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Abstract

Our previous work demonstrated that Wnt16 expression in cisplatin-damaged tumor-associated
fibroblasts is a key factor contributing to cisplatin resistance in malignancies. Natural antifibrotic
compounds with low toxicities are promising candidates to downregulate Wnt16 expression,
improving the antitumor effect of cisplatin nanoparticles. Upon screening several natural
chemicals, we found that a dietary flavonoid, quercetin, significantly suppresses Wnt16 expression
in activated fibroblasts. To facilitate drug delivery, we have prepared a targeted lipid/calcium/
phosphate nanoparticle formulation consisting of a prodrug of quercetin, 7.e., quercetin phosphate,
with a high loading efficiency (26.6% wi/w). This quercetin nanoparticle with a particle size of
around 35 nm significantly improved the bioavailability and metabolic stability of the parent
quercetin. Quercetin phosphate is released from the nanoparticles and converted back to the parent
quercetin under physiological conditions. Following systemic administration of quercetin
phosphate nanoparticles, a significant downregulation in Wnt16 expression was observed and
further yielded a synergistic antitumor effect with cisplatin nanoparticles in a stroma-rich bladder
carcinoma model. The a-SMA-positive fibroblast and collagen within the tumor decreased
significantly after combination treatment. This suggests that the remodeling of the tumor
microenvironment induced by quercetin plays a critical role in promoting the synergy. Indeed, our
data further confirmed that quercetin phosphate alone significantly remodeled the tumor
microenvironment and increased the penetration of second-wave nanoparticles into the tumor
nests. Collectively, quercetin phosphate nanoparticles may be a safe and effective way to improve
therapeutic treatment for desmoplastic tumors.
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Stroma cells, including tumor-associated fibroblasts (TAFs), macrophage, and endothelial
cells contribute to the resistance of nanochemotherapies.12 These cells form a physical
barrier within tumors to inhibit penetration of the therapeutic nanoparticles (NPs) as well as
secrete growth-inducing cytokines and growth factors to facilitate the survival of tumor cells.
3-5 Furthermore, during the chemotherapy processes, chronic damage to stroma cells elicits
the secretion of damage response program (DRP) molecules to promote the survival and
growth of neighboring cells, thus causing the acquired resistance to the chemotherapies. One
of these DRP molecules was reported by Sun et a/., who observed that treatment-induced
DNA damage in the neighboring benign stroma cells promotes chemotherapy resistance
through paracrine secretion of Wnt16. Wnt16 is a member of the wingless-type MMTV
integration site (Wnt) family considered as one of the major mitogenic growth factors that
constituent DRP molecules.” Our previous research suggested that knockdown of Wnt16
through delivery of siRNA was an effective way to inhibit the pro-survival crosstalk between
tumor cells and TAFs, ultimately suppressing tumor cell-mediated chemo-resistance.8

Natural chemicals have gained substantial attention in cancer therapy due to the safety
profile (low toxicities). Unfortunately, the antitumor effect of natural products alone is
usually far from satisfactory. There are numerous natural products with antifibrotic
properties such as astragaloside 1V, tetrandrine, salvianolic acid, and quercetin. However,
their effect on the DRP molecule Wnt16 was unknown.®12 In the current study, we have
screened 12 natural chemicals with reported antifibrotic activity to determine a natural
inhibitor of Wnt16. Among the candidates screened, quercetin showed superior Wnt16
knockdown efficiency in NIH3T3 murine fibroblasts in the presence or absence of cisplatin.
Quercetin (3,3",4’,5,7- pentahydroxyflavone) is a naturally occurring flavonoid commonly
found in fruits and vegetables. Quercetin regulates multiple biological pathways eliciting
induction of apoptosis as well as inhibiting angiogenesis and proliferation.13.14 It has also
been reported to have a protective ability against oxidative stress and mutagenesisin normal
cells. 1516 However, quercetin’s poor water solubility and bioavailability have limited its use
as a pharmaceutical.1”:18 Quercetin was in early stage clinical trials as an anticancer agent
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decades ago. Yet, due to its poor solubility, the administration required the use of solvents
such as dimethyl sulfoxide or ethanol, which caused dose-dependent hemolysis as well as
liver and kidney impairments.19 Thus, alternative strategies are needed to improve the water
solubility and/or the bioavailability as well as the tumor site delivery.

Phosphorylation is a commonly used method to increase the water solubility of hydrophobic
drugs in prodrug development. 20:21 Therefore, we developed a quercetin prodrug through
phosphorylation of the hydroxyl groups of quercetin. This modification can be cleaved /n
vivo through interaction with phosphatases. Furthermore, phosphorylation of quercetin not
only increased its water solubility but also facilitated its precipitation with calcium to form
an amorphous NP core used in the formulation of lipid calcium phosphate (LCP) NPs.

To improve the bioavailability and stability of quercetin, quercetin phosphate (QP) was
synthesized and precipitated with calcium to be entrapped into the targeted LCP NPs. The
prepared LCP-QP protects the QP from degradation and facilitates increased accumulation
at the tumor site through the tumor’s enhanced permeability and retention (EPR) effect. The
effect of the LCP-QP as an inhibitor to the DRP molecule Wnt16 was investigated in a
stroma-rich bladder carcinoma model. The effects of LCP-QP on the tumor
microenvironment (TME) including TAFs apoptosis, collagen deposition, and improved NP
penetration were tested. Finally, the /n vivo toxicity of LCP-QP was inspected by
biochemical indicator analysis and organ hematoxylin and eosin (H&E) stain analysis.

Natural Compound, Quercetin, Significantly Suppresses Wnt16 in Activated Fibroblasts

The effects of different natural chemicals on the expression of Wnt16 in activated fibroblasts
NIH3T3 were detected by western-blot analysis (Figure 1A,B). The expression of Wnt16 in
activated fibroblasts was inhibited to different extents by selected chemicals. Among them,
chemical no. 6, quercetin showed the most significant inhibition effect with only 44% of
Wnt16 expressed compared to the control group.

We next examined the Wnt16 inhibition effect of quercetin on cisplatin treated NIH3T3
cells. Consistent with previous studies, cisplatin NP induced a nearly 2-fold elevated
secretion of Wnt16 in TAFs compared to untreated cells. Indeed, the cisplatin induced
secretion of Wnt16 was abolished upon treatment with quercetin (Figure 1C).

Preparation and Characterization of LCP-QP

Quercetin phosphate (QP) was synthesized to improve the water solubility and facilitate the
preparation of LCP-QP NPs. The chemical structure of the synthesized QP was confirmed
by MS and NMRs (Figure S2 in the Supporting Information). The LC-MS results yielded an
mizof 702.88. The yellow colored QP increased water solubility compared to quercetin, and
its concentration can be easily determined using a UV spectrophotometer.

The LCP-QP core and final particle were spherical and uniformly distributed under TEM
(Figure 2B). The final particle has a particle size of approximately 35 nm and appears
opalescence with a yellow color (Figure 2C,D). After phosphorylation, QP can be
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encapsulated into LCP NPs with high encapsulation efficiency (60.8 + 5.2%) and loading
(26.6 £ 2.3%).

QP Conversion to Quercetin

To confirm that pharmacologically active quercetin is delivered to the tumor site, we first
validated the conversion of QP to quercetin /n vitro using alkaline phosphatase. After
incubating QP with alkaline phosphatase for 1 h at 37 °C, quercetin was detected in the QP
solution by HPLC analysis (Figure 3A). The retention time of the quercetin peak in the QP
solution was identical to the quercetin standards, while the QP solution without alkaline
phosphatase showed no quercetin peak. These results demonstrated that the QP was
converted back to quercetin by phosphatase. We then tested this hypothesis in intact NIH3T3
cells. LCP-QP was incubated with the cells for 2 h, and following incubation, free quercetin
was detected by HPLC analysis (Figure 3B). To further confirm the conversion of QP to
quercetin /n vivo, QP and LCP-QP were i.v. injected to stroma-rich UMUC3 bearing mice,
and the tumors were harvested 1 h later to detect the quercetin concentration in tumor.
Quercetin was detected in the tumor after both QP and LCP-QP injections with a higher
accumulation of the LCP-QP (Figure 3C). Together, these results suggested that the QP
delivered by LCP-QP could be converted to the active parent, quercetin, by hydrolytic
enzymes extensively distributed /n vivo.

LCP-QP Improves the Antitumor Efficacy of Cisplatin Nanoparticle (LPC) in a Stroma-Rich
Xenograft Bladder Carcinoma Model

Antitumor efficacies of different treatments (LCP-QP, LPC, or LCP-QP combined with
LPC) were investigated on a stroma-rich UMUC3 bladder cancer xenograft model (Figure
4). All groups were administered five injections every other day (QOD). The intravenously
injected treatments consisting of LCP-QP and LPC alone showed partial tumor inhibition
effects resulting in a significantly decreased tumor volume compared to the untreated group
(Figure 4A). While the antitumor efficacy of the LCP-QP+LPC combination treatment
elicited a significantly greater response in tumor growth inhibition compared to either the
LPC or LCP-QP treatment alone, this suggests that the antitumor effect of LPC was greatly
enhanced by the LCP-QP NPs. The same trend was found in tumor weight results, which
suggests that LCP-QP combined with LPC treatment significantly reduced the tumor weight
compared to the control, LPC-QP, and LPC groups (Figure 4B). Furthermore, compared to
the LPC group, the LCP-QP+LPC group showed a reduced Wnt16 level with an increased
cisplatin level in the tumor tissue, suggesting that the normalization effect of LCP-QP on
Wnt16 upregulation facilitated the penetration of LPC NPs into the tumor (Figure 4C,F).
After five doses of LPC treatment, the Wnt16 level in the tumors was increased 50%
compared to the control group, suggesting there was a Wnt16 upregulation which correlated
to tumor cell resistance. The TUNEL apoptosis assay results also illustrate the same pattern,
in which the number of apoptotic cells in the LCP-QP+LPC treatment group was
significantly higher than the other treatment groups, which is consistent with the tumor
inhibition results (Figure 4D,E).
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Nanoparticle Distribution and Tumor Microenvironment Remodeling via LCP-QP

We next investigated the effect of LCP-QP on the tumor microenvironment. This was tested
by measuring the collagen content and a-SMA expressing fibroblast populations after
various treatments. As shown in Figure 5A, all treatment groups that included the LCP-QP
significantly decreased the active fibroblasts growth and amount of collagen in the tumors.
Alternately, the number of active fibroblasts and collagen increased significantly after LPC
treatment, while the LCP-QP treatments resulted in a 50% reduction in collagen compared
to the untreated control group.

Furthermore, to understand the effect that decreased collagen content and activated
fibroblast population play on subsequent NP tumor accumulation and penetration, we
employed LCP containing a fluorescent probe, 1’-dioctadecyl-3,3,3"3"-
tetramethylindocarbocyanine (Dil) in the LCP lipid bilayer. These LCP-Dil NPs were
administered following treatment of LCP-QP to test the effect of LCP-QP on penetration of
NPs in the tumor (Figure 5B). The results showed that, after three successive injections of
LCP-QP, not only the total uptake of LCP-Dil by the tumor but also, more importantly, the
penetration of LCP-Dil into the tumor nest (TN) were greatly enhanced. Free QP also
resulted in a partial increase in the penetration of NPs into tumor cells. These findings,
together with the TME remodeling results, suggest that the LCP-QP not only improves the
QP delivery to the tumor site but also improves the tumor penetration of subsequent NPs
administered after the LCP-QP, which may play a crucial role in the prominent antitumor
effects /n vivo.

In Vivo Toxicity of LCP-QP

An important aspect of nanotherapeutics is their safety. The body weight of the treated mice
remained unchanged during the tumor inhibition experiments (Figure 6A). The serum
biochemical test results showed the BUN, creatinine, AST, and ALT levels were all in the
normal range, which suggests that there was no severe damage to renal and hepatic functions
after LCP-QP and LCP-QP+ LPC injections (Figure 6B). Moreover, the H&E staining
results also demonstrate that there was no tissue-specific toxicity to major organs (Figure
6C). These preliminary data suggest good biocompatibility and safety of the LCP-QP NPs.

DISCUSSION

Quercetin is a natural protective bioflavonoid that possesses many diverse pharmacologic
activities including antioxidant, anti-inflammatory, antiproliferative, pro-apoptotic and
antiangiogenic activities.1422.23 Quercetin has been shown to trigger multiple signal
transduction pathways involving MEK/ERK, g-catenin, STAT3, EGFR/PI3K/Akt/mTOR,
and Nrf2/keap1, which are associated with inflammation and carcinogenesis. 24-30
Downregulation of Wnt/g-catenin can be induced by quercetin in various types of cells, such
as 4T1 mammary cancer cells and SW480 colon cancer cells.31:32 Although quercetin has
been reported to be a potent B-catenin inhibitor, its effect on the production of Wnt16 has
not been observed until this current study. This report clearly demonstrates quercetin’s
activity in downregulating Wnt16 expression as well as in reducing tumor cells’ ability to
gain resistance and restructure the stroma. In addition to its effect on Wnt16, quercetin also
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has a modulating effect on multiple other pathways like the mTOR, which may also
contribute to the antitumor effect of LCP-QP. A detailed mechanism into the
pharmacological pathway is under further investigation.12

Quercetin has demonstrated to reverse the oxidative stress environment, decreasing
inflammation as well as inducing rearrangement of extracellular matrix (ECM) in aortic
fibroblast disorders.33 Our data exhibited the ability of LCP-QP to down regulate the a-
SMA fibroblast populations and normalize the collagen content in the tumor tissue. This was
consistent with the results found in human corneal fibroblasts in which quercetin is a key
regulator of fibrotic markers and ECM assembly.34 The remodeling effect of quercetin on
fibroblasts may normalize the fibroblasts and the ECM which likely plays a critical role in
increasing the penetration of Dil NPs into the tumor nest. Our results indicate that the LCP-
QP has a better remodeling ability than free QP. This may be attributed to the enhanced
delivery and stability of QP after NP encapsulation.

Due to the poor physiochemical properties of quercetin, many researchers have developed
nanoformulations in an effort to increase the bioavailability of this phytochemical.
Polymeric nanocapsules, nanomicelles, liposomes, and nanodiamonds as well as various
other nanoformulations were employed to increase the bioavailability, protective or
anticancer properties of quercetin.19:35-37 |n this paper, we describe the encapsulation of
quercetin phosphate into lipid-calcium NPs as a TME modifier. Phosphorylation of quercetin
into QP allows the precipitation of QP with calcium to form the particle core, which is
further coated with asymmetric lipid bilayers decorated with a sigma receptor ligand
aminoethylanisamide, AEAA, a tumor-specific targeting molecule. The drug loading of
LCPQP is 26.6%, suggesting that one-quarter of the cargo consists of the drug. This high
loading ability is attributed to the five phosphate groups on the QP as well as the supreme
stability endowed by the core of the LCP particle.

The LCP-QP cargo allows for increased tumor accumulation, cellular uptake, and
intracellular release of the QP. Upon delivering into cells, QP is dephosphorylated by
phosphatases to release the active drug quercetin. Phosphatase exists extensively on cell
membranes, cytoplasm, and lysosomes in various organs. Interestingly, subtypes of
phosphatases are elevated in tumor tissues. Such phosphatases include the prostatic acid
phosphatase whose level is correlated to tumor grade, the seminoma marker Regan
isoenzyme of alkaline phosphatase, as well as the protein tyrosine phosphatase (PRL-3),
which is upregulated in human myeloma cells and also considered as a metastasis-associated
phosphatase.38-41 Therefore, it is likely that the upregulated phosphatase in the tumor
microenvironment may result in an enhanced conversion of QP to quercetin following the
intratumoral delivery of LCP-QP.

Quercetin is considered to reduce the toxicity and sensitization of some potent anticancer
chemicals, such as cisplatin and gemcitabine.#2-4> As a dietary polyphenolic agent, the
safety profile of quercetin is well recognized.#647 Our preliminary toxicity studies also
demonstrated good biocompatibility of QP and LCP-QP.
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CONCLUSION

In this paper, a LCP-QP NP was developed to downregulate the Wnt16 levels in the TAFs
and enhance the antitumor effect of LPC NPs in a stroma-rich bladder carcinoma model.
The phosphorylation of quercetin results in successful construction of LCP-QP with small
particle size and high drug loading. Intravenously injected LCP-QP yielded significantly
enhanced antitumor efficiency in combination with potent LPC. The effect of LCP-QP on
decreasing active fibroblasts and collagen content in the TME contributes to the enhanced
antitumor effect of LCP-QP. The preliminary toxicity studies also showed a promising safety
profile of the LCP-QP. The LCP-QP is a potential TME remodeling nanoformulation that
can enhance the antitumor effects of nanotherapeutics. These results suggest that natural
chemicals encapsulated into NPs may be a promising strategy to modulate TME and assist
in traditional chemotherapy.

MATERIALS AND METHODS

Materials

1,2-Dioleoyl-3-trimethylammonium-propane chloride salt (DOTAP), 1,2-distearoyl-srn-
glycero-3-phosphoethanolamine- V- [methoxy(polyethylene glycol)-2000] ammonium salt
(DSPE-PEG2000), and dioleoylphosphatidic acid (DOPA) were purchased from Avanti
Polar Lipids (Alabaster, AL). Quercetin, cholesterol, hexanol, triton X-100, and cyclohexane
were provided by Sigma-Aldrich (St. Louis, MO). DSPE-PEG-AA was synthesized based
on the previous reported methods.*8 Cisplatin was purchased from Acros Organics (Fair
Lawn, NJ). All other chemicals were obtained from Sigma-Aldrich unless otherwise
mentioned.

The mouse embryonic fibroblast cell line NIH3T3 was purchased from UNC Tissue Culture
Facility. The human bladder transitional cell line UMUC3 was obtained from Dr. William
Kim (University of North Carolina at Chapel Hill, NC). NIH3T3 and UMUC3 were cultured
in Dulbecco’s Modified Eagle’s Media (Invitrogen, Carlsbad, CA), supplemented with 10%
bovine calf serum (Hyclone, Logan, Utah) or 10% fetal bovine serum (Sigma, St. Louis
MO), respectively, with penicillin (100 U/mL) (Invitrogen) and streptomycin (100 tg/mL)
(Invitrogen).

Female athymic Balb/C nude mice 6-8 weeks of age were obtained from the University of
North Carolina animal facilities. All work performed on animals was approved by the
Institutional Animal Care and Use Committee at the University of North Carolina at Chapel
Hill.

Screening of TCMs for Wnt16 Inhibition

Twelve antifibrotic natural chemicals selected according to the Chinese Pharmacopeia and
literatures were tested for its effects on Wnt16 expression in TGF-g activated NIH3T3 cells.
Specifically, NIH3T3 cells were preactivated with 10 ng/mL TGF-£. Then, the next day, the
cells were treated with different chemicals at a predetermined nontoxic concentration: (1)
tanshinone 1A, 4.7 (M (2) astragaloside 1V, 19 ¢M; (3) notoginsenoside R1, 54 (/M; (4)
matrine, 0.53 xM; (5) artemisinin, 160 4M; (6) quercetin, 10 4M; (7) rheinic acid, 11.43 @M;
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(8) salvianolic acid B, 80 xM; (9) ligustrazine, 16 4M; (10) scutellarin, 80 t/M; (11)
salvianolic acid A, 20 xM; and (12) tetrandrine, 13 ¢M. The cells were harvested 24 h later,
and western-blot assays were used to detect the expression levels of Wnt16. The chemical
with the best Wnt16 inhibition effect was selected for further studies.

Effect of Quercetin on Wnt16 Expression in Cisplatin Treated NIH3T3 Cells

TGFg activated NIH3T3 cells were treated with 10 ¢M free cisplatin for 3 h before being
treated with 10 M quercetin. Two days later, the cells were harvested for a western-blot
assay of Wnt16 expression.

Synthesis and Characterization of Quercetin Phosphate

QP was synthesized by a method reported previously with some modification.#® In brief, 3
mmol quercetin (1), DMAP (2.0 mmol per —OH group), and Et3N (2.0 mmol per —OH
group) were dissolved in 100 mL anhydrous THF. Then a solution of CIP(O) (OEt), (90
mmol) in anhydrous THF (50 mL) was added dropwise under stirring in an ice—water bath
over 30 min. The reaction was continued at room temperature for 24 h under nitrogen. Then
the reaction mixture was diluted with EtOAc and washed with 0.5 M HCI, 5% (w/v) NaOH,
brine, and water, and then dried over anhydrous Na,SOg4. After removal of the solvent by
rotary evaporation, the residue was purified using column chromatography on deactivated
silica gel with petroleum ether/EtOAc (4:1-2:1) and DCM/methanol (5:1-2:1) as eluent to
give the ethyl protected QP, which was characterized by HPLC-MS.

The ethyl protected QP (1.70 mmol) was dissolved in 10 mL dry dichloromethane, and 7.2
mmol trimethylsilyl bromide was added dropwise at 0 °C. After 4 h stirring, an excess of
methanol was added, and the mixture stirred for 30 min. The mixture was evaporated to
dryness under vacuum overnight, and the product was characterized by HPLC-MS, 1H
NMR, and 3P NMR. A QP standard curve was calculated using a UV absorbance spectrum
and was used to calculated QP concentrations in the LCP.

Preparation and Characterization of LCP-QP

The LCP-QP cores were prepared by water-in-oil microemulsions in an oil phase containing
cyclohexane/Igepal CO-520 solution (70/30, v/v), as described previously.>%:51 Briefly, 300
L of 30 mg/mL QP was mixed with 600 zL of 2.5 M CaCl, in 20 mL oil phase with
continuous stirring. To a separate 20 mL oil phase, 600 i of 200 mM NH4HPO4 was
added. After 5 min, the two oil phases were mixed, 500 /1 of 20 mM DOPA in chloroform
was added to the emulsion, and the mixture was stirred for 30 min. Then 40 mL of absolute
ethanol was added slowly. The ethanol emulsion mixture was centrifuged at 10,000 g for 15
min, and the precipitated LCP-QP core was collected. The precipitate was washed twice
with absolute ethanol and dried under N,. The LCP-QP cores were dissolved in 2 mL of
chloroform and stored in a glass vial at —20 °C for future use.

To prepare the final LCP-QP, 11.5 mg LCP core in chloroform was mixed with 0.6 mL of 20
mM cholesterol, 0.6 mL of 20 mM DOTAP, 0.24 mL of 20 mM DSPE-PEG, and 0.06 mL of
20 mM DSPE-PEG-AA. After evaporating the chloroform, the residual lipids were
suspended in water under brief sonication to form the final LCP-QP. The Dil-labeled LCP
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(LCP-Dil) were prepared by the same method without addition of quercetin but with 2% Dil
added to the lipids.

The particle size and zeta potential of LCP-QP were determined by a Malvern ZetaSizer
Nano series (Westborough, MA). TEM images of LCP-QP cores and LCP-QP NPs
(negatively stained with 2% uranyl acetate) were acquired using a JEOL 100 CX Il TEM
(JEOL, Japan). The drug-loading capacity and encapsulation efficiency of QP were
measured using a UV spectrophotometer (D800, Beckman Coulter, Inc.). The LCPs were
first lysed using a pH 4 acetic acid buffer, and the concentration was determined using a
standard curve.

QP Conversion to Quercetin by Alkaline Phosphatase

The conversion of QP back to quercetin was first evaluated /n7 vitro by alkaline phosphatase,
a common hydrolytic enzyme. Two hundred pg of QP were mixed with 50 U of alkaline
phosphatase in 1 mL OPTIZYME AP buffer and incubated at 37 °C for 1 h. The mixture
was then frozen using dry ice and lyophilized. Then 400 4L acetonitrile was added to the
extract and then analyzed with HPLC (Waters 600 HPLC system/717 plus autosampler) with
a dual absorbance UV detector. The separation of quercetin was achieved by using a
Kromasil 100-5-C18 column with methanol/acetonitrile/water 40:15:45 as the mobile phase
with a flow rate of 1 mL/min at detection wavelength of 345 nm.

QP Conversion to Quercetin by NIH3T3 Cells

The conversion of QP to quercetin was further validated in live NIH3T3 cells. LCP-QP
containing 200 g QP was added to NIH3T3 cells. After 2 h incubation, the medium and
cells were collected and subjected to lyophilization in 1% triton X-100. Then 400 /L
acetonitrile was added, and the quercetin was detected by HPLC analysis.

QP Conversion to Quercetin in Vivo

Free QP and LCP-QP were i.v. injected to stroma-rich UMUC3 bearing mice at a QP dose
of 30 mg/kg. One h after injection, the mice were sacrificed, and the tumors were harvested
and analyzed for quercetin concentration by a UPLC-MS method. Baicalein was used as an
internal standard. The homogenized tumor tissue was extracted with ethyl acetate and
evaporated to dryness under nitrogen gas. After reconstituting with acetonitrile/0.1% formic
acid and centrifugation, the supernatant was used for UPLC analysis. The mass spectrometer
was operated in the positive ion mode with the Turbolonspray heater set at 450 °C (AP13000
LC/MS/MS system, Applied Biosystems, Foster City, CA, USA). The samples were
analyzed using the transition of /772303 — 153 amu for quercetin and m/z271 — 123 amu
for baicalein.

Antitumor Efficacy in Stroma-Rich Xenografts

The stroma-rich xenograft model was established previously.28 UMUC3 (5 x 106) and
NIH3T3 cells (2 x 10%) in 100 L of PBS were subcutaneously co-injected with Matrigel
(BD Biosciences, CA) at a ratio of 1:1 (v/v) into the right flank of the mice. On the ninth
day, the mice were randomly divided into four groups and subjected to the following
treatments every other day: (1) control group, i.v. injection of 200 /L PBS; (2) LCP-QP
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group, i.v. injection of LCP-QP corresponding to 5.5 mg/kg quercetin; (3) LPC group, i.v.
injection of LPC corresponding to 1.7 mg/kg cisplatin; and (4) LCP-QP+LPC group, i.v.
injection of both LCP-QP (5.5 mg/kg quercetin) and LPC (1.7 mg/kg cisplatin) on the same
day. The LPC NPs were prepared as described previously.>2 These injections were given five
times. Tumor volume and body weight of the mice were measured every day starting from
the ninth day post-inoculation. The formula: V= (L x WA)/2 was applied to calculate tumor
volume, where Vis the tumor volume, L the larger perpendicular diameter, and Wis the
smaller perpendicular diameter. Two days after final administration, the mice were
sacrificed, and the tumors were harvested and weighed. Western-blot was used to detect
Whntl16 expression in the tumor tissue. ICP-MS was used to investigate the tumor
accumulation of cisplatin. The tumor tissue was also washed with PBS and fixed by 4%
paraformaldehyde for further studies.

TUNEL Assay

Paraffin-embedded sections of the tumor were prepared by the UNC Tissue Procurement
Core. Slides were deparaffinized and rehydrated then stained using a TUNEL assay kit
(Pierce) according to the manufacturer’s instruction.

NP Distribution and TME Remodeling

To observe the TME remodeling effect of LCP-QP, the influence of LCP-QP on ECM
markers (a-SMA and collagen) and LCP-Dil distribution was investigated.

Paraffin block sections of SRBC with different treatments were deparaffinized with xylene
and a graded alcohol series. After antigen retrieval, sections were blocked with 10% goat
serum and incubated with polyclonal rabbit anti-a-SMA antibody (Abcam, Cambridge, MA,
USA) at 1:100 dilution overnight at 4 °C. The next day, the slides were incubated with Alexa
Fluor 647 secondary antibody at a 1:100 dilution for 1 h at room temperature in the dark.
Slides were rinsed with PBS and coverslipped with Vectashield containing DAPI (Vector
Laboratories, Burlingame, CA, USA). Digital images were acquired v7a an Eclipse Ti-U
inverted microscope (Nikon Corp., Tokyo, Japan) at 20x magnification and quantitatively
analyzed on ImageJ (National Institutes of Health). Collagen content was visualized using
Masson trichrome staining.

The effect of LCP-QP on LCP-Dil penetration was investigated on a GFP-3T3/UMUC3
stroma-rich tumor model. When the tumor was around 500 mms3, the mice were i.v.
administered three successive doses of LCP-blank, QP, and LCP-QP (corresponding to
quercetin dose of 5.5 mg/kg). LCP-Dil was i.v. injected with the third dose of LCP-QP at a
dose of 0.1 mg/kg Dil. The mice were sacrificed 24 h post-LCP-Dil injection. In order to
localize and visualize the LCP-Dil penetration, the tumor was frozen and sectioned. The
sections were directly stained with DAPI and observed using a Nikon light microscope
(Nikon Corp., Tokyo).

Serum Biochemical Value Analysis and H&E Assay

After five doses of LCP-QP, LPC, and LCP-QP+LPC injections, blood was collected and
centrifuged at 4000 rpm for 5 min to obtain the serum. Blood urea nitrogen (BUN),

ACS Nano. Author manuscript; available in PMC 2018 May 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hu et al. Page 11

creatinine, serum aspartate aminotransferase (AST), and alanine aminotransferase (ALT)
levels were assayed as indicators of renal and hepatic function. Organs (heart, liver, spleen,
lung, and kidney) were fixed and sectioned for H&E staining in order to evaluate the organ-
specific toxicity.

Statistical Analysis

Quantitative results were expressed as mean = SD. The analysis of variance was completed
using student’s ftest and one-way analysis of variance (ANOVA). A pvalue of p< 0.05 was
considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Effects of selected natural chemicals on Wnt16 expression in TGF-g activated NIH3T3
cells. (A) Western-blot bands and (B) quantification of Western-blot band intensities
normalized to control. (1) Tanshinone 1A, (2) astragaloside 1V, (3) notoginsenoside R1, (4)
matrine, (5) artemisinin, (6) quercetin, (7) rheinic acid, (8) salvianolic acid B, (9)
ligustrazine, (10) scutellarin, (11) salvianolic acid A, and (12) tetrandrine. (C) Western-blot
bands and quantification showed effects of quercetin on Wnt16 expression in cisplatin
treated activated NIH3T3 cells. *p < 0.05, n=3.
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Size (dnm)

Preparation and characterization of LCP-QP. (A) Preparation procedure for LCP-QP. (B)
TEM photograph of LCP-QP cores and final particles. (C) Dynamic light scattering
measurements of particle size and distribution of LCP-QP. (D) Photograph of LCP-QP

solution.
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QP conversion to quercetin. (A) Experiment procedure and HPLC spectrum of the solution
of free QP and alkaline phosphatase after 1 h incubation at 37 °C. (B) Experiment procedure

and HPLC spectrum of the cell medium after 4 h incubation of LCP-QP at 37 °C with
NIH3T3 cells. (C) Tumor quercetin accumulation detected by UPLC-MS 1 h after i.v.

injection of free QP and LCP-QP, respectively. *p < 0.05, n=3.
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Figure 4.

Tumor inhibition effects of LCP-QP, LPC, and LCP-QP+LPC on a stroma-rich UMUC3
bladder cancer xenograft model after five i.v. injections (blue arrows, four mice per group).
(A) Tumor volume change. (B) Tumor weight at the end of the experiment (day 19). (C)
Western-blot bands and quantification of band intensities of Wnt16 expression in the tumor
tissue after different treatments normalized to control (7= 3). (D) TUNEL staining of tumor
sections after different treatments. (E) Quantification of TUNEL fluorescence signal
expressed as the percentage of total cell number (DAPI signal). **p < 0.01, *p<0.05, n=5.
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trichrome stain for collagen and quantification results expressed as the percentage of total
cell number. (B) Effect of LCP-QP on the penetration of Dil NPs and quantification of
fluorescence signal (Dil labeled red) expressed as the percentage of cell number (DAPI
signal) detected on frozen tumor sections. GFP positive fibroblasts (green), DAPI labeled
nuclei (blue), and Dil labeled LCP-QP particles (red). **p < 0.01, *p < 0.05, n=5.
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staining of major drug accumulating organs after five injections of different treatments.
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