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Liquid biopsy: from concept 
to clinical application
Catherine Alix‑Panabières  1,2,3,7*, Dario Marchetti 4 & Julie E. Lang 5,6

The diagnosis and treatment of cancer presents a physical and mental burden to the patient, often 
involving diagnostic biopsies and surgeries or chemotherapeutic approaches with severe side-effects. 
Advances which enable early detection of cancer and close monitoring of the disease course without 
invasive procedures, and which can underpin a tailored approach to treatment, can therefore make a 
big difference to the quality of life of patients. Liquid biopsies can be used to access tumor cells and 
tumor DNA circulating in the blood. Monitoring these species can provide a minimally invasive and 
repeatable means to detect cancer, or gain information about its response to treatment.

The concept of liquid biopsy, as a minimally invasive blood sample collected throughout the course of 
disease, was first introduced (for circulating tumor cells, or CTCs) in 2010 and consistently applied 
afterwards1. To obtain a comprehensive real-time view of cancer progression, we must consider the broader 

definition of liquid biopsy which includes: (i) other tumor-derived circulating biomarkers such as circulating 
cell-free tumor DNA (ctDNA), circulating cell-free RNA (noncoding, miRNA and messenger RNA), extracel-
lular vesicles (exosomes and oncosomes), tumor-educated platelets, and circulatory proteins; and (ii) circulating 
immune cells and immune system components. Furthermore, the term liquid biopsy in 2023 can also include the 
identification of the circulating microbiome in the blood, coined liquid microbiopsy, which is done by analyzing 
the circulating cell-free microbial DNA in combination with a defined panel of proteins and metabolites2. Lastly, 
this concept has been extended to other physiological fluids such as cerebrospinal fluid, urine, bone marrow, 
sputum, and saliva3.

Clinically, liquid biopsy can be used for: (i) early detection of cancer using high blood volumes, though 
screening remains a challenge; (ii) tumor staging and monitoring of patients with localized cancer, e.g. to distin-
guish patients at low and high risk of recurrence; (iii) predicting metastatic progression in patients with advanced 
cancer; and (iv) monitoring treatment efficacy.

This collection on current advances of liquid biopsy research includes articles written by experts in this field 
of research and covers multiple facets of liquid biopsy.

CTCs
Minimal residual disease detection by liquid biopsy has been shown to allow for the identification of metastatic 
disease as much as 2 years earlier than by imaging4,5. Stergiopoulou et al. provide evidence that liquid biopsy 
can detect minimal residual disease in breast cancer6. The authors enumerated and analyzed CTCs at the phe-
notypical and molecular levels (proteins, gene expression, epigenetic). Asante et al. worked on high grade serous 
ovarian carcinoma and reported the importance of genetic analysis of heterogenous subsets of CTCs to confirm 
their neoplastic origin7. This study was carried out only on 4 patients and the data obtained certainly need to 
be confirmed on a larger number of patient cohorts. Bao-Caamano et al. focused on performing epigenomic 
analyses of metastasis-competent colon cancer CTCs and showed that they present a unique DNA methylation 
program8. This study provides new insights into the epigenomic landscape of such aggressive subset of CTCs, 
revealing biological information for metastasis development, as well as cues for new potential biomarkers and 
therapeutic targets for colorectal cancer. Finally, Pirone et al. presented a label‑free liquid biopsy through the 
identification of CTCs by machine learning‑powered tomographic phase imaging flow cytometry9.
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CtDNA
Calapre et al. compared the suitability of the Accel (Swift) and Oncomine (ThermoFisher Scientific, Inc.) panels 
for identification of TP53 mutations in ctDNA of 10 high grade serous ovarian carcinoma patients, and concluded 
that the Oncomine panel possessing unique molecular identifiers appears more useful10 for ctDNA analysis. 
Thus, this study demonstrates the utility of unique molecular identifiers-tagged NGS panel for plasma TP53 
mutation screening in these patients.

Circulating cell‑free miRNA
Gahlawat et al. reported that circulating cell-free miRNA can be more easily obtained as a very stable biomarker 
population in blood, thus it might serve as a more appropriate surrogate liquid biopsy marker than cfDNA for 
ovarian cancer11.

Circulating cell‑free mRNA
Grosgeorges et al. selected 3 candidates for colorectal cancer (B2M, TIMP-1, and CLU) and developed a method 
to purify circulating cell-free mRNAs from plasma samples by quantifying them via RT-qPCR12. Based upon these 
findings, this new approach was able to discriminate metastatic colorectal cancer patients from healthy donors.

Non‑coding DNA
Baxter et al. reported that specific hotspots in non-coding regions of ADGRG6, PLEKHS1, WDR74, TBC1D12 
and LEPROTL1 could function as liquid biopsy in the urine for non-invasive detection of bladder cancer13. In 
the absence of clinically detectable disease during surveillance, the presence of non-coding mutations in urine 
was associated with an increased relative risk of future recurrence.

Exosomes
Shaikh et al. investigated the expression levels of a specific gene panel in exosomes isolated from patients with 
oral cancer to lymph nodes metastasis along with an integrated computational screening14. Their significant gene 
signature identification demonstrated increased serum exosome efficacy in early detection and was clinically 
associated with intracellular communication in the formation of the premetastatic niche.

In conclusion, liquid biopsy analyses can be used to gain new insights into the biology of metastasis, its pre-
diction and/or prevention, to be a companion diagnostic to improve therapy stratification, and to gain insights 
into therapy-induced cancer cell selection. Within these contexts, intra-patient tumor heterogeneity may be 
an important mechanism to investigate for total eradication of all tumor clones, including but also extending 
CTC subsets, by targeted therapies15. In addition, the synergy of multiple circulating biomarkers can reveal the 
molecular specifics of cancer16.

Researchers and clinicians have been aware for many years of the potential value of liquid biopsies as useful 
tools to complement current therapies non-invasively and in real-time in the patients17,18. Liquid biopsy has also 
been implemented in clinical trials to measure biomarkers indicative of treatment response19 and prognosis20–22, 
meanwhile observational studies demonstrated the clinical utility of liquid biopsy to predict therapeutic response 
before it is clinically apparent23–25 and to better understand the biology of tumors26. Personalized mutation track-
ing using custom-made bespoke assays have also been designed for non-metastatic patients to allow for a more 
accurate screening for disease recurrence while patients are potentially curable27.

More interventional clinical trials are urgently needed to widely implement liquid biopsy in clinical practice. 
Policymakers and business leaders must participate in these clinical trials and discussions in order to make 
national and international decisions. Of particular significance, the multi-center standardization of preanalyti-
cal and analytical methods is imperative before liquid biopsy can be consistently used in clinical settings. Big 
consortia such as the European Liquid Biopsy Society (ELBS; www.​elbs.​eu) in the EU, or the BLOODPAC in the 
U.S.A. continue to lead significant programs to complete this mission and develop and validate a wide range of 
standard operating procedures. There is also a clinically unmet need for more studies of liquid biopsy approaches 
to diagnose cancer before it is clinically evident, particularly for those types of cancer in which there is no clinical 
screening testing available28. 

Multidisciplinary collaboration between academia, the biotechnology and pharmaceutical industries, and 
other stakeholders will be crucial in moving the field forward. We anticipate that precision medicine approaches 
that identify high-risk patient populations and predict specific therapeutic benefit for patients will ultimately 
succeed in gaining clinical traction as the field moves beyond simply enumerating the presence of minimal 
residual disease to incorporating liquid biopsy in well-designed clinical trials in cancer.

Finally, this collection of articles highlights the diversity of liquid biopsy approaches and the many strengths 
afforded by each strategy. Many challenges still remain to make liquid biopsy a reality in the clinic. We hope it 
will inspire researchers to continue innovating the applications of liquid biopsy and making important discov-
eries as we work together towards the goal of translating liquid biopsy to the clinic to improve outcomes for 
cancer patients.

References
	 1.	 Pantel, K. & Alix-Panabieres, C. Circulating tumour cells in cancer patients: Challenges and perspectives. Trends Mol. Med. 16, 

398–406. https://​doi.​org/​10.​1016/j.​molmed.​2010.​07.​001 (2010).

http://www.elbs.eu
https://doi.org/10.1016/j.molmed.2010.07.001


3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:21685  | https://doi.org/10.1038/s41598-023-48501-x

www.nature.com/scientificreports/

	 2.	 Edsjo, A. et al. Precision cancer medicine: Concepts, current practice, and future developments. J. Intern. Med. 294, 455–481. 
https://​doi.​org/​10.​1111/​joim.​13709 (2023).

	 3.	 Alix-Panabieres, C. & Pantel, K. Liquid biopsy: From discovery to clinical application. Cancer Discov. 11, 858–873. https://​doi.​
org/​10.​1158/​2159-​8290.​CD-​20-​1311 (2021).

	 4.	 Coombes, R. C. et al. Personalized detection of circulating tumor DNA antedates breast cancer metastatic recurrence. Clin. Cancer 
Res. 25, 4255–4263. https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​18-​3663 (2019).

	 5.	 Sperger, J. M. et al. Expression and therapeutic targeting of TROP-2 in treatment-resistant prostate cancer. Clin. Cancer Res. 29, 
2324–2335. https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​22-​1305 (2023).

	 6.	 Stergiopoulou, D. et al. Comprehensive liquid biopsy analysis as a tool for the early detection of minimal residual disease in breast 
cancer. Sci. Rep. 13, 1258. https://​doi.​org/​10.​1038/​s41598-​022-​25400-1 (2023).

	 7.	 Asante, D. B. et al. Genetic analysis of heterogeneous subsets of circulating tumour cells from high grade serous ovarian carcinoma 
patients. Sci. Rep. 13, 2552. https://​doi.​org/​10.​1038/​s41598-​023-​29416-z (2023).

	 8.	 Bao-Caamano, A. et al. Epigenomic analysis reveals a unique DNA methylation program of metastasis-competent circulating 
tumor cells in colorectal cancer. Sci. Rep. 13, 15401. https://​doi.​org/​10.​1038/​s41598-​023-​42037-w (2023).

	 9.	 Pirone, D. et al. Label-free liquid biopsy through the identification of tumor cells by machine learning-powered tomographic phase 
imaging flow cytometry. Sci. Rep. 13, 6042. https://​doi.​org/​10.​1038/​s41598-​023-​32110-9 (2023).

	10.	 Calapre, L. et al. Identification of TP53 mutations in circulating tumour DNA in high grade serous ovarian carcinoma using next 
generation sequencing technologies. Sci. Rep. 13, 278. https://​doi.​org/​10.​1038/​s41598-​023-​27445-2 (2023).

	11.	 Gahlawat, A. W., Witte, T., Sinn, P. & Schott, S. Circulating cf-miRNA as a more appropriate surrogate liquid biopsy marker than 
cfDNA for ovarian cancer. Sci. Rep. 13, 5503. https://​doi.​org/​10.​1038/​s41598-​023-​32243-x (2023).

	12.	 Grosgeorges, M. et al. A straightforward method to quantify circulating mRNAs as biomarkers of colorectal cancer. Sci. Rep. 13, 
2739. https://​doi.​org/​10.​1038/​s41598-​023-​29948-4 (2023).

	13.	 Baxter, L. et al. Properties of non-coding mutation hotspots as urinary biomarkers for bladder cancer detection. Sci. Rep. 13, 1060. 
https://​doi.​org/​10.​1038/​s41598-​023-​27675-4 (2023).

	14.	 Shaikh, S., Yadav, D. K., Bhadresha, K. & Rawal, R. M. Integrated computational screening and liquid biopsy approach to uncover 
the role of biomarkers for oral cancer lymph node metastasis. Sci. Rep. 13, 14033. https://​doi.​org/​10.​1038/​s41598-​023-​41348-2 
(2023).

	15.	 Keller, L. & Pantel, K. Unravelling tumour heterogeneity by single-cell profiling of circulating tumour cells. Nat. Rev. Cancer 19, 
553–567. https://​doi.​org/​10.​1038/​s41568-​019-​0180-2 (2019).

	16.	 Alix-Panabieres, C. The future of liquid biopsy. Nature 579, S9. https://​doi.​org/​10.​1038/​d41586-​020-​00844-5 (2020).
	17.	 Cristofanilli, M. et al. Circulating tumor cells, disease progression, and survival in metastatic breast cancer. N. Engl. J. Med. 351, 

781–791 (2004).
	18.	 Lucci, A. et al. Circulating tumour cells in non-metastatic breast cancer: A prospective study. Lancet Oncol. 13, 688–695. https://​

doi.​org/​10.​1016/​S1470-​2045(12)​70209-7 (2012).
	19.	 Turner, N. C. et al. Circulating tumour DNA analysis to direct therapy in advanced breast cancer (plasmaMATCH): A multicentre, 

multicohort, phase 2a, platform trial. Lancet Oncol. 21, 1296–1308. https://​doi.​org/​10.​1016/​S1470-​2045(20)​30444-7 (2020).
	20.	 Magbanua, M. J. M. et al. Circulating tumor DNA in neoadjuvant-treated breast cancer reflects response and survival. Ann. Oncol. 

32, 229–239. https://​doi.​org/​10.​1016/j.​annonc.​2020.​11.​007 (2021).
	21.	 Magbanua, M. J. M. et al. Clinical significance and biology of circulating tumor DNA in high-risk early-stage HER2-negative breast 

cancer receiving neoadjuvant chemotherapy. Cancer Cell 41, 1091-1102e1094. https://​doi.​org/​10.​1016/j.​ccell.​2023.​04.​008 (2023).
	22.	 Radovich, M. et al. Association of circulating tumor DNA and circulating tumor cells after neoadjuvant chemotherapy with disease 

recurrence in patients with triple-negative breast cancer: Preplanned secondary analysis of the BRE12-158 randomized clinical 
trial. JAMA Oncol. 6, 1410–1415. https://​doi.​org/​10.​1001/​jamao​ncol.​2020.​2295 (2020).

	23.	 Lipsyc-Sharf, M. et al. Circulating tumor DNA and late recurrence in high-risk hormone receptor-positive, human epidermal 
growth factor receptor 2-negative breast cancer. J. Clin. Oncol. 40, 2408–2419. https://​doi.​org/​10.​1200/​JCO.​22.​00908 (2022).

	24.	 Poellmann, M. J. et al. Circulating tumor cell abundance in head and neck squamous cell carcinoma decreases with successful 
chemoradiation and cetuximab treatment. Cancer Lett. 562, 216187. https://​doi.​org/​10.​1016/j.​canlet.​2023.​216187 (2023).

	25.	 Parsons, H. A. et al. Sensitive detection of minimal residual disease in patients treated for early-stage breast cancer. Clin. Cancer 
Res. 26, 2556–2564. https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​19-​3005 (2020).

	26.	 Guo, H. et al. DNA hypomethylation silences anti-tumor immune genes in early prostate cancer and CTCs. Cell 186, 2765-
2782e2728. https://​doi.​org/​10.​1016/j.​cell.​2023.​05.​028 (2023).

	27.	 McDonald, B. R. et al. Personalized circulating tumor DNA analysis to detect residual disease after neoadjuvant therapy in breast 
cancer. Sci. Transl. Med. https://​doi.​org/​10.​1126/​scitr​anslm​ed.​aax73​92 (2019).

	28.	 Lennon, A. M. et al. Feasibility of blood testing combined with PET-CT to screen for cancer and guide intervention. Science https://​
doi.​org/​10.​1126/​scien​ce.​abb96​01 (2020).

Author contributions
CA-P, DM, JEL: Conceptualization, original draft preparation, writing review & editing.

Funding
C.A.-P. is supported by la Fondation ARC pour la Recherche sur le cancer (PANLIPSY project), les Fonds de 
dotation AFER pour la recherche médicale and Aviesan – ITMO Cancer (MECA-CTC) at the national level but 
also at the European Level with two selective fundings: (i) HORIZON-MISS-2021-CANCER -02-01 (PANCAID 
project) as well as (ii) INNOVATIVE HEALTH INITIATIVE (IHI) (GUIDE.MRD project). DM is supported by 
the United States NIH grant 1R01 CA216991, the UNM Comprehensive Cancer Center Translational Initiative, 
the Oxnard Foundation, and by the United States NCI P30CA118100-16 grant supporting the UNM Compre-
hensive Cancer Center. JL is supported by VeloSano and by the United States NCI P30 CA043703-31 supporting 
the Case Cleveland Clinic Comprehensive Cancer Center.

Competing interests 
CAP received honoraria from Menarini; DM does not have any COI to disclose. JL does not have any COI to 
disclose.

Correspondence and requests for materials should be addressed to C.A.-P.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1111/joim.13709
https://doi.org/10.1158/2159-8290.CD-20-1311
https://doi.org/10.1158/2159-8290.CD-20-1311
https://doi.org/10.1158/1078-0432.CCR-18-3663
https://doi.org/10.1158/1078-0432.CCR-22-1305
https://doi.org/10.1038/s41598-022-25400-1
https://doi.org/10.1038/s41598-023-29416-z
https://doi.org/10.1038/s41598-023-42037-w
https://doi.org/10.1038/s41598-023-32110-9
https://doi.org/10.1038/s41598-023-27445-2
https://doi.org/10.1038/s41598-023-32243-x
https://doi.org/10.1038/s41598-023-29948-4
https://doi.org/10.1038/s41598-023-27675-4
https://doi.org/10.1038/s41598-023-41348-2
https://doi.org/10.1038/s41568-019-0180-2
https://doi.org/10.1038/d41586-020-00844-5
https://doi.org/10.1016/S1470-2045(12)70209-7
https://doi.org/10.1016/S1470-2045(12)70209-7
https://doi.org/10.1016/S1470-2045(20)30444-7
https://doi.org/10.1016/j.annonc.2020.11.007
https://doi.org/10.1016/j.ccell.2023.04.008
https://doi.org/10.1001/jamaoncol.2020.2295
https://doi.org/10.1200/JCO.22.00908
https://doi.org/10.1016/j.canlet.2023.216187
https://doi.org/10.1158/1078-0432.CCR-19-3005
https://doi.org/10.1016/j.cell.2023.05.028
https://doi.org/10.1126/scitranslmed.aax7392
https://doi.org/10.1126/science.abb9601
https://doi.org/10.1126/science.abb9601
www.nature.com/reprints


4

Vol:.(1234567890)

Scientific Reports |        (2023) 13:21685  | https://doi.org/10.1038/s41598-023-48501-x

www.nature.com/scientificreports/

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Liquid biopsy: from concept to clinical application
	CTCs
	CtDNA
	Circulating cell-free miRNA
	Circulating cell-free mRNA
	Non-coding DNA
	Exosomes
	References


