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ABSTRACT

Flavonoids such as baohuoside I and icaritin are the major active compounds in Epimedii Folium (EF) and
possess excellent therapeutic effects on various diseases. Encouragingly, in 2022, icaritin soft capsules
were approved to reach the market for the treatment of hepatocellular carcinoma (HCC) by National
Medical Products Administration (NMPA) of China. Moreover, recent studies demonstrate that icaritin
can serve as immune-modulating agent to exert anti-tumor effects. Nonetheless, both production effi-
ciency and clinical applications of epimedium flavonoids have been restrained because of their low
content, poor bioavailability, and unfavorable in vivo delivery efficiency. Recently, various strategies,
including enzyme engineering and nanotechnology, have been developed to increase productivity and
activity, improve delivery efficiency, and enhance therapeutic effects of epimedium flavonoids. In this
review, the structure-activity relationship of epimedium flavonoids is described. Then, enzymatic en-
gineering strategies for increasing the productivity of highly active baohuoside I and icaritin are dis-
cussed. The nanomedicines for overcoming in vivo delivery barriers and improving therapeutic effects of
various diseases are summarized. Finally, the challenges and an outlook on clinical translation of epi-
medium flavonoids are proposed.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Epimedium, a genus containing more than 50 species of
herbaceous plants, is geographically mainly distributed in China.
Fifteen species of Epimedium are widely used as traditional Chinese
medicine (TCM) and they are well known for “nourishing the kid-
ney and reinforcing the Yang” [1]. Epimedii Folium (EF, Yinyanghuo
in Chinese) is the dried leaves of four Epimedium plants, including
E. brevicornum Maxim., E. sagittatum (Sieb. et Zucc.) Maxim.,
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E. pubescens Maxim., and E. koreanum Nakai [2]. Previous phyto-
chemical studies have revealed that diverse components can be
extracted from EF, including flavonoids, lignans, xanthones,
alkaloids, and acids [3]. Among them, flavonoids are the main active
constituents, including epimedin A, epimedin B, epimedin C,
icariin, baohuoside I (also known as icariside II), and icaritin [4]
(Fig. 1). These flavonoids, especially icariin, baohuoside I, and
icaritin, show enormous potential in treatment of various diseases,
such as osteoarthritis, cardiovascular disease, diabetes, male sexual
dysfunction,  neurodegenerative  disorders, inflammation,
Alzheimer's disease, and cancers [1]. Icariin, the most abundant
active component in EF, has been recognized as a quality-control
marker for EF [5,6]. Recent icariin metabolism studies have
reported that icariin is transformed to baohuoside I and icaritin
in vivo, which can be absorbed in small intestine [7]. Moreover,
compared with icariin, baohuoside I and icaritin display stronger
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Fig. 1. Chemical structures of flavonoids from Epimedii Folium (EF). glc: glucose; rha:
rhamnose; xyl: xylose.

biological activities, such as the differentiation and proliferation of
osteoblasts [8,9].

Notably, in 2022, icaritin soft capsules, as a novel immunomod-
ulatory antitumor agent, were approved to reach the market for the
treatment of hepatocellular carcinoma (HCC) by National Medical
Products Administration (NMPA) of China based on the favorable
results of phase III clinical trials (NCT03236636, NCT03236649) [10].
However, the contents of baohuoside I (<0.3%) and icaritin (<0.1%) in
EF were too low to achieve large-scale production by the conven-
tional extraction technology [11,12]. Therefore, it is important to
develop effective methods to convert the abundant icariin or the
total flavonoid extract of epimedium (TFEE) into more active bao-
huoside I and icaritin. Moreover, it is also crucial to further investi-
gate the pharmaceutical properties and promote the biomedical
applications of baohuoside I and icaritin. Despite tremendous
progress and efforts in determining the activities of baohuoside I and
icaritin, their clinical applications remain restricted due to their low
bioavailability and inefficient delivery in vivo [13,14]. Thus, it is
essential to develop powerful strategies that can address the existing
issues related to baohuoside I and icaritin, as well as fully exerting
their therapeutic effects.

In recent years, extensive efforts have been devoted to preparing
baohuoside I and icaritin, such as column chromatography, chemical
synthesis, chemical hydrolysis, and enzymatic hydrolysis. The
application of column chromatography in the large-scale produc-
tion of these two flavonoids is limited due to their low content in EF
[15]. Chemical synthesis of icaritin demands harsh reaction condi-
tions, such as high temperature, which have hindered its scale-up
and commercial applications [16]. In addition, the chemical hydro-
lysis method often has some negative effects on the activities of
products and generates byproducts. Alternatively, enzymatic hy-
drolysis methods are widely utilized due to their significant ad-
vantages of remarkable selectivity, mild conditions, high efficiency,
and environmental protection. For instance, Liu et al. [12] applied
efficient and clean enzymatic hydrolysis method to produce icaritin
from epimedin C with immobilized «-i-rhamnosidase and B-
glucosidase. In the process of enzymatic hydrolysis, the catalytic
efficiency and yield of hydrolysates can be improved by optimizing
enzyme properties, substrate solubility, and hydrolysis conditions
and systems [17].

Nanoparticles (NPs) can be applied to enhance the bioavail-
ability and delivery efficiency of baohuoside I and icaritin. NPs have
unique properties such as high surface area and beneficial physi-
cochemical characteristics, which can enable them to modulate the
pharmacokinetic and pharmacodynamic profiles of the loaded
bioactive compounds [18]. Loading flavonoids into NPs can increase
their stability, solubility and permeability, prolong drug blood cir-
culation, augment targeted delivery, elevate tumor penetration,
and overcome multidrug resistance (MDR) [19]. Owing to these
benefits, therapeutic effects such as anti-osteonecrosis and anti-
tumor effects of these nanomedicines have been confirmed to be
superior to those of free drugs [20,21].
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This review summarizes the recent advances in the preparation
of baohuoside I/icaritin, and the delivery as well as the applications
of their nanomedicines (Fig. 2). We first introduce the structures,
therapeutic goals, and structure-activity relationship (SAR) of three
flavonoids, namely, icariin, baohuoside I, and icaritin. Second, we
summarize several optimized enzymatic hydrolysis methods to
obtain highly active baohuoside I and icaritin from the aspects of
improving enzyme properties, substrate solubility, and hydrolysis
conditions and systems. Furthermore, we present a number of
smart NPs to enhance the bioavailability, prolong blood circulation,
augment target delivery, elevate tumor penetration, and overcome
MDR of baohuoside Ificaritin; the applications of these nano-
medicines in the treatment of cancers and osteonecrosis are also
described. Finally, we conclude this review with solutions to chal-
lenges existing in the production of baohuoside I/icaritin and ap-
plications of their nanomedicines, and future prospects for their
clinical practice are also provided. To our knowledge, this is the first
comprehensive review to summarize the latest achievements and
propose new opportunities as well as future challenges in the field
of epimedium flavonoids for improving the therapeutic effects of
baohuoside I/icaritin on various diseases.

2. SAR of flavonoids from EF

Flavonoids are the main active ingredients of EF and have
excellent pharmacological activities against osteoporosis, cardio-
vascular diseases, sexual dysfunction, inflammation, and cancers
[1]. Based on cumulative findings concerning the SAR of flavonoids,
it is reasonable to infer that the prenyl side chain position at C-8,
double bond of the C2=C3, 4-carbonyl group, and hydroxylation
patterns, especially 3-OH, play a significant role in the therapeutic
effects of flavonoids [22]. The prenyl side chain position at C-8 is
key to the cytotoxic activities on human cancer cells, anti-
inflammatory activity, and inhibitory activity toward some en-
zymes like 3',5’-cyclic monophosphate and phosphodiesterase 5
(cGMP-PDES5) [23]. cGMP-PDE5 plays an important role in modu-
lating smooth muscle tone in general, and the inhibitors of cGMP-
PDE5 can be used to treat erectile dysfunction. Additionally, the
double bond of C2=C3 and the 4-carbonyl group are beneficial to
diverse activities, such as antiviral/bacterial, anticancer, anti-
neuropathology, cardioprotective, anti-inflammatory, anti-
diabetes, and antioxidant activities [22]. Similarly, 3-OH contrib-
utes to a variety of activities except for antidiabetes. Generally, the
glycosylation of flavonoids may increase the corresponding anti-
viral/bacterial activity, but is anti-age-dependent on the contrary.

Specifically, icariin, baohuoside I, and icaritin, the main active
flavonoids in TFEE, exert therapeutic effects on various diseases
(Table 1 [24—57] and Table S1 [58—73]). Icariin is the most abundant
flavonoid in EF, while the natural contents of baohuoside I and
icaritin are very low [ 74]. The contents of these three flavonoids in EF
are affected by species, growth conditions, and flavonoid extraction
methods [75,76]. For example, the contents of icariin and baohuo-
side I vary in different species of EF (Fig. S1) [15]. As the most
abundant active component in EF, icariin, is shown to possess
multiple pharmacological effects against osteoarthritis and cartilage
injury, myocardial ischemia, and inflammation [58,77]. Icariin can
also serve as an alternative drug for the therapy of cancers and other
diseases, such as male sexual dysfunction, Alzheimer's disease, and
acute promyelocytic leukemia [68,78]. Remarkably, baohuoside I
and icaritin display higher bioactivity and therapeutic effects than
icariin [38,46]. For example, baohuoside I and icaritin have better
bioavailability and more excellent effects for osteogenic differenti-
ation and proliferation [79].

It was reported that the higher pharmaceutical activities of
baohuoside I and icaritin arose from reduced sugar moieties in
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Fig. 2. Integration of herbal medicine, enzyme engineering, and nanotechnology for increasing productivity and activity, improving delivery efficiency in vivo, and enhancing
therapeutic effects of epimedium flavonoids. NP: nanoparticle; Glc: glucose; Rha: rhamnose; RES: reticuloendothelial system; P-gp: P-glycoprotein.

contrast to icariin [80]. With respect to structures (Fig. 1), these
three flavonoids have the same fundamental skeleton but different
glycosyl substitutions at the C-3 and C-7 positions [80]. Icariin
possesses a glucose group at the 7-O position and an additional
rhamnose moiety at the 3-O position [81]. Unlike icariin, baohuo-
side I only has a rhamnose moiety at the 3-0 position, and icaritin is
the aglycone of epimedium flavonoids without any sugar moieties.
Except for extraction from EF, baohuoside I can also be obtained by
releasing the sugar moieties at the C-7 position of icariin [80].
Icaritin can be produced by deglycosylation at both the C-3 and C-7
positions from TFEE, including icariin and epimedin A/B/C [8,80].

3. Preparation of baohuoside I and icaritin by enzymatic
hydrolysis

In recent decades, column chromatography, chemical synthesis,
chemical hydrolysis, and enzymatic hydrolysis have been employed
to obtain baohuoside I and icaritin. Among these approaches,
enzymatic hydrolysis has demonstrated enormous potential in the
preparation of baohuoside I and icaritin owing to its remarkable
selectivity, mild reaction conditions, high efficiency, and environ-
mental friendliness [17].

To produce baohuoside I, B-glucosidase, dextranase, and cellu-
lose are employed to remove glucose from the 7-O position of
icariin [82]. In addition, the aglycone icaritin can be generated by
releasing all the sugar moieties from several flavonoids (e.g., icariin
and baohuoside I) using snailase or a mixture of B-glucosidase and
a-L-rhamnosidase [12,83]. However, the enzymatic transformation
efficiency was still restricted by the low activity and poor stability
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of enzymes, difficulties in recycling enzymes, unsatisfactory solu-
bility of substrates, and inadequate catalytic conditions. To improve
the hydrolysis efficiency, the enzyme properties, substrate solubi-
lity, hydrolysis conditions and systems were optimized (Table S2)
[84—99].

3.1. Utilization of ameliorated enzymes

Enzyme properties are pivotal in the enzymatic hydrolysis of
flavonoids. To address the problems of low stability, methods of
improving enzyme thermostability and enzyme immobilization
technology are exploited to increase the hydrolytic efficiency and
reusability. In addition, the catalytic efficiency of substrates with
poor water solubility can be improved through the utilization of
organic solvent-tolerant enzymes [99]. Since feedback inhibition of
sugars impairs the hydrolysis efficiency of glycosidases, enzymes
with high sugar resistance can also increase the productivity of
flavonoids [99].

In previous work, B-glucosidase, dextranase, and cellulase have
been applied to produce baohuoside I by removing glucose from
the 7-O position of icariin [85—90,92]. Recently, a novel GH1 B-
glucosidase with high thermostability, lagBgl1, was produced for
the transformation of icariin into baohuoside I [85]. It displayed
high conversion efficiency during the production of baohuoside I
because its remarkable thermostability improved the substrate
solubility and mass transfer and reduced the risk of contamination.
The recombinant lagBgl1 performed well at a high reaction tem-
perature and showed outstanding thermostability. The optimized
hydrolysis temperature was observed at 95 °C, and the residual
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Table 1
The therapeutic effects of baohuoside I and icaritin.
Compounds Structure Therapeutic effects Research model Dosage Refs.
Ry Ry

Baohuoside] Rha H  Osteoporosis Rat model of osteoporosis 5, 25, and 50 uM/L/kg [24]
(Icariside II) Osteosarcoma Osteosarcoma cell model 0.1, 1, and 10 uM [25]
Cerebral ischemia/reperfusion Rat model of middle cerebral artery occlusion 16 mg/kg [26]

Myocardial ischemia and reperfusion injury Rat model of myocardial ischemia and reperfusion injury 10, 20, and 30 mg/kg [27]

Diabetes Rat model of streptozotocin-induced diabetes 5 mg/kg [28]

Erectile dysfunction Rat model of erectile dysfunction 2.5 mg/kg [29]

Alzheimer's disease Mice model of Alzheimer's disease 10, and 30 mg/kg [30]

Neuroinflammation Rat model of lipopolysaccharide-induced neuroinflammation 10 mg/kg [31]

Airway inflammation Mice model of eosinophils-induced airway inflammation 10, and 30 mg/kg [32]

Multiple myeloma Mice model of multiple myeloma 25 mg/kg [33]

Prostate cancer Prostate cancer cell model 10, 20, and 40 pM [34]

Non-small cell lung cancer Mice model of non-small cell lung cancer 10 mg/kg [35]

Cervical cancer Mice model of cervical cancer 25 mg/kg [36]

Breast cancer Mice model of breast cancer 10, and 20 mg/kg [37]

Pancreatic cancer Pancreatic cancer cell model 10—-90 M [38]

Hepatocellular carcinoma Mouse model of hepatocellular carcinoma 25 mg/kg [39]

Nasopharyngeal carcinoma Mice model of nasopharyngeal carcinoma 25 mg/kg [40]

Glioma Mice model of glioma 35 mg/kg [41]

Melanoma Mice model of melanoma 25 mg/kg [42]

Icaritin H H  Osteonecrosis Rat model of steroid-associated osteonecrosis 16 mg/kg [43]
Myocardial ischemia Rat model of myocardial ischemia-reperfusion 3, 10, and 30 mg/kg [44]

Multiple myeloma Mice model of multiple myeloma 3, and 6 mg/kg [45]

Liver fibrosis Rat model of hepatic fibrosis 1 mg/kg [46]

Neuroinflammation Mice model of neuroinflammation 20 mg/kg [47]

Parkinson's disease Mouse model of Parkinson's disease 4.7,9.5, and 18.9 mg/kg [48]

Cervical cancer Cervical cancer cell model 3-80 uM [49]

Breast cancer Mouse model of breast cancer 50 mg/kg [50]

Prostate cancer Mice model of prostate cancer 33 mg/kg [51]

Ovarian cancer Mice model of ovarian cancer 33 mg/kg [52]

Bladder cancer Bladder cancer cell model 2.5-50 uM [53]

Colorectal cancer Mice model of colorectal cancer 25 mg/kg [54]

Gliomas Glioblastoma multiforme cell model 5,10, and 20 M [55]

Hematological malignancies Mouse model of hematological malignancies 4, and 8 mg/kg [56]

Hepatocellular carcinoma Mouse model of hepatocellular carcinoma 5 mg/kg [57]

Rha: rhamnose.

activity was higher than 70% after incubation at 90 °C for 4 h. In
addition, this enzyme also exhibited high tolerance to sugar and
organic solvents, as supported by more than 90% residual activity
with concentrations of methanol below 15% and an excellent
glucose tolerance (Ki) of approximately 1600 mM. Moreover,
IagBgl1 exhibited a high catalytic activity toward icariin with a K¢q¢/
Ky, ratio of 488.19 mM~!-s~. Finally, icariin was hydrolyzed into
baohuoside I with a high molar conversion of 99.48% under opti-
mized conditions.

The production of icaritin can be achieved by the hydrolysis of
the glycosidic bond at the C-3 and C-7 positions of major flavonoids,
such as icariin and epimedin A/B/C [88,100]. Similar to the prepa-
ration of baohuoside I, the sugar moiety at the C-7 position can be
degraded by B-glucosidase [88]. Meanwhile, the glycosidic bond at
the C-3 position needs to be hydrolyzed by a-L-rhamnosidases.
However, few of a-i-rhamnosidases have been employed in the
removal of rhamnose residue at the C-3 position [88]. Recently, a
novel o-i-rhamnosidase (Rhase-1) from Talaromyces stollii CLY-6
was used to produce icaritin from epimedin C together with the
B-glucosidase Bglsk [96]. Rhase-I was verified to hydrolyze the a-
1,2-glycosidic linkage between aglycone and rhamnose as well as
the two rhamnose moieties in epimedin C, which was the prereq-
uisite for preparing icaritin from epimedin C (Figs. 3A and B) [96]. In
addition, the binding mechanism between Rhase-I and epimedin C
was predicted via computational analysis, revealing the hydrogen-
bond and hydrophobic interactions between several amino acids of
Rhase-I and epimedin C (Fig. 3C). Rhase-I required a moderate re-
action temperature and showed high thermal and pH stability,
indicating its promising potential in the scaled-up production of

242

icaritin (Figs. 3D and E). To efficiently produce icaritin, a two-step
enzymatic hydrolysis method was established, and the highest
icaritin productivity of Rhase-I ever reported of up to 93.16 g/L/h/g
was achieved (Fig. 3F).

In addition, enzyme immobilization technology is also an
alternative to improve hydrolysis efficiency. In comparison to free
enzymes, immobilized enzymes are more stable and resistant to
environmental changes. Moreover, the immobilized enzymes can
be easily separated from the reaction solution and reused for
several times, which simplifies the operation procedures and re-
duces the production cost. For instance, snailase was immobilized
on glutaraldehyde-activated aminated silica (SiO,—NH;-GA) NPs by
covalent binding for the transformation of the epimedium flavo-
noids [97]. In contrast to free snailase, the immobilized snailase
displayed good hydrolysis capacity, improved pH and thermal
tolerance, and excellent stability. The immobilized snailase
retained more than 60% of the original activity after six times of
repeated use. Moreover, the hydrolysates produced by the immo-
bilized snailase, including baohuoside I, showed excellent anti-
tumor efficacy. Dong et al. [98] reported the immobilization of two
thermostable glycosidases, B-glucosidase DthBgl3 and a-L-rham-
nosidase DthRha, on 1000NH amino resin and investigated their
cooperative hydrolysis efficiency of all major ingredients of TFEE.
The results demonstrated that all major ingredients in 10 g/L TFEE
were completely transformed into icaritin in 2 h at pH 6.0 and 85 °C
by the two immobilized enzymes. A molar conversion rate of
87.21% and icaritin's productivity of 141 mg/L/h were reached by
the hydrolysis of two immobilized enzymes after 15 times of
repeated use.
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Fig. 3. Utilization of Rhase-I and Bglsk for preparing icaritin from epimedin C. (A) Conversion pathway of epimedin C to icaritin by Rhase-I and Bglsk. (B) Hydrolysates from
epimedin C by Rhase-I with different reaction times analyzed by high-performance liquid chromatography (HPLC). (C) Binding of epimedin C and several amino acids of Rhase-I
including Val 309, Ile 311, Pro 312, Thr313, GIn 401, and Pro 407 via hydrogen-bond interactions, and Tyr404 and Asn 405 via hydrophobic interactions. (D, E) Effects of temperature
(D) and pH (E) on Rhase-I. (F) Enzymatic hydrolysis of epimedin C to icaritin in two steps. Reprinted from Ref. [96] with permission. Rha: rhamnose; Glu: glucose; Val: valine; Ile:
isoleucine; Pro: proline; Thr: threonine; Gln: glutamine; Tyr: tyrosine; Asn: asparagine.

3.2. Improvement of substrate solubility

Although enzymatic hydrolysis efficiency can be improved by
applying enzymes with superior properties, the contact of enzymes
with flavonoids is still insufficient because of the low aqueous
solubility of flavonoids. Therefore, it is valuable to develop an

approach to improve the aqueous solubility of substates and
consequently increase the chances of interaction between these
substrates and enzymes.

B-cyclodextrin, a cyclic oligosaccharide, consists of hydrophilic
outer tails and hydrophobic inner cavities [95]. Because of its
relatively lipophilic surface of the internal cavity, B-cyclodextrin
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can easily form inclusion complexes with poorly aqueous-soluble
drugs to enhance their solubility [101,102]. For the purpose of
highly efficient production of icaritin, our group prepared an icar-
iin/B-cyclodextrin inclusion complex and performed enzymic hy-
drolysis by snailase [95]. As a result, the solubility of icariin was
increased by 17 times from 29.2 pg/mL to 513.5 pg/mL at 60 °C.
Moreover, the reaction time was decreased by 68% during icaritin
preparation compared with that without the B-cyclodextrin com-
plex. Additionally, it was reported that the solubility of the icariin
nanosuspension was 50 times higher than that of free icariin,
indicating that enzymatic hydrolysis efficiency can be enhanced by
utilizing a substrate nanosuspension [103].

3.3. Optimization of hydrolysis conditions and enzymatic systems

Apart from the aforementioned enzyme properties and sub-
strate solubility, the hydrolysis efficiency can be improved by
optimizing hydrolysis conditions or systems. During the enzymatic
catalysis of icariin, many factors, such as the reaction time, tem-
perature, pH value, and the ratio of substrate/enzyme, impact the
conversion efficiency. To improve enzymatic hydrolysis efficiency,
reaction parameters were optimized by orthogonal array design,
central composite design (CCD), and uniform design coupled with
subset selection [86,90,91]. For instance, three parameters, i.e., the
initial substrate concentration, pH and temperature, were opti-
mized to achieve a high conversion rate of icariin by the CCD model,
and applied in the enlarged baohuoside I production [86]. With the
optimized conditions of pH at 4.0, temperature of 41 °C, 1.0 mg/mL
icariin, and 9.8 U/mL crude B-glucosidase, the conversion rate
reached up to 95.03% in 1 h. In addition, the produced baohuoside I
exhibited superior inhibitory effects on the proliferation of
A549 cells than icariin.

Additionally, a biphase enzymatic hydrolysis system for the
transformation of icariin into baohuoside I was established with the
advantages of improved production convenience and enzyme
reusability. In our previous work, two phases were formed by
covering the aqueous phase, where enzymatic hydrolysis of icaritin
occurred, with hydrophobic organic solvent (Fig. 4) [92]. In the
system, icariin was distributed to both phases before hydrolysis due
to its poor water solubility. During enzymatic catalysis, icariin
dissolved in the aqueous phase was converted to baohuoside I by -
glucosidase, and then the formed baohuoside I with lower polarity
was extracted to the organic phase. Extraction of the product
ensured the reversible hydrolysis reaction to proceed, which pro-
moted more icariin to move from the organic phase into the

Stirring Stirring

Ethyl acetate

_______ Interfacey,
" J\Partition  pifion
Organic DV'/—I\t‘
issolution
phase | Glucose +
Water B

B-glucosidésé
Icariin
Baohuoside |

phase

Initial phase Final phase
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Fig. 4. Diagram of the biphase enzymatic hydrolysis process. In the biphase enzymatic
hydrolysis system, icariin dissolved in the aqueous phase was hydrolyzed by pB-
glucosidase and the product baohuoside I was extracted to the organic phase. The
transfer of the product into the organic phase accelerated the catalysis of icariin and
the dissolution of icariin from the organic phase into buffer. Reprinted from Ref. [92]
with permission.
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aqueous solution. Compared with the conventional enzymatic hy-
drolysis (single phase), the newly designed biphase enzymatic
hydrolysis system improved the process capacity of icariin and
realized the reuse of enzymes. The processing capacity of this novel
biphase hydrolysis system was 2.5 times that of the conventional
enzymatic hydrolysis method, and an up to 85% conversion rate
was obtained after three times use of the enzyme solution.

Overall, the enzymatic hydrolysis method is a promising
approach to prepare baohuoside I or icaritin on a large scale. Since
the activity of enzymes would be decreased during long-term re-
action, combining several strategies aforementioned, such as con-
ducting enzymatic catalysis of icariin by immobilized B-glucosidase
and o-L-rhamnosidase variants in a biphase enzymatic hydrolysis
system would further improve the enzymatic hydrolysis efficiency
and thus increase the productivity of baohuoside I or icaritin.

4. Engineering of flavonoids by nanotechnology

Although various enzymatic hydrolysis strategies have been
developed to efficiently convert icariin or TFEE to baohuoside I and
icaritin, their clinical applications are still limited due to their low
bioavailability, short blood circulation, unsatisfory targeting and
penetration, and inevitable MDR. Recently, nanotechnology has
presented great potential to address these challenges of baohuoside I
and icaritin and shows unrivalled advantages [104—106]. First,
loading baohuoside I and icaritin into NPs can improve their stability,
reduce their toxicity via the protection of NPs, and avoid exposure in
the physiological environment. Due to the unique properties of NPs,
they can improve the solubility and permeability of the encapsulated
drugs and thereby enhance their bioavailability [107]. Additionally,
the NPs can also target their cargoes to specific tissues or cells either
passively or actively [108]. Moreover, NPs can prolong the blood
circulation, augment target delivery, elevate tumor penetration, and
overcome the MDR of baohuoside I and icaritin by optimizing the
size, shape, charge, and functionalized decoration of NPs.

The encapsulation efficiency of baohuoside I or icaritin-loaded
NPs depends on the polarity, size, and partition coefficient of
baohuoside I or icaritin as well as the properties of the NPs. Bao-
huoside I and icaritin are hydrophobic and are loaded into NPs
mainly through hydrophobic interactions. For instance, baohuoside
I or icaritin was encapsulated in the acyl hydrocarbon chain of the
liposome, and the encapsulation efficiency relied on the properties
of baohuoside I or icaritin and the acyl chains of the liposome, such
as the length and packing density [109,110]. Likewise, many
methods have been developed to prepare baohuoside I- or icaritin-
loaded NPs, including the acid-base shift method, thin film hy-
dration, extrusion, and sonication [14,111—-114].

4.1. Enhanced stability

NPs can enhance the stability of drugs by preventing them from
degradation in adverse external environments such as low pH and
enzymes. For instance, NPs can improve the capacity of oral drugs
to withstand the low pH and digestive enzyme environment in the
gastrointestinal tract (GIT) before reaching the drug absorption site.
However, some kinds of NPs, such as micelles and liposomes, show
low stability because of their inherent structural properties. Many
efforts have been devoted to improving their stability, such as the
utilization of more stable polymeric micelles and modification of
liposome composition [110,115].

Polymeric micelles are formed by block copolymers and consist
of two distinct sections, a hydrophobic core and a hydrophilic shell.
They are quite stable in physiological media while the hydrophilic
shell protects the encapsulated drug from the external environment
[116]. For example, the mixed Soluplus® and Poloxamer 407 (P407)
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were selected to produce polymeric micelles due to their favorable
low critical micelle concentration (CMC) value of 7.9 mg/L by a
creative acid-base shift method (Fig. 5A) [115]. With this method,
icaritin was first dissolved in NaOH aqueous solution in a salt form
due to its weak acidity with phenolic hydroxyl groups (Ar-OH).
Then, the solution of Soluplus®/P407 in HCl was added to the icaritin
solution. During the process of addition, the soluble salt of icaritin
was transformed to free icaritin and was simultaneously encapsu-
lated in the hydrophobic core of the micelles. The formed icaritin-
loaded polymeric micelles (IPMs) were endowed with excellent
dilution-resistant stability in the GIT due to the low CMC value of
Soluplus® and P407. At first, IPMs displayed high chemical stability,
as the purity of the loaded icaritin was measured as 99.5% by high-
performance liquid chromatography (HPLC). The prepared IPMs
exhibited a small size in the range of 63—99 nm with a narrow
distribution (polydispersity index (PDI) < 0.2) (Figs. 5B and C). In
addition, the IPMs could be stored at 4 °C for up to 8 weeks without
any obvious change in the size, PDI, or icaritin loading content
(Fig. 5D). There was also no remarkable fluctuation in these pa-
rameters of concentrated IPMs upon a 25-fold dilution with simu-
lated gastric fluid (SGF) and simulated intestinal fluid (SIF) at 37 °C
(Fig. 5E). Furthermore, the pharmacokinetic studies showed that the
bioavailability for IPMs was 14.9-fold higher than that of the clinical
icaritin formulation (oil suspension) (Table S3) [115].

In terms of improving the stability of micelles, many researchers
have explored the possibility of improving the stability of lipo-
somes by modifying the components of bilayers [117]. It has been
reported that the stability of liposomes can be easily modified by
the adequate addition of surfactants [118]. For instance, Tai et al.
[110] investigated the effects of four kinds of surfactants, namely,
Span 40, Span 20, sucrose ester and Tween 80, on the physical and
thermal stability of icaritin-loaded liposomes. The icaritin-loaded
liposomes were produced by the thin film hydration method and
subsequent ultrasonic processing. As a result, the turbiscan stability
index (TSI) value of cholesterol-free icaritin-loaded liposomes with
Span 40 (<0.1 within storage for 200 min) was significantly lower
than that of liposomes with other surfactants. In addition, lipo-
somes supplemented Tween 80 displayed higher heat stability and
stronger protective effects for icaritin since hardly any icaritin
leaked after 8 h when they were heated at 55 °C. All the afore-
mentioned evidence indicated that surfactants could further
enhance the physical and thermal stability of liposomes.

4.2. Increased solubility and dissolution rate

The poor solubility and low dissolution rate are the main factors
contributing to the low bioavailability of baohuoside I and icaritin.
The water solubilities of icaritin and baohuoside I are below 1 and
15 pg/mL, resulting in their dissatisfactory bioavailability of
approximately 2% [119,120].

The formulation of drug nanocrystals and encapsulation of
drugs into hydrophobic parts of mixed micelles, liposomes, and
polymeric NPs can efficiently increase their solubility [8,120]. For
instance, icaritin nanocrystals showed a higher dissolution rate and
improved bioavailability compared with unformulated icaritin
owing to the high surface area of nanocrystals [8]. Additionally,
mixed micelles can be applied to significantly improve the drug
solubility due to the manifested synergistic properties of the
micelle components. In our previous work, a phospholipid complex
and p-a-tocopheryl polyethylene glycol 1000 succinate (TPGS)
mixed micelles were used to improve the oral absorption of bao-
huoside 1 [13]. The preparation of mixed micelles was divided into
two steps. The baohuoside I-phospholipid complex was first pro-
duced using an anhydrous cosolvent reduction vaporization
method. Then, mixed micelles composed of the baohuoside I-
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phospholipid complex and TPGS were obtained by the solvent
evaporation method. As a result, the solubility of baohuoside I was
increased by the mixed micelles. In particular, at a TPGS/baohuo-
side I—phospholipid complex molar ratio of 9:1, the solubility of
baohuoside I reached 1124.5 pg/mL, which was almost 87 times
higher than that of free baohuoside I (12.8 pg/mL), leading to the
increase in area under curve (AUCy.,) (mg/L-min) of baohuoside I
from 74.12 + 10.02 (free baohuoside I) to 395.15 + 62.39 (baohuo-
side I-loaded micelles). The improved solubility was caused by the
role of TPGS and the strong interaction between TPGS and the
baohuoside I-phospholipid complex.

4.3. Improved permeability

Apart from solubility, drug permeability is also significant for
bioavailability. Only by maintaining an optimal solubility-
permeability tradeoff can the bioavailability of drugs be substan-
tially improved. For oral drugs, the small intestine is the main ab-
sorption site, and loading drugs with NPs is deemed to be an ideal
strategy to improve their permeability [121]. For example, our
group produced baohuoside I-phospholipid complexes by a
reduction vaporization method and determined their permeability
[122]. In contrast to free baohuoside I, improved permeability of
baohuoside I-phospholipid complexes (280% of free baohuoside I
for baohuoside I-phospholipid complexes with a size of
81 + 10 nm) was observed since the interaction between complexes
and the cell membrane was strengthened by phospholipids.

4.4. Prolonged blood circulation

During blood circulation, easy drug degradation caused by en-
zymes, pH, and other factors leads to a short half-life of drugs. NPs
have been used to load various types of drugs and prevent them
from degradation. Several strategies have been designed to further
prolong the blood circulation of drug-loaded NPs by adjusting the
size, shape, charge, and surface modification of the NPs [123].

To avoid renal excretion and reticuloendothelial system (RES)
clearance, spherical particles with diameters between 100—200 nm
are appropriate for long-circulating NPs [124]. With regard to sur-
face charge, neutral and slightly negative NPs have a prolonged
circulation time [125]. In addition, surface decoration of NPs with
some hydrophilic polymers, such as polyethylene glycol (PEG) and
polysaccharides, can prevent the rapid removal of NPs since RES
clearance can be relieved by reducing hydrophobic interactions
between opsonizing proteins and NPs [123]. Likewise, zwitterionic
NPs have highly hydrophilic surfaces due to their superior ionic
solvation with water molecules [126—128]. Thus, zwitterionic NPs
can also increase the blood circulation time by reducing protein
absorption.

To achieve higher performance, a proper combination of several
strategies above is needed. For instance, Yu et al. [57] prepared the
icaritin and doxorubicin (DOX)-loaded poly(lactic-co-glycolic acid)
(PLGA) NPs for HCC immunotherapy. As shown in Fig. 6A, the PLGA-
PEG-AEEA-DOX/icaritin NPs were developed using the solvent
displacement technique. The drugs (icaritin and DOX) and NPs
(PLGA-PEG and PLGA-PEG-AEAA) were first dissolved in dimethyl
sulfoxide (DMSO). Then, they were mixed, and the DMSO was
replaced with H,O, leading to the formation of PLGA-PEG-AEEA-
DOX/icaritin NPs. The prepared DOX/icaritin-loaded NPs had a
size of appropriately 100 nm (Figs. 6B and C). Because of the
befitting size and PEGylation, compared with the free drugs, both
icaritin and DOX formulated NPs showed a lower clear rate in the
blood (Fig. 6D). The half-life time (t13) of icaritin and DOX was
apparently increased from 0.41 or 0.14 h for the free types to 1.65 or
1.96 h for the coformulation types, respectively (Table S4) [57].
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Fig. 5. The preparation, size, and high stability of icaritin-loaded polymeric micelles. (A) Diagram of the preparation of icaritin-loaded Soluplus®/Poloxamer 407 (P407) micelles by
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micelles; PDI: polydispersity index; LC: loading content; SGF: simulated gastric fluid; SIF: simulated intestinal fluid.

Although PEG modification can prolong the blood circulation of
NPs, this strategy is a double-edged sword that limits subsequent
tumor penetration and cellular internalization. Other methods
have also been proposed to prolong the blood circulation of NPs,
such as surface decoration with the marker CD47 and hitchhiking of
NPs on red blood cells (RBCs) [123,129]. The phagocytosis of NPs by
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RES can be prevented by coating NPs with CD47, an integrin-
associated protein and a self-recognition marker on RBCs. In
addition, RBCs have been proposed as carriers for drug-loaded NPs
due to their diverse advantages of high biocompatibility, excellent
homogeneity, and long circulation time. In the future, with the aim
of expanding the applications of this novel drug delivery system,
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optimization of the size, shape, deformability, surface charge, and
other features interfering with the interaction of NPs with RBCs is
needed.

4.5. Augmented targeted accumulation

Delivery of drugs at high concentrations to the right target is
required. NPs are endowed with the capacity to deliver drugs to
target tissues, cells, and even organelles either passively or actively.

4.5.1. Passive targeting

NPs are so small that they cross the leaky blood-tumor barrier
and accumulate in the tumor sites via a poor lymphatic system,
which prevents the drainage of the intratumoral components. Such
phenomenon is termed as the enhanced permeability and reten-
tion (EPR) effect [130]. The EPR effect of NPs has been widely uti-
lized to improve drug delivery for cancer treatment. In our previous
work, baohuoside I-loaded mixed micelles with lecithin and Solutol
HS 15 (BLSM) were formed using a thin film hydration method, and
their target behavior was evaluated [131]. The BSLM had a size of
approximately 62.54 nm. The distribution of BLSM in lung tumor
sites was clearly observed and maintained for 24 h, indicating the
in vivo targeting of mixed micelles. As a result, the micelles
exhibited remarkable antitumor effects, as evidenced by inhibited
tumor growth. Although the EPR effect has been shown to be the
important factor contributing to the improved therapeutic effects
of nanoformulations, the EPR effect alone is insufficient due to its
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nonspecificity. In addition, the EPR effects are easily affected by
various NP properties, such as size, shape, stiffness, and surface
charge.

4.5.2. Active targeting

The use of targeting ligands, which is called active targeting, can
further increase the targeted ability for specific tissues or cells,
which is beyond the EPR effect [132—134]. For instance, Chen et al.
[43] reported the successful application of an icaritin targeted de-
livery system in steroid-associated osteonecrosis (SAON). The eight
repeating sequences of aspartate (Aspg)-liposome-icaritin (ASP-LP-
ICT) were prepared via the thin film evaporation method, as shown
in Fig. S2A [43]. First, multilamellar vesicles were formed by thin
film evaporation of methanol/chloroform organic solvent contain-
ing icaritin and lipids. The prepared liposome suspension was
extruded to obtain small unilamellar vesicles. Then, moiety Aspg
was utilized to modify the surface of liposomes and applied to
anchor icaritin-loaded liposomes on bone-resorption surfaces
because it prefers to bind with crystallized hydroxyapatite [135]. An
in vivo distribution assay showed that ASP-LP could facilitate bone
targeting and extend the retention time of icaritin in bone
(Fig. S2B). Furthermore, ASP-LP-ICT effectively prevented steroid-
treated rats from SAON with largely decreased osteocyte
apoptosis, downregulated osteoclatsogenesis, and upregulated
osteogenesis. The remarkable efficacy of ASP-LP-ICT benefited from
the role of Asp8 in the accelerated target of icaritin on bone
remodeling sites.
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4.6. Elevated tumor penetration

Although NPs prolong blood circulation and augment targeted
accumulation, they mainly accumulate at the periphery of tumor
tissue due to the unique tumor microenvironment of the dense
extracellular matrix (ECM) and interstitial fluid pressure (IFP), and
NPs have difficulty in penetrating into the interior or distal end of
the tumor [136]. This phenomenon explains why some extensively
investigated anticancer nanomedicines, such as US Food and Drug
Administration (US FDA)-approved Doxil and Abraxane, still show
unsatisfactory clinical treatment [137]. To further improve thera-
peutic effects, it is important to develop nanomedicines with high
tumor penetration capability.

Generally, the tumor penetration of nanomedicines can be
improved by optimizing NP properties and modulating the tumor
microenvironment [138]. As reported, several physical properties of
NPs including size, shape, and charge, can be optimized to enhance
tumor penetration. Smaller NPs can penetrate deeper into the tumor
than large ones, while the size of NPs is also highly related to blood
circulation and tumor accumulation [139]. Thus, the factors
affecting NP fate in vivo should be taken into consideration in the
design of nanomedicines. Additionally, compared with spherical
NPs, nonspherical NPs have shown improved penetration due to
their more complex dynamics and aspect ratios [ 140]. In terms of NP
surface charge, cationic NPs show better penetrative ability [141].
Except for the properties of NPs, the complex tumor microenvi-
ronment mainly contributes to the poor penetration of nano-
medicines. To strengthen the tumor penetration of nanomedicines,
the tumor microenvironment can be adjusted through vascular
disruption, vascular normalization, and ECM modulation [142]. One
example of enhanced HCC tumor penetration of icaritin and coix
seed oil-coloaded lipid complexes (IC-ML) was reported by Guo et al.
[20]. As shown in Fig. 7A, during the preparation of IC-ML, icaritin
and coix seed oil were first coloaded into microemulsions to form
icaritin and coix seed oil co-loaded microemulsions (IC-MEs) [20].
Then the IC-MEs were encapsulated into thermosensitive liposomes
to form IC-ML. IC-ML remained stable before delivery to the liver
tumor and released the drug when mild hyperthermia (42 °C) was
applied to the tumor site. The tumor penetration of various NPs on
cancer-associated fibroblasts (CAFs) + tumor cells cocultured 3D
tumor spheres was investigated (Fig. 7B). In contrast to micro-
emulsions (MEs), ML and liposomes (L) showed enhanced tumor
penetration at 320 pm. Owing to the higher penetration capability of
ML and IC-ML, IC-ML incubated at 42 °C (H+) significantly inhibited
the growth of tumor spheres and the mean area of tumor spheres
was 1.640 x 10° pm?, which was less than that of the tumor spheres
treated with IC (3.240 x 10° pm?), IC-MEs (2.110 x 10° pm?), and IC-
ML incubated at 37 °C (H-) (2.539 x 10°> pm?), indicating the
improved antiproliferation effect of IC-ML (H+) on 3D tumor
spheroids (Figs. 7C and D). Additionally, the in vivo distribution
study also revealed that ML exhibited deeper tumor penetration
than ME (Figs. 7E and F).

Although the two traditional strategies mentioned above can
augment the tumor penetration of nanomedicines, there are some
disadvantages. The method of modulating the tumor microenvi-
ronment affects later drug administration, and external physical
forces, such as hyperthermia and ultrasound, are needed to be
applied [138]. On the other hand, changing physical properties can
have some adverse effects on delivery cascades. For instance,
smaller NPs show enhanced tumor penetration, but they cannot be
used due to their short half-life in blood circulation. To overcome
these disadvantages, some novel strategies have been proposed,
including transcellular transport of NPs and application of trans-
formable NPs. Because the ECM hinders the NP paracellular trans-
port in tumors, transcellular transport of NPs with penetration-
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assisted ligands can be an alternative to enhance tumor penetra-
tion [ 143]. In addition, transformable NPs, such as shrinkable size or
reversible charge, can be utilized to meet the requirements during
circulation, accumulation, and penetration simultaneously [138].
For example, during circulation, larger or negatively charged NPs
accumulated at the tumor sites. With stimulation by UV light or pH,
the size of the NPs will be reduced or surface charge will be
reversed to positive charge, which results in the better penetration
of the transformed NPs [144,145].

4.7. Overcoming multidrug resistance

Generally, tumors form resistance to one kind of anticancer
drugs with repeated treatment and then become resistant to similar
or completely different drugs, which is known as MDR [146].
Clinical applications of baohuoside I are significantly restricted due
to the severe MDR caused by efflux of baohuoside I via ATP-binding
cassette families such as P-glycoprotein (P-gp) and breast cancer
resistance protein (BCRP) from cancer cells [120]. NPs can improve
MDR reversing of baohuoside I and thereby extend its application.

NPs were reported to improve the permeability and inhibit
efflux of baohuoside I by suppressing the P-gp efflux system. For
example, our group compared the transport of baohuoside I and
baohuoside I loaded mixed micelles composed of Solutol HS15 and
Pluronic F127, which was prepared by the solvent evaporation
method [120]. They found that the efflux of baohuoside I can be
reduced by 316% with mixed micelles, indicating the P-gp efflux can
be remarkably inhibited.

Besides, TPGS-based mixed micelles (Icar-MC) were produced
using an anhydrous cosolvent reduction vaporization method by
our group to deliver baohuoside I (icariside II) and explore their
potential in the treatment of multidrug-resistant breast cancer
[111]. In addition to improving the solubility of drugs, TPGS can also
serve as a P-gp inhibitor and has been verified to improve the
cytotoxicity of various drugs, such as DOX and paclitaxel [147]. The
relative fluorescence value for retention of calcein acetoxymethyl
ester (calcein AM) in TPGS micelle-treated MCF-7/ADR cells
(122.3 + 12.8) was higher than that in control (69.5 + 1.8) and
empty micelles (113.4 + 11.5), indicating the robust inhibitory ef-
fects of TPGS on P-gp activity [111]. Owing to the P-gp inhibitory
effect of TPGS and thereby improved accumulation of baohuoside I
in the cells, Icar-MC displayed higher cytotoxicity than the free
drug, as concluded by a lower ICsg (1.5-fold less than the free drug
after 48 h of incubation) and a greater number of apoptotic cells
(Figs. S3A and B). Furthermore, Icar-MC exhibited a stronger
inhibitory effect on the proliferation of MCF-7/ADR cells and higher
antitumor activity of Icar-MC than baohuoside I (Figs. S3C and D).

Overall, NPs can be applied as smart carriers to efficiently
transfer active icaritin and baohuoside I to target tumor regions.
With the assistance of nanotechnology, the bioavailability and de-
livery efficiency of icaritin and baohuoside I can be improved
through various aspects, including drug stability, solubility, and
permeability, blood circulation, targeting accumulation, tumor
penetration, and MDR, thus enhancing the therapeutic effects.
Nevertheless, NPs still have limitations of systemic immunoge-
nicity, and some strategies, such as surface decoration of NPs with
various zwitterionic ligands, coating NPs with cell membranes, and
utilizing living cell delivery systems, could address these limita-
tions and further improve the in vivo delivery efficiency of icaritin
[148—150].

5. Applications of baohuoside Ificaritin-loaded NPs

Taking advantage of nanotechnology in drug in vivo delivery,
baohuoside I or icaritin-loaded NPs can be used to improve the
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treatment of various diseases with low side effects, such as cancers
and osteonecrosis.

5.1. Cancer treatment

Numerous studies have shown that baohuoside I and icaritin
have anticancer activities. As chemotherapeutic agents, baohuoside
I and icaritin exert their therapeutic effects through tumor cell
apoptosis and cell cycle arrest induction, autophagy triggering,
cancer cell metastasis inhibition, and angiogenesis inhibition
[151,152]. Many kinds of baohuoside I- or icaritin-loaded NPs have
been applied to treat various cancers, such as breast cancer and
lung cancer [35,57,111]. For instance, baohuoside I-encapsulated
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mixed micelles, consisting of TPGS and phospholipids, displayed
stronger anticancer effects than free baohuoside I due to the MDR
inhibition and could be a favorable delivery system to treat multi-
drug-resistant breast cancer [111].

Notably, icaritin was found to modulate the immune system and
can be utilized in immunotherapy. In a study of immune-based
therapy for HCC, icaritin was demonstrated to induce both
mitophagy and apoptosis and subsequently activate immunogenic
cell death (ICD) biomarkers in HCC cells (Fig. 8A) [57]. Icaritin and
DOX were coloaded into PLGA-PEG-AEAA NPs (combo NPs) and
their immune-based therapeutic effects were investigated. Combo
NPs displayed enhanced tumor growth inhibition compared with
phosphate buffered saline (PBS)-, blank NP-, and either icaritin- or
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DOX-loaded NP-treated groups (Figs. 8B—D). To verify the ICD effect
of combo NPs, changes in the release of damage-associated mo-
lecular patterns were detected. Increased release of the ICD
markers CRT and HMGB1 was found in the Hepa 1—6-Luc HCC
model treated with icaritin and DOX coencapsulated NPs (combo
NPs). In addition, upregulated immunosurveillance cells, down-
regulated immunosuppressive cells, and increased immunostimu-
latory cytokines were observed in combo NP group, indicating that
combo NPs could remodel the immune microenvironment to
suppress HCC development (Figs. 8E—G). Furthermore, an anti-
tumor vaccination effect of combo NPs on Hepal—6 tumors, but not
on B16 murine melanoma, was detected (Figs. 8H and I).

5.2. Osteonecrosis treatment

Baohuoside I and icaritin exert anti-osteonecrosis effects by
inhibiting both thrombosis and lipid deposition [43]. Recently,
baohuoside I- and icaritin-loaded NPs have been reported to treat
osteonecrosis. For example, the effective NPs (ASP-LP-ICT) were
developed to prevent osteonecrosis, and the mechanism behind
accelerated osteogenesis promotion was investigated [43]. Owing
to the prolonged circulation time of icaritin and bone target de-
livery by Asp8, ASP-LP-ICT showed inhibitory activity toward
osteonecrosis in terms of reducing osteoclasts, enhancing osteo-
blastogenesis and formation, suppressing lipid deposition, and
reducing inflammatory factors and cell apoptosis. As shown in
Fig. S4A, the amount and erosion activity of osteoclasts were
decreased by ASP-LP-ICT [43]. The improved bone formation was
verified by the apparent wider distance between double-labeled
fluorescent lines and increased osteogenic markers such as Runx
2, Sp7, and Bglap (Fig. S4B). Additionally, ASP-LP-ICT displayed an
inhibitory effect on lipid deposition and downregulation of Ppary
expression (Fig. S4C). Release of the inflammatory factors such as
tumor necrosis factor alpha (TNF-¢) and interleukin-1 beta (IL-18),
and cell apoptosis were also reduced by ASP-LP-ICT (Fig. S4D).

Overall, alarge number of preclinical studies have already shown
that the application of baohuoside I or icaritin-based nanomedicines
can boost their therapeutic efficacy in various diseases. Clinical
translation of these nanomedicines is urgently needed. Until 2021,
there were 15 systemically administered anticancer nanomedicines
that have been approved for clinical use and more than 50 nano-
medicines against cancers are undergoing clinical trials [153,154].
According to the outcomes of clinical trials, these anticancer nano-
medicines exhibit improved pharmacokinetics, enhanced anti-
tumor efficacy, and reduced side effects over free drugs. For
instance, Doxil, the nanomedicine approved for treating ovarian
cancer and Kaposi's sarcoma, can significantly decrease the car-
diotoxicity of the free drug DOX [153,155]. The approved anticancer
nanomedicines encourage the clinical translation of baohuoside I or
icaritin-based nanomedicines. Prolonged overall survival, an
increased overall response rate, and reduced systemic toxicity can
be achieved by baohuoside I or icaritin-based nanomedicines during
clinical application in various diseases.

6. Conclusions and future perspectives
In summary, baohuoside I and icaritin are the major active fla-

vonoids in EF and possess excellent therapeutic effects on various
diseases. Specially, icaritin can be used in chemotherapy and also

Journal of Pharmaceutical Analysis 13 (2023) 239—254

shows immune-modulating effects on cancer cells. With the aim of
increasing productivity and activity, improving delivery efficiency
in vivo, and enhancing the therapeutic effects of baohuoside I and
icaritin, several strategies including production by enzymatic hy-
drolysis and delivery by NPs are summarized. NPs as drug delivery
platforms can enhance the therapeutic effects of these active fla-
vonoids by improving their stability and bioavailability, prolonging
blood circulation, augmenting targeted accumulation, elevating
tumor penetration, and overcoming MDR.

Although these strategies show accelerated production efficiency,
delivery effects, and therapeutic efficacy, some challenges need to be
addressed. First, the SAR of flavonoids derived from EF should be
completely revealed, which will advance the exploration of de-
rivatives of baohuoside I or icaritin with higher therapeutic effects.

Second, the productivity of baohuoside I and icaritin decreases
when enzyme activity and stability are impaired during long-term
reactions. Seeking for highly stable enzymes that can withstand
high reaction temperatures, product inhibition, and organic sol-
vents would be a good option. Additionally, to further simplify
operation procedures and improve the enzyme recycling efficiency,
additional enzyme immobilization materials can be used for
enzyme immobilization. In terms of preparing baohuoside I and
icaritin in a biphase enzymatic hydrolysis system, organic solvents
can be replaced with certain noninvasive green solvents. Moreover,
the combination of these approaches has the potential possibility of
increasing the productivity of baohuoside I or icaritin and acceler-
ating its application in industrial large-scale production.

Third, the clinical usage of these nanomedicines is limited
because of the cytotoxicity and immunogenicity of NPs. Utilizing
some kinds of bionic or live delivery vehicles in the transport of
baohuoside I and icaritin would be an ideal solution to alleviate the
cytotoxicity and immunogenicity.

Fourth, although enhanced therapeutic effects have been ach-
ieved with baohuoside I or icaritin-loaded NPs, they are still far
away from clinical application. The in vivo behavior of nano-
medicine interferes with the complex biological environment, and
thus, the administration of baohuoside I or icaritin nano-
formulations should be monitored throughout the delivery cascade,
including blood circulation, tumor accumulation, penetration, tu-
mor cell internalization, and finally the release of drugs in cells
rather than only part of it. The in vivo toxicity, delivery efficiency,
and therapeutic efficacy of these nanomedicines should be inves-
tigated comprehensively. In this way, nanomedicines with
enhanced therapeutic effects are more likely to be applied in clin-
ical treatments. Additionally, investigations of baohuoside I- or
icaritin loaded NPs for the treatment of other diseases such as
cardiovascular diseases and sexual dysfunction can be further
implemented.

In summary, baohuoside I and icaritin possess various thera-
peutic effects and merit further exploration of their role in disease
prevention and therapy. In terms of their low content in natural
plants and inferior bioavailability, efforts to optimize enzymatic
hydrolysis methods of preparation and smart NP-based delivery
systems have been exerted to improve therapeutic effects. Inspired
by the 15 anticancer nanomedicines approved for clinical use, the
clinical translation of baohuoside I or icaritin-loaded NPs would
benefit patients. We are convinced that with rational design and
continuing studies, a bright future can be foreseen for effective
treatment of these bioactive flavonoids in various human diseases.

Ref. [57] with permission. NP: nanoparticle; ICD: immunogenic cell death; HCC: hepatocellular carcinoma; PLGA: poly (lactic-co-glycolic acid); PEG: polyethylene glycol; mPEG:
monomethoxy polyethylene glycol; AEAA: aminoethyl anisamide; ICT: icaritin; DOX: doxorubicin; HMGB1: high mobility group box 1; ER: estrogen receptor; CRT: calreticulin; ATP:
adenosine triphosphate; LC3-II: microtubule-associated protein light chain 3 II; DC: dendritic cell; CCL2: C—C motif chemokine ligand 2; TGF-p: transforming growth factor beta; IL-
4: interleukin-4; IFN-y: interferon gamma; TNF-a:: tumor necrosis factor alpha; MDSCs: myeloid-derived suppressor cells; Tregs: regulatory T cells; PBS: phosphate buffered saline.
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