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In the past, significant effort has been made to develop ultrathin membranes exhibiting 

physiologically relevant mechanical properties, such as thickness and elasticity of native 

basement membranes. However, most of these fabricated membranes have a relatively high 

elastic modulus, ∼MPa−GPa, relevant only to retinal and epithelial basement membranes. 

Vascular basement membranes exhibiting relatively low elastic modulus, ∼kPa, on the contrary, 

have seldom been mimicked. Membranes demonstrating high compliance, with moduli ranging 

in ∼kPa along with sub-microscale thicknesses have rarely been reported, and would be ideal 

to mimic vascular basement membranes in vitro. To address this, we fabricate ultrathin 

membranes demonstrating the mechanistic features exhibited by their vascular biological 

counterparts. Salient features of the fabricated ultrathin membranes include free suspension, 

physiologically relevant thickness ∼sub-micrometers, relatively low modulus ∼kPa, and 

sufficiently large culture area ∼20 mm2. To fabricate such ultrathin membranes, undiluted 

PDMS Sylgard 527 was utilized as opposed to the conventional diluted polymer−solvent 

mixture approach. In addition, the necessity to have a sacrificial layer for releasing membranes 
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from the underlying substrates was also eliminated in our approach. The novelty of our work 

lies in achieving the distinct combination of membranes having thickness in sub-micrometers 

and the associated elasticity in kilopascal using undiluted polymer, which past approaches with 

dilution have not been able to accomplish.  

The ultrathin membranes with average thickness of 972 nm (thick) and 570 nm (thin) were 

estimated to have an elastic modulus of 45 and 214 kPa, respectively. Contact angle 

measurements revealed the ultrathin membranes exhibited hydrophobic characteristics in 

unpeeled state and transformed to hydrophilic behavior when freely suspended. Human 

umbilical vein endothelial cells were cultured on the polymeric ultrathin membranes, and the 

temporal cell response to change in local compliance of the membranes was studied by 

evaluating the cell spread area, density, percentage area coverage, and spread rate. After 24 h, 

single cells, pairs, and group of three to four cells were noticed on highly compliant thick 

membranes, having average thickness of 972 nm and modulus of 45 kPa. On the contrary, the 

cell monolayer was noted on the glass slide acting as a control. For the thin membranes 

featuring average thickness of 570 nm and modulus of 214 kPa, the cells tend to exhibit 

response similar to that on control with initiation of monolayer formation. Our results indicate, 

the local compliance, in turn, the membrane thickness governs the cell behavior and this can 

have vital implications during disease initiation and progression, wound healing, and cancer 

cell metastasis. 

Next, we fabricated nanowrinkles on the ultrathin membranes to mimic the nanoscale 

topography of the vascular basement membranes. Conventional nano and microfabrication 

methods such as photolithograph, softlithography, embossing, printing and writing techniques 

fall short in developing structures with high fidelity when applied to PDMS Sylgard 527 due 

to its low modulus. To overcome this shortcoming, we develop an unconventional fabrication 

approach which utilizes PDMS sponge to generate nanoscale features on the ultrathin 

membranes. With our approach, nanowrinkles exhibiting amplitudes in the range of 38-210 nm 

and wavelengths in the range of 0.46-1 µm were developed on the freely suspended ultrathin 

membranes. Based on the underlying membrane thickness, the amplitudes and wavelengths of 

the generated nanowrinkles were noted to vary. The amplitude of the nanowrinkles was noticed 

to increase with an increase in membrane thickness. On contrary, the wrinkle wavelength was 

noted to reduce as the underlying membrane thickness increased. Nanowrinkles with large 

wavelength (1 µm) low amplitude (38 nm) were noted for thin membrane (570 nm) whereas 

thick membrane (8.6 µm) resulted in small wavelength (0.46 µm) high amplitude (210 nm) 
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nanowrinkles. Finally, we cultured human umbilical vein endothelial cells on the nanowrinkles 

to demonstrate the utility of our ultrathin membranes with nanoscale features as a cell culture 

substrate exhibiting the nanoscale biophysical environment of vascular basement membranes.   
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Chapter 1. Introduction 

 

1.1  Vascular basement membranes 

Endothelial cells (ECs), lining the lumen of all blood vessels, perform several important 

functions, such as presenting a permeability barrier, trafficking of biochemical cues, and 

relaying information about fluid shear stress to the underlying tissues and cells in the arterial 

walls.[1,2] ECs attach to and interact with the underlying stromal elements via a specialization 

of extracellular matrix, the basement membrane (BM). BM essentially consists of a network 

involving fibers and pores at nanometer and sub-micrometer scales.[3−5] The inherent 

topography and the local compliance of the BM play a critical role in providing the biophysical 

cues to the overlying ECs. These signals later regulate EC migration, adhesion, proliferation, 

and differentiation.[6−9] 

Over the years a well-established relation has been developed between the alterations in 

mechanical properties of vessels and progression of the disease state.[10,11] Numerous 

vascular pathologies have resulted on account of modifying the micromechanical environment, 

including the underlying BM, available to the ECs.[12−16] Cardiovascular pathological state 

such as atherosclerosis has been identified with increased basement membrane thickness and 

stiffness in some vessels.[17,18] Modifying the mechanistic characteristics of BM thus 

indicates that the mechanical properties of BM may be involved directly or indirectly in the 

initiation and progression of cardiovascular disease. Such evidences clearly demonstrate the 

detrimental impacts of altering the biophysical microenvironment, comprised primarily of BM, 

and have started receiving attention lately. Recent technological advances have facilitated 

guided tissue regeneration by developing the much needed vascular scaffolds. However, such 

prosthetic designs lack the essential in vivo like micromechanical environment, namely, 
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compliance and topography of a native vessel. Nonexistence of such biophysical features, in 

past, may be a crucial factor for prosthetic vessel failures.[19,20] 

 

1.2  Basement membranes in vitro 

Enormous efforts have been applied over the past decade to mimic basement membranes in 

vitro. These involved from utilizing sophisticated technologies such as conventional nano and 

microfabrication techniques, replica molding, soft lithography, layer by layer approach, 

microcontact printing to approaches as simple as spin-coating-based fabrication. Numerous 

materials such as poly(L-lactic acid), polyelectrolyte, photoresist (SU 8, 1002F), polystyrene, 

hydrogel, silicon nitride, paralyene HT, glass, and silicon dioxide were explored by these 

techniques to develop membranes with thicknesses ranging from nano- to micrometer 

scales.[21−32] Commercial polycarbonate and polyester membranes as thick as 10 μm have 

also been integrated with microfluidic platforms to mimic the physiological micromechanical 

environment in a more realistic manner.[33,34] Some techniques and materials mentioned 

before could be applied to fabricate membranes with nanoscale thicknesses. However, such 

membranes featured significantly high elastic modulus (MPa−GPa), thereby making it 

physiologically irrelevant. The membranes exhibiting elasticity in tens of MPa could only 

mimic retinal and epithelial basement membranes, as these are characterized by relatively high 

elastic modulus (0.95−20 MPa).[35−38] In contrast, depending on the vessel type, vascular 

basement membranes (VBM) featuring relative low modulus (8−70 kPa)[38−40] and sub-

micrometer scale thickness (120−900 nm)[5,41] could not be mimicked by past approaches. In 

this regard, ultrathin membranes exhibiting elasticity in ∼kPa would be ideal to mimic VBM 

in vitro.  
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1.3  Poly(dimethylsiloxane ) based ultrathin membranes 

Poly(dimethylsiloxane) (PDMS)-based ultrathin films/membranes are other promising 

candidates mimicking the BM. PDMS has been widely applied for diverse applications, such 

as sensors, microfluidic devices, and transducers, to name a few.[42−45] PDMS, with its 

optical clarity and relatively lower modulus and biocompatibility, belongs to an interesting 

class of polymer that is utilized for fabricating ultrathin films. The most common and simplest 

technique to generate PDMS membrane is by spin-coating. Spin-coating-based approach using 

pure PDMS Sylgard 184 typically was used to develop membranes with thickness in the 

micrometer range.[46−48] To achieve sub-micrometer and nanometer scale thicknesses, the 

dilution of pure PDMS using solvents such as hexane is needed. By such a technique, 

submicron and nanoscale membranes are routinely generated.[38,46,49] However, hexane 

results in swelling of cured PDMS. Such a shortcoming can be overcome by using tert-butyl 

alcohol as a solvent for diluting the PDMS or increasing the spin-coating duration. With such 

approach, however, the reported membrane thickness still has been in the micrometer range.[47] 

In addition, irrespective of the thickness of such membranes, the associated modulus has 

always been estimated in ∼MPa range. Such solvent-based dilution approach falls short in 

developing ultrathin membranes with modulus ranging in tens to hundreds of kilopascals. 

 

1.4 Conventional nanowrinkles generation techniques 

As mentioned before, basement membranes primarily comprise of complex meshwork 

involving pores and fibres at sub-micrometre and nanometre scales. Enormous efforts have 

been applied in the past to mimic such sub-micron and nanoscale topographical biophysical 

environment.[50-54] These studies have assisted in elucidating the complex cellular 

behaviours in response to the nano biophysical cues. The fabrication techniques to develop 

such nano and micrometre scales structures have traditional relied on photolithographic, 

writing and printing means. Such techniques demand high cost. Moreover, developing 
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customized features using such techniques have limited throughput. Owing to these 

shortcoming efforts have been directed to develop nano and micrometre scale features using 

alternative techniques.  

Surface wrinkling is one such promising technique with the potential to mimic the nano 

topographical features of vascular basement membranes.[55,56] Past studies have 

demonstrated that surface wrinkles are typically formed when the compressive strain applied 

to the stiff thin film of a bilayer system, consisting of a compliant substrate and a stiff thin film, 

surpasses a critical value.[57,58] A number of ways have been employed to apply the 

compressive strain to the thin film. Typically, these include mechanical compression, thermal 

expansion, and swelling or shrinkage.[59-62] Wrinkles have also been realized using alternate 

approaches such as plasma activation, laser excitation, UV/ozone treatment, and ion-beam 

treatment.[63-66] Nanowrinkles fabrication using PDMS sponge have seldom been reported. 

PDMS sponge have found application in diverse fields such as absorbents and oil/water 

separation appliances, sensors, flexible conductors, energy harvesting and storage devices and 

life science applications to name a few.[67-71] Herein, we propose an alternate approach to 

develop nanowrinkles using PDMS sponge on freely suspended polymeric ultrathin 

membranes to mimic the nanoscale topography of vascular basement membranes. 

 

1.5  Research objectives and contributions 

The primary purpose of this research was to fabricate an ultrathin polymer based membrane 

which could mimic the mechanical characteristics of vascular basement membranes. 

Specifically, the fabricated membranes should be freely suspended and have similar thickness 

and elasticity as those exhibited by vascular basement membranes. The process to fabricate 

such membranes should be facile and should eliminate any demand for using toxic chemicals 
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during the fabrication purpose. In addition, the fabricated membranes should exhibit the 

nanoscale topography of vascular basement membranes.  

To achieve the aforementioned purpose, we selected PDMS Sylgard 527 as compared to the 

commonly used Sylgard 184 to fabricate the freely suspended ultrathin membranes (FSUM). 

Viscosity of Sylgard 527 as per manufacturer data is 0.5 Pa s. In addition, the bulk modulus of 

Sylgard 527 is reported to be 1.5−5 kPa.[72,73] PDMS Sylgard 527 owing to its low modulus 

and low viscosity seldom finds its application in developing nano and micro scale structures. 

However, we exploited these features exhibited by PDMS Sylgard 527 to develop ultrathin 

membranes having similar elasticity and thickness of vascular basement membranes. FSUMs 

were developed using pure PDMS unlike the previously described PDMS solvent mixture-

based approach. Usage of PDMS Sylgard 527 eliminated the need for utilizing hazardous 

chemicals during the fabrication process. Moreover, our approach also eliminated the need for 

a sacrificial layer, as demanded by past fabrication methods for releasing the membrane from 

the substrate. Next, we cultured human umbilical vein endothelial cells (HUVEC) on the 

FSUM, evaluated the cell viability, and studied the cell response with respect to change in 

membrane thickness and local compliance. 

 Moreover, we also developed an alternative approach using PDMS sponge to generate 

nanowrinkles on the ultrathin membranes to mimic the nanoscale topography of vascular 

basement membranes. The porous nature of PDMS sponge and the ability of PDMS Sylgard 

527 to undergo large deformations was put to use for generating such nanowrinkles. Thickness 

of the polymeric ultrathin membranes was varied to evaluate the impact on amplitude and 

wavelength of the generated nanowrinkles. Finally, we demonstrated the utility of the 

nanowrinkles generated on the ultrathin membranes as a cell culture substrate exhibiting the 

nanoscale biophysical environment of the vascular basement membranes. 
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1.6  Research Overview 

The thesis is organized as follows. The first chapter introduces vascular basement 

membranes and its importance. Next several approaches employing different materials to 

mimic the basement membranes in vitro are discussed followed by various wrinkle generation 

techniques. In the second chapter, details about ultrathin membrane fabrication, elastic 

modulus estimation, contact angle measurements, cell culture, live/dead assay protocol, 

statistical analysis are furnished. The third chapter pertains to the results and discussions about 

the fabricated ultrathin membrane and its characterization. In addition, temporal cell response 

to the freely suspended ultrathin membranes thickness are also discussed. Fourth chapter deals 

with PDMS sponge assisted nanowrinkles fabrication on the ultrathin membrane. Results and 

discussions about nanowrinkles characterization and its application as a cell culture substrate 

mimicking the nanoscale topography of vascular basement membranes are provided in the fifth 

chapter. Finally, conclusions are provided in the sixth chapter. 
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Chapter 2. Ultrathin membrane fabrication and cell culture 

 

2.1  Ultrathin membrane fabrication 

Schematic details for fabricating FSUM are illustrated in Figure 2-1. The process begins 

with cleaning a polystyrene Petri dish (diameter 60 mm) with air gun. PDMS Sylgard 527 was 

prepared by mixing part A and part B in a mass ratio of 1:1. The bubbles formed during rigorous 

mixing were removed by degassing the mixture. Next, the freshly prepared PDMS Sylgard 527 

was poured over the air-cleaned Petri dish and spin coated to form an ultrathin layer over the 

dish. The spin-coating speed was varied to fabricate membranes with different thicknesses; 

however, the coating duration was fixed at 90 s. Once coated, the samples were cured in a 

Figure 2-1. Illustration of the process flow for fabricating PDMS Sylgard 527-based freely suspended 

ultrathin membranes. PDMS Sylgard 527 was spin-coated at high speeds to generate ultrathin 

membranes. The membranes were next freely suspended on a PDMS Sylgard 184 frame structure. 
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convection oven at 60 °C for 16 h. Next, a PDMS Sylgard 184 frame structure having a circular 

opening of 5 mm diameter and thickness of ∼3−4 mm was prepared. Briefly, the preparation 

involved mixing Sylgard 184 in a mass ratio of 10:1 (base/curing agent), followed by degassing, 

and allowing it to cure in a convection oven in a Petri dish. Later, an autopsy punch (diameter 

5 mm) was used to create circular openings in the cured PDMS Sylgard 184. The PDMS was 

then cut into a square-shaped frame having a circular opening of 5 mm. The Sylgard 184 frame 

structure was next bonded to the previously spin-coated and cured PDMS Sylgard 527 samples 

using freshly prepared Sylgard 184. The complete assembly was then allowed to cure overnight 

in a convection oven at 60 °C. Once cured, the samples were carefully peeled from the Petri 

dish, resulting in PDMS Sylgard 527 ultrathin membranes freely suspended on PDMS Sylgard 

184 support structure. The PDMS frame structure provides the necessary stability to the freely 

suspended membranes and aids during the peeling process and handling of the ultrathin 

membranes. 

 

2.2  Elastic modulus estimation of ultrathin membrane 

The complete assembly involving PDMS Sylgard 527 membrane suspended on PDMS 

Sylgard 184 frame structure was rested on two vertical columns made using PDMS Sylgard 

184. Next, a known amount of silicone oil (Alfa Aesar) was pipetted onto the freely suspended 

ultrathin membranes and the corresponding membrane extensions were recorded using a 

charge-coupled device (CCD) camera (Basler scout scA640-70gc, Navitar 1-60123 zoom lens). 

The membrane extensions were next quantified using NIH ImageJ software for estimating the 

elastic modulus. 
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2.3  Contact angle measurement 

Contact angle measurements (CAM) were performed for PDMS Sylgard 527 membranes in 

unpeeled and freely suspended states to assess the wettability. Membranes with different 

thicknesses, 570 nm, 972 nm, and 1.8 μm, were utilized for the measurements. In addition, 

CAM for substrates, such as Petri dish (polystyrene, electron beam sterilized), glass slide 

(Marienfeld), PDMS Sylgard 527, and PDMS Sylgard 184, was also performed. Images of 

water droplets resting on different substrates were captured using a CCD camera (Basler scout 

scA64070gc, Navitar 1-60123 zoom lens) and were later used for estimating the contact angles 

by utilizing NIH ImageJ software. 

 

2.4  Cell culture  

Prior to cell seeding, the membranes were washed with phosphate buffered saline (PBS) and 

later UV-sterilized for 5 min. Fibronectin (Sigma-Aldrich, 20 μg mL −1) was next coated on 

the sterilized membranes for 1 h at 37 °C. After 1 h, the membranes were rinsed with PBS to 

remove the excess fibronectin. HUVECs (Lonza), passage 3 to 6, cultured in endothelial growth 

medium (EGM-2) culture medium (Lonza) were used for the experiments. The membranes 

were next seeded with HUVECs having a concentration of 0.5 million cells mL−1 and 

incubated in a 5% CO2 humidified incubator at 37 °C. The cells were finally fixed with 4% 

paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100 at the end of 3, 15, and 

24 h. Alexa 488 Phalloidin (Molecular Probes) and Hoechst 33342 (Molecular Probes) were 

used for staining actin and nuclei for immunofluorescence studies. Confocal images were 

acquired using an Olympus FV 1000 microscope (20× dry objective). NIH ImageJ software 

was utilized for quantification of cell area, percentage area coverage (PAC), density, and spread 

rate measurements. 
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2.5  Live/Dead Assay Protocol 

The determination of live and dead cells was performed using the Live/Dead 

Viability/Cytotoxicity Assay (Invitrogen). After aspirating media from a reservoir in each 

sample, Live/Dead Assay solution was prepared approximately by mixing 4 μM ethidium 

homodimer-1 (detecting dead cells) and 2 μM calcein-AM (detecting live cells) with working 

solution in endothelial growth medium (EGM-2, Lonza). Next, samples were incubated at 

37 °C in a 5% CO2 humidified incubator for 45 min. Before imaging, samples were washed 

2−3 times using EGM-2. The fluorescence images were obtained using a confocal microscope 

(Olympus FV 1000), and the percentage of surviving cells were analyzed by counting the ratio 

of dead (red) and live (green) fluorescence at a given focal plane using Imaris (Bitplane). 

 

2.6  Statistical Analysis 

All data are presented as mean ± standard deviation. Statistical significance was evaluated 

using Student’s t-test and one-way analysis of variance, followed by Tukey’s test. Significance 

was considered for p < 0.05. 
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Chapter 3. Ultrathin membrane characterization and cell 

response  

 

3.1  Details of freely suspended membranes  

To develop basement membranes with physiological relevant compliance and thickness 

appropriate to VBM, we utilized PDMS Sylgard 527. Owing to its low modulus (1.5−5 kPa) 

and low viscosity (0.5 Pa s) as compared to that of Sylgard 184, PDMS Sylgard 527 seldom 

finds its application in making micro- and nanostructures. Recent efforts have shown that even 

Figure 3-1. Details of freely suspended ultrathin membranes. (A) Sylgard 527 membrane freely 

suspended on Sylgard 184 frame structure. Scale bar: 4 mm. Inset shows Newton’s rings developed on 

the FSUM. (B) 20 μL ink droplet resting on the freely suspended ultrathin membrane. Scale bar: 3 mm. 

(C) Highly stretchable relatively thick, micrometre range, Sylgard 527 membrane fabricated at spin 

speed of 500 rpm. Scale bar: 7 mm. (D) Thickness vs spin speed curve for PDMS Sylgard 527-based 

freely suspended membranes. Sub 10 μm range membranes obtained at (E) 8000 rpm, resulting in 

average thickness of 1.8 μm, (F) 5000 rpm having average thickness of 3.4 μm, and (G) 3000 rpm 

having average thickness of 8.6 μm. Scale bar: 2 μm. (H) Membrane obtained at 10000 rpm, resulting 

in average thickness of 972 nm. Scale bar: 300 nm.  (I) Membrane obtained at 12000 rpm, resulting in 

average thickness of 570 nm. Scale bar: 200 nm.   
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with such a low elastic modulus, Sylgard 527 can be used to generate microstructures.[73] 

Moreover, mixing both the PDMS variants results in a hybrid polymer that can be utilized to 

develop more complex microfluidic platforms.[45] We hypothesized that low viscosity of 

Sylgard 527 can be effectively utilized to fabricate membranes with submicron scale 

thicknesses without any additional demand for polymer dilution with toxic solvents. 

To test the hypothesis, Sylgard 527 was spin-coated at high speeds to form ultrathin 

membranes. These ultrathin membranes were later freely suspended on PDMS 184 frame 

structure. One such freely suspended ultrathin membrane having diameter of 5 mm and an ink 

droplet resting on such an ultrathin membrane are shown in Figure 3-1a,b respectively. To 

demonstrate the high elasticity of membranes developed using PDMS Sylgard 527, we 

fabricated a relatively thick membrane in the micrometer range. As shown in Figure 3-1c, the 

micrometer thick membrane exhibits high pliability, mechanical strength, and elasticity when 

peeled from the underlying substrate (Petri dish). Even though the elastic modulus of PDMS 

Sylgard 527 is relatively low as compared to that of other PDMS variants, the mechanical 

strength and pliability displayed can be effectively exploited for numerous applications. The 

thickness vs spin speed curve is illustrated in Figure 3-1d. In the past, membranes with 

thickness in sub 10 μm range using just PDMS Sylgard 184 have seldom been achieved. With 

our approach, we demonstrate membranes in a sub 10 μm range can be fabricated with relative 

ease. Scanning electron microscopy (SEM) images of PDMS Sylgard 527 membranes in a sub 

10 μm range are shown in Figure 3-1e-g. As seen from Figure 3-1d, utilizing just Sylgard 527 

membranes with average thickness of 570 nm can be achieved. To fabricate membranes with 

similar thickness, past approaches required dilution of PDMS Sylgard 184 with various 

solvents.[38,49,74] The low viscosity of Sylgard 527 eliminated the necessity of diluting the 

polymer with hazardous solvents. Moreover, the requirement of a sacrificial layer to release the 

ultrathin membranes from the underlying substrates was also eliminated. With our approach, 
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FSUM with 5 mm diameter, resulting in a sufficiently large area (∼20 mm2) can be routinely 

generated for thickness as low as 570 nm. SEM images of the ultrathin membranes obtained at 

10000 and 12000 rpm are shown in Figure 3-1h,i respectively. Hereinafter, membranes with 

average thickness of 972 and 570 nm will be referred to as thick and thin membranes. 

 

 

3.2 Evaluating the elastic modulus of freely suspended membranes 

Next, we estimated the elastic modulus of thick and thin membranes using the method 

described elsewhere.[38] The membrane extension under different fluid volumes for both thick 

and thin membrane can be seen in Figure 3-2. Figure 3-2a-c shows thick membrane extensions 

for fluid volumes of 80, 100, and 120 μL, respectively. Thin membrane extensions 

corresponding to fluid volumes of 40, 60, and 80 μL are shown in Figure 3-2d−f, respectively. 

To confirm the membranes were intact and not ruptured due to fluid loading after completion 

of the test, we pushed the membrane in vertical direction using a paper tissue. Figure 3-2g 

shows the intact membrane stretched in upward direction by the paper tissue, in turn confirming 

the membrane extensions were purely due to fluid loading and not an artifact. To demonstrate 

the difference between an intact and a ruptured membrane, we intentionally ruptured a 

membrane using a paper tissue, as shown in Figure 3-2h. We also estimated the elastic modulus 

for membranes having thicknesses in the sub 10 μm range as shown in Figure 3-3.  

The average elastic modulus for thick (972 nm) and thin (570 nm) membranes was estimated 

to be 45 and 214 kPa respectively, as shown in Figure 3-2i. Such a distinct combination of 

membranes having thickness in sub-micrometers and elasticity in kilopascal, vital from 

physiological perspective, has not been achieved by previously described techniques involving 
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polymer dilution. The thick membrane exhibited a lower elastic modulus as compared with the 

thin membrane. Similar characteristics have also been reported for membranes fabricated using 

Figure 3-2. Evaluating the elastic modulus of FSUMs. The ultrathin membranes were loaded with a 

known amount of fluid volume, and the corresponding membrane extensions were used for estimating 

the elastic modulus. Thick membrane (972 nm) extension for silicone oil volume of (A) 80 μL, (B) 100 

μL, and (C) 120 μL. Scale bar: 1 mm. Thin membrane (570 nm) extension for (D) 40 μL (E) 60 μL, and 

(F) 80 μL of silicone oil. Scale bar: 1 mm. (G) Stretching of the ultrathin membrane in upward direction 

using a paper tissue after fluid loading test to confirm the intactness of the ultrathin membrane. (H) 

Intentional rupture of the ultrathin membrane using a paper tissue to demonstrate the difference between 

an intact and a ruptured membrane. (I) Elastic modulus estimation for thick (972 nm) and thin (570 nm) 

freely suspended ultrathin membranes. Inset illustrates the setup for estimating FSUM elastic modulus. 

##p < 0.0001, t-test. 
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more commonly used PDMS Sylgard 184.[75] This behavior was attributed to the generation 

of shear stress during spin-coating process. The shear stress generated results in the reordering 

of polymer chain coils, leading to strongly cross-linked networks based on the induced 

thickness of the membranes. Considering that the viscosity of Sylgard 527 is much lower than 

that of Sylgard 184 and significant high spin speeds utilized, we believe the effect was more 

pronounced in our case. In any case, we were able to develop an artificial membrane that 

mimics the VBM with similar mechanical characteristics, namely, local compliance and 

thickness. 

 

 

Figure 3-3. Elastic modulus vs membrane thickness curve for PDMS Sylgard 527 based freely 

suspended membranes. The elastic modulus was noticed to reduce as the membrane thickness increased 

from sub-micrometre to micrometre scale. 
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3.3 Wettability assessment in unpeeled and freely suspended states 

We next assessed the wettability of PDMS Sylgard 527 ultrathin membranes by measuring 

the contact angles in both unpeeled and freely suspended states. The contact angle 

measurements revealed the ultrathin membranes exhibited hydrophobic characteristics in 

unpeeled state during which they were firmly attached to the underlying substrates (Petri dish). 

Figure 3-4a,b shows water droplet resting on unpeeled ultrathin membranes having thickness 

of 570 and 972 nm, respectively. To test if the wetting characteristic was dependent on the 

substrate thickness, we also measured the contact angle on a slightly thick membrane having 

Figure 3-4. Assessment of PDMS Sylgard 527 membrane’s wettability in unpeeled and freely 

suspended states. Contact angle measurements for unpeeled PDMS Sylgard 527 membranes firmly 

attached to Petri dish and having thickness of (A) 570 nm, (B) 972 nm, and (C) 1.8 μm. Water droplet 

contact angles on freely suspended PDMS Sylgard 527 membranes having thickness of (D) 570 nm, 

(E) 972 nm, and (F) 1.8 μm. Contact angles of water droplet on (G) 3 mm thick PDMS Sylgard 527 

substrate, (H) Petri dish used for fabricating the membranes, and (I) glass slide utilized for cell culturing. 
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thickness of 1.8 μm. Figure 3-4c reveals the membrane still displayed hydrophobic 

characteristics similar to that observed for the ultrathin membranes. In contrast, when contact 

angle measurements were performed in the freely suspended state for both the ultrathin as well 

as micrometer thick membrane, a shift from hydrophobic to hydrophilic behavior was noted. 

Contact angles of water droplets on both the FSUMs and the freely suspended micrometer thick 

membrane are shown in Figure 3-4d−f. The results clearly demonstrate the shift in wetting 

characteristics from an unpeeled to a freely suspended state. This behavior can be attributed to 

the fact that in the freely suspended state, the droplets had deformed the underlying membranes 

as shown in Figure 3-5, whereas no such deformation was noticed in the unpeeled state. Past 

Figure 3-5. Shift in wetting behaviour from hydrophobic (unpeeled membranes) to hydrophilic (freely 

suspended) state due to deformation of the PDMS Sylgard 527 membranes by the overlying water 

droplets. Deformations of PDMS Sylgard 527 freely suspended membranes having thickness of (A) 1.8 

µm, (B) 570 nm and (C) 972 nm. 



18 
 

studies have shown liquid droplets when placed on soft and deformable substrates display 

different wetting characteristics as compared with droplets resting on rigid substrates.[76−78] 

In addition, we also measured the contact angles for a 3 mm thick PDMS Sylgard 527 

substrate, Petri dish used for ultrathin membrane fabrication, and glass side utilized for cell 

culturing, as shown in Figure 3-4g−i. Even though the bulk modulus of PDMS Sylgard 527 is 

significantly low (1.5−5 kPa), the CAM confirms it to exhibit hydrophobic behavior. In contrast, 

the Petri dish and glass slide demonstrated hydrophilic characteristics. Comparing the contact 

angles for coated and uncoated Petri dish clearly demonstrates the effect of PDMS Sylgard 527 

ultrathin membranes on wetting behavior, as shown in Figure 3-4a−c,h. To further validate that 

deformation of the FSUMs attributed to the decrease in contact angle, we placed a water droplet 

on the supporting PDMS Sylgard 184 frame structure and measured the contact angles. Figure 

3-5a−c clearly demonstrates that in freely suspended state, the ultrathin membranes exhibited 

hydrophilic behavior due to the ability of water droplets to deform the underlying membranes, 

as opposed to the hydrophobic behavior displayed on PDMS Sylgard 184 frame structure. 

During the CAM, it was ensured the water droplets rested only on the freely suspended 

membranes and no contribution was added to the wetting behavior from the membrane 

boundaries.  

 

Figure 3-6. Validation of reduction in contact angles on freely suspended PDMS Sylgard 527 

membranes due to deformation of the membranes by the overlying water droplets. Comparison of 

contact angles of water droplet on PDMS Sylgard 184 frame structure and PDMS Sylgard 527 freely 

suspended membranes having thickness of (A) 570 nm, (B) 972 nm, and (C) 1.8 μm. 
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3.4  Evaluation of fibronectin adsorption and cell viability test 

Next, to demonstrate the in vitro utility of FSUMs, we cultured HUVECs on thick and thin 

membranes and studied the response of cells to change in membrane thickness. Prior to cell 

seeding, both the membranes were coated with fibronectin to permit cell adhesion. A glass slide 

coated with fibronectin was used as control for all experiments. To evaluate fibronectin 

adsorption on FSUMs, we stained the membranes with anti fibronectin antibody (BD 

Bioscience). Figure 3-7a shows the images of uncoated and coated FSUMs, clearly indicating 

that fibronectin was well adsorbed on the Sylgard 527 ultrathin membranes. Quantification of 

fibronectin adsorption between the thick and thin FSUMs was also performed and is as shown 

in Figure 3-7b. No significant difference was noticed between the adsorption of fibronectin on 

the membranes with different thicknesses. A previous study has also reported uniform 

adsorption of fibronectin for a range of stiffness values on different PDMS variants (PDMS 

Sylgard 184 and PDMS Sylgard 527) and numerous mixtures of PDMS Sylgard 184 and 

Sylgard 527.[72] Since Sylgard 527 is seldom used for cell biology experiments, we performed 

cell viability test to evaluate any adverse effect of this particular variant of PDMS. Results of 

Figure 3-7. (A) Evaluation of fibronectin adsorption on ultrathin membranes. (i) Uncoated, (ii) coated 

thick FSUM, and (iii) coated thin FSUM. (B) Quantification of fibronectin on FSUM. Cell viability for 

(C) thick and (D) thin membrane and (E) control. (F) Cell viability quantification 
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the viability test after 48 h of culture period are as shown in Figure 3-7c−f. The viability of 

cells was found to be 100% for both FSUM and control.  

 

 

3.5 Temporal cell response to change in compliance of the ultrathin 

membranes 

To evaluate the cell response, HUVECs were seeded on FSUMs having two different 

thicknesses, namely, 972 nm (thick) and 570 nm (thin). As mentioned earlier, a glass slide 

acted as control for all experiments. Cells were fixed, permeabilized, and stained for nuclei and 

actin at the end of 3, 15, and 24 h for confocal imagining. Figure 3-8 summarizes the confocal 

images captured at three different time intervals for three different substrates.  

 

 

3.5.1 Temporal cell response keeping substrate as a fixed parameter 

We first discuss the results keeping the substrate as a fixed parameter and study the cell 

response over a period of 24 h for individual substrates. Next, we keep time as a fixed parameter 

and study the cell response across different substrates. Quantification of cell area results is 

shown in Figure 3-9a. For all three substrates, the cell area increased with time. Significant 

difference in areas was noted between the three time intervals for all substrates. Such temporal 

cell area response was in agreement with past research.[79−82] The morphology of HUVECs 

on the thick membrane did not change drastically over the period of 24 h. However, noticeable 

differences were observed for thin and control cases.  

We next quantified the percentage of area covered by HUVECs for a given captured frame. 

The results for percentage area coverage (PAC) are shown in Figure 3-9b. The PAC curve 

exhibited a trend similar to that observed for cell area curve. The area covered by the spreading 
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cells was noticed to increase as the incubation period prolonged. In the case of both the 

nanomembranes, no significant difference in PAC was noted for the time duration from 3 to 15 

and 15 to 24 h. A significant difference was only noted when PAC at 24 h was compared with 

a 3 h response. However, for control, a significant difference in PAC was noticed between each 

time interval. The cell density was evaluated next, as shown in Figure 3-9c. The number of 

cells per square millimeter did not differ much on both the membranes, as demonstrated by the 

Figure 3-8. Confocal images of HUVECs stained using Hoechst for nucleus and phalloidin for actin, 

cultured on thick (972 nm) and thin (570 nm) freely suspended ultrathin membranes and glass slide 

acting as control. The images were captured at 3, 15, and 24 h and were utilized to evaluate the temporal 

cell response to change in compliance of the ultrathin membranes. Scale bar: 100 μm. 
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cell density curve. However, the trend for the density curve remained identical for all three 

substrates. The cell density did not vary significantly from 3 to 15 h for all cases. A significant 

variation was only observed between 3 and 24 and 15 and 24 h on all substrates. For control, 

at 24 h, the cell density had increased by 1.6-fold compared to that in a 3 h duration. On both 

the membranes, the cell density incremented by 1.4-fold at 24 h compared to that at 3 h. 

Quantification of the cell spreading rate was also performed, as shown in Figure 3-9d. The 

rate of spreading was determined at three distinct time intervals by dividing the cell area with 

Figure 3-9. Temporal HUVECs’ response on FSUMs and control. (A) Quantification of cell area on 

three substrates for a 24 h period. For thick FSUM, #p < 0.01 between all three time periods, 3, 15, and 

24 h. For thin FSUM and control, *p < 0.05 between 15 and 24 h, #p < 0.01 between 3 and 15 and 3 

and 24 h; Tukey’s test. (B) Percentage area coverage response of HUVECs on different substrates. *p 

< 0.05 between 3 and 24 h on thick FSUM. For thin FSUM, #p < 0.01 between 3 and 24 h. On control, 

#p < 0.01 between all time periods; Tukey’s test. (C) Cell density quantification. *p < 0.05 between 3 

and 24 and 15 and 24 h on both FSUMs. *p < 0.05 between 15 and 24 h and #p < 0.01 between 3 and 

24 h on control; Tukey’s test. (D) Spread rate. #p < 0.01 between 3 and 15 and 3 and 24 h for all three 

substrates. Tukey’s test. 
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the time interval for measurement under consideration. The spreading rate was noticed to 

reduce as the incubation period prolonged for all cases. The reduction in the spreading rate 

occurred in two phases. The first phase, from 3 to 15 h, involved sharp decrease of the spread 

rate by more than 50% on both the FSUM and more than 60% on control, followed by moderate 

reduction from 15 to 24 h. This two-phased reduction trend was consistent for all substrates.  

 

 

3.5.2 Cell response across different substrates keeping time as a fixed 

parameter 

We next compared the cell response at three different time intervals across the different 

substrates. As shown in Figure 3-10a, at 3 h, a significant difference in cell area was observed 

between all three substrates. The cell area increases as we move from a thick to thin membrane 

and finally to control. Our data clearly indicates the substrate elasticity dominance on the cell 

response at the end of 3 h duration over the given range of compliance available in our study. 

Quantification of the cell area results indicates ∼2.5 and ∼1.8 times higher spreading on control 

compared to spreading on thick and thin membranes. For 15 and 24 h, significant differences 

too were noted between all three substrates. However, the cell area was quantified to be ∼2 and 

∼1.3 times larger on control as compared to that on thick and thin membranes. This drop in 

cell spread area over increased time period supports the spread rate curves shown in Figure 3-

9d. These results clearly indicate the effects of cell−cell contacts on cell area response for 

different substrates over a period of 24 h. Throughout the duration of 24 h, control exhibited 

the highest cell area and the smallest area was noticed on the thick membrane. This behavior 

can be attributed to the modulus of the substrates under consideration. 

Quantification of PAC across different substrates is shown in Figure 3-10b. PAC at the end 

of a 3 h duration revealed no significant difference in membrane area coverage between the 

two variants of FSUM. However, the differences were noteworthy when PAC results of both 



24 
 

the FSUM variants were compared with control. The PAC results for 15 and 24 h indicated 

Figure 3-10. Comparison of cell response across different substrates, thick (972 nm), thin (570 nm) 

PDMS Sylgard 527-based freely suspended ultrathin membranes and glass slide, keeping time as the 

fixed parameter. Quantification at 3, 15, and 24 h of (A) cell area, (B) percentage area coverage, (C) cell 

density, and (D) spread rate on the two variants of FSUM and control. *p < 0.05 and #p < 0.01; Tukey’s 

test. 
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marked differences between all substrates. Distinct morphological changes were also noted at 

end of 15 h. The changes intensified as the incubation period was prolonged to 24 h. The cells 

demonstrated the ability to spread on thick membranes. However, the extent of spreading 

exhibited was less. On the contrary, monolayers of HUVECs were just observed to initiate on 

both control and thin membranes. Marked differences were observed at the end of 24 h, with 

HUVEC monolayer being established on control whereas isotropically extended cells were 

visible on thick FSUM. At 24 h, more than 90% of control was covered in contrast to just ∼30% 

of thick FSUM.  

We next verified the elasticity effect on cell density across the three substrates at different 

time intervals, as shown in Figure 3-10c. For all three time intervals, the cell density did not 

vary much between both FSUMs. The compliance effect was only revealed when cell density 

on control was compared to that of both FSUMs. At the end of 3 h, on control, the number of 

cells per square millimeter was ∼1.2 times greater than cell density on the thick membrane. As 

the incubation period prolonged, the cell density was modified too. For both, 15 and 24 h, ∼1.4 

times increase in density on control was exhibited when compared to that on thick FSUM. Last, 

we compared the spread rate between different substrates at 3, 15, and 24 h, as shown in Figure 

3-10d. At 3 h, significantly different spread rates were noted on all three substrates. Control 

exhibited the highest rate, whereas the slowest rate was detected on the thick membrane. The 

rate of spreading was quantified to be ∼2.6 and ∼1.8 times higher on control when compared 

to that on thick and thin membrane. For 15 and 24 h, the rate of spreading too was significantly 

different when control was compared with both FSUMs. Control exhibited ∼2 and ∼1.3 times 

higher spread rates than thick and thin FSUMs at both, 15 and 24 h. As before, the highest rate 

was detected on control and slowest was on thick FSUM. The effects of cell-cell adhesion and 

monolayer formation too were noticed on spread rate response just like those observed in cell 

area response across the three substrates. 
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3.6  Confirmation test of compliance as the driving mechanism  

Next, to confirm whether compliance of the underlying ultrathin membranes was actually 

the driving mechanism of the observed cellular behavior, HUVECs were cultured on 

membranes (both thick and thin) attached rigidly to the glass slide and the cell behavior was 

next compared to behavior of cells cultured on FSUMs (both thick and thin). A significant 

difference in cell behavior was noticed as shown in Figure 3-11. When freely suspended, after 

Figure 3-11. Response of HUVECs cultured on ultrathin membranes (both thick and thin) attached 

rigidly to glass slide was compared with response of HUVECs cultured on FSUMs (both thick and thin) 

to confirm whether compliance was actually the driving mechanism of the observed cellular behaviour. 

After 24 hours, cell response on (A) Thick membrane freely suspended. (B) Thick membrane attached 

to glass slide. (C) Thin membrane freely suspended. (D) Thin membrane attached to glass slide. Scale 

bar: 100 µm. 
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24 h, cells on the thick membrane (972 nm) were noticed as single, pairs, and groups of three 

to four cells whereas initiation of the monolayer was noticed on the thin membrane (570 nm) 

after 24 h. On the contrary, the monolayer of HUVECs was noticed on both the thick (972 nm) 

and thin (570 nm) membranes attached rigidly to the glass slide after 24 h. Also, considering 

the fact that no significant difference was noted between fibronectin adsorption on both the 

FSUMs, it can be confirmed that compliance of the FSUMs was the driving factor for the 

reported cellular behavior.  

 

 

3.7  Summary of cell response 

Figure 3-12 summarizes the cell response to change in local compliance of the FSUM. Over 

the period of 24 h, for all three substrates, the cell area, PAC, and density increased. In contrast, 

the spread rate was noticed to decrease as time progressed. This behavior can be attributed to 

the fact that the cells had formed a monolayer on control whereas the initiation of the monolayer 

was just noticed on thin FSUM. For the thick FSUM, the cells exhibited no signs of monolayer 

formation; instead, isolated single cells, pairs, and groups of three to four cells were noticed. 

The cells are spatially confined within a monolayer due to tight cell packing on account of cell-

cell contacts, affecting the rate at which they spread. Next, we kept the time period fixed and 

studied the cell response across the three substrates. The cell area, PAC, density, and spread 

rate were noticed to increase as we move from highly compliant thick FSUM to relatively stiff 

thin FSUM and finally to control. Such response was primarily driven by the underlying 

substrate elasticity. Taken together, our results indicate cells prefer cell-substrate interactions 

for highly compliant FSUM having a modulus of 45 kPa and cell-cell interactions for control 

and relatively stiff thin FSUM having a modulus of 214 kPa. 
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Majority of the past effort in vitro was directed to understand the influence of the underlying 

substrate on cell mechanics.[6−9] However, most of these studies relied on single or isolated 

cells lacking cell−cell contacts. The influence of cell-cell contacts on cell properties is 

emerging recently. One such study involved culturing HUVECs on fibronectin-coated glass 

substrates and determined the cell properties for the monolayer, groups, and single cells.[81] 

Monolayers of HUVECs on glass substrates exhibited less focal adhesion (FA) density as 

compared with single cells. In addition, weakening the cell-cell adhesions by treating cells with 

Figure 3-12. Summary of temporal cell response to change in thickness, in turn the local compliance of 

ultrathin membranes in matrix format. Columns represent different culture substrates, and rows indicate 

incubation period. Keeping the substrate as a fixed parameter, except the spread rate, cell area, density, 

and percentage area coverage, increases on all the three substrates as incubation time progresses. 

Holding incubation period as a fixed parameter, the density, cell area, spread rate, and percentage 

coverage area keep increasing from a highly compliant thick (972 nm, 45 kPa) ultrathin membrane to 

relatively stiff thin (570 nm, 214 kPa) ultrathin membrane and finally to control. 
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a very low dose of cytoB (10 ng mL−1) or VE-cadherin antibody resulted in larger and highly 

dense FAs as compared to FAs in control HUVEC monolayer. Such response clearly indicates 

dominance of cell-substrate interaction when HUVECs were isolated by weakening the cell-

cell contacts and preference for cell-cell adhesions when present in a monolayer formation. 

Moreover, cells were noted to have well-defined stress fibers in both isolated as well as 

monolayer formation states. However, in single cells, the stress fibers were mainly located in 

parallel throughout the cell area, in contrast to just concentration at the cell periphery in 

monolayer formation. Such response, involving reduced FAs per cell area and altered stress 

fiber arrangement in the monolayer, implies that cells rely more on cell-cell adhesions rather 

than cell-substrate interactions for maintaining the integrity of the monolayer. On the contrary, 

when in isolation, cell-substrate adhesion dominates.  

Lately, more and more attention is being focused on understanding the cell response to 

change in local compliance of native basement membranes. In a recent study, different 

endothelial cell types were presented, with substrates mimicking the elasticity of vascular 

basement membranes and the impact of such substrates on cell behavior was investigated.[83] 

Even though the range of the elastic modulus considered was not broad, the cells responded in 

a notable way. Such data stress the importance of mimicking basement membrane elasticity 

and thickness. Our data reveals that ECs sense the alterations in the micromechanical 

environment presented to them, and dynamically respond to the modifications therein.  
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Chapter 4. Nanowrinkles fabrication and cell culture 

4.1  Wrinkle fabrication process flow 

To generate wrinkles on freely suspended ultrathin membranes a double sided copper tape 

was stuck onto a metal stub as shown in Figure 4-1. Next, a thin section (~ 2 to 3 mm thick) of 

PDMS Sylgard 184 sponge was placed on top of the copper tape. Briefly, PDMS Sylgard 184 

sponge was prepared by placing sugar cubes over the uncured PDMS Sylgard 184 formulation 

(base:curing agent, 10:1) in a petri dish. The porous sugar cubes were next filled with uncured 

PDMS with the assistance of vacuum and later cured overnight in a convection oven. The 

PDMS laden sugar cubes were next dissolved in hot water resulting in porous PDMS Sylgard 

184 sponge. Thin sections (~2 to 3 mm thick) of porous PDMS sponge were later obtained 

using a sharp blade. PDMS Sylgard 527 based freely suspended ultrathin membrane was next 

placed on top of the thin PDMS sponge section. The entire assembly consisting of ultrathin 

membrane resting on thin PDMS sponge section was later sputter coated with platinum under 

Figure 4-1. Illustration of the process flow for generating wrinkles on freely suspended membranes. Thin 

sections of PDMS sponge and the ability of PDMS Sylgard 527 to undergo large deformations were 

exploited to develop the wrinkles on ultrathin membranes. 
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vacuum (8e-6 mbar) for 100 seconds (Leica). Wrinkles were noted on the ultrathin membrane 

after venting.  

 

4.2  Cell culture 

Prior to cell seeding, the membranes were washed with phosphate buffered saline (PBS) and 

later UV-sterilized for 5 min. Fibronectin (Sigma-Aldrich, 20 μg mL −1) was next coated on 

the sterilized membranes for 1 h at 37 °C. After 1 h, the membranes were rinsed with PBS to 

remove the excess fibronectin. HUVECs (Lonza), passage 3 to 6, cultured in endothelial growth 

medium (EGM-2) culture medium (Lonza) were used for the experiments. The membranes 

were next seeded with HUVECs having a concentration of 0.5 million cells mL−1 and 

incubated in a 5% CO2 humidified incubator at 37 °C. The cells were finally fixed with 4% 

paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100 at the end of 24 h.  
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Chapter 5. Nanowrinkles characterization and application   

 

5.1 Pore size distribution 
 

The porous nature of PDMS sponge was essentially utilised in developing the nanowrinkles. 

Since pores of different sizes and shapes are arbitrarily generated in PDMS sponge it 

Figure 5-1. (Ai-vi) Scanning electron microscopy images of thin sections of porous PDMS sponge 

utilized for wrinkle generation on the ultrathin membranes. (B) Histogram of pore area to estimate the 

frequency of occurrence of different pore sizes.  



33 
 

necessitates the quantification of pore size distribution. To evaluate the pore area and its 

frequency of occurrence, thin PDMS sponge sections (~2 to 3 mm thick) were imaged using 

Scanning Electron Microscopy (SEM). NIH ImageJ was next utilised to estimate the pore area 

using the SEM images, as shown in Figure 5-1a. Figure 5-1b illustrates the frequency of pore 

area occurrence. The pore area distribution ranged from 0.015 mm² to 1.2 mm². Pore areas 

between 0.015 mm² and 0.030 mm² were noted to have the highest frequency of occurrence. 

Majority of the pore area counts was noticed to lie between 0.015 mm² and 0.045 mm². The 

rate of occurrence reduced for pores exhibiting area greater than 0.045 mm² as shown in Figure 

5-1b. 

 

5.2 Ultrathin membrane thickness based nanowrinkles generation 

 
The low modulus of PDMS Sylgard 527 hinders in developing microstructures with high 

fidelity using the conventional soft lithography method. The poor accuracy results on account 

of large deformations encountered during the peeling of highly complaint PDMS Sylgard 527 

from the master. Such a shortcoming can be overcome by an alternate unconventional 

fabrication technique or by creating a hybrid mixture of PDMS Sylgard 527 and 184.[45,73] 

We hypothesized that the ability of PDMS Sylgard 527 to undergo large deformations can be 

constructively utilised to generate nanostructures. 

To test our hypothesis, we first developed PDMS Sylgard 527 ultrathin membranes with 

different thicknesses as described in section 2.1. Next, we placed the ultrathin membrane on a 

thin section of PDMS sponge and sputter coated platinum under vacuum. The air trapped in 

the porous PDMS sponge forced the overlying ultrathin membrane to undergo deformations as 
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a result of vacuum generation. During the deformed state platinum was sputter coated on the 

ultrathin membrane. Once coated, the chamber was vented resulting in the highly compliant 

ultrathin membrane returning to its original state. The mismatch in elasticity between the stiff 

sputtered platinum and the highly compliant polymeric membrane resulted in generation of the 

wrinkles. 

Figure 5-2. Scanning electron microscopy images of wrinkles generated on ultrathin membranes having 

thickness of (A) 570 nm, (B) 972 nm, (C) 1.8 µm, (D) 3.4 µm, and (E) 8.6 µm. Scale bar 1 µm. (F) Line 

profile plot of wrinkles developed on membranes with various thicknesses. 

Figure 5-3. Scanning electron microscopy images of uniform wrinkle generation on sufficiently large 

area on membrane having thickness of (A) 570 nm and (B) 972 nm. 
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Wrinkles were generated on ultrathin membranes with different thicknesses. Typically, the 

ultrathin membranes utilised had thickness of 570 nm, 972 nm, 1.8 µm, 3.4 µm and 8.6 µm 

respectively. The SEM images of wrinkles developed on PDMS Sylgard 527 ultrathin 

membranes having different thicknesses is as shown in Figure 5-2a-e. Figure 5-3 showcases 

that the wrinkles can be generated uniformly on a sufficiently large area. The wrinkles were 

also imaged using Atomic force microscopy (AFM) as shown in Figure 5-4a-j. Previous studies 

and also our data presented in section 3.2 have demonstrated that membranes with different 

thicknesses exhibit different levels of elasticity. In particular, the compliance of the membranes 

increases with an increase in membrane thickness. Such a thickness dependent elasticity 

behaviour of the ultrathin membranes resulted in wrinkles having different amplitudes and 

wavelengths.  

 

 

 

 

 

 

Figure 5-4. Atomic force microscopy images of wrinkles generated on ultrathin membranes having 

thickness of (A) 570 nm, (B) 972 nm, (C) 1.8 µm, (D) 3.4 µm, and (E) 8.6 µm. 3 dimensional profile 

plot of wrinkles developed on membranes with thickness of (A) 570 nm, (B) 972 nm, (C) 1.8 µm, (D) 

3.4 µm, and (E) 8.6 µm. 
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5.2.1 Amplitude variation based on ultrathin membrane thickness 

Next, we evaluated the amplitude and wavelength of the wrinkles generated on membranes 

with different thicknesses as shown in Figure 5-5. Figure 5-5a illustrates the variation in 

amplitude of the generated wrinkles based on membrane thicknesses. The ultrathin membrane 

having thickness of 570 nm was noted to have an average amplitude of 38 nm. On contrary, 

relatively thick membrane having thickness of 8.6 µm exhibited an average amplitude of 210 

nm. The amplitude of the nanowrinkles was noticed to increase with an increase in membrane 

thickness. Elasticity of the underlying membranes utilised for developing the nanowrinkles 

resulted in such a response. Our data presented in section 3.2 demonstrated membranes with 

thickness of 570 nm were relatively stiff when compared with membranes having thickness of 

8.6 µm. The relatively stiff 570 nm ultrathin membrane undergoes less deformations as 

compared to relatively compliant 8.6 µm thick membrane resulting in lower amplitudes for thin 

membranes and higher amplitudes for thick membranes. 

 

5.2.2 Wavelength variation based on ultrathin membrane thickness 

The variation of wrinkle wavelength with respect to membrane thickness is as shown in 

Figure 5-5b. The ultrathin membrane with thickness of 570 nm exhibited average wavelength 

of 1 µm whereas the relatively thick membrane having a thickness of 8.6 µm displayed an 

average wavelength of 0.46 µm. The wrinkle wavelength was noted to reduce as the underlying 

membrane thickness increased. The relatively stiff thin membranes exhibited large 

wavelengths whereas the relatively thick compliant membranes exhibited small wavelengths. 

Such an underlying substrate thickness based wavelength response was in agreement with 

previous study.[84,85] Figure 5-5c summarises the ultrathin membrane thickness dependent 

nanowrinkles generation. As the underlying membrane thickness increases the nanowrinkles 

amplitude increases in contrast the wavelengths are noticed to reduce as the membrane 



37 
 

thickness increases. Thin membranes result in nanowrinkles having large wavelength low 

amplitude whereas thick membranes result in small wavelength high amplitude nanowrinkles.  

 

5.3 Test to confirm platinum bonding 

Usage of the ultrathin membranes having nanowrinkles as a cell culture substrate would 

require the platinum coated surface to be exposed to fluid media. Such an exposure could result 

in detachment of platinum from the membrane surface thereby resulting in loss of the generated 

nanowrinkles. To confirm the bonding of platinum to the membrane surface even after 

exposure to fluid media we immersed the platinum coated ultrathin membranes in DI water for 

different time durations, namely, 24 h, 48 h and 72 h respectively. Next, the samples were air 

dried and later imaged using SEM. The membrane surfaces corresponding to the different time 

Figure 5-5. Variation in amplitude of generated wrinkles with respect to membrane thickness. (B) 

Variation in wavelength of the generated wrinkles based on membrane thicknesses. (C) Schematic 

illustrating membrane thickness dependent wrinkle generation. The amplitudes were noticed to increase 

with an increase in membrane thickness. On contrary, the wavelengths were noted to reduce as the 

membrane thickness increased. 
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durations in DI water are as shown in Figure 5-6. The results clearly indicate that platinum was 

attached to the membrane surface even after being immersed in DI water for a duration of 72 

h. Such a response in turn confirmed that there would be no loss of the nanowrinkles when 

these substrates are employed for cell culturing.  

 

 

 

 

Figure 5-6. Confirmation of platinum attachment to the membrane surface after exposure to fluid media. 

(A) Platinum coated membrane surface. The ultrathin membrane surfaces after immersion in DI water 

for time duration of (B) 24 h, (C) 48 h, and (D) 72 h. 
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5.4 Utility as a cell culture substrate   

Next, we demonstrated the utility of ultrathin membranes with nanowrinkles as a cell culture 

substrate having physiologically relevant nanoscale topographical features typically associated 

with that of basement membranes. Basement membranes primarily comprise of complex 

meshwork involving pores and fibres at sub-micrometre and nanometre scales. These nano and 

submicron topographic features have been shown to regulate the overlying endothelial cells 

migration, adhesion, proliferation and differentiation.  

Prior to cell seeding, the freely suspended ultrathin membranes with nanowrinkles were 

coated with fibronectin to permit cell adhesion. Human umbilical vein endothelial cells were 

cultured on the nanowrinkles having different amplitudes and wavelengths and were fixed at 

the end of 24 h. Once fixed, the samples were washed with graded alcohol of different 

concentration, namely, 50%, 70%, 80% 90% for 1 time and 100% for 3 times for a duration of 

5 minutes each. Next, the samples were dried using critical point drying and later imaged using 

Figure 5-7. Scanning electron microscopy images of human umbilical vein endothelial cells cultured 

on nanowrinkles developed on membranes having thickness of (A, B) 570 nm, (C) 1.8 µm, (D-F) 8.6 

µm, (G-L) 3.4 µm. 
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scanning electron microscopy. The SEM images of HUVECs cultured on nanowrinkles having 

different amplitudes and wavelengths are as shown in Figure 5-7.   

Lately, wrinkling of the skin layer has emerged as a facile, rapid and unconventional method 

to fabricate nano and microscale surface textures. These textured surfaces have been greatly 

appreciated and applied to elucidate complex cell behaviors in response to nano and microscale 

biophysical cues in vitro.[55,56,86] We believe, in future, our freely suspended ultrathin 

membranes having nanowrinkles with its ability to aptly replicate the nanoscale topographical 

environment of vascular basement membranes will assist in improving our understanding of 

cell-substrate interactions and find significant applications in regenerative medicine and tissue 

engineering. 
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Chapter 6. Conclusions 

Present day micro- and nanofabrication techniques allow fabrication of miniaturized 

structures and systems down to nanoscale and beyond with relative ease. However, even with 

such sophisticated technologies, developing nanostructures exhibiting a modulus in the Pa−kPa 

range still remains a big challenge. In the past, basement membranes with a relatively high 

elastic modulus (MPa−GPa) and thickness in ten to hundreds of nanometres have been 

fabricated. Such a combination of high modulus and nanoscale thickness is only ideal to mimic 

retinal and epithelial basement membranes. In contrast, vascular basement membranes 

characterized with relatively low elastic moduli and sub-micrometre scale thicknesses have 

received little attention.  

Our fabrication approach demonstrated that freely suspended ultrathin membranes having a 

relatively low modulus can be effectively realized. With an appropriate choice of the material, 

we eliminated the need of diluting polymer with hazardous solvents to achieve sub-micrometre 

scale thicknesses. In addition, no sacrificial layer was required for releasing the membranes in 

our approach. Due to the ability of water droplets to deform the membranes in freely suspended 

state, a change in wetting behaviour was noticed when contact angle measurements were 

performed in unpeeled and freely suspended states. We tested the utility of our FSUMs as a 

culture substrate having physiologically relevant thickness and modulus of VBM and evaluated 

if the local compliance of the FSUMs had any effect on cell response over a period of 24 h. 

The results indeed confirmed that the local compliance of FSUMs, in turn the membrane 

thickness, governed the cell response with the effect being more pronounced as the incubation 

period was prolonged. Cells preferred cell-substrate interactions on highly compliant FSUM in 

contrast to cell-cell interactions on relatively stiff thin FSUM and control.  
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Furthermore, we also demonstrated a facile fabrication approach to develop nanoscale 

features on the freely suspended ultrathin membranes to mimic the nanoscale topographical 

environment of vascular basement membranes. The unconventional facile fabrication approach 

utilized the porosity of PDMS sponge and the ability of PDMS Sylgard 527 to undergo large 

deformations to fabricate the nanowrinkles on the ultrathin membranes. The amplitudes and 

wavelengths of the nanowrinkles fabricated were noted to be dependent on the underlying 

membrane thickness in turn the elasticity of the membranes. The nanowrinkles amplitudes were 

noted to increase with an increase in the membrane thickness in contrast to the wavelength 

reduction noticed with an increase in membrane thickness. Nanowrinkles on the thin membrane 

were characterized with large wavelengths and low amplitudes whereas on thick membrane the 

nanowrinkles exhibited small wavelengths and high amplitudes. The freely suspended ultrathin 

membranes with nanowrinkles were also demonstrated as a cell culture substrate having the 

nanoscale biophysical topography of vascular basement membranes. 

We believe elucidating the interactions between endothelial cells and the biophysical 

environment in vitro will assist the present efforts of improving the vascular disease treatments. 

In addition, developing homeomimetic and pathomimetic substrates that aptly replicate the 

healthy and diseased state will help better understand the molecular mechanisms involved in 

basement membrane remodelling in relevance with altered endothelial cell morphology. We 

believe, even with such a simplistic approach, in the future, our FSUMs can be utilized in 

elucidating a complex diseased state as that encountered during cardiovascular pathological 

conditions such as atherosclerosis in vitro. Even though the usage of PDMS Sylgard 527 has 

been limited in comparison to that of Sylgard 184, we believe, with appropriate fabrication 

methods, its applications can be widened significantly. 
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Appendix 

A.  Monolayer formation on freely suspended ultrathin membranes 

Ultrathin membranes with different thickness were utilised to demonstrate the ability to form 

monolayer of HUVECs on the polymeric freely suspended membranes. Typically, the 

membranes utilised had thickness of 8.6 µm, 3.4 µm, 972 nm, and 570 nm, respectively. To 

permit monolayer formation, the polymeric ultrathin membranes were seeded with HUVECs 

having concentration of 1 million cells 50 µL−1 as culturing cells with low density, 0.5 million 

cells mL−1, did not result in monolayer formation.  

 

 

Figure A-1. Schematic to demonstrate monolayer formation on freely suspended membranes.  
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Results of HUVECs monolayer after 24 h culturing on the freely suspended ultrathin 

membranes are as shown in Figure A-2. As noticed, sufficiently high cell culturing density, 

results in HUVECs monolayer being established on membranes with different thicknesses and 

moduli.  

 

 

 

 

 

 

 

Figure A-2. Optical microscopy images of HUVECs monolayer after 24 h on FSUMs having thickness 

of (A) 8.6 µm, (B) 3.4 µm, (C) 972 nm, and (D) 570 nm. 
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B.  Attachment of ultrathin membranes to other soft materials 

Ultrathin membranes with different thicknesses were attached to other soft materials such 

as agarose and PDMS Sylgard 184 to demonstrate the versatility of using the fabricated 

membranes. Moreover, attaching the ultrathin membranes to substrates with different moduli 

enables in mimicking the complex artery like structure, thereby providing more complex 

environment to the cultured cells, in turn elucidating the effects of local compliance on cellular 

behaviour. Results of HUVECs cultured on ultrathin membranes with different thicknesses 

attached to agarose and PDMS Sylgard 184 are as shown in Figure A-4 and Figure A-5. 

Figure A-3. Schematic to demonstrate the flexibility of ultrathin membranes usage by attachment to 

agarose and PDMS Sylgard 184 substrate. 
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Figure A-4. Optical microscopy images of HUVECs monolayer after 24 h on ultrathin membranes 

having thickness of (A) 8.6 µm, (B) 3.4 µm, (C) 1.8 µm, and (D) 570 nm attached to agarose. 

Figure A-5. Optical microscopy images of HUVECs monolayer after 24 h on ultrathin membranes 

having thickness of (A) 8.6 µm, (B) 3.4 µm, (C) 1.8 µm, and (D) 972 nm attached to PDMS Sylgard 

184.  
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국문 초록 

혈관 기저막의 기계적 특성을 나타내는 

PDMS Sylgard 527 기반 자유 현수식 초박막 

 

기저막의 두께, 탄성률 등은 생리학적으로 중요한 기계적인 특성으로 이러한 특성이 

있는 초박막을 개발하기 위한 많은 노력이 있었다. 개발된 초박막 대부분은 수 MPa에서 

수 GPa 수준의 고탄성 초박막으로 망막, 상피 조직의 연구에는 적합하지만, 혈관 

기저막에 적합한 수 kPa 수준의 저탄성 초박막의 경우 개발된 사례를 찾아보기 어렵다. 

높은 유연성과 수 kPa의 탄성력, 마이크론 이하의 두께를 보이는 인공 박막이 보고된 

경우는 매우 드물지만 실현된다면 체외 혈관 기저막 모방에 유용할 것이다. 따라서 

우리는 혈관의 기계적인 특성을 보이는 초박막을 제작하였다. 제작된 초박막의 

핵심적인 요소는 자유지지형 구조, 생리학적으로 의미 있는 마이크론 이하의 두께, 수 

kPa 의 상대적으로 낮은 탄성률 및 세포 배양에 적합한 약 20 ㎟ 넓이이다. 초박막의 

제작에는 폴리머와 용매를 희석하는 기존의 방식 대신 PDMS Sylgard 527를 희석하지 

않은 방법을 사용하였고 희생층 없이도 박막을 기판에서 분리할 수 있었다. 본 연구는 

마이크론 이하의 얇은 두께와 수 kPa의 탄성력을 지닌 초박막을 구현함으로써 폴리머를 

희석하는 기존의 방식으로는 불가능하였던 특성을 구현하였다.    

초박막의 평균 두께는 972 nm 와 572 nm 이고, 각각의 탄성계수는 45 kPa 과                   

214 kPa으로 추정되었다. 접속각 측정을 통해 초박막은 기판에 붙어있는 상태에서는 

소수성, 공중에 매달린 상태에서는 친수성을 보이는 것을 확인하였다. 박막의 부분적인 

유연성 변화에 따른 세포의 반응을 조사하기 위해 인간 탯줄 정맥 내피세포를 폴리머 

초박막에 배양한 후 세포 면적, 밀도, 덮인 면적비 및 확산율을 측정하였다. 배양 24시간 

후, 높은 유연성의 두꺼운 막 (972 nm, 45 kPa) 위로 1-4개의 세포로 이루어진 그룹이 

관찰되었다. 이와 반대로 슬라이드 글라스 위에 배양된 대조군에서는 단일세포층이 

관찰되었으며, 얇은 막 (570 nm, 214 kPa) 에서도 대조군과 유사한 단일 층의 세포가 

관찰되었다. 이 결과는 두께에 따른 박막의 부분적인 유연성이 세포의 행동에 영향을 
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미침을 보여주며, 이는 질병 개시 및 진행, 상처 회복과 암세포 전이에 있어 중요한 

의의가 있다. 

다음으로 초박막 표면에 나노주름을 제작하여 혈관 기저막의 표면적 특성을 나노 

단위로 모사하였다. 기존의 포토리소그래피, 소프트리소그래피, 앰보싱, 프린팅, 라이팅 

등의 나노마이크로공정 기술을 PDMS Sylgard 527처럼 낮은 모듈러스를 가지고 있는 

물질에 적용하여 정확한 구조물을 제작하기에는 어려움이 있었다. 이러한 단점을 

극복하기 위해 본 연구진은 PDMS 스펀지를 활용한 독특한 기법으로 초박막 위에 

나노구조를 구현하였다. 이 방법으로 자유지지형 초박막 표면에 38-210 nm의 진폭과 

0.46-1 µm 의 파장을 가진 나노주름을 형성하였다. 박막의 두께에 따라 나노주름의 

진폭과 파장이 각기 다르게 형성되었는데, 막의 두께가 증가할수록 나노주름의 진폭은 

증가하고 파장은 감소하는 경향을 보였다. 얇은 막 (570 nm) 에서는 큰 파장 (1 µm) 과 

작은 진폭 (38 nm) 의 나노주름이, 두꺼운 막 (8.6 µm) 에서는 작은 파장 (0.46 µm) 과 큰 

진폭 (210 nm) 의 나노주름을 확인하였다. 마지막으로 나노주름 위에 인간 탯줄 정맥 

내피세포를 배양하여, 초박막의 나노구조를 실제 혈관 기저막의 생물물리적 환경을 

모사할 수 있는 배지로써의 활용성을 보였다. 

주요어: PDMS Sylgard 527, 초박형, 박막, 혈관 기저막, 나노주름, 유연성, 세포 기질 

상호작용, 세포 간 상호작용, 단층 

학생 번호: 2016-30753 
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