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Supercritical carbon dioxide 
decellularization of plant material 
to generate 3D biocompatible 
scaffolds
Ashlee F. Harris1,5,6*, Jerome Lacombe1,2,5,6*, Sumedha Liyanage3, Margaret Y. Han1, 
Emily Wallace1, Sophia Karsunky4, Noureddine Abidi3 & Frederic Zenhausern1,2,4,5*

The use of plant-based biomaterials for tissue engineering has recently generated interest as plant 
decellularization produces biocompatible scaffolds which can be repopulated with human cells. The 
predominant approach for vegetal decellularization remains serial chemical processing. However, this 
technique is time-consuming and requires harsh compounds which damage the resulting scaffolds. 
The current study presents an alternative solution using supercritical carbon dioxide  (scCO2). Protocols 
testing various solvents were assessed and results found that  scCO2 in combination with 2% peracetic 
acid decellularized plant material in less than 4 h, while preserving plant microarchitecture and 
branching vascular network. The biophysical and biochemical cues of the  scCO2 decellularized spinach 
leaf scaffolds were then compared to chemically generated scaffolds. Data showed that the scaffolds 
had a similar Young’s modulus, suggesting identical stiffness, and revealed that they contained the 
same elements, yet displayed disparate biochemical signatures as assessed by Fourier-transform 
infrared spectroscopy (FTIR). Finally, human fibroblast cells seeded on the spinach leaf surface were 
attached and alive after 14 days, demonstrating the biocompatibility of the  scCO2 decellularized 
scaffolds. Thus,  scCO2 was found to be an efficient method for plant material decellularization, 
scaffold structure preservation and recellularization with human cells, while performed in less time 
(36 h) than the standard chemical approach (170 h).

As the need for replacement organs and tissues increases, the field of tissue engineering has risen to meet this 
challenge by seeking original sources of biomaterial and alternative approaches for their  generation1. In this 
perspective, scaffolds mimicking the in vivo tissue environment are sought to provide appropriate structural and 
biomechanical support to cells while simultaneously facilitating cell behavior and tissue  development2–5. The 
recent emergence of plant-based materials offers a promising opportunity to meet this  need6–9.

Indeed, several studies have found that vegetal material could be decellularized to generate biocompatible 
 scaffolds6–16. Plants are a natural, renewable material source which are easily accessible and offer a low-cost 
alternative to animal  tissue17,18. They are comprised primarily of cellulose, a biocompatible compound that has 
already been extensively used in the medical industry to dress wounds or create artificial  skin18–24. Due to its 
inherent strength, porosity and water-retention properties, cellulose has been demonstrated as a viable choice 
from which to generate  biomaterials25. Another advantage of plant-based biomaterials is their unique intrin-
sic structures, which offer a wide variety of microscale patterned constructs resembling the complex cellular 
 microenvironment15,17. Moreover, the natural branching fluid transport system found in plants is similar to a 
mammalian blood vessel network, with detailed definition and small-scale vessels that cannot be simply repro-
duced by the current 3D printers or microfluidic  technologies26.
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Upon re-cellularization, it has been demonstrated that human cells can attach, metabolize, proliferate 
and align to the surface microtopography of plant  scaffolds9,13,27 while the inner plant vasculature can also be 
 endothelialized8,10. Interestingly, plant scaffolds have been tested in vivo and found to be pro-angiogenic, where 
blood vessels grew throughout the biomaterial demonstrating that the scaffold in vivo generates a low inflam-
matory response, while promoting cell invasion and extracellular matrix (ECM)  deposition7. In addition, the 
stiffness of decellularized plant tissue has also been shown to match the stiffness of specific human anatomical 
tissue  sites11.

The gold standard method to decellularize plant tissue is serial chemical treatment. Traditionally, an aqueous 
detergent (e.g. Sodium Dodecyl Sulfate (SDS)) is followed with a surfactant-bleach solution. While this approach 
has been effective, the scaffold preparation takes several days. The scaffolds must be washed numerous times to 
ensure harsh chemicals are removed and not depositing a toxic  residue15,28. Moreover, in animal tissue, these 
chemicals have been shown to damage the scaffold during  decellularization4,28–30. For example, the use of SDS, 
a powerful cell lysing agent which disrupts protein configuration and native ultrastructure, has been shown to 
induce collagen compaction in decellularized heart valves or ECM fibrosis in  lungs31–34. This type of disruption 
can affect cell signaling, alignment and organization upon recellularization. While the effects on plant tissue are 
unexplored, novel processing methods are needed to perform efficient decellularization with shorter treatment 
times and without the use of harsh chemicals.

Supercritical carbon dioxide  (scCO2) offers an alternative and promising decellularization approach. In its 
supercritical phase,  CO2 requires high pressure yet low temperature. Once the fluid state is achieved,  scCO2 
displays low viscosity and high diffusivity. With these gas-like transport properties, liquid-like density, and lack 
of surface tension, compressed carbon dioxide can penetrate dense material and act as a powerful  solvent28,35,36. 
It is a green, non-toxic, low cost, and readily available technology with a low critical point (7.38 MPa, 31.1 °C) 
which is compatible with delicate biological  tissue36. Thus, multiple studies looking for an alternative to chemical 
and enzymatic processes, recently showed that mammalian tissues can be successfully decellularized with  scCO2, 
providing ECM scaffolds with improved mechanical properties that could be used to promote cell growth and 
 angiogenesis28,37–41. In addition,  scCO2 decellularization is a time-efficient approach, tissues were processed in 
a matter of hours and simultaneously  sterilized2.

Therefore, we hypothesized that the  scCO2 approach for decellularizing plant tissue could be a promising 
alternative to the standard method of chemical processing. Herein, we developed and evaluated the efficiency of 
 scCO2 decellularization protocols on baby spinach leaves. We assessed the biochemical and biophysical properties 
of the resulting scaffolds and compared our results to those of chemically treated leaves. Finally, normal human 
skin cells were seeded on the  scCO2 decellularized scaffolds to investigate biocompatibility.

Results
Effectiveness of spinach leaf decellularization by  scCO2. Co-solvents have been  commonly used 
with  scCO2 to coax along the reaction and improve the decellularization  efficiency28,40,42. Using  scCO2 param-
eters of 17.23 MPa at 33 °C for 3 h, 75% ethanol alone as a co-solvent was first assessed for its ability to remove 
vegetal content from spinach leaves. Results found that the remaining plant material was still very green in color 
(Fig. 1a), demonstrating an incomplete decellularization and confirmed by DNA and protein content analy-
sis (Fig. 1b). Next, we tested commonly known chemical decellularization agents, including SDS and sodium 
hypochlorite. While successful with plant content removal in chemical decellularization, these compounds do 
not dissolve in  scCO2 and, not surprisingly, were found to be ineffective for enhancement of  scCO2 processing 
(Fig. 1). Therefore, we investigated weak base co-solvents peracetic acid (PAA) and hydrogen peroxide  (H2O2), 
both individually and in combination. These formulations were found to be visually more effective at removing 
plant content based on the lack of chlorophyll in the resulting scaffolds (Fig. 1a). DNA and protein content analy-
sis further confirmed this observation (Fig. 1b). Processing with 2% PAA in 75% ethanol was the most effective 
co-solvent, showing 10.67 ng of DNA and 1.51 µg of protein per mg of plant tissue when compared to a fresh 
spinach leaf with 636.09 ng of DNA and 47.80 µg of protein per mg of plant tissue (Fig. 1b)30. We also applied this 
 scCO2 decellularization processing to other plant tissues. Mint leaves (Mentha x suavis), parsley stems (Petroseli-
num crispum) and celery stalks (Apium graveoleans) were each successfully decellularized suggesting widespread 
use of our technique for different type of vegetal material (Figure S1). As the most effective co-solvent, 2% PAA 
was selected to be used for all  scCO2 investigations performed in this study. Moreover, to remove the remain-
ing scaffold debris and generate a clear scaffold for immunofluorescent imaging, an additional decoloring step 
with sodium hypochlorite was performed. The colorless scaffolds were used for assessment in our biophysical, 
biochemical and biocompatibility investigation.

Preservation of  scCO2 scaffold ultra-structure and vascular network. Scanning electron micros-
copy (SEM) surface imaging revealed that the  scCO2 decellularized leaf structures lost plant material (Fig. 2a). 
Epidermal plant cell walls, guard cells of the stomata and tissue of vascular bundle structures, previously hid-
den by the fullness of the fresh leaf, became visible. Moreover, the  scCO2 treatment preserved the architecture 
and microtopographic features of plant scaffold, similar to results seen in chemically treated scaffolds (Fig. 2a). 
Cross-section SEM imaging further showed the extent of decellularization and the preservation of the internal 
porous structure with scaffold pores maintained their hierarchical shape and size, suggesting that  scCO2 treat-
ment may not affect the porosity (Fig. 2b). To confirm this assumption, the water retention properties of the two 
scaffolds were then compared (Fig. 2c) and results showed that the  scCO2 and chemically scaffolds can indeed 
retain a similar amount of water (14.81 and 14.50 mg of water per mg of plant tissue respectively).

Finally, in order to assess the patency of the  scCO2 decellularized vascular network, the vegetal scaffolds have 
been perfused with red dye using a capillary-evaporation method (Fig. 2d)43. As water evaporated from the  scCO2 
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decellularized scaffold, fluid was drawn from the reservoir, reaching the main vein and traveling to even the 
smallest capillaries. The functional vascular network reinforces that plant architecture in  scCO2 decellularized 
scaffolds is preserved, similar to chemical treatment and as previously  demonstrated8,10.

Stiffness assessment. To determine if the  scCO2 treatment could affect the mechanical properties of the 
decellularized tissue, we assessed the stiffness of the resulting scaffolds using Atomic Force Microscopy  (AFM). 
First, wide-area Z-scanning images revealed the heterogeneous surface topography of both plant scaffolds, with 
features ranging in height over 8 µm, yet confirming the preservation of structures such as plant vasculature 
(Fig. 3a). Next, force curves were acquired from a more homogeneous surface section (10 µm × 10 µm), avoiding 
scaffold features such as stoma or veins, to calculate the Young’s Modulus (YM). Although the difference was not 
significant, the YM of the  scCO2 decellularized scaffold was found to be lower (18.08 kPa) than the chemically 
decellularized scaffold (21.88 kPa) (Fig. 3b).

Scaffold composition by FTIR spectroscopy. FTIR spectroscopy provides information on the chemi-
cal composition in a wide range of materials. The infrared bands are assigned to different chemical functional 
groups present in a sample and the characteristics of infrared bands (such as location, intensity, area, and width) 
provide qualitative and quantitative information of  biomolecules44. For example, the area and intensity of an 
infrared vibration indicates the relative abundance of that particular chemical functional group. Therefore, we 
assessed biochemical differences of chemical and  scCO2 decellularized scaffolds using FTIR spectroscopy. Simi-
lar to many biological materials, leaf scaffolds produced complex and information-rich infrared spectra in the 
mid-IR region with many distinctive infrared vibrations, which were assigned to functional groups originating 
from macromolecules commonly found in plants, including cellulose, hemicellulose, lignin, pectin, and wax 
substances (Fig. 4). Table 1 summarizes the main infrared vibrations with their functional group assignment 
identified in scCO2 and chemically decellularized scaffolds.

Figure 4 shows typical FTIR spectra acquired from chemically and  scCO2 processed leaf scaffolds. These 
spectra appeared to be similar. However, visual comparison of the spectra from each scaffold showed differences 
in peak intensities due to the relative quantity of the remaining biomolecules in each type of scaffold. To analyze 
these spectra and determine critical spectral differences between chemically and  sCO2 decellularized leaves, we 
applied a multivariate data analysis technique. Principal Component Analysis (PCA) is widely used to reduce the 
dimensionality of spectroscopic data and group the FTIR data based on spectral  similarities45. Figure 5a shows 
the PCA of the FTIR spectra of chemically and  scCO2 decellularized spinach leaves. PC1 accounts for 80% of the 

Figure 1.  scCO2 decellularization of spinach leaf. (a) Images of fresh, chemically treated and  scCO2 treated 
baby spinach leaves.  scCO2 processing was investigated with various co-solvents. (b) DNA and protein content 
of fresh, chemical treated and  scCO2 treated scaffolds. The dashed red lines indicate the decellularization 
threshold of 50 ng of DNA or 5 µg of protein per mg of tissue (data as mean ± SEM; n = 3).
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total variance and separates the spectra of chemically decellularized scaffolds from those of  scCO2 decellularized, 
while PC2 accounts for 14% of the total variance. A large variability within each group was noticed, which may 
indicate that spinach leaves were not decellularized to the same level or due to within plant and plant-to-plant 
biochemical differences in fresh leaves (age of the plant, location of the leaf, etc.). Furthermore, the separation 
of the spectra into two groups according to the method of decellularization indicated that chemical decellulari-
zation and  scCO2 decellularization were not impacting the biochemical composition of scaffolds the same way.

The plots of PC1 and PC2 loadings as a function of wavenumbers are shown in Fig. 5b. The vibrations 2920, 
2850, 1615, 1319, and 780 cm−1 contributed most to spectral separation along PC1 axis. These vibrations origi-
nated from cellulose, hemicellulose, pectin, lignin, and wax substances. Based on this result and histochemical 
investigations with ruthenium red (for pectin staining), calcofluor white (for cellulose staining), toluidine blue 
(for lignin/pectin staining), and oil red O (for wax staining) (data not shown), chemical and  scCO2 methods 
appeared to remove some biomolecules even from the extra cellular matrix of leaves and, thus, the chemical 
profiles of decellularized scaffolds appeared slightly different from each other. Such compound may include 
pectin and wax substances that were easily removed during the decellularization process compared to that of 
more stable molecules such as cellulose and lignin.

Scaffold elemental distribution. To complement the FTIR investigation, the elemental composition of 
the two scaffolds was evaluated and summarized in Table 2. The distribution between the two scaffolds was 
similar. Carbon (Fig. 6, red) and oxygen (Fig. 6, green) were the most abundant elements, averaging 56% and 
40% respectively. These two elements, that comprise the most common plant macromolecules such as cellulose, 
lignin, pectin and hemicellulose, as expected, were found throughout the plant scaffold, including plant tissue 

Figure 2.  Scaffold structure after decellularization. (a) SEM surface images of a fresh spinach leaf,  scCO2 and 
chemically decellularized scaffolds. (b) Cross-sectioned SEM images of  scCO2 and chemically decellularized 
scaffolds. (c) Comparison of the mass of water  (H2O) retained by the  scCO2 and chemically decellularized 
scaffolds (n = 7). (d) Images of  scCO2 and chemically decellularized scaffolds perfused with red dye showing the 
integrity of vascular network, down to the capillary level (inset).
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and vascular networks (Fig. 6). The remaining elements composed only 3% of the scaffold. Sodium was the third 
most present element (approximately 2%) while sulfur displayed the lowest presence in both scaffolds (0.05%).

Biocompatibility of  scCO2 decellularized scaffold. In order to assess  scCO2 decellularized scaffold 
compatibility with human cells, scaffolds were seeded with human normal dermal fibroblast (BJ) cells. After 
3 days, BJ cells were found across the scaffold surface and displayed long-shape architecture, suggesting that 
cells can effectively attach to the  scCO2 decellularized scaffolds (Fig. 7a). The shape of the nuclei can be seen 
imprinted on the leaf scaffold (red arrows) while the point of cell attachment to the scaffold can be seen with 
small, clustered imprints (white arrows) (Fig. 7b).

As cell attachment was confirmed, cell viability was then evaluated using a modified MTT. Results revealed 
that after 14 days, the cells were alive on the  scCO2 decellularized scaffold while the viability decreased in 
response to 0.04 µg/ml of puromycin drug exposure (Fig. 7c). Together, these results indicate that similar to the 
chemically decellularized scaffolds, normal human cells can attach, survive and respond to a drug stimulus on 
the  scCO2 decellularized plant scaffold.

Figure 3.  AFM imaging and spectrometry measurement. (a) Representative false colored three-dimensional 
surface mapping images and (b) Young’s modulus of  scCO2 and chemically decellularized scaffolds (data as 
mean ± SEM; n = 5).

Figure 4.  Baseline corrected and normalized Universal attenuated total reflectance - Fourier-transform infrared 
spectroscopy (UATR-FTIR) spectra acquired from chemically (Chem) and  scCO2 decellularized baby spinach 
leaf scaffolds (n = 7).
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Table 1.  Position of infrared bands in chemically and  scCO2 decellularized spinach leaf scaffolds with their 
functional group assignment.

Peak

Peak location  (cm−1)

AssignmentscCO2 Chemical

1 3334 3335 Intra- and inter molecular hydrogen  bonding45

2 2923 2921 CH2 anti-symmetrical stretching of wax substances with some contribution from other macromolecules 
such as  carbohydrates59,60

3 2855 2853 CH2 symmetrical stretching of wax substances with some contribution from other macromolecules such as 
 carbohydrates59,60

4 1734 1732 C = O stretch of  esters59

5 1620 1614 Aromatic C = C stretch and/or asymmetric C-O stretch in COO- of  lignin59 or asymmetric COO- of 
 pectin61

6 1423 1422 CH2 scissoring of cellulose and also of hemicellulose, lignin,  pectin45

7 1370 1369 C–H deformation of phenolic and aliphatic compounds (e.g. lignin)59

8 1317 1318 CH2 rocking vibration of  cellulose62 and aliphatic materials present in the  cuticle60

9 1241 1245 C–O–C stretching of  esters59 (e.g. pectin) and OH stretching of cuticle  substances60

10 1149 1149 C–O–C stretching of non-cellulosic materials such as hemicellulose and  pectin45

11 1096 1095 Anti-symmetric in-plane  stretching45

12 1048 1049 C-O stretch of cellulose, hemicellulose, and  pectin63

13 1018 1019 C-O stretch of cellulose, hemicellulose, and  pectin63

14 898 897 β linkage of  cellulose45

15 780 779 C-H wagging that could originate from hemicellulose, pectin, and  lignin64

16 666 666 OH out-of-plane bending that could originate from cellulose, hemicellulose, and  lignin45

Figure 5.  PCA analysis of UATR-FTIR spectra acquired from chemically and  scCO2 decellularized baby 
spinach leaves. (a) PCA score plot where each data point represents an individual spectrum. (b) PC1 and PC2 
loadings as a function of wavenumbers (n = 7).
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Discussion
ScCO2 has broad applications including extraction in petrochemistry, separation technology in food industry to 
obtain natural compounds of high quality, fluid extraction of biomass constituents, green materials processing 
and synthesis (3D aerogel or coating) or extrusion  processes46,47. In this study, we showed that  scCO2 is also a 
successful approach to decellularize plant material. Using moderate pressure and a PAA entrainer, the dissolving 
power of the fluid effectively removed plant cellular content to generate a biocompatible scaffold in mere hours. 
The gold standard chemical processing of plant material decellularization is time-consuming, taking several 
days (Table S1)6,8,9,11,12,14. Leaves are mechanically agitated in a bath of SDS/detergent for anywhere from 2 to 
5 days. This process is followed by 1–2 additional days of decoloring and sterilization in hypochlorite solution 
and followed by subsequent washes with DI water. Additional freeze-drying or sterilization steps can also be 
performed.  scCO2 processing streamlines this lengthy process and achieves the same result in less than 1/5 the 
time on average (Fig. 8).

Further, plant scaffolds must be sterilized before introduction to cell culture environments. Sodium hypochlo-
rite, UV radiation or ethanol methods have been previously employed. While successful,  scCO2 has an established 
history of use for sterilization in the food, pharmaceutical and biomedical  industries42,48,49. Recently,  scCO2 
sterilization has been demonstrated on various human tissues for tissue grafting such as lung matrices, amniotic 

Table 2.  Mass percentage (mean ± SD) of the elements present in the decellularized spinach scaffolds.

Element Symbol scCO2 (%) Chemical (%)

Carbon C 57.77 ± 1.96 55.65 ± 1.33

Oxygen O 39.06 ± 2.39 41.61 ± 0.06

Sodium Na 1.87 ± 0.18 2.01 ± 0.24

Magnesium Mg 0.05 ± 0.04 0.08 ± 0.04

Silicone Si 0.07 ± 0.04 0.06 ± 0.05

Phosphorus P 0.30 ± 0.12 0.03 ± 0.03

Sulfur S 0.05 ± 0.04 0.05 ± 0.03

Chlorine Cl 0.61 ± 0.18 0.69 ± 0.21

Potassium K 0.23 ± 0.03 0.15 ± 0.03

Figure 6.  Elemental analysis mapping of  scCO2 and chemically decellularized scaffolds. SEM images (above) 
and corresponding elemental maps (below) for the most abundant elements, carbon (red) and oxygen (green).
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membranes, tendon and bone as well as heart  valves36,38,50,51. Similarly, PAA has long been used to disinfect 
medical  equipment52. Its low molecular weight allows PAA to rapidly dissolve into the compressed  CO2 and 
enhance the solvent  power53. PAA rapidly degrades into acetic acid and water which eliminates the formation of 
a toxic residue. Interestingly,  scCO2 with PAA additives has also been shown to synergistically inactive bacterial 
 spores42,54. Therefore, our approach using  scCO2 + PAA may have the unique ability to simultaneously perform 
decellularization with sterilization. To demonstrate this capability on plant scaffolds, we aseptically opened our 
tubes containing  scCO2 processed leaf scaffolds and incubated them in various bacterial broths. After 72 h, 
bacterial growth was not observed (Figure S3) compared to a fresh leaf which displayed high turbidity. While 
 scCO2 decellularization/sterilization of plant tissue should be validated using a variety of microorganisms, this 
technique shows great promise for one-step decellularization/sterilization.

The hypothesis that  scCO2 achieves decellularization by high pressure bursting of cell membranes is not 
widely accepted and has been largely  disproven42,48,55. Instead, pressure allows  CO2 to dissolve into the liquid 
phase and facilitates the conditions for the fluid to penetrate the plant cell wall, through the cell membrane and, 
once inside of the cell, act as a powerful solvent. This mass transfer of  scCO2 lowers the intracellular pH by the 
formation of carbonic acid, enhanced in our case by the presence of PAA, leading to the disruption of cell metabo-
lism and the removal of essential enzymes without compromising the overall scaffold structure. Evidence for this 
mechanism of action is seen in the preserved plant cell architecture (Fig. 2) where intact cell walls and vascular 
networks of  scCO2 scaffolds were visualized. Due to some leakage, the  scCO2 vascular preservation appears to 
be superior to the chemical scaffold. While this may vary from leaf to leaf, recall that ionic detergents like SDS 
are known to degrade proteins and damage scaffold ultrastructure. However, our AFM study of the microscale 
stiffness found that the  scCO2 processed scaffolds were less stiff than the chemically processed scaffolds. While 
this difference was not significant, AFM technology only represents nanomechanical measurements, and bulk 
mechanical properties of the  scCO2 decellularized scaffolds must also be investigated. With a limited dataset, we 
performed preliminary bulk tensile measurements and found that the tangent modulus and the ultimate tensile 
strength of  scCO2 decellularized scaffolds were lower than chemically treated scaffolds (data not shown). While 
these results require further validation, this may suggest that decellularized scaffolds are indeed softer after  scCO2 
treatment and could be difficult to manipulate. However, we also hypothesize that this may vary from plant to 
plant and the decellularization method should be carefully selected according to the type of material, viscoelastic 
properties, desired use and measured outcome.

In addition, UATR-FTIR was a highly sensitive technique used to demonstrate the biochemical differences 
between decellularized scaffolds. As expected, results showed the presence of common plant macromolecules 
in both scaffolds such as cellulose, hemicellulose, lignin or pectin, yet the presence of wax substances was 
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Figure 7.  Human dermal fibroblast cell adhesion and viability on  scCO2 decellularized scaffold. (a) Low 
magnification image merging  scCO2 decellularized scaffold phase contrast picture with IF picture of BJ cells 
stained for F-actin (green) and DAPI (blue). (b) Close-up images showing phase contrast picture (left) of the 
leaf scaffold revealing the imprints of the cell nucleus (red arrow) and clusters of cell attachment points (white 
arrows) merged with IF picture of BJ cells (right) stained for F-actin (green) and DAPI (blue). (c) Cell viability 
of BJ cells on  scCO2 decellularized scaffold, assessed by MTT immediately after seeding (d0) and after 14 days of 
culture (d14), in presence or not of 0.04 µg/ml puromycin (Drug). p < 0.0057 (data as mean ± SEM; n = 3).
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unexpected. We hypothesized the outer wax cuticle was removed during decellularization. Moreover, within each 
group, a high variability was found. The source of such variability could be from the decellularization process or 
the result of plant variation. Indeed, plants display high inter- and intra-variation stemming from both genetic 
and environmental  conditions56. Further investigation is needed to understand the effects of these differences 
on the behavior of repopulated mammalian cells.

Finally, human dermal fibroblast cells have been seeded on  scCO2 decellularized scaffolds and our results 
found that they were attached, viable at 14 days and able to respond to a drug stimulus. Although we did not 
assess scaffold immunogenicity in this study, these results suggest that  scCO2 decellularization of vegetal mate-
rial is indeed a non-toxic approach to provide biocompatible scaffolds for human cell culture. Several types of 
mammalian cells have been cultured on chemically decellularized vegetal scaffolds, including cancer cell lines, 
mesenchymal stem cells, mouse fibroblasts, human-induced pluripotent stem cell-derived cardiomyocytes, and 
 more6,8,9,11,12. Although we foresee that  scCO2 decellularized scaffolds could also accommodate a diversity of cell 
types, additional investigations are required to confirm this assumption.

Summary
ScCO2 is an efficient method to decellularize plant material, faster than the gold standard chemical approach, 
which allows the resulting scaffolds to be sterile and to support the culture of human cells. Our biochemical and 
biophysical analysis displayed minor differences between the two treatments, and further investigation would be 
required to assess if these changes are significant and impact behavior of repopulated cells. While we report the 
success of decellularized vegetal material with  scCO2 and PAA co-solvent, it is likely that each plant will require 
minor adjustments to this protocol to facilitate optimal decellularization. The most effective parameters will 
depend upon a plant tissue’s cellular density, lipid content, xylem configuration, leaf thickness, or wax  cuticle30.

Material and methods
Chemical and  scCO2 decellularization. Baby spinach leaves (Spinacia oleracea), sweet mint plants (Men-
tha x suavis), celery stalks (Apium graveoleans) and curly parsley (Petroselinum crispum) were purchased from 
the local store. The wax cuticle was removed by alternating washes of hexane and phosphate buffered saline 
solution (PBS).

For  scCO2 decellularization, individual leaves were placed in a vented 15 mL conical tube with 5 mL of co-
solvent. The lids were fastened onto the tubes yet left loose to allow more opportunity for the fluid to penetrate the 
tube. A maximum of three tubes were placed into the 600 mL pressure vessel of a NovaGenesis500 (Novasterilis, 
NY, USA) which was sealed with 33.9 Nm of torque. Liquid  CO2 (0.56 kg/run, medical grade (99.9% purity), 
syphon tube) flowed into the vessel and the pressure was increased using a high-pressure  CO2 pneumatic booster 
pump (0.55 MPa at 3.2–5 cubic meters/cycle). The pump was cycled approximately 5 times to meet the desired 
condition of 17.23 MPa and 33 °C. Time clock was initiated when temperature and pressure equalized and ran for 
180 min. During  scCO2 exposure, the pressure was held constant at 17.23 MPa and a heater was used to maintain 
the temperature at 33 °C inside of the pressure vessel as measured by an inner-vessel type J thermocouple. After 
the desired exposure time, the pressure vessel was depressurized using a manual, 3-way ball valve in addition to 
a  CO2 empty metering valve at a rate of 0.69–1.38 MPa/min to maintain temperature as well as to limit potential 
scaffold damage. Leaves were then removed from the pressure vessel, aseptically opened in a sterile tissue culture 
hood, flushed with bleach for 8 h and washed with deionized (DI) water for 24 h. The device’s external O-rings 
and  CO2 filters were replaced every 45 runs. The pressure relief valve was replaced every six months. The machine 
was annually inspected and maintained by manufacturer NovaSterilis.

For chemical decellularization, spinach leaves were first cannulated through the petiole (base of the stem) with 
a 26-gauge needle and secured to the leaf stem with heat shrink tubing. The prepared leaves were connected to 
gravity bags which were filled with various solutions used for decellularization, starting with 1% sodium dodecyl 
sulfate (SDS) in DI water for 48 h. This was followed by a solution of 10% sodium chlorite and 0.1% Triton-X 
100 in DI water for 48 h. The leaves were then flushed with DI water for an additional day.

DNA and protein quantification. Leaf material (25  mg) was flash-frozen using liquid nitrogen and 
ground by mortar and pestle as previously  reported11. Resulting material was transferred to a microcentrifuge 
tube for DNA and protein quantification. DNA content was extracted using DNeasy Plant Mini Kit (Qiagen) 
following manufacturer recommendation, while proteins were extracted by radioimmunoprecipitation assay 
(RIPA) (Pierce RIPA buffer, ThermoFisher Scientific) for 30 min on ice. DNA content was quantified by read-
ing the absorbance at 260 nm and the protein content was quantified using MicroBCA protein assay kit (Ther-
moFisher Scientific). Both absorbances were measured using Epoch microplate spectrophotometer (BioTek 
Instruments).

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). Decel-
lularized scaffolds were fixed with 2.5% glutaraldehyde in PBS overnight at 4 °C. Samples were then dehydrated 
in increasing concentrations of ethanol (50, 70, 85, 95, 95, 100, 100%) for one hour each and left overnight in 
100% ethanol at 4 °C. Samples were mounted on pin stubs (12.7 mm × 8 mm, Ted Pella) and sputter coated with 
gold (10 nm) under vacuum for direct SEM imaging or with carbon for EDS. Samples were imaged at the Eyring 
Materials Center at Arizona State University with a SEM-FEG XL30 (FEI) and EDS data acquired using Genesis 
Spectrum software version 5.21. (EDAX Inc., New Jersey, USA https ://www.edax.com/).

Water retention quantification. Plant scaffold tissue was dried for 48 h at room temperature and the 
weight of the dried tissue was recorded. Next, the plant tissue was immersed in 2 mL of DI water for 1 h at room 

https://www.edax.com/
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temperature and weighed a second time after rehydration. The weight difference was considered as the amount 
of water retained by the tissue.

Assessment of  scCO2sterilization efficiency. Scaffolds were removed from the pressure vessel, asepti-
cally opened in a sterile tissue culture hood and washed with DI water for 24 h. Leaves were cut in half and placed 
in Erlenmeyer flasks. Each flask was filled with 25 mL of one of four different bacterial broths, Tryptic Soy (BD), 
Nutrient Broth (BD), Brain Heart Broth (Sigma) or Lactobacilli MRS (BD). Turbidity was measured after 72 h 
incubation under shaking at 35 °C by a UV/VIS Spectrophotometer (Unico, USA) at 600 nm wavelength.

Atomic force microscopy (AFM). Samples were first imaged on a large area (95 µm × 95 µm) using a 
Nanosurf Flex-Bio AFM System (Nanosurf, Switzerland) before determining the Young’s Modulus (YM) on a 
more homogenous section (10 µm × 10 µm) using force spectroscopy mode at liquid interface (Figure S2). Color-
gradient topography maps (Fig. 3a) extracted from imaging were generated using Gwyddion software version 
2.56 (SourceForge, http://gwydd ion.net/). Gold coated qp-BioAC cantilevers (Nanosensors), 80 μm in length, 
30 μm in width, 400 nm thick, with a nominal force constant of 0.06 N/m and a resonance frequency of 30 kHz 
were used for scaffold  measurement. The samples were first fixed to a glass slide with vacuum grease and 
mounted on a magnetic AFM stage at room temperature (24–26 °C). Next, the spring constant of the cantilever 
was calibrated by using the thermal tune method on a cleaned and stiff surface (Mica) and then force curves were 
measured. For each plant, force maps were recorded at 3 different positions on the same leaf for at least 5 differ-
ent leaves. Each force map contained 64 force curves (8 × 8 lines per frame) (Figure S2) and were processed with 
the C3000 Nanosurf software version 3.10.0 (https ://www.nanos urf.com/en/softw are/c3000 ). The YM was cal-
culated with AtomicJ 1.7.2  software57, using the Harding and Sneddon  model58 and the equation P =

2ETan[θ ]

π(1−ν2)
δ2 

where P is the load force, E is the YM, θ is the half-angle (15°), ν is the Poisson’s ratio (0.5) and δ is the depth of 
indentation.

Fourier-transform infrared (FTIR) spectroscopy. Decellularized leaf scaffolds were dehydrated at 
50 °C for 5 h and ground to a fine powder using a laboratory mortar and pestle. FTIR spectra of leaf scaffold 
powder were acquired using Spectrum-400 spectrometer equipped with a universal attenuated total reflectance 
(UATR) accessory (PerkinElmer, USA). Samples were directly deposited on ZnSe crystal and a constant pres-
sure was applied to ensure a good contact between the sample and the infrared beam. At least two spectra were 
acquired from each scaffold in the mid IR range (4000–650 cm-1) with 4 cm-1 spectral resolution and 32 co-
added scans. A background spectrum of the clean ZnSe crystal was recorded prior to data collection. The crystal 
was cleaned with Milli-Q water and properly dried before recording each spectrum. Spectra normalization and 
baseline correction were performed using Spectrum 10 software (PerkinElmer, USA). The preprocessed spectra 
were exported to Unscrambler X software version 9.6 (CAMO Software AS, Norway, https ://www.camo.com/
unscr amble r/) and principal component analysis (PCA) was performed.

Assessment of vascular integrity. Capillary tubing (0.5 mm inner-diameter, 1 cm in length) was inserted 
into the petiole of a fresh leaf before decellularization processing as previously described. Upon completion of 
decellularization, the capillary tubing, which remained in the base of the stem, was placed into a reservoir of 
ponceau red dye. The scaffold was supported at a 45-degree angle to the benchtop and was allowed to dry over-
night at room temperature before images were acquired with a standard camera. As the moisture in the leaf 
evaporated, the fluid was drawn up into the capillary tubing and throughout the vascular network, similar to a 
tree’s water transport by evaporation driven  pump43.

Cell seeding and immunofluorescence (IF). Human dermal fibroblast cells (BJ, CRL-2522, ATCC) 
were cultured in Eagle’s Minimum Essential Medium, supplemented with 10% fetal bovine serum and 1% Peni-
cillin/Streptomycin and maintained at 37 °C in 5%  CO2 atmosphere. All leaf structures were functionalized with 
collagen and fibronectin proteins as previously  described11. Briefly, scaffolds were incubated in 50 ug/ml of col-
lagen I (A1048301, Thermo Scientific) in 20 mM acetic acid solution for 4 h, followed by two washes in PBS and 
a final wash in complete medium. Leaves were then incubated in 10 ug/mL fibronectin (F0895, Sigma-Aldrich) 
for 24 h followed by three washes in complete medium.

Cells were seeded at 6,000 cells/cm2 on functionalized leaves. As previously reported, after 72 h, cells were 
fixed with 4% paraformaldehyde in PBS for 15 min and permeabilized with 0.1% Triton X-100/PBS for 5  min11. 
Then, cells were blocked for 30 min at room temperature with 1% bovin serum albumin in PBS and immu-
nostained with Alexa Fluo 647-conjugated Phalloidin (#A22287, Life Technologies, 1/40) and counterstained 
with 4′,6-diamidino-2-phenylindole (DAPI). Images were obtained using a Zeiss Axio Imager M2 epifluorescent 
microscope and were acquired with a Zeiss AxioCam MRm camera using ZEN 4.5 software at the Biomedical 
Imaging Core Facility at the UA College of Medicine – Phoenix (Zeiss, https ://www.zeiss .com/micro scopy /us/
produ cts/micro scope -softw are/zen.html).

Cell viability assay. A modified MTT experiment was previously developed from CellTiter 96 NonRadio-
active Cell Proliferation Assay kit (Promega)11. Treated leaves were cut into pieces to fit an untreated 96-well 
plate. Cells were seeded at 6,000 cells/cm2. For drug response, puromycin was added at a concentration of 
0.04 µg/ml. The medium was refreshed every 72 h. To avoid measuring any residual cells not attached to the 
scaffold, leaves with attached cells were transferred to a new plate. Tetrazolium component was added at day 0 

http://gwyddion.net/
https://www.nanosurf.com/en/software/c3000
https://www.camo.com/unscrambler/
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and 14 and the absorbance of formazan product was measured at 570 nm by using Epoch microplate spectro-
photometer (Biotek Instruments).

Statistical analysis. All statistical tests and graphs were performed with GraphPad Prism version 8.00 
for Windows (GraphPad Software Inc., La Jolla, CA, https ://www.graph pad.com/scien tific -softw are/prism /). All 
results are presented as mean ± SEM or mean ± SD using a Student’s t-test. Statistical results were considered 
significant for p < 0.05.

Received: 24 October 2020; Accepted: 29 January 2021

References
 1. Platt, J. L. & Cascalho, M. New and old technologies for organ replacement. Curr. Opin. Organ Transpl. 18, 179–185 (2013).
 2. Topuz, B., Günal, G., Guler, S. & Aydin, H. M. Chapter 4 - Use of supercritical CO2 in soft tissue decellularization. in Methods in 

Cell Biology (eds. Caballero, D., Kundu, S. C. & Reis, R. L.) vol. 157 49–79 (Academic Press, 2020).
 3. Stock, U. A. & Vacanti, J. P. Tissue engineering: current state and prospects. Annu. Rev. Med. 52, 443–451 (2001).
 4. Gilpin, A. & Yang, Y. Decellularization strategies for regenerative medicine: from processing techniques to applications. Biomed. 

Res. Int. https ://doi.org/10.1155/2017/98315 34 (2017).
 5. O’Brien, F. J. Biomaterials & scaffolds for tissue engineering. Mater. Today 14, 88–95 (2011).
 6. Modulevsky, D. J., Lefebvre, C., Haase, K., Al-Rekabi, Z. & Pelling, A. E. Apple Derived Cellulose Scaffolds for 3D Mammalian 

Cell Culture. PLoS ONE 9, e97835 (2014).
 7. Modulevsky, D. J., Cuerrier, C. M. & Pelling, A. E. Biocompatibility of subcutaneously implanted plant-derived cellulose biomateri-

als. PLoS ONE 11, e0157894 (2016).
 8. Gershlak, J. R. et al. Crossing kingdoms: Using decellularized plants as perfusable tissue engineering scaffolds. Biomaterials 125, 

13–22 (2017).
 9. Fontana, G. et al. Biofunctionalized plants as diverse biomaterials for human cell culture. Adv Healthc Mater 6, (2017).
 10. Dikici, S., Claeyssens, F. & MacNeil, S. Decellularised baby spinach leaves and their potential use in tissue engineering applications: 

Studying and promoting neovascularisation. J. Biomater. Appl. 34, 546–559 (2019).
 11. Lacombe, J., Harris, A. F., Zenhausern, R., Karsunsky, S. & Zenhausern, F. Plant-Based Scaffolds Modify Cellular Response to Drug 

and Radiation Exposure Compared to Standard Cell Culture Models. Front. Bioeng. Biotechnol. 8, (2020).
 12. Robbins, E. R., Pins, G. D., Laflamme, M. A. & Gaudette, G. R. Creation of a contractile biomaterial from a decellularized spinach 

leaf without ECM protein coating: an in vitro study. J. Biomed. Mater. Res., Part A 108, 2123–2132 (2020).
 13. Cheng, Y.-W., Shiwarski, D. J., Ball, R. L., Whitehead, K. A. & Feinberg, A. W. Engineering aligned skeletal muscle tissue using 

decellularized plant-derived scaffolds. ACS Biomater. Sci. Eng. 6, 3046–3054 (2020).
 14. Salehi, A. et al. Efficient mineralization and osteogenic gene overexpression of mesenchymal stem cells on decellularized spinach 

leaf scaffold. Gene 757, 144852 (2020).
 15. Hickey, R. J., Modulevsky, D. J., Cuerrier, C. M. & Pelling, A. E. Customizing the shape and microenvironment biochemistry of 

biocompatible macroscopic plant-derived cellulose scaffolds. ACS Biomater. Sci. Eng. 4, 3726–3736 (2018).
 16. Wang, Y., Dominko, T. & Weathers, P. J. Using decellularized grafted leaves as tissue engineering scaffolds for mammalian cells. 

Vitro Cell. Dev. Biol. -Plant https ://doi.org/10.1007/s1162 7-020-10077 -w (2020).
 17. types and applications. Mohammadinejad, R., Karimi, S., Iravani, S. & S. Varma, R. Plant-derived nanostructures. Green Chem. 

18, 20–52 (2016).
 18. Hickey, R. J. & Pelling, A. E. Cellulose biomaterials for tissue engineering. Front. Bioeng. Biotechnol. 7, (2019).
 19. Helenius, G. et al. In vivo biocompatibility of bacterial cellulose. J. Biomed. Mater. Res., Part A 76A, 431–438 (2006).
 20. Czaja, W. K., Young, D. J., Kawecki, M. & Brown, R. M. The future prospects of microbial cellulose in biomedical applications. 

Biomacromol 8, 1–12 (2007).
 21. Boyce, S. T. & Warden, G. D. Principles and practices for treatment of cutaneous wounds with cultured skin substitutes. The 

American Journal of Surgery 183, 445–456 (2002).
 22. Marques-Marinho, F. D. & Vianna-Soares, C. D. Cellulose and its derivatives use in the pharmaceutical compounding practice. 

Cellulose-Medical, Pharmaceutical and Electronic Applications (2013) https ://doi.org/10.5772/56637 .
 23. Märtson, M., Viljanto, J., Hurme, T., Laippala, P. & Saukko, P. Is cellulose sponge degradable or stable as implantation material? 

An in vivo subcutaneous study in the rat. Biomaterials 20, 1989–1995 (1999).
 24. Viljanto, J. A Cellstick Device for Wound Healing Research. in Wound Healing and Skin Physiology (eds. Altmeyer, P., Hoffmann, 

K., el Gammal, S. & Hutchinson, J.) 513–522 (Springer, 1995). https ://doi.org/10.1007/978-3-642-77882 -7_48.
 25. Wan, Y. Z. et al. Biomimetic synthesis of hydroxyapatite/bacterial cellulose nanocomposites for biomedical applications. Mater. 

Sci. Eng., C 27, 855–864 (2007).
 26. McCulloh, K. A., Sperry, J. S. & Adler, F. R. Water transport in plants obeys Murray’s law. Nature 421, 939–942 (2003).
 27. James, B. D. et al. Palm readings: Manicaria saccifera palm fibers are biocompatible textiles with low immunogenicity. Mater. Sci. 

Eng., C 108, 110484 (2020).
 28. Casali, D. M., Handleton, R. M., Shazly, T. & Matthews, M. A. A novel supercritical CO2-based decellularization method for 

maintaining scaffold hydration and mechanical properties. J. Supercrit. Fluids 131, 72–81 (2018).
 29. Cebotari, S. et al. Detergent decellularization of heart valves for tissue engineering: toxicological effects of residual detergents on 

human endothelial cells. Artif. Organs 34, 206–210 (2010).
 30. Crapo, P. M., Gilbert, T. W. & Badylak, S. F. An overview of tissue and whole organ decellularization processes. Biomaterials 32, 

3233–3243 (2011).
 31. O’Neill, J. D. et al. Decellularization of human and porcine lung tissues for pulmonary tissue engineering. Ann. Thorac. Surg. 96, 

1046–1056 (2013).
 32. Zhou, J. et al. Impact of heart valve decellularization on 3-D ultrastructure, immunogenicity and thrombogenicity. Biomaterials 

31, 2549–2554 (2010).
 33. Liao, J., Joyce, E. M. & Sacks, M. S. Effects of decellularization on the mechanical and structural properties of the porcine aortic 

valve leaflet. Biomaterials 29, 1065–1074 (2008).
 34. Hwang, J. et al. Molecular assessment of collagen denaturation in decellularized tissues using a collagen hybridizing peptide. Acta 

Biomater. 53, 268–278 (2017).
 35. Ellis, J., Titone, J. & Dehghani, F. Supercritical CO2 sterilization of ultra-high molecular weight polyethylene | Elsevier Enhanced 

Reader. https ://doi.org/10.1016/j.supfl u.2010.01.002.

https://www.graphpad.com/scientific-software/prism/
https://doi.org/10.1155/2017/9831534
https://doi.org/10.1007/s11627-020-10077-w
https://doi.org/10.5772/56637
https://doi.org/10.1007/978-3-642-77882-7_48
https://doi.org/10.1016/j.supflu.2010.01.002


12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3643  | https://doi.org/10.1038/s41598-021-83250-9

www.nature.com/scientificreports/

 36. Wehmeyer, J. L., Natesan, S. & Christy, R. J. Development of a sterile amniotic membrane tissue graft using supercritical carbon 
dioxide. Tissue Eng. Part C Methods 21, 649–659 (2015).

 37. Huang, Y.-H. et al. Preparation of acellular scaffold for corneal tissue engineering by supercritical carbon dioxide extraction 
technology. Acta Biomater. 58, 238–243 (2017).

 38. Balestrini, J. L. et al. Sterilization of lung matrices by supercritical carbon dioxide. Tissue Eng. Part C Methods 22, 260–269 (2016).
 39. Sawada, K., Terada, D., Yamaoka, T., Kitamura, S. & Fujisato, T. Cell removal with supercritical carbon dioxide for acellular artificial 

tissue. J. Chem. Technol. Biotechnol. 83, 943–949 (2008).
 40. Seo, Y., Jung, Y. & Kim, S. H. Decellularized heart ECM hydrogel using supercritical carbon dioxide for improved angiogenesis. 

Acta Biomater. 67, 270–281 (2018).
 41. Wang, J. K. et al. Supercritical carbon dioxide extracted extracellular matrix material from adipose tissue. Mater. Sci. Eng., C 75, 

349–358 (2017).
 42. White, A., Burns, D. & Christensen, T. W. Effective terminal sterilization using supercritical carbon dioxide. J. Biotechnol. 123, 

504–515 (2006).
 43. Lee, M., Lim, H. & Lee, J. Fabrication of artificial leaf to develop fluid pump driven by surface tension and evaporation. Sci. Rep. 

7, 14735 (2017).
 44. Liyanage, S. & Abidi, N. Fourier transform infrared applications to investigate induced biochemical changes in liver. Applied 

Spectroscopy Reviews 0, 1–33 (2019).
 45. Abidi, N., Cabrales, L. & Haigler, C. H. Changes in the cell wall and cellulose content of developing cotton fibers investigated by 

FTIR spectroscopy. Carbohyd. Polym. 100, 9–16 (2014).
 46. Cabeza, L. F., de Gracia, A., Fernández, A. I. & Farid, M. M. Supercritical CO2 as heat transfer fluid: a review. Appl. Therm. Eng. 

125, 799–810 (2017).
 47. Zhang, X., Heinonen, S. & Levänen, E. Applications of supercritical carbon dioxide in materials processing and synthesis. RSC 

Adv. 4, 61137–61152 (2014).
 48. Dillow, A. K., Dehghani, F., Hrkach, J. S., Foster, N. R. & Langer, R. Bacterial inactivation by using near- and supercritical carbon 

dioxide. PNAS 96, 10344–10348 (1999).
 49. Sun, Y. Supercritical fluid particle design for poorly water-soluble drugs (review). Curr. Pharm. Des. 20, 349–368 (2014).
 50. Hennessy, R. S. et al. Supercritical carbon dioxide–based sterilization of decellularized heart valves. JACC: Basic to Translational 

Science 2, 71–84 (2017).
 51. Nichols, A., Burns, D. C. & Christopher, R. Studies on the sterilization of human bone and tendon musculoskeletal allograft tissue 

using supercritical carbon dioxide. J Orthopaedics 6, (2009).
 52. Yoganarasimha, S. et al. Peracetic acid: a practical agent for sterilizing heat-labile polymeric tissue-engineering scaffolds. Tissue 

Eng. Part C Methods 20, 714–723 (2014).
 53. Soares, G. C. et al. Supercritical CO2 technology: the next standard sterilization technique?. Mater. Sci. Eng., C 99, 520–540 (2019).
 54. Bednarski, D. M. et al. Sterilization of epidermal growth factor with supercritical carbon dioxide and peracetic acid; analysis of 

changes at the amino acid and protein level. Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics 1868, 140334 (2020).
 55. Isenschmid, A., Marison, I. W. & von Stockar, U. The influence of pressure and temperature of compressed CO2 on the survival 

of yeast cells. J. Biotechnol. 39, 229–237 (1995).
 56. Koyama, K. & Masuda, T. The arrangement of lateral veins along the midvein of leaves is not related to leaf phyllotaxis. Scientific 

Reports 8, 16417 (2018).
 57. Hermanowicz, P., Sarna, M., Burda, K. & Gabryś, H. AtomicJ: An open source software for analysis of force curves. Rev. Sci. Instrum. 

85, 063703 (2014).
 58. Harding, J. W. & Sneddon, I. N. The elastic stresses produced by the indentation of the plane surface of a semi-infinite elastic solid 

by a rigid punch. Math. Proc. Cambridge Philos. Soc. 41, 16–26 (1945).
 59. Palacio, S. et al. Gypsophile chemistry unveiled: Fourier transform infrared (FTIR) spectroscopy provides new insight into plant 

adaptations to gypsum soils. PLoS ONE 9, (2014).
 60. Heredia-Guerrero, J. A. et al. Infrared and Raman spectroscopic features of plant cuticles: a review. Front. Plant Sci. 5, 1–14 (2014).
 61. Gnanasambandam, R. & Proctor, A. Determination of pectin degree of esterification by diffuse reflectance. Food Chem. 68, 327–332 

(2000).
 62. Schwanninger, M., Rodrigues, J. C., Pereira, H. & Hinterstoisser, B. Effects of short-time vibratory ball milling on the shape of 

FT-IR spectra of wood and cellulose. Vib. Spectrosc. 36, 23–40 (2004).
 63. Ribeiro da Luz, B. Attenuated total reflectance spectroscopy of plant leaves: a tool for ecological and botanical studies. New Phy-

tologist 172, 305–318 (2006).
 64. Schulz, H. & Baranska, M. Identification and quantification of valuable plant substances by IR and Raman spectroscopy. Vib. 

Spectrosc. 43, 13–25 (2007).

Acknowledgements
The authors would like to thank all the members of the Center for Applied Nanobioscience and Medicine for 
their time, ideas and contributions. In particular, we are grateful to Matthew Barrett, Baiju Thomas and Brett 
Duane for their expert assistance with the NG500 device. We are also grateful to NovaSterilis for their knowledge, 
support and guidance, especially head engineer James Gustafson and scientist David Bednarski. We thank Dr. 
Alejandro Bonilla from Nanosurf for providing excellent guidance for our AFM bio-measurements as well as 
Sisouk “Si” Phrasavath at Arizona State University for his invaluable assistance with our SEM/EDX education. 
We additionally thank Dr. Kurt Gustin of the Biomedical Imaging Core at the UA College of Medicine – Phoenix 
for providing epifluorescence imaging services and the Basic Medical Sciences department for the management 
of the summer internship program. We also thank Dr. Jean-Luc Veuthey at the School of Pharmaceutical Sci-
ences, for introducing our team to  scCO2 techniques through numerous discussions, as well as co-mentoring 
Sophia Karsunky for her master thesis, in collaboration with Dr. Muriel Cuendet, through an exchange program 
between University of Geneva and the University of Arizona’s Center.

Author contributions
Concept/design: A.H., J.L., F.Z. Collection or assembly of data: A.H., J.L., S.L., M.H., E.W. and S.K. Data analysis: 
A.H., J.L., S.L., N.A. Manuscript drafting: A.H., J.L. Manuscript critical contribution and revision: S.L., N.A., F.Z. 
All authors reviewed results, revised and approved the final version of the manuscript.

Funding
This work was supported in part by the Center for Applied Nanobioscience and Medicine, the Clinical Transla-
tional Science graduate program, the Valley Research Partnership (PI-4005) and the Arizona Biomedical Research 



13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3643  | https://doi.org/10.1038/s41598-021-83250-9

www.nature.com/scientificreports/

Centre (grant # ADHSS17–0000403/45773). We acknowledge the use of facilities within the Eyring Materials 
Center at Arizona State University supported in part by NNCI-ECCS-1542160.

Competing interests 
AH, JL and FZ have a pending patent application: US Patent PCT/US20/39941. Authors SL, MH, EW, SK and 
NA declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-83250 -9.

Correspondence and requests for materials should be addressed to A.F.H., J.L. or F.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-83250-9
https://doi.org/10.1038/s41598-021-83250-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Supercritical carbon dioxide decellularization of plant material to generate 3D biocompatible scaffolds
	Results
	Effectiveness of spinach leaf decellularization by scCO2. 
	Preservation of scCO2 scaffold ultra-structure and vascular network. 
	Stiffness assessment. 
	Scaffold composition by FTIR spectroscopy. 
	Scaffold elemental distribution. 
	Biocompatibility of scCO2 decellularized scaffold. 

	Discussion
	Summary
	Material and methods
	Chemical and scCO2 decellularization. 
	DNA and protein quantification. 
	Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). 
	Water retention quantification. 
	Assessment of scCO2sterilization efficiency. 
	Atomic force microscopy (AFM). 
	Fourier-transform infrared (FTIR) spectroscopy. 
	Assessment of vascular integrity. 
	Cell seeding and immunofluorescence (IF). 
	Cell viability assay. 
	Statistical analysis. 

	References
	Acknowledgements


