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Introduction

Generation of particle assemblies mimicking
enzymatic activity by processing of herbal food: the
case of rhizoma polygonati and other natural
ingredients in traditional Chinese medicinet

Enrico Benassi,{® Haiyan Fan,@fpb Qinglei Sun,i® Kanat Dukenbayev,@j;d

Qian Wang,§ Ainur Shaimoldina,§® Aigerim Tassanbiyeva,® Lazzat Nurtay,”

Ayan Nurkesh,” Aidana Kutzhanova,® Chenglin Mu," Adilet Dautov,”

Madina Razbekova,® Anar Kabylda,® Qing Yang,? Ziye Li,2 Amr Amin," Xugang Li’
and Yinggiu Xie © *®

Processed herbs have been widely used in eastern and western medicine; however, the mechanism of their
medicinal effects has not yet been revealed. It is commonly believed that a central role is played by
chemically active molecules produced by the herbs’ metabolism. In this work, processed rhizoma polygonati
(RP) and other herbal foods are shown to exhibit intrinsic phosphatase-like (PL) activity bounded with the
formation of nano-size flower-shaped assembly. Via quantum mechanical calculations, an enzymatic
mechanism is proposed. The enzymatic activity may be induced by the interaction between the sugar
molecules distributed on the surface of the nanoassemblies and the phosphatase substrate via either
a hydroxyl group or the deprotonated hydroxyl group. Meanwhile, the investigation was further extended by
processing some fresh herbs and herbal food through a similar protocol, wherein other enzymatic activities
(such as protease, and amylase) were observed. The PL activity exhibited by the processed natural herbs was
found to be able to effectively inhibit cancer cell growth via phosphatase signaling, possibly by crosstalk with
kinase signaling or DNA damage by either directly binding or unwinding of DNA, as evidenced by high-
resolution atomic-force microscopy (HR-AFM). In this work, the neologism herbzyme (herb + enzyme) is
proposed. This study represents the first case of scientific literature introducing this new term. Besides the
well-known pharmacological properties of the natural molecules contained in herbs and herbal food, there
exists an enzymatic/co-enzymatic activity attributed to the nanosized assemblies.

is a processing technique aimed at altering the properties,
sterilizing and removing poisons from crude herbs by utilizing
heat or other methods. In details, it may involve washing,

Herbs have been one of the pillars of medicinal practice for
thousands of years. In “An Outline Treatise of Medical Herbs”,
compiled by Li Shizhen in 1596 (Ming Dynasty; Nanjing, China)
and translated and published in Milan (Italy) in 1676,* over 1892
different species of herbs are quoted. In Traditional Chinese
Medicine (TCM), and in particular Chinese herbology, Pao Zhi
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soaking, boiling, steaming, fermenting, drying, roasting, frying,
calcining, or other means.> This is a kind of alchemical pro-
cessing used in the everyday preparation of herbal medicines,
mineral and animal medicines, in TCM; it remains mysterious
in terms of processing conditions, such as the type of container
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(ceramic, clay, metal, ...) or solvent used and the processing
time. Despite its many unclarified aspects and unscientific
approach, Pao Zhi is acknowledged as being effective at
producing treatments for a wide variety of diseases; for
example, in recent times, herbs were even found to be useful in
combating the coronavirus SARS-CoV-2.

From a biochemical perspective, such processing would
quickly denature the protein, and therefore no enzymatic
activity would be expected. Taking advantage of modern scien-
tific approaches, some studies have evidenced that a particular
herb or a unique combination of different kinds of herbs as
used in TCM exhibit antibacterial and anticancer functions, and
about a third of cancer patients have accepted herbal medicine
at certain stages of their treatment.>* To date, the anticancer
mechanism of TCM is proposed as inhibiting tumor angio-
genesis, in the immune system, cell energy metabolism, cell
cycle arrest, proliferative signaling, inflammation, and metas-
tasis, which eventually cause cancer cell death or the reduction
of chemotherapy toxicity.>® It is commonly believed in the
scientific literature that the specific chemical components
contained in herbs are responsible for effects such as antioxi-
dant, oxidant, and anti-inflammation.” Sometimes, some
specific functional groups carried by the chemical components
in TCM exert anticancer effects through regulation of the pH,
ionic strength, redox activity, and many other chemical and
physical characteristics within the biological environment.? So
far, the anticancer and antimicrobial effects of TCM have never
been attributed to any enzyme-like mechanism.

The anticancer or antimicrobial effects of herbs used in TCM
have been attributed to the chemical components and func-
tional groups, and the processing protocols and the processing
protocols take relevant roles to different degree. However, in the
in the hundreds of years practice of TCM, herb processing is not
detached from herb choice and plays an equally vital role in
curing a specific disease. As a matter of fact, the processing
procedures for different herbs have been recorded in detail in
ancient TCM books. According to the World Health Organiza-
tion, processing methods - including boiling, steaming, roast-
ing, stir-frying, baking, drying, sun-drying, shade-drying or
thermo-drying - have the primary functions of neutralization
of toxicity, reduction of side effects, and reinforcement of
therapeutic efficiency.” Some previous studies indicate that
processing and, in particular, curing, may induce some chem-
ical reactions that affect the pH or redox properties, and
therefore alter the biological functions.'*™* Using mass spec-
trometry, Su et al. pointed out that different combinations of six
compounds with varying percentages of each were obtained by
adjusting the drying conditions in the processing of Notoptery-
gium franchetii.®> However, the impact of processing on the
physical and chemical properties of herb-based TCM has not
been systematically studied yet.

Other than processing, the medicinal effects of TCM are
highly dependent on the environment where the herbs grow, as
the chemical components, pH, and other chemical and physical
properties of herbs significantly depend on the climate, soil,
humidity, and other environmental factors. Rhizoma polygo-
nati (RP, or Huang Jing), for instance, has been cultivated for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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thousands of years in various locations in China with their own
particular climates and soil compositions. Originally recorded
in Tao Hong Jing's “Ming Yi Bei Lu” (a Miscellaneous Records of
Famous Physicians, dated 510 CE, Han Dynasty), RP is included
in the Pharmacopoeia of the People's Republic of China** and its
usage in TCM practice is becoming increasingly popular. RP's
unique properties were commended in Zhang Ren Shan by Tang
Dynasty poet Du Fu (712-770), who noted how RP “may renew
the white hair with black, keep countenance the same through
ice and snow.”* In “Compendium of Materia Medica”,* RP is
acknowledged to supplement deficiencies, nourishment, and
replenish “gi and blood”.*® Active components in RP, such as
steroidal saponins, homoisoflavanones, lectins, poly-
saccharides, and alkaloids, along with crude methanol or water
extracts, exhibit anticancer activity in vitro and in vivo through
enhancement of the immune system and intervening in the
apoptosis or autophagy signaling of cancer cells.?

Concerning RP processing, the earliest record was in “Qian Jin
Yao Fang” (Tang Dynasty, Sun, Simiao),"”” wherein the treatment of
RP requires steaming nine times and sun-drying nine times to
achieve a better taste, along with more potent pharmaceutical
effects with reduced toxicity.> Nevertheless, the connection
between herb processing and enhanced treatment effectiveness
remains elusive. Herein, we attempted to study the effects of pro-
cessing of RP on the morphology and the formation of nano-
structures, and how these may contribute to the enzymatic
activities at the molecular level. The present work considers RP
grown in the Mount Tai ( RP Tai) area as a study case.

At the forefront of nanotechnology, nanozymes have recently
been proposed as a novel concept.”®?* As emerging artificial
enzymes, metal-based and carbon-based nanozymes have been
developed, representing two major classifications of nano-
zymes. The metal-based nanozymes are technologically more
mature and exhibit peroxidase (POD),'***** oxidase (OD),*
SOD,** and even PL activities,”® whereas carbon-based nano-
zymes exhibit some POD activity.”® Nanozymes with POD
activity have been applied to the practice of antibacterial and
anticancer therapy, mainly through the production of ‘OH
species by peroxidase.”’* Whether metal-based or not, nano-
zymes generally require specific regulated assembly, wherein
some key functional groups form clusters with a repetitive
pattern to ensure the enzymatic functioning. In our previous
research, carbon nanodots developed from food or herbal food
were shown to exhibit PL activity, and their binding to the
phosphate group on the protein was identified by molecular
spectroscopy and supported by quantum mechanical calcula-
tions.*® Phosphatases, especially tyrosine phosphatase (PTP),
have been recognized to suppress cancer cell growth and other
oncogenic characteristics by intervening in cell signaling,
wherein phosphatase most likely dysregulates the phosphory-
lation-dephosphorylation balance to disrupt cancer cell
signaling.**~** As a continuation of our previous work, we aim to
correlate the nanostructures or their assemblies formed
through RP processing with the enzyme-like activities demon-
strated in the final products by means of FT-IR spectroscopy
and enzymatic tests combined with quantum mechanical
calculations. A neologism is proposed here to summarise the

Nanoscale Adv., 2021, 3, 2222-2235 | 2223
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new concept of enzyme-like effects of processed herbs, ie.,
herbzyme, coming from the merging of herb and enzyme.

Results and discussion

Processing RP generates nanoparticles exhibiting PL activity:
herbzyme

In this section, commercial RP Tai, which was processed
according to the TCM protocol, was characterized and subjected
to phosphatase enzymatic tests. The element analysis obtained
by SEM-EDS (ESI Fig. S1}) indicates that, other than C, O, and H,
there are significant amounts of Si, Cl and S, which are likely
absorbed from the soil. The HR-AFM image of commercial RP in
Fig. 1a shows some flower-shaped assemblies with dimensions of
200-500 nm x 200-500 nm x 50 nm. Such assemblies generally
feature some “heads” lining a circle, leaving their “tails” pointing
toward the center of the circle. Assemblies with rather similar
patterns were observed in the SEM image in Fig. 1b. The structure
of such assemblies is analogous to that of lipids, wherein the
hydrophilic heads are arranged on the circle, whereas the
hydrophobic tails are confined within the circle. Both HR-AFM
and SEM images show some highly regulated nanostructure
assemblies for the processed RP, whereas the AFM image for the
fresh RP shows some particles with a spherical shape and much
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Paper

bigger average size (ESI Fig. S27). Besides, for the fresh RP, such
patterned morphology was absent.

After filtration using a syringe filter with a pore size of
200 nm, the aqueous solution of RP was separated into two
parts, one containing the smaller sized particles (RP-nano) and
one with bigger sized particles (RP-micro). Fluorescence
centered at 460 nm and ~680 nm was observed for both the RP-
nano and RP-micro solutions (Fig. 1c). The fluorescence of the
former is nearly identical to that of most carbon-based nano-
dots with particle size below 10 nm,** whereas the latter has
been rarely reported before. Consistently, the SEM image (ESI
Fig. S3(a)t) for RP-nano exhibits some ring-shaped assemblies
with an average diameter smaller than 100 nm. In contrast, the
SEM image of RP-micro (ESI Fig. S3(b)f) shows a continuous
aggregation of many smaller particles, and the aggregated
feature has an average size larger than 1 um.

Therefore, we hypothesize that the particles with bigger size are
responsible for the fluorescence emission at 680 nm. Hence, both
morphological and spectroscopical data confirm that the
commercial RP contains a significant number of nanoparticles.

Upon filtration through a 200 nm filter, the RP-nano then
underwent enzymatic screening, specifically, the phosphatase
activity test, wherein nitro blue tetrazolium (NBT)/5-bromo-4-
chloro-3-indolyl phosphate (BCIP) was used as the substrate.
The phosphatase test showed positive result at pH 13 in vitro, at
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Fig. 1 Characterization of the processed RP and its interaction with DNA: (a) AFM image of RP Tai using the dried solution sample at
a concentration of 50 mg mL™%. (b) SEM image of RP Tai using the dried solution sample at a concentration of 50 mg mL™%. (c) Fluorescence
spectra of RP-nano and micro with an excitation wavelength of 350 nm. (d) Phosphatase tests for RP Tai and ALP with NBT/BCIP substrate: (d;)
substrate concentration dependence at pH 13; (d,) pH dependence; and (ds) temperature dependence at pH 13.
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which RP exhibits slightly more vigorous PL activity than that of
the natural alkaline phosphatase (ALP) (Fig. 1d). The pH
dependence tests indicate that ALP holds more robust phos-
phatase activity than RP in the pH range of 4 to 13, and the PL
activity of RP catches up at pH 13. The temperature dependence
tests indicated that RP maintained a stable PL activity from 0 °C
to 99 °C, whereas ALP only reached the same activity as RP at
25 °C and exhibited significantly reduced activity at all other
temperatures.

In summary, the PL activity of the processed RP was
confirmed; owing to this pseudo-enzymatic activity, hereafter,
we shall refer to the nanoassemblies contained in the processed
herbs as RP herbzymes.

Zingiber officinale
fresh

b Lycium chinense fresh
160
b — - - .w
0 1 2 3 4 um  nm
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Nanoassemblies and their correlation with PL activity
observed for processed herbs and herbal foods other than RP

A hypothesis is proposed hereby that the morphology of the
herbal material highly depends on the processing. Baking
generally produces a large amount of smaller sized particles, yet
they are assembled with highly regular patterns; successful
examples were obtained with extracts from Zingiber officinale
and Lycium chinense. The AFM images show that the surface
morphology of the fresh extract of Zingiber officinale (Fig. 2a) is
in a random pattern with an average particle size of 50-100 nm
x 50-100 nm X 50 nm; the fresh extract from Lycium chinense
(Fig. 2b) exhibits a triangular pattern with dimensions of 1 pm

Zingiber officinale
baked

pm

-

um Pm

0 2 4 6 a8

Fig. 2 Characterization of processed herbs followed by characterization of the hydrophobic components: (a) left panel: AFM image of fresh

Zingiber officinale; right panel: AFM image of baked Zingiber officinale.

image of baked Lycium chinense.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(b) Left panel: AFM image of fresh Lycium chinense; right panel: AFM
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x 1 um x 150 nm. Upon baking, the Zingiber officinale extract
develops highly regulated flower-shaped assemblies and the
Lycium chinense extract develops a pattern that is made of 4-6
smaller sized triangular assembles. In both cases, the average
particle size significantly decreased.

On the other hand, PL activity is assumed to be closely
correlated with the total amount of nanosized particles. Using
an NBT-BCIP substrate, the PL activity of four species, i.e., RP,
Lycium chinense, Allium schoenoprasum, and Zingiber officinale
(Fig. 3), was tested fresh and upon baking. Without exception,
relatively enhanced PL activity was observed for the baked
samples, which is mainly owing to the increase in the amount of
nanosized particles upon baking. In a separate set of tests, the
PL activity was compared between the fresh and baked samples
for 33 herbs or herbal vegetables (ESI Fig. S41). Once again, 25
out of 33 species exhibited stronger PL activity for the baked
samples than the fresh ones. We then conclude that the herb-
zymatic activity is linked to the baking process.

The mechanism of processing-generated PL activity

The active centers of ALP and PTP were identified as two Zn**
ions and the S-H functional group on cysteine, respectively;
sometimes, in PTP the N-H group may cooperate with the
dephosphorylation process.>** A regular phosphatase protein
inhibitor (PPi) did not act on RP-nano; on the contrary, it even
enhanced the PL activity of RP in some circumstances. Three
potential inhibitors were therefore applied to figure out the PL
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mechanism of RP. Elemental and amino acid analyses indicated
that RP Tai contains outstanding levels of Ca®>" ions and gluta-
mic acid (Glu) (quality report of the product). However, neither
of these components are responsible for the reported phos-
phatase mechanism (Fig. 3b). While Ca®>" evidently inhibited
ALP (Fig. 3b), it enhanced the PL activity of RP without showing
concentration dependence in the range from 0.25 M to 2 M.
Such observations imply that the PL activity brought by RP is
different from that of ALP. On the other hand, EDTA exhibited
a specific inhibition effect. However, with its pK, values of 0, 1.5,
2, and 2.66, EDTA may easily lead to a pH variation in the
medium, and it also holds tremendous potential to coordinate
with the metal components in RP that might otherwise cause PL
activity.

The effect of Na,CO;, Na,SO,, and NaHCO; on the
phosphatase-like activity of RP was tested (ESI Fig. S5t). While
Na,CO; exhibited the least impact, both Na,SO, and NaHCO;
inhibited the PL activity of RP. Na,SO, is a well-known dehy-
dration reagent; its addition may cause the removal of some
water molecules distributed on the surface of RP particles,
which is perhaps quite relevant to the dephosphorylation,
whereas the inhibition brought by NaHCOj is likely due to the
pH variation.

To model the chemical mechanism of the PL activity of RP,
quantum mechanical calculations were performed at the
density-functional theory (DFT) level. It has been well estab-
lished that RP contains a large amount of carbohydrates,*
which are responsible for the sweet taste of the RP tea. To
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(a) Characterization of herbs and herbal foods upon baking: PL activity test of RP Tai, Lycium chinense, Zingiber officinale, and Allum

schoenoprasum with NBT/BCIP substrate at pH 13 (NBT/BCIP concentration: 0.15 mg mL™, herb concentration: 2.5 mg mL™Y). S represents
substrate. (b) Phosphatase inhibition tests by Ca®* and EDTA with NBT/BCIP substrate; left panel: inhibition tests by Ca®* against RP; middle
panel: inhibition tests by Ca* against ALP; right panel: inhibition tests by EDTA against RP. * = significant difference with p < 0.05; ** = significant

difference with p < 0.01.
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Fig. 4 Phosphatase mechanism study: (a) FT-IR spectrum of RP Tai; the calculated IR spectra of neutral glucose Glc(OH)s and glucose

deprotonated at position 1 and 5 Glc(OH),O~

(1)/(5). (b) The five isomeric molecular structures of the dimers formed between glucose and

phosphate. (c) The five isomeric molecular structures of the dimers formed between neutral glucose and BCIO.

efficiently model these compounds, only a-p-Glucose (Glc) was
investigated as the most representative monosaccharide of RP.
In particular, it is well-known that in aqueous solution both
open-chain and cyclic forms are in equilibrium, but at pH 7 the
cyclic one is predominant, and therefore in this investigation,
only the cyclic structure of Glc was considered. The

© 2021 The Author(s). Published by the Royal Society of Chemistry

computational modeling consisted of studying the phosphate
group exchange between BCIP and Glc. Glc is a polyol, bearing
five hydroxyl groups; it is more acidic than simple alcohols with
a pk, of first deprotonation equal to 12.46 (ref. 40) (e.g., meth-
anol's pK, = 15.5). Our calculations and the literature** support
this experimental evidence. Deprotonation of an alcohol group

Nanoscale Adv., 2021, 3, 2222-2235 | 2227
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in Glc facilitates the cyclization reaction because the conjugate
base (alkoxide) is a much stronger nucleophile.*> We therefore
suppose that the choice of the cyclic form is reasonable for our
purposes. Considering the temperature and pressure adopted,
the processing may not dramatically change the chemical
structure and composition, although it may bring specific
morphological changes and affect the charge distribution, as
observed in the present study. The electrophoresis tests indi-
cated significant amount of components in RP carry negative
change, which may be attributed to deprotonated sugars. The
experimental FT-IR spectrum of RP was compared with the
calculated IR spectra of neutral Gle (Glc(OH)s) along with the
two isomers of the singly deprotonated Glc (Gle(OH),0 ™), viz. in
positions 1 and 5 (Fig. 4a). The experimental absorption bands
match the calculated ones, especially for Gle(OH),O™ (1), the
most stable deprotonated isomer, suggesting that, after pro-
cessing, RP may contain both neutral and deprotonated sugars.

Given the chemical nature of RP, the most likely candidate
responsible for the negative charge should be the deprotonated
carboxylic group considering its pK, value of ~4.75. If this is the
case, a dramatic frequency shift should be observed for C=0
from fresh RP to processed RP as the C=O in the neutral
carboxylic group is characterized by the IR absorbance centered
at ~1720 cm™ ', whereas the C=0 in the deprotonated carbox-
ylic group should have IR absorption at ~1680 cm™'. Such
a peak shift was never observed in the present work; therefore, it
is reasonable to assume that the deprotonated hydroxyl group
on the sugar molecule is responsible for the negative charge
after processing. Considering the results of the previous
sections, we concluded that processing leads to the production
of nanosized particles. When a molecule is in a form of nano-
scaled assembly, its reactivity as well as stability usually indicate
differences from the situation wherein the molecules are
segregated by the solvent molecules. At the nanoscale it
becomes possible for some species to exist that otherwise will be
unstable to stay balanced among the specific surface tension,
surface defects, and the interaction among the particles with
similar dimensions. Anyway, the sudden enhancement of the
PL activity observed at pH = 13 for RP provides another hint
that the deprotonation of Glc is indeed realistic.

Concerning modeling a possible mechanism for RP's
phosphatase-like activity, two possible competitive reaction
paths may be hypothesized: (1) a protonated or deprotonated
sugar molecule reacts with BCIP, and the phosphate group is
transferred from the latter to the former via a transition state, to
eventually obtain phosphorylated sugar (GlcP; Fig. 4b) and BCI
(protonated in keto form, or deprotonated as enolate); or (2) the
sugar molecule and BCIP dimerize together (forming Glc-O-
BCI; Fig. 4c) with the release of the phosphate group. There are
five possible isomers for GlcP and Glc-O-BCl. From the ener-
getic perspective, both of the proposed paths are thermody-
namically favored at n.c. (AGr, < 0). However, among the
isomers, GlcP (1) and (5) were the most abundant products of
the sugar phosphorylation (11% and 84% at room temperature,
respectively), whereas Gle-O-BCI (4) and (5) were the major
products for the dimerization (40% and 59% at room temper-
ature, respectively). Kinetic-wise, the lowest value of AG*
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(4.8 k] mol ') was identified for the phosphate group exchange
wherein the -OH or RO~ group in position 1 acts as the
dephosphorylation center; the corresponding transition state
was characterized by triangular bipyramidal coordination of the
P atom and two hydrogen-bonding interactions formed by the
two —OH groups of the phosphate moiety and the ether oxygen
(of Glc) and the alkoxy oxygen (of BCI) occupying one of the two
apical positions of the P coordination shell.

Quantum mechanical calculations not only lay a strong
foundation at the molecular level for the enzymatic activity but
also emphasize the importance of molecular assembly, which
plays a key role in terms of the arrangement of repetitively
aligned clusters of key functional groups in a particular
conformation. These are two critical aspects of the resulting
enzymatic performance. Once again, it manifests the strong
effect of herbal processing, which will be discussed in depth in
the following sections.

The role of boiling in the PL activity

Boiling represents the most common processing practice
adopted by TCM. It has been reported that thermal treatment of
poly-sugars potentially generates aggregated mono-sugars,
sugar oligomers, or dehydrated sugars, and consequently
alters the molecular structure of the poly-sugars.**** Herein,
four common herbs, including Leonurus artemisia, Panax quin-
quefolis, Gynostemma pentaphyllum, and Angelica sinensis, were
chosen to compare the PL activity between fresh and boiled
samples. The impact of boiling was detected by fluorescence at
460 nm and 690 nm, which manifests the change in the amount
of nano- and micro-sized particles, respectively, as well as the
FT-IR absorbance centered at 1050 cm ™' corresponding to the
C-O stretching vibration, which reflects the change in the
distribution and orientation of the functional groups on the
surface of the herbal particles (Fig. 5a-d). All four herbs showed
more robust PL activity upon boiling. For Leonurus artemisia,
the enhanced PL activity can be attributed to the increase in the
number of nanosized particles and more exposed alkoxide
functional groups on the surface of the particles. Without
showing an increase in the fluorescence intensity at 460 nm, the
promoted PL activity exhibited in boiled Gynostemma penta-
phyllum is likely due to the molecular conformation change
upon boiling that makes more functional groups available for
the dephosphorylation. For Panax quinquefolis, boiling did not
promote the production of nanosized herbal particles nor lead
to an increase in the exposed alkoxide functional groups.
Consequently, the boiled sample did not exhibit significantly
improved PL activity. Finally, boiling had more impact on the
exposure of the surface alkoxide groups than on the production
of nanosized particles. Thus, the enhanced PL activity for the
boiled samples is attributed to the increased number of exposed
alkoxide groups on the surface of the herbal particles.

RP herbzymes can dephosphorylate DNA by PL activity
thereby inducing DNA damage

Since ALP can dephosphorylate DNA at the 5-phospho-end,*
the RP herbzymes were applied to DNA 5'-phospho-end in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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electrophoresis tests. The dephosphorylation is evidenced in particle size. Such interaction was observed using coiled
Fig. 6a for the ALP-DNA 5'-phospho-end system, wherein a new  plasmid DNA through HR-AFM. The flower-shaped RP particles
band likely representing 5’-dephospho DNA appeared. The with XY dimensions of 200-400 nm x 200-400 nm exhibited
same band distribution was observed for the RP herbzyme-DNA little affinity with coiled DNA (Fig. 6b), whereas the particles
5'-phospho-end system, confirming the dephosphorylation with an average size smaller than 50 nm show a stronger
ability of the RP herbzymes. Other than the function of interaction with DNA, and some even caused the fragmentation
dephosphorylation, the RP herbzymes were found to establish of DNA, as indicated within the red circle in Fig. 6¢ and ESI
a strong interaction with DNA, especially the RP with smaller Fig. S6.F
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Fig. 6 RP binds DNA, induces DNA damage, regulates DNA ligation, and enhances phosphatase activity, thereby inhibiting cell growth: (a)
agarose gel electrophoresis with DNA—-RP system. (b) AFM images of DNA with the coiled shape (control). (c) AFM images of coil-shaped DNA
after application of RP Tai solution of 50 mg mL~%. (d and e) Confocal microscopic images of RP induce DNA damage, decreased phosphor-
ylation of MET (pMET) and increased FAK in PC3 cells. (f) Agarose gel electrophoresis with RP effect on DNA ligation. (g) PL activity of RP + ALP
with NBT/BCIP substrate at pH 7 (NBT/BCIP concentration: 0.15 mg mL™, herb concentration: 2.5 mg mL™* ALP: 1 : 50 000). (h) PL activity of RP
+ ALP with pNPP substrate at pH 7 (o0NPP concentration: 5 mM, herb concentration: 2.5 mg mL™%, ALP: 1 : 50 000). (i) Cell growth inhibition assay
in 24 well plate by staining of cells by crystal violet. Phosphatase inhibitor (PPi) was used at concentration indicated. Scale bars: 20 pm. “*" means
significant difference with p < 0.05, whereas "**" means significant difference with p < 0.01. "n.s.” means non-significant.
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RP herbzyme-induced DNA damage during cell growth related
to PL activity

As a readout of DNA binding and unwinding, the DNA damage
induced by the herbzymes was identified in PC3 cancer cells
detected by DNA damage marker staining, via gamma H2AX foci
formation testing experiment with antibody staining (Fig. 6d
and e). The DNA damage induced by the RP herbzymes is likely
to be due to the herbzymes interfering in the ligation stages
(Fig. 6f).

Moreover, the cell focal adhesion marker FAK increased and
phosphor-MET decreased upon the RP treatment, suggesting
that the role of RP is closely related to the FAK adhesion
signaling and that RP decreases MET kinase phosphorylation
(pPMET) (Fig. 6e). Thus, the RP most likely acts as a phosphatase
to inhibit MET kinase phosphorylation.

Finally, we tested whether the RP herbzymes can act through
phosphatase in vitro, especially at pH 7, the physiological
condition. The phosphatase substrates NBT/BCIP and pNPP
were then applied to a combination of ALP and RP. As shown in
Fig. 6, RP also intervenes in the cell signaling pathways through
a selective regulation of phosphatase as RP promotes phos-
phatase activity with the NBT/BCIP substrate but not the pNPP
substrate (Fig. 6g and h).

As one of the functions of phosphatase in cancer is tumor
suppression, we further explored the potential application of the
herbzymes for cancer cell growth inhibition. Phosphatase is
known for its ability to prevent cell growth through the inhibition
of kinase signaling. Hence more tests were performed to identify
whether the RP-PL herbzymes inhibit cancer cell growth via
crosstalk with phosphatase-induced kinase inhibition signaling.
In cancer cells, when phosphatase was inhibited by sodium
orthovanadate (SOV), an inhibitor of phosphatase (PPi), at 20 uM
mL~', RP-mediated inhibition of cell growth at low dose is
invalid (Fig. 6i). In other words, when the cell's endogenous
phosphatase is blocked by PPi, RP lost the function of inhibiting
cell growth. In more detail, when the cell's endogenous phos-
phatase is inhibited by PPi, RP did not inhibit cell growth. This
suggests that the RP herbzymes inhibit cancer cell growth at least
through phosphatase interaction-induced activity, which is
consistent with the in vitro data in Fig. 6g and h.

In summary, processed herbs such as RP with nano-
structures or highly regulated assemblies (i.e., nanoflower-like
structures) exhibited not only the full PL activity but also the
ability to bind DNA, which interferes in DNA repair and causes
cell death by targeting phosphorylation events.

Processed RP-nano exhibits enzyme activities other than PL

The RP herbzymes also demonstrated trypsin activity to digest
proteins and a-amylase activity to digest starch (Fig. 7a and b).
Thus, the processed RP-nano may have the potential for
multiple enzyme activities. a-Amylase and trypsin are important
enzymes in digestive systems that catalyze the hydrolysis of
starch molecules to glucose to increase blood sugar levels and
digest protein by cutting peptide bonds, respectively. They are
essential in the food industry and biomedical physiological
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digestion. RP herbzymes can be potentially applied to gastric
digestion in medical treatment,**® especially through
enhancing ALP at pH 7 or 8. In ancient records, processed RP is
beneficial for digestion, but the mechanism had not been
revealed until now. Here, we explained the biochemical
enzyme activity induced by the herbzymes at the nanoscale,
which provides the biochemical effect of the processed RP
herbzymes .%* This finding expands our understanding of the
herb's enzyme activity at the nanoscale based on biophysical
principles. Importantly, our findings expand nanozymes to
include herbzymes generated by the processing of natural
products, in addition to artificially synthesised or metal-based
nanozymes.

Conclusions

Herb processing in TCM has been shown to generate nano-
sized particles and highly regulated assemblies that
demonstrate PL or other enzymatic activities. This is the first
report to reveal the critical role played by processing in TCM
efficacy. Some inhibition tests indicated that the PL activity
exhibited by the processed RP involved a different mecha-
nism from that of ALP. Quantum mechanical simulation
showed that the PL activity of the processed RP is achieved
through the interaction between sugar molecules, particu-
larly the deprotonated hydroxide functional groups, and the
phosphate substrate.

On the other hand, cancer cells were sensitive to RP in cell
spreading which is linked to FAK, MET signaling, being stem
cells anchorage-independent cell growth. Moreover, phospha-
tase is acknowledged as a stem cell marker.*® Therefore, further
interesting studies would be functions of RP as artificial phos-
phatase herbzyme in stem cells or cancer stem cells.

Herbs and herbal foods other than RP were subjected to
the tests in the present work and showed effective enzymatic
or co-enzymatic activities, indicating that processing (baking
or boiling) generally leads to the production of smaller
particles on the nanoscale with highly regulated assemblies.
These nanosized particles and their assemblies were found to
play critical roles in the enzymatic properties reflected in

Nanoscale Adv, 2021, 3, 2222-2235 | 2231
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these processed herbs, therefore hinting that the medicinal
effects of TCM are not only triggered by its chemical
components, but also the processing, Pao Zhi, responsible
for the assembly generation. The discovery in the present
work may just be the tip of an iceberg of the secrets in the
history of TCM practice. Further effort is needed to shed light
on the thermodynamics and kinetics of the generation of the
nanostructures and their assembly mechanism and the way
the processing conditions (temperature, heating/cooling
rates, etc.) influencd the size (and subsequently the effec-
tiveness) of the processed herbs.

Finally, the present work provides a molecular model for the
enzymatic features reflected in the processed herbs through
quantum mechanical calculations. Meanwhile, it enriches the
practice of generating nanozymes by introducing TCM pro-
cessing methods. Above all, the present work broadens our
insights into the principles of nanozymatic functions and
expands our vision to explore the broader application of nano-
zymes, herbzymes in this particular case, through natural
products at the nanoscale.

Materials and methods
Processing of herbs

The preparation and processing of the filiform of RP includes
the following steps. Owing to patent policy, some steps are
described in brief. Firstly, fresh RP root was thoroughly cleaned
and cut into shreds. Secondly, the RP was further processed to
become filiform slices of uniform filamentous shape with
a cross-section size of 0.5-20 mm (the maximum length of the
cross-section), with total saponin content of 3.32-3.54 mg/100
mg, and total flavonoids content of 4.23-4.79 mg g~ . For the
other herbs or herbal foods, 200 °C was used for baking and
100 °C for boiling for different lengths of time, as indicated in
the figures or legends.

High-resolution atomic-force (HR-AFM), scanning electron
(SEM) and confocal microscopy

High-resolution atomic-force microscopy imaging (HR-AFM)
was performed using an AFM Smart SPM 1000 (AIST-NT, Rus-
sia). The scanning speed is 0.2 Hz. Pixel resolution is 1024 x
1024. Super sharp type NSG30_SS (NT-MDT Spectrum Instru-
ments, Russia) cantilevers with tip radius curvature of 2 nm and
resonance frequency of 200-440 kHz were applied for imaging
in AC mode (tapping mode).

For the scanning electron microscopy images (SEM), the
samples were air-dried, followed by SEM scanning of different
fields. For confocal microscopy (LSM780, Carl Zeiss) analysis,
the cells were plated on glass coverslips (Fisher) and treated
with vehicle or herb extracts after 24 h. Finally, the cells were
fixed and subjected to immunostaining by antibodies for r-
H2AX (Cell Signaling), FAK (Santa Cruz), or pMET (Cell
Signaling), or the dyes F-actin (Alex 488, Life Technologies) or
DAPI (Sigma-Aldrich) according to the Immunofluorescence
General Protocol (https://www.cellsignal.com/contents/
resources-protocols/immunofluorescence-general-protocol/if).
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Statistical analysis

Student’'s T-test was used to determine statistical significance
following the standard of a p-value less than 0.05-0.01. In the
figures, * indicates a significant difference with p < 0.05,
whereas ** indicates a significant difference with p < 0.01.

Phosphatase assay and enzyme activity analysis

The phosphatase enzyme assay was carried out using the
substrates 5-bromo-4-chloro-3-indolyl phosphate-nitro blue
tetrazolium (NBT/BCIP) and para-nitrophenyl phosphate
(pNPP) (Life Technologies). The absorbance was measured at
590 nm for NBT/BCIP and 410 nm for para-nitrophenyl (pNP)
(Bio Rad). pNP is a product of the pNPP substrate-catalyzed
reaction. The ALP of calf-intestinal alkaline phosphatase (CIP,
Life Technologies) was used as the positive control and vehicle
water was used as the negative control for RP. Trypsin and o-
amylase activities kits were purchased from Solarbio (Beijing,
China). The methods are based on the protocols provided by the
manufacturer.

Cell growth inhibition assay

For the two-dimensional cell growth assay, cells were treated
with vehicle or agent. After 3-4 days, the cells were fixed and
stained with crystal violet. Finally, a photograph was taken and
the optical density was measured at 590 nm.

Fourier transform infrared (FT-IR) spectroscopy and
quantitative measurement of elements

An FT-IR spectrometer (Nicolet iS5, resolution: 2 cm™*) from
Thermo Scientific was used to detect the chemical groups. The
quantitative determination of sulfur in the samples was also
carried out using Vario EL Cube elemental analyzer produced by
Elementar (Germany). For each test, a 5 mg sample was accu-
rately weighed on a balance with a precision of 0.001 mg and
then wrapped in foil and put on a sample tray to be tested. The
testing conditions of the elemental analyzer were as follows:
combustion tube temperature 1150 °C, reduction tube
temperature 850 °C, high-purity helium flow rate 220 mL min ™,
high-purity oxygen flow rate 50 mL min~', high-purity oxygen
flow rate 80 s. After combustion, the samples were quantita-
tively analyzed by adsorption analytical column and thermal
conductivity detector.

A Vario EL III elemental analyzer produced by Elementar
(Germany) was used for the quantitative determination of
hydrocarbon and nitrogen elements in the samples. Each test
sample of 2-3 mg was accurately weighed on a balance with
a precision of 0.001 mg and then wrapped in foil and put in
a sample tray to be tested. The testing conditions of the
elemental analyzer were as follows: combustion tube tempera-
ture 900 °C, reduction tube temperature 550 °C, high-purity
helium flow 120 mL min~ "', high-purity oxygen flow 50
mL min ", high-purity oxygen flow of 30 s. After combustion,
the samples were quantitatively detected by adsorption analyt-
ical column and thermal conductivity detector.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Computational details

The ground state geometry of all possible isomers of the
investigated molecules (vide infra) was fully optimized in
aqueous solution at density-functional theory (DFT) using the
MO06-2X*® hybrid functional coupled with the triple-{ 6-
311++G** (ref. 49 and 50) basis set. The absence of imaginary
frequencies was checked for the optimized molecular geome-
tries in harmonic approximation and the minima were found to
be “genuine”. Transition states for the phosphate transfer
reaction were also optimized and the presence of one imaginary
frequency was checked in the harmonic approximation. Ther-
mochemical quantities were also calculated at 7= 298.15 K and
p = 1 atm for both minima and saddle points. Infrared inten-
sities were also simulated for the points of minimum of the
potential energy surface. Solvent effects were taken into account
via the implicit polarizable continuum model in its integral
equation formalism (IEF-PCM).** The PCM molecular cavity was
built according to the SMD** parameterization. Standard values
were always assumed for the dielectric constant and refractive
index of water.

For all calculations for all the atomic species, the integration
grid for the electronic density was set to 250 radial shells and
974 angular points. Accuracy for the two-electron integrals and
their derivatives was set to 10~ '* a.u. The convergence criteria
for the self-consistent field method were set to 10~** for the root
mean square (RMS) change in the density matrix and 10~ for
the maximum change in the density matrix. Convergence
criteria for the geometry optimizations were set to 2 x 10~ ° a.u.
for maximum force, 1 x 10~ ® a.u. for RMS force, 6 x 10~° a.u.
for maximum displacement, and 4 x 10 ° a.u. for RMS
displacement.

All calculations were performed using Gaussian G16.A03.%

Abbreviations

ALP Alkaline phosphatase

TCM Traditional Chinese medicine

Herbzyme Herb enzyme

HR-AFM  High-resolution atomic-force microscopy

DFT Density-functional theory

IEF-PCM  Polarizable continuum model in its integral
equation formalism

NBT/BCIP 5-Bromo-4-chloro-3-indolyl phosphate-nitro blue
tetrazolium

PNPP para-Nitrophenyl phosphate

PNP para-Nitrophenyl

FT-IR Fourier transform infrared

SEM Scan electron microscope

RP Rhizoma polygonati

PL Phosphatase-like
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