is the normalized signal change at saturat-
ing glucose concentration,Kd is the apparent binding constant,
andG is the glucose concentration in free state. The symbols
in Figure 4b represent the experimental data and the lines are
the best nonlinear fit to eq 4. The results for∆Fmax andKd at
different temperatures are listed in Table 1. Further analysis of
this data was not done to determine the contributions of
nonradiative deactivation of the fluorophore and fluctuations
in the protein structure to the observed decrease in intensity.
Nevertheless, it is clear that temperature control is absolutely
imperative in using this biosensor.

Figure 5 shows the calibration curves for glucose and five
other sugars. It can be seen that in addition to glucose the GBP
biosensor also responds to galactose although to a lesser extent.
The GBP biosensor is significantly less sensitive to other sugars,
although they show some minor effects at these concentrations.
It should be noted that culture media, blood and interstitial fluid
usually have negligible amounts of these other sugars in
comparison to glucose. Exceptions are patients with galac-
tosemia and some newborns, whose blood contains elevated
galactose (6-10 mg/dL).

Microdialysis. Figure 6a shows the relationship between the
dialysis efficiency (E) and the perfusion rate at two different
temperatures. The dialysis efficiency is defined as

whereC is the glucose concentration in the dialysate, andCb is
the glucose concentration in the media. It can be seen that the
glucose concentration in the media has no effect on the dialysis
efficiency but temperature and perfusion flow rate have a great
effect.

Suppose that the glucose concentration in the bioreactor is
well-mixed and the perfusion buffer in the dialysis probe is a
plug flow, then the mass balance for the glucose diffusing across
the probe membrane yields the flowing equation:

whereC is the glucose concentration in the perfusion buffer at
positionx, k is mass transfer coefficient,r is the radius of the
dialysis probe, andV is the perfusion rate. Integration of eq 6
gives

whereL is the length of the dialysis probe. Figure 6b shows
that the glucose concentration in the dialysate agrees very well
with eq 7.

Figure 7 shows the delay time and dialysis efficiency at
different perfusion rates. The delay time is defined as the time
needed for the perfusion buffer to flow from the dialysis probe
to the collection tube. Both delay time and dialysis efficiency
change inversely with the perfusion rate. Because the GBP

Figure 4. Change of the fluorescence intensity with temperature at
different glucose concentrations (a) and the best fits to the calibration
data at different temperatures (b).
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biosensor is sensitive at very low concentrations, high dialysis
efficiency (i.e., approaching 100%) is not required. In fact, at a
limit of detection (LOD) of 0.04µM (38), a dialysis efficiency
of 0.02% will provide glucose concentrations that are about
100X the LOD. The commercially available microdialysis
system used in this study even at the fastest perfusion rate is
still too efficient. Thus, future work will require adjustment of
the microdialysis conditions to decrease efficiency by either
decreasing the dimensions of the probe or fabricating new
material for the microdialysis membrane. Nevertheless, in the
mammalian cell culture experiments, though not ideal, a
perfusion rate of 10µL/min was selected. Accordingly, collec-
tion of the dialysate and further dilution to within the sensitivity
range of the GBP sensor was required. Even at this rate, the
delay time is less than 1 min. Other glucose analysis methods
that require high dialysis efficiencies are reported to have a lag
time of 30-35 min. Thus, with further optimization our method
can approach real time monitoring of glucose.

At 10 µL/min perfusion rate, the dialysis efficiency is about
5%. Thus, if 100µL of dialysate is collected each time, the
glucose concentration in the bioreactor decreases by only 0.14%
because of the dialysis. Therefore, the effect of dialysis itself
on the glucose concentration in the bioreactor is negligible.

Mammalian Cell Culture. A SP2/0 based myeloma/mouse
hybridoma cell line was grown in the bioreactor shown in Figure
1 at 37 °C and 100 rpm. The pH and dissolved oxygen
concentration were monitored by disposable sensing patches.
The cell density reached its maximum at about 100 h and then
declined rapidly (Figure 8). As the cells grew and consumed
more oxygen before reaching the highest cell density, the
dissolved oxygen gradually declined from 100% air saturation
to 76% and then recovered rapidly to 100% at the end of the

culture process due to the death of the cells. As the seed culture
was originally maintained in 5% CO2, pH quickly increased at
the beginning of the culture process due to the loss of the
dissolved CO2 from the culture.

Figure 5. Sensitivity of the labeled GBP to different sugars.

Table 1. Best Nonlinear Fit Results of Maximum Signal Changes
(∆Fmax) and Apparent Binding Constants (Kd) at Different
Temperatures

temp,°C ∆Fmax Kd, µM

15 0.282( 0.002 0.25( 0.06
20 0.313( 0.002 0.56( 0.07
25 0.357( 0.001 0.82( 0.04
30 0.385( 0.002 1.20( 0.06
35 0.421( 0.002 1.99( 0.06

Figure 6. Relation between dialysis efficiency and bulk glucose
concentration, perfusion rate, and temperature.

Figure 7. Delay time and dialysis efficiency at different perfusion
rates.
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Although the glucose concentration in the dialysate agrees
very well with eq 5, the mass transfer coefficientk can be
affected by many factors such as temperature, the viscosity of
the media, stirring speed, etc. Additionally, the presence of cells
or macromolecules in the media may also affect the dialysis
efficiency as some of the pores in the dialysis probe may be
blocked by the cells or macromolecules. In this study, the
beginning dialysis efficiency was determined by the glucose
concentrations in the beginning culture and the first dialysis
sample taken immediately after the start of the cell culture. The
ending dialysis efficiency was determined by the glucose
concentrations in the final culture and the last dialysis sample
taken immediately before the end of the culture. The beginning
dialysis efficiency is higher than the ending dialysis efficiency,
showing that some of the pores were blocked during the cell
culture. Assuming a linear decline for the dialysis efficiency,
the glucose concentrations in the culture were calculated and
shown in Figure 8. Results show that the glucose concentration
decreased as the cells grew and consumed glucose. At the late
stage of the cell culture, the glucose concentration gradually
increased. As the cells begin to lose viability, they undergo lysis
thereby discharging their contents into the surrounding medium.

Conclusion

We have shown that the fluorescent GBP is a potential sensor
for real-time monitoring of glucose in cell culture using
microdialysis. The submicromolar limit of detection of GBP
allows for minimal microdialysis efficiency. Thus, the fast
perfusion flow rates utilized in this work resulted in time lags
of about 1 min. Less sensitive sensors like those using glucose
oxidase require slower flow rates, resulting in much longer time
lags. Nonetheless, flow rates beyond the capability of the
microdialysis device used here (>100µL/min) should provide
glucose levels well above the limit of detection of GBP. Thus,
further work is needed to customize either the dimensions of
the microdialysis probe or the material of the semipermeable
membrane to allow for lower glucose concentrations in the
dialysate while approaching real-time monitoring. Additionally,
material that will resist cell-adhesion and biofouling will be
investigated.
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