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 Background: We synthetized a 3D printed poly-e-caprolactone (PCL) scaffold with polydopamine (PDA) coating and lithium 
chloride (LiCl) deposition for cartilage tissue engineering and analyzed its effect on promoting rabbit bone mar-
row mesenchymal stem cells (rBMSC) chondrogenesis in vitro.

 Material/Methods: PCL scaffolds were prepared by 3D printing with a well-designed CAD digital model, then modified by PDA coat-
ing to produce PCL-PDA scaffolds. Finally, LiCl was deposited on the PDA coating to produce PCL-PDA-Li scaf-
folds. The physicochemical properties, bioactivity, and biocompatibility of PCL-PDA-Li scaffolds were accessed 
by comparing them with PCL scaffolds and PCL-PDA scaffolds.

 Results: 3D PCL scaffolds exhibited excellent mechanical integrity as designed. PDA coating and LiCl deposition im-
proved surface hydrophilicity without sacrificing mechanical strength. Li+ release was durable and ion concen-
tration did not reach the cytotoxicity level. This in vitro study showed that, compared to PCL scaffolds, PCL-PDA 
and PCL-PDA-Li scaffolds significantly increased glycosaminoglycan (GAG) formation and chondrogenic marker 
gene expression, while PCL-PDA-Li scaffolds showed far higher rBMSC viability and chondrogenesis.

 Conclusions: 3D printed PCL-PDA-Li scaffolds promoted chondrogenesis in vitro and may provide a good method for lithium 
administration and be a potential candidate for cartilage tissue engineering.
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Background

Due to avascularity and low cell density, adult articular carti-
lage has difficulty performing self-repair when injured. Cartilage 
tissue engineering offers the ability to repair cartilage by com-
bining cells, scaffolds, and signals [1]. Scaffolds fully replicating 
the cartilage microenvironment are not yet available.

Three-dimensional printing (3D printing) includes rapid-pro-
totyping and additive manufacturing. It uses a computer-as-
sisted design (CAD) digital model to create physical samples, 
thus providing scaffolds with precise size, shape, and inter-
connectivity, as well as accurate materials compositional vari-
ations. Various studies have successfully applied 3D printed 
scaffolds in promoting chondrogenesis of bone mesenchymal 
stem cells (BMSCs) [2,3]. Further studies improved the precise 
and accurate 3D structures for cartilage tissue engineering [4].

Superior mechanics, bioactivity, and material processability 
make poly-e-caprolactone (PCL) a promising material for carti-
lage tissue engineering [5]. In addition, PCL degrades consid-
erably more slowly than do other aliphatic polyesters in vivo, 
maintaining initial mechanical support to give enough time for 
adequate tissue ingrowth [6]. PCL has many successful appli-
cations in cartilage regeneration. Besides pure PCL scaffolds, 
Fu et al. fabricated PCL-PEG-PCL scaffold [7] to improve hydrophi-
licity. Chen et al. developed positively charged PCL-NH2 [8] that 
promotes chondrogenesis. However, these modifications may 
change the mechanical properties and structure of scaffolds.

Surface modification helps improve cellular performance of scaf-
folds, such as cell adhesion, proliferation, and chondrogenetic 
differentiation, while maintaining or even improving the physi-
cal properties (e.g., mechanical properties) and structure. Unlike 
traditional surface modification, which usually requires complex 
preparation steps and rigorous reaction conditions, polydopa-
mine (PDA) coating is widely used and easily prepared. Inspired 
by adhesive proteins found in mussels, Messersmith [9] first used 
the innate self-polymerization of dopamine to form PDA film. 
PDA possesses covalent and non-covalent bonding capabilities 
for a broad range of organic and inorganic substrates, making it 
a promising focus of tissue engineering. Subsequently, many stud-
ies applied PDA coating on scaffolds, hydrogels, and nanoparticles. 
Our previous studies [10] have used PDA to bind Vancomycin-
loaded polylactic acid-glycolic acid (PLGA) Microspheres applied 
on PCL scaffolds have produced sustained antibacterial effects 
in vitro. We [11] also used PDA to introduce a self-assembling 
peptide hydrogel to the PCL scaffolds, producing superior per-
formance for cartilage and subchondral bone repair.

Lithium chloride (LiCl) has been used to treat bipolar disor-
der through its regulation of inositol and Wnt signaling path-
ways [12]. Lithium inhibits glycogen synthase kinase 3 (GSK-3) 

to downregulate Wnt signaling. Wnt signaling plays an im-
portant role in chondrocyte proliferation, differentiation, and 
phenotype maintenance. Therefore, et al. [13] assessed the 
function of lithium in cartilage protection, and suggested lith-
ium administration may be a potential therapy for arthritis. 
Minashima [14] and Thompson [15] also found lithium protects 
against cartilage degradation in osteoarthritis. Baghaban [16] 
used lithium as a supplement in human marrow MSC chon-
drogenic culture, and produced high-GAG-content cartilage 
mass. As the function of lithium in cartilage became increas-
ingly clear, researchers started to use lithium to modify scaf-
folds in cartilage tissue engineering. Our previous study [17] 
introduced lithium into bioceramic by a sol-gel method, and 
further prepared L2C4S4 scaffolds by 3D printing. This lithium-
containing bioscaffolds promoted cartilage maturation in vi-
tro and remarkably accelerated cartilage regeneration in vivo. 
However, bioceramic has the disadvantage of low fracture re-
sistance, making it less useful in cartilage tissue engineering. 
Better scaffolds with safe lithium administration are needed.

Given this background, we sought to develop a 3D-printed scaf-
fold with biomimetic surfaces for cartilage regeneration. First, 
we printed PCL scaffolds by 3D printing with a well-designed 
CAD digital model, then we modified the scaffold surface by 
PDA coating to produce a PCL-PDA scaffold, and we deposited 
LiCl on the PDA coating to produce a PCL-PDA-Li scaffold. Here, 
we assessed the physicochemical properties, bioactivity, and 
biocompatibility of PCL-PDA-Li scaffold and compared these 
with PCL scaffold and PCL-PDA scaffold.

Material and Methods

Preparation of scaffold

3D printing

The 3D properties of PCL (molecular weight 65 000, Sigma, USA) 
scaffolds were designed using computer-aided design (CAD) soft-
ware and then printed using a 3D layer-by-layer fused deposition 
modeling (FDM) 3000 system (Stratasys, Inc., USA), according to 
our previous studies [11]. Briefly, PCL particles were melted at 
120°C in a printing chamber and were printed through a print-
ing head (inner diameter 0.22 mm) with a lay-down pattern of 
0°/60°/120° along the z-axis. The moving speed of the printing 
head was 6 mm/s. Finally, a cylindrical PCL scaffold with a diame-
ter of 4 mm and height of 2 mm was fabricated. The PCL scaffold 
had a fiber diameter of 220 µm and pore size of 200~300 µm.

PDA coating

We dissolved 60 mg dopamine (sigma, USA) in 10 ml Tris-HCl 
to make a DA solution (6 mg/ml, pH 8.5). PCL scaffolds were 
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immersed in the DA solution with vigorous stirring (300 rpm) 
at 37°C for 24 h, protected from light. Then, the scaffolds were 
washed 3 times with deionized water and then dried in a vac-
uum oven. These PCL scaffolds coated with PDA are referred 
to as PCL-PDA scaffolds.

LiCl modification

PCL-PDA scaffolds were modified by LiCl using a one-step pro-
cess in an aqueous solution via a reaction with the PDA-coated 
surface. We dissolved 8.2 g LiCl in 10 ml deionized water to 
make a LiCl solution (19.3 mmol/ml). PCL-PDA scaffolds were 
then placed into the LiCl solution and kept at 37°C for 5 days. 
Then, the scaffolds were washed 3 times with deionized wa-
ter and then in a vacuum oven. These scaffolds are referred 
to as PCL-PDA-Li scaffolds.

Physicochemical characterization studies

Morphology observation

The gross morphologies of the scaffolds were accessed by 
shape and color. The microstructures were observed using 
scanning electron microscopy (SEM, HitachiS-4800, CanScan, 
Hitachi, Tokyo, Japan).

Surface Hydrophobicity

Static water-contacting angles (WCA) were used to evaluate 
the hydrophobicity of the scaffolds. Briefly, the same amount 
of water was dropped onto the surface of each scaffold at 
room temperature, and the image was captured using a con-
tact angle analyzer (DSA 100 Mk 2, Kruss GmbH, Hamburg, 
Germany). The WCA was measured as the angle formed be-
tween the liquid–solid interface and the liquid–vapor interface.

Mechanical tests

A mechanical testing machine (INSTRON 5566) with movement 
speed of 1.0 mm/min was used to perform compression testing.

Degradation test and lithium-releasing test

The scaffolds were weighed and immersed in Tris-HCl solution 
(pH 7.4) in a 37°C shaking water bath at a ratio of 200 ml/g 
(solution volume/scaffold weight). The scaffolds were taken 
out after 1, 7, 14, 21, 28, and 35 days, washed twice with de-
ionized water, dried in a vacuum oven, and weighed again. The 
weight loss of scaffolds was calculated as the percentage of 
weight of each time point on the initial weight. The Tris-HCl 
solution was replaced at each time point. For PCL-PDA-Li scaf-
folds, the Tris-HCl solution was also collected at each time point 
and the average ionic concentrations of Li+ ions in the Tris-HCl 

solution were measured by inductively-coupled plasma atomic 
emission spectroscopy (ICPAES; Varian, USA).

Cell culture studies

Isolation, culturing and incubation of rabbit bone marrow 
mesenchymal stem cells (rBMSCs)

The use of laboratory animals was approved by the Ethics 
Commission of Nanjing Medical University. rBMSCs were isolated 
according to our previous publication [17,18]. rBMSCs were cul-
tured with Dulbecco’s modified Eagle’s medium (DMEM; Gibco), 
which contains 10% fetal bovine serum (FBS, Gibco), 100 U/mL 
penicillin, and 100 mg/mL streptomycin (Gibco) in a 37°C, 5% CO2, 
95% humidity incubator. Scaffolds were sterilized using 75% eth-
anol for 3 h and washed with phosphate-buffered saline (PBS) 
3 times before seeding. rBMSCs were lysed and resuspended at 
density of 2×105/ml in a chondrogenetic medium consisting of 
low-glucose DMEM supplemented with 10 ng/mL recombinant 
human transforming growth factor-b3 (Sigma-Aldrich), 100 nM 
dexamethasone (Sigma-Aldrich), 50 µg/mL ascorbic acid 2-phos-
phate (Sigma-Aldrich), 1 mM sodium pyruvate (Sigma-Aldrich), and 
ITS Culture Supplement Premix (Life). We added 1 ml of cell sus-
pension to each scaffold. The medium was changed every 2 days.

Scanning electron microscopy (SEM)

The rBMSCs attachment and morphology were assessed 7 days 
after seeding on the scaffolds, using SEM. rBMSCs/scaffolds 
composites were fixed in 4% paraformaldehyde, dehydrated 
in an ethanol series (70%, 80%, 90%, and 100%), and then air 
dried. After sputter-coating with gold-palladium, samples were 
scanned and micrographs were obtained by SEM (HitachiS-4800, 
CanScan, Hitachi, Tokyo, Japan).

Cell viability assessment

The ability of the different scaffolds to support cellular via-
bility was analyzed using a Live/Dead kit (Life Technologies, 
USA) 7 days after seeding. The scaffolds were washed with 
phosphate-buffered saline for 5 min to remove extra media. 
Then, a staining solution of 4IM calcein AM and 2IM ethidium 
homodimer in PBS was added to the scaffolds and incubated 
for 30 min at 37°C in the dark. After incubation, the scaffolds 
were further washed in PBS and were imaged using confocal 
microscopy (Olympus IX 81, Japan).

Biocompatibility analysis

The biocompatibility of the scaffolds is mainly reflected by cel-
lular attachment and cellular filtration in the structure of the 
scaffold. The Vybrant® MTT Cell Proliferation Assay Kit (Thermo 
Fisher Scientific, USA) was used to assess cell proliferation 
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1, 3, 5, and 7 days after seeding. We added 0.25% trypsin to 
BMSC/scaffolds composites to get the cells from scaffolds. 
Then, the solutions were centrifuged at 1200 rpm for 5 min. 
The supernatant was then removed and 100 μl phenol-free 
DMEM and 10 μl of MTT reagent were added to the cell pel-
lets. Cell pellets were incubated at 37°C and 5% CO2 for 4 h. 
Then, 25 μl of dimethyl sulfoxide (DMSO) was added, and cell 
pellets were incubated for another 20 min. The solution was 
transferred to 96-well discs. Absorbance readings at 570 nm 
were recorded using a Benchmark Plus microplate spectropho-
tometer (Bio-Rad, Tokyo, Japan).

GAG assay

A dimethyl methylene blue (DMMB) GAG assay (Sigma-Aldrich, 
USA) was used to measure the GAG content of each rBMSCs/
scaffolds composites at 7 and 14 days after seeding, as in our 
previous study [18]. The GAG content was calculated accord-
ing to a standard curve of sulfate chondroitin from shark car-
tilage (Sigma-Aldrich, USA) at 530 nm on a Benchmark Plus 
microplate spectrophotometer (Bio-Rad, Tokyo, Japan) and sub-
sequently divided by its corresponding DNA content to calcu-
late GAG/DNA (mg/ng).

Gene expression evaluation

The chondrogenic gene expression was evaluated 28 days after 
seeding. RNA was extracted from rBMSCs/scaffolds composites 
by adding TRIzol Reagent (Life Technologies, USA). The cDNA 
was reverse-transcribed using SuperScript™ III (Thermo Fisher 
Scientific, USA). QRT-PCR was performed using a StepOne Real-
Time PCR System (Applied Biosystems, USA) with SYBR green 
reaction mix (Applied Biosystems, USA). Primer sequences are 

listed in Table 1. GAPDH was used as an internal control for 
the study. The relative gene expression of each sample was 
normalized to the corresponding GAPDH and analyzed using 
the 2–DDCT approach.

Statistical analysis

All experiments were repeated at least 3 times and data are 
expressed as the mean ± standard deviation. Multiple sets of 
data were analyzed by one-way analysis of variance (ANOVA) 
using SPSS22 software. Differences between 2 groups were an-
alyzed by t test. p<0.05 was considered statistically significant.

Results

Physicochemical properties of scaffolds

Scaffolds with the designed size and shape were successfully 
prepared by 3D printing. Pure PCL scaffolds appeared white 
(Figure 1A, 1B), which is the original color of PCL. After PDA 
coating, PCL-PDA and PCL-PDA-Li scaffolds appeared brown 
dark, which is the color of PDA (Figure 1C, 1D). Li deposition 
did not change the color of the scaffolds (Figure 1E, 1F). SEM 
clearly showed the structure of the scaffold surface. The dif-
ferences between the 3 kinds of scaffolds were clearly visible. 
PCL scaffolds showed a smooth surface (Figure 1G, 1H), while 
PCL-PDA scaffolds showed small, evenly distributed granules 
(Figure 1I, 1J). PCL-PDA-Li scaffolds had LiCl crystals attached 
to the small granules (Figure 1K,1L).

The surface hydrophilicity of scaffolds was determined by 
water-contact angle. The average WCAs of PCL scaffolds 

Species Gene  Primer sequence

Rabbit GAPDH
Forward 5’-TCACCATCTTCCAGGAGCGA-3’

Reverse 5’-CACAATGCCGAAGTGGTCGT-3’

Rabbit Col2
Forward 5’-AACACTGCCAACGTCCGAT-3’

Reverse 5’-CTGCAGCACGGTATAGGGA-3’

Rabbit SOX9
Forward 5’-GGTGCTCAAGGGCTACGACT-3’

Reverse 5’-GGGTGGTCTTTCTTGTGCTG-3’

Rabbit Aggrecan
Forward 5’-AGGTCGTGGTGAAAGGTGTTG-3’

Reverse 5’-GTAGGTTCTCACGCCAGGGA-3’

Rabbit N-cadh
Forward 5’-TCATCTTCGTTTCCATTGGA-3’

Reverse 5’-TAAGAACTCTGTAAGTTTTGGCAGC-3’ 

Rabbit b-catenin
Forward 5’- GAAAATCCAGCGTGGACAATGGCTACTC-3’

Reverse 5’- ACCATAACTGCAGCCTTATTAACC-3’

Table 1. Primer sequence for chondrogenic and Wnt signaling markers.
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(88.4±3.4°) was still within the range of optimal contact an-
gle for cell adhesion [19]. Lower WCAs of PCL-PDA (66.5±2.2°) 
and PCL-PDA-Li (57.5±5.1°) scaffolds showed better hydrophi-
licity (Figure 2A). rBMSCs were cultured in an aqueous envi-
ronment. Hydrophilic scaffolds like PCL-PDA and PCL-PDA-Li 
scaffolds can provide better environments for cell adherence, 
differentiation, and proliferation.

The results of mechanical property analysis did not show ob-
vious differences in compressive strength between scaffolds. 
The compressive strength of scaffolds was 6.60, 7.57, and 
6.84 MPa, respectively (Figure 2B). PDA coating and LiCl depo-
sition did not change scaffold mechanical strength.

The degradation profiles showed that the weight loss of pure 
PCL, PCL-PDA, and PCL-PDA-Li scaffolds immersed in Tris-
HCl solution for 5 weeks was 2.8, 3.1, and 3.5%, respectively 
(Figure 2C). PCL-PDA-Li scaffolds maintained a durable release 
of Li+ ions (Figure 2D). At day 35, the concentration of Li+ ions 
was 2.54±0.22 mg/L, which was under the cytotoxicity level.

Cell adherence

rBMSCs were seeded in different scaffolds. Cell morphology 
and adhesion in scaffolds were observed by SEM at 7 days 

after seeding (Figure 3A–3C). Cells attached in PCL scaffolds 
were flat, while cells in PCL-PDA and PCL-PDA-Li scaffolds had 
more filopodia.

Cell viability assessment

Cell viability was assessed by live/dead assay at 14 days af-
ter seeding rBMSCs on scaffolds. Live cells were found on all 
scaffolds. PCL-PDA (Figure 3G–3I) and PCL-PDA-Li scaffolds 
(Figure 3J–3L) had obviously more cells attached than did PCL 
scaffolds (Figure 3D–3F). Although there were more live cells 
attached on PCL-PDA-Li scaffolds (Figure 3M), there were no 
differences in the ratio of live cells (cell viability) among the 
3 groups (Figure 3N).

Biocompatibility analysis

The proliferation of rBMSCs on scaffolds was assessed by MTT 
assay at 1, 3, 5, and 7 days after seeding (Figure 4A). As all 
scaffolds were prepared by 3D printing, the designed pore size 
and structure was suitable for cell attachment and nutrient 
transmission. All scaffolds showed a time-dependent increase 
in cell numbers. Our results showed higher cell proliferation in 
PCL-PDA-Li scaffolds at 5 and 7 days and higher cell prolifera-
tion in PCL-PDA scaffolds at 7 days, compared to PCL scaffolds.

A G

C I

E K

B H

D J

F L

Figure 1.  The morphology and surface microstructure of 3D-printed scaffolds. The lower and higher magnification of digital 
photographs of PCL (A, B), PCL-PDA (C, D), and PCL-PDA-Li scaffolds (E, F). The corresponding SEM images of PCL (G, H), 
PCL-PDA (I, J), and PCL-PDA-Li (K, L) scaffolds.
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GAG assay

The DNA contents and GAG production were quantified at 7 
and 14 days after seeding rBMSCs on scaffolds. The DNA con-
tent and GAG production increased with time in all scaffolds 
and was higher in PCL-PDA and PCL-PDA-Li scaffolds than in 
PCL scaffolds (Figure 4B, 4C). After normalizing GAG content 
by the corresponding DNA, the sGAG/DNA content in the PCL-
PDA-Li scaffolds was higher than that in the PCL and PCL-PDA 
scaffolds at 14 days (Figure 4D).

Gene expression evaluation

To investigate the chondrogenic effect of scaffolds on rBMSC, 
typical chondrogenic differentiation markers (SOX9, collagen II, 
aggrecan, and aggreca) and b-catenin were assessed at 7 and 
14 days after seeding and culturing in chondrogenic medium. 
All chondrogenic gene expression markers (SOX9, collagen II, 
aggrecan, and aggreca) showed increasing trends in all scaf-
folds (Figure 4E–4H). SOX9, collagen II, and N-cadh gene ex-
pression levels were higher in PCL-PDA-Li scaffolds than in 
PCL and PCL-PDA scaffolds at 14 days. Aggrecan gene ex-
pression was higher in PCL-PDA-Li scaffolds than in PCL scaf-
folds at 14 days. b-catenin gene expression levels (Figure 4I) 

were higher in PCL-PDA-Li scaffolds than in PCL and PCL-PDA 
scaffolds at 7 and 14 days, although it decreased at 14 days.

Discussion

Although lithium chloride has been shown to have cartilage 
protection and chondrogenesis effects, a safe and effective 
method of lithium administration is still lacking. This study 
mainly aimed to develop a better lithium-releasing scaffold 
for cartilage tissue engineering.

The 3 critical elements for tissue regeneration are scaffolds, 
cells, and growth factors. Scaffolds are especially important as 
they provide a suitable environment for cell seeding cells and 
tissue regeneration. Various in vitro and in vivo studies have 
focused on scaffolds for cartilage regeneration and have had 
some success [20], but long-term results are still controversial, 
as chondrocyte phenotype alteration and fibrocartilage forma-
tion occur [21]. Improvement of scaffolds is needed to provide 
a better environment for chondrogenesis. Due to the poor ex-
pansion capacity, chondrocytes are not an ideal choice for car-
tilage tissue engineering. BMSCs have an extraordinary poten-
tial for proliferation and multipotential differentiation, including 
chondrogenesis [22], can be easily harvested by bone marrow 
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aspirates, and can avoid immunoreaction due to the autolo-
gous source. Furthermore, the use of BMSCs better replicates 
the clinical scenario of microfracture, where bone marrow is 
induced to the defect. BMSCs are the main functional cells in 
bone marrow. Therefore, we chose to use rBMSCs, rather than 
chondrocytes, for the present study.

3D-printed PCL scaffolds with good biofunction and cell-
scaffold interaction have been widely used in cartilage en-
gineering [23,24]. Based on this, we successfully prepared 
a PCL-PDA-Li scaffold by a 2-step immersion method after 
3D printing. Scaffolds created by CAD 3D printing have the 
specific parameters suitable for cartilage regeneration. With 
a designed pore size of about 200~300 µm, it is suitable for 
cell immigration, adhesion, and the exchange of nutrients. 
With a compressive strength around 6.84 MPa, it is suitable 
to withstand the forces on the joint. PDA coating improved 
the low surface hydrophilicity of PCL, while retaining the bio-
degradation ability of PCL. Lithium ion was durably released 
and the accumulated concentration ([Li+]=3.4 μg/mL for 28 
days) was below the cytotoxicity level [19]. We also performed 

Figure 4.  (A) Biocompatibility analysis of the scaffolds by MTT. DNA (B) and GAG (C) production and GAG/DNA (D) by rBMSCs cultured 
on scaffolds (* p<0.05). (E–I) The gene expression of rBMSCs cultured on the PCL, PCL-PDA, and PCL-PDA-Li scaffolds at 7 and 
14 days. All data were normalized to the corresponding GAPDH value (* p<0.05).
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MTT Live/Dead analysis to further reveal that the released Li+ 
had no cytotoxicity.

The first foundational step for chondrogenesis of BMSCs is 
cell condensation. Scaffolds with PDA coating had better cell 
adhesion, while PCL-PDA-Li scaffolds showed the best cell ad-
hesion, indicated by SEM scan and highest expression of cell 
adhesion molecules (N-cadherin). This is consistent with the 
bioadhesive capacity of PDA [9]. Li can further promote cell 
adhesion by modulating primary cilia [25].

Inducing molecules is another important factor in chondrogen-
esis. Lithium chloride has been shown to prevent cartilage deg-
radation [26] and improve cartilage differentiation [27]. Many 
studies have tried to find safer and more effective methods 
of lithium administration. Our team previously used lithium 
in 3D-printed bioceramic scaffolds and found both chondro-
genesis and osteogenesis bioactivity in vitro and a dual osteo-
chondral regeneration effect in vivo [17]. Siwei Li et al. [28] de-
veloped a Sol-gel-derived lithium-releasing glass and induced 
chondrogenic differentiation in vivo. Juliana et al. [29] reported 
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that lithia-silica glass-ceramics enhanced osteogenic effects in 
vitro. However, bioceramics and bioglasses have the disadvan-
tages of high fragility and low biodegradation, and release of 
multiple ions makes it hard to fully analyze the synergy effect 
and avoid adverse effects. In contrast, PCL has better compres-
sive strength and biodegradation, which makes it a better ma-
terial for tissue engineering scaffolds. With PDA coating, lith-
ium chloride is successfully added to the scaffold. Although 
scaffolds provide better compressive strength, it is important 
to perfectly induce new matrix deposition, of which the main 
part is GAG. In our study, PCL-PDA-Li scaffold had highest GAG 
production, which is consistent with previous studies [30,31]. 
Q-PCR revealed that the PCL-PDA-Li scaffold had highest ex-
pression of type II collagen, aggrecan, and SOX9. SOX9 can up-
regulate the expression of type II collagen and aggrecan. The 
enhanced expression of type II collagen and aggrecan pro-
vides better matrix synthesis for cartilage repair. Of the many 

signaling pathways lithium can affect [32,33], Wnt signaling is 
the most important in cartilage metabolism. Previous studies 
revealed lithium can accumulate activated b-catenin by inhi-
bition of GSKb [34], and higher b-catenin expression level was 
also observed in the PCL-PDA-Li scaffold in our study.

Conclusions

We successfully synthesized PCL-PDA-Li scaffolds by 3D print-
ing following a simple 2-step method. PDA coating and LiCl 
deposition improves surface hydrophilicity without sacrificing 
mechanical strength. In vitro experiments showed that PCL-
PDA-Li scaffolds promote better chondrocyte adhesion and 
cartilage matrix deposition. Our results demonstrate a better 
method for lithium administration and present a promising 
scaffold for cartilage tissue engineering.
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