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A B S T R A C T   

Pancreatic ductal adenocarcinoma (PDAC) is a highly aggressive lethal malignancy that accounts for more than 
90% of pancreatic cancer diagnoses. Our research is focused on the physico-chemical properties of the tumour 
microenvironment (TME), including its tumoural extracellular matrix (tECM), as they may have an important 
impact on the success of cancer therapies. PDAC xenografts and their decellularized tECM offer a great material 
source for research in terms of biomimicry with the original human tumour. Our aim was to evaluate and 
quantify the physico-chemical properties of the PDAC TME. Both cellularized (native TME) and decellularized 
(tECM) patient-derived PDAC xenografts were analyzed. A factorial design of experiments identified an optimal 
combination of factors for effective xenograft decellularization. Our results provide a complete advance in our 
understanding of the PDAC TME and its corresponding stroma, showing that it presents an interconnected porous 
architecture with very low permeability and small pores due to the contractility of the cellular components. This 
fact provides a potential therapeutic strategy based on the therapeutic agent size.   

1. Introduction 

Pancreatic ductal adenocarcinoma (PDAC) is the most prevalent type 
of pancreatic neoplasm accounting for more than 90% of pancreatic 
cancer diagnoses (Schober et al., 2014; Whatcott et al., 2015; Sarantis 
et al., 2020). PDAC develops in the exocrine compartment of the 
pancreas and in 2020 became the third leading cause of cancer-related 
mortality in the United States (Schober et al., 2014; Whatcott et al., 
2015; Bengtsson et al., 2020; Sarantis et al., 2020). This is due to late 
diagnosis as well as the limited response to treatments, which include 
the classic chemotherapy, surgery and radiotherapy. Although immu-
notherapies are providing promising and optimistic results in several 
solid tumours, PDAC displays a non-immunogenic, immune-suppresive 
and therapy-resistant microenvironment (Sarantis et al., 2020). Under-
standably, great efforts are being made to defeat this highly aggressive 
lethal malignancy. These efforts have mainly focused on the individual 

cancer cells and their genetic mutations leading to their altered 
behavior. However, in recent years, a paradigm shift occurred and solid 
tumours started being regarded as organ-like structures or distinct tis-
sues with a tumour microenvironment (TME) comprised of cancerous 
and non-cancerous cells, growth factors, and a tumoural extracellular 
matrix (tECM) (Ricci et al., 2013; Winkler et al., 2020; García-Gareta 
et al., 2022). Particularly, the tECM component of the TME is receiving 
increasing attention as its importance in tumour development and 
metastasis is discovered (Henke et al., 2020; García-Gareta et al., 2022). 

In PDAC, the characteristic highly dense fibrotic stromal reaction or 
desmoplasia comprises up to 90% of the tumour volume and constitutes 
a prominent histological feature of the PDAC TME. The PDAC stroma is 
heterogeneous and is composed of abundant distinct cell types, as well 
as acellular components that form a complex and specialized tECM (Feig 
et al., 2012). Altogether actively contribute to tumour progression, in-
vasion and provide an immunosuppressive microenvironment thanks to 
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a complex crosstalk between the tECM and tumour cells (Feig et al., 
2012). Fibrillar collagens and glycosaminoglycans (GAG) are the major 
components shaping the structure of the tECM (Kim et al., 2021; Tian 
et al., 2021). However, in our opinion, more research should focus on 
the TME and its role in response to therapy. Particularly, the 
physico-chemical properties of the PDAC TME should be investigated as 
they may have an important impact on the success of different cancer 
therapies. This physico-chemical characterization could be carried out 
with an inter-disciplinary approach using cancer biology, tissue engi-
neering and biomaterials science. 

Tumour biopsies and their decellularized tECM offer a great source of 
material for research into the TME in terms of biomimicry, as the orig-
inal tumour comes from a patient (Hoshiba, 2019; García-Gareta et al., 
2022). However, patient consent, ethical approval, and importantly, a 
limited amount of material are significant hurdles, which may be 
overcome by using xenotransplantation models (García-Gareta et al., 
2022). In these models, patient-derived tumour tissue or cells can be 
implanted into an immunodeficient animal host, thereby providing a 
biological bioreactor for the human-derived tissue or cells to function 
and grow normally (Cozzi et al., 2009; Matossian et al., 2018; Hoffmann 
et al., 2020). These models allow the growth of an unlimited number of 
patient-derived tumours. The patient-derived xenografts can then be 
used whole (intact, native TEM) or decellularized (tECM of the TME) for 
experimentation (García-Gareta et al., 2022). In order to streamline this 
research, fast and cost-effective decellularization methods are needed. 

Various decellularization methods exist, namely biological (i.e. en-
zymes), chemical (e.g. surfactants), and physical (e.g. freeze/thaw, ul-
trasounds) (García-Gareta et al., 2020, 2022). Of all the existing 
methods, surfactants, either used on their own or most commonly in 

combination with other methods, have been shown to be very effective 
at eliminating cellular material, and when used for a minimal and 
optimized time period, loss or alteration of the ECM is minimized (Gilpin 
and Yang, 2017). Typically, finding the right combination of decellu-
larization methods is a time-consuming task that could be significantly 
shortened by carrying out an optimization study that uses factorial 
design of experiments (DOE), which offers a mathematical tool to 
develop a multi-factor experimental strategy where all factors and their 
interactions are systematically investigated (Levin et al., 2018; Kubit 
et al., 2022). This mathematical tool is routinely utilized to optimize and 
develop processes in a broad range of industries and scientific fields, 
such as biopharmaceutical manufacturing, drug discovery, or environ-
mental science (Aldawsari et al., 2022; Hassan et al., 2022; Kubit et al., 
2022; Nazim et al., 2022). However, its application in tissue engineering 
is still limited, although some examples can be seen in the literature 
(Levin et al., 2018; Malekpour et al., 2021; Sampson et al., 2021; Kul-
karni et al., 2022). 

The aim of this study was to assess and quantify the physico-chemical 
properties of the PDAC TME in terms of architecture, permeability, 
elemental and molecular groups/chemical bonds footprints, which to be 
best of our knowledge has never been quantified before, to generate 
valuable information about the TME. This acquired and novel knowl-
edge can then be applied in the collective quest to find effective thera-
peutic targets for PDAC. To achieve our aim, both cellularized (intact 
TEM) and decellularized (tECM component of the TEM) patient-derived 
PDAC xenografts were used. In order to find a rapid and cost-effective 
method for routine decellularization of patient-derived PDAC xeno-
grafts, we applied a factorial DOE (22 ×3), where the three factors 
investigated were varied simultaneously to analyze their interaction and 

Fig. 1. Visual summary of the experimental work carried out in this study. In the panel at the top, H&E means haematoxylin and eosin staining, dsDNA is double 
stranded DNA, DAPI is the fluorescent stain 4′,6-diamidino-2-phenylindole, that binds strongly to adenine-thymine-rich regions in dsDNA, and GAG is glycosami-
noglycans. In the panel at the bottom, SEM is scanning electron microscopy, MIP is mercury intrusion porosimetry, FTIR is Fourier transform infrared spectroscopy, 
and EDX is energy dispersive X-ray spectroscopy. 
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obtain a combination of variables that provide fast, efficient and cost- 
effective decellularization. 

2. Materials and methods 

2.1. Experimental summary 

Fig. 1 offers a visual summary of the experimental work carried out 
to achieve the aim of this study. Patient-derived PDAC xenografts were 
decellularized with a combination of methods that rendered 12 experi-
mental groups when applying a full 22x3 factorial design. Assessment of 
decellularization was done by quantifying the remaining cells using the 
mandatory Haematoxylin & Eosin (H&E)-stained images and an algo-
rithm. Validation of our quantification method was by dsDNA quanti-
fication and staining (using DAPI) of histological sections. For the 
purpose of validation, we used three experimental groups: 1) native 
TME, fully cellularized tumours, 2) partially decellularized TME, and 3) 
fully decellularized TME (tECM). Additionally, we quantified collagen 
and GAG in the three experimental groups just mentioned. 

For physico-chemical characterization of the PDAC TME and its 
tECM, we performed histological stainings, scanning electron micro-
scopy (SEM), pore size range quantification, total pore area and 
permeability assessment by mercury intrusion porosimetry (MIP), 
elemental analysis by energy dispersive X ray analysis (EDX), and mo-
lecular groups and chemical bonds analysis by Fourier transform 
infrared spectroscopy (FTIR). For this purpose, we used the same three 
experimental groups used in the validation part of our study. 

2.2. Patient-derived PDAC xenografts 

PDAC-185, PDAC-253 and PDAC-286 patient-derived xenografts 
(PDX) previously established from different PDAC patients were ob-
tained through the Biobank of the Spanish National Cancer Research 
Centre (CNIO), Madrid, Spain (reference M-20/002–1). For expansion, 
tissue fragments from low-passage PDXs were implanted subcutaneously 
in nude mice (Hsd:Athymic Nude-Foxn1nu, Envigo, Spain) and tumour 
size measured once a week with a calliper. When tumours reached 
1 cm3, the animals were sacrificed, tumours extracted and frozen at 
− 80 ◦C (Fig. 2A,B). Mice were housed according to institutional 
guidelines. All experimental procedures were performed in compliance 

with the institutional guidelines for the welfare of experimental animals, 
as approved by the University of Zaragoza Ethics Committee (PI22/17), 
and in accordance with the guidelines for Ethical Conduct in the Care 
and Use of Animals, as stated in The International Guiding Principles for 
Biomedical Research involving Animals, developed by the Council for 
International Organizations of Medical Sciences (CIOMS). PDAC-253 
was used for the first part of this study, whilst PDAC-185 was used for 
the physico-chemical characterization. Moreover, we performed phys-
ical characterization of two additional PDX: PDAC-253 and PDAC-286. 

2.3. Factorial design of experiments and experimental groups 

In this study, a combination of biological (i.e. protease), chemical (i. 
e. the surfactant sodium dodecyl sulfate, SDS), and physical (i.e. freeze/ 
thaw and ultrasounds) methods was used. Although more factors could 
have been used, based on the literature and experience, we chose SDS 
due to its effectiveness at removing cellular material (Gilpin and Yang, 
2017; García-Gareta et al., 2020), ultrasounds to aid SDS penetration 
into the samples in order to minimize exposure to the surfactant 
(Syazwani et al., 2015; Manalastas et al., 2021), and a protease to aid in 
the detachment of cells from the matrix (Gilpin and Yang, 2017; Gar-
cía-Gareta et al., 2020). 

Table 1 shows the factorial design where 3 factors were used, namely 
1) inclusion of an enzyme, 2) sonication time, and 3) number of soni-
cation plus surfactant cycles. The “sonication time” factor had 3 levels, 
whilst the other factors had 2 levels each, thus a 22x3 factorial design. 
Since a full factorial design was applied, meaning that all possible 

Fig. 2. A) Scheme showing the production of large (~1 cm3) patient-derived PDAC xenografts used in this study. B) Photo of PDAC xenografts frozen at − 80 ◦C. C) 
Stages used for the decellularization process. D) Lyophilized samples before and after decellularization where an evident change in colour is easily observed. 

Table 1 
Factorial design (22x3) used showing the three factors and levels for each 
factor.  

FACTOR LEVEL 

Inclusion of an enzyme Yes 
No 

Sonication time 1 h 
2 h 
4 h 

Number of sonication plus surfactant cycles 1 
2  
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combinations of factors were run, we had 12 experimental groups as 
detailed in Table 2. All the groups presented an initial freeze/thaw cycle. 

2.4. Decellularization process 

PDAC xenografts frozen at − 80 ◦C (Fig. 2B) were thawed to room 
temperature, cut into pieces of ~5 mm in diameter, and washed in PBS. 
For those experimental groups where an enzymatic step was used, the 
xenografts pieces were incubated with the recombinant protease 
enzyme TrypLE™ Express (12605–010, Gibco, Spain) for 1 h at 37 ◦C, 
after which they were washed in PBS. Xenograft pieces were transferred 
to Eppendorf tubes that were filled with 0.5% SDS (1610301, Biorad, 
Spain). The tubes were placed in an ultrasonic bath (FB 15047, Fish-
erbrand™, Fisher Scientific, Spain) and sonicated for 1, 2 or 4 h at 40 
KHz. For the experimental groups with a second surfactant plus soni-
cation cycle, the SDS solution was refreshed and the samples sonicated 
for a further 1 h. Finally, samples were washed in PBS, placed in distilled 
H2O at − 80 ◦C overnight and lyophilised. Fig. 2C offers an overview of 
the decellularization process. 

2.5. Histology and histological stainings 

Lyophilised samples were fixed in 4% paraformaldehyde before 
processing for paraffin histology. Per experimental group, 3 samples 
were processed, and 8 sections were cut per sample. Half of the sections 
were stained with H&E, and the other half were stained with Alcian 
blue. H&E is a classic and principal histological stain in which the 
haematoxylin stains cell nuclei a purplish blue, and eosin stains the ECM 
and cytoplasm pink. The histological stain Alcian blue stains acidic 
polysaccharides such as GAG blue, whilst nuclei and cytoplasm display a 
red to pink or pale pink color, respectively. 

2.6. Quantification of decellularization 

H&E images (3 samples per group, 4 images per sample, therefore 12 
images per group) were uploaded onto the QuPath 0.3.2 software and 
the “Cell Detection” algorithm used to count the cells in each image. 
Results were calculated as cells per area, i.e. cells/mm2. 

2.7. dsDNA quantification 

Double stranded DNA (dsDNA) content was quantified with the 
Hoechst 33–258 kit assay (Sigma-Aldrich) according to the manufac-
turer’s protocol. Lyophilised samples were digested overnight in a so-
lution of collagenase from Clostridium histolyticum (Sigma-Aldrich, 
2 mg/ml, 125 CDU/mg) in order to digest the ECM and release the cells. 

The resulting cell suspension was centrifuged at 13,000 rpm for 15 min 
100 µl of Hoechst buffer (1 mM EDTA, 10 mM Tris (hydroxymethyl) 
aminomethane and 0.1 M sodium chloride at pH 7.4, all from Sigma- 
Aldrich) was added to the pellet. Cells were then lysed by applying 
three cycles of freezing–thawing (− 80 ◦C), and 20 µl of cell lysate or 
DNA standards were suspended in 200 µl of Hoechst dye solution (0.1% 
v/v, Sigma-Aldrich) and added to a black 96-well plate in triplicate. 
Fluorescence was measured (excitation/emission: 380/440 nm) using a 
fluorescence spectrophotometer (Synergy HT Multi-mode microplate 
reader, BioTek Instruments, USA). Readings were converted to DNA 
content using a standard curve, according to the manufacturer’s proto-
col, with samples containing no cells subtracted as background. 

2.8. dsDNA staining 

Histological sections were deparaffinized, rehydrated and washed in 
distilled water before applying DAPI Fluoromount-G® (0100–20, 
SouthernBiotech, USA) that was left to set for 5 min at room tempera-
ture. The sections were cover slipped before imaging with an AxioOb-
server with ApoTome microscope (Zeiss, Germany). 

2.9. Collagen quantification 

The collagen content of fresh, partially decellularized and fully 
decellularized PDAC samples was quantified using the Sircol-2.0 Soluble 
Collagen Assay Kit (Biocolor, UK) following the manufacturer’s in-
structions. In brief, the samples were digested and collagen was solu-
bilized in a 0.1 mg/ml pepsin (Sigma Aldrich) solution in 0.5 M acetic 
acid. Extracts were incubated in agitation with Sirius red dye, and 
absorbance was determined at 556 nm with a microplate reader (Agilent 
Biotek). Collagen content of each sample was determined using a stan-
dard calibration curve, generated using a known concentration of 
collagen as a standard reference. 

2.10. GAG quantification 

The sulfated glycosaminoglycan (sGAG) content of fresh, partially 
decellularized, and fully decellularized PDAC samples was determined 
using the Blyscan - Sulfated Glycosaminoglycan (sGAG) Assay Kit 
(Biocolor, UK). In brief, samples weighing between 30 and 50 mg of wet 
tissue were digested in a 0.1 mg/ml papain solution at 65ºC for 5 h, with 
intermittent mixing. Subsequently, the samples were stained with 1,9- 
dimethyl-methylene blue dye reagent, and absorbance was measured 
at 656 nm using a microplate reader (Agilent Biotek). The total con-
centration of sGAG in each PDAC sample was calculated from a standard 
curve derived from various concentrations of bovine tracheal chon-
droitin-4-sulfate. 

2.11. Scanning electron microscopy (SEM) and superficial pore size range 

Scanning electron microscopy (SEM) analysis of lyophilized samples 
used an Inspect TM SEM F50 (FEI Company, US) at 10 kV. Samples were 
coated with a carbon film before they were examined with the SEM. 
Superficial pore size range was measured with SEM images (3 images 
per experimental group) and ImageJ software (National Institute of 
Health, USA). 

2.12. Mercury intrusion porosimetry (MIP) 

Pore size distribution, total pore area, and permeability of lyophi-
lized samples was obtained by mercury intrusion porosimetry (MIP, 
Autopore IV 9500, Micromeritics Inc. USA). This technique measures the 
intrusion volume of a non-wetting liquid (mercury) in order to calculate 
data related to the pore structure of the sample. The equipment 
continuously registers the variation of the mercury intrusion volume 
inside the sample depending on the pressure applied over the sample. 

Table 2 
Experimental groups in addition to the control (native TME, fully cellularized 
PDAC xenografts).  

COMMENTS SONICATION TIME (h) GROUP 
NUMBER 

- 1 freeze/thaw cycle 
- With enzyme  
- 1 sonication plus surfactant cycle  

1  1  
2  2  
4  3 

- 1 freeze/thaw cycle 
- Without enzyme  
- 1 sonication plus surfactant cycle  

1  4  
2  5  
4  6 

- 1 freeze/thaw cycle 
- With enzyme  
- 2 sonication plus surfactant 
cycles 
(second cycle always 1 h)  

1  7  
2  8  
4  9 

- 1 freeze/thaw cycle 
- Without enzyme  
- 2 sonication plus surfactant 
cycles 
(second cycle always 1 h)  

1  10  
2  11  
4  12  
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Pore diameter is calculated with the intrusion pressure, by means of the 
Washburn equation. The whole intrusion and retraction program was 
designed to record the mercury volume and the pressure in the range of 
1 to 140 µm pore diameters. 

2.13. Energy dispersive X-ray spectroscopy (EDX) 

Elemental analysis of the carbon-coated samples was studied from 
the EDX spectra that were obtained at 10 kV using the Inspect TM SEM 
F50 (FEI Company, US). 

2.14. Fourier transform infrared spectroscopy (FTIR) 

The molecular groups in the samples were assessed by attenuated 
total reflectance (ATR) FTIR (VERTEX 70, Bruker, US) over a range of 
4000–600 cm− 1 with a resolution of 2 cm− 1. The absorption peaks and 
frequencies of specific chemical groups were detected by FTIR. 

2.15. Data and statistical analysis 

The following software packages were used for data and statistical 
analysis of results: Microsoft Excel 365, Minitab 21.0, and SigmaStat 4.0. 
For the factorial design data, a statistical regression analysis of variance 
was carried out where a p value below 0.05 was considered a significant 
result. For dsDNA, collagen, and GAG quantification, total pore area, 
and permeability, comparisons between groups were made using one- 
way analysis of variance with a Holm–Sidak post hoc analysis. A p 
value below 0.05 was considered a significant result. 

3. Results 

3.1. Visual monitoring of the decellularization process 

As it can be seen from Fig. 2C, the pieces of xenografts were orange to 
red in colour at the beginning of the decellularization process. As this 
advanced, the samples gradually turned white indicating gradual elim-
ination of cellular material (Lü et al., 2014). Fig. 2D shows the 

Fig. 3. Data for quantification of decellularization using an algorithm. A) Bar graphs showing cells/mm2 (C=control or native TME, fully cellularized samples). The 
second graph does not contain the data for the control to appreciate the differences between the experimental groups. Results show mean ± standard error mean. The 
last bar graph on the right shows the percentage in reduction in cells/mm2 compared with the control. B) Main effect plots. C) Two-factor interaction plots. 
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comparison between lyophilized samples before and after decellulari-
zation, showing an evident change in colour. It is worth noting that in all 
experimental groups decellularized samples seemed quite similar in 
appearance, so it would not be possible to select which group/s were 
successfully decellularized simply by visual observation. 

3.2. Quantification of decellularization 

In this study, we calculated the number of cells per area (mm2) 
remaining after the decellularization process. Remarkably, 15,388.41 
± 11.23 cells/mm2 (mean ± standard error mean) were calculated for 
the control, showing a very high cellular density present in the PDAC 
TME (Fig. 3A). As it can be seen from Fig. 3A, a significant reduction in 
cells per area was observed after decellularization, with a minimum of a 
90.82% calculated for Group 4, up to a 99.94% reduction seen for Group 
6, which appeared as the most successful experimental group with 9.86 
± 1.00 cells/mm2 (mean ± standard error mean) left after decellulari-
zation. Based on these results, Group 6 was chosen as our fully decel-
lularized TEM (tECM) group, whilst Group 4 was chosen as our partially 
decellularized TME group. 

Main effect plots (Fig. 3B) showed a strong positive effect on cell 
elimination for sonication time and number of sonication plus surfactant 
cycles (p = 0.003 and p = 0.001 respectively, Table 3). Inclusion of an 
enzyme did not have a significant effect on cell elimination (p = 0.163, 
Table 3), although a negative trend towards including it in the process 
could be observed (Fig. 3B). Combining the use of an enzyme with 
longer sonication times or a second sonication plus surfactant cycle 
(Fig. 3C) improved cell elimination. However, these interactions were 
not found to be significant (Table 3). On the other hand, the interaction 
of the other two factors, namely sonication time and number of soni-
cation plus surfactant cycles, was significant (p = 0.011, Table 3). 

3.3. dsDNA quantification and staining 

Quantification of dsDNA showed a significant reduction in dsDNA 
content between the native TME and the partial (Group 4) and full 
decellularization (Group 6) groups (Fig. 4A). This analysis showed an 
85.48% reduction in dsDNA compared with the 99.94% reduction in 
cells/mm2 for Group 6, and a 72.30% dsDNA reduction in comparison to 
a 90.82% reduction in cells/mm2 for Group 4. The dsDNA quantification 
kit used measures dsDNA in cells as well as residual dsDNA trapped in 
the tECM after decellularization, which may account for the difference 
in percentages. 

Despite some residual auto-fluorescence from the matrix, a reduction 
in cells could be clearly observed (Fig. 4B). Some blue fluorescence 
could be seen in the fully decellularized group (Fig. 4B, right image for 
this group) which may indicate cellular debris or trapped dsDNA in the 
matrix, as also indicated by the dsDNA quantification analysis. 

3.4. Collagen quantification 

Quantification of total collagen (Fig. 4C) showed a significant 
reduction in the amount of soluble collagen, whilst the amount of 
insoluble collagen slightly increased as the TME was decellularized. 
Soluble collagen is recently synthesized, not heavily crosslinked, 
immature collagen, which has not been incorporated into the ECM. 
Therefore, this collagen is soluble upon immersion in neutral salt solu-
tions like PBS (Minafra et al., 1975). Our results show that a portion 
soluble collagen is lost during the decellularization process, but a sig-
nificant amount remains. Insoluble collagen, which is incorporated into 
the matrix, was kept during the decellularization process. 

3.5. GAG quantification 

Our results showed a significant reduction of GAG after decellulari-
zation (Fig. 4D), which was expected as a large portion of GAG is 
associated to the cell membrane and therefore, the loss is intrinsic to the 
decellularization process. Nevertheless, 78.86% of GAG was retained. 

3.6. Histological stainings 

Histological stainings (Fig. 5) displayed abundant desmoplasia with 
extensive protein deposition recapitulating the pattern found in human 
PDAC TME. The native TME was very dense with a high number of cells 
populating the tECM throughout. The tECM appeared less dense at the 
edges. Nevertheless, pores could be observed throughout the TME. As 
the cells were eliminated, the TME opened and pores of different sizes 
started to be appreciated across the samples. A heterogeneity in terms of 
tECM morphology was observed for the samples, with denser areas and 
pores of various sizes. The Alcian blue staining (Fig. 5B) revealed the 
high GAG content of the tECM as well as its retention during the 
decellularization process, as already shown in Fig. 4D. 

3.7. Architecture and superficial pore size range 

Results in Fig. 6 show that the TME is a porous structure, as already 
shown with the histological stainings, and cells form a thick and dense 
continuous coating over the tECM, working as a whole network. As the 
cells are eliminated, residual or accumulated stresses are released, 
which allows distinguishing features from the tECM such as fibres and 
further pores. Cellular remains in the partially decellularized TME group 
could be observed and white arrows point to some examples. Supple-
mentary Figs. S1 and S2 show results for two additional PDX (PDAC-253 
and PDAC-286) with similar observations. 

Quantification of superficial pore size using SEM images (Fig. 7A) 
revealed that the native TME presents an 89.17% of pores in the 
0–10 µm range, followed by a 9.58% of pores in the 10–20 µm and 
1.25% in the 20–30 µm ranges, respectively. Quantitative analysis 
confirmed that as the cellular component of the TME is eliminated the 
pores open, and in the fully decellularized TME group only 27.59% of 

Table 3 
Statistical regression analysis of variance. *Denotes a significant effect or interaction.  

Source Degree of freedom (DF) Adjusted sums of squares 
(Adj SS) 

Adjusted mean squares (Adj MS) F-value P-value 

Regression 
Sonication time (h) 
Inclusion of an enzyme 
2 sonication+surfactant cycles 
Sonication time (h) & enzyme 
Sonication time (h) & 2 cycles 
Enzyme & 2 cycles  

6 
1 
1 
1 
1 
1 
1  

2420501 
1051767 
92349 
1375291 
107799 
534258 
113573 

403417 
1051767 
92349 
1375291 
107799 
534258 
113573 

11.68 
30.46 
2.67 
39.83 
3.12 
15.47 
3.29 

0.008 * 
0.003 * 
0.163 
0.001 * 
0.137 
0.011 * 
0.129 

Error  5  172637 34527 - - 

Total  11  2593137 - - -  
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the pores were in the 0 to 10 µm size range, compared with the previ-
ously mentioned 89.17% for the native TME. In this sample, the majority 
of pores were in the 10 to 20 µm size range, and a 1.33% of macro-pores 
in the 100 to 150 µm size range were calculated. Supplementary 
Figs. S3A and S4A show the superficial pore size range for the two 
additional PDX (PDAC-253 and PDAC-286) shown in Figs. S1 and S2. As 
it can be seen, the results are very similar to those displayed in Fig. 7A, 
with over 90% of pores in the 0 to 10 µm range for the native TME. 
Larger pores are seen as the cellular component is eliminated from the 
TME. 

We also studied the distribution of the smallest pores in the 0 to 
10 µm size range (Fig. 7B): whilst the majority of pores were in the 2 to 4 
and 4 to 6 µm ranges for the native TME and partially decellularized 
TME samples, for the fully decellularized TME group the majority of 
pores were found in the 6 to 8 and 8 to 10 µm ranges. Pores in the 6 to 
8 µm size range went from 18.22% in the control to 28.26% in the fully 
decellularized group, and pores in the 8 to 10 µm size range went from 
9.35% in the control to 51.09% after complete decellularization. For the 
fully decellularized TME group, no pores were measured in the 0 to 2 µm 
size range, in contrast to the other 2 experimental groups, where 3.27% 
and 20.20% of pores were found in this range for the native TME and 
partially decellularized TME groups respectively. Regarding the results 
for the two additional PDX (PDAC-253 and PDAC-286) displayed in 
Figs. S3B and S4B, pores were measured in the 0 to 2 µm size range for 
the fully decellularized TME, although the percentage of pores in this 
size range decreased as the cells were eliminated, as previously 
observed. We could also see that the percentage of pores in the 8 to 
10 µm size range increased after complete decellularization for these 
two additional PDX. 

3.8. Total pore area, permeability and pore size distribution 

MIP analysis showed similar pore size distributions (Fig. 8A) to those 
calculated by SEM images (Fig. 8). For the native TME group, the 

majority of pores were below 40 µm in diameter, with a large percentage 
of those below 10 µm. Of those pores between 1 and 10 µm, the majority 
were in the 2 to 5 µm range. A small fraction of pores were below 1 µm in 
size. As cells were eliminated larger pores could be measured as well. 
Calculation of total pore area (Fig. 8B) showed an increase over the 
native TME group for the partial and fully decellularized TME groups. 
Finally, permeability increased by two orders of magnitude as the cells 
were eliminated from the TME (Fig. 8C). 

3.9. Elemental footprint 

The elemental footprint of a biological sample provides useful in-
formation about the chemical elements present in it and whether any 
mineral formations, i.e. calcifications, may be present. Elemental anal-
ysis by EDX (Fig. 9) showed that the most abundant elements present in 
the spectra were carbon (C) and oxygen (O), which come from the 
organic molecules that make up the tECM and cellular elements of the 
TME. C also comes from the C coating applied to the samples. Nitrogen 
(N) and sulfur (S) are also present in the organic matter of the TME. 
Additionally, S would come from the dimethyl sulfoxide (DMSO) used to 
freeze the PDAC xenografts before the decellularization process. For the 
partial and full decellularization groups, S may also be there as a re-
sidual from the SDS. The rest of the elements observed, namely sodium 
(Na), phosphorus (P), potassium (K) and chlorine (Cl), are present in the 
composition of PBS (NaCl, KCl, Na2HPO4, and KH2PO4), which was used 
to wash the samples. Ca could not be detected suggesting absence of 
calcifications. 

3.10. Molecular groups and chemical bonds footprint 

FTIR is a useful technique to investigate the molecular groups and 
bonds present in a sample, offering a unique chemical footprint for the 
investigated specimen. FTIR results can be seen in Fig. 10. The peaks/ 
shoulders observed in the spectra correspond to organic molecular 

Fig. 4. A) dsDNA quantification. B) dsDNA staining using DAPI of histological sections. C) Collagen quantification. D) GAG quantification. Results show mean 
± standard deviation, *p < 0.05 and * *p < 0.001. 
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Fig. 5. A) H&E staining (pink=matrix and purple dots=cells) and B) Alcian blue staining (blue=GAG in matrix and pink/purple dots=cells) of the 3 experimental 
groups used for physico-chemical characterization of the TME using PDAC-185. Scale bar = 100 µm. 
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Fig. 6. A) SEM images of the 3 experimental groups used for physico-chemical characterization of the TME using PDAC-185. White arrows point at cellular remains.  
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groups bonds present in proteins, lipids and carbohydrates (Malek et al., 
2014; Kumar et al., 2020). As the cells were eliminated from the TEM, 
new peaks and shoulders appeared, mainly at ~3420 cm− 1, which 
corresponds to the stretch of hydroxyl groups (O-H), and at ~920 to 
880 cm− 1, which corresponds to the out-of-plane bend of C-H bonds of 
aromatic groups (Margoshes and Fassel, 1955). New peaks and shoul-
ders could also be seen in the 1640 to 1110 cm− 1 range of the spectra, 
corresponding to C––O stretch in amides, N-H bend in amides, C––C 
stretch of alkene groups, C-H bend of aliphatic groups, and C-O stretch in 
carbohydrates and proteins. Finally, there was a shoulder only observed 
in the fully cellularized, native TME group, which corresponds to both 
the C––O stretch of amide groups and the C––C stretch of alkene groups 
(marked red bold in Fig. 10). 

4. Discussion 

PDAC is a highly aggressive lethal malignancy with limited response 
to the classic treatments of chemotherapy, surgery and radiotherapy 
(Schober et al., 2014; Whatcott et al., 2015; Sarantis et al., 2020). Be-
sides, PDAC displays a non-immunogenic, immune-suppressive and 
therapy-resistant microenvironment (Sarantis et al., 2020). Therefore, 
great efforts are in place to find effective therapeutic regimes for PDAC. 
In PDAC, desmoplasia is a key factor to understand the disease, repre-
senting a source of new therapeutic targets as it contains several po-
tential molecules that could serve as biomarkers. PDAC is one of the 

largest solid tumours as well as one of the most stroma-rich cancers (Feig 
et al., 2012). As outlined in the introduction, in our opinion, more 
research should focus on the physico-chemical characterization of the 
TME and its tECM, as we believe these must be taken into account when 
designing therapeutic strategies. Some studies have focused on the 
mechanical properties of pancreatic tumours in terms of biomechanics 
(Maccurtain et al., 2021), viscoelasticity (Rubiano et al., 2018), and 
interstitial fluid mechanics (Dufort et al., 2016), which identified stiff-
ness and tissue heterogeneity for prognosis prediction (Maccurtain et al., 
2021), or suggested that viscoelastic properties can be used to more 
accurately distinguish between pancreatic cancer and pancreatitis 
(Rubiano et al., 2018). However, assessment and quantification of the 
architectural and chemical properties of the TME and its tECM are 
lacking in the literature, which could be done with a cancer biology, 
tissue engineering and biomaterials science interdisciplinary approach. 
Patient-derived tumours and their decellularized tECM are a highly 
biomimetic source of material for these studies, and therefore were used 
here (García-Gareta et al., 2022). The xenotransplantation model used 
provided a plentiful source of material for the present study. 

Developing decellularization protocols is an intricate and time- 
consuming process (García-Gareta et al., 2020). An optimization study 
that uses factorial DOE would be very advantageous to speed up the 
setup of an effective protocol. DOE is a useful mathematical tool in 
optimization processes where several interacting factors and levels are 
at play (Chen et al., 2011; Levin et al., 2018; Aldawsari et al., 2022; 

Fig. 7. Superficial pore size analysis based on SEM images of PDAC-185. A) All pores. B) Breakdown of pores in the 0 to 10 µm range.  
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Kubit et al., 2022). Traditionally, optimization of processes in tissue 
engineering has been done by varying one-factor-at-a-time (OFAT) 
(Chen et al., 2011; Levin et al., 2018). As OFAT assumes that the 
different factors are independent of each other, their interaction is not 
studied. Moreover, OFAT experiments are time-consuming. Our facto-
rial DOE allowed us to simultaneously vary the 3 selected factors and 
therefore, we could investigate their interaction to obtain a combination 
of parameters for effective routine decellularization of the PDAC 
xenografts. 

Our results showed that out of the 3 factors, sonication time and 
number of sonication plus surfactant cycles had the greatest effect on 
eliminating the cells from the tumours (Fig. 3B,C). The use of ultra-
sounds has been shown to increase the success of decellularization in a 
range of different tissues and organs as ultrasounds aid in the penetra-
tion of the surfactant through the sample (Azhim et al., 2014; Syazwani 
et al., 2015; Forouzesh et al., 2019; Koo et al., 2021; Manalastas et al., 
2021). In our study, since the native TME was so heavily populated by 
cells, helping the surfactant to reach the inner parts of the tumour was 
necessary. Adding a second sonication plus a surfactant cycle increased 
the effectivity of the decellularization except when a single cycle of 4 h 
was applied. Including an enzyme, a protease, did not have an effect on 
cell elimination, unless used with longer sonication times (4 h) and/or 2 
cycles. Since the cellularity of the TME is so high, the amount of enzyme 
used did not break enough cell-tECM interactions to see an effect. Higher 
concentrations of enzyme could be used in the future. The most suc-
cessful combination of factors was those applied in the experimental 
Group 6, i.e. no enzyme, and a single sonication plus surfactant cycle of 
4 h, with a 99.94% reduction in cells/mm2. On the opposite side were 
the conditions used in Group 4 (no enzyme, and a single sonication plus 
a surfactant cycle of 1 h) which yielded a 90.82% reduction in 
cells/mm2. These 2 groups, along with the fully cellularized native TME, 
were used for validating our method as well as physico-chemical 

characterization of the TME and tECM. 
Validation of our method showed a significant reduction in dsDNA 

between the native TME and the decellularized samples, which was 
qualitatively supported by DAPI staining of histological sections (Fig. 4). 
Nevertheless, results pointed towards residual trapped dsDNA left in the 
matrix, which would need to be eliminated before using the material for 
purposes like in vitro models. This could be achieved by introducing a 
DNase enzymatic step or further sonication plus surfactant cycles in the 
decellularization process (Mendibil et al., 2020; García-Gareta et al., 
2022). However, we considered that the remaining dsDNA would not 
interfere with the physico-chemical characterization of the TME and its 
tECM. 

Finally, we carried out biochemical assays to quantify the amount of 
total collagen and GAG in our experimental groups. As reported by other 
authors, we saw an increase in the amount of insoluble collagen with the 
decellularization process (Totonelli et al., 2012; Mazza et al., 2015; 
Maghsoudlou et al., 2016). This is a consequence of normalization by 
wet weight, which includes the cellular components in the native TME 
group, coupled with the more compact nature of the PDAC tumours 
(native TME) as seen by histological stainings, SEM, and MIP (Totonelli 
et al., 2012; Mazza et al., 2015; Maghsoudlou et al., 2016). A reduction 
in the amount of soluble collagen, which is not part of the ECM, was 
observed, which is expected since this is recently synthesized and not 
heavily crosslinked collagen which is soluble in neutral salt solutions 
like PBS (Minafra et al., 1975). However, a significant amount remained 
in the decellularized groups. Regarding quantification of GAG, we 
observed a significant reduction with decellularization, which was ex-
pected since about 30% of GAG is associated to the cell membrane 
(Mertens et al., 1992) and therefore, by the decellularization itself, an 
important fraction of GAG is eliminated (Totonelli et al., 2012; Magh-
soudlou et al., 2016). However, 78.86% of GAG remained in our fully 
decellularized samples indicating that our optimized decellularization 

Fig. 8. MIP results for A) pore size range, B) total pore area and C) permeability. Results show mean ± standard error mean. *p < 0.05 and * *p < 0.001.  
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protocol retained this important component of the tECM. 
The ultrasounds-based optimized protocol used in our study allowed 

us to address the aim of this work, namely physico-chemical assessment 
and quantification of the PDAC TME and its tECM. For this purpose, we 
performed histological stainings, SEM, pore size range quantification, 
total pore area and permeability assessment by MIP, elemental analysis 
by EDX, and molecular groups and chemical bonds analysis by FTIR. 
Quantifying the physico-chemical properties of the PDAC TME and its 
tECM is important for identifying new therapeutic targets and optimize 
the effectivity of existing ones. 

In terms of physical properties, our SEM and MIP results showed that 
eliminating the cells released residual or accumulated stresses from the 
TME, thereby opening the porous tECM network and increasing 
permeability to liquids, which would make the tumour more permeable 
to infused drugs, large molecules, macromolecules, and cells used as 
therapeutic or delivery agents (Yang and Zhan, 2022). The permeability 
values obtained in this study are comparable to the very few reported in 
the literature for collagen-based scaffolds, as according to the existing 
literature, the tECM of PDAC is mainly composed of fibrillar collagen 
(Tian et al., 2021). For instance, Moreno-Arotzena and colleagues re-
ported a permeability of k = 1 × 10− 12 m2 for 2 mg/ml collagen 
hydrogels which they calculated using a microfluidic-based experi-
mental set-up with media columns (Moreno-Arotzena et al., 2015). 
Similarly, Serpooshan and co-workers reported a permeability of 
k = 1 × 10− 12 to 1 × 10− 14 m2 for 1.76 mg/ml collagen gels which they 

theoretically calculated using Happel’s model (Serpooshan et al., 2010). 
Without the cellular component, the tECM appears as an open network 
of interconnecting pores, the majority of which are in the range of 0 to 
50 µm. When the cells are present, the TME displays a rather consistent 
appearance with a thick cell coating that would act as a barrier for 
therapeutic agents trying to reach the core of the tumour. Based on this 
observation, we would suggest initially using therapeutic agents with a 
diameter below 6 µm to maximize penetration into the tumour core. 
Taking into account that cells currently used in immune therapy, e.g. 
T-cell and NK cells (Waldman et al., 2020; Liu et al., 2021), have sizes of 
5–8 µm (T-cells) (Chiu et al., no date; Tasnim et al., 2018) and 12–15 µm 
(NK cells) (Chiu et al., 2019), these would mainly attack the superficial 
cells of the tumours, leaving the majority of cells underneath untouched. 
As the cellular component of the tumour is eliminated, larger thera-
peutic agents of up to 50 µm in diameter can be introduced. Some au-
thors have already proposed therapies based on opening up the tECM to 
enhance drug permeability. For instance, Zinger and colleagues pro-
posed using nanoparticles consisting of 100 nm liposome encapsulating 
collagenase (Zinger et al., 2019). These nanoparticles reduced the level 
of fibrotic tissue thereby allowing increased drug penetration (Zinger 
et al., 2019). Future work should involve confirming the pore size data 
presented here as well as analyzing pore interconnectivity of the TME 
and tECM. 

Ideally, pore sizes should be measured in freshly resected samples or 
before resection, inside the subject. This would mean no sample 

Fig. 9. Representative EDX spectra of the 3 experimental groups used for physico-chemical characterization of the TME using PDAC-185. Insert tables show the 
atomic percentage (mean ± standard deviation) of the different elements detected. Scale bars are 90 µm for “Native TME, fully cellularized” and “Fully decellularized 
TME (tECM)” groups, and 100 µm for the “Partially decellularized TME” group. 

E. García-Gareta et al.                                                                                                                                                                                                                         



European Journal of Cell Biology 103 (2024) 151396

13

manipulation and/or processing and the values obtained would be 
essentially true to reality. A limitation of this study is that the techniques 
employed for obtaining pore size and permeability data require sample 
processing, in our case, lyophilization, which consists of freezing and 
drying a sample at low pressure, where ice is removed by direct subli-
mation (Thavornyutikarn et al., 2014). Therefore, the spaces provided 
by the natural pores would be filled by water, which is then frozen and 
subsequently sublimated leaving the original pores behind. However, 
collapse of the structure could occur and therefore, the specimens would 
be altered for subsequent measurement. With the use of MIP, the pres-
sure arising from mercury intrusion may alter the sample’s structure, or 
may be influenced by the swelling of the sample in the testing liquid 
(Bartoš et al., 2018). Furthermore, SEM is limited to 2D plane mea-
surements in direct view and therefore, we could only access the su-
perficial pore sizes, as indicated in the title of Section 3.6 and in Fig. 7, 

S3 and S4 legends (Bartoš et al., 2018). Nevertheless, SEM offers the 
advantage of precise visualization at very high resolutions, whilst MIP 
allowed us to reach the below 1 µm pores present in our samples (Bartoš 
et al., 2018). However, the number of nanopores measured was signif-
icantly lower compared with the number of micropores. When 
measuring superficial pore sizes based on SEM images, we rely on the 
resolution of the images themselves. With organic samples such as the 
ones shown here, it is a challenge to reach very high magnifications due 
to these materials’ poor conductivity. Therefore, it is very difficult to 
measure pore sizes below 1 µm. With MIP, there might be some collapse 
of the smaller pores due to the pressure from the mercury intrusion into 
the porous sample. In summary, future work should involve the use of 
less invasive techniques that allow measurement of the pore size range 
reaching the nanometer scale in either fresh, or living samples, meaning 
inside the experimental subject. However, to the best of the authors’ 

Fig. 10. FTIR analysis of the 3 experimental groups used for physico-chemical characterization of the TME using PDAC-185. Representative spectra are shown at the 
top, whilst detailed analysis of the different peaks and shoulders observed are seen in the tables below the spectra. 
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knowledge, no techniques are yet available. 
Regarding chemical properties, EDX showed the typical elements 

that are present in the molecules that comprise the tECM and cells, as 
well as elements coming from the chemicals used in the processing of the 
tumours. Some of them, e.g. sulfur, are present in both. For example, 
GAG are long, linear, unbranched heteropolysaccharides that mostly 
bear SO3

− groups (Olson et al., 2022). GAG are a major component of the 
ECM of body tissues and, as shown by the Alcian blue staining (Fig. 5B), 
the tECM of the PDAC xenografts was very rich in GAG, which has been 
reported in the literature (Dufort et al., 2016). 

FTIR analysis showed that the peaks/shoulders observed in the 
spectra correspond to organic molecular groups bonds present in pro-
teins, lipids and carbohydrates (Malek et al., 2014; Kumar et al., 2020), 
as would be expected since these are the main components of the ECM of 
tissues (Frantz et al., 2010; Yue, 2014). As the cells are eliminated, new 
peaks and shoulders appeared in the spectra, the majority of which 
corresponded to bonds from molecular groups already detected in the 
native TME. The exception were the peaks (partial decellularization 
group) and shoulder (full decellularization group) corresponding to the 
C-H out-of-plane bend in aromatic groups (Margoshes and Fassel, 1955), 
which was not observed in the native TME: results showed that as the 
cells disappeared from the TME, this molecular group became accessible 
and therefore showed in the spectra. Thus, the availability of this group 
could represent a therapeutic opportunity in later stages of therapy, 
when the cells of the TME begin to be removed from the solid tumour. 
Lastly, our chemical characterization of the tumours did not suggest 
presence of calcification in the tECM, in agreement with the literature, 
which reports that calcification in PDAC is extremely rare (Lesniak et al., 
2002; Ohike et al., 2008). 

Coming to the end of our discussion, the main criticism of this work is 
the decellularization methods and sample processing used to carry out 
our study. Decellularization of tissues entails a fine balance between 
elimination of cellular content and preservation of the ECM. It is 
assumed that some degree of alteration is inflicted upon the matrix as 
the chemical and biochemical methods used to decellularize are harsh 
(Gilpin and Yang, 2017; García-Gareta et al., 2020). Some physical 
methods have been hailed as less invasive but still, alteration of the 
matrix is observed (Gilpin and Yang, 2017; García-Gareta et al., 2020). 
Likewise, as already discussed, sample processing such as lyophilization 
could alter the sample’s structure. Therefore, results shown in this paper 
provide future work on two different fronts. First, the physico-chemical 
characterization of the PDAC TME presented here shows promising 
avenues for new therapeutic targets and regimes, and therefore, further 
in-depth characterization of the chemical and physical properties of the 
TME and tECM is highly recommended. To this end, alteration of sam-
ples due to processing should be minimized or eliminated. Furthermore, 
personalized medicine offers a powerful tool to devise therapeutic re-
gimes tailored to the individual patient, which would provide a high 
likelihood of successfully treating PDAC. Our easily and cost-effectively 
decellularized patient-derived PDAC xenografts offer a great source 
material for building these models. Our group is currently working on 
both fronts. 

5. Conclusions 

In this work, we have quantified the physico-chemical properties of 
PDAC TME and their stroma in terms of their architecture, permeability, 
elemental footprint, and molecular groups/chemical bonds spectra. We 
observed that the PDAC TME presents an interconnected porous archi-
tecture with a very low permeability (2.25 ×10− 13 – 2.44 ×10− 12 m2) 
and small pores (~90% of pores are lower than 10 µm). However, when 
the tumour is fully decellularized the permeability increases signifi-
cantly (7.32 ×10− 12 - 1.94 ×10− 11 m2) and also the pore size is 
increased (up to 82% of pores are higher than 10 µm and up to 49% 
pores are larger than 20 µm). This means that cellular components of the 
TME exert a relevant contractile role in this particular tumor, probably 

due to the high number of contractile-associated fibroblasts (CAFs) 
(Vaish et al., 2021). CAFs not only contribute to the reduction of 
permeability and porosity, but they are also secreting ECM proteins 
characteristic of desmoplastic stroma and modulating the production of 
cytokines/chemokines (Vaish et al., 2021). In this work, we also showed 
from histology that these tumors presented abundant desmoplasia with 
extensive protein deposition. The composition of the tECM is dominated 
by Carbon (C) and Oxygen (O), but Nitrogen (N) and Sulfur (S) are also 
present. Calcium (Ca) was not present indicating the absence of 
calcifications. 

Overall, this research offers a potential therapeutic strategy based on 
the application of therapeutic agents with small size, such as drugs or 
therapeutic cells. Nevertheless, confirming this potential therapeutic 
strategy would require further work. Finally, C-H groups of aromatic 
groups in the tECM could also be targeted in later stages of the cancer 
treatment for complete elimination of tumoural components. Therefore, 
this work provides an original advance in our knowledge of PDAC TME 
from a novel perspective and opens new innovative therapeutic 
strategies. 
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