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Abstract 

In this work, inexpensive manufacturing of unibody transparent mesofluidic platforms for 

pressure-driven Lab-On-a-Valve (LOV) methodologies is accomplished via rapid one-step 3D 

prototyping from digital models by user-friendly freeware. Multichannel architecture 

having 800-1800 µm cross-section features with unconventional 3D conduit structures and 

integrating optical and electrochemical detection facilities is for the first time reported. 

User-defined flow-programming capitalizing upon software control for automatic liquid 

handling is synergistically combined with additive manufacturing harnessing 

stereolithographic 3D printing so as to launch the so-called 4th generation of micro-flow 

analysis (3D-µFIA). Using an affordable consumer-grade 3D printer dedicated LOV 

platforms are 3D printed at will and prints are characterized in terms of solvent 

compatibility, optical and mechanical properties, and sorption of inorganic and organic 

species to prospect potentialities for the unfettered choice of chemistries. The unique 

versatility of the 3D printed LOV device that is attached to a multiposition rotary valve as a 

central design unit is demonstrated by (i) on-line handling of biological materials followed 

by on-chip photometric detection, (ii) flow-through bioaccessibility tests in exposome 

studies of contaminated soils with miniaturized voltammetric detection, (iii) on-line 

phospholipid removal by TiO2-incorporated microextraction approaches using on-chip 

disposable sorbents and (iv) automatic dynamic permeation tests mimicking transdermal 

measurements in Franz-cell configurations. A multi-purpose LOV fluidic platform can be 

fabricated for less than 11 Euros. 
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Introduction 
The LOV concept, also termed the third generation of flow analysis1–3, can be categorized as 

an advanced (meso)fluidic approach for miniaturization and continuous monitoring of wet 

chemical analysis and enabling technology for on-line automatic sample treatment by 

resorting to sorptive entities and unit operations at will. In contrast to dedicated lab-on-a-

chip or micro-total analysis counterparts, LOV fosters unattended (bio)chemical analysis 

regardless of the sample, matrix, and chemistry involved on the basis of pressure-driven 

programmable flow as precisely controlled by user-friendly software.4,5 However, soon after 

its introduction back to 2000,6 researchers realized that the monolithic structure mounted 

on top a multi-position rotary valve might not possess, without design modifications, the 

necessary flexibility to incorporate sensitive optical detection on-chip, as is the case with 

molecular fluorescence spectrometry for bioassays,7 dielectric barrier detection of trace 

elements8 or chemiluminescence-based assays9,10 for which serpentine or spiral-shaped 

flow designs are usually called for. Advanced sample oxidation/processing protocols (e.g., 

ultrasonic-probe assisted reactions) for metabolomic workflows,11 or handling of large-

volume samples (e.g., urine) for trace analyte measurements following extraction 

protocols12 are not readily adaptable to the original multi-channel configuration. This led to 

the need of fabrication of tailor-made micromachined devices using conventional computer 

numerical controlled milling techniques.3,4 However, the reliability of home-made designs 

for miniaturized fluidic assays was distinctly inferior to that of commercial devices. In 

addition, a single polyethylenimine (PEI, Ultem®) LOV device might cost more than 4000 

USD, making it inaccessible to newcomers in the field. This might explain the fact that LOV 

has not yet received the attention and acceptance that might deserve in the academia and 

industrial settings. In fact, research in LOV is still not mature and may open up new avenues 

in contemporary (bio)analytical science. In a global perspective, there is just a handful of 

research groups and practitioners that actively worked with and published novel LOV 

procedures lately,8,13–23 which signals the quest of easy manufacturability of LOV platforms 

for triggering further development of this fluidic concept. 

With the advent of additive manufacturing technologies capitalizing upon stereolithography 

(SLA), digital light processing, fused deposition modeling, and photopolymer inkjet 

printing24–27 new horizons in the microfluidic field are opened up. The past three years have 

https://paperpile.com/c/uxW23s/MJHnF+mMKZr+kzRW0
https://paperpile.com/c/uxW23s/tdwSs+f2ZWy
https://paperpile.com/c/uxW23s/aSaUx
https://paperpile.com/c/uxW23s/1ckAi
https://paperpile.com/c/uxW23s/WHDnj
https://paperpile.com/c/uxW23s/JlDti+kamBz
https://paperpile.com/c/uxW23s/hpOXQ
https://paperpile.com/c/uxW23s/D59N9
https://paperpile.com/c/uxW23s/kzRW0+tdwSs
https://paperpile.com/c/uxW23s/WHDnj+K4Q2j+1Q5b3+aYLPe+Z6ZEs+0N3k9+VNQOI+mBqyT+AnZ6S+jMOI5+Po2W7+VtkuE
https://paperpile.com/c/uxW23s/n1RX+nCXo+2RMH+UJLP
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witnessed tremendous advances in employing 3D printing as springboard for rapid one-step 

prototyping of fluidic devices,28–31 with no need for clean-room facilities and without the 

object shape and design restrictions from laser cutting, drilling, milling, lathe or other CNC 

micromachining subtractive techniques, as demonstrated with diversified (bio)analytical 

applications including point-of-need analysis24,27,32 and separation and sorptive 

microextraction methods.33,34 The same holds true for flow-injection/mesofluidic 3D printed 

scaffolds that are amenable to boosting LOV applicability. Trends in this arena have been 

directed to the 3D fabrication of novel optical flow-cell designs,35–37 holders and housing of 

on-capillary/flow-through optoelectronic detectors,38 custom-built multi-port rotary 

valves39,40 or spare modular components of micro-flow injection manifolds for unitary 

operations, including nanoparticle incorporated sorptive platforms and baffled and knotted 

reactors35,41,42 that are infeasible with conventional CNC machining. Notwithstanding the 

reports by Kataoka et al.,43 Mattio et al.,44 and Su et al.45 using manually packed bead 

materials43,44 or the photopolymerized resin itself45 as a sorptive media, little effort has 

been directed to harnessing 3D printing toward automatic/on-line sample processing using 

custom-built flow platforms for handling complex sample matrices. A scrutiny of recent 

literature in the field has in fact revealed that novel miniaturized designs are focused on 

target analysis using e.g., manually movable 3D chips for a mere semi-quantitative 

detection,46 or chip-in-the-lab type fluidic structures coupled to bulk external detection 

systems,44 that feature limited analytical flexibility and lack of portability for in-situ/in-loco 

measurements. This demonstrates that despite the capabilities of micro/mesofluidic 

systems with the advent of 3D printing technology have made great strides over the past 

three years, there remain important features from the analytical chemistry viewpoint that 

are still lacking, such as (i) enabling diverse preliminary steps of the analytical process, and 

(multiplexed) optical/electrochemical detection, to be implemented on-chip, (ii)  handling of 

complex samples via integrated unit operations, (iii) developing truly unmanned/automatic 

3D printed fluidic systems and (iv) processing of large volumes of samples for 

microextraction and trace level analysis. 

This paper is aimed at harnessing the potential of 3D SLA printing for demonstrating a new 

concept of meso/millifluidic analysis, so-called the fourth generation of micro-flow injection 

analysis (3D-µFIA). This new generation of 3D-µFIA enables facile integration of intricate 

https://paperpile.com/c/uxW23s/eOR7+7arp+A3Pw+Hsb8
https://paperpile.com/c/uxW23s/UJLP+n1RX+yko4
https://paperpile.com/c/uxW23s/aRE1+20Cp
https://paperpile.com/c/uxW23s/GAS2L+ILJOn+tlS5A
https://paperpile.com/c/uxW23s/vksz9
https://paperpile.com/c/uxW23s/i96bE+Md6Pn
https://paperpile.com/c/uxW23s/GAS2L+rrFLV+gDDcX
https://paperpile.com/c/uxW23s/YNmvt
https://paperpile.com/c/uxW23s/fkHY
https://paperpile.com/c/uxW23s/q4cfD
https://paperpile.com/c/uxW23s/YNmvt+fkHY
https://paperpile.com/c/uxW23s/q4cfD
https://paperpile.com/c/uxW23s/WmVdu
https://paperpile.com/c/uxW23s/fkHY
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sample processing seemingly with analysis on-chip and offers wide opportunities for 

multiple application of an individual LOV platform for method automation based on flow 

programming-with rapid conduit re-configuration by CAD object design whenever required- 

as opposed to microfluidic counterparts. Illustrated with practical cases of notorious 

analytical complexity, the proof-of-concept applicability of 3D-LOV for high 

throughput/automatic analysis is demonstrated in this work by on-chip implementation of 

enzyme reactions, integration of sample preparation (on-line leaching of soil materials and 

membrane permeation mimicking Franz diffusion cell assays) seamlessly with on-chip 

electrochemical or optical detection, and clean-up of phospholipids by resorting to on-line 

disposable metallic sorptive entities on-chip. Optical, mechanical, thermal and chemical 

features of the 3D-SLA prints, including comprehensive studies of solvent compatibility and 

sorptive ability toward inorganic and organic compounds, are also described in details in the 

body of the text and SI (see Figures S1-S7).  

 

EXPERIMENTAL 

Design and Fabrication of the 3D printed LOV millifluidic platform 

Computer-aided design (CAD) of the custom-built LOV was performed using the freeware 

123D Design by Autodesk (San Rafael, CA).47 Basically LOV stands for a monolithic stator 

tightly pressed onto the rotor of a multi-position rotary valve that enables automatic flow-

through unitary operations or the miniaturization/simplification of (bio)chemical assays 

within the valve body.  

Compared to commercially-available CNC-milled LOV fabricated from thermoplastics our 

CAD design features: (i) ten peripheral channels rather than 6 or 8,(ii) two split ports (# 8, 

10) for sample recirculation in monitoring schemes, and on-valve mixing of (processed) 

samples with derivatization reagents just before the detection step (e.g., multiplexed 

photometric/fluorimetric or photometric/electrochemical analysis, (iii) a peripheral lateral 

channel connected with five output/input ports for in-valve detection (# 8), (iv) a peripheral 

port (# 3) ending with Luer connection in upright position to accommodate unit operations, 

e.g., extraction of packed (soil) column, sample filtration, solid-phase extraction or 

membrane permeation tests, (v) a short channel (# 9) open to the atmosphere, without a 

threaded connection, (vi) a tailorable (500-µL as shown in Fig. 1a) serpentine coil integrated 

https://paperpile.com/c/uxW23s/HE9Wy
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in the valve body, which is not feasible by micromachining without gluing separate modules 

in a post-fabrication step, (vii) 1.8 mm-wide millifluidic channels for the sake of in-valve 

manipulation of microbead carriers (Note the intricate design of conduits ,as shown in Fig 

1), which are spatially oriented at will, and the roughness of the interior channels (see Fig. 

S6), which in turn leads to drag forces that might be beneficial to offset liquid dispersion, 

e.g., eluate of in-valve SPE procedures, and circumvent surface biofouling when processing 

biological entities), (viii) two ports (# 1, 2) ending with ca. 2-mL 3D-printed cups operating as 

mixing chambers or batch-flow reactors, and (ix) a central port channel with splitting 

channel at the outer end (VP and CP in Fig. 1a). The vertical port (VP) might also serve, 

whenever closed to the atmosphere and filled with a large air bubble, as a pressure gauge 

by the naked eye. The size of the air plug in the channel is to be directly dependent upon 

the pressure the syringe pump exerts across the LOV system. It should be noted that 

commercially available LOV platforms are only amenable to VICI’s Cheminert low pressure 

stream selectors of either 6 ports or ≥ 8 ports because of the distinct disposition of the 

actuator screw holes. Our 3D printed LOV stator is designed to contain holes (reversed side 

in Fig. 1 A) for mounting it to either actuator. Users can further modify the number of ports 

of the 3D LOV print by CAD (the firmware from VICI can be configured to another port 

count without manufacturer’s assistance) or to adapt the LOV stator to any other 

manufacture’s valve as long as it has a flat rotor. 

The CAD model was exported as standard tessellation language (STL) files employing fine-

mesh settings. The CAD model (STL file) is available as SI. Rapid one-step stereolithographic 

(SLA) printing of LOV was effected by a desktop consumer-grade 3D printer (Form 2, 

Formlabs Inc., Somerville, MA) using FLGPCL2 clear resin as a photopolymerizable substrate. 

The STL files were imported into PreForm, the printer manufacturer’s software, and 

transferred to the printer through USB communication. The LOV device was fabricated at 

100 µm-resolution, without internal supports and horizontally orientated. This spatial 

disposition was proven crucial for reliable and reproducible printing of interior features 

while allowing the liquid resin to flow out of the LOV conduits in the course of the printing. 

A close-up along with a diagrammatic description of the multipurpose LOV prototype with 

potential multiplexed detection is shown in Fig 1. The optimized LOV platform is printed in 

345 min. Because three copies can be printed simultaneously the overall cost per LOV 

device is merely 10.6€ (8.9€ of liquid resin and 1.7€ of power consumption).  
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After removal of the LOV device from the printing platform, the 3D print was gently shaken 

in isopropyl alcohol for 10 min. To prevent occlusion of the intricate fluidic channel 

configuration, each conduit was flushed with ca. 5 mL of isopropanol using a 2-body 

polypropylene syringe that was furnished with a hypodermic needle so as to enter into the 

maximum depth across the channel. The syringe was fitted to the LOV structure via short 

pieces of Tygon tubing. Once the non-polymerized resin was removed, the 3D printed LOV 

was air dried in a fume hood for two hours, and post-cured for two more hours with a 150 

W high-pressure mercury-vapor UV-lamp (TQ150, UV Consulting Peschl, Castellon, Spain). 

Further experimental details of the optimization of the UV-curing process are available in SI 

and Fig. S7. Finally, the front (outer) and rear surfaces of the 3D printed LOV were sanded 

with 400, 1200 and 4000-grain sandpaper consecutively for enhancing object transparency 

and preventing leakage at the LOV-actuator junction, respectively. We also advocate 

spreading minute amounts of liquid resin over the LOV front surface with subsequent 

removal of any surplus for further enhancing its transparency. However, resin 

polymerization by UV light is in this case deemed necessary prior to attachment of the LOV 

to the valve actuator.  

We have proven that threaded connections could be printed directly by the Form2 SLA 

printer by importing the threads from Rhinoceros into the 123D software as external solids 

and subtracting them from the target solid. To account for the wall expansion in the course 

of the printing process, threads were 10% escalated in the x and y-axes with respect to 

nominal dimensions. 

In order to assess the feasibility of the printed LOV for on-line biochemical assays, a battery 

of physicochemical tests, including physical and chemical compatibility assays with reagents 

and solvents along with potential sorption of both metal and organic species, were 

addressed. Optical, thermal and mechanical stability of 3D prints were also assessed. 

Experimental data and comprehensive discussion of results are available in the SI and 

Figures S2 to S5. 

Flow set-up and detection systems 

The 3D printed LOV monolithic manifold was mounted onto a Sequential Injection (SI) 

setup, which comprised a multiposition selection valve (VICI AG International, Schenkon, 

Switzerland), and an XCalibur bi-directional syringe pump with the programmable flow 
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(Tecan group, Männedorf, Switzerland). The pump was equipped with a 500 μL gas-tight 

syringe (Hamilton, Bonaduz, Switzerland) and a 3-way stream selector mounted on top of 

the syringe. CocoSoft48 4.5 was employed as a free automation suite for unmanned control 

of valve and syringe pump modules. 

Regarding fluidic interfaces, the central port of the LOV (point CP in Fig. 1a) was coupled to 

the ‘out’ position (Fig. 1b) of the syringe pump. Doubly distilled water (or dilute acid) was 

aspirated as a carrier solution into the syringe pump when turning the syringe valve head to 

‘in’ position at preset time intervals. Liquid reservoirs or unitary operations were nested, 

whenever needed, to the peripheral LOV ports. All tubing was of 1/32’’ ID and 1/16’’ OD 

PTFE tubing. Readers are referred to Fig. 1 and the descriptions of the dedicated LOV 

manifolds throughout the distinct case studies reported herein (refer to Results and 

Discussion). 

A portable hand-held Ocean Optics USB4000+ (Dunedin, Florida, USA) served as an optical 

detector for on-line photometric measurements. Interfacing of the ISS-UV/VIS light source 

(Ocean Optics) with the detector was effected by the 3D LOV print operating as a tailorable 

flow-through cell. To this end, two 600 µm-core quartz optical fibers encased in 1.6 mm OD 

PEEK tubing were attached to the appropriate peripheral conduits of the LOV connected to 

port #8. Readouts were acquired with Spectrasuite software (Sun Microsystems, 2008, 

Santa Clara, CA). Further spectrometer settings were as follows: five spectrum average, the 

absence of boxcar smoothing and integration time of 40 ms with a readout rate of 5 Hz.  

In-valve voltammetric measurements were conducted by a miniaturized EmStat3+ 

potentiostat (Palmsens, Houten, Neederlands). It was computer powered and controlled by 

the manufacturer’s software (PSTrace 4.7). Using functions that proxy mouse clicks on 

specific screen pixels at predefined times the ‘slave’ potentiostat software was fully 

controlled by the ‘master’ CocoSoft throughout. The on-line voltammetric method was 

adapted from Palchetti et al.49, and the electrodes were in-house produced based on the 

procedure described by Lähdesmaki et al.50 Both procedures are comprehensively described 

in section SI 2.1.  

Mass spectrometric detection was selected for off-line evaluation of the sorptive uptake of 

phospholipids onto titanium oxide microbeads that are handled online within the LOV 

structure. Further details of the mass spectrometric analysis are available in SI. 

 

https://paperpile.com/c/uxW23s/mzXK0
https://paperpile.com/c/uxW23s/6f9ai
https://paperpile.com/c/uxW23s/iARD4
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RESULTS AND DISCUSSION 

Several scientific contributions have over the past few years demonstrated the potential of 

3D printing for rapid prototyping of fluidic components in analytical setups.24–34 The printed 

platforms are predominantly employed in a disposable format, and hence no systematic 

investigation of the potential interfering effects of the FDM filament or SLA 

photopolymerized resin itself on the analytical workflow has been reported as of yet. Thus, 

our efforts are in this work geared toward the comprehensive characterization of the 

optical, thermal and mechanical properties of the 3D printed SLA platforms along with 

compatibility with species of a broad polarity spectrum as summarized in SI. The focus is 

given in the main body text to prospect for solvent compatibility, and potential elemental 

and organic species sorption by the photoactive resin as this will determine the actual 

applicability of the SLA-printed LOV setup. The feasibility of automatic microscale LOV 

sample preparation involving (i) on-line disposable µSPE, (ii) on-valve membrane 

permeation, (iii) in-line leaching of solid substrates in bioaccessibility tests and (iv) on-chip 

monitoring of multi-step (bio)chemical reactions encompassing biomolecules is also 

discussed below. 

Solvent compatibility 

Literature sources provide data of solvent compatibility for FDM-based 3D prints,25,43,51 yet 

to the best of our knowledge, comprehensive chemical resistance tests of photoactive SLA 

resins has not been described so far. In addition, exposure times to solvents of printed test 

structures, in some instances, amounted to as much as to 168 h,25 whereby the actual 

material compatibility for the short contact times in millifluidic platforms is not directly 

inferable. To this end, we explored chemical compatibility and limits of exposure of a 

commercial SLA resin (here FLGPCL2 clear resin containing a mixture of acrylate oligomers, 

acrylate monomers, epoxy monomers, photoinitiator and additives) to several solvents 

often used in (bio)analytical assays (Table 1). In brief, 1-cm edge 3D printed cubes were 

exposed to several solvents up to 24 h or failure. The cubes were measured and weighed 

before and after exposure. Further experimental details are available in SI. 

Assayed solvents include alcohols and hydroalcoholic mixtures, non-water miscible solvents 

and other conventional lab reagents. Our experimental results revealed that (i) mineral 

acids (e.g., HCl, HNO3, H2SO4) and alkalis (NaOH) are amenable to printed fluidic platforms at 

https://paperpile.com/c/uxW23s/n1RX+nCXo+2RMH+UJLP+eOR7+7arp+A3Pw+Hsb8+yko4+aRE1+20Cp
https://paperpile.com/c/uxW23s/YNmvt+XTUJF+nCXo
https://paperpile.com/c/uxW23s/nCXo
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relatively high concentrations (ca. 10% (w/w)). If more concentrated, the photoactive resin 

merely endures solvents for periods of time ranging from 1 to 4 h; (ii) aliphatic organic 

solvents and hydrocarbon mixtures (e.g., kerosene, isooctane, hexane) are fully compatible; 

(iii) halogenated solvents can be tolerated for less than 1 h; (iv) light ketones or esters, such 

as propanone or ethyl acetate, lead to swelling phenomena, being thus merely compatible 

for short periods of time; (v) isopropanol and heavier alcohols (e.g., 1-butanol, 1-octanol) 

are fully compatible; and (vi) methanol and acetonitrile are fully compatible when diluted 

with water down to 75% (v/v).. When soaked in pure acetonitrile for 24 h, prints are 

deformed only if subjected to pressure as compared to commercially available LOV 

platforms made of Perspex, polyetherimide (Ultem) or hard PCV that exhibit limited 

tolerance to acetonitrile. On the other hand, 3D prints are cracked in < 24 h with 100% 

methanol and thus the use of acetonitrile as eluent in reversed-phase on-line SPE 

applications is recommended. Compared with PLA and ABS filaments in FDM printers, the 

photolithographic resin offers superior compatibility for acetonitrile (PLA and ABS dissolve 

in less than one hour) and for methanol against ABS, but inferior tolerance to methanol 

against PLA, which does not show any alteration after 24 h. In summary, 3D printed SLA-LOV 

fluidic manifolds do not enable unfettered choice of organic solvents, yet they feature 

expanded applicability as compared to CNC milled materials or FDM filaments.25 

 

Sorption of metal species 

A survey of the literature revealed that the SLA photoactive resin might behave like cation 

exchange sorbents.45 For this reason, leaching and sorption testing assays were adopted for 

feasibility studies of 3D printed LOV in applications involving trace metal analysis. Hereto, 

rectangular structures originally measuring 10 ×1 × 1 cm and having larger specific surface 

area compared with 3D prints for solvent compatibility were printed and soaked in 10 mL of 

2% (v:v) HNO3 for 24 h. A virtually identical procedure was followed for the sorption testing, 

but in this case, the rectangular objects were soaked in a solution containing 100 µg L-1 of 

Cd, Co, Cr, Cu, Mn, Mn, Ni, and Pb ions (prepared from a multielement standard solution for 

ICP and AA calibration (Fluka, 54704-100ML)), in 0.01 mol L-1 CaCl2, in the mimicry of soil 

pore water used for prospection of metal bioaccessibility in soil profiles52 (re. below). The 

idea behind is to assess potential applicability of 3D printed structures for containing metal 

https://paperpile.com/c/uxW23s/q4cfD
https://paperpile.com/c/uxW23s/VWpyh
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laden-soil materials in leaching tests. After the preset time, the objects were taken out from 

the solution, and the leachates/metal-containing standards were analyzed by inductively 

coupled plasma-optical emission spectrometer (ICP-OES). The ICP-OES plasma operating 

conditions, the analytical wavelengths and detection limits (LOD) of tested elements, 

calculated as 3·sy/x,53
 are given as Table S1.  

As to the 2% (v:v) HNO3 leaching test, metal concentrations were, in all instances, after 1 

day extraction below the LODs (Table S1).  

As to the sorption test, no statistically significant differences were found at the 0.05 

significance level between the concentration of metal in the original solution, that is 100 µg 

L-1, and that after the assay for the suite of tested species (texp(Cd)= 0.012; texp(Co)= 0.020; 

texp(Cr)= 0.59; texp(Cu)= 0.035; texp(Mn)= 0.013; texp(Ni)= 0.018; and texp(Pb)= 0.33; against 

tcrit(0.05,2,2)= 4.30). We can, therefore, conclude that the 3D printed LOV millifluidic device 

made of FLGPCL2 clear resin should be appropriate for analytical workflows aimed at the 

automatic determination of metal species at trace level concentrations (refer to case study 

#2).  

Sorption of organic compounds 

As in the case with trace elements, we have herein evaluated the possible interfering effects 

of the photopolymerized resin across analytical assays involving lipophilic compounds 

because of potential reverse phase adsorption. To this end, a 1-cm long hollow cylinder, 

with 5 mm OD and 2 mm ID (total area = 2.53 cm2) was introduced in a glass vial along with 

500 µL of a 100 µg L-1 solution of the 16 EPA priority polycyclic aromatic hydrocarbons 

(PAHs) as lipophilic model analytes. First, the PAH solution was prepared in 25% acetonitrile 

according to the chemical compatibility results in Table 1. After 30 min, the solution was 

recovered and analyzed by HPLC (method can be found in SI); the vial and resin were back 

extracted with 100% acetonitrile, and this eluent was also analyzed. This experiment was 

repeated with a loading solution prepared in 50% acetonitrile. From now on, and for the 

sake of simplicity, only naphthalene, phenanthrene, pyrene, benzo[a]pyrene and 

indeno(1,2,3-cd)pyrene were used as PAH representatives of a different number of rings 

and, thus, different log Kow. In all cases, the mass balance ‘loaded = non-retained + retained-

and-recovered’ revealed a quantitative recovery of analytes (p>0.05, N=2). Figure S1 shows 

https://paperpile.com/c/uxW23s/ti4Md
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the normalized breakdown of the target analytes between distinct fractions (non-retained 

vs. retained and eluted). 

The retained-and-recovered fraction varied from 50% to 88% (for NAP and I1P, respectively) 

in the 25/75 (v/v) acetonitrile:water loading medium, and from 12% to 32% in the 50:50 

(v/v) acetonitrile:water solution. These observations agree well with the expected behavior 

and allow us to conclude that the photoactive resin bears reverse phase (RP) sorptive 

capabilities that can be adjusted by tuning the loading, and eluting milieu: (i) the resin itself 

can be used for RP adsorption, (ii) if this behavior is not desired, solutions with > 50% 

acetonitrile need to be used (iii) the cleaning with a strong eluotropic solvent permits the 

desorption/elution of analytes uptaken by RP mechanisms. 

 

Case study 1: Micro-scale LOV monitoring of multiple reaction kinetics for determination 

of glucose in serum 

The proof-of-concept applicability of SLA printed LOV for on-line handling of biomolecules, 

and automatic in-valve analysis of real samples was demonstrated by the determination of 

glucose as a model of biochemical target in human sera using the multiple-step hexokinase 

colorimetric assay. It consists of two enzymatic reactions serially coupled. The glucose is 

initially phosphorylated with ATP in a reaction catalyzed by hexokinase to yield glucose-6-

phosphate. This product is oxidized by NAD in a glucose-6-phosphate dehydrogenase 

mediated second reaction. The NADH evolved is monitored at 340 nm inasmuch as the 

absorbance readouts are directly proportional to the concentration of glucose. The 

hexokinase reagent was purchased from Sigma-Aldrich (G3293, St. Louis, MO, USA). After 

reconstitution with 20 mL of deionized water, the reagent contains 1.5 mmol L-1 NAD, 1.0 

mmol L-1 ATP, 1.0-unit hexokinase mL-1 and 1.0 unit of glucose-6-phosphate dehydrogenase 

mL-1. 

The automatic analytical procedure involves aspiration of 50 µL of serum along with 50 µL of 

the hexokinase reagent consecutively into the 3D printed serpentine holding coil (HC). By 

flow reversal, the stacked zones are delivered to one of the external LOV reaction chambers, 

followed by flushing with 200 µL of air for physical homogenization. All operations were 

performed at 10 μL s-1. The reactant zone was then drawn into the HC and directed to the 

on-valve flow-through cell for monitoring of the reaction kinetics. While the assay 
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specifications set a single (batch) analytical measurement at 15 min, the capabilities of the 

software-controlled system allow recording kinetic measurements under stopped-flow 

conditions unsupervised. Another salient feature of computer-controlled LOV system is the 

feasibility of in-situ calibration protocols with a single glucose stock solution (7.3 mg dL-1 

glucose). External mass calibration was carried out fully automatically by aspiration of 

metered volumes of stock solution and diluting agent (distilled water from the syringe 

pump) into one of the printed LOV reaction chambers. Also, miniaturized detection has 

been compounded with the 3D printed LOV in contrast to the previous 3D printed 

millifluidic counterparts coupled to bulk bench-top optical detection systems, which rather 

operate as chip-on-a-lab devices.44 

Analytical figures of merit are as follows: sensitivity=1.060 AU ng-1, R2=0.992, LOD(3σblank) 

=0.061 ng, LOQ=0.202 ng, and linearity covering all the studied concentration range (0 to 

350 mg dL-1). The method trueness was assessed by resorting to certified materials (Quimica 

Clinica Aplicada, Amposta, Spain) at two distinct glucose levels: (i) a physiological level 

serum (110±20 mg dL-1), and (ii) a pathological level serum (270 ± 30 mg dL-1). The 

experimental results, namely, 108.9±0.1 mg dL-1 (N=3, p=0.858) and 272±6 mg dL-1 (N=3, 

p=0.984), respectively, revealed the inexistence of significant differences against certified 

concentrations at the 0.05 confidence level. 

Because the flow system fosters on-line continuous monitoring of the reaction 

development, the feasibility of shortening the glucose assay down to a few minutes against 

the prescribed reaction time, that is, 15 min, was investigated. Using the absorbance value 

for a reaction time of 0.5 min, the automatic analyses of the physiological and pathological 

reference sera were found to contain 135.8±0.7 mg dL-1 (N=3, p=0.815) and 330±60 mg dL-1 

(N=3, p=0.142), respectively. The standard deviations of 30 s readouts were significantly 

superior (RSD < 20%) compared to steady-state value, yet p-values were in all instances 

>0.05, thus demonstrating the lack of bias. Most importantly, the sample throughput is 

hence ameliorated to 120 h-1. In both cases (measurements at 30 s or 15 min), the reagent 

and sample consumption were 200 times lower compared to the batchwise commercial 

assay54. 

 

https://paperpile.com/c/uxW23s/fkHY
https://paperpile.com/c/uxW23s/BJmX
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Case study 2: On-line LOV Anodic Stripping Voltammetric (ASV) determination of trace 

metal bioaccessibility in environmental soils 

Bioaccessibility (leaching) tests are facile assays conducted for risk assessment of potentially 

contaminated with trace elements environmental solids using chemical extractants in the 

mimicry of environmental changing scenarios that trigger metal mobility in solid 

substrates55. Based on the solvent compatibility results and element sorption tests for SLA 

3D prints described above, a single-extractant leaching test involving 0.43 mol L-1 AcOH as 

recommended by the European Standards Measurement and Testing Program (SM&T, 

former BCR56) were explored in a microscale LOV-based format. We herein propose a flow-

through dynamic extraction of the solid sample followed by real-time quantification of 

electroactive trace metals using in-valve ASV. To this end, a metered amount of 0.100 g of 

Cd incurred limestone scrapyard soil was used in every test. The soil sample was introduced 

in a commercial SPE cartridge, fenced by glass wool on the bottom and top. The extractant 

was pumped from the upper port of the syringe pump into the bottom of the soil 

minicolumn across a ¼-28 male to female luer adapter. The top of the soil cartridge was 

furnished with an SPE adapter equipped with a male luer to ¼-28 female that allowed the 

metal-laden extract to be collected via a flangeless nut and PTFE tubing into an open-to-

atmosphere LOV printed cavity for liberating the CO2 evolved during the leaching of the 

limestone soil. Information as to the soil characterization can be found in SI. 

The automatic flow-system was programmed to perfuse the packed soil twice with 500 µL of 

the acid extractant. Because dissolved organic matter can potentially complex trace 

elements and voltammetric detection is only amenable to free elements or labile metal 

complexes (aka electrolabile), we resorted to a fully automatic two-point standard addition 

method for the determination of total bioaccessible (leachable) concentrations. To this end, 

every 1-mL fraction was divided into two 350 µL-subfractions using the two printed mixing 

chambers on top of the LOV, and the rest was discarded. A volume of 50 µL of saturated 

with NaCl 0.43 mol L-1 AcOH was added to both sub-fractions in order to adjust the ionic 

strength. Next, a metered volume of 30 µL of 100 mg L-1 Cd in 0.43 mol L-1 AcOH was added 

to one sub-fraction, followed by the sequential analysis of both sub-fractions with ASV on a 

mercury film electrode integrated in the LOV (refer to SI for details of the electrode design 

and integration in LOV). The whole procedure was repeated 15 times. The voltammograms 

https://paperpile.com/c/uxW23s/THKpU
https://paperpile.com/c/uxW23s/ha1Vl


 

14 

 

permitted to follow the leaching kinetics of Cd from the scrapyard soil at the real time. In 

each sub-fraction (Signal1 = first raw sub-fraction, Signal2 = second spiked sub-fraction), the 

total amount of extracted (bioaccessible) Cd was calculated as: 

 
 
The magnitude of bioaccessible (leachable) Cd in every fraction is visualized in the 

extractogram of Fig. 2. Experimental results were fitted to a decreasing exponential 

equation (R2=0.931): 

 
 

that predicted a minimum number of 13.5 fractions for extracting up to 90% of 

bioaccessible Cd pools. The cumulated extracted Cd in 15 fractions afforded a bioaccessible 

Cd concentration in soil of 39 ± 7 mg Cd kg-1. In order to validate the on-LOV ASV detection 

and data processing, the overall extracts (15 fractions) analyzed by ASV (raw plus spiked) 

were collected and analyzed by ICP OES. The overall mass of Cd leached and determined 

with ASV by standard addition was not significantly different from the ICP OES results at a 

confidence level of 0.05 using a t-test of comparison of means (p=0.905). 

 

Case study 3: On-line disposable titanium dioxide microbeads for µSPE-LOV sequestration 

of phospholipids. 

The bead injection (BI)3,57 approach, also termed on-line renewable/disposable µSPE, 

capitalizes upon the automatic handling of bead suspensions, predominantly polymeric 

carriers, in flow systems, alike solutions. BI in LOV format enables on-chip µSPE for removal 

of interfering species and/or analyte enrichment while alleviating (i) the progressively 

tighter packing of the SPE sorbent, (ii) irreversible retention of interfering species, and (iii) 

potential leakage of functional moieties when performed on-line with permanent/reusable 

SPE columns. To the best of our knowledge, BI protocols involving metal oxide carriers for 

sample clean-up have not been reported as of yet. Therefore, we herein aimed at exploiting 

the feasibility of 3D-printed LOV for automatic manipulation of TiO2 particles as a proof of 

concept applicability for clean-up of troublesome phospholipid-laden samples, which, in 

turn, could detrimentally affect mass spectrometric assays because of ion-suppression. 

Titanium dioxide is an advanced sorptive material for the uptake of phosphoryl compounds 

https://paperpile.com/c/uxW23s/kzRW0
https://paperpile.com/c/uxW23s/rBbj4
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as described in the literature58. Previous studies reported that the underlying mechanism 

for efficient uptake is the electrostatic interaction between phosphoryl moieties and the 

positively charged TiO2 surface at appropriate pH.59 In our setup, we have resorted to 

AEROPERL® P25/20 (Evonik Industries AG, Hanau, Germany) as LOV-renewable titanium(IV) 

oxide microbeads with an average particle size of 20 µm, notwithstanding the broad particle 

size distribution range of the commercial material (Fig. S8).   

In the mimicry of the large amounts of phospholipids that might be encountered in food 

analysis (e.g., whole milk and meat) and biological samples (e.g., plasma), we have prepared 

a relatively concentrated standard solution, viz., 257 mg L-1 of 1,2-dimyristoyl-sn-glycero-3-

phospho-rac-1-glycerol (DMPG) for appraisal of the automatic LOV-based clean-up 

procedure. For this purpose, 64 mg of 1,2-dimyristoyl-sn-glycero-3-phospho-rac-1-glycerol 

sodium salt (99%, Sigma Aldrich) were dissolved in 25 mL of 1:1 (v:v) ethanol:acetonitrile 

followed by pH adjustment to 4.5 with formic acid. The 3D printed flow system manifold 

and instrumental control have been described previously (Fig. 1a and 1b). The microchannel 

# 7 (Fig. 1a) of the 3D printed LOV, which was selected to foster packing of beads by gravity, 

serves as a conduit for on-chip sorptive microcolumn extraction. This channel was furnished 

with 1 mm-thick polypropylene frit of 20 μm-pore size to trap the TiO2 microbeads while 

allowing the solution to flow freely. Bead suspensions were prepared by suspending ca. 300 

mg of sorbent material in 1 mL of acetonitrile as contained in a 1 mL polypropylene 

cartridge, mounted onto port #3 in the LOV using the luer lock connector of the 3D printed 

LOV with no need of nuts and ferrules. The feasibility of micro-scale TiO2 columns in the LOV 

configuration for uptake of DMPG was evaluated from the removal efficiency of 

phospholipid as determined by electrospray ionization-mass spectrometric (ESI-MS) 

detection. Operating conditions for MS determination of DMPG are described in SI. 

As to the analytical procedure, the automatic LOV-BI method starts by drawing a well-

defined air plug (50 μL) into the holding coil to separate the beads from the carrier (distilled 

water) followed by aspirating 50 μL of TiO2 microbeads in acetonitrile at 0.5 mL min-1. The 

LOV integrated sorptive microcolumn was generated in-situ at the same flow rate by 

bringing the bead dispersion into the LOV conduit #7 equipped with the polymeric frit. 

Under the above experimental conditions, the micro-scale LOV column contained 16±2 mg 

TiO2 (n = 7) with reproducibility of 10.3%. The newly designed LOV enables repeatable on-

line handling of metal oxide suspensions along with the efficient removal of the packed 

https://paperpile.com/c/uxW23s/OsWIi
https://paperpile.com/c/uxW23s/WtHKE
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beads after each analysis cycle notwithstanding the wide range of sizes of the commercial 

TiO2 microbeads. This is most likely a consequence of improved flow hydrodynamics of 3D 

printed fluidic platforms related to surface roughness that prevents the build-up of bead 

across the channels (Fig. S6). Prior to sample loading, the mini-column was conditioned 

twice with 500 μL of 1:1 (v:v) ethanol: acetonitrile (pH 4.5) at 2 mL min-1. The syringe pump 

of the LOV setup was then programmed to aspirate air (200 µL) for column drying. The 

sorptive step involves pumping 500 µL of DMPG (257 mg L-1) twice, that is, 514 µg DMPG, 

across the LOV TiO2 mini-column at 1 mL min-1 in air-segmentation mode. The standard 

volume passed through the column was collected in a pre-weighed vial and subsequently, 

after measuring the weight, analyzed by mass spectrometry. To finalize the BI protocol, the 

entire volume of LOV packed beads was aspirated back to the holding coil at 5 ml min-1 and 

discarded to waste. The sorptive efficiency of the LOV integrated TiO2 column, calculated on 

the basis of the non-retained amount of DMPG from the sample effluent, was 99.98 ± 0.01 

% (n=7). This result demonstrates the ability of the 4th generation of FI for exhaustive 

removal of phospholipids in a miniaturized format as compared with traditional SPE 

protocols that rely heavily on commercial disposable cartridges containing sorbent amounts 

≥ 30 mg. 

 

Case study 4: Integrated LOV membrane permeation as a proof of concept for automatic 

pharmaceutical and biomedical assays. 

Over the years in-vitro diffusion experiments have evolved into one of the cornerstones for 

research of drug or xenobiotic (e.g., contaminants) transdermal bioavailability, and 

permeation across intestinal epithelial because correlate well with in-vivo studies without 

the need of animal models.60 In those experiments, absorption characteristics of exogenic 

compounds or their interaction with transport proteins are predominantly investigated. 

Caco-2 cell monolayers seeded on plastic inserts, so-called Transwell® wells, constitute a 

well-established model of the intestinal barrier.61,62  

In the present study, the kinetics of permeation of a dye model using an artificial membrane 

was explored in a fully automatic LOV mode as a proof of concept of dermal fibroblast or 

intestinal epithelial cell permeation-based in-vitro bioavailability testing.63–65 Transwell® 

inserts with translucent polycarbonate membranes (diameter: 12 mm, pore size: 3.0 μm, 

https://paperpile.com/c/uxW23s/GwIG4+qNdGJ
https://paperpile.com/c/uxW23s/eYh5j+dpEbr
https://paperpile.com/c/uxW23s/zbMFs+sXjA3+uE3mi
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growth surface area: 1.12 cm2) from Corning (Baria s.r.o., Czech Republic) allowed for online 

passive diffusion monitoring. To the best of our knowledge, Transwell® units are for the first 

time in this work allied to LOV approaches without the need of liberation units, the so-called 

Franz diffusion cell, because the luer lock port of the LOV print allowed to accommodate a 5 

mL syringe body with appropriate dimensions for accommodation of the insert and with 

sufficient recipient volume for monitoring purposes. This again demonstrates the flexibility 

in the design of the 4th generation of FI by tailoring the flow configuration to the assay 

demands. Previously described flow manifold with integrated on-LOV UV-Vis 

spectrophotometry detection (re. glucose assay) serves equally for this case study. 

Prior to initiate the miniaturized permeation test, 1 mL of 1.7·10-4 mol L-1 bromothymol blue 

in 0.2 mol L-1 NaOH (compatible with the LOV print, Table 1) was added to the donor 

compartment of the Transwell® insert, which in turn was loosely fit on top of the 5 mL 

syringe body (reaction/mixing) chamber. This was followed by filling the chamber with 4.7 

mL of 0.2 mol L-1 NaOH at 6 mL min-1. Since the acceptor phase needs to be homogenized 

for reliable temporal profiling of the passive diffusion process, a vibrator from a cell phone 

was attached to the external walls of the syringe body. The vibrator was switched on by the 

5 V digital output of the XCalibur syringe pump. Further dye homogenization throughout the 

acceptor compartment was accomplished by displacing 180 µL acceptor from the chamber 

in a programmable backward-forward flow mode. This mixing step was repeated twice. The 

same volume of homogenized acceptor was then drawn from the chamber and delivered to 

the LOV-integrated flow-through spectrophotometric cell for measurement of the 

permeation efficiency. After detection, the acceptor volume was returned to the chamber in 

order to maintain the total volume unaltered and avoid changes in permeation equilibria. 

This is a crucial difference against previous on-line Franz-cell permeation tests63–65 for which 

recalculation of the concentration of target analyte in the acceptor phase throughout time 

was called for. The above analytical protocol was repeated until no significant differences 

were encountered for the absorbance readouts of five consecutive readings.  

The temporal permeation profiles mimicking in-vitro bioavailability were monitored at 602 

nm for 33 min with a sampling frequency of 40 s (Fig. S9). Shielding of the 3D printed LOV 

body with dark fabrics was deemed unnecessary because of dark current recording. 

Experimental results were fitted to a first-order exponential model equation66 (R= 0.984) as 

follows: 

https://paperpile.com/c/uxW23s/zbMFs+sXjA3+uE3mi
https://paperpile.com/c/uxW23s/cByzV+TMvij
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Where C(t) (in mol L-1) stands for the concentration of analyte at time t, Q = 3.02×10-5 ± 

3×10-7 is the theoretical maximum concentration of analyte in the acceptor phase (mol L-1), 

indicating quantitative permeation of the target analyte, λ=0.12 ± 0.03 is the associated rate 

constant (min-1). Steady-state conditions were reached in a mere 30 min. A p-value > 0.99 

was obtained by means of a lack of fit test which suggested that the mathematical model is 

appropriate for describing the 3D printed-LOV based permeation analytical system at the 

0.05 significance level.  

 

Conclusions 

This paper demonstrates the role of 3D printing as enabling cutting-edge technology for 

conceiving the 4th generation of flow analysis, so-called 3D-µFIA, that capitalizes upon fast 

and inexpensive prototyping of bespoke multipurpose fluidic devices surpassing the rigid 

architecture of classical FI, SI, and previous LOV manifolds. A plethora of intriguing sample 

handling approaches embracing (i) on-line mixing with liquid enzymes, (ii) flow-through soil 

leaching for dynamic bioaccessibility testing, (iii) on-line disposable micro-solid phase clean-

up of phospholipids and (iv) automatic membrane permeation have been integrated 

seamlessly with potential multiplexed detection in a single platform that endowed the 3D 

printed LOV device with unique versatility. All analytical workflows are performed 

unsupervised including in-valve electrochemical and photometric detection by user-friendly 

computer programmable flow.  

While previous contributions in the field of 3D-printed microfluidics focused on improving 

printer’s resolution and optics, and custom formulate resins for SLA,29 current features of 

low-cost consumer-grade SLA printer using commercial resins for making cross-sectional 

sub-millifluidic/millifluidic features, to which the LOV methodology belongs, could be fully 

leveraged as exemplified throughout this work.  

This study is thus an essential step towards expanding the applicability scope of the LOV 

concept to bring the success that it deserves. 3D-printed LOV platforms feature attractive 

fabrication costs of less than 11€ per device, do not require specialized skills and resources, 

and enable simple conduit re-configuration by CAD object design, which in turn, prompt 

access for new users. 

https://paperpile.com/c/uxW23s/7arp
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Table 1. A comprehensive investigation of solvent compatibility with SLA photoactive resin 
(FLGPCL2 Clear) 
 

Solvent Concentration Observation Compatible 

H2O 100% No change Yes 

MeOH 25% (in water) No change Yes 

MeOH 50% (in water) No change Yes 

MeOH 75% (in water) Cloudy after 24 h, printout intact Yes 

MeOH 100% 
Prints become cracked if they are too 
thin. A 2 mm-sheet endures more than 
24 h. 

Depends 
on 
dimensions 

EtOH 100% 
Mass increased by 5.7 %. Cube edge 
swelled by 0.25 mm 

Partially 

iPrOH 100% No change Yes 

1-butanol 100% No change Yes 

1-octanol 100% No change Yes 

ACN 25% (in water) No change Yes 

ACN 50% (in water) Cloudy, printout intact Yes 

ACN 75% (in water) Cloudy, printout intact Yes 

ACN 100% 

Print may become deformed if kept 
under pressure while soaking. Mass 
increased by 7.3 %. Cube edge swelled 
by 0.4 mm 

Partially 

HNO3 16 mol L-1 
Intact after 1 min, yellowish < 5 min, 
softened < 1h, completely dissolved < 
24 h 

No 

HNO3 5 mol L-1 
Intact after 8 h, slightly brownish at 24 
h, mass increased by 2.4 %. Cube edge 
swelled by 0.2 mm 

Partially 

HCl 12 mol L-1  
Intact after 1 min, dark brown < 5 min, 
cracked before 1d 

No 

HCl 3 mol L-1  Intact after 8 h, slightly yellowish < 1d Yes 

HCl 1.2 mol L-1 No change Yes 

CH2Cl2 100% 
Intact after 5 min, softened < 1h, 
partially dissolved  < 1d 

No 
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CHCl3 100% 
Intact after 5 min, softened < 1h, 
partially dissolved  < 1d 

No 

Toluene 100% 
Surface appeared softened < 1h, 
printout intact 

Yes 

Hexane 100% Slightly brownish < 1h printout intact Yes 

Kerosene 100% No change Yes 

Isooctane 100% No change Yes 

Acetone 100% Intact after 8 h, cracked < 24h Partially 

MIBK 100% No change Yes 

Ethyl acetate 100% 
Mass increased by 4.6 %, Cube edge 
swollen by 0.15 mm 

Partially 

NaOH 12.5 mol L-1 No change Yes 

NaOH 2 mol L-1  No change Yes 

H2SO4 19 mol L-1  
Intact after 1 min, brownish < 5 min,  
dissolved < 1h 

No 

H2SO4 1.9 mol L-1 No change Yes 

H2O2 9.7 mol L-1  No change Yes 

HF 100% 
Intact after 5 min, brownish and 
softened < 1h 

No 

HCOOH 85% Intact after 5 min, cracked <1h No 

AcOH 100% Intact after 8 h, partially cracked < 24 h Partially 

NH3 30% Intact after 8 h, slightly yellowish < 24 h Yes 

Ascorbic acid 200 g L-1 No change Yes 

NaBO3·4H2O 250 g L-1  No change Yes 

Rhodamine B 0.1 g L-1  in H2O 
Adsorbed on the print but can be 
desorbed with EtOH, printout intact 

Yes 

Bromothymol 
Blue  

1 g L-1  in             
0.2 mol L-1  NaOH 

Adsorption negligible, printout intact Yes 

NaClO  37 g Cl2 L-1  No change Yes 
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Figure 1: a) Close-up of the 3D printed SLA- LOV manifold for diversified in-valve 
(bio)chemical assays and automatic sample handling approaches. b) Schematic of the varied 
hardware configurations of the 3D LOV platform including multiplexed detection 
possibilities.  
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Figure 2. On-line LOV-based temporal extraction profile for automatic evaluation of acid-
leachable Cd from a scrapyard soil. Error bars are given as standard deviation of 3 replicates. 
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