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Abstract 

As the wear and tear effects of artificial joints disturb patients after joint replacement, techniques of new lubrication materials or methods are 

constantly being investigated. Hydrothermal method was adopted to produce carbon quantum dots (CDs), and physically cross-linked polyvinyl 

alcohol-polyethylene glycol hydrogel (PVA-PEG) to encapsulate CDs, which was evaluated as a lubricant for lubrication appraisal with their 

slow-release solution. Results of the friction experiment showed that the addition of CDs changed the structure of the gel and promoted the 

tribological properties of the gel. The structural characterization results show that the CDs are successfully wrapped in gel. The network cross-

link structure of the gel is improved due to the addition of CDs, which are shown by the results of thermogravimetric analysis (TGA) and 

differential scanning calorimetry analysis (DSC). At the same time, CDs can influence the thermal stability and crystallinity of the gel as well 

as the degree of cross-linking. These results of TGA and DSC suggest that the curled molecular chain will not be stretched during the gel cross-

linking process. After 2 hours of self-healing, the recovered gel did not break again under the pull of external force. All these contribute to the 

preparation and application of hydrogels which is worth looking forward to accelerate the development of polymer lubrication. 
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1 Introduction 

Artificial joint replacement is regarded as an effective means when people have abnormal joints. It is estimated in 2010 that the number of 

individuals with joint replacement in the USA corresponds to 7.2 million, and it is showing a rising trend in future.1 Total hip replacement 

(THR) is regarded as a successful operation with relatively few comorbidities.2,3 However, the wear of joints is a major problem for failure 

modes in artificial joints, and corrosion of the materials used in artificial joints may lead to implant failure.4,5 In the application of artificial 

joints, friction debris will be generated due to the existence of friction and wear, which can induce macrophages to secrete osteolytic factors to 

cause osteolysis, and then lead to aseptic loosening, which is one of the main reasons for the failure of artificial joints.6 Nowadays some 

researchers are adding lubricants into an artificial joint to achieve great tribological properties.7-9  
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In the replacement of artificial joints, longer service life can be achieved with better materials and thus contribute to the lifetime of the 

artificial joint.10,11 There has been excellent progress in the study of combining cobalt-chromium-molybdenum (CoCrMo) alloy with ultrahigh 

molecular weight polyethylene (UHMWPE) as a material used for joint replacement.12 However, the wear of the material limits the application 

of artificial joints.13 In the UHMWPE/CoCrMo alloy artificial joint pairing, UHMWPE is a less hard material, tends to wear more easily.14 

Therefore, it is worthwhile to investigate the improvement of the frictional properties of two materials, CoCrMo alloy and UHMWPE as 

artificial joints.15,16 Adding lubricant would be a common method, but the complex environment of the human body causes the liquid lubricant 

to be absorbed or explained carefully, thus the service interval of lubricant would be reduced significantly.17 Therefore one way to provide 

long-term lubrication to the artificial joint became important. 

Hydrogels are polymers bonded by intermolecular hydrogen bonding forces and have many applications in repairing soft tissues, filling 

tissue cavities, and delivering drugs.18-20 The special three-dimensional structure of hydrogels gives them excellent water locking properties.21 

The biocompatibility of polyvinyl alcohol (PVA) and polyethylene glycol (PEG) in gel systems enable them to be used in a wide range of 

applications.22 Chen et al.23 has prepared a PVA-HA/PAA compound hydrogel that has a favorable thermal stability and an excellent lubricating 

property by freeze-thawing and annealing methods. Gang et al.24 obtained composite hydrogels with nano-hydroxy apatite (HA) nanoparticles 

filled in polyvinyl alcohol hydrogel (PVA-H) and investigated its lubrication properties. Carbon dots (CDs) are a kind of spherical carbon 

particles. Compared to metallic quantum dot materials, CDs are almost non-toxic.25 Because of their small size, they can fill the pores between 

the contacting materials and thus improve the frictional properties between the materials and have favorable lubrication effects.26,27 Guo et al.28 

implemented slow-release lubrication with CDs and thermosensitive poly(epsilon-caprolactone)-poly(ethylene glycol)-poly(epsilon-

caprolactone) (PCL-PEG-PCL, PCEC) hydrogel. The results show that the composite PCEC/CDs hydrogel release solution has the ability to 

reduce the friction coefficient significantly. 

In this work, my team prepared CDs using chitosan (CS) through the hydrothermal method. PVA was used to cross-link with PEG, and it 

was desired to encapsulate the CDs in the cross-linked hydrogel, the CDs are then released to provide a medium for better lubrication. XPS, 

XRD, Raman, FT-IR, TGA, and DSC were used to characterize the PVA/PEG/CDs hydrogels prepared in this article. The lubrication effect 

of hydrogel was also studied using a GSR-2 friction machine to compare the coefficients of friction (COF) of UHMWPE/CoCrMo alloy 

contacts. Finally, the mechanism of CDs promoting gel lubrication and mechanical performance was discussed. The research results provide 

an effective method for improving the life cycle of liquid lubricants. In addition, the positive properties of the gel show potential for a large 

range of applications in artificial joints or other biological tissues. 

2 Experimental 

2.1 Materials 

Polyvinyl alcohol (PVA, average molecular weight: 25000-30000 Da) and polyethylene glycol (PEG, average molecular weight: 3600-4000 

Da) were purchased from Tianjin Damao Chemical Reagent Factory (Tianjin, China). The glacial acetic acid was purchased from Tian in Fuyu 

Fine Chemical (Tianjin, China). The Chitosan (CS, degree of deacetylation ≥90.0%,  molecular weight, 700000–800000 Da) was purchased 
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from Shanghai Lanji Technology (Shanghai, China). The materials used in this study were of analytic reagent (AR) grade.  

2.2 Samples preparation 

The Carbon Dots (CDs) were prepared through the hydrothermal method.29,30 First of all, glacial acetic acid (1 g) was dissolution in distilled 

water (99 mL) to obtain 1% glacial acetic acid solution. And then, CS 200 mg was added to 20 mL 1% glacial acetic acid solution, after 

dissolving at 60 ℃ until the solution is clear. Then, let the mixture solution was placed on heating furnace at 130 ℃ for 10-15 hours. After 

that, the mixture was cool to room temperature. Finally, the supernatant of the mixture was centrifuged at 4000 rpm and filtered to obtain a 

CDs solution (0.8 wt.%). In the preparation process described in Figure 1, the CDs solution shows a light-yellow color in natural light, however, 

the purple light (wavelength: 365 nm, power: 20 W) irradiation shows a light-blue color. This may be contributed by the different emission 

wells on the surface of the CDs. PEG solutions with varying concentrations (10, 20, 30, 40 and 50 wt.%) were prepared by adding different 

weights of PEG powder to different volumes of distilled water. Obtained PEG solutions with varying concentrations are then added into CDs 

for PEG/CDs sol. Pour 10g of PVA into the beaker, then add 90 mL of distilled water, heat and dissolve to obtain a PVA solution (10 wt.%). 

PVA solution and PEG solution and PEG/CDs sol were mixed in 1:1 volume ratio and centrifuged for 5 min to obtain PVA-PEG and PVA-

PEG/CDs gel. 

 

Fig. 1 Schematic diagram of CDs preparation flowchart. 

2.3 Friction experiment  

The tribological properties were investigated using the GSR-2 friction machine (Rubber alcohol friction testing machine, Shenzhen Zhijia 

Instrument Equipment Co., Ltd, China). The friction pair is a UHMWPE ball (diameter: 9.525 ±0.05 mm) and CoCrMo (diameter: 30 ±0.1 

mm) alloy disk, because of the importance of UHMWPE and CoCrMo as materials of artificial joint parts. The samples were made to slide 

against a disk with a reciprocation drive system at room temperature (25-30 °C). Before each test, the UHMWPE ball and CoCrMo alloy disk 

130 ℃,  10-15h

Reaction still 
365 nm 430 nm

Natural lightPurple light (365 nm)

Carbon Dots (CDs)
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were swabbed with water and acetone for 10 to 15 seconds and then allowed to dry. In the friction test, the water solution is first introduced 

between the friction pairs to correct the frictional force data. Then after testing the frictional forces of different materials as lubricants. The 

frictional forces are measured by a high-performance force sensor (DY054-A, Bengbu Dayang Sensing System Engineering Co., Ltd, China), 

which provides an accuracy of ±0.006. The accuracy of the experimental platform was adjusted so that the absolute value of positive and 

negative frictional forces collected by the sensor in the reciprocating motion of the friction testing machine was the same. Frictional forces 

measurements are made at room temperature and relative temperature at the humidity of 20-30 %. The applied load range was 2-10 N, and 

each friction experiment lasted 30 minutes. The experiment was repeated three times and the results were averaged for analysis. The COF is 

calculated by using the frictional force value obtained. Equation (1) for calculating COF is given below, where F1 is the data measured by the 

sensor and F2 is the applied load. 

                      𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐹𝐹1
𝐹𝐹1

                                    (1) 

2.4 Characterization 

The prepared gels were dried in a vacuum (relative vacuum pressure: -100 KPa) oven at 60 ℃ for 5-7 days so that the water was completely 

evaporated, and then powder samples were used for characterization. The D8 advanced diffractometer (Bruck, Germany) was used to 

characterize the crystal structure of the gel by X-ray diffraction (XRD). This is a method for determining the phase present in the material and 

can be used to analyze whether CDs are present in the prepared gel. The Escalab 250XI X-ray photoelectron spectrometer (XPS) was used to 

analyze the elemental composition of the material (Thermo Fisher Scientific, USA). It is often used as a structural analysis, from the results it 

is possible to infer the structure of the substances contained in the gel sample. The Raman measurements were performed using Horiba Jobin 

Yvon (Model Hr800, USA), with an excitation wavelength of 514 nm laser. The experimental conditions were as follows: 17 mW liquid output, 

600 grating, objective ×10, time 10 s, wave number 500 to 3500 cm-1. The analysis of Raman spectrum can infer the vibration and rotation 

energy level of the material, and then the prepared gel can be identified and analyzed according to the Raman characteristic shift peak. The 

specific interactions were studied using Fourier transform infrared spectroscopy (FT-IR). The samples were scanned with a Nicolet IS50 

spectrometer (Thermo Fisher Scientific, USA) at wavelengths ranging from 500 cm-1 to 4000 cm-1. This test can be used to analyze the 

molecular structure and chemical composition of substances, and then infer the types of functional groups contained in the gel, and then 

determine its molecular chemical structure. Thermogravimetric (TGA) and differential scanning calorimetry (DSC) analyses were performed 

by using the 409C thermobalance (NETZSCH Group, Germany) at temperatures ranging from 30 to 800 °C (heating rate: 0.16 °C/s) in an 

oxygenated atmosphere. On the one hand, these two tests can know the change of the weight of the sample with the increase of temperature, 

and on the other hand, it can know which of the sample is endothermic and exothermic. Further, the stability of the gel can be inferred from 

this result. 

2.5 Experiment method 

The contact angle was measured using the labeling method. About 15 μL of solution was dropped onto the surface of the CoCrMo disk using 

a syringe containing solutions PEG and PEG/CDs. Subsequently, a photograph was taken horizontally in the direction of the disk. The contact 

angle between the droplet and the surface of the disk in the resulting photograph was measured to obtain the contact angle data. The surface 
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hardness was tested using a shore durometer (Shanghai Precision Instrument Co., Ltd, China). The hydrogels were placed in the molds, and 

the hydrogel samples were obtained after the cross-linking was completed. After that, excess water was removed from the hydrogel surface 

and the instrument was been slowly pressed into the hydrogels in vertical direction. The hardness data is obtained from the digital display until 

the measuring head of the instrument is fully inserted into the hydrogel. 

2.6 Biological tests  

The PVA, PVA-PEG, and PVA-PEG/CDs three group hydrogel after drying has been cut powder that enough small, and then use high 

temperature autoclaving to sterilize. The component of cell medium: 10 % Gibco (Vokawi (Beijing) Biotechnology Co., LTD, Beijing, China), 

100 U/mL penicillin-100 μg/mL streptomycin and RPMI1640 (Gibco). The third generation L929 cell recovery has been used biocompatibility 

test. Waiting for the cell to grow about 80 % (Nanoantek Automated Cell Counter ADAM-MC2, Aventur International Trade (Shanghai) Co., 

Ltd, Shanghai, China), discard medium and use bio-clean PBS solution wash twice. Pancreatin (Gibco) was added to digestion for 1 min after 

that resuspend and centrifugated. The supernatant was discarded and joined cell medium to cell sediment to obtain cell suspension. The cell 

suspension has been mixed and counted, cell density about 1, 000 in one hole on 96-well plates. One well pours into a cell medium about 150 

μL. In the state of 37 ℃ and 5 % CO2 box grow cell for 12 hours. Each group joins 10 mg materials and which have six compound holes. 

Discard materials and medium after 24 hours, use bio-clean PBS solution wash twice, each hole pour 10 μL CCK8 medium solution. Waiting 

for 1 hour and low-speed oscillation in shake for 10 min to obtain balance solution. The OD value of each well at 450 nm was measured using 

a microplate reader (FLUOstar Omega), and the measured data was recorded and plotted as a visualization graph. 

3. Results and Discussion  

3.1 Analysis of XPS and XRD 

 

Fig. 2 The XPS spectra patterns of PVA-PEG/CDs; (a) XPS characterizations; (b) XPS O 1s spectrum and (c) XPS C 1s spectrum; (d) The XRD patterns of 

PVA, PVA-PEG and PVA-PEG/CDs. 
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The XPS analysis of the hydrogel PVA-PEG/CDs is shown in Fig.2. As is shown in Fig. 2a, the high-resolution XPS characterization has 

been drawn. The maximum peaks located at 285.07 and 531.36 are attributable to the carbon (C) and oxygen (O) atoms, respectively. The 

enlarged view of the O 1s spectrum was depicted in Fig. 2b. The peak at 531.36 has been attributed to the presence of the hydroxyl group.31 

Additionally, the C 1s spectrum in Fig. 2c were plotted using Gaussian deconvolution. Among them, the maxima at 287.73, 285.07, and 283.71 

can be attributed to -C=O, -C-O-, and -C-C-/-C-H, respectively.32 Furthermore, the XRD patterns of the three materials were shown. In the 

sample PVA, the peak point located at 2θ=19.54° is typical of the PVA peak.33 While in the sample PVA-PEG, the added peak was located at 

2θ=23.41°. This can be considered to be contributed by the addition of PEG.34 In addition, the new maximum in the sample PVA-PEG/CDs 

located at  2θ=40.64° can be considered to be contributed by CDs.35 In conclusion, these characterizations elaborate the composition of PVA-

PEG/CDs hydrogels and substances contained. 

3.2 Analysis of Raman, FT-IR and TGA, DSC 

 

Fig. 3 Raman, FT-IR and TGA, DSC spectra of PVA, PVA-PEG and PVA-PEG/CDs; (a) Raman patterns; (b) FT-IR spectra; (c) TGA curves; (d) DSC curve. 

Table1 Raman Peak Summary 

 

Table2 FT-IR Peak Summary 

 

Are shown in the Fig. 3a, the Raman patterns of PVA, PVA-PEG and PVA-PEG/CDs can be seen. For sample PVA Raman patterns, there are 

four absorption peaks at 2916.04 cm-1, 1438.85 cm-1, 924.44 cm-1 and 858.42 cm-1, respectively.36 While after cross-linking with PEG, the 
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Raman patterns for sample PVA-PEG shifted to absorption peaks located at 2906.14 cm-1, 1429.42 cm-1, 1316.96 cm-1 and 915.01 cm-1, 

respectively. It can be traced back to the cross-linking effect of the hydrogel, which caused a Raman shift of the sample.37 The new peak at 

1316.96 cm-1 can be attributed to the Raman characteristic peak of carbon atom. Compared with PVA, it may be caused by the C-C contained 

in the newly added PEG.38 In contrast, the Raman patterns of the samples PVA-PEG/CDs after cross-linking of PVA with PEG/CDs were 

located at 2906.12 cm-1, 1429.42 cm-1, 1307.53 cm-1, 1027.47 cm-1 and 905.58 cm-1, respectively. It is noteworthy that a new peak located at 

1027.47 cm-1 was also able to be observed along with the generation of Raman shifts. It can be attributed to the addition of CDs, which caused 

the shift in the Raman spectrum.39 Fig. 3b shows the FT-IR spectra of the three samples. The main signal was observed at 3100-3400 cm-1, 

which can be traced to the presence of hydroxyl groups 40. And the absorption peaks in the FT-IR spectra at 2916 cm-1, 1639 cm-1, 1458 cm-1 

and 1104 cm-1 are associated with the stretching of C-H, C=O, C=C, and C-O bonds, respectively. The other peaks at 800-900 cm-1 can be 

attributed to the bending of C-C and CH2.40,41 While the disappearance of the peak located around 1639 cm-1 evident in the PVA-PEG/CDs gel 

sample can be attributed to the reduction of the C=C bond.42,43 There is an agglomeration effect between CDs and PEG molecules and this 

behavior affects the presence of the C=C bond, leading to the disappearance of the peak. TGA and DSC was used to determine the thermal 

properties of PVA, PVA-PEG and PVA-PEG/CDs. Fig. 3c demonstrates the TGA behavior of three samples. TGA curves showed that PVA 

was stable up to 248 °C, after that initial weight loss. At last, the PVA stop weight loss occurs above the 512 °C and finally weight only 8 % 

of the starting. The reason is that the PVA melting due to temperature rise caused weight loss. The temperature of the weight loss after PVA 

cross-link PEG was larger than pure PVA. This is attributed not only to the structure of hydrogel but also the intermolecular hydrogen bonding 

by polymer cross-link.44 In contrast, the gel of PVA cross-link PEG inclusion CDs exerts lower heat stability. This is likely due to the presence 

of CDs that will affect the construction of PVA-PEG gel. Some intermolecular hydrogen construction deformation results from CDs intervene. 

This makes the heat stability of PVA-PEG/CDs gel lower. The results of three samples DSC analysis were presented in Fig. 3d. For pure PVA, 

significant heat absorption and exothermic peak can be observed. PVA cross-linked with PEG shows a significant disappearance of the heat 

absorption peak located around 290 °C. This is because the lattice state changes after cross-linking and the heat absorption required for the 

melting of PVA was missing. In contrast to pure PVA or PVA-PEG hydrogels, the addition of CDs significantly modified the heat absorption 

process of the hydrogels, and there is no longer an obvious heat absorption peak. Moreover, the exothermic peak located at 508 °C was also 

decreased compared to that of pure PVA. Further, the exothermic peak of PVA-PEG/CDs gels was also decreased, which was due to the 

addition of CDs filling the gel structure, resulting in a lower combustion exotherm. In conclusion, TGA and DSC indicate that the addition of 

CDs reduces the thermal stability of PVA-PEG gels, which implies that PVA-PEG/CDs gels may contain deeper potential in terms of thermal 

controlled slow-release. 

3.3 The lubrication effect of PEG solution and PEG/CDs sol 

Carbon quantum dots improve the mechanical behavior of polyvinyl alcohol/polyethylene glycol hydrogel



 

Fig. 4 (a)Transient variation of COF and (b) Variation of the average COF for PEG concentrations in distilled water; (c) Transient variation of COF and (d) 

Variation of the average COF with PEG concentration in CDs solution. 

PEG solution has excellent lubricating properties, showing varying lubrication performance at different concentrations of PEG. Fig. 4a depicts 

the COF transient curve for varying PEG concentrations. Obviously in the low PEG concentration state, the COF changes significantly in a 

short time. In contrast, the COF curve for the higher concentration of PEG solution shows that the curve tends to be stable. It is because PEG 

provides a lubricating effect due to the formation of transfer film. Transfer film formation at low PEG concentration conditions appears to be 

slower, while at high PEG concentration conditions the transfer film formation appears to be faster. The reason for that results in a stable COF 

transient variation at high PEG concentrations. Fig. 4b shows the average COF values for the 6 kinds of solutions and it can be observed that 

the average COF values show a tendency to decrease with increasing PEG concentration. This implies that if PEG is used as a lubricating 

substance, the higher the concentration of PEG in the solution within a certain range, the more obvious the lubricating effect will be. Noticeable 

differences in the lubrication effect appear when CDs are added to the PEG solution. Fig. 4c depicts a plot of the transient COF curve displayed 

by the addition of varying PEG to the CDs solution. Compared with the PEG solution without the addition of CDs, the general trend of transient 

varying COF runs from high to low, after which there is a slowly increasing trend. It can be attributed to the fact that the addition of CDs 

changed the lubrication mode of a single PEG as a lubricant. CDs as a small-scale molecule enables PEG molecules to encapsulate CDs. To 

further cause agglomeration of PEG molecules, which leads to higher COF transient values in the early stage. With the friction experiment, 

the agglomerated CDs and PEG molecules gradually unfolded and the transfer film was formed gradually. The reason led to a decreasing trend 

of transient COF. Then, the CDs molecules gradually break the transfer film, which increases the interlayer shear force. It makes the transient 

COF show a slowly increasing trend. The average COF of different PEG concentrations in the CDs solution is shown in Fig. 4d. The CDs 

enhanced PEG lubrication effect is limited, with the best performance reached PEG concentration of 30 wt.%. Their average COF is only 0.028. 

This is attributed to the agglomeration phenomenon of PEG molecules in CDs solution. When the PEG concentration becomes too dense, the 
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agglomerated PEG molecules hinder the shear force in the frictional pairing movement. In conclusion, the agglomeration of PEG molecules in 

CDs at appropriate PEG concentration contributes to the lubrication performance, which attributes to the promotion of the PEG lubrication 

effect by CDs. 

3.4 The analysis of contact angle  

 

Fig. 5 The contact angle of diffident solution on CoCrMo alloy disk; (a) PEG in distilled water and (b) PEG in CDs solution. 

The intermolecular force of the PEG solution was speculated by measuring the static contact angel on CoCrMo alloy disk, and the value as 

show in Fig. 5a. These dates suggest that the contact angle of PEG solution displayed a curvilinear increase with advancing PEG concentration 

in distilled water. This could be attributed to the total weight of PEG solution dripping on the CoCrMo alloy disk increasing significantly due 

to the concentration progress. The change occurs in Fig. 5b, where the contact angle of the PEG/CDs solution on the CoCrMo alloy disk 

decreases less significantly with increasing PEG concentration. It is noteworthy that the contact angle of the pure CDs solution on the CoCrMo 

alloy disk is only 49.5 °. In contrast, the contact angles measured for PEG dissolved in distilled water versus solutions containing CDs, 

respectively, are not the same. This implies that PEG becomes entangled with CDs. Although the PEG concentration increased, the 

intermolecular forces increased after entanglement. This resulted in a greater contact angle on the CoCrMo alloy disk for PEG in the solution 

containing CDs at the same concentration conditions. This result suggests that PEG can interact with certain groups of CDs molecules, implying 

that the polymer PEG can encapsulate CDs. However, there is no significant difference in the value gap, which means that CDs molecules are 

likely to interact with hydroxyl groups.   

3.5 The lubrication effect of PVA-PEG/CDs hydrogel 
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Fig. 6 (a) Transient variation of COF and (b) Variation of the average COF with different load; (c) Transient variation of COF and (d) Variation of the average 

COF with different speed. 

PVA (10 wt.%)-PEG (30 wt.%)/CDs (0.8 wt%) hydrogel as lubricants were investigated in different loads and speeds. As shown in Fig. 6a, 

the COF of hydrogel was a report in the condition of five groups load and certain speed (2.0 cm/s). Among them, all the transient COF shows 

a lower value at the experiment start and a higher value at the experiment end. In contrast, few higher load groups transient variation COF 

shows higher value in test start. This can attribute to the hydrogel structural failure for high pressure on the contact surface. In Fig. 6b, the 

average COF of five groups load was described. The trend of COF value shows decreases firstly and then increases. This means that the 

hydrogel can withstand a limited amount of pressure. The reason is possibly caused by hydrogel intermolecular hydrogen bonding is a weak 

force, which can be easily destroyed under the action of external load. The COF of hydrogel was investigated in the state of five group speed 

and certain load (10 N) as shown in Fig. 6c. Transient variation of COF has not been observed distinct fluctuation with speed increase. This is 

likely due to that though the hydrogel intermolecular hydrogen bonding is a weak force, the speed is hard to destroy. The contact surface 

pressure provided for speed changing is limited. Five groups speed average COF was reported in the state of the hydrogel as lubricants as 

shown in Fig. 6d. At 2.5 cm/s, the COF of hydrogel dropped to the lowest value. This means that hydrogel as lubricants have a certain range 

of application. Higher speed may cause hydrogel release lubricating material have not into friction interface. Both of load and speed experiment 

report the hydrogel lubrication effect, which provides a reference for the performance of a hydrogel.  

3.6 The performances of mechanics  
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Fig. 7 (a) Water content and hardness of PVA-PEG and PVA-PEG/CDs hydrogel; (b) Tensile strain and strength of PVA-PEG and PVA-PEG/CDs hydrogel. 

The water content and hardness results summarized in Fig. 7a show a decreased value in both performances with the addition of CDs. Compared 

to the PVA-PEG hydrogel, the water content decreased significantly from 88.5 % to 71.5 % with the addition of CDs. Of note, concomitantly, 

surface hardness performances also were lowered from 14 HC to 9.5 HC in that test. This is most likely to be because the addition of CDs 

leads to PVA molecule occur crimp behavior, which decreases the action of hydrogen contacts further affect the cross-linked degree. At the 

same time, for the max tensile strain rate there was an increase in the trend observed as shown in Fig. 7b. It is worth noting that the max tensile 

strength value can be observed a remarkable decrease. This can be attributed to the fact that PVA molecule occurs crimp leads to cross-linked 

degree reduction. Which not only effects tensile performances but also changed in mechanics behavior. The results show that the carbon dots 

can enhance the mechanical properties of the PVA-PEG hydrogel, and the maximum tensile deformation is significantly enhanced. 

3.7 The self-healing of PVA-PEG/CDs gel 

 

Fig. 8 (a) PVA-PEG/CDs hydrogel; (b) PVA-PEG/CDs hydrogel with methylene blue staining; (c) Two kinds hydrogel splicing; (d) Hydrogel be stretched 

after self-healing. 
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There are two kinds of PVA-PEG/CDs hydrogel which are nature color (Fig. 8a) and methylene blue staining (Fig. 8b). The hydrogel without 

added methylene blue appears light yellow under natural light, and the dyeing effect of methylene blue makes the gel added with it appear light 

blue. After that, a part of each of the two hydrogels was spliced to observe the self-healing process. As shown in Fig. 8c, the spliced gel was 

immersed in a 30wt.% PEG solution. Due to the presence of methylene blue, the boundary of the contact site is visible. Two hours after the 

self-healing process took place, the hydrogel was taken out and subjected to an external force tensile test. The self-healing process of the gel 

progressed without being broken by an external force, as shown in Fig. 8d. The process of self-healing reveals that there are hydrogen bonds 

between the hydrogels, and can self-heal without relying on external forces in the case of disconnection. This is because although the gel is 

cut, there are bare hydroxyl groups at the wound. Later, when it comes into contact with another part of the gel containing hydroxyl groups, 

the cross-linking reaction occurs again, showing self-healing behavior. 

3.8 The swelling rate and biocompatibility 

 

Fig. 9 (a) Swelling rate of PVA-PEG and PVA-PEG/CDs hydrogel; (b) Cell viability by MTT. 

The swelling behavior of the hydrogel was tested with or without the addition of CDs, as shown in Fig. 9a. The swelling behavior of PVA-

PEG hydrogel without added CDs showed a slow increase trend and finally stopped at about 230% of the initial weight. This indicates that the 

swelling and water absorption of the hydrogel can be expanded to about twice its weight. In contrast, the swelling behavior of PVA-PEG 

hydrogels with CDs seems to reach saturation on the first day. As the number of days increased, water absorption did not occur. Furthermore, 

the swelling behavior brought the final weight of the hydrogel to about 3 times the initial weight. This can be attributed to the fact that the 

addition of CDs affected the molecules of the cross-linked hydrogel, causing it to curl. After dehydration, it swells by absorbing water again, 

and the curled molecules are more easily stretched, thereby absorbing more water. Fig. 9b shows the absorbance value (OD value) measured 

by enzyme-linked immunoassay at 540 nm. This value is expressed in the change in cell proliferation rate relative to the control group. It can 

be concluded that cell growth is almost uninhabited. The cell proliferation rate of PVA, PVA-PEG, and PVA-PEG/CDs gel is close to that of 

the control group. This result proves the biocompatibility of PVA-PEG/CDs gel.   

3.9 The mechanism analysis 
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Fig. 10 Mechanism diagram of CDs acting on PVA-PEG/CDs hydrogel. 

As shown in Fig. 10, the polymer substance in the gel forms a hydrogel under the action of the hydrogen bonding force, which has a pore 

structure and a three-dimensional network. Among them, the cross-linking of polyvinyl alcohol and polyethylene glycol is accomplished 

through these effects. After adding CDs, the attractive surface of this molecule can adsorb groups such as hydroxyl groups. This causes the 

PVA molecule to produce a curling behavior, which causes a decrease in the degree of crosslinking. In addition, the FT-IR characterization 

results showed that the gel after the addition of CDs showed a phenomenon that the strength of the hydroxyl group decreased. At the same 

time, the DSC results also showed that the crystallinity of PVA-PEG/CDs hydrogel decreased. These are all due to the reduction in the number 

of hydroxyl groups that the polymer can contact with each other, which reduces the hydrogen bonding necessary to form a gel. These common 

results lead to more release of PEG during the friction process. Correspondingly, the curled molecules in the gel are pulled apart during the 

stretching process, showing a strong tensile deformation rate. 

4 Conclusions 

In this article, using CS as a carbon source, CDs were prepared by hydrothermal method, and CDs were mixed with PEG, and then cross-linked 

with PVA to explore the tribological properties and mechanics of the gel with the addition of CDs. The results showed that the addition of CDs 

changed the cross-linking process of the gel. Friction experiments show that the added gel has better tribological properties and is also enhanced 

in terms of mechanics. Although the tensile strength has decreased, the tensile deformation rate has increased. The mechanism of action is that 

certain groups contained on the surface of CDs molecules can be entangled with PVA molecules, which reduces the tensile strength after cross-

linking. Subsequently, the PVA molecules are gradually unfolded as the stretching progress, which exhibits a higher rate of tensile deformation. 

The friction experiment also complements this point. When a part of the lubricant PEG is released under pressure, more lubricant can be 

released due to the existence of entanglement, thereby improving the lubricating performance of the gel. In addition, biocompatibility 
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experiments show that the gel is safe to use. With the development and application of gels, CDs can change the effect of gels with great 

potential exploration value.   
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