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The development of 3D scaffold-based models would represent a great step

forward in cancer research, offering the possibility of predicting the potential in vivo

response to targeted anticancer or anti-angiogenic therapies. As regards, 3D in vitro

models require proper materials, which faithfully recapitulated extracellular matrix

(ECM) properties, adequate cell lines, and an efficient vascular network. The aim of

this work is to investigate the possible realization of an in vitro 3D scaffold-based

model of adipose tissue, by incorporating decellularized 3D plant structures within

the scaffold. In particular, in order to obtain an adiposematrix capable ofmimicking

the composition of the adipose tissue, methacrylated gelatin (GelMA), UV photo-

crosslinkable, was selected. Decellularized fennel, wild fennel and, dill leaves have

been incorporated into the GelMA hydrogel before crosslinking, to mimic a 3D

channel network. All leaves showed a loss of pigmentation after the

decellularization with channel dimensions ranging from 100 to 500 µm up to

3 μm, comparable with those of human microcirculation (5–10 µm). The photo-

crosslinking process was not affected by the embedded plant structures in GelMA

hydrogels. In fact, theweight variation test, performedonhydrogelswith orwithout

decellularized leaves showed a weight loss in the first 96 h, followed by a stability

plateau up to 5 weeks. No cytotoxic effects were detected comparing the three

preparedGelMA/D-leaf structures;moreover, the ability of the samples to stimulate

differentiation of 3T3-L1 preadipocytes in mature adipocytes was investigated, and

cells were able to grow and proliferate in the structure, colonizing the entire

microenvironment and starting to differentiate. The developed GelMA hydrogels

mimicked adipose tissue together with the incorporated plant structures seem to

be an adequate solution to ensure an efficient vascular system for a 3D in vitro

model. The obtained results showed the potentiality of the innovative proposed

approach to mimic the tumoral microenvironment in 3D scaffold-based models.
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1 Introduction

Breast cancer is one of the main types of tumors affecting

women worldwide, diagnosed in one out of eight patients, and

one of the principal causes of death (Mahmoudzadeh and

Mohammadpour, 2016). Breast tumors develop in a tissue

microenvironment containing extracellular matrix (ECM),

adipocytes, stromal cells, and blood vessels. The realization of

a suitable model, to be used for the in vitro cancer study is highly

desirable. For the realization of this model, the environment-

mimicking three-dimensional (3D) cultures represent an

interesting alternative to the complex host environments of in

vivo models or to the simple, but limited, two-dimensional (2D)

in vitro models. In fact, 3D models can recapitulate in vitro the

adipose tissue feature with the ultimate goal to reduce, refine, and

replace (i.e., 3R’s principle) animal models for the investigation

of physio-pathological dynamic in human diseases, allowing for a

scalable and reproducible platform.

Among the 3D in vitro models, spheroids are extensively

used to mimic acinar breast structures and allow the formation of

epithelial cancer in a scaffold-free environment (Ryu et al., 2019).

They allow the study of morphogenetic processes, interactions of

between glandular epithelial cells and myoepithelial cells, and

specific spatial signaling, that cannot be evaluated in traditional

2D cultures (Rijal and Li, 2016). However, spheroids fail in

recapitulating the complete characteristics of the tumor

microenvironment (Zhang et al., 2016). Another possible

approach is the use of a fat-on-a-chip, that allows for the

realization of a microfluidic platform where an environment

with multiple compartments can simultaneously investigate the

synergies when complex processes occur (McCarthy et al., 2020).

Anyway, only few papers can be found in the literature, in which

a substrate mimicking the adipose tissue is used for cell culture

with the aim of mimicking the breast cancer microenvironment

(Zhang et al., 2015; Bender et al., 2020; Fitzgerald et al., 2020;

Yang et al., 2021).

As regards 3D scaffold-based models, they are under

investigation for the development of systems able to mimic

cancer tissue and study effective therapeutic approaches

against cancer (Lugert et al., 2018). To successfully study the

pathophysiology of human breast cancer in 3D systems three

basic requirements can be highlighted (Kim et al., 2004): 1) co-

culture of different cell types allowing the exchange of growth

factors or other biological biomolecules and specific cell-cell

interactions (e.g., cancer cells versus stromal cells, endothelial

cells, fibroblasts and, immunocompetent cells); 2) design and

realization of a synthetic ECM, to provide mechanical stability

and to closely mimic the 3D architecture of the in vivo

conditions; 3) nutrients and biological biomolecules, to

promote cell differentiation and proliferation. Many synthetic

and natural polymeric materials can be used for the realization of

3D scaffold-based in vitro model (Gibler et al., 2021). Among

them, some examples are represented by collagen (Sims-

Mourtada et al., 2014), chitosan (Anil-Inevi et al., 2020),

alginate (Grolman et al., 2015), (Vinson et al., 2017), fibrin

(Yang et al., 2021), (Böttcher-Haberzeth and Biedermann,

2019), (Paek et al., 2019), decellularized adipose tissue

(Cheung et al., 2014), (Mohiuddin et al., 2019), polyethylene

glycol/chitosan blend (Tsao et al., 2014), and collagen/chitosan

blend (Mahmoudzadeh and Mohammadpour, 2016). In the last

decade, large attention has been focused on crosslinked gelatin

(Colle et al., 2020), (Contessi Negrini et al., 2019), in particular on

methacrylated gelatin (GelMA) hydrogels (Wang et al., 2015),

(Campiglio et al., 2019). In fact, gelatin-based hydrogels show

excellent thermostability and are able to support cell activities

since they naturally contain RGD peptides.

The development of 3D scaffold-based vascularized tumor

models is a highly desired goal in regenerative medicine. In fact,

compared to 2D models, they could exhibit, better biomimetic

properties and functionality, providing the ability to accurately

mimic tissue composition, architecture, and vascularization, even

in the case of a tumor microenvironment. Actually, in a 3D

environment, without the proximity to perfused micro-vessels

(i.e., 100–200 μm), which provide essential nutrients and growth

factors and ensure oxygen and waste transportation, the cells

would encounter death (Song et al., 2014). However, most of the

3D scaffold-based models for tumor adipose tissue reported in

the scientific literature are still simplistic in terms of the vascular

structure of the cancer tissue. The design of a 3D adipose tissue

cancer model should include a greater stiffness and a more

irregular capillary network, compared to the healthy one, in

order to characterize the carcinogenic mass tissue. However,

modeling this aberrant vascularization is the main obstacle to the

3D model realization because reproducing the structure and

dimensions (5–10 μm) of the capillary network is not easy.

Therefore, the appropriate design of the 3D scaffold-based

vascularized model, in terms of distribution and size of the

channel network, still remains an open question. Different

strategies are proposed in the literature to promote the

realization of a channel network in 3D scaffolds, that can

mimic the in vivo tissue vascularization, regardless of the final

application (Lovett et al., 2009; Datta et al., 2017; Tomasina et al.,

2019; Lopes et al., 2021). Among them, a classical approach for

the vascularization in the 3D scaffolds considers the stimulation

of the vasculature development within the construct by using

growth factor delivery systems or a co-culture with endothelial

cells. In fact, by combining different growth factors (e.g., VEGF,

BFGF), a cross-talking among cells is promoted, enabling the

sprouting of new vessels (Lopes et al., 2021), (Tomasina et al.,

2019). In this approach, the scaffold features, e.g., stiffness,

density, viscoelasticity, and crosslinking degree are important

to enable the formation of vascular networks, since cells can

exhibit different behavior depending on the stiffness and

chemical stimuli in the micro-environment. In addition, this

approach does not allow the generation of a reproducible

vascular network. On the other hand, bioprinting is a fast
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method to deposit cells and materials in a precise and

reproducible manner. This is a promising approach for the

vascularization of the scaffolds, but it represents an emerging

technology that requires optimization depending on the specific

materials, cells, and requirements for the tissue to be regenerated

or modelized (Kolesky et al., 2016; Laschke and Menger, 2016;

Mandrycky et al., 2016; Saberianpour et al., 2018). The printing

of a fugitive ink in a 3D shape resembling the tumoral vascular

network represents an alternative use of the printing technique.

In this approach, the channel network can be printed with a

fugitive ink and embedded in a biocompatible cell laden

hydrogel to build perfusable regular channel networks, once

the fugitive ink is washed away (Contessi Negrini et al., 2019),

(Miller et al., 2012). However, these strategies do not

demonstrate the complete mimicking of native 3D

vasculature, also because microvasculature (i.e., diameter lower

than 10 μm) cannot be obtained by the 3D printing technique

(Gershlak et al., 2017).

In the last years, great attention has been paid to bio-inspired

approaches, in particular, taking advantage of the

decellularization techniques for tissues and organs (Ott et al.,

2008). To overcome problems arising in the use of decellularized

human tissue (Sullivan et al., 2014), (Gilbert et al., 2006), a

possible approach considers cross-kingdom. In fact, even if

plants require different mechanisms for the transportation of

fluids in their body, natural similarities are detectable in the

vascular structure of plant and mammalian tissues, which can be

exploited for the fabrication of a microvascular network with

dimensions comparable with those of human capillaries

(5–10 μm) (Ott et al., 2008). Several examples of decellularized

plants and fruits are reported in the literature (Harris et al., 2021),

such as spinach and parsley leaves to obtain perfusable structures

(Ott et al., 2008), leek for the fabrication of potential biomaterials

(Toker et al., 2020), spinach and chive as possible structures for

kidney tubule (Jansen et al., 2021), apple, carrots, and celery to

support adhesion and proliferation of preadipocytes, osteoblasts,

muscle cells, respectively (Contessi Negrini et al., 2020a).

However, to our knowledge, no investigation of the possible

use of decellularized plants or fruits for mimicking a 3D

vasculature in a 3D in vitro model has been reported in the

literature.

The aim of this work is the investigation of the possible

realization of an in vitro 3D scaffold-based model of adipose

tissue, by incorporating decellularized 3D plant structures within

the scaffold. In particular, in order to create an adipose matrix

capable of mimicking the composition of the adipose tissue,

methacrylated gelatin (GelMA), UV photo-crosslinked, was

selected. Decellularized fennel, wild fennel and, dill leaves

have been incorporated into the hydrogel to mimic a 3D

channel network. The obtained 3D scaffolds were

characterized by a physical, mechanical, and in vitro biological

point of view, to investigate the suitability of the structures as a

3D model of pathological and vascularized, adipose tissue.

2 Materials and methods

2.1 Materials

All the materials were purchased from Sigma Aldrich unless

differently specified. Fresh fennel, wild fennel and, dill leaves

were acquired from the same chain store and stored at 4°C for

maximum 5 days prior to decellularization.

2.2 Adipose matrix

2.2.1 Synthesis of methacrylated gelatin
GelMA was used to mimic the adipose matrix in the 3D

model, and was prepared as reported in the literature (Nichol

et al., 2010), (Lim et al., 2016), and previous studies (data not

shown). Briefly, type A gelatin from porcine skin (10% w/v) was

dissolved in Dulbecco’s Phosphate Buffered Saline (DPBS) under

stirring at 50°C. Methacrylic anhydride (MA, 8% v/v), was

dropped in the gelatin solution at 50°C and stirred for 3 h.

Then, the solution was diluted 5 times with DPBS, dialyzed in

cellulose tubes (MW cut-off: 12–14 kDa) in distilled water for

1 week, and freeze-dried (LIO5P 129, 5 Pa) for 72 h.

2.2.2 Methacrylated maiuscolo gelatin
crosslinking

For the crosslinking, GelMA solution in DPBS (10% w/v) and

the photoinitiator Irgacure 2,959 (2-hydroxy-4′-2-
hydroxyethoxy)-2-methylpropiophenone) dissolved in ethanol

(10% w/v) were separately prepared. Irgacure was then added to

GelMA solution (0.05% v/v). Then, the solution was poured into

PDMS molds (diameter = 10 mm, h = 3 mm), and placed under

UV light (λ = 365 nm), at a distance of 3 cm from the light source

for 150 s.

2.3 Channel network

2.3.1 Leaf decellularization
For mimicking the vascular network, three types of plants

were selected (Figure 1-iA): cultivated fennel (F) and wild fennel

(WF), Foeniculum vulgare, and dill (D), Anethum graveolens.

Samples were obtained by cutting the ends of the leaves, using a

scalpel, in order to obtain branched structures of about 2–3 cm in

length (Figure 1-iB). The edge of the leaves has been cut to obtain

open segments, promoting the infiltration of the decellularization

solution inside the branches of the plant leaves. Decellularization

(Figure 1-iC) was performed as reported in a previously

optimized protocol (Contessi Negrini et al., 2020a), (Hickey

et al., 2018). Samples were immersed in 0.1% w/v sodium

dodecyl sulfate (SDS) for 48 h, under stirring at 180 rpm.

After 24 h, sonication at 40°C for 5 min was performed, and

the SDS step was repeated for a second time. Then, the samples
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were washed for 24 h in 100 mM CaCl2 solution for the SDS

removal. Fresh samples (F, WF, D) and decellularized (D-F,

D-WF, and D-D) samples were immersed in DPBS with 1%

penicillin/streptomycin and 1% amphotericin B, under stirring at

140 rpm for 3 h. Finally, the decellularized samples (D-leaf) were

immersed in 70% ethanol, stirred at 140 rpm for 1 h, frozen

at −20°C, and freeze-dried for 48 h (Figure 1-iD).

2.3.2 Morphological characterization
Morphological analyses were performed in order to provide a

qualitative result of the decellularization protocol. In particular,

the effect of decellularization on the samples’ macro and

microstructure was assessed through the acquisition of

stereomicroscope (Wild M8R) and Scanning Electron

Microscope (SEM, Cambridge StereoScan 360R) images.

Considering SEM images acquired for each decellularized leaf,

10 channels for each specimen were evaluated using Fiji ImageJ

software in the area of the D-leaf reported in Supplementary

Figure S2. In particular, larger channels (>100 nm) and smaller

ones (<100 nm) were evaluated considering the SEM images

acquired at ×100 and ×1000 magnification, respectively.

2.4 3D in vitro model

2.4.1 Fabrication of the 3D model
For the fabrication of the 3D models, the decellularized and

freeze-dried D-F, D-WF, and D-D leaf samples were inserted in

PDMS molds (diameter = 10 mm, h = 3 mm). Then, 274 μl

GelMA/photoinitiator solution (prepared as reported in Par.

2.2.2) were dropped onto the vegetal structure and crosslinked

by UV light at a distance of 3 cm from the UV lamp for 150 s

(Figure 2-i).

2.4.2 Perfusion test
Perfusion tests were carried out to investigate the patency of

the channels in the decellularized leaves, before and after

incorporation into GelMA. A syringe pump (KD Scientific,

KDS 100) was used with a Terumo 5 cc syringe connected to

the decellularized structure sample (n = 3 for each type) via a

30 G needle, and inserted into the stem of the decellularized

structure. The patency of the channels was then qualitatively

assessed by injecting red food coloring at a flow rate of 1 and

2 ml/h.

FIGURE 1
i) Schematic procedure for obtaining decellularized leaves from fresh plants: A) fresh plants; B) samples cut to obtain the leaf samples; C)
decellularization process; D) decellularized leaf samples. ii) Stereomicroscope images: before (A,B,and C) and after (D,E,and F) the decellularization
treatment for samples of (A,D) fennel (F), (B,E) wild fennel (WF) and (C,F) dill (D); scale bar: 1 mm iii) SEM images: before (Fresh) and after
(Decellularized) of F, WF, and D: axial cross-section of the stem (Fresh: A,C,and E; Decellularized: A,D,and G); transversal cross-section of the
stem (Fresh: B,D,F; Decellularized: B,E,H) high magnification of the transversal cross-section of the stem’s walls (Decellularized: C,F,I). Scale bar:
100 μm and 20 μm (C,F,I).
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2.4.3 In vitro stability tests
The GelMA samples containing the decellularized leaves (n =

3 for each leaf) were subjected to a weight variation test; GelMA

samples (n = 3) were used as a control to evaluate the influence of

embedded plant structures on the crosslinking efficiency.

Samples were incubated in an aqueous solution with 0.02% w/

v NaN3, at 37°C and weighed at different time points (t0 = 0 h, t =

1, 2, 3, 4, 24, 48, and 72 h and every week up to 5 weeks). The

percentage weight variation (ΔW %) was calculated using

Equation (Mahmoudzadeh and Mohammadpour, 2016):

ΔW [%] � wt − w0

w0
× 100 (1)

where: w0 is the weight at t0 and wt is the weight at the considered

time point.

2.4.4 Mechanical characterization
Mechanical compression tests were performed using a

Dynamic Mechanical Analyzer (DMA Q800, TA Instruments).

Samples (n = 3, diameter = 10 mm, h = 3 mm) of GelMA/D-F,

GelMA/D-WF, and GelMA/D-D structures, and GelMA used as

control, were tested, after reaching the swelling plateau. The test

was performed at 37°C by applying a hysteresis compression

cycle. A preload force (F = 0.001 N) was applied, followed by a

loading phase at a rate of 2.5%/min, down to −30% strain, and an

unloading phase at a rate of 5%/min. From the stress/strain

curves, elastic modulus, E (calculated as the slope in the 0%–5%

strain range), stiffness, K (calculated as the slope in the 25%–30%

strain range), maximum stress, σmax, residual deformation, εres,

and hysteresis area, H (calculated as area between the load and

the unload curves) were obtained (Contessi Negrini et al., 2020a).

2.4.5 In vitro biological test
Direct cytocompatibility tests were performed on GelMA/

decellularized leaves (D-F, D-WF, D-D) samples and GelMA as

control. 3T3-L1 preadipocyte murine cell line (ECACC No.

86052701) was selected to investigate the possible application

of the structure as an in vivo 3D scaffold-based model. Cells

(density = 1 × 106 cells/ml) were embedded in GelMA/

photoinitiator solution and 274 μl of GelMA/photoinitiator/

cells were dripped in the PDMS molds, in which the

decellularized leaves were previously positioned. GelMA

samples with or without decellularized leaves were crosslinked

by UV light. Cells seeded on TCPS were used as a control.

Preadipocyte growth medium (Dulbecco’s Modified Eagle

Medium, DMEM with 10% v/v fetal bovine serum, 1%

penicillin/streptomycin, 1 mM sodium pyruvate, 10 mM

HEPES, 4 mML-glutamine) was used, renewing every 2 days.

AlamarBlue assay was performed at 1, 3, and 7 days after seeding,

to quantitatively assess the metabolic activity of 3T3-L1 cells in

the cell-laden samples (n = 3 for type). Briefly, at each timepoint,

samples were incubated for 4 h in 1 ml AlamarBlue solution in

culture medium. Then, 100 μl were transferred in triplicate in a

96-well plate and fluorescence was read by a spectrophotometer

(GENios Plus Reader; λexc = 540 nm, λem = 595 nm). The

metabolic activity of the cells encapsulated in the samples,

compared to the cells on TCPS (control), was evaluated as

Relative Fluorescence Unit (RFU), using Equation (Rijal and

FIGURE 2
i) Scheme of the process to obtain the 3D scaffold-based model: insertion of the decellularized leaf (D-leaf) in the PDMS mold, dripping of the
GelMA solution and UV light crosslinking. ii) Samples after the GelMA photocrosslinking: (A) GelMA, (B) GelMA/D-F, (C) GelMA/D-WF, and (D) GelMA/
D-D; scale bar: 5 mm iii) Perfusion test on GelMA/D-F structures by injection of red dye: A) before the injection; B) after the complete filling of the
hollow channel; a particular of the perfused structure: red dye is visible in the decellularized channels of the leaf branches. iv) Percentageweight
variation curves of GelMA/D-leaf structures and GelMA samples. v) Representative stress-strain curves of GelMA/D-leaf structures and GelMA,
obtained by mechanical compression tests.
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Li, 2016) and Equation (Zhang et al., 2016). Samples were rinsed

twice with PBS and incubated with fresh culture medium until

the next timepoint.

RFUembedded cells � RFUsamplewith cells − RFUsample without cells (2)
RFUcells (control) � RFUcells onTCPS − RFUAlamarBlue (3)

Live/Dead staining was performed 1, 3, and 7 days after

seeding, on GelMA/decellularized leaf samples (n = 2 for type)

to qualitatively investigate the distribution of viable and dead cells

in the 3D environment. Samples were incubated in the staining

solution (10 μM propidium iodide and 2 μM calcein-AM in

DMEM) for 40 min, washed three times with PBS, and

immersed in culture medium without FBS. Images (n = 3) were

acquired by fluorescence microscope (Olympus BX51W1) and

analyzed by ImageJ software (NIH, Unites States). The percentage

of viable cells in each acquired image was quantitatively measured

using Equation (McCarthy et al., 2020), and the cell viability was

obtained averaging the values derived from the three images:

cell viability [%] � Nlive cells

Nlive cells +Ndead cells
× 100 (4)

Adipogenic differentiation tests (Figure 3-iii) were

performed on GelMA/D-F samples, following the protocol

described elsewhere (Contessi Negrini et al., 2020b). Cells

(density = 1 × 106 cells/ml) were embedded in GelMA/D-F

and seeded on 24-well TCPS plates, as control, using

preadipocyte growth medium, renewing every 2 days. After

6 days of culture, adipogenic differentiation was induced by

culturing samples in differentiation culture medium for 48 h

(DMEM with 10% v/v fetal bovine serum, 1% penicillin/

streptomycin, 1 mM sodium pyruvate, 10 mM HEPES,

4 mML-glutamine, 1 μg ml−1 insulin, 0.5 mM 3-isobutyl-1-

methylxanthine (IBMX), 1 μM dexamethasone (DEX), and

1 μM rosiglitazone). Then, differentiation-induced samples

and cells seeded on the wells were kept in maintenance

medium (composed by differentiation medium without IBMX,

DEX, and rosiglitazone) up to 14 days of culture, renewed every

2 days up to 14 days. As a control, cell-laden samples and cells on

the wells in which differentiation was not induced, were kept in

growth culture medium for 14 days. The metabolic activity was

evaluated by the AlamarBlue assay at 1, 3, 6, 8, 11, and 14 days

after seeding, as previously described. After 14 days of culture,

the adipogenic differentiation of 3T3-L1 cells embedded in the

samples was investigated. Oil Red O was performed on GelMA/

D-F structures, both differentiated and undifferentiated (n = 2) to

evaluate the accumulation of lipid droplets after 14 days of

culture. The staining solution was prepared by dissolving

300 mg of Oil Red O powder in 100 ml isopropanol overnight,

then diluted 3:2 in distilled water (Contessi Negrini et al., 2020a).

After 14 days of culture, samples were washed twice in DPBS,

fixed by submersion in 4% w/v paraformaldehyde for 12 h, and

FIGURE 3
i) Metabolic activity (RFU) values at the considered timepoints for 3T3-L1 cells encapsulated in crosslinked GelMA/D-F, GelMA/D-WF, and
GelMA/D-D. ii)Cell viability [%] obtained by Live/Dead staining up to 7 days of culture. iii) Scheme of 3T3-L1 cell seeding, growth and differentiation in
the crosslinked GelMA/D-F structures. Cells were embedded in the hydrogel before crosslinking, and crosslinked samples were incubated in
preadipocytes culturemedium for 7 days; then, half of the samples were kept growing in preadipocytes growthmedium,while half was induced
to differentiation for 48 h in differentiation medium, replaced with a maintaining medium. iv) Metabolic activity (RFU) for 3T3-L1 cells embedded in
crosslinked GelMA/D-F 1, 4, 6, 8, 11, and 14 days after seeding; after 6 days of culture, cells were kept in growthmedium (GelMA/D-F_ND) or induced
to differentiation by incubation for 48 h in differentiationmedium and then inmaintainingmedium (GelMA/D-F_D). v)Oil RedO assay onGelMA/D-F
structures induced to differentiation (A, C) and maintained in preadipocyte growth medium (B, D) after 14 days of culture. Scale bar: 500 μm (upper
row) and 100 μm (bottom row).
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washed twice with DPBS. Samples were incubated in 1 ml Oil

Red O staining solution for 12 h and washed twice with DPBS

prior to observation by optical microscopy (Leica DFC290).

2.5 Statistical analyses

Data are presented as mean and standard deviation.

Statistical analysis was performed by t-test to compare two

data sets or by one-way ANOVA test, with Tukey’s multiple

comparison test, to compare more data sets. GraphPad Prism

8.0.27 software was used; the significance level was set at p < 0.05.

3 Results

3.1 Channel network

3.1.1 Morphological characterization
The morphological analysis allowed to assess that the

decellularization process performed did not damage the leaf

structures for F, WF, and D. Stereomicroscope analysis

(Figure 1-ii) showed the loss of pigmentation on the leaves

following the decellularization treatment. In particular, during

the treatment, all the samples initially assumed a browner color,

then tended towards translucent white. This phenomenon is a

typical result of the decellularization treatment, due to the

removal of chlorophyll from the leaf tissue during the

washing phases (Dikici et al., 2019) and it is more evident in

the D-F samples than in D-WF and D-D samples. Moreover, the

leaves of the three species have internal longitudinal marbling

along their structure, which is preserved after decellularization.

SEM observation of the decellularized leaves showed the

conservation of the structure compared to the fresh leaves

(Figure 1-iii) and the presence of channels of various sizes

(Figure 1-iii). A quantitative estimation of the channel diameter

was performed starting from the high-magnification images

(i.e., 1,000X) obtained on the cross-sections of the leaves

(Figures 1-iiiC,F,I). The obtained values (Table 1, Supplementary

Figure S1) showed that in the three types of leaves, the presence of

channels (diameter: 100–500 μm) and microchannels (diameter:

3–35 μm) inside the walls of the branches is detectable. A different

channel diameter distribution was observed for the D-leaves under

evaluation; D-F showed smaller channel diameter (<5 μm), not

found in the cross-section of D-WF and D-D that showed a higher

quantity of channels in the diameter range 5–35 μm. The size of the

microchannels (diameter = 3 μm) is comparable to those of human

capillaries (5–10 μm), both in physiological and tumoral conditions

(Gershlak et al., 2017), (Fung and Zweifach, 1971).

3.2 3D in vitro model

The protocols for the realization of the in vitro models made

of GelMA and the embedded leaf of the different plant species are

reported in Figure 2-i. Decellularized structures resulted in well-

embedded and random organization in the GelMA hydrogel

(Figure 2-ii).

3.2.1 Perfusion tests
Through the perfusion tests, it was observed, at a qualitative

level, the effective possibility of perfusing the 3D decellularized

structures embedded in GelMA. The process of decellularization

and incorporation of the leaves in the crosslinked GelMA have

both contributed to and allowed the manufacture of a 3D

network of functional channels, able to support the flow of

fluid within the sample. From a qualitative point of view, the

perfusion was consistent among the specimens tested for each

type of plant leaves (i.e., D-D, D-F, and D-WF), and the perfusion

appeared different among the three D-leaves. In particular, D-F

leaves qualitatively were better perfused than the D-WF and D-D

ones. Representative images of the performed perfusion tests are

reported in Figure 2-iii. These images were acquired before and

after perfusion, to investigate the patency of the leaf vascular

system. The red dye, injected at a flow rate of 1 and 2 ml/h, filled

the channels of the main stem, then distributed in some branches

and exited the sample from the end of the branches

(Supplementary Video S1).

3.2.2 In vitro stability tests
The weight variation tests allowed for evaluating the swelling

and possible degradation of the samples, immersed in an aqueous

solution at 37°C, up to 35 days. The weight variation trends

(Figure 2-iv) showed that the GelMA/D-leaf structures lost

weight in the first 24 h, and reached the plateau at 168 h

(i.e., p > 0.05 for each structure). The significant initial weight

loss for all the samples between 0 and 72 h can be attributed to

the leakage from the sample volume of the non-crosslinked

gelatin macromolecules.

The weight variation curve of the GelMA samples, used as

control, showed the same trend, demonstrating that the D-leaf

structures embedded in GelMA before the crosslinking did not

negatively affect the crosslinking efficiency. Hence, the presence

of branched and 3D randomly organized decellularized leaves in

the GelMA hydrogels did not significantly influence the UV-light

TABLE 1 Range of diameters of the channels to the three considered
leaves (i.e., Fennel, Wild Fennel, Dill). The dimensions of the wider
channels in the stems and those of the smaller channels in the outer
branches have been reported.

Type of leaf Larger channels [μm] Smaller channels [μm]

Fennel 100–200 3–20

Wild Fennel 700–800 5–35

Dill 700–800 5–35
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crosslinking process. In fact, comparing the weight loss among

the three GelMA/D-leaf and pristine GelMA no statistical

difference can be highlighted at each time point. To confirm

that, a gel fraction test was performed on GelMA and GelMA/

D-F (SI-2). Comparing the gel fraction results at two different

time points (i.e., 24 and 72 h) no statistical difference can be

detected, evidencing a gel fraction of 82.29% ± 2.11% and

76.82% ± 1.21%, respectively for GelMA and GelMA/D-F

after 72 h.

3.2.3 Compression mechanical characterization
Compression tests were performed on crosslinked GelMA/

D-leaf structures and pristine GelMA samples; the stress-strain

curve for each analyzed sample was obtained (Figure 2-v) and

mechanical parameters are reported in Table 2. A decrease in

mechanical characteristics was found for all the samples

containing plant structures compared to GelMA samples. In

fact, compared to GelMA/D-leaf, pristine GelMA showed a

higher slope which is correlated to a greater (p < 0.05) elastic

modulus (Table 2, Supplementary Figure S3). However, the

obtained elastic modulus values (3–9 kPa) for all the analyzed

structures, are representative of adipose tissue, healthy (2–3 kPa),

or at the first stages of tumor development (6–10 kPa) (Brandl

et al., 2010). GelMA curve assumed a higher slope (p < 0.05) in

the strain range considered for the stiffness, a higher value (p <
0.05) for σmax, representative of higher mechanical strength, and

a higher (p < 0.05) hysteresis area value, related to the energy loss

during the mechanical test, typical for viscoelastic materials. The

lower mechanical behavior can be attributed to the fact that there

is an irregular internal structure in the GelMA/D-leaf scaffold,

including the presence of hollow channels inside the

decellularized leaves (Ogushi et al., 2013).

3.3 In vitro biological test

3.3.1 Cytocompatibility tests
In vitro biological tests were carried out on crosslinked

GelMA/D-leaf specimens to verify the compatibility of vegetal

structures once cells were embedded in the GelMA-based

structure. In particular, direct cytocompatibility tests were

carried out to verify that decellularized leaf structures did not

release any potentially toxic substances resulting from the

decellularization treatment, possibly affecting the behavior of

encapsulated 3T3-L1 cells. AlamarBlue assay results showed

comparable RFU values (p > 0.05) for the three GelMA/D-leaf

structures at each timepoint (Figure 3-i). These results

demonstrated that no difference between the cytocompatibility

of the different leaves can be detected and that the involved

decellularization reagents did not affect cell viability.

This trend was confirmed by the qualitative investigation

of cell viability by the Live/Dead assay, that allowed verifying

the adhesion and proliferation of 3T3-L1 cells on the outer

surface of the D-leaves and in the whole bulk of the GelMA

scaffold (Supplementary Figure S4). From the quantitative

analysis of the results, no statistically significant differences

were detected in cell viability comparing the structures with

the different types of leaf (Figure 3-ii). Thus, the Live/Dead

assay trend confirmed the results of the AlamarBlue test

(Figure 3-i), demonstrating that the decellularization

treatment and the D-leaves in GelMA are not cytotoxic

and, moreover, that the process of crosslinking GelMA, in

terms of photoinitiator, distance from the UV lamp, and time

of exposure to UV light are not harmful to cell viability.

3.3.2 Adipogenic differentiation tests
Since no cytotoxic effects were detected in the

cytocompatibility test, comparing the three prepared GelMA/

D-leaf structures, the ability of the samples to stimulate

differentiation of 3T3-L1 preadipocytes in mature adipocytes

was investigated. The GelMA/D-F structure was selected among

the three 3D models, since no significant differences among the

three types of plant were detected in all the tests previously

carried out, at a physical, mechanical, and in vitro biological level.

AlamarBlue assay showed increasing RFU values during the

14 days of culture, comparable to the samples induced to

adipogenic differentiation and those maintained in the

preadipocyte culture medium (Figure 3-iv). In fact, an

overlapping trend of the metabolic activity was detectable on

cells embedded in GelMA/D-F differentiated and

TABLE 2 Values of the considered mechanical parameters obtained in the compression test performed on the four formulations considered. The
average standard deviation of the parameter is shown in the table.

GelMA GelMA/D-F GelMA/D-WF GelMA/D-D

E [kPa] 9.32 ± 1.85a,b,c 4.27 ± 1.16a 5.68 ± 0.76b 3.55 ± 0.34c

K [kPa] 34.83 ± 4.42a,b,c 19.86 ± 3.06a 21.35 ± 0.97b 12.49 ± 1.67c

σmax [kPa] 5.95 ± 0.90a,b,c 3.28 ± 0.62a 3.69 ± 0.19b 2.19 ± 0.18c

εres [%] 2.42 ± 0.28c 4.22 ± 0.87 3.43 ± 0.60 5.45 ± 0.81c

H [J/dm3] 0.65 ± 0.11a,b,c 0.34 ± 0.07a 0.39 ± 0.03b 0.23 ± 0.02c

Note: a, b, c, d, e, and f highlight the statistically significant differences (p < 0.05): a = GelMA vs. GelMA/D-F; b = GelMA vs. GelMA/D-WF; c = GelMA vs. GelMA/D-D; d = GelMA/D-F vs.

GelMA/D-WF; e = GelMA/D-F vs. GelMA/D-D; f = GelMA/D-WF vs. GelMA/D-D.
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undifferentiated in adipocytes, during the 14 days of culture.

Moreover, the metabolic activity of the cells encapsulated within

the hydrogel showed a statistically significant increase (p < 0.05),

for both types of culture (i.e., D vs. ND), between day 1 and 14,

demonstrating the good viability of encapsulated cells and a trend

to increase their metabolic activity. The images acquired after the

Oil Red O staining showed a uniform and distributed cell

organization in GelMA/D-F (Figure 3-v). In particular,

GelMA/D-F_D seems to have a greater accumulation of lipid

droplets, suggesting a better differentiation of the cells, by

qualitative observation.

4 Discussion

For the realization of a 3D in vitromodel of tumoral breast

cancer adipose tissue, the components that have to be

considered, are the adipose matrix, with its cellular and

protein components, and the tortuous blood vessels. For the

three types of leaves, 3D scaffolds embedding perfusable

D-leaf were obtained and stability over time (about 5 weeks,

i.e., test duration) was detected, with physical and mechanical

characteristics comparable one each other. Furthermore, by

comparing the behavior of such samples with those of control

GelMA, the weight variation curves showed the same trend,

demonstrating an equal crosslinking efficiency. Even though

the mechanical characteristics of GelMA are greater, all the

formulations nevertheless fall within the range of adipose

tissue (Brandl et al., 2010). The in vitro biological tests,

performed on the samples containing the three D-leaf,

showed comparable results for all formulations,

demonstrating the cytocompatibility of the D-leaf in the

GelMA hydrogel as well as the decellularization treatment.

In fact, an excellent ability of these samples to host the growth

and proliferation of 3T3-L1 cells could be observed. On the

other hand, as regards cell functionality, from the quantitative

tests carried out after 14 days of culture (i.e., differentiation

time = 8 days), no results were obtained in favor of adipogenic

differentiation, found only at a qualitative level by Oil-red-O

staining. The poor results achieved for all the analyzed

formulations, with regard to cell differentiation, were

related to a delay in the stimulation of the cells due to their

encapsulation within the material (Ogushi et al., 2013). Future

developments may focus on a deeper biological

characterization to verify the expression of genes

responsible (i.e., PPARγ) for the differentiation of

preadipocytes encapsulated in GelMA/D-leaf.

In this work, particular attention has been paid to the

vascular structures and, in particular, to the possibility of

mimicking the structural and dimensional characteristics of

cancer-associated blood vessels using an innovative approach.

Decellularized plant structures were considered for this

purpose due to the natural similarity of their microfluidic

network to the human vascular one (i.e., structure and size). In

fact, human vascular networks, both physiological and

pathological, respond in vivo to angiogenic signals, which

stimulate their growth to form capillary beds with complex

branching, distributed over several planes and along random

paths (Chan et al., 2012). These characteristics are difficult to

replicate with modern 3D printing techniques, allowing for

channel networks complex in terms of branching and

interconnections, but generally very simple as geometries

(e.g., regular tubes) and with high dimensions (e.g.,

diameter >100 μm). Instead, it is possible to notice a

natural similarity between the plants and mammals

vascularization, both able to support the flow of fluids and

the transport of nutrients and other important biomolecules.

Hence, the involvement of decellularized plant structures is a

possible approach to the realization of 3D engineered

constructs of vascularized tissue that are not replicable,

instead, with most of the modern 3D printing techniques.

In addition, cellulose, the main component of plant cell walls,

is a polysaccharide widely studied as a biomaterial in

regenerative medicine applications (Czaja et al., 2006;

Müller et al., 2006; Zaborowska et al., 2010; Modulevsky

et al., 2016). In this work, therefore, we have tried to

investigate this possible new approach and to preliminary

verify that decellularized leaves can actually serve as a

structure to mimic a microchannels network in a 3D

scaffold-based in vitro cancer model.

GelMA, obtained from gelatin type A, was chosen as the

material for the realization of crosslinked 3D matrix

mimicking the adipose tissue. This material is widely used

in regenerative medicine for the regeneration and in vitro

models of adipose tissue, because, once crosslinked, it is able to

mimic its characteristics both in terms of protein composition

and mechanical properties (Colle et al., 2020), (Ovsianikov

et al., 2011; Huber et al., 2016; Kessler et al., 2017). For

mimicking the vascularization network, cultivated and wild

fennel, and dill, were selected based on their macroscopic

structural similarity (e.g., branches), to human

microcirculation. In fact, in vivo, larger vessels branch into

smaller lateral channels, with diameters ranging from a few

millimeters to about ten microns (Fung and Zweifach, 1971).

The results obtained by SEM observation for the decellularized

leaf cross-sections have shown that the microchannels present

within these plant structures have diameters ranging from

about 500 μm up to 3 μm, therefore in line with the size of

blood vessels in vivo (Supplementary Table S1). The selected

leaves were decellularized for the removal of cell material and

DNA following a protocol well described in the literature and

used for the decellularization of different types of plants (Ott

et al., 2008), but never applied to fennel and dill. All the

considered leaf tissues exhibited a loss of pigmentation after

the decellularization treatment. A translucent appearance is

typical of decellularized structures, both for the animal
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(Bühler et al., 2015) and plant tissues (Gershlak et al., 2017),

(Fontana et al., 2017), (Adamski et al., 2018). Loss of

pigmentation is due to the removal of chlorophyll from leaf

tissue during washing steps (Dikici et al., 2019). In

(Modulevsky et al., 2016), apple samples were observed,

after treatment, by SEM, highlighting the architecture of the

scaffolds in an acellular and highly porous 3D cellulose frame,

and by hematoxylin-eosin staining, which allowed the

qualitative assessment of the absence of native apple cells

after decellularization. In (Adamski et al., 2018) spinach

leaf samples were analyzed after decellularization to

quantify DNA removal. The genomic DNA of the samples

was isolated and quantified, allowing to verify a significant

reduction in treated samples compared to no decellularized

samples. In (Gershlak et al., 2017) and (Fontana et al., 2017)

the colorimetric test performed to evidence the retention of

genomic DNA and proteins in spinach leaf samples and

parsley stems and roots showed that the decellularized

structures had levels of remaining DNA that met an

adequate level. These results reported in the literature well

demonstrated the efficiency of using a protocol of

decellularization based on the use of SDS for plant

matrices. Hence, the selected decellularization protocol

allowed for the preservation of the original structure both

in the superficial and inner layers, maintaining the highly

porous structure, with channels inside the wall that continue

throughout the sample. For all these reasons, we decided to

apply the protocol without further characterization.

It is important to highlight that, to our knowledge, no studies

like the one here presented are reported in the literature. The

novelty of the present work mainly concerns the use of

decellularized plants in a scaffold. Even if different papers

reported how the vascularization of leaves could mimic the

human one, the decellularized structures are themselves used

as a scaffold (Bilirgen et al., 2021). Apart from the use of different

plants as a possible 3D scaffold, cardiac tissue engineering,

osteogenesis, and bone tissue engineering, skeletal muscle,

adipose tissue, and tendons, some researchers demonstrated

the possible use of apple (Hickey et al., 2018), spinach leaves

(Dikici et al., 2019), medicinal plant leaves (Thippan et al., 2019),

Camellia japonica (Varhama et al., 2019), Aptenia cordifolia

(Wang et al., 2020) to support blood vessel formation or

vascularization. However, these structures have never been

embedded in a 3D scaffold that could mimic the characteristic

of the tissue to be regenerated or in vitro mimicked. The

advantage of the here proposed approach allows for the three-

dimensionality of the channel network that cannot simply be

obtained by using 3D printing techniques. A new technique of

free form reversible embedding of suspended hydrogels (FRESH)

is also gaining attention in recent years, which would allow the

printing not only in the x-y plane but also in the z axes (Holland

et al., 2018). However, to date, only a few attempts have been

made with it. Furthermore, even if FRESH allows the printing of

complex and interconnected 3D structures (e.g., femur models

and vessels with bifurcations) with high fidelity by embedding

cells in the bioprinted hydrogel, no adipose cancer 3D scaffold-

based models have been already proposed. Moreover, the

possible limitation of the 3D printing technique in

recapitulating the 3D vascular network concerns the difficulty

in changing the diameter of the channel in the same network. In

the past years, new techniques emerged to deposit simultaneously

several materials that should be used as fugitive ink so to obtain a

network with channels with different diameters or to directly

bioprint structures embedding vascular cells. The multi-material

3D printing is possible as co-extrusion, multi-jet including side-

by-side, co-axial bioprinting, core-shell bioprinting or gradient

and consists in bioprinting more than one material in a single

step. The possibility of reducing the diameter of the channel, like

in the natural vascular network, can be obtained by using

decellularized plants having a branched structure in a manner

simpler than the use of fugitive inks.

5 Conclusion

Nowadays, the development of 3D scaffold-based in vitro

models would represent a great step forward in cancer

research, offering the possibility of predicting in vitro the

potential in vivo response to targeted anticancer or anti-

angiogenic therapies. In this work, we chose GelMA/D-leaf

structures having a branched structure similar to the vascular

network. Starting from these structures, we obtained 3D

models showing adequate channel dimensions and

mechanical properties adequate to mimic the adipose tissue

microenvironment. A preliminary in vitro biological study

showed that the encapsulated 3T3-L1 cells after an initial

period of metabolic adaptation, were able to grow and

proliferate in the structure, colonizing the entire

microenvironment and starting to differentiate. The

obtained results showed the potentiality of the innovative

proposed approach, based on the use of natural plants for

the vascularization network that well mimics the one of the

tumoral microenvironment in 3D scaffold-based models.
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