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A B S T R A C T   

Effective isolation and in-depth analysis of Circulating Tumour Cells (CTCs) are greatly needed in diagnosis, 
prognosis and monitoring of the therapeutic response of cancer patients but have not been completely fulfilled by 
conventional approaches. The rarity of CTCs and the lack of reliable biomarkers to distinguish them from pe-
ripheral blood cells have remained outstanding challenges for their clinical implementation. Herein, we devel-
oped a high throughput Static Droplet Microfluidic (SDM) device with 38,400 chambers, capable of isolating and 
classifying the number of metabolically active CTCs in peripheral blood at single-cell resolution. Owing to the 
miniaturisation and compartmentalisation capability of our device, we first demonstrated the ability to precisely 
measure the lactate production of different types of cancer cells inside 125 pL droplets at single-cell resolution. 
Furthermore, we compared the metabolomic activity of leukocytes from healthy donors to cancer cells and 
showed the ability to differentiate them. To further prove the clinical relevance, we spiked cancer cell lines in 
human healthy blood and showed the possibility to detect the cancer cells from leukocytes. Lastly, we tested the 
workflow on 8 preclinical mammary mouse models including syngeneic 67NR (non-metastatic) and 4T1.2 
(metastatic) models with Triple-Negative Breast Cancer (TNBC) as well as transgenic mouses (12-week-old 
MMTV-PyMT). The results have shown the ability to precisely distinguish metabolically active CTCs from the 
blood using the proposed SDM device. The workflow is simple and robust which can eliminate the need for 
specialised equipment and expertise required for single-cell analysis of CTCs and facilitate on-site metabolic 
screening of cancer cells.   

1. Introduction 

Cancer is a broad term for a group of complex diseases that involve 
abnormal and uncontrollable growth of a cell population with the po-
tential to invade other body organs. Among the hallmarks of cancer, the 
final step of the disease is generally the progression to metastatic cell 
dissemination and colonisation of distant organs, a process that accounts 
for more than 90% of cancer-associated mortality (Ganesh and Mas-
sagué, 2021). Thus, early diagnosis and treatment play a vital role in the 
effective management of cancer. However, cancer is difficult to diagnose 

at early stages, and choosing the right treatment often requires an 
invasive collection of tissue biopsies from cancer patients. Obtaining 
tissue biopsies is associated with many difficulties including discomfort 
for the patient, clinical risks, surgical complications, and economic 
considerations (Ilié and Hofman, 2016; Rad et al., 2021). Additionally, 
some tumours are not accessible which complicates or disallows the 
chance of taking biopsies from the patients (Sun et al., 2022). Therefore, 
alternative approaches for the diagnosis, monitoring and prediction of 
cancer, such as liquid biopsy, have attracted significant attention lately 
(Crowley et al., 2013; Herath et al., 2022). 
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Circulating tumour cells (CTCs) are the cells that disseminate from a 
primary tumour and shed into the bloodstream. CTCs are known to be 
the major precursors of cancer metastasis (Gkountela et al., 2019). CTCs 
have a similar genotype and phenotype as the primary tumour and can 
be used as an alternative strategy for disease diagnosis, prognosis and 
monitoring treatment efficacy (Maheswaran et al., 2008). Besides 
characterising CTCs, it has been proven that the number of CTCs found 
in patients’ blood correlates directly with the disease progression and 
survival rate (Olmos et al., 2009; Radfar et al., 2022). Overall, the 
management of cancer via assessment of CTCs in blood samples is far 
less invasive than taking tissue biopsies, allowing repetitive sampling 
and monitoring patients’ responses to treatments (Batth et al., 2019). 
However, CTCs are exceedingly rare compared to peripheral blood cells, 
such that one CTC can exist among billions of blood cells (Allard et al., 
2004). Although erythrocytes can be removed simply by osmotic cell 
lysis, leukocytes share common physical, chemical and biological 
properties with CTCs (Del Ben et al., 2016). Hence, isolation and char-
acterisation of enriched CTCs are proven to be a tedious, 
time-consuming and costly task (Hou et al., 2013; Hamza et al., 2019; 
Lohr et al., 2014; Fachin et al., 2017; Ozkumur et al., 2013). In this 
regard, recent studies have discussed the potential of capturing CTCs via 
antibody-functionalised microfluidic chip (Abdulla et al., 2022) and 
DNAzyme-catalyzed proximal protein biotinylation (Chen et al., 2022). 

In the 1920s, Otto Warburg first discovered the increased lactate 
production as the result of increased glycolysis in cancer cells which 
results in acidification of the tumour microenvironment (Warburg et al., 
1927; Warburg, 1956). While acidification of the tumour microenvi-
ronment has been well reported in the past decades, few studies have 
shown the potential of monitoring metabolic activity and lactate pro-
duction of single cells for detection of CTCs and cancer-associated 
stromal cells (Del Ben et al., 2016; Rivello et al., 2020). The concept 
relies on fractionation of liquid down to picolitre droplets for encapsu-
lation of single cells, where the glucose uptake and excessive lactate 
production of the tumour cells result in rapid acidification of the tiny 
droplet environment which may be monitored via pH sensitive fluo-
rescent dyes. Furthermore, the study by Rivello et al. has shown the 
importance of capturing and quantifying the number of circulating 
stromal cells, given their crucial role in cancer metastasis (Rivello et al., 
2020). In fact, the authors showed the inability to capture these cells via 
conventional immunoaffinity-based approaches, and yet emphasized 
the importance of studying single-cell metabolism of cancer patients. 

To effectively fractionate liquid into tiny segments, droplet micro-
fluidic devices are commonly used. These rely on their unique ability to 
precisely handle tiny volumes of liquid and create mono-sized water-in- 
oil droplets by mixing two immiscible fluids (Nguyen et al., 2018). 
Although droplet microfluidics provides a unique opportunity for the 
detection of CTC without relying on specific biomarkers, they suffer 
from high sample loss, expensive setup costs and operational 
complexity, which limits the clinical applicability of these devices (Ding 
et al., 2021). Additionally, besides the technical expertise required, 
droplet generators require expensive instruments (e.g., syringe/pressure 
pumps) and reagents (e.g., synthetic surfactant in fluorinated oils). Ul-
timately, droplet generators face difficulties in fractionating small 
sample volumes due to the initial stabilisation time needed to operate 
the system (Rezaei et al., 2021). In summary, despite the benefits of 
using droplet microfluidics for monitoring the metabolic activity of 
cancer cells in peripheral blood, its drawbacks limit the accessibility of 
this approach for general laboratories and clinics. 

To overcome the abovementioned challenges, in this work we 
developed a simple and robust workflow for the enrichment, isolation 
and detection of highly metabolomic active cancer cells from the blood 
within 40 min of sample collection. Our workflow includes a size-based 
enrichment of cancer cells from peripheral blood cells using inertial 
microfluidics, previously developed by our research group (Warkiani 
et al., 2014), followed by isolation of single cells using a novel 
arrow-shaped Static Droplet Microfluidics (SDM) capable of 

fractionating liquid into 125 pL droplets (Fig. 1A). The SDM device was 
used to monitor the metabolic activity of each cell using a pH-sensitive 
fluorescent dye which is an ideal candidate for the robust detection of 
highly metabolic cancer cells. Our SDM device is simply operated via a 
standard handheld pipette, eliminating the need for costly equipmen-
t/reagents or skilled operators. In this work, we characterised the 
functionality of the SDM device to monitor and quantify metabolic ac-
tivity down to a single-cell level using different cancer types, showing 
their excessive production of lactate compared to human leukocytes. We 
show the clinical applicability of the proposed workflow for the detec-
tion of spiked cancer cells in human healthy blood, and lastly, we 
demonstrate its diagnostic potential using pre-clinical blood samples 
from mouse models of cancer with differential metastatic properties. 

2. Material and methods 

2.1. Device design and fabrication 

The SDM devices were produced via photo and soft lithography. 
Firstly, the microfluidic patterns were designed using AutoCAD software 
(AutoDesk, USA). The lower throughput SDM devices were fabricated 
via a mask-less lithography approach using μPG101 machine (Heidel-
berg, Germany). Briefly, silicon wafers were prepared and spin-coated 
with a uniform layer of 35 μm thickness of SU8-2050 (MicroCehm Co., 
USA), soft-baked, and ultraviolet exposed, baked post-exposure, devel-
oped and hard-baked according to the manufacturer’s guidelines. Post- 
treatment of the moulds was done according to previously described 
literature (Ding et al., 2021). It is noteworthy that exposure settings of 
the μPG101 machine, including the power and focus of the laser writer, 
were optimised to achieve the desired quality of the final master mould. 

The devices were fabricated using Polydimethylsiloxane (PDMS), as 
described previously (Ding et al., 2021). In this work, two SDM devices 
were proposed as the final working prototype (Figs. S2 and S3). First, a 
smaller device was designed containing 800 chambers with 125 pL 
volume each, suitable for low-throughput applications (Fig. 1B). Simi-
larly, the second SDM device was a higher throughput version of the first 
one, containing 38,400 chambers with a total working volume of 4.8 μL, 
suitable for rare cell analysis. 

2.2. Device Loading and Operation 

Before sample loading, the inlet and outlet ports were covered with 
scotch tape (3M, Australia) and the device was pre-vacuumed inside a 
desiccator for at least 30 min to remove air from the chip. In the lower 
throughput device, the cell sample was suspended in pHrodo solution 
(Catalogue number: P35372, Thermo Fisher, US) at a concentration of 
2000 cells per μL of liquid, and then 1 μL of the sample gets injected into 
the device via a handheld pipette. For the injection of the sample, simply 
the inlet tape is pierced via the pipette tip which allows the liquid to be 
aspirated automatically into the device, due to the negative pressure 
inside the channels (movie S1). This eliminates any potential operator 
error in the injection step. After removing the inlet and outlet tape, the 
excess liquid is then removed from the outlet port and replaced by 
mineral oil for incubation (Fig. 1C). 

Supplementary data related to this article can be found at https://do 
i.org/10.1016/j.bios.2022.114966. 

Similarly, the higher throughput device is used to process the entire 
CTC-enriched sample. As shown in Fig. 1A, the blood sample is first 
enriched for CTC based on size, using our previously developed 8-loop 
slanted spiral microfluidic device (trapezoidal cross-section with di-
mensions of 600 μm, 130 μm and 80 μm heights) operated at 1.5–1.7 mL 
per minute (Warkiani et al., 2014). The enriched sample is collected and 
centrifuged at 400×g for 5 min. The supernatant was replaced by 5 μL of 
pHrodo dye. The sample was then resuspended thoroughly. To simplify 
the process and minimise any potential sample loss, first about 4–5 μL of 
mineral oil is aspirated using a 10 μL pipette and then the entire 5 μL of 
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pHrodo solution is aspirated inside the same tip. The oil plug inside the 
tip and above the sample eliminates the need for the sheathing step. As 
shown in Fig. 1C, we have designed an evaporation control channel 
along with 3 control SDM units used as blank PDMS, DPBS control and 
pHrodo without cells. The controls were used for image analysis and 
normalisation purposes. Lastly, the evaporation control channel is filled 
with DPBS (Gibco, Australia) to avoid any undesired evaporation of 
droplets due to the gas permeability of the PDMS device. After 15 min of 
incubation at 37 ◦C, the device is imaged using a fluorescent microscope 
and the image is then analysed as described in the “SDM Imaging and 
Analysis” section. A detailed operational video of low- and 
high-throughput devices is provided in Supplementary Movies S1 and 
S2. 

2.3. Cell culture and generation of syngeneic mouse models of breast 
cancer 

Human prostate cancer cell line, DU145, breast cancer cell line, MCF- 
7 and MDA-MB-231, were cultured in complete media made of RPMI 
media (Gibco, Australia) with 10% foetal bovine serum (FBS) (Gibco, 
Australia) and 1% Penicillin-streptomycin antibiotics (Gibco, Australia). 
The 67NR and 4T1.2 mouse cell lines were cultured in RPMI media 
supplemented with 5% of FBS at 37 ◦C with 5% CO2. Cells were split 
when 70–80% confluence was reached. After one week of culturing, 

both cell lines were trypsinized and resuspended in DPBS (Gibco, 
Australia) for the generation of the syngeneic mouse models of 67NR 
and 4T1.2. Briefly, 50,000 cells for the 4T1.2 model, or 20,000 cells for 
the 67NR, were injected into the mammary gland ducts of Balb/c mice. 
The surgery was carried out on anaesthetized mice (2.5–4% Isoflurane at 
1L/minute oxygen rate) by cutting the inguinal nipple and injecting the 
cells directly into the mammary ducts in a volume of 4 μl with 0.1% 
Trypan blue dye (Gibco, Australia). 

2.4. Healthy human blood 

Blood samples were obtained from healthy volunteers through the 
Australian Red Cross (Material Supply Agreement no: 21-01NSW-04). A 
total of 20 blood samples from healthy volunteers were used. All blood 
specimens were collected in EDTA-contained vacutainer tubes (BD, 
Franklin Lakes, NJ, USA) and lysed via the RBC lysis buffer (BioLegend) 
before processing on the chip. For each experiment, a known number of 
cancer cells were spiked in the fresh blood samples of the healthy donors 
and the procedure described in the “Device Loading and Operation” 
section was followed. 

2.5. Immunofluorescence staining 

In order the confirm the cell content inside droplets, cancer cells 

Fig. 1. – Metabolomic screening of cancer cells via Static Droplet Microfluidics (SDM) A) Overall workflow of Circulating Tumour Cells (CTCs) enrichment, 
isolation and detection via monitoring the metabolic activity of cells. B) Microscopic image of the SDM device filled with blue food dye. The close-up image shows the 
architecture and key features of the PDMS device. C) Working principle of SDM device within three simple steps of i) sample injection, ii) droplet formation and iii) 
metabolomic screening via pH-sensitive dyes. 
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were stained with Hoechst (16.23 mM) (Sigma-Aldrich, USA). Briefly, 
harvested cells were incubated in 2 μL of Hoechst and 98 μL DPBS per 
104 cells. After 10 min of incubation at 37 ◦C, the sample was washed 
twice with DPBS prior to suspension inside pHrodo solution (Fig. 2A). 

2.6. Numerical simulation 

To better understand the flow behaviour inside our SDM device, 
numerical simulation was carried out using ANSYS Fluent 2020R2 
(ANSYS, US). To lower the computational load, the device was simu-
lated using a 2-dimensional k-ε turbulence model (Fig. 2B). A transient 
and multi-phase solver was used to observe the filling of the device. 
Boundary conditions were assigned similar to a real-case scenario where 
the inlet was defined as a pressure inlet, set at atmospheric pressure, and 
the fluid domain and PDMS boundaries were set at − 100kPA to simulate 
the vacuumed device. The primary fluid phase was set as water with 
default properties, including density = 998 kg/m3 and dynamic vis-
cosity = 1.002 × 10− 3. Similarly, the second phase was set as air with 
density = 1.225 kg/m3 and dynamic viscosity = 1.7894 × 10− 5. 

2.7. SDM Imaging and Analysis 

After incubation, the SDM device was imaged using an Olympus IX 
73 invented fluorescent microscope (Olympus, Japan) and a 10x 
magnification lens. The bright field and fluorescence images of the 
whole SDM device were taken automatically by defining the required 
setting, imaging starting point and endpoint. 

The image analysis workflow is shown in Fig. 2C. The fluorescent 
intensity of the droplets was obtained through ImageJ software. Hori-
zontal rectangular sections were drawn across the droplets of each row 
to plot the average intensity of each pixel. The intensity profile was then 
exported and denoised using MATLAB software (MathWorks, United 
States) where the local maxima and minima were identified. Each local 
minima point is representing the PDMS boundary between pockets, 
while the local maxima represented the intensity of each droplet. 
Finally, intensity data were normalised against the PDMS control and 

plotted as folds of difference between droplet intensities. During device 
characterisation, to fully understand the metabolic activity of cells, the 
fluorescent intensity was matched with the cell occupancy of each 
droplet which was confirmed using Hoechst staining. 

2.8. Oestrogen deprivation of MCF-7 cells 

In order to achieve oestrogen-deprived MCF-7 cells, a cell batch was 
cultured in phenol-red-free RPMI media (Gibco, Australia) supple-
mented with 10% dextran charcoal-stripped Foetal Bovine Serum (FBS), 
as described by Darbre et al. (DARBRE, 2014; Shaw et al., 2006). For 
charcoal-stripping FBS to deplete hormones, we briefly incubated 
dextran-coated charcoal (Sigma-Aldrich, USA) at 4 ◦C in 10 mM HEPES, 
pH 7.4. Then, the solution was centrifuged at 500×g for 10 min. The 
supernatant was removed and replaced with the same volume of FBS. 
Lastly, the tube was vortexed to thoroughly mix the charcoal with serum 
and incubated at 4 ◦C for 12 h. 

2.9. Preclinical validation 

The mouse experiments were performed in the biological testing 
facility at Garvan Institute of Medical Research under the approval of St. 
Vincent’s Hospital Animal Ethics Committee (AEC) #19/02 (previous) 
and AEC #22/03 (current). Blood was collected from breast cancer 
mouse models at the endpoint, mice bearing 67NR and 4T1.2 tumours 
were sacrificed 24–25 days after cell implantation and MMTV-PyMT 
mice were sacrificed at 100 days old, as previously described by 
Gallego-Ortega et al. and Valdes-Mora et al. (Gallego-Ortega et al., 2016; 
Valdés-Mora et al., 2021a). The blood was processed similarly to the 
procedure described in the “Device Loading and Operation” section. 

3. Results and discussion 

3.1. Static droplet microfluidic: concept design and development 

The ability to fractionate liquid into nano-picolitre segments via 

Fig. 2. – Working principle of Static Droplet Microfluidic (SDM) device. A) Detection mechanism relies on the fractionation of liquid down to picolitres, uptake 
of excess uptake of glucose and secretion of lactate from cancer cells compared to white blood cells, resulting in an acidic droplet environment. B) Computational 
Fluid Dynamics (CFD) analysis of 3 chambers in a row, showing the chamber filling rates over time. C) Post incubation and imaging of the SDM device, to determine 
the metabolically active cells, the intensity of each droplet was profiled using ImageJ, and subsequently, the intensity profiles were denoised using MATLAB. Lastly 
the data is processed and analysed. 
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dynamic droplet microfluidics has revolutionised the single-cell analysis 
field (Matuła et al., 2020). But technical complications, including reli-
ance on skilled operators, specialised equipment and costly reagents, 
have limited the clinical applicability of this method (Rezaei et al., 
2021). As an alternative approach, static droplets have been developed 
in recent years to overcome the abovementioned limitations (Hassan-
zadeh-Barforoushi et al., 2018, 2020; Shemesh et al., 2014; Avesar et al., 
2018; Boukellal et al., 2009). However, low-throughput and 
low-flexibility in down-sizing droplets (i.e., inability to generate 
sub-picolitre droplets) have remained a major barrier for these devices, 
only allowing them to be suitable for a limited number of applications 
that deals with small samples (Rezaei et al., 2021). In contrast to the 
conventional static droplet devices and to overcome both the 
throughput and volume limitations, we investigated potential ap-
proaches for liquid entrapment without relying on fabricating an air 
vent inside each chamber. Initially, an in-depth Computational Fluid 
Dynamics (CFD) simulation was conducted to explore the potential of 
filling the side chambers by providing a negative pressure inside the 
device prior to filling (Fig. 2B and Supplementary Movie S3 & S4). The 
results were indicating rapid (less than a millisecond for the first drop-
lets in the simulated domain) filling of chambers and consequently the 
formation of droplets upon sheathing. Building on this understanding, 
several designs were fabricated and experimentally validated using 
pre-vacuumed PDMS devices. Both numerical and experimental simu-
lations showed the devices are filled within a second, which facilitates 

rapid sample injection and fraction inside the chip. Among all, 
arrow-shaped static droplets were found to have the best filling while 
allowing a maximum number of droplets in a given area. As a result, in 
this work, we developed SDM devices with different droplet volumes 
ranging from 5 nL to 125 pL to thoroughly investigate the potential of 
entrapping single cancer cells and consequently measuring their meta-
bolic activity. 

3.2. Device and workflow optimisation 

In order to understand and characterise the SDM device, we studied 
and optimised different volumes of droplets, time of incubation and cell 
trapping characterisation based on the metabolic screening of the DU- 
145 cancer cell line using the pHrodo dye (a pH sensitive fluorescent 
dye). Throughout all the characterisation steps, the recorded fluorescent 
intensities were normalised against the base fluorescent intensity of 
PDMS boundaries as the reference in each image. This allows a clear 
distinction between the PDMS boundaries, “off” droplets (droplets with 
no metabolically active cell) and “on” droplets (droplets with metabol-
ically active cells). Also, this normalisation of recorded fluorescent in-
tensities enabled a direct comparison of results across different cell types 
and occupancies by eliminating chip-to-chip and batch-to-batch varia-
tions (Fig. 2C). 

Volume Characterisation. Initially, we investigated the effect of 
droplet volume on the acidification rate of the droplets and 

Fig. 3. – Static Droplet Microfluidics (SDM) device 
characterisation for trapping and monitoring 
metabolic activity of cells. A) Characterisation of 
metabolic activity using SDM device and pH sensitive 
dye based on different droplet volumes (ranging from 
5 nL to 125 pL) and occupancy. B) Characterisation of 
metabolic activity using SDM device and pH sensitive 
dye based on different incubation periods (ranging 
from 15 to 60 min) and occupancy. C) Characterisa-
tion of metabolic activity using SDM device and pH 
sensitive dye based on different cell types and occu-
pancy. D) An actual microscopic image (mCherry and 
bright field channels overlaid) of DU145 cell line in-
side the SDM device and corresponding denoised & 
normalised intensity profile, indicating droplets with 
metabolically active cells.   
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consequently the fluorescent intensity emitted by the pHrodo dye. The 
concept relies on entrapping an individual cell inside a tiny droplet, 
where the excessive lactate production of the cancer cell results in 
acidification of the droplet that can be detected and quantified via 
pHrodo dye. Hence, the volume of each droplet plays a key role in the 
threshold of detection. To discover the optimum volume of liquid, as 
shown in Fig. 3A, we tested 5 nL, 1.25 nL, 750 pL and 125 pL SDM 
devices. For the 5 nL device, the mean fluorescent intensity of empty and 
single occupancy droplets was 1.497 ± 0.5860 (n = 23) and 1.686 ±
0.5598 (n = 26), respectively. Similarly, the mean fluorescent intensity 
of the empty and single occupancy droplets in the 1.25 nL device was 
1.447 ± 0.2919 (n = 32) and 1.622 ± 0.4284 (n = 24), respectively. 
Additionally, the mean fluorescent intensity of empty and single occu-
pancy droplets in the 0.75 nL device was 1.532 ± 0.2184 (n = 161) and 
2.329 ± 0.2389 (n = 57), respectively. Lastly, the 0.125 nL device 
indicated a mean fluorescent intensity of 1.458 ± 0.211 (n = 137) for 
the empty droplets and 2.828 ± 0.7714 (n = 64) for the droplets with 
single-cell occupancy. 

The results obtained from 5 nL to 1.25 nL devices indicated no clear 
distinction among empty and single occupancy droplets which is 
observed in the box and whisker charts shown in Fig. 3A. In contrast to 
the larger devices, sub-picolitre devices indicated a clear difference 
between the fluorescent intensity of empty and single-cell occupancy 
droplets. The results matched with the hypothesis that smaller droplet 
volumes result in a lower limit of detection due to a faster acidification 
rate and higher effective concentration of the pHrodo dye. The minia-
turisation of liquid enables lowering the limit of detection by increasing 
the effective concentration of probes which matches with previously 
reported literature (Teh et al., 2008). Therefore, the 125 pL device was 
chosen as the optimum droplet volume throughout this manuscript. 

Time Characterisation. The incubation time of cells plays a key role 
in defining the threshold of detection. In order to understand the effect 
of time, we injected and incubated DU-145 cells at 37 ◦C over 15-, 30-, 
45- and 60-min periods inside the 0.125 pL device, and the results of the 
mean fluorescent intensity of the single cell occupancy droplets were 
2.239 ± 0.2791 (n = 68), 3.469 ± 1.558 (n = 64), 4.749 ± 1.673 (n =
40) and 5.644 ± 0.3293 (n = 24), respectively. 

As expected, with a longer incubation time, a greater difference be-
tween the empty and single-cell occupancy droplets was observed. 
Essentially longer incubation time leads to higher consumption of 
glucose and secretion of lactate which leads to further acidification of 
the droplet (Del Ben et al., 2016). Based on the results shown in Fig. 3B, 
along with experimental observations, 15-min incubation of the droplets 
is sufficient to effectively detect droplets containing cancer cells, and 
30-min incubation is ideal for applications that involve quantification 
and/or comparison of metabolic activity of cells. Shorter incubation 
than 15 min often leads to a high signal-to-noise ratio and complicates 
the detection process. On the other hand, longer incubation than 30 min 
results in over-saturation of the signals which does not allow for an 
appropriate quantification of the results. 

Cell Trapping Efficiency. Lastly, the cell trapping efficiency was 
optimised to achieve the maximum single-cell trapping rate. The lower 
cell concentration at injection resulted in a higher single-cell isolation 
rate and consequently a higher number of empty droplets. For this work, 
5 concentrations of 2,000, 4000, 6000, 8000 and 10,000 cells per μL of 
liquid were tested, achieving a single-cell isolation rate of 86.8% ±
7.86% (n = 5), 75.4% ± 7.71% (n = 5), 64.8% ± 4.26% (n = 5), 47% ±
8.49% (n = 5) and 45.6% ± 7.42% (n = 5), respectively. The single-cell 
isolation rates were calculated based on the number of cells encapsu-
lated individually over the total number of injected cells. As shown in 
Fig. S1, the cell occupancy of droplets follows a Poisson distribution, 
thus lower cell concentration leads to the highest single-cell isolation 
rate and lowest multi-occupancy droplets (Ding et al., 2021). Our results 
indicate the highest single-cell isolation rate at the concentration of 
2000 cells per μL. 

3.3. Classification of cancer cell metabolic activity at single-cell resolution 

After understanding and characterising the SDM device and experi-
mental parameters, we analysed and compared the metabolism of 3 
different human cancer cell lines, including the prostate cancer cell line, 
DU-145, and breast cancer cell lines, MCF-7 and MDA-MB-231. Then the 
values were compared with healthy human white blood cells. The mean 
fluorescent intensity of empty, singlet, doublet and triplet + occupancy 
of DU-145 cells were recorded as 1.463 ± 0.2168 (n = 133), 2.493 ±
0.7957 (n = 42), 3.301 ± 0.4206 (n = 11) and 5.739 ± 1.377 (n = 15), 
respectively. Similarly, for the MCF-7 cells, a mean fluorescent intensity 
of 1.312 ± 0.1392 (n = 70), 1.843 ± 0.2437 (n = 19), 2.274 ± 0.3831 
(n = 9), 2.726 ± 0.557 (n = 12) were obtained for the empty, singlet, 
doublet and triplet + cell occupancy droplets, respectively. Further-
more, MDA-MB-231 cells expressed a mean fluorescent intensity of 
1.224 ± 0.1218 (n = 64), 1.822 ± 0.3225 (n = 34), 2.345 ± 0.3643 (n 
= 17) and 3.077 ± 0.8225 (n = 14) for the empty, singlet, doublet and 
triplet + cell occupancy droplets, respectively. Lastly, to compare the 
cancer cell line metabolic activity, the white blood cells of healthy do-
nors were encapsulated in the droplets. The results indicated no major 
differences across the metabolic activity of droplets containing one or 
more white blood cells, compared to empty droplets. 

As shown in Fig. 3C, the metabolomic screening of different cancer 
cell types in comparison with white blood cells indicated a strong cor-
relation between cell occupancy and fluorescent intensity of the drop-
lets. While the normalised fluorescent intensity of the empty droplets 
across all experiments remained within a similar range of 1.224–1.447, 
the normalised fluorescent intensity of droplets containing cancer cells 
was above a minimum mean value of 1.843. Within each cancer cell 
type, the higher cell occupancy corresponded with a higher fluorescent 
intensity of the droplets which further validates our hypothesis of the 
excessive glucose uptake and lactate production of cancer cells that re-
sults in acidification of their droplet environment. Interestingly, owing 
to the benefits of miniaturisation down to picolitres, the proposed SDM 
device is capable of precisely distinguishing between the metabolic ac-
tivity of different cancer cell types. Based on the results shown in Fig. 3C, 
DU-145 had the highest lactate secretion rate followed by MDA-MB-231 
and MCF-7. Interestingly, these results is matching with the lactate 
production measured by Lee et al., who also emphasized the importance 
of understanding the metabolic switch from aerobic mitochondrial 
oxidative phosphorylation to glycolysis of cancer cells which not only 
facilitates their survival and growth but also acquired invasiveness and 
resistance to chemotherapy-induced apoptosis (Lee et al., 2017). Addi-
tionally, the DU-145 cells showed the greatest level of heterogeneity in 
terms of lactate production. In contrast to the cancer cells, white blood 
cells did not indicate any signs of droplet acidification within the 
experimental timeframe, regardless of the droplet cell occupancy. The 
ability to distinguish between droplets containing cancer cells versus 
white blood cells provides a unique opportunity to detect and charac-
terise the metabolic activity of circulating tumour cells in peripheral 
blood, as one of the key applications of our device. 

3.4. Metabolic classification of ER + breast cancer cells 

Oestrogens and oestrogen receptor alpha (ER∝) plays a key role in 
the development and progression of more than three-quarters of breast 
cancers (Patani and Martin, 2014). Anti-oestrogen therapy is the 
mainstream treatment for ER + breast cancer, however, a large pro-
portion of patients eventually develop resistance to this treatment (Chan 
et al., 2002). Thus, the ability to precisely monitor the metabolic activity 
of breast cancer cells might have clinical implications such as moni-
toring a patient’s treatment efficacy. To explore the potential applica-
tion of the SDM device for the metabolomic screening of breast cancer 
cells, we investigated the effect of oestrogen deprivation of the MCF-7 
cell line on the secretion rate of lactate at single-cell resolution. MCF-7 
cells were oestrogen deprived for a week in a phenol-red-free medium 
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with charcoal-stripped foetal bovine serum. The metabolic activity of 
the oestrogen-deprived cells was screened at single-cell resolution and 
compared it to a control group of MCF-7 cultured simultaneously in a 
complete medium. As shown in Fig. 4A and B, oestrogen deprived MCF-7 
group had a minor metabolic activity with a mean fluorescent intensity 
of 1.823 ± 0.2973 (n = 202) and 2.136 ± 0.3175 (n = 104) for the 
empty and single-cell occupancy droplets. It is noteworthy that a mean 
cell viability of 78% ± 2.97% (n = 121) was observed among the 
oestrogen-deprived MCF-7 groups. Besides, the metabolomic activity of 
the normal MCF-7 group was recorded as 1.407 ± 0.2066 (n = 190) and 
2.983 ± 1.406 (n = 113) for the empty and single-cell occupancy 
droplets. 

Using our SDM device we were able to classify the metabolic activity 
of the ER + MCF7 cell line in response to oestrogen. Based on the ob-
tained results, the ability to precisely monitor and measure the meta-
bolic activity of cancer cells would potentially allow for clinical 
utilisation of the proposed SDM device as a scalable technique to assess 
the effect of anticancer therapies that result in differential metabolic 
activity across different cancer types. 

3.5. Metabolic classification of CTCs in blood samples 

In order to assess the applicability of our SDM device for the detec-
tion of CTCs from peripheral blood, we developed a high-throughput 
SDM device containing 38,400 droplets with 125 pL volume each 
(Figs. S3 and S4). Based on our previous studies on CTC enrichment 
using inertial microfluidics, typically a range of 1–10 CTCs are found 
among 1000–2000 leukocytes in 1 mL of a cancer patient’s blood 

(Warkiani et al., 2014). To mimic this scenario, we spiked a different 
number of Hoechst-stained DU-145 cancer cells in 5 mL of healthy 
human blood. Blood erythrocytes were removed via osmotic cell lysis 
and the sample was enriched based on size for CTCs using a spiral 
microfluidic device (Warkiani et al., 2014). The CTC-enriched fraction 
was then centrifuged, resuspended in 5 μL of pHrodo dye solution and 
subsequently injected into our pre-vacuumed high-throughput SDM 
device and incubated for 15 min. Finally, fluorescent imaging of the chip 
and image analysis was used to detect and classify the number of 
metabolically active cells. We spiked 50, 100, 500 and 1000 cancer cells 
in 5 mL of healthy blood and detected a mean value of 25.20 ± 27.33 (n 
= 5), 73.40 ± 25.98 (n = 5), 375 ± 195.8 (n = 5) and 821 ± 429.1 (n =
5) metabolically active cells respectively. Each group was repeated 5 
times to reduce the human error involved in the process. 

As shown in Fig. 4C, there is a linear correlation between the number 
of spiked cells versus the number of detected cells. It is noteworthy that 
the number of spiked cells was estimated by manually counting the cell 
concentration of a harvested DU-145 cell batch serially diluted. Thus, a 
level of uncertainty in the number of spiked cells exists which might 
have potentially contributed to a lower number of detected cancer cells 
versus the spiked in values. Interestingly, we observed that co-trapping 
leukocytes with cancer cells do not affect the detection process, as far as 
the droplets are not over-concentrated with cells (i.e., more than 15 cells 
per droplet). Hence, given the rarity of cancer cells, our 38,400 pocket 
SDM device is capable of processing up to 192,000 cells in 5 μL of liquid 
per device (Fig. 4D). Given the small footprint and large capacity of our 
high-throughput SDM device (Figs. S3 and S4), less efficient CTC 
enrichment approaches (e.g., leukocyte depletion-based techniques) can 

Fig. 4. – Static Droplet Microfluidics (SDM) device 
applications for screening cancer cells. A) Micro-
scopic images of SDM device used to track metabolic 
activity of MCF-7 cancer cells under oestrogen 
deprivation and untreated conditions, B) Quantitative 
analysis of metabolic activity of oestrogen deprived 
and normal MCF-7 cells using the SDM device. C) 
Comparing number of cells spiked in healthy human 
blood versus numbers of active cells found using the 
SDM device. D) Microscopic images showing a real 
case scenario, where one metabolically active DU-145 
cancer cell is co-trapped with peripheral blood cells. 
The close-up picture shows DAPI and brightfield 
channels overlaid of the active droplet that contains a 
single cancer cell stained with DAPI antibodies. The 
corresponding intensity graph indicating only one 
active droplet.   
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also be used. The proposed SDM device not only overcomes the limita-
tions associated with CTC isolation using current commercial single-cell 
analysis platforms (Radfar et al., 2022) but also provides an alternative 
approach for the detection of metabolically active cancer cells in pe-
ripheral blood. Additionally, the proposed SDM device eliminates the 
need for skilled operators, specialised laboratories and expensive 
reagents/equipment to fractionate liquid and monitor the metabolic 
activity of individual cells. Instead, the entire operation can be con-
ducted by general laboratory equipment and non-experienced techni-
cians. Thus, we believe this is a crucial step towards the clinical utility of 
static droplet microfluidic devices for monitoring the metabolomic ac-
tivity of single cells. 

3.6. Pre-clinical verification of the SDM device utility for CTC detection 
based on metabolic activity 

Lastly, to further validate the potential of using the proposed SDM 
device for identifying highly metabolically active cancer cells in pe-
ripheral blood, the workflow was tested on several mammary mouse 
models (Fig. 5A). Firstly, experiments were conducted on syngeneic 
67NR and 4T1.2 models with Triple-Negative Breast Cancer (TNBC) cell 
lines orthotopically injected in Balb/c hosts. The 67NR is a non- 
metastatic TNBC model and thus was used as a negative control as no 
circulating cancer cells were expected to be found. Terminal bleeding 
from two 67NR tumour bearing female mice 4 weeks post-implantation 
was collected and processed as described in the materials and methods 
section. The image analysis of both samples indicated no metabolic 
active cells with a maximum normalised intensity of 2.1683, consistent 
with the results discussed in earlier sections. This value was used as the 
baseline and cut-off point for indicating active cancer cells. Similarly, 
entire blood from four 4T1.2 tumour-bearing female mice was collected 
and analysed using a similar workflow. Interestingly, as shown in 
Fig. 5B, the number of metabolically active cancer cells found in each 
mouse was 1584; 2640; 8448 and 6400. Numbers were consistent with 

the high metastatic burden of the 4T1.2 model. 
To further validate the potential of detecting circulating cancer cells 

in cancer patients, terminal bleeding samples from two 12-week-old 
MMTV-PyMT mouse mammary tumour models were collected and 
analysed. The MMTV-PyMT mouse model spontaneously develops 
mammary tumours closely resembling human disease (Guy et al., 1992; 
Lin et al., 2003; Gallego-Ortega et al., 2015; Valdés-Mora et al., 2021b). 
During the analysis, 677 and 592 metabolically active cells were found 
in the samples. Interestingly, the number of metabolically active CTCs 
identified with the SDM device correlated with the metastatic burden of 
each mouse model, as confirmed by the histological analysis of 
cross-sections of the lungs (Fig. S5), underscoring the prognostic utility 
of this technique. 

Altogether, these results confirmed the potential of using our work-
flow for detecting metabolically active circulating cancer cells in the 
blood. In future, besides the quantification of metabolically active cells, 
correlating the level of metabolomic activity with the stage and type of 
cancer can provide an opportunity for clinical integration of the pro-
posed workflow for non-invasive, rapid and low-cost diagnosis and 
prognosis of cancer patients. 

4. Conclusion 

In this work, a Static Droplet Microfluidic (SDM) platform was pro-
posed for studying the metabolomic activity of cancer cells at single-cell 
resolution in a high throughput manner with over 38,400 chambers. It 
was demonstrated that excessive lactate production of cancer cells in-
side miniaturised droplets (125 pL in volume) results in rapid acidifi-
cation of the droplet environment which was measured using pH- 
sensitive fluorescent dyes. The ability to precisely measure lactate pro-
duction at the single-cell level was leveraged as a biosensing approach to 
detect metabolically active Circulating Tumour Cells (CTCs) from pe-
ripheral blood cells. Overall, we envision that the proposed SDM device 
will be a valuable tool for the diagnosis and prognosis of cancer patients 

Fig. 5. – Pre-clinical validation via detection of circulating cancer cells in the blood of mouse models. A) The workflow used for handling and processing 
mouse models of 67NR (non-metastatic syngeneic model), 4T1.2 (metastatic syngeneic model) and MMTV-PyMT (transgenic model). B) Metabolomic screening of 
CTC-enriched samples from 8 different mouses. 
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and enable clinics to undertake in-depth single-cell metabolomic 
analysis. 

It is noteworthy that the integration of machine learning or auto-
mated image analysis tools can automate the screening process and 
reduce potential human errors. Additionally, the entire workflow could 
be enhanced by integrating an all-in-one device, where CTC enrichment, 
trapping and metabolomic screening take place inside a single system 
which can significantly reduce labour intensiveness and operator errors. 
While the proposed device is simple-to-operate and allows for high- 
throughput screening of metabolically active cells with great clinical 
potential, further studies on a large cohort of patients with different 
cancer types are required to completely understand the relationship 
between the number of metabolically active cells and overall survival of 
patients, treatment outcomes and disease progression. Further integra-
tion of other biological assays can improve the clinical significance of 
this method. For example, the incorporation of an on-chip single-cell 
proteomic study to analyse secretion products and/or on-chip detection 
of mutations (on-chip PCR) would allow a multi-dimensional assessment 
of the sample and provide a better understanding of the patient’s disease 
conditions. 
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