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Abstract

Medicinal plants have been a major resource for drug discovery. Emerging evidence shows that in
addition to pharmacologically active components, medicinal plants also contain phytochemical
nanomaterials, or phytonanomaterials, which form nanoparticles for drug delivery. In this

review, we examine the evidence supporting the existence of phytonanomaterials. Next,

we review identification, isolation, and classification of phytonanomaterials, characteristics

of phytonanomaterial-derived nanoparticles, and molecular mechanisms of phytonanomaterial
assembly. We will then summarize the current progress in exploring phytonanomaterial-derived
NPs as therapeutic agents and drug delivery carriers for disease treatment. Last, we will provide
perspectives on future discovery and applications of phytonanomaterials.
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Introduction

Medicinal plants are widely used in traditional medicine worldwide. It was estimated

that approximately 65% of the world’s population relied on traditional medicine for their
primary health care in 1985 and traditional medicine continues to play an important role in
many countries as of today [1]. Following the paradigm of western medicine, recent efforts
to modernize traditional medicine have focused on the isolation of pharmacologically active
compounds from medicinal plants. These efforts have led to the successful discovery of
various small molecule drugs. Analysis of 1,073 new small molecule drugs developed over
the period 1981-2010 found that 51% of them were of phytochemical origin [2].

In addition to pharmacologically active compounds, medicinal plants have recently been
found to contain phytochemicals capable of self-assembly into nanostructures, such as
nanoscale particles, fibers, and gels [3-9]. Some of them have been characterized and
demonstrate the capacity for efficient drug encapsulation and targeted delivery. These
observations suggest that the value of medical plants is not limited to drug discovery,

as they can also be a valuable resource for identifying phytochemical nanomaterials,

or phytonanomaterials, for drug delivery. In this article, we will review recent progress
in the discovery and applications of phytonanomaterials, with a focus on those forming
nanoparticles (NPs), and provide our perspectives on future development in this area.

2. Theory and evidence for the existence of phytonanomaterials

In traditional Chinese medicine (TCM), there are over 100,000 different herbal formulas,
which are prescribed empirically based on a synergism principle called “Jun-Chen—Zuo-
Shi” [10-13]. The “Jun (emperor)” and “Chen (minister)” represent the primary and
secondary medicinal herbs that provide therapeutic activities. The “Zuo (adjuvant)” and
“Shi (courier)” represent the herbs that assist “Jun” and “Chen” by reducing systemic
toxicity, facilitating synergism, and providing targeted delivery. During the recent process of
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TCM modernization, medicinal herbs in the “Jun” and “Chen” categories are often selected
for the identification of pharmacologically active phytochemicals [10-13]. Due to the lack
of pharmacologically active components, the adjuvant “Zuo” and “Shi” herbs are often
considered redundant and their roles in TCM appear unjustified. It has been shown that

the majority of pharmacologically active compounds isolated from herbal materials cannot
be directly used as drugs because of their poor stability, solubility, or pharmacokinetics.
Among those phytochemical-originated drugs developed over the period 1981-2010, only
12% of them are used in their natural form without chemical modification [2], while others
require chemical modification or formulation. Interestingly, those pharmacologically active
phytochemicals with limited bioavailability can exert their pharmacological activities in
TCM after processing, such as boiling/cooling or emulsification (Fig. 1a) [14]. It appears
that following such processing, those phytochemicals with low bioavailability are converted
to a bioavailable form. This enigma led to a hypothesis that certain medicinal plants contain
carrier materials that can enhance the bioavailability of those pharmacologically active
phytochemicals, which otherwise cannot be directly utilized for therapeutic applications [3].
If such carriers exist, they are likely in nano size, as larger carriers are unfavorable for blood
circulation and tissue penetration [15].

To test the hypothesis, our group recently studied Poria cocos, one of the most commonly
used “Zuo (adjuvant)” or “Shi (courier)” herbs in TCM formulas [3]. Following the
traditional boiling-cooling processing procedures, supernatant of Poria cocos soup was
obtained through filtration. Analysis of the supernatant by transmission electron microscopy
(TEM) revealed the existence of rod-shaped NPs (Fig. 1b), whose structure was maintained
after lyophilization, as determined by scanning electron microscopy (SEM) (Fig. 1c). These
observations suggest the existence of phytonanomaterials in medicinal herbs.

Identification and characterization of phytonanomaterials

Isolation of phytonanomaterials

Previous studies suggest that certain phytochemicals can form NPs [6]. However, systemic
discovery and isolation of phytonanomaterials from medicinal plants have not been possible
until the recent development of a chemical extraction approach, in which we employed
hydrophilic, oleic acid-coated superparamagnetic iron oxide (SP10) nanodots, as a payload
to isolate those nanomaterials capable of drug encapsulation (Fig. 2a) [3, 16]. By using
Poria cocos as an example, we showed that, following the boiling-cooling procedures,
SP10-loaded NPs could be pulled down using a magnet (Fig. 2b). To improve the
efficiency of nanomaterial isolation, we refined the extraction approach by replacing boiling/
cooling with standard emulsion procedures [17]. After co-dissolving SPIO and Poria cocos
extract in organic solvents, such as dichloromethane, the mixture was emulsified in an
aqueous solution containing surfactant poly(vinyl alcohol). SP10O-containing NPs were
collected using magnetic force. Nanomaterials were then extracted by removing SP10,
purified using conventional chromatography, and characterized by 1H NMR, 13C NMR and
mass spectrometry (MS). Through these procedures, dehydrotrametenolic acid (DTA) and
poricoic acid A (PAA), both of which form rod-shaped NPs (Fig. 2c—f), were successfully
isolated [18].
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3.2. Classification of phytonanomaterials

3.3.

Since the development of the chemical extraction approach, we have screened ~100
medicinal plants [3, 5, 8, 9, 16, 19-25]. Together with those reported by other groups
[26-50], over 30 phytonanomaterials, which can be categorized into at least 5 classes
(Table 1), have been identified, including 1) tricyclic diterpene resin acids, which are
20-carbon tricyclic carboxylic acids with diversity introduced by double-bond isomers,
diastereoisomers, and additional moieties, such as abietic acid (AA) from Pinus kesiya
and isopimaric acid (IPA) from Pinus elliottii, 2) phytosterols, which are 3-hydroxy
cyclopentane steroids with various numbers of double bonds in the main skeleton, such

as stigmasterol (ST) from 7axus chinensis (Pilger) Rehd and pB-sitosterol from Artemisia
carvifolia; 3) lupane type pentacyclic triterpenes, which have a typical 6-6-6—6-5 main
skeleton with a.-isopropyl group in the position 19 of the five-membered ring, such as
lupeol from Pinus elliottii, and betulinic acid (BA) from Eucommia ulmoides [61]; and 4)
oleanane type pentacyclic triterpenes, which have a typical 6-6-6—6-6 main skeleton with
hydroxy in position 3 and double bond in position 12, such as glycyrrhetic acid (GA) from
Glycyrrhiza uralensis Fisch and sumaresinolic acid (SA) from Melastoma candidum D.Don;
and 5) others, mainly including terpenes and alkaloids, such as PAA from P, cocos. 1t is
important to point out that those phytonanomaterials not only can form single-component
NPs through self-assembly but also may interact with each other and co-assemble into
multiple-component NPs.

Physical characteristics of phytonanomaterial-derived NPs

Physical characteristics of NPs, including their size, shape, and surface charge, greatly
impact their interaction with target cells and tissues /n vitroand in vivo [57-59]. Compared
to spherical NPs, rod-shaped NPs in a comparable length are easier to be internalized

by cells and short rod-shaped NPs have greater internalization efficiency than long rod-
shaped NPs [60-63]. Size is particularly important for blood circulation. After intravenous
administration, NPs with a diameter of less than 8 nm are subjected to rapid renal clearance
[64], while NPs with a size greater than 500 nm are more likely to be phagocytized and
eliminated by the reticuloendothelial system (RES) [59]. Surface charge plays a key role in
determining the interaction of NPs with tissue, with anionic surface charge advantageous
over neutral or positive surface charge in avoiding non-specific organ uptake [65].

Recent studies show that most phytonanomaterial-derived NPs are negatively charged with
zeta potential ranging from —18.2 to —25.6 mV [3, 7]. Unlike surface charge, size and
shape of phytonanomaterial-derived NPs can vary significantly (Table 1). For example,

BA, oleanolic acid (OA), ursolic acid (UA), betulin, arjunolic acid (AJA), maslinic acid
(MA) and crotocembraneic acid (CA), can self-assemble into spherical particles of nano- to
micrometer in diameter or rod-/fiber-shaped nanostructures [7, 31, 32, 40]. It is particularly
interesting that, depending on the synthesis conditions, the same phytonanomaterial can
form NPs in different sizes and shapes, which are determined by a combination of various
parameters, including solvent, drug feeding concentration, flow rate, temperature, and
surfactant [7, 35].
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The great flexibility in the synthesis of NPs in various sizes and shapes makes it possible

to test and compare multiple NP formulations consisting of the same material and select

the one that is optimal for specific biological applications. For example, synthesis through
combination of various solvents and temperatures allowed for production of rod-shaped BA
NPs in three different sizes and shapes, including length of ~156 nm and diameter of ~45 nm
(156(1) x 45(d)) (Fig. 3a), 315(1) x 60(d) (Fig. 3b), or 730(l) x 35(d) (Fig. 3c), designating as
R150, R300, and R700, respectively. After intravenous administration, R300 demonstrated
an efficiency significantly greater than R150 and R700 in penetration into the ischemic brain
(Fig. 3d,e) [7].

4. Supramolecular assembly of phytonanomaterials

Self-assembly of nanomaterials is a spontaneous process driven by thermodynamics and
kinetics and is determined by non-covalent interactions of adjacent molecules. While

the precise mechanism of self-assembly is yet to be determined, it is suggested that

the formation of phytonanomaterial NPs results from synergistic interactions of multiple
intermolecular forces, such as hydrogen bonding, w- interaction, hydrophobic interaction,
and electrostatic interaction. Among them, hydrogen bonding and m-r interactions often
play the most important roles.

4.1 Hydrogen bonding

The strength and stability of hydrogen bonding are weak in aqueous solution due to the
presence of water molecules. Most phytonanomaterials are hydrophobic and have limited
solubility in water. Without competition of water molecules, saturated and directional
hydrogen bonding within nanomaterials are capable of providing sufficient force to drive the
formation of nanostructures [67]. Our group recently investigated the molecular mechanism
of DTA NP self-assembly by solving the crystal structure of DTA using single-crystal

X-ray diffraction (SXRD) and comparing the X-ray diffraction (XRD) patterns of DTA
crystals with those of DTA NPs. Through these approaches, we revealed the existence of
two types of classic hydrogen bonds in the molecular conformations, including a R(»2 8)
hydrogen bond formed among the rings via carboxyl O2-H2...06 and O5-H5...03, and a
second hydrogen bond formed between hydroxyl group O (04, O1) and the water molecule
(O7) in DTA NPs (Fig. 4a, b). The presence of hydrogen bonds within DTA NPs was
further confirmed by Fourier-transform infrared spectroscopy (FTIR) (Fig. 4c) and X-ray
photoelectron spectroscopy (XPS), which identified significant upshifts in both C-O and
0O-C=0 spectra (Fig. 4d) [3]. Consistent with this finding, Bag and He showed that hydrogen
bonding plays a key role in the formation of nanostructures derived from a-onocerin 1 [38],
and B-sitosterol [51].

4.2. m-rw stacking interaction

rt-1e interaction represents the attractive force between adjacent aromatic rings and has
been shown to be sufficient to drive formation of nanostructures. One key feature of
phytonanomaterials is that all of them bear aromatic rings on the backbone (Table 1).
This feature makes it possible to have individual phytonanomaterial molecules stack on
each other through m-r interaction, leading to the growth of a 3D nanostructure in a
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specific direction. Hu and colleagues designed and synthesized a r-chromophore-containing
glycyrrhetinic acid amphiphile, 1-[2-(methyl glycyrrhetate)-2-oxoethyl]-[4,4]bipyridinium
bromide (MGBP) (Fig. 5). In this amphiphile, the hydrophobic glycyrrhetinic acid is
connected to a hydrophilic bipyridinium cation through a short alkyl chain. Bipyridinium
not only improves the hydrophilicity of the molecule, but also endows it with additional
rt-me stacking forces. As a result, MGBP can self-assemble into various nanostructures in
the presence of different solvents largely through rt-r stacking [50]. In another study, Yang
studied the self-assembly process of PAA, which contains a carbon-carbon double bond
(C=C) functional groups related to m-r interaction. It was shown in the UV-vis spectrum
that the maximum absorption peak of PAA shifted during the formation of nanostructures
(moved from 242.0 nm to 250.5 nm), suggesting that the electron transition energy of C=C
is reduced and the C=C drives the self-assembly through enhancement of r-r interaction
[22].

4.3. Synergistic interactions of multiple weak intermolecular forces

Besides hydrogen bonding and - interaction, several other weak intermolecular forces
are involved in phytonanomaterial self-assembly. In fact, the formation of complex ordered
structures in self-assembly systems is usually driven by multiple non-covalent interactions.
These intermolecular forces include: (1) hydrophobic interaction. Hydrophaobic interaction is
known to be a major driving force for the assembly of various hydrophobic nanomaterials
[68, 69]. While composing of hydrophobic parent nucleus and hydrophilic groups, each
phytonanomaterial as a whole is hydrophobic. It is likely that, during the emulsion process
in aqueous solution, hydrophaobic interaction promotes nonpolar parts of phytonanomaterials
to stack each other to eliminate water molecules and thus reduce the total energy, which

is favorable for the stability of nanostructures [70]; (2) electrostatic interactions. Li and
colleagues showed that berberine, a natural hydrophobic cation, was able to form NPs
with flavonoid glycoside baicalin, which bear negative charge. They demonstrated that
electrostatic attraction between the two molecules contributes significantly to formation

of the nanostructures [42]; and (3) interaction between nanomaterials and solvents. Yang
and colleagues studied formation of natural product gels by a group of triterpenoids
through a combination of two-dimensional nuclear magnetic resonance (NMR) - nuclear
overhauser effect spectroscopy (NOSEY), Ultraviolet-visible (UV-vis) spectroscopy, and
infrared (IR)/1D *H NMR, which measure van der Waals force, mt-r interaction and
hydrogen bonding, respectively. They found that formation of the specific nanostructure

is driven not only by weak non-covalent forces among triterpenoid molecules, but also by
the interaction of phytonanomaterials with solvents (Fig. 6) [20].

5. Application of phytonanomaterials as therapeutics and drug delivery
carriers

Most phytonanomaterials identified thus far are known to have pharmacological activities.
Formulating phytonanomaterials into NPs has several advantages for their biological
applications. First, as the majority of phytonanomaterials are hydrophobic, formulating them
into NPs enhances their solubility, making it possible to be administered intravenously

in large quantitates for disease treatment. Second, compared to sub-nanometer parent
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small molecules, phytonanomaterial-derived NPs are nanometers in size, which is optimal
for blood circulation and disease targeting [71]. Consequently, the NP formulation
improves the therapeutic potential of parent phytonanomaterial molecules by improving
their pharmacokinetic properties, facilitating their interaction with targeted cells, and
reducing their non-specific toxicity. Besides pharmacological activities, phytonanomaterial-
derived NPs bear nanostructure, which allows for encapsulation of therapeutic molecules
through intermolecular noncovalent interactions, such as hydrogen bonding, - stacking
interaction, and hydrophobic interactions (Fig. 7). This feature makes it possible to employ
phytonanomaterial-derived NPs as carriers for drug delivery. By far, phytonanomaterial-
derived NPs have been evaluated as therapeutics and/or drug delivery carriers for the
treatment of various diseases, such as neurological disorders, cancer, infectious diseases,
and diabetes (Table 2).

Neurological disorders

Treatment of neurological disorders is a major challenge, because of the existence of the
blood-brain barrier (BBB), which significantly reduces penetration of most therapeutic
agents into the brain [18, 72]. This barrier can potentially be overcome through utilization of
phytonanomaterial-derived NPs, some of which have the physical characteristics optimal for
brain penetration and/or interaction with receptor molecules expressed in brain tissue. We
recently characterized BA NPs for their penetrability into the ischemic brain by comparing
BA NPs of various sizes and shapes [7]. We found that rod-shaped R300 NPs, but not

those with a smaller or greater size, have the greatest brain targeting efficiency (Fig. 3),
suggesting size and shape of NPs as key parameters for brain penetration. We further
showed that BA NPs interact with cannabinoid receptor 1 (CB1), which is highly expressed
in brain tissue after ischemic insult. We found that the interaction between the NPs and CB1
facilitates brain penetration, as blocking CB1 using SR141716A, a CB1 specific inhibitor,
significantly reduced the accumulation of NPs in the brain. BA is known to have excellent
antioxidant properties [73, 74]. We showed that, as a result of the high efficiency in brain
penetration, BA NPs after intravenous administration effectively improved the recovery of
mice after stroke. In comparison, administration of free BA at the same dose showed limited
therapeutic effects (Fig. 8a, b). We further demonstrated that BA NPs were capable of
efficiently encapsulating and delivering glyburide, a sulfonylurea used as an anti-edema
therapy, to the brain and the combination of anti-edema therapy provided by glyburide

and antioxidant therapy provided by BA NPs significantly prolonged the survival of stroke-
bearing mice and reduced cerebral infarction (Fig. 8c, d).

5.2. Cancer

Phytonanomaterial-derived NPs have been tested as therapeutics and/or drug carriers for
the treatment of various cancers, including lung cancer, breast cancer, and breast cancer
brain metastasis [3-5, 8, 19, 21, 24, 35, 43]. It was found that NPs consisting of DTA,
OA, BA, UA, betulonic acid (BC), or ergosterol were able to efficiently accumulate in
tumors after intravenous administration, likely due to passive targeting as a result of
enhanced permeability and retention (EPR) effect [3-5, 8, 19, 21, 24, 43]. It was also
shown that BA NPs could be further modified to respond to glutathione, which is enriched
in the tumor microenvironment [75], and the modification significantly reduced systemic
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toxicity of BA NP treatment [24]. As drug carriers, all of those NPs demonstrated a

great capacity for encapsulation and delivery of therapeutic agents, such as paclitaxel and
doxorubicin for chemotherapy [3, 4, 30], and photosensitizer Ce6 for photodynamic therapy
[5, 19]. In all cases, drug-loaded NPs effectively inhibited the development of tumors. It

is particularly interesting that DTA NPs can efficiently penetrate the gastrointestinal tract
through interaction with the apical sodium-dependent bile transporter (ASBT) and thus
enable oral delivery of chemotherapy for cancer treatment [3].

5.3. Infectious diseases

Many phytochemicals are known to have antibacterial, antifungal, and antiviral properties
[76-78]. However, many of them in their natural form have limited antimicrobial activities.
Recent studies showed that, for those capable of self-assembly, this limitation could be
potentially overcome through formulation into NPs. Lei and colleagues developed a series
of phytonanomaterial-derived NPs with high antibacterial activity through dual molecules
assembly of berberine with other phytochemicals, such as baicalin, cinnamic acid, and
rhein [41, 42, 46, 49]. Berberine is a natural hydrophobic cation that exists in herbal
plants, such as Coptidis rhizome, and is known to have weak antibacterial activity [79].

It was shown that berberine and flavonoid glycoside baicalin are able to co-assemble into
NPs through electrostatic and hydrophobic interactions [42]. As a result, the hydrophilic
glucuronic acid in berberine was displayed toward the outside of NPs, which enhances
the interaction of berberine with bacteria, leading to killing bacteria and reducing biofilm
formation with significantly greater efficiency than free berberine. They applied the same
approach to formulate berberine into NPs through co-assembly with cinnamic acid or
antibacterial phytochemicals, such as rhein, and found that, in all cases, the resulting NPs
exhibit antibacterial activities greater than selected antibiotics [49].

5.4. Others

Phytonanomaterial-derived NPs have been explored for the treatment of diabetes [3] and
liver injury [26]. It was shown that DTA NPs were capable of efficient encapsulation of
glucagon-like peptide-1 (GLP-1), a 30-aa peptide, and oral administration of GLP-1-loaded
NPs significantly decreased blood glucose through stimulation of insulin production. It
was demonstrated that DTA NPs are stable in artificial gastric fluid (SGF, pH 1.2) and
intestinal fluid (SIF, pH 6.8) (Fig. 9a—c), and the NPs in an integrated form could be
collected from the circulatory system after oral administration (Fig. 9d). These findings
suggest that certain phytonanomaterial-derived NPs, such as DTA NPs, have the stability to
survive the gastrointestinal environment, and, thus, can be employed for oral drug delivery
[3]. In another study, self-assembled OA NPs were shown to protect the liver from carbon
tetrachloride-induced injury through lowering serum alanine aminotransferase activity and
liver malondialdehyde content [26].

In summary, existing evidence suggests that phytonanomaterials in NP form are

promising for treatment of various diseases, including neurological disorders, cancer,
infectious diseases, diabetes, and liver injury, in preclinical studies. In light of the fact

that phytonanomaterials have diverse pharmacological activities, further exploration of
phytonanomaterial-derived NPs for other disease indications, such as inflammatory diseases,
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is warranted. It is also worthwhile mentioning it is likely that, in real situations when
medicinal plants are used, more than one or two phytonanomaterials are co-assembled
together to form NPs as drug carriers. Therefore, further characterization of NPs co-
assembled from multiple phytonanomaterials may represent a new important research
direction.

6. Conclusions and Perspectives

Growing evidence shows the existence of phytonanomaterials that are capable of forming
NPs for drug delivery. This finding is significant in that it may provide valuable insight

into the philosophy of traditional medicine, through which an effective formula requires
prescribing a combination of those medicinal plants with therapeutic activities of others to
facilitate synergism. It is possible that the later ones contain phytonanomaterials that can
enhance the bioavailability of bioactive components. This finding may also help resolve
the enigma that many pharmacologically active phytochemicals without processing with
other medicinal plants don’t have the bioavailability required for disease treatment [10-12].
For example, phytochemicals artemisinin [80] and PTX [81] are known to have limited
bioavailability and cannot be used as drugs without further modification or formulation. It
was shown that within Artemisia annua L and Taxus, where artemisinin and PTX exist,
contain nanomaterial 3-sitosterol [3, 19]. One cannot exclude the possibility that during the
boiling/cooling or emulsification process, these compounds are converted into a bioavailable
form through encapsulation into B-sitosterol NPs. Conversely, Poria cocos, one of the most
commonly used “Zuo” or “Shi” herbal materials, highly enriches phytonanomaterial DTA
and PAA [3], justifying its roles in TCM formulas.

Despite the exciting findings to date, identification and application of phytonanomaterials
are still in their infancy. Considering the wide molecular diversity of naturally existing
molecules, additional phytonanomaterials structurally different from these already identified
are expected to be discovered in the future. This progress in turn will significantly impact
drug delivery research and development through diversification of nanomaterials suitable
for drug encapsulation. Unlike traditional nanomaterials, such as polymers and lipids,
phytonanomaterials have a unique feature in that they can form nanostructures in various
physical characteristics, such as spherical or rod-shaped NPs, fibers, and gel (Table 1). It

is particularly interesting that the same phytonanomaterial is capable of forming NPs in
different sizes and shapes (Fig. 3). Considering the importance of physical characteristics
of NPs in drug delivery [57-64], phytonanomaterials are uniquely positioned to satisfy

the requirements for a variety of biomedical applications. Phytonanomaterials have another
major advantage over traditional nanomaterials in that phytonanomaterial-derived NPs may
bear intrinsic organ targeting effects and thus allow for targeted drug delivery without
additional chemical modifications. For example, BA NPs were shown to interact with the
CB1 receptor and the interaction between NPs and the receptor facilitates efficient brain
penetration [7]. In comparison, most polymeric or lipid NPs without surface engineering
don’t have a targeting ability. Moreover, unlike traditional nanomaterials, which don’t

have biological activities, many phytonanomaterials are pharmacologically active [3, 7].
Therefore, NPs consisting of these phytonanomaterials, such as BA [7] or OA [4], can be
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utilized for disease treatment alone or for synergistically enhancing the efficacy of payload
therapeutics.

In conclusion, the value of medical plants is not limited to drug discovery. Modernization of
traditional medicine should also focus on isolation and application of phytonanomaterials
that can be employed for drug delivery. Due to the simplicity and inherited
multifunctionality, phytonanomaterial-derived NPs are expected to significantly impact drug
delivery research and development and expedite clinical translation of various therapeutic
agents.
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Abbreviations

AA abietic acid

AJA arjunolic acid

ASBT apical sodium-dependent bile transporter
BA betulinic acid

CA crotocembraneic acid

CB1 cannabinoid receptor 1

DTA dehydrotrametenolic acid

EPR enhanced permeability and retention
FTIR Fourier-transform infrared spectroscopy
GA glycyrrhetic acid

GLP-1 glucagon-like peptide-1

IPA isopimaric acid

MA maslinic acid

NP nanoparticle

OA oleanolic acid

PAA poricoic acid A

SA sumaresinolic acid

SEM scanning electron microscopy

SPIO superparamagnetic iron oxide
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SXRD single-crystal X-ray diffraction
TCM traditional Chinese medicine
TEM transmission electron microscopy
UA ursolic acid
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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Figure 1.
Theory and evidence for the existence of phytonanomaterials. (a) Schematic diagram of

utilization of medicinal plants for traditional medicine, drug discovery and nanomaterial
discovery. Representative TEM image (b) and SEM image (c) of Poria cocos soup. Scale
bar: 500 nm. Images b and ¢ were adapted from Ref.[3], with permission from Springer.
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Figure 2.
Chemical approach for isolation of phytonanomaterials. (a) Schematic diagram of a

chemical approach for the isolation of phytonanomaterials. (b) Representative images of
SPIO (insert) and SPIO-encapsulated NPs as captured by TEM. Molecular structures of
DTA (c) and PAA (e) and representative SEM images of NPs consisting of DTA NPs (d) and
PAA NPs (f). Scale bar: 500 nm. Adapted from Ref. [3], with permission from Springer.
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Figure 3.
Impact of size and shape of BA NPs on penetration into the ischemic brain. (a-c)

Representative SEM images of R150 (a), R300 (b), and R700 (c) BA NPs. Scale bar: 500
nm. (d) Representative images of infarction and NPs in the brain. (¢) Quantification of the
accumulation of NPs in the brains of mice treated with the indicated NPs. RE: Radiance
efficiency. Adapted from Ref. [7], with permission from Ivyspring.
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Figure 4.
Molecular mechanism of DTA NP self-assembly. (a) Capped sticks representation of DTA

packing and intramolecular interactions. (b) XRD patterns of NPs, free DTA, and simulated
XRD patterns of DTA crystals. FTIR spectra (c) and C1s (left) and O1s (right) XPS spectra
(d) of NPs and free DTA. Adapted from Ref. [3], with permission from Springer.
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Figure 5.
Schematic representation of hierarchical assembly of MGBP. Adapted from ref. [50], with

permission from Elsevier.
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Figure 6.
Formation of injectable natural product gel scaffold. (a) 2D NOESY spectra of compound 3

in mixed solvent of deuterated ethanol and deuterated water (4:1) at different concentrations.
(b) Molecular length of compound 3. (c) UV spectra of compound 3 in ethanol/water

mixed solvent (1:1) at different concentrations. (d) IR spectra of compound 3 obtained from
non-gel and gel. (¢) 1H NMR spectra of compound 3 in mixed solvent of deuterated ethanol
and deuterated water (4:1) at different concentrations. (f) A possible self-assembly formation
process of natural product gels. Adapted from ref. [20], with permission from Elsevier.
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Figure 7.
Schematic diagram of phytonanomaterial-derived NPs for drug encapsulation.

Phytonanomaterials-assembled NPs allow for encapsulation of therapeutic molecules
through intermolecular hydrogen bonding, rt-m stacking interaction, and hydrophobic
interactions.
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Figure 8.

BA NPs as therapeutics and drug carriers for stroke treatment. (a, b) Quantification (a)
and representative images (b) of brain infarction in MCAQO mice received treatment of BA
NPs at the indicated dose. Kaplan-Meier survival analysis (c), and infarct volume (d) of
MCAQ mice receiving the indicated treatments. Adapted from Ref. [7], with permission
from lvyspring.
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Figure 9.
Characterization of the stability of DTA NPs for oral drug delivery. (a-c) SEM images of the

DTA NPs after incubation in the indicated medium for 2 h. Simulated gastric fluid, SGF;
simulated intestinal fluid, SIF. (d) A representative SEM image of DTA NPs recovered from
the blood. Scale bar: 500 nm. Adapted from Ref. [3], with permission from Springer.
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