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Abstract: Methotrexate (MTX) is an anchor drug for the treatment of rheumatoid arthritis (RA);
however, long-term and high-dose usage of MTX for patients can cause many side effects and toxic
reactions. To address these difficulties, selectively delivering MTX to the inflammatory site of a
joint is promising in the treatment of RA. In this study, we prepared MTX-PEI@HA nanoparticles
(NPs), composed of hyaluronic acid (HA) as the hydrophilic negative electrical shell, and MTX-linked
branched polyethyleneimine (MTX-PEI) NPs as the core. MTX-PEI@HA NPs were prepared in the
water phase by a one-pot method. The polymeric NPs were selectively internalized via CD44 receptor-
mediated endocytosis in the activated macrophages. In the in vivo mice mode study, treatment with
MTX-PEI@HA NPs mitigated inflammatory arthritis with notable safety at a high dose of MTX. We
highlight the distinct advantages of aqueous-synthesized NPs coated with HA for arthritis-selective
targeted delivery, thus verifying MTX-PEI@HA NPs as a promising MTX-based nanoplatform for
treatment of RA.
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1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic
synovial joint inflammation, which can cause disability and poor quality of life [1,2]. Al-
though the pathogenesis of RA remains uncertain, activated macrophages have been found
to be the most prominent cells in the arthritis tissue of patients with RA and are considered
as the main cause of articular inflammation and joint damage pathogenesis [3,4]. Therefore,
the targeting of activated macrophages and inflammatory cytokines such as tumor necrosis
factor-α has been regarded as an effective form of RA therapy [5,6]. Disease modifying
anti-rheumatic drugs (DMARDs) are the main method for the symptom relief and radio-
graphic progression control in RA [5,7,8]. There are several DMARDs available for RA
therapy. Since the re-introduction of methotrexate (MTX) in the early 1980 s, MTX has
become the most highly effective, fast-acting, disease modifying anti-rheumatic drug and
is one of the most widely used and the first-line DMARD for the treatment of RA [9–11].
However, long-term treatment with MTX is routinely associated with a gradual decrease in
drug efficiency which could point to the onset of drug resistance. Increasing dosage and
administration frequency could regain therapeutic efficacy, but this approach is hindered
by the significantly increased adverse effects, such as myelosuppression, dysfunction of the
liver, rash and so forth [12–14]. In fact, clinical studies have demonstrated that maintaining
low plasma concentration of MTX is beneficial to controlling RA inflammation and improv-
ing bioavailability. It has inspired us to develop the sustained-release preparation of MTX,
which may have advantages over increasing dosage and administration frequency in the
treatment of RA [15,16]. One strategy for achieving the goal is to design a nanoplatform
delivering MTX, which targets the drug to activated macrophages in the inflamed joints of
RA and releases MTX in a slow profile.
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Nowadays, nanotechnology is developing rapidly and its application in biomedical
field is growing fast [17]. In recent years, nanomedicine has shown their inherent superi-
ority in diagnosis and treatment in RA with the merit of stable drug encapsulation, con-
trollable drug release behavior, prolonged drug retention time and lower toxicity [18–20].
Present studies show that the vascular permeability is dramatically improved in the RA
site because of the abnormal vessels and inflammatory cell infiltration. This allows for the
passive accumulation of nanoparticles (NPs) in inflammatory joint tissue through what
we called the “ELVIS” effect (extravasation through leaky vasculature and subsequent
inflammatory cell-mediated sequestration), similar to the EPR (enhanced permeability and
retention) effect observed in solid tumors [21,22]. Moreover, NPs can also actively target
arthritis joints via surface modifications of specific recognition ligands (hyaluronic acid,
folic acid) due to inflammation-associated macrophages (a key cellular target for RA treat-
ment) pathologically overexpressing certain receptors (CD44, folic acid receptor) on the cell
membrane [16,23]. However, the preparation process of nanomedicine delivery systems
is usually complex currently, and organic solvents are commonly needed, which leads to
residual organic solvents inevitably and may cause serious toxic effects in vivo [17,24,25].
Studies have shown that MTX could be loaded via different nanoplatform construction
strategies, such as direct physical encapsulation, coordination and covalent conjugation.
While physical and coordination encapsulation of MTX are simpler than covalent conjuga-
tion in preparation, it is common for drug leakage to occur during in vivo circulation before
NPs reaching the target tissue and cells [18,19]. These challenges hinder the application of
MTX NPs in the treatment of RA [17,26]. Therefore, it is worth trying to design an active
targeting MTX delivery system which is easy to prepare and avoid drug leakage.

Hyaluronic acid (HA), which possesses diverse desirable physicochemical and biological
properties, has been widely applied for drug delivery [27,28]. Extensive researches have
shown that HA-coated NPs can target the RA inflammatory site effectively due to the interac-
tion between HA and CD44 receptors, which is highly expressed in RA joint tissue [29–31].
To effectively deliver MTX to the inflamed joints in RA, here MTX-PEI NPs were fabricated in
the water phase using a facile one-pot method without organic solvent, then coated by HA
via electrostatic interactions. We hypothesized that HA surface of the nanoparticle allows
for specific binding to HA-related receptors (CD44) on activated macrophages, followed by
receptor-mediated endocytosis and intracellular release of MTX (Scheme 1).
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2. Materials and Methods
2.1. Materials, Cells and Animals
2.1.1. Materials

Methanol (high-performance liquid chromatography (HPLC) grade) was obtained
from Tedia Co., Ltd (Fairfield, OH, USA). PVP K30 (44–54 kDa) Methotrexate (MTX),
Hyaluronic acid (HA, MW = 12–25 kDa), 5-carboxyfluorescein (5-FAM) were obtained
from Shanghai Yuanye Biotechnology Co., Ltd (Shanghai, China). Lipopolysaccharide
(LPS) was purchased from Biosharp Co., Ltd (Beijing, China). Bovine type II collagen was
purchased from Chondrex (Washington, DC, USA). Polyethyleneimine (PEI, MW = 25 kDa),
1-hydroxybenzotriazole (HOBt), 1-ethyl-3/3-dimethyl aminopropyl carbodiimide (EDC),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), complete Freund's
adjuvant and incomplete Freund's adjuvant were obtained from Sigma-Aldrich Co., Ltd (St.
Louis, MO, USA). Phosphate buffered saline (PBS), Dulbecco’s modified Eagle’s medium
(DMEM), penicillin-streptomycin solution, and fetal bovine serum (FBS) were obtained
from Gibco Life Technologies, Inc. (Grand Island, NY, USA).

2.1.2. Cells

The murine macrophage cell line (RAW264.7) was purchased from Xiangya cell center
(Changsha, China). The cells were cultivated in DMEM medium supplemented with 1%
penicillin (50 U/mL), 10% FBS and streptomycin (50 U/mL) in a 5% CO2 atmosphere at
37 ◦C.

2.1.3. Animals

DBA/1J male mice (20 ± 2 g) aged 7–8 weeks old were obtained from Cavens animal
Co., Ltd. (Changzhou, China), and kept in a pathogen-free environment and provided
with sufficient food and water. All animal experiments were performed following the
requirements the National Act on the Use of Experimental Animals (People’s Republic
of China) and were permitted by the Experimental Animal Ethics Committee of Central
South University.

2.2. Methods
2.2.1. Preparation of Hyaluronic Acid Methotrexate-Linked Branched Polyethyleneimine
(MTX-PEI@HA) Nanoparticles (NPs)

We added 5mL of 0.5% PEI aqueous solution quickly to 5 mL of 2 mM MTX HEPEs
buffers (Ph = 7.4), and then stirred it quickly. Then, 100 mg PVP K30, 3.83 mg EDC, 1.35 mg
HOBt were added rapidly and stirred for 12 h. The reaction solution was processed by a
15 min, 20,000 rpm centrifugation in a centrifuge and the precipitated was washed by ultra-
pure water three times. The MTX-PEI NPs obtained were quickly dispersed in 1 mg/mL
HA solution and stirred for 4 h, then centrifuged to obtain MTX-PEI@HA NPs and washed
away the residual HA with ultrapure water at last.

2.2.2. Characterization of MTX-PEI@HA

Particle size and zeta potential of MTX-PEI and MTX-PEI@HA were determined by
dynamic light scattering (DLS) analysis using Malvern Zeta Sizer Nano series (Nano ZS,
Malvern instruments, Malvern, UK). The morphologies were observed by using trans-
mission electron microscopy (TEM) (Titan G2-F20, FEI, Hillsboro, OR, USA). HPLC was
performed to determine the amount of MTX loaded within the NPs. Loading efficiency of
MTX/PEI and MTX-PEI were determined using the equation: loading efficiency (%) = (the
amount of drug loaded)/(amount of drug before loading) × 100%.

2.2.3. In Vitro Drug Release Profile

The in vitro release behavior of MTX from MTX-PEI was studied by the centrifugation
method. Briefly, MTX-PEI was mixed with PBS (pH 7.4, 10 mM) placed in a thermostatic
shaker (100 rpm, 37 °C). At pre-designated time intervals (0.5, 1, 2, 4, 8, 12, 24, 48 h),



Crystals 2021, 11, 321 4 of 14

0.5 mL of dissolution medium was taken out and centrifuged at 20,000× g for 15 min. The
supernatant was analyzed by the HPLC. The chromatographic conditions were as follows:
Diamonsil C18 column (250 mm × 4.6 mm, 5 µm) with the temperature of 35 °C, methanol–
PBS (0.02 M, pH 6.5) = 20:80 (v/v) as mobile phase with the flow rate of 1 mL/min. The
ultraviolet (UV) detection was performed at 302 nm.

2.2.4. Real-Time Polymerase Chain Reaction (RT-PCR) Detection

The RAW264.7 cells were seeded onto 6-well plates at density of 2 × 105 cells per well
and cultured for 48 h in the absence or presence of lipopolysaccharide (LPS, 10 µg/mL).
After 48 h, the cells were collected and total RNA was extracted by using TRIzol reagent.
The levels of mRNAs (including iNOS, TNF-α, IL-1β and IL-6) were detected by real-time
polymerase chain reaction (RT-PCR, CFX-Connect, BIO-RAD, Hercules, CA, USA). Primer
sequences were designed by soft of primer 5.0 (Table 1).

Table 1. Primer sequences used for real-time polymerase chain reaction (PCR).

Gene Forward Primer (5′ to 3′) Reverse Primer (5′ to 3′)

IL-1β ATGAAGGGCTGCTTCCAAAC TCTCCACAGCCACAATGAGT
IL-6 GGAGCCCACCAAGAACGATA ACCAGCATCAGTCCCAAGAA

TNF-α CTCATGCACCACCATCAAGG ACCTGACCACTCTCCCTTTG
iNOS CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG

2.2.5. Cellular Uptake Study

The RAW264.7 cells were seeded onto 24-well plates at density of 4× 104 cells per well,
and incubated with or without LPS (10 µg/mL) for 48 h. Next, the cells were incubated
with 5-FAM-labelled NPs for 4 h. Then, residual nanoparticles in the culture medium
were removed via washing three times with PBS (pH 7.4). The cells were fixed with 4%
paraformaldehyde for 20 min and incubated with DAPI (4′,6-diamidino-2-phenylindole)
solution (10 µg/mL) for 10 min to stain nucleus. NPs internalization was evaluated via
using fluorescent microscopy. The cells were seeded onto 6-well plates at density of 2 × 105
cells per well, and the same treatments were carried out as described above to quantify the
internalization. The cells were collected and the fluorescence intensity was evaluated via
using flow cytometry (FACSVerse, BD, Lake Franklin, NJ, USA) after washing in triplet
with PBS (pH 7.4). To further study the uptake mechanism, the cells were pretreated with
5 mg/mL HA for 1 h before incubating with 5-FAM-labelled NPs.

2.2.6. In Vitro Cytotoxicity Study

RAW264.7 cells were seeded onto 96-well plates at density of 2 × 103 per well and
incubated with LPS (10 µg/mL) to activate the cells for 48 h. The cells were treated with
different formulations (diluted by cell culture medium) for 72 h after removing the medium
and washing twice with PBS. Then, 20 µL of MTT solution (5 mg/mL) was added. 100 µL of
DMSO was added after 4 h incubation, and microplate reader (Infinite M200 PRO, TECAN,
Graz, Austria) was used to detect the absorbance at 490 nm.

2.2.7. Mice Model of Collagen-Induced Arthritis

We established the collagen-induced arthritis (CIA) mice model according to a pre-
vious report [32] First, to prepare two emulsions, incomplete Freund’s Adjuvant (for B
emulsion) or Complete Freund’s Adjuvant (for A emulsion) was mixed with an equal
volume of 2 mg/mL bovine type II collagen for overnight stirring in an ice bath. The mice
were injected subcutaneously at a distance from the base of the tail by using 0.1 mL A
emulsion on day 0. B emulsion was used for a booster injection on day 21. To observe the
arthritis progression, mice were monitored daily.
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2.2.8. Therapeutic Efficacy In Vivo

The CIA mice were divided into 4 groups (n = 5) for tail intravenous injection of saline,
MTX, MTX-PEI or MTX-PEI@HA NPs (5 mg/kg, MTX/body weight). The injection was
started at days 42 after the first immunization, and the mice were treated with different
formulations every two days for 5 times intravenous injection in total. The body weight
and hind paw thickness were measured and recorded every other day. The arthritis scores
of each paw was assessed from 0 to 4 according to the following scale: 0 = no evidence of
erythema or swelling, 1 = erythema and mild swelling, 2 = erythema and mild swelling
extending from the ankle to the tarsals, 3 = erythema and moderate swelling extending
from the ankle to metatarsal joints, and 4 = erythema and severe swelling encompassing
the ankle, foot, and digits or ankylosis of the limb [33]. The maximum total arthritis score
of each mouse was 16. Joint tissues were collected on day 50 after the first immunization.

2.2.9. Histological Analysis

The mice were sacrificed, and spleen, kidney, liver and ankle joints were harvested
and fixed in 4% paraformaldehyde overnight after treatments. We used 10% EDTA solution
to decalcify ankle joints for 40 days. Then, the decalcified joints were embedded in paraffin
and sliced into 4 µm-thick sections. The joints sections were stained with hematoxylin-eosin
(H&E). A light microscope (Model IX71 Olympus, Tokyo, Japan) was used to obtain the
images of sections. The cartilage erosion of ankle joints and histological changes with
synovial inflammation were assessed by HSS (histopathological scores of synovium) [34,35].

2.2.10. Safety Evaluation In Vivo

To evaluate the safety of each formulation, the serum of mice was collected after
treatment, and the levels of aspartate aminotransferase (AST), alanine aminotransferase
(ALT), blood urea nitrogen (BUN) and creatinine (Cre) were measured by using the standard
kits according to the manufacturer’s instructions.

2.2.11. Statistical Analysis

All experimental data were expressed as mean± standard deviation (SD), from at least
triplicate measurements. The statistical significance between two comparative groups were
analyzed by the Student’s t-test, and the differences among multiple groups was tested
by one-way analysis of variance (ANOVA). Significance was assessed by the two-tailed
unpaired Student’s t-test with a value of * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results and Discussion
3.1. Formation of MTX/PEI NPs and Mechanism Understanding of the Interaction between MTX
and PEI

Drug loading via electrostatic interaction is a straightforward method in nanoplatform.
The realization of drug loading via electrostatic force requires adequate electrostatic inter-
action between the carrier and drug molecules with opposite charge properties. Cationic
polymer has been widely studied and used in the field of gene delivery [36]. One of the
most successful and widely studied gene-delivery polymers reported to date is PEI because
of its high density of cations [37]. When MTX is in neutral condition, drug molecules are
negative. Therefore, here, we tried to use cationic polymer PEI as MTX carrier to achieve
high loading and efficient delivery of MTX. In order to explore its possibility, we first
studied the interaction between methotrexate and PEI.

We mixed PEI of different concentration with MTX of 2 mM in equal volume and
found that the mixed solution showed opalescence with the increase of PEI mass concentra-
tion. The mixed solution became clear again with the increase of PEI concentration further
(Figure 1a). DLS size was found to decrease with the concentration of PEI (Figure 1a). The
amount of MTX wrapped by PEI in different concentrations was calculated by determina-
tion of free MTX in supernatant via HPLC. The entrapment efficiency of MTX increased
with the rise of PEI concentration and reached the maximum mean value of 86.3% when
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final PEI concentration was 0.015% (Figure 1b). Furthermore, the particle size was also
suitable under the condition. The encapsulation efficiency of MTX decreased with the
further increase of PEI concentration. Therefore, we choose 0.015% PEI (final concentration)
and 1 mM MTX (final concentration) for further study.

We further explored the interaction mechanism between MTX and PEI. The pre-
cipitation of MTX/PEI was dispersed in urea solution and NaCl solution of different
concentration respectively and incubated for 30 min. Urea is considered to be a good
chemical substance for shielding hydrogen bonding [38]. On the other hand, NaCl solution
can compromise electrostatic interaction effectively [39]. Similarly, the amount of MTX
dissociation from PEI was further calculated by determining the supernatant after cen-
trifugation. We found that the dissociation rate of MTX increased with the rise of urea
concentration (Figure 1c). The dissociation rate of MTX also increased with the rise of
NaCl concentration and reached the maximum mean value of 56.2% at the concentration
of 200 mmol (Figure 1d). These results indicated that hydrogen bond and electrostatic
interaction were the driving forces for MTX/PEI NPs formation, in which electrostatic
force played the key role. Considering that the NPs obtained by electrostatic interaction are
easy to disintegrate under physiological conditions and lead to drug leakage, the chemical
bonding method was used to optimize the preparation based on MTX/PEI NPs.
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of PEI. (c,d) MTX desorption rate increased with urea concentration and NaCl concentration.

3.2. Systematical Characterization of MTX-PEI@HA NPs

The high desorption rate of MTX in NaCl solution indicated that MTX/PEI nanocom-
posites are easy to dissociate under physiological conditions. Therefore, we added EDC
and HOBt to MTX/PEI NPs solution for conjugating the primary amine group of PEI and
carboxyl group of MTX. 1% PVP K30 was added to prevent MTX/PEI nanocomposites
from aggregation immediately. After stirring for 12 h at room temperature, MTX-PEI NPs
were obtained by centrifugal purification. The encapsulation efficiency of methotrexate
was 21.7%. To endow the MTX-PEI NPs with targetability, the particles were further coated
with a layer of HA via electrostatic force, which enables MTX-PEI NPs to recognize the acti-
vated macrophages through the overexpressed CD44 receptor on cell membrane. MTX-PEI
NPs@HA were obtained by using the method mentioned above. Then, after lyophilization,



Crystals 2021, 11, 321 7 of 14

the nanoparticles were weighed and the drug loading of MTX was calculated to be 37.4%.
Next, transmission electron microscopy (TEM) was performed to observe the morphologi-
cal characteristics of different nanoparticles. Compared with MTX-PEI NPs, MTX-PEI@HA
NPs owned different morphological characteristics as observed in TEM images (Figure 2b).
The result also showed that MTX-PEI@HA NPs were spherical. It should be noted that the
core of MTX/PEI@HA NPs formed by electrostatic interaction was relatively loose and
the shape was irregular when compared with MTX-PEI@HA (Figure 2a,b). The particle
sizes of MTX-PEI and MTX-PEI@HA were 160 ± 9 nm and 216 ± 7 nm, respectively. The
increase of particle size indicated the successful coating of HA. The NPs were dispersed in
pure water, and then Zeta potential was measured. Results showed that the HA coating
reversed the zeta potential of MTX-PEI particles from positive (19.4 ± 1.2 mv) to negative
(−15.8 ± 1.5 mv) (Figure 2c,d).

For biological applications, the nano-system should be stable enough under physiolog-
ical conditions for in vivo delivery. Because drug release behavior reflects the stability of
preparation, we study the release kinetics of the MTX. MTX/PEI@HA and MTX-PEI@HA
NPs were immersed in 10 mM PBS (pH 7.2) at 37 ◦C to determine released MTX as a
function of time by the HPLC method (Figure 2e). MTX/PEI@HA NPs showed a biphasic
release pattern of MTX with an initial burst, followed by a sustained release for 48 h. Up to
50% of the MTX in MTX/PEI@HA NPs released in 0.5 h. In contrast, MTX-PEI@HA NPs
showed a sustained release in microscale (2.1%) in 48 h. The results demonstrated the amide
bond between MTX and PEI was stable. Because of this, the preparation (MTX-PEI@HA)
may avoid drug leakage before reaching the target tissue. Therefore, MTX-PEI@HA NPs
were chosen as a final preparation used in further experiments.
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Figure 2. Physicochemical characteristics of MTX NPs. Physicochemical characterization of MTX/PEI NPs (a) and MTX-PEI
NPs (b) with or without HA coating by using transmission electron microscopy and DLS. Scale bar = 1 µm. (c,d) Zeta potential
and size analysis of MTX/PEI, MTX/PEI@HA, MTX-PEI and MTX-PEI@HA NPs in ultrapure water. (e) In vitro release kinetics
of MTX from MTX/PEI@HA NPs and MTX-PEI@HA NPs. All data represent means ± S.D. of three measurements.

3.3. In Vitro Cellular Uptake and Anti-Inflammatory Activity of the MTX-PEI@HA NPs

After systematic characterizations, we next studied the intracellular performances of the
MTX-PEI@HA NPs. The cellular uptake was assessed by using the activated macrophages
because of their crucial role in the RA progression and thus are the main target in therapy. First,
we used LPS to activate macrophages and increase CD44 expression on the cell membrane.
RT-PCR was conducted to observe the establishment of an activated macrophage. The activated
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macrophage markers (iNOs, TNF-α, IL-1β, IL-6) were significantly increased (Figure S1, from
supplementary materials) and these results confirmed the successful induction of activated
macrophage. RAW264.7 macrophages cells were treated with 5-FAM labeled MTX-PEI@HA
NPs (green fluorescence). In these experiments, macrophages were activated with LPS to
induce the upregulation of the CD44 receptor. [40,41] Fluorescence images showed that little
MTX-PEI@HA NPs was internalized into the RAW 264.7 (LPS-) at 37 ◦C. However, much
stronger fluorescence signals were detected in RAW264.7 cells (LPS+) after 4 h incubation with
the NPs (Figure 3a). Interestingly, weak fluorescent signals were observed in the cells pretreated
with the HA to block the CD44 receptor mediating endocytosis. Analysis using flow cytometer
confirmed that the ratio of MTX-PEI@HA NPs delivered into RAW264.7 cells (LPS+) to RAW
264.7 (LPS-) is 2.2 (Figure 3b,c). The results might demonstrate that the NPs can selectively
target activated macrophages via the CD44 receptor-mediated endocytosis pathway.
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We then studied the in vitro anti-inflammatory activity of MTX-PEI@HA NPs via
using MTT assay. Normal macrophages and the activated macrophages were incubated
with MTX-PEI@HA NPs for 72 h. After treatment, both normal macrophages and the
activated macrophages displayed a concentration dependent cytotoxicity (Figure 3d).
Interestingly, we found notably lower cell viability of the activated macrophages at the
MTX concentration of 2.5 and 7.5 µg/L compared with normal macrophages. However,
cell viability was no different at various concentrations in the control group (treated with
free MTX) (Figure 3e). By comparing IC50 (50% inhibiting concentration) values, MTX-
PEI@HA NPs was much more toxic to activated macrophages when compared with normal
macrophages. The results verified that the activated macrophages can selectively uptake
MTX-PEI@HA NPs via CD44 receptors.

3.4. Therapeutic Effect of MTX-PEI@HA NPs on Rheumatoid Arthritis (RA)

Finally, we investigated the therapeutic efficacy of MTX-PEI NPs following the treat-
ment scheme outline (Figure 4a). The CIA mice model was established via subcutaneous
injection of collagen. MTX-PEI@HA NPs was administered to CIA mice via intravenous
injection. The other groups treated with PBS, free MTX, and MTX-PEI as controls via
intravenous injection. The extent of paw swelling was used as a direct indicator of RA.
Thus, paw swelling was observed overtime as an index of arthritis. To evaluate the effi-
cacy, photographs of hind paws were taken before and after the treatments. As shown
in Figure 4b, there was only slight swelling or erythema confined to the peripheral joints
in the group treated with MTX-PEI@HA NPs, whereas the untreated PBS control group
showed severe swelling of entire paw. Compared with the PBS group, MTX and MTX-PEI
groups showed therapeutic effect but lower efficacy than MTX-PEI@HA group. To quantify
this, we measured the thickness of hind paw to further evaluate swelling degree during the
treatment. As shown in Figure 4c, the mean thickness of hind paws continued to decrease
in MTX-PEI@HA group and indicated more pronounced decline trend than other groups
after the first injection. Figure 4d shows the mean hind paw thickness in different groups
two days after the last injection and the value of MTX-PEI@HA group was significantly
lower than that of other groups, indicating a better outcome of CIA mice treated with
MTX-PEI@HA NPs. The clinical score results in each group were consistent with the results
above (Figure 4e,f). The efficacy was concluded to be MTX-PEI@HA NPs > MTX-PEI NPs >
free MTX > PBS.

The therapeutic efficacy was further evaluated by examination of H&E-stained histo-
logical slides of ankle joints. Ankle joint sections from MTX-PEI@HA NPs-treated mice
showed normal cartilage surfaces with a clear interface, while examination of H&E-stained
histological slides of ankle joints revealed extensive pannus formation and severe bone
destruction in PBS group, which translated in the highest histological synovitis score
(HSS > 8.0). Although the mice treated with free MTX showed less extensive cartilage dam-
age, inflammatory cell infiltration and pannus formation were still obvious. Mice injected
with the MTX-PEI@HA NPs group exhibited the lowest HSS values (<5.0) among the treat-
ment groups and revealed minimal pathological features, including synovial hyperplasia,
pannus formation, cartilage destruction, and bone erosion (Figure 4g,h).

We further measured the levels of pro-inflammatory cytokines in joints as another
index to assess the therapeutic efficacy via tissues Western blotting. For the PBS-treated
mice, the cytokines including TNF-α and IL-6 remained at high levels (Figure 4i,j), while
MTX-PEI@HA NPs could reduce the cytokines almost to a normal level, demonstrating
their good anti-inflammation activity. The cytokine levels also significantly decreased
after MTX-PEI NPs and MTX treatment, while the efficacy was much lower. All the
results mentioned above demonstrated that MTX-PEI@HA NPs had advantage over other
formulations and might indicate the superiority for HA-coated MTX-PEI NPs.
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Figure 4. Therapeutic efficacy of MTX-PEI@HA NPs in collagen-induced arthritis (CIA) mice. (a) The overall experimental
timeline for in vivo experiment. (b) Photographs of DBA/1 mice paws treated with different formulations. (c) The severity
of arthritis assessed by measuring hind paw thickness over time (d) The hind paw thickness measured 2 days after the last
injection. (e) Mice were scored according to the disease progression. (f) The clinical arthritis score evaluated 2 days after
the last injection. (g) Histological analysis with hematoxylin-eosin (H&E) of joint tissues extracted from mice of different
treatment groups. (h) Histological synovitis score (HSS) of joint tissues extracted from different treatment groups. (i) The
inflammatory cytokine (IL-6, TNF-α) levels in joints of the mice detected by Western blot after different treatment. (j)
Semi-quantitative image analysis of the bands from (i). * p < 0.05, ** p < 0.01, *** p < 0.001.

3.5. Systemic Toxicity of MTX-PEI@HA NPs

Prolonged high-dose MTX usually lead to serious systemic toxicity. In order to reduce
the side effects, a low dosage of MTX is usually adminstered via intramuscular injection,
subcutaneous injection, or oral in treatment of rheumatoid arthritis. Considering that the



Crystals 2021, 11, 321 11 of 14

advantages of MTX-based nanoplatform in reducing side effects have been reported, we
adminstered a relatively high dose of MTX (5mg/kg) via intravenous injection according
to the previous report [29]. For safety concerns, we further examined if the treatment by
MTX-PEI@HA NPs cause the relevant pathological damage in major organs. We performed
histopathological analysis of organs including the liver, spleen and kidneys extracted
from DBA/1 mice. Histological slides of organs were prepared, stained with H&E, and
imaged to further evaluate the potential systemic side-effects of free MTX, MTX-PEI NPs
and MTX-PEI@HA NPs. No necrotic tissue was found in the liver and spleen of each
group. Moreover, the structure of glomeruli was normal, and no necrotic cells were found
in the renal tissue of each group. The results indicated no obvious systemic toxicity of
MTX-PEI@HA NPs (Figure 5a).
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Figure 5. Systemic toxicity assessment of MTX-PEI@HA NPs. (a) H&E-stained images of liver, kidney and spleen. (b) Eval-
uation of the hepatotoxicity (according to the serum levels of alanine aminotransferase (ALT), aspartate aminotransferase
(AST)) and nephrotoxicity (according to the serum levels of BUN and Cre) after different treatments. * p < 0.05, ** p < 0.01.
(c) Body weight fluctuation of mice with different treatments during 10 days.

Serum samples were also collected two days after the last injection to evaluate the
toxicity of MTX-PEI@HA NPs. Hepatotoxicity was determined by measuring the aspartate
transaminase (AST) and alanine aminotransferase (ALT) in serum samples. Nephrotoxicity
was evaluated by measuring the serum blood urea nitrogen (BUN) and creatinine (Cre). All
four blood biochemical indexes were negligibly changed after MTX-PEI@HANPs treatment
compared to normal mice (Figure 5b). These results further validated that MTX-PEI@HA
NPs did not cause obvious systemic toxicity. For MTX-treated group, by contrast, AST,
AST, and BUN levels increased obviously, which might indicate liver and renal injury after
long-term MTX administration. Hemolysis test was performed on mouse red blood cells.
As displayed in Figure S2 from supplementary materials, the i.v. injection of MTX-PEI@HA
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NPs at the highest dosage (100 µg/mL) did not cause obvious hemolysis of the red blood
cells. Furthermore, we measured body weight of the mice in each group over the whole
treatment process to assess systemic toxicity of each formulation. The results indicated that
MTX-PEI@HA NPs did not cause significant weight change. In summary, MTX-PEI@HA
NPs seem to be a better choice owing to their higher bio-safety and better outcomes.

4. Conclusions

In this study, we reported the application of PEI as a nanocarrier in MTX delivery for
targeted RA therapy and tried to construct a nanoplatform via electrostatic force between
PEI and MTX. While electrostatic interaction was straightforward and simple, we found
that it was incompetent for in vivo application due to premature drug release. Therefore,
we synthesized MTX-PEI NPs in water phase via chemical bonding and then coated with
HA. The results of in vitro experiments indicated that MTX-PEI@HA NPs were selectively
internalized by activated macrophages and possessed target cytotoxicity ability. The active
target ability depended on hyaluronic acid receptor (CD44)-mediated endocytosis. MTX-
PEI@HA NPs also showed enhanced anti-rheumatoid arthritis effects and biosafety in
in vivo studies as compared to free MTX, which might benefit from target delivery and
slow release of MTX in vivo. This work provides a PEI-based nanoplatform to deliver MTX
for target RA treatment, and call attention to biological use of nanocomposites derived
from electrostatic interaction between small molecule drug and cationic polymers, which
may promote the practical applications of cationic materials in drug delivery.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-435
2/11/4/321/s1, Figure S1: RT-PCR test to verify the establishment of activated macrophages, Figure
S2: Hemolysis of MTX-PEI@HA NPs at various concentrations on mouse red blood cells.
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