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Abstract

By providing a three-dimensional (3D) support to cells, hydrogels offer a more
relevant in vivo tissue-like environment as compared to two-dimensional cell
cultures. Hydrogels can be applied as screening platforms to investigate in 3D
the role of biochemical and biophysical cues on cell behaviour using
bioluminescent reporter cells. Gradients in oxygen concentration that result from
the interplay between molecular transport and cell metabolism can however
cause substantial variability in the observed bioluminescent reporter cell activity.
To assess the influence of these oxygen gradients on the emitted
bioluminescence for various hydrogel geometries, a combined experimental and
modelling approach was implemented. We show that the applied model is able to
predict oxygen gradient independent bioluminescent intensities which correlate
better to the experimentally determined viable cell numbers, as compared to the
experimentally measured bioluminescent intensities. By analysis of the
bioluminescence reaction dynamics we obtained a quantitative description of
cellular oxygen metabolism within the hydrogel, which was validated by direct
measurements of oxygen concentration within the hydrogel. Bioluminescence
peak intensities can therefore be used as a quantitative measurement of reporter
cell activity within a hydrogel, but an unambiguous interpretation of these
intensities requires a compensation for the influence of cell-induced oxygen

gradients on the luciferase activity.



1. Introduction

Bioluminescence is the light that is generated through the enzyme-catalysed
oxidation reaction of luciferase on its substrate, luciferin. This reaction enables
the guantitative measurement of reporter cell activity via stable and sufficient
integration of the luciferase reporter gene under control of a suitable promoter [1].
Most often the luciferase enzyme from the firefly, Photinus pyralis, is used as a
reporter [2]. Activity of the firefly luciferase requires the presence of oxygen, ATP
and Mg®* to catalyse the conversion of luciferin into oxyluciferin accompanied by
the release of a photon [3]. Although oxygen and ATP are frequently assumed to
be readily present within the bioluminescent reporter cell assay, possible
shortage in their supply may lead to an erroneous interpretation of the emitted
bioluminescence intensities [4]. An approach in which possible shortages of
these components can be quantified and that is able to compensate for their

influence on the bioluminescence reaction, is therefore strongly required.

Various sources for the ambiguity in bioluminescent signal interpretation have
already been identified and can for example be related to the positioning of the
animal or sample [5], the direct effects of luciferase enzyme inhibitors (such as
anaesthetics) or their indirect effects on the cardiovascular condition [6]. The
latter effect would mainly influence the transport of luciferin to the reporter cells
leading to a change in bioavailability of substrate for the bioluminescence
reaction [4]. Not only the transport of luciferin via the blood has been suggested

as possible mechanism for the modification in bioluminescence signal dynamics,



also changes in geometry of the multi-cellular tissue model [7] or the introduction

of a hydrogel carrier [8] could strongly interfere with the observed dynamics.

Application of a hydrogel provides a 3D structural support for the cells which is
more suitable for mimicking a physiologically relevant micro-environment to the
cells [9, 10]. To create such a compatible environment, a multitude of different
features (degradation, bioactivity, mechanical properties) can be engineered into
the hydrogel [11]. Patterning approaches have thereby enabled independent
integration and fine spatiotemporal control of these features in situ, such as the
covalent photopatterning of thiol-containing functional groups within poly(ethylene
glycol) (PEG) hydrogels that are produced via click chemistries [12]. Owing to the
complexity of the 3D cell micro-environment and the numerous cues that exist,
multifactorial methods are necessary to investigate these features and their
combinations in high-throughput, e.g. by using robotic technology to
simultaneously control type and concentration of spotted biomolecules and
substrate stiffness [13, 14]. Hence hydrogels have been proposed as screening
platforms to identify the instructive and regulatory mechanisms of various
biochemical and biophysical cues on the fate of encapsulated cells [8, 15, 16].
Although their 3D micro-environment can be controlled through various
modification and integration strategies, they come with some major design
challenges that are associated with the adequate supply of oxygen and nutrients

[17]. Unfortunately these limitations are also applicable to the availability of



luciferin substrate, therefore strongly complicating the analysis of the

bioluminescent screening assay [18].

Motivated by the challenges of unambiguous bioluminescent signal interpretation
and the significant variability that exists in performing bioluminescence
measurements, several authors have explored the wuse of additional
measurement parameters and assays to compensate for these effects. These
measurements should then be performed in addition to the standard
quantification of bioluminescence peak intensities. Among the reported analyses
are the integrated signal intensities (or ‘Area Under the Curve’, AUC), peak
times, parameters related to signal dynamics, and parallel orthogonal assays.
Integrated intensities and AUCs have been identified as more suitable read-outs
to match data obtained from anaesthetized with unanaesthetized conditions [6].
However, this parameter could not entirely compensate for the inhibitory effect on
the luciferase activity, and in addition prolonged acquisition times would be
required to obtain a value for this parameter. Peak times have been correlated
with the size of multi-cellular spheroids [5]. Pharmacokinetic modelling
approaches combined with bioluminescent signal dynamics has allowed for a
better appreciation of the bio-distribution and availability of luciferin substrate
within different cell culture systems [7, 19]. And finally, orthogonal assays have
been proposed to assess specific interference of chemical compounds with

luciferase reporter activity or to show reporter-independent activity [2, 20].



These strategies are better to deal with the variability in bioluminescent assays,
but are based on the assumptions of a uniform presence and homogeneous
distribution of reporter cells within the multicellular structure and the assumption
of an easy accessibility to oxygen and luciferin. This study therefore aims at
investigating the effects of cell spatial distribution (cells seeded uniformly or in
monolayer configuration), hydrogel dimensions (diffusion distance), and cell-
mediated oxygen gradients on the emitted bioluminescent light within an agarose
hydrogel. We test the hypothesis that oxygen-independent bioluminescence
intensities can be used as a quantitative measure of bioluminescent reporter cell
activity within a hydrogel. Our strategy is based on the use of an experimentally
validated mathematical model that we previously developed to describe the
average photon flux emitted from bioluminescent reporter cells embedded within
an agarose hydrogel [18]. We will further validate this model for the different
hydrogel dimensions and seeding distributions. Finally, we will demonstrate how
oxygen-independent, model-based bioluminescence intensities can be obtained

that can be correlated to viable cell numbers.

2. Materials and Methods

2.1. 293T cell culture

Human embryonic kidney 293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with Glutamax (Invitrogen, Merelbeke, Belgium)
supplemented with 10% irradiated fetal bovine serum (Gibco), and 1% antibiotic-

antimycotic (A/A) solution (100 units-ml™ penicillin, 100 pg/ml streptomycin, and



0.25 pg/ml amphotericin B; Invitrogen). Cells were cultured at 37°C in a
humidified atmosphere containing 5% CO,. Medium was refreshed every 2-3

days and cells passaged when sub-confluent.

2.2. Cell transduction

293T cells were transduced with a lentiviral vector (pCH-EF1la-3flag-fLuc-T2A-
eGFPIres-Bsd, 3.1 x 10® TU-mI™"), which was a kind donation from Dr. Greetje
Vande Velde (MoSAIC, KU Leuven). The day before transduction, cells were
seeded in a 96-well plate at 1 x 10* cells per well. On the day of transduction,
medium was replaced by DMEM containing serial dilutions of the vector and
incubated for 24 hours. After 24 hours, medium was replaced with DMEM
containing 1 pg-mli™ blastidicin for antibiotic selection of the stably transduced cell
population, and was continued for 2-3 weeks. Transduction efficiencies were

analyzed by flow cytometric analysis (FACS).

2.3. Hydrogel screening setup

Low melting point agarose hydrogels (2% in DMEM, Invitrogen) containing stably
transduced 293T cells were prepared in wells of a 96 well black plate (MicroWell
96-well optical-bottom plates, Nunc, Thermo Scientific). Cells were either
uniformly distributed within the hydrogel or contained as a monolayer underneath
the hydrogel (Fig. 1). Three different hydrogel heights (2 mm, 4 mm, and 6 mm)
were prepared for both monolayer and uniformly seeded conditions. Cell were

seeded at a density of 1 x 10° cells-ml* for the uniform distribution, which



resulted in a total cell number of 6.4 x 10* (2 mm), 12.8 x 10* (4 mm), and 19.2 x
10* (6 mm). Total cell numbers and seeding densities were equal for the
monolayer distribution, which resulted in cell surface densities of 2, 4, and 6 x 10°
cell-cm™, respectively. For the monolayer configuration, cells were seeded in cell
culture surface coated wells and allowed for cell attachment during a 3 hour
period. After this period the hydrogel was poured into the well and gelation was
continued for 5 min. Upon completion of the gelation process, a total amount of
100 pl DMEM was transferred to the wells and the well plate was incubated at

37°C in a humidified atmosphere containing 5% CO..

2.4. Oxygen measurements

Measurements of oxygen concentration were performed with sensor spots (PSt3,
PreSens, Regensburg, Germany) mounted to the coverglass bottom of the
optical well plate. Signals obtained from the sensor spot were transmitted via a
polymer optical fiber to a fiber optic oxygen transmitter (Fibox 3, PreSens,
Regensburg, Germany). The sensor spots were calibrated in the wells by two-
point calibration with oxygen-saturated DMEM and oxygen-free DMEM (1%
Na,SO; in DMEM), according to the manufacturer’s instructions. After calibration,
cells and hydrogel were introduced into the well as described before. Oxygen
measurements were performed before and after every dynamic bioluminescence

reporter assay.

2.5. Fluorescence Recovery after Photobleaching (FRAP)



Low melting point agarose gels (Invitrogen) with a final concentration of 2% were
prepared. Gels were incubated with DMEM containing a 25 yM concentration of
fluorescein (Sigma). After overnight incubation, slides and gels were transferred
to the stage of a confocal fluorescence microscope (FluoView 1000, Olympus)
equipped with a UPLSAPO 10x air objective (NA: 0.40) used for observation.
Measurements were performed at 37°C. Fluorescence images were collected
with the systems PMT. A 488 nm Ar laser was used to bleach and also monitor
the recovery of fluorescein tracer molecules. The pinhole size was set to 50 um.
Images were acquired with 72 ms intervals during a 3 s scanning period, and
consisted of 256 x 256 pixels with a pixel size of 0.497 x 0.497 ym (zoom factor:
10). Prebleaching images were acquired to compensate for nonuniform light
illumination. Circular regions (radius, 10 um) were bleached (total bleaching time,
13 ms) with the laser in tornado-scan mode (SIM Scanner, Olympus). Image
analysis was performed with a program written in MATLAB (The MathWorks,
Natick, MA). The method implemented into this program is based on a spatial
frequency analysis of circularly averaged radial intensities of each image [21]. In
brief, the recovery of fluorescent tracer was modeled according to Fick’s second
law. An analytical solution to this equation was obtained via the Hankel
transform. Circular averaging on the radial intensities was performed to reduce
the noise in the intensity profiles. Finally the analytical solution was fitted to the
experimental curves using a nonlinear curve fitting algorithm in MATLAB. We
also verified the independence of diffusion rates on spatial frequency, as our

setup is characterized by Brownian diffusion. Analysis was performed for a single



diffusing component with the fraction of immobile molecules set to zero. Spatial
heterogeneities in tracer diffusivity were detected by FRAP imaging at different
circumferential positions along 3 radial positions in the gel (imaging depth, 150
pm). Measurements were performed in duplicate on each gel with a small shift in

spatial position.

2.6. Single-cell bioluminescence microscopy

Glass coverslides were coated with 500 pl Poly-L-Lysine (PLL, Sigma) solution
(0.1%, 5 min), rinsed with Milli-Q water, and dried overnight. 1 x 10° 293T cells
were plated on PLL-coated coverslips. After overnight cell attachment, these
slides were placed on the stage of a luminescence microscope (LuminoView 200,
Olympus). Cells were incubated with a 4.7 yM luciferin solution in DMEM at 37°C
(Solent Scientific). Bioluminescence was imaged with an UPLSAPO 60x silicon
oil objective (NA: 1.3) and transmitted to a cooled CCD camera (ImagEM512,
Hamamatsu Photonics) mounted on the bottom port of the microscope. Time-
lapse images were collected with 30 s acquisition times and EM gain was set at
1200x (photon imaging mode, Hamamatsu). Regions of interest were defined
around the cell contours from which the average bioluminescence intensities

were calculated.

2.7. Bioluminescence intensity measurements from cell seeded hydrogels
Culture medium located on top of the hydrogels (Fig. 1) was replaced with DMEM

supplemented with 4.7 pM luciferin (Promega). The screening setup was then



transferred to the stage of an in vivo imaging system (IVIS 100, Perkin-Elmer,
USA). Images were taken with a 1-inch CCD camera cooled to -105°C. The field
of view (FOV) was set to 10 x 10 cm. Image sequences (acquisition time, 2 min)
were acquired with 5 min intervals during a scanning period of 3 hours, followed
by 10 min intervals during a 7 hour period. Images were processed in the
Livinglmage software (Perkin-Elmer) and radiance units refer to the number of
photons per second that are leaving a square centimetre of the hydrogel and are
radiating into a solid angle of one steradian (Q, fraction of the isotropic radiation
field, which can be thought of as a three-dimensional cone of light emitted from

the surface). All measurements were performed at 37°C.

2.8. Quantification of viable cell numbers in agarose hydrogels

Viable cell numbers were quantified using the Live/Dead viability/cytotoxicity kit
(Invitrogen). Agarose constructs were rinsed with PBS solution, covered with
Live/Dead staining solution containing 2 pM calcein AM and 4 pM ethidium
homodimer-1 in PBS, and incubated for 1 hour in the dark. The dye solution was
discarded afterwards and background due to residual stain was washed away
with PBS. Image stacks were obtained on a confocal laser scanning microscope
(CLSM, Fluoview 1000, Olympus) equipped with an UPLSAPO 10x air objective
(NA: 0.4). Images were acquired with a pixel size of 2 x 2 ym and a nominal z
step size of 20 um to a depth of about 250 um within the hydrogel. Live and dead
cell numbers were counted via a sphere fitting algorithm in Imaris Bitplane

(Zurich, Switzerland). DNA content was evaluated according to a protocol



described by Grayson et al. [22]. Briefly, agarose constructs were washed in
PBS, transferred to 400 ul of digestion buffer (10 mM Tris, 1 mM EDTA, and
0.1% Triton X- 100) with 0.1 mg/ml proteinase K in centrifugation tubes, and
incubated at 56°C for 3 hours. Supernatant was collected after removal of debris
by centrifugation (13,000 rpm, 1 min) and measured with a Qubit system

(Invitrogen).

2.9. Correlation analysis

Correlations of simulated and experimentally measured bioluminescence data
sets were calculated using the Pearson’s correlation coefficient. Correlation
coefficients were also determined for oxygen-dependent and oxygen-
independent bioluminescence data sets with the viable cell densities (Table 2).

Calculations were performed in MATLAB using the corr2 MATLAB function.

3. Mathematical model

3.1. Model geometry

Due to the impermeable lateral walls and constant cross-sectional geometry of
the hydrogel screening setup (Fig. 1), molecular transport can only take place in
the vertical direction. As such, transport equations only have time and the vertical
coordinate as independent variables and a one-dimensional domain can be
defined along the vertical dimension of the setup. Within this domain, two regions
were identified for hydrogels that were uniformly seeded with reporter cells

(namely hydrogel and culture medium) and three regions for hydrogels that



contained reporter cells in a monolayer configuration (cell layer, hydrogel, and
culture medium). Simulations were performed for three different hydrogel heights

of 2 mm, 4 mm, and 6 mm.

3.2. Model equations

The mathematical model that was used in this study is based on a previously
developed model to describe the average photon flux emitted from
bioluminescent reporter cells embedded within an agarose hydrogel [18]. This
model contains a set of five partial differential equations that mathematically
describe the spatiotemporal changes in oxygen availability (co,), luciferin
concentration  (Cpwc), intracellular luciferase concentration (cy) and
bioluminescent light generation (c.). Most model parameters were obtained from
the previous study, except for the luciferin uptake (kca: and Dy,cm) and decay
kinetics (l21), which were changed to account for the lower luciferin concentration
used in this study. These parameter changes are also indicated in Table 1.
Variations in intra- and extracellular luciferin concentrations were decoupled and
implemented into the model as two separate variables (Cpuc; and Cpiucgk,
respectively) and equations that account for their change. Extracellular luciferin
concentration changed as a result of diffusion (described by Fick’s second law,
with the luciferin diffusion coefficient, Dpycg), active uptake by the cells
(membrane diffusion coefficient, Dpycm), and natural decay of the substrate

(lucferin decay rate, Kq piuc)-

achluc,E(zlt) _ DDlucm Am .
dz2 Am

dcpruce(z.t)
at

= DDluc,E(Z; t) :



(CDluC,E(Zr t) = Coruci(z, t)) *Ceenn (2, ) — Kapiuc * Cpiuce(Z,t) (1)

In this equation Ay, is the membrane surface area of a reporter cell, A, is the
thickness of the cell membrane, and kgpuc IS the luciferin decay constant.
Luciferin substrate molecules taken up by the cells are enzymatically converted
into oxyluciferin, in a bioluminescence reaction process that is accompanied by
the emission of a photon. Luciferin conversion rates are dependent on the
available luciferin substrate concentration and can be described by a Michaelis-
Menten law. Time-dependent decay of bioluminescent light emission was
described by a first order kinetic equation [23]. The straightforward
implementation of this equation with a single decay parameter has a clear
advantage in describing reactions that undergo exponential decay [24].

acmucl,(z,t) _ DDlqu Am

) (CDluc,E(Z; t) — Cpluc,I (z, t)) : Ccell(Z' t) — kd,Dluc ’

at Am
) t—ti(zt)) . Cpiuci(zt) )
Coiuc, (2, t) _kcat(COZ) ect=ti(z0) Km(COZ)'IIiC-I-CDluC,I(Z,t) Cluc (2)
dcp(z,t) _ . t—ti(z,t)) . Cpl _I(Z,t) . .
. = kear(co,) - €7(tti@D) Km(cOZ)-l;i 5 Ciuc RLU (3)

In this equation ce is the cell density, kea is the catalytic rate constant, K, is the
Michaelis Menten constant, o is the exponential decay constant, and RLU is a
light conversion factor. Gradients in available oxygen concentration originated
from a balance in oxygen consumption rates from the cells (OCR, Q,,) and
oxygen diffusion rates through the gel (oxygen diffusion coefficient, D,,).

dcp,(zt)
ot

= Dy, (z,t) " V?cp,(2,t) — Qp,(2,t) * ceen(z, t) (4)



In this equation OCRs were also described by a Michaelis-Menten kinetic

equation.

(z,0)
QOz (z,t) = Qmax KmCL (5)

0,%¢0,(zt)
Intracellular firefly luciferase concentrations (ci,c) remained constant during cell
culture as their expression was under control of a constitutive promoter. Changes
in average luciferase concentration contained within the construct resulted from
corresponding changes in cell density.
These coupled partial differential equations were solved numerically using a
previously developed finite volume code. The grid size was 100 um. We used the

ROWMAP code for time integration of the numerical algorithm [25].

3.3. Intracellular luciferin uptake

We implemented a diffusion model that was shown to be successful in describing
long-term (hours) luciferase activity in living cells [19]. Estimations for the cellular
luciferin influx were obtained from fitting a membrane diffusion model through the
short term dynamic time point measurements of luciferase activity in intact cells
(Fig. 3A). This resulted in a value of 1.4 x 10™ m?s? for the luciferin
transmembrane diffusion coefficient (Dy,m in equations 1 and 2) for an

exogenous luciferin concentration of 4.7 yM.

3.4. Bioluminescent light generation
The intracellular conversion of luciferin into oxyluciferin followed a Michaelis-

Menten kinetics that we modified to describe the influence of available oxygen



concentration. Kinetic parameters were quantified under normoxic and hypoxic
conditions [18]. Parametric changes for intermediate oxygen concentrations were
reasoned to follow a square root dependent relationship, similar to ATP [26],

another cofactor of the bioluminescence reaction.

3.5. Decay initialization time

Exponential decay of bioluminescent light emission was described by a first order
kinetic equation. The spatial distribution of reporter cells contained within the
hydrogel, combined with developed gradients in available luciferin concentration,
mandated the introduction of a time initialization parameter (t). This parameter
was used to accurately describe time- and space-dependent occurrence of
bioluminescence reactions and their subsequent activity decay. The criterion for
re-initialization of the cytoplasmic bioluminescence reaction was made
dependent on the magnitude of intracellular luciferin influx.

k(c0,) ¢ pruci (@)~ pruci(z.r.t)

i+1 _ i iy _ for
tO tO + (t tO) K(COZ)'CH—lDluc,I(Z'r;t) 0
Ci+1Dluc,I(Zr r,t) > CiDluC,I (z,1,t)
t(i)-i_1 = t(i) fOf Ci+1Dluc,I (Z; r, t) < CiDluc,I (Z; r, t) (6)

3.6. Initial and boundary conditions

Viable cell densities were assumed to remain constant during the dynamic
reporter cell assay (10 hour experiment) and were obtained for each culture day
from the DNA and viability assays outlined in the Materials and Methods section.

For the uniformly cell seeded hydrogels, a homogeneous distribution of cell



density and viability within the hydrogel was implemented for the entire culture
time. Luciferin substrate was added to the culture medium after 12 h (day 1), 36 h
(day 2), 60 h (day 3) culture periods. Concentrations were assumed to be
homogeneously distributed in the medium. This condition was ensured by initial
mixing of the medium at the luciferin bolus time. Initial oxygen concentrations
were set to 0.192 mol-m™ (oxygen solubility in water at 37°C) or 21%. Mixing
during the luciferin bolus time also resulted in a redistribution of available oxygen
concentrations, which we implemented by resetting the oxygen concentration
(initial condition) in the culture medium to 21%.

The mathematical model was closed by insertion of suitable boundary conditions.
No-flux boundary conditions were applied for all boundaries, except for the top
surface of the culture medium where a Dirichlet boundary condition was applied

of 21% oxygen concentration during the total experiment duration.

4. Results

Quantitative and non-invasive measurements of luciferin diffusion rates within the
cell-seeded hydrogels were obtained from fluorescence recovery after
photobleaching (FRAP), using fluorescein as a suitable fluorescent tracer
analogue. FRAP measurements indicated no significant changes in tracer

diffusivity with culture time and revealed an average value of 260 um?.s™* (Fig. 2).

The model accounts for the oxygen-dependent firefly luciferase activity by

changing bioluminescent photon fluxes, initial reaction kinetics, and decay rates



according to the oxygen conditions to which cells are exposed. As discrepancies
in bioluminescence signal dynamics were previously observed between the
model simulations (for model parameter values established in [18]) and
experimental measurements for cells exposed to lower luciferin concentrations,
we quantified the effect of a lower luciferin concentration on the bioluminescence
decay rate. Data obtained from single cell bioluminescence microscopy was
therefore fitted to our modelling results (Fig. 3). This fitting procedure resulted in
changes in parameter values for decay rate (l»1), catalytic rate constant (Kcar), and
active luciferin membrane transport (Dycm) for reporter cells incubated with 4.7
MM luciferin and exposed to normoxic conditions. Other model parameter values

were used as determined in [18] and are summarized within Table 1.

Dynamic time point measurements of the average photon flux were obtained for
three different hydrogel dimensions (2, 4, and 6 mm hydrogel thickness). This
data was fitted with the updated model, using the cell oxygen consumption rate
(OCR, Qmax in equation (5)) as the only fitting parameter (Fig. 4). Both the
simulated and the experimentally obtained bioluminescence data sets contained
peak intensities that occurred faster for the hydrogels with a uniform cell
distribution (peak occurrence within 2 hours) as compared to the monolayer
distribution (several hours). Correlation analysis of the fitted model and the
experimental data is shown in Figure 4G. This analysis generally revealed a
stronger correlation for the initial time points (2 hours period) as compared to the

total duration of the experiment (10 hours period). Only for the monolayer seeded



hydrogels of 4 and 6 mm thickness, a strongly decreased correlation was
observed for the initial time points. Quantification of the averaged
bioluminescence peak intensities showed that simulated peak intensities nicely
corresponded to the experimentally measured values (Fig. 5, 6). OCR values that
were determined from curve fitting generally abated with culture time and were
characterized by an average value (Qmax in equation 5) of 1.5 x 10™" mol-cell*s’
! for cells embedded as a monolayer underneath the hydrogel, and 2.32 x 10/
mol-cell*.s™, for reporter cells that were uniformly distributed within the hydrogel.
Using these OCR values, we were able to predict oxygen gradients that were
induced inside the hydrogel constructs (Fig. 7). Predicted oxygen values at the
hydrogel bottom surface were validated by comparison with the oxygen
measurements obtained from oxygen sensor spots that were integrated below
the hydrogel. Experimental measurements yielded an anoxic read-out (0% O for
sensor spots calibrated in 1% Na,SO3) at the bottom position for each
configuration and for every hydrogel thickness. This was also found for all model
simulations, apart from the simulations for the 2 and 3 days culture of a uniform
cell distribution in the thickest hydrogel (6 mm). For these conditions, the lowest
available oxygen concentrations that would be present at the hydrogel bottom

position were predicted to be 5.9% and 12%, respectively.

Finally, we explored the use of our approach to resolve the influence of oxygen
gradients on the luciferase activity and assessed its application for making

guantitative measurements of bioluminescence signals emitted from luciferase



reporter cells encapsulated within a hydrogel. For each hydrogel setup an oxygen
gradient-free condition was simulated, by imposing a uniform and saturated
(21%) oxygen concentration throughout the hydrogel. Model simulations that
were obtained in this way therefore represent the oxygen-independent
bioluminescence signal intensities. These intensities are based on signal
dynamics that are solely influenced by the hydrogel thickness (geometrical
feature) and the cell seeding pattern (homogenous or monolayer distribution),
and therefore represent a robust measure of the active reporter cell population
(Fig. 8). As such, the predicted peak intensities retrieved from the oxygen-
independent bioluminescent signal simulations were able to better capture the
observed trends in viable cell numbers (Fig. 5, 6, 8). Analogies in simulated,
oxygen-independent peak intensities and measured viable cell numbers were
confirmed by correlation analysis, for which correlation coefficients near unity
were obtained for both homogenously and monolayer-seeded hydrogels, in
contrast to the generally (much) lower or even negative correlation coefficients
between measured (and therefore oxygen-dependent) bioluminescence peak
intensities and viable cell numbers (Table 2). These results are further clarified by
the relative differences shown in figure 9. The strongest deviations in
correspondence between measured bioluminescence peak intensities and viable
cell numbers were observed for the thickest hydrogels (6 mm) and for the 2 mm
thick hydrogels containing a cell monolayer. Measurement correspondence for
the uniformly seeded hydrogels decreased with increasing hydrogel thickness.

This observation coincided with an increasing amount of reporter cells that is



exposed to different oxygen concentrations (i.e. extent of oxygen gradient in Fig.
7A-C), and therefore stresses the importance to compensate for cell-mediated

influences of oxygen tension on the emitted bioluminescence signal.

4. Discussion

Bioluminescent light emitted from multi-cellular reporter systems suffers from a
strong variability in quantified signal intensities [4, 5, 7]. The presence of cell-
induced oxygen gradients has been identified as a potential source for this
variability [18]. Possible differences in oxygen gradients can be induced by
altered cell-biomaterial interactions [27], cell spatial distributions and cell
densities [17, 28], or as a result of chemical agents acting on cell metabolism [29,
30]. Guaccio et al. previously reported a ~2 fold change in OCR for bovine
chondrocytes seeded in collagen as compared to agarose hydrogels [27]. As
strong oxygen gradients can be established both in vitro as well as in vivo [17,
31, 32], an approach is required to compensate for the influence of these
gradients on the measured bioluminescence intensities and to enable an

unambiguous interpretation of bioluminescent reporter cell activity.

The approach that we implemented for the hydrogel screening setup presented
here, is based on a combined experimental and computational study in which
oxygen-independent bioluminescence intensities are obtained from a previously
developed and experimentally validated mathematical model [18]. Relevant

model parameters and geometry were updated to account for the hydrogel setup



used in this study (Table 1). Dynamic time point measurements of the average
bioluminescent photon flux were fitted with the updated model. Keeping the
oxygen diffusion coefficient through the agarose hydrogel constant with culture
time - which can be justified based on the constant fluorescein diffusion
coefficient as measured by FRAP (Fig. 2) - we could use cellular OCR as the

only fitting parameter.

Generally, a better correspondence between experimental and simulated
bioluminescence data sets was observed for the initial (2 hours) time points as
compared to the total experiment duration (10 hours). The monolayer seeded
hydrogels of 4 and 6 mm thickness had a high standard deviation for the initial
time points of the experimentally measured bioluminescence signals. This
variability interfered with the analysis results and therefore resulted in a decrease
in correlation coefficient. By comparison to the peak positions of the 2 mm thick
hydrogels, peak intensities of the thicker 4 and 6 mm hydrogels can be expected
to occur after the initial 2 hours period due to the increase in diffusion distance.
Significantly higher correlation was observed for the longer time periods,

therefore justifying further analysis.

Values for OCR obtained from model fitting are in good agreement with
previously reported OCR values for mesenchymal stem cells seeded in agarose
([33], 1.35 x 10" mol-cell*-s™), and OCR of 293T cells cultured in monolayer

configuration ([34], 3.3 x 10" mol-cell*.s™). Peak values in OCR data were



observed after 1 day of culture for the homogeneously cell seeded hydrogels of 2
mm and 6 mm thickness (Fig 5D). Interestingly, these changes corresponded to
a strong increase in viable cell numbers from day 1 to day 2, with ~3 fold for the 2
mm thick hydrogel and ~1.5 fold for the 6 mm thick hydrogel (fig. 5A,C). Average
predicted OCRs for 293T cells seeded in monolayer underneath the hydrogel
(1.5 x 10" mol-cell*-s™) were lower than for 293T cells uniformly distributed
within the hydrogel (2.32 x 10" mol-cell*.s™) (Fig. 5D, Fig. 6D). This observation
is in line with previous studies reporting that oxygen consumption by the cells is
decreased when cells are exposed to a decreased oxygen concentration [35]
(Fig. 7). Predicted oxygen concentrations at the bottom of the hydrogel were
validated by comparison to oxygen read-outs obtained from an oxygen patch
sensor. Anoxic read-outs were obtained at the bottom position for every hydrogel
thickness and for both seeding distributions, which was in agreement with the
model simulations, apart from the simulations of the 2 and 3 days culture of the

uniform cell distribution in the thickest hydrogel (6 mm).

For the current model, we were most interested in the bioluminescence peak
intensities, as these peaks are used most often as a quantitative read-out for
reporter cell activity [8, 36]. Oxygen-dependent simulated and experimentally
measured peak intensities were in good agreement (Fig. 5, 6), but were generally
unable to capture the observed changes in viable cell densities. This divergent
behaviour confirms the need to compensate for the influence of oxygen gradients

on the bioluminescence intensities. Correlation analysis revealed a higher



correspondence between the viable cell densities and the predicted peak
intensities retrieved from the oxygen-independent bioluminescent signal
simulations (correlation coefficients near unity, Table 2). This illustrates the main
strength of our modelling approach, which lies in its ability to easily resolve the

influence of oxygen gradients on the luciferase activity.

In practice, both the OCR and viable cell densities are unknown parameters that
need to be determined from the bioluminescence fitting algorithm. Changes in
these parameter values result in different oxygen distributions, according to the
relation described by equation (4). Necessary information on the oxygen
distribution can be obtained from non-anoxic measurements using oxygen sensor
spots, that are positioned at the hydrogel bottom location, or from oxygen
measurements using oxygen sensitive microbeads (OSB) contained within the
hydrogel [18]. Assuming a constant oxygen diffusion rate and a homogeneous
cell distribution within the hydrogel, the OCR and viable cell number will be
inversely related when trying to fit a given (i.e. experimentally determined)
oxygen distribution, according to equation (4) (solved for the steady state). With
other words, for a given steady-state oxygen distribution, the OCR needs to be
decreased when more viable cells are assumed to be present within the
hydrogel, and vice versa. This condition, implied by equation (4), should therefore
be satisfied when the oxygen-dependent simulated and experimentally quantified

bioluminescence data sets are fitted.



As the hydrogel constructs were incubated with a lower (4.7 pM) luciferin
concentration than the concentration used for establishment of the mathematical
model (470 pM) [18] and because we previously observed discrepancies in
bioluminescence signal dynamics between the model simulations and
experimental measurements for cells exposed to lower luciferin concentrations,
some modifications in parameter values for the luciferin uptake (Kcar and Dyycm)
and decay kinetics (I,;) were performed. First of all, luciferin is required as a
substrate for the membrane-bound ABC transporters that control the net influx of
luciferin into the cytoplasm [37, 38]. Lowering the available luciferin concentration
would therefore result in a decreased uptake rate. This was also reflected in the
updated model by a decrease in the membrane transport coefficient for luciferin
(Diuem is 1.4 x 10 m%s™) as compared to the previous model (8 x 10 m?.s™)
[18]. Furthermore, the decrease in active uptake and lowered availability of
intracellular luciferin molecules could induce shifts in the ratiometric balance
between the luciferin and its reaction stabilizing components, therefore leading to
a slower decay rate [39-41]. A decay rate () of 2.5 s™ was implemented in the
updated model, which was slower than the 27 s decay rate which we used
previously [18]. One of these components involved in bioluminescence decay
dynamics is the inorganic pyrophosphate concentration (PPi). PPi can bind to
firefly luciferase, preventing the formation of the catalytically inactive
dehydroluciferyl-adenylate (L-AMP) complex [39], which has been identified as
an important pathway responsible for the bioluminescence decay [42-44]. As PPi

is a product of the luciferase reaction, higher luciferin concentrations would lead



to higher PPi levels and therefore a reduced decay rate. However, increased PPi
concentrations also have an inhibitory effect on the luciferase activity, by
preventing the ATP-binding and hence increasing the bioluminescence decay
rates that can be observed [39]. Binding of PPi to the luciferase enzyme can
consequently disturb the balance between stabilization and inactivation of the
bioluminescence reaction. Another component influencing the decay dynamics is
Coenzyme A (CoA) [40-42, 45]. CoA can stabilize the photon production by
thiolysis of L-AMP into dehydroluciferyl-coenzyme A (L-CoA), which is a less
powerful inhibitor than L-AMP on the bioluminescence reaction [40]. Direct
influences of both components, PPi and CoA, were however not implemented

into the model.

Bioluminescence decay rates were measured for intact 293T cells using a
bioluminescence microscopy setup (LV 200, Olympus). This setup enabled the
acquisition of bioluminescent light emitted from reporter cells that were
maintained in a focused position. As indicated earlier, application of a lower
luciferin concentration (4.7 uM) resulted in a slower luciferin uptake rate, as
compared to the value implemented in our previous model [18], which was
evidenced by the diminished slope of initial luciferase activity and an increased
time to peak activity of about 16 min (Fig. 3). Decay rate (l,1) was also reduced at
this luciferin concentration and the bi-exponential decay that we observed
previously [18], was almost completely absent. Alterations in decay rate and

luciferin uptake rate were subsequently implemented into the model, and



changes in catalytic rate constant (ke.f) were allowed to obtain equal peak
bioluminescence intensities between the previous model and the updated model.
This procedure was followed for reporter cells exposed to normoxic conditions. At
anoxic conditions, cells detached and could consequently no longer be visualized
in a focused position. The same model parameters for decay rate (lp) and
catalytic rate constant (kcar0) Were therefore chosen as experimentally quantified
in our previous study [18]. This approach could be justified by the observation
that the stabilizing effect of CoA on the bioluminescence reaction is more
pronounced for higher concentrations of ATP [40], and consequently also at

increased levels of oxygen availability to the cells [18, 35, 46].

The thickest hydrogels (6 mm) uniformly seeded with bioluminescent reporter
cells showed a discrepancy between predicted and experimentally measured
oxygen concentrations, induced after 2 and 3 days of static culture. This
observation could possibly be attributed to the more substantial contribution of
reporter cells located at the peripheral top position to the emitted
bioluminescence signal, as compared to cells located at the bottom region of the
hydrogel. Decreased accessibility to luciferin and oxygen could thereby explain
the reduced photon fluxes that are emitted from reporter cells located at the
hydrogel bottom, which can complicate further analysis or result in erroneous
conclusions. These are important limitations that depend on the applied reporter
substrate concentration, and should therefore be taken into consideration in the

design of a setup for hydrogel screening.



In addition to the differences in substrate availability, cells located at the hydrogel
peripheral top position possibly also contain other mechanisms to further stabilize
the bioluminescence reaction that were not accounted for in our model. Such a
mechanism could have contributed to the predicted overestimation of available
oxygen concentration, but could also explain the differences in fitting longer time
point dynamics (Fig. 4). For example, the post-translational targeting and
compartmentalization of firefly luciferase to peroxisomes could potentially
interfere with degradation kinetics of the enzyme, thereby influencing the emitted
photon flux [47-49]. Therefore, if fitting of longer bioluminescence reaction
dynamics would be required, additional stabilization equations would need to be
introduced into the current model. This model would then be extremely valuable
for the quantitative determination of time periods in which hydrogel screening
experiments should be performed. But its applicability would also extend to the
optimization of experimental protocols for repeated bioluminescence
measurements. Since residual luciferin could potentially interfere with these
measurements, the model would be an important tool in optimizing the rinsing

procedures.

5. Conclusions
In this study we applied a combined experimental and modelling approach to
describe the average photon flux emitted from bioluminescent reporter cells

embedded within a hydrogel screening setup. Using this approach, we were able



to obtain quantitative information on cell oxygen metabolism within the hydrogel.
Furthermore, it was shown that peak intensities can be used as a quantitative
measure of bioluminescent reporter cell activity, but that an unambiguous
interpretation of these intensities requires a model-based compensation for the

influence of cell-mediated oxygen gradients on the luciferase activity.
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Model Parameter Value Unit Reference

Luciferin oxidation

mol olc /
kear (catalytic rate constant, CRC) 1.1x10™ Fitted (Fig. 3A)
(mol luc - s) T

Kear21 (CRC, 21% O5) 1.01x 10* -
keato (CRC, 0% O) 6x 103 -
I21 (exponential decay constant, 21% Oy) -2.5 s?t Fitted (Fig. 3A)
lo (exponential decay constant, 0% Oy) -3 st Measured [18]
kapowe (luciferin decay constant) 4.83 x10° s?t Ignowski et al. [19]
I” (Molecular crowding factor) 15 - Fitted [18]
K21 (transition threshold, 21% O) 0.1 - Fitted [18]
Ko (transition threshold, 0% O) 15 - Fitted [18]

Luciferin diffusion

Dowca (diffusivity in agarose) 9.27 x 10™° m? st Measured [18]

DDluc,w
1.00 x 10 m’s*t Measured [18]
(diffusivity in DMEM)

DDIuc,m
1.4x10™ m?s* Fitted (Fig. 3A)
(diffusivity in cell membrane)
Am (thickness cell membrane) 4x10° m Ignowski et al. [19]
Anm (Surface area cell membrane)
for uniform cell distribution: 3.14x10™ m? 10 ym sphere
for cell monolayer: 1.57 x 10" m? 10 ym hemisphere

Luciferase concentration

kd,luc (luciferase decay constant) 8.33 x 10'5 s Ignowski et al. [19]




Light production

-1 -2
RLU 138x10 ps e )’ (mol Measured [18]
olc
Oxygen diffusion
Dy, (diffusivity in water) 3%10° ms Demol et al. [17]
Do, (diffusivity in agarose) 1x10° ms Hulst et al. [50]

Note: Tolc, oxyluciferin complex.

Table 1
Hydrogel BL prediction
dimension BL measurement -(21% Oy)
Monolayer
2mm -0.9759 0.9999
4 mm 0.9994 0.9998
6 mm 0.2865 0.9998

Uniform distribution

2mm 0.8312 0.9955
4 mm 0.4934 0.9995
6 mm 0.3484 0.9989

Table 2



Figure Captions

Figure 1. lllustration of the implemented geometries for the hydrogel screening setup. Luciferase reporter
cells (in green) are contained within the agarose hydrogel (in pink) either in a uniformly distributed
configuration (A) or as a monolayer (B). Hydrogels are radially confined by the well borders (in black) of a 96
well plate. At the bottom position, hydrogels are confined by a coverglass base. These geometries depend
on passive diffusion from the medium (in blue) that is located on top of the hydrogels as the main transport
mechanism for supply of oxygen and luciferin to the reporter cells. Exogenous luciferin is added to this
medium at the start of the reporter assay. Scale bar, 1 mm. Scale bar figure insets, 10 ym.

Figure 2. Fluorescein tracer diffusion rates in 2% agarose hydrogels are obtained from FRAP analysis.
Measurements of tracer diffusion rate were performed at different time points and compared to an empty (no
cells) control hydrogel. No significant time-dependent differences in tracer diffusivity could be observed.
Measurements are performed in duplicate with a small shift in spatial position. Error bars, = 1 s.d. unit; n 2
24,

Figure 3. Decay rates are measured from single cell bioluminescence microscopy. (A) Comparison of
simulated bioluminescent photon fluxes obtained for luciferase reporter cells incubated with 4.7 uM luciferin.
The previous model is based on model parameters that are fitted for reporter cell activity in 470 uM luciferin
solutions. The model parameters implemented for the updated model are determined from bioluminescence
microscopy of reporter cells exposed to 4.7 pM luciferin. Experimental data for time-dependent luciferase
activity is obtained from single cell photon flux measurements. Error bars, + 1 s.d. unit; n = 8. (B)
Bioluminescence microscopy images of 293T reporter cells exposed to saturated (21% O) oxygen
concentrations (initial luciferin concentration, 4.7 yM). Brightfield image indicates the cell contours. Scale
bar, 10 ym.

Figure 4. Simulated (dashes lines) and experimentally measured (dots) bioluminescence reaction dynamics
for luciferase reporter cells that were uniformly seeded in a hydrogel (A-C) or seeded as a monolayer
underneath the hydrogel (D-F). Simulation results were obtained using the cell OCR as fitting parameter.
Reaction dynamics was measured after 1 (A, D), 2 (B, E), or 3 (C, F) days of static culture and for 3 different
hydrogel thicknesses. Dynamic time point measurements were performed during 10 hour periods.
Correlation analyses of simulated and experimentally measured bioluminescence data sets were performed
for the initial (2 hours) time points and for the total experiment duration (10 hours) (G). Correlations were
calculated using the Pearson’s correlation coefficient. (initial luciferin concentration, 4.7 uyM) Error bars, + 1

s.d. unit; n = 4.



Figure 5. Comparison of simulated and experimentally quantified bioluminescence peak intensities for
reporter cells uniformly distributed within the hydrogel. Experimental peak intensities are determined from
reaction dynamics experiments and the simulated peak intensities result from model fitting. Peak values are
measured for three different hydrogel thicknesses of 2 mm (A), 4 mm (B), and 6 mm (C) and are shown
together with the experimentally quantified viable cell densities. (D) Corresponding values of the cell OCR
that were used to fit the model to dynamic time point measurements of the average bioluminescent photon
flux. Error bars, £ 1 s.d. unit; n = 4.

Figure 6. Comparison of simulated and experimentally quantified bioluminescence peak intensities for
reporter cells contained as a monolayer within the hydrogel. Experimental peak intensities are determined
from reaction dynamics experiments and the simulated peak intensities result from model fitting. Peak
values are measured for three different hydrogel thicknesses of 2 mm (A), 4 mm (B), and 6 mm (C) and are
shown together with the experimentally quantified viable cell densities. (D) Corresponding values of the cell
OCR that were used to fit the model to dynamic time point measurements of the average bioluminescent
photon flux. Error bars, + 1 s.d. unit; n = 4.

Figure 7. Oxygen gradients are established within the hydrogel construct. Gradients are predicted from the
model using the cell OCRs, which were obtained from fitting the bioluminescent photon fluxes. Results are
shown for reporter cells uniformly distributed within the hydrogel (A-C) or cells seeded as a monolayer (D-F),
and for 3 different hydrogel heights of 2 mm (A, D), 4 mm (B, E), and 6 mm (C, F). Red dots indicate the
experimentally measured oxygen concentrations using oxygen sensor spots that were located at the
hydrogel bottom position.

Figure 8. Oxygen gradient independent bioluminescent peak intensities are simulated for reporter cell
activity within uniformly seeded hydrogels (A-C) or in hydrogels containing a cell monolayer (D-F), for a
hydrogel thickness of 2 mm (A, D), 4 mm (B, E), and 6 mm (C, F). The peak intensities are obtained by
application of a uniform (21% O,) oxygen concentration within the hydrogel. Peak values are plotted
together with the experimentally quantified viable cell densities. Error bars, + 1 s.d. unit; n = 4.

Figure 9. Peak intensities from simulated oxygen-independent reporter cell activity within the hydrogel
screening setup are better able to capture the observed changes in viable cell densities as compared to
peak intensities from experimentally measured oxygen-dependent reporter cell activity. Relative differences
in peak intensities (‘BL measurement’ and ‘BL prediction - 21% O;’) and viable cell density (‘viable cells’) are
shown for hydrogels uniformly seeded with luciferase reporter cells (A) or for hydrogels that contain reporter

cells in a monolayer (B). Differences are given for each hydrogel thickness (2, 4, and 6 mm). The measured



peak intensity and viable cell density obtained after 1 day of static culture were used respectively as a
reference for the relative differences given for culture day 2 and 3.

Table 1. Overview of parameter values implemented in the bioluminescence-oxygen model. Most of the
parameter values were obtained from the previous model [18], except for the luciferin diffusion coefficient
through the cell membrane (Diw¢m), catalytic rate constant (kca), and exponential decay constant (I21) which
were changed to account for the lower luciferin concentration used in this study. Parameter values that were
used in the previous study were 8 x 10™ m?.s™ for Diem, 1.1 x 10™ mol olc / (mol luc - s) for kear, and -27 s™
for l21.

Table 2. Correlation analysis of oxygen-dependent (“BL measurement”) and oxygen-independent (“BL

prediction - 21% O.") bioluminescence intensities with the measured viable cell densities for 3 days of static

culture.
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