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Abstract

:

Commercial static cell culture substrates can usually not change their physical properties over time, resulting in a limited representation of the variation in biomechanical cues in vivo. To overcome this limitation, approaches incorporating gold nanoparticles to act as transducers to external stimuli have been employed. In this work, gold nanorods were embedded in an elastomeric matrix and used as photothermal transducers to fabricate biocompatible light-responsive substrates. The nanocomposite films analysed by lock-in thermography and nanoindentation show a homogeneous heat distribution and a greater stiffness when irradiated with NIR light. After irradiation, the initial stiffness values were recovered. In vitro experiments performed during NIR irradiation with NIH-3T3 fibroblasts demonstrated that these films were biocompatible and cells remained viable. Cells cultured on the light stiffened nanocomposite exhibited a greater proliferation rate and stronger focal adhesion clustering, indicating increased cell-surface binding strength.
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1. Introduction


Adherent cell types, such as fibroblasts and keratinocytes, actively sense variations in mechanical cues in vivo, modifying their behaviour in terms of actin fibre remodelling, focal adhesion phenotypes, and matrix biosynthesis capacity [1,2]. In particular, mechanical stiffness plays a pivotal role in cellular adhesion strength, migration, spreading, gene expression, and development and disease progression [3,4,5,6,7].



Static substrate models have been widely used to investigate cell responses to changes in substrate stiffness, resulting in a limited reproduction of the variations in biomechanical cues that occur in vivo mainly because these substrates cannot alter their physical properties in situ [8]. This limitation can be overcome by using dynamic in vitro systems that respond to, e.g., changes in temperature or pH, exposure to light sources, or electric and magnetic fields [9,10,11].



Dynamic in vitro systems comprising gold nanorods (Au NRs) [12,13,14,15] have been employed as stimuli-responsive materials in the biomedical field due to the easily tuneable optical properties of the Au NRs [16,17] and their capacity to generate and dissipate heat upon irradiation [18,19]. A couple of examples include the patterned NIPAM/Au NRs thermal actuators designed by Chandorkar et al. [20] and Sutton et al. [21]. In both studies, the irradiation of the substrates induces changes in cell migration associated with a change in the substrate stiffness.



Like the abovementioned studies, our approach comprises the use of Au NRs as photothermal transducers. However, the substrate consists of a collagen-coated polydimethylsiloxane (PDMS) flat film. Numerous publications report using PDMS as a cell substrate to study cellular mechanoresponse mainly because it is a transparent, biocompatible, flexible, and easy to manipulate and pattern elastomer whose mechanical properties are easily tuneable [22,23]. PDMS is also an ideal candidate for actuator applications as PDMS responds to temperature changes [24,25,26].



To the best of our knowledge, this is the first time Au NRs are exploited as stiffener agents on a substrate with a Young’s Modulus close to the mechanical response of native cartilage tissue (~MPa) [27]. Upon NIR irradiation, the heat dissipated from the Au NRs’ surface to the PDMS matrix leads to a 2.4-fold stiffening effect due to the constrained thermal expansion of the films. This leads to a faster proliferation of NIH-3T3 fibroblasts and a greater amount of focal adhesions (FAs) at the periphery of their actin filaments compared to the non-irradiated films. No signs of cytotoxicity were observed after 24 and 48 h of NIR illumination, confirming the biocompatibility of the fabricated substrate. The fabricated substrates could be potentially used to better understand, e.g., osteoarthritis based on chondrocytes proliferation and differentiation in aged articular cartilage [28,29].




2. Materials and Methods


Sylgard 184 Silicone Elastomer base, poly(dimethylsiloxane) (PDMS, Sylgard 184) and curing agent were provided by Dow Europe (Switzerland). Hexadecyltrimethylammonium bromide (CTAB, ≥98%), gold (III) chloride trihydrate (HAuCl4 ∙ 3H2O, ≥99.9%), sodium borohydride (NaBH4, ≥98%), silver nitrate (AgNO3, ≥99.9%), hydrochloric acid (HCl, ACS reagent, 37%), L-ascorbic acid (AA, 99%), cytotoxicity detection kit for lactate dehydrogenase (Catalyst, Diaphorase/NAD+ mixture, and Dye Solution INT and sodium lactate), glutaraldehyde solution (GA, 50 wt.% in H2O), Triton X-100, Bovine Serum Albumin (BSA, ≥99.9%), (3-aminopropyl)triethoxysilane (APTES, 99%), Fluoromount™ Aqueous Mounting Medium, and paraformaldehyde (reagent grade, crystalline) were obtained from Sigma-Aldrich (Darmstadt, Germany). Gibco™ collagen type I extracted from rat tail with a concentration of 3 mg/mL (solubilised in 20 mM of acetic acid), Invitrogen™ rhodamine phalloidin, 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI), Invitrogen™ ReadyProbes™ Cell Viability Imaging Kit (Blue/Green), goat anti-rabbit IgG (H + L) secondary antibody, DyLight 488, and phosphate-buffered saline (PBS-1X) tablets were purchased from ThermoFisher Scientific (Waltham, MA, USA). Dulbecco’s Modified Eagle Medium (DMEM, ATCC® 0-2002™), penicillin/streptomycin solution (ATCC® 30-2300™), Calf Bovine Serum (CBS), Iron Fortified (ATCC® 30-2030™) and L-Glutamine solution (200 mM, ATCC® 30-2214™), mouse fibroblasts NIH/3T3 (ATCC® CRL-1658™) were acquired from ATCC® (Manassas, VA, USA). Mouse TGF-beta 1 (TGF-β1) DuoSet ELISA (DY1679) and Recombinant Mouse IFN-gamma (IFN-γ) Protein (485-MI) were purchased from R&D Systems, Inc. (Minneapolis, MN, USA). Mouse monoclonal Collagen I alpha 1 Antibody (COL-1) was obtained from Novus Biologicals (Centennial, CO, USA). Recombinant rabbit monoclonal Anti-Paxillin antibody ([Y113], ab32084) was acquired from Abcam (Cambridge, UK). Milli-Q (Merck, Darmstadt, Germany) water was used for all preparations.



2.1. Preparation and Characterisation of Gold Nanorods (Au NRs)


Au NRs were prepared by the seed-mediated growth method [16,30]. Au seeds were synthesised by adding a freshly prepared NaBH4 aqueous solution (10 mM, 0.3 mL) to a mixture of HAuCl4·3H2O (50 mM, 0.025 mL) and CTAB (0.1 M, 4.7 mL) previously warmed to 28 °C in a 250 mL glass flask for 15 min. The seeds formation was confirmed by the change in colour to light brown. The dispersion was left undisturbed for 1 h at 28 °C. The gold growth solution was prepared by adding HAuCl4·3H2O (0.1 mM, 1.11 mL), AgNO3 (10 mM, 1.3 mL), HCl (1 M, 1.92 mL), and AA (0.1 M, 0.8 mL) to a CTAB solution (0.1 M, 100 mL) and mixed by inversion after each addition. Finally, the as-prepared Au seeds (480 μL, 0.25 mM) were added to the growth solution and left undisturbed overnight at 28 °C for the Au NRs formation. Ultimately, Au NRs were cleaned twice by centrifugation (8000× g for 50 min). Au NRs were visualised by TEM, operating at 120 kV (FEI Tecnai Spirit Microscope, Thermo Fisher Scientific, Waltham, MA, USA) and equipped with a 2048 × 2048 Veleta CDD camera (Olympus, Japan). Briefly, 5 µL of diluted Au NRs, final concentration of 20 μg/mL in Milli-Q water, was drop cast onto 300 mesh carbon membrane-coated copper grids (Electron Microscopy Sciences, Hatfield, PA, USA) and left to dry at room temperature before TEM analysis. The average size of the Au NRs, size distribution and aspect ratio were manually calculated using Fiji (USA), n = 150. The UV−Vis spectrum of Au NRs was recorded using a JASCO V-670 spectrophotometer using a 10 mm path-length quartz suprasil cuvette (Hellma Analytics, Müllheim, Germany).




2.2. Preparation of PDMS and PDMS/Au NRs Films


To precisely tune the thickness of the resulting films, PDMS was spin-coated for 1 min at 1000, 1500, and 2000 revolutions per minute (rpm). Briefly, Sylgard 184 Silicone Elastomer base and its curing agent were mixed at a ratio of 9:1 for 3 min, followed by degassing for 15 min. Subsequently, the mixture was poured onto a circular glass coverslip of 12 mm diameter (Circular Cover Glass #1.5, Thermo Fisher Scientific, Waltham, USA) previously cleaned with 70 vol.% of ethanol. The mixture was then spin-coated (WS-650 Hzb Spin Coater, Laurell Technologies Corporation, Lansdale, PA, USA) and left to cure at 70 °C overnight.



Three dispersions of Au NRs with Au0 concentrations of 0.6 mM, 0.39 mM, and 0.19 mM (1.5 mL) were centrifuged at 10,000× g for 50 min to remove the supernatant. Then, the supernatant was removed, and the pellets containing the Au NRs were manually mixed with 1.44 g mixture of Sylgard 184 Silicone Elastomer base and its curing agent at a ratio of 9 to 1 using a disposable glass Pasteur pipette (VWR, Dietikon, Switzerland) for 3 min. Thus, leading to an Au0 concentration in the viscous liquid of 7.5 wt.%, 5 wt.%, and 2.5 wt.%, respectively. Afterwards, the three Au NR mixtures underwent the same degassing, spin coating, and curing process as described for the pure PDMS elastomeric films. For simplification, in the manuscript, the concentrations were described as 7.5 wt.%, 5 wt.%, and 2.5 wt.% Au NRs.




2.3. Fluorescence-Enhanced Dark Field Microscopy


PDMS and PDMS/Au NRs containing 7.5 wt.% of Au0 films were visualised using a 100× objective lens and a numerical aperture of 0.8 in a Cytoviva dual-mode fluorescence-enhanced dark field microscopy setup (Cytoviva Inc., Auburn, AL, USA).




2.4. Lock-In Thermography Analysis (LIT)


To evaluate the photothermal conversion and the macroscopic distribution of Au NRs embedded in films, experimental LIT measurements were carried out (n = 5) using a custom-made setup as previously reported in the literature [31]. Briefly, the heat generated upon irradiating the films with a homogeneous multi-wavelength LED-based light source (AN178_2 61 LED module, ADOM, Germany) centred at 525 nm (power density of 74.2 mW/cm2) was recorded with an infrared camera (Onca-MWIR-InSb-320, XenICs, Leuven, Belgium) mounted on a standard microscope stand (Leica Micro-systems, Wetzlar, Germany). A light-homogenising glass rod (N-BK7, Edmund Optics Inc., Barrington, NJ, USA) placed between the LED panel and the sample holder ensures a homogeneous illumination of the films. To convert the acquired amplitude signal into 2D heating maps (in Kelvin), a custom-made LabVIEW-based software was developed to demodulate the infrared images according to the digital lock-in principle. Analysis of the resulting amplitude images was performed with Fiji (USA) to extract signal mean and standard deviation values.




2.5. Scanning Electron Microscopy (SEM/EDX) Characterisation


The thickness and the distribution of the Au NRs within the PDMS films were determined by SEM and energy-dispersive X-ray spectroscopy using a Tescan Mira3 LM FE (Tescan, Brno, Czech Republic), coupled with an EDX detector (Octane Pro, AMETEK Inc., Berwyn, PA, USA) on platinum-coated films. EDX signals were acquired by performing a line scan on the films at an accelerating voltage of 20 kV and were further analysed with a TEAM™ EDS Software Suite (AMETEK, Inc., Berwyn, PA, USA).




2.6. Film Surface Functionalisation by Collagen Type I and Characterisation


Briefly, films were plasma-activated in a controlled O2 rich environment for 1 min (Low-pressure Zepto plasma coater, Diener Electronics, Ebhausen, Germany) and silanised by immersion in a 10 vol.% APTES solution in ethanol for 2 h. The unbonded APTES was removed by rinsing the films with ethanol twice. The following layer was obtained by incubating the films with a 2.5 vol.% glutaraldehyde solution in water for 1 h, followed by 3 rinses with Milli-Q water. The collagen layer was grafted by immersing the films in a 20 μg/mL solution of collagen type I prepared in 20 mM acetic acid for 2 h. All the steps were carried out at room temperature. Finally, samples were repeatedly washed with PBS and kept in deionised water at 4 °C until further use.



A drop of 5 μL of Milli-Q water was placed on un-coated and coated films (n = 3) to ensure a uniform droplet size, and the contact angle formed at the interphase was determined by fitting a tangent to the drop profile using an OSC 15Pro goniometer (DataPhysics instruments, Filderstadt, Germany). Fourier transform infrared (FTIR) spectroscopy of un-coated and coated films was also performed using a Perkin Elmer (USA) Spectrum 65 FTIR spectrometer from 1800 and 1500 cm−1 with a resolution of 4 cm−1. Visually, the homogeneity of the coatings was evaluated by staining the collagen type I with a two-step immunohistochemistry. Briefly, a rabbit monoclonal anti-collagen I (dilution 1:100 in PBS) was used as the primary antibody and incubated overnight. On the following day, after 3 PBS rinses, goat anti-rabbit DY488 secondary antibody (dilution 1:100 in PBS) was added and incubated for 2 h before visualisation. Samples were then mounted on glass slides with a Fluoromount™ Aqueous Mounting Medium and excited with a 488 nm continuous laser at a magnification of 10×. The fluorescence was collected using a 488 emission filter at 1024 × 1024 pixels resolution. Dried surface samples were also visualised by SEM.




2.7. Mechanical Measurements


The mechanical properties of pure PDMS, non-irradiated and irradiated PDMS/Au NRs films were characterised in a CSM (Anton-Paar) Ultra Nanoindenter [32]. Films were irradiated with an 810 nm collimated LED using a bandpass filter centre in 790 ± 2 nm with an FWHM = 10 ± 2 nm (Thorlabs, Newton, NJ, USA) for 1 h to ensure optimal heat distribution. Immediately after irradiation, the indentations were performed with a Berkovich tip with Young’s Modulus equal to 1140 GPa (Etip) and a Poisson’s ratio of 0.07 (νtip). Briefly, 20 indentations for the 2000 rpm fabricated samples and 10 indentations per sample for the 1000 and 1500 rpm fabricated films were analysed employing force curves consisting of three stages. Only 10 indentations were used for the 1000 and 1500 rpm fabricated films because they did not undergo a change in stiffness under irradiation. All indentations were run to a maximum force of 200 μN with a loading rate of 200 μN/minutes, followed by a 10 s holding period at maximum force. In the last stage, tip unloading at 200 μN/minutes was performed. This third part shows the elastic recovery of the material and is used to calculate the Reduced Modulus (Er) via


   S    =  2   π    ×  E r  ×    A c     








where S is the initial slope of the unloading curve and Ac is the contact area, a tip dependent shape parameter. The reduced modulus is then used to evaluate the elastic modulus of the sample Esample via the following equation:


   1   E r    =   1 −  ν  sample  2     E  sample     +   1 −  ν  tip  2     E  tip      








using a Poisson’s ratio of the sample of    ν sample  = 0.5 ,   as previously reported in the literature for PDMS [33]. The elastic modulus and the Poisson’s ratio of the diamond tip are known parameters.




2.8. Fibroblasts (NIH/3T3) Culture on the Functionalised Elastomeric Films


Mouse fibroblasts NIH/3T3 were cultivated in cDMEM (DMEM supplemented with 10 vol.% CBS, 1 vol.% penicillin/streptomycin and 1 vol.% of L-Glutamine) using a T75 flask obtained from TPP (Switzerland) at 37 °C, with a relative humidity of 95% and 5% of CO2 until reaching 80% confluence. Cells were washed with 10 mL of PBS and trypsinised with 1.5 mL Trypsin for 5 min. Then, 3 mL of cDMEM was added, and cells were counted using an automatic cell counter (NanoEnTek, Waltham, MA, USA). Approximately 40,000 cells (360 cell/mm2) supplemented with 0.6 mL of cDMEM were seeded and incubated on PDMS, non-irradiated PDMS/AuNRs and irradiated PDMS/AuNRs films for 24 and 48 h. For the experiments under NIR irradiation, cells were seeded immediately before switching on the NIR light and the latter was kept throughout the cultivation, i.e., 24 and 48 h.




2.9. Analysis of Cell Viability by the Lactate Dehydrogenase (LDH) Assay


Cytotoxicity was assessed immediately after 24 and 48 h of NIR irradiation by measuring the release of lactate dehydrogenase into the supernatant due to cell membrane disruption using a commercial LDH detection kit (Roche Applied Science, Mannheim, Germany); 100 μL of NIH/3T3 mouse fibroblasts (1500 cells/mm2) cultured on the films (n = 3) and bare wells used as a positive control (100 µL of 0.2 vol.% Triton X-100 in PBS) (n = 3) were mixed with 100 µL of the LDH assay kit and placed in a 96-well plate the day before to run the LDH assay. The absorbance at 630 nm was recorded using Bio-Rad Plate Reader (Switzerland). The data of each measurement was normalised by the mean of the positive control values.




2.10. Growth Factor Assay


TGF-β1 secreted by cells into the supernatants was quantified using the respective ELISA DuoSet Development Diagnostic Kit immediately after 24 and 48 h of NIR irradiation, respectively; 1 μg/mL of IFN-γ in cDMEM was used as a positive control.




2.11. Confocal Laser Scanning Microscopy (cLSM), Immunohistochemistry, and Cell Viability


The biological response of cells cultured on the films was assessed by cLSM (Zeiss LSM 710 meta, Germany). Samples were washed 3 times with PBS immediately after 24 and 48 h of NIR irradiation, fixed with a 4 vol.% solution of paraformaldehyde for 15 min, and washed 3 additional times with PBS to undergo immunofluorescence staining. Next, films were rinsed in 0.1% Triton X-100 in PBS for 5 min, and blocked with a 1% BSA in PBS for 20 min. For paxillin visualisation, rabbit monoclonal anti-Paxillin antibody diluted in PBS (1:100) was incubated overnight at 4 °C, followed by the addition of goat anti-rabbit DY488 secondary antibody diluted in PBS (1:100) for 2 h. F-Actin cytoskeleton and the nuclei of the cells were stained with rhodamine phalloidin diluted in PBS (1:80) for 1 h and DAPI diluted in PBS (1:100) for 5 min, respectively. Finally, the samples were washed 3 times with PBS and stored in 1 mL of PBS at 4 °C for further analysis. The subsequent fluorescence data was collected using DAPI, rhodamine and Alexa Fluor™ 488 emission filters at a resolution of 1024 × 1024 pixels after sequential excitation using a 405, 488 and 540 nm continuous laser and a 25× objective. Cell viability was evaluated by employing a commercial LIVE/DEAD assay, Invitrogen™ ReadyProbes™ Cell Viability Imaging Kit (Blue/Green) following manufacturer’s protocol immediately after 24 and 48 h of NIR irradiation. The number of surviving cells was calculated by employing the following equation:


   Survival     %  =    Live   cells     Live   cells  +  Dead   cells      × 100  



(1)








2.12. Image Analysis


Image analysis of cLSM, SEM, and TEM data was performed using Fiji (NIH, USA). For the cytotoxicity assay, images were thresholded to discard bias signal followed by binarisation (Otsu’s method) and calculation of compromised and uncompromised nuclei.




2.13. Statistical Analysis


Two- or one-way analysis of variance (ANOVA) was used to analyse the data using GraphPad PRISM software (USA). Significance for all statistical analyses was defined as p < 0.05, and all values are reported as the mean ± standard deviation of the mean for the technical and independent biological triplicates.





3. Results and Discussion


3.1. NIR Light Responsiveness of Nanocomposite Films


Au NRs, with a plasmon band centred at 803 nm, i.e., within the first biological window (650–1000 nm) and an aspect ratio of 3.0 ± 0.8 (Figure 1B and Figure A1 in the Appendix A), were embedded in a PDMS matrix at a concentration of 7.5 wt.% with respect to the PDMS weight (hereafter, referred as to PDMS/Au NRs) and spin-coated at 2000 rotations per minute (rpm) (Figure 1A,C). After overnight curing at 70 °C, the resulting flat films showed a thickness of 26 ± 0.5 µm. Pure PDMS films were prepared under the same conditions and used as a control. When imaged using lock-in thermography (LIT) [34,35] the resulting heating maps were uniform, indicating a homogeneous distribution of Au NRs within the films. Au NRs embedded in the PDMS were visualised by dark-field microscopy (Cytoviva) due to their enhanced scattering properties (Figure 1D, Inset).



In the present study, the elastic modulus was extrapolated from indentation experiments, considering a uniform, equi-biaxial distribution of the thermal stresses within the PDMS/Au NRs films when irradiated with NIR (hereafter referred to as PDMS/Au NRs NIR). This approach is justified by the homogeneous distribution of heat observed in the thermographic images. Residual stresses which are generated by thermal expansion can strongly affect the mechanical properties of materials in the short and long term [36], and nanoindentation is reported to be a valuable local-probe method to characterise residual stresses within a sample by analysing the load–displacement curve, especially for high-strength materials with large yield strain [37]. Among the mechanical properties which can be evaluated through indentation, the elastic modulus is reported to be affected by the thermal stresses distributed within the sample [38].



As shown in Figure 1E, nanoindentation experiments carried out for pure PDMS and PDMS/Au NRs films show a Young’s Modulus of 10.9 ± 2.4 MPa for PDMS/Au NRs NIR, corresponding to a 2.6-fold and 2.4-fold increase compared to pure PDMS (4.1 ± 0.5 MPa) and non-irradiated PDMS/Au NRs films (4.6 ± 0.8 MPa), respectively. Interestingly, after switching off the irradiation and letting the films rest for 1 h (hereafter referred to as PDMS/Au NRs OFF), the stiffness values decreased to 4.5 ± 0.6 MPa, confirming the relaxation of the thermal stress. The excitation of the free electrons in the plasmon band upon irradiation with a NIR light source increases the Au NRs surface temperature via electron-electron scattering, which is then dissipated to the surroundings within minutes [18,39]. Consequently, the physical constraint generated between the glass and the films prevents their free dilatation, leading to the accumulation of internal compressive stresses and thus, a stiffening effect [38]. It is worth mentioning that considering the optical loss of PDMS (<0.5 dB/cm) in the NIR region, no change in stiffness is expected for pure PDMS films under NIR irradiation [40,41].



Lower concentrations of Au NRs (2.5 wt.% and 5 wt.%), as well as spinning speeds (1000 and 1500 rpm) were also investigated. Nonetheless, the stiffening effect was only achieved by the films loaded with 7.5 wt.% Au NRs prepared at 2000 rpm. Higher loadings were also attempted; however, Au NRs underwent aggregation. Therefore, these formulations were not further investigated. Independent of the concentration of Au NRs, thinner films were obtained when increasing the spinning speed from 1000 to 1500 and 2000 rpm. Subsequently, a lower amount of Au NRs per unit of area was estimated for the films prepared at 2000 rpm. The latter is consistent with the energy-dispersive X-ray spectroscopy (EDX) data, showing a gradual decrease in elemental gold content for higher spinning speeds, explaining the lowest temperature reached for the films prepared at the highest speed (Figure A2 and Figure A3 in the Appendix A). Thus, our results indicate that the reversible stiffening effect assessed for the PDMS/Au NRs films results from a combination of the film thickness and the concentration and distribution of the Au NRs within the film.




3.2. Stiffening Effect on Cellular Behaviour


To assess the biocompatibility of PDMS/Au NRs NIR and the cellular responses when cultured on the stiffened substrates, in vitro experiments using NIH-3T3 fibroblasts were performed at 24 and 48 h. In order to promote cell adhesion and facilitate biocompatibility, films were covalently coated with a layer of collagen type I [42,43]. The success of the coating was assessed by contact angle and Fourier transform infrared spectroscopy (FTIR) (Figure A4 in the Appendix A). It is worth mentioning that the collagen effect on the mechanical properties was neglected due to the softer nature of the coating and by performing deep indents (~3.2 µm). Fibroblasts cultured on pure PDMS and non-irradiated PDMS/Au NRs were used as a control.



The ratio of live/dead stained cells obtained after performing a commercial LIVE/DEAD assay at 24 and 48 h shows little to no cytotoxic effects (Figure 2). Similarly, the lactate dehydrogenase (LDH) assay confirmed no cytotoxicity when cells were cultured on the control films (PDMS/Au NRs) and PDMS/Au NRs NIR for 24 and 48 h.



cLSM was used to visualise cell morphology and FAs by staining F-actin and paxillin, respectively (see the Section 2 for further details regarding the immunohistochemistry) (Figure 3). FAs have a major role in delivering mechano-based information across the cell through the interaction of membrane-bound integrin receptors linked to focal adhesion kinase (FAK) and paxillin [44,45,46]. These transduced signals to the intracellular compartments have a drastic effect on cellular processes, including migration, proliferation and secretion profile [47].



Interestingly, at 24 h, fibroblasts cultured on the activated films had a larger amount of focal adhesions at the periphery of their F-actin filaments. This observation was more pronounced at 48 h, and it is consistent with several research outputs confirming a larger clustering of FAs at the interface between the cell and its surroundings when cultured on stiffer substrates (Figure A5 in the Appendix A) [48,49]. Moreover, a larger FA surface area is linked to a greater traction force exerted by the cell toward the substrate [44,50].



To evaluate the effect of higher binding strength on the cellular proliferation rate, cells were trypsinised and automatically counted after 24 and 48 h (Figure 3). At 24 h, a greater number of cells was found on PDMS/Au NRs NIR compared to pure and non-irradiated PDMS films. Moreover, at 48 h, a significantly higher amount of cells compared to 24 h was counted, confirming that the greater the traction force exerted by the cells, the higher the proliferation rate [51]. To further confirm greater FA clustering by fibroblasts when cultured on PDMS/Au NRs NIR films, levels of secretion of TGF-β1 by fibroblasts were quantified by employing an ELISA assay (see the Section 2 for more details). IFN-γ and glass were used as a positive and negative control, respectively, because IFN-γ is involved in the upregulation of TGF-β1 in dermal and corneal fibroblasts [52] and glass is commonly used for evaluating cellular secretion capabilities in comparison to polymer-coated samples [53].



Lower values of TGF-β1 were detected when cultured on the PDMS/Au NRs NIR films compared to non-irradiated and pristine PDMS substrates. This is in accordance with the literature, in which it has been reported that higher TGF-β1 values lead to a gradual decrease in clusters of FA at the end of the F-actin filaments [54,55].



The increase in stiffness on PDMS/Au NRs NIR seemed to have a slight effect on cell morphology (Figure 3 and Figure A5 in the Appendix A). However, within this stiffness range, due to the greater stiffness of the substrate compared to the cytoskeleton, cells are not able to deform the underlying substrate and stretch their cytoskeleton with the same magnitude of spreading observed on tissue culture plastic [6,7].





4. Conclusions


In this study, we fabricated a light-responsive elastomeric film able to be stiffened in situ when irradiated with NIR light. A 2.4-fold increase in elastic moduli was achieved by employing Au NRs as photothermal transducers. The ability to impact the nanocomposite film stiffness in situ promotes their usage as dynamic cell culture substrates. Fibroblast cultured on the irradiated films showed major FA clustering at the end of F-actin filaments and lower TGF-β1 secretion at 24 and 48 h. Fabricated substrates are biocompatible, and there is no effect on cell morphology. Based on our results, these novel photo-responsive films are promising candidates as substrates for altering cellular responses in situ compared to static cell culture conditions.
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Figure A1. Gold nanorods characterisation. UV-Vis extinction spectra for the gold nanorods (A) and histograms of their length (B), width (C), and aspect ratio (D). 
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Figure A2. Influence of the spinning speed on the heat dissipation (A) and the amount of gold per unit of area (B) at 1000 rpm, 1500 rpm and 2000 rpm. Young’s Modulus was obtained using the Oliver and Pharr model (n = 3) by nanoindentation for the films containing 2.5 wt.% (C) and 5 wt.% (D). 
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Figure A3. LIT thermographs (left column, scale bar: 5 mm) and SEM micrographs (middle and right columns, scale bar: 100 µm) showing the influence of the spinning speed on heat dissipation and film thickness. Films were irradiated using a light-emitting diode (LED) source centred at 525 nm for 1 min. 
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Figure A4. (Top row): cLSM micrograph of collagen type I functionalised PDMS films immunostained with mouse monoclonal IgGG1 used as primary antibody and DyLight 488 employed for antibody labelling and prepared at 2000 rpm. Scale bar: 40 µm. SEM micrograph of the collagen type I functionalised PDMS films. Scale bar: 1 µm. (Bottom row): Contact angle measurements between each step of the collagen type I functionalisation and FTIR signal between 1800 and 1500 cm−1 confirming the collagen coating by showing the characteristic absorption band of amide I (1650 cm−1). 
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Figure A5. Number (A) and size (B) of FAs at 24 and 48 h. Cell area (C) and normalised TGF-β1 secretion (D) after 24 and 48 h. Two-way ANOVA, post hoc Tukey’s test, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.0003, **** p ≤ 0.0001. 






Figure A5. Number (A) and size (B) of FAs at 24 and 48 h. Cell area (C) and normalised TGF-β1 secretion (D) after 24 and 48 h. Two-way ANOVA, post hoc Tukey’s test, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.0003, **** p ≤ 0.0001.



[image: Biomedicines 11 00030 g0a5]







References


	



Lu, P.; Takai, K.; Weaver, V.M.; Zena, W. Extracellular Matrix Degradation and Remodeling in Development and Disease. Old Spring Harb. Perspect. Biol. 2011, 3, a005058. [Google Scholar] [CrossRef] [PubMed]

	



Rhee, S. Fibroblasts in Three Dimensional Matrices: Cell Migration and Matrix Remodeling. Exp. Mol. Med. 2009, 41, 858–865. [Google Scholar] [CrossRef] [PubMed]

	



Handorf, A.M.; Zhou, Y.; Halanski, M.A.; Li, W.-J. Tissue Stiffness Dictates Development, Homeostasis, and Disease Progression. Organogenesis 2015, 11, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Orr, A.W.; Helmke, B.P.; Blackman, B.R.; Schwartz, M.A. Mechanisms of Mechanotransduction. Dev. Cell 2006, 10, 11–20. [Google Scholar] [CrossRef] [PubMed]

	



Schwarz, U.S.; Erdmann, T.; Bischofs, I.B. Focal Adhesions as Mechanosensors: The Two-Spring Model. Biosystems 2006, 83, 225–232. [Google Scholar] [CrossRef]

	



Yeung, T.; Georges, P.C.; Flanagan, L.A.; Marg, B.; Ortiz, M.; Funaki, M.; Zahir, N.; Ming, W.; Weaver, V.; Janmey, P.A. Effects of Substrate Stiffness on Cell Morphology, Cytoskeletal Structure, and Adhesion. Cell Motil. 2005, 60, 24–34. [Google Scholar] [CrossRef]

	



d’Angelo, M.; Benedetti, E.; Tupone, M.G.; Catanesi, M.; Castelli, V.; Antonosante, A.; Cimini, A. The Role of Stiffness in Cell Reprogramming: A Potential Role for Biomaterials in Inducing Tissue Regeneration. Cells 2019, 8, 1036. [Google Scholar] [CrossRef]

	



Kim, J.; Hayward, R.C. Mimicking Dynamic in Vivo Environments with Stimuli-Responsive Materials for Cell Culture. Trends Biotechnol. 2012, 30, 426–439. [Google Scholar] [CrossRef]

	



Tanaka, M.; Nakahata, M.; Linke, P.; Kaufmann, S. Stimuli-Responsive Hydrogels as a Model of the Dynamic Cellular Microenvironment. Polym. J. 2020, 52, 861–870. [Google Scholar] [CrossRef]

	



Wang, Y.; Shim, M.S.; Levinson, N.S.; Sung, H.-W.; Xia, Y. Stimuli-Responsive Materials for Controlled Release of Theranostic Agents. Adv. Funct. Mater. 2014, 24, 4206–4220. [Google Scholar] [CrossRef]

	



Nandivada, H.; Ross, A.M.; Lahann, J. Stimuli-Responsive Monolayers for Biotechnology. Prog. Polym. Sci. 2010, 35, 141–154. [Google Scholar] [CrossRef]

	



Turner, J.G.; Og, J.H.; Murphy, C.J. Gold Nanorod Impact on Mechanical Properties of Stretchable Hydrogels. Soft Matter 2020, 16, 6582–6590. [Google Scholar] [CrossRef] [PubMed]

	



Jin, X.; Yao, S.; Qiu, F.; Mao, Z.; Wang, B. A Multifunctional Hydrogel Containing Gold Nanorods and Methylene Blue for Synergistic Cancer Phototherapy. Colloids Surf. A Physicochem. Eng. Asp. 2021, 614, 126154. [Google Scholar] [CrossRef]

	



Stowers, R.S.; Allen, S.C.; Suggs, L.J. Dynamic Phototuning of 3D Hydrogel Stiffness. Proc. Natl. Acad. Sci. USA 2015, 112, 1953–1958. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, J.; Chen, A.; Zhang, H.; Burt, H.; Chiao, M. Design and Near-Infrared Actuation of a Gold Nanorod–Polymer Microelectromechanical Device for On-Demand Drug Delivery. Micromachines 2018, 9, 28. [Google Scholar] [CrossRef]

	



Pérez-Juste, J.; Pastoriza-Santos, I.; Liz-Marzán, L.M.; Mulvaney, P. Gold Nanorods: Synthesis, Characterization and Applications. Coord. Chem. Rev. 2005, 249, 1870–1901. [Google Scholar] [CrossRef]

	



Chang, H.-H.; Murphy, C.J. Mini Gold Nanorods with Tunable Plasmonic Peaks beyond 1000 Nm. Chem. Mater. 2018, 30, 1427–1435. [Google Scholar] [CrossRef]

	



Murphy, C.J.; Chang, H.-H.; Falagan-Lotsch, P.; Gole, M.T.; Hofmann, D.M.; Hoang, K.N.L.; McClain, S.M.; Meyer, S.M.; Turner, J.G.; Unnikrishnan, M.; et al. Virus-Sized Gold Nanorods: Plasmonic Particles for Biology. Acc. Chem. Res. 2019, 52, 2124–2135. [Google Scholar] [CrossRef]

	



Meyer, S.M.; Pettine, J.; Nesbitt, D.J.; Murphy, C.J. Size Effects in Gold Nanorod Light-to-Heat Conversion under Femtosecond Illumination. J. Phys. Chem. C 2021, 125, 16268–16278. [Google Scholar] [CrossRef]

	



Chandorkar, Y.; Castro Nava, A.; Schweizerhof, S.; Van Dongen, M.; Haraszti, T.; Köhler, J.; Zhang, H.; Windoffer, R.; Mourran, A.; Möller, M.; et al. Cellular Responses to Beating Hydrogels to Investigate Mechanotransduction. Nat. Commun. 2019, 10, 4027. [Google Scholar] [CrossRef]

	



Sutton, A.; Shirman, T.; Timonen, J.V.I.; England, G.T.; Kim, P.; Kolle, M.; Ferrante, T.; Zarzar, L.D.; Strong, E.; Aizenberg, J. Photothermally Triggered Actuation of Hybrid Materials as a New Platform for in Vitro Cell Manipulation. Nat. Commun. 2017, 8, 14700. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.N.; Jiang, X.; Ryan, D.; Whitesides, G.M. Compatibility of Mammalian Cells on Surfaces of Poly(Dimethylsiloxane). Langmuir 2004, 20, 11684–11691. [Google Scholar] [CrossRef] [PubMed]

	



Cao, H.; Zhou, Q.; Liu, C.; Zhang, Y.; Xie, M.; Qiao, W.; Dong, N. Substrate Stiffness Regulates Differentiation of Induced Pluripotent Stem Cells into Heart Valve Endothelial Cells. Acta Biomater. 2022, 143, 115–126. [Google Scholar] [CrossRef] [PubMed]

	



Schubert, B.E.; Floreano, D. Variable Stiffness Material Based on Rigid Low-Melting-Point-Alloy Microstructures Embedded in Soft Poly(Dimethylsiloxane) (PDMS). RSC Adv. 2013, 3, 24671–24679. [Google Scholar] [CrossRef]

	



Grzybowski, B.A.; Brittain, S.T.; Whitesides, G.M. Thermally Actuated Interferometric Sensors Based on the Thermal Expansion of Transparent Elastomeric Media. Rev. Sci. Instrum. 1999, 70, 2031–2037. [Google Scholar] [CrossRef]

	



Wang, W.; Xiang, C.; Zhu, Q.; Zhong, W.; Li, M.; Yan, K.; Wang, D. Multistimulus Responsive Actuator with GO and Carbon Nanotube/PDMS Bilayer Structure for Flexible and Smart Devices. ACS Appl. Mater. Interfaces 2018, 10, 27215–27223. [Google Scholar] [CrossRef]

	



Guimarães, C.F.; Gasperini, L.; Marques, A.P.; Reis, R.L. The Stiffness of Living Tissues and Its Implications for Tissue Engineering. Nat. Rev. Mater. 2020, 5, 351–370. [Google Scholar] [CrossRef]

	



Dreier, R. Hypertrophic Differentiation of Chondrocytes in Osteoarthritis: The Developmental Aspect of Degenerative Joint Disorders. Arthritis Res. Ther. 2010, 12, 216. [Google Scholar] [CrossRef]

	



Chen, J. Recent Development of Biomaterials Combined with Mesenchymal Stem Cells as a Strategy in Cartilage Regeneration. Int. J. Transl. Med. 2022, 2, 456–481. [Google Scholar]

	



Scarabelli, L.; Sánchez-Iglesias, A.; Pérez-Juste, J.; Liz-Marzán, L.M. A “Tips and Tricks” Practical Guide to the Synthesis of Gold Nanorods. J. Phys. Chem. Lett. 2015, 6, 4270–4279. [Google Scholar] [CrossRef]

	



Monnier, C.A.; Crippa, F.; Geers, C.; Knapp, E.; Rothen-Rutishauser, B.; Bonmarin, M.; Lattuada, M.; Petri-Fink, A. Lock-In Thermography as an Analytical Tool for Magnetic Nanoparticles: Measuring Heating Power and Magnetic Fields. J. Phys. Chem. C 2017, 121, 27164–27175. [Google Scholar] [CrossRef]

	



Hengsberger, S.; Kulik, A.; Zysset, P. Nanoindentation discriminates the elastic properties of individual human bone lamellae under dry and physiological conditions. Bone. 2002, 30, 178–184. [Google Scholar] [CrossRef] [PubMed]

	



Dogru, S.; Aksoy, B.; Bayraktar, H.; Alaca, B.E. Poisson’s Ratio of PDMS Thin Films. Polym. Test. 2018, 69, 375–384. [Google Scholar] [CrossRef]

	



Steinmetz, L.; Geers, C.; Bonmarin, M.; Rothen-Rutishauser, B.; Petri-Fink, A.; Lattuada, M. Experimental and Theoretical Validation of Plasmonic Nanoparticle Heat Generation by Using Lock-In Thermography. J. Phys. Chem. C 2021, 125, 5890–5896. [Google Scholar] [CrossRef]

	



Steinmetz, L.; Taladriz-Blanco, P.; Geers, C.; Spuch-Calvar, M.; Bonmarin, M.; Balog, S.; Rothen-Rutishauser, B.; Petri-Fink, A. Lock-In Thermography to Analyze Plasmonic Nanoparticle Dispersions. Part. Part. Syst. Charact. 2019, 36, 1900224. [Google Scholar] [CrossRef]

	



Huber, N.; Heerens, J. On the Effect of a General Residual Stress State on Indentation and Hardness Testing. Acta Mater. 2008, 56, 6205–6213. [Google Scholar] [CrossRef]

	



Chen, X.; Yan, J.; Karlsson, A.M. On the Determination of Residual Stress and Mechanical Properties by Indentation. Mater. Sci. Eng. A 2006, 416, 139–149. [Google Scholar] [CrossRef]

	



Suresh, S.; Giannakopoulos, A.E. A New Method for Estimating Residual Stresses by Instrumented Sharp Indentation. Acta Mater. 1998, 46, 5755–5767. [Google Scholar] [CrossRef]

	



Baffou, G.; Quidant, R. Thermo-Plasmonics: Using Metallic Nanostructures as Nano-Sources of Heat. Laser Photon. Rev. 2013, 7, 171–187. [Google Scholar] [CrossRef]

	



Loomis, J.; King, B.; Burkhead, T.; Xu, P.; Bessler, N.; Terentjev, E.; Panchapakesan, B. Graphene-Nanoplatelet-Based Photomechanical Actuators. Nanotechnology 2012, 23, 45501. [Google Scholar] [CrossRef]

	



Sánchez-Arévalo, F.M.; Garnica-Palafox, I.M.; Jagdale, P.; Hernández-Cordero, J.; Rodil, S.E.; Okonkwo, A.O.; Robles Hernandez, F.C.; Tagliaferro, A. Photomechanical Response of Composites Based on PDMS and Carbon Soot Nanoparticles under IR Laser Irradiation. Opt. Mater. Express 2015, 5, 1792–1805. [Google Scholar] [CrossRef]

	



Qian, Z.; Ross, D.; Jia, W.; Xing, Q.; Zhao, F. Bioactive Polydimethylsiloxane Surface for Optimal Human Mesenchymal Stem Cell Sheet Culture. Bioact. Mater. 2018, 3, 167–173. [Google Scholar] [CrossRef] [PubMed]

	



Siddique, A.; Meckel, T.; Stark, R.W.; Narayan, S. Improved Cell Adhesion under Shear Stress in PDMS Microfluidic Devices. Colloids Surf. B Biointerfaces 2017, 150, 456–464. [Google Scholar] [CrossRef]

	



Mofrad, M.R.K.; Golji, J.; Abdul Rahim, N.A.; Kamm, R.D. Force-Induced Unfolding of the Focal Adhesion Targeting Domain and the Influence of Paxillin Binding. Mech. Chem. Biosyst. 2004, 1, 253–265. [Google Scholar] [PubMed]

	



Silver, F.H.; Freeman, J.W.; Seehra, G.P. Collagen Self-Assembly and the Development of Tendon Mechanical Properties. J. Biomech. 2003, 36, 1529–1553. [Google Scholar] [CrossRef]

	



Bosman, F.T.; Stamenkovic, I. Functional Structure and Composition of the Extracellular Matrix. J. Pathol. 2003, 200, 423–428. [Google Scholar] [CrossRef]

	



Wozniak, M.A.; Modzelewska, K.; Kwong, L.; Keely, P.J. Focal Adhesion Regulation of Cell Behavior. Biochim. Biophys. Acta-Mol. Cell Res. 2004, 1692, 103–119. [Google Scholar] [CrossRef]

	



Bai, M.; Xie, J.; Liu, X.; Chen, X.; Liu, W.; Wu, F.; Chen, D.; Sun, Y.; Li, X.; Wang, C.; et al. Microenvironmental Stiffness Regulates Dental Papilla Cell Differentiation: Implications for the Importance of Fibronectin–Paxillin−β-Catenin Axis. ACS Appl. Mater. Interfaces 2018, 10, 26917–26927. [Google Scholar] [CrossRef]

	



Na, S.; Trache, A.; Trzeciakowski, J.; Sun, Z.; Meininger, G.A.; Humphrey, J.D. Time-Dependent Changes in Smooth Muscle Cell Stiffness and Focal Adhesion Area in Response to Cyclic Equibiaxial Stretch. Ann. Biomed. Eng. 2008, 36, 369–380. [Google Scholar] [CrossRef]

	



Balaban, N.Q.; Schwarz, U.S.; Riveline, D.; Goichberg, P.; Tzur, G.; Sabanay, I.; Mahalu, D.; Safran, S.; Bershadsky, A.; Addadi, L.; et al. Force and Focal Adhesion Assembly: A Close Relationship Studied Using Elastic Micropatterned Substrates. Nat. Cell Biol. 2001, 3, 466–472. [Google Scholar] [CrossRef]

	



Provenzano, P.P.; Keely, P.J. Mechanical Signaling through the Cytoskeleton Regulates Cell Proliferation by Coordinated Focal Adhesion and Rho GTPase Signaling. J. Cell Sci. 2011, 124, 1195–1205. [Google Scholar] [CrossRef] [PubMed]

	



Abrahamian, A.; Xi, M.-S.; Donnelly, J.J.; Rockey, J.H. Effect of Interferon-γ on the Expression of Transforming Growth Factor-β by Human Corneal Fibroblasts: Role in Corneal Immunoseclusion. J. Interf. Cytokine Res. 1995, 15, 323–330. [Google Scholar] [CrossRef]

	



Bobade, C.D.; Nandi, S.; Kale, N.R.; Banerjee, S.S.; Patil, Y.N.; Khandare, J.J. Cellular Regeneration and Proliferation on Polymeric 3D Inverse-Space Substrates and the Effect of Doxorubicin. Nanoscale Adv. 2020, 2, 2315–2325. [Google Scholar] [CrossRef]

	



Lee, Y.H.; Kayyali, U.S.; Sousa, A.M.; Rajan, T.; Lechleider, R.J.; Day, R.M. Transforming Growth Factor-Β1 Effects on Endothelial Monolayer Permeability Involve Focal Adhesion Kinase/Src. Am. J. Respir. Cell Mol. Biol. 2007, 37, 485–493. [Google Scholar] [CrossRef] [PubMed]

	



He, R.; Wang, M.; Zhao, C.; Shen, M.; Yu, Y.; He, L.; Zhao, Y.; Chen, H.; Shi, X.; Zhou, M.; et al. TFEB-Driven Autophagy Potentiates TGF-β Induced Migration in Pancreatic Cancer Cells. J. Exp. Clin. Cancer Res. 2019, 38, 340. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 11 00030 g001 550] 





Figure 1. (A) Schematic representation of the light-responsive films used as cell culture substrates. Au NRs with LSPR centred at 803 nm were embedded in PDMS and used as photothermal transducers to manipulate cellular response in situ. By exposing the nanocomposite films to a NIR light source centred at 790 nm, a stiffening effect was achieved due to the constrained dilatation of the film, resulting in the clustering of FAs by fibroblasts. (B) TEM micrograph of the synthesised Au NRs. Scale bar: 50 nm. (C) SEM micrograph showing the lateral view of the films. Scale bar: 20 µm. (D) LIT thermographs obtained upon irradiation with a light-emitting diode (LED) source centred at 525 nm for pure PDMS and PDMS/Au NRs films. Scale bar: 5 mm. Inset Cytoviva images of pure and PDMS/Au NRs films. Scale bar: 1 µm. (E) Young’s Modulus obtained by nanoindentation on pure PDMS (blue), non-irradiated PDMS/Au NRs films (yellow), irradiated PDMS/Au NRs films (PDMS/Au NRs NIR, red), and post irradiated films (PDMS/Au NRs NIR OFF, black). Films were prepared at 2000 rpm for 1 min with 7.5 wt.% of Au NRs. One-way analysis of variance (ANOVA), post hoc Tukey’s test, **** p ≤ 0.0001. 
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Figure 2. (A–F) cLSM images of fibroblast plasma membranes cultured on the PDMS films and stained with a commercial LIVE/DEAD assay showing live cells in red and cells with a compromised plasma membrane in green. Scale bar 80 µm. (G) LDH assay performed at 24 and 48 h for three independent biological replicates. Triton X-100 was used as a positive control. (H) Cell survival rate cultured on the control and irradiated films at 24 and 48 h of cultivation. Two-way ANOVA, post hoc Tukey’s test, **** p ≤ 0.0001. 
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Figure 3. (A–F) cLSM images of NIH/3T3 fibroblast cultured on the films for 24 and 48 h. Cell nuclei (magenta), f-actins (cyan), and paxillin (yellow) were stained, respectively. Scale bar 40 μm. (G,H) Zoomed images of the fibroblasts cultured on non-irradiated PDMS/Au NRs films and PDMS/Au NRs NIR films at 48 h of cultivation. Scale bar 40 μm. (I) Number of NIH/3T3 by automatic counting using an EVETM counter (n = 3) after 24 and 48 h. (J) Secretion of TGF-β1 after 24 and 48 h (19000 cells/cm2). IFN-γ (1 μg/mL) was used as a positive control. Glass was employed as the negative control. Two-way ANOVA, post hoc Tukey’s test, * p ≤ 0.05, ** p ≤ 0.01. 
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