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Abstract

The rising incidence of pancreatic cancer (PC) is a global challenge of paramount importance. Understanding the complex nature of this disease is crucial 
for addressing various issues within the field, including early recurrence, metastasis, and the formidable resistance to chemotherapy and radiotherapy. The 
complexity of PC arises from the diverse biological phenotypes present in tumor cells, creating a mosaic-like diversity. The lack of comprehensive insights into 
the functional aspects of cellular and molecular components further complicates treatment, leading to suboptimal outcomes.

To tackle these intricacies, researchers must explore the cellular and molecular foundations of this multifaceted disease. Profiling cellular transcriptomes 
becomes a powerful tool for understanding the subtle heterogeneity in complex cellular populations within tissues. This approach allows for the deconstruction 
of molecular processes at the individual cell level, revolutionizing our understanding of cellular identity and function. By carefully examining differences in 
single-cell genomes, transcriptomes, and epigenetic profiles among tumor cells, both primary and metastatic, collected from patient samples, we gain insights 
into the diverse landscape of tumor heterogeneity.

This perspective has significant implications for precision oncology in the context of pancreatic cancer. The current study provides a comprehensive 
assessment of the empirical basis for RNA sequencing technologies, the methodologies for single-cell isolation, and the conceptual framework for integrating 
these elements into prognostic assessment, genomic accessibility, transcriptional dynamics, and proteomic landscapes. By combining these components, the study 
aims to establish a coherent framework that facilitates the development of precision medicine approaches tailored to the unique challenges presented by 
pancreatic cancer.

ABBREVIATIONS

PDAC: Pancreatic Ductal Adenocarcinoma; scRNA-seq: 
Single-cell RNA-sequencing; LCM: Laser Capture Micro-
Dissection; CTC: Circulating Tumor Cells; CSC: Cancer Stem Cells; 
ITH: Intratumor Heterogeneity; MACS: Magnetic-activated cell 
Sorting; FACS: Fluorescence-activated cell Sorting; IR: Infrared; 
UV: Ultraviolet; WGA: Whole Genome Amplification; MALBAC: 
Multiple Annealing and Looping based Amplification Cycles; 
MDA: Multiple displacement Amplification; DOP-PCR: Degenerate 
oligonucleotide primed PCR; MDA: Multiple displacement 
Amplification; RNA-seq: RNA sequencing; scRNA-seq: Single-
cell RNA-sequencing; TME: Tumor Microenvironment; CAFs: 
Cancer-associated Fibroblasts (CAFs); ECM: Extracellular Matrix; 
PanINs: Pancreatic Intraepithelial Neoplasia; TAM: Tumor-
associated Macrophages; PDFD: Platelet-derived growth factor; 
HPSC: Human Pancreas Stellate cells; SPARC: Secreted protein 
acidic  and  rich in cysteine; HPaStec: Human Pancreatic stellate 
cells

INTRODUCTION

Pancreatic cancer (PC) stands as a formidable challenge in 
the realm of malignancies, characterized by its high mortality 
rates. The formidable challenge arises from delayed diagnosis 
and limited therapeutic interventions, culminating in its status 
as one of the most lethal cancers [1,2]. PC is projected to ascend 
to the second position among leading causes of death before the 
year 2030 [3,4]. Presently, statistical data from the American 
Cancer Society underscores the stark reality: a mere 9% five-year 
survival rate for all PC patients, with a glimmer of hope at 34% 
for those fortunate enough to undergo tumor resection surgery 
[5].

 Tragically, a significant proportion of PC patients—
nearly two-thirds—are diagnosed at a juncture marked by 
metastasis. The multifaceted challenge of PC stems from its 
elusive therapeutic solutions owing to the intricacies of primary 
diagnosis, occurrence, and the ever-looming specter of tumor 
relapse [6]. The quest for clinical breakthroughs has been 
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hampered by the intricate biological makeup of tumor cells, 
compounded by their notable heterogeneity [7,8]. Evidently, the 
PC stroma’s unique attributes, notably the pervasive stromal 
response characterizing pancreatic ductal adenocarcinoma 
(PDAC), remain an enigmatic terrain, with activated pancreatic 
stellate cells (PSCs) taking center stage, yet their fundamental 
nature remains shrouded in mystery [9].

Unveiling the intricacies of tumor heterogeneity emerges as 
a formidable imperative, underpinning not only cancer diagnosis 
but also treatment strategies. Scrutinizing the disparities in 
RNA transcription and protein expression from cell to cell 
assumes pivotal importance in the realm of cancer, biology, and 
personalized medicine [10,11].

The realm of single-cell RNA-sequencing (scRNA-seq) 
technology emerges as a beacon of hope for deciphering tumor 
heterogeneity, enabling the delineation of malignant and stromal 
populations within tumors, and constructing a comprehensive 
transcriptomic atlas. This microscopic voyage has unveiled 
distinct pathways guiding tumor progression and distinct 
transcriptional patterns. Hence, the potency of scRNA-seq shines 
through as a potent instrument for profiling organs and intricate 
tumors housing an assortment of cell types orchestrating 
communication via molecular cues [12,13]. Nevertheless, it’s 
important to underscore that the practical implementation of 
this methodology encounters ongoing challenges within both 
research and diagnostic spheres [14-16].

The domain of single-cell technology bifurcates into two 
pivotal realms: single-cell isolation and subsequent analysis. 
The bedrock for single-cell analysis rests on precise single-cell 
isolation techniques, ranging from the stalwart flow cytometry to 
more advanced methodologies like laser capture micro-dissection 
(LCM) and microfluidics [10,17,18]. These methodologies 
unearth the genomic, transcriptomic, and proteomic signatures 
of individual cancer cells, with single-cell genomic analysis 
particularly lauded for its multifaceted advantages [19-21].

Central to the single-cell paradigm is its capacity to unearth 
elusive entities, including circulating tumor cells (CTCs) and 
cancer stem cells (CSCs), thereby demystifying intratumor 
heterogeneity (ITH) and illuminating the intricate choreography 
of tumor metastasis mechanisms. Moreover, it serves as a 
potent tool for scrutinizing epigenetic modifications, thereby 
promising diagnostic biomarkers with direct implications for the 
therapeutic landscape [22-24].

The review explores recent advances in single-cell RNA 
sequencing in pancreatic cancer, delving into the complexities 
of single-cell analysis while acknowledging its strengths and 
limitations. The study highlights the potential of emerging single-
cell genomics technologies to provide valuable insights and 
solutions for understanding this challenging disease.

Single-Cell Isolation Methodologies

Prior to engaging in single-cell analysis, the prerequisite 

task involves the meticulous isolation and characterization 
of individual cells. The efficacy of cell isolation technologies 
is gauged through the prism of three pivotal parameters: 
throughput, ensuring the capacity to isolate a sizable cohort 
of cells concurrently; purity, signifying the selectivity in 
isolating a singular cellular phenotype; and retrieval, entailing a 
comparative evaluation between the isolated target cell and its 
counterparts within the specimen [17]. The existing landscape of 
techniques alludes to distinct advantages tailored to each of these 
parameters. Drawing from well-established foundations, extant 
cell isolation methodologies can be systematically categorized 
into two overarching groups.

Two clusters of cell sorting methods exist: one based on 
physical attributes like cell size and density, using techniques 
such as gradient centrifugation and membrane filtration; and 
another relying on biological traits, employing methods like 
fluorescence-activated cell sorting and magnet-activated cell 
sorting. Notably, the first cluster allows label-free single-cell 
isolation. These techniques pivot on the expression of specific 
biomolecules on cell surfaces [17,25,26]. This dual-tiered 
classification is illustrated in Figure 1, with its constituents 
drawing from contemporary research contributions.

In pursuit of comprehensiveness, Table 1 outlines the 
foundational underpinnings, merits, and demerits of each 
technique, providing a valuable resource for researchers and 
practitioners alike.

A Comparative Analysis of FACS and MACS Techniques

In the pursuit of elucidating disparities and convergences 
between the Flow Cytometry-based Cell Sorting (FACS) and 
Magnetic-Activated Cell Sorting (MACS) methodologies, Xu et 
al. (2014), undertook an investigation targeting the separation 
of Granulocytic-Myeloid-derived suppressor cells (G-MDSCs) 
and Monocytic-Myeloid-derived suppressor cells (Mo-MDSCs). 
The primary aim was to identify efficacious techniques that 
could bolster the advancement of research concerning these cell 
types. In response to this inquiry, the present study juxtaposed 
the FACS and MACS methodologies for the isolation of G-MDSCs 
and Mo-MDSCs from the spleens of mice afflicted with orthotopic 
(H22) liver cancer. It was ascertained that both FACS and MACS 
enabled the sorting of G-MDSCs and Mo-MDSCs with heightened 
viability and purity, rendering them suitable for both functional 
and non-functional investigations. Owing to the substantial 
proportion of G-MDSCs present in the spleens of tumor-bearing 
mice, both FACS and MACS techniques exhibited the potential 
to yield G-MDSCs with exceptional purity and yield. However, 
FACS demonstrated a notable advantage by accomplishing this 
outcome in a more time-efficient and cost-effective manner than 
MACS( [27].

Both FACS and MACS techniques were compared for CD34 
enrichment methods, considering purity, recovery rates, cellular 
characteristics, and regenerative potential post-myocardial 
infarction in SCID mice. Tripathi et al. (2020), found similar 
CD34 cell populations and comparable effects in in vitro and 
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Figure 1 Types of isolation of the single-cell. Physical Isolation: In this method, individual cells are physically separated from each other by 
using a micropipette or other mechanical device. Chemical Isolation: In this method, individual cells are separated from each other by using a 
micropipette or other mechanical device. Chemical Isolation: In this method, individual cells are separated from each other by using chemical 
reagents such as antibodies or enzymes.

Table 1: Advantage and Disadvantages of Mictrofluidics

Advantages Disadvantages
Microfluidic Systems for Single-Cell Isolation

Precision and Detection of Rarity
Microfluidic platforms have emerged as robust tools for the precise isolation of 

individual cells, showcasing remarkable accuracy. Moreover, their utility extends 
to the isolation of infrequent cell types that might elude detection via alternate 

methodologies.

Financial Implications of Microfluidics for Single-Cell Isolation
Noteworthy, however, is the relatively elevated cost associated with adopting 

microfluidic systems for single-cell isolation. This financial consideration arises 
from the requisition of sophisticated equipment and costly reagents.

Efficiency and Economy in Single-Cell Isolation through Microfluidics
The implementation of microfluidic systems for single-cell isolation stands out as 
an economical and efficient approach. Its appeal stems from streamlined sample 

preparation and minimal reagent consumption, which collectively contribute to its 
cost-effective nature.

Necessity for Expertise in Microfluidic-Assisted Single-Cell Isolation
Proficiency in microfluidic-based single-cell isolation is contingent upon specialized 
knowledge and skill sets. The requirement for such expertise can pose challenges in 

acquisition, demanding dedicated and focused training.

Expediency and Reliability in Microfluidics-Based Single-Cell Isolation
Microfluidic-enabled single-cell isolation presents a rapid and dependable strategy. 

Its accelerated ability to segregate cells from substantial samples within brief 
temporal windows underscores its utility for swift isolation requirements.

Scope Limitations in Sample Size for Microfluidic Single-Cell Isolation
A factor to deliberate pertains to the sample size limitations inherent in microfluidic 

platforms. These constraints render them less viable for handling substantial cell 
volumes and hence, not conducive to large-scale cell isolation endeavors.

Unintrusive and Secure Single-Cell Isolation via Microfluidics
An inherently safe and non-invasive procedure characterizes the microfluidic 

methodology for single-cell isolation. The absence of harsh chemicals and 
potentially hazardous materials in the workflow ensures safety while effectively 

isolating target cells.

Applicability of Microfluidic Single-Cell Isolation to Specific Cell Types
 It warrants acknowledgment that the utility of microfluidic-based single-cell 
isolation extends selectively to cell types amenable to facile manipulation and 

segregation. The technique's efficacy is most pronounced when applied to cells 
possessing characteristics conducive to its operational parameters.
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precisely focused IR pulse, when applied to the thermofilm, 
prompts a conformational shift and adhesive interaction with 
the tissue [36]. Consequently, at the culmination of the dissection 
process, the cells of interest adhered to the film can be detached 
and prepared for analysis. Nonetheless, the thin polymer 
substrate poses a risk of inadvertent attachment and potential 
contamination, while operator expertise significantly influences 
the efficacy of the process.

In the context of UV-LCM, utilizing shorter wavelengths 
of about 355 nm empowers more precise ablation of tissue 
neighboring the cells of interest [36]. The foundational framework 
of UV-LCM, conceived by Schutze and Lahr in 1998, involves 
the direct mounting of tissue onto a membrane [37]. Visual 
inspection through microscopy facilitates the straightforward 
isolation of desired cell populations, circumventing the inclusion 
of undesirable adjacent tissue [29,38]. In contrast to its IR-LCM 
counterpart, UV-LCM bypasses concerns about unintended 
cellular adherence due to its capacity for direct photoablation. 
Additionally, the shorter wavelength enables finer beam 
precision, particularly beneficial for smaller cells or organelles. 
The isolated target cells are subsequently propelled into a 
collector cap via photonic pressure or gravitational forces [36].

Microfluidics in Cell Isolation

Microfluidics technology allows the precise isolation of 
individual cells from heterogeneous populations through 
intricate tiny channels. By employing controlled fluid dynamics 
and pressure differentials, this technique achieves single-cell 
isolation with high efficiency and speed, surpassing traditional 
methods. Microfluidics is particularly valuable for isolating rare 
cells and distinct cell phenotypes. Additionally, it enables real-
time analysis of cellular components, expediting detailed and 
rapid analyses compared to conventional methods.

The prowess of microfluidics in deciphering cellular 
intricacies stems from its capacity to precisely govern fluidic 
entities, coupled with its facile and economical manipulability 
[39]. Leveraging the dissimilarity in dielectric traits among 
distinct cell types, microfluidic affinity cell chromatography 
emerges as a notable modality [40]. Fundamentally, this approach 
hinges on the intricate interplay between antigens, antibodies, 
ligands, and receptors. Microfluidics utilizes specific antibodies 
or aptamers to capture cells with particular surface antigens 
in microchannels, allowing efficient isolation. This technique 
is highly sensitive, outperforming other methods (Figure 1E). 
In summary, microfluidics is a powerful and adaptable tool for 
precise cellular isolation, enabling the exploration of cellular 
complexities in a controlled fluidic environment.

In the contemporary landscape, the integration of 
microfluidics with a diverse array of isolation methodologies, 
encompassing filtration, precipitation, as well as FACS- and 
MACS-based techniques, has become a prevalent trend. Over the 
recent years, a multitude of investigations have been conducted 
within the realm of microfluidic systems, spanning domains 
such as oncology, microbiology, single-cell analysis, stem cell 

in vivo characterizations, addressing concerns about MACS 
purity relative to FACS(28). Evidently, both techniques yielded 
analogous CD34 cell populations, accompanied by similar 
advantageous effects during in vitro and in vivo characterizations.

Laser Capture Microdissection (LCM): A Refined 
Cellular Separation Technique

Laser capture microdissection (LCM) represents a 
sophisticated approach to isolating individual cells from complex 
tissues through the precise deployment of laser energy for cell-
specific excision. This method offers a remarkable technological 
advancement in the realm of extracting distinct cell populations 
or even single cells from solid tissues, all facilitated under the 
scrutiny of a microscope [29].

The instrumental components intrinsic to the LCM framework 
encompass several crucial elements: (i) the visual identification 
of target cells through conventional microscopy, (ii) the ability 
to channel photoenergy either toward a polymer-cell composite 
or directly induce tissue photolysis, and (iii) the capability to 
extract and isolate the intended specimen. The operational 
configuration necessitates an inverted microscope, an infrared 
laser, a laser control unit, a microscope stage control mechanism, 
a digital camera, and a visualization monitor for accurate target 
assessment [30].

This methodological paradigm revolves around an inverted 
microscope, wherein a delicate thermoplastic film is strategically 
positioned over the cell of interest, guided by laser precision. 
Upon laser-induced melting, the thermoplastic film amalgamates 
with the underlying cell. Subsequent removal of the film results in 
the target cells adhering to the substrate while their counterparts 
remain undisturbed [31]. The subsequent phase entails the gentle 
transfer of these cells into a microcentrifuge tube containing the 
requisite buffer solutions tailored to a diverse array of subsequent 
analyses. Central to this technique’s value proposition are its 
expeditiousness and precision (Figure 1C) [31]. It is noteworthy 
that while this method bears the potential for contamination, its 
advantage lies in its minimal disruption to neighboring tissues, 
which enables molecular comparisons of contrasted cells [32].

Categorically, two distinct variants of LCM systems have 
emerged: infrared LCM (IR-LCM) and ultraviolet LCM (UV-
LCM) [33] [19]. IR-LCM harnesses longer-wavelength light, 
approximately 810 nm, while UV-LCM employs shorter 
wavelengths around 355 nm [34]. IR-LCM capitalizes on 
photoenergy to liquefy polymer caps, thereby isolating tissue 
samples. In contrast, UV-LCM directly ablates the surrounding 
tissue, facilitating the isolation of cells of interest [35].

The IR-LCM modality employs brief pulses of infrared lasers 
at approximately 810 nm, operating through a thin thermoplastic 
film overlaying the tissue section. These IR beams induce 
polymer melting overlying the tissue sample, leading to the 
creation of a tissue-polymer complex that effectively segregates 
the target cells. Remarkably, the thermofilm concurrently acts 
as a safeguard against light-induced tissue damage [29]. The 
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research, drug discovery, and high-throughput screening [41]. 
The versatility of microfluidic technology finds its expression 
in various applications, particularly in the scrutiny of single-
cell genomic alterations, spanning from the intricacies of 
cancer biology to the domains of environmental microbiology 
and neurobiology. A notable advantage lies in the adaptability 
of this approach, which accommodates a broad spectrum of 
fluids, including bacterial cells, whole blood specimens, protein 
solutions, antibodies, and buffers [42,43].

Microfluidic technology is utilized for various clinical 
purposes, including isolating rare cells like circulating tumor 
cells from blood and bodily fluids. It’s also used for isolating 
and analyzing stem cells and fetal cells from maternal blood. 
Microfluidics is instrumental in isolating specific cell subtypes, 
especially cancer cells, aiding advancements in diagnostics 
and research. Additionally, it’s valuable for isolating cells from 
biopsies for cancer diagnosis and from tissue samples, enhancing 
possibilities in regenerative medicine.

Yong Zhang et al. (2021), developed the HBEXO-Chip, a 
specific and rapid microfluidic device for pancreatic cancer 
exosome separation. This innovation utilizes a 3D herringbone 
micromixer and the pancreatic cancer exosome-specific 
antibody, GPC1, improving exosome enrichment efficiency. The 
study achieved significant outcomes, including enhanced tumor-
specific exosome enrichment, successful pancreatic cancer 
diagnosis by quantifying GPC1+ exosome concentrations, and 
the identification of a miRNA signature indicative of pancreatic 
cancer in patient plasma [44].

In a parallel endeavor, María Sancho-Albero et al. contribute 
a novel microfluidic paradigm and its associated protocol for 
the isolation of exosomes directly from whole blood [45]. This 
approach obviates the need for intermediary isolation steps, 
streamlining the transition of the method to clinical contexts. 
Notably, the outcomes demonstrate heightened sensitivity in 
the evaluation of CA19-9 levels within exosomes, as opposed to 
serum samples, for the cases under examination [45].

A new automated microfluidic system has been developed for 
cultivating and analyzing 3D organoids, addressing challenges 
in compatibility with existing technologies. This system allows 
high-throughput, real-time analysis of organoids, enabling 
dynamic drug treatments and individual, combinatorial, and 
sequential drug screens on human pancreatic tumor-derived 
organoids, thus enhancing preclinical research and personalized 
therapeutic approaches [46,47].

Technologies for Single-Cell Analysis

There are various techniques for single cell analysis, each 
of which is briefly described in the Table 2. These techniques 
are namely: Flow Cytometry, Microfluidics, Mass Spectrometry, 
Single-Cell PCR, High-Throughput Sequencing, Microscopy and 
Single-Cell Electrophysiology.

The present techniques bear certain limitations, encompassing 

cost implications [16]. Singular cell analysis methodologies often 
entail considerable financial investment owing to the necessity 
for specialized apparatus. Temporal considerations are also a 
factor [48]. Such methodologies can demand substantial time 
investments due to meticulous sample preparation and the 
scrutiny of individual cells. The precision of these methods is 
also subject to scrutiny, given the inherent susceptibility to 
error attributed to minute sample sizes and intricate analyses. 
Furthermore, the intricacies of these techniques necessitate a 
profound level of expertise for accurate interpretation [10,49].

This section delves into the realm of single-cell omics, a 
paradigm shift with profound implications for our comprehension 
of biology. Single-cell omics bears remarkable significance, serving 
as a potent instrument for unraveling cellular heterogeneity. 
The advantages that stem from this approach are manifold: 
Firstly, it affords an amplified resolution for discerning cellular 
heterogeneity (a point underscored by (16)). The meticulous 
scrutiny of single cells bestows a nuanced comprehension of 
intercellular variations, thus facilitating more precise disease 
diagnosis and therapeutic interventions. Additionally, it yields an 
enhanced grasp of gene regulation.

Single-cell analysis provides crucial insights into gene 
expression, cell communication, development, and the immune 
system, enhancing our understanding of disease and potential 
therapies. Emerging tools in genomics, transcription, and 
proteomics are specifically designed for analyzing individual 
cells, allowing detailed exploration of cellular mechanisms.

Single-Cell Genomics

The realm of single-cell genomics has prospered into 
a dynamic field of research, fundamentally devoted to the 
meticulous scrutiny of individual cell genomes. Pioneering 
this stride in genomics, researchers have been afforded the 
unprecedented opportunity to methodically unravel the genetic 
constituents of singular cells, thereby unraveling the intricate 
tapestry of genetic variation as expressed at the individual 
cell level. This transformative approach is uniquely poised 
to dissect various facets of cellular biology, including but not 
confined to gene expression dynamics, chromatin architecture, 
and epigenetic modulations, all while discerning nuances 
within cell populations. Notably, the ramifications of single-cell 
genomics resonate emphatically in deciphering the enigmatic 
underpinnings of intricate maladies and forging innovative 
therapeutic avenues.

Recent advancements in the landscape of experimental 
biology have unveiled the profound potential of interrogating the 
genetic reservoir of individual cells. A groundbreaking discipline, 
aptly termed single-cell genomics, now enables researchers to 
meticulously probe the DNA and RNA content of individual cells 
within the human body, as underscored by the seminal work of 
[57].

A cornerstone of the single-cell genome sequencing technique 
lies in its efficacy in unraveling the intricacies of chromosomal 
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Table 2: Various Techniques for Single Cell Analysis

Technique Description Image Ref

Flow Cytometry A powerful tool for analyzing the physical and 
chemical characteristics of single cells. (50) 

Microfluidics A technology that uses tiny channels and 
pumps to manipulate and analyze single cells. (51) 

Mass Spectrometry A technique that can be used to measure the 
mass of single cells and molecules (52) 

Single-Cell PCR A technique that can be used to amplify and 
sequence the genetic material of single cells (53) 

High-Throughput Sequencing A technology that can be used to sequence the 
genomes of single cells. (54) 

Microscopy

A technique that can be used to observe the 
structure and behavior of single cells.

(55) 

Single-Cell Electrophysiology A technique that can be used to measure the 
electrical activity of single cells (56) 
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dynamics, DNA copy number variations, and single-nucleotide 
polymorphism alterations. Crucially, this method transcends 
the limitations imposed by a mere pair of gene copies within 
normal cells, necessitating the replication of cellular DNA. This 
imperative, referred to as whole-genome amplification (WGA), 
encompasses three distinct strategies, notably Adapter-Linker 
PCR [58], multiple annealing and looping-based amplification 
cycles (MALBAC), and Multiple Displacement Amplification 
(MDA) [59].

In retrospective synthesis, the nascent techniques of Adapter-
Linker PCR engendered the amplification of complete human 
genomes from solitary cells. Emanating from the integration of 
PCR amplification and sequences ubiquitously dispersed across 
the genome, these strategies incorporated sequences ligated to 
fragmented genomes, or alternatively embraced degenerate or 
random oligonucleotide priming [60-62]. Nonetheless, these 
approaches confronted signal attrition across the genome bulk 
due to disparities in common sequence density and fluctuating 
PCR efficiency among loci. This predicament exacerbated while 
commencing amplification with a solitary genome duplicate. 
Augmenting genome recovery to nearly 10%, Degenerate 
Oligonucleotide Primed PCR (DOP-PCR), which selectively 
augmented genome copies and isolated tetraploid nuclei, 
exhibited promise, albeit accompanied by potential biases linked 
to the selection for rapidly dividing cells [61].

Significantly, an evolutionary leap in technology has fostered 
the extension of these methodologies to diploid cells. Distinctive 
features of these techniques lie in their reliance on thermostable 
polymerases, inherently prone to higher error rates compared to 
their thermolabile counterparts, thereby potentiating mutational 
influx during the amplification process.

Concurrently, a distinct category of WGA techniques 
embodies isothermal methodologies. Preeminently, Multiple 
Displacement Amplification (MDA) reigns as the paradigmatic 
approach, characterized by isothermal random priming and 
extension orchestrated by φ29 polymerase, distinguished by its 
robust catalytic activity, minimal error propensity, and strand 
displacement competence [60,63]. Owing to φ29 polymerase’s 
elevated fidelity, these techniques manifest augmented genome 
coverage vis-à-vis initial PCR-based methods, accompanied 
by mitigated error rates. However, the exponential nature of 
amplification precipitates disproportionate representation of 
initially amplified loci, an effect exacerbated by elevated fold 
amplification [64]. The origin of overrepresented loci, whether 
rooted in stochastic or systematic biases, remains an unresolved 
enigma. Further exacerbating this, lackluster polymerase activity 
yields chimeric sequence byproducts, susceptible to amelioration 
through endonuclease intervention, thus affording debranching 
of the amplification process to physically segregate amplicons 
[65,66].

Two hybrid techniques, PicoPLEX and MALBAC, address 
limitations of PCR and isothermal methods. They combine 
isothermal amplification with subsequent PCR, using degenerate 

primers (PicoPLEX) or common sequences and thermal 
cycling (MALBAC) for efficient and specific DNA amplification. 
This concerted effort curtails further isothermal amplicon 
amplification before initiating PCR, culminating in a more even-
handed amplification trajectory [58].

In summation, the traverse through the intricate realm of 
single-cell genomics has unfurled a tapestry of transformative 
insights. From unraveling the arcane intricacies of cellular 
genomes to deciphering the enigmatic dance of genomic 
alterations, this domain not only expands our biological 
understanding but also heralds the promise of innovative 
therapeutic frontiers.

Single-Cell Transcriptomics

The realm of single-cell transcript sequencing has emerged as a 
potent instrument for elucidating the differential gene expression 
and RNA patterns during primary growth, differentiation, 
and fetal reprogramming [67]. This technique possesses the 
capacity to discern myriad transcripts within diverse tissue 
and cell types, thereby enabling comprehensive transcriptomic 
profiling [68]. A noteworthy application of this approach lies in 
the quantitative evaluation of molecular dynamics underlying 
phenotypic diversity and cellular heterogeneity within a tumor 
context [69]. The continuous evolution of next-generation 
sequencing technologies, particularly RNA sequencing 
(RNA-seq), has facilitated the high-throughput, genome-
wide quantification of gene expression levels across various 
experimental scenarios. Such insights have propelled significant 
strides in our comprehension of the phenotypic consequences 
of genetic aberrations in the context of cancer [70]. A repertoire 
of high-throughput methodologies, platforms, and technologies 
geared towards single-cell RNA sequencing (scRNA-seq) has 
been devised and evaluated to enable transcriptome profiling at 
a single-cell resolution [15,71-76]. It is worth noting that each 
scRNA-seq approach entails distinct read processing, quality 
control, and normalization strategies in computational analysis 
[67].

Single-Cell Proteomics

Proteins, pivotal agents in diverse biological processes, 
are often generated or secreted in transient bursts and limited 
quantities (102–104 copies per cell). Given the absence of 
amplification techniques akin to genomic PCR, the demand for 
sensitive, multiplexed profiling methodologies in single-cell 
proteomic analysis has surged. This analytical avenue holds 
promise in addressing a spectrum of pivotal biological and 
medical inquiries, spanning from unraveling immune intricacies 
to deciphering intratumor heterogeneity and intercellular 
communication [77]. Notably, qualitative insights into protein 
expression can be gleaned from single-cell DNA and RNA analyses 
[78].

Conventional protein analysis methodologies, including gel 
electrophoresis, immunoassays, chromatography, and mass 
spectrometry, entail substantial cell quantities for scrutiny. 
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Consequently, the primary obstacles in single-cell protein 
analysis encompass the scarcity of protein copies and the 
lack of amplification strategies. Nonetheless, recent strides in 
flow cytometry, microfluidics, mass spectrometry, mass flow 
cytometry, and allied techniques have ushered in a new era of 
single-cell protein investigations, characterized by enhanced 
sensitivity and specificity [79].

SINGLE-CELL ANALYSIS OF PANCREATIC CANCER 
HETEROGENEITY

The pancreatic cancer tumor microenvironment is a complex 
network where cancer cells interact with nonmalignant cells, 
including fibroblasts, immune cells, endothelial cells, and stem 
cells, as well as various molecular agents. These interactions 
support the growth, invasion, and metastasis of pancreatic cancer 
cells and affect how cancer cells respond to treatments. Stromal 
cells produce growth factors promoting cancer cell growth, while 
immune cells can impact the effectiveness of immunotherapies. 
Hence, acquiring a profound comprehension of the tumor 
microenvironment in pancreatic cancer stands as an imperative 
undertaking, crucially informing the formulation of efficacious 
therapeutic strategies [80].

The tumor microenvironment in pancreatic ductal 
adenocarcinoma (PDAC) consists of immune cells, fibroblasts, 
extracellular matrix, and signaling molecules. PDAC exhibits 
a highly inflammatory and desmoplastic microenvironment, 
characterized by reactive and dense stroma. This stroma 
significantly contributes to malignancy and drug resistance in 
PDAC [81].

Various type of cell in pancreatic cancer and their 
single-cell analysis

Recent inquiries have probed the impact of therapeutic 
agents on factors governing stromal regeneration within PDAC. 
These agents target non-cellular entities, including extracellular 
proteins and recombinant hyaluronidase, which degrades 
hyaluronan. Furthermore, their influence extends to the behavior 
of certain stromal cells, namely cancer-associated fibroblasts 
(CAFs) and immune cells [82,83]. Accurately quantifying 
these variables and their continual dynamics remains pivotal 
in evaluating the progress of interventions and optimizing 
therapeutic strategies.

Single-cell RNA sequencing (scRNA-seq) reveals profound 
heterogeneity in cell populations within pancreatic ductal 
adenocarcinoma (PDAC) tumors, encompassing tumor 
cells, endothelial cells, cancer-associated fibroblasts (CAFs), 
and immune cells. Specific markers in these cells correlate 
significantly with patient survival rates [84,85]. In a 2020 study, 
researchers identified unique genes like Foxq1 and Onecut2 in 
pancreatic metaplastic cells, originating from the acinar lineage 
in genetically modified mouse models. These cells exhibited 
diverse traits similar to gastric, neuronal, and endocrine cells. 
Conclusions include the transition of subgroups into ductal 
structures and PanINs, the presence of multiple metaplastic 

cell types in premalignant lesions, and communication among 
metaplastic cells and tissue-resident cells. This knowledge could 
reveal insights into PDAC progression, malignant cell formation, 
and new therapeutic targets via mutated Kras comparative 
analysis in different tissue contexts [86,87].

Cancer-associated fibroblasts (CAFs) and the extracellular 
matrix (ECM) enhance cancer growth, aggressiveness, and 
metastasis, while immune suppressor cells (Treg, MDSC, TAM, 
CD8+ T-cells) counteract tumor progression. PDAC tumors 
exhibit significant cellular heterogeneity within primary and 
metastatic sites, influencing tumor categorization and patient 
prognoses. These findings provide crucial insights into the PDAC 
microenvironment, offering potential for improved patient 
management strategies [80]. 

A: Pancreatic Stellate Cells

Pancreatic stellate cells (PSCs) are crucial fibroblastic 
constituents within the pancreas, activated by growth factors 
like TGFβ-1, PDGF, and FGF, leading to collagen and extracellular 
matrix synthesis. PSCs play a significant role in fibrogenesis in 
chronic pancreatitis and pancreatic cancer, influencing tumor 
progression through proteins like Cox-2, PDGF receptors, 
VEGF, SDF, chemokines, integrins, and SPARC. HPSCs enhance 
pancreatic cancer cell proliferation, inhibit apoptosis, and 
promote angiogenesis, making them valuable models for 
understanding pancreatic tumors and developing innovative 
strategies against pancreatitis and adenocarcinoma. PSCs exhibit 
similarities with islet stellate cells (ISCs), and the COL11A gene 
might regulate their divergence, offering insights into type-II 
diabetes. Stellate cells are pivotal in metastasis, angiogenesis, 
and drug resistance, making them potential candidates for early 
diagnosis and therapeutic interventions in pancreatic cancer [88-
92].

B: Cancer-Associated Fibroblasts (CAFs)

Cancer-associated fibroblasts (CAFs) are crucial within the 
tumor microenvironment, influencing cancer cell proliferation 
and invasion [93,94]. Their presence in the tumor stroma is linked 
with processes such as angiogenesis, tumor initiation, expansion, 
metastasis, and drug resistance [95,96]. Unlike normal fibroblasts 
involved in extracellular matrix (ECM) synthesis, CAFs have 
unique features including the production of immunomodulatory 
factors leading to immune suppression [97-99]. They also 
support tumor progression by providing non-essential amino 
acids. Single-cell RNA sequencing (sc-RNAseq) on pancreatic 
ductal adenocarcinoma (PDAC) tissues revealed heterogeneity in 
cancer cells across patients and associations of specific markers 
with patient survival rates [84]. The emerging understanding of 
CAF heterogeneity has implications for therapeutic strategies 
against PDAC, highlighting the importance of addressing distinct 
CAF subgroups [47]. CAFs’ role in promoting cellular proliferation 
and metastasis is well-established [100,101]. A murine model 
of PDAC revealed unique myofibroblastic CAF subpopulations 
and highlighted diverse roles of CAF subtypes influenced by 
pathways such as IL1/JAK/STAT3 and TGFβ/SMAD3 [56,102]. 
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Elyada et al. (2019), identified new CAF subtypes that can activate 
CD4+ T cells, indicating their role as immune modulators [103]. 
Furthermore, Mao et al. (2021), conducted a transcriptomic 
analysis on PDAC patients, revealing CAF subtypes’ clinical 
significance and association with varying patient responses and 
outcomes [104].

C: Circulating Tumor Cells (CTCs)

Metastasis is a primary factor in cancer mortality, 
necessitating urgent interventions [103,105]. This complex 
process involves the spread of tumor cells to distant organs [98], 
with epithelial cancers, making up 80% of global malignancies, 
accounting for about 90% of cancer deaths due to metastatic 
progression [97,106].

The detection of metastasis remains challenging. Circulating 
Tumor Cells (CTCs) migrating into the bloodstream enable 
cancer spread to other body parts [107]. These cells, though rare 
among billions of hematopoietic cells, mirror primary tumors 
in molecular markers and heterogeneity [108,109]. Magnetic-
Activated Cell Sorting (MACS) first isolated CTCs in 1998, while 
the current preferred method is the CellSearch system, approved 
by the US FDA [110-112]. Improved isolation protocols have 
expanded CTC research, with studies highlighting their role 
in disease progression, survival [108,113], monitoring tumor 
genomes [109,110], and influencing treatment decisions. For 
instance, the presence of CTCs was noted in colorectal cancer 
patients as early as 2001, and a high frequency of CTCs is linked 
with poor prognosis [114,115].

By 2020, CTCs from patient blood became promising 
biomarkers for pancreatic cancer, aiding in monitoring treatment 
responses and understanding the disease, especially when 
showing KRAS mutations [116]. In hepatocellular carcinoma, the 
relationship between CTCs, Epithelial-Mesenchymal Transition 
(EMT), and prognosis has been explored [117,118]. Interestingly, 
only a fraction of CTCs, potentially stemming from Cancer Stem 
Cells (CSCs), display aggressive metastatic tendencies [119].

Single-cell sequencing has advanced diagnostic capabilities, 
especially for “fluidic biopsy” of CTCs and understanding 
molecular heterogeneity in pancreatic ductal adenocarcinoma 
(PDAC) [116]. Using microfluidics, Yu et al. (2012), identified 
significant Wnt2 gene expression in murine CTCs, and in 
vivo studies further revealed its role in promoting metastatic 
tendencies in pancreatic cancer cells [120]. Moreover, scRNA-
seq analysis of murine CTCs and PDAC cell lines showed the 
importance of specific molecules like SPARC in extracellular 
matrix (ECM) development. The PDAC CTC mRNA expression 
profile indicated similarities with CSCs, particularly with markers 
like CD24, CD44, and ALDH1A1, while SPARC was key in EMT 
regulation [121].

D: Cancer Stem Cells (CSCs)

Cancer Stem Cells (CSCs) constitute a distinct subpopulation 
of neoplastic cells characterized by their clonogenicity and 

self-renewal attributes. Initially recognized in leukemia and 
subsequently detected across a spectrum of malignancies, 
such as hematopoietic malignancies [122], breast carcinoma 
[123], glioblastoma [124], colorectal carcinoma [125], and lung 
carcinoma [126], these cells are now acknowledged as pivotal 
entities governing cancer initiation, progression, therapeutic 
resistance, relapse, and metastasis. Concomitantly, they exhibit 
the ability for self-renewal, perpetuating their tumorigenic 
potential [127]. Notably, pancreatic cancer has emerged as 
a paradigm wherein CSCs orchestrate drug resistance and 
metastasis [128].

Infrequent in occurrence, CSCs are instrumental in 
shaping intratumoral heterogeneity [129,130]. Robust 
evidence underscores the heightened chemoradioresistance 
of CSC-bearing tumors, attributed to their upregulated anti-
apoptotic moieties [129]. Niched within hypoxic/necrotic 
microenvironments alongside fibroblasts, immune cells, 
endothelial cells, and extracellular matrix constituents, CSCs find 
their abode [131]. The saga of pancreatic CSCs commenced in 
2007[132], comprising a minute fraction of less than 1% within 
the cancer cell milieu [133]. In concurrence with prior assertions, 
their enigmatic origin remains an ongoing inquiry, oscillating 
between embryonic stem cells, bone marrow, or somatic cells 
undergoing genetic transformation [134].

The ensemble of PCSC markers encompasses CD133, 
CD24, CD44, ESA/EpCAM, c-Met, ALDH1, DclK1, CXCR4, and 
Lgr5 [134], recently implicated in mediating parenchymal 
interactions pertinent to pancreatic ductal adenocarcinoma 
(PDAC) infiltration and primary metastasis [82]. Accordingly, 
an exhaustive molecular portrait of PCSCs assumes paramount 
importance in the therapeutic landscape of pancreatic cancer.

CONCLUSION AND PROSPECTS

The distressing reality persists that over 90% of patients 
afflicted by pancreatic ductal adenocarcinoma (PDAC) succumb 
within a mere five years, despite marked therapeutic strides. 
The primary drivers of this dire outcome encompass relapse, 
metastasis, and the vexing specter of drug resistance. In light 
of these challenges, the imperative of precision medicine 
becomes manifest, seeking to usher in improved patient 
management by untangling the intricate interplay of genetic 
and environmental factors underlying pancreatic disorders. 
Typically, the identification of pancreatic cancer entails resorting 
to abdominal imaging modalities such as computed tomography 
(CT), magnetic resonance imaging (MRI), or a specialized form 
of ultrasound accessed directly through the oral and esophageal 
routes, encompassing the gastric and small intestinal domains. 
A consensus across multiple investigations underscores that the 
diagnostic precision pivots on the judicious amalgamation of 
screening modalities, with adjunctive recourse to invasive fine 
needle biopsy procedures [135,136]. 

Non-invasive screening methods for pancreatic ductal 
adenocarcinoma (PDAC) are not yet standardized due to its 
low prevalence. Genetic analysis-based screening panels show 
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promise for individuals with familial predispositions and cancer 
syndromes, enabling personalized precision strategies. However, 
the impact of early-stage PDAC detection on lethality remains 
unclear. Investment in non-invasive screening methods may 
facilitate timely interventions. Genomic models and single-
cell RNA sequencing (scRNA-seq) provide insights into cellular 
heterogeneity and functional roles, aiding the identification of 
therapeutic targets. Understanding intercellular relationships 
enhances the search for novel biological markers for therapeutic 
interventions.

Single-cell RNA sequencing (scRNA-seq) offers a fundamental 
approach to unravel cellular kinetics, microcosmic subpopulations, 
and spatial arrangements within PDAC tumors. This technique 
provides insights into personalized compositions, facilitating 
the delineation of functional roles for distinct cell states and 
subpopulations. By employing scRNA-seq and spatial analytics, 
an intricate molecular atlas of the tumor microenvironment, 
including cancer stem cells, circulating tumor cells, and stellate 
cells, is constructed. This diverse cellular landscape holds 
significant implications for disease relapse and drug resistance, 
hampering immune surveillance. Single-cell analyses enable 
the exploration of gene expression signatures in varied cellular 
contingents, aiding in understanding neoplasm ontogeny and 
aggression. The ultimate goal is to create biomarker panels 
tailored for individual cellular units, potentially revolutionizing 
diagnostic and therapeutic innovations in PDAC research.
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