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Measurement of cellular tracer uptake is widely applied to learn the
physiologic status of cells and their interactions with imaging agents
and pharmaceuticals. In-culture measurements have the advantage
of less stress to cells. However, the tracer solution still needs to
be loaded, unloaded, and purged from the cell culture during the
measurements. Here, we propose a continuously infused micro-
fluidic radioassay (CIMR) system for continuous in-culture measure-
ment of cellular uptake. The system was tested to investigate the
influence of the glucose concentration in cell culture media on '8F-
FDG uptake kinetics. Methods: The CIMR system consists of a
microfluidic chip integrated with a flow-control unit and a positron
camera. Medium diluted with radioactive tracer flows through a cell
chamber continuously at low speed. Positrons emitted from the
cells and from tracer in the medium are measured with the positron
camera. The human cell lines SkBr3 and Capan-1 were incubated
with media of 3 different glucose concentrations and then measured
with '8F-FDG on the CIMR system. In addition, a conventional up-
take experiment was performed. The relative uptake ratios between
different medium conditions were compared. A cellular 2-compartment
model was applied to estimate the cellular pharmacokinetics on CIMR
data. The estimated pharmacokinetic parameters were compared with
expressions of glucose transporter-1 (GLUT1) and hexokinase-2 mea-
sured by quantitative real-time polymerase chain reaction. Results:
The relative uptake ratios obtained from CIMR measurements cor-
related significantly with those from the conventional uptake ex-
periments. The relative SDs of the relative uptake ratios obtained
from the CIMR uptake experiments were significantly lower than
those from the conventional uptake experiments. The fit of the cellular
2-compartment model to the '8F-FDG CIMR measurements was of
high quality. For SkBr3, the estimated pharmacokinetic parameters k4
and k3 were consistent with the messenger RNA expression of GLUT1
and hexokinase-2: culturing with low glucose concentrations led to
higher GLUT1 and hexokinase-2 expression as well as higher es-
timated k4 and k3. For Capan-1, the estimated k; and k3 increased
as the glucose concentration in the culture medium decreased,
and this finding did not match the corresponding messenger
RNA expression. Conclusion: The CIMR system captures dy-
namic uptake within the cell culture and enables estimation of
the cellular pharmacokinetics.
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The investigation of molecular uptake inside cells is valuable
for the understanding of physiologic status (/,2), for the interpreta-
tion of molecular imaging results (3,4), and for the development of
imaging agents and pharmaceuticals (5). The cellular uptake of a
molecule is usually assessed by measuring labeling signals such as
radioactivity (2,6), optical signal (7), or magnetic signal (8). Radio-
metric measurement of cellular uptake is a typical experiment in
nuclear medicine (6) and provides high sensitivity for a very small
mass of tracer. The assay offers the opportunity to study tracer
behavior before translation to clinical applications. However, this
method requires separation of the cells from the incubation medium
to measure radioactivity in the cells only. During this process, the
cells are processed and removed from the culture environment.
Thus, only a single radioassay for a given cell-culture sample can
be performed (6). A high-resolution radioluminescence microscope
was developed by Pratx et al. (2,9). It allows uptake by a single cell
to be measured by culturing cells in a thin scintillator and imaging
them using invert microscopy with an electron-multiplying charge-
coupled-device camera (9). In another approach, the automatic
measurement of real-time tracer binding was achieved on a radio-
immunoassay system using a rotating cell dish (/0). Vu et al. de-
veloped a microfluidic radioassay system (BetaBox) that integrates
a microfluidic chip with a position-sensitive 3-camera (/7). That
system allows multiple radioassays of a small cell population
directly in a culture environment. The cell cultures can be main-
tained for long periods, and changes in the environment can be
digitally controlled, which is convenient for the investigation of
diagnostic and therapeutic radiopharmaceuticals. The BetaBox
radioassay system has been used as a platform to rapidly screen
the response of various cell lines to mechanistically distinct, targeted
drugs (12,13). A cellular 2-compartment model was developed to
quantify cellular pharmacokinetics based on discrete measure-
ments on the BetaBox system (/4).

Although the advantages of this pioneering microfluidic radioassay
system are promising, it requires loading and unloading of the incu-
bating tracers for each assay. Thus, the measurements are restricted
to several discontinuous time points, and a dynamic acquisition
over time is still not possible. In addition, the medium-exchange
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procedure requires a compromise between the completeness of
the exchange and maintenance of a stable culture environment
(11,12). Application of this technique to less adhesive cell lines
is therefore limited. Also, the amount of residual medium left in the
cell chamber is difficult to check.

In this study, we developed a continuously infused microfluidic
radioassay (CIMR) system to acquire dynamic information on cellular
uptake and improve the quantification of cellular tracer kinetics.

I8F_.FDG PET is widely used for in vivo tumor imaging based on
the increased glycolysis in tumor cells known as the Warburg effect
(15-17). Uptake of '8F-FDG is considered to be biomarker of tumor
malignancy and of prognostic value for therapy management. After
entering cells via glucose transporters (GLUTS), 8F-FDG is phos-
phorylated by hexokinase and becomes trapped in the cells. When
I8F-FDG is used for tumor diagnosis and for investigation of therapy
response, uptake of '8F-FDG is usually interpreted with regard to the
expression of GLUTs and hexokinases in the glycolytic pathway.
Among these two families of proteins, GLUT1 and hexokinase-2 have
been investigated the most. GLUT1 expression is usually considered
to be associated with malignant tumor stages (18). '8F-FDG uptake
has been shown to be more influenced by GLUT1 than by the other
subtypes of GLUT in many tumor tissues, such as breast cancer (19),
pancreatic tumor (20), and cervical cancer (27). Hexokinase-2 directly
mediates glycolysis and promotes tumor growth (22) and has been
found to be the predominant isoform of hexokinases in many tumors
(23,24). Overexpression of hexokinase-2 has been reported to increase
I8F_FDG uptake in cancer cells (25). GLUT1 and hexokinase-2 have
been used as a therapeutic target for drug development associated with
cancer metabolism (26). On the other side, the expression of GLUT1
and hexokinase-2 varies among different types of cancer cells (27),
and tumors possess the special quality of being able to adjust the
expression of GLUT1 or hexokinase-2 to maintain their energy supply
and homeostasis (25). However, it is difficult to investigate the adap-
tion of their functions under various metabolic conditions (28,29).

As a proof of the concept of the proposed CIMR system, we
focused on the investigation of '8F-FDG uptake in tumor cells. The
applicability of the proposed CIMR system was verified by com-
paring the estimated '8F-FDG Kkinetics with literature data and the
corresponding expression of GLUT1 and hexokinase-2 measured
with conventional quantitative polymerase chain reaction (qQPCR).

MATERIALS AND METHODS

CIMR System

The CIMR system is based on a microfluidic chip (p-Slide VI°4; ibidi
GmbH), a flow control unit, and a positron camera as shown in Figure 1.
The microfluidic chip consists of two parallel chambers (17 x 3.8 x
0.4 mm each), each with a separate inlet and outlet. The two chambers
are connected as shown in Figure 1B. One serves as a medium-monitoring
chamber and the other as a cell culture chamber. The flow control unit is a
programmable syringe pump (Cavro XLP 6000; Tecan Group Ltd.) with
connecting flow tubes. The medium with radioactive tracer is driven by
the pump from the reservoir via the monitoring chamber into the culture
chamber (Fig. 1B). The monitoring and culture chambers are simul-
taneously measured by a positron camera (Fig. 1C), which consists of
a single-particle—counting silicon pixel detector (300 wm thick, Crypix;
Crytur Ltd.) bonded to a complementary metal oxide—semiconductor
readout chip (TimePix; European Organization for Nuclear Research).
The field of view of the positron camera is 14 X 14 mm (256 x 256
pixels). Details on the basic performance of this detector for direct
positron measurement have been previously published (30).

Cell Experiments

Cell Culture Preparation. Two types of human cancer cell lines,
Capan-1 (pancreas adenocarcinoma) and SkBr3 (breast adenocarci-
noma), were selected for the investigation. Two days before the CIMR
measurements, approximately 1.5 x 10* cells in a 30-pL single-cell
suspension were inoculated into the cell culture chamber of a micro-
fluidic chip using a pipette, to form a homogeneous single layer on the
bottom surface of the chamber. The cells were then cultured in Dul-
becco modified Eagle medium with a 25 mM glucose concentration
(Biochrom GmbH), supplemented with fetal bovine serum (10%), pen-
icillin (100 U/mL), and streptomycin (100 pwg/mL) under controlled
conditions of 37°C and 5% CO,. One day before the measurements,
the medium in the cell chamber was switched to 1 of 3 special media
with a 5, 2.5, or 0.5 mM glucose concentration. The corresponding
medium was exchanged every 8 h until the start of the measurements
to sustain a stable glucose concentration. At the time of the CIMR
measurements, the cells had reached approximately 60%—90% conflu-
ence inside the cell chamber.

Measurements with the CIMR System. Before the infusion, the flow
control unit was sterilized and cleaned using 70% ethanol and ultrapure
water. '8F-FDG was diluted into the cell culture medium to generate a

radioactive solution of 0.2-5 MBg/mL with the
investigated glucose concentration. The tracer
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medium solution was pumped through the me-
dium chamber and cell chamber at a constant
Eiis oo flow of 1.25 wL/s, which created a small shear

—— stress (<0.13 dyn/cm?, estimated on the basis
of the application note of ibidi GmbH) near
the chamber surface. This flow speed leads to
a medium refresh rate of 2.5 times per minute,
which is sufficient to maintain the continuous-
infusion profile. Positrons emitted both from
the medium chamber and from the cell cham-
ber were measured by the positron camera for
65 min. The measurements were binned into
frames of 1 min each. Each measurement was
repeated 6 times.

After the CIMR measurements, the cell
chamber was imaged using a microscope (BZ-

FIGURE 1.

measurement (D).
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Setup of CIMR system: photograph of microfluidic chip in operation (A), diagram
of tracer medium flow during measurement (B), side view of cell chamber during measure-
ment, at the cut point shown in B (C), and example frame from positron camera during CIMR

9000; Keyence Co. Ltd.) with a phase-contrast
objective lens of x20. Five widely distributed
microscopic fields of view were selected for
counting the number of cells. The average
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number of cells in the 5 fields of view was then normalized to the cell
number per detector pixel (55 X 55 wm).

Conventional Uptake Measurement. As previously described (6), '8F-
FDG uptake by cells was studied with the conventional uptake method for
each of the culture conditions used in the CIMR measurements. Two days
before the uptake experiment, approximately 6 x 10* cells in a 300-wL
suspension were inoculated into one well of a 24-well plate. One day
before the uptake experiment, the cells were incubated in medium con-
taining 1 of the 3 glucose concentrations used in the CIMR studies. Me-
dium was refreshed every 8 h before the uptake measurement. During the
uptake measurement, an '8F-FDG solution with the same glucose concen-
tration as used in the corresponding CIMR measurements was applied to
the cells for 4 different periods (10, 20, 30, and 40 min). Then, the cells
were washed twice with ice-cold phosphate-buffered saline buffer and
dissociated by trypsin/ethylenediamine tetraacetic acid solution (Biochrom
GmbH). The radioactivity of the collected cells in each well was measured
using a y-counter (Wallac Wizard 1470; PerkinElmer). Thus, 3 repeated
measurements of '8F-FDG uptake for incubation times of 10, 20, 30, and
40 min were obtained for each medium condition. The number of collected
cells in each well was counted using an automated cell counter (Countess;
Invitrogen Life Technologies GmbH). The counted cell numbers of the
wells with the same culture condition on the same day were averaged.

gPCR. Cells under the same conditions as in the CIMR measure-
ments were cultured for molecular biology assays. Total RNA was
extracted from each tumor cell line using the RNeasy Plus Mini kit
(Qiagen); complementary DNA was prepared from the total RNA
isolated using the QuantiTect reverse-transcription kit (Qiagen). The
sequences of primers for reverse-transcription PCR were as follows. For
GLUT1 (31), forward was 5'-CAG GAG ATG AAG GAA GAG-3' and
reverse was 5'-TCG TGG AGT AAT AGA AGA C-3'. For hexokinase-
2 (22), forward was 5'-CAA AGT GAC AGT GGG TGT GG-3’ and
reverse was CAA AGT GAC AGT GGG TGT GG-3'. For the house-
keeping gene, forward was 5'-CAG ATG GCA AGA CAG TAG AAG-3
and reverse was 5'-GGC AAA AAT GGA AGC AAT GG-3'. All
primers were synthesized by Eurofins Genomics. gPCR was performed
on LightCycler 480 Instrument I/II (Roche Diagnostics) with the Light-
Cycler 480 SYBR Green I Master kit, and the data were analyzed by
LightCycler 480 software, version 1.05.0.39.

Data Processing and Analysis

Image Processing and Normalization. The acquired dynamic data
were corrected for radioactive decay. For each 1-min frame, the mean
events per pixel (55 X 55 pm) within a box region of interest (12 x 3.8 mm)
in the center of an imaged chamber were calculated separately for the
medium chamber and for the cell chamber. Time—-activity curves
were generated to describe changes in mean events per pixel versus
time. The calibrated radioactivity of the medium in the cell cham-
ber was estimated on the basis of the measured time—activity curve
of the medium chamber after correction of delay and dispersion. This can
be described using the following formula (32):

1 _
BClﬂ(t) = Bm(t - AT)*;67;7

where B., and B,, are, respectively, the event density curves of the
medium in the cell chamber and the medium chamber; AT and 7 are,
respectively, coefficients characterizing the delay and dispersion of the
I8F-FDG activity flowing from the medium chamber to the cell cham-
ber; and * is the convolution operator.

To estimate the delay and dispersion coefficients, the CIMR system
was run 6 times without cells in the cell chamber using the same
fluidic condition as in the real measurements. The coefficients of the
decay and dispersion parameters were determined regularly, especially
after the settings were changed for the CIMR operating condition.
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The microfluidic chamber has a height of 400 wm, and the positron
camera is placed below the chamber. Thus, the positron camera had
lower sensitivity for the positrons emitted from upper layers than from
lower layers in the chamber. This depth-dependent sensitivity profile
of the positron camera was corrected in the measurements by multi-
plying the event density by a depth-dependent sensitivity correction
factor of 1.74 (derived as described in the supplemental file and shown
in Supplemental Fig. 1; available at http://jnm.snmjournals.org).

The events for the cells in the cell chamber were calculated by
subtracting the estimated events in the medium in the cell chamber from
the total measured events in the cell chamber. The '*F-FDG concentration
in the medium was computed by normalization to the volume associated
with a pixel in the chamber (55 X 55 x 400 wm). The cellular '*F-FDG
concentration was calculated using an estimated mean cell number and
mean cell volume (Supplemental Fig. 2). The mean volume of adherent
cells with mean diameter d was approximated by the volume of an ellip-
soid (7rd?/12). Cellular uptake was estimated as the ratio of cellular '8F-
FDG events (cps) per 10° cells over the corresponding density of '8F-FDG
events in the medium (cps/mL) (Supplemental Fig. 2). The relative uptake
ratios from the CIMR system were calculated as the ratios between the
uptake time—activity curves of the corresponding culture conditions for
each time point. Similarly, the relative uptake ratios for the conventional
uptake experiment were calculated as the ratios between uptake values at
the discrete measurement times. In this study, the uptake ratios relative to
the ratio for the 5 mM culture medium were calculated. All processing
was done using Matlab, version 2012b (The MathWorks, Inc.).

Cellular Pharmacokinetic Modeling. On the basis of the time—activity
curves obtained from the CIMR measurement, the pharmacokinetic pa-
rameters related to GLUT and hexokinase can be estimated. For 8F-FDG,
the uptake is controlled by GLUT and hexokinase phosphorylation (Sup-
plemental Fig. 3A). A cellular 2-compartment model was constructed to
estimate the kinetic parameters relating to '8F-FDG transport and phos-
phorylation (Supplemental Fig. 3B) (/4). Given the event density in the
medium B, the free '8F-FDG events in the cell B;, and the phosphory-
lated '"8F-FDG events B, in the cell can be described as follows:

Pall) — 1 (1) = koo (1) = ki (1) + ki, (1)
d
Bfil;(t) = kaPin (1) — kaBpn (1),

where the rate constants &y, k», k3, and k4 are, respectively, the import and
export rates of '8F-FDG across the cell membrane and the phosphoryla-
tion and dephosphorylation rates of '8F-FDG inside the cell. The param-
eters were estimated by fitting the time—activity curves derived from
CIMR measurements. The model fit was performed by a trust-region
algorithm implemented using C++ with the MKL library (Intel).

A Michaelis—-Menten equation was applied to interpret the relation be-
tween the estimated rate constants (k; and k3) and the messenger RNA
(mRNA) expressions of the corresponding enzyme or transporter (33):

k~ Vmax ,
Km + Cendo
where Cpgo is the concentration of the endogenous substrate, K, is the
substrate concentration at the half-maximum reaction rate, and V,,, is the
maximum reaction rate, which is assumed to be proportional to protein
expression. Considering that the glucose concentration of the medium was
kept constant before and during CIMR, the endogenous glucose concen-
tration was assumed to be the same as the glucose concentration of the
medium. The '8F-FDG concentration is negligible compared with the
glucose concentration of the medium. For each cell line, we used fitting
of the Michaelis—Menten equation to determine whether the K, rate can
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FIGURE 2. (A) Model fitting for delay and dispersion, along with curve
predicted using fit results. (B) Pharmacokinetic model fitting for uptake
by SkBr3 cells cultured in 0.5 mM glucose.

be the same for cultures using different glucose concentrations. The
nonlinear least square fit was applied to fit the cellular pharmacokinetic
parameter to the mRNA expressions.

Pearson correlation was applied to compare the relative uptake ratios
between the CIMR and conventional uptake experiments. The paired
Student ¢ test was used to further compare the relative SD (SD/mean) of
the two methods. A significance level of P < 0.05 was established.

RESULTS

During the continuous-infusion procedure, the loss of cells was
1.3%—-4.5% (mean = SD, 3.2% = 1.7% [n = 3]) for Capan-1 and
0.9%-3.5% (1.9% = 1.4% [n = 3]) for SkBr3. The difference in
sensitivity between the medium chamber and the cell chamber
with no cells was 0.3%-1.1% (0.6% = 0.3% [n = 6]).

The modeled curves including delay and dispersion fit the measured
curves well for the 6 calibration runs with no cells in the cell chamber
(R? = 0.9995 = 0.0003). One example is shown in Figure 2A. The
estimated delay coefficient (2.11 = 0.11 min) and dispersion coeffi-
cient (1.70 = 0.11 min~!) had a small relative SD (<7%). When the
mean delay and dispersion coefficients of the 6 curves were applied to
predict the time—activity curve in the cell chamber, the absolute per-
centage error was 1.3% * 0.3% for the 6 runs (Fig. 2A).

The measured data of the CIMR were well fit by the cellular
2-compartment model; there was a high-quality fit (R> > 0.9999)
for both SkBr3 and Capan-1 under the investigated conditions.
Figure 2B shows an example of the model fitting for SkBr3 cultured
in medium containing 0.5 mM glucose; the figure plots the modeled
medium events in the cell chamber (after correction for delay and
dispersion). After fitting using the cellular 2-compartment model,
the modeled total-event curve fit well the measured total events in
the cell chamber.

REAL-TIME MICROFLUIDIC RADIOASSAY  ©

Figure 3 plots the mean and SD of the estimated cellular uptake
(mL/10° cells) on the CIMR system for 6 repeated measurements. For
the same cell under the same condition, uptake was similar. The
averaged relative SDs of normalized uptake for SkBr3 in the 3 culture
media were 18.5% (5 mM), 15.1% (2.5 mM), and 5.4% (0.5 mM)
(Fig. 3A). For Capan-1, the corresponding averaged relative SDs were
8.8% (5 mM), 8.0% (2.5 mM), and 9.1% (0.5 mM) (Fig. 3B).

The relative uptake ratios of CIMR and conventional uptake
experiments are shown in Figure 4. A significant correlation was
found between the CIMR and conventional uptake experiments
for SkBr3 (r = 0.98, P = 9 x 107%) and Capan-1 (r = 0.95,
P = 0.0003). Overall, the CIMR experiments had a relative SD
of 11.3%, which is significantly less (P = 0.004) than the 20.8%
relative SD found for the conventional uptake experiments.

The k; of the SkBr3 cells was about 75% higher when they were
cultured with 0.5 mM glucose than with 2.5 or 5 mM (Fig. 5). This
finding agrees with the qPCR results for GLUT1 mRNA level, in
which the GLUT1 expression of cells was around 60% higher for
the 0.5 mM medium than for the 2.5 or 5 mM. Similarly, the k3
was higher for the 0.5 mM medium than for the 2.5 or 5 mM. The
hexokinase-2 mRNA levels of cells were higher for the 0.5 mM
medium than for the 2.5 or 5 mM.

The k; of the Capan-1 cells was around 25% higher when they
were cultured with 0.5 mM glucose than with 2.5 or 5 mM (Fig. 6).
However, the qPCR results for the GLUT1 expression of cells was
higher for the 5 mM medium than for the 2.5 or 0.5 mM. The k3
was more than 60% higher for the 0.5 mM medium than for the
2.5 or 5 mM. However, the increase in hexokinase-2 mRNA levels
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FIGURE 3. Mean and SD of normalized uptake curves plotted for 6
repeated measurements on CIMR under 3 different culturing conditions
for SkBr3 (A) and Capan-1 (B).
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was less than 25% when the 0.5 mM medium was compared with
the 2.5 and 5 mM.

For SkBr3, the estimated cellular kinetics could be fit to the
mRNA expressions using a fixed K,,, with the determinant coeffici-
ent (R? = 0.73 for k; and R? = 0.97 for k3). However, for Capan-1,
it was not possible to fit the estimated cellular kinetics to the
corresponding mRNA levels using a fixed K.

DISCUSSION

Similar to the previous approach—BetaBox (discontinuous micro-
fluidic radioassay) (/1)—the proposed CIMR allows in-culture mea-
surements. It does not require loading, unloading, and cleaning of the
tracer medium in the culture chamber. Thus, the measurements can
deliver direct cellular-uptake information without introducing addi-
tional stress during the medium exchange. In particular, the con-
tinuous measurement captures the full dynamic course of cellular
uptake, enabling application of pharmacokinetic analysis. The results
of these initial tests showed that this system can achieve reproducible
cellular uptake measurements as well as a stable estimation of cellular
kinetics. However, the volume of the microfluidic-chip chamber in our
system is much larger than that in the BetaBox system. The larger
volume is needed obtain a cell-uptake signal sufficient to distinguish
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background-medium events during the mixture measurements of cell
uptake and medium.

The medium chamber in the CIMR system monitors the medium
events in the cell chamber. However, the measured medium events
need to be corrected for delay and dispersion before the time—activity
curve can be used to correct the measurement of the cell chamber.
The effective volume of the microfluidic chamber is 30 pL, the
volume of the two connectors is 56.5 L each, and the volume of
the tubing in between is 14.1 wL. Under the experimental flow
speed, the theoretic delay between cell chamber and medium chamber
is 2.09 min. The estimated delay coefficient, 2.11 min, agrees with the
theoretic estimation.

Although the volume between the two chambers may slightly
vary because the connection tubes are manually placed, the small
relative SD has little influence (<2%) on the predicted medium
events of the cell chamber and can be ignored for high uptake
signals.

The CIMR system operates under a continuous-infusion condi-
tion, and the fluid shear stress on cells is less than 0.13 dyn/cm?.
Under physiologic conditions, the interstitial-flow shear stress on nor-
mal tissues is on the order of 0.1 dyn/cm? or lower (34). Thus, the fluid
shear stress in our system is similar to that under physiologic
conditions. In addition, the low cell loss (<4.5%) during the
CIMR measurements shows that this low shear stress does not sig-
nificantly influence the adherence of the two investigated cell types
in the chamber. However, for less adherent cells, even a low shear
stress may lead to nonnegligible cell loss. Further strategies are
needed to compensate for the leaching out of these less adherent
cells. Otherwise, such cells are not suitable for CIMR measurements.

The uptake values obtained in CIMR are calculated from medium-
chamber and cell-chamber event densities, which are not absolute
activity concentrations. The sensitivity of the system (calibration of
event density to absolute activity concentration) is not considered
during the calculation. We put a Mylar sheet (6 wm; DuPont Teijin
Films) between the microfluidic chip and the detector to prevent
possible leakage of fluid onto the semiconductor detector during port
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and hexokinase-2 (HK2) for cells under same culture conditions.
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FIGURE 6. Comparison of cellular pharmacokinetics of CIMR and
gPCR for Capan-1 in culture media with different glucose concentrations
(5, 2.5, and 0.5 mM). (A and B) Plots of estimated cellular pharmacoki-
netics k¢ and k3 based on CIMR data. (C and D) Plots of gPCR measure-
ments of GLUT1 and hexokinase-2 (HK2) for cells under same culture
conditions.

exchange. The air space between the microfluidic chip and the de-
tector may change in different setups, leading to a slightly varying
absolute sensitivity. However, we measured the medium chamber and
the cell chamber simultaneously. Thus, the sensitivity change did not
affect calculation of the uptake or estimation of the kinetic parame-
ters (as proven in the supplemental file). The difference in absolute
sensitivity between the medium chamber and the cell chamber was
less than 1.1% (mean, 0.6% = 0.3%); thus, the same sensitivity was
assumed for both chambers. Even after careful calibration and
correction, the estimated uptake values differed from the conven-
tional uptake values obtained from well counter measurements
(Supplemental Fig. 4). This observation may be explained by
the difference between in-culture measurements and conventional
ex-culture measurements. The influence of the sample preparation
procedure (wash with cold phosphate-buffered saline, dissociate
attached cells with trypsin) on cellular uptake is not known, and
further investigations are necessary to understand the reasons for the
difference between in-culture measurements and conventional up-
take measurements. Nevertheless, the significant correlations be-
tween the relative uptake ratios (0.5/5 and 2.5/5 mM) for the two
types of measurements demonstrated the consistency of the relative
relations between them. As many studies investigate the relative
differences under certain interventions, the systematic bias between
CIMR and conventional uptake may not change the results if all the
investigations are performed using in-culture measurement (/7).
Smaller variations were achieved with in-culture measurement
using CIMR than with conventional uptake experiments. Thus,
CIMR provides a stable way to investigate relative changes under
various interventions.

Furthermore, the uptake values obtained with CIMR are indirect
estimations compared with the previous in-culture microfluidic
radioassay using a loading and flushing protocol (/7). Adapting the
infusion profile of CIMR with flushing of the tracer allows the pure
event density of cells to be measured, and the uptake values we
calculated were consistent with the continuously measured CIMR
uptake (Supplemental Fig. 4). This finding supports the feasibility
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of continuous estimation of uptake during infusion without flushing
of the tracer.

Estimation of cellular pharmacokinetics requires estimation of the
concentration (event density) inside and outside the cells. For the
event density inside cells, the cell volume needs to be considered.
However, the real cell volume is difficult to measure and was
therefore estimated using the diameters of cells in the cell chamber.
This step may introduce bias to the parameter estimation. Neverthe-
less, the estimated kinetic parameters were consistent with literature
data on the same type of cancer. For a glucose concentration of
5 mM (corresponding to the human condition), the fitted phosphor-
ylation rates (k) of this study ranged from 0.027 to 0.054 min~! for
the breast cancer cell line SkBr3. This range agrees with two ranges
reported in the literature—0.025 to 0.061 min~! (35) and 0.012 to
0.078 min~! (36)—for dynamic '8F-FDG PET on human breast
cancer. Similarly, for a glucose concentration of 5 mM, the fitted
k3 of this study ranged from 0.031 to 0.055 min~! for the pancreatic
cancer cell line Capan-1. This range is also in line with the k3 value
of 0.041 min~! (separating overall survival between 4 and 6 mo)
reported in the literature (37) for '8F-FDG PET on human pancreatic
adenocarcinoma patients.

In the current setup, the infusion protocol (input function) is a
step function, which results in a short transient response followed
by a linear time-activity curve. This function may introduce bias
to the estimation. Further constraints can be added by adapting
the infusion protocol, such as by using a square pulse function.
In Supplemental Figure 5, two different square-function infusion
profiles are tested for estimation of the kinetic parameters on
SkBr3 cells cultured using 0.5 mM glucose. Comparing the esti-
mations, the value of k; from the square function (1.17 = 0.27) is
slightly higher than that from the step function (0.99 = 0.26). But
no significant difference was observed using the unpaired ¢ test.
The k5 value from the square function (0.13 = 0.08) is almost the
same as that from the step function (0.14 * 0.04), with no signif-
icant difference being observed. Variation was slightly larger for
the square function than for the step function. There might be bias
in the estimation using different infusion profiles (input functions).
For the studies in this article, all k4 values were nearly 0. Although
the square infusion profile may improve estimation and reduce
bias compared with the step infusion profile, use of the square
function does not bring about a significant difference for the stud-
ies without obvious dephosphorylation. However, the square func-
tion may significantly improve investigations of tracers with clear
k4 clearances.

The estimated kinetic parameters in this study cannot be directly
linked to underlying physiologic behavior. We used a quantitative
index—the mRNA level of corresponding proteins measured using
qPCR—for comparison. However, the expression levels of the cor-
responding proteins may deviate from the mRNA expression levels
(38). The investigated typical glucose transporter, GLUT1, and the
typical phosphorylation enzyme, hexokinase-2, may not represent
the overall function of multiple existing isoforms of GLUT and
hexokinase. In addition to influencing protein expression, the
activities of the transporters and enzymes also influence the be-
havior of the transport and phosphorylation (28). In contrast, the
estimated kinetic parameters represent the overall effects of pro-
tein expression and activity. Furthermore, it is not always possi-
ble to fit the pharmacokinetic parameters to mRNA expression
using the Michaelis—Menten equation (33) with a constant K,
(failed for Capan-1). For each cell line, we tried to estimate K,
for various glucose incubation conditions. We applied model fitting
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to test whether it is possible to interpret the relation between mRNA
expression and kinetic parameters using a constant K,,,. A change in
the value of the rate constant is not expected to match the change in
Vimaw especially when the concentration of the substrate (glucose
level in the present case) is altered, unless the value of K, is much
larger than the substrate concentration. Thus, it is not expected that
the mRNA levels will agree with the cellular pharmacokinetics
of 8F-FDG in all situations.

All CIMR measurements in this study were performed under
conditions of normal air, normal room temperature (~25°C), and
normal room humidity, without the use of a dedicated incubator.
Although we tried to minimize the measurement time outside the
incubator, stress may still have been introduced to the cells dur-
ing that time, leading to bias in the estimation of cellular uptake.
Nevertheless, all environmental conditions were similar for the
various runs in this study. Their variations were small compared
with the variabilities due to the many other factors addressed
earlier.

The CIMR system can be extended to measure positrons or
electrons emitted by other tracers using the same detector as in this
study (39,40). The measured signal depends on the energy of the
emitted positrons or electrons. For different tracers with the same
positron emitter, such as the 8F-labeled tracers, the proposed methods
can be directly transferred. For tracers with different positron emitters,
such as °8Ga or !!'C, some of the correction coefficients, such as the
decay correction or the depth-dependent sensitivity correction, need to
be recalculated.

CONCLUSION

A CIMR system has been developed for real-time in-culture
measurement of radiotracer uptake by cells. The system estimates
cellular pharmacokinetics by dynamically measuring the time
course of radiotracer uptake. Initial experiments have demon-
strated the reproducibility and stability of the system in capturing
pharmacokinetic differences. The CIMR system provides a platform
for convenient quantitative investigation of cellular physiology and
pharmacokinetics.
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