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Abstract

The inability of damaged load-bearing cartilage to regenerate and self-repair remains a long-standing challenge in

clinical settings. In the past, the use of PVA hydrogels as cartilage replacements has been explored; however, both

pristine and annealed PVA are not ideal for load-bearing cartilage applications, and new materials with improved

properties are highly desirable. In this work, we developed a novel hybrid hydrogel system consisting of glycerol-

modified PVA hydrogel reinforced by a 3D printed PCL-graphene composite scaffold. The composition of the hydrogel

within the hybrid material was optimized to achieve high water retention and enhanced stiffness. The hybrid hydrogel

formed by reinforcement with a 3D printed PCL-graphene scaffold with optimized architecture demonstrated

desirable mechanical properties (stiffness, toughness, and tribological properties) matching those of natural load-

bearing cartilage. Our novel hydrogel system has also been designed to provide drug release and on-demand

photothermal conversion functions and at the same time offers excellent biocompatibility with low cell adhesion.

These promising properties may allow our unique hybrid hydrogel system to be used for potential applications, such

as load-bearing cartilage repair/replacement, as well as targeting certain challenging clinical conditions, such as the

treatment of severe arthritis.

Introduction

With the ever-increasing aging population worldwide

and injuries from high-impact sports and accidents, the

number of patients who suffer from cartilage damage is

on the rise1. One report suggests that the global cartilage

repair/regeneration market was ~USD 4.3 billion in 2017

and is expected to reach USD 6.5 billion by the end of

20242. Unfortunately, cartilage is an avascular and nerve-

free tissue, and its healing/self-regeneration upon damage

remains a significant clinical challenge3. To date, various

hydrogel systems, such as injectable hydrogels4 and 3D

printed cell-laden hydrogels5, have been deployed as

bioscaffolds for articular cartilage tissue engineering6,7.

Despite recent developments, few such systems can offer

desirable biomechanical properties matching those of

natural tissues. Inspired by natural cartilage structures

(i.e., proteoglycan gels reinforced by a fibrous collagen

network)8,9, researchers have also developed a number of

hybrid material systems consisting of hydrogels with

embedded woven scaffolds to offer improved mechanical

properties. Despite their enhanced stiffness, the Young’s

modulus reported for such systems (<1.5MPa10–12) is

insufficient for practical load-bearing applications, such as

replacing damaged fibrocartilages in intervertebral discs,

knee joints and temporomandibular joint (TMJ)13. The

use of other highly rigid reinforcement materials (such as

alloys14) is not ideal, as they may induce a stress-shielding

effect on the surrounding tissue15.

Poly(vinyl alcohol) (PVA)-based hydrogels have been

widely used in the biomedical field. In recent years, such

materials have attracted interest in artificial cartilage

applications16,17. Unfortunately, as-prepared PVA hydrogels
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lack adequate stiffness, and as a result, they are normally

annealed to achieve enhanced stiffness. However, this pro-

cess significantly sacrifices water content, hence compro-

mising the lubrication properties of the hydrogel18.

Hydrophilic polymers such as polyacrylamide (PAM)19 and

polyvinylpyrrolidone (PVP)20 have been introduced into

PVA hydrogels to improve their water-holding properties;

however, these modified hydrogels do not offer sufficient

stiffness for load-bearing cartilage applications. On the

other hand, incorporating graphene into poly(ɛ-capro-

lactone) (PCL) is known to enhance the mechanical prop-

erties of the polymer and improve its osteogenic

capability21,22. The exceptional photothermal conversion

ability of graphene under NIR irradiation can be used for

promising applications, such as photothermal therapy in

cancer treatments23. However, this unique property has

rarely been explored in the context of tissue engineering/

cartilage repair.

Considering the growing demands for biomaterials that

can play multiple biological roles in the development of

modern therapies, we designed and fabricated a novel

hybrid hydrogel system consisting of glycerol-modified

PVA hydrogel reinforced by a 3D printed PCL-graphene

scaffold, namely, PG-Pg. The PCL-graphene (PG) scaffold

is completely encapsulated within the PVA-glycerol (Pg)

hydrogel, where the Pg hydrogel provides lubricity and

drug loading/release function, while the PG scaffold offers

mechanical enhancement and photothermal effects. With

its optimized design, our hybrid hydrogel features excel-

lent biocompatibility, minimal protein/cell adhesion,

exceptionally high water content, and desirable mechan-

ical properties, making it suitable for load-bearing

cartilage applications. The hybrid hydrogel also demon-

strates effective photothermal conversion under NIR laser

irradiation and drug release. This study provides a unique

and sensitive route to control the hybrid hydrogel struc-

ture/properties/function necessary to meet the demand-

ing requirements of load-bearing cartilage replacement. In

addition, this is the first time a scaffold with multimodal

therapeutic functions has been developed to target chal-

lenging joint diseases such as severe arthritis.

Materials and methods

Materials

PCL (Mw= 80000) powder was purchased from Shenz-

hen Esun Industrial Co., Ltd, China. Dichloromethane

(CH2Cl2, A.R. grade) was purchased from Chengdu Chan-

glian Chemical Reagent Co., Ltd, China. Poly(vinyl alcohol)

(PVA, polymerization degree= 1799 ± 50, hydrolysis >

90.5%), glycerol (C3H8O3, A.R. grade) and anhydrous

ethanol (A.R. grade) were purchased from Chengdu Kelong

Co., China. Graphene was obtained from The Sixth Element

(Changzhou) Materials Technology Co., Ltd, China.

Sodium fluorescein (FL) was obtained from Xiya Reagent

Co., Ltd., China. Phosphate buffer saline (PBS) tablets were

purchased from Beijing Solarbio Science & Technology Co.,

Ltd, China. All reagents were analytical grade.

Preparation of hybrid hydrogel

The preparation of the hybrid hydrogel is presented in

Scheme 1. PCL powder (5 g) and graphene (0 g and 0.05 g)

were first dissolved in 10ml CH2Cl2 and stirred vigorously

for 30min. The uniform PCL and PCL-G solutions were

then transferred to a bioprinter (3D BioprinterV2.0, China)

Scheme 1 Diagram of the fabrication and characteristics of the PG-Pg hybrid hydrogel.
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reservoir for 3D printing. The printing speed was 2mm/s,

the strut diameter was 0.21mm, the printing resolution was

0.1mm and the strut spacing was 0.6, 0.8 and 1.0mm. The

printed pure PCL scaffolds were named PCL-0.6, PCL-0.8,

and PCL-1.0, and the PCL-graphene scaffolds were named

PCL-G-0.6, PCL-G-0.8, and PCL-G-1.0. The printed PCL

and PCL-G 3D structures were dried at room temperature

in a vacuum oven to allow complete evaporation of the

residual CH2Cl2. A 15 wt% PVA solution was obtained by

dissolving PVA powder in deionized water and stirring at

90 °C for 6 h. Appropriate amounts of glycerol were then

added to the PVA solution to obtain PVA/glycerol mixtures

with varying glycerol concentrations (0, 10 wt%, 20 wt% and

30wt%). The resulting hydrogel mixtures were named Pg-0,

Pg-10, Pg-20 and Pg-30, respectively. Next, the printed PCL

and PCL-G 3D structures were infused with the PVA/gly-

cerol mixture solutions under negative pressure to ensure

thorough infiltration of the hydrogel into the interior of the

scaffold pores. Afterwards, the hybrid hydrogels were sub-

jected to three freezing-thawing cycles (12 h at –20 °C and

2 h at room temperature) to achieve crosslinking of the

hydrogel network. The resulting hybrid hydrogels were

dried at 50 °C for 5 h and named PG-Pg. Pg hydrogels (i.e.,

without 3D printed reinforcement) with varying glycerol

contents were also dried at 50 °C for 5 h (Pg-5 h) for com-

parison study and were named Pg-0-5 h, Pg-10-5 h, Pg-20-

5 h and Pg-30-5 h.

Characterization

Scanning electron microscopy (SEM, JEOL, JEM-

6500LV, Japan) and a stereomicroscope (Nikon SMZ800,

Japan) were used to observe the morphology of all sam-

ples. The crystallinity of the Pg hydrogel was examined by

X-ray diffraction (XRD, DX-2500, China). Fourier trans-

form infrared spectroscopy (FTIR, Nicolet-6700, USA)

was performed in the range of 4000–500 cm−1. Differ-

ential scanning calorimetry (DSC) and thermogravimetric

analysis (TGA) were carried out using a TGA/DSC/1600

(Star System, Mettler Toledo). Quantitative elemental

analysis was carried out using X-ray photoelectron spec-

troscopy (XPS, XSAM800 UK).

Porosity measurement

The porosity (Ps) of the PCL and PCL-G scaffolds was

determined by the liquid substitution method. The sam-

ples (10 × 10 × 6mm3) were immersed in anhydrous

ethanol and repeatedly pumped until anhydrous ethanol

was completely filled in the scaffolds. The porosity was

calculated following Eq. (1):

Porosity ð%Þ ¼ ðW1 �W0Þ=ðV:ρÞ ´ 100% ð1Þ

where W0 and W1 are the weight of the scaffolds before

and after pumping, respectively, V is the volume of the

scaffolds, and ρ is the density of anhydrous ethanol. Five

samples were tested, and the mean value was taken for

analysis.

Water content

The water content (WC) of the hydrogels was measured

by the gravimetric method. The samples (10 × 10 ×

6mm3) were dried at 50 °C until no further weight loss

occurred. WC was calculated following Eq. (2):

WC% ¼ ðW0 �W1Þ=W0 ´ 100% ð2Þ

where W0 and W1 are the weight of the hydrogel before

and after drying, respectively. Surface moisture was

removed from the wet hydrogels by filter paper prior to

measurement. Five samples were tested, and the mean

value was taken for analysis.

Swelling ratio

The dried samples were immersed in distilled water,

and the weight of the swollen hydrogels was measured at

different time intervals (i.e., 2 h, 1 day, 3 days, 5 days, and

7 days) until no further weight gain was observed. The

swelling ratio (WS) was calculated according to Eq. (3):

Ws% ¼ ðW2 �W1Þ=W2 ´ 100% ð3Þ

where W2 and W1 are the weight of the hydrogel in the

dehydrated and swollen states, respectively. Surface

moisture was removed from the wet hydrogels by filter

paper prior to measurement. Five samples were tested,

and the mean value was taken for analysis.

Finite element simulation

As the PCL-graphene (PCL-G) scaffolds were 3D prin-

ted by the direct writing technique, two typical lattice

models, namely, face-centered tetragonal (FCT) and

simple cubic (SC) models, were adopted. Before fabri-

cating the hybrid hydrogel systems, a finite volume

method (FVM) simulation was carried out to investigate

the effects of Pg-20-5 h hydrogel infiltration on the

mechanical performance of the 3D printed scaffolds and

probe the load-bearing behavior of the hybrid systems

under uniaxial compression conditions. Quasi-static uni-

axial compression simulations were performed in the

z-axial direction via a commercial software package,

GeoDect24.

Mechanical tests

Uniaxial compression and tensile testing of all test

samples were carried out following the standards GB/T

1041-2008 and GB/T1040.2-2006 using a universal testing

machine (INSTRON, American). A strain rate of 1 mm/

min was applied until a predetermined compression ratio
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of 40% was reached, and the samples were stretched at a

speed of 50 mm/min under ambient conditions. Five

samples from each group were tested, and the mean value

was obtained for further analysis. The samples from dif-

ferent groups were also tested on a universal testing

machine (AGS-X, Japan) for their creep behavior. The

load was set to 5 N (0.05MPa) at a speed of 10 N/s, and

the dwelling period was 3600 s. The load was then

reduced to 1 N (0.01MPa) at a speed of 10 N/s and held

for 3600 s. The tensile loading/unloading behaviors of the

materials were investigated by subjecting the samples to

cyclic loading (stretching to 200% strain and unloading to

0% strain at a tensile strain speed of 50 mm/min) for five

cycles.

NIR laser-induced photothermal performance

The samples were irradiated by an 808 nm near-infrared

(NIR) laser under various power densities (0-0.8W/cm2)

for different durations (0–5min). The temperature of the

irradiated samples was recorded using an infrared thermal

camera (FLIR E6).

Drug loading and release

FL (0.1 wt%) was loaded into the PVA/glycerol mixture

solution during the hydrogel synthesis process. The FL

solutions were diluted to gradient concentrations to

establish a standard drug release curve using the absor-

bance data from UV–vis spectroscopy. The drug-laden

hydrogels were immersed in 10 mL of PBS (pH= 7.4), and

the cumulative release was measured with and without

laser irradiation using UV–vis. The drug encapsulation

efficiency was calculated by the following Eq. (4):

Encapsulation efficiency %ð Þ ¼ ðC2 � C1Þ=C2 ´ 100%

ð4Þ

where C1 and C2 are the amount of unbound FL and total

added FL, respectively.

Tribological tests

The reciprocal sliding test was performed on 30 × 7 ×

6mm3 hydrogel samples using a ball-on-plate high-

frequency tribometer (MDW-02, China). Both PG-Pg

and goat TMJ discs were slid against a static titanium

alloy ball (diameter of 6.35 mm) at 20mm per second.

The load applied was 5 N, and the frictional coefficient of

each specimen was measured for 30min. Each test was

repeated three times, and the average friction coefficients

were recorded for further analysis. Finally, the worn sur-

faces were examined by scanning electron microscopy

(SEM, JEOL, JEM-6500LV, Japan) for morphological

characterization.

In vitro cell viability

All animal experiments were conducted in accordance

with international guidance on animal welfare and the

standards of the Animal Research Committee of the State

Key Laboratory of Oral Diseases and West China School

of Stomatology, Sichuan University (approval number:

WCCSIRB-D-2014-407). Intact TMJ discs were dissected

from adult goats (each goat weighed ~30 kg). The pre-

liminary biological properties were evaluated by cell

coculture experiments. Briefly, chondrocytes were sepa-

rated from fresh knee cartilage of newborn rabbits. The

tissue was cut into slices and digested in 0.25% trypsin

(Gibco, USA) at 37 °C for 30min, followed by 0.3% type II

collagenase (Gibco, USA) for 3 h. After centrifugation, the

cells were cultured in Dulbecco’s modified Eagle’s med-

ium (DMEM; 4.5 g/L glucose; Invitrogen, CA, USA)

supplemented with 20% fetal bovine serum (FBS, Gibco,

Canada) and 1% streptomycin and penicillin (HyClone,

USA). The cells were incubated at 37 °C in an atmosphere

containing 5% CO2. The cells of the 3rd passage were

collected for detection by CCK8 and SEM.

The dried hydrogel samples (Pg-0-5 h to Pg-30-5 h and

PG-Pg) were shaped into discs whose size matched that of

the wells of a 48-well plate. Cells were cultured in 48-well

plates at 105/ml at 37 °C and 5% CO2 on the surface of the

samples. After 48 h incubation, the cells were fixed with

2.5% glutaraldehyde, washed with PBS solution and

dehydrated using ethanol at graded concentrations (30,

50, 75, 90, and 100%). The morphology and adhesion of

chondrocytes were observed by SEM. Cell viability was

evaluated by cell counting kit-8 (CCK-8) assays. The

sterilized disc-shaped samples were placed in a 48-well

plate containing 300 µl chondrocytes at 5 × 104/ml. After

culturing for 2 and 5 days the cell-laden hydrogels were

washed with PBS and immersed in 300 µl fresh medium

topped with 30 µl CCK8 solution in each well. The optical

density (OD) was measured at an excitation wavelength of

450 nm by an Anthos 2010 spectrophotometer (Bio-

chrom, Cambridge, UK). The cytotoxicity of PG-Pg was

tested by measuring chondrocyte proliferation in cell

culture medium mixed with leaching solution.

Results and discussion

Characterization of Pg hydrogels

Pg hydrogels were synthesized by adding various con-

centrations of glycerol (0, 10%, 20%, and 30%) into PVA

solution, and the resulting samples were named Pg-0, Pg-

10, Pg-20, and Pg-30, respectively. FTIR spectra of the Pg

samples are shown in Fig. 1a, (a). The wide absorption

peak at 3277–3253 cm−1 can be attributed to O–H

stretching vibrations in neat PVA and glycerol. As the

glycerol content increased, the absorption peak redshifted

due to the formation of new hydrogen bonds between

glycerol and PVA25 (as shown in Fig. 1a, (c). Such
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hydrogen bond formation reduces the force constants of

-OH groups26 and reduces the microcrystalline region

within the PVA, leading to increased distance and mobi-

lity of the molecular chains27. From the XRD data in

Fig. 1a (b), it can be seen that the major peaks at 2θ=

19.6° correspond to the typical crystallization of the irre-

gular PVA (101) plane. The shoulder peak at 2θ= 22.9°

and the weaker diffraction peak at 2θ= 40.8° correspond

to the PVA (200) and (102) planes, respectively28,29. The

decreased PVA crystallinity can be evidenced by the

broadening of the characteristic XRD peak at 2θ= 19.6°.

The mechanical testing results in Fig. 1b suggest that

increasing glycerol content (and hence decreasing crys-

tallinity) gradually lowered the compressive and tensile

moduli of Pg, the values of which were merely 0.021 ±

0.002 and 0.095 ± 0.001MPa, respectively, for Pg-20, as

shown by the solid bars in Fig. 1b.

To optimize the stiffness and tensile moduli of the Pg

hydrogels, samples were dried at 50 °C for 5 h for further

studies. Figure 1c, (a) shows that Pg-0 underwent sig-

nificant shrinkage after drying and Pg-10 showed mild

shrinkage. In contrast, Pg-20 and Pg-30 maintained more

intact shapes. This result is consistent with the data

shown in Fig. 1c, (b), where an increasing glycerol content

allowed better water retention during the drying process.

This behavior can be attributed to the –OH functional

groups of glycerol interacting with the –OH groups of

water molecules through hydrogen bonds, hence effec-

tively binding water within the hydrogel network30, as

illustrated by Fig. 1a, (c). Figure 1d shows that the swelling

ratio of all samples stabilized from 3 days, and samples

with increasing glycerol content exhibited a lower swel-

ling ratio, which is desirable for load-bearing cartilage

applications. In addition, the drying process significantly

improved the compressive and tensile moduli of the

materials (Fig. 1b, dashed bar), which peaked for Pg-20-

5 h (1.16 ± 0.01MPa; 11.96 ± 1.12MPa). The thermal

program (holding at 50 °C for 5 h and then slowly cooling

Fig. 1 Characterization of Pg hydrogels. a FTIR spectra and (b) XRD spectra of Pg hydrogels. (c) Schematic illustration showing hydrogen bond

formation between glycerol and PVA and/or water. b The compressive and tensile moduli of Pg hydrogels, Pg-5 h-20, and Pg-5 h-30. c (a) Pg

hydrogels after 5 h of drying. (b) The water content of Pg and Pg-5 h hydrogels. d The swelling ratio of Pg-5 h hydrogels.
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to room temperature) enhanced the mobility of PVA

chains and generated a much higher density of PVA

crystallites18,19. From Fig. S1B, both Pg-20 and Pg-20-5 h

showed endothermic peaks at ~100 °C as a result of water

evaporation. The melting peaks of the Pg hydrogels

appear at 200–30 °C31, and the greater endothermicity of

Pg-20-5 h can be associated with its higher crystallinity.

At melting temperature, the weight reduction of the

samples (see Fig. S1A) is due to the evaporation of gly-

cerol. From Fig. S1A, the weight loss between room

temperature and 100 °C is due to water evaporation. The

weight loss between 120 °C and 250 °C is due to glycerol

evaporation, and the weight loss occurring from

270–400 °C is caused by the decomposition of glycerol.

The DSC data suggest that the melting temperature of Pg-

20-5 h is ~260 °C, indicating its good thermal stability.

Given the superior mechanical properties of Pg-20-5 h

among all the Pg hydrogel samples prepared, it was

selected for preparation of a demonstration PG-Pg hybrid

hydrogel for further investigation.

Characterization of the PG-Pg hybrid hydrogel

As shown in Fig. 2a, in the original FCT structure, each

3D printed scaffold layer was shifted by half the lattice

spacing in the XY plane, resulting in a zigzag strain

concentration under compression. Nevertheless, in the

presence of the Pg-20-5 h hydrogel, the strain con-

centration area shifted towards the regions filled by the

low-stiffness hydrogel. In the original SC structure, on the

other hand, the transverse and longitudinal struts inter-

sected repetitively, leading to columnar strain con-

centration following a rectangular array pattern. When

the Pg hydrogel was introduced, the strain concentration

became more uniform, with only a slightly greater stress

concentration at strut interconnections. Overall, hydrogel

infiltration contributes to strain concentration transfer,

thus resulting in a hybrid system with generally enhanced

stiffness and strength. It is noteworthy that the effective

Young’s modulus of the SC configuration was approxi-

mately 15% higher than that of the FCT configuration;

thus, we selected the more rigid SC structure to produce

the 3D printed PCL-G scaffolds.

SC PCL and PCL-G scaffolds with different strut spa-

cings (0.6, 0.8, and 1.0 mm) were fabricated (named PCL-

0.6, PCL-0.8 and PCL-1.0; and PCL-G-0.6, PCL-G-0.8 and

PCL-G-1.0, respectively). The corresponding porosities

were 58 ± 4%, 63 ± 3%, and 80 ± 2%, respectively (see Fig.

S2A). Figure S2Ba shows the typical compressive stress-

strain curves of 3D printed PCL and PCL-G scaffolds with

varying strut spacings. Figure S2Bb (elastic modulus)

confirms that the addition of graphene enhanced the

stiffness of the PCL scaffolds. In addition, the scaffold

compressive moduli decreased with increasing strut spa-

cing (i.e., increasing porosity from 58% to 80%). Larger

pores allowed easier infiltration and hence the formation

of a more intact hybrid hydrogel structure. In contrast,

oversized pores (1.0 mm) caused a sharp loss in stiffness

(see PCL-G-1.0 in Fig. S2Bb). The PCL-G-0.8 scaffold was

selected as reinforcement for the PG-Pg hybrid hydrogel

owing to its modest stiffness.

The Pg-20-5 h hydrogel was infiltrated into the PCL-G-

0.8 scaffold to obtain the demonstration hybrid hydrogel

(named PG-Pg). The optical images in Fig. 2b confirm

that the 3D printed scaffold was well encapsulated in the

hydrogel. Irregular pores of 1–3 µm were present on the

scaffold strut surface (see SEM inset), which were formed

due to solvent evaporation during scaffold preparation.

This strut surface morphology may facilitate mechanical

interlocking between the PCL-G-0.8 scaffold and the

infiltrated Pg-20-5 h hydrogels.

Mechanical testing of the hybrid hydrogel (PG-Pg) was

carried out, and the results were compared with those for

the PCL-G-0.8 scaffold and Pg-20-5 h (see Fig. 3a). The

compressive modulus of PG-Pg was lower than that of the

pure PCL-G-0.8 scaffold (due to the buffering effect of the

surface hydrogel) but was significantly greater than that of

Pg-20-5 h. In contrast, the tensile strength and modulus of

PG-Pg (4.41 ± 0.12MPa and 9.53 ± 0.21MPa, respectively)

were considerably higher than those of PCL-G-0.8 (1.12 ±

0.09MPa and 1.78 ± 0.11MPa). From Fig. 3b, it is worth

noting that PG-Pg had a similar stiffness (4.2MPa) to that

Fig. 2 Finite element simulation and structural analysis.

a Schematics of FCT and SC models; FVM simulations for PCL-G and

PG-Pg for both models. b Optical images of PCL-G-0.8 and PG-Pg (a

yellow dye was used in PG-Pg to achieve better image contrast; inset:

SEM images of struts in PCL-G-0.8 and PG-Pg).
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of goat TMJ disc and at the same time offers a much better

toughness (1.11 × 107 J/m3). The sample creep resistance

and recovery behavior can be found in Fig. 3c. Under

constant loading conditions (0.05MPa for 3600 s), Pg-20-

5 h first showed a significant increase in strain (~17%),

which further increased steadily with time. The strain of

PG-Pg, on the other hand, was much lower (5%) under the

same loading condition and was less time-dependent,

indicating its much better creep resistance. In addition, both

samples showed similar recovery dynamics. The energy

dissipation behavior of the hybrid hydrogel and PCL-G-

0.8 scaffold during cyclic loading is shown in Fig. 3c (b).

Due to the inevitable plastic deformation and internal

friction, the hysteresis loop of the PCL-G-0.8 scaffold is not

well enclosed. In contrast, PG-Pg exhibited much better

recovery. Furthermore, the tribological properties of PG-Pg

and goat TMJ discs are compared in Fig. 3d. The value of

the frictional coefficient for PG-Pg gradually decreased and

approached that of the goat TMJ disc at ~1200 s. The

friction further decreased as the test progressed, which may

be due to the lubrication effect of glycerol leached out from

the hydrogel during testing. The PG-Pg worn surface fea-

tures uniform wear tracks with no obvious cracks or frac-

tures (see Fig. S3). Furthermore, the water content of the

PG-Pg hybrid hydrogel reached 72 ± 1%, which is compar-

able to that of natural articular cartilage (~60%–80%32).

Photothermal conversion of PG-Pg

Structural damage to load-bearing cartilage may lead to

severe inflammatory joint conditions such as rheumatoid

arthritis (RA). The literature suggests that combining

localized photothermal therapy and drug release can

inhibit inflammation well and hence maximize ther-

apeutic efficacy and minimize dosage-related side effects

in the treatment of RA33. We designed and fabricated a

hybrid hydrogel with NIR light sensitivity coupled with a

drug release function. The NIR light sensitivity can be

attributed to the two-dimensional (2D) graphene sheet

with a structure of sp2-hybridized carbon atoms packed

into a honeycomb lattice. The unique electronic structure

of graphene enables its strong interaction with photons at

frequencies ranging from infrared to terahertz34.

Figure 4a, (a) shows the photothermal effect of the PG-Pg

hybrid hydrogels under laser irradiation with different

power densities. As shown in Fig. 4a, (b), for all laser den-

sities, the temperature of PG-Pg rose sharply during the

initial period. The sample temperature increased with

irradiation laser power density (0.07–0.31W/cm2) and

tended to stabilize after ~50 s. In particular, the temperature

of the samples irradiated with a laser power density of

0.31W/cm2 reached ~43 °C within 50 s. It is worth noting

that for PCL-G-0.8 (without hydrogel), high power densities

(0.19 and 0.31W/cm2) can lead to a temperature exceeding

the PCL melting temperature and damage the 3D printed

scaffold (see Fig. S4B). Figure 4a, (c) shows that under

repeated laser irradiation, the photothermal performance of

PG-Pg did not deteriorate, demonstrating its excellent

thermal stability in repeated applications. The photothermal

conversion of PG-Pg hybrid hydrogels was also investigated

in PBS. Figure 4b shows that for samples immersed in PBS

to achieve a therapeutic temperature window, greater laser

power densities were required. More specifically, the power

Fig. 3 Mechanical analysis. a The compressive and tensile stress-strain curves of Pg-20-5 h, PCL-G-0.8 and PG-Pg (inset: PG-Pg under tensile testing).

b The stiffness and toughness of goat TMJ disc and PG-Pg. c (a) Strain vs. time curves of Pg-20-5 h and PG-Pg. (b) Loading/unloading stress-strain

curves of PCL-G-0.8 and PG-Pg. d The friction coefficient curves of goat TMJ disc and PG-Pg.
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densities required for samples to achieve 37.1, 42.7, and

45.0 °C were 0.4, 0.6 and 0.8W/cm2, respectively. It is worth

noting that the photothermal effect can be used to mod-

ulate the drug release profile34. Existing drug release and

photothermal therapies for RA treatment mostly rely on the

local injection of photothermal agents (e.g., nano-

particles)35,36, and challenges remain in the local retention

of nanoparticles and their dose-related toxicity. Our hybrid

PG-Pg scaffold may hence provide an integrated solution

for tissue replacement/repair and localized therapy.

Drug-release functions of PG-Pg

Three-dimensional water-swollen hydrogels have been

extensively studied as drug delivery systems37,38. Since the

model drug (FL) was only embedded in the hydrogel

component of the PG-Pg hybrid hydrogel system, we first

studied the release profile from Pg hydrogels to better

understand the release kinetics (see Fig. 5a, (a)). For all Pg

hydrogels, the drug showed a burst release during the

initial 4 h, which gradually stabilized after 24 h. The

cumulative release increased with increasing glycerol

content in the hydrogel. This result occurred because

hydrogels containing a higher glycerol content undergo

greater volume expansion, which allows faster molecular

exchange. The drug release profile of Pg-5 h hydrogels is

displayed in Fig. 5a, (b). Compared to Pg-0 and Pg-10, Pg-

0-5 h and Pg-10-5 h took longer to reach equilibrium.

This may be because Pg-0-5 h and Pg-10-5 h underwent

more significant swelling from their collapsed state, which

disturbed the drug transport kinetics. The drug release

rate increased with increasing irradiation laser power

density (which is associated with increasing sample

temperature). Figure 5b compares the drug release profile

of PG-Pg with that of Pg-20-5 h. The release rate slowed

with the introduction of the reinforcing PCL-G-0.8 scaf-

fold. This result may be due to the encapsulated scaffold

serving as a physical barrier hindering the drug transport

path. In Fig. 5c, the effect of NIR irradiation on drug

release from the PG-Pg hybrid hydrogel was preliminarily

explored at different time points (10 min and 72 h after

immersion). It can be seen that for both cases, higher

temperatures (i.e., 42.7 °C and 45.0 °C) due to laser irra-

diation were effective in upregulating drug release.

The potential drug elution mechanism from the hybrid

hydrogel is presented in Fig. 5d. Under NIR irradiation,

the laser-induced temperature rise in PG-Pg can lead to

greater molecular mobility, hence accelerating the trans-

port of both water and drug molecules and promoting

drug release. The cumulative release may be enhanced

and controlled by manipulating the laser power, which

points to the possibility of achieving sustained and

adjustable drug release through photothermal conversion.

Protein adsorption and cell adhesion study

To preserve the smoothness of the artificial cartilage

surface and maintain its low friction in vivo, protein

adsorption and cell adhesion on the hydrogel surface

should be minimized. The protein adsorption on Pg-0 and

Pg-20-5 h (immersed in newborn bovine serum overnight

at 37 °C) was investigated by the detection of N on the

sample surface using qualitative XPS analysis (shown in

Fig. 6a). The literature suggests that proteins can only

weakly adsorb onto a pristine PVA hydrogel (i.e. Pg-0)

surface39. The lower quantity of adsorbed proteins found

Fig. 4 Photothermal analysis. a (a) Thermal images of PG-Pg upon 5min NIR laser irradiation with varying power densities. (b) Temperature profiles

of PG-Pg irradiated by NIR lasers with varying power densities. (c) Temperature profile of PG-Pg irradiated by a 0.31 W/cm2 laser applied at 5 min

intervals. b IR images of PG-Pg hybrid hydrogel irradiated by laser with varying power densities (0.05-0.8 W/cm2) in PBS.
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on Pg-20-5 h (Fig. 6a, (b) indicates that the Pg hydrogel

has better resistance towards protein adsorption com-

pared to pristine PVA, which favors its application as

load-bearing cartilage.

In the subsequent cell experiment, chondrocyte cells

were cultured on Pg-20-5 h for 48 h, and cell adhesion was

observed under SEM (Fig. 6b, (a)). Very few cells were

found in the entire field, and all cells exhibited typical

rounded chondrocyte morphology. This result was

obtained because the highly lubricated Pg hydrogel sur-

face resists cell adhesion40. Similar low cell adhesion

was also observed for the PG-Pg hybrid hydrogel (see

Fig. S5B). This result is as expected since the Pg hydrogel

is fully encapsulated in the 3D printed PG scaffold (see

Fig. S5A). CCK-8 testing was carried out to compare the

proliferation of chondrocytes on the surface of Pg-0-5 h

and Pg-30-5 h (see Fig. 6b, (b)). The absorbance values of

all Pg hydrogel groups were slightly higher than those of

the blank group. After 2 days of cultivation, the

absorbance values of the Pg hydrogel groups decreased

with increasing glycerol content, and the values of all

hydrogel groups were much lower than those of the

chondrocyte control group. The data for 5 days did not

show significantly enhanced proliferation. A lack of cell

induction is highly desirable for cartilage replacement

materials to maintain their surface smoothness and hence

preserve their long-term lubricity. Figure 6c shows the

results of chondrocyte proliferation after culturing for 1 to

7 days in cell culture medium mixed with leaching solu-

tion. The results confirm that the noncytotoxicity of the

PG-Pg hybrid hydrogel is comparable with that of the

control group.

Conclusions

In summary, we have designed and fabricated a novel

PG-Pg hybrid hydrogel with integrated photothermal

conversion and drug release functions. By reinforcing

glycerol-modified PVA with a 3D printed PCL-graphene

Fig. 5 Drug release study. a Drug release profile from (a) Pg hydrogels with varying glycerol contents and (b) Pg-5 h hydrogels with varying

glycerol contents. b Drug release profile from Pg-20-5 h and PG-Pg. c Cumulative release from PG-Pg under laser irradiation at 10 min and 72 h after

immersion in PBS. d Schematic showing the drug release mechanism of PG-Pg without NIR irradiation (a) and with NIR irradiation (b).
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composite scaffold with optimized composition and

architecture, we achieved a hybrid hydrogel with desirable

physical and mechanical properties (e.g., low friction, high

water retention, and excellent stiffness, and toughness)

comparable to those of natural load-bearing cartilage. The

graphene-containing 3D printed reinforcing scaffold fur-

ther provides a hybrid system with effective photothermal

conversion properties, which can regulate drug release

under external laser irradiation. The hybrid hydrogel

system also allows for minimal protein adsorption and cell

adhesion, further demonstrating its excellent potential for

load-bearing cartilage applications.
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