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A bespoke microfluidic pharmacokinetic
compartment model for drug absorption using
artificial cell membranes†

Jaime L. Korner, ‡ Elanna B. Stephenson ‡ and Katherine S. Elvira *

Early prediction of the rate and extent of intestinal absorption is vital for the efficient development of

orally administered drugs. Here we show a new type of pharmacokinetic compartment model that

shows a threefold improvement in the prediction of molecular absorption in the jejunum than the

current state-of-the-art in vitro technique, parallel artificial membrane permeability assays (PAMPA). Our

three-stage pharmacokinetic compartment model uses microfluidic droplets and bespoke, biomimetic

artificial cells to model the path of a drug proxy from the intestinal space into the blood via an

enterocyte. Each droplet models the buffer and salt composition of each pharmacokinetic compartment.

The artificial cell membranes are made from the major components of human intestinal cell membranes

(L-α-phosphatidylcholine, PC and L-α-phosphatidylethanolamine, PE) and sizes are comparable to human

cells (∼0.5 nL). We demonstrate the use of the microfluidic platform to quantify common

pharmacokinetic parameters such as half-life, flux and the apparent permeability coefficient (Papp). Our

determined Papp more closely resembles that of actual intestinal tissue than PAMPA, which overestimates

it by a factor of 20.

1 Introduction

In this paper, we present a new method for the in vitro
quantification of passive drug diffusion. We have developed a
microfluidic platform to create a new type of pharmacokinetic
compartment model using artificial cell membranes created
from a phospholipid mixture designed to mimic human cells.
The measurement and prediction of pharmacologically
relevant processes such as intestinal absorption are key to
successful and efficient drug development.1,2 New drugs take
on average 10–15 years3 to be developed and cost around 2.6
billion US dollars each.4 Around 30% of drug candidates fail
during testing on animals because we cannot accurately
predict their pharmacokinetics.5,6 Current methods used to
predict passive drug transport have limitations including
biological dissimilarity, high time and labour input, and lack
of control over assay composition.7–11 We have developed a
“slow microfluidic” platform that uses droplets covered in

bespoke phospholipid mixtures to form artificial cell
membranes that mimic the pathway that drugs follow from
the intestine into blood via an enterocyte.

At present, oral drug absorption is predicted using a
variety of in vitro methods that range in complexity from cell-
based assays to artificial membrane models.1,2 Drug
absorption can occur through both carrier-mediated uptake
and passive lipoidal diffusion.12 With cell-based techniques,
the estimation of drug transport through both passive
diffusion and carrier-mediated transport can be
simultaneous, using supported monolayers of standard cell
lines such as Caco-2 or Madin–Darby canine kidney (MDCK)
to model transport out of the small intestine.13,14 Data
gathered from these assays are used to calculate apparent
permeability coefficients (Papp) which correlate to in vivo
fractional drug absorption (F). These cell lines are also able
to mimic the physiological properties of enterocytes such as
microvilli.15 Conversely, artificial membrane models, such as
liposome-based assays and parallel artificial membrane
permeability assays (PAMPA), have other advantages:
relatively low labour requirements, the ability to isolate the
role of lipoidal diffusion, and tunability, which allows the
mimicking of different types of membranes.

Liposomes can be comprised of one20 or more21

phospholipids, or even sourced directly from living cell
membranes.22 Results from these assays correlate well with
human intestinal absorption in some cases.20 However,
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liposome-based predictions of drug absorption rely on the
use of bulk solutions, eliminating the potential for the
creation of tunable, biomimetic pharmacokinetic
compartments. Therefore we focus on the comparison of our
model to PAMPA. There is no research to show that the
membranes formed in PAMPA resemble true phospholipid
bilayers as found in cells. In PAMPA, in situ drug absorption
occurs through phospholipid-doped plastic filters placed in 96
well plates.16 The lipid composition can be customised, and
the pH in the donor and acceptor compartments on either side
of the filter can be tuned to mimic physiological conditions in
specific tissues, which is a vital parameter in assessing the
transport of ionisable compounds.17 Concerns have been
raised regarding the disproportionate thickness of the plastic
filter used (∼125 μm)18 in comparison to the thickness of a
cell membrane (∼5 nm)19 as well as the presence of organic
solvent in the interior of the phospholipid “membrane”.18

Our artificial cell membranes are based on droplet
interface bilayers (DIBs), which are lipid bilayers created by
bringing two aqueous droplets covered by lipid monolayers
into contact (Fig. 1). Since they were first created,23,24 DIBs
have almost exclusively been made with the archaeal
phospholipid 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC), with a handful of exceptions, including soy25 and E.
coli26 total lipid extracts. Here we show the first example of
DIBs with human-mimicking phospholipid compositions.

Many different methods for the formation of DIBs using
microfluidic technologies27,28 have been developed since we
published the first high-throughput method in 2010.29 Lipid
bilayers can also be formed in chambers in microfluidic
platforms.30–32 However, these methods cannot form multiple
compartments of cell-scale droplets using human-mimetic
phospholipid compositions in high-throughput. Therefore we
have designed a new channel-based droplet microfluidic

technology where a high level of control over fluid flow rates
and droplet position are prioritised. To enable the prediction
of pharmacologically relevant drug absorption in this in vitro
platform, there are three design constraints. Firstly, the
platform must be capable of forming droplet triplets of three
different compositions, ABC, where A, B and C denote the
different compartments in the pharmacokinetic model.
Secondly, each droplet should be cell-scale and formed in
high-throughput with high reproducibility. And finally, the
platform design and surrounding equipment should be
simple, to enable replication in other laboratories.

In our platform (Fig. 2), three different types of ∼0.5 nL
droplets are created and brought into contact with each other to
form DIBs using rails in parallel at a rate of 0.5 Hz. Rails were
first used for guiding droplet movement in series in
microfluidic devices by Abbyad et al.33 and for DIB formation by
Carreras et al., who use the rails to direct droplets for the
formation of AB chains of DIBs in series.34 In comparison, the
novel use of three parallel rails allows us to control the flow of
droplets into triplet DIB networks and has the potential to allow
parallel assays to be performed in the same on-chip structure.
Once a triplet is formed, we use a pressure pump to instantly
stop the flow for assay quantification without the need for any
other on-chip features such as pillars35 or electromagnetic
valves.36 For comparison, Czekalska et al.36 were able to form
one DIB ABCD network at a time and hold it in place for
measurements using droplets that were approximately 500 nL
in size at a rate of approximately one per minute. Also
noteworthy is the microfluidic platform developed by Schmidt
et al.35 using approximately 5 nL AB droplets in series and the
synthetic lipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
to measure the permeability of caffeine. Schmidt et al. do not
report a formation rate and their platform relies on pillars and
manually activated oil-withdrawing channels to form DIBs,
which limits the potential for automation and increased
throughput. The DIBs themselves are formed using a
formulation composed of a single (synthetic) phospholipid,
whereas cell membranes are usually formed of a formulation of
many different types of phospholipids.37 Other microfluidic
platforms for the formation of DIBs are also flow-based, but
only able to form networks of ABAB configuration.29,38 Our
platform allows us to form multiple pharmacokinetic assays
simultaneously using only a pressure pump with a fast response
time and one pressure channel per droplet type.

We have used our microfluidic platform to create a droplet
triplet that mimics the path that an orally administered drug
follows from the intestine to the blood (Fig. 1), with droplet A
mimicking the intestinal space, droplet B mimicking an
enterocyte and droplet C mimicking the blood.
Pharmacokinetic compartment models describe tissues as
mathematical compartments, simplifying the prediction of
the distribution of drugs in the body. A single-compartment
model treats the body as a single space, assuming that the
administered drug is uniformly distributed, while a
multicompartmental model integrates tissue-specific rates of
absorption and distribution into these calculations.39 Here

Fig. 1 A new type of pharmacokinetic compartment model. Our
in vitro droplet-based pharmacokinetic compartment model is
designed to mimic the path that an orally administered drug follows
from the intestine to the blood. Each compartment is made from a
∼0.5 nL microfluidic droplet, where the interior of the droplet
represents the compartment itself, and the phospholipid bilayer
between the droplets represents an artificial cell membrane. The first
droplet (droplet A, grey) mimics the intestinal space, the second
droplet (droplet B, purple) mimics an enterocyte and the third droplet
(droplet C, red) mimics the blood. Diffusion of a fluorophore
(represented in the intestinal space droplet as black squares) occurs in
the direction of the arrow.
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we present a new type of pharmacokinetic compartment
model, using droplets to model human tissues which are
relevant to the absorption of orally administered drugs while
maintaining important properties such as pH, ionic strength
and phospholipid composition. The interior of each droplet
is a buffer (Table 1) that mimics the pH and salt composition
of each these compartments40–42 and the artificial cell
membrane between each droplet is an equal mixture of the
phospholipids L-α-phosphatidylcholine (PC) and L-α-
phosphatidylethanolamine (PE), a pared down version of the
lipid formulation used in PAMPA assays to mimic the small
intestine,43 since these are the major components of
intestinal cell membranes.44–50 The droplet size mimics the
volume of human cells51 and is within two orders of
magnitude of the size of human enterocytes.52–54 Most
importantly, the size of droplets formed is ten times smaller
than the smallest droplets used in the literature for DIB
diffusion quantification.35 This microfluidic platform allows
the quantification of the passive diffusion of fluorescein,
which is commonly used as a drug proxy in release
studies,55–58 from the intestinal compartment to the blood
compartment. Our new in vitro technique for the
quantification of drug absorption of orally administered
drugs provides an alternative to PAMPA for the determination
of fluorescent drug absorption rates. Our method preserves
the compartment model seen in PAMPA, but replaces the

thick, lipid-filled membrane with a biomimetic lipid mixture
that mimics that found in human cells. We also preserve the
differing rates of diffusion seen with different ionisation
states of a drug in the gastrointestinal tract.

2 Materials and methods
2.1 Materials

1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC, ≥99%
pure) was purchased from Avanti Polar Lipids. Sodium
phosphate dibasic and sodium phosphate monobasic were
purchased from Fisher Scientific. Sodium chloride and
sodium carbonate were purchased from Bio Basic. L-α-
Phosphatidylcholine (PC, ≥99% pure, bovine liver), L-α-
phosphatidylethanolamine (PE, ≥97% pure, bovine liver),
squalene (≥98% pure), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, ≥99.5% pure),
trimethylchlorosilane (≥99% pure), sodium fluorescein
(BioReagent, suitable for fluorescence), potassium hydroxide,
hydrochloric acid (≥36.5–38%) and potassium chloride
(≥99% pure) were purchased from Millipore Sigma.
Polydimethylsiloxane (PDMS, Dow Sylgard 184) was
purchased from Ellsworth Adhesives. Acetate masks were
printed at 10 μm resolution by CAD/Art Services Inc. Silicon
wafers (100 mm diameter) were purchased from Silicon
Materials. SU-8 3050 and developer were purchased from
MicroChem. Polytetrafluoroethylene (PTFE, 1/16″ outer
diameter, 250 μm inner diameter) tubing was purchased
from Chromatographic Specialties Inc.

2.2 Design and fabrication of the microfluidic platform

Microfluidic devices (Fig. 2) have two layers. The first layer
contains the channels and geometries used for the formation
of the three different types of droplets used to model each

Fig. 2 Microfluidic platform. Design of the “slow microfluidic” platform for the formation of ABC droplet triplets. The device schematic shows the
three separately controlled aqueous inlets (A, B and C) used for the formation of three different aqueous droplets at three T-junctions. Each
droplet represents a compartment in the pharmacokinetic model. To equilibrate the pressure in the system, a single oil inlet is used and the length
of each channel is the same before and after each T-junction. Stabilisation of the lipid monolayer covered aqueous droplets occurs as they travel
through the meanders, and bilayer formation occurs when the rails guide the droplets into contact with each other. Each DIB represents an
artificial cell membrane between each compartment. The inset is a photograph showing the formation of ABC DIB triplets in parallel using the rails.
The continuous phase is squalene and aqueous droplets contain 10 mM HEPES, 140 mM KCl and 10 mg mL−1 DPhPC at pH 6.5. Arrows highlight
the artificial cell membranes formed between the droplets. A video of the microfluidic platform in use is provided in the ESI.†

Table 1 Composition of the buffers used for each pharmacokinetic
compartment

Droplet designation Buffer Salt

Intestinal space40,59 10 mM Na2HPO4, pH 6.5 140 mM KCl
Enterocyte 10 mM HEPES, pH 7.4 140 mM KCl
Blood60 10 mM Na2CO3, pH 7.4 140 mM NaCl

Lab on a ChipPaper

Pu
bl

is
he

d 
on

 0
7 

A
pr

il 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
V

ic
to

ri
a 

on
 1

1/
20

/2
02

0 
4:

14
:2

7 
A

M
. 

View Article Online

https://doi.org/10.1039/d0lc00263a


Lab Chip, 2020, 20, 1898–1906 | 1901This journal is © The Royal Society of Chemistry 2020

pharmacokinetic compartment. The second layer contains
the rails, which are 50 μm apart. The three rails encourage
the three aqueous droplets covered with a phospholipid
monolayer to come into contact to form an artificial cell
membrane at the points of interaction. The 5° angle of the
rails means that the droplets can be brought into contact at a
slow speed of approximately 40 μm s−1. The layers were
designed using AutoCAD (Autodesk, 2018, see ESI†) and
printed onto acetate to create positive photomasks. A 50 ± 2
μm layer of the negative photoresist SU-8 3050 was spin-
coated onto a silicon wafer, and the edgebead was removed
with a stream of acetone. The wafer was subjected to a soft
bake (5 min at 35 °C, 2 min at 65 °C and 30 min at 95 °C),
and subsequently exposed to UV light (11.2 s, 19.96 mW
cm−2, OAI Model 800 mask aligner) through the first
photomask. A second layer was spin-coated, soft baked,
aligned and exposed to UV using the same parameters and
the second layer photomask. Development removed the
unexposed, non-crosslinked SU-8, and adhesion of the SU-8
features was accelerated by a final hard bake (30 min at 200
°C) and a third UV exposure (90 s, 19.96 mW cm−2).

Trimethylchlorosilane (50 μL) and the wafer mould were
placed under vacuum for 1 h to ensure the deposition of a
thin film of silane on the surface of the wafer. PDMS base and
curing agent were mixed together in a 10 : 1 ratio, poured over
the aforementioned mould, degassed for 1 h under vacuum to
remove any air bubbles introduced during mixing, and cured
overnight at 65 °C. The cured PDMS was then peeled from the
mould. Inlets and outlets for each device were punched using
a 1 mm biopsy punch. To create the base of the device, a 10 : 1
mixture of PDMS base and curing agent was mixed, degassed
and spincoated at 1200 rpm for 25 s onto the surface of glass
microscope slides to create a thin layer. Both the PDMS
devices and the coated glass slides were washed with soapy
reverse osmosis (RO) water, rinsed with RO water, isopropyl
alcohol, ethanol and Milli-Q water, blown dry with filtered air,
baked at 90 °C for 30 min, treated with air plasma (Diener
Electronic, Zepto ONE, 37 s, 29 W, 1.75 mbar) to activate the
surfaces and placed into contact with each other to bond the
surfaces together. The microfluidic devices were then stored
at 65 °C for a minimum of 48 h prior to use.

2.3 Preparation of lipid solutions

Chloroform was removed from the lipid stock solutions by
placing 10 mg (400 μL of a 25 mg mL−1 solution dispensed
using a P1000 Gilson pipette) of lipids in a 10 mL glass
roundbottom flask, and rotating the flask under a stream of
nitrogen gas to create a thin film. The flask was then placed
in a desiccator under vacuum for 1 h to remove residual
solvent. For DPhPC solutions, 1 mL aqueous buffer (buffer
composition is the same as that of the intestinal space in
Table 1) was then added and the flask was vortexed to
resuspend the lipids. After freezing and thawing 5 times using
liquid nitrogen and warm water, the lipids were extruded 21
times through a 0.1 μm polycarbonate membrane (Avanti

Polar Lipids) at room temperature. For 1 : 1 PC : PE solutions,
1 mL of squalene was added to the flask, which was then
vortexed for 30 s and stirred at 50 °C until the phospholipids
dissolved. The final concentration was 5 mg mL−1 PC and 5
mg mL−1 PE in squalene. For absorption experiments, 100 μM
fluorescein sodium was added to the buffer.

2.4 Operating parameters of the microfluidic platform

For all experiments, devices were mounted in a custom-made
heating platform set to 37 °C (see the ESI† for further details)
on the stage of either a Nikon Eclipse Ti2-E or a Nikon Eclipse
Ti2-U inverted microscope for visualisation. Brightfield
images for statistical analysis were collected using a Motion
Blitz EoSens Cube7 or a Phantom VEO 710L high speed
camera. Fluorescence and brightfield images for fluorescence
experiments were captured using a Hamamatsu ORCA-
Flash4.0 V3, with a Solis-1C cold white LED (Thorlabs) and a
GFP Semrock Brightline large field of view filter cube (Nikon).

Reagents were introduced into the microfluidic devices using
an Elveflow OB1 MK3 pressure pump, four 1.5 mL Eppendorf
tubes as reservoirs and four matched lengths of PTFE tubing.
Squalene and aqueous buffers were introduced to the
microfluidic device by applying a pressure of 100 mbar to 140
mbar to the squalene reservoir, and a pressure of 60 mbar to
100 mbar to each of the aqueous reservoirs. Following
equilibration, the main chamber was monitored in Motion Blitz
Director for quantification of device performance, and NIS
Elements Advanced Research (Nikon, version 5.11.01) for
fluorescence data collection. Following formation of a triplet for
a fluorescence experiment, flow was stopped from all reservoirs
from within the Elveflow control software. Typical droplet
speeds were approximately 450 μm s−1, allowing this full stop to
be done without the use of triggers.

The speed at which droplets are brought into contact with
each other is crucial for the formation of stable artificial cell
membranes, and this is especially true when using
phospholipids below their phase transition temperatures, as
we do here. The response time of the pressure pump means
that the flow can be stopped within 130 ms of when an ABC
droplet triplet forms and the assay starts. We are therefore
able to accurately determine the initial time point of the
assay and to discard substandard triplets.

2.5 Fluorescence data collection

Once ABC droplet triplets formed and the flow was stopped,
brightfield and fluorescence images were taken every 10 s
with a 300 ms exposure time until experiment termination.
Quantification of fluorescence intensity was performed via
time-based measurement of mean intensity in regions of
interest (ROIs) within each droplet in each frame using NIS
Elements. Fluorescence intensity data was normalised for
phospholipid bilayer surface area and droplet volume. To do
this, bilayer diameters and droplet semiaxes were measured
using, respectively, the “Distance Measurement” and the
“Measurements and Annotations” modules in NIS Elements.
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Subsequent calculations were performed by approximating
artificial cell membrane surface area as ellipses and droplet
volumes as ellipsoids. Each graph in this paper represents
the replicate of 5 experiments conducted on 5 different
microfluidic devices. Fig. S2–S3 in the ESI† provide detailed
information about the ROI selection, the quantification of
fluorescence intensity, volume calculations and data
normalisation for the artificial cell membrane surface area
and droplet volume.

2.6 Quantification of microfluidic device performance

To quantify the performance of the microfluidic devices,
squalene was pumped into the oil inlet and DPhPC in buffer
was pumped into each of the three aqueous inlets with the
pressure pump in constant pressure mode. Assessment of the
efficacy of ABC DIB triplet formation on the platform was
performed using DPhPC to allow for comparison with other
DIB forming methodologies in the literature. After letting the
flow equilibrate, the high-speed camera was centered on the
main chamber, and 60 s of footage were captured for each
replicate. The number of ABC DIB triplets formed in each
sequence was counted, as summarised in Table 2. The total
number of droplets forming triplets was then determined as
a percentage of the total number of droplets passing through
the field of view. To show the robustness of our method, two
sets of two replicates each were carried out, with a different
researcher carrying out each set on separate days. For each
replicate, a different microfluidic device was used. Statistical
analysis indicated that triplets could be formed at a rate of
0.5 ± 0.1 Hz and that 45 ± 8% of droplets entering the rail
section of the platform were able to form triplets. No
precedent for reproducibility exists in the literature, so these
data may serve as a benchmark by which throughput and
reproducibility of DIB-forming methodologies (both
microfluidic and not) may be assessed.

3 Results and discussion
3.1 A new in vitro model for intestinal absorption

The time-resolved diffusion of fluorophore between
pharmacokinetic compartments A, B and C may be seen in
Fig. 3. Timepoints are chosen to show when the fluorophore
is concentrated in the intestinal compartment A (t = 0 s), a
mid-assay timepoint (t = 420 s) where the fluorophore is

concentrated in the enterocyte compartment B, and the
endpoint of the assay (t = 1800 s). All data were gathered at
physiological temperatures (37 °C).

Fig. 4 shows the change in fluorophore concentration over
time for each compartment in the system. Given the well-
known nature of PDMS and its effect on droplet behaviour,61

intensity measurements were first scaled based on changes
in droplet volume over the course of the experiment, due to

Table 2 Statistical data used to quantify device performance. All
replicates were collected from 60 s of video captured at 30 frames per
second. Triplets were counted from the beginning of the captured video
and the number of triplets (n) for each experimental repeat are shown in
the first column

n Formation rate Oil pressure Aqueous pressure

34 0.57 Hz 120 mbar 113 mbar to 115 mbar
32 0.53 Hz 120 mbar 113 mbar to 115 mbar
26 0.43 Hz 100 mbar 90 mbar to 95 mbar
18 0.30 Hz 100 mbar 90 mbar to 95 mbar

Fig. 3 Images of fluorophore diffusion. Composite brightfield and
fluorescence images showing the diffusion of fluorophore from the
droplet that represents the intestinal space in the pharmacokinetic
compartment model (t = 0 s, bottom, droplet A), to the droplet that
represents an enterocyte (t = 420 s, middle, droplet B), after which it
continues diffusing into the droplet that represents blood (t = 1800 s,
top, droplet C). The fluorophore in the fluorescence images has been
tinted green to aid visualisation. Brightfield and colour intensity-
corrected fluorescence images were exported from NIS Elements and
overlaid with a screen blending mode. Brightness was raised to visible
levels by applying a lookup table.

Fig. 4 Fluorophore diffusion over time. Normalised concentration
curves for each pharmacokinetic compartment in the droplet triplet
model over 30 minutes. The fluorophore is initially concentrated in the
droplet representing the intestinal space, A, but rapidly diffuses
through the artificial cell membrane into the droplet representing an
enterocyte, B, and slowly diffuses through the artificial cell membrane
into the droplet representing the blood, C. 95% confidence bands
were calculated from the standard deviation for each timepoint, where
n = 5 using 5 different microfluidic devices.
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either evaporation or osmosis, using eqn (1), where Is is the
scaled intensity, It is the intensity at time t, and Vt and V0 are
the droplet volumes at times t and 0 respectively. To
determine concentration and account for pH-dependent
changes in fluorophore intensity, calibration curves were
generated for fluorescein in each buffer and a linear fit was
calculated using OriginPro 2019b. Concentration was then
calculated from the fitted curve using the scaled intensity
measurements. Calibration curves (Fig. S4–S6†) and
additional experimental information are provided in the ESI.†

Is ¼ It
V t

V0
(1)

Fig. 5 shows the absorption of the fluorophore from the
intestinal space compartment A into the enterocyte and
blood compartments, B and C. The rapid absorption of the
fluorophore from the intestinal space into both the
enterocyte and the blood can be clearly seen. To find the

half-life t1
2

� �
of the fluorophore in the intestinal space, an

exponential curve of the form y = a − bcx was fitted to these
data in OriginPro. This curve fitting found the parameters a
= 0.976 ± 0.001, b = 1.004 ± 0.007, and c = 0.99311 ± 0.00005.
The slope of the intensity curve gives the diffusion rate. From
this curve a t1

2
of 108 ± 2 s was determined.

The accuracy of this technique was improved by
accounting for the area dependence of diffusion rates
through the artificial cell membrane. This flux was calculated
using eqn (2), where jt is the flux at time t, ΔC/Δt is the
momentary slope (C is concentration), and ADIB,t is the
measured artificial cell membrane area at time t.

jt ¼
ΔC
Δt

1
ADIB;t

(2)

The flux of all five runs is plotted in Fig. 6. Following
curve fitting the y-intercept, jmax, was calculated to be −0.117
± 0.002 nM s−1 μm−2.

3.2 Correlation to cell-based assays

Our method is three times better at predicting Papp of actual
intestinal tissue than PAMPA. For direct comparison with
literature permeability values for fluorescein, we adapted the
equation for the Papp used by Berginc et al.62 We treated the
system as a two-compartment model, allowing us to treat
diffusion out of the intestinal space (droplet A) as having the
same magnitude as diffusion into the enterocyte (droplet B).
This gives eqn (3), where ΔC/Δt (μM s−1) is the maximum rate of
diffusion out of droplet A, V (cm3) is the initial volume of
droplet B, C0 (μM) is the initial concentration of droplet A, and
A (cm2) is the maximum artificial cell membrane surface area.

Papp ¼ −ΔCmax

Δt
V
C0A

(3)

We found Papp to be 5.6 ± 0.7 × 10−5 cm s−1. PAMPA assays
carried out previously by Berginc et al.62 found Papp for
fluorescein to be 16 ± 3 × 105 cm s−1 with pH 6.5 and 7.5 in the
donor and acceptor compartments respectively, which is a
whole order of magnitude higher than our value. However when
they performed this absorption assay using rat jejunum under
the same pH conditions we used they found Papp to be 0.8 ± 0.1
× 105 cm s−1.

3.3 Control experiments

Direct comparison of the fluorophore intensity between the
compartments is complicated by matrix differences since the

Fig. 5 Fluorophore absorption over time. Absorption of fluorophore
from the intestinal space compartment A, into the enterocyte
compartment, B, shown as the percentage of fluorescence decrease
from initial intensity. The fitted curve and narrow confidence band
allow the prediction of the half-life of the fluorophore in the intestinal
space compartment with a 2% relative standard deviation.

Fig. 6 Fluorophore flux over time. Flux of fluorophore from the
intestinal space compartment, A, into the enterocyte, B, calculated
using eqn (2). Maximum flux may be determined using the fitted curve,
providing a measurement of the permeability of the artificial cell
membrane to the fluorophore.
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composition of the droplets was customised to mimic
specific biological compartments using different buffering
agents and salts. Interestingly, there was a very narrow
spread of data for the fluorophore leaving the intestinal
space compartment (droplet A), but a wider spread of
behaviours upon entering the enterocyte and blood droplets
(droplets B and C). This can be seen as a wider spread in
Fig. 4 for these compartments. Control experiments were
performed to assess the matrix effect, which was easily done
with this microfluidic platform. In these control experiments,
the fluorophore was always dosed in droplet A (the intestinal
space), but the composition of the triplet was varied to allow
a different diffusion pathway in each case, namely: AAA, BAC,
ABB, ACC and ACB, where B represents an enterocyte and C
represents the blood (see Fig. S7 in the ESI† for data).

As expected, complete fluorophore equilibration was observed
when all three compartments were tuned to mimic the pH and
ionic composition of the intestinal space (AAA). Likewise, when
triplets of the composition BAC were formed, rapid equivalent
diffusion out of droplet A into droplets B and C was observed,
and in the case of ABB triplets, rapid diffusion into the first B
droplet, B1, was followed by equilibration between both B
droplets. The behavior of ACB triplets closely followed that of
ABC triplets. However, when ACC triplets were formed, rapid
diffusion into C1 occurred, and the fluorophore did not continue
into the second C droplet, C2. In all cases where pH 7.4 droplets
were tested with pH 6.5 droplets, fluorescein demonstrated a
clear preference for pH 7.4 compartments.

The primary driving force for the selective diffusion path
seen in our pharmacokinetic compartment model is the
different pH environments encapsulated in droplets A and B,
and hence the fluorophore rapidly leaves the intestinal space
and enters the enterocyte. Fluorescein has a pKa at 6.43,63 so
a larger fraction of molecules exist in the less lipid-soluble
dianionic form at pH 7.4 and a larger fraction exist in the
more lipid-soluble monoanionic form at pH 6.5. This
effectively allows fluorescein to easily diffuse into the
artificial cell membrane from the intestinal space, but to
diffuse back into the intestinal space from the enterocyte at a
far reduced rate. This ties rate of diffusion to lipophilicity in
the same way as PAMPA.16 The fluorescein monoanion and
dianion exhibit slight differences in absorption and emission
spectra, including in fluorescence intensity and quantum
yield,64,65 which is accounted for using calibration curves as
described above and in Fig. S4–S6 in the ESI.† The movement
of the fluorophore between droplets B and C, which are at
the same pH, is explained by the second driving force for the
observed transport phenomenon, which is the difference in
osmolality between these droplets.66

Osmolality = 2[Na+ + K+] + [urea] + [glucose] (4)

Respectively, the calculated osmolalities of droplets A, B,
and C are 320 mM, 280 mM, and 320 mM. Diffusion will be
driven towards higher osmolality compartments, but because
the majority of fluorescein exists as a dianion in droplet B

and thus cannot diffuse back into droplet A, the equilibrium
lies further towards droplet C.

4 Conclusions

Here we show a new type of pharmacokinetic compartment
model with higher correlation to cell-based assays than PAMPA,
the current state-of-the-art technology. This suggests that a
higher degree of in vitro–in vivo correlation may also be found
using our bespoke pharmacokinetic compartment model. We
intend our method to be complementary to cell-based assays
by providing a way of creating bespoke artificial cell
membranes and pharmacokinetic compartments to quantify
the effect that each component has on drug transport.

We have used a new type of microfluidic platform for the
formation of DIBs in parallel to build a pharmacokinetic
compartment model of the path that an orally administered
drug takes from the intestinal space, into enterocytes, and finally
into the blood. We demonstrate how this compartment model
can predict pharmacokinetic properties of a drug including half-
life, flux and Papp. Our pharmacokinetic compartment model
demonstrates a greater degree of similarity of Papp to a true
biological system (rat jejunum) than is possible with PAMPA.

Our microfluidic platform is simple to use (it only requires
a fast response pressure pump) and allows bespoke artificial
cells to be formed of sizes (∼0.5 nL) that more closely mimic
human cells than preceding work using the major
phospholipid components (PE and PC) of intestinal cells. We
demonstrate and quantify the reproducibility of this platform
and show the collection of data with far better time resolution
than previously possible. Ongoing and future developments
include modeling drug transport in other human tissues and
investigating new drug tagging and detection methods.

The limited correlation between in vitro and in vivo methods
for the prediction of drug behaviour in humans is a severe
constraint in the timely and cost-effective development of new
drugs. Our new in vitro model could allow the early prediction
of pharmacokinetic parameters of drug candidates by enabling
researchers in academia and the pharmaceutical industry to
build bespoke pharmacokinetic compartment models.
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human-mimetic artificial cell membranes in this manner as
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