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ABSTRACT  
Rapid prototyping methods for the design and fabrication of polymeric labs-on-a-chip are on the rise, as they allow high degrees of precision and 

flexibility. For example, a microfluidic platform may require an optimization phase in which it could be necessary to continuously modify the 

architecture and geometry; however, this is only possible if easy, controllable fabrication methods and low-cost materials are available. In this 

paper, we describe the realization process of a microfluidic tool, from the computer-aided design (CAD) to the proof-of-concept application as a 

capture device for circulating tumor cells (CTCs). The entire platform was realized in polymethyl methacrylate (PMMA), combining femtosecond 

(fs) laser and micromilling fabrication technologies. The multilayer device was assembled through a facile and low-cost solvent-assisted method. 

A serpentine microchannel was then directly biofunctionalized by immobilizing capture probes able to distinguish cancer from non-cancer cells 

without labeling. The low material costs, customizable methods, and biological application of the realized platform make it a suitable model for 

industrial exploitation and applications at the point of care. 

1. Introduction 

Labs-on-a-chip (LoCs), defined as devices in which multiple laboratory techniques are integrated within a chip of a few 

square centimeters, have tremendous potential for application in various fields of chemistry [1–3] and life sciences, such as 

in rare cell capturing [4,5]. Among such applications, the capture of circulating tumor cells (CTCs) is one of the most 

challenging tasks in the field of medical biology [6,7]. The detection of tumor-derived epithelial cells is considered to be one 

of the most affordable methods to establish the metastatic potential of a tumor, and the presence and number of such cells in 

blood specimens is a diagnostic and prognostic marker [8]. The possibility of moving LoC technologies into point-of-care 

(POC) devices for CTC detection is a topic of interest in bedside cancer diagnostics and precision medicine [9]. This 

technology is recently emerging as a valuable tool for reaching the ever-increasing number of patients for large-scale 

screening. In this direction, a number of tests have already been integrated into everyday life through user-friendly tools such 

as smartphones [10]. Such tests range from blood tests for cardiovascular diseases [11,12] to on-chip nuclear magnetic 

resonance (NMR) and surface-enhanced raman spectroscopy (SERS) analysis [13,14] and on-chip cell identification [15] 

through specific dedicated software that can provide counting, detection, and morphometry parameters [16]. 

Considering the widespread use a POC device could have, polymeric LoCs have generated a huge amount of interest in 

recent years due to their competitiveness in terms of production costs, production times, and practicality for transitioning an 

idea into a physical chip [17,18]. Different techniques are achievable for polymeric LoC rapid prototyping [19]. Among these, 

soft lithography is one of the most exploited methods for prototyping polymeric micro/nanopatterns for microfluidic 

applications, thanks to its high resolution (< 50 nm) [20]. This technology requires the fabrication of a mold, typically by 

photolithography, whose geometry depends on the target application, replication, and assembling of the entire device. A 

significant limitation of this technique is the material used; polydimethylsiloxane (PDMS) suffers from deformation when 
subjected to high liquid pressures in microchannels [21]. Moreover, like all photolithography-based techniques, soft 

lithography is a time-consuming process, which often limits optimization in prototyping or iterative design. During the design 

of a new device, technologies that are based on the direct microstructuring of the substrate—that is, techniques that do not 
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require molds—are much more convenient. Among such technologies are direct laser writing (DLW) methods and three-

dimensional (3D) printing to name just a few. The latter has obvious attractions, given its potential to be exploited in the field 

of LoCs and the possibility of fabricating truly 3D microfluidic devices in a single step from a computer model, given the low 

price of desktop printers. Despite these benefits, 3D printed structures cannot currently compete with the resolution of 

structures produced by other direct structuration techniques. Indeed, its applicability is limited by the technical inability to 

reliably print microfluidic channels with dimensions less than several hundred microns in a reasonably sized device. There 

are also concerns regarding dimensional fidelity, shape conformity, surface quality, optical transparency, and material 

availability [22]. Conversely, the flexibility of ultrafast laser technology enables the rapid prototyping and high-precision 

micromachining of LoC devices with complex microfluidic channel networks [23,24], without a need for the expensive masks 

and facilities required by the lithographic process. Furthermore, the ability of femtosecond (fs)-laser pulses to produce “cold” 

ablation of the irradiated volume, thereby avoiding debris and recast layers without restriction of the substrate materials, 

makes this technology particularly suitable for microfluidic device fabrication [25–27], even though its cost is higher than 

those of other traditional techniques. In comparison with DLW, mechanical micromilling is more convenient for large features 

[28] and is a flexible, cost-efficient, and rapid prototyping technology for polymer devices; however, it results in poor surface 

quality and is unsuitable for optical detection in microchannels [29]. 

Regardless of how a microfluidic pattern has been fabricated, a further step involves the bonding of the structured substrates 

or layers with a cover plate in order to obtain effectively sealed microchannels. In the literature, complex equipment has been 

presented for the controlled evaporation of solvents in order to obtain a surface modification that aids the thermal-assisted 

sealing of polymers [30]. Other research groups have made use of thermal annealing, adhesive coating, or plasma activation 

of surfaces and subsequent pressure bonding [31–33]. For example, a solvent-assisted method for bonding PMMA–PMMA 

devices has been published, which was based on the exposure of substrates to acetone vapors. However, the authors reported 

that modification of the roughness due to this solvent affected the application of the device as a microfluidic tool [32]. 

Volpe et al. [34] demonstrated the feasibility of bonding polymeric LoCs through fs-laser welding. In their study, a laser 

beam that was focalized at the interface of two transparent substrates generated nonlinear absorption and, consequently, local 

melting and resolidification of the material. Although these methods are effective, they are not suitable for low-cost and quick 

fabrication requiring expensive equipment and/or complex alignment procedures. On the other hand, although thermal 

bonding methods represent a very low-cost alternative, they are based on polymer melting and are not suitable for bonding 

patterned substrates with very small channel sizes, as deformation or blocking of the channels is highly probable during the 

heating process. Thus, low-temperature (under 90 °C) processes are preferable [35]. 

In this work, we develop and test a new smart procedure for the rapid prototyping of a PMMA LoC for cell capture by 

exploiting fs-laser technology for the microchannel mechanical micromilling for inlet and outlet connections, and thermal 

bonding to complete the device. Among the many different polymers used in microfluidics, PMMA is the most commonly 

used, due to its favorable optical, mechanical, and chemical characteristics, which include transparency, good thermal 

stability, chemical inertness, and high hydrophobicity, as well as its mechanical stability in laser ablation and micromilling 

processes [36]. 

Starting from a computer-aided design (CAD) file, the combination of fs-laser ablation and micromilling manufacturing 

technologies offers ample adaptability to rapidly create and test different fluidic designs and optimize the cell capturing 

strategy, taking advantage of the micrometric precision and high flexibility of ultrashort-pulse micromachining while 

maintaining a sustainable development cost. 

An easy and cost-effective thermal- and solvent-assisted bonding method for assembling polymeric chips is also included 

in the protocol [37], which demonstrates some of the innovative features of this low-cost and easy procedure. The procedure, 

which was established for PMMA–PMMA and is based on the use of common solvents, low temperatures, and low pressures, 

makes it possible to obtain strong adhesion and robust devices while retaining the desired shape and transparency of the 

fabricated microchannels. 

As a proof of application, the device has been demonstrated to be useful for the label-free capturing and identification of 

tumor cells from blood cells. Toward this aim, after the fabrication of a serpentine microchannel, we performed an “in-flow” 

biological functionalization of the inner walls of the channel using anti-epithelial cell adhesion molecule (EpCAM) antibodies, 

which are able to distinguish cancer from non-cancer cells by recognizing the antigen of the epithelial membrane of oral 

carcinoma cells and blocking them on the channel walls. In principle, the complete transparency of the entire device permits 

the identification of cells that have been immobilized within the channels, with no need for further labeling with fluorescent 

antibodies. Indeed, the characterization of captured cells depends on the immobilized antibody on the channel walls. In our 

case, we demonstrated that only tumor cells are recognized by an antibody directed toward a membrane antigen that is typical 

of cancer, and the tumor cells can be clearly glimpsed in the channels. The serpentine shape of the channel allows the sample 

to pass along a prolonged path, which helps to maximize the interactions between the cells and antibodies. The total volume 

of sample contained in the channel at a given moment is very low (a few microliters), but considering the in-flow operation, 

this configuration would be useful for the on-chip collection of rare cells and the enrichment of a sample starting from a higher 

volume (i.e., milliliters). 
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2. Materials and methods 

2.1. Materials 

The device was fabricated on PMMA substrates (Vistacryl CQ; Vista Optics, Ltd., UK) with optical surface quality 

(measured surface roughness (Ra) < 5 nm). The plates were square, with a length and width of 25 mm and a thickness of 5 

mm for the upper layer and 1 mm for the bottom one. 

For microchannel functionalization, we used 3-aminopropyltriethoxysilane (APTES; 5%)  in ethanol, glutaraldehyde 

(0.05%) in water, bovine serum albumin (BSA) (1%) and Tween®20 (0.05%) in phosphate-buffered saline (PBS), and anti-

EpCAM mouse monoclonal antibodies (all reagents from Sigma-Aldrich, USA). The anti-EpCAM antibodies specifically 

recognize human EpCAM expressed on the surface of epithelial cells and are not reactive with normal or neoplastic non-

epithelial cells. 

The OECM-1 human oral squamous carcinoma cell line (purchased from SCC/Sigma-Aldrich) is suitable for studies of 

cancer cell signaling, epithelial-mesenchymal transition (EMT), metastasis, invasion, and cancer cell stemness. Jurkat cell 

lines (purchased from ATCC) are human blood (leukemic T-cell lymphoblast)-derived cells. 

2.2. Fabrication, functionalization, and testing of the LoC 

The serpentine channel was designed using Rhinoceros 5 CAD software (Robert McNeel & Associates, USA) and 

fabricated with a 1030 nm laser ultrafast solid-state laser system (mod. TruMicro Femto Ed.; TRUMPF GmbH + Co. KG, 
Germany) based on the chirped pulse amplification technique. The laser source provides an almost diffraction-limited beam 

(M2 < 1.3) linearly polarized with a pulse duration of 900 fs. A quarter-wave plate circularly polarizes the beam, which is 

then focused and moved onto the polymeric surface through a galvo-scan head (IntelliSCANNse 14; SCAN-LAB, Germany) 

equipped with a telecentric lens with a focal length of 100 mm, providing a spot diameter at the focusing point of about 25 

μm. Although PMMA is almost transparent at the laser wavelength, thanks to the high peak fluence of the focused fs-laser 

pulses, nonlinear multiphoton absorption mediates the coupling of the laser light with the transparent polymer, allowing the 

gentle ablation of a thin surface layer along the irradiation path. The layer-by-layer milling procedure was performed by 

superimposing two perpendicular scanning patterns. The lateral distance between two parallel scanning lines was 5 μm. A 

repetition rate (RR) of 50 kHz, a pulse energy of 12 μJ, and a scan speed of 40 mm·s–1 were selected. After the micromachining 

process, loosely attached debris was removed by ultrasonic cleaning in distilled water for 10 min. The dimensions of the fs-

laser milled microfeatures and the average roughness, Ra, of the milled surface were measured by an optical microscope 

(Eclipse ME600; Nikon, Japan) and an optical ContourGT InMotion (Bruker, USA) profilometer, respectively. 

The inlet and outlet were designed using Rhinoceros 5 CAD software, and CAD-computer-aided manufacturing (CAM) 

software was used to transfer the CAD information in machine code file for the micromilling control. The inlet and outlet 

were aligned with the serpentine channel using the on-board camera of the micromilling machine (Mini-Mill/GX; Minitech 

Machinery, USA). A 400 μm tool was used to mill the PMMA layer at 20 000 revolutions per minute (RPM) with air cooling. 

To bond the PMMA layers, hot, pure isopropyl alcohol (70 °C) was deposited in a protected environment using a spin 

coater set at 2000 RPM for 10 s on the flat bottom substrate; the excess was eliminated with blotting paper. The two PMMA 

slices were then assembled. The position was held with binder clips and the device was then immediately transferred to an 

oven at 60 °C, where it remained for 20 min without additional pressure. 

The assembled device was connected to perfectly fitting capillary tubes with micromilled shaped inlets and outlets, and 

connected to the microfluidic setup. The Elveflow micropumping system (Elvesys, France) that was used is equipped with an 

OB1 base module, two MkIII+ channels for the pressure controller, and two microfluidic flow sensors. A sequence of 

solutions was injected into the serpentine channels, starting with APTES (5%) in ethanol. This step resulted in the 

incorporation of amine functionality and the hydrophilization of the PMMA surface. The PMMA was grafted by means of a 

condensation reaction of the surface with the silanol group of the APTES, which created amine-functionalized PMMA 

(PMMA–NH2). This made the PMMA channels hydrophilic, which allowed easier flowing of the subsequent water-based 

solutions. After washing the channels with water, glutaraldehyde (0.05%) was injected, which interacted with the amine-

activated group to produce PMMA–glutaraldehyde. In the subsequent phase, the latter underwent an imine coupling reaction 

with the amine group of the antibody, thus achieving immobilization of the anti-EpCAM antibody [38,39]. A passivation step 

with a blocking buffer (BSA–Tween®20 in PBS) was performed to prevent unspecific cell adsorption. For real-time 

acquisition during the capture test, an Olympus IX81 inverted microscope (Japan) was used. This setup includes an Okolab 

system equipped with a temperature-controlled box and a camera. Cell cultures were grown in an incubator at 37 °C with 5% 

CO2 and were cultured in suspension (Jurkat cells) in RPMI 1640 complete growth medium (Sigma-Aldrich, USA); or in 

adhesion (OECM-1 cells) in complete Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, USA); the medium 

was renewed every two days. A few minutes before the capture experiments, the cancer cells were suspended and harvested 

using 0.05% trypsin. After detachment, the cells were washed and resuspended in DMEM medium at the right dilution. The 

Jurkat cells were collected from the flask, centrifuged, counted, and resuspended at the right dilution. The solutions were then 

loaded into capillary tubes using the microfluidic setup set at a flow velocity value of 7 μL·min–1. 
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3. Results 

3.1. Fabrication of the LoC device 

The first step in the realization of the device was the CAD of its elements, which was then transferred in machine code to 

the fabrication instruments used. Figs. 1(a) and (b) schematically illustrates the proposed geometry. Various different 

architectures of the device were designed and tested in order to optimize the parameters of fabrication, bonding, and final 

application. Here, we discuss the final layout of the device, which is based on a serpentine microchannel with a square cross-

section of 100 μm per side and a total length of 180 mm to increase the active path and therefore increase the probability of 

capturing cells. Two PMMA substrates were used in order to minimize the dimensions of the assembled device and obtain 

transparency. The upper substrate (Fig. 1(a)) was machined separately on the two faces. On the lower face, the serpentine-

shaped channel was fabricated by fs-laser ablation, which gently removed the material layer by layer with micrometric 

precision until the designed depth was reached. On the upper face, the inlet and outlet drilled holes were made using the 

micromilling machine. The bottom layer was a flat and smooth PMMA substrate that was just used to seal the channel (Fig. 

1(a)). 

 

 
Fig. 1. (a) The modules of the PMMA device: The upper layer has been milled on both sides to obtain an fs-laser-shaped serpentine channel on 

the bottom and micromilling machine inlet and outlet holes on the top. A flat slice of PMMA seals the serpentine channel. (b) The architecture of 

the assembled device. 

 

The inlet and outlet were made using a mechanical micromilling machine mounting a 400 μm tool, after careful alignment 

with the serpentine ends on the opposite face. The air-cooled milling was accomplished at a feed rate of 100 mm·min–1 and a 

spindle speed of 20 000 RPM according to Reichenbach et al. [40]. The inlet and outlet were concentric cylinder holes that 

fit perfectly with the external and internal dimensions of the capillary. From the center of these cylinders, channels with a 

diameter of 600 μm and a length of 5 mm were realized, which allowed the fluids injected from the opposite face to reach the 

serpentine channel. 

Fig. 2(a) shows a stereoscopic image of the micromachined serpentine channel. In Fig. 2(b), a particular portion of the 

device is highlighted. The edge of the channel showed no cracks, burrs, or recast layers that could hinder the sealing procedure. 

The bottom part of the channel had a roughness, Ra, of about 2 μm. This value was negligible compared with the channel 

height; therefore, it did not affect the fluidic transport of the cells. The substrates were treated with an ultraviolet (UV) plasma 

process in order to remove the milling process residuals and create hydrophilicity. 

 

 
Fig. 2. (a) Stereoscopic image of the laser micromachined sample; (b) microscopic 3D detail of the serpentine channel (magnification 10×). 

 

3.2. Bonding and functionalization of the device 

A thermal- and solvent-assisted bonding method was developed to assemble the microfluidic device. Hot isopropyl alcohol 

was deposited in a protected environment on the flat substrate. The two PMMA slices were then placed together; their position 

was held with clamps, and the device was then immediately transferred to the oven. Once the device was assembled, it was 

connected to the micropumping system by capillary tubes; as can be seen from Fig.3(a), no additional glue, luer fittings, or 

gaskets were necessary for a watertight seal. In this way, a “plug-and-play” operating system was realized, that avoided the 

typical sealing problems of microfluidic devices.  The in-flow functionalization was performed through the serpentine 

channel, followed by optical microscope monitoring (see the sequence in Fig. 3(b)). The complete transparency of the device 

permitted reproducibility of the assay and online monitoring of the flow injection. A specific protocol for PMMA channel 
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functionalization was optimized, including filling with a solution of APTES (5%) in ethanol, followed by the injection of 

glutaraldehyde (0.05%) in water, and then the injection of a solution of anti-EpCAM antibody in PBS. The serpentine shape 

of the channel, combined with the slow flow rate of the solutions (7 μL·min–1) and the real-time monitoring of the filling, 

allowed us to obtain a tool able to exploit a very high surface/volume ratio in terms of active binding sites for antibodies and, 

consequently, with excellent cell capturing abilities. 

 

 
Fig. 3. (a) An image of the final device with a microfluidic connection to the micropump and flow sensors. (b) Monitoring the flow into the 

microchannels under an optical microscope. The sequence of bubbles generated during injection (indicated by the red arrows) made it possible to 

follow the serpentine channel functionalization.  

 

3.3. CTC capture experiments 

The ability of the microfluidic device to distinguish cancer cells from normal cells was tested. For this reason, in the last 

step, we immobilized the anti-EpCAM antibody, which is able to recognize human EpCAM, a membrane biomarker that is 

typically present on the surface of epithelial-type cancer cells [41,42]. A final passivation step to avoid unspecific cell 

absorption was then performed, which involved rinsing with a PBS buffer containing BSA (1%) and Tween®20 (0.05%), 

followed by PBS rinsing. In order to demonstrate the effectiveness of our device and propose an application proof for the 

assembled device, we spiked culture medium samples with two different populations of cells (blood and tumor cells) in order 

to simulate the content of a complex real sample. In particular, we used Jurkat cells (blood-derived cells) and the OECM-1 

human oral squamous carcinoma cell line (epithelial-like cells from human oral cancer). We separately prepared 5 mL 

suspensions of cells containing 1 × 106 cells·mL–1 from the Jurkat line and 1 × 104 cells·mL–1 from the OECM-1 line. The 

cell suspensions were allowed to slowly flow through the serpentine microchannel with a flow rate of 7 μL·min–1. The low 

velocity of the fluid, the size of the channel, and its serpentine shape were optimized to maximize cell interactions with the 

internal walls, where antibodies fixed on the surface could recognize cells expressing the membrane epithelial antigen. 

In the case of the Jurkat cells, very few or no cells were identified in the channels after washing with PBS solution (Fig. 4). 

Indeed, the Jurkat cells do not express EpCAM antigen on the surface of the cell membrane; thus, they could not be recognized 

and fixed by the antibodies immobilized on the channel walls. In order to demonstrate the presence of Jurkat cells in the 

serpentine channel, we opened an additional micromilled hole in the middle of the serpentine channel, where the Jurkat cells 

quickly accumulated, dragged by fluidic forces (Fig. 5). 

 

 
Fig. 4. PMMA microchannels after the flowing of Jurkat cells and subsequent washing in PBS. Few or no cells are visible along the pathway of 

the microchannel: (a,c) serpentine loop at different magnifications; (b,d) straight portions of the channel at different magnification. 
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Fig. 5. This image shows the Jurkat cells that accumulated in a hole in the middle of the serpentine channel that was made intentionally in order 

to verify that this kind of cell does not adhere to the biofunctionalized channel’s surface, but rather is dragged by microfluidic forces toward the 

additional outlet.  

 
In contrast, in the case of the OECM-1 suspension of cells, a large number of cells were captured on the inner walls; they 

were also found to adhere to the surface after washing with PBS. As shown in Fig. 6, the cells were clearly visible through 

the transparent PMMA device, confirming the possibility of using such a tool as a diagnostic instrument to immobilize and 

discriminate cancer cells from normal blood cells in a label-free manner, with no need for a fluorescence detector or complex 

instruments. 

 

 
Fig. 6. Microscopic images of the PMMA microchannel with blocked OECM-1 cells after washing with PBS. A large number of cells are captured 

on the inner surface of the channel, as marked by red arrows in (a) and (b) along the straight portions of the channel. In (c), a higher magnification 

of (b) is reported. (d) Cells in the serpentine loop; (e) zoomed-in regions of (b); (f) zoomed-in regions of (e). 

 

As shown in the high-magnification images, some wrinkles are evident outside of the channel. This is a typical issue that 

occurs with the solvent-assisted bonding of thermoplastic materials; the wrinkles are probably due to the stress induced by 

the combination of solvent and temperature treatments, as reported in the Ref. [32]. In many reported cases, the presence of 

cracks is so pronounced that the structure of the channels is affected, which limits the applicability of the device. In our case, 

however, the wrinkles were present only on the surface of the device, outside of the serpentine microchannel, due to the fact 

that we only spin-coated the flat PMMA substrate with isopropanol and did not spin-coat the upper layer (Fig. 1(a)). As a 

result, the isopropanol did not fill in the channels during bonding but only acted on the unmodified portions of the milled 

plate, which were those that supported adhesion. 

4. Discussion 

In this work, we realized a microfluidic PMMA device and tested its functionality in capturing tumor cells directly in flow. 

The device takes advantage of a smart and flexible procedure based on three steps: ① fabrication of the microfluidic network 

using a hybrid micro-manufacturing platform that combines fs-laser and mechanical micromilling technologies; ② assembly 

and sealing of the device using a facile and low-cost thermal and solvent-assisted bonding method; and ③ in-flow and on-

chip functionalization of the obtained microchannels. The adoption of this procedure makes it possible to easily prototype 

devices for many different applications. The device presented in this work can be used in a plethora of interesting contexts, 

as it is a valuable tool not only for the simple study of cells, but also for onsite diagnostics, if embedded in a more complex 

setup. Indeed, the entire platform has potential to be transferred in the near future into portable systems, through appropriate 

integration with an optical system to provide high pixel density, faster focusing, and image stabilization [43]. 
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This hybrid micro-fabrication platform benefits from the combination of two advanced manufacturing technologies—

ultrafast lasers and mechanical micromilling—that are both extremely flexible and particularly suitable for the rapid 

prototyping of customizable LoCs. As it is a non-contact technology, fs-laser ablation allows the fabrication of complex 

geometrical features with negligible collateral damage to the surrounding material; in addition, it provides micrometric 

precision thanks to the possibility of focusing the laser radiation in a diffraction-limited spot. Furthermore, the use of 

mechanical micromilling makes it possible to significantly reduce processing times, especially when manufacturing large 

and/or simple features (e.g., holes) that do not require high levels of precision. One of the principal drawbacks of inlet and 

outlet in microfluidic chips is that it can often be challenging to perfectly seal tubes without relying on the addition of Luer 

fittings, glues, or other strategies for avoiding leaky connections, which may affect microscope observation. In our case, we 

obtained the perfect sealing of tubes by customizing the micromilled hole with the presence of an inner pierce, so that a 

cylindrical hole drives the capillary tube connection without the need for any additional sealing. 

The combination of these two techniques makes it possible to overcome the limitations of other technologies more 

commonly used for the rapid prototyping of LoCs. In fact, unlike soft lithography, the proposed method is suitable for any 

kind of material and does not require a mold; thus, it offers greater flexibility in the prototyping phase. In addition, it is 

possible to obtain much more precise structures with this method than with 3D printing, while maintaining a short fabrication 

time. 

We also described an easy and noteworthy low-cost bonding method that does not require glues or additional gaskets, and 

that is not a disruptive process with aggressive solvents or temperatures. The choice of PMMA as the material to build the 

entire device is of strong interest due to its low cost, which makes it particularly suitable for industrial exploitation. In 

comparison with other polymers that have been used for the manufacture of microfluidic devices (e.g., PDMS), PMMA is 

stiffer, which ensures better mechanical stability, reproducibility, and durability of the microfluidic network. A non-negligible 

aspect is the biocompatibility of PMMA, which permits the realization of tools for biological applications ranging from LoCs 

[44] to prosthesis fabrication [45]. 

Moreover, the complete transparency of this device has been preserved throughout the fabrication, allowing perfect 

alignment during multistep procedures and the real-time monitoring of experiments. This feature is of crucial importance for 

checking the correct filling of channels and following all the steps of an experiment under a microscope lens. 

As a proof of concept, we used the assembled device as a tool for CTC detection. The CTC number in blood is highly 

variable, depending on the stage and aggressivity of a tumor; nevertheless, their detection at an early stage is considered to 

be a key factor in clinicians’ decision-making. This kind of analysis falls within liquid biopsy, which aims to develop 

increasingly less invasive methods of analysis and to increase patients’ compliance. In order to create a tool for CTC detection, 

we realized a microfluidic channel through rapid prototyping methods and functionalized it with anti-EpCAM antibodies that 

can bind a membrane protein that is highly expressed on the surface of most epithelial malignant tissues [46]. The recognized 

EpCAM antigen has a regulatory function in cell–cell adhesion strength and tissue plasticity and plays an important role in 

epithelial cell proliferation and differentiation. It is considered to be a useful tool in the research of epithelial cells, cancer 

diagnostics, and the prediction of disease progression [42]. Being able to identify CTCs in a label-free way would be a great 

achievement in the field of liquid biopsy, as the isolation/counting of cells currently requires complex analysis deriving from 

cytometry, based on bulky and expensive instruments and on a variety of steps for sample enrichment and labeling [47]. In 

the present study, we use a microfluidic approach to both functionalize and capture human oral squamous carcinoma cells 

from a spiked suspension of OECM-1 cell culture medium and realize a positive selection approach thanks to the presence of 

the immobilized antibody. As expected, blood-derived Jurkat cells flowed through the serpentine channel without being 

recognized by the capture antibodies, which can only bind cancer cells. The starting volume of our samples was 5 mL, which 

demonstrated that our device, which holds a total volume of 2 μL, can be used for the enrichment and concentration of diluted 

solutions. This finding has a high impact in the field of liquid biopsy, in which CTC are expected to exist in a very low 

number, as being able to collect such cells within a small volume or space makes it possible to obtain consistent biological 

material for further analysis. Moreover, in principle, the architecture of the microfluidic device could be customized to allow, 

for example, differentiated functionalization for a greater number of channels in order to identify the expression of several 

membrane biomarkers; the results could then be organized in order to match the greater amount of information coming from 

the different channels. 

5. Conclusions 

The paper describes the rapid prototyping of a smart and customizable plastic LoC for capturing CTCs. The device 

innovatively combines high-precision fs-laser ablation, ease-of-use mechanical micromilling, and a cost-saving solvent-

assisted sealing method for PMMA substrates, thereby ensuring the reliability of microfluidic assays. Moreover, the tool 

facilitates an external microfluidic connection thanks to a specific design of the inlet and outlet holes that permits a capillary 

watertight connection in a user-friendly plug-and-play device. The optimized process resulted in a completely transparent tool 

suitable for direct optical investigation and for the dedicated biofunctionalization of the serpentine channel, with the aim of 

selectively capturing and enriching tumor cells from a biological sample in a completely label-free way. Mobile phones, 

tablets, or low-cost complementary metal-oxide-semiconductor (CMOS) devices can be further integrated for the easy 

detection of CTCs, leading to a step forward in the field of personalized medicine and on-field diagnostics. 
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