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Abstract

Decellularized organ scaffolds allow whole organ regeneration and study of cell behavior in three-
dimensional culture conditions. Cell viability within the bio-engineered organ constructs is an
essential parameter reflecting the performance of participating cells during long-term ex vivo
culture, and is a prerequisite for further functional performance. Resazurin-based redox metabolic
assays have been used to monitor cell viability in both two- and three-dimensional cell cultures.
Here we developed a method for monitoring cell viability and proliferation in bio-engineered
organ constructs using a resazurin perfusion assay. This method allows non-invasive, repetitive
and rapid estimation of viable cell numbers during long-term ex vivo culture. As a proof-of-
principle, we assessed the performance of two different endothelial sources and the impact of
different perfusion programs on endothelial viability after re-endothelialization of decellularized
lung scaffolds. The resazurin-based perfusion assay revealed changes in endothelial viability and
proliferation during long-term ex vivo culture, which was consistent with histological assessment
at different time points. Finally, we showed that this method could be used for assessment of
proliferation and cytotoxicity after pharmacological treatment on a three-dimensional non-small
cell lung cancer culture model.

1. Introduction

Whole-organ decellularization through detergent perfusion allows removal of cellular
components while preserving fine structures of extracellular matrices [1-3]. Organ
regeneration based on these decellularized scaffolds have been explored in heart [1], lung [4,
5], liver [6] and kidney [7], resulting in bio-engineered constructs partially recapitulating the
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natives organs’ functions in vitro and for short-term in vivo. Decellularized organ scaffolds
also provide a novel platform to study cell behavior in three-dimensional culture conditions.
Perfusable tumor nodules have been created by seeding human lung cancer cells into
acellular rat lung scaffolds [8].

Both organ engineering and three-dimensional cell culture involve long-term in vitro
culture. Moving cells from conventional two-dimensional culture vessels onto three-
dimensional constructs represents a survival challenge. Proper viability of participating cells
during the culture period is a prerequisite for in vitro tissue regeneration. The preservation of
anatomical features and mechanical strength within decellularized whole organ scaffolds
allows application of biomimetic culture conditions and various physiological stimulations
to facilitate tissue maturation [1, 4]. The effect of these stimulations on cell viability needs
to be evaluated in advance to ensure that they stay within a range without compromising cell
viability. The development of a method allowing repetitive assessment of cell viability in
three-dimensional, perfusable tissue-engineered constructs during the culture period will be
helpful to facilitate the optimization of in vitro culture conditions.

Glucose consumption and lactate production rates are indicators of glycolytic metabolism of
cells and therefore have been used to reflect cell viability within tissue-engineered
constructs [9, 10]. These general metabolic assays compare medium composition before and
after a culture period (generally a few days), and therefore only indicate trends in cell
viability changes over a large time scale of days. The extended incubation time also makes
these metabolic assays sensitive to experimental fluctuation during the entire culture period.

Several colorimetric and fluorometric assays have been developed and widely used to
quantify viable cell numbers in conventional two-dimensional cell culture conditions. One
of the most commonly used methods is based on tetrazolium salt MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide), which is reduced by live cells to
purple formazan and thereby reflects the number of viable cells present [11]. MTT assay has
been used to quantify cell numbers in small-size tissue-engineered constructs [12, 13].
However, MTT is generally regarded as an endpoint assay due to cytotoxicity and the
requirement of final cell lysis before measurement [14]. More recently developed
tetrazolium reagent XTT (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide) and resazurin-based reagents, such as AlamarBlue™ and CellTiter-Blue™,
display improved cell permeability and lower cytotoxicity [15-18]. Besides cell
proliferation, resazurin-based reagents can also be used to indicate cell apoptosis.
Multiplexing assays combining resazurin and fluorometric caspase assays in drug-induced
cell apoptosis models indicate well correlation between the increase in apoptotic caspase
activation and decrease of resazurin metabolism [17, 19]. On three-dimensional cultures,
resazurin-based AlamarBlue has been used to indicate cell viability and growth in hollow
fiber bioreactors [20, 21] and in tissue-engineered bone constructs based on porous scaffolds
[22, 23]. In these studies, perfusion through either the hollow fibers or porous scaffolds was
performed to facilitate medium and resazurin distribution. In the culture of bio-engineered
organ constructs based on native whole-organ scaffolds, perfusion was generally performed
through the organ’s own vascular bed, which represents increased complexity and
heterogeneity compared to synthetic scaffolds. Recently, resazurin was used to indicate
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metabolic activities in bio-engineered kidneys [24]. However, a systematic study
establishing the feasibility and reliability of resazurin-based assays for long-term cell
viability assessment in recellularized organ constructs is still missing.

A reliable colorimetric or fluorometric assay for repetitive quantification of viable cell
numbers in large-size, three-dimensional bioengineered organ constructs needs to meet the
following criteria. First, the diffusion of substrate dye and its metabolized product into and
out of bioengineered constructs needs to be efficient, which ensures that the sampling from
culture medium is representative of the composition of substrate dye and its metabolized
product inside the constructs. Second, the reagents need to have minimal cytotoxicity during
the assay period and need to be efficiently washed out after a measurement, thus enabling
repetitive measurement during the entire culture period of bioengineered organ constructs.
Here we demonstrate the feasibility of a resazurin-based PrestoBlue™ solution (Molecular
Probes, Eugene, OR) as a potential candidate to meet these two criteria. PrestoBlue is
metabolized by live cells and gives rise to a high fluorescent product that diffuses into
surrounding medium without the need of cell lysis. When used in two-dimensional cell
culture, PrestoBlue allows cell number quantification within 10 minutes comparing to 1 to 4
hours in MTT assay [25], demonstrating its fast metabolism and diffusion.

In this study, we demonstrated that a resazurin reduction assay is a reliable method to
monitor changes of viable cell numbers in two-dimensional cell culture. We further
developed a method to assess viable cell numbers in tissue-engineered whole-organ
constructs within 1 hour by using a resazurin reduction perfusion assay. When used to
compare the performance of two different endothelial cell lines in regenerated lung culture,
whole-organ growth curves generated by resazurin reduction perfusion assay revealed cell
viability changes consistent with histological assessment. Furthermore, we studied the effect
of increasing perfusion rates during the culture of re-endothelialized lungs, and revealed no
significant changes on endothelial cell viability. Finally, we applied the resazurin reduction
perfusion assay to assess the proliferation and cytotoxic effect of a chemotherapy agent in a
three-dimensional lung cancer model.

2. Methods

2.1 Isolation, culture and characterization of cord blood-derived endothelial progenitor
cells (CB-EPCs)

Human umbilical cord blood was obtained from St. Louis Cord Blood Bank & Cellular
Therapy Laboratory at SSM Cardinal Glennon Children’s Medical Center, St. Louis, MO, in
accordance with an institutional review board-approved protocol. CB-EPCs were isolated
from cord blood samples according to procedures used in previous studies [26—28] with
minor modifications. Briefly, mononuclear cell (MNC) fractions was isolated by
centrifugation using Vacutainer CPT Cell Preparation Tubes (BD Biosciences, San Jose,
CA), and cultured on flasks coated with collagen I, rat tail (BD Biosciences, San Jose, CA).
During the initial 2 days, MNCs were cultured in complete Endothelial Cell Growth
Medium-2 (EGM-2, Lonza, Walkersville, MD) without hydrocortisone, supplemented with
20% defined fetal bovine serum (FBS) (Hyclone, Logan, UT), penicillin-streptomycin (P/S,
Invitrogen, Camarillo, CA) and 15% autologous plasma. Unbound cells were removed after
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2 days, and remaining cells were cultured in EGM-2 without hydrocortisone, supplemented
with 20% defined FBS and P/S (this medium was referred to as CB-EPC medium). Once
EPC colonies formed, cells were passaged and cultured on collagen I-coated flasks using
CB-EPC medium.

CB-EPCs was characterized by immunofluorescence staining using anti-human CD31
antibody (DAKO, Carpinteria, CA). Dil-Ac-LDL uptake assay was performed by incubating
CB-EPCs in medium containing Dil-Ac-LDL (10 pg/ml, Alfa Aesar, Ward Hill, MA) for 4
hours at 37 °C, followed by washing and nuclear staining using Hoechst 33342 (Invitrogen,
Camarillo, CA). Matrigel tube formation assay was performed by seeding 50,000 CB-EPCs
onto one well of a 24-well plate with 300 ul pre-solidified matrigel (BD Biosciences, San
Jose, CA), and cultured in CB-EPC medium. The structures formed on top of matrigel were
photographed using phase-contrast microscope (Nikon Instrument, Melville, NY) after 24
hours of incubation.

2.2 Culture of human non-small cell lung cancer cells

The human non-small cell lung cancer (NSCLC) cell line H358 (ATCC, Manassas, VA) was
used for proliferation and cytotoxicity experiments. H358 is a bronchioloalveolar carcinoma
cell line with epithelial features and was cultured in complete medium consisting of RPMI
1640 (Invitrogen, Camarillo, CA), supplemented with 10% FBS (Hyclone, Logan, UT) and
P/S in an incubator at 37 °C supplemented with 5% CO,. Cells were passaged when 60—
80% confluent at a 1:4 ratio.

2.3 Resazurin reduction assay on two-dimensional cell culture

Human umbilical vein endothelial cells (HUVECs, Lonza, Walkersville, MD) were
maintained in complete EGM-2 medium. Resazurin reduction standard curves for HUVECs
at different volume formats were generated by seeding serial dilutions of HUVECs with cell/
medium ratios of 1, 0.5, 0.25, 0.1, 0.05, 0.025 and 0.01 million/ml onto 6-well plates in 2 ml
volume and onto 96-well plates in 0.1 ml volume. Triplicate experiments were performed
for each dilution of HUVECs and for each volume format. The resazurin-based PrestoBlue™
reagent (Molecular Probes, Eugene, OR) was added to each well 6 hours after HUVEC
seeding at a resazurin/medium ratio of 1:20 (v/v). After 1 hour of incubation at 37 °C,
fluorescence of resazurin-containing medium was read using SpectraMax Microplate Reader
(Molecular Devices, Sunnyvale, CA) at 544 nm (ex)/590 nm (em).

HUVEC growth curves in two-dimensional culture were generated by seeding 0.5 or 1
million HUVECs onto T75 flasks in 10 ml EGM-2. Triplicate experiments were performed
for each HUVEC seeding density. Resazurin reduction assays were performed as described
above at 6 hour, 1 day, 2 days and 3 days after seeding. After each resazurin reduction assay,
10 ml fresh EGM-2 was used to replace the resazurin-containing medium. After the
resazurin reduction assay on day 3, HUVECs were dissociated and cell numbers were
counted with hemocytometer.
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2.4 Perfusion decellularization of cadaveric rat lungs

All animal experiments were approved by the Massachusetts General Hospital Institutional
Animal Care and Use Committee and performed in compliance with the Animal Welfare
Act. Cadaveric rat lungs were perfusion decellularized as previously described [4, 29]. In
brief, cadaveric lungs were explanted from male Sprague-Dawley rats (250-300 g, Charles
River Laboratories, Boston, MA) after systemic heparinization. The pulmonary artery (PA)
was cannulated with an 18G cannula (McMaster-Carr, Santa Fe Springs, CA), and perfused
(constant pressure, 40 mmHg) sequentially with heparinized (10 units/ml) phosphate-
buffered saline (PBS, 10 min), 0.1% sodium dodecyl sulfate in deionized water (2 hours),
deionized water (15 minutes) and 0.1% Triton X-100 in deionized water (10 minutes).
Resulting scaffolds were washed with PBS containing antibiotics and antimytotics for 72
hours to remove residual detergent and cellular debris. All reagents are from Sigma Aldrich,
St. Louis, MO.

2.5 Endothelial seeding into decellularized lung scaffolds and culture of re-endothelialized

lungs

Medium used for re-endothelialized lung culture was the same as that for two-dimensional
culture of corresponding endothelial cells. Decellularized rat lung scaffolds were placed
inside a custom-made bioreactor allowing access to the PA. Before endothelial seeding,
decellularized lung scaffolds were preconditioned with respective endothelial culture
medium through PA perfusion at a rate of 2 ml/min for 1 hour. After preconditioning, 40
million HUVECs or CB-EPCs were resuspended in 100 ml of medium, and seeded into
decellularized lung scaffolds through the PA under 30-mmHg pressure driven by the height
of fluid column between the cell seeding chamber and lung bioreactor. Seeded lung
scaffolds underwent 2-hour static culture to allow cell attachment before the initiation of PA
perfusion at 2 ml/min. For culturing HUVEC and CB-EPC lungs with constant perfusion
rate, PA perfusion rate was maintained at 2 ml/min throughout the entire 7 days of culture
(n=4 for HUVEC lungs and n=3 for CB-EPC lungs). For culturing HUVEC lungs with
increasing perfusion rate, PA perfusion rate was 2 ml/min during day 0 to day 1, 4 ml/min
during day 1 to day 3 and 8 ml/min during day 3 to day 7 (n=3).

2.6 Seeding of human NSCLC cell line H358 into decellularized lung scaffolds and culture
in bioreactor

Decellularized rat lung scaffolds (n=6) were placed inside a custom-made bioreactor
allowing access to the PA and trachea. Before cell seeding, scaffolds were preconditioned
with complete medium for H358 perfused via the PA at a rate of 10 ml/min for 1 hour. After
preconditioning, perfusion was stopped and H358 cells were seeded into decellularized lung
scaffolds by gravity-aided tracheal delivery of cell suspensions containing 20 million cells at
a density of 0.8 million cells/ml. Static culture then took place for 1 hour to allow for cell
attachment. After this, perfusion of 150 ml of complete medium via the PA was started at a
constant rate of 10 ml/min throughout the entire culture period. Culture medium (150 ml)
was changed on days 1, 3 and 5. H358-seeded decellularized lung scaffolds were cultured
for 7 days inside an incubator at 37 °C supplemented with 5% CO, A subset of H358-
seeded lung scaffolds (n=3) received no further intervention, while the remaining tumor-
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seeded scaffolds (n=3) were used for cytotoxicity experiments. On day 5 of culture, these
constructs were treated with a single dose of cisplatin (Teva Pharmaceutical Industries,
Petach Tikva, Israel) in solution with H358 complete medium at a concentration of 110 uM
and cultured for an extra 48 hours to complete 7 days of total culture time.

2.7 Resazurin reduction perfusion assay in re-endothelialized lungs

The resazurin reduction perfusion assay was performed in re-endothelialized lungs on day 1,
3, 5and 7 of culture. The resazurin-based PrestoBlue reagent was diluted at 1:20 (v/v) in the
medium used for re-endothelialized lung culture. Defined volumes of resazurin-medium
mixture were used for each group of lung cultures (100 or 150 ml). 1 ml of resazurin-
medium mixture was saved as non-metabolized control before adding the rest of mixture
into lung culture. Re-endothelialized lungs were perfused with resazurin-medium mixture at
2 ml/min for 1 hour at 37 °C. The same perfusion rate (2 ml/min) was also used for resazurin
reduction perfusion assays at each time point of HUVEC lungs cultured under increasing
perfusion rates to ensure consistency of the assay. Fluorescence of resazurin-medium
mixture after 1-hour perfusion was read using the SpectraMax Microplate Reader at 544 nm
(ex)/590 nm (em), and was subtracted by that of non-metabolized control to yield net
fluorescence increase corresponding to resazurin metabolism by re-endothelialized lungs.
Cell/medium ratio of re-endothelialized lungs was calculated using the net fluorescence
increase according to standard curves of HUVECs or CB-EPCs in two-dimensional cultures.
After each resazurin reduction perfusion assay of re-endothelialized lungs, resazurin-
medium mixture was replaced with 200 ml of fresh medium to continue the culture. To
evaluate potential resazurin metabolism by decellularized scaffolds alone, resazurin
reduction perfusion assays were also performed on decellularized lungs without endothelial
seeding (n=3).

2.8 Time-lapse photography of resazurin reduction perfusion assay of lungs re-
endothelialized with HUVECs

Resazurin perfusion was performed on decellularized lungs re-endothelialized with
HUVECs on day 7 of culture as described above. For short-term 60-min perfusion, images
of the re-endothelialized lung were taken right after the initiation of resazurin perfusion, and
once every 10 min until the end of 60 min perfusion using a DSLR camera (Nikon, Melville,
NY). Perfusion was then paused for 10 min, and another image of the lung was taken. A
final image of the lung was taken after the re-endothelialized lung was re-perfused with
fresh medium without resazurin for 10 min. 1 ml of medium was sampled at each 10 min
interval during the resazurin perfusion, and their fluorescence intensities were measured
using SpectraMax Microplate Reader at 544 nm (ex)/590 nm (em). For long-term 8-hour
perfusion, images of the re-endothelialized lung were taken before and after the resazurin
perfusion. 1 ml of medium was sampled at each 30-min interval during the resazurin
perfusion, and their fluorescence intensities were measured using SpectraMax Microplate
Reader at 544 nm (ex)/590 nm (em).

2.9 Resazurin reduction perfusion assay in NSCLC-seeded decellularized lung scaffolds

The resazurin reduction perfusion assay was performed in H358-seeded lung scaffolds on
days 1, 3, 5 and 7 of culture. The resazurin-based PrestoBlue reagent was diluted at 1:20
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(v/v) in the medium used for culture to make a total of 100ml resazurin-medium mixture. 1
ml of resazurin-medium mixture was saved as non-metabolized control before adding the
rest of mixture into lung culture. H358-seeded lung scaffolds were perfused with resazurin-
medium mixture at a rate of 10 ml/min for 1 hour at 37 °C. Fluorescence of resazurin-
medium mixture afterwards was measured and calculated in a similar fashion as explained
above in the resazurin assay in re-endothelialized lungs. Based on the net fluorescence
increase, the total number of viable H358 cells within the decellularized lung scaffolds was
estimated by extrapolation from a resazurin reduction standard curve of H358 cells in two-
dimensional culture. The net fluorescence readings served to assess proliferation under
three-dimensional culture conditions in H358-seeded scaffolds (days 1-5 of culture for all
scaffolds and day 7 for those receiving no intervention on day 5), or to assess the cytotoxic
effect of a single dose of cisplatin in H358-seeded scaffolds receiving the chemotherapeutic
agent on day 5. After each resazurin reduction perfusion assay, resazurin-medium mixture
was replaced with 150 ml of fresh culture medium to continue culture.

2.10 Glucose consumption measurement

Glucose consumption was measured during the culture of HUVEC and CB-EPC lungs under
constant perfusion rate. Medium of re-endothelialized lung culture was sampled on day 3, 5
and 7 before resazurin reduction perfusion assays. Glucose concentrations in these medium
samples were measured using Glucose (GO) Assay Kit (Sigma Aldrich, St. Louis, MO)
according to manufacturer instructions. Glucose consumption was calculated based on the
measured glucose concentration of fresh medium.

2.11 Histology

Re-endothelialized lungs were fixed with 4% paraformaldehyde overnight at 4 °C while
H358-seeded lung scaffolds were fixed with 10% formalin for 48 hours, and processed for
paraffin embedding and sectioning at 5 um. Hematoxylin-Eosin (H&E, vector laboratories,
Burlingame, CA) staining was performed according to manufacturer instructions. For
immunohistochemistry staining, heat-induced antigen retrieval using sodium citrate buffer
was performed after deparaffinization. Slides were blocked with 1% Bovine serum albumin
(BSA, Sigma Aldrich, St. Louis, MO), and stained sequentially with mouse-anti-human
CD31 antibody (1:200, M0823, sc-2005, DAKO, Carpinteria, CA) overnight at 4 °C and
goat-anti-mouse-HRP antibody (1:500, Santa Cruz Biotechnology, Santa Cruz, CA) for 45
min at room temperature. Three washes with PBS were performed after each antibody
incubation. After CD31 staining, slides were counterstained with Hematoxylin. For
immunofluorescence staining, heat-induced antigen retrieval using sodium citrate buffer was
also performed. Slides were blocked with 5% donkey serum (Millipore, Billerica, MA) and
incubated sequentially with rabbit polyclonal anti-active and pro-Caspase 3 (1:100,
ab13847, Abcam, Cambridge, MA) overnight at 4 °C and AlexaFluor® 647-conjugated
donkey-anti-rabbit 19gG H&L (1:400, ab150075, Abcam) for 1 hour at room temperature. A
coverslip was mounted using ProLong® Gold Antifade Mountant with DAPI (Life
Technologies, Grand Island, NY). TUNEL staining was performed using the DeadEnd™
Fluorometric TUNEL System (Promega, Madison, WI) according to manufacturer
instructions.
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2.12 Statistical analysis

Statistical analysis was performed by Student’s T-tests (two-tail comparisons) and
statistically significant differences were defined as p < 0.05. Values in graphs were
presented as means with standard deviations.

3. Results

3.1 Feasibility of a resazurin reduction assay for monitoring cell expansion in two-
dimensional culture

Colorimetric or fluorometric assays for cell number quantification depend on standard
curves establishing the relation between colorimetric/fluorometric measurements and known
numbers of cells. Tetrazolium or resazurin-based assays in two-dimensional cultures are
usually performed in the same volume format for both the cell populations under
quantification and those for generating standard curves. Ex vivo culture of bio-engineered
organ constructs generally requires medium volumes of a few hundred milliliters or more.
The generation of standard curve in such big volumes in two-dimensional cultures with
matching cell densities is usually unpractical. To evaluate the feasibility of calculating cell
numbers using resazurin reduction assays under different volume formats, a serial dilution of
human umbilical vein endothelial cells (HUVECSs) was seeded in two different volume
formats (0.1 ml and 2 ml) with predefined cell number to medium volume ratio (cell/
medium ratio). Resazurin reduction assays were performed 6 hours after HUVEC seeding.
Standard curves generated from the two different volume formats showed close similarity
with no significant difference detected for each cell/medium ratio point (Fig. 1A and
Supplemental Table 1). This indicates resazurin reduction measurements correlate with cell/
medium ratios instead of absolute cell numbers. Therefore, viable cell numbers in ex vivo
cultured organ constructs can be calculated based on standard curves generated on regular
multi-well plates.

We further examined the feasibility of the resazurin reduction assay for monitoring viable
cell number changes over long-term two-dimensional culture. Different numbers of
HUVECs (1 and 0.5 million) were seeded onto T75 flasks. Resazurin reduction assays were
performed on day 0 (6 hours after seeding), day 1, day 2, and day 3 of culture. HUVEC
growth curves were generated from cell numbers calculated based on resazurin reduction
measurements according to the standard curve (Fig. 1B). After the resazurin reduction assay
on day 3, HUVECs were dissociated and their numbers were counted using a
hemocytometer. Fold changes in HUVEC cell numbers over the 3 days of culture calculated
from resazurin reduction assays were not significantly different from that revealed by cell
counting (p=0.36 for 1 million cell seeded, and p=0.28 for 0.5 million cells seeded) (Fig.
1C).

3.2 Resazurin perfusion in ex vivo regenerated lung culture

Due to limited diffusion, live cell number quantification using colorimetric assays such as
MTT has been limited to small-size tissue-engineered constructs [12, 13]. To solve this
issue, resazurin-based reagents have been delivered by perfusion in hollow fiber bioreactors
[20, 21], in tissue-engineered bone constructs based on porous scaffolds [22, 23], and in
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regenerated kidneys based on native scaffolds [24]. The preservation of anatomical features
in the decellularized whole organ construct allows medium to be perfused through the
scaffold’s main artery and efficiently reach the entire organ’s vascular network. We
attempted to perform resazurin reduction assay in regenerated rat lungs by perfusion.
Resazurin-medium (1:20) mixture was perfused through the pulmonary artery (PA) of a
decellularized rat lung re-endothelialized with HUVECs at a constant flow rate of 2 ml/min.
Time-lapse photography of the regenerated lung during resazurin perfusion displayed
gradual change of color from blue to red (Fig. 2A-G), indicating resazurin metabolism by
viable cells within the regenerated organ. Medium sampled at the same time intervals
indicated a steady increase in fluorescence intensity (Fig. 2J). We noticed an increased in the
slope of resazurin metabolism over the 60-min perfusion. This was likely due to the time
required for the initial perfusion of resazurin reagent into the bio-engineered construct from
the medium reservoir, the time for initial resazurin metabolism, and the time for the release
of the initial resazurin metabolite into surrounding medium. Similar increase in the slope of
resazurin metabolism was also observed in the resazurin perfusion assay in HepG2 cells in
three-dimensional bioreactor [20]. The color change within the regenerated lung paralleled
well with that in its surrounding medium (Fig. S1), indicating efficient equilibration of
resazurin and its metabolite composition inside and outside the organ construct. To confirm
this idea, perfusion was paused for 10 min after the 60-min resazurin perfusion. The color of
the lung further shifted towards red (Fig. 2H), indicating that perfusion is required for this
efficient equilibration. After replacing the resazurin assay medium with fresh culture
medium without resazurin and perfusing the lung for additional 10 min, the lung regained its
original color similar to that before the assay (Fig. 21). This makes repetitive measurement
over long culture period possible. We also performed long-term perfusion of resazurin in a
HUVEC-seeded lung for 8 hours, and observed the resazurin metabolism gradually reached
a plateau (Fig. S2). Taken together, we demonstrated efficient delivery, metabolism, and
equilibration with surrounding medium of a resazurin-based reagent during its perfusion of
ex vivo cultured organ constructs.

3.3 Growth curve of re-endothelialized lung scaffolds

We performed resazurin reduction perfusion assays on decellularized rat lungs with and
without endothelial seeding. 60-min perfusion of resazurin in decellularized lungs led to
minimal increase in fluorescence intensity over the non-perfused resazurin-medium mixture
control (22.2+13.8 rfu). Resazurin reduction perfusion assays in HUVEC-seeded lungs at 1
day after seeding generated pronounced increase in fluorescence intensity (2023.7+939.1
rfu), which was significantly higher than that generated by decellularized lungs alone
(p=0.02) (Fig. 3A). The heterogeneity of resazurin reduction readings from the four
HUVEC-seeded lungs at 1 day after seeding was likely due to experimental fluctuations in
endothelial cell delivery and initial engraftment. This highlighted the necessity to monitor
cell viability of individual regenerated lungs over the entire culture period to reveal its long-
term change and response to specific experimental stimulations.

We compared the viability of two different endothelial cell types (HUVEC and cord blood-
derived endothelial progenitor cells) over 7 days of culture in decellularized lung scaffolds.
Resazurin reduction perfusion assays were performed on day 1, 3, 5 and 7 of culture. For
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each regenerated lung, the cell number calculated at each time point was normalized to the
cell number on day 1 of culture to minimize the effect of experimental fluctuations between
biological replicates. Cord blood-derived endothelial progenitors (CB-EPCs) were
characterized by colony formation, endothelial CD31 expression, Dil-Ac-LDL uptake and
tube formation on matrigel (Fig. S3). Regenerated lungs seeded with HUVECs displayed an
increase in viable cell numbers over the culture. When normalized to the calculated cell
number on day 1, the viable cell numbers in HUVEC lungs reached 135.5%+26.7% on day
3 (p=0.11), 128.5%+16.0% on day 5 (p=0.04), and 142.3%+15.9% on day 7 (p=0.01).
However, CB-EPCs did not survive well in three-dimensional lung culture under the same
culture condition. When normalized to the calculated cell number on day 1, the viable cell
numbers in CB-EPC lungs decreased to 40.5%+29.4% on day 3 (p=0.07), 13.8%+14.1% on
day 5 (p<0.01), and 7.8%+10.9% on day 7 (p<0.01) (Fig. 3B).

In order to confirm the changes in endothelial viability in three-dimensional lung cultures
revealed by the resazurin reduction perfusion assay, we measured glucose consumption
between the two neighboring resazurin reduction measurements. Glucose consumption in
HUVEC lungs was stable over the three time periods (day 1-3, day 3-5 and day 5-7),
reaching 114%=+10% during day 5-7 compared to that during day 1-3 (p=0.06). However,
glucose consumption in CB-EPC lungs decreased over time, reaching 54%+20% during day
5-7 compared to that during day 1-3 (p=0.06). The changes in cell viability over the culture
period were also confirmed by histological assessment of HUVEC and CB-EPC lungs on
day 1 and day 5 of culture. In HUVEC lungs, CD31 immunohistochemical staining and
nuclear hematoxylin staining matched well on both day 1 and day 5 (Fig. 3D), indicating
maintenance of cell viability. Similar CD31 and hematoxylin matching was also observed in
CB-EPC lungs on day 1 of culture, demonstrating cell delivery and initial attachment in CB-
EPC lungs. However, on day 5 of culture, despite the widespread CD31
immunohistochemical signals in CB-EPC lungs, the nuclear staining was very sparse with
signs of nuclear fragmentation indicating apoptosis and loss of cell viability (Fig. 3E). This
was further confirmed by TUNEL staining showing the majority of the remaining cells in
the CB-EPC lungs on day 5 of culture were undergoing apoptosis (Fig. S4).

The capability of monitoring cell viability in tissue-engineered constructs over long-term ex
vivo culture allows study of the potential effects of different culture conditions on the
viability of participating cells. Here we analyzed endothelial viability within regenerated
lungs under different flow rate programs during culture. In the aforementioned group of
HUVEC lung cultures, we used a constant flow rate of 2 ml/min from the PA throughout the
entire 7 days of culture. As a comparison, we set up another group of HUVEC lung cultures,
with increasing flow of 2 ml/min during day 0-1, 4 ml/min during day 1-3 and 8 ml/min
during day 3-7 (Fig. 3F). In both groups of culture, resazurin reduction perfusion assays
were performed using a flow rate of 2 ml/min to ensure consistency of the assay. No
significant differences were observed between HUVEC lungs cultured under constant low
flow rate (Fig. 3B) and those cultured under increasing flow rates (Fig. 3F), which was
consistent with histological assessment on day 7 of culture (Fig. 3G).
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3.4. Monitoring of proliferation and cytotoxicity of NSCLC cells in three-dimensional
culture within decellularized lung scaffolds

H358 cells seeded into decellularized lung scaffolds grew as three-dimensional tumor
nodules that upon daily visual inspection increased progressively in size and density
throughout the entire culture period (Fig. 4A). Serial resazurin reduction perfusion assays
performed on H358-seeded decellularized lung scaffolds showed a progressively increasing
net fluorescence signal suggesting increasing cell numbers, and therefore, proliferation of
the lung cancer cells under three-dimensional culture conditions (Fig. 4B). These results
correlated with the macroscopic visualization of tumor nodules within decellularized lung
scaffolds, particularly in areas with relatively higher resazurin metabolism (Fig. 4A).
Likewise, this assay was able to estimate the cytotoxic effect of a single dose of the
chemotherapeutic agent cisplatin delivered on day 5 of culture. The resazurin reduction
perfusion assay results on day 7 after 48 hours of cisplatin treatment showed a significant
decrease in the number of viable cancer cells as compared to that on day 5 before cisplatin
treatment (54.2%+18.8%). Viable cell numbers were generally maintained in H358-seeded
decellularized lung scaffolds receiving no intervention (91.5%+7.6%) (p=0.03, compared to
the viable cell number change in cisplatin treatment group) (Fig. 4C). The decrease in the
number of viable cells, as suggested by the resazurin reduction perfusion assay, correlated
with the observation of abundant apoptotic cells (i.e. ghost cells and cells with nuclear
pyknosis or fragmentation) upon histologic examination and significantly higher number of
cells with positive expression of activated caspase 3 (Fig. 4D).

4. Discussion

The preservation of anatomical features and tissue compartmentalization in decellularized
whole organ scaffolds allows for the experimental regeneration of complex tissues, ex vivo
biomimetic culture and subsequent transplantation into animal models [2, 3]. Maturation of
tissue-engineered constructs during long-term ex vivo culture is generally required before
successful transplantation [2]. Maintenance of the viability of participating cells is a
prerequisite for tissue maturation in vitro. Therefore, cell viability in tissue-engineered
constructs is an essential parameter to be monitored during ex vivo culture in order to
optimize culture conditions, including medium recipe, culture length and biomimetic
stimulations. However, conventional methods for cell viability assessment, such as MTT,
XTT and DNA quantification, are usually endpoint assays [14, 15, 17]. The application of
colorimetric assays in large organ constructs is also challenging due to limited passive
diffusion.

Perfusion of resazurin-based regents has been developed as an approach to indicate cell
viability in three-dimensional cultures [20-24]. In the present study, we demonstrate the
feasibility of a resazurin reduction perfusion assay for long-term cell viability monitoring in
perfusable large tissue-engineered organs characterized by two features: first, the resazurin-
based PrestoBlue reagent with low cytotoxicity, efficient metabolism and diffusion allows
repetitive cell number quantification; second, resazurin delivery by means of perfusion
through the organs’ own vascular bed greatly decreases diffusion distances allowing
efficient and homogeneous distribution of the colorimetric and fluorometric reagent
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throughout tissue-engineered constructs. Moreover, we believe that the concept of
performing a metabolic perfusion assay in ex vivo cultured three-dimensional tissue-
engineered constructs could be extrapolated to other reagents besides resazurin, making this
a versatile assay. On two-dimensional cultures, we demonstrated that resazurin reduction
measurements were proportional to cell/medium ratio, and predicted cell number changes
that were consistent with those revealed by direct cell counting after dissociation. This
makes it possible to calculate viable cell numbers in tissue-engineered organs with large
absolute cell numbers and culture volumes. We compared two different endothelial cell
types (HUVECs and CB-EPCs) during the 7-day in vitro culture after seeding into
decellularized lung scaffolds, and revealed their different trend of viability changes
consistent with the trend of glucose consumption and histological assessment at different
time points.

In the current study, we measured the fluorescence of resazurin/medium mixture in the
medium reservoir to calculate the number of viable cells in the regenerated lungs. It is
therefore an important consideration to make sure that the resazurin metabolism measured
from the medium reservoir represents the overall metabolism in the regenerated lungs. As
shown in Fig. 2 and Fig. S1, during resazurin perfusion, the color of the lung and that of the
medium sampled from the reservoir were consistent at different time points. This indicated
that constant perfusion allowed efficient equilibration of resazurin and its metabolite
between the regenerated lung and its surrounding medium. As it is impractical to directly
measure the fluorescence of the medium within the regenerated lungs, time-lapse
photography can serve as a pilot experiment to ensure efficient equilibration. Perfusion rate
is one of the main factors affecting the efficiency of equilibration between the bio-
engineered construct and its medium reservoir. The perfusion rate may be increased to
facilitate equilibration if desired.

We noticed that the standard curve of HUVECs in two-dimensional culture began to turn
over above 500,000 cells/ml (Figure 1A), indicating reduced detection sensitivity at high
cell/medium ratios. In the current study, most of the fluorescence readings after resazurin
perfusion assays corresponded to cell/medium ratios below 500,000 cells/ml. To achieve
high sensitivity of the assay, pilot experiments are desired to determine the optimal volume
(and therefore the cell/medium ratio) of the resazurin perfusion assay to ensure the
fluorescence readings fall into the high sensitivity area of the standard curve.

The resazurin reduction perfusion assay provided a general estimate of cell viability of the
entire organ constructs, and revealed viability changes in these organ constructs consistent
with histological assessment. Resazurin metabolism represents a total metabolic rate by all
cells within the constructs. There is likely cellular heterogeneity within the constructs. As
discussed above, the capability of cells metabolizing resazurin gradually decreased as they
moving into the apoptotic pathway [17, 19]. Moreover, metabolic parameters, such as
glucose and oxygen consumption per cell, vary depending on cell type, cell density, cell
differentiation and oxygen availability [30-32]. For example, electrochemical monitoring of
glucose consumption suggests that glucose consumption and cell population growth curve
have a close correlation but different behavior, and glucose consumption per cell changes at
different stages of cell population growth [33]. Similar phenomena may also apply to
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resazurin metabolism. In this study, the variability of resazurin metabolism by different cell
types and different densities was taken into account by establishing a standard curve for
each cell type at various cell densities (cell/medium ratios). In the culture of bio-engineered
organs, oxygen availability depends on the perfusability of the decellularized scaffolds. To
perform resazurin perfusion assays every other day for 7 days and normalize the calculated
cell numbers to that on day 1 allowed assessment of resazurin metabolism in a stable context
with similar scaffold perfusability and therefore oxygen availability.

Both resazurin reduction perfusion assay and glucose consumption measurement can be
performed repetitively during ex vivo culture of tissue-engineered constructs to monitor cell
viability. In this study, the resazurin reduction perfusion assay took 1 hour to finish, and
therefore indicated cell viability at the specific time points. However, glucose consumption
was calculated by measuring the glucose consumed over a few days of culture, and therefore
indicated averaged cell viability over the culture period (between two resazurin reduction
perfusion assay time points in this study). Consistent with this, the resazurin reduction
perfusion assay revealed a sharper decrease in viable CB-EPC numbers than that indicated
by glucose consumption assay. In experiments where fast changes in cell viability are
expected, the resazurin reduction perfusion assay can be frequently performed, such as daily
or even multiple times a day, to catch details in the fast changing kinetics. However, this is
difficult to do with more general metabolic assays, such as glucose consumption, which
require a few days of metabolism to accumulate changes in metabolite levels for reliable
measurement.

Moving cells from conventional two-dimensional culture onto three-dimensional scaffolds
represent a survival challenge. In the current study, we showed that the viability of HUVECs
but not CB-EPCs could be maintained in decellularized lung scaffolds. Cell type-specific
optimizations are required to improve their survival and engraftment in decellularized organ
scaffolds. In the case of synthetic porous scaffolds, pore size has been shown to have an
impact on cell viability by affecting oxygen and nutrient availability [34, 35]. Similar
mechanism may also apply to cell seeding into native organ scaffolds, where cell type-
specific optimization of perfusion parameters may be required. Moreover, immobilization of
cell type-specific growth factors has also been shown to improve cell survival and
proliferation in three-dimensional scaffolds [36, 37]. The resazurin reduction perfusion
assay serves as a feasible method to monitor cell viability during the optimization of in vitro
culture conditions.

Biomimetic culture conditions are usually introduced during ex vivo culture of tissue-
engineered constructs to promote functional tissue formation. For example, both electrical
and mechanical stimulations have been utilized to promote the assembly of contractile
cardiac tissue formation [38, 39]. These stimulatory programs may potentially affect cell
viability [40]. The ability to monitor cell viability within tissue-engineered constructs before
and after stimulations will facilitate the optimization of stimulation programs and ensure
they stay within a non-harmful range. Shear stress is one of the common stimulations for
regenerating vasculature. As a proof-of-principle, we studied the effect of increasing
perfusion rate on endothelial viability during the culture of re-endothelialized lungs. No
significant difference was observed between HUVEC lungs cultured under constant flow
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rate (2 ml/min) and those cultured under flow rates that increased over time (up to 8 ml/
min). This indicates that the flow rate for culturing re-endothelialized lungs can be gradually
increased to get closer to the physiological value (50 ml/min for adult rats) [41], which will
better prepare the bioengineered constructs for transplantation.

Initial cell delivery and retention within tissue-engineered constructs display variability
between experimental replicates. When resazurin reduction perfusion assays were performed
on the four replicates of HUVEC-seeded decellularized rat lung scaffolds on day 1 after
seeding, up to a 3-fold difference in fluorescence readings can be observed between
replicates, indicating heterogeneity between experimental replicates. Therefore, we
normalized calculated cell numbers of each later time points to the value of day 1 after
seeding for individual regenerated construct, and presented the organs’ growth curve as a
fold change relative to day 1 of culture. In this way, the growth curve generated will mainly
reflect the changes in cell viability over long-term culture with minimal carryover
fluctuations from the initial cell retention. The heterogeneity of initial cell retention in native
lung scaffolds was likely due to experimental fluctuations during the scaffold preparation
and cell delivery. Further optimizations are required on both processes to improve the
consistency of cell seeding into native organ scaffolds. On the other hand, the resazurin
reduction perfusion assay performed right after cell delivery can serve as a quality control
step to evaluate the consistency of initial cell retention. An inclusion/exclusion standard may
be established based on this initial cell retention to improve the consistency before moving
onto long-term ex vivo culture and functional examination of the bio-engineered grafts.

Here we demonstrate the feasibility and applicability of the resazurin reduction perfusion
assay in a three-dimensional lung cancer culture model, which provides a different
experimental setting for testing of this assay. First, the NSCLC cell line H358 was delivered
via the trachea into the airway compartment of the decellularized lung scaffolds, as opposed
to the vascular compartment in the case of endothelial cell experiments. Second, tumor cells
tend to grow as nodules posing a challenge in terms of the diffusion capacity of the
resazurin-based reagent. Our results show that relative cancer cell proliferation can be
monitored, as well as their response to therapeutic agents in a non-invasive fashion by using
this assay. The use of perfusion to deliver resazurin through the decellularized organ’s own
vascular network greatly improves diffusion of the reagent, making it an useful tool when
tissues grow thick, as is the case of lung cancer nodules presented here. The ability to
monitor cell viability, proliferation and cytotoxicity in a perfusable, three-dimensional
cancer model would allow a better understanding of cancer biology by taking cancer
experimentation from the traditional two-dimensional culture systems, which are limited in
their capacity to replicate in vivo conditions, to more complex models such as the one used
here based on decellularized lung scaffolds.

Resazurin-based reagents, such as AlamarBlue, have been widely used to determine
cytotoxicity, drug effects and cell proliferation during culture. AlamarBlue has been
regarded as non-toxic to various cell lines, such as lymphocytes and corneal endothelial cells
[21, 42, 43]. An AlamarBlue incubation time of 1 to 6 hours was recommended for various
normal and cancer cell lines [44]. However, it has been noted that AlamarBlue will cause
growth inhibition in some leukemic cell lines with an incubation time beyond 4 hours [21].
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In the current study, we established a protocol allowing quantification of cell viability within
1-hour of resazurin perfusion. The short incubation time will minimize the potential adverse
effect of the assay reagent on cell viability and proliferation. Consistent with our study, a
stable increase of resazurin metabolism was observed in bio-engineered kidney constructs
over 7 days of culture [24]. For analyzing drug cytotoxicity, proper control experiments
without drug treatment and accompanied histological assessment will help to discriminate
the drug effect versus the potential adverse effect of the resazurin reagent. For example, in
the lung cancer model of this study, the loss of viable cells and increase of apoptotic cells
was specific to the group of tumor-seeded scaffolds that received cisplatin and was not
appreciated in the control group that received the same resazurin perfusion procedures.

4. Conclusion

The present work demonstrates the feasibility of using a resazurin reduction perfusion assay
to quantify viable cell numbers in tissue-engineered organ constructs. This method allows
efficient and repetitive measurement of cell viability and therefore monitoring the growth
status of regenerated organ constructs during long-term ex vivo three-dimensional culture.
This will facilitate the optimization of ex vivo organ culture conditions, including medium
composition and various biomimetic stimuli. As decellularized organ scaffolds are also
demonstrated as a model for three-dimensional cancer culture, resazurin perfusion will allow
in vitro monitoring of tumor growth and the assessment of cytotoxic effects of potential
therapeutic agents.
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Fig. 1.
Resazurin reduction assay on HUVECs in two-dimensional culture. (A) Fluorescence

readings of resazurin reduction assay on serial dilutions of HUVECs (cell number to
medium ratio of 1, 0.5, 0.25, 0.1, 0.05, 0.025 and 0.01 million/ml) in 2 ml and 0.1 ml
volume formats. (B) Growth curve of HUVECs cultured in T75 flasks calculated from
resazurin reduction assays according to the standard curve. Assays were performed on day 0
(6 hours after cell seeding), day 1, day 2 and day 3. Two groups of assays were performed
with an initial seeding number of 0.5 and 1 million HUVECs per T75 flask. (C) Fold
changes in HUVEC numbers over the 3 days of two-dimensional culture revealed by
resazurin reduction assays and cell counting. Data were presented as means with standard
deviations (n=3 for each experimental arm).
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Fig. 2.
Resazurin perfusion of a HUVEC-regenerated lung. (A-G) Time-lapse photography of the

HUVEC-regenerated lung during resazurin perfusion. Images were taken at 0, 10, 20, 30,
40, 50 and 60 min after the start of resazurin perfusion. (H) An image was taken after the
resazurin perfusion was paused for 10 min. (I) A final image was taken after the resazurin-
containing medium was replaced with fresh medium without resazurin and perfused the lung
for an additional 10 min. (J) Fluorescence intensities of medium sampled at each 10 min
interval during the resazurin perfusion.
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The resazurin reduction perfusion assay in re-endothelialized lung culture. (A) Fluorescence
intensity of resazurin-medium mixture after perfusing decellularized rat lungs (n=3) or
decellularized rat lungs seeded with 40 million HUVECs and after 1 day of culture (n=4).
(B) Growth curve of HUVECs and CB-EPCs in regenerated lung culture with resazurin
reduction perfusion assays performed on day 1, 3, 5 and 7 of culture. Viable cell numbers at
each time point was calculated according to standard curves on two-dimensional culture, and
normalized to that on day 1. The viable cell numbers in HUVEC lungs increased over the
culture period with the calculated cell numbers on day 5 and on day 7 significantly different
from that on day 1 (asterisk with underline indicated p<0.05). The viable cell numbers in
CB-EPC lungs steadily decreased over the culture period with the calculated cell numbers
on day 5 and on day 7 significantly different from that on day 1 (asterisk indicated p<0.05).
Data were presented as means with standard deviations (h=4 for HUVEC lungs and n=3 for
CB-EPC lungs). (C) Glucose consumption of HUVEC and CB-EPC lungs during day 1-3,
3-5and 5-7. The level of glucose consumption during each culture period was normalized
to that during day 1-3 for each lung culture. Glucose consumption in HUVEC lungs was
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94%:+5% during day 3-5 (p=0.13) and 114%+10% during day 5-7 (p=0.06) compared to
that during day 1-3. Glucose consumption in CB-EPC lungs was 67%+27% during day 3-5
(p=0.16) and 54%+20% during day 5-7 compared to that during day 1-3 (p=0.06). Data
were presented as means with standard deviations (n=4 for HUVEC lungs and n=3 for CB-
EPC lungs). (D, E) H&E and CD31 immunohistochemical staining of HUVEC (D) and CB-
EPC (E) lungs on day 1 and day 5 of culture. Matching of CD31 and hematoxylin signals
was observed in HUVEC lungs on both day 1 and day 5, and was also observed in CB-EPC
lungs on day 1. Widespread CD3L1 signals were observed in CB-EPC lungs on day 5, but the
hematoxylin signal was sparse and showed signs of pyknosis. (F) Growth curve of HUVECs
in regenerated lungs cultured at 2 ml/min during day 0-1, 4 ml/min during day 1-3 and 8
ml/min during day 3-7. Resazurin reduction perfusion assays performed on day 1, 3, 5and 7
of culture. Viable cell numbers at each time point was calculated according the standard
curve on two-dimensional culture, and normalized to that on day 1. (G) H&E staining of
HUVEC regenerated lungs after 7 days of culture at constant perfusion rate of 2ml/min or at
increasing perfusion rate as shown in (F).
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Fig. 4.

The resazurin reduction perfusion assay in a three-dimensional culture model for non-small
cell lung cancer within decellularized scaffolds. (A) Time-lapse photography of a
decellularized scaffold seeded with H358 adenocarcinoma cells after the performance of the
resazurin reduction perfusion assay. The resazurin reduction perfusion assay on day 1
facilitated the localization of engrafted cells within the decellularized lung scaffold by
providing a blue background that contrasted with cells, but also by highlighting the specific
sites with higher resazurin reduction activity in pink. The evolution of the tumor nodules in
terms of size and density can be appreciated over the culture period. (B) Proliferation curve
of H358 cells under three-dimensional culture conditions within decellularized lung
scaffolds, based on the resazurin reduction perfusion assay, demonstrating increasing cancer
cell numbers over the culture period. Cell number increase was compared to day 1
measurements to account for variations in cell engraftment between experimental replicates
(n=6 for days 1, 3 and 5; n=3 for day 7). There was a significant increase in the number of
live cells on day 3 (2.9+1.2-fold, p=0.012) and day 5 (3.8+1.9-fold, p=0.015) when
compared to day 1. (C) Use of the resazurin reduction perfusion assay to assess the cytotoxic
effect of a single dose of the chemotherapeutic agent cisplatin. Relative to pre-treatment
results (day 5), the number of live cancer cells within the decellularized lung scaffolds
decreased to 54.2%+18.8% after cisplatin treatment, as compared to a small decrease to
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91.5%=+7.6% in non-treated controls (p=0.03; n=3 for each experimental arm). (D)
Histologic evaluation of H358 tumor nodules cultured within decellularized lung scaffolds.
The H&E staining for control scaffolds showed tumor nodules with viable cancer cells,
while for cisplatin-treated scaffolds there were several dead cells characterized by nuclear
pyknosis and fragmentation. This observation correlated with activated caspase-3 staining
thus confirming the cytotoxic effect of cisplatin. Data are presented as means with standard
deviations. *p<0.05.
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