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With advancements in medical technology, various wound dressing materials are available for all 

types of wounds. As a dynamic process of wound healing, the first phase, namely “hemostasis” 

depending on protein adsorption, is a pivotal role for the following continuous phase. Although 

recent technological developments are investigating wound dressings that are degradable in vivo 

or thinner and less visible by fabricating a film that is free-standing from the substrate, there are 

few literatures which can show self-standing Layer-by-Layer (LbL) films dealing with the 

complex relation of mechanical property, wettability, and protein adsorption. Here, we 

demonstrate a wettability-controlled free-standing LbL multilayer with featuring each 

construction process. The successful free-standing LbL films were evaluated for efficient 

fibrinogen adsorption. The surface wettability was controlled by changing the number of bilayers 

and the annealing temperature as a process before peeled off from the substrate, and it increased 

from 40° to nearly 90°. The annealing time also influenced the peeling time by changing 

swelling and shrinkage, and the annealing at 180°C achieved the complete exfoliation from the 

substrate for 10 min. The 35-bilayer free-standing film showed the maximum stress value of 29.4 

MPa and the elongation property of 2.2%. The free-standing LbL film trapped fibrinogen in the 

fibrinogen dispersion while the film without annealing did not show the change of peak ratio 

after the fibrinogen adsorbed test. The study would be valuable for manufacturing wettability-

controlled free-standing films and demonstrate the possibility of future wound healing thin films. 
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INTRODUCTION 

Skin is considered as the most exposed and the largest organ of a human body. The outer layer, 

epidermis composed of mainly keratin is a barrier for protection against viruses, pathogens, 

bacterial, and microbes as well as critical environment represented as chemical, thermal, 

mechanical dangerous conditions.[1] The skin is always an open door to physical damage and 

chemically damaging disorders such as medications, and exposure to them results in wounds that 

are not easily healed.[2,3] Wound healing is a complex and dynamic process that is completed 

by progressing tissue regeneration and growth through four sequential stages: hemostasis, 

inflammation, proliferation, and remodeling/maturation.[4,5] The skin is made up of vascular 

tissue and therefore has the ability to regenerate itself, but for skin damage above a certain level, 

the skin cannot regenerate without external support. The physicians distinguish and select 

between the various types of dressing materials by identifying the wound condition with an 

understanding of the healing process. Therefore, in the field of skin wound healing, various 

wound dressings have been studied as alternatives to mimic the skin for clinical solutions to 

promote healing.[6,7] 

Sponges and gauze are practical wound dressing materials that are widely used not only 

in clinical practice but also in the home.[8,9] However, there are several problems with these off-

the-shelf products, including the need for additional fixation in the damaged area, lack of 

flexibility, risk of infection, and the time required for surgery. On the other hand, from an 

academic perspective, scientists have been studying materials that mimic the functional and 

structural features of the skin's extracellular matrix, and that is thin like skin but have mechanical 

stability and elasticity.[10-12] In addition, a working hypothesis that has emerged as a surface 

science idea in wound dressing materials is that fibrinogen adsorption is the first step in the acute 
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biological response to engineered materials.[13] Therefore, the surface control has become one 

of the most important topics for future research on medical components. Controlling the surface 

can change the wettability of the surface, change the adsorption properties of the protein, and 

improve the cell adhesion, which is an effective means of altering the resulting biological 

interactions on the material.[14] Despite considerable efforts of the previous studies, however, 

these strategies usually include disadvantages such as poor protein adhesion in the case of 

composites, limited mechanical strength in the case of hydrogels, and lack of interconnectivity in 

the case of porous scaffolds. 

To overcome these challenges, this study approaches free-standing films with controlling 

the wettability via layer-by-layer (LbL) self-assembly, which is a stable multilayer forming 

method.[15-19] The LbL self-assembly is based on the alternate adsorption of oppositely 

charged materials such as the electrostatic attraction of polymers.[20-22] It is a facile, versatile, 

cost-effective, and eco-friendly method that is performed at ambient temperature and pressure. 

Moreover, LbL self-assembly can allow the surface texture and thickness of the film to be 

controlled at micro- and nanoscales.[23-25] Films produced using this LbL self-assembly have 

been developed for various applications, represented as free-standing, optical 

antireflective/reflective, antifogging, superhydrophobic films, and drug delivery systems.[26-33] 

The free-standing system was developed using a sacrificial layer between a substrate and a LbL 

film that can exfoliate from the substrate by changing the pH value.[34] For wound dressings, it 

may be possible to develop thinner films with superior mechanical strength (and well stretched) 

by applying free-standing films. However, there are still few previous studies that can 

demonstrate free-standing LbL films that address the complex relationship between such 

mechanical properties, surface wettability, and protein adsorption. 
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The protein adsorption properties of LbL coatings composed of combinations of 

polymers exhibiting electrostatic interactions have been investigated in several previous 

studies.[35] Wittmer et al. evaluated the membrane adsorption of fibronectin, a matrix protein 

known to promote cell adhesion, in LbL membranes composed of poly(l-lysine) and dextran, and 

suggested that low hydration is effective for protein adsorption.[36] On the other hand, 

hydrophilic surfaces, such as those with zwitter surface and intermediate water, have been found 

to make it harder for proteins to adsorb to the surface.[37-39] Also, we have previously shown 

that a small percentage of hydroxyl groups adsorb proteins and promote thrombus formation, 

while LbL multilayers enriched with free hydroxyl groups are resistant to fibrinogen adsorption 

and antithrombotic performances.[40] The blood coagulation reaction begins with the adsorption 

of fibrinogen and undergoes a morphological change to fibrin. [39] This process of conversion 

from fibrinogen to fibrin is an irreversible reaction. Fibrinogen also plays an important role in 

blood coagulation in terms of its ability to adhere and aggregate platelets. Therefore, in this study, 

we promote the adsorption of fibrinogen, which is the most initiating step in the blood 

coagulation reaction, to achieve an effective wound dressing surface. Hence, our in vitro protein 

adsorption experiments were performed with fibrinogen. 

Herein, the study demonstrates a guide to building free-standing films with the 

investigation of mechanical performance, chemical stability, and surface wettability. In order to 

propose an application of a free-standing film successfully fabricated by the LbL self-assembly 

method (strategy shown in Scheme 1), the protein adsorption properties of the free-standing 

membrane were evaluated. Cross-linking from hydrophilic materials via LbL self-assembly 

rather than hydrophobic materials and changing their surface features can allow precise control 

of film thickness and surface wettability, leading to free-standing fibrinogen adsorbed films with 
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more mechanical stability. As a result, it was found that fibrinogen was predominantly adsorbed 

on the free-standing film, indicating the possibility of its subsequent development into a healing 

process. This study suggests that the low-wettable free-standing LbL films may become a 

potential material to recover the functional and structural properties of damaged skin. 

 

 

 

Scheme 1. Schematic image of the fabrication procedure for self-standing LbL films (PDDA: 

poly(diallyl dimethyl ammonium chloride), PAA: poly(acrylic acid), PAH: poly(allylamine 

hydrochloride) and HCl = hydrochloric acid). 

 

 

MATERIAL AND METHODS 

 

Materials. poly(diallyl dimethyl ammonium chloride) (PDDA; 20 wt.% aqueous solution, Mw ~ 

400,000 – 500,000 g/mol, Sigma-Aldrich, St. Louis, MO, USA) as a cationic sacrificial layer, 

poly(allylamine hydrochloride) (PAH; powder, Mw ~ 70,000 g/mol, Sigma-Aldrich, St. Louis, 
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MO, USA) as a cationic layer, and poly(acrylic acid) (PAA; 35 wt.% aqueous solution, Mw ~ 

400,000 – 500,000 g/mol, Sigma-Aldrich, St. Louis, MO, USA) as an anionic layer were used for 

the LbL film preparation. Slide glasses (76 × 26 mm2, Matsunami Glass Ind., Ltd., Kishiwada, 

Japan) were used as substrates. For the protein adsorption test, fibrinogen (Wako Pure Chemical 

Industries, Ltd., Osaka, Japan) was selected.  

 

Preparation of polyelectrolyte solutions. Solutions of PDDA, PAH, and PAA were prepared at 

a concentration of 1 mg/mL in deionized water and adjusted to pH 4.5, 7.5, and 3.5 with 5 M 

NaOH (Kanto Chemical Co., Inc., Tokyo, Japan), respectively. All aqueous solutions for LbL 

self-assembly were prepared with pure water (Aquarius GS-500.CPW, Advantec, Tokyo, Japan). 

 

Free-standing LbL film preparation. LbL films were assembled on cleaned substrates using an 

automatic dipping machine. Substrates were cleaned with deionized water and a solution 

composed of 1 g of KOH / 120 g of H2O / 160 g of isopropanol by dipping sequentially into 

deionized water for 5 min, KOH solution for 2 min, and then deionized water again for 5 min 

under ultrasonic cleaning. The glass substrates were initially coated with a thin buffer sacrificial 

layer composed of PDDA by immersing PDDA solution for 10 min and rinsing with deionized 

water three times for each 1 min. Then, LbL films with a bilayer architecture of (anionic 

polymer/cationic polymer)n were built, where n is the number of bilayers. The polycation 

solution was PAH, and the anionic solution was PAA. One bilayer was constructed by depositing 

a polyanion layer (10 min), followed by a polycation layer (10 min); a cascade water rinse cycle 

of three rinse baths for each 1 min was used (Scheme 1). The rinse baths were replaced and 
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refreshed every 10-bilayer to remove contaminants. After drying at 60°C for 1 min, the 

fabricated LbL films on the substrates were annealed at 160/180/200°C for 2 h for a thermal 

cross-linking. To exfoliate the films from the substrates, the LbL films on the substrates were 

immersed in HCl solution (Kanto Chemical Co., Inc., Tokyo, Japan) at pH  2.0, and then rinsed 

in pure water, resulting in free-standing LbL films. 

 

Characterization. Surface morphology was observed by a laser scanning microscope (VK-9710, 

Keyence Corp., Osaka, Japan) and a field-emission scanning electron microscopy (FE-SEM; S-

4700, Hitachi, Ltd., Tokyo, Japan). The film thickness of the fabricated LbL film was measured 

using a dektak (dektak-8000, Bruker Corp., Billerica, MA, USA). Surface wettability was 

characterized by the measurement of the contact angle of a 10-µL water droplet. The mechanical 

property of the films was investigated using a tensile testing machine (EZ-SX, Shimadzu Corp., 

Kyoto, Japan). The chemical bonds within the films before and after the thermal cross-linking 

were examined by Fourier transform infrared spectroscopy (FT-IR) (ALPHA-T, Bruker Corp., 

Billerica, MA, USA). To examine protein adsorption, fibrinogen dissolved in PBS (pH 7.3) to a 

concentration of 0.5 mg/mL, and the change of the chemical bond before and after immersing 

into the fibrinogen solution were measured by the FT-IR. 

 

 

RESULTS AND DISCUSSION 

Construction of stable free-standing LbL films.  
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LbL growth of the fabricated PAA/PAH films was measured by the dektak instrument. As shown 

in Figure 1, the PAA/PAH films showed an exponential thickness growth from 5- to 45-bilayer. 

According to the calculations from the graph, the increase was found to be by average 133 nm 

per 1-bilayer. Below 30-bilayer, the uniformity of the film is high and the deviation is small, 

while above 35-bilayer, the non-uniformity due to micro-order unevenness occurs and the 

deviation is large even in the same plane. 

 

 

Figure 1. Relationship between the number of bilayers and film thickness of LbL films. 

 

Since it was suggested that the non-uniformity of the films increases with the number of 

layers, the actual non-uniformity was evaluated by observing the surface structure of the 

fabricated films. The surface structure of the thin film was observed with the laser scanning 

microscope, which allows the evaluation of height displacement, and the results are shown in 

Figure 2. The laser microscopic images of the 35-bilayer and 45-bilayer show large unevenness. 
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The RMS values for each bilayer from the laser micrographs increased linearly (Figure 3), with 

the RMS growing to the micro-order above 35-bilayer. Thus, as the number of stacks increases, a 

surface structure emerges, increasing roughness, resulting in macroscopic inhomogeneity. In 

addition, the surface structure was evaluated by FE-SEM (Figure 2, second line). SEM images 

show that the surface structure of the 15-bilayer and 25-bilayer is almost unidentifiable. On the 

other hand, the 35-bilayer and 45-bilayer showed scattered agglomerates on the surface, 

especially the 45-bilayer, which showed clear agglomerate-like bumpy unevenness. These micro- 

and nano-level concave and convex structures increase the heterogeneity, which can be expected 

to change the surface wettability. A possible cause of the agglomeration and inhomogeneity is 

that the films are deposited by alternating layers of polymers due to electrostatic interactions, 

which results in the formation of poly-ion complexes in polymeric and water rinse solutions with 

increasing numbers of layers. 

 

 

Figure 2. Laser scanning microscope images (first line) and FE-SEM images (second line) of 

LbL films with different numbers of bilayers. All scale bars in the images are 10 μm. 
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Figure 3. RMS value of LbL films with 15, 25, 35, and 45 bilayers. 

 

Surface wettability, which is important for the evaluation of the surface properties of thin 

films, was investigated (Figure 4). The surface before annealing treatment showed hydrophilicity 

of less than 50° for all layers when the number of bilayers was changed. Up to 35-bilayer, the 

contact angle of water droplets increases, but there is not much increase between 35-bilayer and 

45-bilayer. The reason for this is that the above-mentioned changes in the surface structure are 

due to the change between 25-bilayer and 35-bilayer. Next, we indirectly ascertain how the 

surface functional groups are altered by annealing treatment by evaluating how surface 

wettability changes with heat treatment. The contact angles increased with increasing the 

temperature of the annealing process for all the bilayers. The amide bonds between the carboxyl 

groups of PAA and the amino groups of PAH, which are components of the LbL film, are formed 

by thermal cross-linking, resulting in a decrease in the total carboxyl groups of the film and a 

shift to the hydrophobic side. [41,42] Especially at temperatures above 180°C, the contact angle 

approaches 90° due to changes in the concave and convex structure and chemical bonds of the 

membrane. 
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Figure 4. Water contact angle changes of LbL films with 15, 25, 35, 45 bilayers before and after 

annealing at 160, 180, 200°C. 

 

The effect of crosslinking temperature on the exfoliation rate is investigated by observing 

the exfoliation process. As shown in Figure 5, in the case of a 35-bilayer film heated to 180°C, 

the entire film is stripped in about 10 min. In detail, after about 4 min, the film began to peel off 

from the edge of the substrate, and after about 8 min, the stripping solution penetrated to the 

central part of the film, and after about 10 min, the entire film was stripped from the substrate. 

The peeling time at which the film completely detached from the substrate was evaluated for 

each layer and each heat treatment temperature (Figure 6). Regardless of the number of bilayers, 

the rate of exfoliation tended to be faster as the temperature of thermal cross-linking increased. 

In thermal cross-linking, it is known that the higher the heating temperature, the higher the cross-

linking progress, and the cross-linking level is 200°C > 180°C > 160°C.[43] The exfoliation 

method used in this study allows the PAA-PAH to form covalent bonds instead of electrical 
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interaction, and the electrical interaction between the sacrificial layer PDDA and PAA/PAH are 

deactivated by immersion in HCl solution to exfoliate the free-standing film. According to this 

principle, the more the cross-linking progress, the more the exfoliation progress. However, it was 

observed that the free-standing LbL film, which had been annealed at 200°C, broke or partially 

broke during the peeling process. As the thermal cross-linking progress, the entire membrane 

changes from hydrophilic to hydrophobic, as shown in the contact angle change described above. 

Therefore, when the film was immersed in the exfoliation solution, it was considered that the 

cracks entered at the chemically brittle points that affected the surface wettability. PAA/PAH 

membranes tend to swell with liquid, and H+ ions tend to enter into the membrane, suggesting 

that the LbL membrane itself, once contracted by annealing, is easy to swell.[44] Such swelling 

is the driving force for the separation between the substrate and the first layer of PDDA, and the 

separation progress easily. However, as the heating temperature increases and cross-linking 

progress, the degree of cross-linking increases, and swelling becomes less. One driving force for 

exfoliation is the increase in volume due to swelling, whereas at 200°C, considering the result 

that the exfoliation rate is fast but brittle, it is expected that the swelling relationship from 

shrinkage from thermal cross-linking to immersion in the exfoliation solution is the driving force 

for the overall exfoliation. Therefore, in the subsequent tests, the films were prepared and 

evaluated at 180°C with a fast peel time and no defects. 
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Figure 5. Exfoliation process of free-standing LbL films at (a) 0 min, (b) 4 min, (c) 8 min, and 

(d) 10 min. 

 

 

Figure 6. Peeling time of free-standing LbL films from the substrates with 15, 25, 35, and 45 

bilayers after annealing at 160, 180, 200°C. 

 

Tensile tests were performed on free-standing membranes of 15-, 25-, 35-, and 45-bilayer 

(Figures 7 and 8). Therefore, in the subsequent tests, the films were prepared and evaluated at 

180°C with a fast peel time and no defects. The tensile strength of the free-standing membrane 

increased with the number of layers up to 15-bilayer ~ 35-bilayer. However, the tensile strength 

is reduced in 45-bilayer. This could be due to the effect of brittleness associated with an increase 

in the concave and convex structure of the membrane. The RMS value of the fabricated free-

standing membranes increases with the number of stacks, which is caused by a large difference 

in the height of the unevenness in the membrane. Thus, in the case of thin films with different 

altitudes, there is a possibility that the unevenness and unevenness cause cracks and defects, 

causing the rupture. Also, as mentioned above, the unevenness of this film itself is thought to be 
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due to the presence of a large number of poly-ion complexes, which would reduce the tensile 

strength of the laminate because they would be a factor in the reduction of the adhesion of the 

laminate. The maximum stress and Young's modulus calculated from the tensile tester were 29.4 

MPa with the elongation property of 2.2% and 27.4 MPa for the 35-bilayer, respectively, and the 

film was successfully fabricated with both flexibility and strength compared to other layers. 

 

 

Figure 7. Stress-strain curve by tensile testing of free-standing LbL films with 15, 25, 35, and 45 

bilayers. 
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Figure 8. Maximum stress values by tensile testing of free-standing LbL films with 15, 25, 35, 

and 45 bilayers. 

 

To define changes in chemical structures, FT-IR spectra were measured on the successful 

films with 35-bilayer before and after annealing (Figure 9). The FT-IR spectra of the films 

without annealing revealed the presence of a strong –COO− peak (carboxylate peak at 1540 and 

1400 cm−1). [45,46] The intensity of the strong amide peak at 1638 cm−1 (C=O) and 1540 cm−1 

( N–H) in the annealed free-standing films indicates the formation of cross-linkage (the N–H 

peak of amide bonds was overlapped with the –COO− peak). In addition, an observed peak of 

asymmetric –NH3
+ at 1624–1627 cm−1 in the films without annealing shifted to carbonyl 

stretching in CONH amide at 1638 cm−1 in the annealed films, which indicates that charged 

primary amines of PAH within the films react with carboxylic acids of PAA to form amide bonds 

by annealing at 180°C.  
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Protein adsorption performance.  

The adsorption properties of PAA/PAH (35-bilayer) without annealing and free-standing 

PAA/PAH (35-bilayer) films were evaluated before and after immersion in fibrinogen solution 

(Figure 9). They were immersed in a conditioned Fibrinogen solution for 20 min at 37°C and 

then rinsed and dried those membranes three times in PBS solution. The amount of fibrinogen 

adsorption was then evaluated by measuring FT-IR and comparing it with the results before 

immersion. The FT-IR spectra of Fibrinogen alone are shown in Figure 9. There are five major 

peaks: amide I band (1655 cm-1), amide II band (1540 cm-1), assigned to the CH2 deformation 

(1450 cm-1), vibrations of the amino acid side chains (1390 cm-1), and amide III bands (1240 cm-

1). Peak separation was performed for the strongest amide I band and amide II bands, and the 

ratio of the peak areas was evaluated. The formula used in this case is shown as follows 

(equation 1), 

� = �� +
�

��� 	⁄
��	

(����)�

��                    equation 1 

where �� is offset, �� is the center of the peak, � is the width of the peak, and � is the area of the 

peak. The calculation of each peak was conducted in the FT-IR software. The peak area ratio of 

the amide I band and the amide II band for fibrinogen alone is (Area of amide I band)/(Area of 

amide II band) = A1/A2 = 1.33. 

In the following, the protein adsorption properties of the free-standing membrane are 

evaluated by this ratio of amide I band/amide II band (A1/A2). For the PAA/PAH film (35-

bilayer) on the substrate before heat treatment, the peak area ratios before and after immersion in 
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fibrinogen solution were A1/A2 = 0.38 and A1/A2 = 0.43, respectively. The small change in the 

peak area ratio and the small ratio of fibrinogen to fibrinogen alone suggested that the surface of 

the film before the free-standing treatment was difficult for the protein to adsorb. On the other 

hand, the A1/A2 of the PAA/PAH free-standing film (35-bilayer) changed from 0.60 to 1.15 

before and after immersion in fibrinogen solution. The strength of the amide I band is enhanced 

after fibrinogen adsorption, as evidenced by the IR results for fibrinogen alone. Thus, the free-

standing membranes in this study show remarkable adsorption of fibrinogen. 

On strongly hydrophilic surfaces, proteins are resistant to adsorption, and solutions 

containing proteins are difficult to adsorb on strongly superhydrophobic levels due to their high 

liquid repellent properties.[47-50] The successfully fabricated free-standing film has a weak 

hydrophilic surface with a contact angle of 82°. Although the presence of more free carboxyl and 

hydroxyl groups on the surface inhibits the adsorption properties of the protein, in the 

preparation process of this study, thermal cross-linking produced an amide bond between the 

carboxyl group of PAA and the amino group of PAH, making the surface more prone to the 

adsorption of the protein. 
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Figure 9. Fourier transform infrared spectra of fibrinogen, a LbL film before annealing, a LbL 

film before annealing after contact with a fibrinogen solution, a free-standing LbL film, and a 

free-standing LbL film after contact with a fibrinogen solution.  

 

 

CONCLUSIONS 

Here the study demonstrates wettability-controlled free-standing PAA/PAH films via LbL self-

assembly with featuring each construction process. The surface wettability was controlled by 

changing the number of bilayers and the annealing temperature. About 10 min exfoliation time 

achieved the successful free-standing LbL films with 35-bilayer and annealing at 180°C. It 

showed a water contact angle of 82°, flexibility, and mechanical stability against the tensile 

testing.  The free-standing PAA/PAH film trapped fibrinogen in the fibrinogen dispersion while 

the film without annealing did not show the change of peak ratio after the test. This study 
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suggests that the low wettable free-standing LbL films may enhance their fibrinogen adsorption 

property, leading to an improved wound healing process, being a potential material to recover the 

functional and structural properties of damaged skin. 
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