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Abstract: Silk fibroin (SF) has been widely used in biomedical applications for the hydrophilicity
modification of high molecular polymer materials. However, the challenge remains to immobilize
SF with high structure stability and strong adhesion strength between SF and the substrate. Here,
we propose an effective two-step process for modifying polyethylene terephthalate (PET) with SF:
dipping PET film in SF solution and subsequently carrying out plasma-assisted deposition in SF
aerosol. The structure and property analysis revealed that the SF-modified PET (PET-SF) prepared
using the two-step method exhibited superior structural stability and stronger adhesion strength
compared to the dip-coating method and the plasma-assisted deposition method. In addition, PET-
SF prepared using the two-step method resulted in a higher concentration of SF and an increased
content of active groups on its surface, enhancing its hydrophilicity compared to the other two
methods. Additionally, the influence of dipping time and deposition time in the two-step method
was investigated. The results demonstrated that the dipping time for 6 h and the deposition time
for 3 min resulted in maximum SF grafting amount with a highly stable structure. Furthermore, the
PET-SF exhibited satisfactory hydrophilicity when the deposition time was more than 3 min and
showed the most hydrophilicity surface at 8 min.

Keywords: plasma-assisted deposition; solution dip-coating; silk fibroin

1. Introduction

The utilization of biopolymers such as polylactic acid (PLA), polydimethylsiloxane
(PDMS), thermoplastic polyurethane (TPU) and polytetrafluoroethylene (PTFE) in biomed-
ical applications is extensive [1,2]. Polyethylene terephthalate (PET) is the most utilized
thermoplastic resin in the polyester series [3–5], exhibits favorable physical-mechanical
properties, excellent electrical insulation, cost-effective production, as well as remarkable
fatigue resistance, friction resistance, and dimensional stability [6,7], which makes the PET
has a highly applicable in the biomedical field in areas such as artificial ligaments, blood
vessels, and heart valves [8,9]. However, similar to most polymers, the bio-inert surface
of PET is caused by its hydrophobic nature, which limits its potential applications [10].
Therefore, enhancing its hydrophilic property becomes imperative [11].

An effective approach for enhancing the hydrophilic properties of polymer materials
involves incorporating biomolecules onto their surfaces. Silk fibroin (SF) is a natural macro-
molecular protein, typically obtained through the process of silk degumming, constituting
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approximately 70%–80% of the total silk mass [12]. It possesses a molecular weight ranging
from 3.06 × 105 to 3.7 × 105 and exhibits insolubility in water or ethanol solution. The
secondary structure of SF can be classified into a random coil, α-helix, and β-sheet, with
the latter being the most stable due to optimal intermolecular interactions and the lowest
energy consumption. Due to its distinctive structure, SF shows remarkable characteristics,
such as good mechanical properties [13], tunable biodegradability [14,15], and acceptable
immunogenicity [16–18]. Additionally, SF can be fabricated into various structures like
films [19,20], sponges [21,22], hydrogels [23,24], scaffolds [25,26], and coatings due to its
good processability. The SF coatings can improve the chemical activity of substrate mate-
rials with minimal immunogenicity [27]. Consequently, immobilizing SF onto PET film
presents an avenue for the preparation of SF-modified PET (PET-SF) composites that exhibit
enhanced hydrophilicity.

Several techniques are available for immobilizing SF onto the surface of PET. The most
widely used technique is solution dip-coating. In this method, the inert surface of PET
presents a challenge for direct SF grafting, necessitating its surface activation through tech-
niques such as plasma treatment [28–30], UV irradiation [31], chemical hydrolysis [32,33]
or nitration and reduction [34,35]. Following surface activation, SF can be immobilized
by immersing the PET substrate in the SF solution. Zhou et al. [36] introduced reactive
–NH2 groups to the surface of PET using the nitration and reduction method, and they
modified SF using epoxy chloropropane to introduce active epoxy groups, which enabled
SF to be grafted onto the PET surface. The adsorption bands of Fourier transform infrared
spectroscopy at 1653 and 1543 cm−1 showed a successful introduction of SF. However, it
also indicated that the secondary structure of introduced SF was mainly a random coil with
an instability in its structure. Ai et al. [37] immobilized SF onto the surface of PET via the
EDC/NHS crosslinking method. The results suggested a high concentration of SF, but the
improvement in hydrophilicity of PET-SF was limited. The solution dip-coating method
can form a relatively high SF concentration but in a low structure stability of SF and limited
improvement in hydrophilicity.

An alternative approach is plasma-assisted deposition, which enables the formation
of biomacromolecule films on various substrates with different shapes [38]. Moreover, the
deposition process occurs at room temperature and atmospheric pressure without using
specialized vacuum or heating equipment. In the context of biomacromolecule grafting
applications, plasma-assisted deposition typically involves injecting a biomacromolecule
aerosol solution into the atmospheric pressure plasma jet (APPJ). This process facilitates
simultaneous surface activation of the substrate material and grafting of the biomacro-
molecule. While SF is immobilized onto the PET surface using atmospheric pressure
plasma-assisted deposition technology, SF can be influenced by plasma, leading to the
transformation of its secondary structure from a random coil to a β-sheet. Additionally, the
presence of argon (Ar) in the deposition area creates an inert atmosphere that facilitates
further dehydration of SF and promotes the formation of β-sheet structure. Consequently,
atmospheric pressure plasma-assisted deposition enhances the stability of grafted SF while
also improving the hydrophilicity of the modified material through surface etching and
activation. Arkhangelskiy et al. [39] deposited SF on different materials using APPJ with
an SF aerosol solution as the feed gas. The results confirmed the successful immobilization
of SF, showing high β-sheet concentration (32 to 38%) and low content of random coil (17
to 18%) due to the effect of plasma. However, the adhesion strength between SF and the
surface of polymer materials was relatively low. Therefore, plasma-assisted deposition can
address the issues of low structure stability of SF and improve hydrophilicity of modified
materials, whereas the SF exhibits relatively lower adhesion to the surface of substrate
materials than that achieved through solution dip-coating.

Undoubtedly, the challenge in preparing PET-SF for biomaterial applications resides in
the concurrent attainment of several crucial objectives: achieving high surface hydrophilic-
ity, ensuring the structural stability of grafted SF, and promoting strong adhesion strength
between SF and PET substrate.
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Therefore, this work proposes a novel method for preparing PET-SF with enhanced
hydrophilicity, high structure stability and strong adhesion strength between SF and the
substrate through two continuous processes: dipping PET film in an SF solution followed by
carrying out plasma-assisted deposition using an SF aerosol. Meanwhile, the structure and
properties of the PET-SF film prepared by the following three methods were investigated
by scanning electron microscopy (SEM), attenuated total reflectance—Fourier-transform
infrared spectroscopy (ATR-FTIR), water contact angle (WCA), and X-ray photoelectron
spectroscopy (XPS): (1) solution dip-coating; (2) plasma-assisted deposition; and (3) the two-
step method. The dipping time and plasma-assisted deposition time in the two-step method
were also investigated to gain an optimized procedure for preparing the PET-SF film.

2. Materials and Methods
2.1. Preparation of Silk-Fibroin Solution

The raw silk (100 g) was boiled in an aqueous solution (5 L) containing Na2CO3 (2 g)
and NaHCO3 (6 g) for 30 min. Subsequently, the silk was washed with deionized water
to remove the sericin from its surface. The degummed silk fibers were dissolved in 9.3 M
LiBr at 65 ◦C using a bath ratio of 1:10 for 1 h to obtain the silk solution. After cooling,
the solution was transferred into a dialysis membrane with a molecular weight cut-off of
9–14 kDa and dialyzed with deionized water for 3 days. It was then filtered, centrifuged,
and stored in a refrigerator at 4 ◦C [40].

2.2. Silk Fibroin Immobilization

The PET films (1.5 cm × 1.5 cm × 0.175 mm) were subjected to ultrasonic cleaning
in ethanol solution and deionized water for 20 min, respectively. Then, PET films were
pretreated under APPJ using Ar as the working gas for 2 min to activate their surfaces. The
PET-SF films were prepared using three different methods:

(1) Solution dip-coating: The pretreated PET films were then immersed in an SF solution
and reacted for 12 h at 4 ◦C [29], referred to as C-PET-SF;

(2) Plasma-assisted deposition: The pretreated PET films were exposed to APPJ using SF
aerosol as the feed gas for 10 min, referred to as P-PET-SF;

(3) The two-step method: The pretreated PET films were immersed in an SF solution for
6 h at 4 ◦C and finally subjected to APPJ using SF aerosol as the feed gas for 3 min,
referred to as PC-PET-SF.

The diagram of the APPJ device used is shown in Figure 1, where the SF aerosol
could be prepared using an ultrasonic nebulizer (positioned in the lower left corner of the
figure) and injected into the plasma discharge tube. Subsequently, the aerosol is mixed
with the argon plasma and finally deposited on PET films. It is worth noting that when
the device does not inject SF aerosol, it functions solely as an Ar APPJ, thereby facilitating
surface activation of the material. However, upon turning on the ultrasonic nebulizer and
introducing SF aerosol as the feed gas, plasma-assisted deposition of SF can be achieved.
The ultrasonic nebulizer employed in the experiment is capable of generating nebulized
droplets with a particle size ranging from 1 to 5 µm, exhibiting a nebulization rate of
approximately 2 mL/min. The discharge voltage in this experiment exhibited a peak-to-
peak value of 20 kV, with the frequency measured at 18 kHz and the Ar flow rate maintained
at 3 slm.
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Figure 1. Schematic image of the plasma-assisted deposition system.

2.3. Characterization

The surface morphology of PET-SF films was observed using SEM (SU8100, Hitachi,
Tokyo, Japan). Samples were coated with platinum by an ion-sputter coater before the
imaging. The structure of the films was studied by ATR-FTIR (VERTEX 70, Bruker, Karl-
sruhe, Germany). The scanning range was 4000–650 cm−1, the resolution was 4 cm−1,
and the number of scans was 32. The surface elemental composition and chemical bond-
ing states were analyzed by XPS (ESCALAB 250XI, Thermo Fisher Scientific, Waltham,
MA, USA). The WCA of the samples was measured by a contact angle meter (JC2000DM,
POWEREACH, Beijing, China) to estimate the hydrophilicity and hydrophobicity, and mea-
surements were repeated three times for each sample. The alpha-step profiler (Alpha-Step
D300, KLA, Milpitas, CA, USA) was employed to measure the step of grafted SF films with
the scanning line length of 2 mm and stylus force of 1 mg.

3. Results and Discussion
3.1. PET-SF Films Prepared Using Three Different Methods

The SEM was conducted to investigate the changes in surface morphology of the PET
films before and after modification. Figure 2a–d illustrates that the surface of C-PET-SF
exhibited relatively smooth, whereas the surfaces of P-PET-SF and PC-PET-SF displayed
significant roughness. This phenomenon can be attributed to the active substances in
the plasma etching on the substrate surfaces, resulting in an enhancement of surface
roughness [41].

The ATR-FTIR spectra in Figure 2e demonstrated the successful introduction of SF
onto PET surfaces through all three modification methods, as evidenced by the prominent
absorption peak at 3284 cm−1 corresponding to the N–H single bond of the SF [42]. Addi-
tionally, it can be observed that the characteristic peak of PET substrate at 1713 cm−1 in the
P-PET-SF spectral line remained prominent, indicating a low and insufficient density of
SF grafted through the plasma-assisted deposition method. However, the characteristic
peaks of PET substrate in C-PET-SF and PC-PET-SF spectral lines exhibited minimal inten-
sity, indicating that the grafting amount and density of SF on the modified PET surface
through the solution dip-coating and the two-step methods is sufficient to effectively dilute
the infrared signal of the PET substrate. The amide I region of SF exhibited adsorption
bands at 1648 cm−1 (indicative of a random coil structure) and 1624 cm−1 (indicative of
a β-sheet structure) [40]. Comparative analysis revealed that P-PET-SF and PC-PET-SF
exhibited higher quantities of β-sheet structures compared to C-PET-SF, suggesting that
SF immobilized via plasma-assisted deposition or the two-step method could achieve a
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more stable secondary structure, primarily attributable to the dehydration process and the
influence of plasma [43].
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The immobilization of SF caused varying changes in the WCA of PET, as shown in
Figure 2f. Upon solution dip-coating with SF, the WCA of PET decreased from 74.16◦ to
61.86◦, while plasma-assisted deposition further reduced it to 44.65◦. However, employing
a two-step method resulted in a significant reduction in the WCA of modified PET to 34.15◦

and achieved optimal hydrophilicity effect. This can be attributed to the improved surface
roughness of the material, as increasing surface roughness is known to reduce WCA for
hydrophilic materials (WCA < 90◦) [44].

In addition to surface roughness, the hydrophilicity of the material is also influenced
by the presence of hydrophilic functional groups on its surface. The chemical structure
of the PET-SF surfaces was further examined using XPS measurements. As shown in
Figure 3a, upon immobilization of SF, a prominent peak corresponding to N1s (BE, 399 eV)
was observed, providing additional evidence for successful SF introduction. The chemical
composition was determined from high-resolution scan spectra and presented in Figure 3b.
Firstly, the N/C ratio in this study is directly correlated with the concentration of SF
grafted onto the surface of PET. The calculated N/C ratios for C-PET-SF, P-PET-SF, and
PC-PET-SF were 0.29, 0.27, and 0.30, respectively, indicating that the two-step method can
achieve the highest SF grafting amount. Additionally, the O/C ratio is closely related to
the concentration of oxygen-containing functional groups on the surface of the material.
Comparatively, PC-PET-SF exhibited the highest O/C ratio of 0.38, indicating that PET-
SF prepared through the two-step method possessed a higher concentration of oxygen-
containing functional groups. The high-resolution C1s spectra of different film surfaces
are presented in Figure 3c–f, allowing for the calculation of functional group percentages.
For the untreated PET film, the spectrum was curve-fitted into three peaks at binding
energies of 284.6–285 eV (C–C/H), 286.4–287 eV (C–O), and 288.5–289.6 eV (O=C–O–H/C)
with corresponding percentages of 68.07%, 17.66%, and 14.27% respectively. After further
immobilization of SF, the peaks shifted to 284.6–285 eV (C–C/H), 285.5–286.5 eV (C–N), and
287.4–288.4 eV (N–C=O) [45]. It can be calculated that the N–C=O percentages for C-PET-SF,
P-PET-SF, and PC-PET-SF were determined as 26.57%, 27.24%, and 27.30% respectively,
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indicating that the two-step method can provide PET-SF with the highest concentration of
hydrophilic functional groups capable of enhancing material surface hydrophilicity.
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The aging effect of PET-SF films was evaluated by storing them in a desiccator at
ambient temperature for 20 days. The WCA of the modified PET films was re-measured
and depicted in Figure 4a. After 20 days of storage, the WCA of three samples was almost
unchanged. These results suggested that all three preparation methods provide PET-SF
with remarkable resistance against aging.

In order to compare the adhesion strength of SF on PET substrates prepared by three
different methods, the modified PET samples were subjected to rinsing with deionized
water on a shaking table at 37 ◦C for 10 days. The post-dissolution ATR-FTIR spectra of PET-
SF are presented in Figure 4b–d. The intensity of 1648 cm−1 in the C-PET-SF spectral line
had a significant increase after being rinsed with deionized water for 10 days, suggesting
that SF immobilized by dip-coating easily transferred from a more stable β-sheet structure
to a random coil structure in aqueous environment (Figure 4b). The peaks at 3284 cm−1,
1648 cm−1, and 1624 cm−1 in the P-PET-SF spectral line disappeared after the rinsing
process, indicating weak adhesion between SF and PET film, resulting in SF peeling off from
PET in aqueous environment (Figure 4c). The spectrum of PC-PET-SF film did not change
significantly after being rinsed with deionized water (Figure 4d). The results suggested
that the adhesion strength between SF and the surface of the PET substrate is significantly
enhanced when prepared using solution dip-coating or the two-step method. In contrast,
it is comparatively weaker when solely prepared through plasma-assisted deposition.
Furthermore, the structure of SF immobilized via dip-coating exhibits instability. This
discrepancy may be attributed to prolonged etching during plasma-assisted deposition,
resulting in a rougher morphology on the surface of the PET substrate and thus forming
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delamination regions. When these samples are rinsed with deionized water, it is possible
for water molecules to penetrate through these delaminated areas, thereby weakening the
adhesion strength between SF and the PET surface [46].
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3.2. Influence of Treatment Time in the Two-Step Method

The effect of dipping time and plasma-assisted deposition time on the structure and
properties of PET-SF films prepared by the two-step method was employed. The specific
experimental parameters were as follows:

1. Fixed plasma deposition time of 3 min while varying dipping times at 1 h, 2 h, 3 h,
4 h, 6 h, 8 h, 12 h, and 24 h;

(4) Fixed dipping time of 6 h while varying plasma deposition times at intervals of 30 s,
1 min, 2 min, 3 min, 4 min, 6 min, 8 min, and 12 min.

Figure 5a presents the ATR-FTIR spectra of grafted SF with varying dipping times.
Initially, based on the characteristic peak positions of amide I (1624 cm−1 representing β-
sheet) and amide II (1528 cm−1 representing β-sheet), it can be observed that the secondary
structure of SF primarily consisted of β-sheet, which remained unaffected by the dipping
time. This indicated that the dipping time in the two-step method does not influence
the structure stability of grafted SF within a specific thickness range. This phenomenon
can be attributed to the uniform and dense SF film achieved within a 3-min plasma-
assisted deposition, effectively masking infrared signals originating from underlying layers
of SF grafted through dip-coating. Consequently, altering only the dipping time while
maintaining a constant deposition time does not influence the SF secondary structure
detected via infrared spectroscopy. Furthermore, increasing dipping time weakened the
infrared signal of the PET substrate at 1713 cm−1; after reaching 6 h, this signal became
extremely weak and remained relatively stable thereafter. These findings suggested that
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a longer dipping time results in a higher grafting amount of SF, and after 6 h, there is a
sufficient grafting amount of SF to dilute the infrared signal of the PET substrate.
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The thickness of grafted SF on the PET surface as a function of dipping time is
illustrated in Figure 5b. It can be observed that the thickness of SF increased with increasing
dipping time, reaching a maximum value of 8.6 µm at 6 h and keeping a relatively stable
value after 6 h. Therefore, an ideal thickness of SF can be obtained when the dipping time is
more than 6 h. Figure 5c,d depict the variation in WCA as a function of dipping time. It can
be observed that the dipping time has no significant effect on the hydrophilicity of PET-SF
since the WCA values remained relatively constant within the range of 32.36◦ to 35.07◦.

The ATR-FTIR spectra of PET-SF films obtained by varying the plasma deposition time
are presented in Figure 6a. Initially, the PET characteristic peak intensity at 1713 cm−1 was
observed to be extremely weak for deposition times ranging from 1 to 4 min. However, as
the deposition time increased to 6 min, there was a corresponding increase in the intensity
of the PET characteristic peak. This phenomenon can be attributed to the enhanced etching
strength of plasma on the grafted SF film and increased inhomogeneity in deposited SF at
longer deposition times, leading to partial exposure of the PET substrate. The secondary
structure of SF was subsequently investigated. Based on the characteristic peaks of amide I
(random coil at 1648 cm−1, β-sheet at 1624 cm−1) and amide II (random coil at 1541 cm−1,
β-sheet at 1528 cm−1), it can be observed that with an increase in deposition time from
30 s, there was a continuous increase in the proportion of β-sheet in SF until reaching its
maximum value at 3 min. At this point, the SF secondary structure primarily comprised
β-sheet with minimal presence of random coil. Further extension of the deposition time
resulted in an increase in random coil content while concurrently reducing the proportion
of β-sheet until the random coil became dominant after 8 min. Consequently, it can be
concluded that a relatively stable secondary structure of SF can be achieved when deposited
for 2–3 min. The probable reason is that, as mentioned in the previous section, the secondary
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structure of SF immobilized through solution dip-coating predominantly consists of the
random coil, while SF immobilized via plasma-assisted deposition primarily comprises a
β-sheet. When the deposition time was extended to 4 min, there was an enhancement in
plasma etching, thereby exposing the underlying SF grafted by solution dip-coating.
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The thickness of SF films on PET as a function of deposition time was measured by the
step profiler, which is illustrated in Figure 6c. The thickness of the SF film was observed to
progressively increase with prolonged deposition time, ultimately reaching a maximum
value of 8.6 µm after 3 min. However, further prolonging the deposition time resulted in
a slight reduction in SF thickness. Figure 6b displays the steps of SF measured at plasma
deposition times of 30 s, 3 min, and 8 min. It can be seen that when the deposition time
was only 30 s, the surface of the grafted SF appeared relatively flat. With an increase in
deposition time to 3 min, surface roughness improved but remained relatively uniform
overall. However, when extending the deposition time to 8 min, significant roughness and
non-uniform distribution were observed on the SF film surface due to enhanced plasma
etching effects. This finding is consistent with the results of the infrared spectrum test
which helps explain why deposition times longer than 3 min no longer led to an increased
thickness for immobilized SF films.

The WCA of PET-SF films as a function of deposition time is illustrated in Figure 6d,
indicating an initial rapid decline followed by a slower decrease and eventual stabilization.
Specifically, at a deposition time of 30 s, the WCA was 67.73◦, which closely resembles
that of the untreated PET film. Subsequently, the WCA decreased rapidly until reaching
34.15◦ within 3 min, achieving an ideal hydrophilic effect. At 8 min, the WCA reached a
lower value of 22.41◦ and was unchanged too much, with a further increase in deposition
time. Consequently, the hydrophilicity of PET-SF film achieved satisfactory levels after a
deposition time of 3 min and reached its optimum at 8 min using the two-step method.
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4. Conclusions

An effective approach was developed to prepare high hydrophilicity and stability
silk-fibroin-modified PET film through two consecutive processes: dipping PET film in
an SF solution and subsequently carrying out plasma-assisted deposition in an SF aerosol.
PET-SF prepared using the two-step method exhibited superior structural stability, stronger
adhesion strength, and higher surface hydrophilicity compared to the solution dip-coating
and plasma-assisted deposition methods.

(1) The dipping process resulted in a strong adhesion strength between SF and the PET
substrate. The plasma contributed to converting the SF secondary structure from a ran-
dom coil to a more stable β-sheet structure and forming hydrophilic functional groups.

(2) The dipping time for 6 h and the deposition time for 3 min resulted in a maximum SF
grafting amount with a highly stable structure.

(3) The modified PET exhibited satisfactory hydrophilicity when the deposition time was
more than 3 min and showed the most hydrophilicity surface at 8 min.
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