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Cancer-on-a-chip models have enormous potential for the study of tumour development events. Here, we
investigated hydrogels of egg white (EW) and gelatin for growth of 3D multi-cellular structures and investigation
of early angiogenesis inside microfluidic devices. We focused on pancreatic ductal adenocarcinoma (PDAC), a

E;iig:ite devastating gastrointestinal malignancy. EW/gelatin hydrogels were stiffer and showed porous globular struc-
Angiogenesis tures compared to the fibrous network of collagen I molecules. PANC-1 cells preferentially formed significantly

larger spheroids in collagen I than in EW/gelatin hydrogels, whilst cell aggregates in the shape of grape-like
clusters were significantly larger and more abundant in EW/gelatin. Cells inside the aggregates showed active
cell unions, secreted matrix, and formed active unions with the surrounding EW/gelatin hydrogel. Early stages of
PDAC were recreated by co-culture of two different microenvironments, one for PANC-1 and another one for
fibroblasts, for investigating the secretion of soluble angiogenic factors, which depended on the role of each
factor in the angiogenic and tumorigenic processes. Overall, cancer cell proliferation and establishment of a
tumour vasculature were favoured. This study demonstrates the importance of the microenvironment in tumour
cells behaviour as well as the complex interplay between the different cells present in PDAC to establish a
tumoural vasculature.

1. Introduction

Tissue-engineered cancer models inside microfluidic platforms, i.e.
cancer-on-a-chip, have become attractive and powerful tools in cancer
research [1]. These miniaturized cancer models can mimic a particular
stage of the tumour development [1] and need a hydrogel material that
allows cell growth and function, preferably the formation of
three-dimensional (3D) multi-cellular structures. In contrast with
traditional two-dimensional (2D) culture systems, 3D multi-cellular
structures such as aggregates and spheroids are able to mimic some
characteristics of solid tumours with great precision (2): they show a

hypoxic centre surrounded by a well-oxygenated outer layer of cells,
they contain cells exposed in their surface as well as deeply buried in-
side, and both proliferating and non-proliferating cells are present [2].
Moreover, they mimic tumoural behaviour as they can faithfully repli-
cate their physiological responses, gene expression, secretion of soluble
mediators or drug resistance mechanisms [3]. All of this makes 3D
multi-cellular structures a very appealing tool for their application in
cancer research [4].

Hydrogels are the materials of choice for building cancer-on-a-chip
models [5-8], as they mimic certain aspects of the extracellular matrix
(ECM), such as viscoelasticity and a hydrated nature [9,10], and those
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made of natural sources contain ECM components and cues, offering a
highly biocompatible 3D environment for cell growth [10]. Chicken egg
white (EW) is a native biomaterial with renowned biological, structural
and physico-chemical characteristics [11]. Proteins are its principal
component, imparting both its physical and biological properties [11].
Although historically underappreciated, in recent years an increasing
amount of research is investigating EWs biological applications. This is
because of its bioactivity in addition to its recognized antibacterial,
wound healing, anti-inflammatory and cell growth properties [11].
Gelatin, derived from collagen through acid- or alkali-catalyzed hydro-
lysis, is a natural and biodegradable animal protein. Its biocompatibility
and cell-adhesion properties make it a popular choice for biomedical
applications [12,13]. Mixtures of EW and gelatin have been used in food
chemistry research to study different properties such as its thickness and
viscoelasticity depending on gelatin concentration, or the porosity of the
hydrogels as a function of the amount of gelatin added to the mix [14,
15]. The feasibility of using mixed hydrogels of EW and gelatin for tissue
engineering applications was studied by our group [16]. Our work
showed the fabrication of 3D hydrogel scaffolds with pores, globular
nano-topography and adjustable mechanical properties, as well as the
use of miniature 3D hydrogels in microfluidic devices [16]. This pro-
vides a basis for their use in cancer-on-a-chip models for investigating
tumour development phenomena. To the best of our knowledge, no
studies have used these mixed EW/gelatin hydrogels in cancer-on-a-chip
models. Although there are examples where EW was used to grow 3D
multi-cellular structures, these studies used unprocessed EW and tradi-
tional culture dishes [17,18]. Our developed fabrication method ensures
consistency of EW protein content and adds the cell adhesion properties
of gelatin due to its plentiful RGD sequences [13,16]. Moreover, our
work uses microfluidic devices for precise control of the microenviron-
ment and culture conditions [16].

In this study we focused on pancreatic ductal adenocarcinoma
(PDAC), which is a devastating gastrointestinal malignancy representing
the third leading cause of death from cancer in the US [19]. It has an
average 5-year survival rate moderately over 5 % due to its late-stage
detection, aggressiveness, lack of effective systemic or immune thera-
pies, and low disease prevalence [19-21]. The tumour microenviron-
ment (TME) of PDAC consists of cancer cells surrounded by
non-malignant stromal cells [22,23]. Fibroblasts, a major component
in PDAC stroma, are referred to as cancer-associated-fibroblasts (CAFs).
Initially arriving at the tumour site as normal fibroblasts, CAFs remain
perpetually activated and do not revert to a normal phenotype or un-
dergo apoptosis and elimination [22,24]. Tumours gradually develop a
TME characterized by hypoxia, ischemia, acidosis and high interstitial
fluid pressure. This environment releases numerous growth factors and
cytokines, which stimulate angiogenesis and lymphangiogenesis to
support the tumours growth and metabolic demands [25,26]. Consid-
ering the significant role of angiogenesis in tumour growth and metas-
tasis, the long-term survival of PDAC patients could be enhanced with
the development of anti-angiogenic agents. However, contradictory re-
sults have been obtained, signalling the need for further research into
the formation of a vascular network in PDAC [27].

The aim of this work was the development of hydrogel-based cancer-
on-a-chip models for growth of 3D multi-cellular structures and inves-
tigation of early angiogenesis in PDAC. This work had two distinct parts.
The first part encompassed PANC-1 3D multi-cellular structures growth
in two prototypes of EW/gelatin hydrogels inside microfluidic devices.
The second part involved the development of a cancer-on-a-chip model
with two different microenvironments, i.e. one for PANC-1 3D multi-
cellular structures in EW/gelatin hydrogel and one for normal fibro-
blasts inside a rich collagen I hydrogel, that mimicked an early PDAC
development stage to study secretion of angiogenic factors and
cytokines.
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2. Materials and methods
2.1. Egg white/gelatin hydrogels

Chicken (Gallus gallus domesticus) eggs from a local supermarket were
cracked open in Petri dishes. Avoiding the yolk and chalaza, the EW was
transferred to Eppendorf tubes and lyophilized, obtaining a powder that
was stored at 4 °C. Using the lyophilized EW powder and gelatin (Type
B, from bovine skin, Merck, Spain), two colloidal solutions were pre-
pared in distilled water (dH20): 5 % EW + 1 % gelatin and 5 % EW + 5 %
gelatin. The pH of the hydrocolloids was adjusted to neutral (pH =
7.0 £ 0.5) to mimic physiological pH and prevent cytotoxicity. These
solutions were then used for producing hydrogels by heating at 80 °C for
30 min followed by cooling at 4 °C overnight (Fig. 1A).

2.2. Collagen I hydrogels

Collagen hydrogels, with a final collagen concentration of 6 mg/ml,
were prepared by diluting in an ice bath collagen type I solution (Rat
Tail, stock 10.8 mg/ml, Corning, Spain), in Dulbecco’s Modified Eagle
Medium (DMEM, 4.5 g/L glucose, Thermo Fisher Scientific, Spain), 10x
Dulbecco’s phosphate buffered saline (DPBS) and 0.5 M NaOH (both
from Sigma-Aldrich, Germany) to adjust the pH to 7.4-7.6 (Fig. 1A).

2.3. Scanning electron microcopy (SEM) of hydrogels

Freshly made hydrogels were dehydrated by lyophilization and
coated with a 20 nm carbon film. An Inspect TM SEM F50 (FEI Com-
pany, Hillsboro, OR, USA) in an energy range between 0-30 keV was
used to obtain SEM images of the hydrogels.

2.4. Rheology of hydrogels

Hydrogels were characterized using a stress-controlled rotational
rheometer HAAKE Rheostress 1 (Thermo Fisher Scientific, Waltham,
MA, USA). All samples were tested using a plate-plate configuration with
a 35 mm diameter. 1 ml of each sample was deposited on the lower plate
of the rheometer at 5 °C. Then, the upper plate descended until the gap
between plates was the required by the sensor specifications (1 mm). A
solvent trap was used to avoid sample dehydration. After allowing the
sample to stabilize for 5 minutes at 5°C, the oscillatory test was
executed applying a fixed torque of 5 pNm at the frequency of 5 Hz,
within the linear viscoelastic region (LVR) with a strain of amplitude
1 %. The storage G’ and loss modulus G, phase angle 8, and specific
viscosity n* of each sample were recorded while the temperature grad-
ually increased from 5 to 42 °C at a constant heating rate. The values of
G’, G, 8 and n* at 37 °C, the temperature at which the cells are cultured
inside the hydrogels, was recorded.

2.5. Cell culture

The pancreatic cancer cell line PANC-1 from the American Type
Culture Collection (ATCC, USA) and primary normal human dermal fi-
broblasts (HDFs, Lonza, Basel, Switzerland) were used for this work.
These cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, Spain) with high glucose concentration and supple-
mented with 10 % fetal bovine serum (FBS, Life Technologies, Spain),
100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine
(all from Lonza, Switzerland). Cultures were maintained in a humidified
incubator set at 37 °C and 5 % CO».

2.6. Fabrication of microfluidic devices
For the fabrication of the microfluidic devices [7,16], we used a

silicon wafer (Sandford University) with positive SU8 240-um relief
patterns with the desired geometry obtained by soft lithography. A
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Fig. 1. A) Visual scheme of the fabrication protocols for producing the hydrogels of this study. Created with BioRender. B) Schematic of the microfluidic devices used
in this study. Hydrogels and PANC-1 cells are introduced through the loading ports (2) into the central chambers of the devices (1). Culture medium is introduced
through the reservoirs (3). C) Representative brightfield microscopy images of the two types of PANC-1 3D multi-cellular structures observed in this study inside
microfluidic devices: spheroids (red arrows), with an inner lumen delimited by a cell ring, and cell aggregates (yellow arrows), with cells arranging in grape-like
clusters. D) Schematic illustration showing the difference between spheroids and cell aggregates. Created with BioRender.

mixture of polydimethylsiloxane (PDMS, Sylargd 184, Dow Corning
GmbH, Wiesbaden, Germany) was made at a 10:1 wt ratio of base to
curing agent. The solution was poured into the SU8 wafer and degassed
to remove air bubbles. The resulting layer was trimmed, perforated and
autoclaved, then the PDMS devices were plasma-bonded to 35 mm
glass-bottom petri dishes (Ibidi, Grafelfing, Germany).

Two device geometries were used: one of them containing a single
central chamber [7,16] and the other one containing two connected
central chambers [28] (Fig. 1B). The one-chamber devices consisted of a
central chamber (2.5 x 1.3 mm) containing an array of trapezoidal
posts to cage the hydrogels and cells and two parallel side channels as
medium reservoirs with a height of 300 pm. The devices with two
chambers had the same dimensions but with two connected central
chambers instead of one. In between the chambers, there was an array of
trapezoidal posts to cage the different hydrogels and cells loaded into
each chamber.

2.7. Polydopamine coating

Microfluidic devices to be loaded with collagen I were coated with
polydopamine (PDA) to enhance collagen adhesion to the surface of the
device [29]. A 0.5 mg/ml solution was prepared, by dissolving the
required amount of dopamine hydrochloride (Sigma-Aldrich, Spain) in a

10 mM Tris-HCI buffer. The mixture was introduced through the small
ports to cover the central chamber and incubated at room temperature
for 1 h. The devices were then washed twice with dH,O and dried at
60 °C overnight.

2.8. Cell seeding in microfluidic devices

The collagen I hydrogels at 6mg/ml were made as detailed in section
2.2 including the PANC-1 or HDFs suspension within the media. The
collagen/cells solution was pipetted through the small ports and chan-
nels of the microfluidic device and left at 37 °C for 20 min to allow
gelation. Cell culture media was then added through the reservoirs.
Devices were then kept at 37 °C with 5 % CO».

As explained in section 2.1, two different EW/gelatin hydrogels were
made. After gelation, approximately 4 ul of PANC-1 cell suspension were
introduced through the small ports into the already formed hydrogels,
then microfluidic devices were kept at 37 °C with 5% CO2 for
20 minutes. Finally, DMEM was added through medium channels and
the devices kept at 37 °C with 5 % COa.

In the one-chamber devices, PANC-1 cells were seeded at two
different densities, i.e. 2500 cells/device and 12500 cells/device; HDFs
were seeded at 1000 cells/device. In the two-chamber devices, HDFs
were seeded at 1000 cells/device whilst PANC-1 cells were seeded at
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5000 cells/device.

2.9. Brightfield microscopy and quantification of 3D multi-cellular
structures

Multi-cellular structures formation and growth in microfluidic de-
vices (N = 3 per condition) was observed and photographed by bright-
field microscopy (DM IL LED, Leica) over 14 days of culture. Multi-
cellular structures were measured and characterized using the digital
image processing software ImageJ (1.54 h, Java 13.0.6 64-bit, National
Institutes of Health, USA). The silhouette of the cellular structures was
manually cut out using tools in the software and data of their areas (um?)
were obtained. The difference between what we categorized as spheroid
or cell aggregate was morphological (Fig. 1C,D): spheroids had an inner
lumen well delimited by a cell ring, while cell aggregates consist of
several cells grouped together in the form of grape-like clusters. A total
of 15 brightfield microscopy images were analyzed per group (5 images
per device). All the structures present in the images were quantified.
Data was plotted into violin plots using GraphPad software (GraphPad
Prism 8.0.1 for Windows, Boston, Massachusetts, USA,). In the litera-
ture, the average diameter of PANC-1 tumour cells has been found to be
up to 22.5 (£ 3.8) um [30], so the data was cut off at 380 pmz, as
structures smaller than this area were considered to be single cells.

2.10. Immunostaining and fluorescence microscopy

Microfluidic devices were fixed with 4 % paraformaldehyde (PFA)
for 20 minutes, washed three times with PBS, sealed with parafilm, and
kept at 4 °C. PBS was removed from the medium channels and replaced
with a 0.1 % Triton X-100 solution in PBS, used to permeabilize the cell
membrane, and left on a shaker for 15 minutes at room temperature.
The solution was removed, and devices washed three times with PBS.
Then, 5 % BSA in PBS was added through the reservoirs, and the devices
placed on a shaker at 4 °C overnight. The next day, the staining solution
was prepared within 0.5 % bovine serum albumin (BSA), diluting DAPI
(1:1000) and phalloidin (1:100) and samples were dyed for 2 hours.
Finally, after rinsing samples in PBS, the devices could be imaged or
stored at 4 °C well covered in aluminum foil until observed. To avoid
stain photobleaching, experiments were conducted with minimum light
conditions. Stained samples were observed using a fluorescence micro-
scope (Zeiss Axio Observer, Germany) in the corresponding emission
range of each dye.

2.11. Dual-beam focused ion beam scanning electron microscopy (FIB-
SEM) of microfluidic devices

A critical point drying (Leica EM CPD300) procedure was carried out
in the one-chamber microfluidic devices containing EW/gelatin hydro-
gels. Before examination, these samples were also coated with a carbon
film. A Dual-Beam Nova Nanolab 200 was used to acquire the secondary
electron images. Initially, platinum was deposited by electron irradia-
tion (FEBID) to protect the surface of the area to be analyzed from
further damage, on which platinum was also deposited by ion irradia-
tion (FIBID). This was followed by coarse milling by regular cross-
sectioning using a current of 0.3 nA, after which different cleanings
were performed by reducing the irradiation current to 50 pA.

2.12. Secretion of exogenous angiogenic cytokines and growth factors

Secretion of tumour necrosis factor alpha (TNFa), insulin-like growth
factor 1 (IFG-1), vascular endothelial growth factor (VEGF), interleukin
6 (IL-6), fibroblast growth factor b (FGFb), transforming growth factor
beta (TGFp), epidermal growth factor (EGF) and leptin was profiled by
ELISA (EA-1011, Signosis Inc, Sunnyvale, CA, USA). On day 3 after
seeding, medium was collected (N = 4 per condition) and frozen at —80
°C. After thawing, supernatants were pipetted into coated wells (10 pL/
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well) and incubated for 1 h at room temperature with gentle shaking.
Wells were washed 3 times with 200 uL. wash buffer, 100 L diluted
biotin-labelled antibody mixture was added per well and incubated as
before. After repeating the washing step, 100 pL of diluted streptavidin-
HRP conjugate was added per well and incubated for 45 min at room
temperature with gentle shaking. After washing, 100 uL of substrate was
added per well and incubated for 30 min at room temperature. Finally,
stop solution was added (50 pL/well). Absorbance at 450 nm was
measured using a microplate reader (Synergy LX, BioTek with Gen5 3.10
software).

2.13. Data and statistical analysis

Data and statistical analysis were performed with GraphPad software
(GraphPad Prism 8.0.1 for Windows, Boston, Massachusetts, USA). A
non-parametric Mann-Whitney test was used to compare groups. A p
value below 0.05 was considered a significant result.

3. Results
3.1. Characterization of egg white/gelatin and collagen I hydrogels

Macroscopic appearance of the hydrogels showed a difference in
colour (Fig. 2A). Collagen I hydrogels were orange, because of the
presence of phenol red, which is used as pH indicator during the fabri-
cation process. The white appearance of the EW/gelatin hydrogels is due
to the natural colour of gellified EW [11]. There were no observable
macroscopic differences between the two EW/gelatin hydrogels. Inter-
estingly, whilst collagen I hydrogels were transparent, the EW/gelatin
ones had a degree of opacity. This could have implications for micro-
scopy of cell cultures using these hydrogels.

In terms of microarchitecture (Fig. 2B), SEM images showed that the
collagen I hydrogel was a complex mesh of nanofibers that formed a 3D
porous microstructure with a range of pore sizes that included nano and
micropores. On the other hand, SEM images of 5 % EW + 1 % gelatin
showed a continuous dense mesh of globular proteins that coagulate and
aggregate to form globular structures ranging from nano to micro sizes.
The resulting hydrogel matrix was porous with nano and micropores.
5 % EW + 5 % gelatin SEM images showed continuous compact gels due
to the high protein concentration, with a structure of aggregated glob-
ular proteins. Micropores were observed. Moreover, this hydrogel had a
nanotextured surface.

Rheology results (Fig. 2C) showed that as the protein concentration
of the EW/gelatin hydrogels increased, so did their elasticity, seen in an
increment of the G or elastic modulus when comparing the EW/gelatin
gels [31], with G’ higher than G”’ in all cases. Although collagen I and
5 % EW + 1 % gelatin, which have the same amount of protein, did not
show a significant difference when compared, a trend was seen towards
5 % EW + 1 % gelatin hydrogels being more elastic than collagen ones.
A similar behaviour was noticed for the viscosity, which increased in the
gel with higher protein concentration, showing a significant difference
when comparing collagen I and 5 % EW + 1 % gelatin hydrogels with
the 5% EW + 5 % gelatin one. On the other hand, the phase angle &
decreased from collagenIto 5 % EW + 1 % gelatinand to 5 % EW + 5 %
gelatin.

3.2. Growth of PANC-1 3D multi-cellular structures in hydrogels:
brightfield microscopy and quantification of size and number

Both low cell density (2500 cells/device) and high cell density
(12500 cells/device) cultures were established inside one-chamber
microfluidic devices loaded with the three hydrogels used in this
study: collagen I used as control, 5% EW + 1 % gelatin and 5 % EW
+ 5% gelatin (Figs. 3 and 4). Although brightfield microscopy was
slightly more difficult on the EW/gelatin hydrogels, especially at low
cell density, cells and multi-cellular structures were easily observed
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Fig. 2. A) Representative macroscopic images of approximately 5 mm diameter hydrogels. B) SEM images of hydrogels. Scale bar for images at the top is 10 pm and
for images at the bottom is 1 pm. C) Rheology results for the hydrogels showing the storage modulus G, loss modulus G*’, specific viscosity n* , and phase angle &
(Gel=gelatin). Graphs show mean =+ standard deviation of N = 4 (individual data points shown).

(Figs. 3 and 4). Visualization on the 5 % EW + 5 % gelatin loaded de-
vices was the most difficult due to the high protein content of this
hydrogel. Over 14 days of culture, two distinct multi-cellular structures
were formed: on the one hand spheroids, with an inner lumen well
delimited by a cell ring, and on the other hand, cell aggregates with cells
grouped together in the form of grape-like clusters (Fig. 1C). For the high
cell density cultures, large 3D multi-cellular structures were observed in
the three hydrogels of this study (Fig. 4). An important observation was
that the collagen I hydrogel could not withstand the forces created by
these large multi-cellular structures and eventually collapsed. Early
signs of collagen I hydrogel displacement were seen on day 4 of culture.
On the other hand, the EW/gelatin hydrogels remained in place for the
duration of the experiment. In the low cell density cultures (Fig. 3) the
collagen I hydrogels did not collapse as fewer cells were present.

Quantification of the 3D multi-cellular structures observed in the
hydrogels showed that spheroids are preferentially formed at low cell
density in the three hydrogels and specially in collagen I compared with
both EW/gelatin hydrogels: for collagen I low cell density cultures, no
cell aggregates were seen by the end of the culture, whilst the percentage
of cell aggregates grew over time in the EW/gelatin cultures (Fig. 5A).
The percentage of cell aggregates was larger in the high cell density
cultures for the three hydrogels, and on day 14 of culture cell aggregates
were more abundant than spheroids for the 5% EW + 1 % gelatin
hydrogel (Fig. 5A). In terms of size of the multi-cellular structures
(Fig. 5B), the spheroids formed in collagen I were significantly larger
than those formed in the EW/gelatin hydrogels. On the other hand, cell
aggregates were significantly larger in the EW/gelatin hydrogels espe-
cially at low cell density.

3.3. Morphological characterization of PANC-1 3D multi-cellular
structures in EW/gelatin hydrogels: fluorescence and dual-beam FIB-SEM
microscopies

For further morphological characterization of the cell aggregates

observed in the EW/gelatin hydrogels, fluorescence microscopy of
DAPI/phalloidin stained cultures was used to make observations of the
periphery as well as the core of the structures, whilst dual-beam FIB-
SEM was used for close observation of the aggregates arrangement as
well as their interaction with the surrounding hydrogel.

Fluorescence microscopy showed that the cell aggregates formed in
EW/gelatin hydrogels had a compact nature (Fig. 6). For the larger ag-
gregates (yellow arrow in Fig. 6), fewer and less compacted cells were
seen at the core of the structures, probably due to limitations in oxygen
and nutrients, which would be more available on the periphery of the
aggregate [32], where a thick layer of cells was seen (up to 154 pm in
thickness according to our images). The smaller aggregates (red arrow in
Fig. 6) showed cells throughout the structure, suggesting an earlier de-
gree of development compared with the larger aggregates.

Characterization using dual-beam FIB-SEM (Fig. 7) provided a close
look at the aggregates, which indeed resembled grape-like clusters
(Fig. 7A-C). The individual cells comprising the aggregates could be
discerned and numerous microvilli were seen on their surface (Fig. 7A-
C). Cross-sectioning of the aggregates showed that the cells formed
active unions between them inside the multi-cellular structures
(Fig. 7D). We could also see newly secreted matrix in the form of fibres
(Fig. 7D,E, Fig. S1). Finally, we could also see active unions formed
between cells and the hydrogel (Fig. 7F). We also looked at how the
morphology of the EW/gelatin hydrogel changes after 14 days of incu-
bation in culture media at 37 °C to be able to better understand the dual-
beam FIB-SEM images (Fig. S1). The morphology of EW/gelatin
hydrogels was modified, both showing globular structures with a denser
appearance and a porous surface with both nano and micropores
(Fig. S1). As mentioned, we saw the cells interacting with these globular
structures of the EW/gelatin hydrogels (Fig. 7F).
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Fig. 3. Brightfield microscopy images of PANC-1 3D multi-cellular structures growth in hydrogels loaded inside one-chamber microfluidic devices: low cell density
cultures. Images show the central chamber of the microfluidic device. Scale bar = 175 pm.

3.4. Cancer-on-a-chip hydrogel-based model with two different
microenvironments that mimic an early stage of PDAC development:
secretion of exogenous angiogenic cytokines and growth factors

For the second part of this study, two-chamber microfluidic devices
capable of harbouring two different 3D microenvironments were used to
seed HDFs and PANC-1 cells, in order to mimic early stages of PDAC
where HDFs are arriving to the tumour site and have not yet differen-
tiated to CAFs [33]. Therefore, we used a 5:1 PANC-1:HDFs ratio.
One-chamber chips with either HDFs in collagen I or PANC-1 in 5 % EW
+ 1 % gelatin hydrogels were used as controls (Fig. 8A). We chose the
5 % EW + 1 % gelatin hydrogel over the more concentrated one due to
easier microscopic observation.

As observed in the control chips, HDFs grew and proliferated as in-
dividual cells in collagen I hydrogels, where their characteristic elon-
gated morphology could be seen at higher magnifications (Fig. 8B, top
panel). On the other hand, PANC-1 cells grew and grouped forming 3D
multi-cellular structures in the 5% EW + 1 % gelatin hydrogels as
already described (Fig. 8B, middle panel). In the two-chamber chips,
two distinct microenvironments were observed, one with HDFs in
collagen I and one with PANC-1 in 5 % EW + 1 % gelatin (Fig. 8B bot-
tom panel, C). After one day of growth, PANC-1 cells began to group
forming cell aggregates, visible on day 3 of culture (Fig. 8B,C).

Once the model with two different microenvironments was estab-
lished, we investigated the secretion of exogenous angiogenic cytokines
and growth factors by ELISA. Specifically, we looked at TNFa, IGF-1,
VEGF, IL-6, FGFb, TGFp, EGF and leptin [34]. Results showed that the
secretion of the studied factors was not synergistic in the co-cultures
(Fig. 9). It was observed that the secretion of some factors, like leptin,
VEGF, FGFb and IGF-1 was favoured in the PANC-1 cultures and also in
the co-cultures (Fig. 9A). Other factors like TGFp, EGF and IL-6 had a

slightly higher secretion in HDFs than in the co-culture (Fig. 9B). As for
the secretion of TNFa, it was observed that the amount of this factor
secreted in the PANC-1 cultures was significantly lower than IGF-1,
VEGF, FGFb, TGFf and leptin (Fig. 9A). However, in the co-cultures it
was not significantly lower compared with the rest of the factors
(Fig. 9A).

4. Discussion

Egg white and gelatin mixtures have been mainly investigated in the
food chemistry sector due to the interesting features that appear when
they are mixed together [14,15]. Limited studies in the biomedical field
have combined EW with different materials for various applications
[35-38], a few of which include the study of angiogenesis and cancer
events [39,40]. Our group carried out a previous study on the feasibly of
using EW and gelatin hydrogels for tissue engineering purposes,
showing that they could be utilised in conjunction with microfluidic
platforms to create 3D microenvironments for cell culture [16]. To the
best of our knowledge, no studies have used these mixed EW/gelatin
hydrogels in cancer-on-a-chip models. Therefore, we wanted to inves-
tigate EW/gelatin hydrogels for the growth of 3D multi-cellular PDAC
tumour structures inside microfluidic platforms. We used collagen I
hydrogels for comparison since they are widely used in the growth of 3D
multi-cellular structures [29,41,7]. Collagen I hydrogels were also used
for creating a biomimetic microenvironment for normal fibroblasts as
these cells are the main responsible for secreting collagen I and forming
structural ECMs rich in this protein [42]. Apart from collagen I, other
hydrogels used in cancer-on-a-chip models include Matrigel [43], ECM
hydrogels via tissue decellularization [44], methacryloyl platelet lysate
[45], or PEGDA (polyethylene glycol diacrylate) [46]. However, these
materials present disadvantages. For instance, Matrigel is well known



K.G. Pele et al.

DAY 11 DAY 7 DAY 4 DAY 1

DAY 14

5%EW+1%gelatin

Colloids and Surfaces B: Biointerfaces 253 (2025) 114736

5%EW+5%gelatin

W W W .- W

Fig. 4. Brightfield microscopy images of PANC-1 3D multi-cellular structures growth in hydrogels loaded inside one-chamber microfluidic devices: high cell density
cultures. Images show the central chamber of the microfluidic device. Red arrows show displacement of the collagen I hydrogel. Scale bar = 175 um.

for its batch-to-batch variation and ill-defined composition leading to
lack of experimental reproducibility [47]. Collagen I also presents
batch-to-batch variation and the microfluidic devices need to be coated
with an adhesive component to preserve the hydrogel’s mechanical
integrity during culture [29]. Synthetic materials like PEGDA offer
mechanical integrity but lack the molecular cues present in the ECM of
tissues, resulting in reduced biocompatibility [48]. Finally, hydrogels
like those derived from human tissue necessitate extensive and long
processing, whilst availability of origin tissues is limited and is often
subject to ethical regulation [49]. Based on the results from this paper,
clear advantages of our proposed EW/gelatin hydrogel emerge, like easy
availability, absence of ethical issues, cost-effectiveness, ease of fabri-
cation and processing, reproducibility of results, presence of molecular
cues found in the ECM of tissues, mechanical integrity, and effective
growth of multi-cellular tumour structures.

The first step was the fabrication and characterization of the
hydrogels. EW typically begins to coagulate or gel above 60 °C, with
temperatures above 70 °C needed to achieve complete coagulation [50].
In this process, gelatin is trapped in the polymeric network of EW pro-
teins that results from the formation of a gel. Gelatin denatures at
around 40 °C [51], but a first stage thermal degradation of gelatin is not
seen until 290 °C, with a second stage occurring at 420 °C [52]. Gelatin
is partially denatured collagen, thereby unveiling the RGD sequences
that are hidden in the collagen molecule [13,53]. By further denaturing
the gelatin, more RGD sequences may become available. Finally, we
cooled the gels at 4 °C to gellify the remaining gelatin that would be
adsorbed onto the main EW network [12]. Following this sequential
temperature process, mixed hydrogels of EW and gelatin were rendered.
Collagen I gels are produced by controlling the pH of the collagen I
solution, which gels around physiological pH. The gelation kinetic of
collagen I is dependent on temperature, with higher temperatures

accelerating the process [54]. The SEM results can be correlated with the
molecular structure of the collagen and EW proteins. Whilst collagen is a
polymeric fibrous protein, the proteins in EW have a globular
morphology, which is kept when they aggregate [11,16,54]. Rheology
results showed that as the protein concentration of the EW/gelatin
hydrogels increased, so did their elasticity and viscosity, whilst the
phase angle decreased, which means that gels have a more solid nature
as their protein concentration increases. Therefore, our EW/gelatin
hydrogels, specially the most concentrated one, are stiffer than collagen
I hydrogel. Due to this rheological as well as the morphological differ-
ences seen, a different cellular behaviour would be expected on the
different hydrogels.

Over the culture period, we observed the formation of two distinct
multi-cellular structures as previously defined. Importantly, whilst the
collagen I hydrogel could not withstand the forces created by the large
multi-cellular structures of the high cell seeding density cultures, the
EW/gelatin hydrogels remained in place for the duration of the experi-
ment. These observations indicate that the EW/gelatin hydrogels may be
an interesting tool for growing large multi-cellular structures of tumour
cells that exert significant forces on the surrounding hydrogel, like
PANC-1 cells. Our microscopy and quantification results suggest that the
environment influences the morphological growth of 3D multi-cellular
tumour structures, and are in agreement with previous studies were
larger 3D multicellular structures of tumour cells were reported in stiffer
gels [7,55]. The mechanical cues derived from stiffer microenviron-
ments are sensed by tumour cells, thereby initiating an intracellular
response that activates signalling pathways that culminate in increased
cellular proliferation [56]. Particularly, sustained activation of the
transcriptional regulators YAP/TAZ as a consequence of sensing a stiffer
environment promotes tumour cell proliferation in numerous cancers
including PDAC [57]. Nevertheless, further research is needed to
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Fig. 5. Quantification of PANC-1 3D multi-cellular structures growth in hydrogels loaded inside one-chamber microfluidic devices. A) Percentage of spheroids and

cell aggregates. B) Size of spheroids and cell aggregates. Violin plots show median, interquartile range and individual data points.

***p < 0.0005, * ** *p < 0.0001.

*p < 0.05, * *p < 0.005,
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5%EW + 1%gelatin

5%EW +
5%gelatin

Fig. 6. Representative fluorescence microscopy images of cell aggregates formed in EW/gelatin hydrogels inside microfluidic devices after 14 days of culture, where
the blue fluorescence is due to DAPI-stained dsDNA in the cells nuclei and the orange fluorescence is due to phalloidin-stained actin filaments in the cytoskeleton of
cells. For the 5 %EW + 1 %gelatin panel, the images of individual aggregates on the right correspond to aggregates found in the main image of the whole central
chamber of the microfluidic device (pointed at by red and yellow arrows). Scale bar = 175 pm.

Fig. 7. Representative dual-beam FIB-SEM images of cell aggregates formed in EW/gelatin hydrogels inside microfluidic devices after 14 days of culture. A, B, C)
partial views of cell aggregates where individual cells are discernible. D) Cross-section of an aggregate where 4 cells (*) can be seen. Yellow arrows point at unions
between cells. E) Cell and newly secreted matrix. F) Active unions between cells and the surrounding hydrogel (red arrows).

accurately discern the mechanisms behind the formation of the different
structures seen in this study. Whilst the cell spheroids observed here
have been extensively described in the literature [2,3], the cell aggre-
gates resembling grape-like clusters have been less frequently
mentioned. An example is the work by Dayton and colleagues who
observed the formation of grape-like clusters in patient-derived tumour

organoids of neuroendocrine neoplasms [58]. These results prompted us
to carry out further morphological characterization of the cell aggre-
gates formed in EW/gelatin hydrogels by fluorescence and dual-beam
FIB-SEM microscopies.

Fluorescence microscopy showed the compact nature of the cell ag-
gregates formed in EW/gelatin hydrogels, with larger aggregates
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Fig. 8. A) Visual schematic of the experiment. B) Representative brightfield microscopy images of control cultures and co-cultures on days 1 and 3 of culture. C)
Representative fluorescence microscopy images of co-cultures in two-chamber microfluidic devices on day 3 where the blue fluorescence is due to DAPI-stained
dsDNA in the cells nuclei and the orange fluorescence is due to phalloidin-stained actin filaments in the cytoskeleton of cells. For both microenvironments, cells

can be seen at different z-planes.

displaying fewer and less compacted cells at the core of the structures,
and smaller aggregates showing cells throughout the structure, sug-
gesting an earlier degree of development. Further work should look into
the differences in metabolism between cells at different locations of the
aggregates. Also, it would be interesting to examine whether the core of
the aggregates has a hypoxic and acidic nature, as found in the TME of
solid tumours like PDAC [59], which would make these structures
highly analogue to in vivo tumours. Hypoxia in solid tumours like PDAC
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is recognized as a driving force of angiogenesis due to the necessity of
cells present in the TME for oxygen and nutrients [59]. It has been
described that with tumour diameters of less than 1 mm, there is no
vessel formation, and cells obtain nutrients through permeation. In
larger tumours, cells obtain nutrients through vessel formation. If this
process of angiogenesis fails, tumour size is restricted to 2-3mm diam-
eter due to lack of oxygen and nutrients for growth and development
[59]. Moreover, acidosis in the TME is a consequence of hypoxia, having
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Fig. 9. A) Profile of angiogenic factors secretion for the individual control cultures and co-culture. B) Comparison of individual angiogenic factors across the
different cultures. Graphs show mean =+ standard deviation and the individual data points. *p<0.05.

significant implications in cancer cells metabolism [59]. Therefore,
hypoxia and acidosis would be desirable features in 3D multi-cellular
structures of PANC-1 cells in order to highly mimic the in vivo TME.

Dual-beam FIB-SEM morphological characterization showed
extraordinary detail of the aggregates morphology and organization, the
union between cells inside the aggregates, matrix secretion, and inter-
action of the cells with the surrounding environment. This minute
morphological characterization is distinctive of the work presented
here, as investigations concerning growth of 3D multi-cellular structures
normally lack this level of detail. Furthermore, we identified new areas
for further work, like investigation of the nature of the unions and the
families of proteins that facilitate them, and identification of the
composition of the newly secreted fibrous matrix.

The second part of this study entailed the use of two-chamber
microfluidic devices capable of harbouring two different 3D microen-
vironments for HDFs and PANC-1 cells, to mimic early stages of PDAC
where HDFs are arriving to the tumour site and have not yet differen-
tiated to CAFs [35]. Once the model was established, we investigated the
secretion of exogenous angiogenic cytokines and growth factors by
ELISA. The activation of angiogenesis is governed by a large number of
pro- and anti-angiogenic factors, and the balance between these factors
is called the “angiogenic switch”, which is a discrete step occurring at
any stage of tumour progression depending on the nature and micro-
environment of the tumour [60]. We looked at the classical angiogenic
factors TNFa, IGF-1, VEGF, IL-6, FGFb, TGFf, EGF and leptin [34]. TNFa
has a role of suppression of tumour proliferation and induction of
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tumour regression [61]. However, Adjuto-Saccone and colleagues
showed that TNF-a induces endothelial-mesenchymal transition of
human endothelial cells thereby promoting the stromal development of
PDAC [62]. Inhibition of apoptosis and stimulation of cell proliferation,
thus promoting cancer development, has been shown for IGF-1 [63].
Similarly, FGFb initiates and promotes tumorigenesis, stimulating
tumour cell proliferation and invasion [64]. Leptin is also linked to
PDAC growth, metastasis, cancer cells proliferation, migration and in-
vasion [65]. It also has effects on cancer stromal cells, enhancing
angiogenesis and inflammatory processes to support tumour growth
[66]. VEGF is a key mediator of angiogenesis. Its production results in
the “angiogenic switch” with the formation of new vasculature around
the tumour [67]. In PDAC patients, high levels of VEGF are associated
with metastasis and poor prognosis [68]. In early stages of PDAC, TGFf
has tumour suppressive effects, with the inhibition of cell cycle pro-
gression and promotion of apoptosis. However, in late stages of PDAC it
has tumour promoting effects, with the promotion of tumour invasive-
ness and metastasis [69,70]. IL-6 is part of the acquired immune
response, stimulation of antibody production and effector T-cell devel-
opment [71]. When its pathway is deregulated, it promotes prolifera-
tion, migration and adhesion among tumours including PDAC [72,73].
Finally, EGF has the physiological role of regulation of epithelial tissue
development and homeostasis. In pathological conditions, EGF partici-
pates in tumorigenesis, pathogenesis and progression of different car-
cinoma types like PDAC [74].

Our results showed that the secretion of factors like leptin, VEGF,
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FGFb and IGF-1 was favoured in the PANC-1 cultures and also in the co-
cultures. VEGF is key in activating the “angiogenic switch” (60), while
leptin plays an important role in tumour growth and metastasis [66]. On
the other hand, IGF-1 and FGFb play important roles in cellular prolif-
eration, invasiveness and tumorigenesis [63,64]. This would explain the
observed overexpression of these factors in cultures where cancer cells
are present. Other factors, i.e. TGFf, EGF and IL-6, had a slightly higher
secretion in HDFs than in the co-culture. In physiological conditions,
EGF regulates epithelial tissue development [74] and IL-6 is part of the
acquired immune system, stimulating antibody production [71], while
in early stages of PDAC, TGFp has tumour suppressive effects [69].
Attending to their roles and, as we are simulating an early stage of
cancer development, it makes sense for these factors to be secreted in a
higher amount by healthy HDFs than in the co-cultures. Finally, the
amount of TNFu secreted in the PANC-1 cultures was significantly lower
than IGF-1, VEGF, FGFb, TGFp and leptin, whilst in the co-cultures it was
not significantly lower compared with the rest of the factors. In cancer
tumours, TNFa has roles related with avoiding tumour proliferation and
promoting tumour regression [61]. In the HDFs cultures, the secretion of
TNFa was low as there is no presence of cancer cells. Therefore, we could
argue that the presence of cancer cells in the co-cultures stimulated the
production on TNFa and would suggest that the initial fibroblasts that
arrive at the tumour site could try to fight the proliferation of tumour
cells. However, TNFa has been shown to strongly influence epithelial to
mesenchymal transition of human endothelial cells [62]. Therefore, it
could also be argued that cancer cells stimulate fibroblasts to secrete
TNFa to aid with tumour progression. Further research could clarify the
role of TNFu in the early stages of PDAC development. In summary, our
results suggest the complex interplay between fibroblasts and cancer
cells in terms of angiogenesis in the early stages of tumour development,
which seems to favour cancer cells proliferation and establishment of a
vascular network to deliver oxygen and nutrients to support the high
metabolic activity of the TME [75].

5. Conclusions

The novelty of this work resides in the use of EW/gelatin hydrogels
for building novel cancer-on-a-chip models of PDAC. Our results
demonstrate the enormous potential of using these hydrogels in these
miniaturized models. Compared with other hydrogels used in cancer-on-
a-chip models, our EW/gelatin hydrogels are easily available, have no
ethical issues, are cost-effective, their fabrication and processing are
straightforward, are highly biocompatible due to presence of molecular
cues found in the ECM of tissues, and offer reproducibility of results,
mechanical integrity, and effective growth of multi-cellular tumour
structures. Furthermore, the importance of the microenvironment in
tumour cells behaviour is clearly shown by our results and warrants
further work into the 3D multi-cellular structures formed by pancreatic
cancer cells in EW/gelatin hydrogels.
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