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Abstract

The commercial success of tissue engineering products requires efficacy, cost effectiveness and the 

possibility of scale-up. Advances in tissue engineering require increased sophistication in the 
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design of biomaterials, often challenging our current manufacturing techniques. Interestingly, 

several of the properties that are desirable for biomaterials design are embodied in the structure 

and function of plants. This study demonstrates that decellularized plant tissues can be used as 

adaptable scaffolds for culture of human cells. With simple biofunctionalization technique it’s 

possible to enable adhesion of human cells on a diverse set of plant tissues. The elevated 

hydrophilicity and excellent water transport abilities of plant tissues allows cell expansion over 

prolongued periods of culture. Moreover, cells are able to conform to the microstructure of the 

plant frameworks, resulting in cell alignment and pattern registration. In conclusion, the current 

study shows that it is feasible to use plant tissues as an alternative feedstock of scaffolds for 

mammalian cells.

TOC Image

Keywords

biomaterials; decellularized scaffolds; plants; biofunctionalization; cell expansion

Biomaterials are commonly used to provide “scaffolding” for biomedical applications, such 

as tissue engineering and cellular biomanufacturing. These scaffolds provide a critical 

framework for 3-dimensional cell growth and neo-tissue formation. The most desirable 

scaffolds include interconnected porosity for fluid transport, biochemical properties that 

support cell function, and a diversity of physical and mechanical properties that can be 

customized for specific biological or medical needs. Recent advanced manufacturing 

approaches, such as 3-D printing or decellularization of animal tissues, have produced 

scaffolds with biomimetic [1] or unique physical properties [2]. Despite these advances, the 

ability to manufacture biomaterials with a diverse range of achievable physical and 

biological properties remains a challenge and an active area of inquiry[3].

Interestingly, several of the properties that are desirable for design of biomaterials are 

embodied in the structure and function of plants. Plant tissues are composite materials, 

which comprise hard and soft components arranged in complex hierarchical structures[4]. 
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For example, in plant cell walls the cellulose fibers reinforce a pliant and highly hydrophilic 

matrix of hemicelluloses and either pectin or lignin[5]. The cellulose itself is being 

synthesized in the form of microfibrils, and is deposited in orderly structures. The 

hemicelluloses, which are polysaccharides such as arabinoxylans and xylans, have little 

strength on their own, but by forming hydrogen bonds with the cellulose microfibrils they 

act as a coupling agent between the matrix and the stiff cellulose microfibrils [6]. The pectins 

are a group of polysaccharides rich in galacturonic acid units [7], they crosslink together 

hemicellulose molecules in adjacent microfibrils [5]. Overall, these cellulose polymers are 

characterized by strong intra-molecular hydrogen bonds and low inter-molecular attractive 

forces, thus combining strength with flexibility [8].Moreover, the resulting materials offer 

mechanical properties that often surpass those of their single components by orders of 

magnitude[4a]. Furthermore, over 700 million years of evolution[9] have developed plants 

with considerable diversity of properties that are often in defiance of the conundrum of 

materials that are both strong and tough [4a]. Plant materials also offer unique transport 

properties, as hydraulic conductance in plants is achieved by the branching of wide conduits 

into smaller vessels [10]. Transpiration of water from the leaves creates a negative pressure 

that generates the motive force for the ascent of sap [11]. This energy-efficient mechanism is 

possible because plant structures are designed to include highly interconnected pores and 

vessels to maintain hydraulic continuity and allow the propagation of the negative pressure 

generated in the leaves [9]. Here we hypothesized that plants would provide a diverse 

feedstock of biomaterials for mammalian cell culture. We reasoned that decellularized plant 

tissues would include the needed structural sophistication and ease of production to serve as 

scaffolds, and that they could be biofunctionalized to support human cell growth. We used a 

broad and diverse array of plant species to demonstrate that decellularized and 

biofunctionalized plant tissues can support human cell attachment, expansion, alignment, 

and patterning.

Portions of desired sizes were cut from fresh plants and decellularized using a series of 

detergents and bleach to remove the plant’s proteins and DNA, respectively (Figure 1a). The 

use of detergents in decellularization protocols is common practice and they are widely used 

to decellularize tissue-derived ECM [12] [1] or even plant tissues [13]. Decellularized 

Petroselinum crispum (parsley) stems showed a more translucent appearance due to the loss 

of the plant’s pigments and waxy cuticle, and also had a markedly decreased DNA content 

when compared to non-decellularized parsley stems (Figure 1b–c, Supplementary Figure 1). 

Electron micrographs of plants before and after decellularization (Figure 2) showed a highly 

porous ultrastructure, with pore sizes below 100 μm (Figure 2n). As expected, stems from 

monocot plants such as Vanilla planifolia (Vanilla) had vascular bundles scattered 

throughout their cross-section (Figure 2k), while dicot plants like parsley (Figure 2i, 

Supplementary Figure 3) had their vascular bundles arranged in a ring surrounding the pit. 

Stems maintained their porosity after decellularization (Figure 2), and the ultrastructure was 

unchanged in the Laelia ancepts (orchid) pseudobulbs, Anthurium waroqueanum 
(Anthurium) and Bambusoideae (bamboo) stems (Figure 2). However, the size of pores was 

significantly enlarged in Calathea zebrina (Calathea), parsley and vanilla stems, with parsley 

stems showing the largest increase in pore size (Figure 2n). Decellularized stems were also 

able to retain substantial amounts of water, consistent with the mechanism for hydraulic 
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continuity in plants[9]. Stiffer stems like bamboo were able to retain almost 4 times their 

weight in water, while softer stems from parsley and Solenostemon scutellarioides ‘wasabi’ 
(Solenostemon) were able to retain more substantial amounts of water (20 and 40 times 

respectively, Figure 2m). The ability of decellularized plants to retain their hierarchical, 

hydrophilic, and interconnected ultrastructure led us to explore the ability of plants to serve 

as scaffolding for mammalian cells.

To provide a mechanism for cell attachment on a heterogeneous set of plant surfaces, RGD 

peptides were conjugated with dopamine, a unique catechol moiety found in adhesive 

proteins and capable of strong molecular adhesion in aqueous environments [14] 

(Supplementary Figures 4–6). Decellularized plants coated with the RGD-dopamine 

conjugate (RGDOPA) supported adhesion of human dermal fibroblasts (hDF), while non-

coated plants did not support cell attachment on parsley stems (Figure 3) and Impatiens 
capensis stems (Supplementary Figure 7). A further advantage of the RGDOPA coating was 

its ability to functionalize plant tissues without clogging pores, thereby maintaining their 

topographical features and only minimally affecting their surface area (Figure 3h–i, 

Supplementary Table S1). Decellularized plants were also functionalized via 

biomineralization (Supplementary Figure S8), a method used in a variety of previous studies 

to coat biomaterials [15]. Biomineralized plants also supported attachment of hDF (Figure 

3b). Scanning electron microscopy (SEM) showed that the biomineralization process 

preserved the structural features of vascular bundles and larger pores in dicot stems (Figure 

3g), but also changed the topography of decellularized stems (Figure 3f, Supplementary 

Figure 9) and occluded some of the smallest pores (Supplementary Table S1).

Biofunctionalized plant tissues provided highly efficient and scalable scaffolds for expansion 

of primary human cells. Human mesenchymal stem cells (MSCs) and human dermal 

fibroblasts (hDFs) attached to a variety of RGDOPA-coated stems and biomineralized 

parsley stems, and the cell populations expanded for a period of 50 days. Cells were viable 

in all stems (Supplementary Figure 10) and during the first 10 days of culture both cell types 

showed an increase in metabolic activity in all samples (Figure 4). Over the longer 

timeframes, the increase in metabolic activity of MSCs was observed only on parsley, 

mineralized parsley and in standard monolayer culture. This result was confirmed also by 

DNA quantification, which showed significant MSC expansion in parsley stems, but a 

significant decrease in cell number in calathea and vanilla stems (Figure 4C). hDFs seeded 

on parsley and mineralized parsley showed the highest increases in metabolic activity, and 

hDFs also expanded significantly on orchid pseudobulbs (Figure 4D). Importantly, cell 

expansion efficiency – the cell expansion normalized to the cell seeding area - was 

substantially higher on plant stems when compared to standard monolayer cultures 

(Supplementary Table S2) (Figure 4). Specifically, hDFs underwent a 12.5-fold expansion 

on mineralized parsley stems and a 14.5-fold expansion on RGDOPA-coated parsley stems, 

versus only a 2.8-fold expansion in standard monolayer culture. Similarly, MSCs expanded 

8.7-fold and 17.5-fold on mineralized and RGDOPA-coated parsley stems, respectively, 

versus only 1.6-fold in monolayer culture. These data indicate that expansion of human cells 

on the plant scaffolds was highly efficient relative to standard monolayer culture, likely due 

to the highly interconnected, porous surface area presented by the decellularized plants. 

Interestingly, the decellularization of plant tissues is a simple process that can yield large 
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scaffolds. For example, the tropical plant Anthurium magnificum (length=40 cm, width=30 

cm) was used to produce several scaffolds (Figure 4i), which could each be functionalized 

with RGDOPA to support adhesion of primary human cells (human umbilical vein 

endothelial cells, Figure 4j–l).

The differences in cell expansion among the plants probed in this study may be attributable 

to differences in plant stiffness, hydrophilicity, pore sizes and overall size. Parsley stems 

were among the stems with the highest level of hydrophilicity and the largest pore sizes after 

decellularization (Figure 2), which may have enabled more efficient cell attachment and 

expansion. Interestingly, orchid pseudobulbs did not display high hydrophilicity or large 

pores, yet they supported considerable hDF expansion.

Interestingly, human cells conformed to the microstructure of the plant frameworks, 

resulting in cell alignment and registration between the cell patterns and the plant 

microstructures. Previous studies have found that cells are sensitive not only to the chemical 

milieu of their surroundings but they are also responsive to topographical cues [16]. This 

phenomenon is known as contact guidance, and it is characterized by the cell’s response to 

structures on the micron and sub-micron scale [17]. Contact guidance can direct cell 

migration and influence a number of cell behaviors regardless of the underlying material 

chemistry [16]. Previous studies have shown that human cells such as fibroblasts are able to 

sense topographical features as thin as 70 nm [18]. Each leaf or stem used in the current 

study had unique topographies as a result of the patterning of micro-grooves on its surface, 

and hDFs responded to plant topographical cues by aligning with the characteristic structural 

patterns of plants (Figure 5 and Supplementary Figure 11). For example, hDFs adhered and 

grew preferably in proximity to the plant’s stomata or within grooves (Figure 5 and 

Supplementary Figure 12). To better understand the level of cell alignment to these plant 

topographies, we measured an “orientation angle” (OA), defined as the angle between the 

orientation of the plant topography and the orientation of the attached cells (OA=0° would 

be perfect alignment). The greatest alignment to plant’s topography was observed on 

Solenostemon stems (Figure 5, Supplementary Figures 13–14), where 44.09 ± 7.16% of the 

cells had an OA less than 20°. In contrast, 28.64 ± 3.39% of the cells on parsley stems had 

an OA less than 20°. Further, hDFs seeded onto the Buddleja davidii (summer lilac) leaf 

were able to populate the entire leaf and grow around the patterned vascular structure 

(Figure 5n–o). The cell patterning and alignment observed here on plant scaffolds could be 

important in future studies, as topographical cues have been used in other contexts to direct 

cell differentiation [17b], and spatial patterning can facilitate development of complex 

mammalian tissues. Another aspect that deserves some consideration is the biocompatibility 

of the plant tissues. With thousands of different plant species, it is difficult to make general 

assertions regarding biocompatibility. Some plant species will be more suitable than others 

for regenerative medicine applications. Particular attention should be devoted in avoiding the 

use of plants that secrete toxic compounds. In addition, it was found that plants can 

accumulate heavy metals and other trace elements (TE) from their growth environment with 

different rates[19]. TE accumulation varies in different categories of plants, for example, it 

was found to be low in legumes, moderate in root vegetables, and high in leafy 

vegetables[19]. However, it was found that TE concentrations in plants are highly related to 

the chemical composition of the growth media [19]. Therefore, the TE accumulation in plants 
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can be prevented simply by growing plants in controlled environments devoid of heavy 

metals and other elements that can cause complications. Moreover, eventual TE will most 

likely be removed by the numerous washes that plant-derived scaffolds undergo during the 

decellularization process. In fact, the concentration of TE in the decellularized stems was so 

low that we were not able to detect them during the EDS analysis (Supplementary Figure 

S8). To date there is only limited knowledge about the tolerance of mammalian tissues to 

plant tissues in vivo, however, a recent study revealed that subcutaneous implantation of 

plant-derived cellulose materials evoked only a mild immune response that disappeared 8 

weeks post-implantation [13]. This is in line with what has been found following 

implantation of other cellulosic biomaterials [20]. Interestingly, it was shown that the highly 

crystalline celluloses evoked no immulogical response [20d]. Considering that the degree of 

crystallinity in many plants is estimated to be around 50% [21], we can speculate that limited 

immunological reactions may be expected after implantation of decellularized plants. 

Another issue that should be considered is scaffold degradation. In nature, cellulose 

(especially in the amorphous form) can be degraded by a family of hydrolytic enzymes 

called cellulases [9]. However, the tightly packed and orderly structure of crystalline chains 

of cellulose is impervious to enzymatic degradation. For this reason, cellulosic materials are 

durable and show limited degradation over time [9, 22]. The recalcitrance of plant tissues 

could also limit their adoption as scaffolds for regenerative medicine. However, the increase 

of cellulose-based biomaterials is pushing towards designing novel strategies for controlled 

degradation in vivo. Some studies have already shown that following hydrolysis pre-

treatment and co-delivery of cellulases it is possible to obtain cellulose scaffolds that are 

resorbable to differing degrees [20c, d, 23].

Moreover, a new set of enzymes classified as CBM33 and GH61 were recently found to 

catalyze the oxidative cleavage of polysaccharides [24]. These enzymes are abundant in 

genomes of biomass-converting microorganisms and are capable of binding effectively to 

crystalline chains of cellulose and disrupting their structure, thus increasing their 

accessibility for hydrolytic enzymes such as cellulases [24]. Therefore, degradation of plant-

derived scaffolds could be achieved by designing hydrolysis pre-treatments and by the 

administration of cocktails of cellulases and CBM33 or GH61 enzymes. As tissue 

engineering approaches more sophisticated designs, some of the current limitations become 

more noticeable. For example, design of smaller scaffolds is not always achievable with the 

literal downsizing of conventional engineering techniques [25]. The resulting scaffolds have 

limited resolution, high costs and often require extensive adjustments that stretch the time 

between design and implementation [4a]. Nature’s creative use of biopolymer building 

blocks provides an alternative feedstock of manufactured scaffolds for tissue engineering 

applications. Plant development results in complex hierarchical structures in layers up to 1 

μm in thickness, a resolution that is out of reach for most conventional manufacturing 

techniques [5]. Herein we show that it is possible to maintain the structural complexity of 

plant tissues after decellularization, and with simple biofunctionalization these surfaces can 

support adhesion of human cells. The highly hydrophilic nature of plant tissues and their 

efficacy in transport of fluids also enabled efficient expansion of human cells over extended 

periods of time. Human cells also sensed the topographical features of plant tissues and 

conformed to the structural motifs, resulting in cell patterning into concave areas, alignment 
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along plant micropatterns, or growth around the plant vasculature. Decellularized plant 

tissues may provide a diverse array of complex biomaterials with limited costs. In addition, 

the ability to borrow scaffold structures from the plant kingdom offers the potential to 

shorten developmental time, while allowing mass production of complex biomaterials with 

low costs.

Experimental Section

Decellularization of plant tissues

Most of the plants used in this study (Calathea zebrina, Anthurium waroquaenum, 

Anthurium magnificum, Solenostemon, Vanilla, Laelia ancepts, Bamboo) were obtained 

from the Olbrich Botanical Gardens in Madison, Here, among the available tropical plants 

we selected plants with stems of high porosity and fast growth rate to ensure continuity of 

supply for the study and for potential applications. Parsley was purchased from a local 

market and Schoenoplectus tabernaemontani plants were collected at the UW Arboretum. 

Leaves and stems were collected from fresh plant tissues to minimize disruptions to the 

tissues structure. Leaves were cut into discs using 8 mm punches, while stems were 

manually cut at about 8 mm length. Plant tissues were then immersed in a solution of 10X 

sodium dodecyl sulfate (SDS) in water for 5 days in gentle agitation. Successively, the 

tissues were incubated in 0.1% Triton-X-100 in a 10% solution of bleach for 48 hours. After 

which the stems and leaves lost all their pigments and became translucent. The waxy cuticle 

was dissolved by 1 minute incubation in hexane followed by 1 minute wash in 1X Phosphate 

buffered saline (PBS), the process was repeated at least twice. Deionized water was used to 

remove eventual residues of detergents and bleach, the tissues were incubated in H2O for at 

least 2 days, after which were lyophilized and stored dry.

RGDOPA synthesis

A custom peptide with the sequence RGDGGG was purchased from Genscript®. The 

peptide was reconstituted at a concentration of 16 mM in a buffer solution of 10mM 2-(N-

morpholino)ethanesulfonic acid (MES) at pH 6. While stirring, dopamine hydrochloride 

(Sigma-Aldrich®, H8502) was also dissolved into this solution at a final concentration of 

200 mM. The conjugation of dopamine to the custom peptide was obtained by using the 

zero-length crosslinking agent 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 

N-hydroxysuccinimide (NHS). NHS (ThermoFisher Scientific™, 24500) was first added to 

the reaction mix at a concentration of 5 mM and successively EDC (Sigma-Aldrich®, 

E6383) at a concentration of 0.1M. The reaction mix was stirred for 2 hours at room 

temperature and then dialyzed using a 100–500 Da dialysis membrane (Spectrum®Labs, 

131060) in deionized water for 5 days. The purity of the reaction product was assessed by 

High Performance Liquid Chromatography (HPLC). RGDOPA was then lyophilized and 

stored dry at −20°C.

Plant tissue functionalization with RGDOPA

Plant’s stems or leaves were washed in a solution of 10 mM Tris-HCl at a pH of 8.5 and 

incubated at room temperature for 30 minutes under gentle agitation. In the meantime, 

RGDOPA powder was reconstituted in 10 mM Tris-HCl (pH 8.5) at a final concentration of 
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1mg/mL. Plant tissues to be functionalized were then immersed in the RGDOPA solution 

and incubated for 24 hours under gentle agitation at room temperature. After 

functionalization, plant tissues acquired a slightly grey/black color. To remove unbound 

RGDOPA the tissues are then washed twice in 10 mM Tris-HCl (pH 8.5) and once in PBS 

(1X) prior to be used for cell culture.

Mineralization of plant stems

To form a mineralized coating, plant’s stems were incubated in modified simulated body 

fluid (mSBF) for 7 days under gentle agitation. The mSBF was prepared adding the 

following reagents into deionized water in the following order: 141mM NaCl, 4 mM KCl, 

0.5 mM MgSO4, 1 mM MgCl2, 150 mM NaHCO3, 20 mM HEPES, 5 mM CaCl2 and 2 mM 

KH2PO4. The pH of the mSBF was then adjusted to 6.8 and throughout the 7 days of 

coating, the mSBF solution was changed daily. After the 7 days of coating, plant stems were 

rinsed in deionized water and lyophilized.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Decellularization of plant tissues
a, Conceptual illustration of plant tissue processing. The cellular component of plant stems 

or leaves was eliminated by immersion in a series of detergents and bleach. Plant tissues 

were then biofunctionalized to provide a substrate for adhesion of human cells, using either 

biomineralization or coating with dopamine-conjugated RGD peptides (RGDOPA). b, DNA 

quantification in parsley stems, measured using the CyQuant® assay, showing a marked 

decrease in DNA content after decellularization. (*) represent statistically significant 

differences using paired student’s t-test n=3, p<0.05. c, Images displaying different 

appearance between normal and decellularized parsley stems. Color-enhanced SEM 

micrographs highlight the presence of a waxy cuticle on the surface of normal parsley stems, 

while the immersion in a hexane bath during the decellularization process dissolved the 

hydrophobic waxy layer and left a grooved surface structure.
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Figure 2. Plant’s stems maintain high porosity after decellularization
a–l, Paired SEM micrographs of plant stems before (left) and after (right) decellularization: 

(a–b) Bamboo, (c–d) Anthurium waroqueanum, (e–f) Calathea zebrina, (g–h) Orchid’s 

pseudobulb, (i–j) Parsley, (k–l) Vanilla. The inset photographs show the visual appearance of 

decellularized plants after decellularization. m, Mass of water retained normalized to each 

stem’s mass. (*) represent statistically significant differences using one-way ANOVA 

followed by Tukey’s multiple comparisons test, n=4, *p<0.05 and *** p<0.001. n, 

Comparison of average pore size before and after decellularization of stems. Differences 

were assessed using a paired t-test; p<0.05. The robust regression and outlier removal 

(ROUT) method was used to identify outliers using the software GraphPad Prism.
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Figure 3. Biofunctionalized plants as scaffolds for human cells
a, Rhodamine-phalloidine staining of actin filaments (red) and dapi staining of nuclei (blue) 

of hDFs cultured for 2 days in ultralow attachment polystyrene wells (scalebars 500μm). b, 

Color-enhanced SEM micrographs displaying hDFs (orange) adhering on a biomineralized 

parsley stem (blue). c, Rhodamine-phalloidin and DAPI staining of hDFs cultured for 2 days 

on RGDOPA-coated ultralow attachment polystyrene well (scalebars 500μm). d–f, calcein 

staining of hDFs seeded on decellularized parsley stems untreated (d), biomineralized (e), 

and coated with RGDOPA (f) (scalebars 100μm). The images show selective cell adhesion 

on functionalized surfaces. g, a decellularized parsley stem following 7 days incubation in 

SBF showing growth of a mineral coating with spheroidal morphology within the pores of 

the stem. The smallest pores appear to be occluded by the mineral, but larger pores and 

vascular bundles are open and morphological features are maintained after the 

mineralization. h–i, SEM micrographs of decellularized stems coated with RGDOPA. A 

cross-section of a Calathea zebrina stem (h) shows that the RGDOPA coating does not 

occlude even the smallest (~2 μm) pores; a side-view of a vanilla stem (i) shows that the 

topographical cues of the stems are still evident after the RGDOPA coating.
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Figure 4. Expansion of human cells on decellularized plant stems
a–b, The metabolic activity of cells was measured using the CellTiter-Blue® assay. MSCs 

(a) show a steady increase in metabolic activity only on monolayer and on parsley stems, 

and they decrease in other plant stems. Similar behavior was observed also in hDF (b), 

however, in this case there was a significant increase in metabolic activity also in orchid’s 

pseudobulb stems. n=3, p<0.05 paired student’s t-test. c–d, Quantification of total DNA 

content assessed using the PicoGreen® assay and compared between day 1 and day 50 of 

culture, n=3, p<0.05 paired student’s t-test. e–f, Total DNA content (ng/mm2) was 
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normalized by seeding area; n=3, p<0.05 paired student’s t-test. g–h, Orchid’s pseudobulb 

and a mineralized parsley stem respectively in ultralow attachment polystyrene wells. They 

clearly have different volumes and offer different cell seeding areas. i, Tropical Anthurium 
magnificum leaf before and after decellularization. The leaves of Anthurium magnificum are 

on average 30 cm wide and 40 cm long, in the images their size is directly compared to that 

of a human hand. Scalebar 15cm. j, A decellularized Anthurium magnificum leaf was cut 

using 8 mm biopsy punch and was used as scaffold for culture of HUVEC cells. After 5 days 

of culture, live cells were stained using calcein (green). K–l, Rhodamine-phalloidin staining 

(k) of actin filaments (red) and DAPI staining of nuclei (blue) and relative brightfield image 

(l) of HUVEC cells cultured on the decellularized Anthurium magnificum leaf for 5 days. 

The brightfield image (l) dislays the presence of vascular structures and cells appear to 

register the shape of the vessels (k). From a single leaf of Anthurium magnificum it was 

possible to obtain numerous pre-vascularized scaffolds. Scalebars 100 μm.
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Figure 5. Cell orientation follows the plant’s topographical cues
a, Conceptual illustration of the method used for the quantification of orientation angle (OA) 

between the mammalian cell and the underlying plant structure. b, Only 15% of the cells 

seeded on monolayer had an OA < 20°, whereas more than 40% of the cells seeded on 

Solenostemon were aligned with the stem’s topography (OA<20°). n=3, p<0.05, One-way 

ANOVA followed by Dunnett’s multiple comparisons test. c–f, Rhodamine-phalloidin 

staining of actin filaments (red) and DAPI staining of nuclei (blue) of hDFs cultured on 

monolayer (c), Solenostemon (d), Parsley (e), and Vanilla leaves (f), scalebars 100 μm. Cells 
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appear to follow the topographical cues of each of the plant tissues. g, Color-enhanced SEM 

micrograph of hDFs seeded on parsley stems shows that cells grow preferably in the concave 

areas of the plant tissues. h, SEM micrograph displaying the surface topography of an 

Anthurium waroqueanum stem. i, hDF seeded on Anthurium stems conform into a pattern 

reminiscent of the plant topography. Actin filaments were stained red with Rhodamine-

phalloidine nuclei stained blue with dapi. j, Color-enhanced SEM micrograph displaying a 

hDF cell adhering on the surface of a summer lilac leaf. k, SEM micrograph showing a 

cross-section of a Schoenoplectus tabernaemontani stem. l, DAPI staining of hDF cultured 

on a Schoenoplectus tabernaemontani stem for 30 days. Scalebar 250 μm. m, Brightfield 

image of a summer lilac leaf after decellularization. Our decellularization protocol allowed 

for maintenance of the vasculature of the leaf. n–o, hDF seeded on a summer lilac leaf and 

live-stained with calcein (n) or stained using rhodamine-phalloidine, DAPI (o). Cells were 

expanded on the leaves for 4 days, and during this period they populated the entire leaf and 

grew around the vasculature, thereby using the leaf’s structure as a template. Scalebars 250 

μm.
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