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Purpose: The aim of this study was to develop a means of improving the bioavailability and

anticancer activity of urushiol by developing an urushiol-loaded novel tumor-targeted

micelle delivery system based on amphiphilic block copolymer poly(ethylene glycol)-

b-poly-(β-amino ester) (mPEG-PBAE).

Materials and Methods: We synthesized four different mPEG-PBAE copolymers using

mPEG-NH2 with different molecular weights or hydrophobicity levels. Of these, we selected

the mPEG5000-PBAE-C12 polymer and used it to develop an optimized means of preparing

urushiol-loaded micelles. Response surface methodology was used to optimize this formula-

tion process. The micellar properties, including particle size, pH sensitivity, drug release

dynamics, and critical micelle concentrations, were characterized. We further used the MCF-

7 human breast cancer cell line to explore the cytotoxicity of these micelles in vitro and

assessed their pharmacokinetics, tissue distribution, and antitumor activity in vivo.

Results: The resultingmicelles had amean particle size of 160.1 nm, a DL value of 23.45%, and

an EE value of 80.68%. These micelles were found to release their contents in a pH-sensitive

manner in vitro, with drug release being significantly accelerated at pH 5.0 (98.74% in 72 h)

without any associated burst release. We found that urushiol-loaded micelles were significantly

better at inducingMCF-7 cell cytotoxicity compared with free urushiol, with an IC50 of 1.21 mg/

L. When these micelles were administered to tumor model animals in vivo, pharmacokinetic

analysis revealed that the total AUC and MRTof these micelles were 2.28- and 2.53-fold higher

than that of free urushiol, respectively. Tissue distribution analyses further revealed these

micelles to mediate significantly enhanced tumor urushiol accumulation.

Conclusion: The pH-responsive urushiol-loaded micelles described in this study may be

ideally suited for clinical use for the treatment of breast cancer.

Keywords: urushiol-loaded polymeric micelles, pH-sensitive, enhanced anticancer activity

Introduction
Cancer remains one of the leading causes of death globally. Chemotherapy is one of

the primary treatment strategies for most cancer patients, but chemotherapeutic

agents often incur significant off-target cytotoxicity and also have relatively poor

bioavailability and high rates of multidrug resistance.1 As such, the clinical utility

of these drugs is often limited. A number of different targeted nanoscale drug

delivery approaches have been employed in an effort to combat these limitations,

including the development of nanoparticles, liposomes, polymeric micelles, and

dendrimers.2,3 Polymeric micelles are particularly advantageous for hydrophobic

drug encapsulation, as they are composed of spontaneously assembling amphiphilic

block copolymers that yield nanoscale particles when exposed to water.4 As these
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particles have a hydrophobic core, they can readily encap-

sulate hydrophobic compounds, whereas they are typically

encapsulated by a hydrophilic shell composed of polyethy-

lene glycol (PEG) or similar compounds, thus significantly

improving particle systemic circulation in vivo.5 Indeed,

polymeric micelles have been found to offer advantages,

including ease of production, extended circulation, and

effective tumor targeting.6 A number of drug-loaded poly-

meric micelles are either undergoing clinical trials or have

been approved for cancer therapy, including SP1049C

(doxorubicin-loaded micelles), Genexol-PM (Paclitaxel-

loaded micelles), and NC-6300 (epirubicin-loaded

micelles).7

While many advances in micellar drug delivery have

been made in recent years, there are still several limita-

tions to this technology. One of the primary limitations of

this approach is the fact that drug release is generally

uncontrolled following in vivo administration, resulting

in low rates of drug accumulation within tumors.8 This

limitation can be overcome by developing micelles that are

sensitive to tumor microenvironmental stimuli or signals,

such that drug release is controlled in a targeted manner.

Of the previously tested approaches, pH-sensitive poly-

meric micelles have been found to be promising owing

to the intrinsic differences in pH levels in tumors and

normal tissues.9 The pH of the blood and the extracellular

matrix is maintained at approximately 7.4, whereas low

oxygen levels in the tumor microenvironment can cause

the pH to fall to ~6.5. In addition, endosomes and lyso-

somes have lower pH values of 5.0–6.0 and 4.5–5.0,

respectively.10 By taking advantage of these pH variations,

researchers have developed a number of polymeric

micelles suited to releasing drugs in a controlled manner

in tumor tissues, endosomes, and lysosomes. In one study,

for example, Xu et al prepared a pH-responsive polymeric

carrier using an amphiphilic block copolymer poly(ethy-

lene glycol)-b-poly(2-(diisopropylamino) ethyl methacry-

late) (MPEG-PPDA). Using these particles, they were able

to achieve high rates of drug loading and controlled drug

release in response to pH changes.11 Similarly, Chen et al

used poly(ethylene glycol)-SS-poly(2,4,6-trimethoxyben-

zylidene-pentaerythritolcarbonate) (PEG-SS-PTMBPEC)

copolymers to prepare pH-responsive micelles that were

able to readily release drugs within the tumor microenvir-

onment, effectively killing cancer cells.12 Xue et al also

constructed a pH-sensitive amphiphilic diblock copolymer,

poly (acrylic acid-b-DL-lactide) (PAAc-b-PDLLA), as

a means of encapsulating and improving the controlled

release of prednisone acetate.13 Despite these advances,

however, more work is needed to develop reliable and

adaptable nanocarriers that can deliver drugs to tumors in

a stimulus-sensitive fashion.

Urushiol is a compound that can be isolated from the sap of

the lacquer tree (Rhus verniciflua Stokes, Anacardiaceae),

which is grown throughout northeast Asian countries, such

as China, Japan, and Korea. Urushiol is composed of o-dihy-

droxybenzene (catechol) bound to a 15 or 17 carbon unsatu-

rated alkyl side chain.14 Urushiol has been shown to be

capable of potently promoting tumor cell apoptotic death and

inhibiting nuclear transcription factor activity in a range of

tumor types.15 Urushiol has additionally been employed as an

adjuvant treatment approach in traditional Chinese medicine

(TCM) for many years. Despite its antitumor activity in vitro,

urushiol has very limited solubility in water and is thus diffi-

cult to administer clinically. In addition, urushiol has poor

tumor selectivity and biocompatibility, constraining its thera-

peutic utility and significantly increasing the risk of adverse

side effects following its administration.16 The incorporation

of urushiol into pH-sensitive nanoparticles, such as polymeric

micelles, has the potential to overcome these limitations by

improving the stability and water solubility of this compound

while allowing it to be released in a controlled manner at

tumor sites in vivo. Such an approach would significantly

enhance the biodistribution and pharmacokinetic profile of

urushiol in a desirable manner, thus substantially increasing

its clinical utility. However, no studies to date have reported

the use of pH-sensitive polymeric micelles derived from

amphiphilic block copolymers as a means of achieving tar-

geted urushiol activity.

In the present study, we designed pH-responsive bio-

degradable polymeric micelles using poly (ethylenegly-

col)-b-poly(β-amino ester) (mPEG-PBAE) amphiphilic

block copolymers, and we then used these particles to

efficiently deliver urushiol to tumor cells. In these

micelles, mPEG functioned as the hydrophilic compound,

whereas PBAE was hydrophobic and contained pH-

sensitive carbamic acid ester groups. The resultant amphi-

philic polymers were found to readily self-assemble into

micelles when exposed to an aqueous environment.

Importantly, urushiol, which contains a hydrophobic

region as well as a pair of hydroxyl groups, was readily

encapsulated in the core of these micelles through both

hydrophobic and hydrogen bonding interactions.

A membrane dialysis approach was used to prepare these

urushiol-loaded polymeric micelles, with a star point

design-based RSM approach used to optimize the
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formulation methodology described herein. After formula-

tion was complete, we fully characterized the micellar

properties, including particle size, pH sensitivity, drug-

release dynamics, and critical micelle concentrations. We

further used the MCF-7 human breast cancer cell line to

explore the cytotoxicity of these micelles in vitro, and we

assessed their pharmacokinetics, tissue distribution, and

antitumor activity in vivo. We hypothesized that these

urushiol-loaded polymeric micelles would improve the

antitumor efficacy of urushiol by facilitating pH-sensitive

targeted drug release (Figure 1).

Materials and Methods
Materials
Methoxy poly(ethylene glycol)-amino (mPEG-NH2,

Mw=2000, 5000 Da), dodecylamine, tetradecylamine,

5-amino-1-pentanol, 1,3-diaminopentane (DAMP), and

1,4-butanediol diacrylate (BUDA) were from Shanghai

Aladdin Bio-technique Co. Ltd. (Shanghai, China). N,

N-dimethylformamide (DMF), tetrahydrofuran (THF),

pyrene, and acetone were from Sinopharm Chemical

Reagent Co. Ltd. (Shanghai, China). DMEM,

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT), fetal bovine serum (FBS), trypsin–EDTA,

and penicillin-streptomycin were from Nanjing Norman

Bio-technique Co. Ltd. (Nanjing, China). Urushiol was

isolated internally and was found to be pure via HPLC

(≥95%). MCF-7 cells were from the cell center of the

Chinese Academy of Medical Sciences. All other chemi-

cals were of analytical grade and were used as provided.

mPEG-PBAE Synthesis
We synthesized the mPEG-PBAE copolymer using

a slightly modified version of a previous protocol.17

Briefly, anhydrous DMSO was used to dissolve mPEG-

NH2 (Mw = 2000 or 5000 Da)(0.08 equiv), hydrophobic

amino (dodecylamine or tetradecylamine)(0.7 equiv),

5-amino-1-pentanol (0.3 equiv), and 1,4-butanediol dia-

crylate (1.2 equiv) at 0.2 mg/mL. The mixture was stirred

for 24 h at 60°C, after which we added 1, 3-diaminopen-

tane (1.4 equiv) and stirred the mixture for an additional

24 h at 60 °C. Next, 20 mL dichloromethane was added to

the solution, and deionized water was used to wash the

solution three times prior to overnight separation and

drying of the organic solution using anhydrous magne-

sium sulfate. The organic phase was next filtered, concen-

trated using a rotating evaporator under vacuum

conditions, and dried for 24 h at 40 °C under vacuum

conditions, yielding the pH-sensitive mPEG-PBAE

copolymer.

mPEG-PBAE Characterization
Nuclear Magnetic Resonance Spectroscopy (NMR)
1H NMR was used to characterize the chemical structures

of these mPEG-PBAE copolymers.18 A Bruker AVANCE

500 spectrometer (Bruker, Switzerland) was used to char-

acterize the 1H-NMR of mPEG-PBAE using DMSO-d6 at

a 10 mg/mL polymer concentration. Measurements were

conducted at 300 K using the pulsed accumulation of 64

scans and an LB parameter of 0.30 Hz. Tetramethylsilane

was employed for internal standardization.

Figure 1 Schematic illustration of forming pH-responsive urushiol-loaded polymeric micelles and the pH-triggered drug-release mechanism.

Abbreviation: mPEG-PBAE, poly(ethylene glycol)-b-poly-(β-amino ester).
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FT-IR Analysis

A Nicolet 380 spectrometer (Thermo Scientific, WI, USA)

was used to assess the FT-IR spectra of polymers from

4000–600 cm−1 (32–64 scans; 4 cm−1 resolution) at room

temperature. For this analysis, samples were combined

with potassium bromide and punched into tablets via

hydraulic pressing. The OMNIC 8 spectrum software

(Thermo Scientific, Waltham, USA) was used for analysis.

Gel Permeation Chromatography (GPC)

GPC was conducted to assess the copolymer molecular

weight (MW) and polydispersity index (PDI) values using

a Waters 2695 pump and a Styragel HT4DMF column

(Waters, MA, USA). Copolymers were dissolved at

3–4 mg/mL in tetrahydrofuran and analyzed via injection

at a 1 mL/min flow rate at 25°C, with THF serving as an

eluent. PEG standards were used for MW calibration.

Critical Micelle Concentration (CMC) Measurement

We measured the CMC of our copolymers in aqueous solu-

tion by using pyrene as a fluorescent probe in a fluorescence

spectroscopy analysis, as reported previously.19 Briefly, we

prepared a stock solution of 25 mg pyrene in acetone and

then serially diluted this solution to a final concentration of

2×10−4 mol/L. A 100 µL volume of this solution was then

added to individual 10 mL volumetric flasks, and the acetone

diluent was dissolved under mild heat. A 10 mL volume of

mPEG-PBAE (1.22×10−4 - 2.0 mg/mL) in deionized (DI)

water was then added to each tube. The pyrene concentra-

tions were then adjusted to 2×10−4 mol/L, and samples were

sonicated in a water bath for 30 minutes prior to equilibra-

tion at room temperature overnight. A fluorescence spectro-

photometer (Shimizu, Tokyo, Japan) was then used to

analyze the fluorescence of individual samples, with 340

nm used as an excitation wavelength for pyrene and 373

and 383 nm serving as emission wavelengths corresponding

to the first and third vibrational peaks of pyrene, respec-

tively. We then blotted the intensity ratios of the first to the

third peaks (I1, I3) against polymer concentration on

a logarithmic scale. Tangents were then drawn, with the

CMC being determined based upon the intersection of

these tangents.

Urushiol-Loaded Micelle Preparation

A membrane dialysis approach was employed for the pre-

paration of urushiol-loaded polymeric micelles. Briefly, we

combined 15 mg urushiol and 50 mg mPEG-PBAE copo-

lymer in a 10 mL volume of DMF. The mixture was

sonicated for 30 minutes at room temperature, after

which it was dialyzed at room temperature against dH2

O for 24 h with a dialysis membrane (MWCO: 3.0 kDa),

with the distilled water being refreshed on an hourly basis.

The micelle-containing solution was then spun for 10

minutes at 1000 rpm and filtered through a 0.45 μm
membrane to yield drug-loaded micelles. These micelles

were then lyophilized and stored at 4°C prior to analysis.

In addition, blank polymeric micelles were prepared via

the same general approach, omitting the urushiol and

sonicating samples for 10 minutes prior to dialysis for

24 h.

Optimization of Drug-Loaded Micelle Formulation

Star point design response surface methodology (RSM)

was employed to determine the optimal formulation strat-

egy for urushiol-loaded polymeric micelles. This approach

sought to maximize drug loading content (DL%) and drug

encapsulation efficiency (EE%) in the resultant micelles.

Based on preliminary findings, we fixed copolymer levels

at 50 mg and varied the amounts of urushiol (A, in mg)

and DMF (B, in mL), as these were found to significantly

affect DL and EE. For details regarding the amounts of

these compounds used in this RSM approach, see Table 1.

The final factorial design of this study included 8 factorial

points and 5 central points, and Design-Expert software

(v8.05) was used for the analysis.

Urushiol-Loaded Polymeric Micelle

Physicochemical Characterization
Size Distribution and Zeta-Potential Quantification

Dynamic light scattering (DLS) and laser Doppler electro-

phoresis using Zetasizer Nano ZS90 (Malvern Instruments

Ltd., Worcestershire, UK) with a He-Ne laser (633 nm)

and 90° collecting optics were used to assess the size

distributions and zeta potential values for these micelles

(in nm and mV, respectively). Temperatures were main-

tained at 25°C during analysis, and triplicate analyses were

performed.

Transmission Electron Microscopy (TEM)

A JEOL JEM-2000 (Tokyo, Japan) instrument with

a Gatan 94 Ultrascan 1k charge-coupled camera was

used for the morphological analyses of micelles. Briefly,

individual drops of a 2 mg/mL urushiol-loaded polymeric

micelle solution were added to a carbon-coated copper

grid. Samples were then allowed to dry at room tempera-

ture prior to TEM analysis at a 200 kV accelerating

voltage.
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Quantification of Drug Loading and Encapsulation

Efficiency

High-performance liquid chromatography (HPLC) was

used to measure DL in these polymeric micelles. Briefly,

10 mL of methanol was used to dissolve 0.1 g of lyophi-

lized urushiol-loaded micelles. Samples were stirred for 1

h, after which they were passed through a 0.45 μm nylon

filter, and 20 μL of the filtered solution was directly

injected into an HPLC system (LC-20A HPLC Pump,

Shimadzu, Japan) equipped with an Agilent ZORBAX SB-

C18 column (4.6 mm × 150 mm, 2.1 μm particle size). The

mobile phase for this analysis was a 25:5 mixture of

methanol and water; the column was warmed to 30°C,

while the flow rate was set to 0.3 mL/min. A UV detector

recorded the resultant signals at 277 nm, with urushiol

concentrations between 0.02 and 0.16 mg/mL determined

using a calibration line. Using this approach, the R2-value

of the peak area versus urushiol concentration was no

lower than 0.998. Drug loading content (Eq. (1)) and

encapsulation efficiency (Eq. (2)) were calculated as

follows:

Drug loading content ðDL%Þ
¼ wt of the urushiol in micelles

wt of themicelles
� 100% (1)

Drug encapsulation efficiency EE%ð Þ
¼ wt of the urushiol in micelles

wt of the feeding urushiol
� 100% (2)

In vitro Stability
A serum protein adsorption assay was used to estimate the

stability of urushiol-loadedmicelles. Briefly, 18mL of urush-

iol-loaded micelle solution (1 mg/mL) was mixed with 2 mL

of FBS and then incubated at 37 °C for 24 h. Particle dia-

meter and PDI were measured after 0, 4 and 24 h. At each

time point, 5 mL of the solution was diluted with fresh

filtrated purified water and analyzed with the DLS.

Assessment of Micelle pH Sensitivity
In an effort to simulate the pH conditions found in vivo,

micelles were resuspended in PBS solutions with a pH of

5.0, 6.5, or 7.4. Samples were then shaken at 120 rpm at

37°C, and samples were collected at appropriate time

points for DLS-mediated analysis of particle size.

In vitro Drug-Release Profile Analysis
A dialysis-bag diffusion approach was used to analyze the

dynamics of urushiol release from polymeric micelles

in vitro. Briefly, urushiol-loaded polymeric micelles

(200 mg) were added to 50 mL of PBS at defined pH

values, and samples were shaken gently at 37°C. Next,

5 mL aliquots of a 4 mg/mL micelle solution were added

to three separate dialysis bags, which were then immersed

in 50 mL of PBS at a pH of 5.0, 6.5, or 7.4. Tubes were

shaken at 37°C, and a 10 mL aliquot of PBS from each

tube was regularly withdrawn and replaced with an

equivalent volume of fresh PBS. Urushiol release was

then quantified via HPLC as above.

In vitro Cytotoxicity Assay
An MTT assay was used to analyze the cytotoxic proper-

ties of urushiol and/or polymeric micelles in this study.20

Briefly, MCF-7 cells were cultured in RPMI-1640 contain-

ing 10% FBS and penicillin/streptomycin at 37°C and 5%

CO2. Cells were passaged at regular time points with

trypsin/EDTA prior to experimental utilization. For the

MTT assay, these cells were plated at 3×104 cells/well in

96-well plates and were allowed to grow until 75% con-

fluent, at which time blank polymeric micelles

(10–500 mg/L), urushiol-loaded polymeric micelles (con-

taining 0.001–20 mg/L urushiol) or free urushiol

(0.001–20 mg/L) were added to appropriate wells. Plates

Table 1 Theoretical Composition, Yield and Molecular Weight of mPEG-PBAE Copolymers

Sample Feed Ratio/moL Yield/% Molecular Weight (g/moL)

mPEG-NH2 BUDA LA HA DAMP Mw Mn PDI

mPEG2000-PBAE-C12 0.08 1.2 0.7 0.3 1.4 81.3 7395 5438 1.36

mPEG2000-PBAE-C14 0.08 1.2 0.7 0.3 1.4 80.4 8491 6336 1.34

mPEG5000-PBAE-C12 0.08 1.2 0.7 0.3 1.4 86.5 10,395 8250 1.26

mPEG5000-PBAE-C14 0.08 1.2 0.7 0.3 1.4 78.6 11,348 8866 1.28

Abbreviations: mPEG-PBAE, poly(ethylene glycol)-b-poly-(β-amino ester); BUDA, 1,4-butanediol diacrylate; LA, lipophilic amine; HA, hydrophilic amine; DAMP, 1,3-dia-

minopentane; Mw, weight average molecular weight; Mn, number average molecular weight; PDI, polydispersity index.
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were then incubated for 48 h, after which 20 µL of MTT

solution (5 mg/mL in 0.02 M phosphate buffer) was added

per well, and cells were incubated for an additional 4

h. Medium was then removed from these plates, and 150

µL of DMSO was added per well to facilitate formazan

crystal dissolution. A microplate reader (Stat Fax-2100;

Awareness Technology, Inc., FL, USA) was then used to

quantify the absorbance at 570 nm. Untreated cells and

blank media were used as controls.

In vivo Pharmacokinetic Analyses
Male Wistar rats (250 ± 20 g) were used for pharmacoki-

netic analyses. Briefly, animals were fasted overnight with

free access to water and were then administered the indi-

cated doses of appropriate formulations. Free urushiol was

dissolved in a solvent of DMSO/PEG400=2/8. Animals

were randomly separated into 3 groups (n=8/group) and

intravenously administered a solution of either free urush-

iol (20 mg/kg) or urushiol-loaded polymeric micelles

(equivalent of 20 mg/kg urushiol dose). Blood was col-

lected into heparinized tubes from the subclavian vein of

these rats at appropriate time points (0.25, 0.5, 1, 2, 4, 6, 8,

12, 24, 48 h), and this blood was immediately spun for 15

minutes at 4000 rpm. The plasma-containing supernatant

was then collected, and methanol was used to extract the

urushiol. Methanol was then evaporated under nitrogen

flow, and the residue was dissolved in fresh methanol

and subjected to HPLC analysis. Pharmacokinetics were

measured using a noncompartmental model with Drug and

Statistics (DAS) software (v2.1.1, Mathematical

Pharmacology Professional Committee, China).

In vivo Antitumor Activity and Tissue

Distribution Assays
For in vivo efficacy experiments, MCF-7 cells were subcu-

taneously implanted into female Kunming mice (18–22 g;

1×107 cells/mouse). Tumors were allowed to grow to

between 100 and 200 mm3 in size, at which time the mice

were randomized into three treatment groups (n=12/group):

normal saline (NS), free urushiol (10 mg/kg), and urushiol-

loaded polymeric micelles (10 mg/kg urushiol equivalent

dose). Animals received injections of the indicated treat-

ments through the tail vein once every other day for 14

days total (200 uL/injection). Tumor volumes and body

weight in these mice were then monitored over a 20-day

period. In addition, tumor volume was calculated following

the measurement of tumor length and width with digital

calipers as follows: (width2 ×length)/2. On day 20 post-

injection, animals were euthanized and tumors collected, at

which time the inhibition of tumor growth for the indicated

treatments was calculated. In addition, tissue distribution

assays were conducted by sacrificing three randomly selected

mice in the free urushiol and urushiol-loaded polymeric

micelle groups at 5 min, 30 min, 1 h, 2 h, 4 h, 8 h, and 12

h following administration of the indicated treatments. Major

organs (tumor, heart, liver, spleen, lungs, and kidneys) were

collected from these animals, weighed, and homogenized in

normal saline. The urushiol content was then extracted and

quantified.

Results and Discussion
Amphiphilic Block Copolymer Synthesis

and Characterization
A one-pot method was used to synthesize mPEG-PBAE

amphiphilic block copolymers (Figure 2). Initially, mPEG-

NH2, a hydrophobic amine monomer, 5-amino-1-pentanol,

and excess 1,4-butanediol diacrylate were combined for 24

h in DMSO, yielding a polymer containing acrylate. Next,

we added 1,3-pentanediamine, which, through a Michael

addition reaction with acrylate, yielded an amphiphilic

mPEG-PBAE copolymer with a terminal amino group.

This copolymer was composed of a hydrophilic mPEG

chain together with a pH-sensitive hydrophobic PBAE

chain that was sufficiently long to ensure micelle stability

and to thereby facilitate controlled release of urushiol. In

acidic conditions, this PBAE chain can become hydrophilic,

thus allowing for pH-mediated release of encapsulated cargo.

We initially synthesized four different polymers using

mPEG-NH2 of different molecular weights (MW = 2000 or

5000 Da) and different hydrophobic amino sources (dodecy-

lamine or tetradecylamine), yielding the following polymers:

mPEG2000-PBAE-C12, mPEG2000-PBAE-C14, mPEG5000-

PBAE-C12 and mPEG5000-PBAE-C14.

These four polymers were successfully synthesized, as

validated by their respective 1H NMR (Figure 3) and FTIR

spectra (Figure 4). In the corresponding FT-IR spectra,

a characteristic peak consistent with an ether bond was evident

at 1104–1109 cm−1, with additional peaks at 1730–1732 cm−1

further confirming the presence of an ester bond-containing

block copolymer. In the 1H NMR spectra, we were able to

observe peaks at 3.98, 3.99, 1.60, 1.59, and 1.17–1.22 ppm

that corresponded to the methylene protons of -COOCH2- and

-CH2CH2- in the PBAE segment, while peaks at 2.30–2.63

ppm corresponded to -CH2- and -CH- protons, which were
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connected to -NH-, –N-, and NH2- groups. Furthermore, the

peaks that were evident at 3.30 and 3.50 ppm were consistent

with the methyl and methylene protons of -OCH2CH2- and -

OCH3 groups in the mPEG segment, while the 0.78–0.84 ppm

peaks were consistent with -CH2CH3 methyl protons located

at the end of the chain. Importantly, the peaks at 5.5–6.0 ppm

were not evident in the final polymers, confirming the success-

ful reaction of acrylate with 1, 3-pentanediamine at the end of

the polymer. These findings confirmed that all four isoforms of

mPEG-PBAE copolymer had been prepared successfully.

We next employed GPC to analyze the MW and distribu-

tion of these four polymers (Table 1). The mPEG2000-

PBAE-C12, mPEG2000-PBAE-C14, mPEG5000-PBAE-C12,

and mPEG5000-PBAE-C14 polymers had measured MW

values of 7395, 8491, 10,395, and 11,348 Da, respectively.

In addition, each of these polymers had a polydispersity

index (PDI) of < 1.4, consistent with a relatively narrow

MW distribution for each of these copolymers. We achieved

satisfactory yields for all of these polymers, with the yield of

mPEG5000-PBAE-C12 being the highest (86.5%). Copolymer

stability and aggregation can be analyzed by measuring the

CMC value,21 and a pyrene fluorescence probe approach was

used for measurements in the present study. We found that

the mPEG2000-PBAE-C12, mPEG2000-PBAE-C14, mPEG5000

-PBAE-C12, and mPEG5000-PBAE-C14 polymers had CMC

values of 37.58, 31.70, 18.25, and 27.61 mg/L, respectively

(Figure 5). Lower CMC values indicate that copolymers are

able to form micelles at lower concentrations and that the

resultant micelles are stable in solution. We found that the

mPEG5000 copolymers had lower CMC values relative to the

mPEG2000 copolymers, suggesting that mPEG5000 may form

a thicker hydrophobic shell than mPEG2000, yielding

Figure 2 Synthesis route of pH-responsive mPEG-PBAE block copolymers.

Abbreviations: mPEG-PBAE, poly(ethylene glycol)-b-poly-(β-amino ester); DMSO, dimethyl sulphoxide.
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a polymer with a longer hydrophobic block that can more

readily undergo self-assembly into micelles in solution.

We found that these mPEG-PBAE copolymers were

readily able to self-assemble into micelles. The fate of

such micelles following in vivo administration is pro-

foundly influenced by the size of these particles, with

a size of < 200 nm being preferable for the passive target-

ing of micelles to tumors via the EPR effect.22 We found

that the mPEG2000-PBAE-C12, mPEG2000-PBAE-C14,

mPEG5000-PBAE-C12, and mPEG5000-PBAE-C14 micelles

had average particle sizes of 159.1, 204.6, 149.1 and 237.5

nm, respectively, with corresponding zeta-potential values

of 24.9, 17.7, 32.8, and 16.9 mV (Table 2). This indicated

that the mPEG5000-PBAE-C12 micelles exhibit both the

highest measured zeta potential and a suitable particle

size. Zeta potential is associated with the stability and

dispersion of micelles, with higher values corresponding

to a greater repulsive force between particles that can drive

better particle dispersion, reducing condensation and

improving system stability.21 We additionally measured

the drug loading capacity (DL%) of these four copoly-

mers, yielding respective DL values of 13.92, 15.25,

23.92, and 21.28%. Micelles derived from polymers incor-

porating mPEG5000 exhibited markedly higher DL values

relative to those of micelles derived from mPEG2000. This

is likely attributable to the higher molecular weight of

mPEG5000, as this would yield a larger lipophilic nucleus

capable of additional drug loading.

Urushiol-Loaded Polymeric Micelle

Formulation Optimization
In light of the above characterization results, we selected

the mPEG5000-PBAE-C12 polymer for further use in the

optimization of the loading conditions of urushiol in an

effort to yield stable and efficacious drug-loaded micelles.

Figure 3 1H NMR spectra of four kinds of mPEG-PBAE copolymers.

Abbreviations: mPEG-PBAE, poly(ethylene glycol)-b-poly-(β-amino ester); NMR, nuclear magnetic resonance.
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We selected a fixed polymer amount (50 mg) in light of the

above studies, and we varied the urushiol and solvent

dosages (A and B, in mg and mL, respectively) to max-

imize the DL (Y1) and EE (Y2) of the resultant drug-

loaded micelles. The interactions between these two inde-

pendent variables were assessed at three levels (low, basal,

high; coded as 0 and ±1) using a starting point of ±1.414

for ±α in the RCCD pattern. We then conducted 13 experi-

ments, with the resultant responses being compiled and

analyzed (Tables 3 and 4). The DL and EE values were

compared with Design Expert Software. An ANOVA

assessment of the second-order polynomial model of the

relationship between these variables yielded DL% and EE

% F-values of 92.25 and 137.4, respectively, with P-values

< 0.0001 consistent with a significant effect (Table 5).

Furthermore, these two variables yielded R2 values of

0.9851 and 0.9899, respectively, while their respective

Adeq Precision ratios were 27.668 and 33.05, indicating

a good match between the predicted and experimental

values. As such, we were able to use the model to simulate

and optimize urushiol-loaded polymeric micelle prepara-

tions. We found that urushiol dosage, squared urushiol

dosage, and squared solvent dosage all significantly

impacted the resultant DL% and EE% values of our drug-

loaded micelles (P < 0.05; Table 5). The following second-

order polynomial models were ultimately obtained, with

urushiol and solvent dosages represented as A and B,

respectively: Y1(DL/%)= −9.179+2.821×A +

1.436×B-0.077×A2-0.074×B2+0.0052×A×B; Y2(EE/%)

=59.589+1.316×A+5.074×B-0.109×A2-0.253×B2

+0.0021×A×B.

We additionally generated 3D response surface plots

corresponding to both the DL and EE values for prepared

drug-loaded micelles to directly visualize interactions

between variables and responses in this experimental system

(Figure 6). We found that, when the solvent dosage was

fixed, DL% values first increased with rising urushiol

doses before later declining, suggesting that urushiol con-

centrations eventually reached saturating levels, after which

the drug was no longer able to enter the micelles, thus

decreasing the efficiency of drug loading. Similarly, at

a fixed solvent dosage, we found that DL% initially rose

with increasing solvent dose before later declining, likely

because the dispersion of micelles in solution increases

significantly at high solvent concentrations, thus decreasing

the rate of urushiol loading into these micelles. We also

found that EE% rose significantly with increasing solvent

dosage before later declining when the amount of urushiol

was fixed, and EE% also rose significantly in the context of

a fixed solvent dosage when urushiol amounts rose from

3.0–15.0 mg before declining significantly at urushiol con-

centrations > 15.0 mg. This suggests that urushiol saturation

of the solution may also result in urushiol precipitation, thus

reducing the EE% for the resultant micelles.23

Figure 4 FT-IR spectra of four kinds of mPEG-PBAE copolymers.

Abbreviations: mPEG-PBAE, poly(ethylene glycol)-b-poly-(β-amino ester); FT-IR, Fourier transform-infrared spectroscopy.
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Finally, we employed the numerical optimization tools in

Design Expert software, which predicted that the optimal

23.51% DL and 80.55% EE could be achieved with 10 mL

of solvent and 15 mg of urushiol. To test the validity of this

model, we prepared urushiol-loaded polymeric micelles based

on these predicted conditions, and we compared the predicted

and experimentally derived values for the resultant particles

(Table 6). This analytical approach confirmed that we were

able to achieve maximal DL (23.45%) and EE (80.68%)

Figure 5 CMC of mPEG-PBAE micelles, derived from the plot of I373/I383 ratio vs copolymer concentration.

Notes: (A) mPEG2000-PBAE-C12, (B) mPEG2000-PBAE-C14, (C) mPEG5000-PBAE-C12, (D) mPEG5000-PBAE-C14.

Abbreviations: CMC, critical micelle concentration; mPEG-PBAE, poly(ethylene glycol)-b-poly-(β-amino ester).

Table 2 Particle Size, Zeta Potential and DL of mPEG-PBAE

Copolymer Micelles

Sample Particle Size

(nm)

Zeta Potential

(mV)

DL (%)

mPEG2000-

PBAE-C12

159.1±2.2 24.9±0.65 13.92

±0.15

mPEG2000-

PBAE-C14

204.6 ± 4.3 17.7±0.41 15.25

±0.18

mPEG5000-

PBAE-C12

149.1±2.1 32.8±0.86 23.92

±0.36

mPEG5000-

PBAE-C14

237.5±5.4 16.9±0.38 21.28

±0.20

Note: Data presented as mean ± standard deviation (n=3).

Abbreviations: mPEG-PBAE, poly(ethylene glycol)-b-poly-(β-amino ester); DL,

drug loading.

Table 3 Factors and Responses in Star Point-Based RSM Design

Variables Levels

Symbols −1.414 −1 0 1 1.414

Urushiol

dosage/mg

A 3 6.513 15 23.487 27

Solvent

dosage/mL

B 2 4.342 10 15.658 18

Abbreviation:RSM, response surface methodology.
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under these optimized conditions, with actual values being

within 1% of the predicted values. This finding was consistent

across multiple batches of micelles, confirming the validity

and reliability of this micelle preparation strategy.

Urushiol-Loaded mPEG-PBAE Micelle

Characterization
Using a dialysis-based approach, we prepared urushiol-loaded

mPEG5000-PBAE-C12 micelles using the optimized conditions

discussed above before characterizing these particles via DLS

and TEM to establish their size distribution andmorphological

characteristics. The resultant micelles were found to be 160.1

nm in diameter and to have a narrow unimodal diameter

distribution (Figure 7A). The size of these drug-loaded

micelles was thus only slightly larger than that of the blank

micelles, with this change likely being attributable to changes

in the hydrophobic bond force with the micellar core upon

urushiol loading. Thisfinding further confirmed that successful

drug loading had been achieved. We also found that these

particles had a relatively high zeta potential (33.40 mV), con-

sistent with their satisfactory stability following drug-loading.

A TEM analysis revealed that these micelles were uniform

spheroid particles thatweremonodispersed (Figure 7B). TEM-

based size estimates were in line with the results of the above

particle size analysis, further confirming that thesemicelles can

remain stable and readily dispersed in an aqueous solution.

These properties also make these particles ideal for the pene-

tration of tumors via the enhanced permeability and retention

effect (EPR).24

In vitro Stability Assay
Before the release experiments, urushiol-loaded micelles were

incubated in the presence of FBS, and in vitro stability was

determined. Because positively charged drug carriers can bind

to negatively charged serumprotein, they tend to accumulate in

the blood and cannot effectively reach the tumor. Therefore,we

used serum protein to verify the stability of urushiol-loaded

micelles in the blood. The change of particle size and PDI in

10% FBS within 24 hours was determined by DLS (Figure 8).

There was no significant change in particle size or PDI

observed for urushiol-loadedmicelles; in 24 hours, the average

particle size changed from160.5 to 163.3, and the PDI changed

from 0.138 to 0.141, indicating no aggregation. The urushiol-

loaded micelles possess good antisera protein adsorption abil-

ity and can be stable in serum. Their anti-protein adsorption

mechanism is related to hydration, as the PEG chain of

Table 4 Scheme of Star Point-Based RSM Design with the

Results of Responses on Two Independent Factors

No. Independent Variables Dependent

Variables

Levels Urushiol

Dosage

(A)/mg

Levels Solvent

Dosage

(B)/mL

DL/

%

EE/

%

1 −1 6.513 −1 4.342 11.15 83.60

2 1 23.487 −1 4.342 18.85 48.13

3 −1 6.513 1 15.658 10.92 81.83

4 1 23.487 1 15.658 19.62 46.77

5 −1.414 3 0 10 5.21 85.83

6 1.414 27 0 10 20.46 42.89

7 0 15 −1.414 2 18.9 62.05

8 0 15 1.414 18 19.49 65.67

9 0 15 0 10 22.87 79.23

10 0 15 0 10 22.96 79.53

11 0 15 0 10 23.95 80.83

12 0 15 0 10 23.54 80.47

13 0 15 0 10 24.21 82.70

Abbreviations: DL, drug loading; EE, encapsulation efficiency; RSM, response

surface methodology.

Table 5 Analysis of Variance (ANOVA) for Response Surface Quadratic Model for DL% (Y1) and EE% (Y2)

Source Sum of Squares df Mean Square F value P-value(Prob>F)*

Y1 Y2 Y1 Y2 Y1 Y2 Y1 Y2

Model 414.66 2937.66 5 82.93 587.53 92.25 137.54 <0.0001 <0.0001

A- urushiol dosage 180.18 2153.53 1 180.18 2153.53 200.43 504.13 <0.0001 <0.0001

B- solvent dosage 0.24 0.49 1 0.24 0.49 0.26 0.12 0.6241 0.7436

AB 0.25 0.042 1 0.25 0.042 0.28 0.0098 0.6143 0.9238

A2 214.70 428.99 1 214.70 428.99 238.82 100.43 <0.0001 <0.0001

B2 39.26 456.74 1 39.26 456.74 43.67 106.92 0.0003 <0.0001

Pure error 1.40 7.49 4 0.35 1.87

Cor total 420.95 2967.56 12

Notes: *Values of “Prob > F” <0.0500 indicate model terms are significant.

Abbreviations: DL, drug loading; EE, encapsulation efficiency.
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amphiphilic copolymers has strong hydrophilicity, which can

greatly improve thewater absorption ability of the polymer and

minimize the adsorption of serum protein. The binding of

water on the surface of the micelles is the main reason pre-

venting the material from absorbing protein.25

Assessment of in vitro Micellar Urushiol

Release in Response to pH Changes
We next sought to confirm that our urushiol-loaded micelles

were able to release urushiol in a controlled manner in

response to pH changes. To that end, we suspended these

micelles in aqueous solutions with a range of pH values (5.0,

6.5 or 7.4) and then examined the size of the particles via

DLS. We found that, following a 24-h incubation in PBS

solution with a pH of 7.4, negligible changes in particle size

were evident, suggesting that these particles are extremely

stable at a normal physiological pH (Figure 9A). However,

when the pH was lowered to 5.0, we found that the particles

grew in size from 160 nm to 305 nm within 4 h before

eventually growing to 625 nm after 24 h. At the higher pH

of 6.5, particle size instead rose to 292 nm at 24 h. These

significant changes in particle size under acidic conditions

suggest that these urushiol-loaded micelles underwent dis-

sociation as a result of the proton sponge effect. The primary,

secondary, and tertiary amine groups found within the poly-

mer are able to absorb protons in an acidic solution. This, in

turn, leads to an increase in the positive charge of the poly-

mer, causing an increase in electrostatic repulsive forces that

lead to particle expansion. Furthermore, hydrogen binding in

this context may have additionally led to micelle agglomera-

tion, thus further increasing the observed particle size.26 As

the swelling of these micelles was more significant at a pH of

5.0 relative to a pH of 6.5, these micelles likely expand and

aggregate more readily in highly acidic environments. We

did observe a slight decrease in micelle size following

a 1-h incubation at pH 5.0, which may be attributable to the

hydrolysis of ester bonds within the polymer. Such bond

hydrolysis would have further disrupted the integrity of the

polymer and the structural integrity of these micelles, leading

to a reduction in particle size but increasing the ability of

these particles to aggregate and form secondary micellar

structures via self-assembly in solution. Based on these find-

ings, we can conclude that urushiol-loaded micelles are very

stable when exposed to a normal physiological pH, whereas

Figure 6 Predicted three-dimensional (3D) response surface model showing the variation DL% (A) and EE% (B) with changes in independent variables of urushiol dosage

and solvent dosage.

Abbreviations: DL, drug loading; EE, encapsulation efficiency; DMF, N, N-dimethylformamide.

Table 6 Comparison of the Experimental and Predicted Values

of Urushiol-Loaded Micelle Prepared Under the Predicted

Optimum Conditions

Response Predicted

Value

Experimental

Value

% bias

Y1 = DL (%) 23.51 23.45 ±0.68 0.26

Y2 = EE (%) 80.55 80.68 ±2.54 −0.16

Note: Data presented as mean ± standard deviation (n=3).

Abbreviations: DL, drug loading; EE, encapsulation efficiency.
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they undergo significant decomposition in response to acidic

conditions, such as those found within endosomes.

Blood has a pH of 7.4; as such, micelles should remain

stable in this solution, whereas the pH falls to 5.5–6.0 in

endosomes and 4.5–5.0 in lysosomes. Thus, pH-sensitive

micelles will only release their cargo in cells, thus reducing

off-target toxicity and increasing intratumoral drug

accumulation.21 We therefore studied the kinetics of urushiol

release from micelles in solutions with different pH values

(5.0, 6.5, 7.4) in an effort to simulate extracellular and

endolysosomal environments. We found that urushiol release

was pH-dependent, with this drug being released more

rapidly under low pH conditions. At a pH of 7.4, only

23.54% of urushiol was released from these micelles within

72 h (Figure 9B), whereas, at a pH of 6.5, urushiol release

was 58.60% at 24 h and 61.65% at 72 h. At a lower pH of 5.0,

20.42%of urushiol was released within 2 h, with release rates

rising to 91.52% at 10 h and 98.74% at 72 h. This more rapid

release of urushiol under acidic conditions is likely attribu-

table to the same mechanisms responsible for the decreased

stability of polymeric micelles under these same conditions.

Our findings thus confirm that urushiol-loaded micelles are

Figure 7 The DLS and TEM image of urushiol-loaded polymeric micelles.

Notes: (A) Size distribution. (B) TEM image.

Abbreviations: DLS, dynamic light scattering; TEM, transmission electron microscopy.
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likely to be stable at a normal physiological pH, whereas they

are able to rapidly release urushiol within the endolysosome

following endocytosis.

In vitro Cytotoxicity Assay
We next sought to explore the cytotoxic efficacy of our urush-

iol-loaded micelles in vitro usingMCF-7 breast cancer cells in

an MTT viability assay. We found that blank micelles did not

induce significant tumor cell toxicity even at high concentra-

tions (500 mg/mL), indicating that the copolymer exhibits an

excellent safety and biocompatibility profile (Figure 10A). In

contrast, MCF-7 cell growth was significantly impaired when

cells were treated with free or micelle-encapsulated urushiol in

a dose-dependent manner (Figure 10B). Importantly, at con-

centrations between 0.001 and 20 mg/L, urushiol-loaded

micelles exhibited superior cytotoxicity relative to free urush-

iol (P < 0.01). Free urushiol and urushiol-loadedmicelles were

found to have respective IC50 values of 3.42 mg/L and

1.21 mg/L. We thus found that urushiol-loaded micelles were

more cytotoxic than urushiol, likely because the amphiphilic

polymers that compose these micelles function similarly to

surfactants, increasing membrane mobility and micelle diffu-

sion into these tumor cells. After these micelles are taken into

cells, they dissociate when exposed to acidic lysosomal condi-

tions, thus allowing urushiol to accumulate intracellularly. In

addition, polymer micelles may prevent drug efflux from the

P-glycoprotein (P-gp) pump by inhibiting P-gp expression,

thus increasing the intracellular drug concentration and enhan-

cing antitumor activity.27–30

Pharmacokinetic Analyses
Weutilized a noncompartmental model to analyze the pharma-

cokinetics of free urushiol and urushiol-loaded polymeric

micelles following their intravenous administration in rats.

The resultant pharmacokinetic parameters are compiled in

Table 7. We found that the pharmacokinetic properties of

urushiol-loaded micelles differed significantly from those of

free urushiol (Figure 11). Peak plasma concentrations (Cmax) of

10.5 mg/L or 8.08 mg/L were achieved following urushiol-

loaded micelle or free urushiol administration, respectively.

These urushiol-loaded micelles had significantly higher total

area-under-the-curve (AUC) and mean residence time (MRT)

values relative to free urushiol (2.28- and 2.53-fold increases,

Figure 8 The particle size and PDI change of urushiol-loaded polymeric micelles in

FBS within 24 hours. Error bars represent the standard deviation (n = 3).

Abbreviations: PDI, polydispersity index; FBS, fetal bovine serum.

Figure 9 (A) The particle size change of urushiol-loaded polymeric micelles at various pH values; (B) in vitro urushiol release kinetics from urushiol-loaded polymeric

micelles under different pH values. Error bars represent the standard deviation (n = 3).
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respectively). This suggests that these drug-loaded micelles

were able to remain in circulation for longer than free urushiol.

We further found that urushiol encapsulation was associated

with a reduction in body clearance (CL) from 0.77 to 0.23 L/h/

kg, with t1/2 being significantly increased from 1.10 to 8.00

h relative to free urushiol. This suggests that the micellar

encapsulation of urushiol prevents its clearance in vivo, thus

extending its circulation time. Chemical conjugation in these

micelles may have also improved their stability, thereby facil-

itating prolonged and sustained drug release in vivo.

Analysis of the in vivo Antitumor Efficacy

of Urushiol-Loaded Micelles
Lastly, we sought to evaluate the ability of our drug-loaded

micelles to treat tumors in vivo in Kunming mice bearing

MCF-7 xenograft tumors. We found that control mice admi-

nistered normal saline (NS) exhibited rapid tumor growth,

whereas tumor growth was slowed in response to urushiol

administration (Figure 12A). Importantly, urushiol-loaded

micelles exhibited more significant tumor growth inhibition

relative to free urushiol (72.47% vs 53.85%). The reduced

efficacy of free urushiol may be associated with its more

rapid clearance and lower rates of accumulation in organs

relative to encapsulated urushiol. These findings clearly

demonstrated the improved therapeutic efficacy of urushiol-

loaded polymeric micelles, as they improved urushiol deliv-

ery to the tumors owing to the de-micellization that occurred

Figure 10 In vitro cytotoxicity of drug-free polymeric micelles (A), free urushiol (B) and urushiol-loaded micelles (B) at different concentrations in MCF-7 cells. Error bars

represent the standard deviation (n = 3).

Table 7 Pharmacokinetic Parameters of the Free Urushiol and

Urushiol-Loaded Polymeric Micelles

Parameters Free

Urushiol

Urushiol-Loaded Polymeric

Micelles

Cmax (mg/L) 8.08 ±1.12 10.5±1.37

AUC (mg h/L) 25.75 ±2.56 84.48 ± 4.62*

AUMC (mg

h2/L)

75.10 ± 4.01 859.45 ± 8.64**

t1/2 (h) 1.10 ±0.02 8.00 ± 1.05*

MRT (h) 2.88 ± 0.13 10.17 ±1.96 *

CL (L/h/kg) 0.77 ±0.11 0.23 ± 0.01*

V (L/kg) 1.23 ± 0.05 2.69 ± 0.34

Notes: Data presented as mean ± standard deviation (n=3). *p < 0.05 and **p <

0.01.

Abbreviations: Cmax, peak plasma concentrations; AUC, total area-under-the-

curve; AUMC, area under the first moment curve; t1/2, half-life period; MRT,

mean residence time; CL, body clearance; V, volume.

Figure 11 Plasma concentration-time profiles of urushiol after intravenous injec-

tion of free urushiol and urushiol-loaded micelles in rats. Error bars represent the

standard deviation (n = 3).
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only in acidic intracellular or intratumoral environments.31

We additionally monitored the body weight of treated mice

to assess the off-target toxicity of tested treatments. We

observed a significant decline in the body weight of mice

administered free urushiol, suggesting that it caused sub-

stantial nonspecific toxicity following intravenous delivery

(Figure 12B). In contrast, mice administered urushiol-loaded

polymeric micelles did not significantly lose weight during

the study period, suggesting that encapsulation can signifi-

cantly mitigate urushiol-associated toxicity.

We measured the levels of urushiol within different

tissues at the indicated study time points to understand the

drug tissue distribution profiles associated with our poly-

meric micelles (Tables 8 and 9). We found that free or

encapsulated urushiol administration was followed by the

rapid distribution of urushiol in tissues, including the liver,

spleen, kidneys, lungs, and heart, with this drug thereafter

being eliminated in a time-dependent fashion. In contrast,

maximal concentrations of urushiol were achieved at a later

time point (~2 h post-administration), and drug elimination

from these tissues was more gradual. Consistent with our

above observations, intratumoral urushiol concentrations

were significantly higher within 12 h of drug administration

when animals were administered urushiol-loaded micelles

compared to free urushiol, suggesting that these particles

achieved superior tumor targeting. This may be

a consequence of the hypervascular permeability and

impaired lymphatic drainage that characterize tumors, thus

leading to increased micelle accumulation.32 The pH-

sensitive nature of these micelles can further increase intra-

tumoral urushiol accumulation. The higher amounts of

urushiol detected in the kidneys of treated mice suggest

that these micelles are subject to renal elimination. As car-

diac urushiol levels were lower in these treated mice, this

Figure 12 In vivo therapeutic efficacy of urushiol-loaded micelles. (A) The mean tumor volume changes and (B) body weight changes of tumor-bearing mice treated with

saline, free urushiol and urushiol-loaded micelles. Error bars represent the standard deviation (n = 3).

Table 8 Tissue Distribution of Urushiol Determined in Tumor-Bearing Mice After i.v. Administration of Urushiol-Loaded Polymeric

Micelles

Time (h) Liver (μg/g) Spleen (μg/g) Kidneys (μg/g) Lungs (μg/g) Heart (μg/g) Tumor (μg/g)

0.083 51.4 ± 4.41 10.3 ± 1.05 37.4 ± 3.03 16.9 ± 1.85 11.6 ± 1.15 60.8 ±4.32

0.5 29.3 ± 2.63 7.73 ± 1.25 28.6 ±2.83 15.0 ± 1.26 7.14 ± 1.06 66.5 ± 5.01

1 25.2 ± 2.34 6.86 ± 0.97 29.5 ± 3.12 10.8 ±1.22 6.32 ± 1.03 84.3 ± 5.89

2 21.6 ± 2.06 5.25 ± 0.47 14.7 ± 1.73 7.69 ±1.08 3.68 ± 0.65 92.4 ± 6.24

4 11.5 ± 1.03 3.03 ± 0.28 10.8 ± 1.14 5.26 ± 1.01 2.72 ± 0.48 74.3 ± 5.18

8 5.34 ± 0.69 2.06 ± 0.12 8.33 ± 1.12 2.17 ± 0.24 1.32 ± 0.42 58.6 ± 4.04

12 1.13 ± 0.25 NQ 1.52 ± 0.56 NQ NQ 46.9 ± 3.17

Notes: Data represent mean value ± SD for three mice. NQ: not quantified.

Abbreviation: i.v., intravenously.
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also suggests that urushiol encapsulation may lower asso-

ciated rates of cardiac toxicity. Together, these findings

suggest that urushiol encapsulation can significantly increase

intratumoral drug concentrations, thus improving the thera-

peutic efficiency of this drug.

Conclusions
In the present study, we developed mPEG-PBAE copolymer-

basedmicelles that could be readily used to encapsulate urush-

iol for delivery to tumor tissues. We initially synthesized four

different mPEG-PBAE copolymers using different mPEG-

NH2 or hydrophobic amino types, and then characterized

these particles based upon GPC, CMC, and other analyses.

This led us to ultimately select the mPEG5000-PBAE-C12

polymer, which was then used for urushiol encapsulation

using a dialysis-based strategy. We optimized our micelle

formulation strategy via an RSM approach, leading us to

successfully prepare small urushiol-loaded polymeric micelles

that had high drug loading and encapsulation efficiencies.

These particles were pH-sensitive, such that they were highly

stable at a normal physiological pH, whereas they readily

released urushiol when exposed to acidic conditions. These

micelles were further found to effectively impair MCF-7

tumor cell proliferation in vitro, disrupting the growth of

these cells more effectively than free urushiol. In a murine

xenograft model system, we additionally determined that these

urushiol-loaded micelles were readily able to impair MCF-7

tumor growth. These particles also had enhanced pharmaco-

kinetics, including a prolonged circulation time and an

increased intratumoral drug accumulation relative to free

urushiol. Together, these results indicate that urushiol-loaded

polymeric micelles can significantly improve the solubility of

urushiol while lowering its off-target toxicity and enhancing

its antitumor activity, emphasizing the importance of further

studying the clinical utility of these particles in future studies.
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