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Abstract: The development of coatings with efficient lubrication and load-bearing capacity is an
urgent need for artificial joints. Here, we successfully fabricated poly (acrylic acid-co-acrylamide)/
polyethyleneimine (P(AA-co-AAm)/PEI) coating on titanium alloy (Ti6Al4V) surface via UV irradia-
tion and thermal treatment technique. The dual crosslinked network structures were composed of
a P(AA-co-AAm) network via free radical polymerization and a PAA-co-PEI network via thermal
crosslinking of amine and carboxyl groups. The thermally crosslinked P(AA-co-AAm)/PEI coatings
exhibit a stable low friction coefficient (approximately 0.022) and exceptionally low wear volume,
with a 93.8% and 92.6% reduction, respectively, in comparison to the pristine Ti6Al4V. These ther-
mally crosslinked P(AA-co-AAm)/PEI hydrogel coatings exhibit excellent lubrication and anti-wear
properties, providing a strategy for developing novel lubricating coatings in the biomedical field.

Keywords: thermal crosslinking; polymer coating; friction; super low wear

1. Introduction

Natural joint systems, including bone as the backing materials, articular cartilage
as the robust bearing interface, and viscous synovial fluid as the lubricant, provide an
extremely low friction coefficient of less than 0.03 at the interface and the high load carrying
capacity (7–9 times the weight of the human body) [1–4]. However, the motor function
of natural joints is susceptible to various factors, such as the aging population, congenital
diseases, osteoarthritis, and acute trauma. About 300 million people suffer from arthritis
worldwide, and the age is getting younger [5]. These have a negative effect on the frictional
characteristics and subsequent degeneration of the joint surface.

Artificial joint replacement is the ultimate effective treatment to restore the normal
function of joint movement and ameliorate the lives of patients. A variety of materials,
such as metal materials, ceramic materials, and polymer materials, are employed in artifi-
cial joints. Titanium and its alloys are the most widely used as main metal materials for
joint prostheses and other implants due to their chemical stability, mechanical properties,
corrosion resistance, and biocompatibility [6,7]. However, the effective life of artificial hips
and knees is limited to approximately 15 years [8]. The primary factor behind the limitation
of the effective long-term service of titanium alloy is the poor tribological properties of high
friction coefficient and low wear resistance [9]. Furthermore, patients who obtained total
joint replacement (THR) are becoming younger, along with more active and athletic [10]. As
a result, strenuous activities between artificial joint materials generate more wear particles
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and aggravate wear damage, leading to aseptic joint loosening and periprosthetic osteoly-
sis [11,12]. That hinders practical development and reduces the service life. Therefore, the
reduction in friction and wear between the head and cup is a main issue for improving the
lifetime of the artificial joints.

Surface functionalization is a feasible and promising strategy to overcome these is-
sues to prevent joint loosening caused by abrasive debris. Surface coating improves the
physicochemical properties and functions without altering the main properties of the sub-
strate [13,14]. For example, the polyelectrolyte multilayers prepared with layer-by-layer
technology endow the desired properties, such as corrosion resistance [15], antibacte-
rial [16], hydrophilicity [17], and excellent tribological performance [18,19]. The hydrated
layer formed with grafting polymer brushes improves effective lubrication for artificial
joints [20,21]. Therefore, preparing hydrophilic polymer coating on the device surface is
an effective strategy. The hydrophilic polymer hydrogel has a three-dimensional porous
network structure and water content similar to that of natural articular cartilage, accompa-
nied by suitable biocompatibility and lubrication properties [22,23]. That has been widely
utilized in articular cartilage repair. For example, the combination of methacrylated gel-
lan gum (GGMA) hydrogel and chondrocytes and adipose mesenchymal stromal/stem
cells achieved expression of intense collagen type II, low collagen type I gene, and pro-
tein [24]. It also supports full-layer regeneration of critical-size lesions with suitable integra-
tion/bonding with natural cartilage after 8 weeks of treatment. Hybrid photocrosslinkable
(HPC) hydrogel of methacrylate-grafted hyaluronic acid (HA) with o-nitrobenzyl (NB)
anchored to the surrounding cartilage with a gelation rate of less than 2 s [25]. When the
hydrogel was implanted in pigs for 6 months, the defects of knee joints were repaired well,
and the interface showed cartilage-like tissue with satisfactory healing.

A variety of polymers, such as poly (vinyl alcohol) (PVA) [26], polyacrylamide
(PAAm) [27], and polyacrylic acid (PAA) [19], have been employed for hydrogel prepara-
tion. Among these materials, polyacrylamide (PAAm), as a soft and ductile neutral poly
hydrogel, is a highly expandable platform [28]. It is well known that polyacrylamide-based
hydrogels have suitable biocompatibility. It does not have any toxic effects on human fibrob-
lasts, along with the properties of non-carcinogenic, non-toxic, and non-allergenic, while
providing resistance to certain enzymes and microbial degradation in the body [29,30].
However, pristine PAAm hydrogels are soft and fragile [31], which is not suitable for load-
bearing applications. Its function and mechanical properties can be adjusted by adding
other chemical components [32]. Adding acrylic acid (AA) to the PAAm network is a
common method to strengthen PAAm hydrogels via free radical polymerization [19,33].
The high density of hydrophilic carboxyl groups induces the conformation expansion of
the polymer chain [34]. Due to the greater flexibility of the polymer chain, the introduction
of AA improves the equilibrium swelling ratio value and contributes to a decrease in brit-
tleness [35]. However, high friction and non-wear resistance are usually serious issues in
the hydrogel. The severe surface damage even restricts the long-term stability of hydrogels.

Polyethyleneimine (PEI), with a large number of amine groups per molecule, has
several advantageous properties, such as high hydrophilicity, biocompatibility, and com-
mercial availability. Its high molecular weight, high branched structure, and high molecular
entanglement provide high elastic properties [36]. As a cationic polyelectrolyte, PEI can
also strongly attract anionic molecules via a weak bonding force of electrostatic interactions,
such as PAA [37]. Therefore, it has the ability to participate in the formation of a polymeric
hydrogel network to improve its properties. The electrostatic interaction of cationic and
anionic molecules can be transformed into a more robust covalent bond via crosslinking
components with heat treatment [38]. Compared with electrostatic interaction, covalent
bonding enhances the connection between polymer molecules. That increases the surface
hardness and improves the bond strength of the polymer films [39].

Herein, we designed a series of P(AA-co-AAm)/PEI (poly(acrylic acid-co-acrylamide)/
polyethyleneimine) composite hydrogel coatings on Ti6Al4V substrate with the expectation
of suitable lubrication, load-bearing, and anti-wear perspectives. In this work, acrylic acid
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and acrylic amide were selected as the hydrogel matrix monomers due to their potential to
expand more functions and deserve further study. As pristine P(AA-co-AAm) hydrogel is
soft and weak, and then PEI was introduced into the polymeric matrix of P(AA-co-AAm)
hydrogels to form a crosslinking network to enhance the strengthening of the hydrogel
matrix via thermal crosslinking. By characterizing composite hydrogel coating’s tribological
properties, this study will guide the design of low friction and anti-wear coating.

2. Experimental Section
2.1. Materials and Reagents

Medical-grade Ti6Al4V discs with the dimensions of 30 mm (diameter) and 5 mm
(thickness) were supplied by Botai Metal Materials Co., Ltd. (Baoji, China). Acrylic acid
(AA), acrylamide (AAm), polyethyleneimine (PEI, M.W. 70,000, 50%), triethylene glycol
dimethacrylate (TEGDMA), and 2-hydroxy-2-methyl-propiophenone were purchased from
Aladdin Reagent Co., Ltd. (Los Angeles, CA, USA). All reagents were used without
further purification. Triethylene glycol dimethacrylate (TEGDMA) and 2-hydroxy-2-methyl-
propiophenone were employed as the crosslinker and UV initiator. Deionized water was
obtained using a water purification system with a resistivity of 18.2 MΩ·cm−1 and then
utilized in the process of synthesis and swelling measurements.

2.2. Preparation of Hydrogel-Coated Ti6Al4V

Ti6Al4V discs were coarsely ground with grit sandpapers of 320, 600, 800, 1000. Then,
polishing was carried out with nylon polishing cloth containing 2.6 µm alumina suspension
and 1 µm diamond suspension to obtain similar roughness, Ra ≈ 0.06 µm (Figure 1). The
roughness was evaluated by a non-contact three-dimensional white light interferometer
(Rtec Instruments, San Jose, CA, USA). All the substrates were cleaned in acetone, ethanol,
and deionized water under ultrasonication for 20 min to eliminate contaminants. The
rinsed discs were dipped into dopamine solution (2 mg/mL in 10 mM Tris, pH 8.5) for
24 h in the dark to obtain a polydopamine (PDA) anchoring layer. Polydopamine (PDA), as
a widely used adhesive material, is used to functionalize various surfaces due to its high
catechol content [40,41].
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Figure 1. The surface roughness and line roughness of polished Ti6Al4V. Figure 1. The surface roughness and line roughness of polished Ti6Al4V.

The hydrogel-coated Ti6Al4V was prepared via UV irradiation technology and thermal
treatment. Firstly, TEGDMA (1.5 v/v%), 2-hydroxy-2-methyl-propiophenone (0.4 v/v%),
AA (3 mol/L), AAm (1 mol/L), and PEI solutions with different parameters were dissolved
in deionized water to form hydrogel complex solution. The volume fraction was relative to
the composite solution. The PEI parameters were set relative to the weight of AA, including
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5%, 7.5%, 10%, 12.5%, and 15%. The composite solution was degassed with nitrogen for
10 min to remove oxygen.

The Ti6Al4V alloy substrate pretreated with PDA was placed into a mold. The hy-
drogel complex solution was poured into the mold and covered with a quartz plate. The
intermediate distance between the Ti6Al4V substrate and quartz plate filling with solution
was controlled at 1 mm. After that, the hydrogel complex solution was polymerized to
form P(AA-co-AAm)/PEI hydrogel coating under UV irradiation for 20 min. A 500 W
high-pressure mercury lamp (Beijing Institute of electric light source) was utilized to
initiate polymerization. The passage of ultraviolet light was limited to wavelengths of
350 ± 50 nm via a polypropylene film filter. Finally, the covalent bond crosslinking process
of P(AA-co-AAm)/PEI coatings was conducted by heating at 150 ◦C for 1 h in a vacuum
oven and then cooled to ambient temperature. The preparation procedure is depicted in
Figure 2.

Coatings 2024, 14, x FOR PEER REVIEW  4  of  22 
 

 

The hydrogel-coated Ti6Al4V was prepared via UV irradiation technology and thermal 

treatment. Firstly, TEGDMA (1.5 v/v%), 2-hydroxy-2-methyl-propiophenone (0.4 v/v%), AA 

(3 mol/L), AAm (1 mol/L), and PEI solutions with different parameters were dissolved in 

deionized water to form hydrogel complex solution. The volume fraction was relative to 

the composite solution. The PEI parameters were set relative to the weight of AA, includ-

ing 5%, 7.5%, 10%, 12.5%, and 15%. The composite solution was degassed with nitrogen 

for 10 min to remove oxygen.   

The Ti6Al4V alloy substrate pretreated with PDA was placed into a mold. The hy-

drogel complex solution was poured into the mold and covered with a quartz plate. The 

intermediate distance between the Ti6Al4V substrate and quartz plate filling with solution 

was controlled at 1 mm. After that, the hydrogel complex solution was polymerized to 

form P(AA−co−AAm)/PEI hydrogel coating under UV  irradiation  for 20 min. A 500 W 

high-pressure mercury lamp (Beijing Institute of electric light source) was utilized to ini-

tiate polymerization. The passage of ultraviolet light was limited to wavelengths of 350 ± 

50 nm via a polypropylene film filter. Finally, the covalent bond crosslinking process of 

P(AA−co−AAm)/PEI coatings was conducted by heating at 150 °C for 1 h in a vacuum oven 

and then cooled to ambient temperature. The preparation procedure is depicted in Figure 

2.   

 

Figure 2. The preparation procedure (A) and schematic diagram of the structure and bonding of 

P(AA-co-AAm)/PEI  coating  before  and  after  thermal  crosslinking  (B). The  bond  force  of  amine 

groups in PEI and carboxyl groups in PAA converted from electrostatic interaction (B1) to the cova-

lent bond formation (B2). (The red circles are the functional groups participating in thermal cross-

linking) 

   

Figure 2. The preparation procedure (A) and schematic diagram of the structure and bonding of
P(AA-co-AAm)/PEI coating before and after thermal crosslinking (B). The bond force of amine groups
in PEI and carboxyl groups in PAA converted from electrostatic interaction (B1) to the covalent bond
formation (B2). (The red circles are the functional groups participating in thermal crosslinking).

2.3. Structural Characterization

The surface chemical compositions were examined by Fourier transform infrared
(FTIR, VERTEX 80 V, Bruker, Ettlingen, Germany) and X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha, Waltham, MA, USA). Scanning electron microscopy (SEM,
FEI Scios 2 HiVac, Hillsboro, OR, USA) was used to observe the morphology. The crystal
structures of the samples were characterized by an X-ray diffractometer instrument (XRD,
Bruker, D8 Advance, Ettlingen, Germany) with Kα radiation (λ = 0.15418 nm).
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2.4. Equilibrium Water Content Measurement

The equilibrium water content was calculated from the weight of the water-equilibrated
(Ww) and dried sample (Wd) according to the equations [42]

Equilibrium water content (wt%) =
Ww − Wd

Ww
× 100%

Five samples were measured for each hydrogel to provide an average value.

2.5. Porosity Measurement

According to Archimedes’ principle, the porosity was calculated using the following
equation [43,44]:

Porosity (%) =
W2 − W1

W3 − W2
× 100%

where W1 represents the mass of the dry hydrogel, W2 is the mass of the swelling hydrogel
in air, and W3 represents the mass of the swelling hydrogel suspended in deionized water.
All the measurements were performed five times for each type of sample.

2.6. Water Contact Angle Measurements

The water contact angle was used to estimate the hydrophilicity of P(AA-co-AAm)/PEI
coatings. The measurement was carried out using a deionized water droplet by a JY-82
instrument. Five different positions of the specimen were analyzed to obtain the aver-
age value.

2.7. Thermal Characterization

Thermal stability characteristics of the hydrogel coatings were evaluated using a
thermal gravimetric instrument (TA-Q600, TA Instruments, New Castle, DE, USA). The data
of thermogravimetry and differential scanning calorimetry (TA-Q600, TA Instruments, New
Castle, DE, USA) were collected simultaneously during the same experiment. Nitrogen, as
a protective gas, was utilized to prevent oxidation at high temperatures. The experimental
temperatures were set from 30 to 400 ◦C at a heating rate of 10 ◦C min−1.

2.8. Measurement of Tribological Properties

The friction coefficients and wear experiments were performed on a ball-on-disk
tribometer (MS-T3001, Lanzhou Huahui Instrument Technology, Lanzhou, China) using a
rotating sliding mode with a sliding test radius of 8 mm. Stainless balls (316 L, diameter:
6 mm) were utilized as a static counterpart. Deionized water, saline, and calf serum were
employed as lubricants. The conditions are 1 N, 117 rpm, 0.1 m/s for about 50 min at
room temperature. The hardness of precursor P(AA-co-AAm)/PEI hydrogel material and
thermally crosslinked P(AA-co-AAm)/PEI hydrogel materials are about 4.1 HV and 15.4 HV.
The Hertizan contact pressure is about 18 MPa. The wear morphology and wear volume of
the ball and samples were characterized utilizing a non-contact three-dimensional white
light interferometer (Rtec Instruments, San Jose, CA, USA). The wear surface of the coating
was also examined by scanning electron microscopy (SEM, FEI Scios 2 HiVac) to evaluate
the wear mechanism. Moreover, the experimental results were obtained by repeating
three independent tests to obtain average values.

3. Results and Discussion
3.1. Preparation of P(AA-co-AAm)/PEI Coating on Ti6Al4V

As a joint prosthesis, the lubricating and wear-resistant properties of Ti6Al4V were still
limited when employed as artificial joints. Herein, inspired by the stratified structure of the
natural joint lubrication system, the P(AA-co-AAm)/PEI hydrogel coating was prepared on
the surface of Ti6Al4V to enhance its friction reduction and wear resistance. The preparation
procedure is depicted in Figure 2A.
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Firstly, precursor P(AA-co-AAm)/PEI hydrogel coating was prepared via UV-initiated
polymerization. The 2-hydroxy-2-methyl-propiophenone could initiate to generate free
radicals under UV irradiation. The initiator and crosslinker resulted in the polymerization
of AA/AAm monomers and the formation of hydrogel coating on the substrate. The
chemical bonds between the AA monomer and AAm monomer were formed (Figure 2(B1)),
which fabricated the first crosslinked network structure. The electrostatic absorption
interactions occurred between carboxyl groups in AA molecules and amide groups in
PEI molecules. Subsequently, precursor P(AA-co-AAm)/PEI hydrogel was annealed via
thermal treatment. The samples were exposed to a temperature of 150 ◦C and applied
vacuum. The thermal crosslinking process represented a simple condensation reaction
between amine groups of PEI and carboxyl groups of PAA, resulting in the formation of
amide linkages and currently generating water as a byproduct (Figure 2(B2), red circle).
The second crosslinked network structure was established.

3.2. Chemical Composition and Surface Morphology

FTIR, XRD, SEM, and XPS were conducted to characterize the structure and chemical
compositions of hydrogel coating. As depicted in Figure 3a, the peaks at 796, 1166, and
1447 cm−1 simultaneously appear in precursor P(AA-co-AAm)/PEI hydrogel and thermally
treated hydrogel. The characteristic peak at 796 cm−1 is assigned to the stretching vibration
of the methylene group. The wavenumber at 1166 cm−1 corresponds to the spectral
band of −C−N− stretching [45]. The absorption peak at 1447 cm−1 represents the C−N
stretching vibration of amine in the AM and PEI [46,47]. For precursor P(AA-co-AAm)/PEI
hydrogel, the peaks that appeared at 1656 cm−1 and 1710 cm−1 correspond to the C=O
stretching vibration for asymmetric COO− and −COOH, respectively [48,49]. After the
heat treatment, the characteristic peak of the carboxyl group at 1710 cm−1 disappears in the
FTIR spectra. The vibration of 1656 cm−1 shifts to a higher wavenumber due to the new
bonds forming between the amine and carboxyl groups. This indicates that the carboxylic
acid group engaged in the chemical reaction for amide linkage formation [50]. The strong
adsorption peak at around 1688 cm−1 is contributed by the C=O stretching vibration in
the −CONH− bond, which was generated during the thermal crosslinking process. The
new absorption peak at 1544 cm−1 is ascribed to the symmetric stretching vibrations of
−C(=O)−NH [51,52], which further verify the successful chemical linkage between the
carboxyl group and amine group. The peak at 2925 cm−1 is owing to the −CH symmetric
stretching vibration of -CH2 [53,54].
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Figure 3. FTIR spectra (a) and XRD spectra (b) of precursor hydrogel and thermally crosslinked
P(AA-co-AAm)/PEI hydrogel.

The XRD spectrum of precursor P(AA-co-AAm)/PEI hydrogel and thermally crosslinked
hydrogel are shown in Figure 3b. The XRD patterns of the two hydrogels do not show
obvious crystal order. The peak appeared at 2θ = 42.2◦, attributed to a certain structural
regularity of acrylic acid. The broad characteristic peaks at 2θ = 21.6◦ and 37.5◦ reveal
the amorphous nature of them. The intensity of thermally crosslinked hydrogel is lower
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than that of precursor P(AA-co-AAm)/PEI hydrogel. The reason may be that the thermal
crosslinking of PAA and PEI leads to the destruction of the hydrogel crystalline region.

SEM micrographs were obtained to observe the cross-section morphology of the hydro-
gel samples, and the results are presented in Figure 4. Figure 4a presents the cross-sections
of Ti6Al4V substrate covered with coating. The average thickness of the coating is about
735.6 ± 18.1 µm. The precursor hydrogel and thermally crosslinked P(AA-co-AAm)/PEI
hydrogel exhibit a crosslinked network porous structure in Figure 4b. Precursor hydrogel
has a loose porous structure in Figure 4(b1). In comparison, the thermally crosslinked
P(AA-co-AAm)/PEI hydrogel demonstrates a compact and tight porous structure in
Figure 4(b2). The number of porous structures increases concurrently with a decrease
in the size of porous structures.
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Figure 4. Cross-section morphology (a) and microstructure (b) of hydrogel coatings. (b1) precursor
hydrogel; (b2) thermally crosslinked P(AA-co-AAm)/PEI hydrogel.

XPS narrow spectra of C1s, O1s, and N1s from the precursor P(AA-co-AAm)/PEI
hydrogel and thermally crosslinked hydrogel are displayed in Figure 5. The peaks at
different binding energies represent different chemical bonds of elements C, O, and N. High-
resolution spectra recorded the curves of the sample with varying contents of PEI. The C1s
spectrum of the untreated P(AA-co-AAm)/PEI hydrogel and thermally crosslinked hydrogel
can be deconvolved into three main peaks (Figure 5A), which are assigned to the carbon
atoms of C−C (284.5 eV), C−N (285.6 eV), and C=O (288.3 eV), respectively [55,56]. In the O1s
spectra (Figure 5B), two fitting peaks are observed at 531.7 and 533.0 eV, corresponding to
C=O and C−O, respectively [57]. After heat treatment, there is virtually no binding energy
shift in both the C1s and O1s regions. However, a slight decrease in intensity is observed,
which may be partially attributed to the declining coverage [58]. Given PEI only contains
carbon, nitrogen, and hydrogen without oxygen, the C/O area ratio of the untreated system
decreases with increasing PEI content (Figure 5D). After the reaction, the calculated C/O
area ratio of the annealed sample is higher than that of the initial sample, indicating oxygen
depletion during annealing. The deconvolution of the N1s peak reveals three types of
nitrogen bonds in Figure 5C. The binding energy at 399.3 eV corresponds to the C−N. The
N1s peak that appeared at 401.2 eV is ascribed to N−H bonds for the P(AA-co-AAm)/PEI
hydrogel [59]. Notably, the binding energy of N-containing chemical bonds at 401.2 eV
slightly shifts to a higher binding energy after annealing, approximately 401.35 eV, which
belongs to the −C(=O)−NH− group [60,61]. That suggests the formation of a chemical
reaction between the amine groups and the carboxyl groups by covalent bonding, which is
consistent with FITR, XRD, and SEM results.

3.3. Surface Wettability

In this research, the quartz plate was covered to the surface of the coating during
the preparation process, which eliminates the error in the surface morphology during the
contact angle test. Therefore, the surface wettability is primarily controlled by the chemical
composition of coatings.
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Figure 6 illustrates the water contact angle of P(AA-co-AAm)/PEI coatings. The
untreated precursor coating exhibits hydrophilicity, with the contact angle remaining
60–71◦. This is attributed to the inherent hydrophilic character of coating generated by
the abundant carboxyl groups (−COOH) and amine groups (−NH2) in molecules. As the
content of PEI increases, the contact angle decreases due to the presence of a large number
of amine groups in PEI molecules.
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For thermally crosslinked P(AA-co-AAm)/PEI hydrogel coatings, −COOH and −NH2
groups were transformed into a −CO-NH− group, which is the polar and hydrophilicity
functional group [62–64]. The abundant presence of polar −CO−NH groups notably
reduces the contact angle and enhances the hydrophilicity. In Figure 6, the contact angle of
the annealed coating is lower than that of the untreated hydrogel coating, about 2–5◦ for
different PEI contents. The thermally crosslinked hydrogel coating with 15% PEI has the
lowest contact angle, approximately 58.2◦. It is evident that hydrogel coating produced via
thermal crosslinking presents an improvement in the wettability capacity when compared
to the untreated coatings.

3.4. Porosity and Equilibrium Water Contents

The porosity and equilibrium water content of pristine and thermally crosslinked
hydrogel coatings are shown in Figure 7. The influence of PEI concentrations on porosity
and equilibrium water content was also evaluated.
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Figure 7. Porosity (a) and equilibrium water contents (b) of untreated and thermally crosslinked
P(AA-co-AAm)/PEI hydrogel.

As shown in Figure 7a, the thermally crosslinked P(AA-co-AAm)/PEI hydrogel has
a higher porosity than that of the untreated coating under identical PEI concentration
conditions. At a PEI concentration of 5%, the porosity of untreated coating and thermally
crosslinked coating is approximately 20% and 50%, respectively. With the increase in
PEI concentration, the porosity gradually decreases. For untreated samples, hydrogel
coating with 12.5% PEI has the lowest porosity, about 11%. The porosity of thermally
crosslinked hydrogel coating with 12.5% and 15% PEI reaches a stable state, about 38%. The
same trend appears in equilibrium water content (Figure 7b). The thermally crosslinked
hydrogels present an improvement in the wettability capacity. The equilibrium water
contents of hydrogel coating with 5% PEI are 29% for untreated samples and 65% for
thermally crosslinked samples, respectively. The equilibrium water content value decreases
gradually with the increase in PEI concentration.

The changes in porosity and equilibrium water contents between untreated and
thermally crosslinked samples are related to the internal molecular structure of hydrogel
coating and its wettability. The heat treatment process generates −CO−NH− covalent
bonds, which manipulate the internal structure of hydrogel and increase the crosslinking
density of PAA, PAAm, and PEI molecules. The increased crosslink density results in
elevated porosity [65], thereby affecting the water-holding capacity of hydrogels [66,67].
Owing to its higher porosity (Figure 7a) and wettability (Figure 6), the water molecules are
physically trapped by the network structure and more efficiently occupy voids compared
to untreated samples due to capillary action [68].

3.5. Thermal Properties

The TG-DSC curves of pristine hydrogel and thermally crosslinked hydrogel are
shown in Figure 8. At the beginning of the temperature rise, the variation in curves of
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pristine hydrogel coating is attributed to the evaporation of physically absorbed water
and the dehydration of −COOH and −NH2 groups. The corresponding total weight
loss is 3.68% prior to 150 ◦C. The thermally crosslinked coating only occurred during the
evaporation of physical adsorbed water, with a total weight loss of 3.21% in the TG curve
before 150 ◦C. The pristine hydrogel coating exhibits a higher weight loss than the annealed
sample, which confirms the above conclusion. Regarding the DSC curves, both pristine
and thermally crosslinked hydrogel coatings have a single endothermic peak at 217.3 ◦C,
respectively, which corresponds to the melting point. At this point, the TG curves display
obviously decrease. There is no significant difference in associated weight loss for the
samples before and after heat treatment, which is about 11.6% and 10.05%, respectively.
TG-DSC results indicate that the hydrogel coating possesses suitable thermal stability.
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3.6. Evaluation of the Lubrication Properties

The lubrication properties of hydrogel coatings were assessed by a ball-on-disk rotating
tribometer, and stainless balls were employed as the counterparts. Deionized water, saline,
and calf serum were employed as lubrication conditions.

Figure 9a displays the average friction coefficient of thermally crosslinked P(AA-
co-AAm)/PEI hydrogel coatings with varying PEI contents. Ti6Al4V substrate and non-
thermally crosslinked hydrogel coating serve as the control group. The friction coefficient
of the Ti6Al4V substrate is approximately 0.45. Untreated P(AA-co-AAm)/PEI hydrogel
coatings with 5% PEI have a slightly lower friction coefficient than the Ti6Al4V substrate,
approximately 0.37. With the increase in PEI contents, the friction coefficient increases
gradually, even surpassing that of the Ti6Al4V substrate. However, after constructing
thermally crosslinked P(AA-co-AAm)/PEI hydrogel coatings on Ti6Al4V substrate, the
friction coefficients exhibit a significant reduction compared to the control group. Notably,
the friction coefficient of thermally crosslinked P(AA-co-AAm)/PEI hydrogel with 5% PEI
is reduced to 0.022. When the PEI content is 5%, 7.5%, 10%, 12.5%, and 15%, the average
friction coefficient in deionized water decreases by 93.8%, 91.07%, 85.9%, 83.5%, and 81.7%,
respectively, comparing with untreated P(AA-co-AAm)/PEI hydrogel coatings.

The friction test curves of Ti6Al4V substrate, precursor P(AA-co-AAm)/PEI hydrogel
coatings, and thermally crosslinked P(AA-co-AAm)/PEI hydrogel coatings are shown in
Figure 9b. Compared with Ti6Al4V substrate and untreated P(AA-co-AAm)/PEI hydrogel
coatings, thermally crosslinked P(AA-co-AAm)/PEI hydrogel coatings exhibit the lowest
friction coefficient. During the testing process, the friction curve remains highly stable, and
the friction coefficient is approximately 0.02. The friction curve of the Ti6Al4V substrate
displays a slight increase with the increase in sliding time due to the production of abra-
sive debris. For precursor P(AA-co-AAm)/PEI hydrogel coatings on Ti6Al4V substrate,
the friction coefficient increases rapidly and reaches 0.5 within 1 min (Light blue box in
Figure 9b and it has been enlarged), which is similar to that of Ti6Al4V substrate. This
phenomenon indicates that the precursor P(AA-co-AAm)/PEI hydrogel coatings were worn
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out during the initial stage of sliding. The damaged coating hindered the sliding of the
two counterparts, resulting in the fluctuation of the friction curve.
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3.7. Assessment of the Wear Resistance

Correspondingly, the wear morphology and wear volume of friction pair in distilled
water were evaluated by a 3D white light interferometer. The wear morphology of coatings
and Ti6Al4V substrate are shown in Figure 10. Each 3D image contents a colorful overall
morphology (color) and contour curves (lines and blue shadow). As shown in Figure 10,
untreated precursor P(AA-co-AAm)/PEI hydrogel coatings exhibit distinct wear zones and
wear volumes. For the precursor hydrogel coating with PEI contents of 5%, 7.5%, and 15%,
the maximum depths of wear scar are 6.8 ± 0.6 µm, 14.4 ± 1.2 µm, and 26.1 ± 1.7 µm,
respectively. The width range is from 1200 µm to 1800 µm. The stainless ball exhibits
a wear phenomenon, with a wear volume of 0.32 ± 0.11 × 106 µm3 (Figure 11(b1,b2)).
The maximum depth and width of the wear scar on the Ti6Al4V substrate are about
4.96 ± 0.4 µm and 852.7 ± 10.2 µm (Figure 10d). There are obviously furrows and
scratches, indicating abrasive wear and adhesive wear. This phenomenon also occurs
on the surface of the counterpart ball, accompanied by a significant wear volume, about
8.11 ± 0.43 × 106 µm3 (Figure 11(a1,a2)). After thermal treatment, the hydrogel coating
displays a super shallow scratch, which is confirmed by 3D morphology (Figure 10e–g).
The depth and width of the wear scar diminish profoundly, and the wear volume of the
stainless ball is undetectable (Figure 11(c1,c2)).

The quantitative analyses of the wear volume are shown in Figure 12a. The wear
volume of the Ti6Al4V substrate is 0.38 ± 0.06 × 106 µm3. It can be seen that the wear
volume generated by the deep and wide wear scratch of precursor P(AA-co-AAm)/PEI
hydrogel coatings is >3 × 106 µm3, which is equal to poor lubricity. Notably, the ther-
mally crosslinked P(AA-co-AAm)/PEI hydrogel coating attained a superior wear volume
as low as 0.028~0.051 × 106 µm3. That is a significant reduction, even when compared
to the Ti6Al4V substrate, with an 86.6%~92.6% reduction. Figure 12b is the SEM wear
morphology of the thermally crosslinked P(AA-co-AAm)/PEI coating, showing superfi-
cially shallow scratches. The width of the wear scar is approximately 140.8 ± 7.1 µm,
which is significantly lower than that of precursor P(AA-co-AAm)/PEI hydrogel coatings
(1200~1800 µm, Figure 10a–c) and pristine Ti6Al4V substrate (852.7 µm, Figure 10d). The
wear zone exhibits a slight adhesive wear and furrow. This indicates that the thermally
crosslinked P(AA-co-AAm)/PEI hydrogel coating on the surface of Ti6Al4V effectively
alleviates the wear behavior during the friction process. The introduction of thermally
crosslinked hydrogel enhances the wear resistance and load-bearing capacity during the
friction test, indicating that thermally crosslinked P(AA-co-AAm)/PEI hydrogel coatings
possess excellent anti-wear properties.
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3.8. The Lubrication Mechanism of the Composite Hydrogel Coating

According to the experimental results, the thermal treatment P(AA-co-AAm)/PEI
hydrogel coatings have excellent lubricating capacity. The preparation of the precursor
P(AA-co-AAm)/PEI coating is primarily driven by electrostatic interactions and covalent
crosslinking via UV irradiation. Due to the high branch structure of PEI, a large number of
amine groups in PEI molecules and carboxyl groups in AA molecules are fully absorbed
through electrostatic interactions. The covalent crosslinking arises from the free radical
polymerization between AA and AAm molecules. Under the action of the UV initiator,
-C=C- bonds of the monomer molecules break to generate free radicals [69]. During the
polymerization process, the crosslinking agent, TEGDMA, promotes the formation of a
three-dimensional crosslinking network structure, which is confirmed by Figure 4b.

In the proposed precursor hydrogel coating, the second crosslinked network structure
was formed through thermal treatment, as illustrated in Figure 2, achieving covalent
bonding between PAA and PEI. The results of FTIR, XRD, and XPS verify the crosslinking
reaction. The electrostatic interactions were converted to stable amide covalent bonds from
the carboxyl group of PAA and amine groups of PEI, accompanied by the generation of
water molecules [70,71]. The chemical reaction includes (i) the dehydrogenation of the NH2
group in PEI, (ii) the dehydroxylation of the COOH group in PAA, and (iii) the coupling of
the two resulting molecules. Concurrently, during the heating process, the rearrangement
of radicals leads to changes in bonding strength and mechanical properties [39].

In the thermally crosslinked hydrogel system, there are two kinds of covalent bonds,
the −C−C− between AA and AAm via UV irradiation and −CO−NH− between AA
and PEI via thermal treatment. That forms two types of crosslinked networks linked
by PAA molecules. Due to the addition of −CO−NH− bonds, the number of covalent
bonds and crosslinked networks is higher than that of the precursor hydrogel system.
Therefore, the thermally crosslinked P(AA-co-AAm)/PEI hydrogel system is a dual covalent
crosslinked network.

During the tribology testing, dual covalent crosslinked networks could effectively
resist shear deformation and bear normal loads, compared with precursor hydrogel systems
with single crosslinked networks. Furthermore, the −CO−NH− covalent bonds introduced
by thermal treatment result in a stronger bonding force and bonding strength between
molecules [39,72]. This enhanced the stability of the coatings and its resistance to shear
during the tribological testing, which are ensured by Figures 9–12.

The friction coefficient of thermally crosslinked P(AA-co-AAm)/PEI hydrogel coatings
is different in the three lubricants. The friction coefficient remains constant for saline and
calf serum lubricant compared with distilled water. This is related to PAA molecules. In this
study, the PAA molecules in a crosslinked network participate in the thermal crosslinking
reaction. However, due to the limitation of the spatial position of the three-dimensional
network structure, a small number of PAA molecules cannot participate in the thermal
crosslinking reaction. The intact carboxyl group is retained. In distilled water, negatively
charged PAA absorb water to form a hydration sheath, which reduces the self-energy of
enclosed charge [73]. This means that it is very difficult to remove water molecules from
the hydrated sheath around the charge, which provides suitable hydration lubrication.
When the saline was utilized as a lubricant, the net charge of the PAA polyelectrolyte
molecules was reduced due to the ion condensation. The addition of salt ions in the
aqueous solution shields the electrostatic interaction [74]. The charge screening by salt ions
leads to the chain shrinkage of PAA [75]. Electrostatic bridging and polymer chain collapse
increase the friction [76]. In calf serum, the negatively charged carboxyl group on the side
chains of PAA may attract and adsorb positively charged macromolecules. The existence
of protein molecules on both sliding interfaces leads to energy dissipation and increased
friction coefficient [77]. With the change in PEI content, the friction coefficient in saline
and calf serum is relatively stable compared with that in deionized water. This is related
to the content of PAA involved in the thermal crosslinking reaction in the crosslinking
network. With the increase in PEI content, more PEI molecules diffuse into the PAA-PAM
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three-dimensional network structure, which reduces the constraints of spatial location.
As a result, the number of PAA molecules participating in thermal crosslinking increases,
leading to a decrease in the number of free carboxyl groups. The number of free carboxyl
groups is closely related to the change in friction coefficient in saline and calf serum. The
interaction of these reasons makes the friction coefficient slightly higher and relatively
stable in saline and calf serum.

At the same time, we compared the experimental results with other similar studies in
Table 1. The different types of hydrogel coating were fabricated on the titanium surface
via ultraviolet irradiation, freezing–thawing, heat treatment, and other methods. These
coatings are applied in the field of biological implants, especially artificial joints. Compared
with pure titanium alloys, different degrees of friction coefficient reduction are obtained
when hydrogel coating is prepared on titanium. Among them, the hydrogel coating
prepared in this study has a low friction coefficient, 0.022.

Table 1. The friction coefficient of different hydrogel coating on titanium substrate for bio-implants.

Type of Hydrogel Coating Titanium Pretreatment Preparation Method of
Hydrogel Coating

Friction
Coefficient References

PVA/HA/PAA Treated by laser and modified by
dopamine Freeze–thaw and annealing 0.08 [78]

PVA/HA/PAA/PDA Treated by laser and modified by
dopamine Freeze–thaw and annealing 0.065 [78,79]

PVA-PAM-PMPC Micro-arc oxidation UV irradiation and
freeze–thaw 0.052 [80]

PVA/PAA/GO/PDA
Modified by

3-aminopropyltriethoxysilane
(APTES) and dopamine

Freeze–thaw and annealing 0.144 [81]

PAA-PAM Polish UV irradiation 0.085 [19]

double-layer GO and PVP Treated by laser Electrophoretic deposition <0.03 [82]

P(AA-co-AAm)/PEI Modified by dopamine UV irradiation and annealing 0.022 this paper

In summary, covalent crosslinking improves the friction and wear stability of the
hydrogel coating. The thermally crosslinked P(AA-co-AAm)/PEI hydrogel coatings exhibit
efficient lubrication and anti-wear properties. This expands the application of hydrogel
materials in the fields of other medical implant materials.

4. Conclusions

In summary, we propose a concise and innovative method for fabricating dual
crosslinked hydrogel coating on Ti6Al4V using UV irradiation and heat treatment to
improve the tribological properties. The thermally crosslinked P(AA-co-AAm)/PEI hydro-
gel coatings exhibit better surface wettability and higher porosity than those of untreated
hydrogel coatings. The stable low friction coefficient was obtained, approximately 0.022,
reducing by 93.8% compared to the pristine Ti6Al4V substrate. The wear volume of the
coating was super low, about as low as 0.028 × 106 µm3, with a 92.6% reduction compared
to the Ti6Al4V substrate. No obvious wear scratch could be observed after a period of
tribological testing due to excellent wear resistance. The thermally crosslinked P(AA-co-
AAm)/PEI hydrogel coating effectively alleviates the wear behavior during the friction
process. The newly formed −CO−NH− covalent bonds introduced by thermal treatment
have been confirmed as the primary factor for the improvement of lubrication and anti-
wear properties. An important requirement for artificial joint applications is stability, low
friction, and super low wear. Thus, the thermally crosslinked P(AA-co-AAm)/PEI hydrogel
coatings modified Ti6Al4V may find potential applications in artificial joints and other
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medical implant materials. Further studies should focus on the relationship between wear
resistance and adhesion biocompatibility before clinical applications.
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