System integration of functionalized
natural materials

Sylvia W. Thomas and Norma A. Alcantar, Guest Editors

The use of natural materials in paper and textiles, and in support of tunable and mechanically
robust systems for sensing toxic gases, removing pollutants from water, and constructing
functional biodegradable scaffolds, is a topic of great scientific and practical importance.
The social, environmental, and economic impact of using natural materials to functionalize
integrated systems for new designs is imperative, as the need to reuse and recycle natural
resources has increased in current manufacturing. The inclusion of sustainability in the
design of new materials and processes is almost a common practice; concurrently, the usage
of “being more sustainable” is becoming a more conjointly used term in urban conversations.
That said, systems integration and natural materials are intrinsically related to produce
novel materials that can function as sensors, switches, platforms, and building blocks in a
sustainable fashion. The contributions in this issue of MRS Bulletin highlight the importance

Brief context of system integration of natural
materials

The creation of new materials and products using natural
resources has been occurring since ancient times.! After decades
of using synthetic materials for many industrial applications
(Figure 1),? in the late 1980s, interest in turning to natu-
ral materials started flourishing again, owing to the thrust
toward sustainable design with the release of the Brundtland
Commission Report.>* Previous issues of MRS Bulletin have
tangentially touched on the use of functional natural materials,
including in the construction industry,*¢ health applications,””’
energy production and supply,'®!" chemical products,'>" fibers,'*
and sustainable development in general.'>!'* However, there
has not been a complete issue focused on the development
of functional materials from natural resources with a systems
integration approach. In this issue, materials such as hydro-
gels,'” 18 cellulose,' 2 paper,** 2 cells,*** plants,** nano-
composites,?*21234143 and biomass* ¢ are featured as the core
thematic thread that links how a systems integration approach
is the essence of materials design.

The significance of working with natural
materials

Natural materials have emerged as materials of choice for a
wide range of applications, ranging from biomedical to energy
to environmental. The many attributes of natural materials,

and benefits to society that systems integration of functional materials can provide.

such as intrinsic biocompatibility and surface active properties,
make them prime sources for state-of-the-art applications.
Regarding the use of natural products for medicinal applica-
tions, there are many examples such as the integration of aloe
vera, genistein from soybean, green tea leaves, carrot root,
mango pulp, and more recently, Carvalho’s cactus mucilage—
the viscous liquid inside cactus pads—in wound healing.*’
Natural plant-based products are classified as phytochemicals
and have been found to exhibit anti-inflammatory, antioxidant,
antimicrobial, regenerative, and biocompatible properties, and
are viewed as safer and more affordable than conventional/
standard therapies.*

Recent investigations continue to diversify the benefits
of using extracts from plants such as cactus mucilage in the
functional form of a filtration membrane.**3*%* Opuntia ficus-
indica cactus mucilage extracts have been functionalized in the
form of a nanofiber membrane (Figure 2) for integration into
rural or urban point-of-use filtration systems.***-%-5 Mucilage
is a natural, nontoxic, biocompatible, biodegradable, inex-
pensive, and abundant material and is composed of proteins,
monosaccharides, and polysaccharides (Figure 3). Two fractions
of the mucilage can be extracted. The solids portion after mac-
eration leads to the gelling extract (GE), which is a pectin-rich
polysaccharide; while the nongelling extract (NE), which is
considered a galactomannan polysaccharide, can be obtained
from the liquid supernatant.3-56-58-6!
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Figure 1. Timeline for the usage of materials from 10,000 Before the Common Era (BCE)
to 2020 Common Era (CE). The green, blue, and red curves separate the four main types
of materials. (Top to bottom): metals, polymers, composites, and ceramics. Adapted with
permission from Reference 2. © 2015 Elsevier. Note: PE, polyethylene; PC, polycarbonate;
PMMA, poly(methyl methacrylate); PS, polystyrene; PP, polypropylene; GFRP, glass fiber-
reinforced plastic; CFRP, carbon fiber-reinforced plastic; KFRP, knitted fabric-reinforced

just 10 min.®' When mucilage was added as a
pure powder or in membrane form, up to 50%
As or 18-20% As was removed, respectively.>>’
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Nanocomposites, polymer hybrids, hydro-
gels, and cactus mucilage have also been dem-
onstrated as natural dispersants;!™19-26:44.63-65
hence, they have the potential of being used for
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dispersant concentration exceeds that in water),
causing damage to the marine life and envi-
ronment. On the other hand, the use of surface
active natural chemicals leads to nontoxic dis-
persants. John et al.®>*” have developed bio-
based dispersants that can gelate crude oil and
enhance its recovery.®®*%® Similarly, NE and
GE extracts from the cactus plant can be made

0 Cermets Engineering ceramics : ‘ B
CE less toxic by formulating oil-in-water (O/W)
.4 emulsions (Figure 3). Mucilage disperses oil
2 8 <8 S 8 85 8 2 8 &8 g =2 in O/W emulsions by lowering the surface and
g pres = a2 ) g a o 9 a a9 = interfacial tension. Higher emulsion stabilities
2 Year were shown to have smaller droplet size in the

polymer.

systems with cactus mucilage.®!-%

Toxicity is also an important issue to con-
sider when working with natural materials.
According to the US Environmental Protection
Agency (US EPA) toxicity categories are used
to classify chemicals based on their acute
toxicity (US EPA, 2010b).% One of the most
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Mucilage as an organic material is capable of interacting
with metals, cations, and biological substances promoting
flocculation—clumping pollutants into flocs—for removing
arsenic, bacteria such as Escherichia coli and Bacillus cereus,
and other particulates from drinking water (Figure 4).365%61:65
This natural material has the potential to be used as a sustainable
method for water filtration and contaminant sensing. A muci-
lage nanofiber membrane has been integrated into a filtration
system to treat a 50-parts-per-billion (ppb) arsenic solution.
Results demonstrate the natural functionality of the mucilage
to absorb arsenic (As) atoms in the filtration system, and this
is measured from filtration data in terms of the percentage of
arsenic removed.*® For instance, when mucilage was added in
combination with iron, >90% removal of As was attained in

B MRS BULLETIN - VOLUME 42 - MAY 2017 - www.mrs.org/bulletin

https://doi.org/10.1557/mrs.2017.90 Published online by Cambridge University Press

common parameters to measure toxicity is the
LC,,, which stands for the lethal concentration of a substance
that causes 50% of a population of selected sensitive organ-
isms to perish after 24 h of exposure. If the LCy, is less than
100 mg/L, by convention, the chemical in question can be con-
sidered toxic. The lesser the value of LC,, the more toxic a
chemical. In our experience, mucilage from cactus, such as the
NE and GE extracts, would be classified as practically nontoxic.
When aquatic life is exposed to the mucilage, specifically
Daphnia magna, the survival rate is almost 100% for concen-
trations equal to or lower than 100 mg/L. For concentrations
ranging from 200-2000 mg/L of GE and NE, the survival rate
of Daphnia was higher than 70%. In general, nonexistent tox-
icity is a beneficial property of working with natural materials.
The contribution by Medina-Velo et al. shows in detail how
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Figure 2. Example of the use of natural materials for the system integration in a point-of-use
(POU) filtration system. The cactus mucilage is extracted from the (a) Opuntia ficus-indica
plant. (b) It is then dried and ground into a fine powder. (c) Atomic force microscope (AFM)
scans of the nanostructure for the nongelling (NE) cactus mucilage extract show a fishing
net-like topography. The AFM scans reveal the nanostructure of the NE extract at (right)
high (500 nm) and (left) low magnification (2 um). The color bar scale on the left-hand

such systems can be integrated into water-
treatment technologies. There are several other
natural materials that offer critical benefits to
systems integration of functional natural mate-
rials, and these will be discussed in the differ-
ent contributions in this issue. Figure 5 shows
a schematic representation of the contributions
for this issue in regards to the integration of
natural materials into functionalized sustain-
able systems. For instance, it illustrates how
natural materials such as cellulose, lignin, cactus
plants, biomass, and cells can be processed
to produce paper for light, nonpower sensor
applications, lignin nano- and macroparticu-
lates, membrane filtration systems for water
purification, bio-oils for energy and high-
strength polymers, and functionalized tissue
substrates. It is also worth mentioning that the
analysis of how natural materials react to poten-
tial contaminants produced during nanomanu-

side shows the color scheme depending on the depth of the scanned surface. Next, facturing will be discussed in this issue.
cactus mucilage is processed into nanofibers by electrospinning. (d) The subsequent
AFM images show greater details of the nanofiber structure; respective scales noted.
All AFM scans were taken in height mode. (e) This image shows a typical electrospun
membrane. The typical area of the membranes ranged between 2.5 and 3.0 cm?. (f) The
membranes are then assembled into water purification filters.38.3:53-57

In this issue

Fabrication of functional tissue
Natural polymers and polysaccharides are of
particular interest as nano- and macrostruc-
tures for wound care, skin grafting, and tissue engineering due

. 20 to their chemical and biological properties, which mimic the
£ 70} BN BGe extracellular matrix (ECM) to recreate the conditions needed
§ > ) for the physical bioenvironment and the biochemical reactions
= around cells.”® As the ECM provides structural and biochemical
2 so support to cells, an electrospun matrix of a polysaccharide-based
é a0l natural material and biodegradable polymer has the potential
3 to produce a biomembrane that can promote cell proliferation.
%L 30 This strategy of functionalizing a three-dimensional (3D) matrix
O 20 of natural materials to be integrated for tissue engineering
Ig 5l systems to promote cellular migration, proliferation, and
@ growth can be viewed as a “top-down” outlook.!730-32

s Tirorc A In their article in this issue, Baksh et al. review an

AN Y - j Vs  =Las innovative method for bottom-up integration, which utilizes

v 'S il Gl A natural cell-cell junctions as in an ECM to build functional

' |£| '" E] ’ E E] : tissue layer by layer. The stacking of cells layer by layer

on thermally responsive polymers in a three-dimensional

Figure 3. Proteins, monosaccharides, and polysaccharides (3D) environment produces “engineered cell sheets.” There

of mucilage gelling extract (GE) and nongelling extract (NE) . . e .

are composed of the following main sugars: (a) arabinose is great promise for the utilization of engineered cell sheets

(b) galactose, (c) xylose, (d) glucose, and (e) uronic acids for integration and direct adhesion to existing tissue in vitro

(e.g., hexoses and pentoses sugars).*! GE is a pectin-rich or in vivo, without the use of intermediate scaffolds. This
polysaccharide; hence, it contains more uronic acid-type sugars . . . . .

than NE. Conversely, the NE has a higher arabinose and form of bottom-up integration functionalizes engineered cell

galactose content than GE. sheets to mimic living cell proliferation and growth for tis-

sue systems or tumors.’!** Cell sheet engineered functional

Arabinose Galactose Xylose

[ \o—

toxicity could be a significant problem in plant biology when
plants are exposed to different kinds of materials.

The previous examples mentioned that cactus mucilage
properties demonstrate the ability of a natural material to
be immersed in fresh and aquatic water systems, and how
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constructs have been integrated successfully in clinical tri-
als and several surgical applications. With this advance-
ment, there are still research questions that must be resolved
regarding intercellular response from cell-cell and cell-release
(i.e., cell detachment).
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Functional materials from biomass

In energy, polymeric materials, based on val-
T =0 e = 10 o ' orization (i.e., real cost of the materials that
considers the cost for their extraction, manu-
facturing, reuse, and end-of-life processes)
of bio-based derived materials and renewable
feedstocks, can be a critical alternative to fossil
resources. High-performance biopolymers and
bioresins use lignocellulosic biomass, which is

Heavy Metal generally obtained from plant-based materials

Removal such as agricultural residues, forestry wastes,

: and energy crops. In their article, Sibaja

SeD = ovs sonil Hernandez et al. report on these new polymer-
Bacillus cereus of arsenic-iron . . . I

bactea afior complex after ic materials that have a unique combination

being in contact being in contact of thermal resistance and superior mechani-

with 2 ppm NE with 100 ppm GE cal performance of polymeric resins, sufficient

cactus mucilage cactus mucilage . .
+20 mM Ca2* SHiamn to compete with high-performance structural

polyurethanes. Similarly, bio-oils can also be

used as building blocks for high-performance
Figure 4. Functional applications of cactus mucilage. In all cases, cactus mucilage has biopolymers and bioresins with special sur-
been added to separate/flocculate contaminants at minute concentrations (i.e., between . 4471 Qians
2 and 100 ppm).565261.65 (g) Nongelling extract (NE) can effectively flocculate bacteria from face active properties.*”" Similar to the cactus
solution. Gelling extract (GE), can effectively remove (b) sediments and (c) heavy metals mucilage composition, bio-oils also contain
when added to water. The inset in (b) is a lower magnification image. (d) Effectiveness of high-value sugar and carbohydrates, which
cactus mucilage as a dispersant. The example shows crude oil droplets for 3% volume/volume

oil/water dispersions (3% v/v). The dispersant/oil ratio (DOR) is 1:20. make them suitable to form fibers for mem-

branes.”” In addition, this article includes
discussion of techniques that make possible
Functional paper for microfluidic devices the transformation of biomass into sustainable-energy sourc-
Microfluidic paper capitalizes on the rich natural porous char- es, which have been regarded as transformative in the way bio-
acteristics of pulp (fiber-like cellulose material). In their oils are utilized in polymer engineering.

article, Bohm and Biesalski review platforms for microflu-

idic paper devices, which have great flexibility for “manipu-  Functional nano- and microparticles from lignin
lating fluid streams” by capillary action. The diversification The processing of lignin can also form new functional par-
of paper-based microfluidic systems ranges from medical to ticles. Rojas and colleagues have been pioneers in the field
environmental applications.?**”* Several techniques are used of functional cellulosic crystals with nano- and microscales

to functionalize paper-based devices, including 3D splitting, for various applications such as in new chemical, superhydro-
mixing, or filtering delays. That is, these three forms of fluid phobic surfaces, emulsifiers, adhesives, sensing devices, and
transport were described as the separation of fluid into mul- bioscaffolds.?*!**42 Lignin has been of interest because it

tiple streams (splitting); combining of fluid streams into a is durable and resistant to chemical attack. At the same time,
single channel (mixing); and separation from the fluid by it can be biodegraded by some microorganisms making it a
a membrane (filtering). Microfluidic paper devices can be suitable material for “green” applications. The lignin nanopar-
integrated into several systems, from DNA diagnostics to ticles can be functionalized with metals and dielectrics to
food-quality control. enhance their applicability in energy storage systems. In their
This article also discusses the effects of the chemistry and article, Ago et al. present techniques for the processing of lig-
structure of paper in its capacity to be chemically modified nin particles such as self-assembly, extrusion, or coalescence.
to increase its hydrophobicity. Such functionalization has Such techniques are also important for processing other natu-
been shown to have a large effect on capillary forces, which ral materials with similar properties into drug carriers, dis-
are used to control the flow direction and rate in paper- persants, food emulsifiers, and compound encapsulates. They
based microfluidic devices. The advantages of using paper as also discuss how different colloidal properties can be finely
a platform in microfluidics include its low cost, versatility for controlled, depending on the type, size, and chemistry of the
being integrated with other materials and electronic systems, lignin particles.
ease of use, and complete biodegradation after use. The appli-
cations of such functional materials is elegantly presented as ~ Assessing the effects of functional materials via
a function of porosity, surface chemistry, and fiber structure,  plant uptake mechanisms
and the article evaluates the effects of such parameters in a For quite some time, we have been questioning what effects,
general application involving DNA testing. if any, nano- or microscale materials have in plants as well as

346 M MRS BULLETIN - VOLUME 42 + MAY 2017 - www.mrs.org/bulletin
https://doi.org/10.1557/mrs.2017.90 Published online by Cambridge University Press


https://doi.org/10.1557/mrs.2017.90

EM INTEGRATION OF FUNCTIONALIZED NATURAL MATERIALS

Figure 5. Schematic representation of the contributions for this issue related to the theme,
“System integration of functionalized natural materials.” From top right, counterclockwise:
Baksh et al. illustrate the preparation of functionalized tissue substrates. B6hm et al.
demonstrate the transformation of cellulose fiber into sensors made of functionalized
paper. Sibaja Hernandez et al. discuss the integration of the production of bio-oils for
functionalized polymeric systems in the realm of biomass. Medina-Velo et al. depict
plant uptake and transport mechanisms of different metal contaminants that affect plant
growth and integrity. Ago et al. show the preparation of functionalized cellulosic fibers
with lignin nanoparticles for antibacterial, antioxidant, and colloid active substrates.

discern how nanoscale metals interact with
plant biology and their effect on several food
crops such as tomatoes, soybean, corn, and
cucumbers, where the type of metal and chem-
istry plays a significant role in how the plant
reacts to their presence.

System integration in sustainable
design

Federal agencies started recognizing the
importance of supporting projects that touched
on the integration of natural materials in sus-
tainable design. In the early 1990s, the EPA
and the National Science Foundation (NSF)
started supporting projects that included
sustainable materials and processes. The
NSF implemented “Biocomplexity in the
Environment Programs” in the early 2000s.
Consequently, the “Materials Use: Science,
Engineering and Society” Program was pro-
moted in 2003 with approximately USD$65
million investment. Subsequently, the creation
of various institutes for sustainability along
with different undergraduate and graduate
curricula that relate to this issue increased
exponentially. The current program that supports
research and development across disciplines
in this area is the “Sustainable Chemistry,
Engineering, and Materials Program” at NSF.
The great majority of technologies, new
materials, and novel designs that resulted from
such initiatives have shown that system inte-
gration of natural materials is key to enhanc-
ing our understanding of how to best learn
from nature.

their fate in the environment. Gardea-Torresday’s group is a
pioneer in this area and has been able to evaluate how these
mechanisms take place in plants. One of the main concerns
is whether engineered nanomaterials (ENMs) such as CeO,,
Si0,, ZnO, or TiO, enhance or inhibit the functionalities of
biological, agricultural, and environmental systems. What is
known is the natural ability of plants to adhere to an uptake or
transport process, which is the elemental transition from soil
to root or roots to tissues.

In their article in this issue, Medina-Velo et al. discuss the
uptake and translocation of ENMs and the interactions with
plant roots, tissue, and seeds. When natural plants are inte-
grated into a system, there is the potential for the behavior of
the system to change after the uptake of ENMs. The authors
offer a unique perspective that shows the alarming amounts of
ENMs produced per year and their potential effects.?*** They
have discovered that the mechanisms in plants are unique.
Both a synchrotron micro x-ray fluorescence imaging tech-
nique and x-ray absorption near-edge structure were able to

https://doi.org/10.1557/mrs.2017.90 Published online by Cambridge University Press

Summary

The successful application of natural materials in the con-
struction of membranes, filtration devices, sensors, organic
electronics, flexible smart materials, support structures,
hydrated systems, chemical synthesis, and hydrophobic sur-
faces are displayed in the articles in this issue of MRS Bulletin.
The contributions present various types of functionalized
natural materials/composites engineered for high chemical
and mechanical performance, which have a significant role
in manufacturing and materials flow analysis. The benefits of
fundamental science related to natural systems include prime
relationships to sustainability such as life-cycle assessments,
and life-cycle costs in health and safety that will continue
to pave pathways to transform materials science and create
better materials systems.
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