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Background: Metastasis is a complex process involving multiple factors and stages, in which tumor cells and the tumor micro-
environment (TME) play significant roles. A combination of orally bioavailable therapeutic agents that target both tumor cells and
TME is conducive to prevent or impede the progression of metastasis, especially when undetectable. However, sequentially over-
coming intestinal barriers, ensuring biodistribution in tumors and metastatic tissues, and enhancing therapeutic effects required for
efficient therapy remain challenging.

Methods: Inspired by the unique chemical features of natural herbs, we propose an oral herb—nanoparticle hybrid system (HNS)
formed through the self-binding of Platycodon grandiflorum—Curcuma zedoaria (HG), a herb pair/group used in clinical practice to
treat breast cancer metastasis, to lipid—polymer nanoparticles (LPNs) loaded with silibinin. The molecular structure responsible for HG
association with LPNs was assessed using surface-enhanced Raman spectroscopy for HNS surface chemistry characterization.
Moreover, the molecular class of HG was identified using UPLC—Orbitrap—-MS/MS to further confirm the surface binding. Mucus
diffusion and in vivo biodistribution were evaluated using in vitro multiple-particle tracking and environment-responsive fluorescence
probe in 4T1 tumor-bearing mice, respectively. The alleviation of breast cancer metastasis was assessed in 4T1 tumor-bearing mice,
and the underlying mechanism was investigated.

Results: The HNS reduced particle-mucus interactions by altering hydrophilicity and surface characteristics compared to LPNs. The
epithelium transportation of HNS and absorption through Peyer’s patch in mice were improved, promoting their biodistribution in the
lung and tumor tissues. Furthermore, the HNS alleviated lung metastasis by inducing cell apoptosis and regulating the expression of
MMP-9 and TGF-B1, which altered the TME in 4T1 tumor-bearing mice.

Conclusion: HNS provides an appealing system with multi-component binding of herbal medicine to facilitate both oral nanoparticle
delivery efficiency and the alleviation of lung metastasis. This strategy may potentially help improve treatment for patients with breast
cancer.
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Introduction

Breast cancer metastasis is a complex biological process involving multiple pathways and stages.' Tumor cells closely
interact with the tumor microenvironment (TME), which is responsible for tumor growth and the transition from the
undetectable phase of metastasis to overt metastasis.” Regulation of TME as a strategy to inhibit breast cancer metastasis
has attracted attention. Some advanced nanocarriers against cancer metastasis that can regulate TME have been
developed, and various administration routes have been evaluated to improve their delivery efficiency.> > Among the
possible routes, oral administration is convenient and flexible. It may improve the patient’s quality of life that is affected
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by the disease’s chronic and aggressive nature, which is beneficial for the treatment of breast cancer.®” Therapeutic
agents loaded onto oral nanocarriers offer possibilities for preventing or inhibiting the progression of breast cancer
metastasis. However, the limited diffusion of nanoparticles into the systemic circulation owing to physiological barriers
and their poor distribution at the site of action limit the benefits of oral nanocarriers. Therefore, sequentially overcoming
the intestinal barriers, improving biodistribution in tumors and metastatic tissues, and enhancing therapeutic effects
remain core challenges.

In recent years, lipid—polymer nanoparticles (LPNs) have emerged as a promising oral drug delivery system, given
their desirable biocompatibility and drug loading and release capacity. Several functional LPNs have been developed
through modification with hydrophilic polymers and surfactants to achieve mucus diffusion and overcome intestinal
barriers.>” However, these materials are pharmacologically inert, with negligible or no therapeutic effects against tumor
metastasis. In addition to entering the systemic circulation, the distribution of drugs and nanocarriers at tumor and
metastatic sites is indispensable for improving therapeutic effects. Therefore, alternative strategies for fabricating
advanced LPNs to improve oral delivery efficiency and enhance their therapeutic effects are urgently needed.

Natural herbs generally contain multiple compounds, including hydrophilic, hydrophobic, and amphiphilic com-
pounds, with various physiochemical properties. Bioactive components from a natural origin, such as polyphenols,
saponins, and polysaccharides, can aid in the formation of nanoparticles via self-assembly or molecular interactions.'”
Structurally, LPNs have a hydrophobic core and hydrophilic shell. LPN may possess positive or negative charge based on
the surface components. Therefore, inspired by the unique characteristics of herbal medicines, we hypothesized that
multiple components in the herb would bind with one LPN, thereby forming a herb—nanoparticle hybrid system (HNS)
and altering their biological fate in vivo. Compared with nanoparticle binding with the previous single component, the
binding generated from a mixture of herbs is expected to exert superior therapeutic action in a systemic and integrative
manner.

Herbs Platycodon grandiflorum and Curcuma zedoaria (referred to as HG) have been used as a highly valuable
medicinal herb pair/group in the treatment of breast cancer metastasis in clinical practice, as the pair regulates the TGF-/
SMAD signaling pathway and suppresses the secretion of transforming growth factor B1 (TGF-B1) and matrix metallo-
proteinases (MMPs).!! Platycodon grandiflorum can inhibit breast cancer metastasis by inhibiting cell proliferation,

migration, and invasion,'*!?

via a mechanism involving the regulation of interleukin (IL)-6, IL-8, MMP-1, and the
chemokine CXCLI1, and suppressing the expression of TGF-B1 and a related protein, SMAD7.'*'> Curcuma zedoaria
belongs to the Zingiberaceae family. Active components of Curcuma zedoaria, such as germacrone and furanodiene, can
inhibit the proliferation, invasion, and metastasis of breast cancer cells.'® In addition to its pharmacological effects, HG
can aid in delivering other prescribed therapeutic agents to the lungs, thus potentiating their therapeutic effects.'* HG
reduces the toxicity of chemotherapeutic agents, active components of traditional Chinese medicine, and compound
Chinese medicines and acts synergistically against tumor-related diseases; for example, HG promotes the pulmonary
distribution of cisplatin and reduces the distribution of doxorubicin in heart tissues.'” Platycodin D, a component of
Platycodon grandiflorum, plays a role in this guided delivery.'® In addition, a recent study has reported a potent
pulmonary targeting ability for nanoparticles composed of Platycodon polysaccharides compared with those composed
of other polysaccharides.'” However, to our knowledge, whether HG can bind to LPNs to form a hybrid system and alter
the biological fate, particularly in absorption, transportation and distribution of LPNs, has not been investigated.
Furthermore, given the therapeutic components contained in this system, whether the hybrid system can enhance
therapeutic effects because of the combination of HG with TME-regulating therapeutic agents loaded in LPNs remains
unknown.

Silibinin, an active component of Silybum marianum (L). Gaertn., can regulate TME by modulating epithelial—
mesenchymal transition (EMT), reducing tumor microvascular density, inhibiting angiogenesis, reducing extracellular
matrix (ECM) decomposition, and inhibiting collagen formation in tumor tissues.”>*' Silibinin acts by inhibiting the
activity of TGF-p and MMPs.** The potency of silibinin-loaded (or co-loaded with active ingredients) orally adminis-
tered LPNs against breast cancer metastasis has been investigated. Detachable hydrophilic polymers or sophorolipids

have been used to achieve bioresponsive mucus diffusion and overcome intestinal barriers.* Based on these previous
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studies, improving the biodistribution of silibinin-loaded LPNs in tumor and metastatic tissues and enhancing the
therapeutic effects are important issues that need to be addressed.

Dual action of inhibiting the proliferation of tumor cells and regulating TME are effective strategies in mitigating
breast cancer metastasis; therefore, in this study, we developed a novel oral delivery system, the natural HNS, formed
from silibinin-loaded LPNs and herb pair (Scheme 1), in which silibinin is expected to regulate TME and HG is expected
to inhibit tumor cells. Owing to the unique characteristics and chemical components of HG, the multiple components in
the HG may bind with LPNs, and change the surface hydrophilicity and surface components, thus influencing the fate of
transfer in the gastrointestinal tract and distribution at the site of action. Therefore, we focused on revealing the surface
chemistry and investigating the promotion of oral nanoparticle delivery efficiency in terms of mucus diffusion and
biodistribution. Furthermore, their therapeutic potential for alleviating breast cancer metastasis was assessed in 4T1

tumor-bearing mice.

Materials and Methods

Reagents

Silibinin (purity > 98.0%) was obtained from Dalian Meilun Biotech (Dalian, Liaoning, China). Lipoid S100 was
obtained from Lipoid GmbH (Ludwigshafen, Germany). DSPE-PEG2000 [(1,2-Distearoyl-sn-glycero-3-phosphoethanol-
amine-N-methoxy (polyethylene glycol)-2000)] was obtained from AVT Technology (Shanghai, China). PLGA (50/50,
Mw 50 kDa) was provided by Dalian Meilun Biotechnology Co., LTD (Dalian, China). P2 was kindly provided by
Professor Wu Wei from the School of Pharmacy, Fudan University, Key Laboratory of Smart Drug Delivery of MOE and
PLA (Shanghai, China). Dil (1,1’-dioctadecyl-3,3,3’,3 tetramethylindocarbocyanine perchlorate) was obtained from
Thermo Fisher Scientific (Rockford, IL, USA). CdSe/ZnS hydrophobic quantum dots were obtained from Mukenano
(Nanjing, China). AgNPs dispersion was from XFNANO (Nanjing, China). Antibodies against PE-CD3g, fluorescein
isothiocyanate-CD8a, PE/Cy7-CD45, AHG-CD4, AHG-Gr-1, AHG I-A/I-E, and Alexa Fluor® 488-CD11b were
acquired from BioLegend.
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Scheme | Schematic of the dual action of herb association by promoting the oral delivery efficiency of nanoparticles and enhancing therapeutic effect against breast cancer
metastasis.
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Platycodonis Radix (Latin scientific name: Platycodon grandiflorum [Jacq.] A. DC) and Curcuma rhizome (Latin
scientific name: Curcuma zedoaria [Berg.] Rosc) were administered in dried radix and rhizome forms, respectively.
Platycodonis Radix (Lot: 191028; Anhui) and Curcuma rhizome (Lot: 190910; Zhejiang) were both purchased from
Kanggiao Co. (Shanghai, China) in the form of ready-to-use decoction pieces. Both herbs met the criteria and standards
of Chinese Pharmacopoeia 2020 Edition.

Cell Culture and Animals
HT29-MTX-E12 cells were purchased from the European Collection of Authenticated Cell Cultures (Salisbury, UK).
Caco-2 and 4T1 cells were obtained from the Shanghai Institutes for Biological Sciences (Shanghai, China).

Animal studies were performed according to the guidelines of the Institutional Animal Care and Use Committee of
the Shanghai University of Traditional Chinese Medicine (Approval Number (PZSHUTCM201113007,
PZSHUTCM210115013)). All animals were provided by the Shanghai University of Traditional Chinese Medicine
and housed and bred under standard conditions. Mice (BALB/c, female, aged 6—8 weeks) were used for nanoparticle
uptake by the villi, in vivo Peyer’s patch absorption, and anti-metastasis efficacy studies. Female rats (200 + 20 g) were
used for pharmacokinetic studies.

Fabrication of the Herb—Nanoparticle Hybrid System

First, LPN nanoparticles were prepared according to a modified nanoprecipitation method as previously reported.’ Lipoid
S100 and DSPE-PEG2000 (2:3, w/w) were dissolved in absolute alcohol, introduced to deionized water (65 °C), and
gently stirred for 0.5 h. PLGA and silibinin were dissolved in acetonitrile as an oil phase (5 mg/mL). The oil phase was
added to the aqueous dispersion (1:2, v/v) while gently stirring for 2 h at 25 °C. Then, acetonitrile was removed using the
rotary evaporator. The mixture was passed through a 0.8-um filter. Platycodon grandiflorum and Curcuma zedoaria
pieces (1:2, w/w) were soaked in water for 0.5 h. Then, they were decocted twice with a six-fold volume of water for 1
h. The decoctions were collected and filtered through a 0.8-pm filter membrane to obtain HG. The HNS was obtained by
mixing the LPN dispersion with HG (1:1, v/v) via gentle agitation at 25 °C for 2 h.

The zeta potential was measured in a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK). To determine the
particle size, coumarin-6-loaded LPNs were diluted with deionized water (1:10,000). The particle concentrations and
intensities were then determined using Nanosight NS300 (Malvern Instruments, Malvern, UK). Particle morphology was
observed via TEM (Tecnai G2 Spirit; FEI Ltd., Hillsboro, USA). The nanoparticle dispersion was diluted with deionized
water, dropped on the copper grids, and negatively stained with 2% (w/v) phosphotungstic acid. Encapsulation and drug
loading were determined according to the previously reported ultrafiltration method. The details are shown in the
Supporting Information.

Surface Chemistry Characterization

An emerging spectroscopic characterization technique, SERS, was used to assess the surface chemistry of the HNS.
Before SERS determination, the test samples were prepared as follows: individual herb decoctions of Platycodon
grandiflorum and Curcuma zedoaria were prepared using the same method as that for herb decoction in the section of
Fabrication of the Herb—nanoparticle Hybrid System. Then, each decoction was freeze-dried using freeze dryer
(Labconco, MO, USA). Briefly, after pre-freezing at —20 °C overnight, the sample was transferred to the freeze dryer
and lyophilized with a vacuum pressure of 3.0 Pa at —40 °C. The lyophilized powder was dispersed in deionized water
(80 mg/mL) and treated in an ultrasonic bath (40 kHz, 150 W) for 30 min. The sample was then centrifuged at 2486xg
for 3 min, and the supernatant was collected for determination. The HNS dispersion was transferred to a pretreated
dialysis bag (molecular weight cutoff 14 kDa), which was covered with PEG20000 to remove the free components in the
HG. The sample was then redispersed in deionized water. SERS spectra of individual herb decoctions, HG decoctions,
LPN dispersion, and HNS dispersion were collected under the following conditions: 20 pL. of AgNPs dispersion was
dropped on the silicon wafer (20 x 20 mm, BZS2020, Beijing Zhongjingkeyi Technology Co., Ltd, Beijing, China),
followed by dropping 20 pL of sample dispersion and mixing to form a spot. Then, the spot was air-dried at 25 °C before
detection below the laser. The Raman spectrometer (Titan Electro-Optics Co., Ltd, Beijing, China) was used to detect the
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spectra. The Raman microscope system was coupled with a DM2700M microscope (Leica Microsystems, Wetzlar,
Germany), equipped with a 50x optical objective. The spectra were collected with a CCD detector array (2000 x 256).
The detection grating was set at 600. The laser source was 785 nm with a laser power of 10-25 mv. The spectral bands

!, with a spectral resolution of 5 cm™'; the signal acquisition time was 20s,

were recorded over a range of 540—1722 cm ™
and each sample was parallel measured three times.

The spectra were processed using the software Labspec5 (Horiba). According to a previous report,” the SERS spectra
were smoothed and denoised (degree, size, and height were set as 4, 5, and 50, respectively), and baseline corrected
(type, degree, and attach were set as polynom, 6, and no, respectively; auto pattern). Each spectrum was normalized by
scaling the intensity of SERS spectrum between 0 and 1 to avoid differences in the intensities during acquisition.”> The

SERS spectrum was plotted using Origin Pro2023 (Origin Lab Corp., Northampton, MA, USA).

UPLC-LTQ-Orbitrap MS Analysis

UPLC-LTQ-Orbitrap MS was performed to verify SERS results. Freeze-dried HG powder was extracted from methanol,
followed by centrifugation at 1500x%g for 10 min at 4 °C. The supernatant was then withdrawn and filtered through a 0.22
um filter prior to analysis. The Thermo Scientific UltiMate 3000 HPLC system and Orbitrap Elite system (Thermo Fisher
Scientific, Waltham, MA, USA) were coupled for chromatographic separation and MS detection. A Waters ACQUITY
UPLC HSS T3 (100 mm % 2.1 mm, 1.8 pm) column was used. The chromatographic conditions were set as follows:
mobile phase composed of formic acid water (0.1%. v/v) (line A) and acetonitrile (line B). Elution gradient program: 0—
0.5 min, 2% B; 0.5-2 min, 2-5% B; 2-3 min, 5-15% B; 3-13 min, 15-50% B; 13-25 min, 50-95% B; 25-30 min, 95%
B; 30-30.5 min, 95-5% B; 30.5-35 min, 5% B. The flow rate was 0.3 mL/min, injection volume was 4 pL, and column
temperature was 40 °C. The mass spectrometer was equipped with an electrospray ionization source. Operation
parameters used in positive and negative ionization modes were as follows: source temperature, 300 °C; sheath gas,
35 (arbitrary units); auxiliary gas, 15 (arbitrary units); sweep gas, 0 (arbitrary units) (+) and 1 (arbitrary units) (—);
electrospray voltage, 3.8 kV(+) and 3.2 kV(-); capillary temperature, 350 °C; S-Lens RF value, 30% (+) and 60% (—).
The MS analysis was operated in the data-dependent acquisition mode. The spectra were acquired at an MS resolution of
60,000 and MS2 of 15,000 by scanning from m/z 50 to 1500 in the FT mode.

The raw data were obtained and processed using Xcalibur workstation, Compound Discoverer 3.3 software, the local
Chinese medicine component high-resolution mass spectrometry database (OTCML), and mzCloud-Advanced Mass
Spectral Database (workstation, software, and database are from Thermo Fisher Scientific, Waltham). Data with
a calculation error exceeding 5 ppm (except Platycodin D —7.88 ppm) were removed.

Isothermal Titration Calorimetry Assay

To investigate the molecular interactions between platycodin D and DSPE-PEG2000, the heat flow during the binding of
platycodin D to DSPE-PEG2000 was determined via ITC assay using the MicroCal iTC 200 system (Malvern
Panalytical, UK). The details are provided in the Supporting Information.

Stability of HNS in Simulated Gastric Fluid and Simulated Intestinal Fluid

Prior to the evaluation of stability, SGF and SIF were prepared as previously reported.® Briefly, 16.4 mL of hydrochloric
acid solution (from 100 mL solution containing 23.4 mL of concentrated hydrochloric acid in deionized water) was
diluted in deionized water to obtain 1000 mL of SGF. SIF was prepared as follows: 500 mL of potassium dihydrogen
phosphate solution was prepared by dissolving 6.8 g potassium dihydrogen phosphate in deionized water, followed by
adjusting to pH 6.8 using 0.1 M sodium hydroxide and adding deionized water to the total volume of 1000 mL. The
stability of HNS in SGF or SIF was evaluated by mixing HNS dispersion with SGF or SIF (1:9, v/v) and incubating at 37
°C. Then, the mean particle size and zeta potential were measured at 0, 2, 4, 6, and 8 h.

In vitro Mucus Transfer
The nanoparticle motion of the HNS was studied via multiple-particle tracking (MPT) as previously described.** In
addition, to determine whether HNS has a lower interaction between endogenous mucus components and nanoparticles,
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NanoSight analysis (NTA) was performed using coumarin-6-loaded nanoparticles. The detailed descriptions of MPT and
NTA are provided in the Supporting Information.

Nanoparticle Uptake by the Villi and Absorption in Peyer’s Patches in Mice

Coumarin-6- or Dil-labeled nanoparticles (HNS or LPN) were prepared with fluorescent labels replacing silibinin. Prior
to the experiment, the mice were administered a liquid diet for 48 h, followed by 24 h of fasting with ad libitum access to
water. The animals were anesthetized with urethane. An incision was made in each abdomen, and the jejunum
(approximately 2 cm) was exposed. After the ligation of one end with a suture, 400 uL of the prepared reagent
comprising equal volumes of coumarin-6- and Dil-labeled nanoparticles was sealed into the jejunum through ligation.
The segment was gently washed with saline and excised. Sections of approximately 10 x 10 mm? were prepared, gently
loaded into a laser confocal cell culture dish, and observed using CLSM. Scanning was conducted at 10-um intervals
along the z-axis to determine the nanoparticle diffusion and uptake by the villi.

Subsequently, the regulation of tight junctions between the epithelial cells by HNS was evaluated using the following
procedure. Caco-2/HT29-MTX-E12 cells were cultured in 12-well Transwell inserts until confluent cell monolayers were
formed. FITC-dextran (MW = 4 kDa; FD-4) was used as a fluorescent marker of transport across the monolayers. The
FD-4 (1.0 mg/mL) and/or HG (0.25 mg/mL) in HBSS was added to the apical sides, and HBSS was added to the
basolateral sides. After incubation at 37 °C for 2 h, cells were fixed with paraformaldehyde solution and then gently
rinsed in cold PBS. The membranes were sectioned, embedded in optimal cutting temperature, incubated in 1 mg/mL
RNAse for 25 min, stained with propidium iodide, and visualized under a TCS SP8 confocal system (Leica Microsystems
GmbH, Wetzlar, Germany) equipped with tetramethyl rhodamine isothiocyanate and FITC channels (red fluorescence for
propidium iodide and green for FD-4).

Nanoparticle lymphatic absorption was visualized in BALB/C mice (2022 g) as previously described.”® The detailed
description of the Peyer’s patch absorption is present in the Supporting Information.

In vivo Translocation of Nanoparticles into the Systemic Circulation and Subsequent

Biodistribution

P2-labeled nanoparticles were prepared using the same method described in the Section of Fabrication of the Herb—
nanoparticle Hybrid System, except for P2, which was dissolved in dichloromethane and added to the organic phase. The
HG decoction containing 100 mg/mL Platycodon grandiflorum and 200 mg/mL Curcuma zedoaria was used to yield the
HNS for pharmacokinetic and biodistribution studies.

For the pharmacokinetic study, female Sprague Dawley rats (weighing 200 + 20 g) were housed under standard
conditions and fed a normal diet with ad libitum access to water. Prior to the experiments, the animals were fasted
overnight but with free access to water. The pharmacokinetic studies in rats were performed in accordance with
a previous method.?® Dispersions of P2-labeled LPNs or HNS (both nanoparticles containing P2 16.7 pg/mL) were
administered to rats by gavage. Blood (200 puL) was collected from the venous plexus at 0, 4, 8, 12, 16, 20, and 24
h after the gavage and added to the wells of black 96-well plates. Then, P2 fluorescence signals in the blood samples
were detected using an IVIS Lumina XR system (Perkin Elmer, Waltham, USA), with excitation wavelengths set at
710 nm.

For the biodistribution study, BALB/c mice (female, 20-22 g) were used. The 4T1-induced tumor model was
established by orthotopic injection of 4 x 10° cells/mouse into the second mammary fat pad pair. On day 22 post-
inoculation, 0.2 mL P2-labeled LPN dispersion or HNS (both nanoparticles containing P2 16.7 ng/mL) was administered
to mice (0.1 mL/10 g) by gavage. The animals were sacrificed via cervical dislocation at the time point of 1, 2, 4, 8, 12,
and 24 h. The tissues and organs (liver, lungs, heart, spleen, kidneys, mesentery, and tumor) were dissected and isolated.
Images were captured using the IVIS Lumina XR imaging system (Ex 710 nm). To quantify the distribution of the
nanoparticles in the tumors and lung tissues, the tissues were carefully cut into approximately 1 x 1 x 1 mm? pieces and
placed in the wells of black 96-well plates. P2 fluorescence signals were detected using the in vivo imaging system.
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In vivo Anti-Metastasis Efficacy Studies

BALB/c mice (female, 20-22 g) were randomly assigned to four groups. The 4T1-induced tumor model was established
via an orthotopic injection of 4 x 10° cells/mouse into the second mammary fat pad pair. After 2 days, the animals were
treated with saline, HG, LPNs, or HNS by gavage. The treatments were performed every 2 days, a total of 12 times at
a dose of 80 mg/kg.9 After the 12th dose, the animals were euthanized via cervical dislocation. The tumors, lungs, hearts,
spleens, livers, and kidneys were excised and fixed in paraformaldehyde, then embedded in paraffin, followed by an H&E
assay. The immune cells in the TME of the tumor tissues were investigated using flow cytometry. Immunohistochemical
(IHC) assays were performed in the tumor and lung tissues to measure the expression levels of MMP9 and TGF-1. The
myeloid-derived suppressor cells (MDSCs) in the tumor tissues were evaluated using immunofluorescence staining. The
details of the flow cytometry assay, IHC assay, and immunofluorescence staining are described in the Supporting
Information.

Statistical Analysis

Data are presented as the mean + standard deviation (SD). The unpaired two-tailed #-test was selected for two-group
comparisons. One-way analysis of variance with Tukey’s test was used for multiple comparisons using GraphPad Prism
software. Statistical significance was set at p < 0.05.

Results and Discussions

Construction and Characterization of HNS

A schematic of HNS is shown in Figure 1A. First, the morphology, particle size, and zeta potential of the HNS were
determined and compared with those of LPNs. As shown via transmission electron microscopy (Figure 1B), LPNs were
spherical or near-spherical in shape, with a clear shell-core structure. As for the HNS, the nanoparticles maintained
a spherical shape (Figure 1B). However, the distinct boundary of the nanoparticle shell around the bright white core
became unclear. Moreover, an irregular “flower”-like outline appeared on the surface of the nanoparticles. The HNS
showed a lower absolute zeta potential (Figure 1C) and higher mean particle size than LPNs (Figure 1C). The reduced
absolute zeta potential might be due to the association of components from HG, such as phenolic acids. Transmission
electron micrographs and the particle size as well as the polydispersity index (PDI) of the HNS compared with those of
LPNs suggested an interaction between LPNs and HG. Therefore, we hypothesized that some components in the HG may
interact with the lipid shell of LPNs and change the regular arrangement of Lipoid S100 and DSPE-PEG2000 at the
particle surface. In addition, the nanoparticle loaded with silibinin showed encapsulation efficiency of 94.75% and drug
loading of 6.48%.

Surface Chemical Components of HNS

In this study, to investigate LPN-HG interaction, we first performed surface-enhanced Raman spectroscopy (SERS) to
reveal the molecules in HG associated with LPNs. Then, UPLC-LTQ-Orbitrap MS was performed to identify the
chemical constituents in herb pair and support the results of SERS. Furthermore, based on SERS and UPLC-MS
analyses, from the thermodynamic aspect of molecular interactions, platycodin D, a chemical component of HG, was
selected as a representative substance to monitor its binding with DSPE-PEG2000, which was located at the surface of
LPNs using isothermal titration calorimetry (ITC).

To understand the surface chemistry of the HNS and verify the binding of the HG with LPNs, we performed an in situ
SERS analysis. SERS is a reliable and nondestructive analytical spectroscopic technique. It provides fingerprint
information of molecules by analyzing the molecular structure of rotational and vibrational modes from energy exchange
during inelastic collision. In recent years, several studies have applied SERS to determine the structure and chemical
composition of TCM components for elucidating geographic origins, compatibility of multiple prescriptions, and residues
in Chinese materia medica.?’ Importantly, as a highly sensitive analytical technology, SERS is useful for detecting and
discriminating the external layer from the rest of the nanoparticle, as SERS amplification generally fails beyond several
tens of nm away from the nanoparticle surface. Therefore, it provides in situ information on the orientation and binding
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Figure | Fabrication and characteristics of the herb—nanoparticle hybrid system (HNS). (A) Schematic of the HNS. (B) Transmission electron micrographs of the HNS and
lipid-polymer nanoparticles (LPNs) (upper right) (scale bar, 50 nm). (C) Zeta potential and particle size determined via coumarin-é-labeled nanoparticle tracking analysis.

between chemical substances and the surface of nanoparticles.”® The typical SERS bands are displayed in Figure 2. In
LPNs, 891 cm ™! and 940 cm ! were assigned to skeletal deformation vibration, 1077 em ! to C-C vibrations, and 1100—
1500 cm ™' to CH, vibration mode.** The HNS showed more chemical species than HG-free LPNs. The HNS showed
different band vibrations in both number and relative intensity initially, implying that the HNS and LPNs have different
surface layer compositions. Compared with that in HG, the strong intensification of the bands in HNS at 825 cm ™',
1002 cm ', 1188 cm ', and 1590 cm ' revealed their interactions via HG attachment on LPNs. Furthermore, the
appearance of new bands at 1170 cm™' compared to HG, Platycodon grandiflorum, and Curcuma zedoaria suggests
that an alternative association may exist, which may undergo chemical changes through some structural points.
Subsequently, we determined the class of chemicals for the associated molecules and how the association occurred
through a comparison of the profiles of the HNS with individual herbs and the HG. The HNS had Raman peaks at
622 cm ', 1030 cm ', and 1220 cm ™', which were consistent with those in the Platycodon grandiflorum spectrum. These
peaks were reported to be the typical peak of saponins,®**! indicating that saponins were contained in the surface layer of
the HNS. Furthermore, in the HNS, carboxylate and phenol group motion was clearly identified. The presence of bands at
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Figure 2 Surface-enhanced Raman scattering spectra of the HNS, HG (herb pair), P (Platycodon grandiflorum), C (Curcuma zedoaria), and LPNs (laser source 785 nm, Raman
spectral shifts from 540 to 1722 cm™").

1188 cm ', 1220 cm ™', 1271 cm ™', and 1377 cm ™' indicated plane C-H bending, C-O in phenol, C-O in aromatic ethers,
and v (COO"), respectively. The strong band at 1377 cm™' might have resulted from the association of the carboxylic
acid. Together with the band at 1590 cm '
association. The vibration at around 730 cm™ ' was also related to polyphenols.*” In addition, a downshift in the phenol
from 1223 cm ' to 1217 cm™ ! and the weakened signal of 1637 cm ' [v (C-C), v (C-O)] was attributed to the rupture of
internal H bonds between the phenol and carboxylate groups once they attached to the surface of the nanoparticle.”
SERS spectrum of the HNS also showed vibrations at 1131 cm™ "' (C-O-stretching), 926 cm ' (-C-O-C- stretching), and
1550-1650 cm ' (benzene ring skeleton), which indicated the chemical groups of glycosides.”” The peak at around

vas (COO-), this indicates that the carboxylate group takes part in the

1322-1324 ¢m™ ' was possibly generated by the bending vibrations of the carbohydrate CH, group, which was highly
related to sugars from polysaccharides.*> Moreover, according to the chemical information, several peaks observed in the
spectra for Platycodon grandiflorum, Curcuma zedoaria, or HG (937 cm™', 1244 cm™', 1251 cm™', 1334 cm ™', and
1453 cm™ ') were not present in the spectrum of the HN'S, indicating that these molecules were not attributed to the HNS.
All the peaks identified during SERS are presented in Supplemental Table S1. Collectively, saponins, phenol acids,

glycosides, and polysaccharides may take part in the HNS association.

To support the results of SERS and verify these components in the HG, we identified the chemical compositions of
the HG through UPLC-MS/MS. The total ion chromatograms of the HG are shown in Figure 3. Supplemental Tables 2
and 3 present the detailed mass spectrometry data of the identified compounds. In total, 87 compounds were identified

from the HG in the positive and negative ionization modes, including 30 organic acids and phenolic acids, 16
sesquiterpenoids, 8 aldehydes and ketones, 1 saponin, 1 glycoside, 2 lactones, 7 amino acids and their derivatives, 4
phenols, 3 nucleosides, and 15 other chemical types. Seven representative compounds from phenolic acids, saponins,
glycosides, flavonoids, amino acids, sesquiterpenoids, and nucleosides in the HG were used to verify the identification.
Their proposed fragmentation pathways are presented in Figures S1-S7. Their cleavage information is provided in the
Supplemental Material. The chemical components found in the UPLC-Orbitrap MS/MS analysis covered those assigned
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in SERS, which provided a basis for illustrating the SERS findings and further revealing the interaction between HG and
nanoparticles.

Subsequently, the direct binding between platycodin D (a component from the HG) and DSPE-PEG2000 (a substance
present on the surface of LPN) was assessed using ITC. An ITC thermogram (Figure 3B) showed the enthalpy changes
when platycodin D was injected into the DSPE-PEG2000 solution. The reaction was exothermic with a molar enthalpy
change of AH = —987 calories/mol and a binding constant (K,) of 7.94 x 10°> (M™"). The results indicated that platycodin
D is capable of binding to DSPE-PEG2000.

HNS is Stable in the Lumen and Increases Mucus Transfer

The stability of the HNS in the lumen was evaluated in simulated gastric fluid (SGF) and simulated intestinal fluid (SIF).
The results pertaining to the particle size (Figure 4A) and zeta potential (Figure 4B) of the HNS were stable in SGF and
SIF from 2 to 4 h, which allowed for the subsequent mucus diffusion and intestinal absorption. An approximately 2-fold
increase in particle size for the HNS in SGF may be related to the slight aggregation of individual particles under acidic
conditions during the first 2 h. This is also consistent with the change in zeta potential. A decrease in the absolute value
of zeta potential occurred at the same time, possibly due to the adsorption of the oppositely charged ion in SGF, which

indicates the driving force of particle aggregation.
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Figure 4 Physical stability of the HNS in gastrointestinal fluid and evaluation of overcoming the mucus barrier. (A) Particle size and (B) zeta potential of the HNS in
simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) at 37 °C. (C) Mean square displacement (MSD)-time curve analysis of CdSe/ZnS quantum dot-labeled
nanoparticles. (D) Peak frequency distribution of coumarin-6-labeled nanoparticles in mucus determined via nanosight analysis. (mean + SD, n = 3).
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The mean square displacement (MSD)-time curve analysis of nanoparticle mobility in the mucus is shown in
Figure 4C. The analysis revealed that the MSD of the HNS was higher than that of LPNs over the same period,
indicating that HG association might promote nanoparticle movement in the mucus. As shown in Figure 4D, when the
nanoparticles were incubated with the mucus, the particle size increased with time, suggesting that the nanoparticles
interacted with endogenous mucus components and attached to or covered the nanoparticle surface, thereby increasing
particle size. Notably, the decrease in the peak frequency distribution (the particle size most observed) of the HNS
incubated with the mucus for 1 h in comparison to LPNs might be related to the decreased attachment or association of
endogenous mucus components, which might denote a moderate regulation of mucus—nanoparticle interactions.
Therefore, the HG association might reduce the interactions between the nanoparticle and endogenous mucus
components.

For oral nanocarriers, various strategies to improve their mucus penetration capacity have focused on altering the
hydrophilicity of the nanoparticle surface, shape, charge, and rigidity.34’35 Improvement of nanoparticle mucus penetra-
tion via multiple strategies could be more efficient than any single strategy devised to liberate the nanoparticles during
mucus transfer. Increasing surface hydrophilicity may improve the mucus penetration capacity of nanoparticles.> In this
study, as revealed in SERS and UPLC-MS, HG dispersions contain certain hydrophilic components, such as phenolic
acid, glycosides, and amphiphilic saponins, as surfactants, which may improve the surface hydrophilicity of nanoparticles
and facilitate their mucus penetration.

HNS Increases Uptake by the Villi and Absorption by Peyer’s Patches in Mice

We then evaluated the intestinal distribution of the HNS in vivo. Nanoparticles were administered directly to the mouse
jejunum, and the cross-sectional nanoparticle distribution in the jejunum was evaluated using a CLSM (Figure 5A). The
nanoparticles were loaded with coumarin-6 to track the transfer and diffusion through the mucus and the cells and the
lipophilic cell membrane stain Dil to indicate cellular interactions. According to Figure 5A, the signal obtained from the
HNS was clearly visible inside the villi and had a higher intensity than that from the LPN group, indicating that HG
association promoted the uptake of nanoparticles by villi. Considering this result, we subsequently determined whether
the HG association improved the nanoparticle intestinal absorption by affecting the tight junctions between intestinal
cells. We used FITC-dextran (FD-4), a 4 kDa fluorescent marker, to track the transport through a cell monolayer and test
if HG regulated the tightness of intercellular connections. Compared with that in the FD-4 group, FD-4 accumulation in
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Figure 5 Uptake of nanoparticles by villi and absorption by Peyer’s patches in vivo. (A) Nanoparticle diffusion and uptake by villi in the mouse jejunum in vivo. Mice were
administered LPNs (top) and the HNS (bottom), in which equal volumes of nanoparticles labeled with coumarin-6 (green signal) and nanoparticles labeled with Dil (red
signal) were applied to the jejunum sections for 20 min. The CLSM images show three-dimensional reconstruction (3D) obtained via scanning from the top of the lumen
surface to the bottom. The arrows show the distribution of the internalized nanoparticles. Scale bars, 50 pm. (B) Side-view confocal micrograph images of FITC-dextran
(FD-4) distribution in the presence of HG (0.25 mg/mL) in the Caco-2/HT29-MTX-E|2 cell monolayers in vitro (green, FD-4; red, cell nuclei stained with propidium iodide).
Scale bar, 50 pm. (C) Absorption of nanoparticles by Peyer’s patches in mice. (n = 3) (means + SD, *P < 0.05).
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the Caco-2/HT29-MTX-E12 cell monolayer was elevated in the presence of HG (Figure 5B), indicating that HG
regulated tight junctions between cells. In vivo Peyer’s patches absorption of nanoparticles was measured in mice. As
shown in Figure 5C, HNS increased absorption via Peyer’s patches in vivo (p<0.05). On the one hand, HG regulated the
tight junction between cells (Figure 5B), which offered an alternative cell pathway for transport. On the other hand,
absorption of nanoparticles by Peyer’s patches was influenced by the particle size, hydrophobicity, and surface
characteristics of the nanoparticles.’” The changes in the surface of nanoparticles due to the association of HG might
contribute to the enhanced absorption by Peyer’s patches. Several polysaccharides from herbal medicines have been
reported to be incorporated by M-cells. Alternative pathways, such as paracellular and transcellular pathways, might also
favor the absorption through Peyer’s patches.

Translocation into the Systemic Circulation and Biodistribution in Tumors and Lungs
The HNS showed improved mucus penetration and cellular endocytosis in vitro. The in vivo pharmacokinetics of the
HNS and LPNs labeled with aggregation-causing quenching probe P2 were investigated. Because it possesses an aza-
BODIPY parental structure, P2 is an environment-responsive fluorescence probe that emits fluorescence when loaded
onto nanoparticles and shows immediate and absolute fluorescence quenching upon being released into the aqueous
phase caused by the disintegration of the nanoparticles.”® The profile of the fluorescence intensity of nanoparticles in
blood vs time is shown in Figure 6A, which demonstrates the absorption of nanoparticles in their integral form. The
maximum accumulated signals appeared at 8 h post-oral administration. In addition, the HNS showed higher fluorescence
signal intensities than LPNs at the detected time point, which was consistent with the in vitro mucus penetration and
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Figure 6 Translocation of nanoparticles into the systemic circulation and their biodistribution. (A) Total radiant efficiency of fluorescence signals in the blood following oral
administration of P2-labeled LPNs or the HNS in rats (n = 5). (B) Area under the curve of fluorescence signal intensity in the blood vs time following oral administration of
P2-labeled LPNs or the HNS in rats (n = 5). (C) Ex vivo imaging of liver, lung, heart, spleen, kidney, mesentery, and tumor tissues (from top to bottom) of 4T | tumor-bearing
mice treated with LPNs or the HNS via oral administration. Fluorescence signal quantification of P2 intensity in the lung (D) and tumor tissues (E) of 4T| tumor-bearing
mice treated with LPNs or the HNS via oral administration (n = 5). (means * SD, **P< 0.01).
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nanoparticle absorption in villi in mice. The HNS also showed a significantly higher area under the curve (AUC)
(»<0.01) (Figure 6B), which suggested that both LPNs and the HNS may overcome the intestinal physiological barriers
and enter the circulatory system. More importantly, the improved translocation of nanoparticles into the systemic
circulation was found in the group HNS, which enabled increased nanoparticle distribution in the tissues, exerting
enhanced therapeutic action. The real-time biodistribution of nanoparticles in 4T1 tumor-bearing mice is shown in
Figure 6C. The increased distribution at the target site was beneficial for improved therapeutic effects. The AUC of
nanoparticle distribution in the lung (Figure 6D) and tumor tissues (Figure 6E) for the HNS was 1.22-fold and 2.51-fold
that of those treated with LPNs, respectively, indicating that the HNS showed enhanced biodistribution in the lung and
tumor tissues. The altered biodistribution in the HNS compared with LPNs may have been due to the improved behavior
in overcoming intestinal mucus and epithelial barriers. In addition, the enhanced absorption at Peyer’s patches in HNS
provided possible transport via lymphatic circulation, enabling increased exposure to lymphatic organs. In a previous
study,”” nanoparticles with increased distribution in Peyer’s patches following oral administration were shown to promote
their targeting to the lung tissue, which suggests that targeted lung delivery may be facilitated through the uptake by
Peyer’s patches. This was followed by channelization into lymphatic organs, which favors the biodistribution of
nanoparticles to lymphatic organs, such as the lung. Whether HG may alter the silibinin pharmacokinetic and biodis-
tribution in tissues needs to be further investigated in the future.

HNS Alleviates Breast Cancer Metastasis in vivo

We evaluated the alleviation of breast cancer metastasis from HG, silibinin-loaded LPNs, and silibinin-loaded HNS in
4T1 tumor-bearing mice. The HNS significantly reduced the number of metastatic nodules in mouse lung tissue
compared with that in the saline group (p < 0.0001) (Figure 7A), indicating its ability to alleviate lung metastasis.
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Figure 7 Alleviation of metastasis in 4T| tumor-bearing mice. (A) Lung nodules in tumor-bearing mice under the indicated treatments (mean * SD, n = 5). (B) Effects of
different treatments on the apoptosis of tumor tissue. (C) Hematoxylin and eosin (H&E) staining of tumor and lung tissues from 4T | tumor-bearing mice subjected to
different treatments. Scale bar; 100 um. (mean * SD, *P < 0.05; **P < 0.01; ****P< 0.0001).
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Moreover, a visible green fluorescence signal was observed during TUNEL staining in the group treated with the HNS
(Figure 7B), which indicated that the HNS-induced apoptosis in the tumor cells. The results of hematoxylin and eosin
(H&E) staining are shown in Figures 7C and S8. Some tumor thrombi were apparent in the control group but not in the
HNS group. Furthermore, as shown in Figure S8A, some extramedullary hematopoietic foci were apparent in the liver
tissue of the saline-treated group.

To understand the molecular mechanism underlying the metastasis alleviation effect of the HNS, we performed
immunohistochemical (IHC) assays. MMP-9 and TGF-B1 are involved in metastatic progression, in which the former
remodels the extracellular matrix (ECM) and induces angiogenesis, while the latter induces epithelial to mesenchymal
transition (EMT).>® As shown in Figures 8A and S8B, the expression levels of MMP-9 were reduced in tumor tissues,
and those of MMP-9 were reduced in the lung tissues of the HNS group compared with those of the control group. The
HNS reduced the expression levels of MMP-9 in the tumor and lung tissues and that of TGF-B1 in the tumors, revealing
that the HNS inhibited metastasis by inhibiting tumor angiogenesis and ECM decomposition and alleviating EMT.

Both silibinin and the components in the HG, such as chlorogenic acid, platycodin D, and a-linolenic acid, have
shown immune microenvironment modulation effects.>**! Therefore, we evaluated whether the HNS would facilitate
T-cell infiltration in tumor tissues. Immunosuppressive myeloid-derived suppressor cells (MDSCs) in tumor tissues were
analyzed using immunofluorescence staining (Figure 8B). The population of Gr-1" CD11b" MDSC cells in the tumor
tissue treated by HNS was reduced. Flow cytometry was used to analyze the immunoregulatory cell populations. HNS
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Figure 8 Immunomodulatory effects of the HNS. (A) Immunohistochemical staining of MMP-9 and TGF-B1 in tumor tissues of mice treated with the control, LPNs, HG, or
HNS. Scale bar, 100 ym. (B) Immunofluorescence staining of MDSCs in tumor-bearing mice treated with saline and the HNS. Scale bar, 100 pm. (C) The effect of LPNs, HG,
and the HNS on the tumor immune microenvironment of CD4* CD3" T cells. (D) CD8" CD3" T cells and (E) regulatory T cells (mean + SD, n = 3, *P < 0.05; **P < 0.01;
P < 0.001; ¥¥*P< 0.0001).
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increased the population of CD8" T cells (Figure 8C and D) and reduced that of Tregs (Figure 8E). Overall, the analysis
revealed that HNS may enhance T-cell infiltration in 4T1 tumor-bearing mice and modulate the immune
microenvironment.

The formulation of the HG was based on long-term clinical experience. Instead of focusing on a single target, the use
of this HG emphasizes the holistic and systemic nature of diseases by targeting multiple sites in vivo. Platycodonis radix
contains various active ingredients, including saponins, flavonoids, and phenolic acids, and acts via multiple signaling
pathways to inhibit tumor metastasis, eg, by inhibiting tumor cell proliferation, migration, and invasion and inducing
tumor cell apoptosis.*** It also activates caspase-3- and caspase-9-dependent apoptotic pathways. Furthermore, platy-
codin D inhibits the proliferation of MDA-MB-231 tumor cells in BALB/c nude mice by downregulating the epidermal
growth factor receptor and reducing MMP9 mRNA expression levels and activity.*> Germacrone, a component of HG
from Curcuma zedoaria, may also trigger breast cancer tumor cell apoptosis.** Silibinin is a potent F-box protein Skp2-
targeting agent.*> The induction of apoptosis and suppression of metastasis in HNS in 4T1 tumor bearing mice may be
attributed to these factors. The TME acts as the “soil” to support the proliferation of tumor cells and contains blood and
lymphatic vessels, extracellular matrix (ECM), carcinoma-associated fibroblasts (CAFs), immune cells, and cytokines.
Silibinin regulates the TME by modulating EMT, inhibiting angiogenesis, and decreasing tumor-associated fibroblast and
CAF populations. Furthermore, silibinin-loaded nanoparticles abrogate tumor immunosuppression and enhance the anti-
tumor immune response by regulating Tregs and MDSCs in the tumor.?' Certain components of the HG, such as
chlorogenic acid, platycodin D, and a-linolenic acid, can regulate T-cell infiltration.*'**> Regarding the treatment of
metastatic breast cancer, the HG has been used to guide drugs to the lung tissue and reduce metastasis. In the current
study, oral intestinal absorption and the biodistribution at the site of action were improved in the HNS. Platycodonis radix
is regarded as a meridian-guiding Chinese material medica with in vivo biopharmaceutical activity and therapeutic
effects.*>*” Collectively, multiple mechanisms, including improving biological processes, inducing tumor cell apoptosis,
and regulating the TME, may contribute to the alleviation of breast cancer metastasis by the HNS. However, tumor
metastasis is a complex process, and whether the HNS inhibits metastasis through alternative pathways or mechanisms,
such as mitochondrial impairment or tumor-associated macrophage polarization, should be further investigated. More
details in the exocytosis process of HNS and the underlying mechanism, as well as the in vivo structural stability, have
yet to be fully elucidated in future research.

Conclusions

In this study, we report a versatile nanoparticle hybrid delivery system with surface self-binding of components from
natural herb pairs, which aid in both oral drug delivery and therapeutic effects. The surface components of the HNS are
mainly composed of phenol acids, saponins, and glycosides from the HG. Owing to its unique surface chemistry, the
HNS improved the translocation of nanoparticles into systemic circulation by enhancing mucus penetration, intestinal
absorption, and Peyer’s patch absorption in vivo. Furthermore, the HNS showed improved distribution in tumor tissue
and metastatic foci of lung tissue in 4T1 tumor-bearing mice. Oral administration of the HNS alleviated breast cancer
metastasis in 4T1 tumor-bearing mice, which was attributed to the induction of tumor apoptosis and altering the structure
and immunologic balance of TME. Therefore, the current functional HNS overcame intestinal biological barriers and
potentiated therapeutic effects on both tumor cells and the TME, providing fresh insight into the rational development of
the nanoparticle-herb hybrid system for alleviating breast cancer metastasis via a convenient route in the near future.
Future investigations are warranted to elucidate this process and the underlying mechanisms in vivo.
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