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Characterizing Viscoelasticity of Corneal Stromal Models Using
Non-Contact Air-Pulse Optical Coherence Elastography (OCE)
and Validating Using Ramp±Hold Relaxation Testing

Yilong Zhang 1 , Zhengshuyi Feng 2 , Zhihong Huang 2 and Chunhui Li 1,*

1 Centre of Medical Engineering and Technology, University of Dundee, Dundee DD1 4HN, UK
2 School of Physics and Engineering Technology, University of York, York YO10 5DD, UK
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Abstract: Corneal biomechanical properties are closely related to the cornea’s physiological

and pathological conditions, primarily determined by the stromal layer. However, little is

known about the influence of corneal cell interaction on the viscoelasticity of the stromal

extracellular matrix (ECM). In this study, collagen-based hydrogels incorporated with

keratocytes were reconstructed as corneal stromal models. Air-pulse optical coherence

elastography (OCE) was used to characterize the viscoelastic properties of the corneal

models. Plate compression, ramp±hold relaxation testing was performed on the initial

corneal models. The findings demonstrated that the elastic modulus increased 5.27, 2.65

and 1.42 kPa, and viscosity increased 0.22, 0.06 and 0.09 Pa·s in the stromal models with

initial collagen concentrations of 3, 5, and 7 mg/mL over 7 days. The elastic modulus and

viscosity exhibited high correlation coefficients between air-pulse OCE and ramp±hold

relaxation testing, with 92.25% and 98.67%, respectively. This study enhances the under-

standing of the influence of cell±matrix interactions on the corneal viscoelastic properties

and validates air-pulse OCE as an accurate method for the mechanical characterization of

tissue-engineered materials.

Keywords: corneal stromal model; viscoelasticity; collagen-based hydrogels; air-pulse

optical coherence elastography; surface acoustic wave; ramp±hold relaxation testing

1. Introduction

The cornea plays a crucial role in vision, providing about two-thirds of the eye’s

optical power. It also acts as a structural barrier to protect the eye from infections [1].

Recently, corneal biomechanics have gained attention in ophthalmology as these are a

determinant of corneal shape. Meanwhile, corneal biomechanical properties are able to

aid in the diagnosis and management of corneal diseases as these are closely related to

physiopathological conditions [2]. For instance, in keratoconus, the extracellular matrix

(ECM) of the cornea is disproportionally degraded, resulting in biomechanical weakening

and corneal bulging into a conical shape [3]. This change leads to a reduced elastic modulus

and altered viscoelasticity, which may result in corneal ectasia.

The corneal stroma makes up around 85% of the overall cornea’s thickness and is

primarily responsible for its biomechanical properties [1]. Tissue-engineering techniques

have been used to replicate the three-dimensional (3D) architecture of the cornea [4,5].

Hydrogels are a typical scaffold material with biocompatibility and tunable biomechanical

properties. Collagen-based hydrogels incorporated with keratocytes are suitable for recon-
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structing the human corneal stroma as their compositions, and viscoelastic properties [6]

are similar to the natural stroma.

Conventional mechanical testing, such as compression or tensile testing, is a common

and gold-standard approach for assessing the mechanical properties of biological [7,8]

or engineered tissues [9,10]. In these tests, the sample’s response to induced changes is

typically monitored by a load cell, while displacement is measured through a mechanical

actuator [11]. The elastic modulus can be calculated from the resulting stress±strain curve.

Viscoelasticity is assessed by measuring the time-dependent stress±strain response to a

constant strain or stress in the uniaxial creep or stress relaxation testing [11]. However,

conventional mechanical testing methodologies usually require direct interaction with the

sample, making them inherently non-sterile and destructive. Furthermore, these methods

provide only bulk mechanical properties of the sample, whereas most native tissues are

heterogeneous in nature [12].

Non-contact tonometers such as the ocular response analyzer (ORA) [13] and Corvis

ST [14] are utilized in clinical practice to characterize corneal biomechanical properties.

These instruments employ an air pulse to displace the central cornea while an infrared

beam monitors its bidirectional movement. However, the obtained viscoelastic parameters

disagreed in detecting the biomechanical variations in keratoconic cornea before and after

cross-linking treatments when compared to pathological or therapeutic results [15,16].

Optical coherence tomography (OCT) is a non-invasive optical imaging modality that

provides high-resolution visualization of microstructures in biological soft tissues [17].

Building upon OCT, wave-based optical coherence elastography (OCE) characterizes the

biomechanical characteristics of soft tissues by applying external stimuli and analyzing

induced elastic waves [18]. The millimeter penetration depth in OCE constrains the motion

measurements to regions closer to the tissue boundaries, where surface acoustic waves

(SAWs) are the dominant perturbations [19]. Air-pulse OCE generates SAWs for elas-

tography by using a micro-air pulse to deliver a localized impulse stimulus towards the

tissue surface. This technique has been used to assess corneal elasticity [20,21] and vis-

coelasticity [22,23], and to characterize the mechanical properties of tissue-engineered

models [24].

In this study, a focused air-pulse OCE system was used to monitor changes in the di-

mensions and viscoelastic properties of the corneal stromal models made by hydrogels with

initial collagen concentrations of 3 mg/mL, 5 mg/mL and 7 mg/mL over a culture period

of seven days. An independent compression, ramp±hold relaxation test was conducted

to validate the initial viscoelastic parameters of the corneal models. This study enhances

the understanding of the influence of cell±matrix interactions on the viscoelasticity of

corneal stroma.

2. Materials and Methods

2.1. Corneal Stromal Models

Human keratocytes (P10872, Innoprot, Bizkaia, Spain) were used at passage 3, ex-

panded from a cryo-preserved stock. Keratocytes were cultured in a T25 cell culture flask

with the culture media. Culture media consisted of low-glucose Dulbecco’s modified Ea-

gle’s medium (DMEM, 1.0 g/L glucose, Lonza, Basel, Switzerland) supplemented with 10%

fetal bovine serum (FBS, Thermo Fisher Scientific Inc., Waltham, MA, USA) and 1% antibi-

otic and antimitotic solution (PEN-STREP 5000 U penicillin/m, 5000 U streptomycin/mL,

Lonza, Basel, Switzerland). Keratocytes were incubated in 5% carbon dioxide (CO2) at

37 ◦C and then trypsinized with 1× EDTA at 80% confluence. The cell number was counted

by a hemacytometer.
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The stroma-mimicking collagen hydrogels were fabricated in a sterile flow hood. Rat-

tail collagen type I (9.1 mg/mL, Corning, NY, USA) was used as the collagen biopolymer

in the hydrogel scaffold. In addition, 10 × standard DMEM was added to the collagen

solution to neutralize acetic acid. Collagen concentrations of 3 mg/mL, 5 mg/mL and

7 mg/mL were diluted from the original collagen type I solution by the culture media.

Keratocytes with a density of 5 × 105 cells/mL were suspended in the collagen solution.

Hydrogels without cells were fabricated as a control.

Dome-shaped and cylindrical hydrogels were manufactured (Figure 1). A sterile

cellulose filter paper ring with outer and inner diameters of 8 mm and 5 mm, respectively,

was prepared as the base for dome-shaped hydrogels to confine its shape to the cornea.

The ring was placed on a hydrophobic polytetrafluoroethylene (PTFE) board piece, and

the collagen solution with a volume of 80 µL was dropped onto the ring (Figure 1 (blue

arrows)). No-cell cylindrical hydrogels were formed by dropping 502 µL hydrogel solution

into a customized nylon mold with a height of 10 mm and a diameter of 8 mm (Figure 1

(green arrows)). The hydrogels were gelated on the PTFE board for 2 h in an incubator.

The bottom surface of the hydrogel, in direct contact with the PTFE board, remained

flat. Subsequently, the formed hydrogel was transferred into a cell culture plate with

supplemented culture media.

Figure 1. Dome-shaped (blue arrows) and cylindrical shape (green arrows) collagen hydrogels with

initial collagen concentrations of 3 mg/mL, 5 mg/mL and 7 mg/mL.

2.2. Cell Image Acquisition

A light microscope (CKX41, Olympus, Tokyo, Japan) was employed to observe the

confluence and morphology of keratocytes in stromal models every 24 h. The microscopic

image was recorded with a CMEX camera (DC. 5000, Euromex Microscopen, Arnhem,

The Netherlands) and analyzed with Image focus v3.0.

2.3. Air-Pulse OCE Setup for Surface Acoustic Wave (SAW) Imaging

In this study, a non-contact air-pulse OCE system was developed to induce and track

the impulse SAW propagating within stromal models. The viscoelastic properties were

continuously monitored by analyzing the dispersion of SAW phase velocity. The air-pulse

OCE system (Figure 2) consisted of an air-pulse generation system and a spectral-domain

OCT (SD-OCT) system.

A broadband superluminescent diode (SLD) laser (LS2000B, Thorlabs Inc., Newton,

NJ, USA) with a wavelength of 1310 ± 110 nm was employed as the laser source for the

SD-OCT system. The interference spectrum was captured by a high-speed InGaAs linear

array camera with a maximum sampling frequency of 91,912 Hz. The axial and lateral

resolution of this system was approximately 6.9 µm and 23.5 µm in air.
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Figure 2. Schematic of an air-pulse OCE system for the SAW imaging in stromal model. (A) an air-

pulse generation part, and (B): a PhS-OCT system PC: polarization controller; DAQ: data acquisition;

NI: national instrument.

In the air-pulse generation system, a pneumatic solenoid valve (V114-6 M-M5, SMC

Corporation, Tokyo, Japan) and a customized circuit controlled the duration of an air stream.

The air-pulse generation system was synchronized with the SD-OCT system through the

output signal. The output air pressure was controlled by a pressure control valve on an air

compressor (Tayside Compressor Services, Dundee, UK). An externally triggered function

generator (33220A, Keysight Technologies Inc., Santa Rosa, CA, USA) was utilized to drive

the air-pulse system by a square wave with a frequency of 40 Hz, an amplitude of 5.0 volts

peak-to-peak (Vpp), an offset of +2.5 volts direct current (Vdc) and a duty cycle of 60%.

The air pulse delivery was through a needle (KDS3012P, Weller, Besigheim, Germany)

with an inner diameter of 0.15 mm. The needle position was accurately altered with a

3D translation stage for the focused air-pulse excitation. The excitation angle of the air

stream relative to the surface normal was controlled at 45◦. The air pressure was set to be

1 bar, which produced a SAW pulse with a maximum amplitude of 250 nm on the stromal

model surface.

The central cross-sectional plane of the stromal model was chosen for SAW imaging.

The propagation of the impulse SAW was acquired using an M-B scanning mode. In this

mode, 512 A-scans with a sampling frequency of 20,730 Hz were acquired at the same

position, generating an M-scan first. Next, 512 successive M-scans with a frame rate of

30 Hz and lateral spacing of 17 µm were acquired laterally. One complete M-B scan required

18.9 s. As a result, each stromal model was acquired with an average of 75.6 s. The size

of the experimental imaging plane was ~2.11 mm in depth × ~9 mm in lateral distance.

The wave propagation data were acquired and stored by a LabView (V2016, National

Instruments, Austin, TX, USA) program.

2.4. Central Thickness Measurement

The central thickness of the stromal models was extracted from the central cross-

sectional OCT structural image. The imaging depth was 2.8 mm in air, corresponding to

2.11 mm in the stromal model (assuming the refractive index as 1.333 [25]). The size of
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each pixel was calculated to be 4.12 µm based on 512 pixels acquired in depth. The central

thickness of the stromal model can be obtained as follows:

CTh = Ph × Lp (1)

where CTh denotes the central thickness of the stromal model, Ph represents the pixel

number from peak to bottom, and Lp is the length of each pixel.

2.5. Viscoelastic Characterization of Stromal Models Based on SAW Phase Velocity

In a homogenous, intrinsically viscoelastic material, dispersion behavior occurs during

the SAW propagation. SAW propagates with various phase velocities at different frequency

components. Therefore, phase velocities at each frequency component are able to depict

the propagation of SAW in the viscoelastic material. Under this background, the material

viscoelasticity can be inferred by the phase velocity dispersion of a SAW pulse [26].

The post-processing steps to extract the SAW phase velocity and estimate the viscoelas-

tic parameters of the stromal models are described in our previous publication [24]. First,

an area of 1.6 mm in lateral distance × 0.47 in depth (Figure 3A, yellow dashed rectangle)

was selected from the central cross-sectional structural image (Figure 3A). Most of the SAW

energy remained on the free surface of the sample [27]. The upper boundary of the stromal

model was detected. The lower boundary was determined as 20 axial pixels (~94 µm in

depth, Figure 3B, blue line) below the upper boundary. The phase difference between the

boundaries was averaged for signal-to-noise ratio (SNR) enhancement in SAW. The axial

displacement (∆z(z, t)) was estimated from the phase difference as follows [28]:

∆z(z, t) =
λc∆Φz(z, t)

4πn
(2)

where ∆Φz(z, t) represents the phase difference between two consecutive A-lines, λ is the

central wavelength of laser source, and n is the refractive index of the medium. Thus,

a spatial±temporal displacement map was obtained (Figure 3C). Next, a 2D FFT was

applied to the spatial±temporal displacement map to obtain a wavenumber±frequency

map (Figure 3D). A phase velocity intensity map was generated by estimating the phase

velocities of the SAW at each frequency component as follows [29]:

Cp =
ω

k
(3)

where Cp denotes the phase velocity, ω represents the angular frequency and k is the wave

number. The maximum intensity of the phase velocity at each frequency was used to derive

the phase velocity dispersion curve. The dispersion curve at a frequency range between

600 Hz and 900 Hz was chosen to determine the shear modulus and viscosity. The selected

dispersion curve was finally fitted into a Rayleigh wave dispersion model, which can be

written as follows [18]:

CR(ω) = 0.955

√

√

√

√

2
(

µ2
1 + ω2µ2

2

)

ρ
(

µ1 +
√

µ2
1 + ω2µ2

2

) (4)

where CR is the SAW phase velocity, µ1 and µ2 denote the shear modulus and shear

viscosity, and ω denotes the angular frequency. The density ρ was assumed to be as same

as the water at 37 ◦C (993 kg/m3) [30].
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Figure 3. Signal-processing steps of a 5 mg/mL cell-seeded stromal model on day 1. (A) The central

cross-sectional structural image. (B) The structural image of the yellow dashed rectangle. The

red and blue solid lines illustrate the boundaries of the analyzed region. (C) The spatial±temporal

displacement map of the impulse SAW. (D) The wavenumber±frequency domain map of the impulse

SAW. (E) The phase velocity dispersion curve (red solid line) overlaps the grayscale intensity map.

(F) fitting the dispersion curve (black solid line) into the Rayleigh wave dispersion model. Red solid

line: fitting curve; µ1: shear modulus; µ2: shear viscosity; R2: coefficient of determination.

The relationship between elastic modulus (Young’s modulus, E) and shear modulus

(µ1) can be written as follows:

E = 2µ1(1 + υ) (5)

where E is the elastic modulus of the material, and the Poisson’s ratio υ of the stromal

models was assumed as 0.5 [31] as the stromal models were immersed in the culture media.

Assuming isotropy, the shear modulus (µ1) is proportional to the elastic modulus (E),

according to the expression E = 3 µ1.

2.6. Plate Compression, Ramp±Hold Stress Relaxation Test

Step compressions are used in most load relaxation studies for the analytical simplicity

of deriving a step±hold relaxation response solution. However, applying a near-step strain

often results in oscillatory transients on the material’s application, causing a significant loss

of accuracy in model fitting [32]. The ramp±hold relaxation response significantly improves

model-fitting accuracy by preventing oscillated artefacts in measurements [33]. In this

study, a ramp±hold plate compression relaxation experiment (Figure 4) was performed



Photonics 2025, 12, 24 7 of 14

on the cylindrical stromal model with different collagen concentrations to validate the

accuracy of viscoelastic properties measured by the air-pulse OCE. The test was carried

out by a Tinius Olsen H5KS material test machine (Tinius Olsen Ltd., Salfords, UK) at

room temperature.

Figure 4. Experimental apparatus for the plate compression, ramp±hold stress relaxation test. Cylin-

drical stromal model placed on the testing plate of a Tinius Olsen H5KS material test machine.

In this experiment, cylindrical no-cell stromal models were examined. The compres-

sion speed was set to be 2 mm/min, and the ramp time was set to be 45 s. When the plate

compressor reached the set maximum displacement (15% strain, 1.5 mm), the plate was

held for 300 s to measure stress relaxation. The force relaxation data during the test were

obtained. Then, the relaxation data were fitted into a Kelvin±Voigt fractional derivative

(KVFD) model [32] to estimate the viscoelastic parameters. The KVFD model is given by:

σr(t) =







ε0E0t
Tr

[

1 + (t/τ)−α

Γ(2−a)

]

, 0 ≤ t ≤ Tr

ε0E0t
Tr

[

Tr − (t − Tr)
((t/Tr)/τ)−α

Γ(2−a)
+ t

(t/τ)−α

Γ(2−α)

]

, t > Tr

(6)

where σr is the stress relaxation response, Tr denotes the duration of the ramp, E0 represents

the elastic modulus of the sample, τ is the relaxation time constant and α is the derivative

order. Thus, the viscoelastic parameters of the stromal model, including the elastic modulus

(E0) and the normalized time-dependent viscosity η = E0·τ
α, were estimated.

The correlation between viscoelastic parameters calculated by air-pulse OCE and the

ramp±hold relaxation test was assessed using pairwise correlation in MATLAB (R2020b,

The MathWorks Inc., Natick, MA, USA).

3. Results

3.1. Morphology of Keratocytes in Stromal Model Cultures

Figure 5 shows the morphology and confluency of keratocytes in the stromal models

with initial collagen concentrations of 3, 5, and 7 mg/mL on day 3 and day 7. The results

showed that stromal models with a lower initial collagen concentration exhibited a more

significant increase in cell proliferation than models with a higher initial collagen concentra-

tion. The stromal model with an initial collagen concentration of 3 mg/mL had the fastest

proliferation rate for 7 days. The 5 mg/mL stromal model showed a noticeable increase in

cell population from day 3 to day 7. In contrast, the 7 mg/mL stromal model had a slow

rate of cell proliferation and less change in cell population between day 3 and day 7.



Photonics 2025, 12, 24 8 of 14

Figure 5. Light microscopic images of keratocytes in cell-seeded stromal models with initial collagen

concentrations of 3 mg/mL (A,B), 5 mg/mL (C,D) and 7 mg/mL (E,F) on day 3 and day 7. Scale

bar = 500 µm.

3.2. Central Thickness of Stromal Models

The central thickness of stromal models was monitored for 7 days (Figure 6). The

central thickness of the no-cell stromal models with initial collagen concentrations of 3,

5, and 7 mg/mL was steady at approximately 1.44 mm, 1.74 mm, and 1.69 mm over the

culture period. The center thickness of the cell-seeded stromal models with a lower initial

collagen concentration decreased faster than that of those with a greater initial collagen

concentration. Quantitatively, the central thickness of the cell-seeded stromal model with

an initial collagen concentration of 3 mg/mL decreased by 34.7%, from 1.18 ± 0.18 mm

on day 1 to 0.77 ± 0.03 mm on day 7 (Figure 6A). The central thickness of the 5 mg/mL

cell-seeded stromal model experienced a significant decrease from day 3 at 1.48 ± 0.07 mm

to day 7 at 1.04 ± 0.07 mm, with a contraction of 30% (Figure 6B). The central thickness of

the cell-seeded stromal model with an initial collagen concentration of 7 mg/mL exhibited

less change throughout the time, decreasing from 1.71 ± 0.09 mm to 1.68 ± 0.06 mm, equal

to a 2% contraction of the initial central thickness (Figure 6C).

Figure 6. Central thickness of cell-seeded (red dashed line) and no-cell (black solid line) stromal

models with initial collagen concentrations of 3 mg/mL (A), 5 mg/mL (B) and 7 mg/mL (C) in

7 days.
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3.3. Viscoelastic Properties of Stromal Models from Air-Pulse OCE

The elastic modulus and viscosity of the stromal models with initial collagen concentra-

tions of 3 mg/mL, 5 mg/mL, and 7 mg/mL were monitored with the air-pulse OCE system

over 7 days (Figure 7). The elastic modulus of the cell-seeded stromal models with an initial

collagen concentration of 3 mg/mL significantly increased from 2.07 ± 0.07 kPa on day 1

to 7.34 ± 0.19 kPa on day 7. Meanwhile, the viscosity increased from 0.09 ± 0.02 Pa·s to

0.31 ± 0.02 Pa·s. The elastic modulus and the viscosity of the 5 mg/mL model had a consid-

erable increase between day 3 (4.36 ± 0.64 kPa; 0.27 ± 0.03 Pa·s) and day 7 (6.43 ± 1.58 kPa;

0.33 ± 0.17 Pa·s). The viscoelastic parameters of the 7 mg/mL model increased by 1.42 kPa

and 0.09 Pa·s in 7 days. In comparison, the no-cell models with the initial concentration

of 3 mg/mL, 5 mg/mL and 7 mg/mL kept steady at the elastic modulus of ~2.10 kPa,

~2.80 kPa, and ~4.80 kPa, and the viscosity of ~0.05 Pa·s, ~0.09 Pa·s, ~0.25 Pa·s over

7 days. The results showed that the cell-seeded stromal models with lower initial collagen

concentrations had lower initial viscoelasticity and less resistance to viscoelastic changes.

Figure 7. Elastic modulus (A±C) and viscosity (D±F) of no-cell (black solid line) and cell-seeded (red

dashed line) stromal models with initial collagen concentrations of 3 mg/mL (A,D), 5 mg/mL (B,E)

and 7 mg/mL (C,F).

3.4. Viscoelastic Properties of Stromal Models from Plate Compression, Ramp±Hold Relaxation Test

The original ramp±hold relaxation and KVFD fitting curves for the cylindrical no-cell

stromal models with three collagen concentrations on day 1 are displayed in Figure 8. The

curves contained the compression part (before 45 s) and the force relaxation part (from

45 s to 300 s). A greater slope of the compression region for the stromal models with

higher initial collagen concentrations was performed, indicating a higher elastic modulus.

Also, a greater rate of stress loss was found during the relaxation part, representing a

higher viscosity.

The viscoelastic parameters of the 3 mg/mL, 5 mg/mL, and 7 mg/mL stromal models

obtained from fitting the stress relaxation curves into the KVFD model are summarized in

Table 1. The elastic modulus increased from 1.01 ± 0.12 kPa for the 3 mg/mL stromal model

to 1.46 ± 0.14 kPa for the 7 mg/mL model. The normalized time-dependent viscosity also

increased with collagen concentrations of the models (from 3 mg/mL: 27.71 ± 1.03 Pa·s to

7 mg/mL: 33.55 ± 1.03 Pa·s). These viscoelastic parameters validated this from air-pulse

OCE through a linear dependence analysis. Both elastic modulus and viscosity exhibited

high correlation coefficients, with 92.25% and 98.67%, respectively. Therefore, air-pulse

OCE was reliable in characterizing the viscoelastic properties of the stromal models with

initial collagen concentrations of 3 mg/mL, 5 mg/mL and 7 mg/mL.
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Figure 8. Plate compression, ramp±hold relaxation curves for no-cell stromal models with initial col-

lagen concentrations of 3 mg/mL, 5 mg/mL and 7 mg/mL with corresponding KVFD model fitting.

Table 1. Estimated elastic modulus, normalized time-dependent viscosity from KVFD model and

correlation coefficient with air-pulse OCE results.

Concentrations Elastic Modulus Normalized Viscosity

3 mg/mL 1.01 ± 0.12 kPa 27.71 ± 1.03 Pa·s
5 mg/mL 1.26 ± 0.11 kPa 28.90 ± 1.05 Pa·s
7 mg/mL 1.46 ± 0.14 kPa 33.55 ± 1.03 Pa·s
Coefficient 92.25% 98.67%

4. Discussion

This study investigated the effect of interactions between stromal cells and ECM on

the viscoelastic properties of corneal-stroma-mimicking collagen hydrogels in a continuous

culture period. A phase-stabilized air-pulse OCE system was developed to evaluate

the dimension and viscoelasticity of the stromal models with three different collagen

concentrations over 7 days. The elastic modulus and viscosity were calculated based on the

impulse SAW phase velocity and then fitted into a Rayleigh wave dispersion equation. In

plate compression, ramp±hold relaxation testing, the force relaxation curve was measured

and fitted into a KVFD model for obtaining the viscoelastic parameters of stromal models.

The main benefits of this study are as follows: (1) a completely non-contact air-pulse

system to prevent stromal models from contamination; (2) a small displacement induced

by the air stream to prevent deformation of stromal models during the culture period;

(3) consecutive monitoring of the viscoelastic properties of stromal models with initial

collagen concentrations of 3 mg/mL, 5 mg/mL and 7 mg/mL; (4) the viscoelastic results

from the SAW dispersion model validated by a stress relaxation test.

Strain OCE provides high-resolution biomechanical distribution maps of samples [34]

by using direct compression [35] or a laser-induced method [36] to acquire non-linear

stress±strain curves or stress relaxation data, enabling a potential estimation of viscoelastic

properties. Additionally, commonly used wave-based OCE techniques, such as focused

ultrasound [27] or piezoelectric transducer-induced [37] OCE, facilitate straightforward

viscoelastic measurements. In contrast, air-pulse OCE can perform continuous biome-

chanical measurements of samples while avoiding contamination due to its non-contact

excitation method.
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In this study, the central thickness (Figure 6) revealed that the stromal models with

greater collagen concentrations had a slower rate of contraction than those with lower

concentrations over 7 days. It was evident that the stromal models with lower initial

collagen concentrations had less mechanical resistance to the contraction of the ECM.

Cell±matrix interactions played a major role in the dimension and viscoelasticity changes.

Keratocytes integrated themselves, adhered to the collagen matrix [38], and released ECM

products [39] within the stromal models. Consequently, the viscoelastic properties of the

surrounding ECM were changed. In turn, the altered ECM property could affect cellular

behaviors [40]. Our results showed that the increased cell density led to a higher elastic

modulus and viscosity of the stromal models.

The elastic modulus of stromal models with initial collagen concentrations of 3, 5,

and 7 mg/mL estimated by the air-pulse OCE exhibited a similar increasing trend to that

observed in a previous study [41], which monitored hydrogels with 2.5, 3.5 and 4.5 mg/mL

by a spherical indentation technique over 25 days. Fewer changes in the elastic modulus and

thickness could also be found in the hydrogels with a higher initial collagen concentration.

By contrast, we examined a wider range of initial collagen concentrations, allowing us

to draw broader conclusions. Moreover, the hydrogels’ viscosity was considered in this

study. Regarding the viscosity of hydrogels, the outcomes from Zvietcovich et al. [42]

demonstrated that ultrasound-induced OCE was capable of characterizing viscoelasticity

by inducing shear waves inside the hydrogels with different collagen concentrations of 2,

5, 6.7 and 10.6 mg/mL. Their findings indicated that the relative viscosity values of the

hydrogels with increasing collagen concentrations were approximately equivalent to ours.

However, their stimulation technique would contaminate or damage the sample, making it

unsuitable for continuous characterization. Compared to our previous study [24], the initial

cell-seeded stromal models in this study had a cell density five times higher. This led to

more rapid increases in both elasticity and viscosity of the stromal models, demonstrating

a positive correlation between cell density and viscoelastic properties of collagen ECM,

particularly at lower collagen concentrations.

To advance our current in vitro corneal model toward in vivo artificial corneas, several

potential improvements need to be considered. First, the elastic modulus of our stromal

models was of less than 10 kPa, significantly lower compared to the native cornea, which

has a shear modulus of 72 ± 14 kPa in healthy subjects [43]. At low collagen concentrations,

cross-linking becomes necessary to achieve adequate mechanical stiffness [44]. Next, the

development of tissue-engineered corneas has been explored to replicate the cornea’s three

layers (epithelium, stroma, and endothelium) [45] by combining human cells within a

highly controlled 3D environment to study complex physiological and pathophysiological

processes. Tegtmeyer et al. [46] and Reichl et al. [47] developed full-thickness artificial

corneas using collagen-based gel. Third, collagen lamellae make up approximately 90%

of corneal thickness and account for the majority of the cornea’s anisotropic structure and

mechanical behavior [48]. Pitre Jr et al. [49] introduced and fully characterized a nearly

incompressible transversely isotropic (NITI) model to measure two shear moduli, thereby

decoupling tensile and shear responses. However, the collagen fibers in our model were

more random in orientation and relatively homogenous. Thus, we assume it was isotropic

and obtained a single shear modulus. To replicate corneal anisotropy in tissue-engineered

models for potential in vivo characterization, several methods have been reported to

achieve collagen fiber orientation in hydrogels [50,51]. Fourth, intraocular pressure (IOP)

significantly correlates with corneal elasticity [22,52] and viscosity [22]. Currently, the

stromal model is supported by a neutral environment, which does not replicate the natural

boundary conditions of the eye. One potential future improvement involves incorporating

a pressurized liquid backing to simulate IOP, allowing for the introduction of a more
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physiologically relevant stress state within the stromal construct. Fifth, although type I

collagen is the most abundance in the corneal stroma, other collagen types, including type

V and fibril-associated collagens (XII and XIV), also contribute to the cornea’s lamellar

structure, providing essential mechanical properties [45]. Thus, incorporating additional

collagen types could better replicate the native cornea’s heterogeneous and hierarchical

structure in future work. Lastly, destructive relaxation testing was conducted on the initial

stromal models. To provide a more comprehensive validation of the air-pulse OCE results,

subsequent studies will incorporate relaxation tests at different time points during the

culture period. This will allow for a more detailed assessment of changes in viscoelastic

properties and ensure the reliability of OCE measurements over time.

5. Conclusions

In conclusion, this work investigated the influence of interactions between stromal

cells and stromal ECM on the viscoelastic properties of corneal stroma models. A non-

contact air-pulse OCE technique was used to monitor the dimensional and viscoelastic

changes in stromal models over a 7-day culture period. The viscoelastic measurements

obtained through air-pulse OCE were validated using independent plate compression,

ramp±hold relaxation testing. This study proves the accuracy of air-pulse OCE for mechan-

ical characterization and demonstrates its potential as a reliable tool for evaluating a wide

range of tissue-engineered materials.
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