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Abstract 

A new design of 3D printed permeation module was developed to monitor the interaction of 

exogenic compounds with cell membrane transporters in real-time. The fluorescent marker 

Rhodamine 123 (Rho123) was applied as a substrate to study the activity of the P-glycoprotein 

membrane transporter using the MDCKII-MDR1 genetically modified cell line. In addition, the 

inhibitory effect of verapamil (Ver), a prototype P-glycoprotein inhibitor, was examined in the 

module, demonstrating an enhanced Rho123 accumulation into cells as well as the applicability 

of the module for P-glycoprotein inhibitors testing. Inhibition was demonstrated for different 

ratios of Rho123 and Ver, and their competition in terms of interaction with the P-glycoprotein 

transporter was monitored in real-time. Employing the 3D-printed module, permeation testing 

was shortened from 8 h in the conventional module to 2 h and evaluation based on kinetic 

profiles in every 10 min was possible in both donor and acceptor compartments. We also show 

that monitoring Rho123 levels in both compartments enables calculate the amount of Rho123 

accumulated inside cells without the need of cell lysis. 
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1. Introduction 

Permeation studies based on plastic semipermeable membrane supports are widely-used 

tools in biomedicine to gain a better understanding of the transport of xenobiotics and 

pharmaceuticals into cells or through different biological barriers such as intestine or skin [1]-

[2]. Semipermeable membrane supports or inserts (Fig. 1) made of polycarbonate, polyester, or 

collagen-coated polytetrafluoroethylene are used as scaffolds for cultivated intestinal epithelial 

cells as an intact monolayer (such as Caco-2, a cellular model of human intestinal absorption), 

for brain microvascular endothelial cells, for dermal keratinocyte cells (cellular skin permeation 

model) or for genetically modified epithelial cells expressing membrane transporters such as 

MDCKII of LLC-PK1 cells [3]-[5]. The latter application attracted enormous attention of 

scientists over the last 20 years, which is mainly connected with the expanding knowledge of 

transporters and their roles in drug absorption and pharmacokinetics or in drug toxicology 

[6][5]. The importance of such studies is reflected by drug regulatory authorities including the 

Food and Drug Administration (FDA) or the European Medicine Agency (EMA) that 

incorporated permeation studies in semipermeable membrane supports into their guidelines [7]-

[8]. 

In the above studies, the permeation of a specific substrate or “tracer” that is initially 

contained in the cultivation medium of the donor compartment is permeated. From here, it 

permeates through the cellular membrane into the cultivation medium of the acceptor 

compartment. A single measurement at the end of the experiment lasting typically 6-8 h or just 

a few measurements during the permeation process are usually applied in standard protocols of 

permeation assays with manual sampling of cultivation media from both acceptor and donor 

compartments. 

P-glycoprotein 1 (P-gly) is one of the most important membrane transporters [9], which 

pumps foreign substances out of cells. P-gly is extensively distributed in the intestinal 

epithelium where it pumps xenobiotics back into the intestinal lumen or in the blood-brain 

barrier where it protects the brain against toxic injury. Therefore, inhibitors of P-gly can 

substantially modify the absorption or distribution of co-administered drugs, which may result 

in serious toxicological or pharmacological consequences (drug-drug interactions) [10]. Very 

recently, the FDA focused on testing interactions with P-gly in detail in a draft guideline [8]. 

An inhibitor of P-gly present in the donor compartment would cause a significant increase of 

the permeation of a given tracer due to the inhibition of the P-gly-mediated reverse transport 
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[2] (Fig. 1). This simple experimental approach is usually performed using an off-line format 

with a single or several few measurements after sampling from semipermeable supports. 

Unfortunately, the standard approach is laborious and does not allow for fast and continuous 

(real-time) monitoring of the substrate permeation. 

A significant increase in speed, experimental reliability, and gain in information on the 

kinetics of the transporter inhibition is achieved if automation tools, mostly flow approaches, 

are employed to enable semi-continuous sampling from the acceptor compartment as we have 

recently demonstrated [11]. Flow approaches have also been used to automate pharmacopoeial 

testing of drug dissolution and liberation studies for which glass Franz cells (or chambers) with 

donor and acceptor/receptor parts are most often applied [12]-[17]. Their design and fabrication 

materials are steadily being improved, and liberation chambers as well as complete permeation 

systems are commercially available in various formats including in-line Franz cell modules 

[18]. 

A general drawback of previous experiments of real-time permeation monitoring for 

cell transporter studies using commercial Franz cells was that very low concentrations of the 

used tracers were found in the acceptor compartment and that the concentration change in the 

donor compartment was not evaluated. This can be a source of uncertainty because a larger 

error of measurement  is expected at lower tracer concentration unless preconcentration of the 

tracer from the sample is undertaken before measurement. An important systematic error is that 

the previous setups  cannot provide insight into the extent to which the cells themselves can act 

as reservoirs for the tracer (in-cell accumulation). Detailed information of the tracer 

concentration in both donor and acceptor compartments would therefore aid to a deeper 

understanding of the involved processes on cellular or molecular levels in real-time. Several 

examples how to solve this problem have been already published. For example, a multi-

chamber microfluidic platform to automate multiple permeation studies across full-thickness 

skin organotypic culture has been described. Skin permeation was tested using a microfluidic 

array composed of dynamic permeation units moved on top of the 96-well plate where fractions 

at the respective sampling intervals were collected. The main aim of this study was 

miniaturization, high throughput, and cost effectiveness of standard tests [2]. Another example 

encompasses a dynamic model of the intestinal barrier for oral bioavailability studies that was 

coupled to chip-based LC-MS using the commercial Transwell® inserts with continuous flow 

in both the apical and the basolateral compartments [19]. A last example of semipermeable 

(Transwell®) membrane supports involved evaluating in-vitro cytotoxicity of nanomaterials in 
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real-time by a highly sensitive and in situ method for detection of hydrogen peroxide released 

from several adherent cells [20]. 

In the development of improved analytical instrumentation and accessories, 3D printing 

has recently gained major attention in analytical chemistry as a rapid, economic, and perfectly 

reproducible prototyping and fabrication technique for open and close geometry objects [21] as 

visualized by the papers compiled in this Virtual Special Issue of ACA. 3D printing has 

revolutionized the way that micro/millifluidic platforms [22], sensors and biosensing devices 

[23], sorbent materials [24]-[25], and column separation systems [26]-[27] are fabricated using 

computer-aided-design and fast iterative changes. For example, in the field of flow injection 

analysis, an all-included one-step 3D printed Lab-on-Valve platform that accommodates 

automatic multifarious unit operations and on-valve optical and electrochemical detection [28] 

served to launch the so-called 3D-µFIA concept. However, little attention to the coupling of 3D 

printing to analytical toxicology has been paid to date. 

The incorporation of membrane-based separation including (micro)dialysis, gas 

diffusion, filtration and in-vitro permeation tests in 3D printed millifluidic structures or flow 

injection systems using either commercially available membranes or 3D printed barriers has 

been reviewed by us [24]. In the context of our work, the seminal papers by Spence’s group 

[29]-[30] using Transwell® inserts without and with immobilized cell monolayers in flow-

through 3D printed platforms with multiple tests for drug transport, cell viability and release of 

ATP from flowing erythrocytes are worth mentioning. 

Out of the several 3D printing technologies, namely, fused deposition modelling (FDM), 

dynamic light processing, stereolithography (SLA), selective laser sintering and photopolymer 

inkjet printing, the interest on the SLA has grown to leverage the possibilities offered in terms 

of fabrication of visibly transparent prints and quick post-processing notwithstanding the 

slightly higher printer and running costs compared with FDM [31]. 

In the present study, we have prototyped a 3D-printed permeation unit, furnished with 

a semipermeable membrane support, and coupled to a sequential injection automatic analyzer 

that allows for the first-time continuous monitoring in both donor and acceptor compartments. 

Using the fluorescent tracer Rho123 that is transported by P-gly transporter of MDCKII-MDR1 

cells in the presence of inhibitors, the novel 3D device is expected to improve the classical 

protocol of Rho123 permeation monitoring and the inhibition of P-gly-mediated transport, 

which lasts 8 h [3]. Following the basic design of a Franz-cell but decreasing the acceptor 

compartment volume, the research in this work complies with the guidelines for permeation 

testing but is expected to improve sensitivity, decrease laborious experimentation and enable 
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compensation of errors of tracer detection in the acceptor compartment. Additionally, 

monitoring of the tracer level in both compartments allows evaluating the amount of tracer 

accumulated inside cells. The developed 3D printed module has also been filed as a patent 

application [32]. 

 

2. Experimental 

2.1. Chemicals and sample preparation 

All chemicals were of analytical grade quality. Rhodamine 123 (Rho123), verapamil 

hydrochloride (Ver), and dimethyl sulfoxide (DMSO) were purchased from Sigma-

Aldrich/Merck KGaA (Prague, Czech Republic). Cultivation medium (Opti-MEM reduced 

serum medium) for cell cultivation and for permeation testing was obtained from Gibco-

ThermoFisher Scientific (Prague, Czech Republic). 

A 200 µmol L-1 Rho123 stock solution was prepared by dissolving the appropriate 

amount in a small volume of DMSO and filled up with water. The final concentration of DMSO 

in working solutions did not exceed 0.1%. A 100 µmol L-1 Ver stock solution was prepared in 

water and then diluted with cultivation medium to the final concentration. Working solutions 

were prepared daily by dilution with water or cultivation medium. All solutions were kept at 

4°C and protected against light. 

Madin-Darby canine kidney type II live cells (MDCKII) stably transfected with human 

MDR1 (ABCB1) gene encoding P-glycoprotein (P-gp) under viral promoter control (MDCKII-

MDR1) were used for pharmacokinetic experiments. The cell line has been kindly provided by 

Dr. Alfred Schinkel (The Netherlands Cancer Institute, Amsterdam) and cultivated in the 

Department of Pharmacology and Toxicology, Faculty of Pharmacy in Hradec Králové, in 

standard High-glucose DMEM medium supplemented with 10% Fetal Bovine Serum. 

Cultivation on polycarbonate inserts (24 mm Transwell® with polycarbonate membranes of 

3.0 µm pore size, growth surface area 4.67 cm2, Baria, Prague, Czech Republic) was done over 

three days to obtain an intact cell monolayer, prepared for permeation testing. Cells were seeded 

at the density of 100,000 cells per cm2 on Transwell® dish and media were changed every day 

[33]. 

 

2.2. 3D printed permeation module 

In this work, a new permeation module was 3D printed using stereolithographic 

technology (SLA). For the design, 123D design CAD software was used and printed objects 
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were obtained by a Form2 printer (Formlabs, Somerville, MA, USA) with a layer height of 50 

µm (TriLAB Group s.r.o., Hradec Kralove, Czech Republic). The material used was Clear 

Resin (Formlabs) being a combination of polyacrylates according to the producer’s description. 

Post-print processing consisted of removing the excess of resin with isopropanol, overnight 

curing under UV light at < 350 nm, and rework threat ports for flow-through analysis. 

The design of the 3D printed module is depicted in Fig. 2 and Fig. 3. In short, it consisted 

of a modified Franz-cell chamber with sampling ports in the acceptor compartment, a lid that 

inhibited evaporation or contamination of the medium and enabled continuous sampling of the 

donor compartment as well, and a holder to secure the position of the device in a water bath or 

incubator. Several considerations on the cell design are discussed in section 3.1. 

 

2.3. Sequential Injection System 

The apparatus used for the automation of permeation tests was based on a Sequential 

Injection Analyzer (MicroSIA system, FIAlab® instruments, USA). The miniaturized flow 

manifold consisted of a 5 mL piston pump and a 6-port selection valve connected each other by 

a holding coil (HC, 400 µL volume). HC and further flow conduits were made from Fluorinated 

Ethylene Propylene (FEP) 1520 XL tubing of 0.75 mm i.d. An incubator Galaxy 14S (New 

BrunswickTM, Eppendorf AG, Germany) was used to keep the permeation unit at a temperature 

of 37°C throughout. Continuous mixing of the content of the acceptor compartment of the 3D 

printed module was accomplished by an electromagnetic stirrer that was placed inside the 

incubator and using a miniature stirring bar (7 × 2 mm). 

An additional Minipuls 3 peristaltic pump (Gilson®, USA) was used for continuous 

circulation of the cultivation medium (acceptor compartment) and the testing solution including 

cultivation medium, Rho123 and potentially Ver (donor compartment) via circulation loops as 

shown in Fig. 2. This enabled on-line sampling of representative fractions for determination of 

the contents of Rho123 and Ver in both compartments (in our study only Rho123 was 

determined). Each sampling loop consisted of a 150 cm long PTFE tubing integrating a 40 cm 

long peristaltic Tygon® pumping tube (1.02 mm i.d., Gilson®, USA) and a T-connector (Tee 

Assembly Tefzel®, 0.50 mm i.d. of the inner hole, Upchurch, Germany), which was used for 

low-dead volume sampling by connection to one of the selection valve lateral ports that 

communicated with the syringe pump. The peristaltic pump operated at 1.3 mL min-1. A 

magnified view of the components of the 3D printed permeation module is shown in Fig. 3. 

Additionally, a close-up of the flow system is available in the Supplementary material. 

https://www.google.com/search?sxsrf=ALeKk01vr6zpcRP9pVQqqI51s_SJ45Mq9w:1586870660613&q=Somerville&stick=H4sIAAAAAAAAAOPgE-LWz9U3MDRMNisrNFTiAHFK4s0NtbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1i5gvNzU4vKMnNyUnewMgIAg5Cw-FUAAAA&sa=X&ved=2ahUKEwiG3p7wgejoAhWpQkEAHczJA4cQmxMoATARegQICRAD&sxsrf=ALeKk01vr6zpcRP9pVQqqI51s_SJ45Mq9w:1586870660613
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A spectrofluorometer RF 6000 (Shimadzu Europa GmbH, Duisburg, Germany) 

equipped with a 120 µL quartz flow cell was used for detection of Rho123 only, with excitation 

at 475 nm (1.5 nm bandwidth), emission at 533 nm (3.0 nm bandwidth), an accumulation time 

of 50 ms, a cycle time of 0.20 s, and scanning frequency of 5 Hz. The Ver signal did not interfere 

with Rho123 fluorescence detection as proved experimentally. The flow system was controlled 

by the FIAlab® software for Windows 5.0 (FIAlab® instruments, USA). The spectrofluorometer 

was controlled by LabSolutions RF in Time Course mode (Shimadzu) for data acquisition and 

evaluation. 

 

2.4. Analytical procedure 

All solutions, including test solutions of Rho123 and Ver and cultivation medium, were 

placed inside the incubator set to a temperature of 37°C. Thermostability was reached within 

20 min. Prior to start, the syringe pump and the detection line were filled with the carrier (Opti-

MEM cultivation medium) and one port of the selection valve was washed with the cultivation 

medium that will be used to refill the volume of both compartments after sample aspiration 

during the permeation test. The acceptor compartment was then filled with 9 mL of cultivation 

medium and circulation was started by activation of the peristaltic pump and the magnetic 

stirrer. The permeation unit was placed inside the incubator for about 5 min to release air 

bubbles from degasification of the medium. Then, an insert with verified cell monolayer was 

taken from the incubator, leftovers of old cultivation medium were carefully pipetted off, and 

the insert was placed onto the permeation unit. Simultaneously, the test solution was pipetted 

into the donor compartment to avoid cell damage and monolayer delamination. This way, the 

donor compartment was filled with 4 mL of either Rho123 or combined Rho123-Ver solution, 

depending on the aimed permeation test. Monitoring was then started by initialization of the 

flow measurement procedure. 

Automated monitoring was based on the following steps. At first, carrier was aspirated 

into the syringe pump. Then 100 µL of sample were aspirated from the respective sampling 

port (either acceptor or donor phase) for washing and avoiding sample carry-over and discarded 

to waste. Next, 50 µL of sample from the sampling port and respective circulation loop were 

aspirated into the holding coil and sent to the detection flow cell under the optimized flow rate 

of 30 µL s-1 by flow reversal. The sampling at each time interval was carried out twice as a 

compromise between improvement of measurement precision, prolongation of the analytical 

procedure, and sample consumption within the respective sampling period. With the carrier 



8 
 

passing through the detection flow cell after the sample segment, the system was cleaned and 

was ready for the next sampling. The measurement cycle was finished by compensating for the 

sampled volume, i.e. by dispensing an equal volume (namely, 200 µL) through the circulation 

loop into the respective compartment. The idea behind is to keep the total volume constant 

throughout the test and assure a steady contact of the liquid contained in the acceptor 

compartment with the cell monolayer. Dilution was further considered in the data evaluation 

step according to equation 1 (see below). 

This procedure enabled taking samples automatically from both compartments in a user-

defined frequency and obtaining a Rho123 concentration profile of high time resolution over 

the entire permeation test. Here the test lasted 2 h, which is much shorter time than the common 

monitoring time in off-line permeation testing (which might last up to 8 h). Based on our 

previous experience with real-time monitoring of such permeation test, we decided to set 2 h 

testing to investigate effects over the first interval of commonly longer permeation studies. Even 

in routine studies samples can be taken after 30 min, in 1 h, 2 h and in further periods. Our first 

testing [11] was carried out in 2 and 4 h format and 2 h were found enough to observe 

interactions of substrates and inhibitors with P-gly. Selection of volumes and flow rates of the 

respective procedural steps was carried out together with setting the intervals and sequence of 

sampling from the donor and acceptor compartments (see below). 

 

2.5. Selection of parameters and data evaluation 

Experimental variables were investigated with respect to the detectability of Rho123 in 

the acceptor compartment because just several percent of the original concentration applied to 

donor compartment were expected to pass into the acceptor compartment. External calibration 

graphs for Rho123 determination obtained with aqueous solutions and solutions prepared with 

cultivation medium, used during permeation testing, were compared. In this step, different 

sample volumes and flow rates for detection, including 50 and 60 µL at 20 and 30 µL s-1, 

respectively, were tested. The sensitivity was compared with analysis time to get quick but 

precise Rho123 determination. The linearity of response was tested in the range of 2.5 to 50 

µmol L-1 Rho123. 

Evaluation of data obtained in the permeation tests was based on the recalculation of the 

Rho123 concentration in the respective sampling time using external calibration on the same 

day. This recalculation was needed to compensate for the dilution of the compartment contents 

with fresh cultivation medium after each sampling. Recalculation, following our previous work 

[12], was done according to equation 1 for which Cn is the concentration of n-sample: 
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Cn,corrected = Cn,measured + (Volume (sample)/Volume (acceptor or donor)) × Cn−1,measured (1) 

 

3. Results and discussion 

3.1. Design of the 3D printed permeation module 

Our previous study based on the application of a glass Franz cell to monitor drug 

permeation demonstrated the possibility of monitoring the Rho123 concentration profile in the 

acceptor compartment in real-time [11]. However, the previous design was merely able to 

monitor the acceptor compartment, was suitable only for small inserts for which monolayers 

might contain an insufficient number of cells, and suffered from high dilution of the analyte 

Rho123 that was transported from a small donor to a large acceptor compartment. 

To tackle the above limitations, we herein propose an improved design capitalized on 

SLA 3D printing aimed at increasing the donor compartment diameter so that wider inserts with 

considerably larger membrane area could be used. Moreover, the shape of the permeation unit 

is modified (concave shape) to decrease the volume of the acceptor compartment to avoid 

unnecessarily high analyte dilution that jeopardized detectability of the marker, yet allowing 

the use of a magnetic stirring bar to ensure fast homogenization of the acceptor compartment 

content. The upper part was also modified by adding a convex covering lid that reduces 

evaporation and avoids the accumulation of condensate that would drop into the donor 

compartment and disturb the cell monolayer integrity. Also, a holder allowed simple click-

fixation of the permeation device. 

Moreover, sampling inlets and outlets were implemented in the 3D model to accomplish 

for the first-time sampling from circulating medium in both compartments with possible 

adjustment of the penetration depth of the connecting tubing. This way, easy estimation of the 

fluorescent marker content inside cells is feasible in real-time without the need of cell lysis. 

Finally, wall thickness of the permeation device was reduced as much as possible to improve 

heat transfer, which is, given the polymer material, worse than in glass permeation devices. The 

consumption of material for the permeation device and  lit is less than 2 × 10 mL resin 

corresponding to a fabrication cost of less than 4 € with a few hours printing time only. 

In Table 1, the main differences towards the commercial cells are summarized: (i) the 

used material but most importantly (ii) the four times larger permeation area, i.e., the surface 

that can be covered by a cultivated monocellular layer, and (iii) the reduced acceptor 

compartment volume by about factor 2. In consequence, a significant improvement in the ratio 

of the permeation area to the acceptor volume was achieved (about eight times higher for the 
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3D printed cell); thus the detection sensitivity, i.e., traceability of the target components that 

will permeate through the cellular monolayer is equally improved. This also allows study 

permeation processes with lower, more realistic concentrations of the analytes of interest. 

On the other hand, the ratios of the volume to the inner surface of the acceptor 

compartment are comparable for both kinds of cells because the same level of liquid in the 

donor compartment is used in all instances. The heat transfer is admittedly worse through 

plastics than through glass, and thus, the wall thickness of the 3D printed module is about 25% 

thinner compared to the glass counterparts. 

Moreover, commercial Franz cells feature, in some cases, heat-sleeves for a direct 

connection to a thermostated water bath. However, considering that a constant temperature can 

also be obtained with a thermostated oven (as it was done in this work) and the fact that in such 

a case flexible tubing connection to the permeation module is not required, and that the 

possibility to generate an altered atmospheric composition (e.g., enhanced CO2 level) is now 

easily accomplished, we consider the use of heat-sleeves of marginal relevance in the practical 

use of the cells. 

 

3.2. Analytical performance of the automated monitoring procedure 

The calibration in aqueous solutions prepared off-line was linear in the range of 5 to 40 

µmol L-1 of Rho 123 with a determination coefficient of 0.9930. The calibration in cultivation 

medium using a sample volume of 60 µL and a flow rate of 20 µL s-1 for detection revealed 

linearity from 5 to 50 µmol L-1 (R2 = 0.9968); with 50 µL and 30 µL s-1 in the range of 2.5 to 

50 µmol L-1 (R2 = 0.9964), that is better than in aqueous standards. Thus, the last combination 

was applied to permeation testing to yield a wider linear range and a shorter time of analysis. 

Limits of quantitation (LOQ) and detection (LOD) were calculated based on the signal 

corresponding to 10 and 3-times the baseline noise level, respectively. The LOQ was equal to 

the lowest concentration of the linear working range, i.e., 2.5 µmol L-1 and the LOD was 0.8 

µmol L-1. 

Water does not affect permeation, but it might influence viability of cells due to 

osmolarity change and thus cultivation medium should be used throughout the whole 

permeation test. One measurement cycle took 4 min followed by 1 min delay to accomplish 5 

min sampling intervals. Sampling from the donor compartment and acceptor compartment were 

alternated. This way, concentration profiles with sample intervals of 10 min were obtained with 

sampling started at 0 min for the donor and at 5 min for the acceptor compartment. The overall 
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monitoring included 24 sampling points. Thus, 12 sampling points from the donor and 12 from 

the acceptor compartments served to describe the profiles of interaction in real-time of Rho123 

alone as a substrate or in combination with Ver as an inhibitor of P-gly membrane transporter. 

In case of changing tracer or just in between measurements the washing of the whole 

flow system including the 3D printed module with isopropanol or ethanol is highly 

recommended. Then, fresh cultivation medium tempered to 37°C should be used to fill the 

system before replacement of the testing solution. 

 

3.3. Comparison of kinetic profiles obtained in permeation tests 

In the beginning, the 3D printed material (SLA Clean Resin) was immersed into an 

aqueous 20 µmol L-1 Rho123 solution at different time periods including 1 h, 2 h, 3 h, 4 h, and 

48 h for comparison (See Supporting Information). Then, the fluorescence signal of Rho123 

solution was measured and close-ups of the prints were undertaken to investigate the potential 

adsorption of Rho123 onto the surface of the 3D printed material. With this experiment, the 

release of monomers from the tested 3D printed pieces affecting the fluorescence signal could 

be detected. A slight yet visible change of the prints attributed to the sorption of the marker was 

found after 1 h, but the differences between fluorescence signals in the 4 h experiment did not 

exceed 6 %. A similar experiment was carried out with pure cultivation medium and medium 

applied after immersion of the objects in Rho123 solution for 48 h and cleaning with methanol. 

The results illustrated in Supplementary material revealed that changes of the fluorescence 

signal were below 3% of the original fluorescence signal. 

Preliminary assays were undertaken to explore the compatibility of the 3D printed 

material with living cells. First, a permeation experiment was carried out without cell 

monolayer to obtain a kinetic profile corresponding to passive diffusion as is the case with those 

tests with weak cell adherence to the support. The same behavior would be expected when 

leakage of monomers from the 3D material occurs as this would, in turn, affect cells’ comfort 

and growth conditions. Passive diffusion was monitored for 100 and 50 µmol L-1 Rho123, while 

in each sampling point, a decrease of the marker in the donor compartment and an increase in 

the acceptor compartment was found with steady-state conditions being reached at 60 and 50 

min, respectively. The results for 100 µmol L-1 Rho123 are documented in Supplementary 

material. Further, the kinetic profiles obtained in cell-based permeation testing were compared 

with those of the above profile of passive diffusion to assert any problem related to toxic 

substances in the circulated solutions that could originate from the 3D printed permeation 

module.  
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Automated permeation tests with cell monolayers were based on the on-line 

determination of Rho123 in both compartments. The original concentration of the marker in the 

donor compartment was varied from 10 µmol L-1 to 20 µmol L-1. Rho123 was tested separately 

and in combination with Ver as P-gly inhibitor that will block membrane transporter and thus 

enable Rho123, as a substrate, to be transferred by passive diffusion across/inside the cell 

monolayer. Ver concentration was increased throughout this work from 20 µmol L-1 to 100 

µmol L-1. Several ratios of Rho123 against Ver were tested (viz., 2:5, 1:5, and 1:10) to 

differentiate the interaction of the inhibitor against Rho123. Ver is also a weak substrate of P-

gly, there is competition for the transporting site (channel) inside the transporter.  Thus, higher 

concentration of Ver (lower Rho123:Ver ratio) results in a more efficient inhibition of Rho123 

transport. The marker:inhibitor ratio needed to visualize membrane transporter inhibition 

together with the time of competitive interaction with P-gly need to be explored in every 

application to get insight into the inhibition effect of Ver.  

In the first set of experiments, we used 20 μmol L-1 of Rho123 and 50 μmol L-1 of P-gly 

inhibitor Ver in the donor compartment. In case of a permeation study with Rho123 alone, we 

observed a decrease in the concentration of biomarker in the donor compartment (mainly 

because of paracellular transport) with a decrease rate of 0.6 Rho123 µg h-1 and an increase in 

the acceptor compartment with the same rate 0.6 µg h-1. Both rates were calculated using data 

obtained in the period of 50-110 min in the donor compartment and 55-115 min in acceptor 

compartment. When Ver was added, Rho123 disappeared in the donor compartment much 

faster with a rate 1.0 µg h-1 and appeared in the acceptor compartment with a rate 0.8 µg h-1. 

Importantly, the permeation was observed much easily in the novel 3D printed module in 

comparison with traditional insert permeation experiments for which the first data point is 

usually measured after 30 min or 1 h. We analyzed Rho123 in the acceptor side from the 5th 

minute. This is due to the fast mixing of the medium with biomarker and Ver at the donor side 

in our recirculation-based flow system. In the presence of Ver, the ratio of Rho123 

concentration in donor versus acceptor tends to 1 for the whole experiment, thus indicating a 

fast and free transport of Rho123 across the cellular monolayer without the effect of reversal 

pumping by P-gly at the apical membrane. We suppose that the permeation is here via both 

transcellular and paracellular transport mechanisms (Fig. 4). In all experiments, an initial 

decrease of the original Rho123 concentration in the donor compartment is observed by the 

dilution of the tested solution in the overall volume of the donor compartment, which includes 

pure cultivation medium from the circulation loop. 
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In the next experiment, we decreased the concentration of Rho123 in the donor 

compartment to 10 μmol L-1. We observed a gradual decrease in Rho123 concentration in the 

donor compartment with a rate 0.2 µg h-1 and a gradual increase of concentration in the acceptor 

compartment with a similar rate as it was the case with 20 μmol L-1 described above. 

Interestingly, when we added P-gly inhibitor Ver into the donor compartment, we observed a 

lower concentration of Rho123 in the donor compartment (faster disappearance rate: 1.0 µg h-

1) as expected, but a lower concentration in the acceptor compartment (rate of 0.5 µg h-1) in 

comparison with the experiment performed without Ver (Fig. 5). As before, the same dilution 

in the donor sampling loop was observed.. 

In another experiment, we performed permeation studies with 100 μmol L-1 Ver while 

keeping Rho123 at 10 μmol L-1. We observed an almost similar pattern of Rho123 penetration 

as in Fig. 5. 100 μmol L-1 Ver facilitated Rho123 transport into the cells with a rate of 0.7 µg h-

1 but again lower concentration (compared to Rho123 alone) of the marker was found in the 

acceptor with a transfer rate of 0.4 µg h-1. Ratios of donor versus acceptor for Rho123 

concentration in both experiments (with and without inhibitor) with time showed a virtually 

identical decreasing trend regardless of the presence of Ver in the media. The unexpectedly low 

concentration of Rho123 in the acceptor is attributed to the accumulation of the marker in the 

cell monolayer during the assays. The difference in the behavior of red lines in the right part of 

Fig. 5 can be explained by a more efficient inhibition of P-gly while incresing Ver 

concentration. 

Fig. 6 shows that Ver systematically increases the amount of Rho123 accumulated in 

cells from the donor compartment for incubation periods ≥ 100 min. Therefore, we suppose that 

Rho123 at the concentration of 10 μmol L-1 enters easily into cells when P-gly is efficiently 

inhibited by high concentrations of Ver, but due to the low donor concentration of marker, it 

preferentially accumulates in cells (Fig. 6) and do not penetrate into the acceptor compartment 

as in the case of 20 μmol L-1. Thus, we can conclude that the use of low concentrations of 

Rho123 in the experimental set-up (≤ 10 μmol L-1) serves to investigate only the entry into the 

cell monolayer but not the permeation itself. Importantly, both set-ups with either low or high 

concentration of Rho123 reliably and quickly inform us if a tested compound inhibits P-gly. 

However, the monitoring of the ratios between donor and acceptor for Rho123 might be 

misleading for low marker concentrations. Instead, the continuous on-line determination of the 

marker concentrations in both compartments at high temporal resolution as obtained by flow 

systems is mandatory for elucidation of inhibition effects. 
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Additionally, when the effects of Ver at concentrations of 50 and 100 μmol L-1 were 

compared, a slight decrease of the rate of Rho123 into the donor compartment was observed in 

case of 100 μmol L-1. This might be explained due to the non-specific inhibition of Ver in the 

kidney cell line, in which many other transporters display some residual expression [35]. No 

further increase of the rate also suggests that the concentration of 50 μmol L-1 saturates the P-

gly and leads to complete inhibition of P-gly in our model, which correlates with the inhibition 

constant of Ver for P-gly (IC50 = 2.1 μmol L-1) [35]. 

Evaluation of accumulated Rho123 in cells can be affected by sticking of the marker to 

the outer cellular membrane and keep adhered in the lysate. Thus cell lysis may not help 

determine Rho123 inside cells. For P-gly substrates that are lipophilic or stick to outer 

membrane, an indirect method considering both donor and acceptor concentrations is more 

suitable to determine intracellular accumulation. In the following papers [36-42], authors 

describe accumulation of Rho123 in MDCKII-MDR1 cells after treatment with Ver or other P-

gly inhibitors in MDCKII-MDR1 cells. It is difficult to compare their data with our predictions, 

but we might assume that these inhibitors usually double intracellular concentration of Rho123 

in MDCKII-MDR1 cells. This agree with our results in Fig. 6. 

 

4. Conclusion 

Automated monitoring of cell permeation studies using the proposed 3D printed 

permeation module based on the modified Franz cell design benefited from the possibility of 

on-line sampling from both donor and acceptor compartments. Thereby, full insight into the 

cell permeation of Rho123 as a fluorescent marker was possible including the assessment of 

Rho123 concentration inside the cells in real-time by evaluation of the difference between 

concentrations in both compartments without user’s intervention. Washing, continuous 

sampling, on-line determination of the fluorescent marker and solution replenishment of both 

compartments were fully automated. 

The developed 3D printed permeation unit differs from the original Franz cell design in 

(i) the volume of the acceptor compartment, (ii) possibility of sampling from both 

compartments, (iii) use of a cover in the donor compartment, and (iv) fit-for-purpose fabrication 

from a photo-polymerizable SLA resin. Adaptation of both compartments´ volumes enabled 

utilization of (i) larger surface of cell monolayers in wide inserts, (ii) lower concentration levels 

of the tracer (higher sensitivity is obtained by the decrease of acceptor volume), (iii) monitoring 

of concentration inside cells in real-time without the need of cell lysis, and (iv) experimental 
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conditions that better mimic the interaction of exogenic compounds with cells and their 

membrane transporter systems. The kinetic profiles obtained in our tests corresponded to 

concentration changes in real-time. In consequence, transporter inhibition could be evaluated 

either by monitoring the tracer concentration in both compartments (ratios similar to 1 during 

the time-course experiment indicate inhibition) or by the time of competitive interaction of 

substrate and inhibitor, the shorter the time to observe a donor to acceptor ratio of 1 for the 

substrate the larger is the inhibitory effect. 

Franz cells are usually made of glass because this material is inert with respect to 

adherence of the tested substances. The risk of potential adsorption of substrates and inhibitors 

to the surface of all used materials should always be tested. In our case, post-print processing 

was sufficient to close the pores on the surface of the printed object and thus, no significant 

adsorption was observed in 2 h measurements. Also, the risk of monomer leakage from the 

photopolymerized device should be taken into account because monomers can affect the growth 

conditions of living cells. We have not found any cell monolayer damage that will cause passive 

diffusion in such permeation testing. However, there are now biocompatible 3D printing resins 

available and their long-time stability, in particular, in regards of monomer leakage, adsorption 

characteristics for permeation tracers such as Rho123, and their compatibility with living cells 

should be investigated.  

In addition, fabrication of identical permeation units by 3D printing is possible in any 

remote laboratory by transfer of .stl-files so that the same design or prototype can be used for 

permeation testing by other scientists, thus increasing inter-laboratory comparability. 
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Table 1: Comparison of the 3D printed permeation module with commercial Franz cells 

Characteristic 3D printed permeation module 

Commercial Franz cell 

(values for 2 products) 

[11] 

Material acrylate/methacrylate resin glass 

Insert diameter (mm) 24 12 

Area available for cell culture 

(cm2) 
4.67 1.12 

Volume of acceptor 

compartment (mL) 
7.8 15 / 14 

Surface area of the acceptor 

compartment in contact with 

medium (cm2) 

1.68 3.64 / 3.18 

Average wall thickness (mm) ca. 1 1.25 

Ratio of donor volume to cell 

culture surface (mL/cm2) 
4.64 4.12 / 4.40 

Ratio of culture surface to 

acceptor volume (cm2/mL) 
0.6 0.075 / 0.080 

Sampling from compartment donor / acceptor acceptor 

Time interval (min) 10 / 10 - / 10 

Sample repetitions 2 3 

Volume (µL) 50 20 

Length of the permeation test 

(h) 
2 2-4 

Rho123 concentrations tested 

(µmol L-1) 
20,10 200,100 
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Figure captions 

 

Fig. 1: Illustration of the setup for the permeation test using a commercial insert and 

representation of the P-glycoprotein function. P-glycoprotein transporter, localized in the 

apical (upper) membrane, actively pumps their substrates from cells into the donor 

compartment. In this manner, P-glycoprotein obstructs permeation from the donor 

compartment into acceptor compartment. P-glycoprotein inhibitors, thus, accelerate the 

permeation in the donor-to-acceptor compartment direction. 

 

Fig. 2: Sequential injection system for on-line monitoring of permeation tests in real time 

A close-up of the flow system is available in the Supplementary material. 

 

Fig. 3: 3D printed permeation unit design; A – insert with the tested cell monolayer as 

donor compartment; B – body of the permeation module; C – permeation unit lid with 

inlet and outlet from the donor compartment; D – support of the permeation unit to be 

placed in water bath or incubator. The heating medium (water or air) can flow through 

the openings so that the support does not exhibit any hindrance to heat transfer; E – inlet 

and outlet from the acceptor compartment; F – magnetic stirring bar. 

 

 

Fig. 4: Interaction mechanism and comparison of kinetic profiles of Rho123 permeation 

using the MDCKII-MDR1cell line for 20 µmol L-1 Rho123 alone (black) and in 

combination with 50 µmol L-1 Ver at the ratio 2:5 (red). Inhibition of reverse pumping of 

Rho 123 via P-glycoprotein enables more intensive permeation of Rho 123 across the 

cellular monolayer. The P-glycoprotein inhibitor Ver thus accelerates transcellular 

transport and release into the acceptor compartment. 

 

Fig. 5: Comparison of kinetic profiles of Rho123 permeation using the MDCKII-MDR1 

cell line for 10 µmol L-1 Rho123 alone (black) and in combination with 50 and 100 µmol 

L-1 Ver at the ratio 1:5 and 1:10 (red). 
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Fig. 6: Temporal profiles of Rho123 accumulation inside MDCKII-MDR1 cells and 

comparison of accumulation of 10 µmol L-1 Rho123 in combination with 50 (red) and 100 

(orange) µmol L-1 Ver against 10 µmol L-1 Rho123 alone (black). Inhibition of P-

glycoprotein with the inhibitor Ver increases cellular accumulation of Rho 123 in 

MDCKII-MDR1 cells at 10 µmol L-1. At this concentration of Rho 123, the tracer is mainly 

captured in cells at the end of the monitoring interval. 
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