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a b s t r a c t 

Decellularized plant scaffolds have drawn attention as alternative tissue culture platforms due to their 

wide accessibility, biocompatibility, and diversity of innate microstructures. Particularly, in this work, 

monocot leaves with innate uniaxial micropatterned topography were utilized to promote cell alignment 

and elongation. The leaf scaffold was biofunctionalized with poly(PEGMEMA- r -VDM- r -GMA) copolymer 

that prevented non-specific protein adsorption and was modified with cell adhesive RGD peptide to en- 

able cell adhesion and growth in serum-free media. The biofunctionalized leaf supported the adhesion, 

growth, and alignment of various human cells including embryonic stem cells (hESC) derived muscle 

cells. The hESC-derived myogenic progenitor cells cultured on the biofunctionalized leaf scaffold adopted 

a parallel orientation and were elongated along the leaf topography. These cells showed significant early 

myogenic differentiation and muscle-like bundled myotube formation. The aligned cells formed compact 

myotube assemblies and showed uniaxial muscle contraction under chemical stimulation, a critical re- 

quirement for developing functional skeletal muscle tissue. Polymer-functionalized plant leaf scaffolds 

offer a novel human cell culture platform and have potential in human tissue engineering applications 

that require parallel alignment of cells. 

Statement of significance 

Plant scaffolds are plentiful sources in nature and present a prefabricated construct to present topograph- 

ical cues to cells. Their feature width is ideal for human cell alignment and elongation, especially for 

muscle cells. However, plant scaffolds lack proteins that support mammalian cell culture. We have devel- 

oped a polymer coated leaf scaffold that enables cell adhesion and growth in serum-free media. Human 

muscle cells cultured on the biofunctionalized leaf, aligned along the natural parallel micro-patterned 

leaf topography, and formed muscle-like bundled myotube assemblies. These assemblies showed uniaxial 

muscular contraction, a critical requirement for developing functional skeletal muscle tissue. The biodi- 

versity of the plant materials offers a novel human cell culture platform with potential in human tissue 

engineering. 

© 2023 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Decellularized plant scaffolds have recently emerged as a new 

ell culture platform due to their unique attributes [1–4] . The de- 
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ellularization process eliminates plant DNA and proteins from the 

issue, while cell wall structure remains intact. The plant cell walls 

re composed of biocompatible materials such as cellulose, hemi- 

ellulose, and lignin, and include highly interconnected macro- 

nd micro-pores. A variety of plant species can provide different 

ell wall geometries, which can be useful for tissue engineering 

nd biomedical applications. For example, decellularized bamboo 

tems were reported to have vertically oriented porous structures 
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nd were used to support the osteogenesis of mesenchymal stro- 

al cells [5] . Decellularized vegetables and fruits (e.g., carrots, ap- 

les) with circular pores of varied sizes were studied in bone, ten- 

on, and skeletal muscle tissue engineering [ 2 , 6 , 7 ]. Plant leaves

e.g., spinach, parsley) have blood vessel-like branching vascula- 

ure and were explored in cardiac, bone, and vascular tissue en- 

ineering [ 4 , 8 , 9 ]. Taken together, these studies have demonstrated

hat decellularized plant scaffolds are cost-effective, sustainable, 

nd biocompatible, and they have advantages over animal-derived 

iomaterials. The mechanical property of the decellularized plant 

caffold is another important aspect that must be considered for 

heir use in regenerative medicine, however, studies to this effect 

re sparse. Our earlier study reported that decellularized spinach 

eaves have a maximum tangent modulus of 0.3 MPa, whereas 

he measured tensile strength and toughness of the decellular- 

zed sorghum leaves are 0.27 MPa and 5.93 kPa, respectively [4] . 

hough mechanical strength of the leaf materials decreases after 

ecellularization, these values are well within the range of normal 

ecellularized human cardiac tissue (0.2 – 0.5 MPa). 

The structure presented by biomaterials can regulate cell 

ehaviors. Specifically, parallelly patterned constructs such as 

icro/nano-grooves [ 10 , 11 ], wrinkles [ 12 , 13 ], and fibrils [ 14 , 15 ],

an give contact guidance to cells, which can promote the align- 

ent of cells along the patterns [ 16 , 17 ]. Micropatterned substrates 

ave been fabricated by various methods such as photolithography 

18] , microfluidics [19] , electrospinning [20] , and 3D printing [21] . 

n contrast, plant scaffolds are plentiful sources in nature and can 

rovide a prefabricated construct to present topographical cues to 

ells. Specifically, monocot leaves have narrow and long leaf shapes 

ith parallel micro-patterned topography in the range of 10 – 50 

m created by epithelial cell walls [22] . This feature width is ideal 

or human cell alignment and elongation, especially for muscle 

ells that have hierarchical structures with highly aligned myofib- 

ils [23–25] . Some of the recent reports used decellularized mono- 

ot plant scaffolds such as green onion [2] , grass [26] , and leek

27] to study cell alignment. They cultured and differentiated mus- 

le cells using mouse or human myoblasts on non-functionalized 

r animal-derived proteins functionalized plant scaffolds. 

One major limitation of decellularized plants is the lack of pro- 

eins that support mammalian cell attachment, growth, and pro- 

iferation. Therefore, the plant scaffold needs to be functionalized 

or mammalian cell culture. Decellularized plants have been coated 

ith ECM-derived proteins such as collagen [ 28 , 29 ], gelatin [ 1 , 8 ],

nd fibronectin [ 2 , 4 ] to culture mammalian cells. However, ECM- 

erived biomaterials are animal-derived products which can suffer 

rom high cost, batch-to-batch variations [ 30 , 31 ] and can induce 

ntigenicity, immune response, and anaphylaxis in severe cases 

 32 , 33 ]. Synthetic coatings such as minerals [3] , RGD-dopamine [3] ,

nd graphene oxide [27] have also been applied to promote cell 

ttachment and growth. But these methods can change the innate 

tructure of plants by blocking interconnected pores and diminish- 

ng topography due to the thick coating layer. 

In this work, we develop a chemically defined plant leaf scaf- 

old to culture human skeletal muscle cells. We chose sorghum 

eaves because their relatively large (5 – 10 cm wide and 50 cm 

ong) leaves provide sufficient surface area to access a large num- 

er of samples and have less hairy trichomes that may interfere 

ith cell culture. The ∼25 μm microgrooves in sorghum leaves are 

lso a good fit for the target cell types. To avoid the issues with us-

ng animal-derived materials and preserve inherent plant structure, 

e apply a previously reported [34–38] poly(poly(ethylene gly- 

ol) methyl ether methacrylate-ran-vinyl dimethyl azlactone-ran- 

lycidyl methacrylate) (P(PEGMEMA-r-VDM-r-GMA), PVG) coating 

o the decellularized monocot leaves. In the PVG polymer, syn- 

hesized by reversible addition-fragmentation chain transfer poly- 

erization, the PEGMEMA provides a cytophobic background, the 
328 
MA cross-links the coating, and the VDM reacts efficiently with 

iomolecules via native chemical ligation chemistry [34] . The coat- 

ng was modified with an integrin-binding cell adhesive pep- 

ide, RGD, to support adhesion and growth of cells [34–38] . This 

olymer-coated plant leaf maintained the leaf’s intrinsic parallel 

icro-patterns. Human myogenic progenitor cells, which were de- 

ived from hESCs, were cultured on the chemically defined leaf 

caffold. Our biofunctionalized leaf promoted cell alignment, differ- 

ntiation, and maturation of the plated progenitors as functional 

uman skeletal myotubes. Our study establishes a broadly appli- 

able cell culture platform using the built-in framework of plant 

eaves and a synthetic biofunctionalizable polymer coating. 

. Materials and methods 

.1. Decellularization of plant leaf 

Sorghum leaves (RTx430) were collected from the Wisconsin 

rop Innovation Center at the College of Agricultural and Life Sci- 

nces, University of Wisconsin–Madison. The sorghum leaves (75 

o 85-day-old) were rinsed with deionized water to remove dust 

nd soil. About 300 pieces of leaves were punched out from 5 

7 leaves into a round shape in 8- or 12-mm diameter and 

sed for the following experiments. The leaves were treated in 

% sodium hydroxide (Fisher Scientific) for 24 h at room tempera- 

ure. The leaves were then rinsed with deionized water for 30 min 

ve times. Then, 50% bleach solution containing 4.13% sodium 

ypochlorite (Clorox, Oakland, CA) was added for one hour at room 

emperature until they were fully bleached and white-colored. The 

ecellularized leaves (dLeaf) were rinsed with deionized water for 

0 min five times. The leaves were freeze-dried and stored at room 

emperature or stored in ethanol at -20 °C until usage. 

.2. DNA and protein content quantification 

Twenty dried native or decellularized leaf discs (12 mm diam- 

ter) were collected and their weights were measured. Then, they 

ere ground by mortar and pestle. Fragments were resuspended in 

 mL of deionized water and then filtered through a 40 μm of cell 

trainer. DNA content was measured using a CyQUANT TM Cell Pro- 

iferation Assay kit (Invitrogen, Carlsbad, CA), and protein content 

as measured using Bradford reagent (Sigma Aldrich, St Louis, MA) 

ith bovine serum albumin (BSA) standards. The amount of DNA 

nd proteins was determined using a Victor3 spectrophotometer 

Perkin Elmer, Waltham, MA) and normalized by the initial weight 

f each leaf. 

.3. Synthesis of poly (PEGMEMA- r -VDM- r -GMA) copolymer 

VDM monomer was synthesized in two steps followed the 

revious report by M.E. Levere et al. [39] , and PVG copolymer 

as synthesized following the prior publication [34–38] . All ma- 

erials were purchased from Sigma Aldrich if not stated sepa- 

ately. PEGMEMA (6.8 mmol, 2.04 g), VDM (2.5 mmol, 0.348 g), 

MA (0.7 mmol, 0.1 g), and chain transfer agent, 2-cyano-2-propyl 

enzodithioate (0.01 mmol, 2.21 mg) were added to the flask 

ith 13 mL of anisole. The mixture was degassed with three 

ycles of freeze −pump −thaw. Lastly, the initiator 2,2 ′ -azobis(2- 
ethylpropionitrile) (0.01 mmol, 1.642 mg) was added, and poly- 

erization proceeded at 70 °C for 17 h. The solution was precipi- 

ated in hexane and then dissolved in tetrahydrofuran (THF) three 

imes. The final solution had a light pink color and was stored in 

HF or ethanol at -20 °C. The PVG copolymer was analyzed using 

el permeation chromatography giving a Mn = 66,0 0 0 – 80,0 0 0 

nd dispersity of 2.21. Proton nuclear magnetic resonance spec- 

roscopy data gave 59.5% of PEGMEMA, 27.7% of VDM, and 12.8% of 
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MA composition. This composition provides the right balance of 

ytophobicity in the polymer to prevent non-specific adsorption of 

roteins, optimal crosslinking for film stability, and sufficient VDM 

nits for peptide conjugation [ 34 , 35 ]. 

.4. Poly-L-lysine, PVG copolymer coating, and peptide 

mmobilization on the plant scaffold 

The coating and the peptide immobilization process were stated 

n a prior publication [36–38] . dLeaf was rinsed with deionized 

ater for 30 min three times. For the control experiment, glass 

overslips (8 mm and 12 mm diameter) were rinsed with deion- 

zed water and ethanol for 10 min by sonication. dLeaf and glass 

overslip were incubated in 0.1% (w/v) of poly- L -lysine (PLL) (MW 

0,0 0 0-150,0 0 0) (Sigma Aldrich) for an hour at room temperature. 

he PLL coated dLeaf (PLL-dLeaf) or glass (PLL-Glass) was rinsed 

ith deionized water and then ethanol three times, respectively. 

VG polymer was coated by adding 0.5% (w/v) of PVG copoly- 

er in ethanol to the PLL-dLeaf and the coverslips overnight at 

oom temperature to allow crosslinking between primary amine 

roups in PLL and epoxy groups in PVG. The PVG coated dLeaf 

PVG-dLeaf) and glass (PVG-Glass) were rinsed with ethanol and 

hosphate buffered saline (PBS) (pH 7.4) for 30 min twice. Pep- 

ide was immobilized on the PVG-dLeaf or PVG-Glass by adding 1 

M of peptides in PBS (CGGGRGDSP-am (RGD) or CGGGK ∗(FITC)- 
m) (GenScript) for 1.5 h at room temperature. The RGD modified 

Leaf (RGD-dLeaf) and glass (RGD-Glass) were rinsed with PBS for 

0 min twice and sterilized in 70% ethanol for 30 min before use. 

.5. Plant leaf scaffold surface topography analysis 

Surface topography of leaf samples was imaged by 3D op- 

ical profilometer (Zygo New view 90 0 0) and scanning electron 

icroscopy (SEM, Zeiss Leo 1550VP). For optical profilometer, 12 

m diameter leaf samples were prepared in water. Samples were 

laced on a glass slide and excess water was removed. The topo- 

raphical feature width and height were defined as the x-distance 

etween concaved patterns and the z-distance between the lowest 

nd highest points. Sixty locations each from three samples were 

elected randomly and one-way ANOVA was performed for statisti- 

al analysis. For SEM measurement, leaf samples were dehydrated 

sing standard protocol immersing sequentially in increasing con- 

entrations of ethanol in water (25, 50, 75, and 95%), followed by 

ncreasing concentrations of hexamethyldisilazane (Sigma Aldrich) 

n ethanol (25, 50, 75, 95, and 100%) [40] . The samples were air-

ried overnight and then gold-sputtered for SEM imaging. Twenty- 

ve locations each from three samples were selected randomly for 

easurement of widths using ImageJ software. 

.6. Surface chemistry characterization 

Leaf samples were analyzed by Attenuated total reflection 

ourier-transform infrared spectroscopy (ATR-FTIR, Nicolet Magna 

60 FT-IR) to evaluate chemical structures as well as polymer coat- 

ng on the leaf scaffolds. Leaf samples (dLeaf, PLL-dLeaf, PVG-dLeaf, 

nd RGD-dLeaf) were lyophilized before measurement. The surface 

f leaf scaffolds was analyzed with a resolution of 4 cm 
−1 (n = 10)

nd a range of 750 to 40 0 0 cm 
−1 . 

.7. Cell culture and plating on biofunctionalized leaf scaffold 

Human mesenchymal stromal cells (hMSC) (Lonza, Basel, 

witzerland) were cultured in minimum essential medium- α
 αMEM) (Corning, Manassas, VA) with 10% fetal bovine serum 

FBS) (Gibco, Dublin, Ireland) and 1% penicillin-streptomycin (PS), 

uman umbilical vein endothelial cells (HUVEC) in Endothelial Cell 
329 
rowth Medium 2 (Promocell, Heidelberg, Germany), and dermal 

broblast (hDF) (ATCC, Manassas, VA) in Dulbecco’s Modification 

f Eagle’s Medium (DMEM) (Corning,) with 10% FBS and 1% PS. 

ells were cultured in T75 flasks and passaged at 70 −80% conflu- 

ncy using trypsin (Cytiva, Marlborough, MA) for 5 min, and used 

ithin 3 to 7 passages. To analyze cell adhesion on the leaf scaf- 

olds, cells were stained with CellTracker TM Green (Invitrogen) at 

7 °C for 30 min. Then, 10,0 0 0 cells per leaf were seeded on the

VG-dLeaf and RGD-dLeaf and incubated at 37 °C for 1 h. After in- 
ubation, the leaves with cells were rinsed with PBS to remove 

nattached cells. Remaining cells on the leaf scaffold (12 mm di- 

meter) were imaged under a fluorescence microscope. The images 

f attached cells were adjusted by image-thresholding using ImageJ 

oftware, and the # and area of the cells were calculated and ex- 

ressed as mean ± standard deviation. Three replicates of each cell 

ype were prepared. Statistical significance between PVG-dLeaf and 

GD-dLeaf for each cell type was determined by Student’s t-test. 

Human myogenic progenitors were prepared from hESC as de- 

cribed previously [40–42] . Briefly, hESC colonies (WA09 line) were 

btained from WiCell Research Institute (Madison, WI) and main- 

ained by using a feeder-dependent culture protocol [43] . The 

olonies were lifted using 0.1% collagenase to form spherical ag- 

regates named EZ spheres [40–42] . EZ spheres were maintained 

n the progenitor expansion medium [Stemline medium (Sigma 

ldrich) supplemented with 100 ng mL −1 recombinant human 

GF-2 (WiCell), 100 ng mL −1 human EGF (Millipore, Burlington 

A), 5 ng mL −1 heparin sulfate (Sigma Aldrich), and 1% penicillin- 

treptomycin-amphotericin (PSA) (ThermoFisher). Then, EZ spheres 

ere passaged weekly by mechanical chopping using a Mcllwain 

issue chopper (Mickle Laboratory Engineering, Surrey, UK). After 

 weeks of culture, EZ sphere cells were dissociated by trypsin at 

7 °C for 5 min. Then, the dissociated cells (EZ H9) were seeded 

nto the substrates with a terminal differentiation medium (TDM, 

MEM + GlutaMax with 2% B27 serum-free supplement and 1% 

SA, all from ThermoFisher). For seeding cells, substrates were 

laced on a sterilized parafilm covered plate and cell solution was 

laced on the substrate in shape of hemispherical droplet. Cells 

ere seeded with 3,0 0 0 cells cm 
−2 on the RGD-dLeaf and with 

,0 0 0 cells cm 
−2 on the RGD-Glass at 37 °C for two hours. Af-

er two hours, the RGD-dLeaf and RGD-Glass substrates with cells 

ere transferred to cell culture plates and kept cultured for up to 

 weeks. With 2,0 0 0 cells cm 
−1 cell seeding density, RGD-dLeaf 

howed a lower cell number than RGD-glass, likely due to the in- 

reased surface area presented by the topography and intrinsic dif- 

erences in material properties. As the initial cell density on the 

ubstrates is critical for myogenic differentiation, the cell seeding 

ensity was optimized to achieve the same cell confluency as RGD- 

lass. 

.8. Immunocytochemistry 

Differentiated cells were fixed with ice-cold methanol for 10 

in and blocked with 5% normal donkey serum (NDS) for 1 h. 

he cells were incubated with primary antibody (myosin heavy 

hain (MHC) or titin, 1:40 from Developmental Studies Hybridoma 

ank (DSHB), Iowa City, IA) with 5% NDS for 1 h at room tempera- 

ure or overnight at 4 °C. Then, secondary antibodies conjugated to 
y3 or CF647 (1:10 0 0) (Biotiom, Fremont, CA) with 5% NDS were 

tained for 30 min at room temperature. Cell nuclei were labeled 

ith 0.5 mg mL −1 of Hoechst 33258 nuclear dye in PBS (Sigma 

ldrich). Plant cell nuclei were labeled with 5 mg mL −1 of DAPI 

ThermoFisher) in PBS overnight after fixation with 10% formalin. 

mages were acquired by using a fluorescence microscope. Orienta- 

ion angle distribution and colorized map of MHC or titin-positive 

ells were measured by Image J software with the Orientation J 

lugin. Prior to analysis, the images of cells on RGD-dLeaf were 
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djusted to the horizontal direction, but images of cells on RGD- 

lass were analyzed as they are. The angle distributions of the 

GD-dLeaf samples were fitted with Lorentzian distribution (data 

ot shown) using Origin software, and three images of the entire 

ubstrate (12 mm diameter) were analyzed (n = 3). Based on the 

tted curve, the full width at half maximum (FWHM) and the an- 

le at the center of peak were analyzed. 

.9. Myotube contraction video analysis 

Myotube contraction was analyzed as described in the previ- 

us study [42] . Myotubes on the leaf scaffolds were stained with 2 

M of Calcein-AM (Fisher Scientific) for 30 min at 37 °C before tak- 
ng video. Cells were stimulated by acetylcholine (Sigma Aldrich) in 

DM with the final concentration at 0.1 – 1.0 mM. Upon stimula- 

ion, videos were taken using a Nikon Eclipse TS 100 inverted mi- 

roscope with a QImaging camera (QImaging, Surrey, BC, Canada) 

nd PCO Camera (PCO.panda 4.2 M, Wilmington, DE). The videos 

ere recorded as AVI files by Q Capture Pro (QImaging) and NIS- 

lements (Nikon) software. Image J was used to save individual 

rames as TIF files. Then, digital image correlation (DIC) was per- 

ormed with Ncorr, an open-source Matlab software [44] . Displace- 

ent of subsequent images from a reference image was measured. 

he maximum displacement was analyzed from eight different lo- 

ations per sample from three replicates. 

.10. Statistical analysis 

All experiments were performed with three replicates unless 

therwise indicated, and data is expressed as means ± standard 

eviations. For statistical analysis of data, Student’s t-test or One- 

ay ANOVA was performed, and the statistical significance was 

onsidered at ns p > 0.05, ∗ p < 0.05, ∗∗ p < 0.01, and ∗∗∗ p <

.001. 

. Results 

.1. Decellularization of leaf scaffold 

Decellularization of plant leaf scaffold was carried out by alkali 

retreatment and bleaching ( Fig. 1 A). Alkali pretreatment with 5% 

odium hydroxide eliminates some plant cells, proteins, and waxy 

uticles as well as gently oxidizes lignin and hemicellulose [45] . 

lant leaves loose pigments during the alkali pretreatment as well 

Fig. S1) [46] . This process enhances the efficiency of the bleach- 

ng process that removes the remaining plant cells and proteins. 

s a result of decellularization, both DNA and protein contents in 

he leaves dropped significantly ( Fig. 1 B). The amount of DNA re- 

uced by approximately 9-fold (from 7.18 ± 1.27 to 0.79 ± 0.10 μg 

g −1 Leaf) and protein decreased by 5-fold (from 27.11 ± 3.75 to 

.60 ± 0.07 μg mg −1 Leaf), which confirms effective decellulariza- 

ion. Direct staining of the nucleus with DAPI qualitatively shows 

he complete disappearance of cell nuclei in the decellularized leaf 

hich supports the DNA analysis (Fig. S2). 

.2. Biofunctionalization of decellularized leaf scaffold 

The decellularized leaf was coated sequentially with PLL and 

VG copolymer as described in previous studies because mam- 

alian cells do not adhere to the leaves without further func- 

ionalization [36–38] . The positively charged PLL coats the dLeaf 

hrough electrostatic interactions with the slightly negatively 

harged leaf surface [47] . The PLL acts as an anchoring layer by co-

alently bonding with the PVG copolymer. The primary amines in 

LL react with the epoxy ring of GMA units in PVG and crosslink 

he film. PVG-dLeaf was characterized by ATR-FTIR to confirm the 
330 
resence of PVG copolymer on the leaf scaffold (Fig. S3). Most 

eaks from dLeaf were similar to the IR spectrum reported for de- 

ellularized plants [ 5 , 9 , 27 ]. These peaks include the broad band at

400 cm 
−1 from O-H stretch, the 2917 and 2850 cm 

−1 bands from 

-H stretch, and the 1736 and 1650 cm 
−1 from C = O stretch. These

ajor peaks and others (1500 – 750 cm 
−1 ) represent the func- 

ional groups of cellulose, hemicellulose, and lignin, which are the 

hree major components of plant scaffold [ 4 8 , 4 9 ]. The spectra of

Leaf, PLL-dLeaf, and PVG-dLeaf were mostly identical, except for 

 peak at 1818 cm 
−1 detected in the PVG-dLeaf. This peak corre- 

ponds to the C = O stretch from the azlactone ester group in the 

VG copolymer, confirming that the leaf scaffold was coated with 

VG copolymer. After RGD peptide addition, the peak at 1818 cm 
−1 

ecreases indicating successful conjugation of the RGD to the PVG 

oating. As the functionalization is limited to the surface, the resid- 

al 1818 cm 
−1 signal may arise from the azlactone in the bulk of 

4 nm thick PVG coating . 

.3. Topography of the biofunctionalized leaf scaffold 

Though the exact thickness could not be directly measured on 

he leaf scaffold, parallel studies on planar substrates show that 

LL thickness is less than 4 nm, and a 4 – 10 nm PVG polymer 

oating on the PLL layer [ 37 , 50 , 51 ]. Thus, the polymer coating is on

he nanometer scale and did not alter the leaf topography as con- 

rmed by optical profilometer observations ( Fig. 1 C). Native leaves 

nLeaf) have parallelly aligned topography with 25.65 ± 5.04 μm 

idth (W) and microgrooves from the leaf epidermis that have a 

eight (H) of 3.20 ± 1.37 μm. After decellularization and biofunc- 

ionalization, the W and H were preserved. The value of W and H 

or dLeaf was 25.44 ± 7.01 μm and 3.13 ± 1.55 μm respectively; 

or PVG-dLeaf 24.46 ± 3.82 and 3.22 ± 0.61 μm respectively and 

or RGD-dLeaf 24.97 ± 6.89 μm and 3.18 ± 1.36 μm respectively. 

dditionally, the feature widths measured from SEM are also quite 

imilar (Fig. S4). Hence, the polymer coating largely preserves the 

eaf topography. 

.4. Human cell adhesion on the biofunctionalized leaf scaffold 

Four different types of human cells, hDF, hMSC, and HUVEC 

 Fig. 1 D), and hESC-derived myogenic progenitor cells (Fig. S5) 

ere seeded onto the RGD-dLeaf scaffold, to evaluate the feasibil- 

ty of culturing human cells. These cell types were chosen based 

n their common use in human cell culture and tissue engineering 

pplications. PVG coating on the leaf prevented non-specific ad- 

orption of proteins, hence all four cell types did not adhere to 

he PVG-dLeaf and showed a circular shape. On the other hand, 

he cells on the RGD-dLeaf showed polygonal morphologies after 

ncubation for 1 h, indicating good attachment. The attached cell 

umber and cell coverage on the RGD-dLeaf were also significantly 

igher than on PVG-dLeaf, which shows RGD peptide presence on 

he leaf surface. Also, the absence of adhesive cells on PVG-dLeaf 

nd the full-coverage of cells on RGD-dLeaf indicate the homo- 

eneity of the PVG coating (Fig. S6A). Upon culturing the cells for 

 days, the cells grew uniformly on the RGD-dLeaf. However, only 

he hESC-derived myogenic progenitor cells (Fig. S5D), hDFs (Fig. 

6B), and hMSCs (Fig. S6C) aligned along the direction of leaf to- 

ography. Lack of alignment in 7-day cultured HUVEC (Fig. S6D) 

ay be attributable to the nature of the ECM that is produced be- 

ond 3 days of culture. 

.5. Muscle differentiation from human ESC-derived myogenic 

rogenitor cells on the biofunctionalized leaf scaffold 

Myogenic progenitor cells were plated on RGD-dLeaf and flat 

GD-Glass (as control) and cultured for 3 weeks. The myogenic dif- 
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Fig. 1. Decellularization and biofunctionalization of sorghum leaf. (A) Scheme of decellularization and functionalization of leaf scaffolds, (B) DNA and protein contents of 

nLeaf and dLeaf. (C) Topography profile of nLeaf and RGD-dLeaf. (Unit: μm) (D) Adhesion of three types of human cells (hDF, hMSC, HUVEC) on the PVG-dLeaf and RGD-dLeaf 

after 1 hr culture. Scale bar: 500 μm. ns p > 0.05, ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗ p < 0.001 
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erentiation of the cells was assessed by immunocytochemistry us- 

ng myosin heavy chain (MHC) and titin antibodies. After 7 days of 

ifferentiation, very few MHC + cells were found, with some cells 

resenting multiple nuclei on the RGD-Glass ( Fig. 2 ). In contrast, 

 greater number of MHC + cells were found on the RGD-dLeaf. 

any of the MHC + myotubes on the RGD-dLeaf were multinucle- 

ted and elongated to a larger extent when compared to the cells 

eeded on the RGD-Glass. A qualitative comparison of the MHC + 

ells on RGD-dLeaf clearly shows longer cells compared to those 

n RGD-Glass (Fig. S7). Similarly, the RGD-Glass contained a few 

itin + cells with striated sarcomeres after 7 days of differentiation 

 Figs. 2 and S8). In comparison, a greater number of titin + cells 
ith sarcomeres were found on the RGD-dLeaf. The presence of 

itin + myotubes confirms sarcomere formation during differenti- 

tion [ 52 , 53 ]. Thus, the results of differentiation for 7 days indi-

ate that the leaf topography promoted early myogenic differen- 
331 
iation of the cells. After 10 days of differentiation, the cells on 

oth RGD-Glass and RGD-dLeaf showed increased multinucleated 

HC + cells, highly elongated myotubes, and clustering of cells as 

he number of myotubes increased. After 18 days of differentiation, 

yotubes on the RGD-dLeaf clustered forming muscle-like bundles 

arallel to the leaf topography over the entire leaf surface (Fig. S9). 

n the other hand, myotubes on the RGD-Glass showed bundled 

yotubes in random directions. 

.6. Myotube orientation angle on the biofunctionalized leaf scaffold 

The orientation angle of myotubes with respect to the leaf to- 

ography was measured and is shown using a color map ( Figs. 3 

nd S10). The direction of the leaf topography was fixed as the hor- 

zontal direction (green lines). On RGD-Glass, the cells were elon- 

ated, forming locally aligned and clustered morphology with an 
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Fig. 2. Myogenic differentiation of ESC-derived muscle cells. Immunocytochemistry of (A) MHC and nuclei in differentiated cells for 7, 10, 14, and 18 days, and (B) titin at 7 

days. Green bars show direction parallel to the leaf topography. 

Fig. 3. Cellular alignment of differentiated cells (A) Representative color maps of MHC + myotube orientation angle with respect to the leaf topography. Green bars show 

direction parallel to the leaf topography. (B) Orientation angle distribution of myotubes on the RGD-Glass (top) and RGD-dLeaf (bottom). (C) Center of peak (top) and full 

width at half maximum (bottom) of the orientation angle distribution of RGD-dLeaf. 
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verall random cell orientation after 14 days of differentiation. On 

he other hand, cells on RGD-dLeaf were aligned in the horizontal 

irection. The angles at the center of distribution were at 1.21 ±
.89 °, 4.42 ± 1.71 °, 2.46 ± 2.17 °, and 2.68 ± 1.15 ° and FWHM val-

es were 49.73 ± 9.42 °, 44.17 ± 7.01 °, 40.93 ± 1.15 °, and 50.29 ±
0.79 ° on day 7, 10, 14, and 18, respectively. Hence the orientation 
f cells in the horizontal direction was maximized at day 14 as 

he elongated myotubes got dense. But cells showed a marginally 

ider distribution in the orientation after day 18 due to the de- 

achment of cells from the leaf surface (Fig. S10-4). These obser- 

ations confirmed that the microgrooves on the leaf scaffold pro- 

oted parallel alignment and early myogenic differentiation of the 

yotubes and assembly of them into compact bundles. 

.7. Myotube contraction by chemical stimulation 

After 21 days of differentiation, myotubes were stimulated by 

cetylcholine and video recorded by live cell staining ( Fig. 4 A, 

ideo S1 and S2). Myotubes on both RGD-Glass and RGD-dLeaf 

ontracted within seconds of adding acetylcholine. Myotubes on 

he RGD-Glass showed contractions twice for 2 s per contraction 

nd stopped responding thereafter (Video S1). On the other hand, 

yotubes on the RGD-dLeaf contracted every 1-2 s lasting for over 

 minute (Video S2). The contractions of myotubes were further 

nalyzed by digital imaging correlation (DIC) using Ncorr, a soft- 

are in MATLAB. Contraction that occurred along the leaf topog- 

aphy was marked as “horizontal” and perpendicular to the topog- 

aphy was marked as “vertical”. The horizontal and vertical dis- 
332 
lacement of myotubes from the original position was calculated 

n each frame and is shown in colored maps ( Fig. 4 B and Video

3). In the DIC results, the contractions on the RGD-Glass were 

on-directional with all (Video S3A and S3B), with nearly equal 

isplaced in horizontal and vertical directions (Horizontal: 6.59 ±
.14 μm, vertical: 5.93 ± 6.45 μm) ( Fig. 4 C and 4 D). In contrast,

yotubes on the RGD-dLeaf showed contractions predominantly in 

he horizontal direction (Video S3C and S3D) (Horizontal: 6.56 ±
.63 μm, vertical: 1.74 ± 1.34 μm). The observed anisotropic con- 

ractions of the myotubes confirmed that the differentiated my- 

tubes form functional muscle units. 

. Discussion 

Though decellularized plant scaffolds have unique properties 

hat are useful as an alternative cell culture platform, they cannot 

upport stable cell adhesion due to lack of mammalian cell pro- 

eins. Several studies have shown cell adhesion on unmodified de- 

ellularized plant scaffolds, likely mediated by the absorption of 

roteins derived from the serum [ 6 , 9 , 54 ]. Various proteins (e.g., fi-

ronectin and collagen) have also been used to functionalize plant 

caffolds [ 1 , 4 , 28 , 55 ]. However, animal-derived proteins may cause

mmunogenicity, and their compositions vary from batch-to-batch, 

otentially causing inconsistent results. More importantly, the in- 

eraction between the cell and the plant scaffold is not defined 

hen it is mediated by absorbed proteins. In our work, myogenic 

ells were cultured in a serum-free medium, and the unmodified 

Leaf did not support cell adhesion (Fig. S5). Thus, functionaliza- 
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Fig. 4. Muscle contraction of differentiated myotubes by a chemical stimulus with acetylcholine. (A) Representative images of myotubes during contractions on RGD-Glass 

(left) and RGD-dLeaf (right) (scale bar: 100 μm). Red bars show direction parallel to the leaf topography. (B) Representative images of the myotube contraction analyzed 

by digital image correlation (DIC), (C) Displacements in the horizontal (red) and vertical (blue) directions during myotube contraction analyzed by DIC. (D) Maximum 

displacement of myotubes on RGD-Glass (left) and RGD-dLeaf (right) in the horizontal (red) and vertical (blue) directions. ns p ≥ 0.05; ∗∗∗ p < 0.001. 
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ion of decellularized plants is necessary to culture and grow cells 

n serum-free conditions. Our PVG coating provides a cytopho- 

ic background, and modification with an integrin-binding peptide, 

GD, provides defined cell adhesion to the leaf scaffolds for over a 

onth. 

We have for the first time used sorghum leaves which are 

onocots with microgrooves ∼ 25 μm to specifically culture hESC- 

erived skeletal muscle cells. We also show their early myogenic 

ifferentiation to aligned myotubes, and uniaxial muscle contrac- 

ion on these functionalized plant leaf scaffolds for the first time. 

he fact that we successfully demonstrate muscle contraction on 

hese scaffolds shows that the polymer coating is also strengthen- 

ng the decellularized leaf against tearing in addition to providing 

 defined platform for cell adhesion. The observation of anisotropic 

ontraction in human myotubes is a crucial step toward developing 

unctional muscle units with potential in clinical applications such 

s volumetric muscle loss injuries using human stem cell-derived 

uscle tissues. It is notable that recent reports have used decellu- 

arized plant scaffolds with W of 20-30 μm (onion leaf) [2] , 100 μm

grass) [26] , and 20 – 100 μm (celery stalk) [54] . They studied my-

tube alignment and differentiation, limited to animal myoblast or 

rimary human muscle cells, on either unfunctionalized plant scaf- 

olds or on animal-derived protein functionalized scaffolds. None 

eported spontaneous muscle contraction in the myotubes. 

The topography of plant leaf scaffold comes from the cell wall 

tructure of the leaf epidermis which contains several types of epi- 

ermal cells such as guard, silica, trichome, and long pavement 

ells [56] . The long pavement epidermal cells mostly contribute to 

he parallel topography of the monocot leaf, while other cells are 

ositioned in the interstitial space. Though cells other than pave- 

ent cells can influence cell alignment locally, they do not appear 

o interrupt the global alignment of myotubes in our work. The 

nfluence of the feature width on cell alignment has been stud- 

ed before, where parallel microstructures with W ranging from 5 

300 μm were fabricated for muscle cell culture [ 11 , 23 , 24 ]. They 

oncluded that the 100 μm wide patterns did not promote signifi- 

ant cellular alignment because the patterns did not provide suffi- 

ient guidance to cells. In contrast, too narrow patterns (less than 5 

m) showed a lower differentiation fraction of myoblasts. The nar- 

ower patterns limited muscle cell density and direct cell–cell in- 

eractions which are required for membrane fusion and myogenic 
333 
ifferentiation [57] . The optimal alignment and differentiation re- 

ults were found in 10 – 80 μm wide patterns. Notably, a vari- 

ty of monocot plant species have 10 – 50 μm wide parallel mi- 

rostructures [22] . The topography on the monocot sorghum leaf 

sed in our study has a feature width of 25 μm, which is consistent 

ith prior observations. Thus, decellularized plants can provide a 

ariety of built-in microstructures with a broad range of biologi- 

ally relevant feature sizes. Our studies have shown that the mod- 

fication of PVG-coated leaf with global integrin-binding peptide, 

GD, supports human cells’ adhesion and myogenic cell differen- 

iation of hESCs. In addition, the PVG coating can also be modi- 

ed with other biomolecules to control surface biochemistry. Sur- 

ace modification with ECM-mimic peptides has been reported to 

nfluence cell adhesion, proliferation, and differentiation. For ex- 

mple, a laminin-derived peptide, IKVAV, can promote muscle cell 

roliferation, migration, and fusions [ 58 , 59 ], and a collagen-derived 

eptide, DGEA, can regulate cell proliferation and differentiation 

 60 , 61 ]. Though our preliminary studies used only RGD to modify 

VG coating, modification with such ECM-mimic peptides may in- 

uce different cellular responses. Hence, our polymer-coated plant 

eaf offers a generalizable cell culture platform with customizable 

urface chemistry and topography, for more defined and consistent 

ell culture platform, which is highly desirable for cell and tissue 

ngineering studies. 

. Conclusion 

In summary, we demonstrated that the biofunctionalization of 

ecellularized plant scaffolds can offer a novel platform for human 

ell culture, as their innate micropatterns can guide cell alignment. 

he decellularized plant leaf scaffolds were coated with a PVG 

olymer and modified with RGD peptide. The biofunctionalized 

eaf scaffolds supported human cell adhesion and growth while 

reserving their inherent microstructures. The micropatterns on 

he leaf scaffold supported the myogenic differentiation of hESCs 

orming highly aligned and assembled myotubes. Importantly, the 

ssembled myotubes on the leaf scaffolds showed muscle contrac- 

ions by chemical stimulation along the direction of the leaf to- 

ography, which is critical to developing functional muscle tissue. 

verall, our studies demonstrate the first-time culture of hESC- 
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