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A B S T R A C T   

The reprocessing of vegetal-waste represents a new research field in order to design novel biomaterials for po-
tential biomedical applications and in food industry. Here we obtained a biomaterial from Lupinus albus L. hull 
(LH) that was characterized micro-structurally by scanning electron microscopy and for its antimicrobial and 
scaffolding properties. A good adhesion and proliferation of human mesenchymal stem cells (hMSCs) seeded on 
LH scaffold were observed. Thanks to its high content of cellulose and beneficial phytochemical substances, LH 
and its derivatives can represent an available source for fabrication of biocompatible and bioactive scaffolds. 
Therefore, a reprocessing protocol of LH was optimized for producing a new LH bioplastic named BPLH. This 
new biomaterial was characterized by chemico-physical analyses. The water uptake, degradability and antimi-
crobial properties of BPLH were evaluated, as well as the mechanical properties. A good adhesion and prolif-
eration of both fibroblasts and hMSCs on BPLH were observed over 2 weeks, and immunofluorescence analysis of 
hMSCs after 3 weeks indicates an initial commitment toward muscle differentiation. Our work represents a new 
approach toward the recovery and valorization of the vegetal waste showing the remarkable properties of LH and 
BPLH as cellular waste-based scaffold with potential applications in cell-based food field as well as in medicine 
for topical patches in wound healing and bedsores treatment.   

1. Introduction 

The production of novel stem cell scaffolds able to carefully mimic 
the biochemical and physical properties of the cellular microenviron-
ment found in tissues and organs is acquiring a considerable importance 
in regenerative medicine [1–4]. Selected biowastes can represent an 
inexpensive source of valuable bio-products for the development of 
innovative sustainable biomaterials for biomedical applications and a 
new research line on the reuse and renewal of the waste products [5–7]. 

Improving the waste management could lead to increased opportunities 
to exploit the bio-wastes and to a reduced environmental impact, also 
enhancing the competitiveness through the production of new 
bio-products at lower cost. Recently, micro-structured biomaterials have 
been used as cell culture systems suitable for preclinical studies on 
drugs, cytotoxicity analyses and tissue regeneration [8–13]. The 
complexity of the extracellular matrix (ECM) physiologic microenvi-
ronment can be reproduced mimicking its biochemical and physical 
properties with novel biocompatible micro-structured scaffolds [10]. 

Abbreviations: α-SMA, α-smooth muscle actin; ATR-FTIR, Attenuated total reflection Fourier transform infrared spectroscopy; BPLH, Bioplastic from lupin hull; 
DASH, Dietary Approach to Stop Hypertension; DMSO, Dimethyl sulfoxide; ECM, extracellular matrix; FEG, field emission gun; FLH, Fresh lupin hull; GA, Gallic acid; 
GAE, Gallic acid equivalents; GI, glycemic-index; hMSCs, Lin− Sca-1+ human mesenchymal stem cells; HR, high resolution; IL, interleukin; iPSCs, induced Pluripotent 
Stem Cells; LH, Lupinus albus hull; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; Nf-kB, nuclear factor kappa light chain enhancer of 
activated B cells; NHDFs, Normal human dermal fibroblasts; RH, Relative humidity; RP-HPLC, reverse phase high performance liquid chromatography; SEM, 
scanning electron microscopy; TCA, Trichloroacetic acid; TFA, Trifluoroacetic acid; WHO, World Health Organization’s; WST-1, 2-(4-Iodophenyl)-3-(4-nitrophenyl)- 
5-(2,4-disulfophenyl)-2H-tetrazolium; WU, Water Uptake. 

* Corresponding author. Department of Chemical Sciences and Technologies University of Rome Tor Vergata via della Ricerca Scientifica 00133, Rome, Italy. 
E-mail address: sonia.melino@uniroma2.it (S. Melino).   

1 The authors equally contributed to the research. 

Contents lists available at ScienceDirect 

Biomaterials 

journal homepage: www.elsevier.com/locate/biomaterials 

https://doi.org/10.1016/j.biomaterials.2022.121984 
Received 30 March 2022; Received in revised form 10 November 2022; Accepted 22 December 2022   

mailto:sonia.melino@uniroma2.it
www.sciencedirect.com/science/journal/01429612
https://www.elsevier.com/locate/biomaterials
https://doi.org/10.1016/j.biomaterials.2022.121984
https://doi.org/10.1016/j.biomaterials.2022.121984
https://doi.org/10.1016/j.biomaterials.2022.121984
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biomaterials.2022.121984&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biomaterials 293 (2023) 121984

2

Vegetables have been used as implantable and biocompatible cellulose 
scaffolds for 3D cultures of mammalian cells [14–16], and 
cellulose-porous based scaffolds have been also employed for osteo-
blastic differentiation of human mesenchymal stem cells and iPSCs 
(induced Pluripotent Stem Cells), exploiting the clinical prospective for 
their application as in vivo implants [17–19]. Human endothelial, 
pluripotent and mesenchymal stem cells have been implanted in both 
the inner surfaces of plant vasculature and in the outer surfaces of plant 
scaffolds preserving their functional properties [12]. 

Moreover, the great sustainability of the waste-vegetables and the 
need for producing new foods from vegetables with particular nutri-
tional properties could be combined for the realization of new bio-
materials for biomedical applications. Legumes, used in several diets 
including vegetarian, vegan, and mediterranean, are important in-
gredients in the lower-glycemic-index (GI) diets [20], in Dietary 
Approach to Stop Hypertension (DASH) eating plan, and are included in 
the World Health Organization’s (WHO) Healthy Diet plan [21]. Le-
gumes are a good source of bioactive compounds and phytochemicals 
including anthocyanins, phenolic acids, flavonols, and proanthocyani-
dins [22]. Particularly, the lupin shows several interesting health 
properties and recently it is becoming a major legume crop in Australia, 
especially in areas with potential environmental stress, annual rainfall 
<500 mm, and poor soil condition. Several studies suggest that the lupin 
consumption improves bowel function and reduces cholesterol, blood 
glucose, and glycemic index [23]. In the last years the Lupinus L. (family 
Fabaceae) has gained an increasing interest for its nutritional properties 
[24]. In ancient Greece and Egypt (earlier than 2000 BC), it was used as 
food for humans and feed for animals, and also in cosmetics and medi-
cine. The medical and pharmaceutical value of lupin was known to 
Greeks as well as Romans. Seeds, plants and decoction left after seed 
soaking were employed as drugs. Plinius mentioned sixteen ways of 
applying lupin in medicine. Lupin hulls (LHs) contain 95% of fibers, 
mostly cellulose and hemicellulose, with large quantities of xylose and 
uronic acid, about 4–6% crude protein, lignin, carotenoids, tocopherols, 
polyphenols, minerals (ash) [25–30]and other bioactive components 
showing exciting potential [31]. Among them an interesting lipidic 
component is the lupeol [32] that is a triterpene alcohol belonging to a 
group of promising secondary plant metabolites. Lupeol has shown to 
improve the epidermal tissue reconstitution [33,34], to induce cellular 
differentiation and to inhibit the melanoma cells growth [35,36]. It is 
found in several other species and shows antinociceptive and 
anti-inflammatory properties [37–39]. Indeed, it seems to be a potent 
anti-inflammatory and multi-target drug, targeting key molecular 
pathways such as those involving NF-kB (nuclear factor kappa light 
chain enhancer of activated B cells), among others [40]. The treatment 
with lupeol induces a reduction of IL-4, IL-5 and IL-13 levels, that are 
characteristic of an allergic airway inflammatory process. Its 
anti-inflammatory feature is linked to its immune-modulatory and 
anti-tumor action [40–42]. Reduction of cellularity and eosinophils in 
the bronchoalveolar fluid in a murine model was observed after its 
administration [43]. 

In this work we have produced membrane scaffolds by the decellu-
larization of Lupin hulls (LHs). LHs were characterized in terms of the 
microstructural features by scanning electron microscopy (SEM) and of 
the antimicrobial properties, and used as waste-vegetable biomaterial 
for the human cardiac Lin− Sca-1+ mesenchymal stem cells (hMSCs) 
growth. Moreover, a new bioplastic (BPLH) was here produced by an 
optimized LHs reprocessing protocol and characterized by microscopy, 
UV–vis fluorescence and FTIR spectroscopy, RP-HPLC and polyphenols 
analysis. The water uptake, degradability and antimicrobial properties 
of BPLH were also evaluated, as well as the mechanical properties. The 
scaffold capability of BPLH was assessed using both Normal Human 
Dermal Fibroblasts (NHDFs) and hMSCs, and a good cellular adhesion, 
proliferation and initial commitment toward muscle differentiation 
were observed over 2 weeks. This work represents a new approach to-
ward the recovery and valorization of the vegetal waste for potential 

applications in biomedicine and for new formulation of stem cells based 
food. 

2. Materials and methods 

2.1. Scaffolds preparation 

LHs were incubated for 24 h in ethanol under magnetic stirring at 
room temperature (23 ◦C) and after that, washed in H2Odd several times 
in order to completely remove the ethanol. Finally, they were lyophi-
lized and stored in dried conditions at room temperature. The LHs were 
rehydrated with phosphate buffer solution (PBS) and cut in disks of 1 cm 
diameter. 

BPLH scaffolds were produced incubating the dried and finely 
crushed LHs in anhydrous trifluoracetic acid (TFA) with a ratio of 0.3 g 
(d.w.)/ml for 48 h at 37 ◦C. The mixture was centrifuged for 30 min at 
4000 rpm and the supernatant was put either in a petri dish or directly in 
the wells of a multiplate and immediately washed with PBS for several 
times, in order to normalize the pH. 

2.2. Attenuated total reflection Fourier transform infrared spectroscopy 
(ATR-FTIR) 

ATR-FTIR analysis of LH and BPLH was performed to characterize 
the functional groups present in the samples. It was carried out using a 
FTIR spectrometer (Jasco, FT/-6600) equipped with an attenuated total 
reflectance (ATR) cell. Spectra were recorded by placing and pressing 
the samples in contact with the ATR cell, in the following conditions: 
wavenumber ranged from 400 to 4000 cm− 1, spectral resolution of 2 
cm− 1 and number of scans 32. 

2.3. Polyphenols extraction and total phenolic determination 

Polyphenols were extracted with the following protocol: 33 mg LH 
and BPLH were incubated with 500 μl of 50% TCA (trichloroacetic acid) 
(w/v) overnight in ice. The samples were then centrifuged for 15 min at 
10,000 rpm and the supernatant was recovered. Polyphenols quantifi-
cation was performed using a modified Folin-Ciocalteu method [44]: 
250 μl of Folin-Ciocalteu reagent (diluted 1:10 v/v) were added to 30 μl 
of TCA extracts for 4 min at room temperature in dark conditions. Then 
20 μl of 1 M KOH and 200 μl of 1 M NaHCO3 were added and the samples 
were incubated overnight in dark conditions. Finally, the absorbance at 
750 nm was measured using an iMarkTM Microplate Reader (Bio-Rad). 
A calibration curve using gallic acid (0–20 μg) (see Fig. 1S) was per-
formed in order to assess the polyphenols concentration, and the total 
phenolic content was expressed as gallic acid equivalents (GAE) (μg/mg 
of dry weight). 

RP-HPLC analysis of the TCA extracts was performed using mod. LC- 
10AVP (Shimadzu, Milan, Italy), equipped with a UV detector (Shi-
madzu, Milan, Italy) and a C18 column (150 mm × 4.6 mm, 5 μm, CPS 
Analitica, Rome, Italy), loop of 20 μl, rate flow 0.8 ml/min. The solvent 
B gradient (solvent B: 80% CH3CN, 0.1% TFA; solvent A: 0.1% TFA) used 
was: 0–5 min 0%; 5–65 min 60%; 65–90 min 90%. The elution was 
monitored at 220 and 280 nm. 

2.4. Water uptake of BPLH 

Water uptake study was performed to determine the water holding 
capacity of BPLH. Briefly, BPLH disks (1 cm of diameter) were immersed 
in distilled water at room temperature (25 ◦C) and, at different times (0, 
3, 5 and 24 h), the samples were removed from water and weighed. The 
water uptake of the matrices was calculated by the following equation 
(eq. 1) [13,45]: 

Water Uptake %=
Wwet − Wdry

Wwet + Wdry
× 100 eq.1 
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where Wwet and Wdry are the weights of the wet and dried BPLH, 
respectively. 

2.5. Degradability 

The degradability of the starch-based bioplastic disks (1 cm diam-
eter) was determined by dipping them in different solutions (1 ml) (i.e. 
H2Odd, 1 M NaOH, 1 M HCl and 1:10 E:S (w/w) trypsin solution in 10 
mM Hepes buffer pH 8.5), incubated at 37 ◦C and monitored over 6 
weeks. 

2.6. Analysis of the mechanical properties 

Mechanical properties of BPLH were investigated by uniaxial tensile 
tests performed on dog-bone specimens (width 4.8 mm, length 22.00 
mm), at 5 mm/min to rupture by an electromechanical machine (Lloyd 
LRX), equipped with a 500 N load cell, at 25 ◦C, following ASTM D882 
standard. Four specimens were prepared and all mechanical properties 
were calculated considering the nominal specimen cross-section. 

2.7. Analysis of the antimicrobial property 

The antimicrobial activity of both LH and BPLH was tested using 
ampicillin resistant E.coli (E.coliAmpR) BL21 strain grown either in solu-
tion with LB medium or onto petri dishes with agar-LB medium, both 
with 100 μg/ml of ampicillin. The disks (diameter 1 cm) were previously 
sterilized using ethanol and UV exposure and after the solvent evapo-
ration, they were placed either in the LB medium or on the petri dishes in 
case of BPLH both seeded with the bacterial overnight culture and 
incubated at 37 ◦C. The cultures in LB solution were followed on time for 
about 5 h detecting the optical density at 600 nm, while the cultures in 
petri dishes with LB agar were incubated overnight and the inhibition of 
the bacterial growth around the disks was analyzed. 

2.8. Cellular cultures 

Sca-1+ Lin− human cardiac mesenchymal stem cells (hMSCs) line 
was previously obtained by Forte G et al. [46] using cell sorting from 
auricular biopsies made during coronary artery bypass surgery. Both 
hMSCs and normal human dermal fibroblasts (NHDFs) (Lonza, Basel, 
Switzerland) cell lines were cultured in Dulbecco’s Modified Eagle Me-
dium (DMEM) (Gibco, Italy), containing 10% Fetal Bovine Serum (FBS) 
(Gibco, Italy), 1% penicillin-streptomycin (Sigma-Aldrich, Italy), 1% 
L-Glutamine (Gibco, Italy), herein referred as to “complete medium”. LH 
scaffolds were washed with PBS for 2 days and conditioned for 3 days 
with complete medium before cell seeding. 

2.9. Cell adhesion and viability assays 

The cell adhesion and proliferation of the hMSCs and NHDFs on LH 
or BPLH were evaluated by MTT and/or WST-1 assays. The cellular 
adhesion was evaluated using the following protocol: the cells were 
seeded at a cellular density of 5 × 103 cells/cm2 and after 5 h from 
seeding, the LH or BPLH scaffolds were transferred into new wells, and 
the samples were incubated for 3 h in DMEM medium high glucose 
without phenol-red at 37 ◦C with 5% CO2 in the presence of 10% v/v of 
5 mg/ml 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT) solution in PBS buffer, [47]. Subsequently, the medium 
was discarded and the precipitated formazan salts were dissolved into 
500 μl of DMSO/acid isopropanol mixture applying 18 kHz ultrasounds 
for about 1min at the air-water interface by means of a Sonics and 
Materials ultrasound generator (Branson) with a 3 mm in diameter horn 
at an applied acoustic power of 160 Wcm− 2. The optical density of the 
solution was evaluated using a spectrophotometer at a wavelength of 
570 nm. The cell viability of both hMSCs and NHDFs on BPLH was 

obtained using Water-Soluble Tetrazolium salt (WST-1) assay 
(2-(4-Iodophenyl)-3-(4-nitrophenyl)- 5-(2,4-disulfophenyl)-2H-te-
trazolium) (Roche Diagnostics, Sigma Aldrich, Italy) [48]. Briefly, the 
samples were incubated for 3 h in DMEM medium high glucose without 
phenol-red in the presence of 5% (v/v) cell proliferation reagent WST-1 
at 37 ◦C with 5% CO2. The absorbance of the medium was evaluated 
using an iMarkTM Microplate Reader (Bio-Rad) at a 450 nm wavelength. 

2.10. Fluorescence and immunofluorescence analyses 

hMSCs were seeded on LH and BPLH scaffolds at cellular density of 2 
× 104 and 3 × 104 cells/cm2, respectively and cultured with complete 
medium for 1, 2 and 3 weeks. After washing with PBS, the samples were 
fixed in 4% paraformaldehyde (PFA) in PBS for 15 min at 4 ◦C, per-
meabilized with 0.2% v/v Triton X-100 (Sigma-Aldrich, Italy) for 15 min 
and incubated with antibodies specific for α-smooth muscle actin 
(α-SMA) and α-actinin (Sigma-Aldrich, Italy), followed by the appro-
priate Alexa fluorochrome-conjugated secondary antibodies (Invi-
trogen, Italy). Nuclei were stained with Hoechst 33342 (Sigma-Aldrich, 
Italy). The cell growth on BPLH of both NHDFs and hMSCs was analyzed 
by fluorescence microscopy fixing and staining the cells with a crystal 
violet solution (6% v/v glutaraldehyde and 0.5% w/v crystal violet in 
deionized water) and then washing with PBS. Epifluorescence micro-
scopy was performed using the Zeiss fluorescence microscope Axioob-
server 7 Zeiss, while the confocal micrographs were obtained using both 
a confocal laser scanning microscopy Olympus Fluoview 1000 and a 
Stellaris Leica microscope platform for the hMSCs and the NHDFs 
samples on BPLH, respectively. 

2.11. Microstructural characterization by HR-SEM analysis 

The scanning electron microscopy micrographs of the LH samples 
with and without hMSCs and BPLH were acquired with a Zeiss Leo Supra 
35 field emission gun scanning electron microscope (FEG-SEM, Cam-
bridge Leo Supra 35, Carl Zeiss). The samples of LH with hMSCs were 
prepared using increasing percentages of ethanol in agreement with 
previous described protocols [14], then the samples were frozen in 
liquid nitrogen and fractures of the samples were performed. The frag-
ments of the freeze-dried BPLH, lupin hulls and the lupin hulls with 
hMSCs were placed on carbon tape and metalized under vacuum before 
SEM analysis. 

2.12. Statistical analysis 

GraphPad Prism version 6.0 (GraphPad Software, San Diego, CA, 
USA) was used for the statistical analysis. Data obtained from three or 
five independent experiments were analyzed for each variable using 
ANOVA One-way test or a one-tailed Student’s t-test. A p-value <0.05 
was considered to be statistically significant. 

3. Results 

3.1. Preparation and characterization of decellularized LH scaffolds 

Dried LH scaffolds were prepared as described above and then were 
hydrated using PBS and cut in disks of 1 cm diameter. An ultrastructural 
analysis by SEM was performed. In Fig. 1 the micrographs of the inner 
and outer side of the LH scaffold are shown. While the inner side is 
smooth (Fig. 1A), the outer side of LH is characterized by the presence of 
physiological micro-porosity (Fig. 1B), with pores of about 10 μm; this 
system of membranes could have a physiological relevance in the gas 
permeability, conferring a property that should be investigated. 

The antimicrobial activity of LH scaffold and fresh lupin hulls (FLHs) 
was evaluated using BL21 E. coli strain ampicillin resistant. The growth 
of E.coliAmpR was significantly reduced in the sterilized LB medium, 
where one LH disk was incubated at 4 ◦C for 4 days. In Fig. 1D the 
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Fig. 1. Microstructural characterization of LH and 
antimicrobial property of LH and FLH. (A) SEM 
micrograph of the LH inner surface (magnification 
5kx). SEM micrographs of the LH outer surface 
(magnification:1kx in (B) and 5kx in (C)) with pores 
of about 10 μm. Scale bars are of 10 μm. (D) E. coli 
AmpR growth is obtained by OD600 nm over the time. 
The E.coli growth was performed in LB medium with 
100 μg/ml ampicillin (black line) and in the presence 
of LH (green line) or FLH (orange line). LH was pre-
viously incubated in LB for 4 days in sterile condi-
tions and then the LB was used for the E. coli growth. 
Experiments were performed as three biological rep-
licas. Error bar indicates S.D. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 2. Stem cell adhesion and proliferation on LH scaffold. (A) hMSCs (seeded at 5 × 103 cells/cm2) adhesion to the LH scaffold after 5 h from seeding. Cell 
proliferation of hMSCs after (B) 7 days and (C) over time at 5 h, 1, 14 and 21 days of growth. Experiments were performed as three biological replicas. Error bar 
indicates S.D. (D) Fluorescence micrographs of hMSCs on LH scaffold after 7 days of growth. Nuclei are stained with Hoechst 33,342 and the α-SMA protein is in red. 
The arrows indicate the presence of α-SMA protein. Scale bars are of 50 μm and 10 μm. (E) SEM micrographs of hMSCs on LH scaffold after 21 days (Mag. 2kX and 
3kX and scales bars of 10 μm and 2 μm). The arrows indicate the presence of α-SMA protein. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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profiles of the bacterial growths using LB medium conditioned or not 
with LH/FLH disks are shown. A high reduction of the bacterial growth 
was observed in the case of FLH, but also the LH presence induced a 
slowdown in growth. This antimicrobial activity can be attributed to a 
release of antibacterial phytochemicals from LH/FLH. In order to iden-
tify the substance present on the LH an extract with 50% of TCA was 
performed and analyzed by RP-HPLC. 

3.2. Efficiency of hMSCs adhesion and proliferation on LH 

The outer surface of LH is characterized by the presence of pores but 
also of waxes, which represent a physiologically important barrier to 
microbes and external substances and minimize the water loss. The 
presence of the waxes reduced also the cellular adhesion and prolifer-
ation as observed by preliminary experiments (data not shown), there-
fore we performed the cell seeding on the inner surface. In order to use 
the LH as scaffold for cell cultures, the cell adhesion of hMSCs on LH 
scaffold of 1 cm diameter was evaluated. hMSCs (5 × 103 cells/cm2) 
were seeded on the inner surface of the LH scaffold and both cell 
adhesion after 5 h and proliferation over the time were assessed by MTT 
cell viability assay. The cell viability (after a total of 5 h from seeding) of 
a control consisting of hMSCs on TCP (Tissue Culture Plate) and of 
hMSCs that had adhered to the LH scaffold was then compared. In Fig. 2 
the metabolic analyses of the hMSCs cultures grown on LH scaffold are 
shown. The hMSCs adhesion on LH scaffold was 34.2% ± 6.8 SD 
compared to the cell adhesion on TCP (100%) (Fig. 2A), suggesting a 
good adhesion efficiency of the hMSCs on LH scaffold. The hMSCs 
proliferation on LH scaffold after 7 days (Fig. 2B) and over time until 21 
days was also analyzed (Fig. 2C), demonstrating that the vegetal LH 
scaffold can be a good material for supporting the cell growth. 

The immunofluorescence microscopy analysis of the samples is 
shown in Fig. 2D. It was obtained using Hoechst in vivo staining of the 
nuclei and the alpha-smooth muscle actin (α-SMA) antibody. This pre-
liminary analysis shows the absence of pyknotic nuclei and a good 

expression of the α-SMA after 7 days, poorly expressed originally in 
hMSCs, indicating an initial commitment of the stem cells differentiation 
process. SEM micrographs of the samples after 21 days of growth are 
shown in Fig. 2E, and allow to visualize the interaction of the cells with 
the scaffold. In particular, it is possible to see an elongated morphology 
of the hMSCs on LH scaffold, being an index of efficient adhesion to the 
scaffold, and cellular connections, indicating a good cell-cell interaction. 

3.3. BPLH production process and microscopic and spectroscopic 
characterization 

The high content of structural polysaccharides, such as cellulose, 
hemicellulose and pectins [23], in the lupin peel suggested the possi-
bility of making a bioplastic from LH. The protocol used by Bayer et al. 
[49] was optimized for creating a homogeneous and flexible bioplastic 
in less time, after incubation of the TFA mixture for 48 h at 37 ◦C and 
subsequent centrifugation at 10,000 rpm for 30 min (Fig. 3A). The 
bioplastic from LH was named BPLH and its digital images and optical 
micrographs are shown in Fig. 3B and C. It is possible to observe a highly 
uniform surface by optical microscopy, without evident presence of 
particulates. The surface morphology of BPLH was assessed by SEM 
analysis. In Fig. 3D are shown the micrographs performed at 10 kx and 
20 kx of magnification that confirm a flat surface of the biomaterial with 
nano-roughness. 

In Fig. 4A the BPLH absorption spectrum is shown. A maximum 
around 500 and 400 nm is visible, in accordance with the BPLH reddish 
color. Fluorescence analysis was also observed by exciting the sample at 
408 nm (Fig. 4B), with emission at 450 nm in the violet/blue range. 

FTIR analysis was also carried out for both LH and BPLH in order to 
obtain comparative information and to check any difference (Fig. 4C). 
BPLH shows the typical FTIR profile of cellulose with the characteristic 
peaks related to the stretching of the C–O group at 1020 cm− 1 and the 
glycosidic-C1H deformation at 897 cm− 1 as reported by Raspolli et al. 
[50]. The large and intense band at 3355 cm− 1 is instead attributable to 

Fig. 3. Production and morphological characterization of BPLH. (A) BPLH schematic production process and digital photographs of BPLH. LHs were incubated 
with anhydrous TFA, then centrifuged and dropped. After TFA evaporation, the bioplastic was washed with PBS (B); (C) Bright-field micrographs of BPLH scale bar of 
20 μm; (D) SEM micrographs at Mag. 10 kx (1 μm) and 20 kx (200 nm). 
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the vibration of the –OH groups, suggesting the presence of strong 
intermolecular hydrogen bonds between cellulose macromolecules. 
Finally, it is possible to note the peak at 2904 cm− 1, characteristic of the 
elongation vibration of the alkyl groups. From the FTIR analysis, Ritcey 
AM et al. [51] showed how the dried films are trifluoroacetylated after 
their formation and TFA evaporation, with the presence of a significant 
peak at 1790 cm− 1 in the spectrum. 

However, this esterification was found to be only temporary, as it 
was spontaneously removed in the presence of water or in a humid at-
mosphere (60% RH) after 1–2 days. In fact, from the observation of the 
FTIR spectrum of the BPLH, after TFA evaporation and washing with 
PBS, the presence of this peak was not found, suggesting the complete 
elimination of acid traces. 

Although from the comparison of the LH and BPLH spectra common 
characteristic peaks are visible (Table 1), particularly in the fingerprint 
area, it is possible to see some differences, namely the disappearance of 
two peaks following the reaction with TFA: the first at 2854 cm− 1 

related to the symmetrical stretching of the methylene group and the 
second at 1733 cm− 1 associated with the stretching of the carbonyl 
group. 

3.4. Polyphenols in LH and BPLH scaffolds 

With the aim to analyze and compare the presence of phytochemicals 
with antioxidant properties in both LH and BPLH, the polyphenols 
content was determined. An extraction of the phytochemicals was per-
formed by incubation of 33 mg of dried sample in 1 ml of 50% TCA over- 
night in ice and dark conditions. The two supernatants were analyzed by 

RP-HPLC either at 220 or 280 nm and the chromatographic profiles are 
shown in Fig. 5A and B. Some little differences are visible between the 
two extracts, in agreement with the results obtained by FTIR analysis, 
demonstrating that the phytochemicals are conserved in the BPLH after 
the LH reprocessing. 

Moreover, the total polyphenol determination by Folin-Ciocalteu 
assay showed the presence of 2.18 μg (GAE)/mg (d.w.) and 0.64 μg 
(GAE)/mg (d.w.) of polyphenols for BPLH and LH, respectively 
(Fig. 5C). This result linked to a higher availability and easier release of 
the polyphenols in the case of the bioplastic could be due to the used 
degradation protocol. 

The antimicrobial activity of BPLH was also tested using the 
ampicillin-resistant strain of BL21 E. coliAmpR grown on LB agar medium 
(as shown in Fig. 2S), but the BPLH in the considered conditions did not 
show any antimicrobial activity, probably due to a low antimicrobial 
compounds release. 

3.5. BPLH water-uptake and degradability 

The degradability of BPLH was tested incubating the BPLH in H2Odd, 
1 M HCl, 1 M NaOH or 1:10 E:S (w/w) trypsin solution in 10 mM Hepes 
buffer, pH 8.5, for 6 weeks. In Fig. 6Ab), no fractures or initial sample 
degradation appeared when the BPLH was incubated in H2O or HCl and 
trypsin solution (data not shown), but the degradation process was 
accelerated in basic conditions, using 1 M NaOH solution, with a sig-
nificant degradation of the BPLH (Fig. 6Ac). Water uptake tests were 
performed to evaluate the hydration capacity of the bioplastic and to 
have a qualitative measure of its hydrophilicity degree. The percentage 
of water uptake (% WU) by the bioplastic was evaluated at time intervals 
up to 24 h. The test results (Fig. 6B) show how the sample, immersed in 
double distilled water at 37 ◦C, reaches a plateau of 400% WU after just 
a few minutes, keeping it almost constant for the rest of the investigated 
interval time. The bioplastic obtained is characterized by a high hy-
dration rate. Interestingly, after two months from the sample prepara-
tion, the test was repeated, confirming the hydration rapidity, but with a 
maximum value of about 300% WU (Fig. 6B). This reduction in the 
initial hydration capability can be due to the aging of the sample, 

Fig. 4. BPLH physical-chemical characterization 
by UV–Vis and FTIR spectroscopy. (A) Absorption 
spectrum of BPLH (wavelength range of 400–800 nm) 
and (B) fluorescence spectrum (emission wavelength 
range of 400–800 nm; excitation wavelength of 408 
nm). (C) FTIR spectra of LH (green line) and of BPLH 
(dark red line) performed with the following param-
eters: wavenumber range of 400–4000 cm− 1, spectral 
resolution of 2 cm− 1, 32 scans. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   

Table 1 
Functional groups of LH and BPLH identified by ATR-FTIR analysis.  

Functional groups  LH BPLH wavenumber (cm− 1) 

O–H  3330  3346 
C–H  2918  2904 
C=C  1612  1619 
C–O  1020  1021 
Glicosidic group  893  897  
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suggesting that the WU could be used as a parameter in order to assess 
the bioplastic aging. 

3.6. Mechanical properties of BPLH 

The mechanical properties of the bioplastic obtained from the lupin 
peel were analyzed through tensile tests in order to determine the elastic 
modulus and the breaking load. The modulus was determined as the 
slope of the linear section of the stress/strain curve at low strains, while 
the breaking load was corresponding to the value recorded at failure, 
considering that the material has showed an elastic-brittle behavior. The 
typical stress-strain curve obtained is shown in Fig. 6C. 

The final mean value of the elastic modulus was 0.08 ± 0.02 MPa, 
while that of the breaking load was 3.5 ± 0.9 MPa. In Table 2 the 
calculated Young modulus and the breaking load for the 4 specimens are 
reported. 

3.7. BPLH as scaffold for cell growth of NHDFs and hMSCs 

BPLH was tested as scaffold and the cell adhesion and proliferation 
were assessed using both NHDFs and hMSCs in order to compare the 
behavior of different cell types. In particular, NHDFs were seeded on 
BPLH scaffold (2 cm2 of growth area) and the cell proliferation was 
assessed after 10 and 21 days (see Fig. 7A). With the aim to evaluate the 
viability of the cells really adhered to the scaffold, after 24 h and before 
the WST-1 assay, each BPLH scaffold with NHDFs was transferred into a 

new well. A gradual increase in the cell growth of the NHDFs adhered to 
the scaffold was observed. Fig. 7B shows the confocal micrographs of the 
NHDFs seeded at a cell density of 2 × 104 cells/cm2 on BPLH after 3 days 
of cell growth. Optical and fluorescence microscopic analyses were 
performed staining the cells with crystal violet. The quality of the images 
obtained using the optical microscopy was not good (see Supplementary 
Materials Fig. 3S), probably due to the optical interference of the bio-
plastic. Therefore, samples were analyzed by fluorescence microscopy, 
taking into consideration the fluorescence property of the crystal violet. 

A spindle morphology of the cells is observable indicating a good 
adhesion of the fibroblasts to the BPLH. Moreover, the expression of the 
α-SMA protein was detected after one week of cell growth onto the 
BPLH, indicating the possible trans-differentiation of the fibroblasts into 
myofibroblasts (Fig. 7C and D), that was not expressed after 1 week of 
cell growth on TCP (see Fig. 4SA). NHDFs seeded on TCP and grown in 
presence of BPLH for 12 days were also analyzed by fluorescence mi-
croscopy (see Fig. 4SB) and only a change in the nuclei size was 
observed, probably due to the phytochemicals release. Therefore, it was 
demonstrated that only the cell growth on BPLH was capable to promote 
the expression of α-SMA at short times. These results demonstrated that 
BPLH could represent a good scaffold for dermal cells growth and repair. 

The cell viability after 3 and 7 days of hMSCs was also assessed by 
MTT metabolic assay (Fig. 8A). The active hMSCs metabolism after 3 
days, with a 40.5% (SD ± 6.6) of cell viability respect to the control 
(cells grown on TCP), suggests a good adhesion efficiency and growth of 
the hMSCs on the BPLH scaffold, and a good percentage of cell 

Fig. 5. Determination of polyphenols content in LH and BPLH. (A) RP-HPLC chromatograms of the BPLH and LH extracts in TCA obtained with the following 
parameters: solvent B gradient: 0–5 min 0%; 5–65 min 60%; 65–90 min 90%. The absorbance at 220 nm (A) and 280 nm (B) was monitored. (C) LH and BPLH 
polyphenols content obtained by Folin-Ciocalteu assay, measuring the absorbance at 750 nm. The results were obtained by five or six independent measurements. 
Error bar indicates S.D. ****p value ≤ 0.0001. 
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proliferation after 7 days was also found. 
The fluorescence microscopy (see Fig. 8B), also in this case, revealed 

the presence of a high number of cells that were well attached to the 
biomaterial with an elongated morphology and cellular in-
terconnections. Hoechst 33,342 staining in vivo after 2 weeks of growth 
was also carried out suggesting a good cell viability of hMSCs on the 
BPLH scaffold (see Fig. 8C). Moreover, confocal microscopy was per-
formed using the crystal violet staining, observing a good potential use 
of this staining for this type of samples (Fig. 8D and E, video 1S). It was 
very complex to perform a confocal microscopy analysis for these 
samples using fluorochromes such us Hoechst and Alexa fluorochrome- 
antibodies, probably due to the optical and intrinsic fluorescence 
properties of the BPLH scaffold. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.biomaterials.2022.121984 

3.8. hMSCs growth and differentiation on BPLH scaffold 

hMSCs were able to grow on the BPLH scaffolds for several weeks 
and a high cell viability even after 3 weeks was detected (Fig. 9A). The 
expression of some proteins and the status of the nuclei of the hMSCs 
grown on BPLH scaffold were evaluated by immunofluorescence mi-
croscopy after 3 weeks of growth, using Hoechst in vivo staining and 

anti- α-actinin and anti- α-SMA Alexa fluorochrome-antibodies (Fig. 9B, 
C and 9D). The cells were organized in bundles and interacting with each 
other; the presence of intact cell nuclei was observed, while it was not 
possible to acquire confocal microscope images due to the interference 
of the biomaterial in the analysis and it was not possible to evaluate the 
expression of the two proteins by fluorescence microscopy. 

The great handiness of BPLH with attached cells (see video 2S) may 
suggest the possibility to use this cell-functionalized material for 
biomedical applications in wound healing and for the creation of new 
food combining the animal and vegetable kingdoms. 

4. Discussion 

Recently, the potential market for the application of lupin has 
widened thanks to the properties of its proteins including: non-animal 
dairy products, meat analogues, baby food formulations etc. [31, 
52–54]. Therefore, the recovery and valorization of this leguminous 
waste could represent a possibility for the development of associated 
reprocessing-waste industry. Here, vegetable scaffolds by lupin hulls 
have been created and characterized in order to recover and enhance a 
vegetable waste for potential applications in stem cell growth. Firstly, a 
protocol was developed to use the lupin hulls for the production of LH 
membrane scaffolds and an ultrastructural characterization by SEM and 
evaluation of the antimicrobial property were carried out. The observed 
natural micro-porosity suggested a potential semi-permeability of the 
LH scaffold that could also allow gas exchanges. Moreover, although the 
preparation process for the LH led to a decrease respect to the fresh lupin 
peel, the antimicrobial activity was conserved, demonstrating the po-
tential release of the antibacterial phytochemicals. Our in vitro studies 
demonstrated the LH scaffold biocompatibility and its potential use as 
scaffold for stem cell growth. It was demonstrated that LH is capable to 
promote the cell adhesion and the formation of cell connections, as well 
as the cell proliferation, in the case of human cardiac MSCs. Immuno-
fluorescence analyses revealed the presence of a high percentage of 

Fig. 6. Degradability and water-uptake and mechanical properties of BPLH. (A) Digital photographs of BPLH disks (diameter 1 cm) at day 0 (a)) and after 6 
weeks at 37 ◦C in H2O (b)) and in NaOH 1 M (c)). Three replicas of each sample have been performed. (B) Water absorption percentage of BPLH soon after its 
production (black line) and after 2 months (red line). The data were obtained by three independent experiments. Error bar indicates S.D. (C) Representative stress- 
strain curve obtained using a preload of 500 N, rate of 5 mm/min, length of 22 mm, width 4.8 mm, temperature of 25 ◦C. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Mechanical properties of BPLH. Calculated Young modulus and breaking load 
(MPa) for each of the 4 specimens. The r2 value for each stress-strain curve is 
reported.  

Samples  Young modulus (MPa)  Breaking load (MPa)  r2 

1  0.08727  3.1534  0.9956 
2  0.1061  4.518  0.9969 
3  0.05525  2.504  0.9955 
4  0.07723  3.8643  0.9984  
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intact cell nuclei and the increased expression of the α-SMA protein, 
suggesting the ability of the scaffold to induce an initial commitment of 
the hMSCs differentiation process. Future studies on gene expression 
will allow us to verify the expression of α-SMA and other proteins 
involved in the muscle-differentiation process. In recent years, several 
plant-based scaffolds have been employed for in vitro 3D culture for 
tissue engineering [13,55–57]. Decellularized apple scaffold was used 
for MC3T3-E1 pre-osteoblasts demonstrating their good adhesion, pro-
liferation and osteoblastic differentiation [19]. In a previous work, we 
demonstrated the scaffolding properties of micro-structured 3D scaffolds 
derived from broccoli waste [13]. Therefore, the here demonstrated LH 
capability to support the human stem cells survival, proliferation and 
cell-cell interaction indicates the feasibility to use a natural material 
from waste with antimicrobial property as stem cell-scaffold system. 

Stalks of parsley and spinach, together with cocoa and rice husk, 
have been previously employed for the production of cellulose-based 
bioplastics through the use of trifluoroacetic acid [49]. Therefore, 
here a new bioplastic from LH was also produced using an optimized 
protocol previously described by Bayer et al. [49]. BPLH properties were 
investigated in order to obtain a complete characterization of the new 
biomaterial. The analysis of the BPLH and LH molecular spectra, ob-
tained by FTIR spectroscopic characterization, showed for both samples 
the typical cellulose profile, in agreement with the chemical composi-
tion of the used vegetable waste. Furthermore, the absence of the 
characteristic peak of trifluoroacetylated cellulose in the bioplastic 
spectrum has allowed us to deduce the elimination of any acid trace by 

washing with PBS. 
The data obtained by water uptake and degradation tests show the 

ability of BPLH to rapidly absorb a considerable amount of water and 
have a greater stability over time compared to other vegetable bio-
plastics [58]. The results also highlighted a fragmentation of the bio-
plastic in an alkaline environment, demonstrating that the basic 
hydrolysis, in contrast to acid and enzymatic hydrolysis, is able to pro-
mote an acceleration of the BPLH degradation process. BPLH results 
more resistant than other bioplastics from vegetables that were 
completely degraded after one month [49] or than the thin film of 
nanocellulose produced by skin of the jackfruit (Artocarpus hetero-
phyllus) that was rapidly degraded by acid hydrolysis [58]. Moreover, 
the water uptake of BPLH was 4 folds greater and rapid than the other 
bioplastics [58]. An elastic-brittle behavior of the bioplastic, in terms of 
Young modulus and breaking load, was observed. Our results combined 
with other previous studies using vegetable-waste derived material 
suggest the possibility to design and manufacture biomaterials with 
customized mechanical properties that can respond to specific applica-
tion needs, ranging in different areas, from packaging to biomedicine 
[59–62]. Varying the vegetable species, it is possible to obtain materials 
carrying different biochemical, physical and mechanical properties. 

Moreover, the determination of the total polyphenols content in both 
LH and BPLH was performed demonstrating that the reprocessing pro-
cess used for the BPLH production doesn’t induce the degradation of the 
phytochemicals, such as the polyphenols, that can confer to the bio-
plastic antioxidant properties. This represents an important natural 

Fig. 7. BPLH as scaffold for NHDF lines. (A) Cell proliferation of NHDFs (seeded at 104 cells/cm2) on BPLH scaffold measured after 10 and 21 days of growth. (B) 
Confocal fluorescence micrographs of NHDFs seeded at a cellular density of 2 × 104 cells/cm2 on BPLH scaffold after 3 days of cell growth and stained with crystal 
violet, by excitation at the wavelengths of 495 nm and 568 nm; (C) fluorescence micrographs of NHDFs growth for 7 days on BPLH scaffold, the nuclei are stained 
with Hoeschst 33,342 (in blue) and the expression of α-SMA protein is detected in green. (D) Confocal fluorescence micrographs of NHDFs after 1 weeks of growth on 
BPLH obtained by the overlapping of 44 slices. The nuclei are stained with Hoeschst 33,342 (in blue) and the expression of α-SMA protein is detected (in green). Scale 
bars are of 50 μm and 10 μm for Mag. 20X and 40X respectively. ***p value ≤ 0.001 and ****p value ≤ 0.0001. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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functionalization of the biomaterial relevant for potential biomedical 
applications. Our results are also in agreement with other previous 
studies on bioplastics obtained from radicchio that had antioxidant 
properties linked to the presence of anthocyanins characteristic of this 
vegetable [59]. All these properties of the BPLH can be responsible of its 
scaffolding property observed for both NHDFs and hMSCs. 

NHDFs grown on BPLH were able to express α-SMA, which is a 
protein important for the morphological and functional characteristics 
of smooth muscle and essential to wound contraction [63,64]. Several 
studies have demonstrated that dermal fibroblasts play a crucial role in 
repairing processes. In the injured region they can differentiate into 
myofibroblasts that is a highly contractile phenotype and thus be 
involved in wound closure [65–68]. Myofibroblasts play a key role in 
this process and are responsible for cell-mediated matrix contraction 
[69,70]. Myofibroblasts at the wound site are able to reduce the initial 
size of the wound through a contraction of their actin cytoskeleton, 
thereby promoting the tissue repair [71]. Moreover, the intrinsic pres-
ence of the phytochemicals, such as polyphenols, in the BPLH may also 
play an important role improving the fibroblasts proliferation and the 
wound healing as already demonstrated in case of several plant extracts 
[72]. 

The immunofluorescence analysis demonstrated also the presence of 
a spindle morphology of the hMSCs with many cell-cell interactions after 
several weeks of growth indicating a possible application of the handy 
BPLH (see the video 2S) as scaffold for the stem cells growth. Although 

more studies are needed to elucidate the effects of this new biomaterial 
on stem cell growth and differentiation and to have a translation in food 
and medicine, these studies suggest a new approach of valorization of 
vegetable-wastes and bioplastics to develop cell-scaffold systems for 
producing both handy and naturally functionalized patches of normal 
dermal and stem cells for tissue repair and for in vitro production of new 
cell-based future food. 

Supplementary video related to this article can be found at 
https://doi.org/10.1016/j.biomaterials.2022.121984 
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Fig. 8. Fluorescent micrographs of hMSCs grown on BPLH scaffold. (A) Cell proliferation of hMSCs (seeded at 104 cells/cm2) on BPLH scaffold after 3 and 7 days 
of growth. (B) Fluorescence micrographs of hMSCs, seeded at a cellular density of 3 × 104 cells/cm2, on BPLH scaffold after 2 weeks of growth stained with Crystal 
violet. Scale bars are of 100, 50 and 20 μm for Mag. 10X, 20X and 40X. (C) Fluorescent micrographs of hMSCs after 2 weeks of growth following nuclei staining with 
Hoechst 33,342. Scale bars are of 50 μm and 20 μm. (D) Confocal fluorescence micrographs of hMSCs after 2 weeks of growth stained with crystal violet and (E) 
superimposition of brightfield and confocal micrographs. Scale bars are of 20 μm. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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