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Abstract 

Multiple three-dimensional (3D) tumour organoid models assisted by multi-omics and Artificial Intelligence (AI) have 
contributed greatly to preclinical drug development and precision medicine. The intrinsic ability to maintain genetic 
and phenotypic heterogeneity of tumours allows for the reconciliation of shortcomings in traditional cancer mod‑
els. While their utility in preclinical studies have been well established, little progress has been made in translational 
research and clinical trials. In this review, we identify the major bottlenecks preventing patient-derived tumour orga‑
noids (PDTOs) from being used in clinical setting. Unsuitable methods of tissue acquisition, disparities in establish‑
ment rates and a lengthy timeline are the limiting factors for use of PDTOs in clinical application. Potential strategies 
to overcome this include liquid biopsies via circulating tumour cells (CTCs), an automated organoid platform and opti‑
cal metabolic imaging (OMI). These proposed solutions accelerate and optimize the workflow of a clinical organoid 
drug screening. As such, PDTOs have the potential for potential applications in clinical oncology to improve patient 
outcomes. If remarkable progress is made, cancer patients can finally benefit from this revolutionary technology.
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Introduction
Cancer is a leading cause of death globally, responsible 
for 1 in every 6 deaths, and an approximate 10 million 
deaths in 2020 alone [1]. According to the World Health 
Organization (WHO), the most common causes of mor-
tality were lung, colorectal, liver, stomach and breast 
cancer. Despite being the most frequently diagnosed can-
cers, current treatment remains ineffective in achieving 
curative effects in certain patients, causing their demise. 
This can be attributed to the “one-size-fits-all” stand-
ard of care for anti-cancer treatment which does not 
account for heterogeneity, rendering it ineffective and 

obsolete. Inter-patient heterogeneity and intra-patient 
heterogeneity are the key reasons for therapeutic failure 
for standardized anti-cancer treatment [2, 3]. Standard 
chemotherapy drugs may not be effective for all patients 
for this reason.

The rise of precision medicine is an emerging approach 
to the targeted selection of optimal treatment options 
based on each individual’s genes, environment and life-
style. Precision medicine, in the context of cancer treat-
ment, is to identify effective therapeutic strategies 
specific for every patient [4], by using targeted therapies 
that are less invasive and morbid than standard treatment 
regimens yet achieving good outcomes. Organoid tech-
nology is one that holds significant potential in realizing 
this goal.

Cancer organoids are revered for their abil-
ity to retain the heterogeneity and fundamental 
morphology of patient’s tumour [4]. This was not 
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realized by two-dimensional (2D) cell culture lines, the 
current model used for in  vitro cancer modelling and 
drug screening [5]. 2D cell cultures have been vital in 
cancer research, but, their main limitation lies in their 
inaccuracy in replicating cancer cells in  vivo [6]. Their 
2D structures causes changes in polarity, morphology 
and method of division as well as disturbances in inter-
actions between the cellular and extracellular environ-
ments. Most importantly, they are unable to accurately 

recapitulate the complex and dynamic nature of cancer, 
especially drug resistance mechanisms which remains 
the principal limiting factor to achieving cures in patients 
with cancer [7]. Fundamentally, they are inaccurate rep-
resentations of in vivo tumours, but are used widely due 
to their ease of proliferation, low-cost maintenance, ame-
nability to performance of functional tests [8] (Fig. 1A).

Another promising cancer model is the patient-
derived xenografts (PDXs). PDXs are able to diligently 

Fig. 1  Comparison of Cell Lines, Patient-Derived Xenografts (PDXs) and Patient-Derived Tumour Organoids (PDTOs). A: 2D cell line model; B: 
Patient-Derived Xenografts (PDXs) model; C: Patient-Derived Tumour Organoids (PDTOs) model
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recapitulate the biological characteristics of the human 
tumour, but are extremely time consuming and expen-
sive to utilize [9]. Furthermore, PDXs also demonstrate 
the ability to undergo murine-specific tumour evolution, 
[10] and raises various ethical concerns regarding the 
use of animal models for experimentation [11]. For these 
reasons, PDXs are unsuitable for high-throughput drug 
screening (HTS) and remain largely in the laboratory for 
research. (Fig. 1B).

As a result, tumour organoids, for their ability to rec-
oncile the shortcomings of current cancer models holds 
great promise for optimization of preclinical drug discov-
ery. Tumour organoids are less expensive, time-consum-
ing and resource-intensive than PDXs [12]. Furthermore, 
tumour organoids are a suitable model which both, 
reflects the physiological features of an actual patient’s 
cancer [13] as well as are compatible with the standard 
procedures in HTS drug screening in the pharmaceutical 
industry (Fig. 1C).

While the utility of tumour organoids in preclini-
cal drug discovery and screening have been established, 
there have only been marginal progress made in clinical 
application. Despite their posited benefits and enormous 
potential preclinically, the clinical translation for the 
organoid models in cancer therapy remains to be eluci-
dated. Until this link is established, cancer patients are 
unlikely able to benefit from tumour organoid technology 
for the purposes of functional precision cancer medicine.

Most reviews in the literature have focused on the use 
of organoids as an alternative model for human cancer 
in the context of preclinical drug screening and develop-
ment [14] or highlighted its benefits as opposed to 2D 
cell lines and PDXs [9]. However, clinical applications of 
PDTOs have been largely neglected, resulting in a gap in 
the current research. Researchers are engrossed on the 
discovery and refinement of techniques in growing differ-
ent types of organoids and its applications in preclinical 
research, but fail to realize the various obstacles for use in 
real-life patients. While the general premise is that orga-
noid technology can be potentially used for all patients, 
this is not true, despite the current advancements in 
the field. As organoids have been around for more than 
a decade, it is finally time to look towards its liberation 
from the laboratory to benefitting cancer patients at the 
bedside.

In this review, we seek to explore the main reasons 
for bottlenecks in the clinical translation of PDTOs, an 
important top-down tumour organoid model which 
is directly established from clinical cancer biopsies in 
a tissue-specific fashion. Additionally, we discern the 
groups of patients to recommend this technology for as 
well as propose solutions to bridge the gap from bench to 
bedside.

Patient‑derived tumour organoids (PDTOs)
A widely accepted definition of “organoids” is an in vitro 
3D structure, developed from stem cells and consisting of 
organ-specific cell types that self-organize via cell sorting 
and spatially restricted lineage commitment in a manner 
similar to in  vivo, to recapitulate tissue or organ func-
tionality [13, 15]. Organoids are derived from two main 
sources, adult stem cells (ACS) or pluripotent stem cells 
(PSCs) through processes akin to human organogenesis. 
[15, 16] Organoids have been successfully established in 
normal human colon [17, 18], liver [19], pancreas [20], 
prostate [21, 22], stomach [23], fallopian tubes [24], taste 
buds [25], salivary glands [26], oesophagus [27], lung 
[28], endometrium [29] and breast. [30] The culture pro-
tocol used to establish these organoids were based on 
the work of Sato et  al. [31], demonstrating that 3D epi-
thelial organoids can be grown from a single leucine-
rich repeat-containing G protein-coupled receptor 5 
(LGR5) + intestinal stem cell.

Engineered tumour organoids are normal organoids 
which are gene-edited to be mutated into tumour orga-
noids [9]. A combination of CRISPR-Cas9 gene editing 
and organoid culture is used to derive tumour organoids. 
Manato, M et  al. demonstrated that targeting induction 
of driver mutations in APC, SMAD4, TP53, KRAS and/
or PIK3CA in healthy intestinal organoids could model 
the genesis of an adenoma. But these driver mutations 
alone were not sufficient to induce tumorigenesis [32].

Patient-derived tumour organoids (PDTOs) are tissue-
derived tumours from patients via surgically resected 
specimens,biopsied tissues or circulating tumour cells 
that are able to grow into tumour organoids after embed-
ment into a 3D matrix [9]. The culture protocol formu-
lated by Sato et  al. [31] would also form the basis for 
cultivation of PDTOs. There have been 12 types tumour 
organoids established with good results. (Table 1) Pheno-
typic and genotypic profiling of PDTOs revealed that they 
were similar to the original tumours and retained the 
same gene-mutation spectrum. Studies have also shown 
that PDTOs can recapitulate the biological characteris-
tics of primary tumours including histological complex-
ity and genetic heterogeneity of cancer [33]. Engineered 
tumour organoids are used generally to understand 
the detailed process of genetic mutation in carcinogen-
esis and not for drug screening or clinical applications. 
Hence, for the purposes of this review, only PDTOs will 
be discussed for its clinical applications.

Potentials and challenges of organoids in precision 
cancer medicine
While PDTOs have great potential for profound advance-
ments in cancer medicine, it is important to recognise 
the fundamental challenges that exist when adopting this 
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technology. In this section, we discuss the various advan-
tages and disadvantages of using PDTOs as well as take a 
look at the present attempts at utilizing PDTOs in clinical 
trials.

Advantages and disadvantages of organoids in drug 
screening
Interpatient heterogeneity with respect to sensitivity to 
anti-cancer drugs in clinical use have been largely disre-
garded by most studies using 2D established cell lines. 
Drug development is performed under the premise that 
those cancers of the same histopathology respond in 
the same way to a drug [13]. This is assumption is one 
that has far-reaching impacts on the current standards 
of treatment, with only certain patients responding to 
treatment.

Therefore, precision cancer medicine is needed. It 
essentially means identifying the treatment (s) that would 
best decrease tumour size or eradicate the patient’s 

cancer with the least adverse side effects. It is notable that 
precision cancer medicine today is nearly interchange-
able with genomic medicine. However, the reliance of 
precision medicine to define specific genetic abnormali-
ties as targets for drugs is inherently limiting and high-
lights a major weakness of precision cancer medicine 
[51]. Therefore, functional precision cancer medicine, is 
needed to identify new drugs and assign existing drugs to 
larger numbers of patients with cancer. It is via functional 
precision cancer medicine that organoids will have clini-
cal applications in real life.

While organoids have many benefits, their limitations 
have also been discussed extensively in literature. Intrin-
sically, organoids are still considered imperfect repro-
ductions of in  vivo cellular conditions. They are unable 
torecapture the complicated structures of the tumour 
microenvironment (TME) such as the surrounding mes-
enchyme, blood vessels, immune cells and neurons [14]. 
Tumour progression and drug resistance of cancers are 

Table 1  Table showing list of established Patient-Derived Tumour Organoids (PDTOs)

System Cancer Type Success Rate of PDTOs Reference

Digestive Pancreatic Cancer 62% (52/83) [34]

75% (103/138) [35]

85% (17/20) [36]

[20]

Colorectal Cancer 100% [37]

~ 90% (22/27) [38]

Hepatocellular Carcinoma 26% (10/38) [39]

100% (13/17) [40]

Gastric Carcinoma 50% [41]

71% (10/14) [42]

Metastatic Gastrointestinal Carcinoma 70% (> 100) [43]

76% (13/17) [44]

Esophageal Carcinoma 31% (10/32) [45]

Appendiceal Carcinoma 75% (9/12) [46]

Respiratory Lung Carcinoma 88% (n = 16) [47]

Non-Small Cell Lung Cancer 71.43% (10/14) [48]

(Primary & Metastatic) 100% (3/3) [49]

28% (n = 18) [47]

Mesothelioma 100% (2/2) [50]

Urinary Prostate Cancer
(Primary & Metastatic)

16% (4/25) [51]

18% (6/32) [52]

Bladder Carcinoma 70% (12/17) [53]

Renal Cell Carcinoma 74% (25/35) [54]

Reproductive Breast carcinoma ~ 80% (> 155) [30]

Endometrial Carcinoma 100% (15/15) [29]

Ovarian Cancer 65% (n = 32) [55]

Nervous Glioblastoma 91.4% overall [56]

66.7% (IDH1 mutant)

75% (recurrent)
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influenced by the components of the TME, such as sur-
rounding fibroblasts and immunocytes [57]. For example, 
in breast cancer, cancer-associated fibroblasts are present 
in high numbers in the TME and enhances metastasis of 
both premalignant and malignant mammary epithelial 
cells [58]. As a result, organoids only partially recapture 
the complex disease process of carcinogenesis.

Next, for aggregation of organoids into 3D structures, 
the use of Matrigel or another animal-based matrix 
extract is required. However, these are composed of com-
plex components consisting of undefined growth factors 
that could potentially affect cellular activities [57]. This 
causes undesirable variability and may affect reproduc-
ibility of organoids [59]. Furthermore, with a relatively 
rigid extracellular matrix, they could limit drug penetra-
tion, which hampers its use in drug screening [60].

Organoid generation is more time-consuming and 
resource-intensive than traditional 2D cell lines. They are 
technically difficult to generate and require trained per-
sonnel to prepare the primary cells from patient’s tissue 
[13]. Furthermore, organoid production relies on embed-
ment of stem cells into Matrigel restricts the surface to 
mass ratio, thereby limiting the production of orga-
noids in a large scale [4]. While still compatible for high 
throughput drug screening (HTS), it is inferior than 2D 
cell lines in this aspect.

Another limitation of organoids is that they lack vas-
cularization, which limits the maximum size of orga-
noids produced. The determinant of organoid size is the 
maximum distance that oxygen and nutrients can diffuse 
inside the organoid as they lack vascularization [4, 61]. 
As the organoid increases in size, there is a resultant oxy-
gen gradient leading to limited availability of oxygen and 
eventual death of the cells in the center of organoids [62].

Tumour size at diagnosis is frequently used to esti-
mate prognosis. Larger tumours are often correlated with 
increased metastatic risk. This can be attributed to the 
fact that that given a certain mutation rate, size becomes 
a key factor in predicting the presence of drug-resistance 
mutations [7]. Mathematical models of cerebral orga-
noids show that 1.43 mm is the maximal attainable size, 
[61] which may be significantly smaller than the original 
tumour size. As a result, drug-resistance mutations may 
not be present in in-vitro tumour organoids which differs 
from the actual parental tumour.

Finally, organoids also raise many ethical concerns 
which need to be dealt with carefully. This includes 
the use of human embryos and the development of 
biobanks which can be stored and expanded indefi-
nitely, which raises concerns regarding informed con-
sent and ownership [63].

Despite its limitations, organoids are still regarded as 
an upgrade from traditional 2D cell lines. Their ability 

to mimic tumour morphology and heterogeneity is one 
that holds great potential for a wide array of applications. 
However, the extent to which organoids can recapitulate 
the heterogeneity of tumours are still largely undeter-
mined [64]. Extensive passaging of organoids can result 
in loss of heterogeneity due to cellular adaptation to cul-
ture conditions in vitro by epigenetic or genetic mecha-
nisms [65]. With its principal trait still under contention, 
organoid technology is still a long way from having real-
life clinical impact.

Clinical trials
A comprehensive search for past and ongoing clinical 
trials pertaining to PDTOs was conducted on Clinical-
Trials.gov (https://​clini​caltr​ials.​gov/). The search was 
conducted in January 2022 and included the search terms 
and results as shown in (Table 2).

The search generated an initial list of 190 registered 
clinical trials, which was subsequently reduced to 76 
after a screen for relevance to PDTOs and removal of 
duplicates. The number of clinical trials differentiated by 
type of cancer as well as stage of disease is summarized 
in (Table  3). Currently, the most common cancer types 
investigated in clinical trials are breast cancer, pancreatic 
cancer and colorectal cancer.

However, most clinical trials (68 out of 76) discussed 
PDTOs in a preclinical context for purposes such as 
assessment for identicality with parental tumour for his-
topathological and genetic information, long term expan-
sion for biobanking, discovering baseline establishment 
rate of PDTOS, drug testing with subsequent clinical cor-
relation, development of culture medium and discovery 
of novel biomarkers.

Only 8 clinical trials investigated the use of PDTOs in 
the context of functional precision medicine via drug 
sensitivity screening (Table 4). This small number could 
likely suggest the great potential for PDTOs in a func-
tional drug screen, but with several limitations in prac-
tical application. No results have been published from 
these trials, with 5 in the recruitment phase, 2 not yet 
recruiting and the status of 1 being unknown. Breast can-
cer, pancreatic lung cancer, bladder cancer and squamous 
cell carcinomas of the head and neck, colorectal cancer 
and ovarian cancer are the cancer types investigated in 
these 8 trials. It is notable that 3 out of 8 trials were on 
breast cancer, likely due to its high incidence in women 
as well as limited options in treating aggressive subtypes 
such as triple-negative breast cancer.

Methods of tissue acquisition included surgical resec-
tion, core needle biopsy as well as blood sampling for 
circulating tumour cells (CTCs), all largely dependent 
on stage of disease. Fluorouracil, Docetaxel and Pacli-
taxel were the most frequently screened anti-cancer 

https://clinicaltrials.gov/
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drugs, likely attributed to the fact that these were regu-
larly used to treat a range of different cancers. The min-
imum life expectancy for patients was at least 90 days, 
which may be considered insufficient when integrat-
ing the turnaround time for a clinical organoid drug 
screen. Furthermore, inclusion criteria such as being 

able to delay initiation of therapy for a minimum of 4 to 
6 weeks may hinder treatment as a narrow therapeutic 
window exists for optimal results.

It is apparent that more efforts should be directed 
towards establishing proper guidelines to govern 
clinical trials on precision therapy. Titration of the 

Table 2  Primary search strategy for clinical trials involving PDTOs and cancer

Term Synonym Term Related Words Search Results Relevant Duplicates

Cancer Neoplasm
Tumour
Oncology
Neoplastic Syndrome
Malignancy
Neoplasia
Neoplastic Disease

Organoids Tumour Organoids 90 74 -

Patient-derived OrganoidsPatient-
derived tumour organoids

3D cell line Cultured cells 42 2 1

Cell lining

Three dimensional

3 dimensional

3D cell culture Culture cell 7 4 3

Cellular

Three dimensional

3 dimensional

3D cell model Modeling system 51 11 11

Cellular

Three dimensional

3 dimensional

Table 3  Summary of number of clinical trials divided into cancer type and stage of disease

Type of Cancer Early/ Locally 
Advanced
(n =)

Refractory/ 
Metastatic
(n =)

All Stages
(n =)

Total Number of 
Studies

Percentage of 
Total Studies (%)

Breast Cancer 5 6 1 12 15.8

Pancreatic Cancer 3 3 4 10 13.1

Colorectal Cancer 3 3 3 9 11.8

Lung Cancer 2 2 4 8 10.5

Different Gastrointestinal Cancers 3 2 0 5 6.6

Esophageal Cancer 1 2 0 3 3.9

Biliary Tract Cancer 2 1 0 3 3.9

Kidney Cancer 2 1 0 3 3.9

Ovarian Cancer 0 2 1 3 3.9

Different Reproductive Cancers 1 2 0 3 3.9

Any Cancer Type 0 3 1 4 5.3

Liver Cancer 1 1 0 2 2.6

Glioblastoma 1 1 0 2 2.6

Neuroendocrine Carcinoma 0 1 1 2 2.6

Sarcoma 1 1 0 2 2.6

Different Head and Neck Cancers 1 0 1 2 2.6

Multiple Myeloma 0 0 1 1 1.3

Prostatic Cancer 0 1 0 1 1.3

Bladder Cancer 1 0 0 1 1.3
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appropriate parameters such as life expectancy, total 
time taken for a clinical organoid screen and patient 
factors should be considered.

Bottlenecks of patient‑derived tumour organoids 
for clinical application
With the potential to be at the forefront of precision 
medicine, PDTOs could signify the dawn of customizable 
therapies for cancer patients. Despite being present for 
more than a decade, PDTOs have yet to debut as a clini-
cally relevant model.

References were searched and retrieved from the data-
base PubMed. A twofold search strategy which consisted 
of: a primary search to identify studies related to can-
cer using “organoids (MeSH Terms) and cancer (MeSH 
Terms); a secondary search using “organoids (MeSH 
Terms) and neoplasms (MeSH Terms)” was conducted. 
Supplementary searches were performed when necessary 
to retrieve additional information.

In the following section, we will discuss the main 
bottlenecks identified which prevent the transition of 
PDTOs from bench to bedside (Fig. 2).

Tissue acquisition
PDTOs are established from surgically resected tissue, biop-
sied tissues or circulating tumour cells [9]. While PDTOs 
have been successfully established from primary and meta-
static tumours, there are several key factors to consider.

Firstly, attempts to create tumour organoids from biop-
sies have low overall success rates for indefinite propa-
gation and expansion due to inability of cells to adapt to 

in  vitro conditions quickly enough to avoid senescence. 
Needle biopsies of metastatic lesions especially bone, 
have scant starting material, limiting the cell to cell inter-
actions for viability of tumour organoids to survive [51]. 
This would likely translate into the comparatively lower 
establishment rates of tumour organoids from nee-
dle biopsies of metastatic sites as opposed to primary 
tumour. Therefore, the optimal way to acquire tissue for 
tumour organoid growth is via a surgical resection as this 
provides sufficient starting material for good propagation 
of the tumour organoids.

Secondly, we have to consider the sites in which to 
obtain tissue for PDTO establishment, especially in the 
context of metastatic cancer. It is insufficient to obtain 
tissues from the primary site alone as there are genomic 
differences between primary and metastatic tissues. Met-
astatic cells acquire new genomic features which allow for 
separation from original tissue and avoidance of anoikis, 
to enter the lymph or blood vasculature to localize to the 
new tissue for colonization to form a new tumour [66]. 
As such, metastatic tissue significantly expresses more 
alterations of specific genes which induce high meta-
static ability compared to the primary tumour. Evidence 
has shown varying degrees of concordance between the 
genetic makeup of metastatic sites and their primary 
tumours amongst multiple types of solid cancers [67, 
68]. Furthermore, comparisons of different metastases 
often reveal substantial levels of heterogeneity [69, 70]. 
As a result, tissue should be acquired from the primary 
tumour as well as all metastatic sites to reflect the com-
posite mutational landscape for drug screening [71].

Fig. 2  Main bottlenecks in the workflow of a clinical organoid screen
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However, patients with metastatic disease are likely not 
amenable for curative treatment via surgical resection 
and thus raises many questions as to their suitability for 
tumour organoid technology. Common sites for metasta-
sis often involve nearby lymph nodes and organs includ-
ing the liver, lung, bone and brain [72]. Therefore, in 
patients with metastatic disease, they are to be subjected 
to surgical resections in multiple sites for the establish-
ment of tumour organoids and not for curative purposes. 
While there have been successful attempts of establish-
ing tumour organoids via needle biopsies, [51] the ideal 
starting material would be attained via surgical resection.

Lastly, with extensive passaging of organoids result-
ing in loss of heterogeneity due to cellular adaptation to 
culture conditions in  vitro, [65] it raises concerns as to 
whether tumours organoids are able to accurately recap-
ture ongoing disease process in patients for the pur-
poses of real time monitoring of drug response. Whether 
repeat biopsies of tissue should be taken and whether tis-
sue would be sufficiently available after initiation of treat-
ment would need to be considered as well..

Disparity in establishment rates
PDTOs have been successfully established from a range 
of different cancers. (Table  1) However, there exists a 
huge disparity in success rates, ranging from 16 to 100%. 
[49, 51].

The large difference in success rates can be attributed 
to various reasons. Firstly, a crucial factor for failure of 
establishment is via contamination by epithelial orga-
noids [14]. Tumour organoids grow at a slower rate than 
normal epithelial cells and are often out competed by 
them [73]. This is a problem which plagues all organoid 
cultures despite effortsto refine the tissue extraction pro-
cess to minimize contaminating cells.

Secondly, there are no defined culture conditions to 
grow specific tumour organoids. At present, the culture 
protocol used to grow tumour organoids are based largely 
on the work of Sato which was initially used to grow 
benign intestinal organoids form Lgr5 + intestinal stem 
cells [31]. There have been no validated culture mediums 
for establishment of tumour organoids and research-
ers made modifications to culture protocol for their own 
use by including compounds were hypothesized to sup-
port growth or factors that were shown to support other 
types of tumour organoids [55]. These adjustments to the 
culture media are based on “informed guesses” by the 
researchers which may have negative impacts on tumour 
organoid growth. Notably, Van de Wetering found that 
rare subtypes of colonic tumours were not amenable to 
published culture protocol [38]. To add on, studies have 
also shown that medium composition exhibits selec-
tive pressure on PDTOs and may influence the genetic 

composition of cancer organoids via selection against 
certain tumour subclones [37]. These factors may lead 
to a failure of establishment of tumour organoids or an 
establishment of tumour organoids which are not repre-
sentative of the original tumour, resulting in non-physio-
logical responses when subjected to drug screening.

Thirdly, there is a lack of standardized protocols for the 
establishment of PDTOs. This can lead to batch-to-batch 
variation and an overall lack of quality control between 
and within research institutions [74]. Furthermore, 
PDTOs are technically challenging to establish, requiring 
trained personnel to process and prepare the cells from 
the patient’s tissue [13]. All these can lead to differing 
rates of success in establishing PDTOs and can result in 
a limited reproducibility of tumour organoids from the 
same subtype. Drug screening results would also be dif-
ficult to interpret due to institutional variations.

With huge differences in establishment rates, it will 
not be feasible to recommend this technology for cancer 
patients who require reliable answers in a timely manner. 
Until there is an increase in success rates of establish-
ment, it would be a challenge for tumour organoids to be 
used inclinical practice.

Lengthy timeline
To prevent tumour progression and upstaging, treat-
ment should be initiated promptly upon diagnosis of 
cancer. Delays in cancer treatment can lead to poorer 
outcomes and require more aggressive treatments with 
unnecessary morbidity and mortality [75]. It has been 
found that just a 4-week delay in treatment is associated 
with an increase in mortality across all common forms 
of cancers- bladder, breast, colon, rectum, lung, cervix, 
and head and neck [76]. PDTOs can take 4–6  weeks 
for successful establishment, that is, reaching a mini-
mum volume of 400um across before initiation of drug 
screening [77]. Clinicians would have to consider how 
organoids can be integrated into the time sensitive 
nature of cancer and make sure patients would not miss 
the best therapeutic window if it were to be used for the 
purposes of drug screening.

Negating the differing rates of successful establish-
ment of tumour organoids, there still exists a turnaround 
time for an organoid screen using anti-cancer drugs. 
The reported time for a drug screen on gastric cancer 
organoids is less than 2  weeks [41], but this is largely 
dependent on the number of drugs to be tested. Differ-
ent combination chemotherapy regimens, approaches to 
dosing intensities and shorter-interval administrations of 
chemotherapy have shown to improve the success rates 
of treatment by preventing early regrowth of tumours [7]. 
The permutations of combination drugs as well as inter-
val dependent strategies to model real-life chemotherapy 
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cycles may potentially extend the turnaround time for an 
organoid drug screening.

Next, there is no established repertoire of drugs to 
be screened for each type of cancer, contributing to the 
ambiguity of the total expected time frame for a cancer 
organoid drug screen. In cancers with limited effective 
1st line drugs for therapy like hepatocellular carcinoma, 
there is a need to screen beyond the conventional range 
of drugs available. Many patients with hepatocellular 
carcinoma (HCC) often present with advanced disease, 
which is unsuitable for surgical resection- one of the 
mainstays of therapy [78]. Therefore, systemic therapy 
is would be considered the most appropriate option. 
For HCC, only sorafenib and regorafenib, oral multi-
kinase inhibitors that that block RAF signalling have 
been proven to improve survival rates marginally by 
3  months [79, 80]. However, the 5-year survival rates 
for patients with Stage II and III disease are still low, at 
37 and 16% respectively [81]. Therefore, efforts should 
be made to discern the range of drugs to be screened 
for each type of cancer, specifically in circumstances 
where there are limited effective therapies. With more 
than 100 available chemotherapy drugs and the pros-
pects of drug repositioning to find new applications for 
existing drugs, there exists a wide variety of drugs to 
screen [82].

Potential strategies
In this section, we discuss the potential solutions to over-
come the main bottlenecks in transitioning PDTOs from 
bench to bedside (Fig. 3).

Circulating tumour cells as viable surrogate resource 
for development of PDTOs
Current methods to obtain starting material for tumour 
organoids necessitate a minimum of 1cm3 of tissue, 
which are routinely extracted via surgical resection speci-
mens or core needle biopsies. However, the latter yields 
low establishment rates and hence, an ideal method for 
tumour organoid isolation from patients would be via 
surgically accessible tumours. This limit the use of this 
technology for patients with disseminated metastatic 
disease as it is not amenable to surgical resection. Liquid 
biopsies may represent a potential solution to overcome 
the physical restrictions of tissue biopsies.

Minimally-invasive liquid biopsies as a surrogate to 
obtain tumour material has several advantages. Firstly, 
the morbidity associated with tissue biopsies such as 
the inherent risks and surgical complications can be 
avoided. Risks such as tumour seeding to other sites can 
eradicated [83]. Secondly, tumours located in techni-
cally difficult areas such as head and neck carcinomas 
can be sampled. Lastly, in patients with multiple sites of 

malignancy, the practical implications of multiple biop-
sies can be negated.

Circulating tumour cells (CTCs) are rare subsets of 
cells found in the blood of patients with solid tumours, 
shed from primary tumours or metastatic lesions into 
the vasculature to initiate metastatic lesions at distant 
sites [84]. CTCs recapture primary tumour heterogene-
ity, mimic parental tumour properties and most impor-
tantly, are obtained simply via a peripheral blood sample 
of 7.5  ml [85]. CTCs represent an alternative to replace 
traditional tissue biopsies in acquisition of starting mate-
rial for tumour organoids which may be technically chal-
lenging and impractical in certain groups of patients 
[86]. They provide valuable information on the genetic 
landscape of malignancies in the body as well as track 
evolutionary dynamics of tumours [87]. Due to their 
minimally-invasive nature, repeat biopsies can be easily 
done for the purposes of serial monitoring, which facili-
tates the real time monitoring of disease progression and 
treatment outcomes in patients [88]. This is especially 
important in early detection of therapy resistance shortly 
after initiation of treatment, when a re-biopsy would be 
impractical due to the morbidity or lack of sufficient tis-
sue available for initiation of tumour organoid growth.

CTCs have been successfully developed into prostatic 
cancer organoids, where evidence has shown that they 
closely resemble the histological traits of the primary car-
cinoma. The genetic mutations in the parental tumour 
such as PTEN loss, TMPRSS2-ERG interstitial deletion, 
SPOP and FOXA1 mutations, and CHD1 loss, were rep-
licated as well [52]. Similar studies developing breast 
cancer organoids from CTCs have demonstrated that 
parental tumour characteristics were maintained [89].

While liquid biopsies represent a great alternative 
to tissue biopsies, it is important to note that CTCs are 
inherently rare, and challenging to isolate from patient 
blood samples [84]. As new techniques such as microflu-
idic chip systems and nanotechnologies emerge to enrich 
and isolate CTCs, we can look towards the use of CTCs 
for development of PDTOs in the near future.

Automation and techniques to improve establishment 
rates
Disparities in establishment rates of PDTOs can be 
largely attributed to the techniques used in laboratories 
to grow organoid culture. The lack of standardization 
due to the high reliance on manual labour required for 
organoid growth leads to significant batch-to-batch and 
organoid-to-organoid variability [90].

An automated organoid platform, to rapidly gener-
ate uniformed organoid pre-cursors, poses a superior 
alternative to the labour-intensive and time-consuming 
method traditionally used to generation organoids. The 
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model consists of two modules in synchronization, a 
microfluidics-based module (M1) for organoid produc-
tion and a 3D droplet printing module (M2) for auto-
mated organoid distribution [91]. Besides being able 
to regulate the quality of organoids produced, automa-
tion is able to reduce the entire duration of a clinical 
organoid screen to just 1  week, from tumour sampling 
to recommendation of treatment. Organoids derived 

via automation have been shown to recapitulate paren-
tal tumour heterogeneity, genetic and mutational pro-
files and most importantly, interpatient heterogeneous 
responses to anticancer drugs.

Other methods to improve establishment rates 
include techniques to minimize contamination in 
PDTO culture. Before initiation of culture, sequen-
tial refinement of tissue extraction processes and 

Fig. 3  Potential solutions to overcome the bottlenecks in transitioning from bench to bedside
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tissue-quality evaluation protocols should employed. 
Dissociation of cancer tissues to form an aliquot of cell 
suspension for histological examination to select for 
viable cells can minimize contaminants, especially epi-
thelial organoids [92, 93].

Another avenue to promote successful organoid 
growth would be the development of an appropriate 
culture system to sustain the various needs of the dif-
ferent stages of organoids. Culture protocols should be 
defined for all subtypes of cancer organoids and should 
include growth factors that stimulate cell proliferation 
and differentiation as well as inhibiting apoptosis. For 
example, R-spondin, Wnt and Epidermal growth factor 
(EGF), known as the “troika for organoid culture” have 
been found to promote and maintain organoid growth 
for extended periods of time [73, 94]. Recent studies 
have shown that Fibroblast growth factor 7, Noggin, 
Neuregulin1, Y-27632, A83-01 and SB202190 are suit-
able for breast cancer organoid growth [95]. As more 
efforts are made to design and optimize culture systems 
to support organoid culture, we can expect the estab-
lishment rates of PDTOs to improve to accelerate their 
clinical translational research and application in pro-
spective clinical trials.

Optical metabolic imaging of PDTOs
Differences in drug-screening protocols such as drug 
exposure timing, minimum organoid size required and 
timing of treatment relative to the seeding of organoids 
contribute to its ambiguity. Some researchers exposed 
organoids to drugs immediately after plating while oth-
ers let the organoids recover for a few days before com-
mencement of treatment [35, 96]. Average readout is 
done 1 week after initiation of the drug screening,, but 
can range from 1 to 24 days of exposure to drugs [97].

Optical Metabolic Imaging (OMI), a microscopy 
technique sensitive to changes in cellular metabolism 
allows for measurement of drug-induced change in 
cellular metabolism, can potentially reduce the total 
drug turnaround time when used as an adjunct to drug 
response monitoring [98, 99]. OMI is able to detect 
metabolic changes within the first 24-72 h of exposure 
to efficacious drugs, decreasing various parameters 
such as drug exposure time and time lapse to readout 
[100]. Research has shown that OMI is highly sensi-
tive and can enable early reporting of drug treatment 
efficacy in tumour organoids [101]. When used in 
breast cancer organoids, OMI measurements of drug 
responses corresponded with that of HER2 or Estrogen 
Receptor status in the original tumour [99]. When used 
in the context of initiation of time-sensitive cancer 

therapies, these are encouraging results showing that 
OMI is an excellent tool to accelerate the workflow of a 
clinical organoid drug screening.

Concluding Remarks and Future Perspectives
As PDTOs transition gradually to the bedside, other con-
cerns will start to arise. The potential cost, ethical con-
cerns and associated risks of PDTOs should be defined. 
The cost of growing PDTOs of different cancers are not 
standardized, the culture protocol varies for different 
cancers due to different materials required as well as 
total time taken for successful establishment. The cost of 
screening a range of different drugs should be factored in 
as well. While still undefined, the consensus isthat grow-
ing 3D cell cultures are more expensive and resource-
intensive than 2D cell culture [8]. When translated to 
clinical practice, patients with a lower socio-economic 
status may have limited accessibility to such technology. 
It would be a challenge to balance the ethical and fiduci-
ary responsibilities in the pricing of PDTOs as they are 
likely to be grown in private laboratories. Furthermore, 
PDTO drug screening comes with its associated risks 
and potential for failure. Patients have to be aware of the 
disparities in establishment rates between PDTOs, the 
potential risk for morbidity and mortality associated with 
tissue acquisition as well as potential treatment failure 
despite prior drug screening via PDTOs. All these are fac-
tors in which patients have to consider before being sub-
jected to PDTO technology and would be the physician’s 
responsibility to access the suitability of such patients.

Furthermore, whether PDTOs are suitable for predict-
ing treatment responses for radiotherapy is still not well 
established. In early-stage tumours, head and neck can-
cers are treated with radiation therapy as its sole therapy. 
Radiation therapy is also often used in combination with 
surgery and concurrent chemotherapy in advanced stages 
[102]. While there has been extensive research showing 
proof of concept in using PDTOs for chemotherapy drug 
screening, use of PDTOs to for radiotherapy response is 
still very underdeveloped. In particular, Pasch et. Al and 
colleagues demonstrated the use of PDTOs to predict 
sensitivity to a combination of chemotherapy and radia-
tion, but more studies have to be done to determine its 
validity [103].

At this juncture, patients that are most suitable to ben-
efit from PDTO drug screening are those without meta-
static disease and mainstay treatment include surgical 
resection or chemotherapy. Patients would have cancers 
with high success rates in establishing PDTOs and would 
be able to accept the cost and associated risks of such 
technology. As technology advances, the potential for 
PDTOs to be universally adapted for use in all oncology 
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patients in selection of the most efficacious treatment 
with the least side effects could be a reality.

The paradigm that functional medicine is unsophis-
ticated or unrefined is one that has to be eradicated. 
The main criticism of functional medicine is that it 
identifies therapeutic opportunities without illuminat-
ing the underlying mechanisms. However, functional 
precision medicine fills a gap in translating PDTOs 
to the bedside in a more accelerated pace than purely 
genomic approaches to precision medicine.. Further-
more, functional precision medicine provides valuable 
information which is extremely relevant to understand-
ing why effective drugs work even if their effectiveness 
is felt before we understand why it works. PDTOs are 
versatile, presenting us with a platform where research-
ers can understand the complex mechanisms of tum-
origenesis, intra-tumoral heterogeneity and clonal 
evolution even when it is inefficient in translating that 
to clinical medicine.

As synergistic applications of organ-on-a-chip and 
3D bioprinting are applied to organoids, the ability of 
organoids to be a comprehensive, encompassing can-
cer model which integrates the TME, microvascu-
lar network as well as various organs can be realized 
[104]. Organoids represent an exciting time in clinical 
research, where the resurgence of functional medicine 
can have immediate benefits to patients in the now. 
When its limitations are finally overcome, organoids 
could represent a new hope for cancer patients with 
limited options.
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