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It is demonstrated in this study that the nanoliter reactor arrays with an inkjet printing, can be used for high
throughput screen of antibiotic function. As a model antibiotic, gramicidin was used in this study. The
gramicidin embedded lipid vesicles were immobilized on the surface in the nanoliter reactor structure with
control of the volume in the nanoliter reactor. By dispensing acidic drops into the reactor, the gramicidin
function was monitored. The technique developed in this research also has a great potential to be used for

discovery of drugs.
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Introduction

The study of the antibiotic reaction against bacteria
requires reactions at numerous conditions. However, the
reactions can be carried out with the proteins obtained
through isolation and purification, which are difficult and
time-consuming to be achieved. An amount of the proteins
in a cell membrane is mostly £M scale, and the yield of the
proteins is around 1%.'> These facts lead to development of
high throughput technologies. High throughput screen was
performed with microwell plates, which require more than
couple microliter volumes of a solution for reactions.*

Microfabrication technologies have been widely used, for
example, drug delivery system,>® in vivo application,”® and
micro-total analysis system (z~TAS).” The microfabrication
technologies have been also adapted for high throughput
identification of DNA (DNA microarrays) to facilitate
investigation of biological mechanism, which is extremely
complicated.'® However, since the data obtained from DNA
microarray experiments does not provide any direct infor-
mation about the function of the gene product, microarray
has been developed for high throughput determination of a
protein function (Protein microarrays).'""'* Still, the present
protein microarray technologies have a limitation that all of
proteins immobilized on a surface are exposed to an
identical chemical environment. Induction of all of proteins
to different chemical surrounds apparently leads the anti-
biotic function study and the drug discovery to be carried out
much more efficiently, because reactions at a lot of condi-
tions are necessary for them.

Each chemical surround to each protein can not be achiev-
ed without a well defined microstructure and a sufficient
reagent delivery system under well controlled humidity. The
well defined microstructure plays as reactors, which isolate a
reagent at a desired place from other reagents at other places
on a single surface and provide a place for numerous
reactions to occur. The isolation needs a barrier to keep the
reagent from any leakage. In this paper, the microstructure in
an array is called nanoliter reactor array. The nanoliter
reactor allows one reaction to consume reagent in a nanoliter

scale, which is 1000 times less than a volume necessary in
the microwell plate. And the reagent delivery system was
introduced to transfer a reagent to a reactor at an exact place
with minimization of contamination. Inkjet printing is
inexpensive, repeatable, flexible, and easy to transfer of
picoliter reagents.'” Inkjet printing applications in bio-
technology have been utilized previously including for bio-
sensor development, biochips, DNA arrays, DNA synthesis,
microdeposition of active proteins on cellulose, and free-
form fabrication techniques to create polymeric scaffolds.!®*
Humidity control is essential so that denature of proteins and
variance of reagent concentrations in the nanoliter reactor
could be avoided.
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Figure 1. Schematic diagram to show the conventional protein
arrays (A) and nanoliter reactor arrays (B). a, b, and c are
corresponding to each protein, and d, e, and f are to each reagent
reacted with the proteins. In (A), protein a, b, and c are exposed to
all of reagents. In (B), each protein is exposed to a single reagent
delivered using inkjet printing.
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The goal of this study is to demonstrate that the nanoliter
reactor arrays can be used with the inkjet printing for
functional screening of antibiotics. As an antibiotic model,
gramicidin has been selected because gramicidin function
has been studied as a simple ionophore. Figure 1 presents
schematic diagram to show the conventional protein array
(Figure 1(A)) and the nanoliter reactor array (Figure 1(B))
pursued in this paper.”>?* In Figure 1, a, b, and ¢ are
corresponding to each protein, and d, e, and f are to each
reagent reacted with the proteins. In Figure 1(A), protein a,
b, and ¢ are exposed to all of reagents. However, in Figure
1(B), each protein is exposed to a single reagent delivered
using the inkjet printing.

Experimental

Nanoliter array development. Structure of the nanoliter
reactor arrays was created with SU-8, which is an epoxy-
based negative photo-resist that is well known for its utility
in creating high aspect ratio polymeric microdevices.”*’
The nanoliter reactor arrays were fabricated on an 18 x 18
mm cover glass (VWR, West Chester, PA). The microfabri-
cation process involved seven steps are spin coat, soft bake,
expose, post expose bake, develop, and hard bake. To obtain
maximum process reliability, residual materials were remov-
ed from the microcover glass using an ozone-cleaner (UVO
cleaner, model 42, Jetlight Co., Irvine, CA) for 10 minutes.
Spin coating of the SU-8 photoresist (MicroChem Corp.,
Newton, MA) was carried out on a headway spin coating
device (Headway Research Inc, Garland, TX). Before spin
coating, the microcover glass was baked at 90 °C for 15
minutes to ensure all residual moisture was removed. The
microcover glass was then taped to a polymer coated paper
template and placed on the vacuum chuck of the spin coater.
The SU-8 spin coating was carried out at 1,500 RPMs for 50
second to create 20-40 micron thick films, as determine
profilometry in post processing (Tencor Alpha Step 200
Profilometer, Milpitas, CA). After coating the microcover
glass, the template was removed and the device was soft
baked at 65 °C for 5 minutes and then 95 °C for 10 minuets
on the PMC Dataplate® digital hot plate (Mode: 731, Barn-
stead/Thermolyne, Dubuque, IA). The nanoliter reactor
pattern was designed with IC station (Mentor Graphics
Corporation, Wilsonville, OR).

Preparation of dye entrapped lipid vesicles. Potassium
Chloride (KCI), chloroform, and glycerin were purchased
from Mallinckrodt (Hazelwood, MO). Tricine, Mes, and
pyranine were purchased from Sigma-Aldrich (St. Louis,
MO). Dipalmitoylphosphatidylcholine (DPPC), biotinylated
dipalmitoylphosphatidylethanolamine (bio-DPPE), Rhod-
amine labeled dipalmitoylphosphatidylethanolamine (Rho-
DPPE), and pegylated dipalmitoylphosphatidylethanol-
amine (PEG-DPPE) were purchased from Avanti Polar
Lipids (Alabaster, PA). Large-unilamellar-vesicles (LUVs)
were prepared with 98% DPPC, 1% bio-DPPE, 0.7% Rho-
DPPE, and 0.3% PEG-DPPE.*® The lipids were well mixed
in chloroform to a total lipid concentration of 10 mg/mL.
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The glass surface of a vial was coated with these lipids by
evaporation of the solvent under a stream of nitrogen
(Inweld Corp., Indianapolis, IN) during vortexing. Traces of
solvent were removed under vacuum for 3-4 hours. The
lipids were resuspended in a solution of 20% glycerin and
80% water of 0.1 M KCI, 5 mM Tricine, 5 mM Mes, and 5
mM pyranine at the desired pHs. During the resuspension,
the lipid concentration was adjusted to the desired. This
solution was subjected to ten freeze-thaw cycles with thaw
performed above 40 °C. After the freeze-thaw cycles, the
lipids form multi-lamellar-vesicles (MLVs). The MLVs were
transferred into an extruder (Sciema Technical Services,
Richmond, BC) and extruded through a standard poly-
carbonate filter (Osmonic, West Borough, MA). The vesicles
were extruded ten times through a 0.1 gm pore size double
polycarbonate filter above 40 °C. After the extrusion the
LUVs were obtained. Excess dye (pyranine) outside of the
vesicles was removed from the solution by gel chromato-
graphy (GC) made by packing 100 g Sephadex G-25
(Amersham Biosciences, Uppsala, Sweden) in a 45 cm
length and 2.5 cm diameter glass column (Ace Glass,
Louisville, KY). The packed materials (Sephadex G-25) in
the column were rinsed twice, prior to adding the lipid
vesicle solution into the column, with the buffer without
pyranine, which was used for vesicle preparation. Break
through curves were obtained by monitoring the dye
concentration of the eluent of the lipid vesicle solution at
450 nm with UV/VIS spectrometer Lamda EZ 210 (Perkin
Elmer, Boston, MA) to find a condition where a solution
without dyes outside of the vesicles can be collected. All of
UV/VIS absorption scanning to the lipid vesicle solution
was performed using the lipid solution without pyranine as a
reference at each pH unless otherwise stated.

Gramicidin embedded lipid vesicles. Gramicidin, select-
ed as the membrane peptide model, is a hydrophobic protein
consisting of 15 amino acids in the sequence of Val-Gly-
Ala-Leu-Ala-Val-Val-Val-Trp-Leu-Trp-Leu-Trp-Leu-Trp.”’
Numerous studies using planar membranes and liposomes
have shown that the channel is a dimer of the peptide. The
total length is about 30 A and the outer and inner diameters
are ~15 A and 5 A respectively. The hydrophobic side chains
are all on the outside of the helix and hydrophilic peptide
backbone carbonyls line the pore. At sufficiently high levels
of incorporation (>5 mol %) gramicidin aggregates to form
tubular structures and induces the formation of hexagonal
Hy phase in model membranes.*® Gramicidin was purchased
from Sigma-Aldrich. For preparation of gramicidin embedd-
ed vesicles, gramicidin molecules were dissolved in ethanol
and mixed with the lipids resuspended in a solution of 20%
glycerin and 80% water of 0.1 M KCl, 5 mM Tricine, 5 mM
Mes, and 5 mM pyranine at pH 8.2. Excess pyranine was
removed with the procedures described above. Gramicidin
concentration was 10 #M in the resuspended solution. 3 mL
vesicle solution with gramicidin was added into a fluoro-
meter cell (Perkin Elmer, Boston, MA), and the solution at
different pH was monitored using the fluorometer - Lumine-
scence Spectrometer LS50B (Perkin Elmer, Boston, MA)
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with 460 nm excitation and 520 nm emission wavelengths.
Vesicle solution without gramicidin was also monitored in
the same way.

Surface chemistry. Chemical treatment on a nanoliter
reactor surface was performed to lead lipid vesicles to bind
to the surface. Biotin groups were necessary to be immobi-
lized on the surface so that lipid vesicles made with
biotinylated lipids could be bound to the surface through
streptavidin molecules (Sigma-Aldrich, St. Louis, MO). The
surface needs to provide not only a specific binding to the
lipid vesicles but also resistance to non-specific adsorption
of streptavidin molecules. Therefore, biotin attached poly-
ethylene glycol (bio-PEG) was immobilized by reacting N-
hydroxysuccinimidyl (NHS) ester PEGs (Nektar, San Carlos,
CA) after nanoliter reactor surfaces were aminated by a
process of adsorption of polyethyleneimine (PEI) (Sigma-
Aldrich, St. Louis, MO). The surfaces were ozone-cleaned
prior to the amination. All reactions were performed at room
temperature unless otherwise stated. PEI with a mean
molecular weight of 500,000 was adsorbed on the surfaces
by incubation with 5% (w/v) PEI in 50 mM sodium
carbonate (Na>COs, Mallinckrodt, Hazelwood, MO), pH 8.4
for 1 hour. Excess PEI was removed by through rinsing in
water. PEG derivatives were 20 mg/mL a-biotin, @-NHS
polyethylene carbonate, MW 3400. After thorough rinsing,
the surfaces were dipped in a solution of 20 ug/mL
streptavidin concentrations in the PBS buffer for 1 hour. The
nanoliter reactor surface was rinsed twice in 40 mM
octylglucoside (Pierce Biotech. Rockford, IL) for 5 minutes
and ten times in the 0.1 M potassium chloride (KCl), 5 mM
Tricine, 5 mM Mes buffer at desired pH. After removal of
non specific bound streptavidin molecules from the nanoliter
reactor surface, the surfaces were ready for lipid vesicle
immobilization on the nanoliter reactor surface. Lipid vesicle
immobilization was performed through biotin-streptavidin
specific binding for two different purposes, 1) to investigate
whether the lipid vesicles immobilized on a surface were
fused to form lipid bilayer, because the gramicidin in lipid
bilayer also has the capability to exchange protons, and 2) to
conduct a gramicidin function assay on the nanoliter reactor
arrays. For all of two cases, the nanoliter reactor surface was
incubated in 10 mM lipid vesicle solution for two hours.
Explanation for all of experiments is following in detail.

AFM measurements. Nanometer scale images were
obtained at each step of chemical treatment on a surface
without the nanoliter reactor arrays, using the atomic force
microscope (AFM). From the images, it is shown 1) that the
lipid vesicles were immobilized on the surface through the
specific binding (streptavidin-biotin) and 2) that the lipid
vesicles were not fused to form lipid bilayer. The lipid
vesicles prepared without gramicidin were immobilized on
the surface in a solution of 20% glycerin and 80% water of
the 0.1 M KCI, 5 mM Tricine, 5 mM Mes buffer at pH 8.2,
and excess lipid vesicles were gently rinsed with the solution
used for the incubation twice. Concerning effects of grami-
cidin to the immobilization and the fusion, the gramicidin
embedded lipid vesicles were also immobilized on the
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surface with the identical procedures described above.

Gramicidin function assay. The gramicidin embedded
lipid vesicles were immobilized on the surface in a solution
of 20% glycerin and 80% water of the 0.1 M KCI, 5 mM
Tricine, 5 mM Mes buffer at pH 8.2, and excess lipid
vesicles were gently rinsed with the solution used for the
incubation twice. As a control, the lipid vesicles prepared
without gramicidin were used with the identical procedures
described above. Right after relative humidity reached to
100% in the humidity control chamber, the nanoliter reactor
arrays were transferred on an optical microscope stage inside
of the humidity control chamber. The vesicle solution on a
SU-8 barrier between the reactors was swept with a cleaned
glass slide, right before the relative humidity was adjusted to
95%. (Pure water was easily evaporated during the sweep-
ing, because the relative humidity was lower while the water
on the barrier was swept). Then, acid drops (pH 3) were
dispensed to the nanoliter reactors using an inkjet printing
(Microfab, Inc., Plano, TX). Fluorescence images were
taken after 1 minute from the dispensation using the
CoolsnapHQ monochrome camera (Fryer Company, Inc.,
Huntley, IL) whose quantum efficiency is over 60% at
pyranine emission wavelength (520 nm).

Results and Discussion

Nanoliter reactor arrays were shown in Figure 2, an optical
micrograph of micro-reactors 400, 500 and 600 microns in
diameter. Liquid volume in the reactor was controllable
upon the relative humidity. Volume control in the nanoliter
reactor is essential to keep a concentration of reagents
constant so that quantitative data could be obtained for a
reaction in the nanoliter reactor. Pure water is, as a solvent in
the nanoliter reactor, not appropriate even at maximum
relative humidity due to technical limitation, which is
described in the gramicidin function assay section later. The
volume was controlled with water-glycerin composition and
relative humidity around the nanoliter reactor. It was
observed that the volume was easier to be kept constant with
pure glycerin, but in the pure glycerin diffusion of the
reagent was found to be much slower diffusion of the
reagent in the nanoliter reactor. Since 20% (w/w) of glycerin
is known to be a composition which a viscosity is increased
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Figure 2. Optical micrograph of a nanoliter reactor array with
reactors 400, 500, and 600 microns in diameter.
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Figure 4. Volume Control on Microfabricated Reactor Arrays. (A)
is at 95% relative humidity, and (B) is at least 100% more than 2
hours.

significantly above,’' 20% (w/w) was chosen as a starting
point. Diffusion is observed to become significantly slow at
more than 20% (w/w) glycerin in aqueous solution. 20%
(w/w) glycerin corresponds to 95% water molar fraction in
aqueous solution, and a phase diagram of water and glycerin
is found in terms of vapor pressure with respect to molar
fraction of water using Aspen Plus®. The phase diagram in
Figure 3 suggests that vapor pressure of 95% water molar
fraction in liquid phase is identical with that of 95% relative
humidity in vapor phase.

The result of theoretical simulation above was found
consistent with the experimental observation. Figure 4
presents solution-air interfaces at different relative humidity
condition. Figure 4(A) shows that the interface is almost flat
at 95% relative humidity. Figure 4(B) shows that the
interface is convex when the relative humidity was kept at
100% relative humidity for at least more than 2 hours. Once
relative humidity in the chamber was kept around 95%
relative humidity, no net change in the volume of the liquid
in the reactor is observed. Therefore, it is concluded that a
concentration of reagents in the nanoliter reactor is not
changed at 95% relative humidity after the reagents are
transferred from the inkjet printing head to the nanoliter
reactor. The increased amount of volume from keeping
relative humidity of 100% for 2 hours could be estimated
using the optical image in Figure 4(B). The increased
amount is about 9 nanoliter, which is almost identical with

=

Relative fluorescence intensity

400 500 600 700 800
Wavelength (nm)

1
0.9
0.8
0.7 |
0.6
0.5
0.4
0.3
0.2
0.1

C

Relative fluorescence intensity

400 500 600 700 800
Wavelength (nm)

Figure 5. pH-Dependent Change in Fluorescence Intensity of
Pyranine Entrapped within Lipid Vesicles in the Presence of
Gramicidin (A) and in the Absence of Gramicidin (B). Excitation
wavelength is 450 nm, and emission wavelength is 510 nm.

the volume of the nanoliter reactor which has 600 micron
diameter and 30 micron depth, 8.5 nanoliter. Therefore, the
volume variation can induce two times less than the
concentration at 95% relative humidity.

Fluorescence intensity of the vesicle solution was mea-
sured at pH 8.2. After acid drops (pH 3) were added to



Nanoliter Reactor Arrays for Antibiotic Study

0 2 Um

Figure 6. AFM images. (A) Morphology of the surface before the
lipid vesicles were immobilized. (B) Morphology of the surface
after the lipid vesicles were immobilized.

convert pH 8.2 into pH 6.2 in the solution, fluorescence
intensity was measured again. Peak change in a fluorometer
spectrum is monitored. At the lipid vesicle solution with
gramicidin the peak change is observed, while it is not at the
lipid vesicle without gramicidin (Figure 5). This observation
could be explained with a function of gramicidin embedded
in the lipid vesicles. The function could be considered as a
channel which protons are exchanged through. A known
permeability of protons across the lipid bilayer is much less
than that of gramicidin.’® It is also known that proton
gradient does not cause osmotic pressure across the lipid
bilayer,” whose agreement is shown with the observation of
no fluorescence intensity change at the lipid vesicle solution
without gramicidin. Pyranine has been found to be a reliable
and convenient probe of the pH of the internal aqueous
compartment of phospholipid vesicles. It is observed that
ionization of the 8-hydroxyl group of pyranine at alkaline

(A) (B)
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pH (pKa = 7.2) was associated with a pronounced red shift
in the fluorescence excitation maximum from 400 (pH 4) to
450 nm (pH 10), while the 510 nm emission maximum
remained essentially unchanged.** Therefore, the amplitude
of the 510 nm fluorescence excited at 450 nm reflects the
concentration of the unprotonated species. Fluorescence
intensity changes are monitored for pyranine entrapped lipid
vesicles with gramicidin and without gramicidin at 450 nm
excitation and 510 nm emission wavelength. Almost no
fluorescence intensity is changed for lipid vesicles without
gramicidin, while it is changed for lipid vesicles with
gramicidin. Gramicidin works as an ion transport channel. It
is known that water passes through a gramicidin channel at a
permeability of about 10? cm/s, while the permeability of
DPPC bilayer is about 1077 cm/s.*>*® For the gramicidin
embedded lipid vesicle solution, the fluorescence intensity
change up to pH change was analyzed quantitatively. The
fluorescence intensity ratio at pH 6.2 to pH 8.2 was 7 £+ 1%,
which is consistent with other article results.*” This ratio is
found almost identical with unprotonated pyranine molecule
ratio of pH 6.2 to pH 8.2, which is 9.8%. The unprotonated
pyranine molecule ratio was calculated using Henderson-
Hasselbalch equation. 91% of pyranine molecules is
unprotonated at pH 8.2 and 9% of pyranine molecules is
unprotonated at pH 6.2.

In nanometer scale morphology, no significant difference
from the embedded gramicidin was found. The AFM images
were shown in Figure 6. PEI, biotinylated PEG, and strepta-
vidin modified surface morphologies are observed almost
identical. The image before the lipid vesicle immobilization
is presented in Figure 6(A). In Figure 6(A), maximum step
height is observed less than 2 nm, and cross section width of
most morphological bumps is found less than 100 nm. This
characteristic appears to be that of PEI surface, because
morphologies of PEI, PEG and streptavidin modified
surfaces were almost identical. Figure 6(B) shows the image
after the lipid vesicle immobilization. Step height reaches up
to almost 10 nm and cross section width of most bumps are
found around 190 + 60 nm, which is predictable because the
lipid vesicle diameter was measured 140 + 60 nm using light
scattering instrument Coulter N4 Plus Submicron Particle
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Figure 7. (A) Fluorescence image of a micro-fabricated reactor surface with lipid vesicles where gramicidin molecules were embedded. (B)
Fluorescence image without gramicidin molecules. No acid drops (II), 10 acid drops (I), 20 acid drops (III), and 40 acid drops (IV). (C)
Summary of Normalized Fluorescence Intensity Change for (A) and (B).
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Figure 8. Schematic diagram of structure inside the nanoliter
reactor. (A) The gramicidin embedded lipid vesicles were immobi-
lized on the surface inside of the nanoliter reactor. (B) The
immobilized lipid vesicles were prepared without gramicidin.

Sizer (Beckman Coulter, Fullerton, CA).

Fluorescence intensity decrease was observed upon grami-
cidin embedment, with pH decrease. Figure 7 shows the
obtained images. Fluorescence image in Figure 7(A) is for
the lipid vesicles prepared with gramicidin, and that in
Figure 7(B) is for the lipid vesicles without gramicidin. It is
observed that more added acid drops cause lower fluore-
scence intensity from I through to IV in Figure 7. Fluore-
scence intensities of Figure (A) and (B) were normalized
with respect to the fluorescence intensity of no acid drop.
The normalized data were summarized in Figure 7(C). It is
obvious that the fluorescence intensity change was caused
by protons exchanged through channels formed by grami-
cidin. To make points crystal clear, schematic diagram to
show structures inside of the nanoliter reactor is presented in
Figure 8. Apparently, the fluorescence changes in Figure
7(A) could be interpreted with the structure shown in Figure
8(A). Likewise, the results found in Figure 7(B) could be
described with Figure 8(B).

In conclusion, it was demonstrated that the nanoliter
reactor arrays can be used with the inkjet printing for func-
tional screening of antibiotics. Furthermore, the technique
developed in this research also has a great potential to be
used for discovery of drugs.
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