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Abstract  1 
 2 

Vegetable wastes represent an inexpensive and sustainable source of valuable 3 

bioproducts for several applications. Natural micro-porous and fibrous materials can 4 

be obtained from a very cheap and abundant cellulosic bio-waste. Here we 5 

demonstrated that vegetable waste derivatives can be suitable as scaffolds for 6 

biosensors and 3D cell growth. Many studies have been addressed to fabricate 7 

biocompatible 3D scaffolds for mammalian stem cells cultures and develop novel 8 

systems able to reproduce the complexity of the in vivo microenvironment. Many of 9 

these products are proprietary, expensive or require chemical synthesis. The recycling 10 

and revaluation of vegetable derived tissues to fabricate scaffolds for analytical 11 

biosensors 3D stem cell cultures platforms may represent a very low-cost approach 12 

for toxicological and environmental analyses. In this approach, potential applications 13 

of vegetable-derived tissue for biosensing and 3D stem cell cultures were 14 

investigated. Micro-structured scaffolds from stalk of broccoli, named BrcS, were 15 

either functionalized for production of enzymatic 3D-biosensors or preconditioned to 16 

be used them as 3D-scaffolds for human mesenchymal stem cells cultures. The 17 

conditions to fabricate 3D-biosensors and scaffolds for cell growth were here 18 

optimized studying all analytical parameters and demonstrating the feasibility to 19 

combine these two properties for an innovative solution to ennoble vegetable wastes. 20 

  21 

 22 

 23 
Keywords: cellulose scaffold, glucose oxidase, biosensor, 3D- stem cell cultures, 24 

MSCs, cell proliferation assay.    25 
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 1 

1. Introduction  2 

 3 
One of the main criteria for an ecological sustainability is that the waste generation 4 

should not exceed the assimilative capacity of the environment. Large amounts of co-5 

products, by-products and bio-wastes are generated from the processing of vegetables 6 

and fruit and currently they are not properly managed both in environmental and 7 

economic terms. However, these bio-wastes can be an inexpensive source of valuable 8 

bio-products and bio-energy.  9 

Research on the reuse and renewal of the waste products together with the 10 

improving of the waste management could lead to increase opportunities to exploit 11 

the bio-wastes resulting in reducing environmental impact and enhancement of 12 

competitiveness through the production of new bio-products at lower cost. Thus, the 13 

exploration of natural resources, as sustainable precursors, provide a family of “green 14 

materials” with several and different applications from engineering to medicine. For 15 

instance, the development of novel micro-structured biomaterials to create three-16 

dimensional (3D) cell culture systems suitable for preclinical studies on drugs, 17 

cytotoxicity analyses and tissue regeneration has gained traction in recent years [1–7]. 18 

The development of novel systems able to reproduce the complexity of the in vivo 19 

microenvironment mimicking the biochemical and physical properties of the 20 

extracellular matrix (ECM), which has a significant impact on numerous critical 21 

physiological and pathological processes, opens relevant questions about the 22 

production of 3D micro-structured scaffolds. [1] Although 3D-printing technology 23 

allows to accurately fabricate 3D structures, it is not easy to create scaffolds with a 24 

manifold microvasculature as well as in the plants using biocompatible polymers.   25 

Cellulose derived from plants or bacteria is a biocompatible material, which 26 

has been also studied for several clinical applications and biosensing [8,9] such as to 27 

promote wound healing. [10,11] Apple-derived cellulose scaffolds have been used as 28 

implantable and biocompatible porous cellulose scaffolds for 3D culture of 29 

mammalian cells. [12,13] Recently, further, the osteoblastic differentiation of human 30 

mesenchymal stem cells and iPSCs has been demonstrated in cellulose-porous based 31 

scaffolds and explored the clinical prospective for in vivo implants. [14–16] Several 32 

types of cell lines, such as human endothelial, mesenchymal and pluripotent stem 33 

cells have been used for recellularizing plant-derived scaffolds that either colonized 34 
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the inner surfaces of plant vasculature and the outer surfaces of plant scaffolds 1 

preserving their functional properties. [2] 2 

3D cell culture promises to more closely reflect the biochemical and physical 3 

properties of the cellular microenvironment found in tissues and organs [8,10], and so 4 

the development of novel sustainable biomaterials towards this effort is of 5 

considerable importance. Physiologically relevant 3D cell culture models are ideally 6 

suited to bridge the gap between conventional 2D preclinical models and in vivo 7 

clinical studies in humans. Several 3D cell culture models have the potential to 8 

improve the predictive outcome of preclinical toxicity studies and could be preclinical 9 

models able to better recapitulate pathophysiological processes underlying diseases of 10 

specific tissues and organs in humans. Microfabrication and microfluidics 11 

technologies have been used to generate several miniaturized 3D on-chip-models of 12 

organs with in vivo-like functionality, which may be very useful for toxicity testing. 13 

[17] Many 3D assays can be cumbersome, technically challenging, and may require 14 

highly specialized and uncommon detection methods. Nerverthless, the cost of some 15 

3D cell culture systems can be prohibitively high and hinder their use for drug 16 

discovery or toxicity testing. These limitations, however, are progressively and 17 

mindfully being overcome thanks to emerging technologies and improved 3D in vitro 18 

assays. Recent studies have shown that the development of analytical biosensing 19 

devices using cells cultured on sustainable 3D scaffolds as biocatalyst and transducer, 20 

are able to convert a biological or biochemical signal into an electrical or optical 21 

signal. [18,19] These new tools could represent a very suitable mode for sensing and 22 

accurately predicting physiological responses to therapeutic or toxic compounds. In 23 

this study we used a natural waste-biomaterial derived from stalk of broccoli for the 24 

fabrication of low-cost broccoli 3D-scaffolds (BrcS). BrcS were here used as micro-25 

structured and functionalized material for 3D adult stem cells cultures and enzymatic 26 

immobilization for biosensors development, providing a proof of concept for potential 27 

combined approaches. 28 

 29 

2. Materials and Methods  30 
 31 

2.1 BrcS preparation 32 

The stalk of broccoli (Brc) was cut in slides with a thickness of 0.2 cm and treated 33 

using the protocol described in materials and methods. The Brc-slides were incubated 34 
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for 24h in a decellularization buffer solution with 0.5% of sodium dodecyl sulfate 1 

(SDS) with magnetic stirring at room temperature (23°C). After this decellularization 2 

process the slides were washed in H2Odd for several times in order to remove the 3 

decellularization buffer and were lyophilized and stored in dried condition at room 4 

temperature.  5 

 6 

2.2 Water uptake of BrcS 7 
 8 

Water uptake study was performed to determine the water holding capacity 9 

(permeability) of BrcS. Briefly, scaffolds were immersed in distilled water at two 10 

different temperatures (4°C, 25 °C), for various time periods namely 0 hr, 3hr, 5hr 11 

and 24hr. After different time intervals, the samples were removed from water and 12 

weighed. The water uptake of the matrices was calculated by the following equation 13 

(eq.1) [20,21]: 14 

 15 

Water	Uptake	% = 	�
���	����
�
�������

× 100                                                              eq.1  16 

 17 

where Wwet and Wdry are the weight of the wet matrix and the dry matrix, respectively. 18 

 19 

 20 

2.3 Scanning Electron Microscopy (SEM) of BrcS 21 

BrcS were characterized using a field emission gun scanning electron microscope 22 

(FEGSEM, Cambridge Leo Supra 35, Carl Zeiss). The samples were frozen in liquid 23 

nitrogen and then fractured. The fragments were placed on carbon tape and sputter-24 

coated with gold under argon atmosphere (25 mA, 120 s).  Specific imaging detectors 25 

were chosen accordingly. 26 

 27 

2.4 Attenuated total reflection Fourier transform infrared spectroscopy (ATR-28 

FTIR) of BrcS 29 

FT-IR analysis of BrcS was performed with a FT-IR spectrometer (Jasco, FT/-6600) 30 

equipped with an attenuated total reflectance (ATR) cell. Spectra were recorded by 31 

placing and pressing the samples into contact with the ATR cell, in the following 32 

conditions: wavenumber ranged from 500 to 4500 cm-1, with a spectral resolution of 4 33 

cm−1 and 32 scans. 34 

 35 

2.5 BrcS Biosensors preparation 36 
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 1 

All chemicals from commercial sources and solutions were of analytical grade. 2 

Glucose oxidase (GOx) from Aspergillus Niger (181 U/mg), ferric chloride, 3 

potassium ferricyanide, glutaraldehyde, hydrogen peroxide, Nafion®117 and D-4 

glucose (Sigma-Aldrich, Italy). Buffer solutions used are 50 mM phosphate buffer, 5 

pH 7.4, with 10 mM KCl, and only 100 mM KCl at pH 6. The glucose test solution 6 

was prepared by using 50 mM phosphate buffer, pH 7.4, with 10 mM KCl, and 0.1% 7 

of KathonTM CG solution added as microbial preservative.  8 

Screen Printed Electrodes (SPEs) were home-produced with a 245 DEK (High 9 

performance multi-purpose precision screen printer, Weymouth-UK) screen-printing 10 

machine. Graphite-based ink (Elettrodag 421) from Acheson (Milan, Italy) was used 11 

to print the working and the counter electrode. The SPE support was a folding 12 

polyester film (Autostat HT5) obtained from Autotype Italia (Milan, Italy). The 13 

electrodes were produces in foils of 48. The diameter of the SPE working electrode 14 

was 0.3 cm resulting in an apparent geometric area of 0.07 cm2. A silver ink was used 15 

to print the reference electrode (Acheson Elettrodag 4038 SS). The application of an 16 

insulating print (Argon Carbonflex 25.101S) defines the actual surface area.  17 

Cyclic voltammetry (CV) and amperometry were performed using an Autolab 18 

electrochemical system (Eco Chemie, Utrecht, The Netherlands) equipped with 19 

PGSTAT-12 and GPES software (Eco Chemie, Utrecht, The Netherlands).  20 

 21 

2.6. BrcS-SPE preparation 22 

The SPEs were modified with broccoli tissues following a multi-step procedure. 23 

Initially, the BrcS were soaked in a solution of distilled water (3 hours). After that, 24 

broccoli tissues were positioned to cover the electrode surface of the SPEs and 25 

subjected to dehydration at 37°C for 120 min. The platforms (BrcS-SPE) were 26 

therefore ready to be rehydrated (70 µL of working solution) and to be subjected to 27 

electrochemical measurement. 28 

The diffusion coefficient (D0), reported in Table 2, was calculated using Cottrell 29 

Equation (eq. 2) [22]:  30 

 31 

    �� = �0.4463� !"#$%&'()
*+                                                    eq.2 32 
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where F is the Faraday constant (C·mol-1), R the universal gas constant (J.K-1mol-1), n 1 

is the number of electrons exchanged, A the electrodic surface (cm2), C is the analyte 2 

concentration (mol·cm-3), D0 is the diffusion coefficient (cm2·s-1) and ν is the scan 3 

rate (mV·s-1), respectively. 4 

 5 

2.7 GOxBrcS-SPE preparation 6 

The working electrode was modified with Prussian Blue using a chemical procedure 7 

already optimised in a previous work [19]. Glucose biosensors were obtained by 8 

immobilising GOx onto Brc-tissue (GOxBrcS-SPE). In particular, the BrcS were 9 

soaked in a solution of GOx (10 mg·mL-1), Nafion (2%), Glutaraldehyde (10%) e 10 

BSA (5%) in distilled water (3 hours). 11 

After that, broccoli tissues are positioned to cover the electrode surface of the SPEs 12 

and subjected to dehydration at 37 ° C for 2 hours. The platforms (GOxBrcS-SPE) are 13 

therefore ready to be rehydrated (70 µL of different concentration of glucose solution) 14 

and to be subjected to electrochemical measurement (Figure 1). 15 

The enzymatic kinetic parameters were obtained using the linearization of 16 

Lineweaver-Burk expressed by equation (2) [23,24]:  17 

 18 

,
- = ,

-./0 +
23/44
-./0	567                                                                                                 eq.3 19 

 20 

where [S] is the concentration of the substrate, I is the cathodic current at -0.05V, 21 

K9
:;; is the apparent Michaelis-Menten constant for the enzymatic reaction and Imax is 22 

the steady-state current.  23 

The Hill coefficient (h) was calculated by the log[I/(Imax-I)] vs. log [S] plot, where 24 

[S] was the substrate concentration.  25 

The measurements were performed using 0.01 mM glucose solution in 50 mM 26 

phosphate buffer, pH 7.4, with 10 mM KCl. 27 

 28 

2.8. Cell glucose-uptake analysis and Stem cell proliferation on BrcS 29 

Cell studies were performed using normal human dermal fibroblasts (NHDF) and 30 

human Lin- Sca-1pos cardiac mesenchymal cells (cMSC), which were isolated from 31 

human auricular biopsies made during coronary artery bypass surgery and 32 

characterized as previously described. [25,26] Both the cell lines were grown using 33 
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Dulbecco’s Modified Eagle Medium (DMEM) with high glucose concentration  (5 1 

g·L-1)  (Gibco, Italy), containing 10% Fetal Bovine Serum (FBS) (Gibco, Italy), 1% 2 

penicillin-streptomycin, 1% L-Glutamine-Penicillin-Streptomycin solution (Sigma-3 

Aldrich, Italy). The experiments of glucose uptake analysis on cells culture medium 4 

using GOxBrcS-SPE and GOx-SPE were performed seeding 2x103 cells/cm2 on 5 

MultiwellTM 6-well (CorningTM, Italy) for monitoring the growth of both the cell lines 6 

and seeding 2x104  cells/cm2  for the experiments in presence of 100 µM of H2O2 as 7 

oxidative treatment. The cell growth was monitored by optical microscopy using a 8 

Zeiss microscope (Primovert, Zeiss, Italy). After 12 h of cell growth 1 mL of cell 9 

culture medium was withdrawn, diluted with 9 mL of phosphate buffer saline (PBS) 10 

and analysed by amperometry using the GOxBrcS-SPE and GOx-SPE.  11 

BrcS used as 3D-cell culture systems were washed with PBS and conditioned with 12 

culture medium for 2 weeks before seeding.  13 

To assess the stem cells growth onto the BrcS, 40x104 cMSC were seeded onto each 14 

BrcS and cultured for two or four weeks in complete medium. The cell viability was 15 

investigated by the Water-Soluble Tetrazolium salt (WST-1) assay (4-[3-(4-16 

lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) (Roche 17 

Diagnostics, Sigma Aldrich, Italy). [27] 18 

Nuclei were stained with Hoechst 33342 (Sigma-Aldrich, Italy) by incubation of 4 19 

hours in medium with 50 µL of 1:500 (w/v) Hoechst in 500 µL (total volume) of 20 

complete medium without phenol red. Scaffolds were then washed with PBS, fixed 21 

with 4% paraformaldehyde (PFA) in PBS for 15 min at room temperature and 22 

permeabilized with 0.2% v/v Triton X-100 (Sigma-Aldrich, Italy) for 10 min. Then 23 

they were incubated with antibodies specific for α-smooth muscle actin (α-Sma) 24 

(Sigma-Aldrich, Italy), followed by the appropriate 488-Alexa fluorochrome-25 

conjugated secondary antibodies (Life Science, Italy), or incubated with 488-Alexa 26 

fluorochrome-conjugated phalloidin (Life Science, Italy). Confocal microscopy of the 27 

cell-seeded constructs was performed using Nikon Eclipse Ti (Nikon, Japan) and the 28 

signal was detected using EZ C.1 software (Nikon). 29 

 30 

2.9. Statistical analysis 31 

The cell viability and the molecular analyses were expressed as mean ± standard 32 

deviation (SD). All data were analysed using One-way ANOVA test and p values 33 

<0.05 were considered significant. 34 
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3. Results and Discussion 1 

 2 

3.1 Production and Ultrastructural Characterization of BrcS 3 
 4 

Decellularization is commonly employed on vegetable parts to selectively 5 

remove cellular components while leaving behind an intact structure.  The stalk of 6 

broccoli (Brc) was cut in slides with a thickness of 0.2 cm, treated using a 7 

decellularization protocol and then from the lyophilized Brc-slides were produced 8 

disks with 1 cm of diameter. 9 

The ultrastructural characterization and the physical properties of the vegetables 10 

tissue were analyzed. In the Figures 2A and 2B is shown the ultrastructure of Brc-11 

Scaffolds (BrcS) obtained by Scanning Electron Microscopy (SEM).  12 

SEM images show a particular porous and ordered cellulosic structure resembling a 13 

honeycomb morphology. BrcS show homogeneous porous structure with porous 14 

diameter of 22.17 µm and forming channels, with ordered pipes and network, 15 

demonstrating that the preparation of the scaffold does not modify the ultrastructural 16 

organization of the vegetable tissue. This morphological characteristic can be of 17 

relevant importance for the electrochemical properties and, in particular, for the 18 

development of biosensors. [28] The atomic composition of BrcS was analysed by 19 

Energy-dispersive X-ray spectroscopy (EDX), and the results are reported in Figure 20 

2C. Noteworthy, the relevant presence of sulphur (S) that could be also related to the 21 

high concentration of organosulfur compounds (OSCs) in broccoli. [29]   22 

 23 

3.2. Chemical characterization and water-uptake of BrcS 24 

Fourier-transform infrared (FT-IR) spectroscopy was used for the molecular 25 

characterization of BrcS and identification of functional groups. The FT-IR spectrum 26 

of BrcS (Figure 3A) shows a typical profile of cellulose in the zone between 1,500 27 

and 500 cm-1. [30,31] Three characteristic peaks are present between 1,150 and 950 28 

cm-1 ascribed to the vibration and elongation of the hydroxyl –O–H linkages. 29 

Moreover, the presence of the peak characteristic of glucosidic units is visible in the 30 

area 950–850 cm-1. A wide strip at 3,340 cm-1 attributed to the vibration of -OH 31 

functions clearly suggests the presence of strong intermolecular hydrogen bonds 32 

between cellulose macromolecules. Finally, a band at 2,920 cm-1 is characteristic of 33 

the vibration of elongation of the methylene (–CH2–) groups. 34 
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The % of Water Uptake (% WU) of BrcS was assessed over the time as previously 1 

described. [17,18] In the Figure 3B is shown the % WU as a function of time, 2 

between 0 and 25 hours at 4 and 37 °C.  Despite the different temperatures, the 3 

plateau of about 1500 % WU was reached after about 3 hours; therefore 3 h of 4 

imbibition time (I.T.) were chosen for the BrcS-biosensor preparation. 5 

 6 

3.3 Electrochemical properties of BrcS  7 

 8 

BrcS-screen printed electrode biosensor (BrcS-SPE) was realised by hydration of 9 

BrcS, applied on SPE, for 180 min with 50 mM phosphate buffer, pH 7.4, directly on 10 

the electrode and subsequent dehydration for 120 minutes at 37 °C. An 11 

electrochemical characterization of BrcS-SPE was performed by CV in order to 12 

evaluate the presence of electroactive compounds able to interfere with the 13 

electrochemical measurements. Moreover, the time necessary for an electroactive 14 

solution, such as an enzymatic substrate, to arrive on the electrode surface (called 15 

scaffold rehydration time - R.T.) for the electrochemical measurement was also 16 

assessed. This parameter is relevant in order to develop a biosensor with an 17 

immobilized enzyme. The analysis was carried out using 50 mM phosphate buffer, 18 

pH 7.4, with 10 mM KCl in the presence and in the absence of Potassium 19 

Ferricyanide, K3Fe(CN)6 (Figure 4), which is the electroactive probe of reference 20 

used in CV for its reversible electrochemical behaviour. [32] CVs analysis in only 21 

buffer using BrcS-SPE (Figure 4A) showed the absence of electrochemical signal 22 

(anodic or cathodic peaks), this indicated the absence of electroactive compounds in 23 

Brc-tissue, excluding the possibility of interferences in the electrochemical 24 

measurements and promoting BrcS-SPE  for biosensing.  25 

The scaffold dehydration time (S.D.T.) was characterized in order to understand 26 

the drying time necessary to allow the most stability scaffold-electrode 27 

interaction. In this regard, three different S.D.T. times have been studied: 60, 120 28 

and 180 min. This analysis was carried out using a solution of 2 mM Potassium 29 

Ferricyanide in 50 mM phosphate buffer, pH 7.4, with 10 mM KCl. The recorded 30 

voltammograms of [Fe(CN)6]3−/4− are showed in the Figure 4B) (n = 10, RSD 6%). 31 

The better response, in terms of intensity of current were obtained when a dehydration 32 

time of 120 minutes was used. The recorded voltammograms of [Fe(CN)6]3−/4− are 33 

showed in Figure 4B (n = 10, RSD 6%). Probably, this S.D.T. represents the best 34 
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compromise between scaffold dehydration and scaffold-SPE interaction and was used 1 

for the broccoli-based sensors. 2 

A little shift of the peak was obsevable, probably due to the micro-heterogeneity of 3 

the honeycombe structure between the different BrcS. The ultrastructural variability 4 

could lead to little changes of the ferricyanide diffusion, as also demonstrated in other 5 

cases by chromatography. [33,34] These little differences between the Brcs do not 6 

affect the good quality of the electrochemical data. 7 

The scaffold rehydration time (R.T.) was also defined as the time required for the 8 

electroactive species under analysis to reach the SPE interface in order to have the 9 

best electrochemical response. In the Figure 4C it is possible to observe that the time 10 

(0, 5, 10 and 15 min.) which guarantees the best response in terms of peak current 11 

intensity with good repeatability (RSD 7%) is only 5 minutes. Current intensity 12 

decreased after 15 minutes probably due to the hydration of the BrcS, The applied 13 

rehydration volume was 80 µL and 5 minutes were considered a good agreement 14 

between rehydration of the scaffold and diffusion of the electroactive species. The 15 

decrease of the faradic peak current, observed at 15 minutes in Figure 4C, could be 16 

due to the capillarity phenomenon in the 3D structure of the BrcS that leads to 17 

decrease the amount of the solution that reach on the electrode interface. A similar 18 

decrease of the current peak over time was also previously described using other 19 

systems [35,36]. Furthermore, the relative peak currents and redox potentials are 20 

shown in Table 1. 21 

After analytical characterization of BrcS-SPE more detailed study about its 22 

electrochemical behaviour has been carried out using current and potential obtained 23 

by CVs. In particular, the diffusion coefficient (D0) are reported in Table 2, and the 24 

corresponding voltammograms are shown in Figure 4D. [37] The Anodic (DA) and 25 

Cathodic (DR) diffusion coefficients (DO) of ferricyanide, calculated as reported 26 

previously using the scan rates of Figure 4D, were then compared with Konopka (DO 27 

= 7.26 · 10- 6 cm2s-1) and Mc Duffie (DR = 6.67 · 10-6 cm2s-1) coefficients. [38] The 28 

diffusion coefficients calculated using BrcS based platforms are approximately one 29 

order of magnitude lower than those mentioned above. This result can be justified, in 30 

the case under study, as ferricyanide probe is contained inside the tissue and needs a 31 

certain interval of time to diffuse within the tissue section until it reaches the 32 

electrode surface. This type of investigation is important in order to understand how 33 

BrcS influences the diffusion processes at the electrode interface. 34 
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 1 

3.4 Scaffold for electrochemical biosensing 2 
 3 

After having carefully characterized all electrochemical parameters, the BrcS-based 4 

biosensor selective for glucose (GOxBrcS-SPE) has been studied as an example of the 5 

application of Brc as support for enzyme immobilisation. In this regard, the glucose 6 

oxidase (GOx), a widely examined and characterized enzyme, was chosen as bio-7 

receptor for the determination of glucose [37,39] to study the application of Brc for 8 

biosensing development. 9 

As well known, this enzyme is able to catalyse the glucose oxidation into gluconic 10 

acid and hydrogen peroxide, an electroactive compound (Figure 1S). 11 

The hydrogen peroxide produced was measured by amperometry, applying a 12 

reduction potential of -0.050 V vs Ag pseudoreference of SPE. [22,39] The GOxBrcS-13 

SPE platform performances have been compared to the classic glucose sensor GOx-14 

SPE, prepared by a direct immobilisation of the enzyme on SPE, in order to 15 

understand the differences that BrcS application entails in terms of stability, detection 16 

limit (LOD), working range (WR) and reproducibility (relative standard deviation 17 

percentage - RDS%) for the determination of this analyte.  18 

The comparison of the results, reported in Figure 5A and in Table 3, showed that the 19 

analytical behaviour of the two platforms, GOx-SPE and GOxBrcS-SPE, for the 20 

determination of glucose, are similar, with a slight sensibility for GOx–SPE. In 21 

particular, the GOx-SPE and GOxBrcS-SPE sensors, display a linear and stable 22 

response in the range from 0.05 to 1.0 µM for glucose with a slope of 0.71 and 0.48 23 

µAmM-1, respectively. The limit of detection is 12 µM for the classical platform and 24 

16 µM for the BrcS-based devices and correlation coefficient (r2) is equal to 0.998 25 

and 0.996, respectively (Figure 2S, supplementary materials). These results confirm 26 

the possibility to use BrcS for enzymatic immobilization.  27 

A Hill coefficient of 0.99 was calculated for the enzymatic process (r2=0.998). The 28 

finding that the h parameter, calculated from the corresponding Hill’s plot, was close 29 

to unity, demonstrated that the kinetics of the enzymatic reaction fitted into a 30 

Michaelis-Menten type kinetics. [40] 31 

The apparent KM (Michaelis-Menten constant) were calculated using the Lineweaver-32 

Burk plot (eq.3, Figure 5B) and were of 0.47 ± 0.05 and 0.67± 0.08 for GOxBrcS-33 

SPE and GOx-SPE, respectively. These results demonstrate that GOx-SPE and 34 

GOxBrcS-SPE biosensors show a very similar behaviour. Therefore, these data 35 
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suggest that in both cases we can have a similar amount of immobilized enzyme and 1 

same affinity for the substrate. 2 

 3 

 4 

3.5 Repeatability and stability of the biosensor 5 

 6 
To study the repeatability of GOxBrcS-SPE sensors, amperometric measurements 7 

for glucose detection were carried out. In this analysis the same biosensors devices 8 

were reused for 10 time with an RSD of 6% for GOxBrcS-SPE.  9 

The stability of the biosensor was studied by monitoring the amperometric response 10 

of the same biosensor at regular intervals of 24 hours for 30 days, the biosensor was 11 

stored in a refrigerator at 4 °C in dry condition after each analysis. The amperometric 12 

responses of GOx/BrcS-SPE platform remained constant in the first 7 days of storage 13 

(95% of its initial current response). After this time, the biosensor amperometric 14 

response constantly decreased, until 57% of the initial signal in 30 days. The results 15 

showed the possibility to have a ready-to -use biosensor with constant current 16 

response for a week. 17 

 18 

3.6 GOx/BrcS-SPE as sensor for cell culture viability 19 

 20 
The GOxBrcS-SPE sensor was used as 3D-biosensor for the analysis of the cell-21 

growth in order to monitor the cellular glucose uptake over the time.  Firstly, an 22 

analysis of the glucose concentration in the medium of two different cell lines 23 

cultures, cMSC and NHDF, was performed after 3 days of cell growth. In Figure 6 are 24 

shown the results obtained by analysis of glucose concentration in the medium 25 

performed using either GOx-SPE or GOxBrcS-SPE. A lower faradic current was 26 

corresponded to a greater glucose uptake. The glucose uptake was extrapolated from 27 

the calibration curve where the recorded currents (µA) were reported in function of 28 

the concentrations (mM) of glucose (y=0.714x+0.015, r2=0.998, and y=0.482x+0.054, 29 

r2=0.996) for GOx-SPE and for GOxBrcS-SPE, respectively (Figure 3S, 30 

supplementary materials). GOx-SPE showed a very similar behaviour, in terms of 31 

both repeatability and reproducibility (RSD% 6% and 9%, respectively).  32 

Although the differences in terms of glucose concentration in the cell culture medium 33 

were more evident when the analysis was performed using GOxBrcS-SPE, in both the 34 

kinds of analyses a major glucose uptake was observed for the cMSC culture medium 35 

respect to the NHDF culture medium. The seeding was performed at the same cell 36 
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density (2.5x103 cells/cm2) for both the cell lines and this result suggests a more 1 

active glucose metabolism and/or cell proliferation of cMSC respect to NHDF. This 2 

analysis could also open the way to an easy, rapid, not invasive, not expensive and 3 

potential real time measurement to identify the differences of metabolism and/or cell 4 

proliferation rate between different cell lines.  5 

The ability of GOxBrcS-SPE to assess the cell growth by the glucose uptake was 6 

also tested under oxidative stress that was induced by treatment with H2O2. 7 

The treatment was performed using 100 µM H2O2, which does not significantly 8 

interfere with the analysis of the glucose concentration, as shown in the Figure 4S 9 

(supplementary material). In the Figure 7 are shown the optical micrographs of cMSC 10 

after 12 and 24 h in the absence and in the presence of H2O2. The cell culture medium 11 

of each sample was analysed using both GOx-SPE and GOxBrcS-SPE biosensors and 12 

the results are shown in the Figure 7.  13 

The data here presented show an inverse relationship between the glucose 14 

concentration in the medium and the cell viability in the presence of H2O2 and the 15 

analyses performed using GOxBrcS-SPE sensor (Figure 7B and D) were comparable 16 

to the GOx-SPE sensor (Figure 7A and C). The little differences of measurement 17 

were probably due to the liquid diffusion and to the different GOx accessibility in a 18 

3D-structure as well as GOxBrcS-SPE sensor.  19 

Therefore, these results open the way for studying the cellular behavior using not 20 

invasive and not expensive vegetable biosensors by direct analysis of the cell culture 21 

medium. Moreover, BrcS as plant-derived biomaterial could have several advantages 22 

including biocompatibility, microporosity, xeno-free plant-derived properties, easy 23 

handling and low cost for 3D -cell culture systems fabrication. 24 

 25 

3.7 BrcS for stem cell growth 26 

 27 
Stem cell models are being adopted by the pharmaceutical industry for preclinical 28 

toxicity studies [41–43]. The availability and reproducibility of stem cells make them 29 

useful sources for in vitro toxicity test models in toxicology and pharmaceutical 30 

production. In this context, we investigated on the cell scaffolding properties of BrcS 31 

for 3D- cMSC cultures. Several studies have demonstrated that the micro-porosity of 32 

biomaterial is an important characteristic for a good scaffolding property for tissue 33 

regeneration. An adequate sized opening could allow a good cellular proliferation and 34 

vascular ingrowth, for carrying nutrients and oxygen. [44] Therefore, the observed 35 
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micro-porosity of BrcS can be an important characteristic for improving the cell 1 

proliferation in a 3D culture system. cMSC were seeded on BrcS that were pre-2 

conditioned with DMEM for two weeks in sterile conditions. After 4 weeks of cell 3 

growth the cell viability was evaluated by WST-1 assay (Figure 9A and B) 4 

demonstrating the presence of cells with active metabolism. In the Figure 9C are 5 

shown the fluorescence micrographs obtained by confocal microscopy and z-stack 6 

imaging. Hoechst staining of the nuclei did not show pyknosis (see Figures 9D) and 7 

the cells were widely distributed into the scaffold (Figure 9C).  8 

Moreover, the expression of α-Sma was analysed after two weeks of cell growth 9 

onto BrcS by immunostaining using anti α-Sma antibody. In the Figure 8E are shown 10 

fluorescence micrographs after Hoechst in vivo staining and Ab-α-Sma detection by 11 

488-Alexa fluorochrome-conjugated secondary antibody. Although the presence of 12 

the α-Sma should be better investigated by western blotting, this preliminary analysis 13 

suggests a potential effect of the BrcS scaffold on the commitment of a differentiation 14 

process on the cMSCs into muscle cells. This could be related to the stiffness of the 15 

cellulosic BrcS that could give the right physical stimuli for an initial myo-16 

differentiation process. Other studies are in progress in order to better demonstrate 17 

this property of BrcS.  18 

Recently, decellularized apple-derived scaffolds, with pores of ~200 µm in diameter, 19 

has been applied for culturing and osteoblastic differentiation of human mesenchymal 20 

stem cells and iPSCs. [12,14,15] In these studies, the clinical prospectives, using 21 

resultant organoids as biocompatible in vivo implants in the 3D engineering of bone 22 

were explored. Unclearly, in a recent study other plant-derived scaffolds, including 23 

broccoli, were not suitable for the culturing of iPSCs. By contrast, here we 24 

demonstrated that after pre-conditioning of BrcS with cell culture medium BrcS was 25 

able to support the cell-attachment and growth of cMSC. The sustainable use of 26 

vegetable waste scaffolds (VWS) opens the possibility to explore not only a plethora 27 

of different 3D-microstructures on the stem cell growth and differentiation, but also 28 

potential effects of different chemical composition of cellulose tissues with micro-29 

amount of natural organo-compounds, such as organo sulphur compounds, 30 

polyphenols etc. that are usually present in the plants.   31 

Our results demonstrate that the micro-structured BrcS could have a scaffolding 32 

property for realizing easy handling and low-cost optical/electrochemical biosensors, 33 

able to integrate mesenchymal stem cells and to create a working sensor and/or 34 
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diagnostic device for monitoring the reactivity of the cells in the presence of chemical 1 

/ biological toxic agents.  2 

 3 

4. Conclusions  4 

Biosensors have successfully demonstrated their capability to monitor different 5 

environmental and food contaminants, also proving their usefulness in clinical 6 

diagnosis with the most successful device being the electrochemical biosensor for 7 

blood glucose based on glucose oxidase. [45,46] Here GOxBrcS-SPE was proposed 8 

as an example of a low-cost biosensor using 3D structure for the immobilization of 9 

the glucose oxidase enzyme, showing great performance compared to the traditional 10 

GOx-SPE biosensor. Although the waste cellulose lacks fine control over the physical 11 

and biochemical properties of the scaffold, it results in an easily obtainable natural 12 

derived with micro-porous structure. BrcS are porous enough to allow for efficient 13 

nutrients/gas exchange, biocompatible, easily functionalized, also with enzymes, and 14 

useful for the sponge-like property. Moreover, a good growth of cMSC onto BrcS was 15 

observed suggesting that GOxBrcS-SPE/MSCs systems could have several important 16 

applications including: screening of drugs libraries, toxicology as well as 17 

environmental and food analyses.  18 

A potential myo-commitment of the cMSC cultured onto BrcS was also observed 19 

opening the way to potential applications of MSC-BrcS systems for the fabrication of 20 

cell-based biosensors and low-cost lab-on-chip systems. Moreover, MSC-BrcS 21 

systems could find application in a new branch of food industry, such as the 22 

production of novel and less expensive type of in vitro meat, where the muscle 23 

differentiation of MSC and the vegetable fiber could be combined.  24 
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Supplementary Materials: Figures 1S -4S  1 

 2 
Abbreviations: 3D, three-dimensional; ATR-FTIR, Attenuated total reflection 3 

Fourier transform infrared spectroscopy; Brc, stalk of broccoli; BrcS, 3D-scaffolds ; 4 

BrcS-SPE, BrcS-screen printed electrode biosensor; cMSC human Lin- Sca-1pos 
5 

cardiac mesenchymal cells; cMSC, human cardiac mesenchymal stem cells; Cyclic 6 

voltammetry CV; D0 diffusion coefficient; D0 diffusion coefficient; DA Anodic 7 

diffusion coefficients; DMEM Dulbecco’s Modified Eagle Medium; DR Cathodic 8 

diffusion coefficients; ECM, extracellular matrix; EDX Energy-dispersive X-ray 9 

spectroscopy; GOx, Glucose oxidase; GOx-SPE, Glucose oxidase screen printed 10 

electrode biosensor GOxBrcS-SPE sensor, Glucose oxidase/3D-scaffold- screen 11 

printed electrode biosensor; iPSCs, Induced pluripotent stem cells; LOD, detection 12 

limit; NHDF, human dermal fibroblast;  OSCs, organosulfur compounds; PFA, 13 

paraformaldehyde; R.T., scaffold rehydration time; SDS, sodium dodecyl sulfate; 14 

S.D.T., scaffold dehydration time; SEM, Scanning Electron Microscopy; SPE, screen 15 

printed electrode biosensor; sulphur S;VW, Vegetable wastes; WR working range; 16 

WST-1 assay, Water-Soluble Tetrazolium salt assay; WU, water uptake; α-Sma, α-17 

smooth muscle actin  18 
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 1 

Table 1: CV studies of BrcS stove’s residence (S. R.) time electrochemical 2 

characterization: peaks current (Ipa/pc) and redox potentials obtained using 20mM 3 

Potassium Ferricyanide in 50 mM phosphate buffer ,pH 7.4, with 10 mM KCl, 4 

  5 

S. D. Times 
(min.) 

 
Ipa (µA) 

 
Ipc (µA) 

 
∆I (µA)  

 
Epa 

(Volt)  

 
Epc 

(Volt)  

 
∆E 

60 231 ± 9 -217 ± 11 448 ± 10 304 ± 6 83 ± 6 221 ± 6 
120 394 ± 14 -378 ± 16 772 ± 15 304 ± 8 83 ± 5 221 ± 7 
180 156 ± 11 -122 ± 13 278 ± 12 314 ± 7 53 ± 7 261 ± 7 

 6 

 7 

 8 

 9 
Table 2: Diffusion coefficient (D0) calculation: Brc-SPE in 5 mM Potassium 10 

Ferricyanide 100 mM KCl solution a scan rate of 0.03 Vs-1. 11 

 12 

Scan Rates 
(Vs-1) 

Anodic D0 
 (cm2s-1) 

Cathodic D0 
 (cm2s-1) 

Anodic <=0 
 (cm2s-1) 

Cathodic <=0 
 (cm2s-1) 

0.03 (1.34 ± 
0.12)·10-7 

(9.55 ± 
0.10)·10-8 

(1.28 ± 
0.13)·10-7 

(1.04 ± 
0.11)·10-7 

 13 

 14 

 15 

 16 

 17 
Table 3: Linear Range, limit of detection and relative standard deviation (RSD) 18 

calculated for the different glucose sensors. 19 
 20 

Biosensor Linear Range 
(µM) 

LOD (µM) RSD% 

GOx/BrcS-
SPE 

0.05 - 0.5 16 8 

GOx-SPE 0.05 - 1.0 12 7 
 21 

  22 
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 1 

Figure Captions  2 

 3 

Figure 1. Schematization of Enzyme/BrcS-SPE preparation steps. a) BrcS hydration 4 

using a solution of distilled water with GOx (10mgmL-1), Nafion (2%), 5 

Glutaraldehyde (10%) and BSA (5%); b) GOx-BrcS positioning on PB-SPE and c) 6 

platforms dehydration (37°C, 2hours); d) rehydration using different concentration of 7 

glucose solution and e) electrochemical measurement (Amperometry, using 50 mV 8 

potential for 300s), respectively. 9 

 10 

Figure 2. Ultrastructural Characterization with Scan Electron Microscopy (SEM) at 11 

different magnifications (A) at 1K (a) (scale bar 20 µm), 2K (b), 5K (c) and (B) 3K 12 

(scale bars 10 µm); (C) Energy-dispersive X-ray spectroscopy (EDX) of BrcS. 13 

 14 

Figure 3. BrcS characterization. A) Fourier transform infrared (FTIR) spectra of 15 

decellularized broccoli tissues; B) Digital image of the BrcS before and after 16 

hydration; C) % water uptake. The bars indicate the SD.  17 

 18 

Figure 4.  Electrochemical characterization of BrcS-SPE. Cyclic voltamogramms in 19 

50 mM Phosphate Buffer, pH 7.4, with 10 mM KCl, of: A) BrcS-SPE; B) Brc-SPE 20 

for different stove’s residence time (S.R.), (n = 10, RSD 6%); C) BrcS-SPE for 21 

different rehydration time (R.T.). Potential scan rate: 30 mVs−1; D) study of different 22 

scan rates (mV·S-1) using 5 mM Potassium Ferricyanide with BrcS/SPE.  23 

 24 

Figure 5. Electrochemical characterization of GOxSPE and GOx/BrcS-SPE. A) 25 

Calibration curve between the cathodic current and the concentration of glucose in 50 26 

mM phosphate buffer, pH7.4, 10 mM KCl) obtained with GOx-SPE (• red) and 27 

GOx/BrcS-SPE (• blue) biosensor (insert: linear range); B) Lineweaver–Burk plot of 28 

GOx-SPE (• red) and GOx/BrcS-SPE (• blue) biosensor. 29 

 30 

Figure 6. GOx/BrcS-SPE as biosensor for cellular glucose uptake. Analysis of 31 

glucose concentration expressed in faradic current in the culture media performed 32 

using A) GOx-SPE and B) GOx/BrcS-SPE. Blank corresponds to the electrochemical 33 

measure of the concentration of glucose in the medium without cells, cMSC and 34 
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NHDF are the culture media after 3 days of cell growth of cMSC and NHDF, 1 

respectively. *p value < 0.05. The measures were the results of 3 independents 2 

experiments. 3 

 4 

Figure 7. GOx/BrcS-SPE as biosensor for cell growth. Representative micrographs of 5 

cMSC (seeded at a cell density of 20x103 cells/cm2) after 12 h of growth in the 6 

absence A) and in the presence B) of 100 µM H2O2 after 12 (a and b) and 24 h (c and 7 

d) of growth.  Scale bars are 100 and 50 µm, Mag. 10X (a and c) and 20X (b and d). 8 

Electrochemical measurements of cell culture media by GOx- (C and E) and 9 

GOx/BrcS-SPE (D and F) biosensors after treatment of cMSC (C and D) and NHDF 10 

(E and F) in the presence of 100 µM H2O2 (cMSC+H2O2; NHDF+H2O2) (cell seeding 11 

at cell density of 20x103 cells/cm2). cMSC and NHDF  correspond to the analyses of 12 

the media of the controls after 12 h, cMSC or/NHDF growth in the absence  of H2O2. 13 

Blank is the analysis of the DMEM medium without cells. **** p value < 0.0001. The 14 

measures were the results of 3 independents experiments. 15 

 16 

Figure 8. BrcS as 3D-scaffold for stem cells growth. C) Confocal laser scanning 17 

micrographs of cMSCs cultured for four weeks into BrcS (z-stack of 41 focal planes). 18 

F-actin was stained with Alexa-fluor 568 phalloidin-conjugate (in red) and the nuclei 19 

were stained using Hoechst 33342 (in blue) at 20X and D) at 40X of magnification, z-20 

stack of 31 focal planes. Scale bars = 50 and 20 µm E) Fluorescence micrographs of 21 

cMSC after two weeks of growth on BrcS. Hoechst in vivo staining and 488-Alexa 22 

fluorochrome-conjugated secondary antibody detection of α-Sma antibody at 50X of 23 

magnification, scale bars=10 µm; F) phase contrast (a) and fluorescence (b) 24 

micrographs of the scaffold with cells after two weeks of growth at 20X of 25 

magnification and the merged image (c). Scale bars = 20 µm. 26 

 27 

 28 
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Highlights 
 

• 3D-enzyme biosensor development by vegetable wastes 

• Production of a 3D vegetable derived scaffold for cell proliferation analysis  

• 3D sponge like scaffolds derived from broccoli for 3D-stem cell growth  
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