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Abstract

Cell-based assays are widely exploited for drug screening and biosensing, providing useful
information about bioactivity of target analytes and complex biological samples. It is well recognized
that 3D cell models are required to achieve highly valuable information, also in perspective of
replacing animal models. However, bioassays relying on 3D cell models are generally highly
demanding in terms of facilities, equipment, and require skilled personnel. To reduce cost, increase
sustainability and provide a flexible 3D cell-based platform for bioassays we here report a novel
approach based on a 3D-printed microtissue device. To assess the suitability of this strategy for
reporter gene technology we selected to monitor two molecular pathways which are of interest in
several applications, hypoxia signaling and p53 pathway. The investigation of such pathways is
highly relevant in fields spanning from drug screening to bioactivity monitoring for industrial
byproducts valorization. Microtissues of human hepatocarcinoma (HepG2) and human embryonic
kidney (Hek293T) cell lines were obtained with a low-cost and sustainable chip platform and
bioassays were developed to monitor the Hypoxia-Inducible Factors (HIFs) transcription factors and
the p53 tumor suppressor pathway. HepG2 and Hek293T 3D cell models were genetically engineered
to express the Luc2P from Photinus pyralis firefly either under the regulation of p53 or HIF response
elements. The bioassays allowed quantitative assessment of hypoxia and tumoral activity with 1,10
phenanthroline for HIF and with doxorubicin for p53 pathway activation, respectively, showing a
good potential for applications of this sustainable and low-cost 3D printed microfluidic platform for

bioactivity analyses, drug screening and precision medicine.

Keywords: 3D cell model, bioluminescence, bioactivity, 3D-printed device, p53, hypoxia

1. Introduction
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The USA and the European Union strongly encourage the use of new in vitro assays and in silico
methods to replace animal testing in accordance with the Rs principles of Russell and Burch [1]. To
identify new compounds with potential bioactivity able to interact with molecular targets and to
unravel intra- and inter-cellular signalling in tumoral progression, 3D models represent an invaluable
tool for drug discovery programs [2]. Several efforts are focusing on the obtainment of 3D models of
either human healthy tissues or diseases to understand molecular mechanisms and to assess the
efficacy of novel compounds also on patient-derived cells for personalized medicine [3, 4,5].
Besides drug screening other needs are emerging, such as the availability of rapid and low-cost
methods to assess bioactivity of upcycling agro-industrial by-products and food waste [6]. In the last
years several agro-food byproduct derivatives have been proposed for food, feed, and nutraceutical
applications[7, 8]. The United Nations Agenda 2030 Sustainable Development Goal 12 (SDG 12) -
Ensure sustainable consumption and production patterns- aims substantially to reduce waste
generation through prevention, reduction, recycling [9].

Several efforts are currently focused on the identification of new routes of circular economy to obtain
novel padded value products especially for the pharmaceutical, nutraceutical [10, 11], and cosmetic
sectors. In this context the availability of affordable methods for evaluating the bioactivity of
byproducts would be highly valuable. 3D cell-based assays that are currently prerogative of
preclinical drug discovery because of their high cost and need for sophisticate equipment, would be
extremely useful in other fields such as agro-food and industrial waste upcycling. In particular several
natural products and agro-food byproducts have been reported having anti-tumoral activity [12] and
interesting inhibition of hypoxia-inducible factor (HIF), which responds to decreases in available
oxygen [13]. Tissue hypoxia is a pathological condition able to compromise biological cell functions
and is caused by inadequate oxygen supply. Solid tumours are characterized by poor blood supply

with aberrant vascularization resulting in regions with permanent or transient hypoxic conditions [14].
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This leads to the activation of the hypoxia signaling pathway predominantly governed by HIF, that
induces several cellular responses to reprogramme cell metabolism, activate inflammation, and help
the adaption and progression of tumoral cells to the hypoxic microenvironment [15-17]. A close and
complex interplay occurs between the p53 and the hypoxia signalling pathways, impacting tumour
progression. The p53 transcription factor works through transcriptional regulation of its target genes,
generally in normal cells and tissues under non-stressed conditions p53 protein is present at low
levels, conversely in presence of stress signals as well as DNA damage and hypoxia, its protein half-
life is dramatically increased leading to its accumulation and activations in cells[18]. Different
mammalian cell-based assays have been developed for drug discovery against HIF-1, but their use is
limited compared to assays based on genetically engineered bacteria or yeast [19]. In addition, for
studying hypoxia cancer biology, two-dimensional in vitro models present some limitations to
reproduce the spatial heterogeneity and oxygen gradients like in in vivo solid tumours [20].

Exploiting bioluminescence (BL) as detection principle, many cell-based assays have been developed
to study the bioactivity of natural extracts derivatives and byproducts [21, 22] contributing to the 4Rs
principle to reduce, reuse, recycle, and recover of the circular economy [23]. In addition, BL powerful
bioanalytical tools have been developed for drug screening assay, also at early-stage level, and to
study protein-protein interactions [24]. Moreover, thanks to the availability of a wide luciferase
portfolio characterized by high stability, with different wavelengths and Kkinetic emissions,
multiplexed analysis can be performed to simultaneously monitor multiple targets and mechanisms
of actions [25, 26]. One of the main advantages of BL in bioanalytical assays is the high signal to
noise ratio, the absence of phototoxicity and photobleaching in comparison to fluorescence (FL)-

based technique.
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Advanced technologies coupled with BL bioanalytical tools [27, 28] are expected to provide new

cost-effective and tissue-on-a chip platforms for drug discovery and precision medicine [29-31].

Here we report a novel hypoxia and tumoral sensing in microtissue obtained with a low-cost and
sustainable chip platform to assess HIF and p53 pathway activation in 3D spherical microtissues. We
decide to focus on HIF and p53 pathway activations which are a pivotal role in tumour development,
acting as crucial players in cancer initiation and progression.

To this end, microtissues of Hepatocarcinoma (HepG2) and human embryonic kidney (Hek293T) cell
lines were obtained in a microfluidic chip[29] and genetically engineered to express the luciferase
Luc2P from the North American firefly Photinus pyralis either under the regulation of p53 or HIF
response element, respectively.

The analytical performance of the microtissue on a chip-based bioassay was evaluated with 1,10
phenanthroline for HIF activation and with doxorubicin for p53 pathway activation, supporting future

potential applicability for bioactivity analyses, drug screening, and cancer precision therapies.

2. Materials and Methods
2.1 Chemical, reagent and instrumentation

Hepatocellular carcinoma (HepG2) and Human embryonic kidney (HEK293T) cells were from
ATCC (American Type Culture Collection [ATCC], Manassas, VA, USA). All materials for cell
culture maintenance were from Carlo Erba Reagents (Cornaredo, Milano, Italy). Doxorubicin (DOX)
and 1,10-phenanthroline, MicroTissues® 3D Petri Dish® micromold spheroids size L 7x5 array, and
all other chemicals were purchased from MERCK (St. Louis, MO, USA). The mammalian expression
plasmids pGL4.42[luc2P/HRE/Hygro] and pGL4.38[luc2P/p53 RE/Hygro] carrying Luc2P

luciferase under the regulation of the hypoxia (HRE) and p53 (p53 RE) response elements, plasmid

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/

extraction Kits, beetle luciferin potassium salt (D-luciferin) and BrightGlo substrate were from
Promega (Madison, WI, USA). Bioluminescence measurements were performed with Varioskan
Flash multimode reader (ThermoFisher Scientific) and with Tecan Microplate Reader Spark® (Tecan
Trading AG, Ménnedorf, Switzerland). The fabrication of the 3D printed microfluidic chip composed

by clear biocompatible resin has been previously described [29].

2.2 Luc2P characterization

Luc2P luciferase from Photinus pyralis was characterized in terms of emission kinetics and spectra
in 2D cell culture, using both the non-lysing D-LH. substrate (1.0 mM, pH 5.0) and the commercial
BrightGlo substrate. HEK293T were previously seeded in a clear 24-well plate at a density of 8.0 x
10 cells/well, and then transiently transfected with pcDNA3.1-Luc2P, expression vectors using the
FUGENE® HD transfection reagent at a ratio of 1:3. Then cells were incubated for 24 h at 37 °C and
5% CO». BL measurements were performed with a conventional luminometer Tecan Microplate
Reader Spark® after injection of 100 pL of 1.0 mM D-luciferin citrate solution, pH 5.0 or 100 pL of

the lysing BrightGlo substrate.

2.3 Tumoral sensing in spherical microtissue

HepG2 cells were grown routinely in 5% COz in air in minimum essential medium with Earle’s salts
(MEM) supplemented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, 0.1 mM non-essential

amino acids, MEM vitamins, and antibiotic/antimycotic solution.

Cells, previously seeded in a flat-bottom clear 24-well plate at a density of 8.0 x 10* cells/well, were

transiently transfected with pGL4.38[luc2P/p53 RE/Hygro], using the FUGENE® HD transfection
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reagent at a ratio of 1:4.5 and incubated under standard conditions for 24 h at 37 °C and 5% CO>. The
development of 3D spherical microtissues through self-assembly in a non-adhesive agarose gel were
obtained using a 5 x 7 array micromold with 800 um diameter rounded pegs (3D Petri Dish®,
MicroTissues Inc., St. Louis, MO, USA). A 2% w/v agarose solution in 0.9% w/v NaCl was prepared
and used to pipet into the micro-mold (330 pL) until gelled, then the agarose gel was separated from
the micro-mold and transferred to the holder of microfluidic chip previously developed [29]. To
equilibrate the 3D Petri Dish® in the organ-on-a-chip platform, ~6 mL of fresh cell culture medium
was pumped through the fluidic inlet and outlet ports connected to micro peristaltic pumps (RP-Q2
miniature peristaltic pump, Takasago Electric, Inc., Nagoya, Japan) using a nominal flow rate of
200 uL mint, After mold equilibration, the medium was completely removed by the outlet port, cells
previously transfected the day before in a clear 24-well plate were detached, counted and seeded in
the 3D Petri Dish (3.5 x 10 cells /75 uL) for the obtainment of spheroids with a diameter of about
180 £ 20 um. The time needed to set the cells by microgravity, ~2.5 mL of fresh medium was pumped
with a nominal flow rate of 100 uL min. After spheroids formation, the pumps were activated to

replace the medium in the container or provide the sample to be analysed.

For monitoring p53 pathway activation doxorubicin solutions were tested (concentration range from

0.0 to 5.0 uM) and incubated for 18 h in standard conditions (37°C, 5% COy).

For performing BL measurements, the holders were transferred in a clear 24-well plate after the
treatment and emissions Kinetics were acquired by adding the commercial lysing BrightGlo substrate
(50 pL) and acquiring the signal with a luminometer (Varioskan™ LUX multimode microplate
reader) for 10 min with 500 ms integration time. Corrected BL signal was plotted as fold response
over the doxorubicin control. Limit of detection (LOD) and limit of quantification (LOQ) were

calculated as the doxorubicin concentration that corresponded to the blank plus three times and ten
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times the standard deviation, respectively. All measurements were performed in triplicate and
repeated at least three times. The half maximal effective concentration (EC50), which is the
concentration of the doxorubicin producing 50% of the maximum response, was calculated using the
equation: Y = Bottom + (Top — Bottom)/(1 + 10"((LogEC50 — X) X Hillslope)), where X is the

logarithmic concentration of doxorubicin.

Repeatability performance of the 3D tumoral sensing assay was calculated as Coefficient of Variation
(CV%) = standard deviation / sample mean x 100, where the sample mean is the BL signal obtained
from ten micro-molds containing three-day-old HepG2 microtissues incubated with doxorubicin 1.0

MM for 18 hrs.

2.4 Hypoxia sensing in spherical microtissue
HEK293T cells were grown routinely in 5% CO in air in minimum essential medium with Earle’s
salts (DMEM) supplemented with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, 0.1 mM non-

essential amino acids, MEM vitamins, and antibiotic/antimycotic solution.

Cells, previously seeded in a flat-bottom clear 24-well plate at a density of 8.0 x 10* cells/well, were
transiently transfected with pGL4.42[luc2P/HRE/Hygro], using the FUGENE® HD transfection
reagent at a ratio of 1:3.0 and incubated under standard conditions for 24 h at 37 °C and 5% CO.. To
obtain 3D spherical microtissue, the same procedure reported in the “2.3 Tumoral sensing in spherical
microtissue”. After spherical microtissue formation, cells were treated with 1,10 phenanthroline
(concentration range from 0.1 to 100 uM) and incubated for 5 h in standard conditions (37°C, 5%
CO). The half maximal effective concentration (ECso), which is the concentration of the 1,10-
phenanthroline producing 50% of the maximum response, was calculated using the equation: Y =
Bottom + (Top — Bottom)/(1 + 10"((LogEC50 — X) x Hillslope)), where X is the logarithmic

concentration of 1,10-phenanthroline. LOD and LOQ were calculated as the 1,10-phenanthroline
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concentration that corresponded to the blank plus three times and ten times the standard deviation,
respectively. All measurements were performed in triplicate and repeated with different cell at least

three times.

Repeatability performance of the 3D tumoral sensing assay was calculated as Coefficient of Variation
(CV%) = standard deviation / sample mean x 100, where the sample mean is the BL signal obtained
from a number of ten micro-molds containing one-day-old Hek293T microtissues incubated with

1,10-phenanthroline 15.0 uM for 5 hrs.

3. Result and Discussions

To address the need of low-cost and sustainable bioassays for the assessment of multiple bioactivities
to be used in different settings, from drug screening to agro-food industrial waste bioactivity
monitoring, we developed a novel strategy for cell-based assays based on a 3D-printed microtissue
device. We selected the monitoring of hypoxia and p53 pathways because a decrease in oxygen
bioavailability in living cells triggers an adaptive cellular response to survive , unless this becomes
severe and causes cell death. Depending on the cell line, the severity and the duration of hypoxia,
oxygen deficiency influences p53 protein level and the modulation of the p53 pathway. To this end
novel microtissue-based bioassays have been developed exploiting organ-on-a-chip technology to
monitor hypoxia and p53 tumor suppressor pathways. Spherical microtissues have been obtained
thanks to a low-cost and sustainable microfluidic chip previously developed by us [29]. This device
was designed to comply with the FAIR’s principles (findability, accessibility, interoperability, and
reusability) and it proved to be suitable for repurposing via 3D printing and for easy integration with
portable light detectors (CMOS camera) for point-of-need analysis, compatible with commercial

benchtop instrumentation, low-cost and low carbon footprint (Figure S1).
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The analytical procedure to obtain hypoxia and tumoral sensing microtissues is very simple and
involves firstly the transient transfections of cells to express the Luc2P luciferase under the control
of inducible promoters in accordance with the molecular pathway of interest, and then the obtainment
of BL microtissues in an agarose support obtained in the microfluidic chip device. After 3D
microtissues formation, 3D spherical microtissues are incubated with model compounds able to
activate the molecular pathways and bioluminescence measurement can be performed with a
conventional luminometer. The holder size allows easy manipulation and transfer of the scaffold free
support in a conventional 24-well microplate for BL analysis, even in multiplex format with band

pass filters and with low light intensities [29] (Figure 1).

°BIOLUMINESCENT MICROTISSUE OBTAINEMENT 0 3D CELL MODELTREATMENT | e BIOLUMINESCENTANALYSIS
%‘% 3D Petri Dish® ( vy

Transfected cells for 3D spherical microtissue

Incubation with analyte Acquire bioluminescence signals
formation in the 3D printed microfluidic chip vt 9 g/

Figure 1: Schematic representation of the obtainment of BL 3D microtissues exploiting the low-cost

and sustainable 3D printed microfluidic chip and BL analysis for monitoring specific bioactivities.

Before exploring this configuration, we characterized the luciferase Luc2P from Photinus pyralis in
HEK293T cells transiently transfected with the pCDNAS3.1 Luc2P vector and grown in 2D
monolayer; kinetic emissions and spectra were obtained using the non-lysing D-LH2 substrate and the
commercial BrightGlo substrate. The selection of destabilized version of the Luc2P reporter protein
was motivated by the need to monitor small and rapid changes in gene expression. Despite the red-
shifting (Amax = 623 nm) observed with the non-lysing D-LH2 substrate (Figure S2), which is an asset

in 3D cell models and in vivo imaging applications, we selected the lysing commercial BrightGlo
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substrate which produced a BL signal 28 times higher than that obtained with the D-LH; (Figure S4).
In addition, Luc2P showed a flash type emission kinetic with a peak after 3 min using the D-LH>
substrate, while the characteristic glow-type emission kinetic was obtained with the BrightGlo

susbstrate (Figure S3).

3.1 Bioluminescence for tumoral sensing in spherical microtissue

Three-day-old HepG2 microtissues, having an average diameter of 220 £ 20 um (Figure 2),
previously transfected with the reporter constructs pGL4.38[luc2P/p53 RE/Hygro], in which the
Luc2P luciferase was placed under the control of the p53 promoter, were incubated in the micromolds

with different concentrations of doxorubicin (from 0.1 to 5.0 uM) for 18 h at 37°C and 5% CO> [32].

HepG2

Hek293T

Day0 Day1 Day3 Day5

Figure 2: Growth monitoring of 3D spherical microtissues of HEK293T and HepG2 cells obtained
with the microfluidic chip. Brightfield images were acquired with Thermo Scientific Invitrogen Evos

M5000 Imaging Systems using a 4x objective.

BL emission kinetics of the 3D tumoral sensing microtissues were obtained after the addition of 50

pL BrightGlo substrate, and dose-response curves for doxorubicin with 18 h incubation period were
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obtained and compared with those obtained from the 2D monolayer cultures. As shown in Figure 3
LODs of 0.43 and 0.62 uM were obtained for 2D cell cultures and microtissues, respectively, at 18 h
incubation and an ECsg values of 0.7 £ 0.2 and 1.1 £ 0.3 pM, respectively. A LOQ of 0.5 uM was
obtained in 2D cell-based assay and an LOQ of 0.9 uM in 3D spherical microtissues (Table S1).
These ranges of concentration are relevant considering that the reported doxorubicin hematic after

administration are between 0.025 and 0.250 pmol/L [33].

In 3D models an increase of BL as fold response over control proportional to the doxorubicin
concentrations was also observed. Conversely in 2D cell-based assay higher doxorubicin
concentrations of 1 uM have shown a proportional decrease in BL signals with a fold response of
about 6.2, 2.8 and 0.2 for 1.50, 2.50 and 5.0 pM, respectively. Repeatability measurements were also

performed in 3D models with a CV% of about 19%.

This confirms also the tendency of 2D cell-based assays to overestimate the efficacies of
chemotherapeutic drugs compared with 3D models [34, 35] that show greater resistance to

doxorubicin [36].

E3 2D cell-based assay

8+ l EE 3D models
6- o

4-

-

Ang [ zisle (B 0P

0.00 0. 5 050 1.00 150 2.5 5.0
Doxorubicin (gM)

Fold response
(over control)
—
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Figure 3: Doxorubicin dose-response curves obtained HepG2 genetically engineered with the
plasmid reporter pGL4.38[luc2P/p53 RE/Hygro] and grown in 2D cell culture and 3D models. BL
intensities were obtained with the Varioskan™ LUX multimode microplate.

In addition, as previously reported by Azimi et al. MDAMB231 cells grown in 2D format showed a
significant decrease in viability when compared to that obtained with 3D models incubated with 5

uM of DOX [37].

3.2 Bioluminescence for hypoxia sensing in spherical microtissue

One-day-old HEK293T microtissues, having an average diameter of 180 + 20 um (Figure 2), and
previously transfected in the 2D monolayer with the reporter constructs pGL4.42[luc2P/HRE/Hygro],
in which the Luc2P luciferase was placed under the control of the HRE promoter, were incubated in
the micromolds with different concentrations of 1,10-phenanthroline (from 0.1 to 100 uM) for 18 and
5 hrs at 37°C % and 5% CO>. BL emission kinetics of the 3D tumoral sensing microtissues were

obtained after the addition of 50 pL BrightGlo substrate.

The 1,10-phenanthroline mimics the effect of a reduced-oxygen environment on hypoxia-regulated
promoter activity [38] through a mechanism HIF-1a-dependent. Under normoxic conditions, hypoxia
can be activated by divalent metal ions [39] and by iron chelators such as desferrioxamine (DFO)
[40]. Maxwell at el [39] reported the activity of the 1,10-phenanthroline as iron chelator [41]

influencing the regular activity of dioxygenases by depriving cells of the essential free ferrous ions.

As shown in Figure 4, LODs of 0.52 and 3.37 M were obtained for 2D cell cultures and microtissues,
respectively, at 5 h incubation and ECsp values of 10.1 + 0.5 and 14.5 + 0.4 uM were obtained,

respectively. ECso values are consistent with those previously reported in 2D cell models with ME-
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180 cells stably expressing a B-lactamase reporter gene under the regulation of an HRE (ECso: 8.2 £
0.7uM), supporting that 1,10 phenanthroline is one of the most potent inducers of HIF-1 [42]. LOQs
of 1.5 and 4.6 uM were also obtained for 2D cell culture and 3D microtissues, respectively (Table

S1) and a CV% of about 16% was also obtained for 3D models.
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0 T J ! T T T T
0.1 1 10 100 0.1 1 10 100

1,10-phenanthroline (1M) 1,10-phenanthroline (M)

o

Figure 4: Dose-response curves for 1,10-phenanthroline obtained in HEK293T transfected with the
reporter plasmid pGL4.42[luc2P/HRE/Hygro] and grown in 2D cell culture (A) and 3D models (B).

BL intensities were obtained with the Varioskan™ LUX multimode microplate.

No significant cytotoxicity was observed in 2D and 3D models after incubation with 1,10-
phenantroline for 5 h, despite half-maximal inhibitory concentration (ICso) values were previously
reported in the low micromolar range in ovarian A3780, breast MCF7 and cervical HeLa cell lines

(48 h of incubation time) [43].

4. Conclusions

In this work, we report the development of novel bioassays to assess HIF and p53 pathway activations
in 3D spherical microtissues obtained with a low-cost and sustainable chip platform. 3D microtissues

were obtained with genetically engineered HEK293T and HepG2 3D cell models, exploiting Luc2P
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luciferase as sensitive BL reporter for quantitative assessment of HIF and p53 pathways activations,
respectively. The analytical performances were evaluated with model compounds, 1,10-
phenanthroline for HIF activations and doxorubicin for p53 pathways activation, confirming the
suitability of the proposed bioassays as valuable analytical tools for bioactivity analysis and drug
screening. This could meet the need of pharmaceutical industries to obtain predictive information
and to select pure molecules, active ingredients, food by-products, as promising therapeutics in

human diseases, including different cancer types, acting on p53 regulation and HIF signalling.
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Figure S1: 3D printed microfluidic chip components (cover, container and holder) obtained with
Formlabs 3D printer.
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Figure S2: Emission spectra of Luc2P luciferase obtained in HEK293T genetically engineered to
express constitutively Luc2P luciferase using the commercial lysing BrightGlo substrate and the D-
LH> substrate in citrate buffer (1.0 mM, pH 5.0).
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Figure S3: Kinetic emissions of HEK293T genetically engineered to express constitutively Luc2P
luciferase using the commercial lysing BrightGlo substrate and the D-LH> substrate in citrate buffer
(1.0 mM, pH 5.0).
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Figure S4: Maximum bioluminescent intensities of HEK293T genetically engineered to express
constitutively Luc2P luciferase obtained with the BrightGlo substrate and the D-LH> substrates.
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Table S1: Analytical performance of the hypoxia and tumoral sensing assays

Hypoxia sensing assay Tumoral sensing assay
(1,10-phenatroline) (doxorubicin)
2D 3D 2D 3D
LOD 0.52 uM 3.37 uM 0.43 uM 0.62 uM
LOQ 1.5 uM 4.6 uM 0.5 uM 0.9 uM
ECso 10.1 £ 0.5 uM 145+04puM | 0.7202uM | 1.1+£0.3 uM
Concentration 1.5-50.0 uM 4.6 -100.0 pM 0.5-1.0 uM 0.9-5.0uM
range
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