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A B S T R A C T

Long-term use of disease-modifying anti-rheumatic drugs (DMARDs) such as methotrexate (MTX) shows clinical
benefits for rheumatoid arthritis (RA) treatment. However, there are growing concerns over the adverse effects of
systemic drug administration. Therefore, a strategy that can enhance drug bioavailability while minimizing side
effects is urgently needed, but remains a challenge in RA therapy. To this end, here we conjugated MTX with a
supramolecular self-assembling hydrogel composed of D-amino acids with a sequence of GDFDFDY. It was shown
that MTX-GDFDFDY hydrogels exhibited a favorable drug selectivity behavior that they increased MTX toxicity
toward RA synoviocytes, but reduce toxicity toward normal cells. Moreover, MTX-GDFDFDY hydrogels not only
effectively inhibited the proliferation and migration of RA synoviocytes, but also inhibited the polarization of
proinflammatory M1 type macrophages to reduce inflammation. After intra-articularly injected the hydrogels into
the joints of adjuvant induced arthritis (AIA) mice, we found that MTX-GDFDFDY hydrogels significantly alleviated
RA syndromes of joint swelling and fever compared to L-configuration MTX-GFFY hydrogels and free MTX.
Furthermore, MTX-GDFDFDY hydrogels successfully protected cartilage though inhibiting synovial invasion and
inflammation without causing systematic side effects. Therefore, D-amino acids supramolecular hydrogels can
serve as an efficient and safe drug delivery system, showing a promising potential to improve RA therapy.
1. Introduction

Rheumatoid arthritis (RA) is a symmetric chronic autoimmune dis-
ease. With disease progression, joint deformities and the related systemic
symptoms lead to the loss of joint function, disability, and reduce life
expectancy of RA patients [1,2]. At present, non-steroidal anti-in-
flammatory drugs (NSAIDs), glucocorticoids, disease-modifying anti--
rheumatic drugs (DMARDs), and biological agents are the clinic routines
of RA [3]. Although these drug treatments have a certain effect on
slowing down the disease progression and ameliorating joint inflamma-
tion, concerns of long-term efficacy and side effects of systemic drug
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administration are growing. For example, long-term use of NSAIDs (e.g.,
etoricoxib) and DMARDs (e.g., methotrexate, MTX) may increase the risk
of gastrointestinal bleeding and cause liver function impairment,
respectively [4]. Patients taking glucocorticoids and biological agents
(such as IL-6 inhibitors, TNF-α inhibitors, etc.) face a high risk of infec-
tion [5]. Therefore, improving therapeutic effect of drugs while mini-
mizing their adverse effects is a daunting challenge in RA treatment.

Delivering drugs via biomaterials provides an alternative strategy for
RA treatment. To date, various drug delivery systems including lipo-
somes [6,7], carbon nanotubes [8,9], noble metal nanoparticles [10,11],
and so on have been developed to improve the safety and bioavailability
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of drugs. Among them, injectable hydrogels have drawn considerable
attentions in RA research because they have good drug loading capacity
and can be directly injected into inflammatory joints [12,13]. In recent
years, peptide-based supramolecular hydrogels are developed as a new
kind of hydrogels. These hydrogels with injectable and self-assemble
properties can form via π-π stacking interactions of the peptides with
certain amino sequences [14]. Moreover, they exhibit good biocompat-
ibility, responsiveness, and mouldability, favoring biomedical applica-
tions [15,16]. Further, supramolecular hydrogels can serve as an efficient
drug delivery system due to its high internal water content in the
cross-linking system, which protects drugs from internal damage and
thus improves drug retention time [17]. Therefore, peptide-based su-
pramolecular hydrogels have been widely studied in oncology, tissue
engineering, ophthalmology, biological detection, and other fields
[18–20]. Taking advantage of the good drug delivering capability and
biocompatibility, supramolecular hydrogels may be able to overcome the
drawbacks of current clinically used drugs in RA treatment. Therefore,
we aimed to develop supramolecular hydrogels with enhanced thera-
peutic effects on inflammatory synoviocytes but reduced cytotoxicity
toward normal cells for RA therapy.

Natural amino acids are L-configuration while D-configuration amino
acids are artificial. Interestingly, L-configuration and D-configuration
supramolecular hydrogels exhibit distinct biological characteristics even
they composed of the same amino acid sequences [21]. Yang et al. have
developed peptides-based hydrogles to deliver hydroxycamptothecin
(HCPT). They show that D-configuration HCPT-loaded hydrogels have a
long-term stability in a water-soluble environment and exhibit a better
tumor inhibiting effect relative to L-configuration hydrogels [22]. Li et al.
have constructed NSAIDs loaded D-configuration peptides and find that
D-configuration sequence peptides can significantly increase the selec-
tivity of NSAIDs drugs, and thus reduce side effects in vitro [23]. More-
over, self-assembling hydrogels constructed by D-configuration amino
acids also present an enzyme-instructed behavior and can selectively kill
cancer cells that overexpress alkaline phosphatases [24]. Hence, using
D-configuration amino acids to prepare supramolecular hydrogels may
improve the therapeutic effect and biosafety of drugs in RA.

In this study, we synthesized a series of supramolecular peptides by
using natural L-amino acids and D-configuration amino acids. The
resultant GFFY and GDFDFDY peptides were further conjugated with
MTX, a first-line drug for RA treatment [25], through the reaction be-
tween carboxyl groups in MTX and the deaminated glycine in peptides.
The as-prepared peptides could self-assemble into injectable hydrogels
via π-π stacking interactions (Scheme 1a). We found that D-configuration
MTX-GDFDFDY hydrogels were better than MTX-GFFY hydrogels in terms
of stability, drug releasing, and biocompatibility. More importantly,
MTX-GDFDFDY hydrogels inhibited not only the proliferation, migration,
and invasion of RA synoviocytes, but also the polarization of proin-
flammatory M1 type macrophages. Consequently, after intra-articular
injection of MTX-GDFDFDY hydrogels, clinical symptoms including joint
swelling and fever were significantly relived in adjuvant induced arthritis
(AIA) mice. Moreover, MTX-GDFDFDY hydrogels effectively inhibited
synovial hyperplasia, leading to a successful protection of articular
cartilage and joint structure (Scheme 1b).

2. Experimental section

2.1. Materials

Amino acids, 2-(naphthalene-2-yl) acetic acid, and O-(benzotriazole-
1-yl)-N,N,N,N-tetramethyluronium hexafluorophosphate (HBTU) were
purchased from Bidepharm (Shanghai, China). 1-Pyrenemethylamine
hydrochloride and trifluoroacetic acid (TFA) were obtained from En-
ergy Chemical (Beijing, China). 2-Cl-Trityl chloride resin was bought
from Nankai Resin Co. Ltd (Tianjin, China). N,N-Diisopropylethylamine
(DIEA) was purchased from J & K (Beijing, China). Glycine, phenylala-
nine, tyrosine, and methotrexate were bought from Bidepharm
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(Shanghai, China). Cy5.5 NHS ester was obtained from APExBIO (USA).
ELISA kit for IL-6 was bought fromMSKBIO (China). Matrigel was bought
from Corning (USA). Tubulin, iNOS, IL-6, and TNF-α antibodies used in
western blot were purchased from Abcam (ab7291, ab178945,
ab259341, and ab215188, respectively). In immunofluorescence stain-
ing, F4/80 was obtained from Bioss (bsm-34028 M), iNOs was obtained
from Proteintech (18985-1-AP), CD206 was obtained from Abcam
(ab64693), CD31 was brought from Servicebio (GB11063-2). DAPI was
obtained from Beyotime Biotechnology (Shanghai, China). Commercially
available reagents were used without further purification.
2.2. Preparation of Nap-GFFY, Nap-GDFDFDY, and MTX-loaded hydrogels

The sequence of the peptide was 2-naphthoacetic (Nap) acid-glycine
(G) -phenylalanine (F) -phenylalanine (F) -tyrosine (Y) (termed Nap-
GFFY). Using 2-chlorotrityl chloride resin, our peptide was synthesized
from the C0 to the N’ of the peptide chain by standard solid phase peptide
synthesis (SPPS) [26]. The peptide were further purified by
reverse-phase high performance liquid chromatography (HPLC) using a
C18RP column with MeOH (0.1% of TFA) and water (0.1% of TFA) as
eluent. To form the hydrogels, 5 mg of the purified peptide was dissolved
in 500 μL of PBS buffer containing Na2CO3 (pH ¼ 7.4). The peptide so-
lutions were heated by an alcohol lamp for 30 s, and then the peptide
solutions were allowed to cool down at room temperature [27]. After this
heating–cooling process, the peptides could self-assemble into hydrogels
within approximately 2 min. Noted that the hydrogels can be also pre-
pared by heating the peptide solutions in a water bath (100 �C, 30 s) and
then cooling down at room temperature. After this heating–cooling
process, the peptides could self-assemble into hydrogels within approx-
imately 2 min. D-configuration Nap-GDFDFDY hydrogel was prepared
following the same protocol by using D-configuration amino acids. To
prepared MTX loaded hydrogels, MTX was reacted with deaminated
glycine at a 1:1 M ratio during SPPS. Then the resultant hydrogels
(termed MTX-GFFY and MTX-GDFDFDY) were obtained following the
same method mentioned above. The MTX loading efficiency was calcu-
lated based on the amount of MTX in the raw materials and purified
MTX-conjugated peptides. In 1 mmoL MTX-GFFY or MTX-GDFDFDY, the
use of MTX was 908.9 mg. After purification and freeze-drying, MTX
content in the peptide was determined to be 312.97 mg. The MTX
loading efficiency was calculated to be 34.43%. In addition, Cy5.5-GFFY
and Cy5.5-GDFDFDY were prepared (Figure S1). Briefly, NH2-GFFY--
COOH or NH2-GDFDFDY-COOH was dissolved in DMSO and pH of the
mixture was adjusted to 8–9. Then Cy5.5-NHS Ester was added into the
peptide mixture at a mass ratio of 1:1.2 and the mixture was stirred at
room temperature for 24 h in the dark.
2.3. Characterization of the hydrogels

HR-MS were used to characterize the peptides. Transmission electron
microscopy (TEM) were used to observe the morphology of the hydro-
gels. Fluorescence spectra was obtained to investigate the molecular ar-
rangements of hydrogels. The secondary structures were analyzed by
circular chromatography scanner. Stability and sustained drug release
were performed by reverse phase high performance liquid Chromatog-
raphy (HPLC) according previous reported methods [28,29]. Briefly, 1
mg of the peptides were dissolved in 5 mL PBS and proteinase K was (3.2
units/mL). The hydrogels were incubated at 37 �C. At each time point,
500 μL of the samples were taken out and analyzed by the HPLC system
(LUMTECH HPLC, Germany) using a C18RP column with MeOH (0.05%
of TFA) and water (0.05% of TFA) as the eluents. Rheology test was
performed using AR 2000ex (TA instrument) system. 40 mm parallel
plates were used, and the gap was set to be 500 μm. After the hea-
ting/cooling process and the formation of the hydrogels, the samples
were transferred to the plat immediately. For frequency sweep, the re-
gion of 0.1–100 rad/s and the strain of 1% were chosen.



Scheme 1. Schematic illustration for the sythesis of MTX-GDFDFDY hydrogels and their application in rheumatoid arthritis (RA) therapy. (a) MTX are conjugated with
GDFDFDY peptides through the reaction between carboxyl groups in MTX and the deaminated glycine in peptides. The resultant MTX-GDFDFDY peptides can form
injectable hydrogels via π-π stacking. (b) After being intra-articularly injected into the knee joints of adjuvant-induced arthritis (AIA) mice, the hydrogels can
constantly release MTX during biodegration, and thus inhibit not only the poliferation and invasion of synoviacytes, but also the polarization of poimflammtory M1
type macrophages, achieving a highly efficent RA therapy by reducing joint inflammtion and destruction.
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2.4. Cytotoxicity

Cell viability of the hydrogels towardmouse fibroblast (L929), human
umbilical vein endothelial cell (HUVEC), RA synovial fibroblast (RA-
FLS), and macrophage cell line RAW264.7 (104 cells per well) were
evaluated by using a standard 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT) assay (Solarbio, China). Cells were
cocultured with Nap-GFFY, Nap-GDFDFDY, MTX-GFFY, MTX-GDFDFDY,
and MTX with various concentrations (200, 100, 50, 10, 5, 0 μM),
respectively, for 48 h. Then MTT assay was performed and the absor-
bance at 490 nm was measured using a microplate reader. Cell viability
was also evaluated by Live/dead staining. After cocultured with the
hydrogels or MTX (100 μM) for 48 h cells were stained with Calcein AM/
PI staining kit (Sigma, USA) and then observed by a fluorescence mi-
croscope (Leica, Germany).
3

2.5. Cell migration and invasion

Cell migration test was carried out by scratch test. RA-FLS were first
starved for 12 h and then mixed with the hydrogels or MTX solution (100
μM, 2 mL). Noted that the hydrogels prepared from 100 μM of peptides
were flexible. Then they were injected into well plates and cultured for
48 h. Afterwards, a straight line was scratched on the cells in each well.
Then cell migration rate was calculated according to the cell healing area
after additional 12 and 24 h of cocultured.

Cell invasion was performed by using a transwell system (Corning,
USA). After starved for 12 h, RA-FLS were mixed with the hydrogels or
MTX solution (100 μM, 500 μl). Then they were seeded in the upper
chamber with serum-free growth medium and 100 μL 12.5% Matrigel.
Then RA-FLS were seeded in the upper chamber with serum-free growth
medium and 100 μL 12.5% Matrigel. Medium containing 20% FBS was
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added in the lower chamber as the chemoattractant. After an additional
culture of 24 h, the upper chambers were taken out, stained by 2% crystal
violet (Solarbio, China), and observed under a microscope (Leica,
Germany).
2.6. Anti-inflammatory properties of the hydrogels

To study the anti-inflammatory properties of the hydrogels, we
observed the effects of the hydrogels on macrophage polarization. Mice
macrophage cell line RAW 264.7 were induced into proinflammatory M1
type macrophages by treated with 1% w/v lipopolysaccharide (LPS)-
containing media for 24 h. Then the M1 macrophages were mixed with
100 μM of Nap-GFFY, Nap-GDFDFDY, MTX-GFFY, MTX-GDFDFDY, and
MTX. After cultured for an additional 24 h, the culture medium and RAW
264.7 cells were collected from the different groups, respectively. The
contents of IL-6 in the culture media were measured using an ELISA kit
according to the manufacturer's introductions. Moreover, immunofluo-
rescence staining of iNOS and CD206 was also performed on RAW264.7
cells. Total RNA and proteins of the M1macrophages were extracted with
TRIzol (Invitrogen, USA) and Cell Lysis Buffer (Abcam, USA), respec-
tively. The relative expression levels of macrophage polarization genes
including iNOS, IL-6, and TNF-α (M1 markers) were analyzed by real-
time quantitative polymerase chain reaction (RT-qPCR) [30]. The
absorbance was measured at 450 nm using a microplate reader. Proteins
of M1 markers (iNOS, IL-6, and TNF-α) were detected by western blot
assay. Tubulin was used as the internal reference. Bradford assay was
carried out to measure the protein concentration. Proteins were then
mixed with loading buffer, denaturized, and loaded on 10% w/v
SDS-polyacrylamide gel (Beyotime, China). Then proteins were trans-
ferred from separation gel to concentration gel and were transferred to
PVDF membrane (Merck Millipore, USA) using Trans-Blot® SD Semi-Dry
Electrophoretic Transfer Cell (Bio-Rad, USA). Next, the membranes were
probed with primary antibodies (Abcam, USA) overnight at 4 �C, washed
with TBST, and reacted with secondary antibodies for 120 min at room
temperature. Finally, the membranes were then visualized using a
chemiluminescence detection system (GE, USA).

2.7. Establishment of adjuvant-induced arthritis (AIA) mice model and
treatments

All animal studies were approved by the Animal Laboratory Center of
Zhujiang Hospital, Southern Medical University (No. LAEC-2020-092).
Male eight-week-old C57BL/6 mice were purchased from Guangzhou
Animal Experiment Center. To establish AIA mice model, mice were
induced by subcutaneous injection of 1% w/v complete Freund's adju-
vant (Sigma-Aldrich, USA) in the fore underarm. One week later, a same
dose of incomplete Freund's adjuvant (Sigma-Aldrich, USA) was injected
subcutaneously into both hind pads of the mice. After an additional 1
week of booster immunization, the AIA mice were randomly assigned into
7 groups (n ¼ 5). Each mouse was intra-articular injected with 20 μL of
PBS, Nap-GFFY, Nap-GDFDFDYD, MTX-GFFY, MTX-GDFDFDYD, and MTX
on the both knees twice a week for 4 weeks. The hydrogels were prepared
from 10.342 mМ of peptides. Mouse dose of MTX was calculated based
on the human equivalent dose according to a previous report [31].
2.8. In vivo therapeutic effects of the hydrogels

Clinical arthritis severity score was recorded according to our previ-
ous study (Table S2) [32]. Knee joint diameter was measured using a
vernier caliper every week. Skin temperature of the hind paws was
recorded by an infrared camera (FLIR, USA) on the 28th day after
treatments. In addition, serums of mice treated with PBS or
MTX-GDFDFDY hydrogels were collected. The serum inflammatory cyto-
kines (IL-6 and TNF-a) were detected by using ELISA kits according to the
manufacturer's introductions.
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2.9. Histological study

The mice were sacrificed on day 28 after treatments. The knee joints
were collected, fixed with 4% paraformaldehyde overnight, followed by
decalcification with EDTA decalcified solution for 30 days. Then
safranin-O/fast green (Beyotime Biotechnology, China) and
hematoxylin-eosin (H&E, Beyotime Biotechnology, China) staining were
performed. Mankin pathological scores (Table S3-S5) were used to
evaluate inflammation and cartilage destruction.

For immunohistochemistry of M1 macrophages, tissue sections were
dewaxed, and stained with primary antibodies against IL-6 (Abcam,
USA). After stained with secondary antibodies, the tissue sections were
observed by a microscope.

2.10. In vivo stability of the hydrogels

To study the stability and rentetion time of the hydrogels, 20 μL of
Cy5.5-GFFY or Cy5.5-GDFDFDY hydrogles were intraarticularly injected
into the knee joints of AIA mice. At day 0, 1, 5, 7, and 10, mice were
imaged using an in vivo fluoresence imaging system (FX PRO, BRUKER,
Germany) with an excitation wavelength of 630 nm and an emission
wavelength of 700 nm. The images were analyzed using the BRUKER
Molecular Imaging Software.

2.11. Immunofluorescence staining

The knee joint sections were incubated with CD31, F4/80, CD206,
and iNOS antibodies (1:300) at 4 �C overnight, respectively. Afterwards,
samples were incubated with secondary Alexa Fluor 488 antibody or
Alexa Fluor cy3 (1:8000; Abcam, UK) for 2 h at room temperature. Nuclei
were stained with DAPI (Beyotime, China). Images were captured by a
Leica fluorescence microscope.

2.12. In vivo toxicity of the hydrogels

After intra-articular injection of the hydrogels, body weight of the
mice was measured every 3 days. After 28 days of treatments, liver and
kidney function of the mice were detected by blood biochemistry
detection kit (Service, China) in an automatic analyzer (Rayto Biotech-
nology, China). Moreover, liver and kidney tissues were collected and
stained with H&E staining for histological study.

2.13. Statistics analysis

SPSS 20.0 software (IBM, USA) was used for statistics analysis.
Independent-sample t-test or ANOVA test was used for data comparison.
p < 0.05 represents a statistically significant difference. All data were
presented as mean � standard deviation (mean � SD).

3. Results and discussion

3.1. Preparation and characterization of the hydrogels

We synthesized classic L-configuration Nap-GFFY peptide via a classic
solid-phase peptide synthesis (SPPS) method. D-configuration Nap-
GDFDFDY peptide was prepared using the same method but replacing the
corresponding L-amino acids with D-amino acids. MTX was conjugated
into the peptides through the reaction between carboxyl groups in MTX
and the amino terminus of glycine in peptides to produce MTX-GFFY and
MTX-GDFDFDY (Fig. 1a). The loading efficiency of MTX in the peptide was
calculated to be 34.43%. The molecular structures of these synthetic
peptides were confirmed by HR-MS (Figure S2). We used 10.317 mM (1
wt%) peptides to test whether these peptides can self-assemble into
hydrogels. As shown in Fig. 1b (inserted images), all the compounds
could effectively form stable transparent hydrogels by a heating–cooling
process. The dynamic gelation process showed that MTX-GDFDFDY



Fig. 1. Design and characterization of the hydrogels. (a) The chemical structures of Nap-GFFY, Nap-GDFDFDY, MTX-GFFY, and MTX-GDFDFDY. (b) TEM images of the
hydrogels. Inserted images: hydrogels formed by 10.317 mM (1 wt%) of different peptides in PBS. Scale bar ¼ 100 nm. (c) Cirular dichrorism (CD) revealed the
chirality of the hydrogles. (d) Gelation behavior of MTX-GDFDFDY hydrogels before and after injection. (e) HPLC analysis of the hydrogels exposed to proteinase K. (f)
Compound remained rate calculated from (e). (g) Cumulative MTX release from MTX-GFFY and MTX-GDFDFDY hygrogels in PBS within 24 h (n ¼ 3). (h) Fluoresence
imaging of the mice after the intra-articular injection of Cy5.5-GFFY or Cy5.5-GDFDFDY hydrogel at day 0, 1, 5, 7, and 10.
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hydrogel became stable within 2 min (Figure S3).
Transmission electron microscopy (TEM) images revealed that or-

dered nanostructures were formed in the hydrogels (Fig. 1b). Specif-
ically, Nap-GFFY and Nap-GDFDFDY hydrogels presented long and
flexible nanofibers with an average diameter of 8� 2 nm. In comparsion,
MTX-GFFY and MTX-GDFDFDY hydrogels exhibited a net-like structure
where ball-like structures were stacked on the network. The morphology
of hydrogels prepared from 100 μM of peptides was also investigated.
The laser beam (Figure S4) indicated the formation of homogeneous
micelles and the TEM image (Figure S5) suggested the 100 μM of pep-
tides had self-assemble into nanofibers.

To investigate the molecular arrangements in the solution-gel process
of hydrogels, fluorescence spectra was obtained (Figure S6). After self-
assembled into hydrogels, the peak value of the identical amino acid
sequence redshifted from 330 nm to 342 nm in Nap-GFFY and Nap-
GDFDFDY, and shifted from 460 nm to 480 nm in MTX-GFFY and MTX-
GDFDFDY. This indicated that the π-π stacking effect of benzene ring was
enhanced after self-assembly, enabling the peptides to form nanofibers
and then wrap water molecules to form hydrogels. Subsequently, sec-
ondary structures of the hydrogels were analyzed by circular chroma-
tography scanner to further understand the molecular arrangements and
the driven forces (Fig. 1c). Nap-GFFY hydrogels had a positive band at
205 nm and a negative band at 218 nm, indicating a β-sheet conforma-
tion. Nap-GDFDFDY hydrogels exhibited a positive peak at approximately
215 nm in the PBS buffer solution. The mirror pattern of L-configuration
hydrogels and its corresponding D-configuration hydrogels reflects their
chirality. MTX-GFFY hydrogels presented a peak near 195 nm and two
troughs near 212 nm and 222 nm, which could be assigned to α-helix
secondary structure. Similarly, the CD spectra of MTX-GDFDFDY hydro-
gels was completely opposite to MTX-GFFY, confirming the chirality of
enantiomeric pairs of these two hydrogels. According to the CD results,
we speculated that the differences in secondary structure of hydrogels
might attribute to their discrepancies in nanostructures (determined by
TEM images). Nap-terminated hydrogels have β-sheet secondary struc-
ture, thus they showed a certain rigid fibrous structure in TEM. The
nanostructure was relatively loose in MTX-terminated hydrogels due to
their α-helix secondary structure.

The mechanical characteristics of the hydrogels were analyzed by
rheology. As shown in Figure S7, the storage modulus value (G0) of the
resultant four types of hydrogels (10.317 mM) was higher than the loss
modulus value (G00), suggesting the formation of true hydrogels. In the
frequency range of 0.1–100 rad/s, both G0 and G00 showed weak fre-
quency dependences, indicating that these hydrogels were composed of
elastic networks. Compared with Nap-derived peptides, MTX-derived
peptides have lower G0 and G00 values. The difference between G0 and
G00 became smaller, indicating that the mechanical strength of the MTX-
loaded hydrogels was slightly weaker. Further, we tested the rheological
properties of MTX-GDFDFDY hydrogel before and after injection (Fig. 1d).
After the hydrogel was injected, it became a thick fluid for a period of
time and returned to gel after 5 min. Compared to the state before in-
jection, G 0and G 00 slightly decreased but the value of G” was still one
magnitude less than that of G’, suggesting that the recovered material
remained a true hydrogel.

Stability and sustained drug release are also important for a drug
delivery system. Biostability of the MTX-loaded hydrogel was tested by
exposing them to proteinase K at 37 �C. We found that MTX-GFFY
hydrogel became flowable after 1-day and gradually disintegrated over
time. By contrast, D-configuration MTX-GDFDFDY hydrogel were stable in
vitro for approximately 5 days (Figure S8). HPLC spectra (Fig. 1e)
showed that the peak of MTX-GFFY gradually decreased after the addi-
tion of proteinase K. However, the peak of MTX-GDFDFDY had no obvious
change during incubation, suggesting that D-configuration hydrogels
were more stable than L-configuration hydrogels. We calculated the
degradation curve from HPLC results and found that the remained
compound of MTX-GFFY andMTX-GDFDFDY hydrogles was 45% and 90%
6

after 24 h, and 20% and 80% after 3 days, respectively (Fig. 1f). Further,
we investigated the in vivo stability and retention time of the hydrogels in
the knee joints of AIA mice. As shown in Fig. 1h, both Cy5.5-GFFY and
Cy5.5-GDFDFDY hydrogels were observed at 1-day post-injection. The
fluorescence intensity of the hydrogels gradually decreased overtime. At
day 7, Cy5.5-GFFY hydrogels were barely detected. By contrast, Cy5.5-
GDFDFDY hydrogels exhibited a stronger fluorescence intensity relative to
Cy5.5-GFFY hydrogels in joints at all time intervals and could be
observed for approximately 10 days. Our results are consistent with
previous reports that self-assembled peptides constructed with D-amino
acid shows an increased resistance to enzymatic hydrolysis compared
with L-configuration peptides [33]. Next, drug release of 1%wt
MTX-loaded hydrogels was evaluated. As shown in Fig. 1g, MTX
constantly released from both hydrogels during the 24 h without burst
release. Moreover, MTX releasing rate of D-configuration hydrogels was
approximately 8%while it was 32% in L-configuration hydrogels. Hence,
MTX-GDFDFDY hydrogels might be more efficient than MTX-GFFY
hydrogels for sustained drug delivery to enhance therapeutic effect of
MTX in vivo.

3.2. Effects of the hydrogels on cell proliferation, migration, and invasion

We evaluated the cytotoxicity of Nap-GFFY and Nap-GDFDFDY
hydrogels toward normal cell lines (L929 and HUVEC) and RA synovial
fibroblasts (RA-FLS). As shown in Fig. 2a-c, the hydrogels had almost no
inhibiting effect on cell proliferation. Then we compared the cytotoxicity
of MTX-GFFY and MTX-GDFDFDY hydrogels (Fig. 2e-g). In MTX-GFFY
groups, an obvious cytotoxicity toward normal L929 and HUVEC cells
were found when the concentration was more than 5 μM, whereas they
showed mild effects on RA-FLS even with a high concentration of 100
μM. Similar results were also observed in macrophage cell line
RAW264.7 (Figure S9). By contrast, MTX-GDFDFDY reduced the cyto-
toxicity on normal cells as compared to MTX-GFFY groups. Noted that
MTX-GDFDFDY hydrogels exhibited a selective inhibiting effect on RA-
FLS that they significantly inhibited RA-FLS proliferation with a con-
centration of 50 μM.

We further confirmed cytotoxicity of the hydrogels by live/dead
staining (Figure S10). Similarly, cells cocultured with Nap-GFFY and
Nap-GDFDFDY hydrogels were all alive (green fluorescence). After loaded
with MTX, less L929 and HUVEC cells were dead (red fluorescence) in
MTX-GDFDFDY groups compared to MTX-GFFY and free MTX groups. As
to RA-FLS, MTX-GDFDFDY hydrogels significantly enhanced the ratio of
dead cells/live cells, indicating their selective inhibiting effects on RA
synoviocytes. These live/dead staining results are in accordance with the
MTT data and previous reports that D-configuration supramolecular
hydrogels have a better biocompatibility and can increase drug selec-
tivity compared to natural L-configuration hydrogels [17]. Therefore, our
MTX-loaded hydrogels, especially MTX-GDFDFDY, could not only reduce
drug toxicity to normal cells, but also enhance the inhibiting effect on the
proliferation of RA synoviocytes.

In addition to synovial hyperplasia, migration and invasion of syno-
vial fibroblasts can erode cartilage surface and destroy joint structure,
playing an important role in RA pathology [34]. We studied the effect of
the hydrogels on cell migration of RA-FLS cells by wound-healing assay
(Fig. 2h). Wound-healing rate in Nap-GFFY and Nap-GDFDFDY groups
were similar compared to control group. In MTX groups, wound-healing
rates were 50% and 100% at 12 h (Figs. 2j) and 24 h (Fig. 2k), respec-
tively. Impressively, the MTX-loaded hydrogels significantly inhibited
the migration of RA-FLS. After 24 h of coculture, the wound-healing rates
were only 50% and 40% in MTX-GFFY and MTX-GDFDFDY hydrogel
groups, respectively. However, cell scratches were completely healed in
the other groups.

Then we verified the effect of the hydrogels on the invasion of RA-FLS
cells in vitro using a transwell system. As shown in Fig. 2i, a large number
of RA-FLS invaded into the lower chamber in control, Nap-GFFY, and



Fig. 2. Cytotoxicty, synoviocytes migration, and synoviocytes invasion. Cell viability (n ¼ 3) of L929 (a), HUVEC (b), and RA-FLS (c) cocultured with Nap-GFFY and
Nap-GDFDFDY hydrogels. Cytotoxicty (n ¼ 3) of MTX-GFFY and MTX-GDFDFDY hydrogels toward L929 (d), HUVEC (e), and RA-FLS (f). (g) Wound-healing assay of RA-
FLS with different treatments. (h) Transwell study of RA-FLS treated with different hydrogels. Quantitative analysis (n ¼ 6) of migration rates at 12 h (i) and 24 h (j).
(k) Quantitative analysis (n ¼ 6) of cell numbers in transwell assay. Data are presented as means � SD. *p < 0.05, **p < 0.01, #p < 0.001, ##p < 0.0001 compared to
MTX-GDFDFDY group. Scale bar ¼ 500 μm.
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Fig. 3. Anti-inflammatory effect of the hydrogels on M1 type macrphages. Relative mRNA expression of M1 macrophages markers IL-6 (a), TNF-α (b), and iNOS (c) on
LPS-induced RAW264.7 cells (n ¼ 3). (d) Western blot of M1 macrophages markers on RAW264.7 with different treatments. Tublin was set as the internal reference.
(e–g) Quantitative analysis of protein bands in (d) based on optical density (n ¼ 3). (h) Immunofluorescence staining of M1 macrophages markers (iNOS) and M2
macrophages markers (CD206) on RAW264.7 with different treatments. Data are presented as means � SD. *p < 0.05, **p < 0.01, #p < 0.001, ##p < 0.0001 compared
to MTX-GDFDFDY group. Scale bar ¼ 50 μm.
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Nap-GDFDFDY groups. Free MTX inhibited approximately half of the
crossed RA-FLS. In contrast, cell numbers were obviously decreased in
MTX-GFFY and MTX-GDFDFDY groups (Figure 2l). Hence, MTX-GFFY and
MTX-GDFDFDY hydrogels could effectively inhibit the migration and in-
vasion of RA-FLS, suggesting they might have a better therapeutic effect
in vivo.

3.3. Anti-inflammatory effects of the hydrogels

Synovial inflammation is the main cause of RA symptoms such as pain
and joint swelling [1].

MTX can relieve RA symptoms by its immuno-regulatory capacity in
Fig. 4. Therapeutic effect of the hydrogels on AIA mice model. (a) Schematic illustr
Representative photos of hind paws of mice after 28 days of different treatments. (c) R
(d) Dynamic clinical score of the mice (e) Dynamic changes of hind paw diameter of
after treatments. Data are presented as means � SD (n ¼ 5). *p < 0.05, **p < 0.01, #p
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the inflammatory synivial tissues [35,36]. Clinical evidences reveal that
the number of macrophages is significantly increased in synovial tissue of
RA patients [37]. Specifically, proinflammatory M1-type macrophages
was significantly activated [38]. This kind of immune cells not only se-
cret proinflammatory cytokines such as TNF-α, IL-6, and IL-1β, but also
accelerate the degradation of cartilage extracellular matrix [39]. To study
the anti-inflammatory effects of the hydrogels, we investigated gene and
protein expression in M1 macrophages. We induced macrophage cell line
RAW264.7 into M1 macrophages by stimulating them with lipopoly-
saccharide (LPS) [40,41]. Then M1 macrophages were mixed with
different hydrogels (100 μM, 2 mL) and cultured in well plates for an
additional 24 h. The relative gene expression of M1markers (IL-6, TNF-α,
ation for the establishment of AIA mice model and the therapeutic regimen. (b)
epresentative infrared photos of ankle skin temperature of mice after treatments.
mice in different treatment groups. (f) Changes of hind paw temperature of mice
< 0.001, ##p < 0.0001 compared to MTX-GDFDFDY group. Scale bar ¼ 500 μm.
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and iNOS) is presented in Fig. 3a-c. Interestingly, we found that
Nap-GFFY, Nap-GDFDFDY, and MTX-loaded hydrogels decreased the
expression level of IL-6 and iNOS compared to control group (LPS),
whereas the anti-inflammatory effect of MTX was not obvious. Moreover,
MTX-GDFDFDY hydrogels exhibited the strongest anti-inflammatory ef-
fects that all marker genes of M1 macrophages were significantly
down-regulated. The ELISA results (Figure S11) showed that MTX-loaded
hydrogels reduced the secretions of inflammatory factor IL-6 from M1
macrophages to the culture media.

We further detected protein expression in M1 macrophages by
western blotting (Fig. 3d). Nap-GFFY and Nap-GDFDFDY hydrogels sightly
inhibited the expression of M1 macrophage related proteins acompared
to control group (LPS). Furthermore, the MTX-loaded hydrogels signifi-
cantly reduced TNF-α and IL-6 expression in M1 macrophages, and their
inhibition of these inflammatory proteins was better than that of free
MTX group. Notably, D-configuration MTX-GDFDFDY hydrogels showed
the best inhibitory effect on the expression of M1 macrophage markers,
which was consistent with the RT-qPCR results. These above-mentioned
data demonstrated that MTX-loaded hydrogels could relieve inflamma-
tion through inhibiting the polarization of M1 macrophages. Immuno-
fluorescence staining results revealed that the expression of iNOS (M1
marker) was highly expressed in RAW264.7 cells in Nap-GFFY, Nap-
GDFDFDY, and control groups. In contrast, the expression of iNOS
significantly decreased after treated with MTX and MTX-loaded hydro-
gels. The D-configuration MTX-GDFDFDY hydrogels showed the strongest
inhibitory effect on the polarization of M1 macrophages among all
groups. In addition, the expression of CD206 (M2 marker) was similar in
all groups (Fig. 3h).
Fig. 5. Histological study on joint and organ sections of AIA mice after different treatm
synovial tissues). (b) Safranin-O staining of joints (yellow arrows represent cartilage
joints. H&E staining of liver (d) and kidney (e) after treatments. Scale bar ¼ 200 an
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3.4. In vivo therapeutic effect of the hydrogels on AIA mice

The excellent anti-inflammatory ability of the hydrogels encouraged
us to further explore their therapeutic effect in vivo. We established an
advujant-induced (AIA) mouse model according to our previous reported
methods with modifications [42]. The hydrogels were intra-articularlly
injected into the knee joints of AIA mice twice per week (Fig. 4a).
After 4 weeks of treatment, we found that the paws of the mice in
Nap-GFFY, Nap-GDFDFDY, and control (PBS) groups were severely
swollen compared to healthy mice (normal group), suggesting pure
hydrogels had negligible therapeutic effects in vivo. MTX-GFFY hydrogels
and free MTX showed similar effects that paw swelling was alleviated
after treatment. Remarkably, intra-articular injection of MTX-GDFDFDY
hydrogels effectively relieved paw swelling, and thus paw diameter was
the lowest among all treatment groups (Fig. 4b and e).

Joint fever is another typical symptom that reflects joint inflamma-
tion. We recorded the skin temperature of hind paws with an infrared
camera on the 28th day after administration. As shown in Fig. 4c and f,
skin temperatures in the control, Nap-GFFY, and Nap-GDFDFDY groups
reached approximately 33.5 �C, indicating that inflammation of joints in
these groups was severe. The average paw temperature in MTX-GFFY,
MTX-GDFDFDY, and MTX group was below 33 �C. Among these treat-
ment groups, paw temperature in MTX-GDFDFDY group was 31 �C, which
was similar to that of healthy mice, suggesting MTX-GDFDFDY hydrogels
had relieved joint inflammatory.

The dynamic clinical scores (Fig. 4d) also displayed the same trend as
joint swelling and fever. The clinical index gradually decreased in MTX-
loaded hydrogels and free MTX groups, while it kept rising in pure
hydrogels and control groups. Further, the clinical score after MTX-
ents. (a) H&E staining of joints collected from AIA mice (green arrows represent
tissue). (c) Expression of IL-6 (highlighted by red arrows) in synovial tissue of
d 100 μm in (a–c) and (d–e), respectively.



S. Ma et al. Materials Today Bio 15 (2022) 100296
GDFDFDY treatment was the lowest among all groups after 28 days,
indicating that MTX-GDFDFDY hydrogels had the best therapeutic effects.
3.5. Pathological study of knee joint of AIA mice after treatments

Inflammatory synovial hyperplasia and articular cartilage destruction
are the main pathological features of RA [43]. We performed H&E
staining to evaluate synovial hyperplasia and joint structure of AIA mice
(Fig. 5a). In control group, inflammatory synovium (green arrows)
completely invaded into knee joints, causing severe joint destruction and
joint space narrowing. Synovium inflammation also occurred in
Nap-GFFY and Nap-GDFDFDY groups but joint destruction was less than
that of control group. After treated with MTX-GFFY and free MTX, sy-
novial evasion was inhibited. Remarkably, knee joint structure was well
protected and synovium inflammation was mild in MTX-GDFDFDY group.

We investigated cartilage erosion by Safranin-O/fast green staining
(Fig. 5b). Cartilage (yellow arrows) was only stained into pale red color
in the pure hydrogel and control groups, confirming that cartilage had
Fig. 6. Immunofluorescence staining of synovial tissues of AIA mice. Polarization of
staining of M0 macrophage marker (F4/80, green fluorescence), M1 macrophage
fluorescence; b). (c) Immunofluorescence staining of CD31 after different treatments
##p < 0.0001 compared to MTX-GDFDFDY group. Scale bar ¼ 20 μm.
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been destroyed in these groups. In comparison, cartilage in AIA mice
treated with MTX-loaded hydrogels was well stained and cartilage
erosion was mild as compared to normal mice. We quantitatively
analyzed joint pathology after different treatments using Mankin histo-
logical score (Figure S12). The scores were significantly increased in the
pure hydrogel and control groups compared to normal mice. Moreover,
scores in MTX-loaded hydrogel groups were significantly lower than that
of MTX group, demonstrating that MTX-loaded hydrogels, particularly
MTX-GDFDFDY hydrogels, were more effective than free MTX in terms of
inflammation inhibition and cartilage protection. Moreover, IL-6 was
detected as a biomarker of local inflammation by immunohistochemistry
(Fig. 5c). In control group, the expression level of IL-6 (highlighted by red
arrows) in synovial tissue was significantly higher than that of the normal
group. Impressively, IL-6 expression was significantly diminished after
treatment of the hydrogels. In particular, the IL-6 expression level in
MTX-GDFDFDY group decreased to a similar level to normal group. Serum
inflammatory factors (IL-6 and TNF-α) of mice were also detected after
treatments of PBS or MTX-GDFDFDY hydrogels (Figure S13). We found
macrophages in the synovial tissues after different treatments was observed by
marker (iNOS, red fluorescence; a) and M2 macrophage marker (CD206, red
. Data are presented as means � SD (n ¼ 3). *p < 0.05, **p < 0.01, #p < 0.001,
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that the level of serum IL-6 and TNF-α were slightly lower in MTX-
GDFDFDY group compared to PBS group, but without statistical differ-
ence, suggesting that MTX-GDFDFDY hydrogels exhibited therapeutic ef-
fects mainly through local anti-inflammatory activity.

Polarization of macrophages in the synovial tissues was evaluated by
immunofluorescence staining (Fig. 6a and b). In control, Nap-GFFY, and
Nap-GDFDFDY groups, the expression of iNOS (red fluorescence; M1
macrophages) was stronger than that of normal group, indicating that M1
macrophages were abundant in the synovial tissues of these treatment
groups. By contrast, the fluorescence signal of iNOS in MTX-GFFY, MTX-
GDFDFDY, and MTX groups was significantly decreased. Specifically, the
fluorescence signal of iNOS was lowest in MTX-GDFDFDY group among all
treatment groups, demonstrating that MTX-GDFDFDY hydrogels effec-
tively inhibited the polarization of M1 macrophages in vivo (Fig. 6a). In
addition, the expression of CD206 (red fluorescence; M2 macrophages)
has no obviously difference among all groups (Fig. 6b). Therefore, MTX-
GDFDFDY hydrogels relieved joint inflammationmainly though inhibiting
the polarization of macrophages to M1 type and maintaining them at M0
stage.

In addition, synovial pannus was visualized by immunofluorescence
staining of CD31 (Fig. 6c). MTX and the MTX-loaded hydrogels inhibited
neovascularization (low CD31 expression, green fluorensence) in syno-
vials tissues of AIA mice. The fluorensence intensity of MTX-GDFDFDY
and MTX groups were lowest among all treatment groups (Figure S14).
However, the pure hydrogels (Nap-GFFY and Nap-GDFDFDY) had negli-
gible effects on inhibiting synovial pannus comprared to control group.

3.6. In vivo biosafety of the hydrogels

We recorded the dynamic body weight of AIA mice after injected of
the hydrogels. As concluded in Figure S15, body weight of mice in all
groups did not fluctuate significantly during treatments, suggesting that
the hydrogels had no systematic toxicity and did not affect the growth of
mice. After 28 days of treatments, we collected liver and kidney tissues
from mice and evaluated them by H&E staining (Fig. 5d and e). The liver
and kidney sections in all treatment groups showed no clear indication of
glomerular injury, and the morphology of liver cells was normal
compared to healthy mice. Moreover, blood biochemical analysis
(Figure S16) demonstrated that the typical liver and kidney function
indicators alanine transaminase (ALT) and creatinine (CR) of mice in all
groups were within normal ranges. Hence, the hydrogels were safe in vivo
for RA therapy and did not causes damage to liver and kidney functions.

4. Conclusion

In conclusion, we successfully synthesized a series of supramolecular
polypeptide hydrogels with self-assembled, injectable, and drug deliv-
ering capacity. We showed that the D-configuration MTX-GDFDFDY
hydrogels exhibited better stability and longer drug releasing behavior
compared to MTX-GFFY hydrogels. More importantly, MTX-GDFDFDY
hydrogels could not only reduced MTX toxicity to normal cells, but also
effectively inhibited the invasion of RA synoviocytes and the polarization
of inflammatory M1 macrophages. Consequently, MTX-GDFDFDY hydro-
gels significantly relieved RA syndromes, including joint destruction,
swelling and fever, without causing any side effects after intra-articular
injection. Hence, MTX-GDFDFDY hydrogels hold great potential for ap-
plications in the treatment of RA.
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