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Abstract. Deciphering cellular compositional complexity within the tumor microenvironment
(TME) requires transcriptomic resolution that bulk RNA sequencing intrinsically cannot provide.
Here, we present a refined droplet-based microfluidic barcoding pipeline integrating sparse tensor
decomposition (STD) to disentangle high-dimensional single-cell RNA sequencing (scRNA-seq)
datasets derived from solid tumor biopsies. Using matched colorectal adenocarcinoma specimens (n
= 74), our optimized workflow achieved a 31.4% improvement in doublet discrimination accuracy
and a 2.7-fold reduction in batch-effect variance over conventional Seurat-based normalization.
STD-resolved transcriptional programs revealed eight previously uncharacterized cancer-associated
fibroblast (CAF) subclusters exhibiting spatially distinct immunosuppressive gene signatures.
Trajectory inference confirmed a novel epithelial-to-mesenchymal transitional axis governed by
TGFB1-SMAD?2/3 crosstalk. These findings establish a scalable, reproducible framework for multi-
sample TME deconvolution with direct translational implications for immunotherapy stratification.
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Introduction

The tumor microenvironment (TME) represents one of the most compositionally and
functionally intricate biological systems under investigation in contemporary oncological
research. Comprising malignant epithelial cells, stromal fibroblasts, endothelial networks,
and a heterogeneous immune infiltrate, the TME orchestrates critical determinants of tumor
progression, therapeutic resistance, and patient survival outcomes. As of 2025, colorectal
cancer (CRC) remains the third most incident malignancy globally, accounting for
approximately 1.9 million new diagnoses annually according to GLOBOCAN projections,
with metastatic disease carrying a five-year survival rate below 15%. Despite recent
advances in immune checkpoint blockade and targeted therapies, durable clinical responses
remain restricted to molecularly defined subpopulations, underscoring an urgent need for
high-resolution characterization of TME cellular architecture at the single-cell level. Bulk
RNA sequencing, while cost-effective and technically mature, inherently masks
intercellular transcriptional diversity through population-level signal averaging. The
emergence of droplet-based microfluidic platforms—most prominently the 10x Genomics
Chromium system—has fundamentally transformed the landscape of transcriptomic
profiling by enabling simultaneous capture, barcoding, and library preparation of thousands
of individual cells per experiment. However, as single-cell RNA sequencing (scRNA-seq)
datasets have grown in sample multiplicity and cellular complexity, conventional
dimensionality reduction and clustering workflows have encountered scalability limitations,
particularly in managing technical noise originating from ambient RNA contamination, cell
doublet formation, and inter-sample batch effects. Sparse tensor decomposition (STD) has
emerged as a mathematically rigorous alternative to matrix factorization methods such as
non-negative matrix factorization (NMF) and principal component analysis (PCA) for
multi-way data structures inherent to multi-sample scRNA-seq experiments. By modeling
gene expression across cells, samples, and biological conditions as a third-order tensor,
STD preserves higher-order statistical dependencies that conventional two-dimensional
decomposition discards, thereby enabling more faithful reconstruction of latent
transcriptional programs. Despite its theoretical promise, STD has not been systematically
benchmarked or operationally integrated into end-to-end scRNA-seq pipelines for clinical
tumor specimens. The present study addresses this methodological gap by developing and
validating a comprehensive droplet-based microfluidic barcoding workflow augmented
with STD-based dimensionality reduction, benchmarked against matched colorectal
adenocarcinoma patient biopsies. The article is organized as follows: Section 2 details the
optimized microfluidic encapsulation and library construction protocol; Section 3 describes
the STD algorithmic framework and its integration with ambient RNA correction and
doublet detection modules; Section 4 presents comparative benchmarking results against
existing normalization pipelines; Section 5 characterizes the resolved CAF subclusters and
their immunosuppressive transcriptional signatures; Section 6 delineates the TGFBI1-
SMAD2/3-governed epithelial-to-mesenchymal transition axis identified through



pseudotime trajectory inference; and Section 7 discusses translational implications for
patient stratification in immunotherapy clinical trials.
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