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Liquid biopsy technology has evolved into a promising, minimally invasive clinical tool for cancer diagnosis and oncology 
research. Liquid biopsy is a broad term referring to the testing of bodily fluids: spinal fluid, sweat, urine, and most commonly 
blood as it is materially dense; it is an analysis technique that detects various biomarkers, including common biomarkers such 
as circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), and exosomes (Fig. 1). There is particular interest in how 
effective early cancer diagnosis with liquid biopsies are, and its accuracy in early diagnosis prior to other prominent cancer 
testing/screenings. After studying a bibliometric review, we identified hot spot topics to focus on and wrote this non-systematic 
review article regarding new details about common biomarkers (ctDNA, exosomes, and CTC), novel technology, and recent 
tissue vs. liquid biopsy comparisons (non-small cell lung cancer and glioblastoma). (Fig. 2) More specifically, our study focuses 
on particular cancers and associated novel progressions in clinical studies that utilize liquid biopsies. This literature review 
covers updated findings from other reviews and clinical studies centered on recent advances in standardization, development, 
and application of novel high-throughput technology. This study also compares tissue biopsies—a standard cancer diagnostic 
technique—and its complementary role in early cancer detection with liquid biopsies. Additionally, this paper explores topical 
challenges in liquid biopsy specificity, efficacy, and cost-efficiency in regards to personalized cancer diagnosis and treatment. 

ABSTRACT

Cancer is the second leading cause of death worldwide39. Liquid 
biopsy is a powerful method contrasting invasive, traditional biopsy 
methods. Based on biological fluid samples and specific biomarker 
targets, information on DNA mutations, epigenetic mutations, gene 
overexpression, and more can be detected through liquid biopsies. 
Thus, development of liquid biopsy techniques can lead to further 
innovations in early-detection and monitoring of primary and 
metastatic tumors.
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Types of Biomarker Targets

The biomarkers of ctDNA, exosomes, and CTCs have each been 
commonly used in liquid biopsy. However, recent findings within each 
type of biomarker warrants a more detailed inspection regarding their 
benefits and drawbacks for each of the three biomarkers mentioned. 

ctDNA: ctDNA is a subset of cell-free nucleic acids in the blood 
(cfDNA)1. Although active release of DNA from live tumor cells is less 
understood, it is believed that most ctDNA is sourced from various 
cell death pathways due to tumor cell shedding (“apoptosis, necrosis, 
ferroptosis, pyroptosis, phagocytosis”)51. These cells primarily travel 
through the lymph system and the blood for metastasis, making 
them viable targets for biomarkers via liquid biopsy32. However, they 
are present in low concentrations in blood, thus requiring specific 
isolation methods to create a populated sample of these rare cells 
(for further diagnosis)51. In PCR-based assay methods for ctDNA 
detection, ctDNA could be identified through a “signal-to-noise 
ratio” to identify patients that pass a minimum threshold for ctDNA 
detection classification58. 

The main approach is to detect mutated genes involved with the 
primary tumor for specific detection and personalized therapeutic 
direction; otherwise, screening a larger (less specific) panel of genes 
which may be involved in tumorigenesis may reveal particular genetic 

mutations in the patient27, 41. Additionally, ctDNA levels detected in 
blood (such as “frequency of cases with detectable ctDNA (%)”) can 
indicate localized and metastatic tumors, and also preliminary data 
on what organ the tumor is localized at4. In a 2014 study on ctDNA in 
human malignancies, it was found that ctDNA generally had higher 
detectable levels than CTCs, indicating the efficiency of utilizing 
ctDNA as a biomarker for high throughput mutation detection and 
analysis3, 4(Fig. 3).

In another clinical study, 49-78% of patients with localized tumors 
had detectable ctDNA levels, contrasting with patients with metastatic 
tumors that had a 86-100% frequency of harboring detachable ctDNA 
levels61. Therefore, detected ctDNA in the blood could indicate 
metastatic or locally advanced tumorigenesis. Additionally, this study 
noted differences in detectable levels of ctDNA depending on cancer 
type, localization, and advanced vs. early stages. However, current 
ctDNA detection methods still reveal pitfalls in having a standardized 
detection threshold, as therapeutically targetable mutations in next-
generation-sequencing of ctDNA had varying results1, 35, 61. 

ctDNA detection techniques include PCR, digital droplet PCR 
(ddPCR), next-generation sequencing, and mass spectrometry. There 
are limitations to ctDNA detection validity, especially with regard to 
streamlining purification processes, expense despite high-throughput 
technique implication, panel specificity to cancer type, and lack of a 
standardized workflow2. In conjunction with other sequencing and 
biomarker detection methods to isolate these populations, ctDNA 
analysis could be crucial for identifying DNA mutations leading to 
cancer diagnosis. 

Exosomes: Exosomes are produced by all cells and are extracellular 
vesicles which carry lipids, metabolites, nucleic acids, and proteins in 
most fluids in the body. As a result, due to their guaranteed presence 
in all biological fluids and ability to have a multicomponent analysis, 
they are ideal for lipid biopsy—most notably with long term disease 
progression23. Traditional validated exosomal markers have included 
CD63, CD81, CD9. These are good for distinguishing high sensitivity 
of cancerous vs noncancerous from plasma samples with the use of 
CD9-CD63 in SiMoa immunoassays utilizing Single Molecule array 
technology assays that were developed recently from the Wei lab to 
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characterize exosomes57. CD81 is considered a housekeeping marker 
of exosomes and has been used, for example, in distinguishing 
whether a patient had prostate cancer or not based on levels of CD81 
expression; higher CD81 expression is associated with prostate 
cancer presence34, 55.

However there are also novel exosome markers such as the 
promising exosomal programmed death-ligand 1 (PD-L1) we will 
focus on in this review. It is a membrane-bound ligand located on the 
surface of various tumor cell types that binds to and suppresses the 
activation of programmed cell death protein-1 (PD-1) on T cells; this 
allows the tumor cells to evade the immune elimination52. However, 
PD-L1 is not only located on the surface of cells but also the surface 
of exosomes where it is known as exosomal PD-L152. Recent studies 
have shown promising implications for exosomal PD-L1 regarding 
detection in melanoma, head and neck cancer, glioblastoma, lung 
cancer, prostate cancer, breast cancer, and additional tumors9, 41, 52, 53, 

59. 
Some specific advantages that exosomal PD-L1 has includes the 

following: it is more widely spread, more easily attached to target 
cells (promoting effective immune escape), analyzed at different time 
points predicting active disease progression, and reflects the whole 
body system52. As the methods for exosomal PD-L1 detection include 
ddPCR, ELISA, and flow cytometry which are all non-invasive, it 
means analysis for exosomal PD-L1 can be performed at multiple 
time points—stopping tumor heterogeneity-related problems52. So 

Figure 1: Overview of liquid biopsy sampling, common biomarkers, and applications. Sampling types include sweat, cerebral spinal fluid (CSF), 
blood, and urine, which are processed for biomarker detection and further analyzed using technology methods pictured above. Analyzed data 
is applied to personalized precision medicine (PPM) treatment plans for patients. 

Figure 2: Types of biomarkers for liquid biopsy (mCRPC pictured) (Fig. 
2, Bonfil and Al-Eyd, Oncoscience, 10, 69–80. https://doi.org/10.18632/
oncoscience.592.) From blood, ctDNA, Exosomes, and CTCs, various 
multi-omics information is able to be extracted.
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overall, exosomal PD-L1 has the optimal characteristics of both 
exosomes and PD-L1, since the PD-L1 expression changes to positive 
expression after successful treatment52, 25. Exosomal PD-L1 therefore 
is a novel diagnostic biomarker that has implications for both research 
and clinical areas of the oncology field52. 

However, use of exosomal PD-L1 is not without limitations such as 
difficulty in identifying if the observed effect is from the PD-1 blocker 
or the autoimmunity52. Further restrictions include how more large-
scale clinical prospective trials must be done for conclusive evidence 
as thus far these results have only been from retrospective small-scale 
analysis52. Lastly, methods to manage secretion of exosomal PD-L1 by 
tumor cells have not been configured and future research is required 
to form a better mechanistic story of the way in which exosomal PD-
L1 inhibits immunity52.

CTC: Another biomarker that is notably larger are Circulating 
Tumor Cells, or CTCs—a mechanism by which a cancer metastasizes, 
or spreads, throughout the body32. They break off from the original 
cancer and travel to other parts of the body, primarily via the 
bloodstream32, attempting to attach to other tissue and continue 
propagating. 

CTCs were first observed by Ashworth Thomas Ramsden in 1869, 
when he noticed that there were cells in the blood of people who 
had passed away from cancer that were similar to the tumor. This 
was followed by Stephen Paget’s “seed and soil” hypothesis11. Paget 
proposed that there was a seed, as in the tumor cell, and soil, a suitable, 

organ microenvironment29. However, this was not universally 
accepted, with many others sharing the opinion that metastasis 
follows a circulatory route and compromises the first encountered 
organ. Today, it is viewed as a combination of both, though respective 
extents may be unique to the tumor29. 

While metastasis has a very low success rate (<0.01%)22, it is 
the leading complication in fatal cancers22, 54 and as such, detecting 
CTCs and subsequent monitoring of CTC concentration are critical. 
However, even as the cancer progresses, CTCs are found at very low 
concentrations (<3 CTC/mL of blood at stage I, and >20 CTC/1mL at 
Stage IV)42. Thus, it is quite challenging to test for CTCs and ensure 
reliability and replicability of the results. 

Knowing where CTCs circulate is among the first steps towards 
designing technology that can reliably detect their presence. In fact, 
the notion of using liquid biopsies to test for CTCs has been around 
for over a decade. This quickly expanded to any circulating material 
from a cancer40. Due to the difficulty of being able to reliably test for 
CTCs and other material, only recently is testing for CTCs becoming 
more feasible. 

In order to test for CTCs, research has been conducted with the 
goal of isolating CTCs and identifying differences between them and 
healthy cells. CTCs from over 80% of solid cancers havebeen found to 
have the surface marker epithelial cell adhesion molecule (EpCAM), 
which peripheral red blood cells do not22. Another major difference 
is that CTCs are much larger than the cells surrounding them22. 

Figure 3: Case study comparisons for liquid biopsy and tissue biopsy techniques for non-small cell lung cancer (NSCLC), glioblastoma, and general 
cons. Liquid biopsies and tissue biopsies reveal important data points attributable to its respective sampling and analysis methods. Combined, 
these testing methods provide greater specificity and data for cancer diagnosis and development monitoring. 
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To take advantage of these variances, technologies like enzyme 
degradation, negative selection, and, more recently, functional assays 
and microdevices have been developed and employed to isolate and 
test for CTCs22. 

Technology and Applications
Liquid biopsy is applied to various analysis and diagnostic 

techniques for basic science research, clinical research, and 
personalized medicine. As technology advances, more efficient 
techniques are developed that provide greater specificity and quantity 
of crucial diagnostic or prognosis data. 

PPM: Personalized Precision Medicine (PPM) is an emerging 
cancer treatment model. Analysis of a patients’ tissues, genes, personal 
factors, genetic mutations, and other biological characterizations 
allow each treatment to be tailored for the patient28. For liquid biopsy 
detection methods that detect cancer biomarkers (such as CTCs, 
ctDNA, etc.), PPM utilizes the data analyzed to develop a treatment 
specific for a patient28. Nevertheless, PPM is a limited treatment 
option for many patients––personalized treatment is inaccessible 
in disadvantaged countries with fewer resources. Additionally, the 
genomic tools and detection methods (e.g. liquid biopsy) necessary 
to extract data for PPM are expensive and sometimes inaccurate or 
uninformative, as described in the biomarkers discussion24. Moreover, 
applications of cancer PPM through liquid biopsy diagnosis requires 
further research into efficacy, mortality, and improvement for cost-
efficiency, given the variability of PPM and relative novelty of this 
treatment method28. Multi-omics: Multi-omics is a broad based term, 
encompassing various applications of genomics, transcriptomics, 
proteomics, spatial transcriptomics, machine learning, and more, 
which amalgamate to form a multidisciplinary approach to research 
or analysis8. Machine learning is at the forefront of multi-omics-
based detection, especially for spatial transcriptomics of CTCs. 
Images can be filtered and analyzed for characteristic indicators 
of therapeutic efficacy, single-cell characterization, and cell fate 
prognosis20. Liquid biopsy techniques also cover transcriptomic 
methodologies, presenting a more targeted approach using nucleic 
acid markers to detect and characterize tumor types12, 30. Currently, 
liquid biopsy approaches center on utilizing numerous PCR-based 
and NGS techniques to analyze nucleic acid biomarkers or entire 
targeted genomic sequences from cancer patient samples8. Given that 
tumor biomarkers can be detected through innumerous technology 
strategies, it is crucial to reach a standardized protocol for liquid 
biopsy containment, sampling, and detection. Machine learning, 
among other technological approaches, can be used to mitigate 
and normalize biomarker detection based on cancer type and other 
biological or clinical factors17, 18, 19, 33. 

Microfluidics: Application of microfluidics to liquid biopsy 
diagnostic approaches removes the need for large and expensive 
equipment needed for tissue biopsy analysis; however, microfluidics 
approaches also special lithography and machinery for lab-on-
a-chip (LOC) platforms and device making48. Nevertheless, the 
miniaturization of experiments through microfluidics greatly 
reduces reagent cost, time analysis, and overall cost efficiency of 
other diagnostic or experimental procedures. High-throughput 
(single-cell) analysis enables faster, more accurate detection of 
biomarkers relevant to cancer tumor development (e.g. CTCs, 
ctDNA, exosomes)4, 5, 32, 41, 51. Cells marked with specific biomarkers 
that are fluorescent-labeled47, or have different morphologies or 

properties from normal blood cells, can be isolated through different 
microfluidic device channels26, 31, 46, 56. Additionally, dielectrophoresis 
(DEP) and field-effect transistor microfluidic chip designs have been 
utilized for cancer cell detection13, 16, 38. For nucleic acid biomarkers, 
other microfluidic devices that consider detection and tagging of 
DNA/RNA-specific biomarkers have also been developed10, 15, 49, 60. 
Schwab et al. developed the MyCTC chip to test personalized drug 
response of purified CTCs from patients with advanced metastasis, 
providing a translational approach to liquid biopsy applications in 
microfluidics44.

Overall, microfluidics is a highly adaptive and personalizable 
technology, finding applications in cancer diagnostic approaches, 
personalized medicine, and research in discovering characteristics 
of liquid biopsy biomarkers for future translational improvements in 
cancer diagnostics. 

NSCLC: Currently positron emission tomography/computed 
tomography (PET/CT) and tissue biopsy are employed for non-
small cell lung cancer (NSCLC) monitoring7. However in NSCLC 
inter-tumor heterogeneity and intra-tumor heterogeneity may lead 
to inconsistent PD-L1 expression in biopsy tissues45. In addition, 
unfortunately not all NSCLC patients are eligible for tissue biopsy—
instead it depends on the patient’s clinical outcomes and tumor 
location6. Tissue biopsies also tend to have greater cost and longer 
turn-around times for the release of the biopsy report6. However, 
one positive aspect is that tissue biopsies tend to gather more data 
than liquid biopsy, and more accurately as well6. In addition through 
tissue biopsy a larger number of mutations were found that liquid 
biopsy alone did not6. This may partly be a result of tissue biopsies 
being more developed. 

Meanwhile, liquid biopsy has been more recently applied to 
NSCLC with positive aspects such as exosomal methods that can 
be performed at multiple time points; they also better represent 
tumor heterogeneity problems with predictive biomarkers that can 
be detected successfully to guide treatment options52. In addition, 
more patients can get tested and more regularly, allowing for early 
detection21, 52. Liquid biopsy was also able to find a few clinically 
relevant mutations that did not come up in a tissue biopsy52. Overall 
it is less invasive and has quicker turn-around times. 

Glioblastoma: Current diagnosis methods for Glioblastoma (GBM) 
include neuroimaging combined with analysis of biopsied tissue, 
however they both have their restrictions. Neuroimaging allows for 
GBM morphology to be characterized. For instance fluid-attenuated 
inversion recovery (FLAIR) and the more recent magnetic resonance 
spectroscopy are just some of the ways to characterize GBM43. 
However a drawback of neuroimaging is that it does not consistently 
identify GBM from other tumorous/non-tumorous diseases43. 

Tissue biopsy, has a more accurate histopathological analysis, 
and may highlight specific genetic and epigenetic features of GBM43. 
However it requires a surgical procedure that works for most patients, 
but some patients may have conditions such as deep-seated lesions or 
old age who would be unable to undergo surgical resection43. They 
would require image-guided stereotactic biopsy, yet that also poses 
surgical risk such as hemorrhage and brain swelling43. In addition, 
the small part of the tumor tissue removed for analysis, may not even 
be representative of the whole tumor, and therefore be an inaccurate 
measure43. Tumor tissues are also constantly evolving due to changes 
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in the microenvironment, so the tissue biopsies are effectively only a 
screenshot of the entire tumor and cannot evaluate the tumor activity 
in real-time as it evolves43. 

Regarding liquid biopsy, detection of CTCs was approved in 2004 
for clinical use as a predictive marker of carcinomas, prostate, breast, 
ovarian, colorectal, lung, and other cancers14. Glioblastoma however 
did not share the epithelial marker used in the detection system, so it 
was unable to work then14. However, in 2014 rare CTCs were detected 
in GBM at an enhanced frequency14. Also, extracellular vehicles 
with PD-L1 DNA could provide updated monitoring of GBM 
progression14. In addition, liquid biopsy has the potential to overcome 
the limitations of both neuroimaging and tissue-based methods with 
the potential to identify early recurrence and differentiate tumor 
progression14. Other biomarkers for GBM tacking such as ctDNA 
have also recently been shown to be viable for both observational and 
interventional clinical studies14. Further studies will still need to be 
done to establish protocols and validate to suitable standards. Overall 
the potential for liquid biopsy as a diagnostic tool to detect mutations 
prior to even neurosurgical removal of the tumor has tremendous 
implications for reducing the tumor mass and improving outcome. 
Unfortunately there have been setbacks to clinical studies due to the 
studies being withdrawn or terminated because of the COVID-19 
pandemic and lack of funding 14. 
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