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ABSTRACT

We have fabricated a charge-reversible solid surface based on poly(maleic anhydride) in order to manipulate nucleic
acid electrostatically. Its surface charge could be controlled by changing pH of surrounding solution because it has both
positively (imidazole) and negatively-charged (carboxyl) ionizable groups at the termination. Measurement of DNA
binding efficiency and FT-IR spectra showed that the charge-reversible surface was properly generated on the solid sup-
port. It was successfully demonstrated that the charge-reversible surface on beads could be applied to manipulate DNA
molecules under microfluidic environments by controlling solution pH.
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INTRODUCTION

Nucleic acid-based micro total analysis system (LTAS) is a promising approach to fully automate the analytical pro-
cedures on a microchip platform. An extraction step to acquire DNA of interest is a prerequisite for successful genetic
analysis. Chaotrope-based DNA purification method became widely accepted in pTAS. However, it is desirable to avoid
the use of chaotropes or organic solvent in that they are well-known as PCR inhibitors. A different DNA extraction
scheme, such as electrostatic interaction [1-2], that would be more compatible with downstream processes is still needed.
In this study, we have fabricated the charge-reversible surface (CRS) responding to surrounding solution pH and demon-
strated its capability to manipulate DNA under microfluidic environments.

THEORY

CRS is based on a poly(maleic anhydride) 0w O o
backbone. Maleic anhydride ring spontaneous-
ly reacts with primary amine with very high (CHy);
yield and results in an amide bond and one free Oy O 0
carboxyl 10 [3] When  1-(3- Solid NH, N2

DOXY group . . "2 surface . . ~ ] (CH3)5
aminopropyl)imidazole bearing primary amine Poly(maleic anhydride)

. . . . HOOC
group is applied, each repeating unit (RU)

yields both imidazole (pKa ~7) and carboxyl

roup (pKa ~4.5) at its terminations with the (a) b .
rgatiopofpl : 1 as shown in Figure 1. At low pH ® Imidazole (pKa ~7)
(pH < 3.5), both carboxyl group and imidazole N\ﬁ
are protonated, thus CRS exhibits one positive <\/N Carboxyl group
charge per RU. At higher pH (pH > 8), both \\ (pKa~4.5)
carboxyl group and imidazole are deprotonated, HZN\/\N/\j\I [ OH

thus CRS exhibits one negative charge per RU.
(Figure 2) Therefore, CRS is anticipated to
control electrostatic interaction (i.e., attraction 1-(3-Aminopropyl)imidazole
and repulsion) with nucleic acids containing

negative phosphate group (pKa ~2).
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Figure 1: Synthetic scheme for the preparation of CRS. (a)
Amine-functionalized silica surface generated by reacting with
APTES, (b) Tethering of poly(ethylene-alt-maleic anhydride) onto
(a), (c) Ring opening of maleic anhydride with 1-(3-
aminopropyl)imidazole.

EXPERIMENTAL

Synthesis of CRS In order to fabricate a
CRS, silica beads (SUNJIN Chemical, Korea)
with a diameter of ca. 15 pm were utilized as a
solid support. At first, the silica beads were
reacted with 100 mM of  3-
aminopropyltriethoxysilane (APTES, Sigma-
Aldrich) in ethanol at RT with stirring for 1 hr to introduce primary amine groups. They were filtered, washed with fresh
ethanol three times, and dried at 100 °C for 1 hr. The amine-modified silica beads were next immersed in a solution of
200 mM poly(ethylene-alt-maleic anhydride) (Mw. 100,000-500,000, Sigma-Aldrich) based on RU (ethylene maleic an-
hydride) in N-methyl-2-pyrrolidone (NMP) and stirred under N, at RT for 1 hr. And then, they were filtered, washed
with NMP and ethanol successively, and vacuum dried. Finally, the anhydride-modified silica beads were immersed in a
solution of 1-(3-aminopropyl)imidazole (200 mM, Sigma-Aldrich) in NMP and stirred under N, at RT for 1 hr. Thereaf-
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ter, the CRS-modified silica beads were filtered, washed with NMP and ethanol successively, and vacuum dried. To cha-

90% imidazole* & 90% imidazole? & racterize surface state of silica surface at

10% imidazole® 10% imidazole™ each synthetic step, infrared spectra (FT-IR

; ; spectroscopy, Bio-Rad FTS6000) were
collected on KBr crystals.

More cationic

<{—n

pKa of imidazole

é Measurement of DNA binding effi-

pH 6———0 T o———0 14 © ciency DNA binding efficiency of CRS
5 was calculated based on UV absorbance

pKa °fr§3rb°"y1 (NANODROP™ ND1000, Thermo Fisher

group : I Scientific). Three different types of DNA,

90% COOH 10% COOH deoxyribonucleotide triphosphate mixture

& 10% CO, & 90% CO, More anionic (ANTP), oligonucleotide with 17 and 48

base pairs (bps) (Bioneer, Korea), were
prepared to have the initial concentration
of ca. 200 ng/pL in various solutions. As 200 pL of DNA solution was used for binding DNA, the applied total DNA
amount was ca. 40 ug. The CRS-modified beads (0.01 g) were allowed to mix with DNA in a microcentrifuge tube for 3
min. 100 mM of sodium acetate solutions having different pH (3, 4.5, 5, 5.5, 6.5) were employed for this experiment.
After mixing with the silica beads, a brief centrifugation was performed, the supernatant was recovered, and its DNA
concentration was measured. The bound DNA quantity was calculated by subtracting the residual DNA from the applied
DNA amount.

CRS bead-packed PDMS channel PDMS (Sylgard 184, Dow Corning) channel was fabricated to have the internal
volume of 10 pL. The channel could be filled with the CRS-modified silica beads by using glass wool as a filter. The
microfluidic test module was constructed using a syringe pump (Harvard PHD2000) attached with a custom manufac-
tured jig. It was mounted on fluorescence inverted
microscope (Nikon TE300) in order to measure the
fluorescence intensity of CRS-modified beads at 5 CRS
each DNA manipulation steps such as priming, \
DNA binding, washing, and DNA releasing. So-
dium acetate solution having pH 3 (100 mM) for
priming (50 pL), binding (100 pL), washing (100
pL) and Tris-HCI solution having pH 8 (100 mM,
100 pL) were used for elution step, respectively.
Each solution was passed through the PDMS chan-
nel with the constant flow rate of 50 pL/min. Bind-
ing solutions contained two different size of DNA, ‘ ‘ ‘ ‘ ‘ ‘ ‘
Cy3-labelled oligonucleotide (50 bps, 1 uM, Bio- 1950 1850 1750 1650 1550 1450 1350 1250
neer, Korea) and home-made Cy3-end-labelled PCR Wavenumber (cm™)
product (385 bps, 20 nM), respectively.

Figure 2: Scheme for the charge change per RU of CRS with varying pH.
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Figure 3: FT-IR spectra of silica beads at each synthetic step.

RESULTS AND DISCUSSION
In order to confirm whether the CRS was generated on silica beads, IR spectra were obtained at each synthetic step.
Even though typical peaks for anhydride group (i.e., a doublet in the 1750-1850 cm™) on SiO»/APTES/Poly(maleic an-
hydride) was not detected, possibly due to hydrolysis during the storage, C=0 (1720 cm™) and amide (1560 cm™) bonds
were clearly appeared after ring opening reaction of anhydride with 1-(3-aminopropyl)imidazole on the CRS spectrum.
These results indicated that each reaction was

properly  proceeded, and then two ionizable

100% L Srrrzziziooeeess L EEEEEY TERREY SRR ° groups (imidazole and carboxyl) would be pro-
e duced on silica beads. To further validate charge

E’ 80% |- ) ) reversibility of the fabricated solid surface, its
2 w . DNA binding efficiency was evaluated in com-
£ 6% N ". * parison with amine-modified silica beads. Differ-
g - & -CRS dNTP SN ent size of DNA were tested in various solution
E 40% I mocrs17bps : .—‘A———\—. ——————————————— pH as shown in Flgurq 4. qu.DNA possessing
: A CRS_48 bps L 48 bps, the amlne-qulﬁed s1hcg beads showed
Z 20% - T e B Tt e the constant DNA binding efficiency (~100%)
a *® “Amine_48 bps Al O regardless of the applied solution pH. However,
0% iy DNA binding efficiency decreased on the CRS-

3 35 4 45 5 55 6 6.5 7 modified beads from 100% (at pH 3) to 0% (at
Binding solution pH (sodium acetate, 100mM) pH 6.5) according to solution pH. In particular, it

was drastically dropped as the solution pH ex-

Figure 4: DNA binding efficiency of CRS with varying pH ceeded the pKa value of carboxyl group (~4.5).

of DNA binding solution and DNA size. Such tendency was more pronounced when DNA
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size increased (i.e., number of phosphate group was increased) from dNTP to 48 bps, which suggested that the carboxyl
group played an important role in repulsing DNA molecules. Therefore, it was demonstrated that the global surface
charge could be switched from positive to negative (or vice versa) by controlling solution pH. Next, DNA attraction and
repulsion under microfluidic environments was attempted on the CRS. The CRS-modified beads were packed inside of
PDMS channel. For visualization of interaction between DNA and the CRS-modified beads, two types of Cy3-labelled
DNA (50 & 385 bps) were applied under fluorescence inverted microscope, respectively. When testing 50 bps of Cy3-
labelled DNA, the bare silica beads (SiO,) in PDMS channel were tested as a control sample. As shown in Figure 5(b)
and 6(b), the fluorescence intensity started to increase and reached a certain level while DNA binding solution (pH 3)
containing Cy3-labelled DNA was passing through the PDMS channel, which indicated that the injected DNA adsorbed
on the CRS-modified beads. The intensity maintained during the washing step (pH 3) and decreased sharply (i.e., DNA
eluted) when DNA releasing solution (pH 8) was injected. No fluorescence change was detected on the bare silica beads
as shown in Figure 5 (b). Moreover, it was calculated that DNA release efficiency was ca. 85% for both DNA types
based on the difference of measured fluorescence intensity.
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Figure 5: Binding and releasing of Cy3-labelled oligonucleotide (50 bps, 1 uM) on the CRS and the bare silica bead
(SiO,). Fluorescence microscopic pictures (a) and measured intensity at each step (b) were displayed.
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Figure 6: Binding and releasing of Cy3-end-labelled PCR products (385 bps, 20 nM) on the CRS. Fluorescence mi-
croscopic pictures (a) and measured intensity at each step (b) were displayed.

CONCLUSION

In conclusion, the charge-reversible surface possessing both positively and negatively-charged groups was successfully
fabricated based on maleic anhydride moiety. The fabricated charge-reversible surface demonstrated the potential as an
effective DNA manipulation method without chaotrope and organic solvent. Its further application to purification of ge-
nomic DNA and smart delivery is in progress.
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