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Abstract: Rheumatoid arthritis (RA) is an autoimmune disease characterized by progressive
cartilage and bone destruction. Activated macrophages that overexpress folic acid (FA) receptors
play an important role in RA, due to their abundance in inflamed synovial membrane and joints.
In an effort to deliver drugs to the inflamed tissues, multifunctional FA receptor-targeting and
pH-responsive nanocarriers were developed. They were composed of lipids, polyethylene
glycol (PEG)—poly(lactic-co-glycolic acid) (PLGA) forming a hydrophilic shell, FA around
the hydrophilic shell as a targeting ligand, and poly(cyclohexane-1,4-diylacetone dimethylene
ketal) (PCADK) and PLGA as a hydrophobic core. PCADK also acts as a pH-responsive mate-
rial. Methotrexate (Mtx) was encapsulated in the nanoparticles, which exhibited pH-responsive
release in vitro. Cellular uptake and cytotoxicity experiments revealed that FA-PEG-PLGA/
PCADK-lipid nanoparticles loaded with Mtx (FA-PPLNPs) exhibited superior cellular uptake
and higher cytotoxicity to activated macrophages than PPLNPs/Mtx. The therapeutic effect of
FA-PPLNPs/Mtx in RA was confirmed in an adjuvant-induced arthritis rat model. These results
suggest that the multifunctional folate receptor-targeting and pH-responsive nanocarriers are
promising for the treatment of RA.
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Introduction
Rheumatoid arthritis (RA) is an autoimmune disease that is associated with progressive
cartilage and bone destruction."? It affects a large fraction of the aging population
and can cause severe pain and disability.> However, the exact mechanism of RA
is not clear.* Macrophages play a vital role in RA, due to their high abundance in
diseased synovial membrane and joints.*” Among receptors that are overexpressed
on activated macrophages is FRPB.® Methotrexate (Mtx) is an antirheumatic drug that
has been used for treatment of RA in the clinic for decades.’ Mtx is frequently used
in combination with other biologic agents.'’ !> However, long-term use and high-dose
Mtx given by systematic administration have been associated with drug resistance
and adverse side effects.'>!* Therefore, it is desirable to develop a system that can
deliver Mtx selectively to target tissues and to release the encapsulated Mtx within
a short time.'s

Recently, hybrid lipid—polymer nanoparticles (LPNPs) have been studied exten-
sively for drug delivery in many diseases.'®"” Characteristics of LPNPs include high
biocompatibility and prolonged circulation in the bloodstream.?® LPNPs can selectively
accumulate at tumor tissues as a result of the enhanced permeation-and-retention effect.”!
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Abbreviations: FA-PPLNPs/Mtx, methotrexate-loaded folic acid—polyethylene glycol-poly(lactic-co-glycolic acid)—poly(cyclohexane- 1,4-diylacetone dimethylene ketal)-lipid
nanoparticles; PCADK, poly(cyclohexane-|,4-diylacetone dimethylene ketal); PEG, polyethylene glycol; PLGA, poly(lactic-co-glycolic acid).

Due to increased vascular permeability associated with RA,
LPNPs may be effective in drug delivery for this disease.?*?
In order to deliver encapsulated drug to target tissues effi-
ciently, efforts have been devoted to the development of
intelligent delivery systems that respond to specific stimuli,
such as pH level, temperature, and redox potential.*28
Among these are pH-responsive LPNPs, because the pH in
inflammatory tissues (pH ~6.5), endosomes (pH ~5-6), and
lysosomes (pH ~4-5) is significantly lower than that in blood
circulation (pH ~7.4).23 Poly(cyclohexane-1,4-diylacetone
dimethylene ketal) (PCADK), a polyketal, is a promising
material for constructing such drug carriers for inflammatory
diseases and cancer, owing to its neutral degradation products
and acid sensitivity.*'**

Herein, we report the development of multifunctional
FRB-targeting pH-responsive nanocarriers loaded with Mtx
(Scheme 1). The nanocarriers were composed of poly(lactic-
co-glycolic acid) (PLGA)—polyethylene glycol (PEG)—folic
acid (FA), PCADK, and lipids (FA-PPLNPs). FA-PPLNPs
were evaluated for their physicochemical properties and
macrophage-targeting properties. Their in vivo efficacy
was then evaluated in an adjuvant-induced arthritis (AIA)
rat model.

Materials and methods

Materials

Mtx was purchased from Yuanye Biotechnology (Shanghai,
China). PLGA was purchased from Boehringer Ingelheim
Pharma (Ingelheim am Rhein, Germany). DMEM was pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA).
Lipopolysaccharide (LPS) and polyvinyl alcohol (87%—89%

hydrolyzed, molecular weight [MW] 13,000-23,000 Da)
were purchased from Sigma-Aldrich (St Louis, MO, USA).
fetal bovine serum (FBS) and RAW264.7 cells were obtained
from Procell Biological Technology (Wuhan, China). 4’,6-
diamidino-2-phenylindole (DAPI) was obtained from Beyo-
time Institute of Biotechnology (Haimen, China). Rhodamine
B was obtained from Sinopharm Chemical Reagent (Shanghai,
China). Acetonitrile was purchased from Thermo Fisher Scien-
tific. MTT was obtained from Yuanye Biotechnology. Enzyme-
linked immunosorbent assay (ELISA) kits for TNFo. and IL6
were obtained from Elabscience Biotechnology (Wuhan,
China). Complete Freund’s adjuvant was obtained from
Chondrex (Redmond, WA, USA). All chemicals used were of
analytical grade and used without further purification.

Preparation of LPNPs

PCADK and FA-PEG-PLGA were synthesized as described
previously.*® Mtx-loaded FA-PPLNPs (FA-PPLNPs/Mtx)
were prepared using modified emulsion—solvent evapora-
tion. Briefly, PLGA, folate-PLGA-PEG, PCADK, and lipid
were dissolved in 4 mL dichloromethane acetone solvent
(1:1, v:v). Then, 5 mg Mtx was dissolved in the organic phase
under sonication. The obtained organic phase containing Mtx
was added slowly to 8 mL of 1% (w:v) polyvinyl alcohol
(MW 30,000-70,000 Da, Sigma-Aldrich), and emulsified for
3 minutes by sonication in an ice bath at 100 W. The result-
ing emulsion was then added to 15 mL deionized water and
evaporated under magnetic stirring at room temperature for
4 hours. The LPNPs obtained were pelleted by centrifugation
(18,000 rpm, 15 minutes, 4°C) and washed three times with
30 mL deionized water. Rhodamine B-loaded LPNPs for
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cell-uptake studies were prepared by the same method, except
for replacing Mtx with rhodamine B. The resulting LPNPs
were lyophilized for 24 hours and kept at 4°C until use. In the
formulation design, polymer:lipid (w:w), PLGA:PCADK
(w:w), and PLGA:FA-PEG-PLGA (w:w) were optimized
to obtain the smallest particle size.

Characterization of LPNPs

The size and polydispersity index (PDI) of LPNPs were
examined at 25°C by dynamic light scattering (DLS) using
a Zetasizer Nano ZS90 from Malvern Instruments (Malvern,
UK). Prior to measurement, LPNPs were reconstituted in
deionized water at a concentration of 1 mg/mL and sonicated
for 30 seconds.

Drug loading (DL) was determined by high-performance
liquid chromatography (HPLC). Briefly, 2 mg LPNPs were
dissolved in 200 pL dichloromethane. Then, 1 mL phosphate
buffer solution (PBS) (0.1 M, pH 7.4) was added to extract
the encapsulated Mtx. After centrifugation at 8,000 rpm
for 10 minutes, the supernatant was collected and analyzed
by HPLC. The HPLC system was equipped with Breeze
software, a Waters 2,707 autosampler, a Waters 1,525
binary HPLC pump, and a Waters 2,487 ultraviolet-visible
detector set at 302 nm. The sample was run on an Extend
C,, column (4.6x250 mm, 5 um) from Agilent Technolo-
gies (Santa Clara, CA, USA). The mobile phase consisted
of 2% Na,HPO4, 7% citric acid, and acetonitrile at a ratio
0f 80:10:10 (v:v:v). Flow rate and temperature were set at
I mL/min and 27°C, respectively. Injection volume was
20 puL. DL and encapsulation efficiency (EE) were calcu-
lated thus:

Amount of drug encapsulated in LPNPs

DL (%) = % 100%

Amount of nanoparticles

Actual drug loading

EE (%) = x 100%

Theoretical drug loading

The average number of FA-PPLNPs/Mtx/mL of the
nanosuspension (N) was determined using the equation:

_ 6Wx107
n(Dx107) x p

where W was the FA-PPLNP/Mtx concentration (mg/uL),
D the particle diameter of FA-PPLNPs/Mtx, and p the FA-
PPLNPs/Mtx density (weight per volume unit, estimated to
be 0.82 g/cm? based on the density of the mixture of polymer
and lipid).

The average number of folate molecules conjugated per
milliliter in the same NP suspension (M) was calculated as:

_ KxWx107?x6.02x10%
MW

M

where K was the ratio of FA-PLGA-PEG in FA-PPLNPs/
Mtx (w:w, 13.5:50) and MW the MW of folate-PLGA-PEG.
The average number of folate molecules conjugated per FA-
PPLNPs/Mtx (surface density, P) was calculated as M/N.
The distance (d) between two adjacent folate molecules was
calculated with the following equation:

Vs
o)
P

FA-PPLNPs/Mtx were imaged by field-emission scan-
ning electron microscopy on a JSM-6700F from JEOL
(Tokyo, Japan). Briefly, FA-PPLNPs/Mtx suspension in
water (1 mg/mL) was dropped on a silicon wafer and air-
dried at room temperature. Then, samples were imaged using
field-emission scanning electron microscopy at an accelerat-
ing voltage of 300 kV.

Stability of LPNPs

Lyophilized FA-PPLNPs/Mtx were suspended in deionized
water, PBS (pH 7.4), and PBS with 10% FBS. LPNPs in dif-
ferent media were incubated at 37°C and 4°C. LPNP sizes
and PDI were measured using DLS at predetermined time
points to evaluate the stability of LPNPs.

Hemolysis tests

The hemocompatibility of FA-PPLNPs/Mtx and Mtx were
analyzed as described previously.?*3” Because the LPNPs
were designed for intravenous injection, hemolysis analysis
was used to determine their hemocompatibility. A fresh
blood sample was drawn from the orbital sinus of a rat.
Subsequently, red blood cells (RBCs) were isolated by
centrifugation at 1,400x g for 15 minutes at 25°C. RBCs
were washed with normal saline three times, followed by
dilution to 2% (v:v). FA-PPLNPs/Mtx and Mtx were added
to 2% RBCs in sterilized centrifuge tubes at different con-
centrations. The tubes were then incubated in a water bath at
37°C for 3 hours. Normal saline and 1% Triton X-100 were
selected as the negative and positive controls, respectively.
Further, RBC suspensions were centrifuged at 1,400x g
for 15 minutes and supernatants collected. Aliquots of the
supernatants (100 uL) were added to a 96-well plate and
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further incubated for 30 minutes at room temperature. Free
hemoglobin released from RBCs was determined at 540 nm.
The hemolysis ratio was calculated thus:

sample negative control

Hemolysis ratio (%) =

positive control negative control

where A A

sample’

bance of samples, negative controls and positive controls,

represent absor-

negative control’ ositive control
g p

respectively.

In vitro release

Dialysis was performed to study the release kinetics of
Mtx from the LPNPs. In brief, free Mtx (500 pg) or LPNPs
(corresponding to 500 pg Mtx) were suspended in 2 mL dis-
solution medium (PBS pH 7.4 or 5) and sealed in dialysis
bags with an MW cutoff of 10 kDa. The dialysis bags were
then immersed in 10 mL PBS (pH 7.4 or 5) and incubated
at 37°C in a shaker at 120 rpm. Concentrations of released
Mtx were measured at predetermined time points by HPLC,
as described earlier.

Cell cultures
RAW246.7 cells were cultured in DMEM containing 10%
FBS at 37°C in a humidified atmosphere of 5% CO,.

Cell-uptake studies

RAW246.7 cells were seeded in a 12-well plate at a density
of 2x103 cells per well and activated with 1 pg/mL LPS for
48 hours.* Then, the medium was removed and replaced with
an equal volume of growth medium containing rhodamine
B-labeled LPNPs. The plate was incubated for an additional
2 hours. Then, cells were washed gently three times with
PBS (0.01 M, pH 7.4) to remove residual LPNPs and fixed
with 4% (w:v) formaldehyde in PBS for 20 minutes at room
temperature. Subsequently, cellular nuclei were stained with
DAPI (blue). Uptake of LPNPs by activated RAW264.7 cells
was visualized using an LSM710 from Carl Zeiss Meditec
(Jena, Germany).

Cytotoxicity assays

For cytotoxicity measurements, RAW246.7 cells were
activated with 1 pg/mL LPS for 48 hours, seeded into a
96-well plate at a density of 10* cells per well, and incu-
bated overnight. Then, the medium was replaced with
medium containing various LPNPs or free Mtx at a series
of Mtx concentrations. Then, cells were incubated for
another 48 hours. Subsequently, 20 UL of MTT solution

(5 mg/mL) was added and cells incubated for an additional
4 hours. Finally, the medium was discarded and formazan
crystals formed from MTT conversion were dissolved with
150 uL dimethyl sulfoxide. Cell viability was determined by
measuring absorbance at 490 nm on a plate reader. Relative
cell viability was calculated thus:

. le  * *blank
Cell viability = e =
negative control M plank
where A A represent absorbance of

sample’

samples, blank, and negative control, respectively.

negative control

Establishment of a rat model of adjuvant-

induced arthritis

Male Sprague Dawley rats were obtained from the experi-
mental animal center of Jilin University, China. Animal
experimental procedures were approved by the Experimental
Animal Ethics Committee at the School of Life Sciences,
Jilin University. All experiments on animals were performed
according to Guidelines on Humane Treatment of Lab
Animals, Jilin University (published in 2009). To generate
the AIA rat model, 0.05 mL complete Freund’s adjuvant was
intradermally injected into the right footpad (day 0).

In vivo RA therapy and histological
analysis

AIA rat models for therapy and histological analysis were
established by the protocol described in the preceding section.
On day 14 after induction, all rats were randomly divided into
five groups consisting of five animals in each group: group 1,
untreated AIA rats; group 2, normal control rats; groups 35,
AIA rats treated with 0.5 mL Mtx solution, PPLNPs/Mtx,
or FA-PPLNPs/Mtx in saline at an Mtx equivalent dose of
257 ug/kg body weight, every 2 days, intravenously. Rat
paws were monitored and graded for severity: 0= normal,
1=slight swelling and confined erythema, 2= slight swelling
and extended erythema, 3= moderate swelling and extended
erythema, and 4= severe swelling and widespread erythema.
After the final treatment, the thickness of the hind paws was
also measured with a Vernier caliper. Subsequently, radio-
logical examination was performed on affected paws with
a Kodak FX Pro in vivo imaging system.

On day 19 after AIA induction, all rats were euthanized.
For histological analysis, ankle joints were dissected and
fixed in 10% (v:v) neutral formalin buffer for 24 hours
and then decalcified in 10% (w:v) EDTA solution for three
weeks at 37°C. Subsequently, ankle joints were embedded
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in paraffin and sectioned (5 mm). Sections were stained with
H&E and imaged on an Olympus microscope.

Biochemical analysis in serum

On day 19 after induction, rats were euthanized and serum
samples collected. Serum levels of tumor necrosis factor (TNF)
o and interleukin (IL)6 were determined using the ELISA kit
from Elabscience Biotechnology following the manufacturer’s
instructions.

Statistical analysis

Data are expressed as mean + SD. Statistical analysis of
group differences was performed using one-way analysis of
variance. P<<0.05 was considered statistically significant.

Results and discussion
Preparation of LPNPs

We have previously demonstrated that drug delivery systems
based on PCADK have pH sensitivity.*® However, LPNPs
and microspheres made of PCADK have rough surfaces and
suboptimal drug-release behavior. Here, we used PLGA and
PCADK to form polymeric cores of the LPNPs. Lipids were
used to form a monolayer, acting as a shell. In addition, the
LPNPs were PEGylated. Folate was covalently conjugated
to PLGA via a PEG linker for targeting of FRB-expressing
activated macrophages. Several factors, including the
polymer:lipid ratio (w:w), PLGA:PCADK ratio (w:w), and
FA-PEG-PLGA:PLGA ratio (w:w), were investigated to
obtain the smallest particle size. The particle size and PDI of
different formulations are shown in Table 1. With decrease in
polymer:lipid ratio from 10:0 to 5:5, particle size decreased
significantly. Batch 3, which had the smallest particle size and

PDI (156.5+4.94 nm, 0.138%0.028), was selected for further
optimization. When the PLGA:PCADK ratio was decreased
from 10:0 to 2:8, particle size changed from 148.8 nm to
183.5 nm and PDI changed from 0.138 to 0.414. When the
PLGA:PCADK ratio was 5:5, LPNPs showed the smallest
size and PDI (148.8 nm, 0.256). Finally, we partially replaced
PLGA with FA-PEG-PLGA. Particle size decreased sharply
with increased FA-PEG-PLGA:PLGA ratio. Based on these
results, batch 14, in which the Mtx-loaded LPNPs were based
on FA-PEG-PLGA, PCADK, and lipids (FA-PPLNPs/Mtx),
was selected for evaluation in subsequent studies. LPNPs of
batches 1, 3, and 7 were PNPs/Mtx, LPNPs/Mtx and PPLNPs/
Mtx, respectively.

Characterization of LPNPs
As shown in Figure 1A, FA-PPLNPs/Mtx exhibited an
average diameter of 133.6 nm and a narrow size distribution.
FA-PPLNPs/Mtx were imaged by scanning electron micros-
copy (SEM). As shown in Figure 1C, LPNPs were relatively
uniform in size and spherical. LPNP diameter determined
by SEM (80-120 nm) was smaller than that determined by
DLS (133.6 nm). This discrepancy could have been due to
the fact that DLS was performed on LPNPs in deionized
water, while SEM was on dehydrated LPNPs. The sizes of
various LPNPs examined by DLS are shown in Figure 1D.
The diameter of FA-PPLNPs was 133.6 nm, which was
smaller than PNPs/Mtx (208.5 nm), LPNPs/Mtx (156.5 nm),
and PPLNPs/Mtx (148.8 nm). Mtx was incorporated into
FA-PPLNPs with DL of 2.35%.

The surface density of folate on FA-PPLNPs/Mtx was
high. The distance between two neighboring folate molecules
was 2.7 nm. This indicates that FA-PPLNPs/Mtx possessed

Table I Composition and characteristics of lipid—polymer nanoparticles

Batch Polymer:lipid (w:w) PLGA:PCADK (w:w) FA-PEG-PLGA:PLGA (w:w) Size (nm) PDI

| 10:0 10:00 0:10 208.5+0.95 0.139+0.012
2 8:2 0:10 179+3.66 0.129+0.019
3 6:4 0:10 156.5+4.94 0.138+0.028
4 5:5 0:10 153.5+1.04 0.155+0.022
5 6:4 8:2 0:10 173.943.45 0.256+0.03
6 6:4 0:10 165.6+1.83 0.209+0.017
7 5:5 0:10 148.8+3.31 0.256+0.014
8 4:6 0:10 167.6+17.89 0.414+0.049
9 2:8 0:10 183.50+2.99 0.367+0.054
10 6:4 5:5 2:8 156.2+1.75 0.325+0.015
I 4:6 150.1+2.5 0.26510.012
12 6:4 146.7+4.49 0.254+0.01
13 8:2 138.7£1.31 0.167+0.006
14 10:0 133.6+5.07 0.17340.021

Note: Data are expressed as mean + standard deviation.

Abbreviations: PLGA, poly(lactic-co-glycolic acid); PCADK, poly(cyclohexane-1,4-diylacetone dimethylene ketal); FA, folic acid; PEG, polyethylene glycol; PDI, polydispersity index.
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Figure | Characteristics of lipid—polymer NPs.

Notes: (A) Size distribution of FA-PPLNPs/Mtx based on DLS; (B) FA-PPLNPs/Mtx nanosuspension; (C) SEM images of FA-PPLNPs/Mtx; (D) hydrodynamic diameters of

various NPs. Values are mean * SD (n=3).

Abbreviations: NPs, nanoparticles; FA-PPLNPs/Mtx, methotrexate-loaded folic acid—polyethylene glycol—poly(lactic-co-glycolic acid)—poly(cyclohexane-|,4-diylacetone
dimethylene ketal)-lipid NPs; DLS, dynamic light scattering; SEM, scanning electron microscopy; PNPs, poly(lactic-co-glycolic acid)-NPs; PLNPs, poly(lactic-co-glycolic acid)—

lipid NPs.

abundant folate molecules on their surface, which should
endow the LPNPs with high affinity for FRP on activated
macrophages.

Stability of LPNPs

To determine their stability, lyophilized LPNPs were resus-
pended in different media. As shown in Figure 2A and B,
particle size and PDI did not change significantly in any
media evaluated from days 0 to 5 at 4°C. From day 6 to
day 7, particle size and PDI increased significantly in PBS
with 10% FBS, which suggests particle aggregation. None-
theless, these data support storage of LPNPs at 4°C in the
absence of serum. Figure 2C and D show stability results
of LPNPs in various media at 37°C. The size and PDI of
LPNPs remained unchanged in all tested media during the
first 2 days. From days 3 to 7, there was a sharp increase in
size and PDI. These results showed that LPNPs were stable
under physical temperature for 2 days. The LPNPs are likely
stable in vivo, since they were likely fully distributed within
the first 2 days after administration.

Hemolysis tests
Hemolysis tests were carried out to evaluate biocompatibility
of'the LPNPs. As shown in Figure 3, there was no significant

hemolysis (<1%) when the concentration of Mtx increased
from 1.56 to 100 ug/mL. This suggests that both FA-PPLNPs/
Mtx and free Mtx possessed good biocompatibility upon
intravenous administration.

In vitro release

The in vitro release profile of Mtx from FA-PPLNPs/Mtx was
obtained in PBS at pH 7.4 and 5. As shown in Figure 4, there
was burst release of Mtx from FA-PPLNPs/Mtx within the
first hour, during which 14% and 35% of Mtx was released
at pH 7.4 and 5, respectively. The burst release of Mtx from
FA-PPLNPs/Mtx at pH 7.4 might have been caused by drug
embedded in the surface or outer layer of the LPNPs. How-
ever, the burst release of Mtx at pH 5 was much greater, and
indicates accelerated degradation of LPNPs at an acidic pH.
In the following 5 hours (1-6 hours), the drug-release rate
from FA-PPLNPs/Mtx was relatively constant. Approxi-
mately 35% and 62% of Mtx was released at pH 7.4 and 5,
respectively. At pH 7.4, Mtx released from FA-PPLNPs/
Mtx (64%) was significantly less than at pH 5 (81%). These
results indicated high pH dependence for Mtx release from
FA-PPLNPs/Mtx. Once FA-PPLNPs/Mtx reached an acidic
environment, most of the encapsulated Mtx was released
within a relatively short time.

submit your manuscript

6740

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Mtx LPNPs for rheumatoid arthritis

Diameter (nm)
3

[&)]
o
1

o4 - - - - - -
1 2 3 4 5 6 7
Time (days)
C 1,000
— 800 4
g
c
T 600
(]
g
[]
£ 400
0
Q 20
0 -

1 2 3 4 5 6 7
Time (days)

B 05-
0.4

0.3 1

0.2 4
0.1 1
0 - L

1 2 3 4 5 6
Time (days)

PDI

D 06-

7
0.4 1
0.2 1
0 B | | L
7

1 2 3 4 5 6
Time (days)

PDI

| [ Deionized water [ PBS of pH 7.4 [ PBS with 10% FBS |

Figure 2 Colloidal stability of FA-PPLNPs/Mtx in different media.
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Cell-uptake studies

FRp has been shown to be overexpressed on activated
macrophages. Activated macrophages are involved in
inflammatory diseases, including RA, lupus, inflammatory
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Figure 3 Hemolysis induction by lipid—polymer NP formulations.

osteoarthritis, and cancer. FA on the surface of LPNPs
enables targeting of FRP on inflammatory macrophages.
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Figure 4 In vitro Mtx-release profiles from FA-PPLNPs/Mtx in PBS at pH 5 and
pH 7.4 at 37°C. Values are mean * SD (n=3).

Abbreviation: FA-PPLNPs/Mtx, methotrexate-loaded folic acid—polyethylene
glycol—poly(lactic-co-glycolic acid)—poly(cyclohexane-|,4-diylacetone dimethylene
ketal)—lipid nanoparticles; PBS, phosphate buffer solution.

negative control. As shown in Figure 5, the fluorescence
intensity of rhodamine B in activated macrophages treated
with FA-PPLNPs was markedly stronger than in the other
three groups. The fluorescence intensity of rhodamine in non-
activated macrophages treated with PPLNPs and FA-PPLNPs
were barely detectable. These results indicated that LPS
activation enhanced LPN uptake and FA actively targeted
the FRs on the surface of activated macrophages.

LPS-

Cytotoxicity assays

In vitro cytotoxicity of free Mtx, PPLNPs/Mtx, FA-
PPLNPs/Mtx was measured using MTT assay. As shown
in Figure 6A and B, blank FA-PPLNPs and blank PPLNPs
had no significant cytotoxicity to activated RAW264.7
cells. Both the LPNP formulations and free Mtx displayed
concentration-dependent cytotoxicity. PPLNPs and free Mtx
exhibited similar cytotoxicity. However, the cytotoxicity
of FA-PPLNPs/Mtx was significantly greater than that of
PPLNPs/Mtx and free Mtx. The IC,  values of free Mtx,
PPLNPs/Mtx, and FA-PPLNPs/Mtx were 0.0555, 0.0579,
and 0.0159 pug/mL, respectively. The superior cytotoxicity
of FA-PPLNPs/Mtx was likely caused by the active target-
ing of FRP on the activated macrophages, consistent with
the results of cellular uptake.

In vivo RA therapy

On day 14 after induction, RA was fully developed in the
AIA rat model. Anti-inflammatory effects of the prepared
LPNPs and free Mtx on the AIA rats were investigated by
three methods: photographs of hind paws, measurement of
paw thickness, and clinical scores of hind paws. As shown in
Figure 7A, after the first treatment on day 14, clinical scores
in all three groups decreased significantly. Rats treated with
FA-PPLNPs/Mtx exhibited lower scores than rats treated

LPS*

PPLNPs FA-PPLNPs

DAPI

Rhodamine B

Figure 5 Cellular uptake of fluorescence-labeled lipid—polymer NPs.

PPLNPs

FA-PPLNPs

Note: CLSM images show intracellular uptake of rhodamine B-labeled PPLNPs and FA-PPLNPs by RAW?264.7 cells after activation by LPS (LPS*) or not treated with

LPS (LPS).

Abbreviations: CLSM, confocal laser-scanning microscopy; FA-PPLNPs, folic acid—polyethylene glycol-poly(lactic-co-glycolic acid)—poly(cyclohexane-1,4-diylacetone
dimethylene ketone)-lipid nanoparticles; LPS, lipopolysaccharide; NPs, nanoparticles; DAPI, 4’,6-diamidino-2-phenylindole.
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Figure 6 Cytotoxicity of lipid—polymer NPs.
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are mean + SD (n=6).

Abbreviation: FA-PPLNPs/Mtx, methotrexate-loaded folic acid—polyethylene glycol-poly(lactic-co-glycolic acid)—poly(cyclohexane-1,4-diylacetone dimethylene ketal)-lipid

nanoparticles; LPS, lipopolysaccharide.

with PPLNPs/Mtx or free Mtx. However, after the second
and third treatments, there were striking differences between
the AIA rats treated with FA-PPLNPs/Mtx and those treated
with PPLNPs/Mtx or free Mtx. On day 19, the average clini-
cal score of the FA-PPLNPs/Mtx-treated group was reduced

to 0.6, which was almost the same as the normal rats treated
with saline.

All the rats tested were measured for paw thickness.
In Figure 7B, remarkable difference in paw thickness was
found between the FA-PPLNPs/Mtx-treated group and the
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o 41 B
o £
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0 5 10 tist t 20 FA- PPLNPs/ Mitx Normal  AIA
Days after immunization PPWXPS/ Mix
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C FA-PPLNPs/Mtx PPLNPs/Mtx Normal

Figure 7 Therapeutic efficacy of FA-PPLNPs/Mtx, PPLNPs/Mtx, and free Mtx in AlA rats.

Notes: (A) Clinical scores of rheumatoid arthritis as a function of days after induction (arrows, FA-PPLNPs/Mtx, PPLNPs/Mtx, free Mtx, or saline); (B) paw thickness after
all treatments, measured with caliper; (C) AlA rat paws from the different groups. Values are mean + SD (n=5, **P<<0.01).

Abbreviations: FA-PPLNPs/Mtx, methotrexate-loaded folic acid—polyethylene glycol-poly(lactic-co-glycolic acid)—poly(cyclohexane-1,4-diylacetone dimethylene ketal)-lipid
nanoparticles; AlA, adjuvant-induced arthritis.
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Figure 8 (A) Hind paws of AlA rats imaged by X-ray; (B) histological examination in ankle joints of normal rats and AlA rats treated with various formulations.
Abbreviations: AlA, adjuvant-induced arthritis; FA-PPLNPs/Mtx, methotrexate-loaded folic acid—polyethylene glycol-poly(lactic-co-glycolic acid)—poly(cyclohexane-

|,4-diylacetone dimethylene ketal)—lipid nanoparticles.

other two groups (P<<0.01 vs PPLNPs/Mtx, P<<0.001 vs free
Mtx). Paw thickness of rats treated with PPLNPs (6.18 mm)
was similar to that of normal rats (6.45 mm). Figure 7C shows
hind-paw images of all groups. Compared to normal rats
treated with saline, paw swelling and erythema was seen in
the free-Mtx solution-treated group and PPLNPs/Mtx-treated
group. As for the FA-PPLNPs/Mtx-treated group, there was
no visible paw swelling or erythema in the paws. These results
indicate that FA-PPLNPs/Mtx could be a potent formulation
in the treatment of RA. This may be due to FRJ targeting and
the pH responsiveness of FA-PPLNPs/Mtx. Consistent with
these results, radiography of the joints of AIA rats treated
with FA-PPLNPs/Mtx revealed reduced bone destruction
(Figure 8A).
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Figure 9 Serum concentrations.

Histological evaluation

Histological evaluation was performed on ankle joints.
As expected, AIA rats treated with saline showed serious bone
erosion, cartilage destruction, and synovial hyperplasia. Mean-
while, extensive histopathology made it difficult to identify
joint space. In contrast, AIA rats treated with FA-PPLNPs/Mtx
showed smooth articulation of the cartilage surface, negligible
bone erosion, and synovial hyperplasia (Figure 8B).

Biochemical analysis in serum

In RA, levels of proinflammatory cytokines secreted by
macrophages are associated with disease progression. These
include TNFo and 1L6.%° Levels of TNFa and IL6 in serum
were measured by ELISA. As shown in Figure 9, AIA rats
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Notes: TNFo. (A) and IL6é (B) from normal rats and AIA rats treated with Mtx solution, PPLNPs/Mtx, and FA-PPLNPs/Mtx. Values are mean + SD (n=3, **P<0.01,

***p<0.001).

Abbreviations: AlA, adjuvant-induced arthritis; FA-PPLNPs/Mtx, methotrexate-loaded folic acid—polyethylene glycol-poly(lactic-co-glycolic acid)—poly(cyclohexane-1I,
4-diylacetone dimethylene ketal)-lipid nanoparticles; IL, interleukin; TNFa, tumor necrosis factor o.
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treated with saline exhibited elevated levels of TNFo and
IL6. However, in the three groups individually treated with
FA-PPLNPs/Mtx, PPLNPs/Mtx, and free Mtx, TNFo and
IL6 levels decreased to different degrees.

Conclusion

FRP-targeting and pH-responsive FA-PPLNPs/Mtx were
developed for the treatment of RA. These had small particles
with narrow distribution. In vitro release studies indicated
FA-PPLNPs/Mtx exhibited excellent pH-responsiveness
with accelerated drug release at acidic pH. Cellular uptake
and cytotoxicity assays implied that FA on the surface of
FA-PPLNPs/Mtx bound to FR on activated macrophages,
which resulted in greater inhibition of cell proliferation.
Importantly, the results of in vivo therapy and histological
analysis showed that treatment with FA-PPLNPs/Mtx signifi-
cantly reduced the progression of RA in AIA rats. Together,
these results indicate that FA-PPLNPs/Mtx is a promising
novel therapeutic for the treatment of RA.
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