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Abstract

The immobilization of DNA to surfaces is required for numerous biosensing applications related to
capture of target DNA sequences, proteins, or small-molecule analytes from solution. For these
applications to be successful, the chemistry of DNA immobilization should be efficient, reproducible,
and stable and should allow the immobilized DNA to adopt secondary structure required for
association with its respective target molecule. To develop and characterize surface-immobilization
chemistry to meet this challenge, it is invaluable to have a quantitative, surface-sensitive method that
can report the interfacial chemistry at each step, while also being capable of determining the structure,
stability, and activity of the tethered DNA product. In this work, we develop a method to immobilize
DNA to silica, glass, or other oxide surfaces by carrying out the reactions in porous-silica particles.
Due to the high specific surface area of porous silica, the local concentrations of surface-immobilized
molecules within the particle are sufficiently high that the interfacial chemistry can be monitored at
each step of process with confocal-Raman microscopy, providing a unique capability to assess the
molecular composition, structure, yield, and surface-coverage of these reactions. We employ this
methodology to investigate the steps for immobilizing thiolated-DNA to thiol-modified silica surfaces
through sequential Michael-addition reactions with the cross-linker 1,4-phenylene-bismaleimide.
A key advantage of employing a phenyl-bismaleimide over a comparable alkyl coupling reagent is the
efficient conversion of the initial phenyl-thiosuccinimide to a more stable succinamic-acid thioether
linkage. This transformation was confirmed by in situ Raman spectroscopy measurements, and the
resulting succinamic-acid thioether product exhibited greater than 95% retention of surface-
immobilized DNA after 12 days at room temperature in aqueous buffer. Confocal-Raman microscopy
was also used to assess the conformational freedom of surface-immobilized DNA by comparing the
structure of a 23-mer DNA hairpin sequence under duplex-forming and unfolding conditions. We find
that the immobilized DNA hairpin can undergo reversible intramolecular duplex formation based on
changes in frequencies and intensities of phosphate-backbone and base-specific vibrational modes that

are informative of the hybridization state of DNA.
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INTRODUCTION

The immobilization of DNA at solid-liquid interfaces underlies numerous biosensing
technologies. In many applications, the selective binding interactions between surface immobilized
DNA with solution phase complimentary oligonucleotides, small molecules, or proteins are detected
and characterized. Studying non-covalent binding interactions has enabled the development of both
fundamental research and applied sensing applications related to detecting analytes in complex
samples,'* gene profiling for disease diagnostics,”’ and understanding the reversible interactions of
DNA with small-molecules®'* and proteins®!'>-17 that regulate gene expression. For these applications
of surface-immobilized DNA, it is crucial that the surface-conjugation chemistry be efficient,
reproducible, and stable. Additionally, the immobilized DNA must be able to adopt the appropriate
secondary structure that enables the specific association interactions with a target molecule.

In this work, we employ confocal-Raman microscopy to guide the development of an efficient
and stable cross-linking approach to immobilize DNA to silica surfaces. In previous research from this
lab, we immobilized amine-conjugated DNA to epoxide-modified glass surfaces;'® however, the
inefficiency of amine-epoxide coupling required high solution concentrations of aminated-DNA
reacted at high temperatures to carry out the immobilization. The resulting surface coverages of probe
DNA were modest (< 5x10'° molecules/cm?) but adequate for imaging of hybridization events of
individual fluorescently-labeled DNA molecules.!*?° In order to immobilize DNA at much greater
densities, a more efficient means of surface-immobilization of DNA is needed.

Michael-addition reactions between thiol and maleimide functional groups (Figure 1) are an
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attractive alternative to meet this need; the reaction proceeds rapidly
the need of a catalyst, embodying many of the attractive attributes of a ‘click’ chemistry.?*** Despite
these attributes, thiol-maleimide Michael-addition coupling for surface conjugation comes with a
caveat: the thiosuccinimide product formed by the Michael addition is unstable and is susceptible to a
retro-Michael addition resulting in the undesired cleavage of the sulfur-succinimide bond
(Figure 1).222>27 An alternative fate of the thiosuccinimide product is a ring-opening hydrolysis, which
yields a more robust and stable succinamic-acid thioether linkage.”®* The relative rates of these
pathways depend on the electronic properties of the functional group adjacent to the succinimide. For
bioconjugate chemistry applications, alkyl-maleimide reagents have been conventionally used,?¢-3%3!
where the adjacent alkyl group has a weak electron donating effect on the neighboring thiosuccinimide

making them resilient to hydrolysis (Figure 1). Molecules conjugated by alkyl-maleimides typically

degrade by retro-Michael addition, which over time results in undesirable bond cleavage and
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carbonyl carbons more electrophilic and susceptible to a nucleophilic attack by water.2®2” Although
phenyl-maleimides have been successfully used for the conjugation of small-molecules to cysteine-
residues in proteins,?>** (phenyl-maleimide)-thiol chemistry has yet to be applied to enhance the
stability of biomolecule coupling to solid surfaces. This is likely due to the poor hydrolytic stability
of phenyl-maleimide reagents, where the half-life of the intact imide ring in aqueous solution can be
as short as minutes to a few hours depending on pH.?%%34
In this work, we develop a protocol using a bifunctional reagent, N,N’-1,4-phenylene-
bismaleimide, to cross-link thiol-functionalized DNA to thiol-modified porous silica surfaces. The
immobilization approach exploits the reactivity of thiols and maleimides,” while avoiding issues

28.29.34 of the phenyl-maleimide-modified DNA conjugate by

related to poor hydrolytic stability
immediately reacting the DNA-maleimide with the thiolated-silica surface. Because the chemistry is

carried out on a high-surface-area porous silica support, there is a sufficient population of molecules
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on the interior surfaces of the particle to allow confocal-Raman microscopy to characterize the
interfacial composition through each step of surface-immobilization and modification. Raman
scattering spectra are quantitative and were used to determine the surface coverage of the immobilized
DNA. They also reveal that the resulting DNA surface-conjugate undergoes hydrolytic conversion of
the thiosuccinimide to a more stable succinamic-acid thioether linkage. The conformational freedom
of the surface-tethered DNA was tested with confocal-Raman microscopy to assess the ionic strength-

dependent intramolecular hybridization of an immobilized DNA hairpin.

EXPERIMENTAL SECTION

Reagents and materials. Spherical chromatographic silica particles was purchased from
YMC America (Devens, MA) with an average particle diameter of 5-um, a pore diameter of 31 nm,
and a specific surface area of 117 m%/g, as specified by the manufacture. The 2,2-dimethoxy-a-thia-2-
silacyclopentane used for surface conjugation of the silica with thiol groups was purchased from
Gelest (Morrisville, PA). Samples of DNA conjugated with disulfide groups prepared by solid-phase
synthesis by the University of Utah HSC Care DNA Synthesis Facility, using the 5’-hexyl disulfide-
phosphoramidite modifier (C6 SS) from Glen Research (Maravai LifeSciences, San Diego, CA). The
principal DNA sequence used in these experiments was a 23-base hairpin sequence: (C6 SS)-5’-CCC
CGA ATT CGT CTC CGA ATT CG-3’. A simpler, exclusively-GT 18-base sequence that produces
less congested Raman spectra was used in testing surface-conjugation stability: (C6 SS)-5’-TTT GGT
TGG TGT GGT TGG-3".

Water used in experiments was filtered with a Barnstead GenPure UV water purification
system (ThermoFisher, Waltham, MA) and had a minimum resistivity of 18.0 MQ-cm. N-
phenylmaleimide, dichloromethane (DCM), ethyl-maleimide, 1,11-bismaleimido-triethylene glycol,
sodium chloride, dithiothreitol, sodium azide, and tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) were purchased from Sigma-Aldrich (St. Louis, MO); N,N’-1,4-phenylene-bismaleimide and
triethylamine from TCI (Tokyo), dimethylformamide (DMF), hydrogen peroxide, sodium hydroxide,
hydrochloric acid, and sodium phosphate dibasic heptahydrate (Na2HPO4 7H20) were purchased from
ThermoFischer Scientific. 2-amino-2-(hydroxymethyl)propane-1,3-diol was purchased from Goldbio
(St. Louis, MO).

Thiol functionalization of silica. A 20-mg sample of silica particles was washed with a
solution of acid piranha (60:40 concentrated sulfuric acid/30% hydrogen peroxide; caution: corrosive,

strong oxidizer, and can react explosively with organics) to remove physisorbed carbon compounds
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from the silica surface. Following the piranha acid wash, the sample of particles was rinsed with
deionized water twice, followed by a wash in ethanol twice and finally a wash in anhydrous DCM
five-times. Particle samples were suspended in 1 mL of DCM and 50 uL of 2,2-dimethoxy-1-thia-2-
silcyclopentane was finally added to the particle dispersion and allowed to react on a shake-plate for
1 hour. Following the reaction, excess silane reagent was quenched with ethanol and the sample was
washed in ethanol twice followed by a wash in deionized water three-times to remove ethanol.
Particles were stored in deionized water at 2°C; surface immobilized thiol-groups were stable for
months as verified by Raman spectroscopy (see below).

Reduction of disulfide-DNA to thiol-DNA. Samples of 5’-disulfide-conjugated DNA was
prepared by the University of Utah DNA and Peptide Core Facility. To reduce the disulfide for
maleimide conjugation, ~500 nmols of lyophilized disulfide-DNA was rehydrated in 200 pL of 10
mM pH 8 tris buffer prepared with 50 mM DTT, | mM EDTA, and 2% triethylamine. Following a
20-minute reaction, a purification by precipitation of the DNA by addition of 30 uL of 3-M sodium
acetate pH 5.2 followed by addition of 575 pL of ethanol at -20 °C. Following the addition of ethanol,
the sample appeared cloudy due to precipitate formation; the sample was then centrifuged (2 minutes,
14,000 rpm) and the DTT containing supernatant was removed. The sample was washed in ethanol
5-times to remove excess DTT. In the final ethanol wash, the excess ethanol was removed by vacuum
for 20-minutes. The sample was then rehydrated in deionized water and stored at 2 °C.

Coupling thiol-DNA to the thiolated silica surface. For coupling the thiol-DNA to the thiol-
silica surface, reaction of thiol-DNA to 1,4-phenylene-bismaleimide with a >10-fold molar excess of
1,4-phenylene-bismaleimide in 50/50 (v/v) DMF/Tris buffer pH 7.4 with 200-mM NaCl and 500-uM
TCEP (12-uL final volume) was carried out for 10 minutes. Following the reaction, the maleimide-
conjugated DNA product was separated by precipitation from the excess bismaleimide by addition of
30 uL of ethanol (-20°C). Following centrifugation (2 minutes, 14,000 rpm), the DNA pellet was
washed in ethanol twice followed by 2 washes with DMF and a final wash with ethanol to remove
traces of bismaleimide. The ethanol was then removed by evaporation under vacuum for ~10 minutes.
Following this purification step, the maleimide-conjugated DNA was rehydrated with aqueous 400-
mM NacCl, immediately diluted with an equal volume of DMF, and allowed to react with thiol-
functionalized silica particles for 12-hours.

Confocal-Raman microscopy. Confocal-Raman microscopy has been described in detail
elsewhere.®® Briefly, a 647.1 nm excitation beam from a Kr" laser (Innova 90, Coherent Int., Santa

Clara, CA) was propagated though a bandpass filter and passed through a x4 beam expander (50- 25-
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4x-647, Special Optics Inc., Wharton, NJ) and reflected off a dichroic beam splitter, and directed into
a 1.4-NA, 100x oil-immersion objective (CFL PLAN APO, Nikon Inc., El Segundo, CA), producing
a focus with a ~600 nm diameter beam waist. Scattered light from the confocal probe volume was
collected by the same objective, transmitted though the dichroic beam splitter, passed thought a long
pass filter, and finally focused though the 50-um slit of a 500-mm focal-length spectrograph (Bruker
500IS) with a 300-line/mm diffraction grating blazed at 750 nm. Light diffracted off the grating was
projected onto a charged coupled device (iDus 401A, Andor USA, South Windsor, CT).

Well cells for confocal-Raman microscopy were constructed by adhering a ~12 mm length of
10-mm i.d., 13-mm o.d. Pyrex glass tubing to a No. 1 glass coverslip using Devcon 5 min epoxy (ITW
Devcon, Danvers, MA). To collect spectra, the beam was focused at the solution/coverslip interface
and adjusted upward in the z-dimension until particles were in the field of view. The stage was then
adjusted in the x and y dimensions until the focus and confocal probe volume was centered in a single
porous silica particle. Each spectrum reported represented 2-minute integrations collected from 6
different individual particles. All the collected spectra were truncated to the frequency region of
interest and baseline corrected with a rolling-circle algorithm.’® Data analysis was carried out in
Matlab (Mathworks, Natick, MA) using custom scripts. Depending on the chemistry being
investigated, spectra were normalized to scattering from either the 1780 cm™ succinimide stretch or

the 3430 cm™' OH stretch of water.

RESULTS AND DISCUSSION

Immobilization and reactivity of surface-immobilized thiols. To immobilize thiol groups
to mesoporous silica interfaces, a cyclic-thiasilane reagent was used.’’” The advantage of this reagent
over traditionally-used trialkoxysilane reagents is the formation of the siloxane bond progresses under
anhydrous conditions and is not susceptible to cross-linking?’-*® that can result in dimerization or
polymerization during the surface-functionalization step. At each step of the immobilization
chemistry, confocal-Raman microscopy was used to characterize the interfacial chemical composition
of mesoporous silica particles.”® Raman spectra of bare silica (Figure 2) shows silica framework
vibrational modes (700-1000 cm™) and a water bending mode (1640 cm™). Following the reaction of
bare silica with 2,2-dimethoxy-1-thia-2-silacyclopentane (details in Experimental Section), the
addition of both C-H and C-C modes (1100 — 1500 cm™) and the distinctive thiol S-H stretching mode
(2580 cm) is clear (Figure 2).
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immobilization of the thiol and complete conversion of the immobilized thiol to a thiosuccinimide
product following reaction with N-phenylmaleimide.

Preparation of maleimide-DNA for immobilization to thiol-functionalized silica. To
conjugate thiol functionalized DNA to thiol-presenting silica surfaces, a cross-linking protocol was
developed by performing sequential Michael addition reactions with a bismaleimide reagent (Scheme
S1, Supporting Information). First, disulfide-modified DNA was reduced with DTT and isolated by
precipitation from ethanol and centrifugation (see Experimental Section). The thiol-functionalized
DNA was then reacted with a >10-molar excess of 1,4-phenylene-bismaleimide in 50/50 (v/v)
DMF/Tris buffer for 10 minutes. Following the reaction, the maleimide-conjugated DNA was
separated from excess unreacted bismaleimide by precipitation through the addition of 2.5 volume
equivalents of ethanol at -20 °C. Following centrifugation, the DNA pellet was washed in ethanol
twice, followed by 2 washes with DMF, and 2 final washes with ethanol to remove traces of
bismaleimide; ethanol was then removed by evaporation under vacuum. As a check on the product
and efficiency of the reaction, a sample of the DNA pellet was dissolved in deionized water, desalted,

and analyzed by electrospray-ionization time-of-flight mass spectrometry. The mass spectrometry
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results confirm the formation of the monomeric maleimide-conjugated DNA product, with no residual

thiol-functionalized DNA and minimal (~1.5%) dimer DNA product (see Supporting Information).

For immobilization of the DNA to
the porous silica particle surface, maleimide-
conjugated DNA (preparation and isolation
described above) was dissolved in aqueous
400-mM NaCl and immediately diluted with
an equal volume of DMF and allowed to
react with thiol-functionalized  silica
particles for 12 hours. Following the
reaction of the maleimide-DNA with thiol-
functionalized silica, the particles were
washed by dilution and centrifugation in
PBS buffer and characterized with confocal-
Raman microscopy.

Comparing the spectra of thiol-
functionalized silica before and after the
reaction with maleimide-conjugated DNA

reveals immobilization of DNA by
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Figure 3. Surface-immobilization of DNA with 1,4-
phenylenedimaleimde. Raman spectra of thiol-
functionalized silica (bottom, blue) and thiolated silica
reacted with maleimide-conjugated DNA (top, red).

= cytosine, G = guanine, T = thymine, A = adenine,
PO;! = backbone phosphate, and S = succinimide.

appearance of scattering from vibrational modes of DNA, which are identified in Figure 3.

Additionally, observation of the thiosuccinimide stretch (1780 cm™) verifies that surface

immobilization of DNA proceeds by the phenyl-bismaleimide cross-linking reagent forming

succinimide bonds to the thiol-DNA and the thiolated-silica surface. The resulting surface density of

the immobilized DNA was quantified by comparison of its thiosuccinimide Raman scattering intensity

at 1780 cm! to the scattering from an immobilized N-phenylmaleimide standard, the surface coverage

of which was calibrated by elemental carbon analysis (Supporting Information). The immobilized

DNA surface density, thus determined, was 2.8 (£0.6) x 10'* cm™, or a root-mean-square distance

between immobilized DNA molecules of 1.9 (+0.2) nm. This surface density of DNA is comparable

to a close-packed array of double-stranded B-form DNA having a helix diameter of ~2.0 nm.*°

Compared to amine-epoxide coupling chemistry,'® the maximum achievable densities of DNA in the

current example is more than 1000-times greater.
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Surface stability of DNA immobilized with phenyl-bismaleimide coupling. Application of
phenyl-maleimides for bioconjugate chemistry has long been limited and even avoided®®?® because of
their rapid hydrolysis to maleamic acid especially under aqueous solution conditions.?®2° In the current
work, we have developed surface immobilization of thiol-DNA with a phenylene-bismaleimide cross
linking reagent that overcomes the hydrolytic stability of the phenyl-maleimide conjugated DNA
intermediate by carrying out the surface immobilization step immediately following the initial
conjugation in a partially organic solvent system. These reactions produce DNA immobilized to a
thiolated silica surface through a pair of phenyl-thiosuccinimide linkages (Scheme S1).

Previous work has shown that phenyl-thiosuccinimides hydrolyze over time to form a
succinamic acid thioether product, which has been shown to be stable (Figure 1).2%3*! This chemistry
was tested on a guanine- and thymine-containing DNA sequence immobilized by the above protocol
to thiolated porous silica. The sequence was chosen for its simple base composition that produces
Raman spectra with better-resolved bands and allows more accurate quantitative analysis. To test the
surface conjugation stability, a Raman spectrum of a sample of particles acquired immediately after
their preparation was compared to the same sample following storage for 12-days at room temperature
in pH 7.4 PBS buffer with 25 mM sodium azide. The two spectra are compared in Figure 3, where
both spectra are normalized to scattering intensity at 3430 cm™ from the OH stretch of water that fills
the pores. Comparing the total DNA band
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new bands at 1257, and 1538 cm™! consistent with amide III and amide II stretching modes that arise
from the hydrolysis of the thiosuccinimide bonds and formation of a succinamic acid thioether product
(Figure 1). These changes in structure are more apparent in time-dependent data acquired for
hydrolysis of a simple immobilized phenyl-thiosuccinimide, prepared by reacting the thiol-
functionalized silica with N-phenylmaleimide (see Supporting Information, Figure S3). Without
interference from DNA scattering, the observed changes in band intensities and appearance of amide
modes are clear and consistent with hydrolysis of the thiosuccinimide over time to form a more stable
succinamic acid thioether product.

To determine how the stability of the phenyl-bismaleimide immobilized DNA compares to
alkyl-bismaleimide coupling, we also immobilized thiol-DNA to the thiolated-silica surface using
1,11-bismaleimido-triethyleneglycol as cross-linker. DNA immobilized with the alkyl-bismaleimide
was subjected to equivalent conditions as the DNA immobilized with the phenyl-bismaleimide
described above. Over the same time (12-days) in PBS buffer, Raman scattering reveals that only
32 + 8% of the original surface-immobilized DNA was retained (Supporting Information, Figure S4).
Additionally, the loss of the DNA scattering intensity was correlated with the intensity decrease of the
1780 cm™ succinimide mode responsible for surface coupling; suggesting dissociation is a result of
the retro-Michael addition reaction.

These results collectively show that the phenyl group adjacent to the thiosuccinimide plays a
key role in enhancing the surface stability of the DNA conjugate by increasing the efficiency of
thiosuccinimide hydrolysis, resulting in the conversion of the thiosuccinimide to a more stable
succinamic acid thioether. This result contrasts with the conventionally used alkyl-maleimides which
form a thiosuccinimide product that was observed to dissociate over time due to its susceptibility to
the retro-Michael addition.

Structure of porous-silica immobilized DNA. Stable immobilization of DNA strands on the
interior surfaces of porous silica particles provides a local concentration of DNA within the particle
interior that is sufficiently high (~30-mM) that confocal Raman microscopy can be used for label-free
investigations of the structure and reactivity of the surface-immobilized DNA. We demonstrate this
capability by examining the structure of the immobilized 23-mer DNA hairpin in response to changes
in the ionic strength of the overlaying solution. DNA hairpins, like the 23-mer sequence immobilized
above, are single-stranded DNA that can self-hybridize through intramolecular base-pairing and are
commonly used as ‘molecular beacons’ in biosensing applications.*>** When DNA hairpin molecular

44,45

beacons are surface-immobilized for biosensing, surface-crowding effects™* can impact the stability
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of folded versus unfolded states of the stem-loop or hairpin DNA structure. To respond as a molecular
beacon, there must be sufficient freedom of motion for a DNA hairpin to unfold in response to the
binding of an oligonucleotide target.

Our goal, therefore, was to test whether the 23-base DNA hairpin sequence that was
immobilized at high densities on the porous silica surfaces can undergo a folded-to-unfolded transition
that would be critical to a functioning biosensor. Raman spectroscopy is an informative method
capable of discerning between single-stranded and duplex DNA conformations by shifts in the
frequencies of scattering from both DNA bases and the phosphate-sugar backbone upon
hybridization.***® While these previous Raman scattering studies were carried out with free-solution
DNA samples, recent work from our lab showed that equivalent frequency shifts can be observed with
immobilized ssDNA upon hybridization with complementary strands from solution.?? In the present
case, we determine the conformational state of the immobilized DNA hairpin sequence, as its
intramolecular hybridization responds to solution conditions, employing a reduction in ionic strength
to destabilize the hybridized duplex structure. Because the backbone of DNA is highly charged with
phosphate groups, complementary DNA strand regions must overcome significant electrostatic

repulsion in order to form a duplex.*’
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A
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contains several base-specific and phosphate-backbone vibrational modes unobscured by overlapping
bands, which can be used to discern structural changes. Comparison of the surface immobilized hairpin
sample in buffered saline versus deionized water reveals the guanine ring stretch shifts from 679 to
670 cm’!, the adenine ring stretch shifts from 730 to 727 cm™ and the thymine ring stretch shifts from
749 to 745 cm!. These characteristic Raman scattering frequencies are consistent with duplex DNA
transitioning to single-stranded DNA, as previously reported in DNA melting experiments, 64852

Additionally, the 836 cm™ PO2™! stretch, which is only present in B-Form duplex DNA,> is
absent in spectrum of the sample in deionized water, further evidence that the duplex region of the
hairpin has unfolded. In addition to changes in band frequencies, the polarizabilities of several
vibrational modes of DNA bases are reduced when they form duplexes due to electronic effects of
base-stacking and base-pairing.*’*! In agreement with this expectation, the intensities of the 1240 cm’!
thymine mode and the 1668 cm™ carbonyl stretch of thymine, guanine, and cytosine are all
substantially greater for the sample in deionized water where base-pairing is lost and the hairpin
unfolds into a single-stranded DNA. Collectively, these results show that despite the high surface
density at which the DNA is immobilized, the surface-immobilized DNA can freely transition from a
compact DNA hairpin in high ionic-strength buffer to an unfolded random coil in deionized water.
Despite the high surface coverage of the immobilized DNA, its conformational mobility may be due
to the convex nature of the porous silica surfaces (see SEM image in Supporting Information); this
convex surface structure likely derives from the synthesis of the xerogel material, which occurs by
aggregation of silica sols to form porous particles.”® As has been shown that the assembly of thiol-
terminated ssDNA on spherical gold colloids, particle diameters less than 30-nm allow higher surface
coverage of DNA compared to flat surfaces due to the greater volume available away from the convex
surface.**** The solution volume away from a convex silica surface may provide the immobilized
DNA hairpins the conformational freedom needed to unfold in low-ionic strength conditions. For
applications where greater separation between immobilized DNA strands is needed (in protein-binding
studies, for example), the DNA surface density can be lowered by either reducing the density of thiol-
silane anchors on the silica surface or lowering the concentration and/or reaction time of maleimide-
DNA in the surface-coupling step.

Summary and future perspective. With the guidance of Raman spectroscopy data at each
step, a new approach to immobilize thiol-functionalized DNA to thiolated porous silica surfaces has
been developed that utilizes a phenyl-bismaleimide cross-linking reagent. The method takes advantage

of the reactivity of thiol and maleimide groups through sequential Michael-addition reactions. An
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initial Michael addition reaction with thiol-DNA and phenyl-bismaleimide produces phenyl-
maleimide conjugated DNA that can be isolated and then immediately reacted with thiol-
functionalized silica to form the conjugate product. Hydrolysis of the phenyl-thiosuccinimides to the
corresponding succinamic-acid thioethers produces more stable surface immobilization compared to
alkyl-maleimide coupling whose thiosuccinimide bonds does not readily hydrolyze to the more stable
product. The efficiency of phenyl-bismaleimide coupling can produce surface densities of the
immobilized DNA that are close to the theoretical limit of a full monolayer. A unique aspect of this
development was the use of Raman microscopy to monitor the surface composition, structure, and
coverage of the immobilized DNA by carrying out the reactions on the interior surfaces of porous
silica particles.

The DNA cross-linking methodology employing phenyl-bismaleimides for enhanced stability
has the potential to be extended to the immobilization of other thiol-containing molecules at silica
surfaces or the conjugation of thiolated oligonucleotides and other molecules to proteins or peptides
through cysteine residues. The surface-conjugation chemistry is not limited to porous silica but should
be readily applied to immobilization of DNA to glass surfaces for fluorescence imaging of
hybridization and DNA microarrays. The application of this chemistry to DNA immobilization on
porous silica produces locally high DNA concentrations on the interior of the particles that allow in
situ investigations of the structure and reactivity of immobilized DNA by confocal Raman microscopy.
The combination of stable DNA immobilization on high-surface area porous supports with a label-
free vibrational spectroscopy paves the way for relating DNA structure to its functionality with respect
to interactions with either small molecules or proteins. Confocal Raman microscopy was also found
to be a powerful method for monitoring the reaction steps in generating the stable binding of DNA to
a silica surface. This method could be used for following the interfacial chemistry of other conjugation

chemistries to immobilize biological molecules to silica or glass surfaces.

ASSOCIATED CONTENT

Supporting Information.

Additional information on the reaction scheme to immobilize thiol-functionalized DNA to thiolated
silica, ESI-TOF-MS analysis of the thiol-DNA bismaleimide coupling products, quantification of
surface-immobilized DNA, Raman spectroscopy of the hydrolysis of a phenyl-thiosuccinimide,
comparison of the stability of alkyl-bismaleimide coupling, and an SEM image of the porous silica

used as the support for DNA immobilization.
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