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ABSTRACT. Significance: The skin’s mechanical properties are tightly regulated. Various
pathologies can affect skin stiffness, and understanding these changes is a focus
in tissue engineering. Ex vivo skin scaffolds are a robust platform for evaluating the
effects of various genetic and molecular interactions on the skin. Transforming
growth factor-beta (TGF-β) is a critical signaling molecule in the skin that can regu-
late the amount of collagen and elastin in the skin and, consequently, its mechanical
properties.

Aim: This study investigates the biomechanical properties of bio-engineered skin
scaffolds, focusing on the influence of TGF-β, a signaling molecule with diverse cel-
lular functions.

Approach: The TGF-β receptor I inhibitor, galunisertib, was employed to assess the
mechanical changes resulting from dysregulation of TGF-β. Skin scaffold samples,
grouped into three categories (control, TGF-β-treated, and TGF-β + galunisertib-
treated), were prepared in two distinct culture media—one with aprotinin (AP) and
another without. Two optical elastography techniques, namely wave-based optical
coherence elastography (OCE) and Brillouin microscopy, were utilized to quantify
the biomechanical properties of the tissues.

Results: Results showed significantly higher wave speed (with AP, p < 0.001;
without AP, p < 0.001) and Brillouin frequency shift (with AP, p < 0.001; without
AP, p ¼ 0.01) in TGF-β-treated group compared with the control group. The differ-
ence in wave speed between the control and TGF-β + galunisertib with (p ¼ 0.10)
and without AP (p ¼ 0.36) was not significant. Moreover, the TGF-β + galunisertib-
treated group exhibited lower wave speed without and with AP and reduced Brillouin
frequency shift than the TGF-β-treated group without AP, further strengthening the
potential role of TGF-β in regulating the mechanical properties of the samples.

Conclusions: These findings offer valuable insights into TGF-β-induced
biomechanical alterations in bio-engineered skin scaffolds, highlighting the potential
of OCE and Brillouin microscopy in the development of targeted therapies in con-
ditions involving abnormal tissue remodeling and fibrosis.
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1 Introduction
The skin features an inherent structure that provides strength and flexibility, functioning as a
protective shield for softer, deeper tissues. The skin is subject to forces arising from body
mechanics, such as joint movements and muscle contractions, as well as external factors, includ-
ing physical insults and surgeries. Thus, the skin should be able to withstand applied forces
(tensile strength), stretch without losing its structural integrity (extensibility), recoil back to its
original form (elasticity), and regenerate original properties following an injury to maintain
proper body functions.1 Nonetheless, dermal biomechanical properties may be compromised
by various factors, such as aging 2 and disease,3 potentially impeding its optimal function.
Therefore, understanding the alterations in the biomechanical properties of the skin is crucial
in tissue engineering and regenerative medicine, particularly in designing effective skin substi-
tutes and enhancing the success rates of skin grafts.

The mechanical properties of the skin are predominantly governed by the collagen and elas-
tin components of the extracellular matrix (ECM), a non-cellular network of proteins and car-
bohydrates that provides structural and biomechanical support to the surrounding cells.4,5 The
collagen and elastin fibers influence the tensile6–8 and elastic8–11 properties of the skin, respec-
tively. The dysregulated composition of these fibers can disrupt tissue mechanics through exces-
sive matrix deposition, remodeling, and degradation, potentially leading to fibrosis.12–15 In tissue
engineering, growth factors, such as transforming growth factor-beta (TGF-β), are often used to
increase the deposition of collagen and elastin in various tissues, including the skin, lungs, liver,
and kidneys.16,17 TGF-β, a multifunctional cytokine, stimulates the synthesis of collagen and
glycosaminoglycans within the skin. It influences fibroblast differentiation into myofibroblasts,
playing a key role in wound contraction and remodeling.18 TGF-β also upregulates the expres-
sion of tissue inhibitors of metalloproteinases, which inhibit the activity of matrix metallopro-
teinases that are responsible for ECM degradation.19 This results in an imbalance between ECM
synthesis and degradation, leading to the accumulation of ECM proteins and the development of
fibrosis.20

Ex vivo scaffold-based skin offers a robust platform for evaluating TGF-β-induced changes
in mechanical characteristics, serving as a valuable approach for developing tissue-engineered
skin substitutes that mimic the structure and function of the native skin. It provides a controlled
and reproducible environment for studying specific tissue responses and behavior outside the
complexities of an in vivo setting.21 While there is substantial evidence elucidating the influence
of TGF-β on ECM constructs,22–24 a notable research gap exists in exploring the mechanical
properties of skin scaffolds in response to TGF-β.

Several techniques, such as tensile, suction, torsion, and twisting tests, can be used to evalu-
ate skin scaffold mechanical properties.25 Nevertheless, noninvasive, in situ measurements are
advantageous for maintaining the integrity of delicate skin scaffolds, rendering imaging tech-
niques such as ultrasound and optical elastography more suitable due to their non-destructive
nature. Research on imaging the elastic properties of the skin using ultrasound elastography
(USE) is growing, such as for detecting systemic sclerosis.26–28 However, USE has worse struc-
tural and elastic resolution compared with optical techniques such as optical coherence elastog-
raphy (OCE) and Brillouin microscopy.29 Prior studies have demonstrated the potential of OCE
in quantifying skin biomechanical properties in both healthy30–32 and diseased conditions, includ-
ing systemic sclerosis in vivo in preclinical and clinical settings.33,34 Wave-based OCE,35 air-
coupled ultrasound OCE (ACUS-OCE) in particular,36 measures minute displacements
(<10 μm) induced by non-contact acoustic radiation force (ARF). The ensuing propagation
speed of the mechanical wave is then quantified, which correlates with the inherent shear modu-
lus of the tissue.35 Similarly, Brillouin microscopy has shown promise for non-invasively map-
ping the Brillouin frequency shift (GHz range), which corresponds to the longitudinal elastic
modulus (GPa range) of tissues, with high spatial resolution.37
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In this study, we employ both ACUS-OCE and Brillouin microscopy to evaluate the bio-
mechanical response of skin scaffolds to TGF-β treatment. Our prior work has highlighted the
effectiveness of these optical techniques in offering complementary insights into tissue mechani-
cal properties.38,39 A correlation may exist between the shear modulus obtained from OCE and
the longitudinal modulus estimated using Brillouin microscopy due to their common dependence
on tissue structural components like collagen fibers, ECM structure, and water content. However,
such correlations are not always guaranteed in complex tissues, and therefore, measuring both
moduli is often necessary for precise characterization, highlighting the potential of this combined
approach to provide comprehensive tissue biomechanical properties. Such an approach would
overcome the trade-off between the slower yet high elastic-resolution Brillouin microscopy and
the faster and more quantitative imaging capabilities with a broader field of view offered by OCE.

2 Materials and Methods

2.1 Skin Scaffold Samples
Skin scaffold samples were prepared in two sets, each in a 96-well transwell plate, at the National
Center for Advancing Translational Sciences (NCATS), NIH, Maryland, United States. In plate
1, aprotinin (AP) was maintained in the culture media throughout skin sample growth, whereas
the AP in plate 2 was removed during the final 6 days of the culture. The removal of AP from the
second group aimed to eliminate potential masking effects on stiffness differences caused by
fibroblast-induced collagen secretion, as AP is known for inhibiting fibrin gel degradation.40

Each plate consisted of three sample subgroups, resulting in a total of six sample sets. The first
subgroup served as a control (CTL), the second subgroup was treated with 10 ng∕ml TGF-β, and
the third subgroup was treated with both 10 ng∕ml TGF-β and 10 μM of a TGF-β receptor 1
inhibitor, Galunisertib (LY2157299), hereafter referred to as galunisertib.41 Dimethyl sulfoxide
was used as a control. The cultures were developed in transwell inserts with an effective area of
0.143 cm2. A roughly 10-μm-thick membrane within the scaffolds separated the epidermis and
dermis layers, which were cultured at the apical and basolateral sides of the insert, respectively.
The samples were transported overnight to the University of Houston for elasticity imaging using
Brillouin microscopy and OCE.

2.2 Imaging Systems and Data Acquisition
To preserve the structural integrity of the skin scaffolds and facilitate high-throughput imaging,
measurements were performed directly on the intact samples within the transwell inserts. During
imaging experiments, the transwell inserts were flipped to enable measurements from the baso-
lateral side, as illustrated in Fig. 1(a). This orientation permitted the direct scanning of the dermis
layer using both OCE and the Brillouin systems, thereby enabling effective assessment of the
mechanical properties of the dermis. In addition, the experiments were carefully timed to ensure
that measurements took place within seconds after inverting the transwell, preserving the skin
structure’s freshness.

The ACUS-OCE system utilized a phase-sensitive spectral-domain OCT (PhS-OCT) system
to track the propagation of low amplitude (<10 μm) mechanical waves induced by ACUS exci-
tation. The excitation method was implemented using a hollow hemispherical ACUS transducer
featuring a circular opening of 10 mm at the apex for confocal OCT imaging.36 Positioned at a
focal distance of ∼20 mm from the sample, the ACUS transducer, operating at a 1 MHz resonant
frequency, generated a focused ARF on the sample, roughly at the center of the inverted transwell
insert and surface of the skin sample. To drive the transducer, a function generator (DG4162,
RIGOLTech, Beijing, China) generated a 1 MHz sinusoidal wave that was amplitude modulated
with a rectangular pulse train comprising five cycles at 2 kHz. The modulated signal was then
amplified using a 55-dB power amplifier (1040L, Electronics & Innovation, Ltd, Rochester, New
York, United States) before driving the transducer. The induced mechanical waves were imaged
using the PhS-OCT system, employing a superluminescent diode (Broadlighter S840-I-B-20,
Superlum, Cobh Cross, Ireland) with a central wavelength of 840 nm and full-width-half-
maximum bandwidth of ∼49 nm. The system had an axial resolution of 9 μm (in air) and a
displacement sensitivity of 0.28 nm. For each sample, the data acquisition process involved two
M-B mode scans,42 covering a lateral distance of 3.95 and 3.96 mm along the orthogonal x and y
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axes, respectively, as shown in Fig. 1(a). Temporal data were collected with 1000 A-lines per M-
mode scan at an A-line acquisition rate of 25 kHz, and 1000 lateral locations were probed per
B-scan.

A custom MATLAB® R2023a script (Mathworks, Inc., Massachusetts, United States) was
used to process the spatio-temporal data. Briefly, standard OCE signal processing techniques
were applied to the raw M-B interferograms to remove background noise and motion
artifacts.42,43 A spatio-temporal displacement map was generated by applying a fast Fourier trans-
form (FFT) to the denoised data and extracting the temporally unwrapped phase at each axial
pixel.36,44 The speed of the mechanical wave was then quantified as the slope of the linear fit of
the primary peak of wave propagation to the propagation distance along the skin scaffold surface.
This procedure was repeated for subsurface sample layers over a thickness of ∼250 μm, and a
mean wave speed was computed for each M-B mode acquisition, enhancing the accuracy of the
estimated speed.

Mechanical characterization with Brillouin microscopy was performed using a home-built
multimodal Brillouin-OCT setup.45 The Brillouin sub-system consisted of a 660-nm single-mode
laser source (Torus; Laser Quantum Inc., Fremont, California, United States), with ∼25 mW

power on the sample. The Brillouin frequency shift was detected by a spectrometer composed
of a dual-stage virtually imaged phase array (VIPA) spectrometer with ∼33 GHz of free spectral
range. The Brillouin spectrometer was calibrated with standard materials, including water and
acetone, before each measurement. Brillouin measurements were acquired with a microscope
objective with 0.25 numerical aperture, resulting in a lateral resolution of ∼3.8 μm, and an axial
resolution of ∼36 μm, which were measured using a beam profiler (LaserCam-HR II; Coherent
Inc., Santa Clara, California, United States). The backscattered light collected from the sample
was transferred to a dual-stage VIPA spectrometer through a single-mode optical fiber. An
electron-multiplying charge-coupled device camera (iXon Andor, Belfast, United Kingdom) was
used to detect the Brillouin frequency shift. The exposure time of the camera was 0.1 s during all
measurements. Brillouin images were acquired along a 1.3-mm lateral region (10 pixels) and
0.3 mm axially (25 axial pixels along the thickness of the skin). The total acquisition period
was 25 s per sample. The Brillouin system was co-aligned with a swept-source OCT system
with a central wavelength of 1310 nm, bandwidth of 105 nm, and A-scan rate of 50 kHz for
structural image-guided Brillouin measurements, as shown in Fig. 1(b). The multimodal system
ensured the Brillouin measurements were taken at approximately the center of each transwell.

Fig. 1 (a) Schematic of the ACUS-OCE system consisting of a hemispherical ACUS transducer to
induce elastic waves in the skin scaffold and a PhS-OCT system to track the mechanical wave.
The ACUS transducer had a ∼10-mm apical opening, which allows confocal OCT imaging. During
imaging, the transwell was inverted with the basal side facing the imaging and excitation beams,
and hence, the dermis layer was directly imaged. (b) Schematic of the Brillouin/OCT system. OCT
was used to align the sample for Brillouin imaging. ARF, acoustic radiation force; AT, acoustic
transducer; C, collimator; DAC, digital to analog converter; D, dichroic mirror; EMCCD,
electron-multiplying CCD; FC, fiber coupler; FG, function generator; GS, 2D galvo scanner; L, lens;
OL, objective lens; PBS, polarizing beam splitter; PC, polarization controller; RF, power amplifier;
RM, reference mirror; S, SPEC, spectrometer; SLD, superluminescent diode; T, Transwell insert;
VA, variable attenuator; VIPA, virtually imaged phase array; λ∕4, quarter wave plate. MS Word
2010 Home ribbon. The red arrow indicates where to access the Styles window.
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3 Results
Figure 2 shows a typical structural image of the skin scaffold reconstructed from a 3D OCT scan.
OCE measurements were performed at the depth cross-sections situated in the x-z and y-z planes
crossing the center of the volume image depicted in Fig. 2(a). As shown in Fig. 2(b), the structure
of the tissue comprises a much thicker dermis layer at the top, a membrane layer of∼10 μm in the
middle, and an epidermis layer at the bottom. Both OCE and Brillouin imaging analyses were
conducted in the dermis layer, more specifically, near the top surface of the scaffold. The struc-
tural OCT images were used for qualitative visualization of the sample integrity, and only sam-
ples where the dermis layer was still intact with the membrane were included in the data analysis
to mitigate the potential effect of membrane detachment on the estimated stiffness parameters.

In all OCE experiments, the excitation focus point was co-aligned with the midpoint of the
two orthogonal scans (i.e., B-scans in x-z and y-z planes) for each sample, as denoted by the
yellow arrows in the top row of Figs. 3(a)–3(c), corresponding to CTL, TGF-β-treated, and
TGF-β + galunisertib-treated skin samples, respectively. The middle row of Figs. 3(a)–3(c)
displays snapshots of the wave motion, revealing noticeable differences in wavelength.
The TGF-β-treated sample, shown in Fig. 3(b), exhibited a relatively longer wavelength,
whereas the control sample in Fig. 3(a) had the shortest wavelength. The last row of
Fig. 3 presents representative spatial speed maps superimposed on OCT structural images.

Fig. 2 (a) 3D rendering of a typical skin scaffold sample obtained via 3D OCT scanning from the
inverted (basolateral side) of the transwell. (b) Representative cross-sectional image of the skin
scaffold showing various in-depth regions, including the dermis, epidermis, and membrane layers.
Elastic wave speed analysis was performed in the upper portion of the dermis layer, identified as
OCE ROI in the cross-sectional image.

Fig. 3 Typical B-mode images (top row), wave propagation snapshots (middle row), and speed
maps (bottom row) for (a) CTL, (b) TGF-β, and (c) TGF-β + galunisertib with aprotinin (AP). ACUS
excitation points are indicated by the yellow arrows. In the middle panel, the wave propagation
snapshots (t ¼ 7.48 ms for CTL, t ¼ 6.08 ms for TGF-β, and t ¼ 7.16 ms for TGF-β + galunisertib
after the start of excitation) show differences in the wavelengths of the waves. The bottom row
depicts elastic wave speed maps overlaid on the B-mode images. The scale bar is 100 μm.
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This speed map illustrates a relatively higher mean wave speed for the TGF-β-treated skin
scaffold compared with both the control and the TGF-β + galunisertib-treated samples. In com-
parison, the TGF-β-treated group exhibited a relatively higher wave speed (mean ± SD:
vAP ¼ 2.46� 0.38 m∕s; vnoAP ¼ 2.64� 0.61 m∕s) than both the CTL (mean ± SD: vAP ¼
1.55� 0.42 m∕s; vAP ¼ 1.09� 0.21 m∕s) and TGF-β + galunisertib-treated (mean ± SD:
vAP ¼ 1.78� 0.32 m∕s; vnoAP ¼ 1.19� 0.30 m∕s) groups. However, the difference between
wave speeds of TGF-β groups with and without AP was not significant (p ¼ 0.36). On the
other hand, the removal of AP appeared to result in a decrease in wave speed for both the
CTL and TGF-β + galunisertib-treated groups, potentially attributed to the fibrin gel degra-
dation inhibitory effect of the AP.

Figure 4 shows typical Brillouin frequency shift maps of each treatment condition of bio-
engineered skin sample, indicating a relatively lower frequency shift for the CTL groups both
with and without AP as plotted in Figs. 4(a) and 4(d), respectively. The average Brillouin fre-
quency shift of CTL, TGF-β, and TGF-β + galunisertib with AP were 6.163 � 0.039 GHz,
6.254� 0.063 GHz, and 6.271� 0.135 GHz, whereas the average Brillouin frequency shift
of CTL, TGF-β, and TGF-β + galunisertib without AP were 6.171� 0.021 GHz, 6.297�
0.134 GHz, and 6.211� 0.048 GHz.

The box-whisker plot in Fig. 5(a) illustrates the summary of wave speed distribution for the
three groups of skin scaffold samples. In the plot, the box denotes the interquartile range, the
median is represented by the horizontal line within the box, and mean values are depicted by
small blue circles connected with a dashed line. The whiskers extend from the minimum to maxi-
mum values of the dataset. Table 1 shows a summary of pair-wise comparisons between different

Fig. 4 Brillouin frequency shift map of (a) CTL, (b) TGF-β, (c) TGF-β + galunisertib with AP,
(d) CTL, (e) TGF-β, and (f) TGF-β + galunisertib without AP bio-engineered skin samples.
Image size: 1.3 mm × 0.3 mm (width × height).

Fig. 5 The biomechanical properties of the bio-engineered skin scaffolds, represented by (a) elas-
tic wave speed and (b) average Brillouin frequency shift measured using OCE and Brillouin micros-
copy, respectively. The samples were categorized into two groups: with aprotinin (AP) and without
(no AP). Outliers are indicated by *. The number of samples, N, vary between 12 and 19 among
groups, as certain samples were discarded because of damage.
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groups using the Mann-Whitney statistical test. Entries below the dashed zig-zag diagonal line
correspond to results for OCE, whereas those above the line pertain to Brillouin microscopy
frequency shift comparison. The table entries correspond to p-values obtained by comparing
the variables in the 2nd row and 2nd column of the corresponding entry. For example, the
TGF-β-treated group with AP showed a significantly higher wave speed compared to the
CTL (p < 0.001) and TGF-β + galunisertib (p < 0.001) groups with AP. The difference between
the CTL and TGF-β + galunisertib with (p ¼ 0.10) and without AP (p ¼ 0.36) was not
significant.

The mean Brillouin frequency shift of every sample is plotted in the box-whisker plot in
Fig. 5(b), showing the six-number boundary values of mean, median, minimum, maximum, first,
and third quartiles. The trends of increasing and decreasing Brillouin frequency shift for TGF-β
and TGF-β + galunisertib, respectively, agree with the changes in wave speed observed in OCE
results without AP as shown in Fig. 5. However, there was no significant difference in the
Brillouin frequency shift between CTL groups with and without AP (p ¼ 0.36), in contrast
to the notably lower wave speed (p < 0.001) for the CTL group without AP as compared to
that with AP. P-values resulting from the Mann-Whitney test comparing the Brillouin frequency
shift among different groups are presented above the dashed diagonal zig-zag line in Table 1.
Results show that the Brillouin frequency shift of the TGF-β-treated group was significantly
higher than that of CTL, both with (p < 0.001) and without AP (p ¼ 0.01). Conversely, the
effect of galunisertib was not statistically significant based on the comparison of Brillouin fre-
quency shift between TGF-β and TGF-β + galunisertib, both with AP (p ¼ 0.76) and without it
(p ¼ 0.11), potentially implying the inhibitor’s successful dysregulation of TGF-β.

4 Discussion and Conclusions
In this study, we investigated the biomechanical properties of bio-engineered skin scaffolds, spe-
cifically examining the impact of TGF-β, a signaling molecule involved in diverse cellular proc-
esses, including cell growth, differentiation, and immune response.46,47 Dysregulation of TGF-β
signaling has been implicated in the development and progression of certain diseases, such as
cancer48,49 and fibrosis.50,51 To explore this aspect, we employed galunisertib, a TGF-β receptor 1
inhibitor. Experimental investigation of evaluating the effects of both TGF-β treatment and the
inhibitor involved OCE and Brillouin microscopy to quantify biomechanical parameters, spe-
cifically elastic wave speed and Brillouin frequency shift, respectively. Both the elastic wave
speed and Brillouin frequency shift, which are related to the inherent mechanical properties
of tissue, were quantified for the dermis layer, as shown in Fig. 2(b).

The OCE results, illustrated in Figs. 3 and 5(a) and Table 1, revealed significant differences
(with AP, p < 0.001; without AP, p < 0.001) in wave speed between the control and TGF-β-
treated groups, with higher wave speed observed in the TGF-β-treated group. Brillouin micros-
copy results, depicted in Figs. 4 and 5(b), complemented these findings, showing a consistent

Table 1 Pair-wise statistical analysis between groups.

AP No AP

CTL TGF-β TGF-β + galunisertib CTL TGF-β TGF-β + galunisertib

AP CTL — <0.001* 0.003* 0.358 0.001* 0.006*

TGF-β <0.001* — 0.762 <0.001* 0.506 0.127

TGF-β + galunisertib 0.103 <0.001* — 0.026* 0.500 0.345

No AP CTL 0.001* <0.001* <0.001* — 0.010* 0.015*

TGF-β <0.001* 0.357 0.001* <0.001* — 0.114

TGF-β + galunisertib 0.012* <0.001* <0.001* 0.365 <0.001* —

Brillouin results are above the dashed diagonal zig-zag, and OCE results are below.
*Indicates a statistically significant difference (P < 0.05 by Mann-Whitney test).
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trend in Brillouin frequency shift aligned with OCE results. The increased wave speed may be
attributed to TGF-β’s modulation of mechanical properties, primarily through its influence on
both ECM and cellular components. For example, TGF-β promotes the synthesis of various col-
lagen types (e.g., types I and III), leading to elevated collagen deposition, which enhances the
mechanical strength of the skin.52 Furthermore, TGF-β influences fibroblasts, the cells involved
in ECM production, triggering their conversion into highly contractile myofibroblasts.53 This
transformation can impact the skin’s mechanical properties by influencing tension and
contractility.54–56 Our study also showed that the TGF-β receptor inhibitor galunisertib can effec-
tively dysregulate the influence of TGF-β as evidenced by a significantly lower wave speed (with
AP, p < 0.001; without AP, p < 0.001) in TGF-β + galunisertib-treated skin samples as com-
pared with the TGF-β-treated group. The Brillouin frequency shift in TGF-β was not signifi-
cantly greater than that of the TGF-β + galunisertib-treated group (with AP, p ¼ 0.76;
without AP, p ¼ 0.11). Similarly, the difference in the wave speed between the TGF-β + galu-
nisertib-treated and CTL groups was also not significant (with AP, p ¼ 0.10; without AP,
p ¼ 0.36). However, the comparison of Brillouin shifts between CTL and TGF-β + galunisertib
showed a significantly higher frequency shift for TGF-β + galunisertib as compared with that of
CTL (with AP, p ¼ 0.003; without AP, p ¼ 0.015). This disparity in results between the two
techniques may be explained by their sensitivity to different mechanical properties. The Brillouin
frequency shift is linked to the longitudinal modulus,37 whereas elastic wave speed is associated
with the shear modulus,30,35 and these two moduli are not directly comparable. Furthermore, the
complex structure and potential mechanical anisotropy of the sample, governed by collagen fiber
alignment, cellular arrangement, and ECM organization, could contribute to the weak correlation
in the two moduli. For instance, TGF-β inhibitor treatment may alter these structural elements of
the scaffold, leading to varying impacts on longitudinal and shear moduli. Future research may
explore how TGF-β inhibitor treatment alters the scaffold’s structural elements and their relation-
ship with the two mechanical moduli, making the proposed dual elastography approach essential
for detailed and comprehensive biomechanical characterization.

Differences in elastic wave speed and Brillouin frequency shift were observed between sam-
ples with and without the protease inhibitor (AP), potentially due to its effects on fibrin gel
properties.40 Both CTL and TGF-β + galunisertib samples exhibited a decreasing tendency
in wave speed without AP. Similarly, Brillouin frequency shift was lower in TGF-B + galuni-
sertib samples without AP than with AP, with no significant difference observed in CTL samples.
These changes in wave speed and Brillouin frequency shift with AP may be attributed to AP’s
role in maintaining function and controlling fibrin gel degradation.15 On the other hand, TGF-β-
treated samples (untreated with inhibitor) demonstrated a relative increase in both wave speed
and Brillouin frequency shift, highlighting its impact on increasing scaffold stiffness. Generally,
the results of the current study are in good agreement with previous research, which indicated a
positive correlation between the tensile strength of skin and TGF-β.57

This study provides valuable insights into the biomechanical changes induced by TGF-β
treatment and its inhibition in bio-engineered skin scaffolds. ACUS-OCE enables the noninva-
sive measurement of mechanical wave speed in near real-time. Physical tissue compliance
descriptors, including shear modulus and viscosity, can be derived from wave propagation using
appropriate elastic wave models that account for the thickness of the dermis layer and its boun-
dary conditions.35 On the other hand, Brillouin microscopy offers a microscale and depth-
resolved stiffness map derived from the Brillouin frequency shift, which correlates with the
longitudinal modulus.37,38 OCE and Brillouin microscopy offer complementary insights by prob-
ing different frequency ranges of mechanical properties, high-frequency microscopic details from
Brillouin, and low-frequency macroscopic properties from OCE, enabling a thorough multi-scale
assessment of skin scaffold properties. Integrating both techniques confers a vital advantage for a
comprehensive understanding of the role of TGF-β in skin mechanics, thereby aiding in the
formulation of targeted therapies for conditions involving aberrant tissue remodeling and fibro-
sis. Longitudinal studies and in vivo experiments can further validate and extend our findings,
potentially advancing the translation of these techniques into clinical applications. Here, it is
important to note that in the current study, the skin scaffold was inverted with the dermis facing
the imaging optics and exposed to air, unlike in vivo where it is sandwiched between the epi-
dermis and deeper tissues. The different acoustic impedance of air compared with tissue may
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affect the OCE wave speed measurements. Therefore, accurate estimation of mechanical proper-
ties, such as shear modulus, requires an appropriate analytical model that accounts for the dermis
boundary conditions.
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