1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2020 May 01.

-, HHS Public Access
«

Published in final edited form as:
Magn Reson Med. 2019 May ; 81(5): 3379-3391. doi:10.1002/mrm.27644.

A novel bioreactor for combined magnetic resonance
spectroscopy and optical imaging of metabolism in 3D cell
cultures

Benjamin L. Cox12:3 Sarah Erickson-Bhatt234, Joseph M. Szulczewski34, Jayne M.
Squirrell3, DR. Kai D. Ludwig?, Erin B. Adamson, MRS.1, Robert Swader?, Suzanne M.
Ponik4, Kevin W. Eliceiril:23:5 and Sean B. Fainl:56#

1Department of Medical Physics, University of Wisconsin at Madison, 1111 Highland Ave,
Madison, WI 53705

2Morgridge Institute for Research, 330 N. Orchard St, Madison, WI 53715

SLaboratory for Optical and Computational Instrumentation, University of Wisconsin at Madison,
1675 Observatory Dr., Madison, WI, 53706

4Department of Cell and Regenerative Biology, University of Wisconsin at Madison, 1111
Highland Ave, Madison, WI 53705

SDepartment of Biomedical Engineering, University of Wisconsin at Madison, 1550 Engineering
Dr., Madison, WI 53706

5Department of Radiology, University of Wisconsin at Madison, 600 Highland Ave, Madison, WI
53792

Abstract

Purpose: Fluorescence lifetime imaging microscopy (FLIM) of endogenous fluorescent
metabolites permits the measurement of cellular metabolism 7n cell, tissue and animal models. In
parallel, magnetic resonance spectroscopy (MRS) of dynamic nuclear (hyper)polarized (DNP)
13C-pyruvate enables measurement of metabolism at /arger in vivo scales. Presented here is the
design and initial application of a bioreactor that connects these two metabolic imaging modalities
in vitro, using 3D cell cultures.

Theory and Methods: The model fitting for FLIM data analysis and the theory behind a model
for the diffusion of pyruvate into a collagen gel are detailed. The device is MRI-compatible,
including an optical window, a temperature control system and an injection port for the
introduction of contrast agents. 3D printing, computer numerical control (CNC) machining and
laser cutting were used to fabricate custom parts.

Results: Performance of the bioreactor is demonstrated for 4T1 murine breast cancer cells under
glucose deprivation. Mean NADH fluorescence lifetimes were 10% longer and hyperpolarized 13C
lactate:pyruvate (Lac:Pyr) ratios were 60% lower for glucose-deprived 4T1 cells compared to 4T1
cells in normal medium. Looking at the individual components of the NADH fluorescent lifetime,
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11 (free NADH) showed no significant change, while t, (bound NADH) showed a significant
increase, suggesting that the increase in mean lifetime was due to a change in bound NADH.

Conclusion: A novel bioreactor that is compatible with and can exploit the benefits of both
FLIM and 13C MRS, in three-dimensional (3D) cell cultures for studies of cell metabolism has
been designed and applied.
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Introduction

Metabolic shifts are known to be a key feature of the cancer disease process. As such,
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accurate measures of metabolism during cancer progression may guide development of new

therapies, new potential drug targets and more accurate prognoses [1]-[3]. In particular,

there is growing interest in understanding the evolution of an individual’s metabolic

pathway(s) during cancer progression and treatment [4]. Pathways and individual molecules

identified as crucial to tumor metabolism become key biomarkers for assessing disease

progression [5], [6]. Examples of such biomarkers include lactate dehydrogenase (LDH)
activity, which catalyzes the conversion of pyruvate to lactate [7] and partly regulates the

redox potential of individual cells [8]. Additionally, a cofactor of LDH activity is

nicotinamide adenine dinucleotide (NADH), an intermediate metabolite central to cellular

redox potential [9], [10].

In recent years, several techniques to measure these two biomarkers /n vitroand in vivo have

emerged. Specifically, magnetic resonance spectroscopy (MRS) of hyperpolarized 13C-
labeled pyruvate allows for the real-time monitoring of LDH activity [11]-[13], while

optical fluorescence lifetime imaging (FLIM) of the intrinsically fluorescent NADH [14],
[15] allows for the measurement of its chemical state, whether protein-bound or free in the

cytosol [16]. These two metabolic measurement techniques yield complementary

information, by probing organ and cellular scales, respectively. Therefore, combined studies
that utilize both methods may add value for quantitatively investigating enzyme activity and

cofactor status for various metabolic pathways.

Hyperpolarized MRS imaging studies with 13C-pyruvate are moving rapidly to clinical

translation [12], principally because of their ability to measure LDH activity and

upregulation of glycolysis of cancer /n vivo [17], [18]. These recent advances are supported

by pre-clinical studies as well as /in vitro studies of cell cultures [19] and tumor biopsy
tissues [20] using MRS of three dimensional (3D) sample volumes. In contrast, optical
imaging experiments are often performed in adherent 2D cell cultures on glass bottom

dishes at sub-cellular resolution [21]. Although the cellular resolution is desirable, cells

cultured directly on conventional glass bottom dishes lack the 3D microenvironment

encountered /in vivo [22], [23].
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Collagen gels that more closely resemble the native (breast) tumor microenvironment [24]
can improve the biological relevance of optical imaging experiments (Supporting
Information Figure S1). While /n vivo optical experiments using imaging windows
implanted above tumors in small animal models enable direct imaging within the tumor
microenvironment [25], they have intrinsic limitations including poor depth of field and
increased cost and complexity for initial screenings of novel compounds.

Bioreactor systems allowing for a variety of controlled /n vitro studies on larger populations
of cells have been developed over the past three decades [26]-[30]. Bioreactor designs have
been engineered for DNP-MRS studies, most typically for MRS on high field nuclear
magnetic resonance (NMR) systems [19], and, independently, for optical imaging [31].
However, as of yet, bioreactors for complementary optical and MRS studies of the same 3D
cell culture have not been developed, partly due to engineering challenges. In particular,
creating a device that maintains cell cultures, is MR-compatible, has an optical window and
is compatible with different hardware is a unique challenge.

The purpose of this work is to design a bioreactor for the study of cellular metabolism in 3D
cell culture using both FLIM on an inverted multiphoton laser scanning microscope and 3D
volumetric MRS using a horizontal bore preclinical MRI system, at cellular and population
scales. Embedding cells in a collagen matrix was the cell culturing technique used for this
device, in order to maintain similarity to the native tumor microenvironment. This ability to
assess information, such as metabolic status, at different scales and in a model that is similar
to /n vivo, improves our understanding of the cellular impact on larger scale tissue and organ
level changes, thus permitting an improved assessment of disease progression and
therapeutic responses.

Fluorescence Lifetime Measurements

Fluorescence lifetime imaging (FLIM), specifically as a time correlated single photon
counting technique, was used to collect the fluorescence lifetime data of NADH in this
work. During acquisition, a photon counting detector with timing electronics synced with a
pulsed excitation laser is used to collect the fluorescence emission photons resulting from
the excitation of any given pixel. In this way, photon fluence can be plotted against time
(from excitation) for each pixel in a field of view (Figure 1A). The mean fluorescence
lifetime is the average time a molecule spends in the excited state and is calculated by
averaging all the measured lifetimes for every photon [14], [15], [32].

Every fluorescent molecule has a different fluorescence decay profile as the number of
emission photons following excitation decays away to zero. Previous work has shown that
the fluorescence of NADH fits a two-component decay model very well, with both a shorter
lived and a longer lived component. These components correspond to NADH that is
unbound and NADH that is protein-bound, respectively. The fitted decay curve has the form
[33], [34]:
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—tlt —1/72
F(t) = ae +aye

In the above equation, 1 and T, are fitted lifetime values that, in the case of NADH lifetime
imaging, correspond to the shorter-lived fluorescence of unbound NADH and the longer-
lived fluorescence of protein-bound NADH, respectively.

Diffusion Model

Methods

The observed lactate signal during the presented MRS experiments depends on the extent to
which the injected [1-13C] pyruvate is able to diffuse into the collagen gel containing the
target cells. It is possible to create a simple model of diffusion to get a reasonable estimate
of the drug penetration into the collagen gel during the time course of the experiments by
looking at diffusion theory.

Fick’s Second Law of Diffusion can be solved with the appropriate conditions to produce a
concentration profile for many different setups [35]:

oc o*C

9~ _pl ™

ot 2
ox

Using some simplifying assumptions (Supporting Information Figure S2), we can use the
initial conditions where C = C, for x < 0 (outside the gel) and C = 0 for x > 0 (inside the gel)
at t = 0. This yields the following equation for concentration [35]:

1 X
C(x,1) = jCOerch/E

The variable D in the above equation is the diffusion coefficient of pyruvate for the
experimental conditions. Sggaard et al. reported a diffusion coefficient for pyruvate in vivo
in 2014 as D = 1.266 um2/ms [36]. This is a conservative number as this experimental setup
is in solution, but it was used for the purposes of this model. Solving the concentration
equation at any given time therefore yields an estimated concentration profile into the
collagen gel (Figure 1B).

The design requirements for this dual-modality bioreactor included (1) allowing for the
maintenance of large 3D cell cultures in a collagen matrix, (2) compatibility with an existing
preclinical MR system, (3) integration of an optical window and (4) creating flexibility to
allow for extension to other imaging hardware. Additionally, this device must allow for
environmental control, such as temperature, and include access for drug and contrast agent
delivery. Presented here is the design and initial application of such a device. This bioreactor
consists of both custom and commercial parts (Table 1). To demonstrate its utility, the
bioreactor was used for a proof of principle study on the effects of glucose deprivation in 3D
murine breast cancer cell cultures using complementary 2D optical FLIM (Figure 2C,
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Supporting Information Figure S3) and 3D volumetric MRS (Figure 2B) measures of
metabolism at the cell and population scales (Figure 2).

Development of Bioreactor Design

The individual components and the overall assembly of the bioreactor were designed using
SolidWorks (Dassault Systemes, Velizy-Villacoublay, France) 3D modeling software. The
design went through several iterations. The final design consists of four custom parts and 5
off the shelf parts. An exploded view with individual parts numbered can be seen in Figure
3A. Detailed descriptions of each part are provided in Table 1, along with descriptions of
supporting equipment necessary to use the device.

Fabrication of Custom Components

The bioreactor body (Figure 3A, #1) was machined out of a piece of polypropylene stock
material (McMaster-Carr, EImhurst, IL, USA) using a Haas Super Mini Mill 2, a computer
numerical control (CNC) machining center (Haas Automation, Inc., Oxnard, CA, USA).
Two of the custom components of the bioreactor, the optical window compression piece and
the bioreactor top piece (Figure 3A, #2 and Figure 3A, #3, respectively), were 3D-printed
using a Perfactory 3 3D Printer (EnvisionTEC Inc., Dearborn, MI, USA) and RC31, a
photopolymer (EnvisionTEC). The final custom piece, the optical window silicone gasket
(Figure 3A, #4), was laser cut out of a 1/16” thick silicone sheet (McMaster-Carr), using a
ULS 6.75 Laser Cutter (Universal Laser Systems, Inc., Scottsdale, AZ, USA). Printing files
(.STL) for the two 3D-printed parts, G-code for the CNC-machined part and a.DXF file for
the laser cut part are available for download at: https://morgridge.org/designs. Fabricated
components on an assembled bioreactor can be seen in Figure 3B.

Before any components of this device were fabricated, a cytotoxicity study was conducted to
ensure that any materials used in components that contacted cells were not cytotoxic
(Supporting Information Figure S4). Delrin and RC31 both exhibited some level of
cytotoxicity and were avoided where possible. The flexibility of 3D printing was necessary
for the two bioreactor components that were fabricated with the 3D printing material RC31.
However, RC31 was not in direct contact with the cell cultures during these experiments.

4T1 Cell Culture and Collagen Polymerization

4T1 murine breast cancer cells were used for the combined MRS and FLIM experiments
shown. Cells were prepared in a 3D collagen matrix as previously described [24]. In brief,
stock collagen was neutralized with 2x HEPES buffer, then further diluted to 2mg/ml with
cells and medium. A total of 8 million cells were cultured in a total of 1 ml of collagen. The
collagen gel was polymerized in the bioreactor for 15 min in a biological safety cabinet then
moved to a 37°C cellular incubator for 1 hour. Total experimental volume in the bioreactor
was 1.5 mL. The collagen gel initially occupies most of this volume, but contracts over time
as the cultured cells interact with the collagen fibers. Medium used was Gibco RPMI 1640
medium (ThermoFisher Scientific, Waltham, MA, USA). For the glucose free state, normal
medium was removed and replaced with glucose-free medium roughly an hour before the
beginning of imaging. For this proof of concept work, HEPES buffered medium (100mM in
2x PBS) was used so that gas control would not be needed. However, future studies can be
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done to explore the effect on these metabolic markers of different gas environments, such as
in 5% COs.

Experimental Setups

A schematic of the bioreactor and supporting systems can be seen in Figure 4A with key
features labeled. Images of bioreactors being used for optical imaging and for MRS
experiments can be seen in Figure 4B and Figure 4C-D, respectively. In order to ensure
contact with the cover glass for optical imaging, some medium was removed from the
chamber and reserved. This medium was returned prior to the MRS studies (Figure 2B-C).
The volume coil used for the MRS experiments can be seen in Figure 4C. A heated chamber
around the microscope or a warm water flow system through the bioreactor base maintained
the sample at biological temperatures (36 £ 1°C) during optical imaging and MRS
experiments, respectively. Temperature feedback was achieved with temperature sensors and
their positions for each setup are indicated (Figure 4B and Figure 4D).

Data Collection

Both NADH FLIM and MRS were performed on each 3D cell culture in a single imaging
day. 2D FLIM was performed with a 20x air objective (NA =0.75) (Nikon) on a custom
multiphoton laser scanning system built around an inverted Nikon TE300 microscope [37]-
[39]. NADH was excited with a multiphoton excitation of 740 nm and a 450/70 bandpass
filter (Semrock, Rochester, NY, USA) was used to collect emitted light. Collection times for
each field of view were 150 seconds.

MRS experiments were performed in a 4.7T preclinical horizontal bore MRI scanner
(Agilent, Palo Alto, CA). Shimming was performed on the proton channel to ensure a
uniform field over the sample volume before switching to the carbon channel. A thermally
polarized 13C urea phantom was placed adjacent to the sample for calibration in the carbon
channel. For MRS experiments, 30 L aliquots of [1-13C] pyruvic acid (PA) (Cambridge
Isotope Laboratories Inc., Tewksbury, MA) and 15 mM trityl radical (Ox063, GE
Healthcare, Waukesha, WI) were polarized in a Hypersense polarizer (Oxford Instruments,
Abingdon, United Kingdom) for ~1 hour [40]. Samples were dissoluted with 4 mL of
solvent containing 1.2 mL 426 mM NaOH, 1.4 mL 400 mM Tris buffer and 1.4 mL 250
mg/L EDTA. [1-13C] PA, with a final polarization fraction of approximately ~18%, was
drawn off and 150 uL were rapidly injected into the sample volume of the bioreactor.

Dynamic global MR spectra (flip angle (FA)=10°, repetition time (TR)=3000 ms) were
acquired with a dual-tuned 1H/13C volume coil (Doty Scientific, Columbia, SC). Overall
diameter and length of the coil were 10.5 cm and 13 cm, respectively, and the entire
bioreactor fit inside the 5 cm coil bore. N=9 FLIM (3 fields of view each from 3 bioreactor
preparations) and N=5 MRS (2 bioreactors for MRS only in addition to the 3 used for
combined FLIM and MRS studies) measurements were acquired for each state (glucose-
starved and non-starved).

For the presented data, FLIM was performed first, followed by MRS, although the order
could be reversed for future experiments. FLIM took between 1 and 2 hours including setup
and MRS took between 1.5 and 2.5 hours including setup and hyperpolarization of pyruvate.
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Working in pairs minimized setup times for each modality. Additionally, the bioreactor was

placed in a live-cell incubator during downtime for setups when possible.

Data Analysis

Results

Mean lifetimes for cellular images were calculated using SPCimage (Becker & Hickl
GmbH, Berlin, Germany) for each 2D field of view (FOV). Intensity thresholds were
selected for each image prior to processing to dismiss pixels with minimal signal. For pixels
above threshold, the time from excitation of each photon was averaged to yield the mean
fluorescence lifetime for that pixel. This value was then either represented as a colormap
image or averaged across the image to generate a single value for the FOV. To examine the
free and protein-bound components of NADH fluorescence lifetime, a two-component decay
curve was fitted to the photon counting data for each pixel. The amplitude of the fitted time
constants, t; and <, corresponded to the individual components of the fluorescence
lifetimes. All X2 values were minimized to ensure the best fit. The mean fluorescence
lifetimes and individual components of each pixel were averaged to derive mean NADH
fluorescence lifetime and individual component values for each field of view. These values
were used to generate the boxplots in the final results. Instrument response functions were
collected with urea crystals during each imaging day to account for variability in detection
equipment between experiments.

Raw MRS data was reconstructed using an in-house script for MATLAB (Mathworks,
Natick, MA, USA). Lac:Pyr ratios were calculated from temporally-summed MR spectra to
improve signal-to-noise after background subtraction. Spectra were summed over the same
range of 65 time points within the dynamic spectra collected. Lactate and pyruvate signals
were integrated from summed spectra over a span of 0.5 ppm centered on the peak in each
case. Box plots were generated using R (https://www.r-project.org/), an open source
statistical framework. Statistical significance was determined using the Wilcoxon rank-sum
test within the R framework.

Meeting the original design criteria of this device resulted in several novel design elements
(Figure 5). Maintaining biological temperatures during imaging was important for these
studies, as changes in temperature can cause changes in cellular metabolism. To accomplish
this with MR-compatible materials, hot water flow was used to warm samples to 36 = 1°C
(Figure 6B). Temperature feedback was achieved with an MR-compatible temperature probe
inserted into a sealed capillary tube inside the sample volume of the bioreactor (Figure 5B)

The creation of an optical window that is water-tight, re-usable, easy to assemble and
accessible to objectives with low working distances represented a unique engineering
challenge. Here, it is accomplished with an assembly of three components (Figure 5C). High
resolution grade microcopy cover glass (#1.5) is placed on the bottom of the bioreactor,
forming the bottom to the sample chamber, held in place with vacuum grease (Dow-
Corning). The cover glass is secured by a rubber gasket and a compression piece (Figure
5C). Easy to apply rubber bands exerted uniform pressure, effectively sealing the device
from leaks.
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Another engineering challenge addressed with design elements of this bioreactor is the
flexibility to translate this device to different hardware, including other horizontal bore MR
systems, different acquisition coils, additional sample measurement tools and other inverted
optical imaging systems. The Bioreactor Top is 3D printed and can be customized (Figure
5D) to include an array of different ports and sizes of ports to interact with the sample
volume in any number of desired ways. The overall shape of the bioreactor can fit on a
number of adjustable stages for inverted optical imaging systems. Finally, the cylindrical
sample volume allows for the use of a surface coil for MR acquisition, if desired (Figure
5E).

To assess how well the bioreactor serves as a device for determining metabolic status across
imaging platforms with different spatial resolution, a proof of principle study was
conducted. The goal of this study was to determine whether the two modalities connected
with this device could detect similar changes in metabolism with a known perturbation.
Thus, the impact of glucose deprivation on 4T1 cell metabolism was tested using the
bioreactor to assess feasibility for detecting changes in Lac:Pyr and mean NADH lifetime
using MRS and FLIM, respectively.

The results of this study are shown in Figure 6. Data from a sample cultured in normal
medium and from a sample with glucose-free medium can be seen in Figure 6A-D and
Figure 6E-H, respectively. A qualitative difference between the two states that is apparent in
the optical images (Figure 6C-D, G-H), is a decrease in cellular density from the normal
medium samples to the glucose-free samples. A contributing factor to this reduction is the
contractedness of the collagen gels themselves. Collagen gels in normal medium were
visibly more contracted than those in glucose-free medium (Figure 6A, E). This change in
local collagen density is also apparent by looking at the collagen signal (magenta) in the
intensity images (Figure 6C, G).

MRS experiments with [1-13C] PA Jn vitro allow an overall measurement of the lactate
production from an entire population of cells. Example summed 13C MR spectra from 4T1
cells cultured in normal medium and from 4T1 cells cultured in glucose-free medium can be
seen in Figure 6B and Figure 6F, respectively. Lac:Pyr ratio of 4T1 cells cultured in glucose-
free medium decreased by 60% (P<0.01) compared to those cultured in normal medium
(Figure 6l1). This decrease in the Lac:Pyr suggests a reduction in glycolysis. MRS signal
strengths are largely dependent on the diffusion of pyruvate into the collagen gel. Diffusion
into the gel was estimated and pyruvate concentration profiles were calculated at different
time points during the experiments (Figure 1B). According to this model, small amounts of
pyruvate will reach 1.5 mm into the gel by t = 3 minutes after injection. Furthermore, the
depth at which there is 10% of the initial concentration of pyruvate is 0.5 mm, 0.75 mm and
0.8 mm fort =1, 2 and 3 minutes, respectively.

NADH FLIM allows for the probing of the free and bound state of NADH and also an
overall assessment of cell morphology. In addition to the cell density changes seen between
the two states (Figure 6D, H), morphological changes were visually pronounced as well -
4T1 cells cultured in normal medium are densely clumped with multiple protrusions in many
cases, while the cells that are glucose deprived are rounder in shape and less aggregated.
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Measurements of mean NADH lifetime of cells cultured in glucose-free media increased by
10% (P<0.01) compared to those cells cultured in normal medium (Figure 6J).

Looking at the individual components of the fluorescent lifetime data from the fitted model
reveals more information about the changes occurring in these cells. The short-lived
component of the fitted two-component decay model, 4, did not exhibit a significant change
(p=0.224) between the two states (Figure 6K), while the long-lived component of the fitted
decay model, Ty, increased significantly (p<0.01) (Figure 6L). This suggests that the
increase in mean lifetime was caused by an increase in the fraction of bound NADH.

Discussion

The novel bioreactor system described here can be used to perform both MRS measurements
on a 3D cell culture using a horizontal bore preclinical MRI system and FLIM
measurements on individual cells within that culture using an inverted multiphoton laser-
scanning microscope. This enables the examination of the heterogeneity of a sample on the
cellular scale in the context of a single, sample-wide MRS result. Additionally, it features
several novel elements that accomplish the original design requirements of this device. This
includes (1) maintaining large 3D cell cultures, (2) containing only MR-compatible
materials, (3) integrating a versatile optical window and (4) retaining flexibility of design to
allow for hardware changes. This device represents an important bridge between the whole
sample measurements of MRS and the cellular scale of optical imaging.

The glucose deprivation of 4T1 murine breast cancer cells was used as a test application to
assess feasibility of the bioreactor for metabolic studies in 3D cell culture. 4T1 cells are
extremely glycolytic and sensitive to glucose deprivation [41], and therefore provide a useful
benchmark for testing the ability of this device to collect both types of metabolic data under
different conditions. The mean NADH lifetimes increased significantly while lactate
production decreased significantly between 4T1 cells in normal medium and glucose-
deprived 4T1 cells. Furthermore, the ¢4 values did not change between the two states, while
the <, values increased significantly from normal medium to glucose-free medium,
suggesting that the increase in mean lifetime observed was primarily caused by a change in
bound NADH. Cell density in glucose-free medium was also observed to decrease; the cells
without glucose contracted the collagen gels much less than cells in normal medium and this
likely contributed to observed changes in cell signaling and overall metabolic rate.

These results are consistent with a shift away from glycolysis, likely due to a combination of
a reduction in glycolysis relative to other metabolic processes and a reduction in glycolysis
from an overall decrease in total cellular metabolism. The mechanisms behind these
metabolic shifts are extremely complex, and this complexity highlights the need for devices
like this that allow for the interrogation of samples at multiple spatial scales under controlled
interventions within the same 3D cell preparation. Investigations into the metabolic impact
of cell culture methods, different cell lines and varied treatment regimens are part of future
work. Possible future areas of research also include the use of other hyperpolarized MRS
agents, analysis of the time-dependence of MRS signals and different optical agents, where
subtle changes in metabolism might be teased out in more detail. Beyond metabolism, this
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bioreactor design may also be suitable for other applications where MRI and optical imaging
offer complementary measures.

In particular, future studies that examine parameters common to both modalities would
exploit the usefulness of this device. While the two parameters studied here are related, they
are not the same. There are many exogenous fluorescent labels to proteins that also act on
hyperpolarized MRS substrates that could be used for a direct comparison of a single
parameter. However, this would require an additional treatment of the cell cultures with the
desired fluorescent label rather than the more accessible intrinsic fluorescence of NADH
used in the current work, demonstrating the basic utility of the device and approach.

The bioreactor system was designed to be easily replicated by others through minimizing the
number of custom parts. There were four custom parts in the design and their fabrication
was described in detail. Open-source design files are provided, as well as any files required
for fabrication, including .STL files for printed pieces and .NC files for CNC machining.
These files can be used with machinery and equipment that is common to many fabrication
facilities to replicate and iterate on this device.

There are several limitations to the current design of the device that will be addressed in
future work. Potential hardware improvements to the system include adding a convenient
media flow solution for longitudinal studies and methods to increase drug perfusion to the
gel. Perfusion of the collagen gel is a potential source of heterogeneity of substrate
distribution for the MRS studies. A lack of perfusion of the drug into the collagen matrix
within the observable lifetime of the hyperpolarization would also cause reduced signal
within the sample. Therefore, improved lactate signal-to-noise could potentially be achieved
by modified methods for casting gel samples with higher surface areas to increase perfusion.

To get a sense of the depth of penetration of pyruvate into the gel during the time course of
the experiments presented, a simple model of diffusion was constructed. The results of this
model (Supporting Information Figure S2) indicate that small amounts of pyruvate should
diffuse as far as 1.5 mm into the gel by the end of an MRS experiment, while the depth at
which 10% of the initial concentration of pyruvate is present is about 0.8 mm at the same
time point. This indicates a measurement depth that is slightly deeper, but still on the same
order to that of FLIM. Several simplifying assumptions were made to enable this model.
Notably, the value used for the diffusion coefficient of pyruvate was measured /7 vivo [36],
providing a conservative estimate. Nonetheless, this model provides a useful frame of
reference and an increased understanding of the collected data in the bioreactor.

The use of a horizontal bore magnet made the incorporation of an optical window and the
use of a large 3D collagen matrix more feasible, which would be much more challenging
within the small space of an NMR tube designed for a vertical magnet. While the horizontal
bore design enables /n vitro studies to be performed on the same system as preclinical in
vivo studies, it does limit the use of the device to lower field strengths and limits coil
sensitivity. The novelty of using 3D collagen gels provides a more realistic cellular
environment compared to other cell culturing techniques, and this attribute ultimately
outweighed the limitations that the design introduced.

Magn Reson Med. Author manuscript; available in PMC 2020 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coxetal.

Page 11

Furthermore, collagen gels provided both a microenvironment for the cells in this study that
is more similar to /n vivothan 2D cell culturing methods and a 3D volume to increase
overall signal for the MRS experiments. The properties of the gels themselves may affect the
metabolism of cells within them. In particular, collagen density and cellular confluence are
known to have an effect on the metabolic signature of cells. While the initial number of cells
and collagen density were held constant in the presented work, the influence of collagen
density on metabolism could be the subject of interesting follow-up studies.

Finally, long-term cell viability with this device will need further investigation for some
applications. While all materials were tested for cytotoxicity, the viability of these 3D cell
cultures during the duration of long studies will need to be evaluated on the benchtop for
given study conditions. Additionally, some experiments require the control of the oxygen
environment of cell cultures. Future work will explore the effect of the gas environment of
these cultures on cell viability, using a modified top piece to the bioreactor that allows for
gas exchange.

This bioreactor constitutes an important step forward in multiscale imaging by bridging
optical imaging and MRS onto the same platform. In particular, the ability to examine the
heterogeneity of a sample on the cellular scale with optical imaging in the context of a single
sample-wide MRS result provides the basis for compelling continuing work. To that end, the
device designs have been made open-source, so that it can be iterated upon for additional
preclinical research applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Sample fluorescence lifetime data (A). The two-component decay model fit is shown in red

with the collected data shown in a blue scatter plot. The green plot is the instrumentation
response function (IRF) which represents the overall time-resolution of the acquisition
system. (B) Results of the diffusion model showing concentration profiles of pyruvate as a
function of injected concentration at the boundary of the collagen gel. The 10% line (dashed
black) and the edge of the gel (solid black) are shown.
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Schematic showing the bioreactor design concept (A). Combining MRS and FLIM allows
the collection of complementary metabolic information from the 3D culture volume (blue
MR sensitive region) and at cellular scales (red optical port). (B) Cutaway view of the
sample area for the MRS experiments. Medium that was removed for optical imaging was
returned prior to these experiments. The region of the collagen gel probed by MRS is shown
in blue. The thickness of this region depends on perfusion of the drug into the collagen gel.
(C) Cutaway view of the sample area for the FLIM experiments. Medium was removed and
reserved to ensure that the gel contacted the cover glass for imaging. The region of the
collagen gel that can be probed by optical imaging is shown in red.
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Figure 3:
Bioreactor design and components. (A) Computer aided design (CAD) rendering of the

bioreactor assembly in an exploded view. Key components are indicated, including the
optical window assembly, water inlet and outlet and the temperature probe. The sample
volume is cylindrical and is where 3D cell cultures are prepared for combined MRS and
FLIM experiments. Numbers refer to parts described in Table 1. (B) Picture of an assembled
bioreactor with visible components labeled. Scale bar in Panel A is approximately 25 mm.
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Figure 4:
Schematic of the bioreactor layout with respect to supporting equipment (A). Optical setup

(B) and MRS setup (C, D) of the bioreactor. Temperature feedback for optical experiments
was achieved with two independent temperature probes placed near the sample (B, red
arrows). The volume coil used in the MRS experiments is shown (C). In MRS experiments,
temperature feedback was achieved through the use of an MR-compatible temperature probe
placed into a thermal well in the sample (D, red arrow). During MRS experiments, pyruvate
was injected into the sample through an injection tube (D, green arrow) and hot water was
pumped through channels around the sample to maintain it at 36 + 1°C (D, blue arrows).

- Hot Water Flow [::> Pyruvate Injection Tube
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Figure5:
Key design elements of the bioreactor. (A) Orientation for the cutaway views in panels B, C

and D. (B) Top view (top) and side view cutaway (bottom) with the components used for
temperature control highlighted in shades of red, including the hot water flow path, the
temperature probe and the capillary tube. (C) Side view cutaway with the three components
of the optical window highlighted in shades of blue, including the cover glass, silicone
gasket and compression piece. (D) Side view cutaway with the Bioreactor Top highlighted in
orange with key features labeled, including the customizable ports and the edge for easy
sealing with Parafilm. (E) Top view of the bioreactor assembly with the location of a
potential surface coil highlighted with a dashed grey line.
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Figure6:
Results of the glucose deprivation study. Example results from a sample cultured in normal

medium (A-D). Example results from a sample cultured with glucose-free medium (E-H).
Top view picture of a collagen gel in medium (A), example time integrated 13C MR spectra
(B), intensity image showing NADH intensity (gray) and collagen from SHG (magenta) (C)
and FLIM color-mapped image (D) for cells in normal medium. Top view picture of a
collagen gel in medium (E), example time integrated 13C MR spectra (F), intensity image
showing NADH intensity (gray) and collagen from SHG (magenta) (G) and FLIM color-
mapped image (H) for cells in glucose-free medium. Cell density in glucose-free medium
was observed to decrease compared to normal medium, likely because of less gel
contraction. Quantitation of hyperpolarized 13C Lac:Pyr ratios comparing normal and
glucose-free states for all MRS measurements (I). Mean NADH lifetime measurements for
normal and glucose-free conditions for all FLIM measurements (J). T4, the shorter
component of fluorescent lifetime indicative of free NADH, for normal and glucose-free
conditions for all FLIM measurements (K). t, the longer component of fluorescent lifetime
indicative of protein-bound NADH, for normal and glucose-free conditions for all FLIM
measurements (L). A thermally polarized 13C urea phantom was included for calibration in
MRS studies. Scale bars are 100 microns.
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Bioreactor and supporting equipment parts list. For commercial parts, the part numbers of the ones used here
are included, but, in most cases, there are several alternatives to those listed.

#(Fig. 2) Description Manufacturer Part # Component Of
1 Bioreactor body Custom N/A Bioreactor
2 Optical window compression piece Custom N/A Bioreactor
3 Bioreactor top Custom N/A Bioreactor
4 Optical window gasket Custom N/A Bioreactor
5 Cover glass Corning Life Sciences 2850-22 Bioreactor
6 Rubber bands McMaster-Carr 12205751 Bioreactor
7 6-32 nylon bolts McMaster-Carr 95868A293 Bioreactor
8 Luer lock fittings McMaster-Carr 51525K222 Bioreactor
9 Sealed capillary tube Pyrex 9530-3 Bioreactor
10 Tube fittings Variety Used N/A Supporting Equip.
11 MR temperature probe SA Instruments Inc N/A Supporting Equip.
13 Plastic tubing Variety Used N/A Supporting Equip.
14 Hot water bath Thermo Scientific N/A Supporting Equip.
15 6V DC Diaphragm Pump UXCell N/A Supporting Equip.
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