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Abstract

Liver X receptors (LXRs) attenuate inflammation by modulating the expression of key

inflammatory genes, making LXRs and their ligands particularly attractive candidates for

therapeutic intervention in cardiovascular, metabolic, and/or inflammatory diseases. In this study,

we demonstrate enhanced proresolving activity of nanoparticles (NPs) containing the synthetic

LXR agonist GW3965 (LXR-NPs), developed from a combinatorial library of more than 70

formulations with variations in critical physicochemical parameters. The library of LXR-NPs was

engineered via self-assembly of biodegradable poly(lactide)- and poly(lactide-co-glycolide)-based

polymers. In vitro studies on peritoneal macrophages confirmed that LXR-NPs were significantly

more effective than the free agonist (GW3965) at downregulating pro-inflammatory mediators

(MCP-1 and TNFα), as well as inducing the expression of LXR target genes (ABCA1 and

SREBP1c). Through a zymosan-induced acute peritonitis in vivo model, LXR-NPs were found to

be more efficient than free LXR agonist at limiting the recruitment of polymononuclear

neutrophils (50% vs. 17%) and at decreasing the resolution interval up to 4 h. In addition,

treatment with LXR-NPs significantly suppressed gene expression and secretion of pro-

inflammatory factors MCP-1 and TNFα in peritoneal macrophages when compared to LXR

agonist alone. Furthermore, the LXR-NPs suppressed secretion of these pro-inflammatory factors

by monocytes and macrophages more efficiently than the commercial drug dexamethasone.

Overall, these findings demonstrate that LXR-NPs are capable of promoting resolution of

inflammation and highlight the prospect of LXR-based nanotherapeutics for inflammatory

diseases.
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nanomedicine; drug delivery systems; polymeric nanoparticles; liver X receptor agonist;
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1. Introduction

Liver X receptors (LXRs) play a crucial role in regulating several metabolic pathways

including lipid, carbohydrate, and bile acid metabolism.[1] LXRs are thought to have

atherosclerosis protective properties that include their contribution to the reverse cholesterol

transport process (by stimulating cholesterol efflux from macrophages) and their attenuation

of inflammation in macrophages by trans-repressing Nf-kB.[2] For example, Tontonoz et al.

recently reported that LXR ligands inhibit the expression of inflammatory mediators in

peritoneal macrophages in response to bacterial infection or lipopolysaccharide (LPS)

stimulation.[3] Several in vivo studies have highlighted the profound impact of LXR agonists

on controlling inflammation in mouse models of several acute and chronic diseases such as

contact dermatitis,[4] experimental autoimmune encephalomyelitis,[5] Alzheimer's disease,[6]

lupus-like autoimmunity, experimental stroke, infection with Mycobacterium

tuberculosis,[7] and atherosclerosis.[3] In addition, activation of LXR plays an important role

in mitigating inflammation by modulating inflammatory gene expression in many cell types,

such as macrophages, CD-positive lymphocytes, microglia, astrocytes, and dendritic cells.[8]

In this context, synthetic LXR agonists (T0901317 and GW3965)[9] have been shown to

promote cholesterol efflux and inhibit inflammation, and are promising candidates in the

development of therapeutics for atherosclerosis and inflammatory diseases.

Nanotechnology is one of the fastest-growing areas in medicine, and nanotherapeutics are

poised to influence the landscape of both pharmaceutical and biotechnology industries.[10]

The many advantages of therapeutic NPs include improving the pharmaceutical and

pharmacological properties of existing drugs, enhancing therapeutic efficacy, and delivering

drugs across a range of biological barriers including epithelial and endothelial layers.[11]

Over the past decade, nanomedicines have made significant progress towards human use,

with exploration of their application beyond oncology, e.g., in infectious diseases and

cardiovascular diseases.[12] For example, in a recent study, humanized NPs termed nano-

proresolving medicines, have been shown to limit acute inflammation, enhance resolution,

and reduce joint damage in a peritonitis model.[13] In addition, we previously demonstrated

that proresolving NPs containing the annexin A1/lipocortin A1 mimetic peptide; Ac2-26,

were capable of enhancing inflammation resolution in vivo and blunting excessive

inflammation in a hind-limb ischemia-reperfusion model.[14]

In the present study, we investigated the anti-inflammatory effects of polymeric NPs

containing the encapsulated and/or covalently conjugated LXR agonist GW3965. The LXR

agonist–containing NPs (LXR-NPs) were synthesized via self-assembly of biodegradable

PLGA, PLA-based polymeric derivatives. Lactide- and glycolide-based polymers and

polymeric derivatives are versatile building blocks with distinctive properties, making them

important ingredients of various nanotechnology tools developed for drug delivery

applications.[15] In combination with polyethylene glycol (PEG), they have long been used

safely in several pharmaceutical products and medical devices.[16] These derivatives also

have unique biocompatibility and degradation properties, and their physicochemical

properties can easily be manipulated to customize and control release of therapeutics.[17] To

address the multifaceted challenges of optimizing NPs, high-throughput technologies and

combinatorial biomaterial libraries with a wide diversity of physicochemical properties have
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been utilized for in vitro screening to identify NPs suitable for in vivo testing.[18] Recently, a

library of NPs targeted to Prostate Specific Membrane Antigen (PSMA) was developed by

introducing physicochemical diversity into the NP design while restricting the particle

makeup to a clinically validated set of biomaterials.[19]

Here we present a platform to design and develop a LXR-NP library (Figure 1) with

variations in critical parameters including size, surface charge, drug loading, and drug

release, all of which can affect the pharmacokinetics and biodistribution of the LXR agonist

GW3965. Our LXR-NP library contained more than 70 distinct NP formulations, with the

LXR-NPs with desirable physicochemical properties (< 120 nm in size and high drug

loading) being further evaluated for their anti-inflammatory effects in vitro, by inhibiting

LPS-induced inflammatory response in peritoneal macrophages. The selected LXR-NP from

in vitro evaluation was shown to be more potent than LXR agonist alone or dexamethasone,

a potent anti-inflammatory and immunosuppressant drug,[20] at blocking the recruitment of

zymosan-stimulated polymorphonuclear neutrophils (PMNs) in an acute peritonitis

model.[14] Additionally, these NPs were shown to significantly decrease levels of

inflammatory cytokines (MCP-1, monocyte chemotactic protein-1; and Tumor necrosis

factor TNF-α) in zymosan-induced inflammation in vivo. The anti-inflammatory LXR-NPs

developed in this study may prove to be beneficial for other chronic diseases involving

excessive inflammation.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization of LXR-NP Library

To develop the library of LXR-NPs, we synthesized a series of biodegradable polymers:

poly (D,L-lactide-co-glycolide)-b-poly(ethylene glycol), (PLGA43.5K-PEG3.4K-COOH,

Ppc); poly (D,L-lactide)-b-poly(ethylene glycol), (PLA17K-PEG3.4K-COOH, Lpc); poly

(D,L-lactide)-b-poly(ethylene glycol), (PLA9K–PEG2K, Lp); and poly (lactide-co-

glycolide)- LXR agonist conjugate, (PLGA6.7K-GW3965, Pg). Diblock polymers with

carboxyl terminal groups on PEG (Ppc, Lpc) were synthesized according to published

procedures.[21] Briefly, the carboxy terminals of PLGA (MW 43.5K) or PLA (MW 17K)

were activated by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)

and N-hydroxysuccinimide (NHS) activation methodology and reacted with the amino

functionality of PEG (MW 3.4 K) to yield Ppc and Lpc, respectively. Diblock polymers in

which PEG contains a terminal methyl group (Lp) were synthesized using a ring opening

polymerization reaction.[22] Poly(ethylene glycol) methyl ether (CH3-PEG-OH, MW 2K),

was used as an initiator of ring opening polymerization of lactide in the presence of Tin

catalyst, yielding the desired Lp with ~11k MW. The PLGA-LXR agonist conjugate Pg was

produced by first converting the terminal carboxyl groups of PLGA into hydroxyl groups

(SI 1), followed by conjugation of LXR agonist GW3965 via EDC/NHS chemistry. All the

products were purified as shown in the Materials and Methods section below and

characterized by 1H NMR spectroscopy.

A combinatorial library of LXR-NPs with diverse physicochemical properties was

synthesized through a single-step self-assembly process. Organic solutions (acetone or

acetonitrile) containing GW3965 and polymeric components were added dropwise to an
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aqueous phase, resulting in encapsulation of GW3965 in solid particles. More than 70

formulations were synthesized by varying parameters of the polymeric units such as the

molecular weight, concentration, and composition. All NPs in the library consisted of (i) a

biodegradable PLGA- and/or PLA-based polymeric hydrophobic core that can encapsulate

GW3965 and release it in a controlled manner; and (ii) a hydrophilic corona formed by PEG

units to provide steric stabilization, stealth properties against protein absorption, and long

blood circulation time. The LXR agonist GW3965 was either physically encapsulated and/or

blended into the hydrophobic polymer core via drug-polymer conjugate Pg in all the LXR-

NPs. Encapsulation efficiency and GW3965 loading were improved by blending Pg with

either Ppc or Lp, and encapsulation of GW3965. By systematically blending different

proportions of polymers and drugs, we obtained NP formulations with various sizes, surface

charges, polymer/drug ratios, and lactide/glycolide ratios (Figure 2A). In order to get

several different lactide/glycolide ratios, as well as MW variations, PLGA with a terminal

methoxy group (PLGA-OMe) was blended with Ppc and/or Lp to produce the LXR-NPs.

LXR-NPs with various hydrodynamic size and surface charges were obtained by mixing

different proportions of Ppc/Lpc with Lp as it contains a neutral methoxy terminal group,

while Ppc or Lpc contains carboxyl as a terminal end group. All the NPs were characterized

with respect to particle size, surface charge, GW3965 loading, and encapsulation efficiency

(Figure 2B).

Hydrodynamic size of the NPs in this library varied from 80 to 250 nm, with surface charges

ranging from 2 to -50 mV depending on the composition of polymers. Formulations

containing Lp produced higher hydrodynamic size and lower surface charges compared with

NPs containing Ppc. The NPs containing Lp as a major component had an average size of ~

170 nm, while average size with Ppc as a major polymeric component was ~ 120 nm. The

short PEG length (MW 2K) with a methyl terminal group of Lp may cause increase in NP

size, as Ppc contains a longer PEG (MW 3.4K) group with terminal carboxyl functionality.

The difference in length and terminal functionalities of PEG provided an extra tool to

manipulate the surface charge and size of NPs. The percentage encapsulation efficiency (%

EE) and loading efficiency were measured for all the formulations; EE as high as 80%

(formulation #21) and 15% loading of GW3965 (formulation #37) were achieved (Figure
2B). Transmission electron microscopy (TEM) studies showed that these NPs were spherical

with approximate size < 100 nm and uniform structure (Figure 3B). The release kinetic

studies of GW3965 were performed by incubating NPs in PBS at 37 °C, and GW3965

concentrations in the NPs were measured at different time intervals using high-performance

liquid chromatography (HPLC). The cumulative release curve (Figure 3A, and Figure S2)

shows an initial fast release of GW3965 (27 %) from the NPs for the first 5 hours, followed

by a slow and diffusion-controlled process, releasing 57% within 48 h.

NPs synthesized by blending Pg with either Ppc or Lp with w/w ratios ranging from 1-20

resulted in hydrodynamic size 90-120 nm, which are suitable for in vitro and in vivo studies.

Of these NPs, four formulations were chosen for further in vitro testing: PpcPgGW (# 6),

LpPgGW (# 15), PpcGW (# 20), and LpGW (# 14) (GW 3965 is noted as GW in the

formulations). Their hydrodynamic sizes were 100-116 nm, with a surface charge of -31 to

-38 mV, ~ 80% EE, and 2.5-7% loading drug.
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2.2. In-vitro Efficacy and Anti-inflammatory Effect of LXR-NPs on Peritoneal Macrophages

From the combinatorial library of LXR-NPs, formulations with ideal physicochemical

properties were further tested in mouse peritoneal macrophages for in vitro efficacy in

inducing LXR target genes and altering LPS-induced inflammatory responses through

transrepression of NF-kB. Studies have shown that LXRs, in addition to suppressing the

expression of macrophage inflammatory genes, can induce the expression of several genes

involved in reverse cholesterol transport, as well as in lipid synthesis.[3] For our in vitro

studies, we have focused on LXR target genes ABCA1 (ATP-binding cassette A1) and

SREBP1c (sterol regulatory element binding protein) as efficacy markers for LXRs

activation.[23] We also measured relative mRNA expression and protein levels of

inflammatory cytokine mediators MCP-1 and TNFα, as NF-kB targets are suppressed upon

LXR activation. Isolated murine peritoneal macrophages were pretreated for 18 h with 1 μM

GW3965 (either in solution or encapsulated in NP formulation) followed by LPS (100ng/ml)

treatment to induce a pro-inflammatory response. The effect of GW3965 (free or in NP

form) on gene expression was determined using quantitative real-time PCR (qRT-PCR), and

the mRNA expression levels of treated groups were compared to the untreated control. As

shown in Figure 4A, ABCA1 and SREBP1c mRNA levels in macrophages treated with

LXR-NPs were five- to six-fold and nine- to eleven-fold higher (p < 0.05) than empty NP-

and LPS-treated macrophages, respectively. In addition, the PpcPgGW NPs produced better

gene target expression than GW3965. These results suggest that NPs provide better

macrophage uptake of the agonist, and combined with controlled release of GW3965, LXR-

NPs were made to be more effective than free GW3965 alone.

The expression and secretion of pro-inflammatory cytokines (MCP-1 and TNFα) were

quantified by both qRT-PCR and ELISA. Macrophages treated with GW3965 or LXR-NPs

significantly suppressed mRNA expression of MCP-1 and TNFα upon LPS stimulation

(Figure 4B). When compared to LPS control, there was a 50 to 85% decrease in (p < 0.05)

MCP-1 mRNA levels in cells treated with LXR-NPs, as compared to ~ 40% decrease in

MCP-1 mRNA levels observed for (p < 0.05) for GW3965 alone. Moreover, macrophages

treated with PpcPgGW NPs had significantly curbed TNFα mRNA levels compared to

those treated with free GW3965 (88% to 60 % decrease, p < 0.05). Similarly, compared to

LPS treatment, LXR-NP treatment resulted in lower MCP-1 (~1200 pg/ml, p < 0.05) and

TNFα (~ 5000 pg/ml, p < 0.05) protein secretion as shown in Figure 5A and B. Based on

the above results, PpcPgGW formulation has higher efficacy in reducing inflammatory gene

and protein expression than the free LXR agonist and the other NPs tested. The anti-

inflammatory effect of this formulation was further investigated in in vivo mouse models.

2.3. In vivo Anti-inflammatory Effect of GW3965-Containing NPs

To determine whether LXR-NPs are anti-inflammatory and pro resolving in vivo, we used a

standard zymosan-induced peritonitis model[24] to quantitatively assess the resolution of

inflammation in wild-type C57BL/6 mice. The mice were intravenously (i.v.) treated with

PBS, empty NPs (Ppc), GW3965 (8 mg/kg), dexamethasone (1mg/kg), and our selected

LXR-NP formulation PpcPgGW (8 mg/kg GW3965). After one hour, 100 μg of zymosan

was administrated intraperitoneally (i.p.) to each mouse, and leukocytic cell infiltration into

the inflammation site was assessed 4 h later (Figure 6). We saw 50% reduction of zymosan-
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induced PMN cell recruitment into the inflammation site in the mice treated with

PpcPgGW, while empty NPs Ppc had no protective effect. In addition, among mice treated

with dexamethasone (a potent commercial steroid drug) or free GW3965, the PMN

infiltration was blocked by only 38% or 17%, respectively. As empty NPs did not exert any

protective effect, and free GW3965 blocked only 17% of PMN infiltration at the

inflammation site, our findings demonstrate the enhanced anti-inflammatory activity of LXR

agonist delivered via NP formulations. The improved pharmacokinetics and controlled

release of GW3965 by LXR-NPs can be attributed to the greater bioactivity of GW3965.

The in vivo pro-resolving action of LXR-NPs was further indicated by the suppression of

MCP-1 and TNFα mRNA gene expression and protein secretion in the peritoneal exudates

harvested from the mice. Peritoneal macrophages were harvested 4 h following zymosan

injection, and the gene expression in these cells of MCP-1, TNFα and the protein content of

the peritoneal exudates of these factors, was measured (Figure 7). Our results indicate that,

comparable to dexamethasone treatment, treatment with GW3965 (either in solution or in

NP form) significantly inhibited the secretion of both pro-inflammatory factors. We also saw

70% decrease in MCP-1 mRNA levels and ~ 80% decrease in TNFα mRNA levels for

PpcPgGW treatment as compared to PBS treatment (control mice). The LXR-NP

formulation PpcPgGW showed enhanced ability to resolve inflammation, as evidenced by

major suppression in the secretion of both MCP-1(1400 pg/ml, p < 0.05) and TNFα (20

pg/ml, p < 0.05) when compared to PBS (MCP-1: 5600 pg/ml, TNFα: 45 pg/ml ) and Ppc
(MCP-1:4200 pg/ml, TNFα:32 pg/ml). Also, compared to free GW3965 (MCP-1: 2200

pg/ml, TNFα:25 pg/ml) or dexamethasone (MCP-1 :1400 pg/ml, TNFα:25 pg/ml), secretion

of MCP-1 and TNFα proteins was lower in the PpcPgGW group, highlighting its ability to

suppress the inflammatory response in vivo. Our ELISA results are consistent with the

zymosan-induced PMN recruitment experiments, further underscoring the in vivo anti-

inflammatory effects of PpcPgGW, which exceed those of dexamethasone.

The results presented here are in agreement with previously reported studies on the role of

LXRs as anti-inflammatory mediators in acute and chronic inflammation. Specifically, our

studies validate the capability of LXR-NP formulations to improve LXR agonist activity in

vivo, and these proof-of-concept studies may pave the way for the development of LXR

agonist-based anti-inflammatory nanotherapies.

3. Conclusions

We have synthesized a library of LXR agonist–containing NPs via a self-assembly process

using polylactide- and glycolide-based biodegradable polymeric derivatives. Our

combinatorial library consists of more than 70 formulations with variations in critical

physicochemical parameters. Based on a number of criteria, the NPs selected for furher

study demonstrated anti-inflammatory effects in vitro by inhibiting LPS-induced

inflammatory responses in peritoneal macrophages, as evidenced by significant suppression

of the secretion of pro-inflammatory mediators MCP-1 and TNFα. Furthermore, in the in

vivo zymosan-induced peritonitis model, LXR-NPs considerably reduced PMN cell

infiltration into the inflammation site (50%). LXR agonist activity was improved by

administration through the LXR-NP formulations. These inflammatory proresolving LXR-
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NPs have the potential to be developed as therapeutics for the treatment of a variety of

diseases where inflammation is underlying cause, including peritonitis.

4. Experimental section

Materials

Poly(D,L-lactide-co-glycolide) (50/50) with terminal carboxylate groups (PLGA, inherent

viscosity 0.55-0.75 dL/g, and 0.15-0.25 dL/g) and DL lactide were obtained from Lactel

(Pelham, AL, USA). N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride

(EDC), N-Hydroxysuccinimide (NHS), ethylene glycol, and poly(ethylene glycol) methyl

ether with a molecular weight (MW) of 2000 ( (CH3-PEG-OH), tin(II) 2-ethylhexanoate,

GW3965 hydrochloride, and lipopolysaccharide (LPS) were purchased from Sigma-Aldrich.

A PEG polymer, MW 3,400, with a terminal amine and carboxylic group (NH2-PEG-

COOH) was purchased from Laysan Bio, Inc. (Arab, AL, USA). PLGA-PEG-COOH was

synthesized as previously described[25],[26]. 1H NMR spectra were recorded on a Bruker

AVANCE-400 NMR spectrometer with a Spectro Spin superconducting magnet at Harvard

Medical School. Drug quantification was carried out on Agilent HPLC using an RC18

column. The NP size was obtained with quasi-electric laser light scattering using a

ZetaPALS dynamic light-scattering detector (15mW laser, incident beam ¼ 676nm;

Brookhaven Instruments). For cell culture procedures, Dulbecco's modified Eagle's medium

(DMEM) and fetal bovine serum (FBS) were purchased from Invitrogen, and thioglycolate

medium was purchased from Fluka Analytical. For in vivo studies, Zymosan A and

Dexamethasone were purchased from Sigma-Aldrich.

Synthesis of PLA-PEG—Synthesis of PLA-PEG was accomplished via ring-opening

polymerization reaction as described previously.[27] Poly(ethylene glycol) methyl ether

(MW 2000) (500 mg, 0.25 mmol), DL lactide (3g, 21mmol), and Tin(II) 2-ethylhexanoate (2

mol % from a stock solution in toluene) were added to a toluene solution (15 ml) under

nitrogen and refluxed at 120°C for 10 hours. The reaction mixture was concentrated and

dropped in ice-cold diethyleither:methanol (50:50) solution to form a white precipitate. The

precipitate was further purified by repeated dissolution–reprecipitation using DCM-Ether/

MeOH. Finally, the precipitate was dried under vacuum to obtain PLA-PEG polymer with

~70% yield. NMR (400 MHz, CDCl3): δ 5.0-5.22 (m, (-OCH(CH3)CO)), 3.58 (s, (-

OCH2CH2O-), 1.4-1.6 (m, (-OCH(CH3)CO-) ppm.

Synthesis of PLGA-GW3965—PLGA-GW3965 was synthesized in a two-step

procedure as shown in SI 1. In the first step, the terminal carboxylic groups of PLGA-

COOH (I.V. 0.15-0.25 dL/g) were reacted with ethylene glycol to convert them to hydroxyl

groups. 500mg of PLGA-COOH (~0.07 mmol) was dissolved in dichloromethane (DCM),

and 57.5mg of EDC (0.3 mmol) and 35 mg of NHS (0.3 mmol) were added and stirred for

one hour at room temperature. The reaction mixture was added dropwise to ice-cold

methanol to form a white precipitate of PLGA-NHS. The precipitate was purified by

dissolving in 500μL of DCM and then re-precipitating in ice-cold methanol. The precipitate

was dried under vacuum and dissolved in DCM and DIEA (36 mg, 0.28 mmol).

Subsequently, excess ethylene glycol was added, and the solution was stirred at room
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temperature overnight. The reaction mixture was concentrated under vacuum and added

dropwise to ice-cold MeOH to form a precipitate. The precipitate was purified by repeated

dissolution–reprecipitation using DCM-MeOH to obtain PLGA with hydroxyl end group

and used for the second step without further purification. In the second step, 25mg of

GW3965 (0.04 mmol), 20 mg of EDC (0.1 mmol), and 12 mg of NHS (0.1 mmol) were

dissolved in DCM and stirred at room temperature for one hour. PLGA-OH in DCM and

DIEA (11.5 mg, 0.09 mmol) was added to this reaction mixture and stirred overnight. The

reaction mixture was concentrated under vacuum and added to ice-cold methanol to form a

white precipitate of PLGA-GW3965. This precipitate was further purified by repeated

dissolution–reprecipitation using DCM-MeOH to obtain pure PLGA-GW3965. 60%

yield. 1H NMR (400 MHz, CDCl3): δ 5.1-5.3 (m, (-OCH(CH3)CO)), 4.6-4.9 (m, (-

OCH2COO-)),4.29 (m, (-OCH2CH2 CO-GW3965), 1.49-1.6 (m, (-OCH(CH3)CO-) ppm.

GW3965 peaks: 6.87-7.18, 6.30-6.73, 5.39, 3.88, 3.82, 3.49, 3.15, 2.83, and 2.02).

Synthesis and characterization of NPs—The library of LXR NPs was synthesized

using a nanoprecipitation method. Briefly, all the polymers and GW3965 were dissolved in

either acetonitrile (ACN) or acetone in a range of concentrations, such as, 10-20mg/mL for

polymers and 1-2mg/mL for GW3965. These polymer and drug solutions were mixed

together in desired ratios and added dropwise to nuclease-free water, while maintaining a

10:1 ratio of water to organic solvent. NPs were stirred overnight and filtered sequentially

through sterile 0.45μm syringe filters (regenerated cellulose, 17mm, Cole Palmer

Instruments). The NPs were concentrated by centrifugation using Amicon Ultra-15

centrifugal filter units (MWCO 100KDa, or 50KDa). The concentrated NPs were washed

twice with de-ionized water and re-suspended in 1mL of either nuclease-free H2O or PBS.

Size and surface charge measurements of NPs were performed using dynamic light

scattering; NPs were diluted 10-20 times in water for measurements. TEM experiments were

carried out on a TecnaiTM G2 Spirit BioTWIN electron microscope equipped with an AMT

2k CCD camera and low-dose software (80kV, direct mag. 98000x). The TEM sample was

prepared by depositing 10μL of NPs, freshly prepared in water, (1.0mg/mL) onto a carbon-

coated copper grid. The excess solution was blotted, and the grids were immersed in a

solution of 0.75% uranyl formate stain. The stain was blotted, and dried grids were used for

imaging within one hour of the preparation of NPs.[14] Drug loading and encapsulation

efficiency (EE) were determined by quantifying the amount of drug in the NPs. A

calibration curve with known concentrations of LXR agonist was prepared by using HPLC,

with 80:20 ACN: H2O mobile phase, while injected samples were prepared in in 1:1 ACN:

H2O mixture. The amount of GW3965 in the NPs was measured using the calibration curve.

A portion of the synthesized NPs was dissolved in 1:1 ACN: H2O with 10% of 0.01mM

NaOH and vortexed for several hours to break down the NPs before injecting them into the

HPLC. Drug loading is defined as the fraction of drug mass in the NPs, whereas EE is the

fraction of initial drug that is encapsulated by the NPs.

GW3965 NP release profile study—To assess GW3965 NPs release kinetics, NPs were

suspended in water and aliquoted (200μL) into several semi-permeable mini-dialysis tubes

(molecular weight cutoff 10kDa; Pierce). The dialysis tubes were placed in 20L of PBS (pH
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7.4) at 37°C. At defined time intervals, tubes were removed from dialysis and an aliquot of

the NP suspension was collected. The remaining drug in NPs at different time points was

quantified by using HPLC as described above.

Cell culture—Peritoneal macrophages were obtained from thyoglicolate-injected C57Bl/6J

mice as described previously.[28] Cells (1 × 106) were plated on 6-well plates and cultured in

DMEM supplemented with 10% FBS. For ligand treatments and anti-inflammatory effect

experiments, cells were cultured for 18 h with the respective regimens at a 1μM

concentration of the GW3965 LXR agonist (either in solution or in NP form), and then

treated with 100ng/ml LPS for an additional 6 h.

Animals—All animals were obtained from Jackson Laboratories. The animals were

allowed free access to sterile food pellets and water. All in vivo studies were performed in

accordance with National Institutes of Health Animal Care guidelines.

Zymosan peritonitis—Male C57Bl/6J mice (6-8 weeks) were administrated i.v. with the

respective regimens at a 8 mg/Kg concentration of the GW3965 (free GW or inside NPs) or

1mg/ml Dexamethasone. One hour later the mice were injected i.p. with Zymosan A (100μg/

mouse) to induce peritonitis.[24] Peritoneal exudates were harvested 4 h post-zymosan

administration.

qRT-PCR—Total RNA abundance was determined by qRT-PCR (TaqMan) using 100pg

total RNA. The primer and probe sequences are described in Table 1. Peritoneal macrophage

and in-vivo data were normalized to 28s and Cyclophilin (respectively) and were presented

as the fold difference over controls.

Statistical analysis—Student's t-test or one-way ANOVA with post-hoc Tukey tests

were used to determine significance. All error bars represent S.E.M.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Development of LXR-NP library, along with in vitro, and in vivo, evaluations. A) Chemical

structure of polymers and polymer drug conjugates used in the generation of particle library.

B) Synthesis and characterization of LXR-NPs prepared via self-assembly of polymers using

nanoprecipitaion method. C) In vitro evaluation of LXR-NPs for anti-inflammatory action

and cytotoxicity. D) In vivo assessment of NPs containing LXR agonist.
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Figure 2.
A) Synthesis of NPs via nanoprecipitation method (Inset, red block: controlled release

polymer, blue block: PEG). B) Assortment of NP library. Heat map illustrates formulation

parameters (% of encapsulation efficiency, % of loading, and polymer/drug ratio) and

physicochemical properties (hydrodynamic size, surface charge) of NPs. C) Heat map

parameters.
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Figure 3.
A) In vitro release profile of GW3965 from PLA-PEG/PLGA/GW NPs incubated at 37 °C is

shown (mean ±SD, n = 3). The LXR agonist released from the NPs at different time points

was quantified by HPLC. B) Transition electron microscopy (TEM) images of LXR agonist

containing NPs formed by blending PLA-PEG-COOH and PLGA-GW polymers (Scale bar,

100 nm).

Gadde et al. Page 15

Adv Healthc Mater. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
Peritoneal macrophages were treated with Ppc, GW 1μM, PpcPgGW 1μM, LpPgGW 1μM,

PpcGW 1μM, or LpGW 1μM. Following 18 h, the cells were incubated with 100ng/ml LPS

for 6 more hours. The gene expression was measured by real time quantitative PCR for

ABCA1 and SREBP-1c (A) and TNFα and MCP-1 (B). Each bar represents the Mean ±

SEM. *p < 0.05 vs DMEM, LPS and Ppc; #p < 0.05 vs GW; &p<0.05 vs LPS
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Figure 5.
Peritoneal macrophages were treated with Ppc, GW 1μM, PpcPgGW 1μM, LpPgGW 1μM,

PpcGW 1μM, or LpGW 1μM. Following 18 h, the cells were incubated with 100ng/ml LPS

for 6 more hours. The upper media was collected and tested for MCP-1 (A) and TNFα (B)

secretion from cells by ELISA. Each bar represents the Mean ± SEM. *p<0.05 vs LPS.
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Figure 6.
WT male mice (n=5) were administrated i.v with the respective regimens and after one hour

mice were injected i.p. with Zymosan, (A) Zymosan + PBS, (B) Zymosan + Ppc, (C)

Zymosan + Dexamethasone 1 mg/kg, (D) Zymosan + 8mg/kg GW, (E) Zymosan +

PpcPgGW 8mg/kg. Four hours afterwards, the cells were harvested and analyzed by FACS

(F). Each bar represents the Mean ± SEM. *p<0.05 vs PBS and Ppc
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Figure 7.
WT male mice (n=5) were administrated i.v with the respective regimens PBS, Ppc,

Dexamethasone 1 mg/kg, GW 8mg/kg, and PpcPgGW 8mg/kg, and after one hour, mice

were injected i.p. with Zymosan. Four hours afterwards, the cells were harvested and the

gene expression was measured by real time quantitative PCR for TNFα (A) and MCP-1 (B).

The peritoneal exudates were tested for MCP-1 (C) and TNFα (D) release from cells by

ELISA. Each bar represents the Mean ± SEM. *p<0.05, **p<0.01 vs PBS and Ppc.
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