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ABSTRACT

Pigmentation is a defining feature of melanocytic cells, and melanogenesis, the biosynthesis and compartmentalization of
pigment into lysosome-like melanosomes, is tightly linked to cell state and developmental programs. However, the optical
complexity of melanin-rich organelles complicates efforts to study melanogenesis in live cells. Traditional optical
measurements conflate pigment absorption with light scattering from intracellular granularity, limiting biological insight.

Our pipeline, QUILPEN (QUantitative Imaging of Label-free Pigment-associated ENtities), uses a custom LED-array
microscope to independently quantify transmitted, scattered, and absorbed light in live, unlabeled melanocytic cells.
QUILPEN builds off our labs prior work in LED-based DPC and Quadrant Dark Field, or QDF, which reduce scatter-
related edge-effects. Our imaging workflow produces temporally resolved, multi-channel images to characterize the
biophysical signature at single-cell resolution. Using melanoma cell lines with diverse pigmentation states, we show that
acral melanoma cells display tightly correlated scatter and absorption signals, consistent with pigment-laden melanosomes
driving both granularity and light absorption. By analyzing well-characterized melanoma models and perturbing pigment
synthesis, we define how QUILPEN signals relate to melanin production, melanosome abundance, and general organelle
content. Because QUILPEN enables longitudinal tracking without labels, it allows direct measurement of melanosome
dynamics within individual cells and lineages. By separately quantifying absorption and scatter, QUILPEN reveals the
sources of optical heterogeneity in melanocytic cells and links optical signatures to underlying cell physiology.
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1. INTRODUCTION

Pigmentation phenotype and gene expression profile is associated with cell behavior in melanin-producing melanocytes,
however, the relationship is complex and population heterogeneity and dynamics are lost in bulk measurements. In
melanoma, cancer that arises from transformation of melanocytes, pigment and pigment-associated gene expression
influence prognosis, immune recognition, and treatment response. Thus, a tool that can directly measure dynamic pigment-
associated changes with single cell resolution are useful in addressing questions related to pigment cell and melanoma
biology.

Melanin is a pigment that absorbs and scatters light across the visible spectrum. It is synthesized and then packaged into
dynamic organelles called melanosomes that are ~500 nm in diameter[1]. Established approaches for assessing melanin
include flow cytometry side scatter to evaluate melanosome abundance at single time points in individual live cells and
absorption spectroscopy to quantify bulk melanin from cell pellets[2]. However, these endpoint measurements do not
capture dynamic changes at single-cell resolution. Our technique, QUantitative Imaging of Label-free Pigment-associated
Entities (QUILPEN), leverages the optical properties of melanin and melanosomes to dynamically track changes in the
optical properties of melanocytic cells[3]. QUILPEN uses multi-modal imaging, including quantitative phase imaging by
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DPC, absorption imaging, and captures non-directional scattered light by QDF. Together, these imaging modes expose a
biophysical profile of individual cells.

2. METHODS

QUILPEN images were acquired on a custom-built LED-array based microscope[4]. Quantitative phase and absorption
images were produced by acquiring four sequential half-illumination images and then differential phase contrast (DPC)
was computed by Tikhonov regularization[5] using custom MATLAB scripts [5], [6], [7]. Absorption images were
inverted to improve interpretation. Separate background corrections were performed for both DPC and QDF.

Phase images were segmented using Cellpose-SAM, with manual corrections applied when required for detailed analysis.
Segmentations were used to generate ImageJ ROIs and extract integrated density measurements across phase, QDF, and
absorption modalities. For longitudinal datasets, Cellpose label images were incorporated into a four-channel stack and
tracked in TrackMate using defined distance thresholds for linking, gap closing, and division-based track splitting. Tracks
were manually reviewed and corrected, renamed for lineage structure, and exported for downstream analysis. Longitudinal
datasets were then visualized in Loon[8].

3. RESULTS

Using QUILPEN, we first compared absorption and QDF-based scattering in two acral melanoma cell lines with distinct
pigmentation. As previously reported, the darker line showed higher scatter and higher absorption, and these measurements
were positively correlated in both models, suggesting shared contributions from intracellular components. However, this
could not resolve whether QDF primarily reflects melanin, melanosome structure, or both.

To further disentangle absorption and scattering, we examined three cell lines with defined pigmentation states: highly
pigmented MNT-1, non-pigmented SK-MEL-28, and melanosome-deficient RPE-1 cells. As expected, MNT-1 exhibited
the strongest absorption, whereas SK-MEL-28 and RPE-1 showed minimal signal. QDF differences were more modest;
MNT-1 and SK-MEL-28 partially overlapped at higher values, while the RPE-1 signal remained low, indicating that QDF
captures contributions from melanosomes in addition to general organelle content.

QUILPEN also enabled dynamic tracking of pigmentation changes. During recovery from inhibition of pigment
deposition, MNT-1 cells regained pigment within 3—4 days, which was captured by the absorption signal. QDF remained
stable and equivalent between pigmented and non-pigmented cells, demonstrating that organelle content is maintained
independently of melanin levels. Single-cell tracking revealed substantial variability in the kinetics of pigment restoration,
whereas QDF fluctuated with the cell cycle but showed no directional trend. Lineage tracing further showed diverse
pigment inheritance patterns, including both symmetric and asymmetric partitioning, and variable pigment accumulation
rates among daughter cells. In contrast, QDF-associated organelle content was inherited symmetrically and changed only
slightly over time. Together, these findings demonstrate that QUILPEN captures the heterogenous nature of melanin and
repigmentation dynamics through absorption imaging, and QDF demonstrates how organelle content, including
melanosomes, is comparatively stable and evenly inherited.

4. CONCLUSIONS

QUILPEN is a new imaging technique that measures and tracks the phase, absorption, and scattering signal as a multi-
channel image in a label-free manner. Combining these three imaging modalities provides unique insight into melanin and
organelle dynamics and opens new avenues for linking pigmentation to cellular state, stress responses, and disease
progression.
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