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AND SCRATCHING PVA FILMS FOR LC-BASED BSA 

BIODETECTION 

Cristina-Delia NECHIFOR 1 *, Marian LUȚCANU 2 

This study investigates the development of a liquid crystal (LC)-based bio-

detection platform using stretched and scratched polyvinyl alcohol (PVA) films for 

detecting bovine serum albumin (BSA). PVA films were prepared by casting, 

uniaxially stretched to 12%, 17%, and 22% elongation, and scratched with P600, 

P800, and P1000 sandpaper grits to induce surface alignment. The nematic liquid 

crystal N-(4-methoxybenzylidene)-4-butylaniline (MBBA) was used to probe surface 

properties and BSA adsorption. Surface morphology, contact angles, and LC 

alignment were characterized using atomic force microscopy (AFM), contact angle 

measurements, and polarizing optical microscopy (POM). The contact angle of water 

on PVA surfaces were measured to assess wetting properties. LC cells assembled with 

stretched and scratched PVA films demonstrated uniform MBBA alignment, with BSA 

detection achieved by observing alignment disruptions in POM images. Calibration 

curves yielded a limit of detection (LOD) from 5.04 ×  10⁻¹¹ 𝑔/𝑚𝐿 to 1.65 ×
 10⁻⁸ 𝑔/𝑚𝐿, tested at BSA concentrations ranging from 10 𝑛𝑔/𝑚𝐿 to 1 𝑚𝑔/𝑚𝐿, 

with sensitivity influenced by stretching elongation and sandpaper grit. These findings 

highlight the potential of surface-modified PVA films for sensitive LC-based bio-

detection applications. 

Keywords: Polyvinyl alcohol (PVA), nematic liquid crystals, MBBA, bovine 

serum albumin (BSA), stretching, scratching, surface alignment, bio-

detection, contact angle, polarizing optical microscopy (POM). 

1. Introduction 

The development of sensitive, label-free biosensing platforms has attracted 

considerable interest in biomedical diagnostics for enabling rapid, cost-effective, 

and non-invasive detection of biomolecules. Liquid crystal (LC)-based biosensors 

have emerged as a promising technology, exploiting the optical and anisotropic 

properties of LCs to transduce interfacial molecular interactions into macroscopic, 

visually detectable optical signals [1, 2]. LC biosensors rely on the specific 

interaction between an immobilized receptor and target analytes (e.g., proteins, 

nucleic acids, glucose), which disrupts the initially uniform LC alignment (vertical 
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or planar). This reorientation produces a visible change in optical texture under 

polarizing optical microscopy (POM), typically from dark to bright, that can be 

quantified via image intensity analysis [3–5]. A schematic of the detection principle 

is shown in Fig. 1. 

 
Fig. 1. Detection principle using liquid crystals (LC). 

 

Nematic LCs such as MBBA are particularly sensitive to surface 

topography and chemistry, allowing label-free amplification of biomolecular 

binding events [6–8]. Biocompatible polymeric substrates, notably polyvinyl 

alcohol (PVA), offer advantages including flexibility, low cost, biodegradability, 

and environmental compatibility [9–11]. However, pristine PVA films typically 

yield disordered LC alignment, limiting biosensor sensitivity. Physical surface 

treatments, such as uniaxial stretching and directional mechanical scratching, can 

induce anisotropy and microgrooves to guide LC orientation more effectively [12–

16]. Despite progress, the precise relationship between surface modification 

parameters and LC alignment quality remains incompletely understood, and 

achieving very low limits of detection (LOD) with high reproducibility on polymer 

substrates continues to be challenging [17–20].  

The present study develops a robust LC-based platform for bovine serum 

albumin (BSA) detection using MBBA on surface-modified PVA films. We 

systematically investigate the combined effects of uniaxial stretching (12%, 17%, 

22% elongation) and directional scratching with graded sandpaper (P600–P1000) 

on PVA film topography, wettability, and MBBA alignment quality. The specific 

objectives are: (1) to determine the interplay between stretching extent, scratching 

grit, and MBBA alignment; (2) to assess the resulting impact on sensitivity and 

LOD for BSA detection; (3) to establish a simple, scalable, chemical-free method 

for preparing PVA substrates suitable for LC biosensing. 

The novelty of this work lies in the synergistic application of moderate 

uniaxial mechanical stretching (optimal at 17%) combined with fine directional 

scratching (P1000) as a purely physical, low-cost, and fully biocompatible approach 

to induce anisotropic surface topography on biodegradable PVA films. This method 

yields excellent MBBA alignment (highest 𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘 =  5.39) and outstanding 

BSA detection performance (𝐿𝑂𝐷 ≈  50.4 𝑝𝑔/𝑚𝐿), among the lowest reported for 

POM-based LC biosensors. The findings advance the understanding of LC–
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substrate interactions and provide a foundation for scalable, environmentally 

friendly LC-based platforms for detecting other biomolecules. 

2. Materials and Methods: 

2.1. Materials: 

Polyvinyl alcohol (PVA, 99+% hydrolysed, average Mw = 89.000-98.000, 

Sigma-Aldrich) fully hydrolysed grade with limited cold-water solubility but 

readily dissolved at 90 °C with stirring for 12 hours to prepare 10 wt.% PVA 

solutions.  

The nematic liquid crystals N-(4-methoxybenzylidene)-4-butylaniline 

(MBBA) was used as received. Bovine serum albumin (BSA, 2 𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛/𝑚𝑙, 
𝑀𝑤 =  66.5 𝑘𝐷𝑎, Sigma-Aldrich) was diluted in phosphate-buffered saline (PBS, 

pH=7.4), prepared by dissolving one PBS saline tablet (Sigma-Aldrich) in 200 mL 

distilled water. 

2.2. Film Preparation:  

Polyvinyl alcohol (PVA) solutions (60 mL) were cast onto cleaned glass 

plates (23 cm × 23 cm) and allowed to spread freely. Films were dried in a covered 

enclosure at 27 °C for three days to minimize dust contamination. The resulting 

films were cut into standard tensile test specimens to ensure uniform mechanical 

behavior [21]. 

Films were heated to 40 °𝐶 in an environmental chamber, below the glass 

transition temperature of PVA (𝑇𝑔 = 75 − 85 ℃), to enhance chain mobility and 

facilitate alignment during stretching without excessive deformation or thermal 

degradation. Uniaxial stretching was performed to achieve elongations (𝜀) of 12%, 

17%, and 22%, calculated as: 

𝜀(%) =
∆𝐿

𝐿0
∙ 100 =

𝐿−𝐿0

𝐿0
∙ 100    (1) 

where 𝛥𝐿 is the deformation and 𝐿0 is the original length [21]. After 

stretching, samples were cooled to room temperature (25 ±  2 °𝐶) under clamped 

conditions for 30 min to fix the orientation. Post-release elongation was re-

measured to account for minor relaxation and thickness reduction. Films were 

stored in a desiccator at 25 ±  2 °𝐶 in clean Petri dishes and used within 1–3 days 

to prevent moisture uptake. Stretched films were then scratched unidirectionally 

along the stretching axis using sandpaper of grades P600, P800, and P1000 (FEPA 

standard), with average abrasive particle diameters of approximately 

25.8 𝜇𝑚, 21.8 𝜇𝑚, and 18.3 𝜇𝑚, respectively [22]. Scratching involved ten passes 

at 10 𝑚𝑚/𝑠 under a constant force of 0.2 𝑁. Loose debris was removed using 

compressed air (2 bar, 20 cm distance). 
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2.3. PVA Film Characterization: 

Film thickness was measured at 10 different points using a micrometer screw 

gauge, with an average thickness of 80 − 90 𝜇𝑚. Only PVA films within this range 

were used in experiments due to their higher tensile strength and resistance to 

deformation during stretching. 

Surface morphology of PVA films was analysed using Atomic Force 

Microscopy (AFM) with Nanosurf EasyScan 2 (Nanosurf GmbH, Langen, 

Germany). 

Contact angles of water on PVA films were measured at room temperature 

(25 ± 2℃) using a KSV CAM 101 system (KSV Instruments Ltd., Helsinki, 

Finland) with a video camera, liquid dispenser, and drop-shape analysis software 

(version 3.99). The sessile drop technique was used with 3 𝜇𝑙 droplets. Five 

measurements were taken at three different regions per film surface, with an 

accuracy of 1°. Contact angle images were recorded after a 10 s stabilization period 

to ensure thermodynamic equilibrium. 

2.4. Etalon LC Detection Cell Fabrication and Analysis: 

Etalon LC cells were assembled using two PVA substrates with identical 

stretching and scratching conditions to ensure consistent surface alignment. Mylar 

spacers (50 µ𝑚 thick) were placed at the edges of one substrate to define the cell 

gap. A thin layer (10 𝜇𝐿) of MBBA was applied to one substrate at 30 °C using a 

micropipette to maintain the nematic phase. The second PVA substrate was aligned 

parallel to the stretching and scratching direction of the first to promote uniform LC 

alignment. The cell was sealed with UV-curable adhesive (Norland Optical 

Adhesive) cured under at 365 nm (10 𝑚𝑊/𝑐𝑚²) for 5 minutes. Assembled cells 

were cleaned with compressed air and stored in a desiccator at 25 ±  2 °𝐶.  
MBBA alignment within the etalon LC cells was characterized using POM. 

Images were acquired at 64X magnification to evaluate the brightness uniformity 

and defect formation across stretching elongations and sandpaper grits based on 

standard error of the mean from five measurements was evaluated.  

Brightness was quantified using ImageJ software (National Institutes of 

Health, USA). POM images were converted to grayscale, assigning each pixel an 

intensity value (0 for black to 255 for white). A region of interest (ROI) was defined 

by drawing a rectangle over the bright and dark texture areas covered by nematic 

liquid crystals (LCs). The average intensity (0–255) in the ROI was calculated from 

the histogram of the texture distribution [23]. The bright-to-dark state intensity ratio 

or contrast ratio (𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘) was determined using Equation (2): 

𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘 =
𝐼𝐵𝑟𝑖𝑔ℎ𝑡

𝐼𝐷𝑎𝑟𝑘
     (2) 

Where: 𝐼𝐵𝑟𝑖𝑔ℎ𝑡 is the average intensity of light transmitted in the bright state, 

and 𝐼𝐷𝑎𝑟𝑘 is the average intensity of light transmitted in the dark state. 
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Precision was evaluated using standard error propagation based on standard 

error of the mean from five measurements 
 

2.5. BSA LC Detection Platform Construction and Analysis: 

The LC-based detection platform was developed to detect BSA by 

observing MBBA alignment changes on surface-treated PVA films. Identical PVA 

films were used as substrates, with one substrate immobilized with BSA at 

concentrations of: 𝐶6 = 10 𝑛𝑔/𝑚𝐿, 𝐶5 = 0.1 𝜇𝑔/𝑚𝐿, 𝐶4 = 1 𝜇𝑔/𝑚𝐿, 𝐶3 =
10 𝜇𝑔/𝑚𝐿, 𝐶2 = 0.1 𝑚𝑔/𝑚𝐿 and 𝐶1 = 1 𝑚𝑔/𝑚𝐿 prepared by diluting BSA stock 

solution (2 𝑚𝑔/𝑚𝐿, 𝑀𝑤 = 66.5 𝑘𝐷𝑎, Sigma-Aldrich) in PBS (pH 7.4).  

Six 5 µL droplets of BSA solutions were deposited in a 3×2 matrix pattern 

on the PVA surface and incubated at 35 °C for 30 minutes in a covered Petri dish 

to allow adsorption. Unbound BSA was rinsed with PBS, and films were dried with 

compressed air. Control regions on the same films were left untreated. Optical 

microscopy confirmed the BSA adsorption. 

LC cells for BSA detection were assembled as described in Section 2.4, with 

one substrate containing immobilized BSA. MBBA response to BSA was evaluated 

using POM at 32× magnification, comparing alignment in BSA-immobilized and 

control regions. Alignment disruptions (uniform to disordered textures, defect 

formation) indicated BSA presence. 

ImageJ software was used to quantify the mean grey intensity in POM 

images, reflecting LC alignment changes. Five regions per sample were analysed 

across three cells for reproducibility. Calibration curves plotted net mean grey 

intensity against the logarithm of BSA concentration, with the limit of detection 

(LOD) determined as the concentration where intensity reached zero (no LC 

alignment disruption). The net mean grey intensity (𝛥𝐼 =  𝐼 𝐵𝑆𝐴 −  𝐼 𝐶𝑜𝑛𝑡𝑟𝑜𝑙) was 

used as the analytical signal to construct semi-log calibration curves. LOD was 

determined by extrapolating the linear regression to 𝛥𝐼 =  0 (baseline return), 

equivalent to the IUPAC 3𝜎 criterion given the near-zero net blank signal and 

variability captured from 𝑛 = 5 replicate control measurements. Sensitivity was 

assessed by comparing stretching elongations (12%, 17%, 22%) and sandpaper grits 

(P600, P800, P1000) to identify optimal conditions for LC alignment contrast. 

3. Results and Discussion 

3.1. PVA Film Characterization: 

The surface topography of polyvinyl alcohol (PVA) films subjected to 

varying degrees of uniaxial stretching (0%, 12%, 17%, and 22%) was investigated 

using non-contact atomic force microscopy (AFM). Fig. 2 presents the AFM images 

and key roughness parameters, including average roughness (𝑆𝑎), root mean square 

roughness (Sq), maximum peak height (Sp), maximum valley depth (Sv), and total 
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surface height (Sy), measured to elucidate the effects of mechanical stretching on 

the surface morphology of the films, as summarized in Table 1. 
 

 
Fig. 2. AFM images of PVA films subjected to varying degrees of uniaxial stretching (0%, 12%, 

17%, and 22%). 

             Table 1.  

The AFM images and key roughness parameters of PVA films subjected to varying degrees 

of uniaxial stretching (0%, 12%, 17%, and 22%). 

Stretching Elongation, 

𝜀(%) 
𝑆𝑎(𝑛𝑚) 𝑆𝑞(𝑛𝑚) 𝑆𝑝(𝑛𝑚) 𝑆𝑣(𝑛𝑚) 𝑆𝑦(𝑛𝑚) 

0% 28.81 36.52 376.22 -133.58 509.81 

12% 31.14 37.43 301.83 -123.89 425.72 

17% 31.88 40.06 369.68 -177.17 546.86 

22% 28.19 35.67 383.49 -109.79 493.27 

 

Unstretched (0% strain) PVA films exhibited moderate surface 

heterogeneity, with roughness parameters 𝑆𝑎 =  28.81 𝑛𝑚, 𝑆𝑞 =
 36.52 𝑛𝑚, 𝑆𝑝 =  376.22 𝑛𝑚, 𝑆𝑣 =  −133.58 𝑛𝑚, and 𝑆𝑦 =  509.81 𝑛𝑚, 

reflecting significant topographic variations. At 12% strain, slight increases 

occurred in 𝑆𝑎 (31.14 𝑛𝑚) and 𝑆𝑞 (37.43 𝑛𝑚), accompanied by reductions in 

peak height 𝑆𝑝 (301.83 𝑛𝑚), valley depth 𝑆𝑣 (−123.89 𝑛𝑚), and peak-to-valley 

height 𝑆𝑦 (425.72 𝑛𝑚). This indicates initial smoothing induced by polymer chain 

alignment, which diminishes extreme topographic features. Roughness peaked at 

17% strain, with 𝑆𝑎 =  31.88 𝑛𝑚, 𝑆𝑞 =  40.06 𝑛𝑚, and 𝑆𝑦 =  546.86 𝑛𝑚, 

driven by deepened valleys (𝑆𝑣 =  −177.17 𝑛𝑚) and elevated peaks (𝑆𝑝 =
 369.68 𝑛𝑚). These changes suggest the formation of pronounced stress-induced 

defects (microcracks or localized depressions) when mechanical loading exceeds 

the threshold for uniform deformation, as 𝑆𝑞 is particularly sensitive to outlier 

height variations. At 22% strain, the surface partially recovered uniformity, with 𝑆𝑎 

decreasing to 28.19 𝑛𝑚, 𝑆𝑞 to 35.67 𝑛𝑚, and 𝑆𝑦 to 493.27 𝑛𝑚, while 𝑆𝑝 
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increased slightly (383.49 𝑛𝑚) and 𝑆𝑣 became shallower (−109.79 𝑛𝑚). This 

stabilization likely results from maximized chain alignment and/or stress relaxation 

at higher elongations, mitigating deep valleys. Overall, surface topography evolves 

non-linearly with strain: mild stretching (12%) promotes smoothing via chain 

reorientation, moderate stretching (17%) generates significant defects from 

localized stress concentrations, and higher stretching (22%) leads to partial 

recovery through enhanced alignment and relaxation. These observations 

underscore the complex interplay between polymer chain reorganization and the 

nucleation/relaxation of mechanical defects during uniaxial deformation. 

The AFM images of PVA films subjected to varying degrees of uniaxial 

stretching (0%, 12%, 17%, and 22%) then scratched with sandpaper (P 600, P 800 

and P1000) are presented in Fig. 3. The key roughness parameters: average 

roughness (𝑆𝑎), root mean square roughness (𝑆𝑞), maximum peak height (𝑆𝑝), 

maximum valley depth (𝑆𝑣), and total surface height (𝑆𝑦) are listed in Table 2.  

 
Fig. 3. AFM images of PVA films subjected to varying degrees of uniaxial stretching (0%, 12%, 

17%, and 22%) then scratched with sandpaper (P600, P800, and P1000). 
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Fig. 3 and Table 2 reveal that scratching introduces significant roughness, 

with coarser grits (P600) producing the most pronounced topographic features (high 

𝑆𝑦 =  4480.2 𝑛𝑚). Finer grits (P1000) create more uniform surfaces with 

consistent microgrooves and less disruption (𝑆𝑦 =  3447.1 𝑛𝑚). High Sy values 

across grits indicate scratching dominates the isotropic PVA surface, yielding a 

highly textured topography. 
Table 2.  

The AFM images and key roughness parameters of PVA films subjected to varying 

degrees of uniaxial stretching (0%, 12%, 17%, and 22%) then scratched with sandpaper 

(P600, P800 and P1000). 

Sample 𝑆𝑎(𝑛𝑚) 𝑆𝑞(𝑛𝑚) 𝑆𝑝(𝑛𝑚) 𝑆𝑣(𝑛𝑚) 𝑆𝑦(𝑛𝑚) 

0%_P600 245.39 389.60 3207.8 -1272.3 4480.2 

0%_P800 247.71 323.52 1309.0 -2053.5 3362.5 

0%_P1000 230.96 301.14 2070.7 -1376.4 3447.1 

12%_P600 611.71 798.39 3127.7 -2422.8 5550.5 

12%_P800 199.03 275.02 3035.4 -767.54 3802.9 

12%_P1000 168.00 231.88 1253.5 -934.36 2187.9 

17%_P600 571.8 753.24 3779.0 -2771.1 6550.1 

17%_P800 262.03 386.39 1744.7 -1934.0 3678.7 

17%_P1000 124.75 173.51 1138.7 -1309.5 2448.3 

22%_P600 702.05 873.84 3739.8 -3367.1 7106.9 

22%_P800 276.29 376.47 1827.0 -1331.7 3158.7 

22%_P1000 231.34 304.26 1432.3 -1176.5 2608.8 

 

Stretching at 12% elongation aligns polymer chains, forming an anisotropic 

base that interacts variably with grits. P600 exacerbates roughness (𝑆𝑎 =
 611.71 𝑛𝑚, 𝑆𝑦 =  5550.5 𝑛𝑚), while P1000 yields a smoother, uniform surface 

(𝑆𝑎 =  168 𝑛𝑚, 𝑆𝑦 =  2187.9 𝑛𝑚) with aligned microgrooves along the 

stretching direction. Increased stretching stress at 17% elongation (peaking 

roughness in Table 1) amplifies coarse scratching (P600: 𝑆𝑦 =  6550.1 𝑛𝑚, 

highest among 17% samples). Finer grits (P800, P1000) produce smoother surfaces, 

with P1000 most uniform topography (𝑆𝑎 =  124.75 𝑛𝑚, 𝑆𝑦 =  2448.3 𝑛𝑚). 

Stabilized topography (Table 1) with P600 scratching results in highest 

overall roughness (𝑆𝑎 =  702.05 𝑛𝑚, 𝑆𝑦 =  7106.9 𝑛𝑚) at 22% elongation, 

featuring excessive groove depth and irregularity. P1000 provides the most uniform 

surface (𝑆𝑎 =  231.34 𝑛𝑚, 𝑆𝑦 =  2608.8 𝑛𝑚). 

Across stretching levels, P600 yields highest roughness (𝑆𝑎, 𝑆𝑞, 𝑆𝑦) with 

deep valleys (𝑆𝑣) and high peaks (𝑆𝑝), indicating disruption that may cause non-

uniform LC alignment and reduced BSA detection sensitivity due to irregular 

microgrooves. Finer grits (P800, P1000) lower roughness, with P1000 optimal 

(lowest 𝑆𝑎, 𝑆𝑞, 𝑆𝑦), offering consistent microgrooves for enhanced LC alignment, 

higher POM contrast ratio (𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘), and improved BSA sensitivity. 
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Stretching alone (Table 1) shows non-linear roughness, peaking at 17% due 

to stress-induced defects. Combined with scratching, peak roughness shifts to 22% 

with P600 (𝑆𝑦 =  7106.9 𝑛𝑚), as maximized chain alignment amplifies coarse grit 

effects. Moderate stretching (12%, 17%) with P1000 minimizes roughness (𝑆𝑎 =
 168 𝑛𝑚 at 12%, 124.75 𝑛𝑚 at 17%), creating ideal conditions for LC alignment. 

Scratching elevates parameters by orders of magnitude (𝑆𝑦: ~500 𝑛𝑚 in Table 1 

to 2000 − 7100 𝑛𝑚 in Table 2), dominating topography with LC-guiding 

microgrooves. The Table 1 trend (17% peak) is modified, with scratching 

enhancing alignment effects at higher strains, especially coarse grits. 

Contact angles of water on pristine and processed PVA films are given in 

table 3. Values are mean ± standard error (n=5). 
Table 3. 

Water contact angles on pristine and processed PVA films. 

Sample 
Water Contact Angle,𝜃𝑤 

(degree)  

0 % 60.80±0.70 

0 %_P600 49.27±2.98 

0 %_P800 42.27±3.18 

0 %_P1000 43.80±1.12 

12 % 55.70±0.70 

12 %_P600 45.57±2.42 

12%_P800 47.60±0.40 

12%_P1000 44.81±1.50 

17% 66.75±0.14 

17 %_P600 43.85±5.97 

17 %_P800 45.15±0.66 

17 %_P1000 35.10±2.87 

22 % 60.50±0.70 

22 %_P600 50.50±0.53 

22 %_P800 49.20±4.95 

22 %_P1000 55.21±0.10 

 

Table 3 shows that pristine PVA films have a contact angle (𝜃𝑤) of 

60.80° ±  0.70°, indicating moderate hydrophilicity due to hydroxyl groups and 

smooth topography (𝑆𝑎 =  28.81 𝑛𝑚, Table 1). Stretching to 12% elongation 

reduces 𝜃𝑤   to 55.70° ±  0.70°, enhancing hydrophilicity as smoother surfaces 

(𝑆𝑦 =  425.72 𝑛𝑚) and aligned polymer chains expose more hydroxyl groups. At 

17% elongation, 𝜃𝑤   peaks at 66.75° ±  0.14°, reflecting increased hydrophobicity 

due to peak roughness (𝑆𝑎 =  31.88 𝑛𝑚, 𝑆𝑦 =  546.86 𝑛𝑚) and stress-induced 

defects like microcracks that trap air or limit hydroxyl group access. At 22% 

elongation, 𝜃𝑤  decreases to 60.50° ±  0.70°, nearing pristine levels, with 

stabilized topography (𝑆𝑎 =  28.19 𝑛𝑚, 𝑆𝑦 =  493.27 𝑛𝑚) indicating balanced 

chain alignment and reduced defects. Scratching pristine PVA films reduces 𝜃𝑤  by 
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11 − 18°, enhancing hydrophilicity. Increased roughness (𝑆𝑦 =  4480.2 𝑛𝑚 for 

P600, Table 2) and microgrooves promote water spreading, with finer grits (P800, 

P1000) yielding lower 𝜃𝑤   due to uniform, shallower grooves (𝑆𝑦 =  3362.5 −
3447.1 𝑛𝑚). For 12% elongated films, scratching lowers 𝜃𝑤  by 8 − 11°, with 

P1000 producing the smoothest scratched surface (𝑆𝑎 =  168 𝑛𝑚, 𝑆𝑦 =
 2187.9 𝑛𝑚) and highest hydrophilicity. The lowest 𝜃𝑤 (35.10°) occurs at 17% 

elongation with P1000, reflecting optimal hydrophilicity from aligned 

microgrooves and smoothest scratched surface (𝑆𝑎 =  124.75 𝑛𝑚, 𝑆𝑦 =
 2448.3 𝑛𝑚). However, P600 at 17% shows high variability (±5.97°) due to 

irregular, deep grooves (𝑆𝑦 =  6550.1 𝑛𝑚). At 22% elongation, scratched films 

have higher 𝜃𝑤  (55.21° for P1000) despite similar roughness (S𝑎 = 231.34 𝑛𝑚,
𝑆𝑦 = 2608.8 𝑛𝑚), suggesting excessive chain alignment reduces polar group 

accessibility.  

Stretching induces non-linear wettability changes: initial stretching (12%) 

enhances hydrophilicity via chain alignment and smoother surfaces, while 17% 

increases hydrophobicity due to roughness and defects. Scratching consistently 

enhances hydrophilicity by increasing roughness and forming microgrooves, with 

finer grits (P1000) producing the lowest 𝜃𝑤   at 17% elongation due to synergistic 

chain alignment and uniform grooves. Surface texturing from scratching dominates 

wettability, significantly reducing 𝜃𝑤   across all stretching levels compared to 

stretched-only films. 

3.2. Etalon LC Detection Cell and BSA LC Detection Platform 

Construction and Analysis: 

The alignment of MBBA molecules in etalon LC cells was characterized 

using polarizing optical microscopy (POM) for PVA films stretched at 0%, 12%, 

17%, and 22% elongation and scratched with P600, P800, and P1000 sandpaper 

grits. Contrast ratios (𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘), calculated as the ratio of bright to dark state 

intensities (Equation 2), quantify MBBA alignment uniformity, with higher ratios 

indicating better alignment critical for sensitive BSA detection. Results are 

presented in Table 4 and Fig. 4 (POM images for 17% elongation). 

Pristine films showed poor alignment (𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘 =  1.28 ±  0.52) due 

to isotropic surfaces (𝑆𝑎 =  28.81 𝑛𝑚, 𝑆𝑦 =  509.81 𝑛𝑚, Table 1; 𝜃𝑤  =
 60.80° ±  0.70°, Table 3). Scratching improved alignment, with P800 yielding the 

highest contrast ratio (3.63 ±  1.02) due to uniform grooves (S𝑎 =  247.71 𝑛𝑚,
𝑆𝑦 =  3362.5 𝑛𝑚) and enhanced hydrophilicity (𝜃 𝑤 =  42.27° ±  3.18°), while 

P600 (2.02 ±  0.72) and P1000 (1.45 ±  1.3) showed lower ratios due to irregular 

or insufficient grooves.  

The stretched films at 12% elongation possess a minor improvement in 

alignment without scratching (𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘 =  1.46 ±  0.65; 𝑆𝑎 =  31.14 𝑛𝑚, 

𝜃𝑤  =  55.70°). P1000 scratching yielded the highest ratio (2.94 ±  0.95) with the 
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smoothest scratched surface (𝑆𝑎 =  168.00 𝑛𝑚, 𝑆𝑦 =  2187.9 𝑛𝑚) and high 

hydrophilicity (𝜃𝑤  =  44.81° ±  1.50°), while P600 (1.97 ±  0.84) and P800 

(2.31 ±  1.25) showed moderate alignment. When films were stretched at 17% 

elongation, the highest contrast ratio (5.39 ±  1.45) was achieved with P1000 

scratching (𝑆𝑎 =  124.75 𝑛𝑚, 𝑆𝑦 =  2448.3 𝑛𝑚; 𝜃𝑤  =  35.10° ±  2.87°), 

indicating optimal MBBA alignment due to uniform microgrooves and maximum 

hydrophilicity. P600 (2.85 ±  1.75) and P800 (1.94 ±  0.43) showed lower ratios 

due to coarser, less uniform grooves. POM images (Fig. 4) confirm uniform bright 

textures for 17%_P1000, with defects in P600 and P800 samples.  

 
Fig. 4. POM images of etalon LC cells obtained using PVA films stretched at 17% 

elongation. 

Table 4. 

Contrast Ratios (𝑹𝑩𝒓𝒊𝒈𝒉𝒕/𝑫𝒂𝒓𝒌) of POM Images for 

 MBBA molecules within the etalon LC cells 

Sample 
Contrast Ratios  

(RBright/Dark) 

0 % 1.28±0.52 

0 %_P600 2.02±0.72 

0 %_P800 3.63±1.02 

0 %_P1000 1.45±1.30 

12 % 1.46±0.65 

12 %_P600 1.97±0.84 

12%_P800 2.31±1.25 

12%_P1000 2.94±0.95 

17% 1.87±0.70 

17 %_P600 2.85±1.75 

17 %_P800 1.94±0.43 

17 %_P1000 5.39±1.45 

22 % 2.83±0.82 

22 %_P600 2.27±0.35 

22 %_P800 2.95±0.74 

22 %_P1000 1.58±0.65 
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The non-scratched films (stretched at 22% elongation) showed good 

alignment (𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘 =  2.83 ±  0.82; 𝑆𝑎 =  28.19 𝑛𝑚, 𝜃𝑤  =  60.50°), but 

P1000 scratching reduced alignment (1.58 ±  0.65) despite uniform topography, 

likely due to reduced hydrophilicity. P800 (2.95 ±  0.74) and P600 (2.27 ±  0.35) 

showed moderate alignment. 

The 17%_P1000 combination has the highest 𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘, reflecting 

uniform LC alignment, enhancing sensitivity to BSA-induced disruptions. Finer 

scratching (P1000) at 17% elongation produces uniform microgrooves and high 

hydrophilicity, maximizing MBBA anchoring. Coarser grits (P600) increase 

roughness, reducing alignment uniformity and sensitivity. Excessive stretching 

(22%) with P1000 lowers hydrophilicity, limiting alignment. These findings 

confirm that 17% elongation with P1000 scratching provides a scalable, sensitive 

LC-based platform for BSA detection, leveraging synergistic surface topography 

and wettability. 

3.3. BSA LC Detection Platform Construction and Analysis 

The LC-based detection platform was developed to quantify bovine serum 

albumin (BSA) by observing MBBA alignment disruptions on surface-modified 

PVA films, as detailed in Section 2.5. PVA substrates, prepared with uniaxial 

stretching (0%, 12%, 17%, 22%) and scratched with P600, P800, and P1000 

sandpaper grits (Section 2.2), were immobilized with BSA at concentrations of 

10 𝑛𝑔/𝑚𝐿 to 1 𝑚𝑔/𝑚𝐿. LC cells were assembled with one BSA-immobilized 

substrate and one untreated substrate, using 50 µm Mylar spacers and MBBA in the 

nematic phase (Section 2.4). Polarizing optical microscopy (POM) images (Fig.5), 

calibration lines (Fig.6), and limits of detection (LODs) (Table 5) were analysed to 

evaluate sensitivity and detection performance. 

The biosensing mechanism relies on the specific adsorption of BSA onto 

the PVA surface, which perturbs the uniform alignment of MBBA molecules. BSA 

adsorbs via hydrogen bonding with PVA hydroxyl groups and hydrophobic 

interactions, increasing surface roughness locally and altering the anchoring energy. 

This induces a reorientation of MBBA from uniform (dark POM texture in crossed 

polarizers) to disordered/tilted (bright, defect-rich texture), with the degree of 

disruption proportional to BSA surface coverage [8,10].  

Fig. 5 presents the POM images and quantitative analysis (mean grey 

intensity) of BSA LC cells obtained using 17%_P1000 sample with immobilized 

BSA at concentrations of 10 ng/mL to 1 mg/mL.  

Fig.6 shows the calibration lines of the sample stretched at 17% elongation 

and scratched with P600, P800, and P1000 sandpaper grits. Calibration lines were 

generated by plotting net mean grey intensity from POM images, quantified using 

ImageJ software, against the logarithm of BSA concentration. The positive slopes 

confirmed that higher BSA concentration increases intensity (more disruption); the 
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limit of detection (LOD) was determined as the extrapolated concentration where 

net intensity returned to the control baseline (zero net disruption beyond noise). 

Table 5 presents the slopes, 𝑅² values, and LODs for each condition. 

 
Fig.5. POM images of BSA LC cells obtained using 17%_P1000 sample with immobilized BSA, 

showing increasing brightness (higher mean grey intensity) with BSA concentration. 

 

 
 

Fig. 6. Calibration lines of BSA LC cells obtained using samples stretched at 17% 

elongation and scratched with P600, P800, and P1000 sandpaper grits with various concentrations 

of immobilized BSA. 

The slope, representing sensitivity (mean grey intensity change per log 

[BSA concentration] expressed as 𝑎. 𝑢./𝑙𝑜𝑔 (𝑔/𝑚𝐿), was highest for 0%_P600 

(9.22) and 12%_P1000 (8.96), indicating strong responsiveness to BSA 

concentration changes. However, 17%_P1000, with a slope of 5.33 and the highest 

RBright/Dark (5.39), achieved the lowest LOD (5.04 ×  10⁻¹¹ g/mL), suggesting 

that sensitivity alone does not determine detection performance. This reflects the 

balance between uniform MBBA alignment and effective BSA-induced 

disruptions. Lower slopes, such as 4.12 for 17% (unscratched) and 4.91 for 

22%_P800, correlated with higher LODs (2.20 ×  10⁻⁹ g/mL and 4.48 ×  10⁻⁹ g/
mL, respectively), indicating reduced sensitivity due to less uniform alignment 

(RBright/Dark =  1.87 and 2.95, Table 4). R² values, ranging from 0.9178 to 
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0.9921, confirmed good linear fits across all conditions, with 22% (unscratched) 

showing the highest linearity (R² =  0.9921). High R² values indicate reliable 

calibration for quantifying BSA concentrations, supporting the reproducibility of 

the proposed platform. 
Table 5. 

Sensitivity and LOD for BSA Detection on  

Surface-Modified PVA Films 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The lowest LOD (5.04 ×  10⁻¹¹ 𝑔/𝑚𝐿, or 50.4 𝑝𝑔/𝑚𝐿) was achieved for 

17%_P1000, reflecting its superior detection capability due to uniform 

microgrooves (𝑆𝑎 =  124.75 𝑛𝑚), high hydrophilicity (𝜃 𝑤 =  35.10°), and 

optimal MBBA alignment (𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘  =  5.39). This LOD highlights the ability 

of the platform to detect trace BSA levels, competitive with advanced biosensing 

methods. Higher LODs for 0%_P1000 (16.5 𝑛𝑔/𝑚𝐿) and 22%_P1000 (9.95 𝑛𝑔/
𝑚𝐿) reflect suboptimal alignment (𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘  =  1.45 and 1.58) and surface 

properties, reducing sensitivity to low BSA concentrations. 

 

4. Conclusions 

 

This study successfully developed a label-free liquid crystal (LC)-based 

biosensing platform using MBBA on uniaxially stretched and mechanically 

scratched polyvinyl alcohol (PVA) films for sensitive detection of bovine serum 

albumin (BSA). Systematic investigation of surface modifications, uniaxial 

stretching (0%, 12%, 17%, 22% elongation) combined with directional scratching 

using P600, P800, and P1000 sandpaper, demonstrated their profound effects on 

Sample 
Calibration Line LOD 

(𝑔/𝑚𝑙) Slope R2 value 

0% 

0%_P600 

0%_P800 

0%_P1000 

6.87 

9.22 

6.33 

7.25 

0.9387 

0.9806 

0.9864 

0.9255 

1.06 × 10−8 

4.17 × 10−9 

7.81 × 10−10 

1.65 × 10−8 

12% 

12%_P600 

12%_P800 

12%_P1000 

5.70 

6.67 

7.91 

8.96 

0.9178 

0.9862 

0.9551 

0.9553 

7.74 × 10−9 

3.16 × 10−9 

3.49 × 10−9 

1.14 × 10−10 

17% 

17%_P600 

17%_P800 

17%_P1000 

4.12 

7.78 

8.34 

5.33 

0.9404 

0.9490 

0.9589 

0.9779 

2.20 × 10−9 

2.09 × 10−9 

8.13 × 10−9 

5.04 × 10−11 

22% 

22%_P600 

22%_P800 

22%_P1000 

6.77 

7.15 

4.91 

5.47 

0.9921 

0.9449 

0.9831 

0.9603 

1.40 × 10−9 

2.30 × 10−9 

4.48 × 10−9 

9.95 × 10−9 
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surface topography, wettability, MBBA alignment, and biosensing performance. 

Atomic force microscopy revealed that stretching induces non-linear roughness 

increases, peaking at 17% elongation (𝑆𝑎 =  31.88 𝑛𝑚, 𝑆𝑦 =  546.86 𝑛𝑚), while 

scratching markedly enhances roughness (𝑆𝑦 up to 7106.9 𝑛𝑚 for 22%_𝑃600). 

Finer grits (P1000) at moderate stretching (12–17%) produced uniform 

microgrooves with optimal smoothness (𝑆𝑎 =  168.00 𝑛𝑚 and 124.75 𝑛𝑚, 

respectively), ideal for guiding LC orientation. Contact angle data confirmed 

enhanced hydrophilicity from scratching, with the 17%_P1000 condition yielding 

the lowest water contact angle (35.10° ±  2.87°), favoring polar MBBA anchoring. 

POM analysis of LC cells showed superior alignment for 17%_P1000 films, 

evidenced by the highest bright/dark contrast ratio (𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘  =  5.39 ±  1.45). 

Coarser grits or excessive stretching degraded uniformity (𝑅𝐵𝑟𝑖𝑔ℎ𝑡/𝐷𝑎𝑟𝑘  ≈  2.02 −

2.27), reducing sensitivity. BSA detection performance was highest under the 

17%_P1000 condition, achieving a limit of detection (LOD) of 5.04 ×  10⁻¹¹ 𝑔/
𝑚𝐿 (50.4 𝑝𝑔/𝑚𝐿) with a moderate calibration slope (5.33) and excellent linearity 

(𝑅² =  0.9178 − 0.9921). This LOD outperforms many reported POM-based LC 

biosensors on polymer substrates. Suboptimal alignment in unstretched (𝐿𝑂𝐷 =
 16.5 𝑛𝑔/𝑚𝐿) or over-stretched (9.95 𝑛𝑔/𝑚𝐿) conditions correlated with poorer 

performance. These results validate the hypothesis that synergistic, chemical-free 

physical modifications (moderate stretching and fine scratching) optimize PVA 

surface anisotropy and wettability for enhanced MBBA alignment and amplified 

biomolecular disruption signals. The approach offers a simple, scalable, low-cost, 

and biocompatible alternative to conventional rubbing or chemical treatments, 

enabling environmentally friendly, disposable LC biosensors. Short-term stability 

was confirmed (stable POM contrast after 1–3 days in desiccator and during 

assembly), with preliminary dry storage showing no degradation over 1–2 weeks. 

However, long-term durability remains unquantified, and the PVA hydrophilicity 

may cause swelling or groove erosion in prolonged wet conditions. 

Future work will prioritize quantitative durability assessments and 

protective modifications. Expanding to other analytes and additional treatments will 

further reduce LODs and broaden biomedical and environmental applications, 

leveraging the demonstrated synergy of topography and wettability in LC–substrate 

interactions. 
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