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An optical tweezers directed parallel DNA oligonucleotide synthesis methodology is described in which
controlled pore glass (CPG) beads act as solid substrates in a two-stream microfluidic reactor. The
reactor contains two parallel sets of physical confinement features that retain beads in the reagent
stream for synthetic reaction but allow the beads to be optically trapped and transferred between the
reagent and the inert streams for sequence programming. As a demonstration, we synthesized
oligonucleotides of target sequence 25-nt, one deletion and one substitution using dimethoxytrityl
(DMT) nucleoside phosphoramidite chemistry. In detecting single-nucleotide mismatches, fluorescence
in situ hybridization of the bead-conjugated probes showed high specificity and signal-to-noise ratios.
These preliminary results suggest further possibilities of creating a novel type of versatile, sensitive and
multifunctional reconfigurable one-bead one-compound (OBOC) bead array.

1 Introduction

Since its inception some fifteen years ago," DNA microarray
technology has promised to change the horizon of genomics and
clinical medicine and recently entered the clinical prognostic and
diagnostic arena for several types of cancer.>® Although
substantial efforts have been invested over the years in surface
immobilization chemistries,* techniques to detect gene expres-
sion,’ probe design optimization for mitigating cross-hybridiza-
tion,® statistical algorithms for screening and genotyping’ as well
as vigorous comparative inter- and intra-platform studies,®® the
array platforms themselves have remained largely unchanged.
There also has been little work to correlate the performance of
microarrays with feature-wise DNA qualities, e.g. purity and
amount.’ The performance of such platforms may be
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fundamentally limited in part by the very nature of physics and
chemistries in the microarray fabrication processes and the
characteristics of probes. For DNA microarrays to serve as
sensitive, robust detection or chip-based gene assembly plat-
forms, it is imperative that DNA microarrays have synthetic or
spotted oligonucleotide probes of high fidelity, high diversity and
appropriate quantity. Unfortunately, no existing synthesis tech-
nology supports all three attributes concurrently and at a low
cost.!’** Moreover, all existing microarrays are essentially in
a static mode, where the biomolecules are patterned and immo-
bilized at fixed locations on a 2D surface. A process-integrated,
multifunctional concept, which can fully take advantage of
microarrays’ one-spot one-compound (OSOC) potential by
combining combinatorial probe synthesis, immobilization,
dynamic addressing and transportation of probes, hybridization,
identification of positive hits, sorting and enrichment, as well as
more sophisticated post-analysis needs, is out of reach of the
current microarray paradigm.'#

Oligonucleotides are synthesized base-by-base with a four-step
cycling process consisting of deprotection, coupling, capping and
oxidation on functionalized solid substrates using 5'-end pro-
tected nucleoside phosphoramidite monomers. In situ synthesis
on 2D microarrays, directed by optical,***7 electrochemical,'®**
photoelectrochemical®® deprotection mechanisms or inkjet
methods,?" allow highly diversified oligonucleotide libraries of
thousands of different sequences to be generated, but the quan-
tity for each sequence is small, typically ~fmol."” In addition,
because microarray fabrication is significantly more complex
than single oligonucleotide synthesis, it is not surprising that
their yield and purity are generally inferior. For example, in the
widely used optically fabricated microarrays, the stepwise
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coupling efficiencies are typically <98%,>** resulting a purity
<62% for 25-nt long probes. These factors combined make it
difficult for microarrays to reliably measure gene expressions,
and the results are often arguably not reproducible from one
platform to another.®'**® In contrast, the conventional
approaches using controlled pore glass (CPG) bead packed
columns or wells and solid-phase dimethoxytrityl (DMT) phos-
phoramidite chemistry offer oligonucleotides of high fidelity
(stepwise coupling efficiency >99%),%°3! but the sequence output
is limited to one sequence per column, and the synthetic scales are
often excessive.

Recently, microfluidic approaches have emerged for DNA
oligonucleotide synthesis. The representative approaches include
the synthesis on collective CPG beads in an elastomer per-
fluoropolyether (PFPE) synthesizer developed by Quake and co-
workers,**** Si/parylene hybrid microchannel reactor in the Gao
and Guluri groups®** and polydimethylsiloxane (PDMS) micro-
reactor by Southern et al* This microfluidic method not only
inherits the highest stepwise efficiency (99.5%)3* from the column
approaches, but also consumes much less reagent (60-fold
reduction).’* Nevertheless, the generation of diverse sequence
libraries on a one-bead one-compound (OBOC) fashion,**3°
similar to OSOC, remains a critical challenge. Such OBOC
libraries are much more appealing than the conventional
microarray because they offer enormous potential for techno-
logical breakthroughs in single bead based dynamically recon-
figurable, flexible, sensitive and multifunctional high-throughput
biomolecule manipulation and detection systems on a single
integrated chip. Towards this end, Takeuchi’s group™* recently
designed a multifunctional bead microarray to dynamically
immobilize and transfer particles, infuse reagents, monitor
reaction, and retrieve interested particles on a single chip using
hydrodynamic confinement and optical-based microbubbles.
However, due to great challenges faced in seeking effective,
combinatorial single bead manipulation tools and suitable
systems, this emerging research area still remains in its early
infancy.

In this paper, we report a proof-of-principle, CPG bead-based
microfluidic methodology capable of performing multiple func-
tions, e.g. synthesis of programmed oligonucleotide probes from
DMT phosphoramidite chemistry using optical tweezers,***
reconfigurable bead manipulation, in situ hybridization and
optical fluorescence detection, all on a single chip. To the best of
our knowledge, this is the first demonstration of optical tweezers
directed combinatorial DNA synthesis with the ability to
construct oligonucleotides in a precisely controlled one-bead
one-sequence mode on a single desired CPG bead. As a micro-
fluidic-compatible manipulation tool, optical trapping provides
significant advantages, including non-contact, rapidly reconfig-
urable actuation for applications ranging from sorting** to
assembly.*® These features allow us not only to externally
manipulate the beads inside the channel without significantly
modifying the microfluidic device itself, but also to open up
further possibilities of creating a novel type of versatile, sensitive
and multifunctional reconfigurable OBOC bead array on the
very same single chip. Moreover, it is feasible to both scale up the
diversity by incorporating multiple reactors in a single chip and
achieve equivalent total synthesis times as in the production of
conventional arrays (ie. optical, electrochemical and inkjet

printing) by implementing well-established, autonomous and
automatic  computer-controlled  high-resolution,  high-
throughput algorithm, programming and synchronization in the
optical manipulation system. Furthermore, the adoption of
nanoporous beads further enhances the synthesis and hybrid-
ization kinetics and therefore the performance of the bead
microarray.** We show conceptual design, microreactor fabri-
cation, parallel synthesis, detection of single-nucleotide
mismatches, and comparison with the standard synthesis in
columns.

2 Proof-of-principle design
2.1 Parallel synthesis strategy

The principle for achieving parallel synthesis on CPG beads in
a two-stream laminar flow microchannel is illustrated in Fig. 1.
All reagents for synthetic reaction steps, ie. deprotection,
coupling, capping, oxidation and washing are sequentially
pumped through one stream (called reagent stream) from the left
to the right. The inert chemical, i.e. acetonitrile, is run through
the other stream (called inert stream) in the same direction. The
liquid/liquid interface between these two streams can be well-
maintained with little mixing by running these two streams side-
by-side at the same velocity. All derivatized beads are initially
held in the confinement features in the inert stream. Then the
selected beads are captured and transferred using optical twee-
zers to the corresponding confinement features in the reaction
stream, where the 5'-DMT is chemically removed and the first
nucleotide is coupled. The coupled beads are then capped,
oxidized, washed in the reaction stream with sequentially pum-
ped-in reagents and moved back to the inert stream. In the
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Fig. 1 Schematic of parallel synthesis cycles to achieve different DNA
oligomers by temporal and spatial manipulation of CPG beads in a two-
stream microchannel.
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second cycle, the next selected phosphoramidite flows in after the
deprotection step, and a similar manipulation is performed to
another batch of selected beads to add the nucleotide of cytosine.
Each transfer cycle adds one nucleotide to the growing oligomer
chain. Such an operation is repeated until the desired sequences
and lengths are accomplished on each CPG bead of interest,
resulting in a multiplexed unique sequence on each bead.

2.2 Microreactor configuration

To better illustrate the optical tweezers directed parallel
synthesis, a simplified microreactor configuration with a straight
channel and open-end bead confinement features is shown
schematically in Fig. 2. The actual layout used for the experiment
that includes side loading channels and more complicated
confinements having side openings for bead transport will be
described in the Experimental section. The patterned top poly-
dimethylsiloxane (PDMS) thick layer has four fluidic ports: two
inlets at the Y-shaped ends for reagent and inert chemical
delivery and two outlets at the T-shaped ends for waste drainage.
The microfluidic reactor is constructed by bonding this PDMS
channel layer to a 170 um thick coverglass slide, through which
the laser beam is transmitted upwards to trap and manipulate
beads inside the channel. Such a thin coverglass is chosen to
ensure that the laser focal point falls inside the channel, effec-
tively trapping beads even with a 100x objective lens (oil
immersion, NA = 1.4).

The reactor channel consists of two parallel sets of physical
features that permit beads to be moved in and out with optical
actuation, but to be confined in place for oligomer synthesis
during which the optical trapping is absent. With the use of
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Fig. 2 Schematic configuration of the optical tweezers directed two-
stream laminar flow synthesizer with simplified straight channel and
open-end bead confinement features. The top close-up shows details of
two streams, trapping laser beam, confinement features, CPG beads and
bead transfer route. See Experimental section for the actual chip layout.

a fenced confinement layout for the confinement, the beads are
confined inside the features against possible fluid perturbation
during the synthesis process. By optically trapping and trans-
ferring as well as physically confining, the selected beads are
either exposed to the reagent stream or stored in the chemically
inert stream so that programmed sequences can be grown on the
beads of interest. Side channels (not shown here) are used to
facilitate bead loading. The main channel is 1.5 mm wide to
mitigate the liquid/liquid interfacial mixing. The internal geo-
metry of the reaction cell is defined by 100 pm thick channel
patterns. Given the straight channel length 1.67 cm, the total
inside volume of the reactor is approximately 2.5 pl, which is 2
orders of magnitude smaller than a typical synthetic column.
Such a wide channel also ensures effective optical trapping
because the laser beam waist is typically less than ~3 um.

2.3 Synthetic scale on CPG beads

The synthetic scales on single CPG beads are estimated based on
the specific area, pore size, bead size and bulk density of Silia-
Sphere silica beads provided by the vendor Silicycle (Quebec,
Canada). Fig. 3 shows the synthetic scales calculated from the
vendor data as well as scanning electron micrograph and optical
image of the CPG beads utilized in this work (nominal 20~45 pm
diameter with 1000 A pores and density 0.486 g cm?). The
surface density of the oligonucleotide to be synthesized is esti-
mated to be 100 pmol cm~2.% It is expected that the amount of
oligonucleotide on one single bead is ~1 pmol, as highlighted in
the figure. In contrast to a typical ~fmol product yield of a single
feature on a microarray,'” this represents an increased capacity of
2~3 orders of magnitude.

2.4 Two-stream laminar flow interface

One crucial requirement for successful parallel synthesis in the
laminar flow channel is to keep the two streams, ie. reagent
stream and inert chemical stream, separated to such an extent
that the CPG beads downstream are not exposed to the
unwanted stream. In a pressure-driven two-stream flow through
a rectangular-shaped cross-sectional channel with a relatively
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Fig. 3 CPG beads and estimated synthetic scales: a scanning electron
micrograph (a) and an optical image (b) of 20-45 pm diameter beads with
1000 A pores as well as synthetic scales of single CPG beads with varied
pore and bead sizes (c). The quantity of oligonucleotide one 20-45 um
diameter bead yields is highlighted, ~1 pmol.
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large aspect ratio (channel width over channel height), the
diffusion length or mixing width can be approximated as

6=+/2DL/v (1)

where d is the width of the mixing region across the channel, D
diffusion coefficient, L channel length and v fluid velocity.

Fig. 4 shows the estimated mixing widths at the end of the
channel as a function of flow velocities. The figure includes both
water and acetonitrile for two channel lengths 1.0 cm and
1.67 cm, respectively. The inset shows the relationship between
average velocity and volumetric flow rate for three rectangular
cross sections. For a typical flow rate 100 ul min~' in a channel
with a cross section 100 pm x 1000 pm and 1.67 cm in length, the
mixing width is <5 um. This can be well tolerated by using
a wider channel, e.g. ~1.5 mm, and larger spacing between two
corresponding confinement features.

2.5 Optical manipulation of CPG beads

To effectively manipulate CPG beads, the optical trapping forces
generated by optical tweezers have to be greater than drag forces
that the beads experience in the fluid. In most microfluidic
environments, the Reynolds number (Re) is <1 and the viscous
drag force F; generated by a flowing fluid on a nomporous
spherical bead can be calculated from a modified Stokes’
equation:*®

6mnry
F, = 3

- ; 7 5
- 1.004('7) +0.418(§) +o.21(§> —0.169(%)

where 1 is dynamic viscosity, r is the radius of the bead, v is the
velocity of the bead and / is the half height of the flow cell or
microchannel. At equilibrium, the optical trapping force on the
bead is balanced with the drag force so that the trapping force
can be calculated. For the case where the channel height is
100 um and acetonitrile (n = 3.5 x 10~* Pa s) is the medium, the
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Fig. 4 Estimated mixing widths of water and acetonitrile at an end of

channel using the 1-D diffusion model. The diffusion coefficients used are
2.2 x 107 m? s~! for water* and 4.34 x 10~° m? s™' for acetonitrile.*’

solid beads equivalent to the CPG beads used in this work
(nominal 2045 pm diameter with 1000 A pores) will experience
a drag force Fy 16.5~50.1 pN at v = 100 um s~!, 82.5~250 pN at
v = 500 um s7', and 165~501 pN at v = 1000 um s~'. The
trapping force of a strongly focused laser beam can be as large as
300 pN,* therefore insufficient trapping could occur as v
becomes greater than a certain value. In this scenario, the bead
transfer can be executed in the presence of only inert acetonitrile
at a lower or zero velocity. For porous beads, the actual drag
force is smaller due to their high permeability to fluid flow.*®
Characterization of the interaction between the optical trap and
porous beads as well as optical manipulation of the beads in the
channel reactor will be reported elsewhere.>

3 Experimental
3.1 Reagents

For the synthesis experiments, the following reagents were
purchased from Glen Research (Sterling, VA): 5'-Dimethoxytrityl-
N-benzoyl-2'-deoxyadenosine  3'-[(2-cyanoethyl)-  (N,N-diiso-
propyl)-phosphoramidite (dA-CE Phosphoramidite), 5'-Dime-
thoxytrityl-N-benzoyl-2'-deoxycytidine 3’-[(2-cyanoethyl)-(N,
N-diisopropyl)]-phosphoramidite  (dC-CE  Phosphoramidite),
5’-Dimethoxytrityl- N-isobutyryl-2'-deoxyguanosine 3’-[(2-cya-
noethyl)-(N,N-diisopropyl)]-phosphoramidite (dG-CE Phosphor-
amidite), 5-Dimethoxytrityl-2'-deoxythymidine 3'-[(2-cyanoethyl)-
(N, N-diisopropyl)]-phosphoramidite (dT-CE Phosphoramidite),
activator 5-Ethylthio-1H-tetrazole (0.25 M solution in anhydrous
acetonitrile), capping reagents Cap Mix A tetrahydrofuran (THF)/
acetic anhydride (Ac,0) (9: 1) and Cap Mix B 10% N-Methyl-
imidazole (Melm) in THF/pyridine (8 : 1). The following reagents
were purchased from Aldrich (Milwaukee, WI): iodine (purity
>99.99% trace metals basis), pyridine (anhydrous, purity 99.8%),
acetic acid (ACS reagent, purity >99.7%), trifluoroacetic acid
(TFA, ReagentPlus, purity 99%), dry acetonitrile (purity >99.5%,
<30 ppm water) and anhydrous acetonitrile (purity >99.8%, <10
ppm water). For hybridization experiments, 25-nt 5-end Cy3
labelled complementary oligonucleotide 5'-/5Cy3/GAC CAG
GGT GGT TCA TGA TGA TGA C -3'were purchased from IDT
(Coralville, TA). All reagents were used without further
purification.

3.2 Fabrication of microfluidic reactors

The microfluidic reactors were fabricated using soft litho-
graphy.5> The reactor patterns were generated on a 5” x 5"
chrome mask. A 4 Si wafer was first cleaned using the Piranha
procedure. A layer of 100 um thick SU-8 2100 layer was spun on
the wafer at 3000 rpm for 30 s following a spread of resist at
500 rpm for 8 s. The coated wafer was then soft baked on a hot
plate at 65 °C for 5 min followed by baking on a second hot plate
at 95 °C for 25 min. The SU-8 was exposed with the chrome mask
at 260 mJ cm~? at 365 nm on a Karl Suss MA6/BA6 contact
aligner. The wafer was then post-baked on a hot plate at 65 °C
for 5 min followed by baking on another hot plate at 95 °C for
12 min. The SU-8 was then developed in SU-8 developer poly
(ethylene-co-glycidyl methacrylate) (PGEMA) with agitation for
12-14 min to complete the SU-8/Si master fabrication.
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The PDMS structure layer was cast with the SU-8/Si master.
184 Sylgard Elastomer monomer and curing agent (Dow Corn-
ing) were first mixed at a 10 : 1 ratio by weight. The mixture was
poured onto the SU-8/Si master placed in a plexiglass petri dish
and degassed in a desiccator under vacuum until air bubbles were
removed. After this, the PDMS was baked on a hot plate at 85 °C
for 2 h. Prior to plasma assisted bonding, the coverglass slip was
cleaned in an ultrasonic bath followed by the Piranha and then
dried with N,. The cured PDMS layer was peeled from the SU-8/
Si master immediately before bonding, cut to lithographically
predefined size and punched to form connect-through holes using
a flat head needle. Both the PDMS piece and coverglass slip were
plasma oxidized in a plasma cleaner (Harrick). Next, the two
pieces were brought into contact and any air bubbles were
removed with a slight pressure. The assembly was then baked on
a hot plate at 135 °C for 10 min. This resulted in an irreversible
bond at the PDMS/glass interface. Finally, polytetrafluoro-
ethylene (PTFE) tubing leads with OD/ID 0.06"/0.02"” were
inserted into the inlet and outlet holes to complete the device.
Fig. 5 shows a completed PDMS/glass microfluidic synthesizer
with the actual side loading channels and confinements having
side openings.

3.3 Silanization of CPG beads

Hybridization kinetics are known to be improved by linkers
which distance the DNA probe sequence from the substrate
surface.”®* DNA microarray subtracts are typically functionalized
with silane linker molecules that also provide free hydroxyl
groups for initiating oligonucleotide synthesis. This procedure
was modified and applied to the CPG beads in this work. First,
1000 ml 95% EtOH Stock Solution (950 ml EtOH and 50 ml
MilliQ water, >18 M Q-cm) was mixed and 1 ml glacial acetic
acid was added to adjust pH to 4-5. Next, 400 ml 2% silane
solution was prepared by adding 8 ml silane N-(3-triethoxy-
silylpropyl)-4-hydroxybutryamide (C;3H,9NOsSi, Gelest, Inc.,
Morrisville, PA) to a 392 ml stock solution. The pure silica CPG
beads were first soaked in a vial with the silane solution to form
a suspension and then agitated with a rotating agitator for 4 h
with mild rotation. Then the vial was centrifuged at 3000 rpm,

Side channel for

bead Ioadin

Confinement
Main channel

Completed reactor

N,

Fig.5 A completed PDMS/glass microfluidic synthesizer with the actual
side loading channels and confinements having side openings with PTFE
tubings and microfluidic connectors. The inset is an optical micrograph
showing a pair of confinement features inside the reactor channel.

and the silane solution was decanted. The beads were then
washed 5 times for 5 min each in 95% EtOH in a centrifugal
concentrator at the same rotation speed and decanted each time.
The final bead slurry was then drawn with a pipette and spread
on a flat glass plate followed by a cure at 120 °C for 1 h in an
oven, and then vacuum cured at the same temperature overnight.

3.4 Optical tweezers setup

The optical tweezers system was constructed on a vibration
isolation table, as shown in the top panel of Fig. 6. The laser light
source was a YLR-10-1064-LP ytterbium fiber laser (IPG
Photonics, Oxford, MA) that provides a continuous wave
TEMjo mode at a maximum power of 10 W in a linearly polar-
ized, single-transverse-mode beam at 1064 nm with 1 nm line-
width. The infrared 1064 nm wavelength was chosen because it
could be separated from the imaging light and also minimized the
possible damage to biological materials caused by light absorp-
tion and scattering. The laser beam was directed into a quartz
half-wave plate and then into a polarizing cube beam splitter.
After the beam splitter, the light beam was expanded 2 x with the
first telescope. The second 1 : 1 telescope provided the final beam
and images the plane of the steerable mirror onto the back focal
plane of an objective lens. The laser light was finally directed into
the back aperture of an objective lens mounted on an inverted
microscope (1X71, Olympus). After expansion, the beam size
became approximately 10.6 mm in diameter, overfilling the
9.0 mm back aperture of 20x objective (NA = 0.5) and 7.2 mm
back aperture of 60x water-immersion objective (NA = 1.2). A
single microscope objective was used for both laser trapping and
image acquisition. A customized LabVIEW interface was used to
dynamically control the optical tweezers. A software (Prior
ProScan II) was used to control the movement of the motorized
stage. Trapping images and video clips were recorded with

Actual setuj ol Optical train

Syringe pump 2 Syringe pump 1 Computer for
synthesis
- N
1 Adjustable

1X71 microscope
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Computer for > d
optical tweezers Tes -

- .
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Fig. 6 Parallel synthesis experiment setup. Top panel: photo and sche-
matic of the optical setup showing expansion of linearly polarized fiber
laser using lenses F1 (f = 100 mm) and F2 (f = 200 mm); a second tele-
scope (lenses F3 and F4, f= 500 mm) produces a conjugate plane at the
back aperture of the microscope objective. The dashed-lined part is the
location of the microscope. Bottom panel: schematic of synthesis systems
showing microreactor on microscope, reagent delivery and control
computers for optical trapping and synthesis.
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a Lumenera Infinity 2 (Ottawa, Canada) digital microscope
camera and Infinity Capture software.

3.5 Optical tweezers directed oligonucleotide synthesis

The complete parallel synthesis setup that includes optical
tweezers, microreactor, fluid delivery and control is schemati-
cally shown in Fig. 6. To test the parallel synthesis, the experi-
ment was designed to include the target 25-nt oligomer with
sequence 5'-GTC TAC ATC ATG AAC CAC CCT GGT C-3,
a sequence with one deletion 5-GTC TAC ATC ATG AA_CAC
CCT GGT C-3', another sequence with one substitution 5'-GTC
TAC ATC ATG AAT CAC CCT GGT C-3 and a control
group. For each oligonucleotide, 5 “T ”’s were first coupled to the
silanized beads to act as a molecular linker. The detailed oper-
ation steps are illustrated in Fig. 7. Two streams were run
through the reactor. One stream ran exclusively with synthesis
reagents from an Azco Oligo-800 DNA/RNA synthesizer (Azco
Biotech, San Diego, CA), while the other stream, with pure
acetonitrile, flowed from a syringe pump at a flow rate of 200 uL
min~'. The beads were actuated as needed to produce the desired
sequences using an incident laser power ~0.8 W with a 20x
microscope objective.

Synthesis reagent

and wash stream ':>

ST AT, | Waste
'pepoooon!
Inert acetonitrile
stream 'Z> ¥
Waste..
1 2 3 4 5 ] 7 8
(a) Protocol base #1 - #10
3/ ~-CTGGTCCCAC —mp B = =%
Acetonitiile =——» | E m: E £ ENH
|

(b) Protocol base #11 c & B B 8 & E% EE
—s | B 3“:‘5 HeE E:E E £E é@&
(c) Protocol base #12 T = = = e
— EE  EE EE EH
—_ 0 EB -
(d) Protocol base #13 - #26 == = - -
AAGTACTACATCTG-5" == po - e - =
=_— 8 EF EE EH
— EF EF EF EF EFE HH

(2) 5'-GTC TAC ATC ATG AAC CAC CCT GGT C-TTTTT-3‘ (target25nt)
(3) 5'-GTC TAC ATC ATG AA CAC CCT GGT C-TTTTT-3’ (1 deletion)
(6) 5’-GTC TAC ATC ATG AAT CAC CCT GGT C-TTTTT-3’ (1 substition)
(8) Control (no exposure to synthetic reagents)

Fig. 7 Sequences and illustrative protocol of optical tweezers directed
parallel synthesis operation in the actual two-stream microreactor. The
top stream runs exclusively with synthesis reagents and washing buffers
while the bottom stream runs with inert acetonitrile. The number in front
of the sequences indicates bead positions inside the channel. (a) The
synthesis cycles were run until bases 1 to 10 from the protocol were added.
(b) The beads 3 and 6 were optically moved back to the inert stream. Base C
was only added to bead 2 when the coupling reagents ran through the
upper stream. (c) Beads 2 and 6 were moved into the opposite features, and
base T was added to bead 6. (d) Beads 2 and 3 were then moved to the
reagent stream. The synthesis was continued by adding protocol bases 13
to 26 to complete the synthesis. Throughout the process, the beads inside
the lower feature 8 were kept in place as a negative control without
exposure to the synthetic reagents. Finally, all the beads were hybridized in
situ following the procedure described in section 3.6.

In the synthesis protocol, we adopted the recipe for depro-
tection and oxidation steps from Southern’s group.?® For depro-
tection, 10% (w/w) aqueous trifluoroacetic acid (TFA) was run for
2 min. Following deprotection, phosphoramidites (0.05 M in
acetonitrile) were coupled in 0.45 M tetrazole in acetonitrile for 1
min. For capping, tetrahydrofuran (THF)/acetic anhydride
(Acy0) (9:1) and 10% N-Methylimidazole (Melm) in THF/
pyridine (8 : 1) were run alternatively with a total time 2 min. For
oxidation, 0.1 M iodine in 9 : 1 pyridine/acetic acid (v/v) was run
for 1 min after the synthesis was complete. Beads were washed
within acetonitrile stream for 1 min after each step.

In a series of parallel experiments, oligonucleotides were also
synthesized in customized columns containing the silanized CPG
beads for verifying the identical synthesis sequences and protocol
using the same chemistry. This was then used as a benchmark for
comparison with the synthesis results obtained from the
microreactor.

3.6 Cy3-labelled hybridization

After completing the synthesis, the beads were left in the column
or reactor with the tubing connected. A solution of ethylene-
diamine-ethanol (1: 1) was injected for 2 h with a syringe to
remove the base protecting groups. The hybridization solution
(Cy3-labelled probes, 100 nM 60 pl, 2x MES hybridization
buffer 300 puL, nuclease-free water 240 pL, total 600 pL) was
heated to 95 °C for 5 min in a heat block and then incubated at
45 °C for 5 min. The 2x MES hybridization buffer was made
from 100 nM MES, 1 M [Na+], 20 mM EDTA and 0.01% Tween
20. The CPG beads were then hybridized with this hybridization
solution delivered by a syringe for 2 h. The CPG beads were
washed using Nimblegen Wash Buffer protocol (Roche-Nim-
blegen) with syringe delivery. The beads were then examined with
the fluorescence microscope equipped with a broadband light
source (EXFO 2000, Quebec, Canada) and with a XF115-2 filter
set (Omega Optical, Brattleboro, VT). All the fluorescence
images were taken using an Infinity CCD camera with Infinity
Capture software (Lumenera Corporation, Ottawa, Ontario
Canada) under the same conditions.

4 Results and discussion
4.1 One-bead one-sequence capability

Cy3 fluorescence images and raw intensities (acquired using
Image]J software) of parallel synthesis results from the micro-
reactor with the sequences and control outlined in 3.5 are shown
in Fig. 8. The intensity levels indicate that the 25-nt target
sequence is readily discriminated from one substitution or one
deletion oligonucleotides, although the difference between the
latter two is marginal. The negative control showed only weak
fluorescence associated with the silanized CPG beads. As
a benchmark, Fig. 9 shows the Cy3 fluorescence images and raw
intensities of hybridized identical DNA oligonucleotides
synthesized in our custom-made CPG packed columns. The
similar trend of the fluorescence intensities on the individual
beads can be readily observed, that is, the target 25-nt sequence
shows the strongest intensity with the significantly decreased
intensity on one substitution, one deletion and the negative
control beads.
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Fig.8 Hybridized Cy3 fluorescence images of the synthesized oligomers
on CPG beads in optical tweezers directed microreactor synthesizer. The
sequences are outlined in Fig. 7: 25-nt target (a), one substitution (b), one
deletion (c) and negative control (d). Top panel: bright field, middle
panel: fluorescence, and bottom panel: raw fluorescence intensities.
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Fig. 9 Hybridized Cy3 fluorescence images of the synthesized oligomers
on CPG beads in CPG bead packed column synthesizers. The sequences
are the same as specified in Fig. 7: 25-nt target (a), one substitution (b),
one deletion (c) and negative control (d). Top panel: bright field, middle
panel: fluorescence, and bottom panel: raw fluorescence intensities.

These two sets of the fluorescence images were qualitatively
analyzed with ImageJ. The fluorescence intensities of the oligo-
mers were acquired from linescans across the beads (Fig. 8§ and 9)
and normalized to the mean fluorescence intensity of 25-nt target
beads in each platform. The background fluorescence intensities
were obtained by averaging the intensities of areas on the images
that contain neither CPG beads nor PDMS confinement
features. Fig. 10(a) shows normalized fluorescence intensities of
the CPG beads for both cases. In either case, the target oligomers
had fluorescence intensities at least 2.5 times as great as those of
the one-substitution and one-deletion sequences. The intensity of
the one substitution oligomers were slightly higher than those
of the one-deletion oligomers, and the intensity of the one-dele-
tion oligomers were about the same as that of the control group.
Fig. 10(b) shows signal-to-noise (S/N) ratios of the fluorescence
intensities for both cases. The S/N ratios were estimated using

S/N = b= (3)
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Fig. 10 Comparison of fluorescence intensities of oligonucleotides with
target 25-nt, one substitution, one deletion and control on CPG beads
prepared in columns and microreactor: normalized intensities (a) and S/N
ratios (b).

where I is typical fluorescence intensity on bead, I, average
fluorescence intensity on background, and SD, the standard
deviation of background intensity. It can be seen that the S/N
ratio of the target oligomer in either case was above 42, while the
ratios of all other beads were less than 8. This presents a 4-fold
difference between the target and one-substitution oligomers.
While the differences between the one-substitution, one deletion
oligomers were relatively small, the much higher intensities and
SIN ratios of the target sequences indicated that the bead-
conjugated probes were very suitable for single base discrimi-
nation assays. Although the fluorescence intensity levels and S/N
ratios from the beads prepared in the microreactor were different
from their counterparts in the column, presumably due to non-
stringently controlled reagent batches, the overall trends
remained similar. Therefore, the parallel synthesis results using
the optical tweezers/microfluidic approach were comparable to
those produced in the well-established CPG bead packed
columns. These preliminary results clearly indicate that this
integrated approach is capable of directing multiplex DNA
syntheses and generating unique oligonucleotide sequence
libraries in an one-bead one-sequence fashion.

4.2 Potential applications

In most circumstances, affinity-based bioassay and diagnostics
require execution of a series of procedures ranging, for example,
from probe synthesis, immobilization, pre-concentration, sort-
ing, binding reaction to detection as well as multiple washing
steps. Thus the ability to in situ construct probes from scratch,
locate, trap and transfer the bead-conjugated probes to required
locations at will inside a microfluidic platform is necessary in
advanced integrated lab-on-a-chip systems.'*5> Qur prototype
system, as demonstrated here, not only synthesizes probes on the
carrier beads in situ and in parallel, but also serves as an in situ
hybridization and detection platform. Moreover, the beads are
physically addressable and dynamically reconfigurable, enabling
novel functionalities, such as sorting, enrichment, capture and
release, to execute more sophisticated post-analysis needs which
are out of reach of the current array paradigm.

Although the number of oligonucleotides demonstrated here is
limited, this work represents the early development toward
a potentially powerful array principle. We envision that the
scaled-up parallel strategy allows for creating novel recon-
figurable, sensitive and multifunctional “mobile” DNA arrays
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for demanding lab-on-a-chip biological and biomedical appli-
cations, e.g. microfluidic gene assembly,***” low-abundance
single-nucleotide polymorphism (SNP) genotyping,*® bead-
conjugated molecular libraries®**3#3 and novel prognostic and
diagnostic biosensors.”® For example, by combining this
approach with microfluidic-based gene assembly®**7 it is feasible
to create a “true gene chip” technology, which directly produces
genes with lengths of several hundred or several thousand bases
on a single chip from scratch and without polymerase chain
reaction (PCR) amplification. The ability to produce small
volumes of short oligonucleotides on-demand may also find
broad application to DNA nanostructures, where a wide range of
custom-tailored sequences are particularly useful for producing
ever more complex architectures.®® Furthermore, a fast, high-
throughput microfluidic assay, e.g. immunoassay involving
multi-stream binding and washing steps,>*>* can also be
designed. Although this approach is exemplified through oligo-
nucleotide synthesis, it can be considered as a universal solid-
phase process that may be extended to other biochemical and
biological systems for building other OBOC libraries, such as
peptides and oligosaccharides.

Finally, it is beneficial to take into account the synergetic
outcomes of integrating our approach with the BeadArray
format developed by Illumina,®® which is based on etched
bundles of fused optical fibers. The BeadArray consists of the
array of micro-sized beads assembled in the etched micro-wells at
high density. For nucleic acid assay, silica or polystyrene beads
are first attached with ex-situ synthesized ssDNA probes,
randomly loaded onto the micro-well array and then decoded
with tedious multiple protocols to identify their specificities.®*
However, the system developed in this work in situ fabricates
bead-conjugated probes in known locations and therefore no
decoding procedure is required.

5 Conclusions

We have developed a methodology that allows synthesizing
different oligonucleotides with desired sequences in parallel on
CPG beads in a one-bead one-sequence fashion. The microfluidic
reactor contains two parallel sets of physical confinement
features that retain beads in the reagent stream for synthetic
reaction but allow the beads to be optically trapped and trans-
ferred between the reagent and the inert streams for sequence
programming. Using DMT nucleoside phosphoramidite chem-
istry, we have demonstrated the initial parallel synthesis of
several different oligonucleotides, including the target 25-nt, one
deletion and one substitution, in a single synthetic run. Hybrid-
ization with fluorescently labelled complementary ssDNA indi-
cated that these products were comparable to their counterparts
synthesized in CPG bead packed columns. These probes also
showed high hybridization specificity as evidenced by a signifi-
cant signal-to-noise ratio in detecting single-nucleotide
mismatches. With judicious modifications and a scale-up, it is
feasible to create a novel type of versatile, sensitive and multi-
functional reconfigurable OBOC bead array that can be useful
for many new and improved bead-based lab-on-a-chip
applications.
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