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Abstract
Cancer research has found in the recent years a formidable ally in liquid biopsy, a 
noninvasive technique that allows the study of circulating tumor cells (CTCs) and 
biomolecules involved in the dynamics of cancer spread like cell-free nucleid acids 
or tumor-derived extracellular vesicles. However, single-cell isolation of CTCs with 
high viability for further genetic, phenotypic, and morphological characterization 
remains a challenge. We present a new approach for single CTC isolation in enriched 
blood samples using a liquid laser transfer (LLT) process, adapted from standard laser 
direct write techniques. In order to completely preserve the cells from direct laser 
irradiation, we used an ultraviolet laser to produce a blister-actuated laser-induced 
forward transfer process (BA-LIFT). Using a plasma-treated polyimide layer for blister 
generation, we completely shield the sample from the incident laser beam. The optical 
transparency of the polyimide allows direct cell targeting using a simplified optical 
setup, in which the laser irradiation module, standard imaging, and fluorescence 
imaging share a common optical path. Peripheral blood mononuclear cells (PBMCs) 
were identified by fluorescent markers, while target cancer cells remained unstained. 
As a proof of concept, we were able to isolate single MDA-MB-231 cancer cells using 
this negative selection process. Unstained target cells were isolated and culture while 
their DNA was sent for single-cell sequencing (SCS). Our approach appears to be an 
effective approach to isolate single CTCs, preserving cell characteristics in terms of 
cell viability and potential for further SCS.

Keywords: Liquid biopsy; Single-cell isolation; Laser-induced forward transfer; Laser 
direct write

1. Introduction
Cancer cells released from a solid tumor and traveling in the peripheral blood are known 
as circulating tumor cells (CTCs). Although their existence was reported in 1869[1], they 
have only become a central subject in oncological research in the last few years, mainly 
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in coincidence with the deployment of several different 
techniques for CTCs analysis[2]. Directly linked with cancer 
metastasis, CTCs detection and characterization alone or 
with other cancer biomarkers is considered a valuable tool 
in disease prognosis and progression monitoring[3-5]. 

It has been extensively reported that metastatic 
dynamics of solid tumors is linked to the circulation of 
tumor cells, leaving the primary tumor and traveling 
through the peripheral blood to colonize other tissues[6-8]. 
In addition, these cells appear to be responsible for more 
complex tumor dissemination processes like those based 
on tumor self-seeding[9]. Therefore, an accurate monitoring 
of CTCs and specially a full liquid biopsy in cancer patients 
is of great importance for clinical oncology[10].

Isolation of CTCs from body fluids is a liquid biopsy 
method that can be used both for early diagnosis, which 
may lead to a selection of more suitable treatments, as well 
as for real-time monitoring of the disease progression[11]. 
Molecular analysis at the single-cell level by single-cell 
sequencing (SCS) allows the complete characterization of 
the amplified genetic material, offering a huge advantage 
for the characterization of both cell populations with 
limited number or singular cell populations[12-14]. Moreover, 
a comprehensive phenotypic profiling of heterogeneous 
CTCs at single-cell resolution would have an important 
impact on cancer management[15-17]. Therefore, the 
appropriate combination of liquid biopsy with SCS would 
be useful to monitor the patient’s response to a particular 
treatment or the disease evolution. Once the prognostic or 
predictive role of these biomarkers is confirmed, they could 
be used in developing targeted therapies[18-20]. However, 
the effective capture of CTCs with different phenotypic 
characteristics and with the potential of subpopulation 
sorting is still a goal that is not completely fulfilled.

Although several technologies have been developed 
or adapted for CTCs isolation in the last few years, cell 
isolation remains a challenge, in particular when good cell 
viability is required. The main problem is related to the very 
low concentration of CTCs in cancer early stages (1 CTC 
per 106–109 blood cells), making it challenging in terms of 
sensitivity and specificity of the detection technologies[5,21]. 
Due to the low concentration of CTCs, enrichment-based 
methods for isolation are currently preferred for CTCs 
detection and analysis. 

Different enrichment methods based on physical and/
or biological properties have been proposed, and in the 
last years, a number of reviews[3,18,19,22-25] have summarized 
the pros and cons of the available technologies and the 
challenges of implementation in clinical practice[26,27]. 
Immunomagnetic techniques for positive and negative 
selection of CTCs are probably the most common 

approaches for enrichment[28], with CELLSEARCH® being 
the only FDA-approved test for enumeration of CTCs of 
epithelial origin[29]. However, immunomagnetic α-EpCAM 
positive selection approaches need to seed the sample with 
ferromagnetic particles, thus implying the direct tagging of 
CTCs, which is not compatible with the idea of maintaining 
the CTCs as unaltered as possible. In addition, some works 
defend the clinical utility of non-EpCAM assays due to the 
limitations of the immunomagnetic techniques to detect 
nonepithelial CTCs of clinical relevance in many tumors[30]. 

On the other hand, biophysical methods for enrichment 
have the advantage of avoiding labeling, addressing the 
separation of CTCs through their distinctive physical 
properties (morphological, electrical, and mechanical). 
Among them, size-based isolation methodologies (due 
to the larger size of CTCs, 12–25 μm, compared with 
surrounding cells) have a huge potential in maintaining the 
CTCs unmodified[2,31]. Microfluidic devices, microfiltration, 
dielectrophoresis, and other related techniques including 
approaches based on advanced lab-on-a-chip concepts 
or even advanced programmable materials[32–37] appear as 
well suited as enrichment methods. However, in many of 
these approaches, the subsequent CTCs isolation from the 
enriched liquid remains a challenge. There is an unmet 
need to increase the purity and concentration of CTCs 
fraction, as well as to maintain cellular viability in order 
to facilitate both the molecular characterization and the 
possibility of performing in vitro studies. 

For the detection and selection of the appropriate 
cells for isolation, the technologies are intimately linked 
to the enrichment process. Moreover, standard optical 
technologies (especially those related to fluorescence 
detection for negative or positive selection) are relevant for 
accurate selection of appropriate targets for final isolation 
and sequencing[38].

2. Lasers in CTCs research
Laser technology is currently a widely used tool in 
CTCs studies. Used as a coherent light source for 
illumination in microscopy and fluorescence set-ups, 
especially for detection, laser technology is employed 
as well for subpopulation separation in approaches for 
CTCs isolation and sorting using flow cytometry[21,39]. 
However, lasers could play a fundamental role in the most 
challenging step in CTCs analysis: isolation of viable cells. 
In fact, laser capture microdissection (LCM), a widely 
used technique for cell isolation of complex tissue[40,41] has 
been proposed for CTCs isolation, both in combination 
with microfluidic devices for previous enrichment and as 
a part of sophisticated techniques that requires previous 
CTCs encapsulation in hydrogels[42,43]. However, these 
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approaches, besides comprising an important number of 
complex processes in sample preparation, in some cases 
imply a final laser pressure catapulting process (LCP) of 
the sample in which direct irradiation, normally in the 
ultraviolet (UV) range, is unavoidable[44]. More recently 
sophisticated processes using laser induced isolation of 
microstructures with CTCs, and using IR laser light to 
transfer the functional structure have been proposed as 
well[45]. 

In this work, we propose a completely new approach 
for CTC isolation in the classical flow sequence for CTCs 
sample treatment of enrichment-identification-isolation 
but using a liquid laser transfer (LLT) process for the last 
step. This transfer approach is based on an adaptation of 
the blister-actuated laser-induced forward transfer (BA-
LIFT) direct write technique that completely avoids the 
interaction between the laser photonic field and the cells 
to be isolated (Figure 1). This work demonstrates the 
feasibility of this approach with a first proof of concept, 
isolating cells of a breast cancer line (MDA-MB-231) in the 
negative selection and later SCS of the isolated cells. 

In our approach, we adapted the BA-LIFT technique, 
using a thick adhesive polyimide layer conveniently treated 
to improve hydrophilicity, to produce a droplet containing 
the previously identified and selected CTCs using a single 
laser pulse. The CTCs were recovered in a tube or culture 
well for further SCS and/or viability studies. The process is 
conceptually presented in Figure 1 and discussed in next 
sections.

2.1. Cell isolation using laser direct write
Laser direct write techniques have been considered for 
cell isolation in different fields[46], with those based in 
laser-induced forward transfer (LIFT) approaches being 
the most currently envisaged[47]. LIFT refers to a group of 
laser-based direct write techniques developed originally 
for art graphics and semiconductor industry and now 
applied in different technological and scientific fields. 
Due to the interest in many different technological and 
industrial sectors, an increasing number of reviews about 
the technology are available[48–53]. 

Most LIFT approaches use a pulsed laser beam to 
transfer material from a donor substrate to an acceptor 
surface or any other receptacle. In its simplest configuration, 
LIFT is performed irradiating the interface between a 
transparent substrate and the material to be transferred, 
previously deposited forming a thin layer onto the substrate 
surface. Conversion of laser energy into kinetic energy of 
part of the material allows the transfer of small volumes 
with high spatial accuracy, providing a printing method 
with spatial resolution in the order of 1 µm. The process 
dynamics is strongly dependent on the physical properties 
and thickness of the material to be transferred, the gap 
between acceptor and donor substrate, the configuration 
of the donor substrate, and the parameters used in the laser 
irradiation process[52]. The main advantage of the technique, 
if compared with other mature printing technologies like 
inkjet or extrusion, is the capacity to transfer material in 
an enormous range of viscosities and rheological behavior, 
from solid-state to low-density inks. In addition, the 
capability of the technique to transfer small volumes of 
material (as low as picoliters) and the high lateral spatial 
resolution (down to a few micrometers) to produce printed 
patterns are remarkable. 

LIFT has attracted huge attention as bioprinting 
technique as well, and in the last 20 years, several works 
have demonstrated applications of 2D and 3D printing of 
biomolecules and living cells both for in vitro and in vivo 
approaches[52-61], including single cell isolation[46,47] and 
using different laser pulse duration regimes[62]. In addition, 
it has been extensively shown that LIFT is one of the 
bioprinting techniques with the highest cell viability, even 
better than the widely applied extrusion or inkjet printing 
methods. It guarantees in general the DNA integrity after 
the transfer process, despite the fact that the cells could 
suffer some mechanical stresses due to the dynamics of the 
liquid transfer process, has it has been published in a very 
recent work even for cancer cell lines[63]. However, the fact 
that direct laser irradiation and/or heating of the media 
containing the cells could affect cell functionality in any 
extent beyond DNA integrity has been a constant concern 
in this field, and a number of approaches envisaged the 

Figure 1. Liquid laser transfer for CTC isolation.
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problem of avoiding direct laser irradiation of the cells. 
Therefore, set-ups comprising a transparent donor 
substrate coated with an energy absorption layer, acting 
as a sacrificial layer, have been proposed to avoid direct 
interaction between the laser light and the liquid media 
containing living cells. A common approach is to use a 
thin sacrificial absorption layer made of a biocompatible 
metallic material (titanium, silver, gold, etc.)[52,53,64-67]. 
This thin film acts as a dynamic release layer, whose 
thermal expansion after laser irradiation propels the 
liquid generating a jet that finally collapses, producing the 
desired droplet transfer. Although good cell viability after 
printing has been demonstrated with sacrificial metallic 
layers, some heating and residual contamination of the 
liquid is unavoidable. For that reason, when using very 
sensitive biological samples[68] or when a fundamental 
goal is to maintain the cells as intact as possible, other 
approaches can be envisaged. In our work, we consider it 
is a priority to protect the cells not only from direct laser 
irradiation but also from a possible residual heating by 
designing a specific approach based on the standard BA-
LIFT process. 

2.2. Adaption of the BA-LIFT technique for single-
cell isolation
Experimental set-up BA-LIFT uses an intermediate layer 
between the donor substrate and the liquid but made of 
a polymer that, under laser irradiation, partially vaporizes 
creating a vapor bubble that induces an elastic and 
plastic deformation in the remaining material (Figure 2). 
Consequently, a blister in the viscoelastic material is 
produced whose dynamics induces mechanical propulsion 

of the liquid. The process has been widely studied[53,69-72] 
mainly for polyimide sacrificial layers with thickness up to 
10 µm deposited by spin-coating. Some of the authors of 
this work have previously discussed the potential of this 
approach for cell identification and sorting with very good 
survival results for different types of cells, including mouse 
hematopoietic progenitor stem cells[73]. 

In our approach, described in detail in the Methods 
section, we used a donor structure made with a 
commercial polyimide film with a thickness of 30 µm. 
The main advantage of using thick polyimide films is its 
high absorption in the UV range, efficiently absorbing 
the laser beam and avoiding direct cell irradiation or even 
heating of the liquid sample[62,69,73]. On the other hand, the 
use of polyimide presents other advantages: the material 
is partially transparent to the visible light so fluorescence-
vision and techniques for cell recognition and selection 
can be used, even in a compact optical arrangement in 
which fluorescence and vision arrangements share the 
same optical path that the laser beam used to produce the 
liquid transfer[73].

3. Methods
3.1. Cell isolation using laser direct write
MDA-MB-231 cell line (derived from breast cancer), 
obtained from ATCC (American Type Culture Collection 
(ATCC), Manassas, VA) was cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS) and 1% penicillin/streptomycin. 
Cells were maintained in a humidified atmosphere of 5% 
CO2 in air. Following culture, cells were harvested using 

Figure 2. The physical basis of BA-LIFT transfer. The pulsed UV laser ablates a small portion of the polyimide film (a), generating a hot gas that produces 
a plastic deformation in the remaining polymer layer (b). The blister generated in this way pushes the liquid layer, leading to a jet formation that, after 
collapsing by surface tension, produces the droplet that is transferred to an acceptor substrate or any other receptacle (c). In this case, the droplet contains 
the selected cell.
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0.05% trypsin, and used only when its viability exceeded 
90% as assessed by Trypan Blue exclusion.

3.2. Analytical blood samples
Analytical samples were prepared to simulate cancer 
samples in experiments that rely on knowing the starting 
concentration of target cells. Peripheral blood was 
obtained from healthy donors. To collect their samples as 
part of the C.0005266 collection (“Research in Cancer”) 
for biomedical research purposes, the informed consent 
was previously approved by the corresponding Ethics and 
Scientific Committees, obtained from the donor prior to 
specimen collection. 

Blood was drawn into EDTA tubes (Vacutainer BD, 
Franklin Lkes, NJ) and subsequently spiked with on cancer 
cell lines. MDA-MB-231 was used both for analytical 
instrument performance validation experiments and for 
TP53 and BRAF assay validations because this line harbors 
a known homozygous TP53 c.839G>A p.R280K mutation 
and heterozygous BRAF c.1391G>T p.G464V mutation. 
Cells suspended in a stock solution were first counted on 
Neubahuer chamber and then spiked into 7.5 mL whole 
blood.

3.3. Sample preparation
Whole blood samples were added with different 
concentrations of MDA-MB-231 cell line (1000, 10,000, 
100,000, and 1,000,000 cells).

These blood tubes were processed to recover the 
fraction of peripheral blood mononuclear cells from 
where the MDA-MB-231 cell line was also identified 
by density. LeucoSep tubes (Greiner Bio-One, Monroe, 
NC) were prepared by adding 15 mL of Ficoll-Paque Plus 
(d = 1.077gr / mol; GE Healthcare, Pittsburgh, PA). The 
peripheral blood mononuclear cell fraction, together 
with the MDA-MB-231, was recovered and resuspended 
in 500 µL of MACS buffer. Cell count was performed 
and the cell pellet was resuspended in 80 µL of buffer 
MACs and 20 µL of CD45 MicroBeads per 107 total cells. 
The mixture was incubated for 15 min at 4°C. Then, 
the sample was added to MS column (MACS, Miltenyi 
Biotec). In this study, the relationship between MDA-
MB-231 and PBMC does not reflect the concentration 
of CTC in the blood (1 CTC / 106–109 PBMCs), because 
as proof of concept, we only wanted to confirm that the 
technology is able to discriminate between different 
subpopulations.

3.4. Staining
Cells were stained with a phycoerythrin-conjugated 
monoclonal antibody against CD45 (α-CD45/PE, 
Biolegend, 368510). Cells were washed two times using 
200  µL 1× phosphate-buffered saline (PBS), and then 

stained with 0.05 µg (2 µL) of α-CD45/PE for 30 min at 
4°C in the dark. After that, cells were washed two times 
with 200 µL 1× PBS, resuspended in a suitable volume of 
1× PBS, and stored shortly at 4°C before use. 

3.5. Donor substrate preparation
Donor substrate was made from a soda lime glass 
microscope slide (Thermo Scientific AAAA000001##02E) 
and laser-cut to a final dimension of 12.5 × 12.5 mm each. 
Two layers of commercial polyimide tape were adhered to 
the slide covering all of its surfaces: the first one (Caplinq 
PIT0.5S-UT/19) with a thickness of 30 µm and the second 
one (Caplinq PIT1S/19) with a thickness of 70 µm on 
the top. Once both tapes were added to the square slide, 
a 5-mm diameter hole was laser-cut at the center of the 
topmost tape and carefully removed to leave a hole with a 
depth equal to the thickness of the outermost tape (70 µm). 
This hole worked as a microwell to contain the liquid with 
the cells. All slides were cleaned thoroughly with 70% v/v 
ethanol and left under UV light before used. Slides were 
stored inside a class II biological safety cabinet kept in a 
sterile environment. 

To assure a homogenous and thin layer of liquid in 
the circular well, and due to the wettability properties of 
polyimide, a surface treatment to improve hydrophilicity 
was needed before the liquid deposition that happened 
prior to the laser transfer process. Therefore, the sample 
was placed inside a standard vacuum desiccator (Duran 
247824604) with both the lid and stopcock sealed with high 
vacuum grease (Dow Corning). Immediately after that, air 
was evacuated using a rotary vane pump (Busch 016-112) 
in 12 s to a pressure of approximately 1000 mTorr. The 
desiccator was placed inside a microwave source of 2450 
MHz and a power of 700 W (LG MS-1924W/02), letting 
the air plasma formed act for 10 s on the sample. Plasma-
activated donor substrate was left to cool down for 30 s, 
and 1.5 µL of spiked sample (MDA-MB-231+PBMCs) was 
placed inside the circular well and spread evenly along the 
whole area. Donor substrate was then turned upside down 
and placed on top of a 0.2-mL PCR tube (Fisherbrand™). 
The tube was fixed on a 96-well PCR plate and the sample 
was kept on its place using a 3D-printed fixture that adapt 
to the 96-well plate. Finally, the sample was taken to the 
laser system for processing.

3.6. Laser system
Laser system comprises a UV laser (Crylas FTSS355-Q4) 
emitting 1.3 ns single pulses at demand with a wavelength 
of 355 nm. Laser pulse energy was controlled in the range 
of 1 to 23 ± 2 µJ by means of a half-wave plate and a beam 
polarizer. Laser beam was focused onto the sample down 
to a beam waist at focus of 10 µm using a 10× microscope 
objective. 
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Focusing optics were fixed and the beam was scanned 
along the sample by moving the sample using lineal servo 
XY axes (Parker) with an accuracy of 1 µm. The distance 
between the sample and the laser beam focal point was 
controlled using a manual micrometric Z stage with and 
accuracy of 10 µm. The laser was fired directly to the 
location of the desired cell, which was centered in the 
vision system; in that way, the possible mechanical damage 
induced by the shear stress in the edges of the affected 
volume of liquid during jet formation can be minimized.

Laser pulse energy of 5 µJ is typically used for 
transferring cells with single laser pulses, resulting in a 
mean laser fluence of 3.5 J/cm2. With these parameters, 
the volume of the transferred droplet containing the cell 
is around 50 pL.

3.7. Fluorescence system
In our experiments, the optical set-up used combines laser 
irradiation for LIFT process, in situ video recording and 
analysis of the sample fluorescence (Figure 3). The focusing 
optics are common to the different optical systems and 
consist of a 10× microscope objective, while the laser beam 

path, bright field microscopy and fluorescence microscopy 
are combined by means of appropriate dichroic mirrors. 
As it has been previously detailed, the laser source used for 
BA-LIFT is a UV, ns-pulsed laser, delivering 3.5 J/cm2 laser 
pulses, in terms of fluence, at the sample.

The microscope objective used for focusing the laser 
beam onto the samples was also used for obtaining in situ, 
real-time microscope images of the processed sample with 
two independent CMOS cameras, with one recording 
bright field B/W images (Thorlabs DCC1545M) and the 
other recording fluorescence images (Andor Zyla 5.5). UV 
laser and visible microscopy optical paths are combined 
by means of a UV dichroic mirror just before the focusing 
optics. 

A LED source (Thorlabs M565L3) emitting at a 
wavelength range from 475 to 750 nm with peak intensity 
at 550 nm was used for illuminating the sample. LED 
light was initially filtered using a single band exciter 
filter (Semrock FF01-531/40) with high transmission 
from 500 to 550 nm and a fluorescence dichroic mirror 
(Semrock FF562-Di03) cutting at 562 nm. The reflected 
light returning from the sample was divided in two 

Figure 3. Optical set-up for laser transfer and cell identification and selection. Our arrangement combines laser irradiation for BA-LIFT process, in situ 
video recording and analysis of the sample fluorescence. The focusing optics are common to the different optical systems.
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using a 90/10 beam splitter: 10% of the light intensity 
was deflected to B/W camera for recording a bright field 
image of the sample, and the other 90% light intensity 
passed through beam splitter, fluoresce dichroic mirror, 
and fluorescence emitter filter (Semrock FF01-593/40), 
which lets pass only wavelengths from the range of 
575–625 nm, corresponding to the emission wavelength 
of the fluorophore used for staining the cells. Filtered 
fluorescence light was recorded using the fluorescence 
camera. Micro-Manager 2.0 beta software was used for 
the analysis of both bright field and fluorescence live 
images. Bright field images were taken as recorded, 
while an orange LUT (look-up table) was applied to 
the fluorescence image. Both images were compared, 
differentiating the nonstained cells and the stained 
fluorescent (Figure 4). Once the desired cells were 
localized, the sample was moved with respect to the fixed 
focusing optics by means of a motorized XY stage and 
manual Z stage in order to laser-point the target cell and 
transfer them using a single laser pulse (Figure 5).

3.8. Extraction and amplification of DNA
DNA of laser-isolated cells was extracted and amplified 
with the REPLI-g Single Cell kit (QIAGEN), which carries 
out isothermal genome amplification utilizing a uniquely 
processive DNA polymerase capable of replicating up 
to 100 kb without dissociating from the genomic DNA 
template. Phi 29 polymerase has a 3ʹ–5ʹ exonuclease 
proofreading activity to maintain 1000-fold fidelity higher 
than that of Taq Polymerase during replication. Multiple 
displacement amplification technology was used in the 
presence of exonuclease-resistant primers to achieve high 
yields of DNA product.

Laser-isolated MDA-MB-231 DNA extraction was 
performed on 4 μL of PBSsc (REPLI-g Single Cell kit) in a 
PCR tube, accordingly to manufacturer’s instructions. 

3.9. Polymerase chain reaction 
DNA from laser/isolated MDA-MB-231 was quantified 
and amplified by PCR using primers for the exon 9 of TP53 

Figure 4. Cell detection. (a) Optical microscopy view, (b) fluorescence view, and (c) digital superposition image of both optical and fluorescence images. 
Dimension bar represents 100 µm.

Figure 5. Cell isolation. (a) Detected nonstained cell. (b) Image after laser irradiation: the shadow on the left is due to blister formation after laser transfer 
process at the cell location. Dimension bar represents 100 µm.
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gene and for the exon 11 of BRAF gene, all of which include 
mutational hot spots. 

The primers used were as follows: 

 • TP53 forward primer: 
5ʹ-GGCTTTGGGACCTCTTAACC-3ʹ

 • TP53 reverse primer: 
5ʹ-TAACTGCACCCTTGGTCTCC-3ʹ

 • BRAF forward primer: 
5ʹ-CACTTGGTAGACGGGACTCG-3ʹ

 • BRAF reverse primer: 
5ʹ-GTTTATTGATGCGAACAGTGA-3ʹ

PCR products were analyzed by agarose gel 
electrophoresis coupled with fluorescence detection.

3.10. Sanger sequencing 
DNA sequencing is considered the gold standard for 
detection of mutations. This method allows determination 
of the order of nucleotides in a target DNA sequence. 
The Sanger chain-termination method is commonly used 
in molecular diagnostic laboratories. In this method, 
the incorporation of a chemically modified nucleotide 
(dideoxynucleotide) terminates extension of the DNA 
strand at the point of incorporation. This results in a 
mixture of DNA fragments of various lengths. Each 
dideoxynucleotide (A, T, C, or G) was labeled with different 
fluorescent dye, allowing their individual detection. The 
newly synthesized and labeled DNA fragments were 
separated by size through capillary gel electrophoresis. 
The fluorescence was detected by an automated sequence 
analyzer (Applied Biosystems 3130xl y 3730xl genetic 
analyzer) and the order of nucleotides in the target DNA 
was depicted as a sequence electropherogram. 

3.11. Immunofluorescence staining 
After blocking by 10% FBS for 10 min, cells were 
incubated with α-CD45/PE clone (2D1) (Biolegend), then 
permeabilized with 0.2% Triton for 10 min, stained with 
anticytokeratin-FITC human clone (CK3-6H5) (Miltenyi 
Biotec) for 60 min, and finally mounted with Hoechst 
33342.

Trypan Blue (Sigma) staining was used to determine 
viability of the transferred cells. The cells that are not 
stained by Trypan Blue are considered viable, whereas 
those stained by Trypan Blue were considered nonviable. 
In this study, we did not perform any other experiments to 
evaluate cell viability.

3.12. Cell viability and proliferation assay 
Trypan Blue (Sigma) staining was used to determine 
viability right after the transference process. Cells without 

Trypan Blue staining were considered viable, whereas 
those stained with Trypan Blue were considered nonviable. 
CTC-stained cells were selected and isolated in 96-well 
plates containing RPMI medium (GibcoTM), 10% of FBS 
(Sigma) and 10% of acclimated medium (from established 
cultures from which cells were removed), under normal 
cell incubation environment (37°C, 5% CO2). Proliferation 
was observed after 9 days and maintained at day 14.

4. Results and discussion
4.1. Single CTC isolation using BA-LIFT and SCS
Our assessment experiments used a classic approach in 
which a CTC was defined as a CK-positive, CD45-negative, 
nucleated intact cell. In our case, MDA-MB-231 (cancer 
cell line from human breast carcinoma) simulates the 
characteristics of a true CTC. As indicated previously, the 
first step before CTC isolation comprises the enrichment of 
the sample. This step consists of cell blood subpopulation 
separation by Ficoll density gradient centrifugation; CTCs 
will be present in the peripheral blood mononuclear cell 
(PBMCs) fraction[74]. Depending on the approach followed 
for cell identification, the pellet should be fixated or not and 
the staining could be used for positive selection (EpCAM, 
Vimentin or another specific CTCs markers) or negative 
selection (CD45 leukocyte staining) (Figure 6). 

In this study, we performed a negative selection using 
a phycoerythrin-conjugated monoclonal antibody against 
CD45 (α-CD45/PE, clone 2D1, Biolegend). Nonfixated 
cells were incubated for 30 min at 4°C. Once the liquid 
sample has been prepared and deposited in the donor 
substrate, cells to be transferred were identified with the 
vision and fluorescence systems previously described. 

MDA-MB-231 cells (negative for CD45) were 
transferred by shooting a single laser pulse at the 
cell location with a focused laser beam diameter of 
approximately 20 µm and an effective laser pulse energy 
of 5.5 µJ, resulting in a laser fluence of 3.5 J/cm2. This laser 
transfer system allows us to isolate the number of cells 
that we determine and collect them in the most suitable 
platform for the experiments. 

For our proof of concept, a known number of MDA-
MB-231 cells suspended in PBS were spiked into 7.5 mL 
of whole blood. We performed two types of transfer 
experiments. First, we addressed the problem of isolating 
a single cell in a tube. Second, we isolated 25 cells, which 
were transferred one by one into a tube. In both types of 
experiments, the collector tubes contain 4 µL of PBS. Once 
the cells were transferred, DNA was extracted and amplified 
with REPLI-g Single Cell kit (QIAGEN)[75], which contains 
an optimized Phi29 polymerase formulation as well as 
buffers and reagents for whole genome amplification 
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(WGA) from single cells and very small samples, using 
multiple displacement amplification technology, which 
carries out isothermal genome amplification utilizing a 
uniquely processive DNA polymerase capable of replicating 
up to 100 kb without dissociating from the genomic DNA 
template. In the first step of the procedure, the cell sample 
was lysed, and the DNA was denatured. Once denaturation 
was stopped by the addition of neutralization buffer, a 
master mix containing buffer and DNA polymerase was 
added. The isothermal amplification reaction proceeded 
for 8 h at 30°C. 

To confirm the origin of the isolated DNA, exon 9 
of TP53 gene and exon 11 of BRAF gene (mutations 
described in this cell line) were amplified by PCR. 
Then, we sequenced the amplicons through Sanger 
sequencing[76]. Since DNA sequencing is considered 
the gold standard for detecting mutations, in this case, 
we did not use next-generation sequencing, because 
we intended to look for specific point mutation 
characteristic of the cell line used in the assay. As shown 
in Figure 7, the expected bands were confirmed for 
TP53 exon 9 and BRAF exon 11. Single PCR bands for 
each exon verified the specificity of the amplification 
before sequencing. A known homozygous TP53 exon 
9 mutation, R280K, and a heterozygous BRAF exon 11 
mutation, G464V, were identified in replicate samples 
of MDA-MB-231 cells (positive control)[77] but were not 
detected in PBMCs (wild type/negative control).

We also transferred a sample of previously fixated MDA-
MB-231 cells. After the transfer process, cells were stained 
with CK (α-CK/FITC, clone CK3-6H5, Miltenyi Biotec), 
CD45 (α-CD45/PE, clone 2D1, Biolegend) and DAPI 
for visualization and confirming that the subpopulations 
isolated correspond to MDA-MB-231.

4.2. Proliferation assays
Finally, in order to assess that after the transfer process, 
the cells were viable for in vitro experiments, transferred 
pellets of single cell and also transferred groups of 25 cells 
were stained with Trypan Blue, a dye to selectively stain 
dead tissues or cells blue. In all cases, the observed cells 
were alive. Also, to ensure CTCs viability preservation after 
the process, a proliferation assay was performed. CTCs 
were isolated in 96-well plates (see Methods section), and 
images were taken daily. After 9 days, the proliferation 
rate was lower than that of the control cells. After 14 days, 
however, confluence was reached (Figure 8).

5. Conclusion
This work demonstrates that it is possible to preserve 
maximum CTCs integrity with negative selection. We 
believe that this approach opens up a new path not 
only for single-cell isolation but also for CTCs sorting, 
if the appropriate staining and imaging strategies are 
adapted and as this has been discussed for other cell lines 
in a previous work[73]. Although relevant aspects like 
throughput, process automation, etc. are not investigated 
in this paper, we must highlight the fact that the transfer 
process is based on a particular adaptation of a laser direct 
write technique, in many aspects which is a standard 
laser material processing approach. This undoubtedly 
offers the possibility of future use of the technique with 
all the potential of laser technology, in terms of precision, 
repeatability, throughput, and ease of integration in 
already existing platforms, as has been proven in medical 
and industrial fields. Regarding clinical applications, this 
new system would bring us closer to “real-time biopsy” 
based on CTC molecular characterization. Our technique 
is promising and this approach remains a key area of study 
for further intensive research. Since this novel technology 

Figure 6. Double-immunofluorescence (CK/CD45) in MDA-MB-231 isolated using liquid laser transfer. (A) Cells were double-stained with anti-CK 
(clone CK3-6H5) human antibody conjugated with FITC and anti-CD45 (clone 2D1) human antibody conjugated with PE. Original magnification, 100×. 
(B) PBMCs were used as CD45 positive control. Abbreviation: CK, cytokeratin.
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would help to improve the molecular characterization of 
the tumor, it could be used to identify new treatment targets 
and select the most appropriate therapies for each stage of 
the disease. Evaluation of biomarker panels from a liquid 
biopsy may enlarge the molecular landscape of primary 
and metastatic lesions while offering the opportunity to 
evaluate molecular evolution of a tumor as a real-time film.

The approach followed in this work would preserve cells 
for any direct irradiation of the laser light, and the negative 
selection approach followed would maintain the CTCs free of 
any direct labeling, preserving the cells in perfect condition 
for further culture, characterization, or analysis (Figure 9). 
Therefore, this approach for CTCs isolation presents a relevant 
tool to deepen the study of single CTCs at molecular level.

Figure 7. TP53 and BRAF mutations detected in MDA-MB-231 cells isolated by BA-LIFT technology. (A) Agarose gel of PCR reaction products from the 
amplification of exon 9 of the TP53 in a MDA-MB-231 cell (lane 1), 25 MDA-MB-231 cells (lane 2), 1000 MDA-MB-231 control (lane 3), 1000 PBMCs 
control (lane 4), and negative control (lane 5) compared to a DNA ladder (lane L). (B) Electropherogram showing the partial sequence of exon 9 of TP53 
in a MDA-MB-231 cell (B.1), 25 MDA-MB-231 cells (B.2), 1000 MDA-MB-231 cells control (B.3), and 1000 PBMCs control (B.4). The presence of thymine 
and absence of guanine at position 839 of exon 9 of TP53 gene (homozygous) can be observed in cases B.1, B.2, and B.3. The mutation is not observed in 
B.4. (C) Agarose gel of PCR reaction products from the amplification of exon 11 of BRAF gene in a MDA-MB-231 cell (lane 1), 25 MDA-MB-231 cells (lane 
2), 1000 MDA-MB-231 control (lane 3), 1000 PBMCs control (lane 4), and negative control (lane 5) compared to a DNA ladder (lane L). (D) Electrophero-
gram showing the partial sequence of exon 11 of BRAF gene in a MDA-MB-231 cell (D.1), 25 MDA-MB-231 cells (D.2), 1000 MDA-MB-231 cells control 
(B.3), and 1000 PBMCs control (B.4). The presence of guanine and thymine at position 1391 of exon 11 of BRAF gene (heterozygous) can be observed in 
cases B.1, B.2 and B.3. The mutation is not observed in B.4. 
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