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Abstract—Microfluidic devices fabricated using poly(dimeth-
ylsiloxane) (PDMS) polymer are routinely used for in vitro
cell culture for a wide range of cellular assays. These assays
typically involve the incubation of cultured cells with a drug
molecule or a fluorescent marker while monitoring a cellular
response. The accuracy of these assays depends on achieving
a consistent and reproducible concentration of solute mol-
ecules in solution. However, hydrophobic therapeutic and
fluorescent molecules tend to diffuse into the PDMS walls of
the microfluidic devices, which reduce their concentration in
solution and consequently affect the accuracy and reliability
of these assays. In this paper, we quantitatively investigate
the relationship between the partition coefficient (log P) of a
series of markers routinely used in in vitro cellular assays
including [3H]-dexamethasone, [3H]-diazepam, [14C]-manni-
tol, [3H]-phenytoin, and rhodamine 6G and their absorption
into PDMS microfluidic channels. Our results show that the
absorption of a given solute into PDMS depends on the
hydrophilic/hydrophobic balance defined by its log P value.
Specifically, results demonstrate that molecules with log P
less than 2.47 exhibit minimal absorption (<10%) into
PDMS channels whereas molecules with log P larger than
2.62 exhibit extensive absorption (>90%) into PDMS
channels. Further investigations showed that TiO2 and glass
coatings of PDMS channels reduced the absorption of
hydrophobic molecules (log P> 2.62) by 2- and 4.5-folds,
respectively.
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INTRODUCTION

Microfluidic channels have been used in many
biological applications including rapid high density

sequencing,40,56,67 polymerase chain reaction,6,9,33,47,66

and detection of single molecules11,16,19 since its
development in the 1990s. They have been particularly
useful in the development of biological assays such as
particle immunoassays,25 cell-based high throughput
screening for drug discovery,64 and capacitance
cytometry of single eukaryotic cells.58 The micron-
scale size of these microfluidic devices offers many
unique advantages including close mimicry of many
in vivo microenvironments23,38 and small volume
requirement49,62 compared to conventional analysis
systems.

Several materials have been used to fabricate these
microfluidic channels such as silicon,7,8,55 ceramic,51

quartz glass,20,22,28,54 polymethyl methacrylate,3,32

SU-8,69 and poly(dimethylsiloxane) (PDMS).14,44 The
optical clarity,30 biocompatibility,60 and high oxygen
diffusivity13 of PDMS render it the most commonly
used material in fabrication of microfluidic channels
for biological applications. Several groups have capi-
talized on these advantages and used PDMS-based
microfluidic channels to develop in vitro models
of different physiological processes. For example,
Sodunke et al. successfully conducted a study on the
replication of hepatitis B virus in normal human
hepatocytes using a PDMS-based microfluidic plat-
form.57 PDMS-based microfluidic channels also
proved efficient in maintaining high and low density
cultures of mammalian neuronal cells.45 Recently, Huh
et al. demonstrated the versatility of PDMS-based
channels by creating a microfluidic airway system that
simulates human airway epithelia and physiological
airway flow found in the respiratory system.29

One key limitation of these channels is the hydro-
phobicity of the PDMS surface, which reduces its
wettability by aqueous biological fluids and affects its
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compatibility with cell culture.44 Plasma oxidation has
been routinely used to introduce silanol groups on the
PDMS surface to become more hydrophilic and fitting
for in vitro cell culture.44 However, diffusion of free
uncross-linked PDMS chains from the bulk polymer to
the channel surface diminishes its hydrophilic charac-
ter causing the channel wall to gradually revert to its
intrinsic hydrophobic nature.18 Furthermore, exposure
of oxidized PDMS surfaces to air for an extended
period of time restores its hydrophobic character.44

Extraction of PDMS surfaces using different solvents
to remove unreacted oligomers followed by plasma
oxidation was shown to increase the stability of
hydrophilic PDMS surfaces by 7 days.65 Combination
of plasma oxidation followed by treatment with SiCl4
and CCl4 gases5 or deposition of metal oxides70 have
also been used to increase the stability of hydrophilic
PDMS surfaces. Despite the promise of these
approaches in maintaining the hydrophilic nature of
oxidized PDMS surfaces, they are not routinely used in
fabrication of PDMS devices particularly those devel-
oped for biological assays. An earlier study confirmed
the hydrophobicity of PDMS devices when Nile Red (a
hydrophobic fluorescent dye) diffused into the PDMS
wall of microfluidic channels shown by the retention of
the fluorescence signal after repeated washes.61 While
this earlier study by Toepke et al. provides a visual
evidence of molecular absorption into PDMS chan-
nels, it does not provide any quantitative methods to
predict the absorption of other hydrophobic molecules
into PDMS microfluidic channels.

In this report, we provide a quantitative correlation
between the partition coefficient (log P) of a series of
marker molecules and their absorption into microflu-
idic PDMS channels at pH 7.0 as a function of solution
temperature (25 and 37 �C) and incubation time (0.5,
1, 2.5, and 4.5 h). The partition coefficient, log P, of a
given molecule depends on its chemical structure and
the associated hydrophilic/hydrophobic balance.36

log P is experimentally determined by the ratio
between molecule’s concentration in a hydrophobic
solvent (octanol) and concentration in a hydrophilic
solvent (water) upon dissolution and reaching equi-
librium in this biphasic solvent system as shown in Eq.
(1).36

logP ¼ log
solute in octanol½ �
solute in water½ � ð1Þ

Molecules with high log P value such as Nile Red
(log P = 5.0)34 are highly hydrophobic and can easily
partition into lipid bilayers24 and absorb into hydro-
phobic PDMS surfaces.61 However, the majority of
pharmaceutical and diagnostic agents have signifi-
cantly lower log P values than 5 to achieve aqueous

solubility and absorption from the gastrointestinal
tract.39 Consequently, there is a need to establish a
relationship between log P of model solute molecules
and their absorption into PDMS to predict the effect
of molecular absorption of different therapeutic or
diagnostic molecules on the accuracy and reproduc-
ibility of in vitro assays performed in microfluidic
PDMS devices.

We selected five molecules with log P values that
span the established log P range of current pharma-
ceutical agents39,50 and are commonly used as markers
to assess the viability and barrier properties of epi-
thelial and endothelial monolayers (Fig. 1a). Mannitol
is a hydrophilic small molecular weight molecule with
six hydroxyl groups and a log P value of 23.10.12

Mannitol permeates across epithelial and endothelial
barriers through the aqueous pores in the tight junc-
tion complexes and is routinely used as a paracellular
permeability marker.15 Dexamethasone is a glucocor-
ticoid with a potent anti-inflammatory effect.53 Phe-
nytoin is an anti-epileptic drug that is used to suppress
abnormal brain activity including epileptic seizures.27

Dexamethasone and phenytoin are moderately
hydrophobic drug molecules with log P values of 1.83
and 2.47, respectively.4,48 Both dexamethasone and
phenytoin are substrates for the P-glycoprotein (P-gp)
efflux pump present on the luminal side of intestinal
epithelial cells, vascular endothelial cells, and cancer

(a)

(b)

FIGURE 1. (a) Chemical structure and log P values of the
selected marker molecules. (b) Schematic illustration of a
single PDMS microfluidic channel.
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cells.2,63,68 Both molecules are routinely used to assess
the functional expression of the P-gp efflux pump in
epithelial and endothelial monolayers used as in vitro
screening tools.2,63 Rhodamine 6G is a hydrophobic,
membrane-permeable, fluorescent dye with a log P of
2.62 that has been used to evaluate membrane
potential based on its fluorescence intensity.41 Diaze-
pam is a hydrophobic drug molecule with log P of
2.8,26 which allows it to freely diffuse across the cell
membrane and is consequently used as a marker of
transcellular permeability across epithelial and endo-
thelial cell monolayers.46 Diazepam is routinely used as
a sedative, anticonvulsant, anxiolytic, and skeletal
muscle relaxant.42 These molecules were selected to
span the log P range of major pharmaceutical agents
(average log P ~ 2.43).50 Furthermore, we evaluated
the effect of TiO2

52 and glass1 coatings on the absorp-
tion of hydrophobic molecules into PDMS channels.

MATERIALS AND METHODS

Materials

Poly(dimethylsiloxane) (Sylgard 184) was purchased
from Dow Corning (Midland, MI). SU-850 was pur-
chased from MicroChem (Newton, MA). Titanium
(IV) isopropoxide, tetraethyl orthosilicate (TEOS), and
methyltriethyoxysilane (MTES) were purchased from
Sigma Aldrich (St. Louis, MO). [14C]-D-mannitol
(100 lCi/mL) and [3H]-phenytoin (1 mCi/mL) were
purchased from Moravek Biochemicals and Radio-
chemicals (Brea, CA). [3H]-diazepam (1 mCi/mL) and
[3H]-dexamethasone (1 mCi/mL) were purchased from
American Radiolabeled Chemicals, Inc. (St. Louis,
MO). Rhodamine 6G was purchased from Invitrogen
(Carlsbad, CA). All chemicals were used as delivered
without further purification.

Design and Fabrication of Microfluidic Channels

Microfluidic channels were fabricated using soft
lithography following established procedures.17 Brief-
ly, PDMS prepolymer was mixed with the curing agent
at a weight ratio of 10 (prepolymer):1 (curing agent)
and was cast onto a 4 inches silicon wafer containing a
200 lm thick positive relief pattern. A single wafer was
patterned to contain five evenly spaced microfluidic
channels where each channel is 40 mm 9 2 mm 9

200 lm (L 9 W 9 H) (Fig. 1b). The PDMS layer and
a solid PDMS slab with similar composition were
cured overnight for 12 h at 60 �C. Access holes were
punched with a 16 gauge blunt syringe (1.65 mm outer
diameter) forming the inlet and outlet holes for each
channel. PDMS prepolymer was used to bond the

PDMS slab and channel upon exposure to plasma
oxygen for 30 s. Prior to their use, fabricated PDMS
channels were exposed to plasma oxygen for 5 min and
immediately loaded with 15 lL of phosphate-buffered
saline (PBS) solution.

Assessment of Markers Absorption

To measure the absorption of each molecule, 3 lL of
[3H]-diazepam (2.67 lM), [14C]-D-mannitol (11.3 lM),
or rhodamine 6G (52.2 lM) stock solutions were mixed
with 12 lL of PBS and loaded into the PDMS channels.
Given the high specific activity of [3H]-phenytoin
(6.67 lM) and [3H]-dexamethasone (0.0076 lM), only
0.3 lL of the stock solution was mixed with 14.7 lL of
PBS solution before loading into the PDMS channel.
Loaded channels were incubated at 25 and 37 �C for 0.5,
1, 2.5, and 4.5 h. All concentrations are selected based
on the minimum amount required for detection of these
molecules in solution. The loaded marker solution was
retrieved from each channel followed by washing the
channel with 15 lLof freshPBS for 12 consecutive times
at different time points and immediately analyzed using
liquid scintillation counting (Beckman LS 6500, Beck-
manCoulter Inc., Brea,CA) for radiolabeledmarkers or
the Fluoroskan Ascent FL plate reader (Thermo Fisher
Scientific Inc., Waltham, MA) for rhodamine 6G. The
amount of each marker present in the collected washes
was normalized to that initially loaded into each channel
to determine percentage absorption of different mark-
ers. Absorption rate (%/min/cm2) of each molecule was
calculated by normalizing the percentage absorbed to
the incubation time and channel surface area.

TiO2 and Glass Coating of PDMS Channels

TiO2 coating of PDMS channels was done following
established protocols.52 Briefly, PDMS microfluidic
channels were filled with 2-propanol by applying a
negative pressure of approximately 50 kPa at one end
of the reservoirs while the remaining one was filled
with 2-propanol. A mixture of 1:1 v/v of titanium (IV)
isopropoxide and 2-propanol was prepared and
pumped through the channel for 1 min to replace the
loaded 2-propanol. The reservoirs were then allowed to
dry in order to properly apply the TiO2 coating to the
surface of PDMS channels.

For glass coating, water (adjusted to pH 4.5 with
HCl), TEOS, MTES, and ethanol were mixed at a
1:1:1:1 v/v to prepare the pre-conversion sol mixture
following published procedures.1 This solution was
heated in a microwave oven for 15 s before incubating
at 65 �C for 12 h. Channels were oxidized by oxygen
plasma for 5 min to generate hydroxyl groups on the
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PDMS surface to allow covalent coupling between
PDMS and siloxanes. The channels were immediately
filled with pre-converted sol mixture and placed on a
hot plate at 100 �C for approximately 1 min to coat
the channel surface. The sol solution was removed
from the channel using a vacuum pump leaving the
desired glass coating on the PDMS surface.

RESULTS AND DISCUSSION

Absorption of Mannitol in PDMS Microfluidic
Channels

All channels used in the absorption experiments
were fabricated using the same master. Channels were
used 30–60 min after their plasma oxidation and they
were easily loaded with PBS solution and remained
intact throughout the absorption experiments. Chan-
nel consistency is maintained by using the same
amount of PDMS for fabrication (50 g of PDMS
prepolymer for five channels). All channels are then
baked in the oven using the same master. Channel
quality is checked by loading PBS solution and
examined under the microscope at 109 magnification
to confirm the absence of air bubbles. Microfluidic
channels trapping any bubbles were immediately dis-
carded.

Mannitol absorption into PDMS channels varied
based on the incubation temperature and time (Fig. 2).
The total amount of [14C]-mannitol retrieved from
each channel in the initial collection (IC) and sub-
sequent washes with fresh PBS were normalized to the
amount of [14C]-mannitol loaded into the same
channel and the difference represents the percentage of
mannitol molecules absorbed into the PDMS surface
(Fig. 2). Results show that 66–82% of the loaded
mannitol was retrieved after incubation for 0.5–4.5 h
in PDMS microfluidic channels at 25 �C (Fig. 2a). In
comparison, 92–100% of the loaded mannitol was re-
trieved after incubation in similar microfluidic chan-
nels at 37 �C for the same incubation periods (Fig. 2b).
Results show similar percentages of mannitol retrieval
from PDMS channels at all incubation times regardless
of the solution temperature (Figs. 2a and 2b). How-
ever, results show higher percentages of mannitol
retrieval upon incubation at 37 �C compared to that
observed at 25 �C, which is attributed to the formation
of hydrogen bonds between the silanol’s OH groups
displayed on the surface of oxidized PDMS and the six
hydroxyl groups of mannitol molecules at lower tem-
perature. Elevating solution temperature from 25 to
37 �C provides sufficient energy to break the hydrogen
bonds and increase mannitol retrieval at different time
points (Fig. 2b).

We calculated the increase in solution energy due to
temperature increase from 25 to 37 �C using the fol-
lowing heat capacity equation:

FIGURE 2. Cumulative amount of [14C]-mannitol retrieved in
the initial collection (IC) and subsequent washes (W) nor-
malized to the total amount of mannitol loaded into microflu-
idic PDMS channels incubated at (a) 25 �C and (b) 37 �C for
0.5 (d), 1.0 (j), 2.5 (m), and 4.5 (¤) hours. (c) Absorption rate
of [14C]-mannitol into PDMS microfluidic channels at 25 �C
(d) and 37 �C (s) for 0.5, 1, 2.5, and 4.5 h. Results are the
average 6 the standard error of the mean collected from five
different channels. Statistical difference in mannitol absorp-
tion rate as a function of solution temperature at a given
incubation time point is identified by * when p < 0.05, ** when
p < 0.01, and *** when p < 0.001.
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Q ¼
ZT2

T1

Cp dT ¼ Cp � T2 � T1ð Þ ð2Þ

where Q is the thermal energy resulting from the
temperature difference, T2 is the elevated temperature
(37 �C), T1 is the standard room temperature (25 �C),
and Cp is the specific heat capacity for the mannitol
solution, which is assumed to be equal to water
(4.18 J g21 K21) given that mannitol was dissolved in
PBS. The calculated thermal energy as a result of
temperature difference is 50.18 J g21.

Using the heat calculated in Eq. (2), we calculated the
energy available from the elevated temperature to
mannitol molecules (15 lL with density similar to wa-
ter) loaded in the microfluidic channels using Eq. (3).

Et ¼ Q�m ð3Þ

where Et is the available energy and m is the mass of
the mannitol solution. Based on Eq. (2), increasing the
solution temperature from 25 to 37 �C provides 0.75 J
of additional energy (Et) to the loaded mannitol solu-
tion.

Earlier research showed that (O–HÆÆÆO) hydrogen
bond has 21 kJ mol21 and requires a dissociation
energy of 3.49 9 10220 J.21,43 Based on the specific
activity of [14C]-D-mannitol (100 lCi/mL; 60 9 103

lCi/mmol), the number of mannitol molecules loaded
in each microfluidic channel is 3.01 9 1015 molecules.
These molecules will form 2.05 9 1016 hydrogen bonds
and require 0.72 9 1023 J to dissociate assuming that
each of the OH groups of loaded mannitol molecules
formed a hydrogen bond with a silanol group on the
PDMS surface. Earlier calculations show that increas-
ing the solution temperature from 25 to 37 �C provides
0.75 J, which is 1000-fold higher than the energy
required to break the maximum number of hydrogen
bonds formed between the loaded mannitol molecules
and the OH groups displayed on the PDMS surface.

Absorption of mannitol and other molecules depend
on the incubation time and the total surface area of
PDMS microfluidic channels. Consequently, we nor-
malized the percentage of absorbed molecules to the
incubation period (minutes) and the PDMS surface
area (cm2) to calculate the absorption rate (%/min/
cm2) of different markers to extrapolate these findings
to other microfluidic devices with different architec-
tures and geometry. Results show that the absorption
rate of mannitol dropped with the increase in incuba-
tion time and regardless of the incubation temperature,
which indicates high absorption rate of mannitol
molecules into the PDMS surface shortly after loading
the channel (Fig. 2c). Mannitol absorption into PDMS
channels clearly shows the effect of incubation tem-
perature with a statistically higher absorption rate at

25 �C compared to that at 37 �C (Fig. 2c). Results
show that mannitol (log P = 23.1) exhibit low net
absorption (<10%) and absorption rate (0.63%/min/
cm2) into microfluidic PDMS channels and can be used
in different quantitative assays in PDMS microfluidic
channels.

Absorption of Phenytoin and Dexamethasone in PDMS
Microfluidic Channels

Phenytoin (log P = 2.47) and dexamethasone
(log P = 1.83) are moderately hydrophobic drug
molecules that are substrates for the P-gp efflux pump.
Results show that absorption of phenytoin and dexa-
methasone into PDMS microfluidic channels increased
with the increase in incubation time and solution
temperature (Figs. 3 and 4). For instance, absorption
of phenytoin increased from 8% (92% retrieved) to
22% (78% retrieved) of the loaded solute molecules
after incubation for 0.5 and 4.5 h in PDMS channels at
25 �C, respectively (Fig. 3a). Phenytoin exhibited a
similar absorption profile at 37 �C with 6 and 28% of
the loaded solute molecules absorbed in the PDMS
channel after incubation for 0.5 and 4.5 h, respectively
(Fig. 3b). Results show that phenytoin’s absorption
rate at 37 �C was higher than that observed at 25 �C
(Fig. 3c) except at 0.5 h, which can be attributed to the
increase in solution thermal energy causing an increase
in the kinetic energy of phenytoin molecules and their
diffusivity into PDMS surface.31

Similarly, absorption of dexamethasone increased
from 6% (94% retrieved) to 18% (82% retrieved)
upon incubation in PDMS channels at 25 �C for 0.5
and 4.5 h, respectively (Fig. 4a). Dexamethasone
exhibited a similar absorption profile at 37 �C with 2
and 30% of the loaded solute molecules absorbed in
the PDMS channel after incubation for 0.5 and 4.5 h,
respectively (Fig. 4b). Similar to phenytoin, results
show that phenytoin’s absorption rate at 37 �C was
higher than that observed at 25 �C (Fig. 4c) except at
0.5 h. It also indicates continuous absorption of solute
molecules into PDMS surface throughout the incuba-
tion period (Fig. 4c). These results collectively indicate
that moderately hydrophobic molecules like phenytoin
and dexamethasone can be used in quantitative assays
in PDMS microfluidic devices with short analysis time
(<0.5 h) when absorption of these solute molecules is
insignificant.

Absorption of Rhodamine 6G and Diazepam in PDMS
Microfluidic Channels

Rhodamine 6G (log P = 2.62) and diazepam
(log P = 2.8) are highly hydrophobic drug molecules
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that freely diffuse across the lipid bilayers of mam-
malian cell membranes and are routinely used to assess
transcellular transport across epithelial and endothelial

monolayers.41,42,59 Results show that rhodamine 6G
and diazepam exhibit extensive absorption into PDMS
channels at 25 and 37 �C and all incubation time

FIGURE 3. Cumulative amount of [3H]-phenytoin retrieved in
the initial collection (IC) and subsequent washes (W) nor-
malized to the total amount of phenytoin loaded into micro-
fluidic PDMS channels incubated at (a) 25 �C and (b) 37 �C for
0.5 (d), 1.0 (j), 2.5 (m), and 4.5 (¤) hours. (c) Absorption rate
of [3H]-phenytoin into PDMS microfluidic channels at 25 �C
(d) and 37 �C (s) for 0.5, 1, 2.5, and 4.5 h. Results are
the average 6 the standard error of the mean collected from
five different channels. Statistical difference in phenytoin
absorption rate as a function of solution temperature at a
given incubation time point is identified by * when p < 0.05,
** when p < 0.01, and *** when p < 0.001.

FIGURE 4. Cumulative amount of [3H]-dexamethasone re-
trieved in the initial collection (IC) and subsequent washes (W)
normalized to the total amount of dexamethasone loaded into
microfluidic PDMS channels incubated at (a) 25 �C and (b)
37 �C for 0.5 (d), 1.0 (j), 2.5 (m), and 4.5 (¤) hours. (c)
Absorption rate of [3H]-dexamethasone into PDMS microfluidic
channels at 25 �C (d) and 37 �C (s) for 0.5, 1, 2.5, and 4.5 h.
Results are the average 6 the standard error of the mean col-
lected from five different channels. Statistical difference in
dexamethasone absorption rate as a function of solution tem-
perature at a given incubation time point is identified by * when
p < 0.05, ** when p < 0.01, and *** when p < 0.001.
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points (Figs. 5 and 6). For example, 77 and 80% of the
loaded rhodamine 6G molecules were absorbed in
PDMS channels regardless of the incubation time at 25

and 37 �C, respectively (Figs. 5a and 5b). This is
further emphasized in Fig. 5c showing the high
absorption rate of 1.44%/min/cm2 at 25 �C and

FIGURE 5. Cumulative amount of rhodamine 6G retrieved in
the initial collection (IC) and subsequent washes (W) nor-
malized to the total amount of rhodamine 6G loaded into
microfluidic PDMS channels incubated at (a) 25 �C and (b)
37 �C for 0.5 (d), 1.0 (j), 2.5 (m), and 4.5 (¤) hours. (c)
Absorption rate of rhodamine 6G into PDMS microfluidic
channels at 25 �C (d) and 37 �C (s) for 0.5, 1, 2.5, and 4.5 h.
Results are the average 6 the standard error of the mean
collected from five different channels. Statistical difference in
rhodamine 6G absorption rate as a function of solution tem-
perature at a given incubation time point is identified by
* when p < 0.05, ** when p < 0.01, and *** when p < 0.001.

FIGURE 6. The cumulative amount of [3H]-diazepam re-
trieved in the initial collection (IC) and subsequent washes
(W) normalized to the total amount of diazepam loaded into
microfluidic PDMS channels incubated at (a) 25 �C and (b)
37 �C for 0.5 (d), 1.0 (j), 2.5 (m), and 4.5 (¤) hours. (c)
Absorption rate of [3H]-diazepam into PDMS microfluidic
channels at 25 �C (d) and 37 �C (s) for 0.5, 1, 2.5, and 4.5 h.
Results are the average 6 the standard error of the mean
collected from five different channels. Statistical difference in
diazepam absorption rate as a function of solution tempera-
ture at a given incubation time point is identified by * when
p < 0.05, ** when p < 0.01, and *** when p < 0.001.
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1.46%/min/cm2 at 37 �C of rhodamine 6G upon incu-
bation in PDMS channels for 0.5 h. Similarly, 90 and
95% of the loaded diazepam molecules absorbed into
PDMS channels upon incubation at 25 and 37 �C,
respectively (Figs. 6a and 6b). Results show that diaze-
pam absorption into PDMS increased with the increase
in incubation temperature shown by the significant in-
crease in diazepam’s absorption rate from 1.67%/min/
cm2 at 25 �C to 1.79%/min/cm2 at 37 �C upon incuba-
tion for 0.5 h (Fig. 6c). These results clearly indicate that
rhodamine 6Ganddiazepam exhibit rapid and extensive
absorption intoPDMSmicrofluidic channels, whichwill
reduce the effective concentration of solute molecules
present in solution and may influence the accuracy of
different in vitro assays utilizing these markers.

Correlation Between Log P and Absorption in PDMS
Microfluidic Channels

The partition coefficient, log P, of a given molecule
depends on the hydrophilic/hydrophobic balance,

which is dictated by its chemical structure. This report
describes the absorption of a series of markers with
different degrees of hydrophobicity reflected by their
log P values, which span the log P range of the
majority of therapeutic and diagnostic agents.39,50

Correlating the log P of different markers with their
absorption profile will allow the prediction of
absorption of therapeutic molecules in PDMS micro-
fluidic devices as a function of incubation time and
solution temperature. Results show that mannitol
exhibited the lowest absorption (95% retrieval) in
PDMS channels upon incubation for 0.5 h at 37 �C,
which is not surprising given its hydrophilic nature
(log P = 23.1) (Fig. 7a). Dexamethasone (log P =

1.83) and phenytoin (log P = 2.47) also exhibited low
absorption (>90% retrieval) into PDMS channels
upon incubation for 0.5 h at 37 �C. In comparison,
increasing the log P of investigated molecules to 2.62
(rhodamine 6G) and 2.8 (diazepam) led to a sub-
stantial increase in molecular absorption in PDMS
channels under the same experimental conditions.

FIGURE 7. The relationship between the retrieved percentage of each marker molecules and its log P value after incubation in
microfluidic PDMS channels for (a) 0.5, (b) 1.0, (c) 2.5, and (d) 4.5 h at 37 �C. Results are the average 6 the standard error of the
mean collected from five different channels.
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These results suggest that there is a log P ‘‘threshold’’
between 2.47 and 2.62 where molecules with log P<

2.47 exhibit minimal absorption into PDMS surfaces
whereas those with log P> 2.62 get extensively ab-
sorbed into PDMS channels.

To better elucidate the difference in markers
hydrophobicity, we used log P values to calculate the
concentration of different marker molecules in octanol
(Eq. (1)) and normalized the concentration of each
marker in this organic layer to that of mannitol.
Results show that the calculated concentration of
dexamethasone, phenytoin, rhodamine 6G, and diaz-
epam is ~85,000-, 372,000-, 525,000-, and 794,000-folds
the concentration of mannitol partitioning into the
organic octanol layer, respectively, which clearly shows
the significant difference in hydrophobicity of different
molecules. Further, it shows the significant difference
in hydrophobicity between phenytoin and rhodamine
6G despite the small difference in their log P values,
which suggests that there is a log P ‘‘threshold’’ for
extensive absorption into PDMS microfluidic devices.
The relationship between log P of different markers
and their observed absorption into PDMS microfluidic
devices was consistent at all incubation time points up
to 4.5 h (Fig. 7).

Our results are supported by earlier studies by Lee
et al. who examined the compatibility of different
aqueous and organic solvents with PDMS-based
microfluidic devices by measuring the partition of
multiple organic solutes between bulk PDMS and
different organic solvents.35 Results of this investiga-
tion showed that aqueous solutions of rhodamine B
(log P = 2.74)59 and fluorescein (log P = 20.67)10

exhibited different absorption profiles into bulk
PDMS.35 Specifically, fluorescein was not absorbed
into PDMS whereas 60% of rhodamine B molecules
got absorbed into bulk PDMS under the same
experimental conditions.35 These earlier results are in
agreement with our findings and support the notion
that absorption into PDMS depends on the solute’s
log P value. It is important to note that an analysis of
over 3000 drug candidates between 1960 and 2000
showed that the mean log P value for these thera-
peutic molecules is approximately 2.43,50 which is
similar to the log P threshold identified in this report.
This suggests that approximately 50% of current
drugs can be used in different in vitro assays that
utilize microfluidic PDMS devices without exhibiting
appreciable absorption into PDMS surface. However,
drugs with log P values >2.62 should be carefully
evaluated before using them in any quantitative assays
that utilize PDMS devices to eliminate the effect of
their absorption into PDMS wall on the accuracy of
the results.

Effect of TiO2 and Glass Coating on Absorption in
PDMS Channels

Culbertson and Weitz groups showed that TiO2 and
glass coatings prevent the diffusion of rhodamine B
(log P = 2.74)59 into the PDMS walls of microfluidic
channels. This was indicated by the localization of the
fluorescence signal to lumen of the channel compared
to uncoated channels, which showed extensive fluo-
rescence staining of the PDMS walls.26,46 Earlier
studies showed that the contact angle for uncoated
Sylgard 184 PDMS is 110�, which indicates the high
hydrophobicity of the PDMS surface.52 However,
TiO2- and glass-coated PDMS channels have a signif-
icantly lower contact angle of 61� and 35�, respec-
tively.37,52 Consequently, we evaluated the effect of
TiO2 and glass coatings on diazepam (log P = 2.8)
absorption into microfluidic PDMS channels upon
incubation for 0.5 h at 37 �C (Fig. 8). Results show
that the percentage of retrieved diazepam increased
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FIGURE 8. (a) Cumulative amount of [3H]-diazepam retrieved
in the initial collection (IC) and subsequent washes (W) nor-
malized to the total amount of diazepam loaded into uncoated
(¤), TiO2-coated (j), and glass-coated (m) microfluidic PDMS
channels for 0.5 h at 37 �C. (b) Absorption rate of [3H]-diaze-
pam into uncoated and TiO2- and glass-coated PDMS micro-
fluidic channels upon incubation for 0.5 h at 37 �C. Results
are the average 6 the standard error of the mean collected
from five different channels. Statistical difference in diazepam
absorption rate as a function of channel coating is identified
by * when p < 0.05, ** when p < 0.01, and *** when p < 0.001.
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from 4% for uncoated PDMS channels to 8 and
18% in TiO2- and glass-coated channels, respectively
(Fig. 8a). Therefore, diazepam absorption rate
decreased significantly from 1.79%/min/cm2 for un-
coated PDMS channels to 1.73%/min/cm2 and 1.57%/
min/cm2 in TiO2- and glass-coated channels, respec-
tively (Fig. 8b). However, the decrease in diazepam
absorption in TiO2- and glass-coated channels did not
match the low absorption rate of marker molecules
with log P< 2.47. These results suggest the potential
of TiO2 and glass coatings in reducing the absorption
of hydrophobic molecules (log P> 2.62) but coating
conditions (e.g., number and thickness of coating lay-
ers) need to be further optimized to inhibit molecular
absorption into microfluidic PDMS channels.

CONCLUSIONS

Our results provide a quantitative correlation
between the log P of a series of markers and their
absorption in microfluidic PDMS channels as a
function of incubation time and temperature. Results
show molecules with log P< 2.47 exhibit minimal
absorption (<10%) into PDMS channels whereas
molecules with log P> 2.62 exhibit extensive absorp-
tion in the same channels. Further, TiO2 and glass
coatings reduce the absorption of [3H]-diazepam
(log P = 2.8) in microfluidic PDMS channels. How-
ever, reduction in diazepam absorption to match the
low levels observed with hydrophilic molecules
(log P< 2.47) requires a systemic investigation of the
effect of coating parameters on net molecular
absorption. These results clearly show the significance
of considering the log P of different solute molecules
before using them in quantitative assays in microflu-
idic PDMS devices.
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