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ABSTRACT  

Collagen I (Col-I) is widely used in the fabrication of biomaterials due to its biocompatibility, 

however Col-I based biomaterials are susceptible to mechanical failure during handling, which limits 

their applicability to biomaterials. Chemical or physical treatment can improve the mechanical 

properties of collagen however, these processes can create issues of cytotoxicity or denaturation. We 

report here an alternative strategy to improve the stability and mechanical properties of Col-I while 

preserving its native structure, through thermal treatment in fluorous media. Thermal treatment of Col-

I in fluorous solvent generates compact, stable films with significantly increased mechanical strength. 

Furthermore, the use of fluorous media significantly reduces the extent of swelling, rate of proteolytic 

degradation, and preserves the high cell biocompatibility.  
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INTRODUCTION 

Collagen I (Col-I) is the major component of the extracellular matrix in mammalian tissue.1 The 

unique triple helix structure provides multiple cell attachment sites and plays an essential role in 

promoting cell behavior including adhesion, proliferation, migration and differentiation.2 Col-I has 

been utilized as a biomaterial in several forms, such as injectable hydrogels,3 sponges,4 nanofibers,5 

hollow spheres,6 and films7. Col-I based materials have been used in conjunction with biomaterial 

applications such as soft/ hard tissue repair strategies,7 tissue engineering scaffolds,8 and wound 

healing systems9. Furthermore, as collagen is a naturally derived protein, it enables sustainable 

fabrication of biomaterials.10 

Collagen-based biomaterials often lack sufficient strength and stability, and are prone to both 

mechanical damage and rapid enzymatic digestion.4 Several processes have been used to enhance the 

mechanical properties of collagen matrix. For instance, incorporating components such as graphene 

increases the stiffness of collagen-based matrix.10, 11 However, this incorporation can jeopardize both 

the cytophilic properties and biocompatibility of the resulting materials. Crosslinking is a common 

way to modify collagen to enhance strength as well as improve enzymatic stability. 12 The usual 

methods of crosslinking are chemical and physical crosslinking.1 Chemical cross-linkers (e.g. 

glutaraldehyde, carbodiimide) can reduce cytocompatibility because either the linkers themselves or 

the byproducts are cytotoxic.12 Using a physical method such as dehydrothermal treatment or 

irradiation can avoid cytotoxicity from the added cross-linking agent. Thermal treatment in particular 

has been shown to induce crosslinking and tight packing of collagen fibers.13, 14, 15 However, collagen 

tends to undergo uncontrolled denaturation during such treatments, unfavorably affecting materials 

properties.16  
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Perfluorocarbons provide an inert, stable environment due to their immiscibility with water as well 

as most organic solvents.17, 18, 19 Furthermore, proteins in perfluorocarbon solvents are not prone to 

denaturation like proteins in organic solvents.20 We have previously demonstrated our ability to 

stabilize protein films from aqueous degradation through thermal treatment in a fluorous media 

(perfluoroperhydrophenanthrene, PFHP), chosen for its high boiling point (216°C) and ready 

availability. We also showed that the native secondary structures and surface properties of the proteins 

are retained after treatment in PFHP.21 Therefore, we hypothesized that the stability and mechanical 

properties of the Col-I matrix could be improved by thermal treatment in PFHP, without 

compromising the protein structure. We report here the use of fluorous thermal treatment to improve 

both the mechanical and biostability of collagen films. In this study, the stability and mechanical 

properties of Col-I were evaluated after thermal treatment in PFHP and compared to as-prepared Col-I 

and Col-I heat-treated in air (Figure 1), with clear improvements in mechanical properties and 

enzymatic stability observed with fluorous treatment. Cytocompatibility was retained, as demonstrated 

through the incubation of fibroblast cells. Overall, thermal treatment in PHFP enhances both the 

stability and mechanical properties of Col-I while retaining cytocompatibility and preventing 

significant denaturation.  
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Figure 1. Schematic Representation of the fabrication strategy for stable collagen films. (a) Spin-coating of 
Col-I solution on cleaned silicon substrates produces films with loosely packed collagen fibers. (b) Low degree 
of denaturation of Col-I with fluorous heat treatment and (c) a high degree of denaturation after heat treatment 
in air. (d) Schematic showing representative structure of Col-I triple helix, PFHP and denatured col-I fibers 
 

RESULTS AND DISCUSSION 

The post-treatment surface topographies of collagen coatings prepared on Si wafers are shown in 

Figure 2. The SC (spin-coated) surface is smooth, with collagen covering the surface homogeneously, 

forming a net-like structure with an average roughness (Ra) of 0.48 nm (Figure 2(a)). Fluorous-cured 

(FC) or air-cured (AC) collagen films treated at 75, 135 and 180 °C showed no significant changes in 

roughness as compared to SC films (Figures 2(b)-2(g)). We therefore concluded that thermal 

treatment does not significantly affect the nano-topography of the surface. The surface morphologies 

observed by FESEM (Figure S1) are also in accordance with the AFM results indicated in Figure 2. 
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Figure 2. Surface-topographies of different coating surfaces imaged by AFM: (a) SC, (b)FC75 (c) FC135, 
(d)FC180, (e)AC75, (f)AC135, (g)AC180. Scale bar is 1 µm. Height profiles indicate surface roughness of each 
film. Roughness (Ra) of each sample is reported under the image. Thermal treatment does not significantly 
affect the nano-topography of the surface.  

 

The thickness of different coatings as measured by ellipsometry are shown in Figure 3(a). As the 

temperature is increased, the thickness of coating decreases, indicating tighter packing of the collagen 

fibers due to thermal treatment Additionally, there is no significant difference between FC films and 

AC films, which indicates that the fluorous treatment does not significantly affect the temperature-

induced reorganization of the collagen fibers. The thickness of FC-180 obtained through the cross-

sectional image obtained by FESEM as seen in Figure 3(b), is in agreement with the ellipsometry 

measurements in Figure 3(a) (see also Figure S2). Thermal treatment of Col-I is known to induce 

reaction between two or more collagen molecules via carboxylic acids and amines, inducing 

intermolecular crosslinking without inducing cytotoxicity.15 Furthermore, collagen chains shrink and 

pack tightly during thermal treatment.15, 16  

Changes in the hydrophilicity of the collagen films due to thermal treatment was assessed through 

water contact angle measurements. As shown in Figure 3(c), Fluorous-cured films (FC75, FC135 and 

FC180) have increased contact angles as compared to the spin-cast (SC) film (by ~30°) and air-cured 
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films (AC75, AC135 and AC180). This change in contact angle indicates that there is a difference in 

the reorganization behavior of collagen fibers during both treatments. We hypothesized that PFHP 

treatment results in tighter packing of collagen fibers than air curing, contributing to lower wettability 

and therefore a greater increase in contact angles. 
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Figure 3. (a) Thickness of different coatings as measured by ellipsometry. Thickness decreases as temperature 
of treatment is increased, during both fluorous-curing as well as air-curing, due to tighter packing of collagen 
fibers (b) cross-section image of FC180 is in agreement with thickness measurements obtained through 
ellipsometry (c) Water contact angle measurement on treated and SC films using the static sessile drop method 
with 2 µL of water. PFHP treatment results in increased hydrophobicity as compared to treatment in air. Scale 
bar is 250 nm. 
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We next evaluated the stability of treated collagen films in aqueous media. Structural and 

mechanical properties of collagen-based materials are greatly affected by their tendency to swell in 

aqueous media, often resulting in a loss of structural features.22 Based on the results in Figure 3, we 

expected samples treated at 180 oC to be resistant to swelling. Results from treatment conducted at 

other temperatures can be found in Figure S4. Samples were immersed in PBS for different time 

durations and the thickness of Col-I films were measured through ellipsometry, as seen in Figure 4(a). 

After immersion for 24 h, the thickness of the SC film was reduced by ~50%. By comparison, only 

slight changes in thickness were observed in the case of FC180 and AC180. This demonstrates that 

heat treatment at 180° C improved significantly aqueous stability of collagen films.  As duration of 

immersion is increased up to 4 days, FC180 continues to show no significant changes in thickness 

while AC180 shows significant increase in thickness, presumably due to swelling. This difference in 

stability suggests that collagen fibers are packed tighter post-PFHP treatment, as compared to air 

treatment. To further evaluate the difference between treatments in air and PFHP, nano-topographies 

of FC180 and AC180 after a 4-day immersion period were observed by AFM and shown in Figures 

4(b), (c) (see also Figure S3). While the surface of FC180 (Figure 4(b)) showed no significant 

changes post-immersion, the roughness of AC180 (Figure 4(c)) sharply increased by ~2 nm. The 

morphology AC180 (Figure 4(d)) observed by FESEM indicates the presence of a porous surface 

(nanopores and protuberances on the surface marked by the arrows) that may be responsible for the 

swelling. We hypothesized that the difference in the swelling behavior of FC180 and AC180 may be 

due to denaturation of collagen in the latter air-cured film. Collagen fibers heated in air are prone to 

denaturation and oxidation resulting in an amorphous polymer much like gelatin, which results in a 

higher degree of swelling as well as lower contact angles.23 
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Figure 4. Stability of coatings in DPBS: (a) Thickness changes in coatings after immersion in PBS for different 
time durations. PFHP thermal treatment results in films less prone to swelling (b) and (c) nano-topographies of 
FC180 and AC180 after immersion in DPBS for 4 days, AC180 has significantly higher roughness compared to 
FC180. Average roughness calculated on the basis of two images per sample (d) surface morphology of AC180 
immersed in PBS. Arrows indicate pores on the surface, which may contribute to increased swelling. 

 

The structure of collagen I plays a key role in interaction with cells and dictates cell behavior such 

as alignment and phenotype. Based on the swelling studies in Figure 4(a), we hypothesized that the 

rapid increase in swelling of AC180 was most likely a result of significant denaturation and oxidation 

of collagen resulting in a gelatin-like24 material. We evaluated the effect of thermal treatment on the 

structure of collagen-1 through ATR-FTIR and CD as shown in Figure 5, to assess the extent of 

denaturation. 25,26,27 The ATR-FTIR spectra of SC, FC180 and AC180 (Figure 5(a)) all exhibited 

absorption peaks of amide I (1700-1600 cm−1, C=O stretching vibration), amide II ((1590-1500 cm−1, 
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N-H and C-N stretching vibration), 1454 cm-1 (bending vibration), 1300-1000 cm−1 ( C-O stretching 

vibration), and amide III (1123, 1225cm−1, the vibrations in C-N and N-H groups of bound amide). 25 

The shape of amide I band is characteristic of the collagen secondary structure. Therefore, the Amide I 

(1700-1600 cm−1) of SC, FC180 and AC180 were deconvoluted, transferred, baselined and resolved as 

shown in Figure 5(b), according to established protocols. 25 The fitting of the band at 1660 cm−1 was 

assigned to prolyl carbonyls directed inside the triple helix (capable of intramolecular hydrogen 

bonding), and the band at 1630 cm−1 was assigned to the random coil form outwards in the triple helix. 

Thereafter, the calculated ratio of absorbance at 1660 and 1630 cm-1 was used to evaluate the 

denaturation of second structure of amide I. Figure 5(c) shows the area percentages of each band for 

different samples. Compared with SC, the ratio of a-helix/random coils decrease slightly for FC180, 

but strongly for AC180 (Figure 5(c)). The degree of denaturation, as calculated from Figure 5(c), for 

AC180 and FC180are about 27% and 5% respectively with respect to SC. This indicated that PFHP 

treatment was able to resist heat-associated denaturation of collagen. This reduced denaturation was 

further confirmed by the CD spectra as shown in Figure 5(d). SC, FC180 and AC180 were examined 

and compared with a 2 mg/ml Col-I. For SC and FC180, the rotatory maxima and minima are at 221 

and 197 nm respectively, and crossover points (zero rotation) are at approximately 214 nm, which are 

consistent with the native collagen I solution. However, for AC180, the intensities of rotatory maxima 

and minima both decrease considerably as compared to SC, indicating significant denaturation.28 CD 

spectra of samples incubated in PBS for 4 days post-treatment (Figure S5) also show a similar trend 

indicating that post-treatment, there is no change in the protein structure and the swelling behavior is 

solely a result of the denaturation of protein in the air-cured sample. 
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Figure 5. (a) Fourier-transform infrared spectra of SC, FC180 and AC180; (b) Amide I peak deconvolution 
of ß-sheet, random coils, a-helix and ß -turn contributes (red lines) elaborated by experimental curves for SC, 
FC180 and AC180; (c) Percentage areas of different peaks in amide I for SC, FC180 and AC180; (d) CD 
spectra of SC, FC180 and AC180 compared to Col-I solution. Results indicate significant denaturation of Col-I 
in the case of AC180. 
 

Biomaterials are subjects to wear-and-tear during handling and within the body where mechanical 

failure can result in complications including delayed healing and chronic pain.29 Improving the 

mechanical properties of collagen fibers is crucial for biomaterial applications, as mechanical failure is 

one of the major limitations of collagen-based materials.30 Furthermore, the mechanical properties of 

the material must be tunable based on its intended application. For instance, tissue engineering 

scaffolds must mimic the mechanical properties of native tissue.3132 Therefore, the ability to tune the 

mechanical properties of collagen films is important for designing novel biomaterials. We evaluated 

the mechanical properties of the fluorous-cured coatings by testing the cohesion strength, reduced 

modulus and hardness. The cohesion strength of the films was evaluated through sonication in aqueous 
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media. Treated and untreated films were sonicated in PBS for 5 and 25 min respectively and thickness 

before and after treatment was compared (Figure 6(a)) (see also Figure S6). As expected, films 

treated at 180°C remained stable after 25 min of ultrasound treatment. In contrast, the untreated spin-

coated film showed low cohesion strength, with only 50% of the film retained after 5 min of ultrasonic 

treatment. The thickness of films treated at 75°C reduced by 20% after 5 min and by > 80% after 25 

min (S2). These results further support our hypothesis that heat treatment induces tighter packing of 

collagen fibers, thereby increasing the stability and cohesion strength of films. Based on these results, 

the reduced modulus and hardness of SC, FC180 and AC180 were evaluated through nanoindentation. 

Figure 6(b) shows the load-displacement curves obtained through nanoindentation. With increased 

load, the indenter displaced significantly in the case of SC - ~100 nm during load maintaining and 

~190 nm of residual displacement after unloading. This displacement indicates good plasticity of as-

prepared Col-I. In contrast, the displacements for FC180 and AC180 decreased considerably (~ 50 nm 

during or after loading). The reduced modulus and hardness were calculated and tabulated in Figure 

6(c). A significant increase in reduced modulus and hardness was observed - ~10 times SC in the case 

of FC180. Additionally, XPS measurements (Figure S7) showed that no fluorine was incorporated 

into the film due to the treatment. 

Collagen-based coatings are widely studied for wound-healing and tissue repair applications. 

However, rapid enzymatic digestion of coatings can lead to improper tissue repair due to lack of 

support for the growing tissue. Ideally, the scaffold should degrade at a rate proportional to the grown 

of new tissue.33 For this reason, the ability to tune the rate of degradation of the collagen coating is 

crucial. We tested the enzymatic degradability of FC180, AC180 and SC by incubating them in trypsin 

solution for 5-120 min (Figure 6(d)). After 5 min incubation in trypsin, ~ 70% of the SC film was 

digested, while both heat-treated films remained relatively stable. However, as treatment was 

prolonged, marked differences in FC180 and AC180 was observed. After 120 min treatment, while 
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most of the SC and AC180 films were digested, ~30% of the FC180 film was retained. These results 

indicate that PFHP treatment significantly improved the enzymatic stability of collagen films as 

compared to untreated collagen films. 

 

 
Figure 6. (a) Thickness changes in coatings post ultrasonic treatment in PBS for different time durations. 
Treated films show greater cohesion strength. Scale bars are 1 µm. b) Load-displacement curves of SC, FC180 
and AC180 recorded with increasing the applied load; (c) reduced modulus and hardness calculated and 
tabulated for SC, FC180 and AC180; PFHP treatment results in mechanically robust films (d) percentage of 
coatings retained post exposure to enzyme (0.025% trypsin solution) for different durations. PFHP treatment 
enhances enzymatic stability of collagen films. 
 

Collagen coatings are widely applied as tissue engineering scaffolds due to their excellent 

cytocompatibility.7,8 Surface properties such as chemical composition, nanotopography, and 

wettability dictate cell behavior such as adhesion, proliferation and differentiation.34 We therefore 

evaluated the effect of the PFHP treatment on the cytocompatibility of collagen films by studying the 

behavior of mouse fibroblasts (L-929) to our treated collagen coatings. Cell adhesion and viability 

studies were performed on FC180, AC180, SC and bare Si (Figure 7). There was no significant 
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statistical difference in the cell viability of the different coatings, according to the results obtained 

from the alamar Blue assay (Figure 7(a)). The % cell viability was calculated with respect to that of 

bare Si. The cell adhesion and morphology was evaluated through Live/Dead staining in the 

fluorescence images in Figure 7(b)-(d). Most of the cells were live (stained green) indicating that all 

surfaces exhibited high cell viability. The adherent cells were mostly spherical on Si; larger spindle-

like cells were observed on coated surfaces. We therefore concluded that PFHP treatment has no 

significant effect on the biocompatibility of collagen films. 

 

Figure 7. (a) % Cell viability of L-929 cells after incubation for 1d with respect to growth control (Bare Si), as 
determined by alamar Blue assay and (b) Live-dead staining of L-929 cells adhered on the surface of (b) Si, (c) 
SC, (d)FC180, (e) AC180 after 1d incubation time. No significant effect on viability observed post treatment. % 
cell viability was calculated with respect to bare Si. Scale bars are 200 µm. 
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CONCLUSION 

This study discusses an approach for the fabrication of collagen-based materials utilizing a thermal 

treatment strategy in a fluorous-based solvent. We demonstrate our ability to enhance the stability 

relative to uncured or air-cured collagen films and our ability to tune the mechanical properties and 

enzymatic degradation solely by controlling the temperature of stabilization.  Furthermore, the PFHP-

based thermal treatment strategy can be successfully used strengthen and stabilize Col I-based 

biomaterials without compromising biocompatibility and native protein structure. This strategy 

provides an additive-free approach to design collagen-based biomaterials with improved mechanical 

and enzymatic stability. 

 

 

MATERIALS AND METHODS 

Fabrication of coatings 

Silicon wafers (1cm×1cm, WRS Materials) were ultrasonically washed in ethanol and isopropanol for 

10 min each and then treated with oxygen plasma (ITHCA, PDC-001, New York) at an oxygen 

pressure of 300 Pa for 5 min. A 3 mg/ml Col-I solution (A1048301, Thermo Fisher Scientific) was 

then spin-coated on cleaned Si wafer at 300 rpm for 50 s. The spin-coated samples were thermally 

treated in PFHP (perfluoroperhydrophenanthrene, procured from Sigma Aldrich) or air for 15 min at 

75, 135 and 180 °C, respectively. Samples were then washed with perfluorohexane (Sigma Aldrich) to 

remove excess PFHP and dried with a stream N2 gas. The as spin-coated samples were abbreviated as 

SC, the samples treated in PFHP solution as FC-T and the samples treated in air as AC-T, where T 

represents the temperature according to the treatment.  

Structural characterization of coatings  
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 The nano-topographies of the coatings were examined by atomic force microscopy (AFM, Bruker 

Dimension Icon) using Tapping Mode recorded at 2 kHz. The thickness of the coatings was measured 

by a Rudolph Research Auto EL ellipsometer (GAERTNER Scientific Corporation). Far-UV circular 

dichroism (CD) spectra were measured on a JASCO J-815 spectropolarimeter (Jasco UK, Essex, UK) 

with a quartz cuvette at 25 °C. The spectra were recorded from 185 to 260 nm with acetic acid (pH=4) 

at a rate of 10 nm/min. Attenuated total reflection micro-infrared（ATR-IR）spectra were recorded 

on a Bruker Vertex70 spectrometer at a spectral resolution of 4 cm-1. The spectra of selected area were 

dealt with PeakFit4.12（SPSS Inc., Chicago, IL, USA to find the baseline, deconvolve Gaussian IRF, 

and resolve peaks. 

  The wettability of different surfaces was determined by measuring the water contact angle through 

the static sessile drop method (DSA30, Kruss, Germany). A 2.0 μL drop of milliQ water was dropped 

onto the substrate and an image was captured. The contact angle was then measured by the equipped 

analysis software (DSAI). This process was repeated thrice per sample to obtain a statistically relevant 

average. 

Stability and mechanical characterization of the coatings  

  The cohesion strength of the collagen films was evaluated by ultrasonic treatment of the coatings in 

Dulbecco's Phosphate Buffered Saline (DPBS) at 60 Hz for 5 and 25 min. The samples were then 

gently rinsed with MilliQ water, dried with N2, and the change in thickness was calculated through 

ellipsometry measurements.  

The stability of collagen was evaluated by its degree of dissolution or swelling in PBS. Different 

samples were immersed in 1 ml PBS with or without 0.025% trypsin and incubated in an incubator at 

37 °C with 5% CO2 and 95% air for different times. After treatment for pre-determined times, the 
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samples were rinsed with MilliQ water, dried and the thickness change was evaluated as described 

above. Additionally, the morphologies of FC180 and AC180 after immersed in PBS for 4 days were 

observed by field emission scanning electron microscope (FESEM, SU6600, Hitachi, Japan) and 

AFM, respectively. 

For the measurements of elastic modulus and hardness, TriboIndenter system (Hysitron TI 950, USA) 

with a 100 nm spherical indenter was used to perform nanoindentation. Thick Col-I coatings were 

prepared to minimize the influence of Si substrate on the elastic modulus and hardness measurements. 

Each Si wafer was carefully drop-casted with 100 µL Col-I solution, dried in vacuum, and then treated 

in PHFP or air at 180 °C for 15 min to fabricate a coating with thickness more than 500 nm. During 

each test, the load was increased up to 150 µN with a constant loading rate dP/dt=30 µN/s and kept for 

3 s. Four tests were performed on each sample. 

Cell adhesion evaluation 

Cell culture 

 The fibroblast cells (L-929) were purchased from the Institute of Biochemistry and Cell Biology of 

Chinese Academy of Sciences (Shanghai, China).These cells were inoculated in modified Eagle’s 

medium (MEM, Hyclone, USA) containing 10% fetal bovine serum (Hyclone, USA) and cultured at 

37 °C with 5% CO2. The media was refreshed every other day. 

Cell viability assay  

The coated Si substrates were placed in 24-well plates. 105 cells/ ml were seeded in each well and 

incubated for 24 h. Viability of fibroblast cells was assessed by the alamar Blue assay (protocol 

prescribed by the manufacturer-Thermo Fisher Scientific). Additionally, LIVE/DEAD staining was 
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performed using the LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, France) as instructed by the 

manufacturer. The stained cells were observed using epifluorescence (SMZ745T, Nikon, Japan). 

ASSOCIATED CONTENT 
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