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Abstract – Short pulsed Laser-induced microscope systems present a powerful tool for inducing precise and localized damage in live
cells to investigate fundamental biomechanics and cellular response pathways. Traditionally applied to live-cell damage in research areas
such as DNA repair, cellular biomechanics, chromatin structure during mitosis, and mitotic checkpoint regulation, and neurodegenerative
diseases, we explore the application of two platforms—femtosecond laser ablation and laser-induced shockwaves (LIS)—for analysing
on tissue level changes in collagen fibers and brain tissues from Drosophila. Our collagen fiber study demonstrates a measurable 30%
increase in tissue thickness surrounding the ablation zone, captured using quantitative phase imaging (QPI). Concurrently, LIS
investigation of fly brain morphology reveals that total volume, rather than shape, determines resistance to mechanical shock. These
studies reinforce the adaptability of laser-induced microscope systems across biological scales, highlighting their application in tissue
engineering, neurodegenerative diseases, and regenerative medicine.
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1. Introduction
Laser-induced microscope systems have become vital instruments in biomedical engineering, offering non-contact, high-

precision tools for manipulating biological materials at both cellular and subcellular scales. These systems enable researchers
to probe the mechanical and biochemical properties of cells with exceptional spatial and temporal resolution, unlocking new
frontiers in diagnostics, regenerative medicine, and mechanobiology. In particular, the therapeutic potential of photonic
interventions—such as photobiomodulation, laser ablation, and shockwave-based therapies—has been extensively
demonstrated in preclinical and translational studies.

Photobiomodulation, for example, has been shown to modulate microbiota-related dysbiosis [1], accelerate tendon
healing [2], and promote angiogenesis in ischemic tissues [3]. Low-level laser therapy also enhances osteogenic
differentiation and mineralization in human dental pulp stem cells and modulates macrophage behavior during bone
remodeling [4,5]. In parallel, laser-based technologies have been adapted for oncologic therapies—such as curcumin-gold
nanoshells combined with near-infrared irradiation to selectively target ovarian cancer cells [6]—and for molecular-level
diagnostics using Raman spectroscopy to assess intracellular photobiomodulation effects [7].

Building on this growing body of evidence, our laboratory has spent over two decade advancing robotic laser microscope
systems that integrate femtosecond laser ablation and laser-induced shockwave (LIS) modalities. These platforms have
powered numerous studies in nuclear DNA damage repair [8], chromatin structure during mitosis [9], and degenerative
disease models including Huntington’s and Charcot-Marie-Tooth neuropathies [10,11]. LIS has also proven effective in
modeling axonal injury and eliciting neuronal calcium responses in real time, allowing us to study neural
mechanotransduction under physiologically relevant conditions [12].

A cornerstone of our research has been the development of a metasurface-based quantitative phase imaging (QPI)
system, inspired by the compound eye structure of birds, which permits real-time, label-free imaging of nanoscale
morphological changes in tissue [13]. This system has been successfully coupled with deep learning-enhanced image
reconstruction and has expanded our ability to monitor mechanical perturbations in live biological samples with minimal
photodamage.
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Here, we extended the application of these robotic laser microscope systems to tissue-level studies for the first time.
Specifically, we investigated the morphological responses of bovine collagen fibers following femtosecond laser ablation
and dissected Drosophila melanogaster brain tissues following LIS. By combining QPI and phase contrast imaging, we
quantified post-ablation collagen remodeling and evaluated how brain tissue geometry affected its resistance to mechanical
deformation. The findings presented in this study not only affirm the scalability and precision of our laser platforms but also
open new avenues for tissue engineering, neuroengineering, and laser-assisted diagnostics and therapeutics.

2. Materials and Methods
2.1 Collagen Tissue Ablation and Quantitative Phase Imaging

To investigate the structural response of connective tissue under precise localized laser damage, bovine Achilles
tendon collagen fibers were harvested and manually dissected into thin, parallel bundles. Samples were maintained in
phosphate-buffered saline (PBS) during imaging to preserve physiological conditions.

Femtosecond laser ablation was performed using a Ti:Sapphire Mai Tai laser (Spectra-Physics) operating at 780 nm,
pulse width <100 fs, and repetition rate of 80 MHz. The laser beam was directed through a high-numerical-aperture (NA)
objective lens and focused onto a localized 1.12 µm-wide region of the collagen matrix. Energy levels were optimized to
minimize collateral damage beyond the target ablation site, following protocols similar to those used in subnuclear chromatin
dissection and interstrand crosslinking repair studies [8].

High-resolution pre- and post-ablation images were collected using QuantEM (Photometrics), and the thickness
images using the FOSSMM (Fourier Optics-based Scattering Sensing Metasurface Microscopy) platform[12]. This custom
system, developed in collaboration with the Liu labs, integrates metasurface optics inspired by the compound eyes of eagles
to produce enhanced quantitative phase imaging (QPI). QPI enables label-free, non-contact visualization of nanoscale
refractive index variations in biological samples and was enhanced here by a deep learning-assisted image reconstruction
algorithm trained on synthetic and experimental data. Amplitude and phase images were reconstructed to assess changes in
fiber thickness and morphology surrounding the ablation zone.

For analysis, image stacks were registered and segmented using FIJI/ImageJ. Tissue thickness at the site of ablation
was quantitatively assessed, with pre- and post-treatment averages compared using paired t-tests. QPI resolution limits (~1.12
µm) were noted, and any structures below this threshold were excluded from the final dataset.

2.2 Drosophila Brain Tissue Dissection and Laser-Induced Shockwave (LIS)
To evaluate the biomechanical properties of brain tissue under mechanical stress, Drosophila melanogaster (fruit fly)

brains were dissected. Brains were harvested in cold dissection buffer under a dissection microscope (Olympus LUCPlanFL)
and immediately incubated in a staining solution containing Hoechst 33342 (5 µg/mL, Thermo Fisher) for nuclear labeling
and Ethidium Homodimer-1 (EthD-1, 4 µM) to identify compromised cell membranes. Tissues were placed in the petri dish
(35 mm Dish | No. 1.5 Coverslip, MatTek) throughout laser exposure.

For LIS stimulation, we employed a Coherent Flare laser system (Spectra-Physics) operating at a wavelength of
1032 nm, with a 100 Hz repetition rate and a pulse width of 2 ns. Laser power was precisely modulated using a rotating
optical polarizer mounted on a stepper-motor-controlled rotation stage (Newport). A mechanical shutter (Vincent
Associates), configured with a 10–15 ms duty cycle, was synchronized to permit the passage of 1–2 laser pulses per activation
cycle.

Beam expanders were incorporated into the optical path to match the laser beam diameter with the back aperture of
the objective lens, ensuring optimal beam focusing. The laser was introduced into the microscope setup via a custom-
designed laser entry port (CLEP), positioned beneath a 40× PH3 oil-immersion objective (Zeiss Phase III, NA 1.3) mounted
on a Zeiss Axiovert 200M inverted microscope. The CLEP’s internal filter was selected to precisely direct the laser pulses
to the lower-right quadrant of the imaging field, maintaining accurate targeting within the specimen plane.

The petri dish containing the live brain tissue maintained in the stage incubator (37°C and 5% CO₂). Time-lapse
imaging was performed using ORCA-Flash4.0 V2 Digital Hamamatsu CMOS camera. Imaging was conducted before, and
post-shockwave to assess the brain tissue responses.

https://www.mattek.com/store/p35g-1-5-14-c-case/
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3. Results and Discussion
The present study marks the first successful application of our robotic laser microscope systems—previously validated

in cellular models—to tissue-level biological samples: Our system uses the femtosecond laser ablation and the other uses
laser-induced shockwave (LIS) technologies, allowing us to investigate the biomechanical properties of collagen fiber
networks and the morphodynamic behavior of dissected Drosophila brain tissue under stress. The observations made in these
models underscore the high-resolution capability, mechanical precision, and scalability of our system in probing tissue
responses to external perturbation.

3.1 Collagen Tissue Response and Structural Remodeling
In our collagen fiber ablation experiments, we applied femtosecond laser pulses to isolated collagen bundles and

visualized the structural response using QuantEM camera and metasurface-based quantitative phase imaging (QPI) system,
FOSSMM. This Eagle-Eye-inspired optical platform leverages polarized light separation and solves the Transport of
Intensity Equation (TIE) to generate label-free, high-resolution thickness maps. Our analysis revealed a consistent and
statistically significant post-ablation increase in collagen tissue thickness—from an average of 7.78 µm to 10.68 µm, marking
a 30% rise.

As illustrated in Figure 1, panels (a) and (b) show quantitative phase images of collagen fibers imaged via QuantEM
camera before and after ablation. Panels (c) and (d) are the quantitative phase images taken of the area indicated by the green
dashed frames, and Panels (e) & (f) are the topological views of (c) & (d) respectively, clearly demonstrating the thickening
of the tissue post-ablation. This remodeling may reflect laser-induced thermal denaturation, fiber swelling, or partial
disruption of collagen crosslinks, triggering localized structural reorganization.

The use of QPI allowed real-time monitoring without staining or destructive preparation, underscoring the platform’s
potential for in situ diagnostics of fibrotic remodeling, wound healing, and laser-tissue interactions. While the system
achieved excellent spatial accuracy, it was unable to resolve fine structural features under 1.12 µm—such as the narrow
ablation line—highlighting the current resolution limit of the system.

Future iterations of this imaging platform may benefit from the integration of higher NA objectives and improved
pixel-to-micron mapping to enhance its capacity for nanoscale tissue analysis. Overall, our findings demonstrate that even
modest laser doses can induce robust and measurable changes in connective tissue morphology, and our system is well-
positioned to monitor these changes non-invasively.
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Figure 1. Structural changes in collagen tissue following laser ablation.
(a, b) Polarized camera images of collagen fibers before (a) and after (b) femtosecond laser ablation.

(c, d) Corresponding quantitative phase images (QPI) generated from the yellow-dashed framed region in a and b, 
respectively. (e, f) Topographic reconstructions derived from phase data, showing collagen thickening post-ablation.

3.2 Drosophila Brain Tissue: Volume-Dependent Shockwave Resistance
Laser-induced shockwave (LIS) experiments conducted on dissected Drosophila brain tissues uncovered distinct

biomechanical behaviors linked to tissue volume. Two structurally distinct brain types—one with a wide-flat morphology
(base area = 194,132.11 µm²) and the other with a narrow-tall structure (base area = 116,924.39 µm²)—were subjected to
sequential LIS pulses, administered at 5 µm Z-plane intervals under controlled environmental conditions.

Despite their differing geometries, both brain samples underwent comparable displacements and exhibited similar
levels of apoptotic response, as indicated by EthD-1-positive fluorescence. The wide-flat brain reached full displacement
after a 15 µm cumulative depth exposure, while the narrow-tall brain required a greater vertical displacement (25 µm) to
achieve full shockwave effect. Volumetric analysis revealed near-identical volumes for the two morphologies: 2.91 × 10⁶
µm³ and 2.92 × 10⁶ µm³, respectively. These findings suggest that total tissue volume—not just shape or footprint—plays a
dominant role in determining mechanical shock resistance.
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Figure 2. Comparative analysis of two morphologically distinct Drosophila brain tissues subjected to laser-induced 
shockwaves. (a–b) Wide-flat brain morphology at the initial focal plane captured in phase contrast and EthD-1 (Dead Red) 

fluorescent channels, respectively. (c–d) The same tissue after full displacement following three LIS exposures at 5 µm 
intervals (15 µm total), visualized in phase and fluorescence. (e–f) Narrow-tall brain morphology at the initial focal plane 
in phase contrast and EthD-1 channels. (g–h) Tissue post full displacement after five LIS exposures at 5 µm steps (25 µm 

total),

High-resolution fluorescent imaging using Hoechst 33342 and EthD-1 dyes facilitated real-time monitoring of cell nuclei
and membrane-compromised cells. These results were captured and documented in Figure 2, which illustrated both initial
focal plane images and the progressive structural displacement following LIS exposure. The consistent deformation
responses observed reinforce prior findings that LIS-induced injury mechanisms were governed more by the mechanical load
distribution across the tissue volume than by surface morphology alone.

This experiment, visualized in Figure 2, demonstrated the precision and efficiency of our LIS setup in targeting and
assessing volume-specific tissue responses. These insights may contribute to future research on the biomechanics of traumatic
brain injury (TBI) models and tissue-level damage resilience.

3.3 Broader Implications and Technological Validation
Collectively, these results validate our robotic laser microscope systems as powerful platforms for biomechanical studies

at the tissue scale. The high reproducibility of the observed phenomena across replicates supports the robustness of the
approach. The integration of deep learning-assisted QPI and precision LIS mechanisms extends the scope of our prior work
in live-cell research and demonstrates that the same platforms can be adapted for tissue-level mechanobiology, damage
simulation, and diagnostics.

This versatility opens several new research directions. First, the clear structure-function relationships uncovered in
collagen and brain tissues point to future work in patient-derived organoids, engineered scaffolds, and decellularized
matrices. Second, coupling our laser ablation and LIS systems with AI-based classification may accelerate the discovery of
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new mechanical biomarkers. Finally, these systems may be used to simulate therapeutic perturbations for drug screening and
targeted therapy in soft tissue pathologies.

4. Conclusion
This study represents a pivotal step in extending the capabilities of our robotic laser microscope systems—originally

designed for cellular-level investigations—into tissue-level applications with high spatial precision and functional relevance.
By integrating femtosecond laser ablation and laser-induced shockwave (LIS) technologies with advanced imaging
modalities such as quantitative phase imaging (QPI) and fluorescence microscopy, we demonstrated the feasibility of
applying these tools to study dynamic structural and biomechanical changes in both extracellular matrices (collagen) and
complex neuronal tissues (Drosophila brain).

Our results not only confirmed the system’s sensitivity in detecting morphological adaptations, such as the significant
thickening of collagen fibers post-ablation but also revealed critical insights into how tissue volume governs mechanical
resilience in brain models exposed to shockwave stress. The consistency in displacement patterns observed across structurally
distinct brain morphologies highlights the potential universality of volume as a predictive parameter for tissue integrity under
stress.

These findings offer valuable implications for multiple fields, including neuroengineering, regenerative medicine, and
tissue biomechanics. The ability to induce and monitor controlled microtrauma in both soft connective tissue and neuronal
architectures opens new avenues for studying injury response, cellular repair, and therapeutic intervention mechanisms.
Moreover, this approach provides a versatile platform for testing biomaterials, evaluating drug candidates, and developing
computational models that simulate trauma at multiple biological scales.

Future directions for this work include the integration of artificial intelligence and machine learning to automate damage
classification and improve interpretation of phase and fluorescence signals. Additionally, we plan to expand the system’s use
in vivo, enabling longitudinal studies of injury progression and healing. Finally, further exploration into coupling our
platform with optogenetic and electrophysiological readouts could significantly enhance the scope of real-time
mechanobiological studies.

In conclusion, this study not only validates the tissue-level applications of our robotic laser platforms but also sets the
stage for their broader use in next-generation biomedical research aimed at bridging cellular phenomena with whole-tissue
physiology.
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