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CONSPECTUS

To date, a wide range of industrial materials such as sol-
vents, fuels, synthetic fibers, and chemical products are
being manufactured from petroleum resources. However,
rapid depletion of fossil and petroleum resources is encour-
aging current and future chemists to orient their research
toward designing safer chemicals, products, and processes
from renewable feedstock with an increased awareness of
environmental and industrial impact. Advances in genetics,
biotechnology, process chemistry, and engineering are lead-
ing to a new manufacturing concept for converting renew-
able biomass to valuable fuels and products, generally known
as the biorefinery concept. The swift integration of crop-
based materials synthesis and biorefinery manufacturing
technologies offers the potential for new advances in sus-
tainable energy alternatives and biomaterials that will lead
to a new manufacturing paradigm. This Account presents a
novel and emerging concept of generating various forms of
soft materials from crops (an alternate feedstock). In future
research, developing biobased soft materials will be a fasci-
nating yet demanding practice, which will have direct impact on industrial applications as an economically viable alterna-
tive. Here we discuss some remarkable examples of glycolipids generated from industrial byproducts such as cashew nut
shell liquid, which upon self-assembly produced soft nanoarchitectures including lipid nanotubes, twisted/helical nanofi-
bers, low-molecular-weight gels, and liquid crystals. Synthetic methods applied to a “chiral pool” of carbohydrates using the
selectivity of enzyme catalysis yield amphiphilic products derived from biobased feedstock including amygdalin, trehalose,
and vitamin C. This has been achieved with a lipase-mediated regioselective synthetic procedure to obtain such amphiphiles
in quantitative yields. Amygdalin amphiphiles showed unique gelation behavior in a broad range of solvents such as non-
polar hexanes to polar aqueous solutions. Importantly, an enzyme triggered drug-delivery model for hydrophobic drugs was
demonstrated by using these supramolecularly assembled hydrogels. Following a similar biocatalytic approach, vitamin C
amphiphiles were synthesized with different hydrocarbon chain lengths, and their ability to self-assemble into molecular gels
and liquid crystals has been studied in detail. Such biobased soft materials were successfully used to develop novel
organic—inorganic hybrid materials by in situ synthesis of metal nanoparticles. The self-assembled soft materials were char-
acterized by several spectroscopic techniques, UV—uvisible, infrared, and fluorescence spectrophotometers, as well as micro-
scopic methods including polarized optical, confocal, scanning, and transmission electron microscopes, and thermal analysis.
The molecular packing of the hierarchically assembled bilayer membranes was fully elucidated by X-ray analysis. We envi-
sion that the results summarized in this Account will encourage interdisciplinary collaboration between scientists in the fields
of organic synthesis, soft materials research, and green chemistry to develop functional materials from underutilized crop-
based renewable feedstock, with innovation driven both by material needs and environmentally benign design principles.
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Introduction

In the early part of the 20th century, many industrial materi-
als such as solvents, fuels, synthetic fibers, and chemical prod-
ucts were made from plant/crop-based resources.' After the
1950s, most of the biomass-based materials had been
replaced by petroleum-derived products. However, the major
oil crisis of the 1970s alerted the scientific community to
begin to search for efficient processes to use biomass for
developing industrial products and materials.'? This scenario
is graphically presented in Scheme 1 (adapted from ref 3). The
choice of raw materials is now of great significance for both
economic reasons and environmental concerns. This challenge
then falls on chemists, chemical engineers, and biotechnolo-
gists to design suitable methodologies and processes for the
effective production of fuels, chemicals, and pharmaceuticals
in a biorefinery.

These efforts have produced a new generation of mono-
mers and chemicals for the synthesis of plastics and other
products.>~® The Technical Advisory Committee (US) has
established a national vision for bioenergy and biobased prod-
ucts. The Committee forecasts an optimistic and challenging
goal; that biomass will supply five percent of the nation’s
power, 20% of its transportation fuels, and 25% of its chem-
icals by 2020. The goal is to replace 30% of current petro-
leum consumption and will require more than one billion tons
of dry biomass annually. With such a dramatic increase in
activity from biomass comes a responsibility to increase the
capacity and sophistication of waste management systems.
Early efforts focused on fermentation byproducts; later
researchers’ attention turned to developing processes for con-
verting inherently low-value raw materials into chemically
sophisticated products. The research took advantage of the
selectivity and reactivity of enzymes for unique transforma-
tions in a biorefinery concept.

Nature offers an abundance of opportunities for shaping
structural and functional materials in its wide variety of raw
materials including carbohydrates, nucleotides, and proteins.
Recently, Koopman et al. addressed four main themes empha-
sizing the importance of developing new starting materials
from biomass.” Much of the work focuses on two areas: green
chemistry and industrial/white biotechnology. One aspect of
green chemistry refers to the use of biomass to provide alter-
native starting materials for the production of chemicals, vita-
mins, pharmaceuticals, colorants, polymers, and surfactants.
This use of biomass for chemical syntheses was traditional
until its replacement by petrochemicals in the 1950s. Indus-
trial/white biotechnology highlights the use of micro-organ-
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SCHEME 1. Graphical Presentation of Utility of Various Resources
for Generating Value-Added Products, Chemicals, and Fuels, a
Historical Perspective?
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isms to provide the chemicals. It also includes the use of
enzyme catalysis to yield pure products and consume less
energy. Recent literature shows a growing interest in this
approach.®~""

Examples using these techniques include composite mate-
rial such as polymeric foam and biodegradable elastomers
generated from soybean oil and Kkeratin fibers.'? Plastics such
as polylactic acid have been developed using this approach,
which illustrates biocompatibility due to its trivial hydrolytic
degradation.'® Some examples display a combination of
hydrogen bonding and hydrophobic and specific aromatic
m—m interactions in semisynthetic amphiphiles, which gener-
ate exotic molecular architectures that facilitate the self-as-
sembly. In this Account, we summarize experimental efforts to
develop diverse synthetic intermediates from biomass
resources using either chemical processes or biocatalysis. The
emphasis is on the use of renewable raw materials (e.g., crops)
as a feedstock for new building blocks in supramolecular
chemistry and their assembled soft materials. Our current
research is focused on generating a wide range of self-assem-
bled soft materials utilizing an array of different crops as feed-
stock (Scheme 2).

Select Examples of Utilizing Renewable
Raw Materials for Value-Added Products
The paradigm shift from petroleum hydrocarbons to biobased
feedstocks provides remarkable opportunities for the chemi-
cal processing industry. Comprehensive reviews in the litera-
ture address the diversity and wealth of renewable monomers



SCHEME 2. Schematic lllustration of Our Research Interest in
Developing Soft Materials from Plant- or Crop-Based Resources
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and raw materials.>3'4~'9 Recently, a process for the produc-
tion of liquid alkanes by aqueous phase processing of carbo-
hydrates was demonstrated.®2° A specific reaction pathway
for the conversion of biomass-derived glucose into liquid
alkanes is shown in Scheme 3. Here, acid-catalyzed dehydra-
tion of sugar is followed by aldol condensation of solid base
catalysts to produce furans. Subsequent dehydration/hydro-
genation over bifunctional catalyst produces liquid alkanes
with the number of carbon atoms ranging from C, to C;s.
These liquid alkanes are of the appropriate molecular weight
to be tested as transportation fuel components.

Efforts to generate disaccharide intermediates have shown
enormous industrial potential. Isomaltulose is amenable to fur-
ther functional transformations, its industrial production is of
great interest.>"2? Its hydrogenated product, isomalt (Scheme
4), in a 1:1 mixture with the terminally a-glucosylated gluci-
tol and mannitol, which is on the market as a low-calorie
sweetner.?*> Amphiphilic derivatives of isomaltulose exhibit lig-
uid-crystalline properties.* Families of natural surface active
agents (@mphiphiles containing either a natural polar head-
group or natural hydrophobic tail), such as, alkylglucosides,
alkylglucamides, and sugar esters, have been produced by
yeast or bacteria.'®2>"2” Other surfactants have been pre-
pared from carbohydrates and vegetable oils. Their interfa-
cial properties, ecological evaluation, toxicology, and der-
matological properties have been investigated.'® Frost et al.
have demonstrated the efficient production of catechol® and
phenol?® from p-glucose using genetically engineered Escheri-
chia coli (Scheme 5).

The following section describes the design and synthesis of
a wide range of novel amphiphiles from various renewable
resources using either chemical synthesis or enzyme-medi-
ated biocatalytic pathways. After selection of a suitable “mono-
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mer” (starting material) from renewable resources, appropriate
functional groups that can promote intermolecular interac-
tions were systematically introduced by careful design and
derivatization. Such amphiphiles were “decorated” with diverse
functional groups and were then used to generate an array of
self-assembled soft materials such as molecular gels, liquid
crystals, fibers, helices, and organic nanotubes. These soft
materials were used to develop films, sensors, drug-delivery
vehicles, and liquid crystals and also to synthesize and align
various metal nanoparticles. This systematic process begins
with one of two categories of modifications that are possible
with renewable resource-based amphiphiles: either hydropho-
bic part of the amphiphile can be obtained from biomass and
synthetically attached to the polar headgroup, or the polar
hydrophilic headgroups can be acquired from renewable feed-
stock and converted into surfactants by connecting an appro-
priate hydrophobic group by use of chemical/enzyme-
mediated reactions. As an example of the former category, we
used cardanol (from cashew nut shell liquid) as the hydropho-
bic part to which hydrophilic groups were attached. In the lat-
ter category, we obtained amygdalin, trehalose, and ascorbic
acid as polar headgroups (from crops) and attached a series
of hydrophobic tail units to make them amphiphiles to pro-
vide self-assembling properties.

Design and Development of New
Amphiphiles from Crops

Cashew Nut Shell Liquid (CNSL) Based Products and
Intermediates. The biomonomer cardanol, a major constit-
uent of CNSL, is an industrial byproduct from Anacardium occi-
dentale L.3°32 Cardanol (Scheme 6), a distilled product of
CNSL, consists of four meta-alkyl phenols with alkyl chains dif-
fering in their degree of unsaturation. Cardanol possesses
interesting functional structural features that allow chemical
modification to generate a range of amphiphiles and useful
monomer products. A variety of functional groups can be
attached to the reactive free hydroxyl group of cardanol for
derivatization. For example, cardanyl acrylate (Scheme 6) was
synthesized by the reaction of cardanol with acryloyl chlo-
ride,** which produced a linear polymer upon solution polym-
erization in toluene using 0.8% azobisisobutyronitrile (AIBN)
as radical initiator. Upon removal of solvent and exposure to
either air or UV light, the polymer underwent cross-linking to
produce an insoluble transparent film.33 We can attribute the
cross-linking to hydroperoxide-mediated autoxidation.??
Cardanol-Based Glycolipids. Synthesis of biobased
molecular building blocks of aryl glycolipids, GlyLip1 and
GlyLip2 (Scheme 7), was achieved by attaching glucopyra-
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SCHEME 3. Reaction Pathways for the Conversion of Biomass-Derived Glucose into Liquid Alkanes?
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SCHEME 4. Preparation of Isomaltulose from Sucrose and Ensuing
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nose to cardanol (for detailed synthesis see ref 34). Self-as-
sembly properties of GlyLip1 and GlyLip2 have been
extensively investigated in aqueous solution to generate
nanostructures, such as helical and twisted fibers and nano-
tubes (interestingly, these assemblies exhibited high axial
772 = ACCOUNTS OF CHEMICAL RESEARCH
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SCHEME 5. Synthesis of Catechol and Phenol from Genetically
Modified E. coli®
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9 Conditions: (a) E. coli AB2834/pKD136/pKD9.069A, 37 °C; (b) E. coli
SP1.1PTS/Psc6.090B; (q) (1) H,0, 350 °C, (2) Cu®, H,0, 350 °C.

ratios).>*3> Typically, low concentrations of glycolipids were
dispersed in boiling water, and slow cooling of the hot solu-
tion and equilibration at room temperature resulted in vari-
ety of coiled ribbons and fine fibrous structures within 12—24
h. The fibrous structures were investigated using polarized and
phase-contrast light microscopy (POM) and transmission (TEM)
and scanning (SEM) electron microscopy. TEM and SEM
images showed the presence of ribbons with uniform widths.
The lengths of the nanofibers were a few micrometers, and
the widths were a few tenths of a nanometer. For saturated
GlyLip2, all individual fibers showed twisted morphology, in

phenol



SCHEME 6. Synthesis of Cardanol-Based Polymer
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SCHEME 7. Chemical Structures of Cardanol-Based Glycolipids with
Different Degrees of Unsaturation
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contrast to the helical pattern of the fiber from GlyLip1 (Fig-
ure 1). The self-assembled nanofibers from GlyLip1 progres-
sively generated tubular structures; TEM images showed that
nanotubes were open-ended with uniform shape and uniform
internal diameter (Figure 2). The external diameter of nano-
tubes was between 40 and 60 nm with lengths between 10
and 100 um and thickness of 8—15 nm. Inspection of non-
covalent assembly of nanotubes reveals that they can pro-
vide nanostructures with almost the same dimensions as
multilayer carbon nanotubes. A schematic illustration of the
nanotube wall structure is shown in Figure 3.3°

To understand the role of the unsaturated hydrophobic tails
(mono-, di-, and trienes) in nanotube formation, the individ-
ual components were isolated from the cardanyl glucoside
mixture. Binary self-assembly of the saturated and monoene
derivatives provided a rationale for the control of self-assem-
bled helical structures (Figure 4).3° In a typical self-assembly,
90:10 (saturated/monoene) mixtures generated twisted rib-
bons in water. This might have been expected for the 10%
doping of the monoene component. The 80:20 compositions
also exhibited twisted-ribbon morphology on FE-SEM analy-

Soft Materials from Renewable Resources Vemula and John

Tay 200 nm

FIGURE 1. A POM image (a) of self-assembled fibers from GlyLipT1,
an EF-TEM image (b) of an individual coiled nanofiber of GlyLip1, a
phase-contrast light microscopy image (c) of self-assembled fibers of
GlyLip2, and an EF-TEM image (d) of an individual coiled twisted
nanofiber of GlyLip2. Reprinted with permission from ref 34.
Copyright 2001 Wiley-VCH.

sis (Figure 4). No significant effect on the twisted morphol-
ogy was observed by doping of the monoene component to
30—40%. On the other hand, an equimolar (50:50) compo-
sition gave loosely coiled-ribbon morphology between the
twisted and tight helical coil. While increasing the monoene
content in these experiments, the helical pitch decreased to
give tubular morphologies with helical markings.

Novel Synthetic Amphiphiles. The above work encour-
aged us to design new amphiphiles from common laboratory
reagents. Understanding the principles of self-assembly using
biobased amphiphiles suggested to us to design new specific
synthetic materials. A series of long-chain phenyl glucosides
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FIGURE 2. A polarized light microscopy image (a) of nanotubes of
GlyLip1 and EF-TEM images (b—d) of nanotubes. Reprinted with
permission from ref 34. Copyright 2001 Wiley-VCH.

(PheGlu1-5, Scheme 8) were synthesized, and their self-
assembling properties were thoroughly examined.” In these
glycolipids, hydrophobic tails were attached to the phenyl
group through an amide bond to increase the possibility of
hydrogen bonding. The number of cis double bonds varied
(0—3) in the lipophilic component (Scheme 8). Their influence
on the formation of nanostructures has been examined by
various techniques such as TEM, SEM, CD, FT-IR, and XRD. The
glycolipid PheGlu2 showed the twisted fiber structure with
50—200 nm width and several micrometers length, whereas
PheGlu3 formed a left-handed coiled tube with 150—200 nm
inner diameter and ca. 20 nm wall thickness. In contrast, the
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FIGURE 3. TEM image of a lipid nanotube formed from cardanyl
glucosides and schematic illustration of the wall structure. Reprinted
with permission from ref 35. Copyright 2005 American Chemical
Society.

glycolipid with three cis double bonds in the hydrocarbon
chain (PheGlu4) displayed a typical nanotubular structure con-
sisting of a 70 nm inner diameter and 80—100 nm outer
diameter (Figure 5). The glycolipids containing an amide
group as linker exhibited higher gel-to-liquid crystalline phase
transition temperatures compared with glycolipids with an
O-glycosidic linkage.>”

We then designed analogous synthetic amphiphiles in
which molecular recognition units were incorporated using
reagents equipped with complementary groups for functional
soft materials (Scheme 9). Specifically, by combining simple
monosaccharides, saturated or unsaturated fatty acids, and
diamino-aromatic linkers, we generated a library of products
ranging from fibers that lacked structural regularity to highly
uniform nanotubes.®® Self-assembly of GlyDAP1 (Scheme 9) in
water produced helical ribbon morphologies, as expected.
Upon aging for an additional 12 h, these helical morpholo-
gies converted to lipid nanotubes with an outer diameter of
60—80 nm and an inner diameter of ca. 20 nm.

A hypothetical model for self-assembly of these amphi-
philes has been proposed based on the hydrogen bonding,
sm—m stacking and interdigitated hydrophobic tails (Figure 6).



FIGURE 4. FE-SEM Images of Self-Asse
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mbled High Axial Ratio Nanostructures after 2 Days Incubation (Saturated/Monoene): (a) 100:0, (b)

90:10, () 80:20,! (d) 50:50,! (e) 20:80," (f) 10:90,1 (g) 0:100, and (h) cardanyl glucosides mixtures, as a reference. In panels b, ¢, and d,
the white arrows indicate twisted helical morphology. In panel e, the white arrows show the tightly coiled helical ribbons. In panel f, the
white arrows show helical markings on the nanotubes. Reprinted with permission from ref 36. Copyright 2002 Wiley-VCH.

Diaminopyridine (DAP) forms three-point hydrogen bonds,
which makes this functional group versatile in preparing arti-
ficial receptors. Nanotubes made of GlyDAP1 were fluores-
cent; hence including the DAP group with complementary
hydrogen-bonding capability permits the incorporation of flu-
orescence properties into nanotubes. Indeed, addition of up to
10 mM thymidine caused the quenching of fluorescence pre-
sumably due to the formation of multiple hydrogen bonds.?®
Fluorescence quenching was selective for nucleosides over
urea and f-p-glucose, which can also form extensive hydro-
gen bonds. With this design, it was possible to develop novel

soft nanomaterials for molecular recognition and other func-
tional applications.

DAP derivatives are also known to serve as ligands for
complexing with specific metal ions such as Cu(ll), Zn(ll), and
Co(ll).>94° The glycolipid GlyDAP1 possesses a metal ion-bind-
ing unit in the form of a 2,6-disubstituted DAP moiety. Func-
tional amphiphiles constructed with metal-complexing
templates offer additional advantages because they self-as-
semble in aqueous media to form various nanostructures that
apparently can act as templates for patterning the inorganic
materials in a desired fashion. In one experiment, novel metal-
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SCHEME 8. Series of Synthetic Amphiphilic Glycosides with
Different Number of Double Bonds

HO on OOR
(o]
PheG|u1 :R = rf‘J\N/U\/\/\/\/\/\/\/\/\
H O
PheGlu2 R = ;”\HJOK/W\MW
PheGlu3 iR = A A~
HO
PheGlu4 :R = K\N — o —
H O
PheGlu5 :R = A A~~~
H

chelating glycolipid nanotubes were utilized, and Cu nanopar-
ticles were successfully assembled by removing the nanotube
templates through an annealing process under argon atmo-
sphere.*' High-resolution SEM images revealed the dense
arrangement of fine Cu nanoparticles on almost the entire sur-

FIGURE 5. EF-TEM and SEM pictures of the self-assembled (a)
PheGlu2, (b, ¢) PheGlu3, and (d, e) PheGlu4. Reprinted with
permission from ref 37. Copyright 2002 American Chemical Society.

776 = ACCOUNTS OF CHEMICAL RESEARCH = 769-782 = Jjune 2008 = Vol. 41, No. 6

SCHEME 9. Diaminopyridine-Based Amphiphiles with Open-Chain
Sugar Headgroups
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face of the templates, which have directed the nucleation and
controlled the assembly of the nanoparticles (Figure 7).’

A simple conjugated sugar, PheGlu5 (Scheme 8), showed
excellent gelation behavior in organic liquids and aqueous
solution.*? Examining the gel microstructure with various spec-
troscopic techniques revealed that the chiral aggregates con-
sist of predominantly twisted helical ribbons whose helicity
was exclusively right-handed with approximately 85 nm width
and 315 nm pitch and up to several micrometers length. The
XRD, 'H NMR, and FT-IR results suggested that the aqueous
gel is stabilized by a combination of hydrogen bonding, 7—x
interactions, and hydrophobic forces. We also studied the self-
assembling properties of renewable resources-based carda-
nyl glucosides, GlyLip1 and GlyLip2 (Scheme 7), for gener-
ating gels in various solvents. Individual glycolipids
GlyLipA—D and mixtures of them (GlyLip1) formed thermally
reversible transparent gels in a water/alcohol mixture and a
number of organic solvents, which were strongly influenced by
the degree of unsaturation in the aliphatic alkyl chain.** The
amphiphilic nature and self-assembling properties of biomass-
based glycolipids GlyLip1 and GlyLip2 prompted us to inves-
tigate the possibility of liquid crystal formation.** The liquid
crystalline properties of GlyLip1 and GlyLip2 were also stud-
ied by optical polarizing microscopy, differential scanning cal-
orimetry, and X-ray diffraction. All the phases were identified
as lamellar in structure. Introduction of double bonds in the
liphophilic portion of the molecule significantly decreased the
phase transition temperatures, although these glycolipids all
exhibited a common pattern in their phase transitions.

Novel amphiphilic glycolipids were synthesized from car-
danol, an industrial byproduct (biomass). The self-association
properties of these glycolipids have been investigated exten-
sively. Formation of polymer films, fibers, helices, nanotubules,
molecular gels, and liquid crystals from self-assembly of plant-
or crop-based glycolipids has elegantly been demonstrated for
soft materials development.

Molecular Gels from Amygdalin Ampbhiphiles. Earlier we
obtained the hydrophobic domains of amphiphiles from crops;
here we sought polar headgroups from plant- or crop-based
resources to synthesize the amphiphiles. While this work shows
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FIGURE 6. Proposed self-assembled nanostructures from GlyDAP1 and GlyDAP2. The unsaturation in GlyDAP1 results in a kink and a
slightly less layered interdigitation. Reprinted with permission from ref 38. Copyright 2004 American Chemical Society.

FIGURE 7. SEM images of (a) as produced copper-complexed organic nanotubes, (b) nanoparticles after annealing in argon atmosphere, (c,
d) Cu nanoparticles formed on nanotube templates, and (e) an enlarged view of the square area marked in panel d. Scale bar is 500 nm.
Reprinted with permission from ref 41. Copyright 2005 Elsevier.

promise in developing unique supramolecular products, at ~ to commercial operations. Challenges still exist to develop envi-
present, multistep syntheses of molecular gels is an encumbrance  ronmentally benign and sustainable production processes. Iden-
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SCHEME 10. Enzyme-Catalyzed Regioselective Synthesis of Sugar Amphiphiles from Amygdalin, Trehalose, and Ascorbic Acid
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tifying cheap starting materials as well as a sleek synthetic route
allow improved commercial development of these products. Syn-
thetic processes that use microbes and enzymes (bio-
catalysis*>“®) have greater promise for the expansion of bio-
based industries. Unlike thermal and chemical processes, biopro-
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cesses occur under mild reaction conditions, usually result in
stereospecific conversions, and produce low or relatively few
byproducts. This method can also be used to generate soft mate-
rials from biomass at a relatively lower cost and therefore, has
economic benefits as well. One drawback is that enzyme-cata-

FIGURE 8. SEM micrographs of (a) organogel of Amy4 and aqueous gels of (b) Amy14 and () Amy18 and (d) a higher magnification image
of the gel in panel b. Scale bar is equivalent to 1 um. Reprinted with permission from ref 49. Copyright 2006 American Chemical Society.
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FIGURE 9. (a) Schematic representation of drug encapsulation in hydrogel and subsequent release of drug by enzyme-mediated gel
degradation and (b) photos of hydrogels of Amy18 with (i—iv) and without (v, vi) curcumin. Reprinted with permission from ref 49. Copyright

2006 American Chemical Society.

lyzed reactions traditionally lead to low-yield products. Hence,
optimization of enzyme-catalyzed reactions with high yields is
needed for development of large volumes of materials. Never-
theless, by overcoming these drawbacks, enzyme-mediated feed-
stock conversion is a suitable solution for bulk production of
materials.

We sought new natural starting monomers containing
structural features that allow intermolecular associations such
as sugar hydrogen bonding and aromatic w—s stacking. The
starting materials also needed to be susceptible to enzyme
catalysis. Amygdalin has been used as a main constituent in
commercial preparations of laetrile, a purported therapeutic
agent.*” Amygdalin is also a byproduct of the fruit industry.
It is a naturally occurring glycoside found in many food plants,
such as the kernels of apricots, apples, and almonds.*®
Amygdalin has a phenyl ring and multiple hydroxyl groups,
which enhance the aromatic 7—z stacking and the hydrogen
bonding, respectively. It also has a primary hydroxyl to which

a fatty acid chain can be connected by enzymatic transesteri-
fication. Hence, amygdaline-based amphiphiles Amy4,
Amy14, and Amy18 (Scheme 10) were designed and synthe-
sized.*? We demonstrated the utility of enzyme catalysis as a
tool to generate amphiphiles from biomass. Biocatalysis offers,
in this case, control where the acyl moiety was introduced
selectively on the primary hydroxyl group of the sugar in
excellent yields (>90%). Generally, multistep synthesis is labo-
rious and often has lower yields, which results in high pro-
duction costs.> This is why low-molecular-weight gelators are
not finding niche applications in commercial use.

The amphiphiles Amy4—Amy18 exhibited gelation prop-
erties in a broad range of solvents, such as polar solvents,
water, and nonpolar cyclohexane, at extremely low concen-
trations (minimum gelation concentrations are between
0.05—0.2 wt %). They also generate various nanostructures
such as grass-like morphologies and helical ribbons in
acetonotrile and water gels, respectively (Figure 8).*° Surpris-
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ingly, unpurified crude products showed unprecedented gela-
tion, similar to the purified products, suggesting the utility of
this process for industrial-scale applications. The self-assem-
bly of these amphiphiles was characterized with the help of an
array of techniques including single-crystal analysis and X-ray
diffraction data.

Enzyme-Catalyzed Drug Delivery. Using amygdalin
hydrogelators, we have developed a novel approach for encap-
sulating a hydrophobic drug molecule in a hydrogel. Subse-
quently, the drug can be released by breaking the gel using a
hydrolase (Lipolase 100L, type EX).*? Encapsulation of the che-
motherapeutic hydrophobic drug curcumin®' in the hydrogel
allows subsequent enzyme-triggered drug delivery, as shown in
Figure 9. Due to its hydrophobic nature, curcumin is likely to be
located at hydrophobic pockets of the gel. The hydrolase enzyme
lipolase was added to the preformed gel and kept at 37 °C, lower
than the gel melting temperature. After a few hours, the gel was
completely degraded and the encapsulated curcumin released
into the solution. Drug release was monitored by absorbance
studies, and the gel degradation products were characterized. It
was shown that during gel degradation, the ester bond formed
though biocatalysis was cleaved. The rate of drug release was
controlled by manipulating the enzyme concentration, temper-
ature, or both.*?

Trehalose-Based Organogelators. Trehalose, o-D-glucopy-
ranosyl-(1—1)-p-p-glucopyranoside is an alpha-linked disaccha-
ride. It is synthesized by fungi, plants, and invertebrate animals.
Trehalose has been extensively used in the food, pharmaceuti-
cal, and cosmetic industries.>>>3 John et al. used a biocatalytic
strategy to synthesize a series of highly symmetrical diesters
(Scheme 10) that self-assemble in a range of organic solvents to
form gels at very low concentrations (0.04% w/v).>* The gel
fibers obtained from short acyl chains were self-assembled and
stabilized, most likely through extensive H-bonding networks. In
the case of long acyl chains, hydrophobic interactions also play
a major role in self-assembly of these gelators. Tre-
halose—acrylate (Tre:acry) conjugate gave us the opportunity for
polymerization of gels. Organogels of Tre:acry (Scheme 10) were
polymerized in the presence of the photoinitiator (2,2-dimethoxy-
2-phenylacetophenone, 5 mol %) by UV irradiation. Lyophiliza-
tion of the gel resulted in a highly porous structure. No gel
shrinkage occurred during this process. The resulting aerogel
remained intact as a self-supporting scaffold. The material
behaved as a hydrogel, absorbing 12 times its weight of water
to produce a self-supporting transparent material (Figure 10).
Such products would be useful in tissue engineering applications.

Vitamin C Based Gels and Liquid Crystals. Our continu-
ing search led us to design amphiphiles from ascorbic acid (vita-
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FIGURE 10. Self-supporting (a) organo- and (b) hydrogel from
trehalose 6,6"-diacrylate polymerization. Reprinted with permission
from ref 54. Copyright 2006 Wiley-VCH.

min C, of which lime and kiwi fruits are rich sources), which is a
powerful antioxidant and is known to inhibit free-radical initi-
ated lipid peroxidation.>® Ascorbic acid based amphiphiles, Asc8,
Asc12, and Asc18 (Scheme 10), were synthesized using Can-
dida antarctica Lipase B (CALB) catalyzed transesterfication reac-
tions.>® The resulting amphiphiles also exhibited gelation
behavior in both aqueous solutions and organic solvents. We
synthesized gold nanoparticles (GNPs) using these amphiphiles
in self-assembled soft materials. Ascorbic acid hydrogels were
efficient for in situ synthesis of GNPs, preventing aggregation by
capping them vyielding GNPs embedded in hydrogels as
organic—inorganic hybrid materials.>®

We examined the ability of ascorbic acid based
amphiphiles to generate liquid crystals (LCs), another form
of soft materials. Furthermore, LC properties of Asc18 were
thoroughly investigated by several techniques. With heat-
ing, Asc18 enters an isotropic state; upon cooling, it formed
a chiral smectic A (SmA®) phase, which was characterized by
polarized optical microscopy (Figure 11).°¢ The synthesis of
GNPs was carried out in situ. Microscopic examination of
the liquid crystal—gold nanoparticle (LC—GNP) hybrids
revealed the presence of the GNPs. Under these conditions,
the initial SmA™ state of the Asc18 amphiphile did not
change the inherent phase formation behavior. GNPs were
characterized by various techniques such as UV—vis spec-
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FIGURE 11. POM images of (a) SmA* phase of Asc18 and (b) SmA*
phase of Asc18—GNPs, (c) absorption spectra of GNPs embedded in
LCs, and (d—f) TEM images of GNPs in LCs at different
maghnifications. Scale bars represent 100 nm. Reprinted with
permission from ref 56. Copyright 2007 American Chemical Society.

troscopy and TEM. GNPs that were embedded in LCs were
16—25 nm thread-like structures showing a characteristic
plasmon resonance band (Figure 11).

Conclusions

In conclusion, this Account describes the emerging topic of the
production of soft materials designed from crop-based start-
ing materials using green chemistry and self-assembly princi-
ples. A series of amphiphilic glycolipids were synthesized from
cashew nut shell liquid, a plant- or crop-based raw material.
The amphiphiles produced soft nanoarchitectures including
lipid nanotubes, twisted or helical nanofibers, low-molecular-
weight hydro- or organogels, and liquid crystals. Other sets of
amphiphiles have been synthesized from amygdalin, treha-
lose, and vitamin C. Amygdalin-based amphiphiles showed
unique gelation behavior in a wide range of solvents. An
enzyme-triggered drug delivery model was demonstrated

Soft Materials from Renewable Resources Vemula and John

using these hydrogels for hydrophobic model drugs. Vitamin
C based amphiphiles exhibited excellent gelation and liquid
crystalline properties. These soft materials were successfully
used to develop novel organic—inorganic hybrids by in situ
synthesis of metallic nanoparticles. In a nutshell, we find var-
ious forms of soft nanomaterials generated from different bio-
mass sources that have applications in a wide range of
research fields. These include soft materials, biosensors, lig-
uid crystal displays, medicine, and drug delivery. Overall, this
Account demonstrates that utilizing plant- or crop-based
resources as starting materials can be “fruitful” in generating
useful industrial materials for a sustainable future.
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