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1 Abstract

Each year, global forests shrink by billions of trees due to human activities and nat-

ural disasters. This sustained deforestation impacts both environment and economy.

Forests are ecologically essential—supporting biodiversity, stabilizing ecosystems, and

sequestering carbon. Trees also supply feedstock for building infrastructure, energy gen-

eration, production of consumer goods, textile manufacturing, and an increasing range

of other economic activities. Biotechnology may hold the key to satisfying the growing

demand for wood and wood-based products while staving off further deforestation and

environmental disruption. This work explores the use of cell culture techniques to selec-

tively generate plant-based materials without whole plant cultivation and harvest. The

proposed approach allows for localized, high-density production, elimination of energy-

intensive harvest and hauling, and reduced processing, while offering inherent climate

resilience.

Employing a Zinnia elegans model system, this work provides the first proof-of-

concept demonstrating net-shape, tunable plant material production in vitro. Central

activities of the presented research include: (1) establishing knowledge to effectively di-

rect cellular development, (2) devising and demonstrating mechanisms to direct material

form, and (3) relating cellular-level properties to emergent material characteristics to

allow tunable and predictable material outcomes.

First, using newly proposed metrics, cellular responses to applied culture conditions

are quantified and mapped; selected environmental parameters including hormone con-

centration, medium pH, and cell density are shown to significantly influence cell differ-

entiation and morphology.

Next, material form is directed through the casting and bioprinting of cell-laden

hydrogel scaffolds. Gel-mediated culture enables plant material production both in forms

and at scales that do not arise naturally in comparable whole plants. A maximum size

for gel-based plant cultures has yet to be reached with prolonged cell viability maintained

even at distances of more than 8.7 mm from the gel surface.
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Finally, this work reports the first mechanical, physical, and microstructural charac-

terization of 3-D printed, lab-grown plant materials and demonstrates material tunability

with simple adjustments to culture conditions (e.g., hormone levels). Grown material

properties vary significantly with hormone levels of the nutrient medium. The storage

modulus of high-hormone samples presenting vascular cell types was elevated at 404.7

MPa ± 146.9 compared to low-hormone samples (P = 0.033) with storage modulus mea-

suring at 135.3 ± 57.4 MPa. Hormone levels also impacted growth potential and physical

material properties. High hormone samples saw only moderate increases in sample vol-

ume and mass (91% and 31%, respectively) compared with larger gains in low hormone

formulations (398% and 119%, respectively), relative to a cell-free control. An examina-

tion of material microstructure reveals distinct cellular morphologies and identities for

the evaluated growth conditions.

This work demonstrates the feasibility, tunability, and scaling potential of net-shape

plant material cultivation—presenting new uses for plant culture technology, establish-

ing novel methods for quantification of culture growth and development, and providing

a first characterization of cultured plant materials. More importantly, this proof-of-

concept illustrates the promise of a customizable, land-free approach to generating plant

materials—a decisive first step towards the vision of tree-free wood products.
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3 Introduction

Humans have long benefited from forestry resources. Trees serve as a stabilizing eco-

logical influence—supporting a diverse body of living organisms, contributing to air and

water flow and purification, sequestering carbon, and reinforcing local geology. The wood

that trees provide continues to be an invaluable global resource for energy generation,

infrastructure, and consumer goods [1]. The annual consumption of wood products is

increasing with population growth and economic development [2] especially as industries

seek alternatives to fossil-fuel derived products. With wood’s widespread utility but nat-

urally slow growth, modern cultivation models have not been able to sustainably support

the growing demand. Crowther et al. report that deforestation, forest management, and

land use change results in a net loss of 15.3 billion trees per year [3]. Evaluations by

NASA showed that between 2000 and 2012, the world experienced a net loss of 1.5 mil-

lion square kilometers of forests [4], amounting to an area larger than that of continental

France, Germany, and Spain combined. At these rates of consumption, projections by

Bologna et al. estimate that all of the world’s forests could disappear within 100 – 200

years [5]. Meanwhile, the contributions of forests to an environmental equilibrium are

needed now more than ever and as such, the preservation of forests is vital. A solution

is urgently needed to address the ever-increasing demand for wood-based goods while

alleviating the pressures placed on forests and arable lands. New cultivation approaches

that improve yields, reduce waste, and minimize land usage are necessary to help rectify

trends in deforestation and land conversion. In traditional whole plant systems, adjust-

ments to production outputs face natural and narrow limitations. Instead, this thesis

proposes a culture-based approach to material production which is not bound by the

same constraints as whole plant cultivation strategies.

Despite widespread usage, whole trees generally make non-ideal feedstock with slow

growth, low yields, and energy-intensive processing requirements. Trees can take decades

to grow to a harvestable size. Low-value, fast-growing pulpwood trees typically require

10 to 20 years to achieve a profitable volume of timber [6]. Higher value saw timber takes
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25 to 40 years to reach a harvestable size [7]. As a result of this slow growth, the impacts

of poor forest management today can persist for generations. Unfortunately, the long-

term incentives for good forestry practices are often at odds with near-term production

demands. Best practices advise that one third of harvested tree material be left behind on

the forest floor to regenerate the soil [7]. The maximum theoretical yield of tree material

is therefore no more than two-thirds of the total cultivated plant matter. Of course, yields

are further reduced by the varied utility of the remaining plant components. From the

harvested crop, the top of the tree, bark, and small branches will commonly be discarded

or burned, leaving much less than two thirds of the cultivated material to be used in the

production of various wood-based infrastructure and consumer products. Exact yields

will vary greatly depending on wood type and quality, as well as diameter and shape of the

trunk. Beyond the intrinsic impracticalities resulting from natural tree form and growth

characteristics, wood production faces the external challenges of susceptibility to pests,

disease, and seasonal and climatic conditions all of which can further impact forestry

yields and downstream production efforts. After harvest, the transport, refinement, and

reconfiguration of wood materials require a significant investment of energy and financial

capital (i.e., logging and transportation expenses make up a sizeable fraction of gate costs

[8]). Because of inefficiencies in the cultivation and downstream processing of materials,

work to generate and extract more value from harvested plants is continually ongoing.

Current approaches looking to address problems with tree yields and growth rates fo-

cus on modifications to whole plant growth characteristics. For example, using breeding

and genetic modifications, tree plantation productivity has been improved to an extent

by increasing growth rates and improving disease resistancea [1]. Active research is also

using gene editing approaches to attempt to modify deposition rates and compositions

of wood tissues with the hopes of improving yields and easing downstream processing

requirements [2]. One common thread between nearly all efforts to improve wood produc-

tion is their continued adherence to whole-organism agriculture—the implication being

that these systems are fundamentally limited by the natural constraints allowing success-

aTraditionally, tree domestication involves selective breeding followed by clonal propagation [2]
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ful growth and development of a complex living plant. Not only must modified organisms

be capable of thriving, but they must also compete with and improve upon yields while

sporting altered properties. In particular, when organismic benefits juxtapose economic

benefits, the achievable range of genetic improvement may be quite narrow. For exam-

ple, in pulping operations, certain polymers present in the plant cell walls (i.e., lignins)

impede the isolation of high-purity cellulose and their presence necessitates multi-stage,

energy-intensive processing as a result. Ideally, wood could be genetically modified to

exhibit reduced lignin content and thus facilitate savings in downstream pulping op-

erations. Lignin, however, plays an important role in growing plants and low-lignin

mutants can be more susceptible to pests, disease, and slow growth [2]. Thus, realizing

an “optimal” wood for pulping purposes could be so detrimental to growth rates that

any advantage of the wood product is offset by reduced yields. Although economic pro-

ductivity of whole tree cultivation has seen improvements as a result of breeding and

genetic modification efforts over the years, the capacity for these techniques to address

modern production challenges are limited. Ultimately, any sustainably grown whole-tree

system will continue to output relatively low-yields of valuable products which will con-

tinue to require energy-intensive harvest, transport, and processing. Meanwhile, these

systems continue to be susceptible to pests, diseases, natural disasters and climatic vari-

ability. Reduced genetic diversity that arises as a result of selective breeding and clonal

propagation further weakens the genetic resilience of these remaining tree populations.

As an alternative solution to genetic modification of whole plants, this research effort

propose using culture-based systems to selectively grow only the parts of the plants that

are needed. As a result, theoretical yields approach one hundred percent of cultivated

material and material properties can be manipulated without risk of impacting essential

organism-level biological functions. With the direct growth of tunable plant materials in

a controlled environment, climate is irrelevant and plant products can be grown locally,

anywhere in the world. Most importantly, persistent inefficiencies in traditional practice

could uniquely be addressed using the proposed production model.

This thesis proposes and explores the concept of net-shape plant material cultivation
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through which desired tissues of plants are selectively grown in isolation, free from other

plant components and produced in the exact geometries of interest. Culture-based gener-

ation of plant materials with tunable properties could minimize processing requirements

and enable localized production of plant-based materials worldwide. The proposed ap-

proach makes use of a starter culture of cells that can be proliferated and sustained as a

feedstock for prolonged periods. To initiate growth of tissue-like materials, starter cells

are transferred to a nutrient-rich scaffold environment containing the necessary chem-

istry to induce differentiation into specialized cell types. The cell-laden growth scaffold

is shaped using casting or bioprinting techniques to guide the growth of the final plant

material.

The concept of cultured plant materials has not been well-explored to date [9, 10] and

much work remains to be done to make this vision an implementable reality. This work

takes the first steps toward the development of a practical approach for selective plant

tissue generation and illustrates the feasibility and utility of such an approach through

a proof-of-concept demonstration. With further development, a culture-based approach

could offer numerous advantages over standard practice. The direct growth of materials:

(i) does not require access to arable land and allows for compact production with poten-

tial for high yields per unit of land area, (ii) enables local, pesticide-free production with

precise control over water usage reducing run-off and evaporation, (iii) allows continuous

cultivation irrespective of season or climate, and (iv) facilitates growth of only desirable

materials in convenient architectures thereby reducing waste, processing, and harvest

cycle duration. Land-free production strategies have the potential to share in the fulfill-

ment of biomass needs, reducing overall competition for arable and forested acreage and

enabling increased preservation of natural lands in an effort crucial to the maintenance of

the planet’s biodiversity and capacity for carbon sequestration. Additionally, lab-based

production can safely accommodate substantial application of genetic tools without fear

of implications to the broader environment.
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3.1 Prior Publication Notice

Some of the content included in this thesis has been previously published in a peer-

reviewed journal (see Beckwith et al. [11]).
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4 Background

4.1 Origins and State of Plant Cell Culture Methods

Plant cell culture emerged as a concept in 1902 with Gottlieb Haberland reportedly mak-

ing the first attempt at isolating single cells from the leaves of a plant and maintaining

them external to the organism [12]. Since that time, plant cell culture has become a

sizable and growing industry [13]. Micropropagation, a process by which plant popula-

tions are cloned and rapidly multiplied by way of an intermediate cell culture step, is

now a widely-used agricultural tool [13]. Micropropagation techniques are particularly

useful for scaling the population of plants possessing desirable traits, or for rapidly bol-

stering populations of species which are endangered, slow to reproduce, or cannot be

propagated by traditional methods (e.g., seeds, cuttings, division) [14, 15]. In addition

to applications in amplifying plant populations, plant cell culture can also be used to

produce a selection plant by-products. By the 1970’s the capacity of culture systems to

overcome traditional agricultural limitations and provide a local supply of valuable sec-

ondary metabolites was well-recognized [16]. Today, plant cell cultures produce a range

of commercially-viable natural products and provides scalable propagation strategies for

products of non-domesticated plants which are poorly suited to traditional agricultural

cultivation [17]. Plant cells can even be designed to generate complex proteins with

pharmaceutical value (e.g., Paclitaxel, berberines, rosmarinic acid, etc.) [17] that can-

not otherwise be easily manufactured [18]. Protalix Biotherapeutics, Dow Agrosciences,

Greenovation Biopharmaceuticals are among the suite of companies exploring the plant

culture-derived pharmaceutical space. Protalix was the first to achieve FDA approval for

plant cell-expressed acid β-glucosidase for treatment of Gaucher disease and has demon-

strated systems for large-scale cultivation of plant cells and their by-products [19]. As

technologies supporting scalable plant cell culture develop, high-value food and cosmetic

ingredients (e.g., ginseng, atropine, alkaloids, nicotine, etc.) generated by cell culture

have also found market footholds [17, 20]. Plant cultures are even being explored for

the production of nanoparticles [21]. Despite the numerous applications of plant cell
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culture that exist today, cell culture has apparently not yet been investigated as a means

of producing plant materials [9]. As a result of the dearth of published information on

the subject of cultured plant materials, this work pulls inspiration from a number of

tangentially-related fields and applies this knowledge in a new space and to a new end.

Plants and plant products are of growing interest to the bioprinting community. In-

creasingly, plant products (e.g., cellulose, pectin) are employed as scaffold materials to

support animal cell culture [22], but bioprinting of plant cells themselves has only been

explored in a limited capacity to date [10]. Preliminary investigations into the field have

focused on the development of suitable bioprinting strategies [23] and the application

of immobilized cell culture techniques to investigate phenomena such as metabolite pro-

duction [24] or single plant cell behavior in response to physical microenvironments [25].

Others have sought to employ gel-mediated culture of callus as a potential food produc-

tion technique [26, 27]. These published efforts, promising steps into a young research

space, are furthered by the detailed investigations of cell development and tissue-like

generation included in this work. The demonstration of tunable biomaterial produc-

tion as allowed by the characterization of controllable culture inputs marks significant

progress towards the production of much-desired [25] ex vivo plant tissues. Together

with the newly proposed applications for plant cell culture technologies, this work es-

calates explorations on plant cell bioprinting to high-impact, real-world solutions for

biomass-driven industries.

4.2 Contextualizing Efforts in Selective Plant Material Growth

The discipline of ‘tissue engineering’ was first recognized in the 1980’s, but the concept

of isolated tissue generation or regeneration for wound healing efforts in mammals began

even earlier. In some ways, mammalian tissue engineering efforts are analogous to this

work as they similarly focus on generating an isolated tissue outside of the context of

the whole organism. Because this type of tissue engineering in plant systems is relatively

undeveloped, reviewing the historical trajectories of tissue engineering in animal systems
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can help to predict the types and magnitudes of challenges likely to be faced in plant

efforts.

Despite the vast existing body of knowledge on human physiology and development,

access to large pools of research funds, and an ambitious flurry of excitement propelling

efforts in animal tissue engineering, developments in the space have been slow. Tissue

engineering is a complex, interdisciplinary field requiring an understanding the effects

of numerous interactive factors on the growth and development of individual cells and

tissues [28]. It can and does take many years of investigation to establish the resolution

of knowledge required to elicit the desired coordination of cellular behavior. Both liv-

ing components (i.e., cells) and their non-living surroundings (i.e., culture environment,

scaffolding) contribute to the emergence of mimetic properties.

The first tissue-based regeneration therapies focused on skin [28]. The time from the

conception of a skin substitute (1962) to the realization of a skin-like, living, two-layer

composite (1981) stretched to roughly two decades. And although this skin-like material

is among the closest researchers have come to recapitulating skin tissue ex vivo and

serves a medical purpose even today [29], it still represents a poor model of the complex

biological tissue it seeks to emulate [28].

Efforts to produce cardiac tissues ex vivo provide another interesting case study.

In 1978, an attempt was made to repair a wounded heart by grafting cardiac tissue

[30]. This early surgical effort launched the pursuit of a cardiac tissue substitute which

could enable the repair and regeneration of injured heart tissue. By the early 2000’s

the field had moved away from in vitro tissue generation efforts and gravitated towards

the implantation of biomimetic scaffolds seeded with undifferentiated pluripotent stem

cell populations. This solution allowed for the development and specification of cells to

be guided by the natural environment rather than requiring full suite of developmental

triggers to be understood and controlled within the laboratory environment. Efforts to

produce ex vivo cardiac tissue at medically-relevant scales proved difficult because of

the need for vascularization and coordination of cellular alignment and function. By

2013, however, researchers had shown that cardiac tissue could be generated in a micro-
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physiological format (small enough that vascularization was not needed) to be used in

drug toxicity screening [31]. So, even 35 years after the conceptualization of local tissue

replacement and regeneration, production of clinically-relevant lab-grown cardiac tissue

remains a challenge.

The same strain of plant-focused tissue engineering is only just being investigated

for the first time within this work. Given the comparative lack of species-specific knowl-

edge and smaller scale of the existing research field and funding opportunities, many

fundamental questions about plant tissue development are yet to be posed let alone an-

swered. The field is still in its infancy, but there are reasons to be optimistic about

a timeline to successful implementation. Compared to mammalian tissue engineering,

plant systems offer the advantage that the final product does not need to achieve the

same level of functionality. In mammalian tissue engineering, the intention is often to

achieve long-term viability and successful integration within a living organism. In the

case of plants, vascular plant tissues typically retain their utility long after death (and

for human purposes, are typically only used long after death e.g., consider wood used in

construction applications). In fact, even within living plants, the cells comprising some

vascular tissues are “functionally dead” at maturity—one example being the xylem tis-

sue which makes up wood. Therefore, the sustained viability and system integration

required of mammalian systems is not required for plant material generation. Rather,

the motivation of this research effort is to eventually recapitulate the structural utility

of mature plant vascular tissue, but only maintain viability to the point of reaching this

level of maturity and not beyond. This first foray into selective plant tissue production

for the generation of plant materials aims to evaluate the feasibility of this effort and

provide a vision for future work in this space.

4.3 Relevant Essentials of Plant Biology

The long-term vision of this thesis is to contribute to the net-shape production of

tunable, wood-like materials in vitro. Wood consists of a vascular tissue known as
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xylem—predominantly secondary xylemb, which forms during later stages of plant growth

and is responsible for water and solute transport throughout the plant [32]. Towards this

end, this research aims to demonstrate the selective growth of plant materials which can

be directed to express characteristics of the xylem.

Within a growing plant, xylem production begins with the division of cells of the

cambium, a proliferative ring of tissue at the outer stem from which various vascular

cell types develop [33]. The cells destined for xylem formation then undergo cellular

expansion (enlargement and elongation) followed by cell wall thickening. This secondary

cell wall (SCW) is deposited upon the completion of cellular growth and consists of a

network of cellulose, hemicellulose, cell wall proteins, and eventually lignin. After the

formation of the SCW, the cells undergo programmed cell death [32]. What remains

is a functional corpse, with neighboring cells connecting to form a network of stiffened

vessels to facilitate fluid transport [34]. The xylem comprises multiple cell types and the

presence and prevalence of these cell types depend upon the plant species in question.

Water-conducting cells of the xylem are collectively referred to as tracheary elements

[34]. Tracheary elements are visually identifiable by their patterned, stiffened SCWs

which enable the cells to retain their shape during water transport (Figure 1). While

the primary cell wall is made up predominantly of non-cellulosic polysaccharides and

some cellulose [35], the secondary cell wall (when present) contains a higher proportion

of cellulose and also lignin in later stages of development [36].

For the purposes of this work, where the intention is to generate large quantities

of specific plant tissues from a small starting quantity of plant matter, plant starter

cells must be both proliferative and dexterous—capable of generating numerous daugh-

ter cells, and able to assume the desired cellular identity when prompted. Most living

plant cells exhibit impressive developmental potency [37], i.e., they can give rise to plant

cells of nearly any type or even an entire plant under the right environmental condi-

tions [38]. Analogous to human stem cells, plant cells retain the ability to differentiate

in response to local environmental cues [39]. Both their amenability to in vitro culti-

bNote that non-woody plants do not develop a secondary xylem, but will still possess xylem tissue
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Figure 1: Tracheary elements in Z. elegans suspension cultures visualized with
Calcofluor White cell wall stain. Tracheary elements can take on a variety of shapes,
but characteristically present patterned secondary cell walls which fluoresce brightly
compared to cells most other cell types that occur in culture. Orange arrows indicate
examples of tracheary elements in a Zinnia suspension culture. Scale bars represent 100
micrometers.

vation and developmental dexterity make plant cells well-suited to externally directed

growth. It has been shown that cultures of plant cells have great generative potential

with doubling rates reported between 20 and 100 hours [40]. Some plant cultures can

remain active and proliferative for extended timescales. Once established, plant cell cul-

tures can be maintained for several years [39], established cell lines can also be frozen

and preserved for later use [20]. The cues to stimulate differentiation of isolated plant

cells into tracheary elements in vitro are better understood for some species than others.

Zinnia elegans was selected for this proof-of-concept demonstration because the cues

to trigger the differentiation of cells in culture are relatively well understood for this

species. Specifically, simultaneous application of hormones from the auxin and cytokinin

family can induce the transition of mesophyll cells isolated from Zinnia leaf samples into

tracheary elements within a matter of days [41, 34].

In this proof-of-concept demonstration, net-shape materials are generated using cells

sourced from the Z. elegans plant. Z. elegans is a practical model species for this demon-
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stration because the plant is well-studied, grows rapidly, and wood-like vascular cells (tra-

cheary elements) can be produced reliably in suspension cultures at frequencies greater

than 60% [42, 41, 43]. Additionally, because Zinnia cells can be isolated readily through

the maceration of leaves, cell cultures can be more rapidly established than species which

require intermediate culture steps to generate a suspension of cells. With a model species

like Z. elegans, feasibility of the proposed concept for plant material generation can be

evaluated and processes developed which can later be adapted for higher-value, slower

growing, and lesser-known species.
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5 Research Framework

This research demonstrating the production of lab-grown, net-shape, and tunable plant

materials consists of three core thrusts, summarized here:

1: Establishing and demonstrating knowledge to effectively direct cellular dif-

ferentiation and morphological development. As in nature, cells are the building

blocks of these lab-grown plant materials. In a whole organism, cellular-level features

contribute to the ultimate properties of a specific plant tissue. It follows that, cell char-

acteristics would be as important in determining the emergent properties of materials

produced in vitro. The first section of this thesis focuses on developing an understand-

ing of cellular response to easily controllable environmental parameters. The resulting

knowledge enables thoughtful definition of culture parameters to guide the emergence

of specific cellular morphologies and cell wall properties. Metrics characterizing cell vi-

ability, differentiation, and growth are first proposed for the quantification of culture

behavior to allow for meaningful and measurable evaluations.

2: Developing and demonstrating mechanisms to direct material growth into

specific forms. To improve on current practices and reduce processing required to

isolate and re-shape natural materials, this work aims to grow materials in pre-defined

shapes that represent near-final-form for the sample. Bioprinting and casting are used to

define the cell-laden culture scaffolds and are shown to contain and direct growth of plant

matter. Net-shape plant material cultivation offers the additional advantages of being

able to produce plant materials in shapes and forms that are not naturally occurring.

3: Demonstrating opportunities for material-scale tunability through mod-

ulation of cellular growth. Understanding the relationship between cellular-level

traits and emergent material characteristics is essential to producing materials with pre-

dictable and adjustable properties. Mechanical, physical, and microstructural attributes

are assessed for material samples grown under different environmental conditions (and
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thus exhibiting distinct cellular-level growth characteristics). This holistic assessment

of materials from cellular to macroscopic scales provides a first look at the relationship

between the two and facilitates the practical design of lab-grown, plant-based goods.
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6 Quantifying Culture Development

Quantifiable metrics are critical to the progressive implementation of empirically-gathered

knowledge. The following metrics, developed for this work, quantify collective culture

development in a measurable way and allow for methodical selection of culture parame-

ters to suit output requirements. The metrics are tabulated from micrographs and reflect

live fraction, tracheary element differentiation (i.e., referred to as ‘lignification’ here), cell

enlargement, and cell elongation in response to applied culture conditions.

6.1 Live Fraction

The live fraction metric is the ratio between the percentage of the micrograph occupied

by cells marked with a viability probe (fluorescein diacetate (FDA), Millipore Sigma),

AL, and the percentage of the micrograph occupied by all cells marked with a cell wall

stain (calcofluor white (CW), Millipore Sigma), AT , i.e.,

LiveFraction [%] = 100% × AL/AT (1)

Live fraction provides insights into cell health and can act as a secondary indicator of

tracheary element differentiation as cells undergo programmed cell death at late stages

of development.

6.2 Lignification Metric

The lignification metric is the ratio between CL, the number of tracheary elements in the

micrograph exhibiting secondary cell wall patterning (Figure 1), and the corresponding

AT , i.e.,

Lignification
[
%−1

]
= CL/AT (2)

Lignification metric quantifies the extent of culture differentiation into cells possessing

a rigid, patterned cell wall characteristic of vascular cell types–the presence of which
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may increase stiffness of the overall grown material. Cells are visually identified in

micrographs by their unique cell wall patterning and counted manually to establish a CL

value for each image.

6.3 Enlargement Metric

The cell enlargement metric is the ratio between Cen–the number of cells in the micro-

graph with a maximum dimension greater than a certain threshold, and the correspond-

ing AT , i.e.,

Enlargement
[
%−1

]
= Cen/AT (3)

the threshold value for cell enlargement, lα, represents the maximum dimension of cul-

tured cells at 48 hours after cell isolation and is re-established for each experiment unless

stated otherwise. Generally in these experiments, lα is close to 84 µm for the extracted

Zinnia mesophyll cells, but the exact value varies slightly with culture biology. The cell

enlargement metric provides an indicator of average cell-level growth or swelling.

6.4 Elongation Metric

The cell elongation metric is the ratio between Cel–the number of cells in the micrograph

with a maximum dimension greater than a certain threshold, and the corresponding AT ,

i.e.,

Elongation
[
%−1

]
= Cel/AT (4)

the threshold value for cell elongation, lβ, represents the maximum dimension of cells

grown in low-hormone media for 12 days that exhibit multi-directional enlargement with-

out pronounced uniaxial elongation. The threshold value is re-established for each ex-

periment unless stated otherwise. Generally, lβ is approximately equal to 119 mm, but

the exact value can vary between experiments. Greater proportions of elongated cells

may increase prevalence of cell-to-cell entanglement in confluent cultures, potentially
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influencing grown material properties.

6.5 Data Collection Considerations

To collect imaging data, samples are marked with fluorescent probes, fluorescein diacetate

(FDA) and calcofluor white (CW) as described in section 7.8. For determination of live

cell area, AL, and the total percent cell area, AT , two-channel images visualizing FDA

and CW were taken with focal plane adjusted to resolve FDA features. Lignified cell

counts, enlargement, and elongation measurements were made on a corresponding single-

channel CW image, with identical field of view but focus adjusted slightly to resolve CW

features. In analyzing a sample at a given time point, all four metrics are obtained from

the same set of micrographs.
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7 Methods

7.1 Z. elegans Media Preparation

For the preparation of media, all listed ingredients (Table 1 or Table 2), except for BAP

which is sensitive to autoclave sterilization, were combined in one liter of deionized water.

The pH of the solution was adjusted to a value between 5.5 and 6.5 through the addition

of sodium hydroxide and was subsequently autoclaved at 121◦C for 20 minutes. The

assigned, sterile quantity of BAP was added to the autoclaved medium in an aseptic

environment. Sterile media may be stored at 4◦C for up to 6 monthsc.

Table 1: Recipe for Z. elegans Maintenance Medium (Ze-M)

Product Name Supplier Quantity [L−1 water]

N616 Nitsch Medium Phytotech Labs 2.21g

Sucrose Sigma Aldrich 10g

Mannitol Sigma Aldrich 36.4g

α-Naphthaleneacetic acid (NAA) Sigma Aldrich 0.001mg

6-Benzylaminopurine Solution (BAP) Sigma Aldrich 1µl

Table 2: Recipe for Z. elegans Induction Medium (Ze-I) for Differentiation

Product Name Supplier Quantity [L−1 water]

N616 Nitsch Medium Phytotech Labs 2.21g

Sucrose Sigma Aldrich 10g

Mannitol Sigma Aldrich 36.4g

α-Naphthaleneacetic acid Sigma Aldrich 1mg

6-Benzylaminopurine Solution Sigma Aldrich 1ml

In the case of gel media preparation, Gelzan CM (Sigma Aldrich) was added to the

media solutiond prior to autoclaving at concentrations between 3-5 g L−1. To plate, the

cThese are recommended storage times [44] for macro and micro salt solutions in regular use.
dGellan gum is a commonly preferred gelling agent [44], [45] over agar and has been shown to yield

improved growth in some cases [46]
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liquefied gel media was mixed with the selected liquid medium at a ratio of 3:1 (v/v)

while still warm.

The complete media formulation is provided in Table 3. The NAA stock solution was

prepared as described by Mustafa et al. [44]. Note that plant hormones act at low con-

centrations [44]. Thus, preparation of an intermediate working solution is advised when

recipes call for small total quantities of stock solutions (e.g., NAA and BAP additions

in low-hormone (Ze-M) medium).

7.2 Z. elegans Cell Isolation

Inspired by methods of Fukuda and Komamine [41], Z. elegans cells were isolated by

maceration of young zinnia leaves. The first true leaves collected from young zinnia plants

were rinsed under running tap water for 5 minutes. Leaves were sterilized in a solution of

5ml commercial bleach (Clorox), 95ml of deionized water, and 200µl of Tween 20 (Sigma

Aldrich) for 5 minutes. Subsequently, leaves were rinsed thoroughly with sterile distilled

water to remove excess bleach and detergent. Rinsed leaves were sliced into strips, and

gently ground between the surfaces of a small sieve and a stainless-steel spoon. The leaf

matter was periodically rinsed with ZE-M media and, the rinsate, collected in a small

bowl positioned beneath the supporting sieve. After completion of grinding, the process

rinsate was collected and filtered through a 70 µm Cell Strainer (Fisher Scientific) to

remove large debris. The filtered cell solution was centrifuged at 100 g for 8 minutes and

resulting supernatant removed if more concentrated cell solutions were desired. In the

described experiments, total volume at this stage was reduced to 10 ml, and a sample

of the well-mixed, concentrated solution was combined with Evans Blue (Sigma-Aldrich)

to be counted in a disposable hemocytometer. Once counted, fresh media was added

to the cell suspension to achieve the desired concentration. Liquid cultures were then

maintained at concentrations between 200,000 and 400,000 cells×ml−1 at 3 ml per well

in a 6-well plate, wrapped in Parafilm. Cultures were maintained at 22◦C in the dark

on an orbital shaker operating at 80 rpm.

25



Table 3: Complete Z. elegans Media Formulations

Additive Name Ze-M Quantity Ze-I Quantity

[mg ∗ L−1] [mg ∗ L−1]
Ammonium Nitrate 720 720

Boric Acid 10 10

Calcium Chloride, Anhydrous 166 166

Cupric Sulfate • 5H2O 0.025 0.025

Na2 EDTA • 2H2O 37.26 37.26

Ferrous Sulfate • 7H2O 27.8 27.8

Magnesium Sulfate, Anhydrous 90.372 90.372

Manganese Sulfate • H2O 18.9 18.9

Molybdic Acid (Sodium Salt) • 2H2O 0.25 0.25

Potassium Nitrate 950 950

Potassium Phosphate, Monobasic 68 68

Zinc Sulfate • 7H2O 10 10

D-Biotin 0.05 0.05

Folic Acid 0.5 0.5

Glycine (Free Base) 2 2

myo-Inositol 100 100

Nicotinic Acid (Free Acid) 5 5

Pyridoxine • HCl 0.5 0.5

Thiamine • HCl 0.5 0.5

Sucrose 10000 10000

Mannitol 36400 36400

α-Naphthaleneacetic acid 0.001 1

6-Benzylaminopurine Solution 0.001 1
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7.3 Z. elegans Liquid and Gel Culture Preparations

Cells were incubated as prepared in the isolation procedure for 48 hours in low-hormone

maintenance media (ZE-M) before transferring to any specialized experimental media.

This incubation period improves differentiation rates when cells are later exposed to

elevated levels of auxin and cytokinin. To replace media, cell solutions were centrifuged

at 100 g for 8 minutes. The supernatant was removed and replaced with fresh medium.

To prepare gel cultures, cells were incubated in a low-hormone liquid medium for 48

hours as previously described. Just before plating, cultures were concentrated to four

times the desired gel culture cell density. Freshly autoclaved and still liquid gel medium

was mixed with liquid cell suspensions at a ratio of 3:1 (v/v). Once cooled to room

temperature, cultures were sealed with parafilm and maintained in the dark at 22◦C.

Figure 2: Process flow of selective tissue-like growth from non-destructive
plant sample. From a small volume of plant material, ex vivo tissue-like constructs can
be grown in the lab. The process of cell isolation from plant samples varies with plant
species. In some species, like Zinnia, cells can be obtained directly through maceration
of leaves. However, other species for which this approach may be adapted will require a
callus culture to obtain friable cellular material. This adapted pathway is indicated by
the dashed arrows. This figure was published in Beckwith et al. [11]
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7.4 Ex planta Material Cultivation

From a small volume of plant material, cells were isolated to establish a liquid suspension

culture. To initiate construct growth, concentrated cell suspension stock was mixed

at a 1:3 ratio (v/v) with a thermosetting gel medium (containing Gelzan CM (Sigma

Aldrich)). The resulting mixture was shaped prior to cooling by methods of casting or

bioprinting. The process yields a culture of single cells dispersed within a gelled, shaped,

nutrient-rich scaffold (Figure 2).

Early process steps are subject to variation depending on the plant species in use. For

Z. elegans, cells were readily acquired through maceration of young leaves as described.

Other plant species, including some woody species like Pinus radiata, will require an in-

termediate callus culture step, whereby an undifferentiated cell mass is initiated through

prolonged culture atop a gelled, nutrient-rich medium [44] prior to the establishment of

a liquid suspension culture. In both cases, collected cells are used to initiate a liquid

culture where they may be cultivated, sub-cultured and utilized as a long-term feedstock

for subsequent materials production.

7.5 Bioprinting Cell-Laden Structures

A mixture of liquefied gel media and concentrated cell solution were combined at a ratio

of 3:1 (v/v) and loaded into a 10 ml syringe equipped with an 18-gage blunt-tipped

needle. A Tissue Scribe bioprinter (3D Cultures, Philadelphia, Pennsylvania) deposited

the gel solution into a petri dish in the programmed arrangements. During the printing

process, the syringe temperature was maintained at 52◦C to prevent solidification of the

gel within the syringe. Printing Speed was maintained at 170 mm/min.

The printed, cell-laden scaffolds were sealed with parafilm and maintained in the dark

at 22◦C. After several days, a small amount of compatible liquid media was added to the

petri dish to ensure that the samples did not dehydrate too quickly. Every 14 days, the

petri dishes were briefly opened to allow for gas exchange and if the sample appeared

dry (supplementary liquid has been taken up), an additional small volume of fresh liquid
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medium was added to the petri dish to wet the sample.

7.6 Post-Cultivation Processing

Samples were rinsed twice with deionized water and then freed from the petri dish surface

by completely submerging the sample in deionized water and nudging gently along its

edges with a flat utensil. Using filter paper, samples were carefully transferred to and

sandwiched between two flat surfaces covered with teflon sheets. Inverted petri dishes

and covers were found to be useful for this purpose. Small filter paper strips were placed

just in contact with the wet sample and extended to the edge of the drying fixture to

facilitate dehydration. Assemblies were stored in a desiccator and allowed to dry.

7.7 Two-Channel Autofluorescence Imaging for Lignin Visual-

ization

Autofluorescence of cell wall molecules allows for non-destructive visualization of cellu-

lar components. For lignin visualization samples were imaged on a Zeiss LSM 780 flu-

orescence microscope (Zeiss, Jena, Germany) at two excitation/emission pairs (355/488

nm and 455/535 nm). Taken individually, these excitation wavelengths can produce

fluorescence in a range of natural fluorophores. Overlaying signals from both exci-

tation/emission pairs, more specifically allows for lignin visualization as lignin more

uniquely fluoresces at both settings [47].

7.8 Fluorescence Microscopy and Image Analysis

For liquid cultures, well-mixed 250 µl aliquots of cell suspension were transferred to 48

well plates for imaging. 20 µl/ml fluorescein diacetate (FDA) stock solution (prepared

at 2 mg/ml acetone) was added to the cell suspension and incubated in the dark for 20

minutes at room temperature. After the incubation period, 250 µl/ml calcofluor white

(CW) was added and the solution rested in the dark for another 5 minutes prior to imag-
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ing. A Zeiss LSM780 confocal microscope was set to excitation/emission wavelengths of

265/440 nm (DAPI setting) for CW and 490/526 nm for FDA for imaging.

Gel cultures were also stained in two stages after wetting of the gel surface with a

small amount of liquid medium otherwise matching the gel media formulation. Relative

staining volumes were the same, but increased incubation times were required and vary

with gel depth (e.g., incubation time requirements varied between 45 minutes and 2

hours).

Image analysis was performed using Image-J. Multi-channel images were first split

into individual channels. Relevant cell areas were then selected through the thresholding

function and measured. To ensure robustness of the analyzed data ranges, the images

corresponding to the highest and lowest values of single sample are analyzed a total of 3

times, with the repeated results averaged to yield a final value for a given image.

For measurement of live area, AL, and percent cell area, AT , two-channel images

including FDA and CW were taken with focal plane adjusted to resolve FDA features.

Lignified cell counts, enlargement, and elongation measurements were made on a cor-

responding single-channel CW image, with identical field of view but focus adjusted

slightly to resolve CW features.

7.9 Grown Material Sectioning and Imaging

Samples were embedded in paraffin wax and sliced into thin sections using a handheld

microtome. Cross-sectional slices were transferred to a microscope slide and wetted with

10 µl of CW diluted in media (1:3 v/v). Samples were imaged on a Zeiss LSM 700

fluorescence microscope at 265/440 nm at a narrow range of focal planes. Between 1-8

images per sample were stacked using Adobe Photoshop ‘Auto-blend’ feature to produce

composite images with improved clarity.

In cases where lignin visualization was also desirable, the processing was similar, but

samples were additionally stained with Acriflavine stock solution (prepared at 1 mg/ml

Acriflavine in water) diluted in water (6.2µl/ml in water). 10µl/ml of the imaging
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solution was applied to samples following the application of CW. Samples were imaged

immediately at 488/530nm to visualize lignin and processed as described.

7.10 Dynamic Mechanical Analysis (DMA)

DMA was chosen for mechanical analyses over more commonly known uniaxial tensile

testing because DMA is both non-destructive and less sensitive to variations in sample

geometry. Rectangular, bioprinted samples were prepared, cultivated and dehydrated

for mechanical testing. Compared samples were generated on the same dates with the

same cellular feedstock and grown for the same duration prior to dehydration. Time

sweeps of applied, oscillating strains were imparted using a TA instruments Discovery

Hybrid Rheometer-2 with the Film Tension Clamp fixture to ascertain elastic and viscous

moduli values for dehydrated samples (Figure 3). Unless otherwise stated, time sweeps

of applied, oscillating strains were imparted to ascertain modulus values for dehydrated

samples. Tests were performed at an assigned strain amplitude (i.e., below the critical

strain at 0.01%), a fixed frequency (0.1 Hz), and a constant temperature (20◦C). Force,

reported as stress, was measured in response to the applied strain and used to calculate

the storage modulus (G′) and loss modulus (G′′) of the tested materials. Over the

course of a DMA time sweep, samples were strained and relaxed multiple times, allowing

for numerous replicate measurements to be taken on the same sample. With time,

measurements stabilized. Sample-specific average measurements for G′, G′′, and tan δ

were obtained by averaging the values across the stable region; these individual sample

averages were subsequently averaged across multiple samples, to obtain reported average

values and standard deviations.

7.11 Physical Measurements

Length and width of rectangular samples were measured using calipers. Width was

measured at three locations along the sample length and averaged. This was taken to be

the absolute width of the sample for downstream calculations of sample volume. Sample
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Figure 3: DMA Setup. A sample is fixed between two clamps. One clamp applies a
defined oscillating strain to the sample while other fixture, remains stationary. Torque
or stress data is collected at the stationary clamp. The relationship between applied
strain and resulting stress provides insights on mechanical properties of the sample. The
phase shift between the stress and strain data is known as δ.

thickness was measured using a benchtop micrometer. Again, samples were measured at

three locations along the sample length and averaged. This was taken to be the absolute

sample thickness for downstream calculations of sample volume. Sample density was

obtained by dividing sample mass, determined with a mass balance, by calculated sample

volume. For the purposes of the enclosed analyses, where the priority is understanding

growth trends rather than absolute mechanical properties, the density measurement of

a given sample was assumed to be exact (with an error of zero) for ease of standard

deviation reporting. For a particular treatment group, these masses or densities are

presented as averaged values across measured samples with sample standard deviations

reflecting the variance among the “exact” sample-specific values.
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7.12 Statistical Methods

7.12.1 Statistical Methods for Image Analysis

Unless otherwise specified, data reported for a specific timepoint and treatment were

averaged across all images evaluated for that treatment on that day. Error bars on pro-

vided data plots represent one sample standard deviation above and below the mean.

Two sample t-tests were performed at a confidence level of 95 percent to establish P-

values between pairs of datasets (Matlab). In the case of hormone response experiments,

in which cell response to two factors were investigated simultaneously, a full factorial

design was performed at 4, near-equally-incremented levels of each hormone concen-

tration (i.e. amounting to 16 individual hormone combinations). Factorial approaches

are generally preferred to one-factor-at-a-time experimentation because they enable the

detection of interaction effects between variables. The resulting response metrics were

mapped using the Matlab contour function.

7.12.2 Statistical Methods for Mechanical Analysis

Over the course of a DMA time sweep, samples were strained and relaxed multiple times,

allowing for numerous replicate measurements to be taken on the same sample. With

time, measurements stabilized. Sample-specific average measurements for G′, G′′, and

tan(δ) were obtained by averaging the values across this stable region. These individual

sample averages were subsequently averaged across multiple samples, to obtain reported

average values and standard deviations.

33



8 Tuning Cell Development

A wide range of chemical and environmental factors play a role in governing plant cell

development. For the purpose of reliably directing cell growth in a culture setting,

three influential and independently controllable parameters were selected for analysis:

the interactive effect of two hormone concentrations, the medium pH, and the initial

cell density. Cell response to variation in these parameters was mapped using the four

proposed metrics: live fraction, lignification, enlargement and elongation.

Although hormone concentration [41, 48] , pH [49], cell density [34] and other factors

[50, 51] have been independently investigated to various extents, thorough re-evaluation

of these variables is required in order to: (a) verify relevant cell behavior in spite of

new, simplified media recipes (Tables 1 and 2), (b) characterize previously unreported

developmental traits such as enlargement and elongation in tandem, (c) demonstrate the

utility of new metrics to quantify cell development, and (d) contribute to the limited

information available on cell growth and development in dispersed gel culture.

8.1 Effects of Hormone Concentrations on Cell Development

Two hormone classes, i.e., auxin and cytokinin, are drivers of plant cell development

[38] and are critical to vascular tissue development in particular [43]. Both auxin and

cytokinin independently control a wide range of cell behaviors [52]. Considered together,

the hormones elicit complex, interactive effects. For example, elevated levels of both

auxin and cytokinin can induce the differentiation of Z. elegans cells into lignified tra-

cheary elements [53], while collectively low hormone concentrations are provided to Z.

elegans cultures to encourage maintenance and proliferation without further differenti-

ation. Cell morphology and development at unbalanced ratios of auxin and cytokinin

concentrations have not been as well-characterized, particularly in relation to cell en-

largement and elongation.

A full factorial experiment was performed to evaluate cellular development at a range

of hormone concentrations over a 12-day culture period, using the previously described
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metrics. After a 48 hour acclimation phase in which isolated cells were cultured in low-

hormone media, samples were transferred to treatment media and imaged periodically

over the course of the subsequent 10 days. The two hormones selected for evaluation

are commonly employed in plant cell culture: a synthetic auxin— α-naphthaleneacetic

acid (NAA), and a synthetic cytokinin— 6-benzylaminopurine solution (BAP). Hormone

concentrations ranged from 0.001 mg/ml, as recommended for culture maintenance, to

1.5 mg/ml —one and a half times the concentration regularly cited for tracheary element

induction [42], evaluated at approximately 0.5 mg/ml intervals. Contour plots of live

fraction, lignification, enlargement, and elongation metrics map the cellular responses to

the varied hormone levels (Figure 4). The experimental results demonstrate that tuning

hormone concentrations allows for control over final cellular composition of the treated

culture.

8.1.1 Discussion of Initial Factorial Results

In low-hormone (Ze-M) maintenance media, cells exhibit high levels of viability (> 70%

live fraction) after ten days and the corresponding level of lignification remains at or near

zero. Cells in low-hormone treatment media tend to enlarge over time, but experience

limited uniaxial elongation. Lignification levels were elevated in the regions where both

NAA and BAP ranged between 0.5 mg/ml and 1 mg/ml with a cumulative lignification

maxima at NAA at 0.5 mg/ml (500 µl/L of stock solution) and BAP at 1 mg/ml (1000

µl/L of stock solution); correspondingly, these hormone levels exhibit the lowest live

fraction at day 12—a reasonable result as lignifying tracheary elements undergo pro-

grammed cell death in the final stages of differentiation [32]. An increasing lignification

metric could thus sensibly correspond to a declining live fraction. At the final time point,

cumulative lignification values (Figure 4b) and daily lignification values (Figure 5) show

indications of this inverse trend with live fraction, although the correlation is not exact.

Results also indicate that with the selected base media formulation, BAP plays an

important role in determining the elongation fate of cells, although this control is com-

monly attributed to auxin specifically [42, 51, 52]. Elongation metric plotted across
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Figure 4: Characterization of cell response to varied hormone levels. Live
fraction (a), cumulative lignification metric (b), enlargement metric (c), and elongation
metric (d) on the twelfth day in culture are mapped for cells exposed to varied levels of
NAA and BAP. N = 4 - 5 images per datum point. For (a), (b), (c), and (d), the average
standard deviations for analyzed data points across each map are 6.63, 0.034, 0.095, and
0.055, respectively. This figure was published in Beckwith et al. [11].

hormone levels shows that when BAP is elevated beyond 1000 µl/L , elongation tends

to be reduced across most NAA concentrations (Figure 4d).
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Figure 5: Day-by-day comparison of live fraction and daily lignification metrics
at varied hormone levels. Day-by-day comparisons of live fraction (left column) and
daily lignification metric (right column) for days 6 (a), (b), 8 (c), (d), and 12 (e), (f) of
Z. elegans cultures illustrate that the two metrics are somewhat inversely related. N =
4 - 5 images per datum point. For (a), (b), (c), (d), (e), and (f) the average standard
deviations of analyzed data points across the contour plots are 4.5, 0.028, 5.25, 0.052,
6.63, and 0.034, respectively. This figure was published in Beckwith et al. [11].
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8.2 Factorial Experiment Verification

A follow-up experiment was performed to evaluate the repeatability of the DOE results

with a new biological starter (i.e., a new batch of extracted cells). The verification

experiment included replicate tests of previously evaluated hormone combinations as

well as previously untested intermediate combinations (Figure 6). The experiment was

performed and analyzed as in the initial factorial experiment. Verification data was

compared against initial data for repeated test points or linearly interpolated predicted

values for the previously-untested, intermediate hormone combinations (Table 4).

8.2.1 Discussion of Verification Results

Cellular behavior, as quantified by the four established metrics reflected the same pat-

terns seen in the initial factorial experiment. Live fraction was elevated in low-hormone

cultures, reaching values nearing 80%. Meanwhile, viability declined in cultures under-

going high rates of differentiation into tracheary elements. The inversion between live

fraction and lignification metrics is evident in Figure 7 and is consistent with trends

witnessed in the original tests. Treatments 2 and 3 yielded the highest magnitude cu-

mulative and daily lignification metrics (Figures 7 and 8) and these formulations with

media 6 and 7 span the region of maximal differentiation seen previously. Trends in

Table 4: Treatment group and corresponding hormone levels. Asterisks indi-
cate repeated test points tested in original factorial experiment; the remain-
ing samples represent intermediate values not previously tested.

Treatment ID BAP Concentration (µl/L) NAA Concentration (µl/L)

1* 1 1

2* 1000 500

3* 1000 1000

4 250 250

5 1250 250

6 750 750

7 250 1250
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Figure 6: Graphical representation of test points for verification experiments
overlaid on original DOE contour plot for comparison. Dashed circles repre-
sent original test points, solid black circles represent repeated test points and solid white
circles represent intermediate, previously untested points. Numbers correspond to Treat-
ment ID’s with NAA/BAP hormone levels listed in Table 4.

live fraction and lignification thus appear to exhibit good consistency even across unique

Zinnia samples.

As in the factorial experiments, enlargement metric was highest for low-hormone

media formulations. Interestingly, elongation tended to be pronounced in samples with

lower levels of tracheary element differentiation. (See Figure 9). This could be a result

of the early commitment of differentiating cells to their developmental pathway which

involves early secondary cell wall deposition and the cessation of further growth. By

comparison, elongation tends to become evident in more mature cultures. Thus, high

differentiation rates would lead to a smaller pool of remaining cells with the potential for

elongation. In the pursuit of more naturally-representative materials, the delay of differ-

entiation into vascular cell types until after the cells have elongated may be preferable.

8.2.2 Comparison to Original Model

In these verification samples, relative trends in cell development have remained consis-

tent with original data. A look at absolute comparisons between the developed model

and verification results provides additional insights–elucidating other key considerations

39



Figure 7: Live fraction (a) and cumulative lignification metric (b) versus time
for the cultures grown in media defined in Table 4. As reported previously, live
fraction tends to trend inversely with lignification as shown by the inversion of groupings
highlighted with dashed, red ellipses. The 1 to 7 labels of the curves correspond to the
treatments listed on Table 1. N = 6 images per datum point.

which could contribute to improved culture tunability.

Despite differences in the initial live fraction, the metrics for original and verification

cultures tended to converge to comparable values by the later stages of growth. For re-

peated experimental conditions (i.e., media 1, 2, 3), daily live fraction is plotted for both

the original and verification experiments (Figure 10) and correlations are evident. For

new verification test conditions (i.e., intermediate hormone conditions 4, 5, 6, 7), daily

live fraction is compared against predicted values obtained by linearly interpolating the

midpoint values from original DOE data (Figure 11). Again, the predicted values corre-

spond well to the verification data in most cases. The deviation from predicted values

seen for media 5, may be result from non-linearity of cellular response, and thus predic-

tion inaccuracy, in this region where change in original DOE live fraction is dramatic

across the sector.

For lignification metrics, although trends in differentiation behavior remained con-
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sistent (i.e, media 2 and 3 exhibiting highest levels of lignification for the tested media

selections, and media 1 the lowest), the magnitude of cumulative lignification was ele-

vated in verification tests compared to original data (Figure 12). This shift in absolute

value is likely attributable to: (1) the increased live fraction seen in verification samples

prior to the differentiation (i.e., thus, more viable cells capable of differentiating and

a higher effective cell density which has been shown to improve differentiation rates),

as well as (2) natural biological variation of Zinnia plant sources. Most importantly,

patterns of behavior remain consistent in spite of the variability of biological source

samples.

As with the other metrics, trends in cellular enlargement and elongation were con-

sistent in relative terms to the original data. However, in the verification test, both

enlargement and elongation metrics were reduced compared to the original results (Fig-

ure 13)–contrasting with the increases seen in lignification. This aligns with the predicted

interplay between the rapid commitment and differentiation into tracheary elements and

the slower expansion and elongation processes. With higher rates of differentiation (e.g.,

Figure 8: Daily lignification metrics of Z. elegans cells in various media. Lig-
nification peaks at highest values for media treatments 2, 3, 6, and 7. This grouping
includes media recipes which also resulted in maximized lignification during the original
factorial experiment. N = 6 images per datum point.
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Figure 9: Enlargement and elongation behavior of Z. elegans cells in various
media. (a) Low-hormone treatment 1 exhibits highest levels of enlargement as seen in
initial experiments. (b) Higher levels of elongation tend to correspond to media types
with lower levels of differentiation (e.g., Media 1, 4, 5) into tracheary elements for the
selected media treatments. N = 6 images per datum point.

elevated lignification metric) in verification runs, corresponding enlargement and elon-

gation occurrence is reduced, whereas the original data exhibited smaller lignification

magnitudes with increased enlargement and elongation metrics. Interactions between

these developmental outcomes should be considered in the design of material cultivation

processes.

In summary, trends in hormone-responsive development are consistent across biolog-
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Figure 10: Live fraction of repeat test points compared against original data.
Despite notably different starting points for the initial DOE and the verification samples,
the live fraction metrics settle out to similar values by day 12 in culture. On the final
day of these experiments, the new data and original data did not differ in a significant
way for media 1,2, and 3 (with P=0.303, 0.376, and 0.122, respectively). Media numbers
correspond to formulations listed in Table 4. N = 6 images per datum point.

ical samples. However, magnitude of response can be influenced by additional culture

attributes. The data presented indicates that cell density and biological potency are po-

tential “sensitizers” in the processs of hormone-induced differentiation. The modulation

of these culture characteristics seemingly alters cellular receptiveness to differentiation

under the right hormonal conditions. High rates of differentiation, seem to correspond

to reduced culture potential for further cellular enlargement and elongation.

8.3 Effects of Media pH on Cell Development

Auxin-mediated cell elongation is believed to act, at least in part, by encouraging the re-

lease of cell wall-loosening factors, which may include hydrogen ions [52]. Wall-loosening

factors are believed to promote wall compliance, enabling cell expansion and restructur-

ing [52]. Therefore, hydrogen ion concentration in the growth medium, as reflected by
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Figure 11: Live fraction of cultures grown at various hormone-levels compared
against predicted model data derived from previously reported factorial re-
sults. Linearly-interpolated predicted values are good predictors for most of the media
groups tested. Values at the extremes (e.g., media 5, 7), in regions where interpolated
slopes were high, show some deviation from predicted values in the final days of culture.
P-values for day 12 of New data compared with predicted values from a one sample t-
test against the predicted mean for Media 4-7 are 0.3697, 9.74 × 10−4, 0.02, and 0.0012,
respectively. Media numbers correspond to formulations listed in Table 4. N = 6 images
per datum point.
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Figure 12: Cumulative lignification metric of verification data (a) compared
with initial data (b). Across both original and verification runs, media 2 and 3 exhibit
elevated cumulative lignification metrics, but metric magnitude is increased dramatically
in verification data. N = 4 - 6 images per datum point.

pH, was similarly suspected to influence cellular development.

To investigate the effects of medium pH on cell development, Z. elegans cells were

cultured in either maintenance media (Ze-M) or induction media (Ze-I) at one of 3 pH

values (i.e., prepared at pH 5.22, 5.75, or 6.4 prior to a final autoclave sterilization). After

a 48 hour acclimation period in which all isolated cells were cultured in low-hormone

medium at pH 5.75, samples were transferred to treatment media and imaged periodically

over the course of the subsequent 10 days. From the analysis of fluorescence micrographs,

live fraction, lignification, enlargement, and elongation metrics were evaluated for each of

the culture treatments. The data indicate that pH can be a driver of cellular development

under some hormonal conditions.
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Figure 13: Enlargement and elongation metrics alongside original DOE data
for cell cultures on Day 12 (panels a and b, respectively) fed with media
types 1-7 listed in Table 4. Trends in enlargement and elongation remain similar
across experiments, but magnitudes of response varied between experiments (e.g., ab-
solute values for Media type 1 on day 12 vary significantly across experiments (P =
1.366 ×10−13) and when net change across the culture period is taken into account, this
difference is even greater). The net changes in enlargement and elongation metrics were
smaller for this work than seen in original DOE data. One possible explanation for this
is a difference in the biological pre-disposition of cells towards different developmental
pathways. For example, the experiment which yielded panel a, saw reduced cell enlarge-
ment but exhibited higher lignification rates for differentiation-triggering media groups
compared to original tests. Meanwhile, data from the original DOE generally conveyed
larger increases in cell size compared to baseline Day 2 values over the culture period
(b), but saw reduced lignification rates overall. It may be that innate responsiveness of
cells to differentiation cues somehow inversely impacts morphological developments like
enlargement and elongation. Asterisks indicate predicted values obtained through linear
interpolation between original data points. Note that the same thresholding limits were
used in the verification experiment as in the original experiment and the verification data
saw a higher starting quantity of enlarged cells by the assigned limits. N = 4 - 6 im-
ages per datum point. Average baseline values for these metrics (obtained by analyzing
cultures on Day 2) are plotted as horizontal lines.
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8.3.1 Discussion of Experimental Results

In low, hormone maintenance media (Ze-M), pH had negligible effect on culture live

fraction or lignification metrics, but did impact cellular enlargement and elongation. Live

fraction for Ze-M cultures increased from a starting point of 36.4% at day 2 to a final

value close to 80% (Figure 14). These results align with those of the factorial hormone

experiment wherein low-hormone cultures similarly experienced a shift in live fraction

from 36.8% to over 70% at the final time-point. Viability of low-hormone (Ze-M) cultures

exhibited no significant differences in response to the altered pH levels, suggesting that

the selected pH values were not independently detrimental to cell viability. For Ze-M

samples at low pH levels, measured cells tended to be larger in size as quantified by

enlargement and elongation metrics. Low pH Ze-M samples were significantly larger

than medium or high pH samples (P = 0.03 and 0.016, respectively). Low pH Ze-M

samples exhibited greater elongation than moderate pH samples (P = 0.018) which in

turn, experienced significantly greater elongation than high pH samples (P = 0.0095) by

day 12.

For cultures grown in high-hormone induction media (Ze-I), pH adjustments influ-

enced both live fraction (Figure 14) and lignification metrics (Figure 15), but did not

significantly impact enlargement or elongation. For Ze-I samples, live fraction trended

downward after day 6 as levels of differentiation increased, settling out to values around

40%. This decline after day 6 is consistent with behavior seen in Ze-I cultures of previous

experiments. In low pH Ze-I medium, declines in live fraction were greater than those

seen in high pH samples on the final culture day (P = 0.00062). Correspondingly, low pH

Ze-I cultures exhibited elevated lignification metrics for days 6, 8, and 12 when compared

to high pH samples (P = 0.00072, 0.045 and 0.0013, respectively). These results are con-

sistent with the observed inverse relationship between live fraction and differentiation.

Adjustments to pH did not generate notable trends in morphological development for

Ze-I cultures (Figure 16).

To summarize, within the physiologically tolerable range investigated, media pH was
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Figure 14: Live fraction versus time in pH-adjusted culture. Live fraction in-
creases for cultures in maintenance media (M) for all pH levels, whereas live fraction
remains low when cells are supplied with induction media (I). When cultured in induc-
tion medium, cultures yield lower live fraction for lower pH values in later culture stages.
N = 4 - 5 images per datum point. This figure was published in Beckwith et al. [11]

seen to impact cellular development. The manifestation of these impacts varies with

hormone concentration. At low levels of hormone concentrations, adjustment to pH

altered the extent of cellular enlargement and elongation. At high levels of hormone

concentration, pH alterations impacted differentiation rates (i.e., as measured by the

lignification metric) and corresponding culture live fraction.

8.4 Effects of Initial Cell Density on Cell Enlargement and

Elongation

Cell concentration can reportedly influence cellular development in liquid cultures [34].

Cell density is thus likely to play a critical role in the development of gel-based cultures.

Effects of cell density on development were quantified through the image analysis of

gel cultures established at four starting cell densities and then monitored for a 14 day

incubation period. Gel cultures were prepared at initial cell densities of 5×104, 1×105,
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Figure 15: Lignification versus time in pH-adjusted culture. Daily lignification
metric and a cumulative lignification metric (i.e., summed data of a given timepoint and
all previous timepoints for a selected treatment group) versus time in culture. Daily and
cumulative lignification metrics are highest for induction media (I) with the lowest pH
while culture sustained in maintenance media (M) retains a lignification metric close to
zero throughout the experiment. N = 4 - 5 images per datum point. This figure was
published in Beckwith et al. [11]
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Figure 16: Cell enlargement (a) and elongation (b) metrics versus time in pH-
adjusted culture. Cell enlargement and elongation increase with culture time and are
influenced by pH when hormone levels are low. N = 4 - 5 images per datum point. This
figure was published in Beckwith et al. [11].
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2×105, and 4×105 cells/ml (i.e., 1×, 2×, 4×, and 8× multiples of 5×104 cells/ml). For

every time-point, two replicate gel cultures were prepared at each concentration and at

least three independent images were captured and evaluated per replicate.

8.4.1 Discussion of Experimental Results

After 14 days in culture, cells seeded at higher initial cell densities exhibited increased

cell size as quantified by both enlargement and elongation metrics (Figure 17). While

differences between enlargement metrics were not significant at low densities (i.e., up to

1×105 cells/ml), pronounced enlargement was evident at higher cell densities. Enlarge-

ment metrics for cultures at 2×105 cells/ml were higher than cultures at 1×105 cells/ml

(P=0.0097), and those at 4×105 cells/ml were higher than cultures at 2×105 cells/ml

(P=0.0014). Similarly, with respect to elongation, differences between the two lowest

density cultures were not significant. However, cultures at 2×105 cells/ml and 4×105

cells/ml presented higher elongation metrics, and thus longer cells, than lower density

cultures at 1×105 cells/ml (with P=0.0241 and P=0.011, respectively).

To confirm that the imaging methods provided a representative snapshot of the gel

cultures in spite of their three-dimensional nature, total evaluated percent area (AT ) was

plotted against concentration factor to check for linearity (Figure 18). The relationship

between cell concentration and evaluated area was confirmed to be linear with R-squared

values exceeding 0.98 when linear trendline intercepts were set to zero; setting the in-

tercept as such reflects the state at which no cells are present and, therefore, the total

percent cell area, AT , is zero.

51



Figure 17: Cell enlargement (a) and elongation (b) metrics versus initial cell
concentration. Enlargement metric and elongation metric increase with time in culture
and with increasing initial cell density. N = 4 - 5 images per datum point. This figure
was published in Beckwith et al. [11].
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Figure 18: Linear relationship between cell concentration and total evaluated
area, AT in dispersed gel cultures. Total evaluated percent cell area, AT , increases
linearly with concentration factor. Thus, within the evaluated concentration ranges, the
imaging methods provide a representative look at the imaged cell population. N = 6
images per datum point. This figure was published in Beckwith et al. [11].

8.5 Takeaways

• This section demonstrated the possibility of controlling cellular differentiation
and morphological development through alterations to the culture environment
− specifically, adjustments to auxin/cytokinin levels, pH, and initial cell density.

• With the proposed metrics (i.e., live fraction, lignification, enlargement, and
elongation metrics), cell response to various culture environments was mapped
for use informing culture setup to elicit desired growth characteristics.

• Trends quantified by developed metrics are repeatable across biological samples
of Zinnia elegans − which speaks to the utility of the metrics and the reliability
of the Zinnia cell response to the selected stimuli.

• Experimental results clarify relationships between the developed metrics (e.g.,
the inverse trends between live fraction and differentiation metrics, as well as the
elongation and differentiation metrics) enabling thoughtful direction of growth.
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9 Exploring Form Control of Grown Materials

Insights gained from experiments on cell growth in response to chemical cues informs

the production of materials on a cellular level. In conjunction, the grown material

can be tuned macroscopically to yield specified shapes. Here, bioprinting and casting of

structured growth environments enable the production of monolithic forms and materials

at sizes which are not naturally possible.

The process of material growth consists of the following four steps: cell feedstock

generation, incorporation of cells into structured growth environment, cultivation, and

dehydration. In the case of bioprinting, cell-laden, nutrient rich scaffolds were deposited

using a syringe-based extrusion system (see Chapter 7). Because required nutrients and

hormones are incorporated within the scaffold itself, this fully contained setup requires

little intervention after deposition. The scaffold can sustain growth through differen-

tiation and to confluency without requiring supporting continuous perfusion systems.

Cultures can survive and continue to grow for months after printing (Figure 19) with

the occasional addition of liquid medium to prevent premature dehydration. Because

viability is not required beyond the point of confluency, this approach provides a simple

means of cultured plant material production. The employment of nutrient-rich gel as

a medium for tissue-like growth is inspired by culture methods put forth by Ludwig

Bergmann in the 1960’s. Bergmann demonstrated the immobilization of single plant

cells in a thin layer of gel media for the purpose of monitoring cell division and colony

development [54]. Through modifications to foundational techniques, advancements in

this work allow for not only the prolonged immobilization and survival of cells in gel, but

the directed growth and development of gel-based cultures to produce tunable materials

in desired shapes.

After a cultivation period, samples were rinsed and carefully transferred to a desic-

cator for drying between two teflon-wrapped surfaces. During the drying process, the

samples experienced some shrinkage—the amount of which seemed to vary with extent

and type of growth.
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Figure 19: Long-term growth is possible in perfusion free cultures. (a) A healthy,
hydrated, bioprinted culture after 3-months of cultivation retains a green hue and has
become relatively opaque in appearance. Excess cell-laden gel has been deposited around
the outskirts of the printed structure and also continues to support growth. (b) After
dehydration, the difference between samples which do not grow (top) and those that do
(bottom) is stark. Printed samples without growth remain translucent while successfully
grown samples are thicker, opaque, and experience more notable lateral shrinkage in the
print plane.

A number of culture forms were prepared and cultivated in order to produce net-

shape plant materials (Figure 20). While these initial samples are small in size, being

printed into a 10-cm petri dish, they nevertheless yield materials at large scales compared

to similar tissue-like materials grown in a whole plant. Figure 21 depicts a cross-section

of a grown, dehydrated material sample compared to a cross-section of a Zinnia-stem

which was halved and dried flat.

For the purposes of these early investigations into net-shape plant material produc-

tion, grown structures were kept to planar, relatively thin configurations. However,

production of larger samples will likely require cell survival in thicker gel culture envi-

ronments. To investigate survival at increased culture dimensions, gelled cell cultures

were plated at various gel depths (distances from the gel surface) on culture day 2 in

24-well plates (Figure 22a) and allowed to grow for 32 additional days. For depths eval-

uated (i.e., 2.5, 5, 8.7 mm atop a 2.5 mm − thick cell culture), there was no apparent
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impact on live fraction after 32 days in culture gel culture (Figure 22b) with P ¿ 0.18

for all sample-to-sample comparisons on day 34. All samples exhibited an increase in

live fraction from initial seeding to final evaluation. These results indicate that growth

of thicker structures is possible.

Figure 20: Grown materials can be produced in forms not naturally available.
Assorted bioprinted, cultivated plant materials: (a) a stitched, two-channel fluorescence
micrograph of a tree-shaped print (black lines are a result of positioning errors during
imaging) (b) a stitched, two-channel fluorescence micrograph of lattice-like culture (c)
dog-bone structures after transfer to drying plate, (d) dehydrated samples with growth
(dark samples) and without growth (bottom sample). Small features, on the order of 1
mm, are achievable, but delicate (top). Scale bars in a, b, and c represent 2.5 cm. The
scale bar in panel b represents 5 mm.
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Figure 21: Grown materials can be produced at scales larger than naturally
achievable. (a) Materials were sectioned as shown. Stem samples were halved length-
wise (cut 1) and dried flat before fixing in wax and sectioning with a microtome along
the indicated cut 2. Dehydrated cultured samples were fixed in wax and sections and
sectioned as indicated in cut 2 and stained with CW to illuminate plant cell wall ma-
terial. (b) A cross-section of a halved and dried Zinnia stem– which is small in scale
compared to the sizes accessible by the proposed direct-material growth method for the
same growth time. (c) A cross-section of a grown material sample sliced along the short-
est dimension. Two images are stitched together to visualize the whole extent of the
sample. The sample curvature is a result of the fixing, slicing, positioning, and stain-
ing processes. Both samples are pictured at the same magnitude. Scale bar equals 500
micrometers.
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Figure 22: For cell cultures grown under gel depths up to 8.7mm thick, cell
survival was not impacted. (a) Cell-free gel media was deposited and gelled atop a
cell-laden gel media mixture 2.5 mm thick. (b) Cells were cultured for 32 days beneath
cell-free gel layers of various depths. Gel depth, d, was set to 2.5, 5, and 8.7 mm for
depths 1, 2, and 3, respectively. Gel depth did not impact cell viability within the tested
range. On day 34, P = 0.80, 0.180, 0.34 for sample-to-sample comparisons of depths 1 –
2, depths 2 – 3, and depths 1 – 3, respectively. N=6 samples per datum point.

9.1 Takeaways

• Scaffold structure, which can be controlled through selective deposition,
bounds and guides plant material growth.

• Scaffold-guided growth enables production of plant materials in forms oth-
erwise unavailable using traditional cultivation methods.

• Scaffold-guided growth enables production of plant materials at sizes oth-
erwise unavailable using traditional cultivation methods.

• Cells can survive long-term even in thicker structures, more than 8.7 mm
from the gel surface for at least 32 days.
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10 Characterization of Grown Materials

To assess whether differences in cell growth as modulated by environmental culture

parameters map to emergent material characteristics, the mechanical, physical, and mi-

crostructural properties of cultivated samples were investigated. Results indicate that

both macro-level and micro-level properties are significantly impacted by selected media

formulation. Samples grown in two culture formulations, Ze-M and Ze-I, were evaluated.

Ze-M media is intended to support growth and proliferation without differentiation of

cells, whereas Ze-I media is formulated to induce cells to form vascular cell types with

thickened and lignified secondary cell walls. Natural zinnia samples were prepared from

the stem of the Zinnia plant that was harvested at the same age as cultured samples.

While stem samples were useful in preparing cross-sections for microstructure visualiza-

tions, the samples were too small and lightweight to be accurately measured using the

physical and mechanical measurement techniques available for this work—evidencing

how lab-grown tissue techniques enable faster growth of materials in useful forms.

10.1 Mechanical Evaluation of Grown Materials

Mechanical properties of grown samples were assessed using dynamic mechanical analy-

sis. Mechanical properties were found to change with variations in media hormone-levels.

10.1.1 About Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) enables the non-destructive assessment of mechan-

ical properties through the application of a small-amplitude, oscillating strain and eval-

uation of sample response. Unlike uniaxial testing, in which samples commonly undergo

extensional strain beyond the Hookean regime and to failure, dynamic mechanical testing

is usually performed entirely within the Hookean or linear viscoelastic regimes of mate-

rials subjected to oscillating stresses or strains [55]. In the employed DMA setup, a test

sample is positioned between two fixtures: one stationary, and another which imposes a

time-dependent, sinusoidal strain. The resulting time-dependent stress is simultaneously
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monitored by quantifying the torque generated on the stationary fixture [56] (Figure 3).

The relationship between applied strain and simultaneously recorded stress data pro-

vides insights into the mechanical properties of the tested sample. The phase shift

between the two curves, is used to determine the storage modulus (ratio of elastic or

in-phase stress to strain) and loss modulus (ratio of viscous or out-of-phase stress com-

ponent). Effectively, the storage modulus represents the material’s elastic behavior or

stiffness whereas loss modulus relates to the material’s capacity to dissipate energy. It

should be noted: the storage modulus and Young’s modulus are conceptually related

but are not the samee[57]. When storage modulus exceeds loss modulus, this indicates

predominantly elastic behavior. For perfectly elastic materials, with stress and strain

linearly related, the stress strain curves are in phase (δ = 0) as the materials immediately

return to their original form upon removal of applied strain. Purely viscous materials

exhibit a phase shift of 90 degrees (δ = π/2). Viscoelastic materials experience phase

shifts between these extremes (0 < δ < π/2) [58].

DMA allows for testing of smaller samples than those typically recommended for

ASTM compliant uniaxial tensile tests. For torsional DMA tests, small rectangular or

cylindrical samples are recommended. According to PerkinElmer, a manufacturer of

DMA devices, width is not a critical dimension and geometry is ultimately constrained

by the ability to clamp the sample uniformly. DMA manufacturers recommend a 5-mm

wide sample with a test length (i.e., clamp separation) of 5 – 10 mm [59].

10.1.2 Identifying Testing Bounds

Preliminary tests are necessary to identify appropriate experimental bounds for DMA

measurements on unknown materials. Determination of appropriate parameter settings

ensures that testing is performed non-destructively [56]. The typical procedure for es-

tablishing these test settings includes execution of a strain sweep to identify critical

strain and a frequency sweep to determine the frequency-independent regime of material

eIn the particular configuration used for evaluations of plant materials in this work, samples are
subjected to a small amplitude, sinusoidal twisting action making inferences about elastic modulus even
more difficult.
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response.

A strain amplitude sweep performed at constant temperature allows for the identifi-

cation of the region where modulus values are independent of strain amplitude [60]. This

region is bounded by the so-called ‘critical strain’ beyond which, amplitude-independence

breaks down. Once this range of strain is identified, all future tests are performed at

strain amplitudes within this linear viscoelastic region. Strain sweeps were performed

on the cultivated materials of interest and critical strains were identified as indicated in

Figure 23. A suitable strain amplitude within the linear strain-independent regime was

selected and held constant for all subsequent tests.

A frequency sweep performed at a constant temperature provides information on the

time-dependency of the system response. A frequency sweep was performed to ensure

that measured moduli remained consistent across the possible measurement spectrum

and anomalous, frequency-dependent artifacts did not skew the reported results. Fre-

Figure 23: Strain sweep on dehydrated sample. Sample response is nearly indepen-
dent of strain until the critical strain is reached. All subsequent tests were conducted
below the critical strain value.
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Figure 24: Frequency Sweep of Dehydrated Cell-Free Sample. A frequency inde-
pendent response indicates that the sample behaves elastically within the tested regime.

quency sweeps performed on cultivated materials demonstrated frequency-independence

at the examined settings (Figure 24). This behavior is consistent with DMA theory

and the current understanding of dehydrated, cultivated materials. In a system where

molecules are strongly associated (i.e., as in a solid system), the storage and loss moduli

are expected to be independent of frequency. Other notable features of the acquired

data: elevated storage modulus relative to loss modulus and a low loss modulus indicate

a predominantly elastic system, as does a low tan(δ). Thus, preliminary DMA data

properly indicate the produced materials are solid, elastic materials.

The effect of sample length (i.e., clamp separation distance) on modulus measure-

ments was evaluated to identify appropriate length settings and understand the influence

of this parameter on modulus measurements. A sample evaluated at four clamp lengths

show that moduli values are nearly constant at low clamp distances. At higher sam-

ple lengths, absolute moduli values exhibit some decline, although the relative values of

storage and loss moduli, as represented the tan(δ) remains constant (Figure 25). For

purposes of comparing modulus values across various sample types, subsequent measure-

ments were all performed at a constant length of 5mm—a clamp distance which meets
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DMA manufacturer recommendations, and which falls within the range of low modulus

sensitivity to sample length.

Figure 25: Effect of clamp length on modulus measurements. At increased dis-
tances between clamps, both storage and loss moduli are reduced, however, the ratio of
the two reflected by the tan(δ) value remains constant. Subsequent tests were performed
at 5mm clamp lengths.

10.1.3 Mechanical Properties of Cultivated Materials

For cellular materials cultivated under various growth conditions, strain-controlled DMA

was performed to assess mechanical properties. Rectangular samples were prepared in

either Ze-M (low hormone maintenance) or a higher hormone induction medium by

means of bioprinting, incubation, and subsequent dehydration. Samples were generated

on the same date with the same cellular feedstock and incubated for the same duration

before dehydration.

Varying media compositions did result in significant differences in the resulting stor-

age modulus of cultivated samples. The storage modulus values of differentiated Ze-I
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samples were higher than measured storage modulus values for undifferentiated Ze-M

samples (P = 0.033) (Table 5). However, the reason for this observed difference is not

immediately obvious. Beyond the presence of stiffened, vascular-type cells, final mate-

rial density, plant material fraction, and microstructure (i.e., cellular morphology and

entanglement) can all contribute to macroscopic mechanical properties. The next sec-

tions explore these material characteristics and bring additional clarity to the initial

DMA results. A measurement of dehydrated gel samples without plant materials is in-

cluded for reference (Table 5). Storage modulus for gel is notably higher than grown

plant samples; this is likely due to several factors including increased sample density

as a result of reduced porosity and compositional differences, and natural stiffness of

the single-phase gel material being higher than the stiffness of cultivated plant matter.

Cell-free, gel materials are a useful reference for calibration, but are perhaps not useful

benchmarks of progress towards in vitro plant material production. To contextualize

the results presented in Table 3, available data on properties of natural plant materials

are helpful references. Reported storage modulus values for woods have been reported

in the range of 300 – 1200 MPa [61, 62], although exact values can vary with testing

apparatus, setup, and sample grain orientation. In any case, DMA measurements for

lab-grown samples appear to correspond well to the storage modulus measurements for

natural tissues. While the shifts to storage modulus that result from tuning culture

environment cannot yet be precisely attributed to a specific cause, the presented DMA

results provide a compelling indication of the tunability of cultured materials by simple

modifications to controllable system inputs.

Table 5: DMA Results for cultures grown in Ze-M maintenance medium and Ze-I induc-
tion medium and for prepared gel samples without cells. Values represents the average
of at least 15 measurements for each of N=3 samples per treatment group.

Medium Storage Modulus (MPa) Loss Modulus (MPa) tan(δ)

Ze-M 138.3 ± 57.4 8.365 ± 4.47 0.065 ± 0.031

Ze-I 404.7 ± 146.9 16.0 ± 11.1 0.037 ± 0.014

Gel, No Cells 1451.0 ± 645.7 164.88 ± 127.6 0.100 ±0.002
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10.2 Physical Measurements

Changes to mass and volume were evaluated for samples cultivated under various growth

conditions. This data is also used to examine sample density, which was found to differ

between cultures grown in altered media formulations.

10.2.1 Sample Masses and Densities

In addition to altering cell types, the different media formulations also impact the extent

of culture growth (i.e., final amassed plant material) and the resulting cell morphologies.

Materials grown in a Ze-M media base exhibited the largest gains in accumulated plant

mass (Figure 26a). As previously noted, in cell populations induced to differentiate into

tracheary elements (Ze-I cultures), rapid transformation and cell death leaves behind a

smaller population of cells with the capacity for continued growth. These Ze-I samples

thus tend to amass a smaller quantity of plant material compared to samples formulated

from maintenance media. Interestingly, despite the greater plant mass accumulation in

Ze-M samples, density is reduced compared to both Ze-I samples and samples without

growth (Figure 26b).

Looking at the mass and volume changes as a percentage change, data for both Ze-M

and Ze-I samples again demonstrate notable increases in both mass and volume relative

to cell-free and growth-free controls (Figure 27). However, Ze-M samples exhibit propor-

tionately larger changes of volume compared to mass, with a volume increase nearly four

times larger than mass increase. By contrast, Ze-I samples exhibit a volume increase

not quite two times larger than mass increase. These unbalanced ratios between mass

and volume gains indicate underlying differences in the microstructure of the produced

materials (further explored in Section 9.3).

The observed shifts in both mass and density convey a dramatic accumulation of plant

matter. Characterized samples were seeded at an initial cell density of 6×105 cells/ml

and allowed to grow for 3 months. The resulting plant material accumulation generated

substantial shifts in physical characteristics and measured modulus values. By contrast,
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Figure 26: Mass (a) and density (b) of samples cultivated in different media.
Samples grown in Ze-M medium experience the greatest increase in mass, and the great-
est reduction in density. Both Ze-I and Ze-M samples exhibit notable changes in mass
and density compared to cell-free and growth-free controls. Comparisons of Ze-M sam-
ple mass/density to No Growth and No Cells samples yielded P-values of 0.017/0.060,
0.003/0.018, respectively. Comparisons of Ze-I sample mass/density to No Growth and
No Cells Samples yielded P-values of 0.003/0.055, 0.092/0.161, respectively. Samples
were seeded at an initial density of 6×105 cells/ml and cultivated for 3 months prior to
dehydration. N=3 - 4 samples per treatment group.

small shifts in cell density have negligible impact. To illustrate, samples prepared at

densities between 0 and 1×106 cells/ml were prepared, dehydrated without allowing for

additional growth, and characterized by the DMA and physical measurements outlined.

These variations in cell content had no discernible impact on any of these parameters

(Figure 28, Table 6).

10.2.2 Plant and Gel Mass and Volume Fraction

Using the acquired physical measurements, plant mass fraction and plant volume fraction

estimates were calculated for the final materials. The contribution to final volume and

mass by the non-living scaffold was assumed to be constant. In terms of both volume and

mass fraction, samples grown in Ze-M medium resulted in the largest acquisition of plant
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Figure 27: Percent increases in mass and volume of samples grown in various
media compared to cell-free and growth-free control. Samples cultivated in Ze-
M exhibit a volume increase nearly four times larger than mass increase. Meanwhile,
samples in Ze-I exhibit a volume increase not quite two times larger than mass increase.
Grown samples were seeded at an initial density of 6×105 cells/ml and cultivated for 3
months, measurements were also made for growth-free samples prepared at various cell
densities: 1×106, 6×105 3×105 cells/ml. N=3 - 4 samples per datum point

Table 6: Summary of DMA Results for growth-free samples at various cell densities,
without long-term incubation. N=3 grown samples per reported average.

Cell Density Mass Density Storage Modulus Loss Modulus

(106cells/ml) (mg) (mg/mm3) (MPa) (MPa)

0 11.0 ± 3.0 1.63 ± 0.86 1331.8 ± 849.2 231.5 ± 153.2

0.3 10.8 ± 4.1 1.47 ± 0.84 840.2 ± 507.8 54.5 ± 7.7

1 9.27 ± 2.7 1.21 ± 1.2 1353.3 ± 1392.3 111.0 ± 189.2

Stem - - 7686.1 ± 7554.8 247.9 ± 289.7

material. Both sets of grown samples, in Ze-I and Ze-M media, exhibited marked in-

creases in volume and mass fractions from both cell-free and growth-free controls (Figure

29).

Plant mass and volume fractions were calculated relative to the average respective

measurement of the cell-free control:
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Figure 28: Effect of changes in initial cell density on growth-free samples.
Samples were seeded at an initial density of 0, 3, or 10×105 cells/ml and subsequently
dehydrated and tested without allowing for further growth. Variation in cell density
within the tested range did not significantly affect mechanical properties. For compar-
ison, properties of halved and dried young Zinnia stems were also measured. N= 3
samples per treatment group.

Mp,i = 100% × (mi −mctrl)/mi (5)

Vp,i = 100% × (Vi − Vctrl)/Vi (6)

where Mp,i represents plant mass fraction for sample i with mass, mi, relative to average

mass of cell-free controls, mctrl and Vp,i represents plant volume fraction for sample i

with volume, Vi, relative to average volume of cell-free controls, Vctrl.

Because of small sample numbers, an imperfectly controllable printing process, and

potential for inaccuracies in input variables (i.e., sample length, width, thickness, mass),

standard deviation is relatively high for these volume fraction/mass fraction measure-

ments. The intention of this data presentation is not to convey exact values, but to

depict larger trends and benchmark current progress. Again these results reiterate the

substantial increase in plant matter compared to no-growth and cell-free controls. The
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Figure 29: Calculated mass and volume fraction of grown materials in various
media. Samples grown in Ze-M medium experience the greatest increase in mass and
volume fraction. Both Ze-I and Ze-M samples exhibit notable changes in mass and
volume fraction of plant material compared to cell-free and growth-free controls. Samples
were seeded at an initial density of 6×105 cells/ml and cultivated for 3 months prior to
dehydration. N = 3 samples per datum point.

maintenance media indicates a higher plant material fraction in comparison to the in-

duction media, which experienced less extensive growth.

10.3 Microstructure Visualization

Cellular morphology, in addition to cell wall make-up, can impact the dehydrated mate-

rial microstructure—affecting material density and apparent response to applied strains.

Material cross sections were visualized under a microscope to interrogate residual cell

forms in dehydrated samples. Cultivated materials fixed in paraffin wax, sectioned with

a handheld microtome, and stained with fluorescent cell wall markers. In the resulting

fluorescent micrographs, structural differences are evident between samples which did

and did not experience growth as well as between materials grown in different media

formulations (Figures 30, 31).

The difference between sample microstructures is stark. In samples without growth,
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cells are discrete, flattened structures with no interconnectedness. By contrast, grown

samples are notably thicker and contain a higher proportion of visibly fluorescing plant

wall material. Ze-M samples yield an open microstructure, with rounded cells retaining

their shape upon dehydration. This helps to explain the substantial volume increases

seen in Ze-M materials relative to controls. In Ze-M samples, opportunity for inter-

connectedness or entanglement is reduced by the nature of the predominant, round cell

shape. On the other hand, Ze-I samples exhibit a tightly-packed network of plant mate-

rial with a variety of cell configurations which could lead to increased interlocking of the

plant material phase. The difference in measured mechanical properties is likely in part

due to these changes in observed cell-to-cell connectivity. Figures 30 - 32 also include

cross-section images of a Zinnia stem which has been halved and dried for comparison.

The stem shown comprises multiple tissue types, but the vascular tissue of interest is

visible when lignin is fluorescently labeled as well. Naturally the stem presents denser,

more structured growth. However, xylem tissue is localized to only small regions of the

stem and the overall form of the stem sample is thinner and less uniform than samples

grown by the newly developed methods.

Cross-sectioned samples were also imaged using a dual-stain approach to allow for

visualization of both cell wall material and lignin (i.e., using Calcofluor White and Acri-

flavine, respectively) (Figure 32). In Ze-M, a lack of localized Acriflavine fluorescence

indicates low levels of lignification as is expected from the maintenance media formula-

tion. In Ze-I samples, grown in induction medium, fluorescent regions of lignification are

interspersed throughout the sample. By contrast, the acriflavine fluorescence of the Zin-

nia stem is localized to the small vascular bundles. These microstructural visualizations

indicate that with the present cultivation methods, grown materials present less-ordered

growth exhibiting local randomness, but greater macroscopic homogeneity making for

improved uniformity of materials overall. Components of tissue which normally occur

in small, localized regions within a plant system can achieve larger and more dispersed

presentations when grown in gel-mediated cultures.
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10.4 Takeaways

• Adjusting media formulation significantly impacts resulting material prop-
erties, growth, and microstructure of grown materials.

• Ze-I samples present dense growth with entangled cells and interspersed
regions of lignification. Ze-I samples exhibit storage modulus values higher
than Ze-M samples.

• Ze-M yields low density materials made up of enlarged, rounded cells
with thickened cell walls. As a result of the open microstructure, percent
volume increase in Ze-M samples was nearly quadruple the percent mass
increase and volume increase for Ze-M samples was roughly four times
that of Ze-I samples. Reduced entanglement of cells as a result of their
structure is believed to partially explain the reduced storage modulus of
Ze-M samples relative to Ze-I samples.

• Grown samples can be made larger and more uniform than naturally oc-
curring tissues. Increased organization and interconnectedness of cellular
components would improve the natural likeness of cultured materials and
should be explored in future works.

• The growth of these characterized materials was dictated by a single set
of applied conditions, but a multi-stage development process may enable
useful combinations of cellular traits in materials (i.e., a delayed trigger
to differentiate in order to first allow significant growth or elongation).
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Figure 30: 10x cross-sectional images of various prepared samples and Zinnia
stem using CW stain to indicate cell walls. (a) Growth-free samples exhibit limited
and discrete fluorescence where cells have flattened in the dehydration process without
convalescing. (b) A halved and dried Zinnia stem, with vascular tissue indicated in
green using Acriflavine stain, is delicate, non-homogeneous and small in scale compared
to printed samples. (c) Ze-I sample shows dense cell growth. Some elongated cells
are visible and cells show good apparent interaction. (d) Ze-M shows open material
structure with thick-walled, rounded cells. The cell-to-cell interaction appears to be
limited, although some local connectivity may be present. All samples are pictured at
the same magnitude. Scale bar equals 500 micrometers.
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Figure 31: 20x cross-sectional images of various prepared samples and Zinnia
stem. Blue coloration indicates cell walls made visible using CW stain. (a) Growth-free
samples exhibit limited and discrete fluorescence where cells have flattened in the de-
hydration process without convalescing. (b) A Zinnia stem, halved with vascular tissue
indicated in green–allowed by staining with Acriflavine, shows tightly-packed cells with
lumen of various sizes. (c) Ze-I sample shows dense cell growth and what appear to be
frayed secondary cell wall structures of TE’s. These structures were likely disturbed dur-
ing the sectioning process. (d) Ze-M shows open material structure with rounded cells
which are well-preserved despite the dehydration process. The cell-to-cell interaction ap-
pears to be limited in the Ze-M sample, although some local connectivity may be present.
All samples are pictured at the same magnitude. Scale bar equals 500 micrometers.
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Figure 32: Dual-stained sample cross-sections allow for cell wall and lignin
visualization. Light blue coloration indicates cell walls, green coloration indicates lignin
as stained using Acriflavine. In dried Zinnia stems, imaged at 10x (a) and 20x (b),
lignin is localized to a small bundle of vascular tissue. In Ze-I samples (c) Acriflavine
fluorescence is dispersed throughout the sample cross-section. In Ze-M samples, there
are no obvious regions of specific Acriflavine fluorescence supporting the expected lack
of lignified cells. All scale bars represent 500 micrometers.
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11 Future Work

Efforts toward the production of ex vivo tissue-like plant materials are still in the early

stages. The field would benefit from an improved understanding and control of cellular

development, advancements to greater synchrony and uniformity of cellular develop-

ment, a deeper exploration of the relationship between cellular-level characteristics and

resulting material properties, and improvements to the consistency and utility of grown

materials.

A myriad of factors, known and yet unknown, orchestrate the growth, development,

and differentiation of plant cells in both nature and the culture environment. In this

work, a few selected, influential factors were examined, and their impact quantified with

respect to the four defined metrics. Much remains to be understood about the effects

of other chemical (e.g., other hormone, individual ion, and sucrose concentrations, etc.),

mechanical (e.g., matrix stiffness, applied loads, etc.), and environmental (e.g., light,

temperature, CO2 concentration, electric fields, etc.) cues on cell development in the

context of gel-based culture. Beyond these external factors, genetic triggers could be

better understood and leveraged to induce the desired development. Improving the pre-

dictability, synchrony, and extent of transformation would yield more uniform material

results and open the door to more complex cellular instruction. For example, multi-

step application of growth cues could ensure the presentation of two traits which do not

typically present together (e.g., pronounced elongation and tracheary element differenti-

ation).

Natural mimicry of grown materials could be improved through the induction of cel-

lular alignment. In natural vascular tissues, cells are highly organized and aligned to

facilitate fluid flow. In some applications, the natural grain of the material is struc-

turally advantageous or aesthetically desirable. Currently no scalable method exists to

direct the alignment of plant cells in a multi-cellular ex vivo environmentf. Furthermore,

in the tightly-packed natural structures, cells physically connect to one another through

fZaban et al. examine effects of auxin gradients and auxin efflux on single-cell alignment [51]
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the middle lamella. This interconnectedness lends strength to the plant material. Ide-

ally culture systems could be made to emulate this interconnectivity. The relationship

between the growing cells and the surrounding scaffold also warrants further exploration.

Scaffold chemistries could be adjusted to promote cell adhesion or steer cell growth and

development. In this way, interfacial interactions between plant and gel phases could be

investigated and improved to allow for better mechanical properties.

Both the cellular-level properties (e.g., lignin content of cell walls) and cell-to-cell

connectivity are likely to impact the resulting properties of grown materials. Methods

should be developed to quantify these relationships in order to inform the production

of materials with specific, desired properties. A deeper analysis of the relationships be-

tween cell wall properties, cell-matrix interactions, and the results on emergent material

properties are needed to be able to better predict material outcomes based on expected

culture developments. With further maturation of presented techniques, entirely new

plant-based materials could be possible—with spatially controlled microstructures and

properties or multi-species materials derived from a monolithically grown culture.

The utility and applicability of these cultivated materials could be improved with pro-

cess translation and refinement. Translating these techniques to higher-value or higher-

utility species would broaden the potential application space and achievable material

properties. Optimizing scaffold deposition would allow for improved control over mate-

rial shape and fabrication of more complex, finer-featured structures. Finally, production

scale-up efforts would be aided by an improved understanding of size constraints (e.g.,

critical culture scales at which growth becomes impaired or behaves unpredictably).

The field of directly cultivated plant materials is still in its infancy. The work en-

compassed in this thesis provides a first interrogation into the potential of the field and

seeks to establish a practical foundation which can inspire future progress in this space.
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12 Conclusion

This thesis proposes and explores a biotechnology-driven solution to the burdensome

demands on slow-growing plant materials like wood. Such materials typically yield low

proportions of high-value plant materials and require energy-intensive harvest and pro-

cessing to reach a saleable condition. Plant cell culture has the potential to address

a number of intrinsic inefficiencies associated with traditional whole-plant cultivation.

The newly proposed concept of net-shape plant material cultivation allows for localized,

high-density, land-free production of net-shape plant materials thereby reducing energy

usage associated with harvest, transport, and processing as well as reducing plant waste.

Additionally, the presented plant material cultivation methods enable control over emer-

gent physical properties of materials, thus opening the door to a new era of possibilities

in the natural materials space (e.g., specialized plant materials with specifically tuned

properties or even monolithic plant materials with spatially controlled characteristics).

A Zinnia elegans model system was used to provide the first proof-of concept demon-

stration of isolated, tissue-like plant material production in controlled configurations. In

the development and demonstration of these lab-grown plant materials, core efforts were

made to understand and tune cell growth, to control material shape to access new forms

and scales, and to begin to elucidate relationships between culture conditions and final

material outcomes.

In order to direct cell growth in cultures, it was first necessary to understand cell

growth. To quantify cell behavior, metrics were developed to evaluate cell development

in culture systems. These metrics were then employed to monitor cell response to a

range of environmental factors including auxin/cytokinin ratios, pH, initial cell density,

and gel culture depth. By simultaneously mapping emergent cellular characteristics in

response to a range applied culture conditions, this work demonstrates the potential to

guide cellular differentiation and morphologies within gel-based culture systems. The

cell response maps, as characterized by the four developed metrics (i.e., live fraction,

lignification, enlargement, and elongation metrics) then informed future iterations of
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cultured materials to achieve the desired cell-level properties. Across replicated tests,

quantified trends in development appeared to be repeatable across biological samples of

Zinnia—which speaks to both the utility of the selected metrics and reliability of the

Zinnia cell responsiveness to the selected stimuli. Conducted experiments have begun to

elucidate relationship between the developed metrics (e.g., the inverse trends between live

fraction and differentiation metrics, and elongation and differentiation metrics) enabling

the thoughtful direction of culture growth and identifying important areas of future

investigation.

With regard to the macroscopic scale, scaffold structure, as controlled by casting

or bioprinting, was found to effectively guide plant material growth. Scaffold-guided

growth enables the production of plant materials in both forms and at dimensions that

are otherwise unavailable using traditional cultivation methods. Although structures

in these investigations were kept to planar configurations, cells were also found to be

capable of survival when positioned more than 8.7 mm from the gel surface indicating

the potential for larger structures to be generated.

Once methods to grow net-shape materials were established, efforts were made to

characterize the emergent properties and to understand how changes to culture conditions

impacted the mechanical, physical, and microstructural attributes of the systems. Simple

adjustments to media formulation were found to significantly impact all three of these

characteristics. Samples grown in induction medium (Ze-I) with high levels of auxin

and cytokinin presented dense growth with entangled cells and interspersed regions of

lignification. Ze-I samples also presented higher storage modulus values than samples

grown in low-hormone maintenance medium (at 404.7 MPa ± 146.9 and 135.3 ± 57.4

MPa, respectively). Ze-M samples were characterized most notably by low densities

and open microstructures. Compared to naturally-occurring plant tissues of the Zinnia,

grown samples were much larger and more uniform in that they lack patterned, highly-

ordered growth and instead present more locally random, but generally even growth.

Increasing organization and interconnectedness of cellular components could improve

natural likeness of cultured materials, if desired. Hormone levels also impacted growth
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potential in addition to material properties. Samples grown in high hormone media saw

only moderate increases in sample volume and mass (91% and 31%, respectively) over

the culture period compared to larger gains in low hormone formulations (398% and

119%, respectively) relative to a cell-free control.

In this work, the growth of characterized materials was examined in response to

changes to a single applied set of conditions at the outset of culture growth, improved

characteristics may be obtainable by making use of a multistage culture wherein devel-

opmental are introduced at different time-points (i.e., delay a trigger to differentiate in

order to first allow for significant growth or elongation). These opportunities would be

worth examining in future investigations.

The concept of tunable, net-shape plant material production is still nascent. This

thesis represents a foundational investigation into this research space and indicates the

promise of using plant cell culture to selectively generate valuable plant tissues as an

alternative to whole-plant cultivation. This work additionally proposes and illustrates

novel methods for quantification of cell development and uses the findings to map and

direct development by modulating simple input conditions. For materials grown from

bioprinted samples, this thesis begins to characterize the complex relationships between

cellular-level growth and the emergent material properties. Most importantly, this proof-

of-concept illustrates the promise of a new approach to agriculture. With tunable, land-

free, net-shape cultivation of plant materials, wood and other plant-based products may

one day be obtainable with limited impact to the surrounding natural environment.
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