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a b s t r a c t

Due to the various pH liquid environment in nature, the pH-responsive lubricating hydrogel is widely

investigated and developed for tissue interface substitute. However, the applied liquid environment will

lead to poor mechanical property and weaken the pH-responsive capability. In this work, a carbon dots-

enhanced pH-responsive lubricating hydrogel is developed by combining a pH-responsive section of dy-

namic PVA-borax network into a PAAm covalent polymer network. The formed hydrogel presents a par-

tial gel-sol transition under controlled pH environments. At low pH environments (<6.0), the formed

lubricating layer originated from dynamic disassembly of PVA-borax hydrogel, and brings the lubricating

properties on the hydrogel surface. Moreover, the mechanical strength and lubrication properties are well

promoted by introducing the carbon dots into the hydrogel, the blue sol layer can be observed more vi-

sually under the fluorescence microscope. The pH-response also exhibits well reversibility. The prepared

hydrogel broadens the idea for designing pH-responsive soft materials for soft lubricating actuator or

robot.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Smart hydrogel that can feedback the external stimuli (suck

as pH, temperature, electricity, light, ionic strength, shear force)

has been widely developed for their promising potential in

biomedicine [1,2], shape memory hydrogels [3,4], self-healing [5,6],

soft wearable devices [7,8] and actuators [9,10]. Among these stim-

uli, pH-responsive hydrogel is investigated widely [11–14], because

the liquid environment in human body varies greatly. For exam-

ple, the blood and cellular fluid of muscle and skin are nearly

neutral at pH 6.0-7.4; the gastric mucosa is extremely acidic at

pH 1.0-3.5; the bile and pancreatic fluid are alkaline at pH 7.6-

8.8 [15]. As a result, the physiological function of these tissues is

also affected by pH, such as lubrication, anti-virus, nutrient trans-

port, and biological signal communication. The pH-responsive hy-

drogel is developed for satisfying the requirement in artificial tis-

sue, biomedicine or soft actuator. For example, by utilizing the pH-

response on the protonation state of polyacrylic acid, the lubri-

cation on poly(acrylamide-co-acrylic acid) hydrogel was managed

to superlubricity level (∼0.005) [16]. Moreover, a pH-responsive
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DNA hydrogel composed of adenine-rich and cytosine-rich oligonu-

cleotides and polyacrylamide (PAAm) was fabricated as carrier for

insulin encapsulation and oral delivery in acidic condition (pH 1.2-

6.0) [17]. The drug could be released following the process of

gel-sol transition at physiological pH 7.2, which was attributed to

the disassembly of the two cross-linking units to single-stranded

adenine-rich and cytosine-rich sequences. As the sol appearance

after the gel-sol transition, it might be utilized to regulate the lu-

brication on the hydrogel surface.

Generally, the gel-sol transition capability of hydrogel includes

two network system: the supramolecular noncovalent bonding net-

work and the dynamic covalent bondings network. Through the

strategy on combining supramolecular network into covalent net-

work a semi-convertible hydrogel was prepared that exhibited re-

sponsive lubrication capability due to the gel-sol transition partly

[18–20]. Besides the supramolecular gel-sol transition system, the

esterification of boronic acid with polyvinyl alcohol (PVA-borax) is

a typical dynamic covalent bonding system leading to reversible

formation of boronic ester following the pH change [21–23]. When

pH decreases below the pKa [24–26] of the boronic acids, the hy-

drogel transforms to sol state due to the broken of the borate es-
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Fig. 1. The lubricating mechanism of the CDs-enhanced pH-responsive lubricating

hydrogel, and composition of the prepared hydrogel.

ter bonding. When the pH increases higher than the pKa, the bo-

rate ester bonding is re-formed, and the PVA-borax sol transforms

into gel state. If the dynamic covalent bonding system is embedded

into another polymer network, the proposed hydrogel might ex-

hibit both pH-response lubricating character and stable framework.

However, the pH-responsive liquid environment would weaken the

mechanical property due to the swelling behavior of the hydrogel.

The doping strategy of particles is thought to be a possible way

for overcoming this limitation. Carbon dots (CDs) is a new kind of

carbon nanomaterials [27–29], which exhibits various fluorescent

properties, biocompatible and non-toxicity [30–36]. It is widely

used in lubricants [37–39], catalysis [40–45], bioimaging [46–50],

medical therapeutics [51–53], and antibacterial [54–57]. If CDs was

doped in the pH-responsive lubricating hydrogel network, the lu-

brication and mechanics might be improved due to its appearance

on the hydrogel surface accompanied by the gel-sol transition pro-

cess. Meanwhile, CDs composite would also increase the possibil-

ity of improving the mechanical properties of hydrogels. Herein, a

CDs-enhanced pH-responsive lubricating hydrogel (CPLH) was fab-

ricated composing of PVA-borax, PAAm and CDs (Fig. 1). The hy-

drogel will occur partly gel-sol transition corresponding to the pKa

of boronic acid while the whole hydrogel keeps gel state due to

the existence of PAAm covalent frameworks. The sol state PVA with

boronic acid and free CDs appears on the hydrogel surface that the

responsive lubricating property might be achieved and further im-

proved due to the introduction of CDs. Correspondingly the me-

chanics of the prepared hydrogel will also be tuned following the

pH changes.

As described in Fig. 1, the pH responsiveness of the prepared

hydrogel is derived from the dynamic borate ester bond of PVA-

borax, which brings the gel-sol transition of PVA-borax hydrogel

under different pH. When it was treated by the solution with pH

range from 1.0 to 6.0, the gel-sol transition can be observed (Fig.

S1a in Supporting information). When pH further increased higher

than 8.0, no gel-sol transition occurred on the hydrogel. The stor-

age modulus (G′) of PVA-borax hydrogel was also investigated cor-

responding to each pH solution as shown in Fig. S1b (Supporting

information). Compared to the G′ (6687.27±989.61 Pa) of original

hydrogel at pH∼7.6, it decreased obviously corresponding to each

pH value ranged from 1.0 to 6.0. When treated by the pH solu-

tion higher than 6.0 (pH 6.86 and pH 7.6), the G′ has no changes.

It proved that PVA-borax hydrogel could undergo gel-sol transition

when pH ≤ 6.0. These rheological results were consistent with the

optical observation in Fig. S1a. Furthermore, the sol state of PVA-

Fig. 2. Preparation and characterization of CDs-enhanced pH-responsive lubricating

hydrogel. (a) Composition and preparation method of CPLH. (b) The swelling curve

of CPLH (25% PVA-borax volume percentage). (c) The mechanical property of PVA-

borax hydrogel, pH-responsive lubricating hydrogel without CDs and CPLH (25%

PVA-borax volume percentage, with CDs). (d) The fracture stress of pH-responsive

lubricating hydrogel with or without CDs. (e) The fracture energy of pH-responsive

lubricating hydrogel with or without CDs.

borax in acid condition would transfer to gel state when pH ≥ 8.5,

which G′ in sol state also increased to around 7000Pa, correspond-

ingly. As the gel-sol transition occurs, the surface viscosity of PVA-

borax hydrogel decreased compared with original gel state when

pH ≤ 6.0 (Fig. S1c in Supporting information). It can be attributed

to the appearance of sol layer on the surface. But when pH = 6.86

and 7.6, the viscosity was similar to the original gel state, because

it could not occur gel-sol transition. When pH ≥ 8.5, the viscosity

on the hydrogel surface was similar with the value of original gel

state (Fig. S1d in Supporting information). The original coefficient

of friction (COF) of PVA-borax hydrogel was as high as 0.819–0.979

(Fig. S2a in Supporting information). When pH 6.0 buffer solution

was added on the hydrogel surface, the COF decreased to 0.030

because the PVA-borax hydrogel transformed to the sol state. The

fracture stress of untreated PVA-borax hydrogel is 11.32 kPa and it

decreased to 5.17 kPa after treated by pH 6.0 buffer solution, be-

cause of the gel-sol transition (Fig. S2b in Supporting information).

These results verified that the pH-responsiveness of PVA-borax in

both mechanics and lubrication. As shown in Fig. S2c (Support-

ing information), the G′ and G′′ of PVA-borax hydrogel exhibited

well reversibility, the original G′ was about 7.0 kPa. After treated

by pH 6.0 buffer solution, it sharply decreased to about 0.1 kPa.

And treated by pH 8.5 solution again, the G′ would return back

to about 7.0 kPa.

As shown in Fig. 2a, the prepared CDs-enhanced pH-responsive

lubricating hydrogel was composed of CDs, PVA-borax and PAAm

networks. A series of hydrogels were prepared by controlling the

volume percentage of dynamic covalent bondings network (PVA-

borax) in the hydrogel, which were 50%, 33%, 25% and 20%, re-

spectively. In this study, CDs used in the hydrogel was synthe-

sized by hydrothermal method of citric acid-ethylenediamine [31],

which could be identified through UV, fluorescence and FTIR spec-
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Fig. 3. Lubrication on the CDs-enhanced pH-responsive lubricating hydrogel. (a) The COF of CPLH (25% PVA-borax volume percentage) following pH treatment time from 0

to 25min. (b) The COF of these CPLHs when treated by solution at pH 8.5 and 6.0. (c) The relationship between COF and load of 0.10, 0.15, 0.20, 0.25 and 0.30N at pH 8.5

and 6.0. (d) The relationship between COF and frequency of 0.025, 0.050, 0.100, 0.200 and 0.400 1/s at pH 8.5 and 6.0. (e) The COF reversibility of CPLH in acidic (pH 6.0,

orange) and basic (pH 8.5, blue) condition. (f) The COF of pH-responsive lubricating hydrogel with and without CDs introduction. Test sample in Figs. 3c-e was CPLH with

25% PVA-borax volume percentage. Friction test condition in Figs. 3a, b, e and f was load at 0.20N, frequency at 0.100 1/s.

trum (Figs. S3a-c in Supporting information). The typical swelling

curve of CPLH with 25% PVA-borax volume percentage as shown in

Fig. 2b, the swelling equilibrium was achieved after about 60h. All

hydrogels used in this work were swelling completely. Firstly, the

effect of CDs concentration in the pH-responsive lubricating hydro-

gel on the mechanical and lubrication properties was investigated

as shown in Fig. S4 (Supporting information). In order to easily dif-

ferentiate hydrogels in this work, the hydrogel without CDs is pH-

responsive lubricating hydrogel, and the hydrogel with CDs is CDs-

enhanced pH-responsive lubricating hydrogel (CPLH). In the exper-

iment, the CDs concentration in the hydrogel was selected as 0.5,

1.0 and 2.0mg/mL, the fracture stress of hydrogel with these three

CDs concentrations were 0.456±0.028MPa, 0.456±0.025MPa and

0.462±0.034MPa, respectively. They were higher than that with-

out CDs introduction (0.243±0.011MPa) (Fig. S4a). Regarding the

lubrication, the COF of the hydrogel with CDs concentration

of 0.5, 1.0 and 2.0mg/mL were 0.051±0.013, 0.054±0.006 and

0.056±0.006, correspondingly. They were lower than the COF of

the hydrogel without CDs introduction (0.121±0.006) (Fig. S4b).

Based on the above analysis, the introduction of CDs in the pH-

responsive hydrogel would increase the mechanical property and

decrease the COF. In addition, the selected CDs concentration in the

experiment has little effect on mechanical and lubrication prop-

erties, so the CDs concentration in the hydrogel was chosen of

1.0mg/mL. The fracture stress of CPLH with 25% PVA-borax vol-

ume percentage was about 1.087MPa (Fig. 2c), which was much

higher than those of PVA-borax hydrogel (11.324kPa) and the hy-

drogel without CDs (0.958MPa). The weak mechanical strength of

PVA-borax hydrogel could be attributed to weak dynamic covalent

bondings. Compared to the hydrogel without CDs, the mechanics

of CPLH (with CDs) exhibited relative higher strength that could

be ascribed to the possible principle of organic-inorganic compos-

ites and hydrogen bonding interaction [58,59]. The prepared cit-

ric acid-ethylenediamine CDs surface has a large number of amino

and carboxyl groups, and can formed hydrogen bondings with the

network. Meanwhile, the CDs is rigid nanoparticles, it can be used

as a filler dispersed uniformly in the pores of the hydrogel, and

absorbing fracture energy under the action of external forces. As

shown in Fig. 2d, the fracture stress of the prepared CPLHs was

higher than those without CDs doping. For example, the frac-

ture stress of hydrogel with 25% PVA-borax volume percentage in-

creased from 0.947±0.060MPa to 1.104±0.061MPa. In addition,

the fracture energy of the prepared hydrogels also increased from

21.400±1.539kJ/m3 to 71.733±6.506 kJ/m3 (Fig. 2e) following the

decreased dynamic covalent bondings percentage. For each per-

centage setpoint, the prepared CPLHs presented higher value than

that hydrogels without CDs doping. It further verified that the in-

troduction of CDs can improve the hydrogel mechanical property.

The tribological properties of the prepared hydrogel was shown

in Fig. 3a. The original COF of CPLH (25% PVA-borax vol-

ume percentage) was 0.069±0.011, which gradually decreased to

0.041±0.003 after treated by acidic solution of pH 6.0 for 10min.

It can be attributed that, when treated with pH 6.0 buffer solution,

the formed boronic ester of PVA-borax in the hydrogel would dis-

assembly, and a partial gel-sol transition occurred. Consequently,

a sol layer composed of PVA, boracic acid and free CDs appeared

on the hydrogel surface that results in the decrease of COF. Com-

pared to these hydrogels, the COF of PAAm/PVA hydrogel with-

out borax has not been influenced by pH 6.0 buffer solution (Fig.

S5a in Supporting information). The COF of PAAm/PVA hydrogel re-

mains stable following the pH treatment time. In addition, as wa-

ter has strong effect on the surface lubrication, the COF of the hy-

drogel surface was analyzed when deionized water existed. There

was no COF change on the hydrogel surface (Fig. S5b in Support-

ing information). The prepared CPLHs exhibited the pH respon-

siveness at pH of 8.5 and 6.0, which decreased from 0.054±0.006

to 0.034±0.004 of CPLH with 50% PVA-borax volume percentage,

0.074±0.005 to 0.046±0.008 of CPLH with 33% PVA-borax volume

percentage, 0.069±0.011 to 0.041±0.003 of CPLH with 25% PVA-

borax volume percentage, 0.081±0.011 to 0.063±0.016 of CPLH

3
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Fig. 4. Identification on the pH-responsiveness and the sol layer of the CDs-enhanced pH-responsive lubricating hydrogel. (a) The optical microscope photograph of the

appearance of sol layer on hydrogel surface at pH 8.5 and 6.0. (b) The corresponding fluorescence microscope photograph of the appearance of sol layer. (c, d) The optical

and fluorescence microscope photograph of CPLH treated with water at pH 7.4. (e) The relationship between fluorescence intensity of extracting solution and pH treatment

time. (f) The relationship between thickness of sol layer and pH treatment time. (g) The relationship between exudes CDs concentration in the extracting solution and pH

treatment time. (h) The surface viscosity on CPLH at pH 8.5 and 6.0. Test sample was CPLH with 25% PVA-borax volume percentage.

Fig. 5. The mechanical property of the CDs-enhanced pH-responsive lubricating hy-

drogel following pH. (a) The scanning electronic microscope of the hydrogel surface

at pH 8.5 and 6.0. (b) The surface modulus of CPLH at pH 8.5 and 6.0. (c) The sur-

face modulus on the hydrogel with controlled PVA percentage. (d) The differential

scanning calorimetry of CPLH at pH 8.5 and 6.0. Test sample in Figs. 5a, b and d

was CPLH with 25% PVA-borax volume percentage.

with 20% PVA-borax volume percentage, correspondingly (Fig. 3b).

It can be seen that the CPLH with 50% PVA-borax volume per-

centage exhibited lowest COF among the prepared CPLHs, the fric-

tion behaviors in whole pH range was investigated in the exper-

iment. The COF of the CPLH in the acidic range from 1.0 to 6.0

was around 0.033 (Fig. S6 in Supporting information). On the other

hand, the COF in basic range from 7.6 to 14.0 was about 0.054.

These COF results in the whole pH range was consistent with the

tendency of the storage modulus G′ and viscosity (Fig. S1b). When

the acid-treated hydrogel was treated again with the buffer solu-

tion of pH ≥ 8.5, the COF would return to its original state that

was about 0.054.

As load and frequency are important factors for the tribol-

ogy performance. Firstly, by adjusting the load from 0.10N to

0.30N and fixed frequency at 0.100 1/s, the COF of CPLH with

25% PVA-borax volume percentage decreases following the in-

creasing of load. In the pH condition of 8.5 it decreased from

0.084±0.003 to 0.043±0.003. For the condition at pH 6.0, the

COF decreased from 0.046±0.002 to 0.035±0.001 (Fig. 3c). When

control load is 0.30N, adjusting the frequency from 0.025 1/s to

0.400 1/s, the COF increased with frequency from 0.034±0.007 to

0.132±0.004 at pH 8.5. For the situation at pH 6.0, COF increased

from 0.026±0.001 to 0.106±0.005 (Fig. 3d). PVA-borax hydrogel

underwent a reversible gel-sol transition when treated with acidic

and alkaline pH buffer solution, the reversibility of the COF was

presented in Fig. 3e. In addition, the prepared CPLHs showed lower

COF than those without CDs introduction (Fig. 3f). It confirmed

that CDs introduction could improve hydrogel surface lubrication.

Regarding to the hydrogel (with 50% PVA-borax volume percent-

age) without CDs introduction, the surface COF was 0.121±0.006,

and decreased gradually to 0.107±0.007 following to treatment

time of pH 6.0 for 10min (Fig. S7a in Supporting information).

Moreover, this hydrogel without CDs introduction exhibited rela-

tive lower COF (0.107) in acidic range from 1.0 to 6.0, than those

(0.121) in neutral and basic range from 8.5 to 14.0 as shown in

Fig. S7b (Supporting information). These results proved that, first,

the pH responsiveness was originated from the dynamic covalent
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Fig. 6. The demonstration on the pH-responsive lubrication of the CDs-enhanced pH-responsive lubricating hydrogel. (a-c) Schematic diagram of the lubricating control of

the no treated hydrogel, hydrogel treated by pH 7.4 water and treated by pH 6.0 solution. (d-f) The COF curves of the corresponding hydrogel. (g-i) The corresponding

lubricating control photography. Demonstration sample was CPLH with 25% PVA-borax volume percentage.

bondings of PVA-borax in the hydrogel; secondary, the CDs could

be benefit to the hydrogel lubrication.

To identify the appearance of a sol layer on the CDs-enhanced

pH-responsive lubricating hydrogel surface after acidic treatment,

a direct observation on the hydrogel surface (CPLH with 25% PVA-

borax volume percentage) treated by buffer solution of pH 8.5 and

6.0 was shown in Fig. 4a. Compared to the hydrogel surface at

pH 8.5, there was a sol layer observed on the surface after be-

ing treated by the buffer solution at pH 6.0. As CDs has blue flu-

orescence, one can observe a bright blue hydrogel and black back-

ground at pH 8.5 (Fig. 4b). After being treated by the buffer solu-

tion at pH 6.0, a wavy sol layer with blue fluorescence was found

onto the hydrogel surface. To identifying the sol layer originate

from the disassembly of PVA-borax dynamic covalent bondings at

pH 6.0, a contrast experiment was introduced that the hydrogel

surface was treated by deionized water at pH 7.4, as shown in Figs.

4c and d, there was no sol layer observed on the surface. It con-

firmed that the sol layer was derived from the disassembly of PVA-

borax dynamic covalent bondings at pH 6.0, but not residual water

layer after pH solution treatment.

The relationship between the thickness of the sol layer and the

pH-responsive time was observed in quantity as shown in Fig. 4f,

the sol layer was generated at 1min, and the thickness was about

28.3±5.8 μm. With the increase of the treated time, the thick-

ness of the sol layer increased gradually to 91.7±7.6 μm at 30min.

Due to the florescence from CDs at 447nm, the sol layer can be

also analyzed by the fluorescence spectrum. In Fig. 4e, the extract

on the hydrogel surface was obtained by rinsing the responsive

CPLH with 25% PVA-borax volume percentage surface with 1mL of

deionized water. The fluorescence intensity increased with the pH

treated time, indicating that there is more CDs appearing on the

surface. Based on a standard calibration curve of CDs solution (Fig.

S8 in Supporting information), the CDs concentration in the sol

layer can be found that increased with the pH treated time form

0.029mg/mL to 0.039mg/mL (Fig. 4g). Furthermore, as the sol layer

on the surface, the surface viscosity of CPLH with 25% PVA-borax

volume percentage also changes correspondingly. As shown in Fig.

4h, the viscosity is about 3.828 kPa s at pH 8.5, and decreased

to 2.215kPa s at pH 6.0. The reduction of surface viscosity was

attributed to the formation of the sol layer on the hydrogel sur-

face. Compared to these, different viscosity solutions of PVA with

CDs was drops on PAAm hydrogel substrates (Fig. S9 in Support-

ing information). The surface viscosity of PAAm hydrogel substrates

was about 12.144kPa s (0.10 1/s), and when water was dropped,
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its surface viscosity decreased to 6.202kPa s dramatically; When

different concertation PVA (PVA1 means the concentration of PVA

is 0.01%, PVA2 0.1%, PVA3 0.5%) with CDs solution (1mg/mL) was

dropped, the surface viscosity was decreasing with increasing con-

centration of PVA and CDs concentration, down to 4.732kPa s. One

can conclude that the surface viscosity of hydrogel will decreases

when the sol layer is present on the hydrogel surface. For the other

CPLHs, the surface viscosity exhibited the same tendency as shown

in Fig. S10 (Supporting information).

As shown in Fig. 5a, the CPLH with 25% PVA-borax volume per-

centage surface showed occluded and anomalous micro-structures

at pH 8.5, which is similar to the micro-structures of PVA-borax

hydrogel (Fig. S11 in Supporting information). When the hydro-

gel surface was treated with pH 6.0 buffer solution, companying

with the disassembly of PVA-borax dynamic covalent bondings in

the hydrogel network, the surface structure transformed to micro-

porous structures. The gel state PVA-borax network in the hydrogel

underwent gel-sol transition, the sol state composed of PVA, bo-

racic acid and CDs wept out from the hydrogel network, therefore

the hydrogel structures become porous and flexible. Consequently,

the surface modulus of CPLH with 25% PVA-borax volume percent-

age decreased from 23.212kPa at pH 8.5 to 15.295kPa at pH 6.0

(Fig. 5b). The same tendency could be observed on prepared hydro-

gels (Fig. 5c). The differential scanning calorimetry (DSC) of CPLH

with 25% PVA-borax volume percentage was characterized follow-

ing the pH changes (Fig. 5d). As stronger bonding interactions in

network indicates higher endothermic enthalpy (�H). For the hy-

drogel at pH 8.5, the dynamic covalent bondings of PVA and bo-

rax was binding state that �H was 8.518 J/g. After treated by the

solution with pH 6.0, the �H reduced to 6.550 J/g. It meant that

the disassembly of PVA-borax brought weaker bonding interactions

than the assembled state at pH 8.5. It consistent with the SEM ob-

servation and rheological results in Figs. 5a and b.

For demonstrate the pH-responsive lubrication of the hydrogel,

the CPLH with 25% PVA-borax volume percentage was placed on

a stainless-steel substrate (Fig. 6 and movie S1 in Supporting in-

formation). In Figs. 6a, d and g, the untreated CPLH was pinning

on the substrate due to the high static COF of 0.170. With treated

by pH 7.4 water (Figs. 6b, e and h), the COF of the CPLH decreases

significantly to 0.064, but similarly, the CPLH is still pining on the

substrate. When the hydrogel was treated by pH 6.0 solution (Figs.

6c, f and i), there was a sol layer formed between CPLH and sub-

strate. The COF of the hydrogel further decreased to 0.038 and slid

down.

In summary, we reported a CDs-enhanced hydrogel composed

of PVA-borax dynamic covalent bondings and covalent polymer

network. In acidic pH environment ranged from 1.0 to 6.0, the

PVA-borax network in the hydrogel will disassembly and form

the sol lubricating layer on the hydrogel surface. The coefficient

of friction on hydrogel surface changes from 0.069±0.011 to

0.041±0.003 reversibility. The introduction of CDs improves not

only the lubricating capability but also the mechanical property

of the hydrogel. Moreover, the fluorescence properties of the CDs

endow the sol lubricating layer with unique observability, which

blue sol layer could be observed under fluorescence microscopy.

This study provides a promising idea for designing pH-responsive

hydrogels for potential applications on soft actuator or robot, the

future work can be foreseen to develop durable and more sensi-

tive lubricating hydrogel.
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