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Breast cancer is the most frequently occurring
cancer in women worldwide with more than one mil-
lion new cases diagnosed each year. The poor prog-
nosis for many cases is due to the complexity of
treatments with a lack of precise monitoring of drug
action in vivo (1-6). Therefore, therapies are needed
with improved methodologies to monitor cancer
drug delivery and effectiveness (7-11). In this paper,
we present a study of MRI measurements in breast
cancer cell cultures grown in three dimensions (3D).
Based on morphology, cell death can be character-
ized as apoptotic where the nucleus undergoes early
degeneration, or necrotic when the cell membrane
and organelles show early degeneration (12). In the
present study, we investigated changes in relaxation
time following treatment with trastuzumab in human
breast cancer cells. We developed 3D cell cultures
that differ in Her2 receptor expression and sensitivi-
ty to trastuzumab. Trastuzumab is a monoclonal anti-
body that targets the Her2 receptor and is used
together with chemotherapy in the treatment of
breast cancer in patients whose tumors overexpress

the Her2 receptor. Although this therapy has extend-
ed disease-free survival in a significant number of
patients, not all Her2 overexpressing tumors respond
to this treatment, and some develop resistance after
an initial response. The efficiency of this therapy is
very low in a significant number of patients and this
therapy is not curative in many cases. In this study,
we sought to determine if spin relaxation times asso-
ciated with trastuzumab uptake could be objectively
quantified by MRI. In a previous study, we reported
spin-spin (T2) measurements in cells treated with
trastuzumab, and these results allowed for visualiza-
tion of cells non-invasively by MRI (13). Therefore,
we would like to continue to use cellular MRI as a
research tool in clinical settings and for monitoring
cell-based regenerative therapies. We are interested
in monitoring drug action and uptake in 3D cell cul-
ture by MRI. Cellular MRI in 3D culture is a tool
uniquely suited to this task, given its ability to deeply
image 3D cell cultures with high temporal resolution
and sensitivity. The spin-spin relaxation time of
water is known to be related to water content and
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membrane permeability (13). Thus, for constant
membrane permeability, a decrease in the water con-
tent should induce a decrease in T2. Moreover, the T2

of water is sensitive to the structure and the mobility
of the surrounding molecules through chemical
exchange and dipole-dipole interactions. Therefore,
a change in non-aqueous molecular mobility should
induce a change in the T2 of water. 

EXPERIMENTAL

Three dimensional tumor model in vitro
Human MCF7 cell line was obtained from

American Type Culture Collection (ATCC,
Rockville, MD). All cell culture procedures were
conducted in a sterile class II biological safety cabi-
net (Bio Hood 2, MICROZONE). In the case of
tumor and normal breast cells, in vitro conditions
were applied. 

MCF7/Her2 and MCF7/Neo4 

The MCF7/Her2 cell line was cultured in
RPMI media (Biofluids) and containing 5% fetal
calf serum (Biofluids), 2 mM glutamine, 50
units/mL penicillin and 50 µg/mL streptomycin.
MCF7/Her2 is obtained from MCF-7 cells that are
transfected with Her2-cDNA. MCF7/Her2 are stable
transfected cells that overexpress Her2. Her2 over-
expression of these cell lines was confirmed with
cytometric analysis (14). The MCF7/Neo4 cell line
was cultured in DMEM media at the ratio 1 : 1 with
2 mM L-glutamine, 50 µg/mL streptomycin sulfate
and 10 µg/mL gentamicin sulfate supplemented with
1.5 IU/mL IL-2 containing 4-fold concentrations of
amino acids and vitamins and 4500 mg/L of glu-
cose. MCF7/Neo4 are cells that are resistant to the
antibiotic neomycin and were used as control. 

Three dimensional (3D) cultures

Cells (105 cells/mL of MCF-7/Her2 or MCF-
7/Neo4) were seeded in the HFBR device (FiberCell
Systems Inc., Frederick, MD). The HFBR is a
closed-loop system that consists of porous hydro-
philic hollow fibers with 0.1 µm size pores in poly-
sulfone tubing. For this study, we used one fiber in
each HFBR cartridge. All but one fiber was removed
from the cartridge prior to inoculation. In our exper-
iments, the use of one fiber enables selection of a
region of cells in which T1 and T2 are measured
without interference. After inoculation, the bioreac-
tors were perfused and maintained in an atmosphere
of 5% CO2, 95% air at 37OC. The flow of medium
was initially ~5 mL/minute and gradually increased
over the next 10 days to a rate of 14 mL/minute. The

perfusion medium was changed twice weekly.
Control bioreactors received fresh medium through-
out the 4-week culture period. For our study, cell
cultures grown on one fiber yielded a sufficient
number and density of cells. The fiber in the biore-
actor was pre-cultured with 250 mL of phosphate-
buffered saline (PBS), followed by two changes of
cell culture medium (first with medium without
serum and finally with the complete medium). The
purpose of the pre-culture was to remove the wetting
agent from the fibers, equilibrate the system with
growth medium and serum proteins, and verify that
the system is leak-free and sterile. In the humidified
incubator, equilibration of the HFBR system was
achieved by overnight recirculation of 100 mL of
medium. Cells were inoculated by syringe in a total
volume of 11 mL of media into the extra capillary
space of an HFBR cartridge. The medium flow rate
was 14 mL/h through the HFBR and this value was
determined in a previous study of the influence of
different flow rates (7, 14, and 50 mL/h) on cell
growth and viability in the HFBR (15, 16). An
HFBR system with no medium flow (0 mL/h)
served as control. Throughout the experiments, the
reservoir (which was initially 100 mL and later
increased to 150 mL) was completely refilled with
fresh media every 72 h. At the same time, when the
media reservoirs were being refilled, an aliquot was
taken from the media and fresh media were placed
into each system. These aliquots were utilized to
determine glucose consumption and lactate produc-
tion. The glucose consumed was determined by ana-
lyzing the glucose concentration within an aliquot
prior to the reservoir being placed into the HFBR
and within an aliquot taken from the same reservoir
after it was removed from the HFBR. Lactate levels
were measured using a commercial enzyme-linked
immunosorbent assay kit (Sigma, Saint Louis, MO)
according to manufacturerís recommendations.
Similar to the glucose assay, aliquots from the reser-
voir were assayed prior to and following circulation
in the system for lactate concentration. 

Trastuzumab treatment 

In our experience, MCF7/Her2 treatment with
trastuzumab, as low as 0.010 µg/mL, has a cytotox-
ic effect (12). Previously, we reported that
trastuzumab concentrations of 0.05, 0.5, 50, 100
200, and 1000 µg/mL yields MCF7/Her2 cell viabil-
ity of 80 ± 1%, 77 ± 4%, 74 ± 2%, 70 ± 3%, 66 ±
4%, 63 ± 3% and 61 ± 1%, respectively (16). In
order to detect changes in T1 and T2 following treat-
ment, cells in HFBR were treated with a 1000
µg/mL concentration of trastuzumab (16).
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T1 measurement

All MRI experiments were performed using a
9.4 Tesla (T) magnet with a bore diameter of 21 cm.
Water proton longitudinal (T1) relaxation times of
both cell lines were measured using an inversion
recovery (IR) pulse sequence with an echo time
(TE) of 16.5 ms, a repetition time (TR) of 8000 ms,
and eight inversion times (TIs) ñ 10, 100, 200, 400,
800, 1000, 2000, and 4000 ms. T2 relaxation times
were measured using a multi-echo spin-echo (SE)
pulse sequence with a TR of 8000 ms and 11 echoes
10 ms apart, with the first TE 16.5 ms. The imaging
plane was perpendicular to the long axis of the
bioreactor. The field of view was 3 ◊ 3 cm, the slice
thickness of 2 mm, and the matrix size 256 ◊ 256.

T2 measurement

T2 relaxation times were measured using a multi-
echo spin-echo (SE) pulse sequence with a repetition
time (TR) of 8000 ms and 11 echoes 10 ms apart with
the first echo time (TE) 16.5 ms. Field of View (FOV)
was 1◊1 cm2 and matrix size was 256 ◊ 256 and four
averages. The imaging plane was perpendicular to the
long axis of the capillary. The radiofrequency (rf) coil
was made of 2 mm copper wire, six turns and the inner

diameter was 3 mm and tuned to 400 MHz which cor-
responds to the proton Larmour frequency at 9.4 T.
The image resolution was 39 µm.

RESULTS 

Table 1 presents T1 and T2 measurements of 3D
MCF7/Her2 cell cultures (N=12) before and after
treatment with trastuzumab. The images displayed
spatial maps of shallow, middle and deep levels of
cell distribution that correspond to various signal
intensity. Shallow, middle and deep represent differ-
ent cell densities along the axial slice. The relaxation
time profiles for shallow, middle and deep are gen-
erated based on variable cell density as indicated by
decreasing T1 and T2 values (the greater the cell den-
sity, the lower the T1 and T2). The cells grow on the
fiber in a homogeneous cylindrical shape along the
fiberís length. As mentioned previously, in a partic-
ular axial slice perpendicular to the fiber length, cell
density was greater in the deep layers closest to the
fiber than cells on the periphery. 

We quantified the response to treatment by
MRI by determination of T1 and T2 after 72 h.
MCF7/Her2 cells exposed to treatments with

Figure 1. A) and C) T1 of 3D MCF7/Her2 cells cultures pre- and post-trastuzumab treatment; B) and D) T2 of 3D MCF7/Her2 cells cul-
tures pre- and post-trastuzumab treatment. The presented data are mean values ± standard deviation of twelve independent experiments.
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trastuzumab showed lower values of T1 and T2 as
compared to cells before treatment. Both changes in
T1 and T2 depended on cell viability. The viability of
MCF7/Her2 cells measured with Trypan blue
decreased substantially following 72 h of 1000
µg/mL trastuzumab treatment. The treatment time of
72 h was chosen based on results from a previous
study that showed that longer treatment times do not
decrease MCF7/Her2 viability (16). Moreover, by
using large concentrations of Trastuzumab, early

responses and cellular changes were detected. MRI
results are the effects caused by the loss of cellular
water and cell membrane integrity that allows for
the exchange of macromolecules and decreases in
water, which distinguishes viable from non-viable
cells. 

Table 2 presents T1 and T2 measurements of 3D
MCF7/Neo4 cell cultures (N=12) pre- and post-
treatment with trastuzumab.

Table 1. MRI characteristic of 3D MCF7/Her2 cell cultures.

Level
T1 before T2 before Viability T2 after T1 after Viability

(ms) (ms) before (ms) (ms) after

Shallow 1999 ± 100 100 ± 5 100 ± 2 91.1 ± 9.1 1877 ± 120 25 ± 4

Middle 1867 ± 50 87 ± 7 100 ± 3 70.9 ± 7.6 1781 ± 58 33 ± 2

Deep 1775 ± 43 63 ± 5 100 ± 2 50.0 ± 5.6 1566 ± 50 24 ± 4

Table 2. MRI characteristic of 3D MCF7/Neo4 cell cultures.

Level
T1 before T2 before Viability T2 after T1 after Viability

(ms) (ms) before (ms) (ms) after

Shallow 1844 ± 120 82 ± 4.1 100 ± 6 1878 ± 20 71.1 ± 41 100 ± 3

Middle 1281 ± 68 70 ± 1.6 97 ± 4 1581 ± 68 60.9 ± 2 97 ± 10

Deep 1466 ± 90 56 ± 1.6 100 ± 2 1666 ± 73 40.0 ± 3 99 ± 4

Table 3. Characterization of 3D MCF7/Her2 cell culture. The differences in % between shallow, middle and deep tissue level.

Level Shallow Middle Deep  

Shallow 0a, 0b,0c,0d, 0e, 0f 6.61a,13b,0c,22.18d,  11.21a,37b,0c,45.12,0d,   
5.12e,24.25f 16.57e, 26.07f

Middle
6.61a,13b,0c,22.18d, 

0a, 0b,0c,0d, 0e, 0f 4.93a,27.59b,0c,28.58d,  
5.12e,24.25f 12.03e, 4f

Deep
11.21a, 37b,0c,45.12,0d,  4.93a,27.59b,0c,28.58d, 

0a, 0b,0c,0d, 0e, 0f

16.57e, 26.07f 12.03e, 4f

ais T1 before treatment (ms), bis T2 before treatment (ms), cis viability before treatment, dis T1 after treatment (ms), eis T2 after treatment (ms)
and fis viability after treatment.

Table 4. Characterization of 3D MCF7/Neo4 cell culture. The differences in % between shallow, middle and deep tissue level.

Level Shallow Middle Deep  

Shallow 0a, 0b,0c,0d, 0e, 0f 30.6a, 14.64b, 3c,   20.5 a, 31.71b, 0c,    
15.82d, 14.35e, 3f 11.29d, 34.32e, 1f

Middle
6.61a,13b,0c,22.18d, 

0a, 0b,0c,0d, 0e, 0f 12.62a, 20b, 0c, 5.11d,  
15.82d, 14.35e, 3f 33.34e, 2.7 f

Deep
20.5a, 31.71b, 0c,  12.62a, 20b, 0c, 5.11d, 

0a, 0b,0c,0d, 0e, 0f

11.29d, 34.32e, 1f 33.34e, 2.7 f

ais T1 before treatment (ms), bis T2 before treatment (ms), cis viability before treatment, dis T1 after treatment (ms), eis T2 after treatment (ms)
and fis viability after treatment.
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The present data (Table 3 and Table 4) pro-
vides characterization by MRI of breast cancer cells
in an in vitro system. Between shallow and middle,
the T1 and T2 of breast cancer cells decrease before
and after treatment. 

The viability of MCF7/Neo4 cells measured
with Trypan blue decreased. We quantified response
to treatment. The values of T1 for 3D MCF7/Neo4 as
compared to pre-treated cells did not decrease. The
T2 decrease for 3D MCF7/Neo4 is observed in the
range of 10 ms when compared to pre-treated cells.
We observed that MRI shows differences in mor-
phology of the cell line (Table 3 and Table 4). The
treatment with trastuzumab was efficient only for
cells where the Her-2 receptor was present.

DISCUSSION

In the present study, we investigated the asso-
ciation between cell density and relaxation time fol-
lowing by treatment by trastuzumab in a 3D model
of breast cancer. We found that changes in cellular
density associated with dead cells following
trastuzumab uptake can be quantified by MRI. We
found that both T1 and T2 relaxation time decreased

with increasing cell density in the HFBR. This work
is an extension of our work using MRI as a diagnos-
tic imaging tool (13). Our data confirm that MRI can
investigate fundamental properties of cells such as
changes in cell density before and after treatment in
a 3D cell culture that mimics a tumor. The develop-
ment of cellular MRI acquisition and post-process-
ing techniques for correlation properties in tissues
with measurements such as T1 and T2 serve as pre-
liminary studies for potential clinical application.
There is a need for developing quantitative methods
for mapping cell density within tissue (15) and our
approach was to use MRI of 3D cell cultures. MRI
in vitro measures parameters such as T1 and T2

which reflect changes in tissue composition and
water content during drug treatment. This is accom-
panied by changes in magnetic resonance properties
consistent with increased macromolecular content.
Relaxation times are sensitive water content changes
in tissue. Quantitative MRI measurements have
been used in several studies to investigate plant tis-
sues (17). The transverse relaxation time, T2, is
known to be affected by compartments which
encompass water, and interactions between water
and macromolecules (18). In general, the lower the

Figure 2. A) and C) T1 of 3D MCF7/Neo4 cell cultures pre- and post-treatment; B) and D) T2 of 3D MCF7/Neo4 cell cultures pre- and
post-treatment. The presented data are mean values ± standard deviation of twelve independent experiments.
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mobility of water, the shorter the T2 relaxation time, so
that the signal from water-bound within a polymer
matrix decays away faster (1-100 ms) than that from
free water. In solids, the signal decays away in less
than 100 µs and this is usually not sufficient for spatial
encoding to be applied (18). Clinical examples of T1

relaxation time measurements include mean tissue
water (19) and water in soleus muscle (20). Trastu-
zumab treatment rapidly decreased T1 and T2, for all
cells with Her-2 expression. The first objective of this
paper was to image cell density in 3D structure of cell
cultures. The second objective of this paper was to
measure T1 and T2 parameters in increasingly deeper
layers of the 3D structure of the cell culture. In this
work, we used quantitative MRI and hypothesized that
T1 and T2 signal variation maps might predict the effi-
cacy of cellular treatment. In our work published in
2013 (16), we demonstrated that T2 maps of signal
variation can predict the viability of cells. The first use
of an HFBR in an NMR system was in 1990 (21) and
HFBR was applied to MRI measurements of cell cul-
ture in 1997 (22). More recently, a bioreactor for
measuring cellular metabolism by both fluorescence
lifetime imaging microscopy and 13C pyruvate MRI
was reported (23) as well as an NMR tube bioreactor
for 31P cell viability measurements (24). Review arti-
cles on the use of bioreactors in NMR and MRI have
been published recently (25, 26). In this paper, we
have shown that in vitro MRI of MCF-7/Her2 and
MCF7/Neo4 cells at 9.4 T allows monitoring of the
cellular response to treatment with Trastuzumab. In
vitro quantitative MRI studies of cell culture treatment
may be applicable to clinical pathology.

CONCLUSION

MRI-based classification of cell density in 3D
cell culture before and after treatment was performed
using quantitative MRI parameters of T1 and T2

measurements. These findings suggest the benefit of
incorporating quantitative MRI acquisitions in
experimental evaluation of 3D cell cultures. MRI is a
promising tool for the assessment of cancer cell den-
sity and viability properties after treatment with an
anticancer drug. 3D cancer cells bioreactor tech-
niques can be used to test the efficiency of treatment
in many therapies. Additionally, the measurements
of relaxation time are very promising in translation
of our studies to in vivo therapies with trastuzumab. 
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