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A solution-phase synthesis and characterization of covalent DNA-dendron conjugates is presented.
Thiol-terminated 12-base oligonucleotides were added to second- and third-generation triazine-based
dendrons via thiol/disulfide exchange chemistry. Single-stranded DNA oligonucleotides were successfully attached to dendrons at the core, the periphery, and both. Proof of structure for these architectures
is derived primarily from mass spectrometry and polyacrylamide gel electrophoresis and complemented
by labeling analysis using Ellman’s reagent and degradation analysis using a reducing agent.

INTRODUCTION

We report the solution-phase synthesis and characterization of covalent DNA-dendron conjugates. Using thiol/
disulfide exchange chemistry, thiol-terminated 12-base
oligonucleotide sequences were added to second- and
third-generation triazine-based dendrons. The synthesis
permits either one or two single-stranded DNA (ssDNA)
oligonucleotides to be covalently attached to the dendron
at the core, the periphery, or both (Scheme 1). Proof of
structure for these architectures is derived primarily
from mass spectrometry, polyacrylamide gel electrophoresis, labeling analysis using Ellman’s reagent (1),
and degradation analysis with a reducing agent.
The use of DNA constructs in DNA-machines (2-5),
DNA-computing (6), antisense therapy (7-9), and biosensors (4, 10, 11) has fueled intense research into
suitable methods for immobilizing DNA on surfaces (12,
13) and preparing soluble DNA-nanoparticle assemblies
(7, 14-17). Most of the latter applications rely on
nanoparticle modification with multiple copies of ssDNA
oligonucleotides of a particular sequence. For example,
multiple ssDNA oligonucleotides have been attached to
soluble organic polymers (18) and gold nanoparticles (19).
However, methods for covalent attachment of individual
ssDNA oligonucleotides to soluble nanoparticles are
surprisingly rare (7). Synthetic methods that provide a
means for conjugating precise numbers of identical or
different ssDNA oligonucleotides to particular locations
on nanoparticles could allow for simultaneous probing
of multiple target oligonucleotides or for constructing
interesting, new recursive materials. If such materials
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also provide a means for attaching additional active
components, such as fluorescent or electrochemical tags,
their usefulness would be further increased.
The scaffolds used for these experiments were derived
from melamine-based dendrimers, which were synthesized using methods similar to those we previously
reported (20). These dendrimers offer opportunities for
appending precise numbers of reactive groups to the
periphery and the core. For the present work, dendrons
incorporate reactive thiopyridyl groups (Scheme 2), which
could subsequently undergo exchange with appropriately
functionalized DNA oligonucleotides. Disulfide-terminated oligonucleotides were reduced to yield thiol-terminated
ssDNA.
EXPERIMENTAL SECTION

Chemicals. Reagent grade chloroform, dichloromethane, methanol, and ethyl acetate were used without
further purification during dendrimer synthesis. Tetrahydrofuran (THF) was dried over 4 Å molecular sieves
prior to use. Deuterated solvents were used as supplied
by Cambridge Isotope Laboratories (Cambridge, MA). Cyanuric chloride (98%), diisopropylethylamine (DIPEA,
99%), and piperazine (99+%) were used as received from
Acros (Pittsburgh, PA). Immobilized tris(carboxyethyl)phosphine (TCEP) and succinimidyl 3-(2-pyridylthio)propionate (SPDP) were used as purchased from Pierce
Chemical (Rockford, IL). Electrophoresis grade acrylamide:bisacrylamide (29:1), ethidium bromide (1% solution), and coomassie blue R250 were used as received
from FisherBiotech (Pittsburgh, PA). Trisborate EDTA
(0.45 M) and 10× DNA gel loading buffer were purchased
from Eppendorf (Hamburg, Germany). Molecule 7 (20)
and cysteamine hydrochloride (21) were synthesized
according to literature procedures.
Synthesis of 1. BOC-NHCH2(CH2OCH2)3CH2NH2 (1.77
g, 6.05 mmol) in THF (15 mL) was added dropwise to a
cooled (-6 °C), stirred THF solution (30 mL) of cyanuric
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Scheme 1

Scheme 2 a

a (a) 2 equiv of BocNHCH (CH OCH ) CH NH , DIPEA, THF, RT, 14 h; (b) piperazine, DIPEA, RT, 14 h; (c) BocNHCH (CH OCH ) 2
2
2 3
2
2
2
2
2 3
CH2NH2, DIPEA, THF, -6 °C, 2 h; (d) pyridyl-S-S-CH2CH2-NH2, DIPEA, THF, RT, 14 h; (e) piperazine, DIPEA, RT, 14 h; (f) 1,
DIPEA, THF, -6 °C; (g) 2, DIPEA, THF, RT, 14 h; (h) trifluoroacetic acid (TFA), CH2Cl2 (1:1), 10 h, RT; (i) piperazine, DIPEA, RT,
14 h; (j) SPDP, DIPEA, THF, RT, 24 h; (k) TFA:CH2Cl2 (1:1), 10 h, RT.
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chloride (0.581 g, 3.17 mmol) and DIPEA (1.5 mL, 4.84
mmol). After 2 h the reaction mixture was warmed to
room temperature, and more DIPEA (1.5 mL, 4.84 mmol)
was added. Stirring for 14 h at room-temperature resulted in a pale yellow solution with white precipitate,
yielding a single TLC spot (Rf ) 0.65.) Piperazine (1.64
g, 19.02 mmol) and DIPEA (1.5 mL, 4.84 mmol) were
added, and the mixture was stirred for 14 h at room
temperature. After removal of solvent, the residue was
partitioned between CH2Cl2 and water. The organic
phases were concentrated to yield a pale yellow oil which
was purified via silica gel column chromatography
(100:3, CH2Cl2:MeOH eluent). A pale yellow oil was
obtained (0.123 g, 82.3%). 1H NMR (300 MHz, CD3OD) δ
3.72 (tr, 4H, NCH2), 3.62 (m, 24H, CH2OCH2), 3.49 (tr,
4H,-C(O)NHCH2CH2), 3.20 (tr, 4H, NHCH2CH2), 2.79 (br,
4H, HNCH2), 1.42 (s, 18H, OC(CH3)3). 13C NMR (75 MHz,
CD3OD) δ 166.2, 165.0, 157.1, 78.9, 70.4, 53.9, 43.7, 43.0,
40.4, 27.8; MALDI-TOF (m/z): [M + H]+ calcd. for
C33H63N9O10, 746.5; found, 746.8.
Synthesis of 2. BOC-NHCH2(CH2OCH2)3CH2NH2 (1.39
g, 4.75 mmol) in THF (10 mL) was added dropwise to a
cooled (-6 °C), stirred solution of cyanuric chloride (0.908
g, 4.95 mmol) and DIPEA (3.3 mL, 9.82 mmol) in THF
(30 mL). After 2 h the reaction mixture was warmed to
room temperature, and more DIPEA (1.5 mL, 4.84 mmol)
was added, followed by a THF solution (15 mL) of
neutralized pyridyl cysteamine hydrochloride (1.10 g,
4.95 mmol). Stirring for 14 h at room-temperature
resulted in a pale yellow solution with white precipitate,
yielding a single TLC spot (Rf ) 0.58.) A 6-fold excess of
piperazine (2.55 g, 29.7 mmol) and DIPEA (1.5 mL, 4.84
mmol) was added, and the mixture was stirred for 14 h
at room temperature. After removal of solvent, the
residue was partitioned between CH2Cl2 and water. The
organic phases were concentrated to yield a pale yellow
oil which was purified via silica gel column chromatography (100:3, CH2Cl2:MeOH eluent). A pale yellow oil was
obtained (1.56 g, 49%). 1H NMR (300 MHz, CD3OD) δ
8.2 (tr, 1H, o-CH), 7.75 (m, 2H, m-CH), 7.2 (tr, 1H, p-CH),
3.75 (br, 4H, NCH2) 3.63 (m, 12H, CH2OCH2), 3.50 (tr,
4H, C(O)NHCH2CH2 and NCH2CH2S), 3.21 (tr, 2H,
NHCH2CH2), 3.02 (tr, 2H, NCH2CH2S), 2.82 (br, 4H,
NHCH2), 1.43 (s, 9H, OC(CH3)3). 13C NMR (75 MHz,
CD3OD) δ 167.6, 166.1, 161.2, 150.1, 139.2, 122.6, 121.2,
80.2, 71.4, 49.9, 46.3, 44.5, 41.4, 40.8, 39.6, 28.9; MALDITOF (m/z): [M + H]+ calcd for C27H45N9O5S2, 640.3;
found, 640.4.
Synthesis of 3. Dendron 1 (0.601 g, 0.807 mmol) was
dissolved in 15 mL of THF and added dropwise to a cooled
(-6 °C), stirred solution THF solution (30 mL) of cyanuric
chloride (0.148 g, 0.807 mmol) and DIPEA (1.5 mL, 4.84
mmol). After 2 h the reaction mixture was warmed to
room temperature, and more DIPEA (1.5 mL, 4.84 mmol)

was added, followed by a THF solution (15 mL) of 2 (0.505
g, 0.807 mmol). Stirring for 14 h at room-temperature
resulted in a pale yellow solution with white precipitate.
After removal of solvent, the residue was partitioned
between CH2Cl2 and water. The organic phases were
concentrated to yield a pale yellow oil which was purified
via silica gel column chromatography (100:3, CH2Cl2:
MeOH eluent). A white, sticky solid was obtained (0.86
g, 71.2% yield). 1H NMR (300 MHz, CD3OD) δ 8.2 (m,
1H, o-CH), 7.78 (m, 2H, m-CH), 7.19 (tr, 1H, p-CH), 3.75
(br, 16H, NCH2), 3.62 (m, 36H, CH2OCH2), 3.50 (br, 8H,
C(O)NHCH2CH2 and NCH2CH2S), 3.22 (m, 6H, NCH2)
3.04 (tr, 2H, NCH2CH2S), 1.43 (s, 27H, OC(CH3)3); 13C
NMR (75 MHz, CD3OD) δ 169.5, 166.1, 165.0, 164.4,
160.0 157.0, 150.0, 137.8, 121.1, 119.8, 78.9, 71.2, 70.2,
43.5, 42.9, 40.3, 27.9. MALDI-TOF (m/z): [M + H]+ calcd
for C63H10N21O9S2, 1495.5; found, 1495.8.
Synthesis of 4. Dendron 3 (0.86 g, 0.57 mmol) was
reacted with 85% trifluoroacetic acid (TFA, 3 mL) for 14
h (1:1 TFA:CH2Cl2). A pale yellow oil was obtained after
solvent evaporation (0.81 g, 94.2%). 1H NMR (300 MHz,
CD3OD) δ 8.12 (m, 1H, o-CH), 7.82 (m, 2H, m-CH), 7.45
(tr, 1H, p-CH), 3.84 (br, 14H, NCH2), 3.78 (br, 6H,
NH2CH2CH2), 3.65 (m, 36H, CH2OCH2), 3.22 (m, 6H,
N-CH2), 3.04 (tr, 2H, NHCH2CH2S); 13C NMR (75 MHz,
CD3OD) δ 166.1, 165.0, 164.4, 157.0, 150.0, 137.8, 121.1,
119.8, 71.2, 70.2, 43.5, 42.9, 40.3. NMR Spectra are in
Supporting Information. MALDI-TOF (m/z): [M + H]+
calcd for C48H82ClN21O9S2, 1196.6; found, 1196.6.
Synthesis of 5. Dendron 3 (0.100 g, 0.17 mmol),
piperazine (0.072 g, 1.40 mmol), DIPEA (0.160 mL, 1.4
mmol), and THF (15 mL) were heated at 70 °C for 14 h
in a sealed, thick-walled reaction vessel. After removal
of solvent, the residue was partitioned between CH2Cl2
and water. The organic phases were concentrated to yield
a pale yellow oil which was purified via silica gel column
chromatography (20:1, CH2Cl2:MeOH eluent). A pale
yellow oil was obtained (42 mg, 35.3%). The oil was
stirred at room temperature with THF (10 mL), DIPEA
(0.25 mL, 0.807 mmol), and SPDP (9.0 mg, 0.029 mmol).
After removal of solvent, the residue was partitioned
between CH2Cl2 and water. The organic phases were
concentrated to yield a pale, yellow oil which was purified
via column chromatography (100:5, CH2Cl2:MeOH eluent) yielded an off-white viscous oil. 1H NMR (300 MHz,
CD3OD) δ 8.37 (m, 2H, o-CH), 7.77 (m, 4H, meta-CH),
7.16 (tr, 2H, p-CH), 3.68 (br, 24H, NCH2), 3.59 (m, 48H,
CH2OCH2), 3.48 (tr, 2H, C(O)NHCH2CH2S), 3.21 (tr, 10H,
NHCH2), 3.04 (tr, 2H, C(O)NHCH2CH2S), 1.41 (s, 27H,
OC(CH3)3). 13C NMR (75 MHz, CD3OD) δ 171.2, 166.2,
165.9, 161.6, 158.0, 149.8, 122.1, 120.9, 119.2, 80.1, 71.5,
71.2, 71.1 44.2, 41.3, 36.2, 33.8, 31.9, 28.9. MALDI-TOF
(m/z): [M + H]+ calcd for C75H122N24O16S4, 1743.7; found,
1743.7.
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Synthesis of 6. Dendron 5 (100 mg, 0.069 mmol) was
deprotected with TFA (1:1 TFA:CH2Cl2), yielding a sticky
yellow oil (32 mg, 75.6%). 1H NMR (300 MHz, CD3OD) δ
8.48 (d, 1H, o-CHa), 8.40 (d, 1H, o-CHb), 7.98 (m, 2H,
m-CHa), 7.88 (m, 2H, m-CHb), 7.39 (tr, 1H, p-CHa), 7.25
(tr, 1H, p-CHb), 3.85 (br, 24H, N-CH2), 3.67 (m, 48H,
CH2OCH2), 3.56 (tr, 2H, C(O)NHCH2CH2), 3.13 (tr, 10H,
NHCH2), 2.92 (tr, 2H, C(O)CH2CH2S); 13C NMR (75 MHz,
CD3OD) δ 170.5, 165.5, 162.4, 158.0, 149.4, 138.0, 121.1,
120.0, 119.9, 115.1, 70.3, 70.2, 70.0, 68.7, 66.7, 43.9, 42.8,
40.4, 39.4, 34.1, 32.2. NMR spectra are in Supporting
Information. MALDI-TOF (m/z): [M + H]+ calcd for
C60H98N24O10S4, 1443.5; found, 1443.7.
DNA Conjugation. All solvents and reagents used in
DNA reactions were spectroscopic grade. Water, methanol, and acetonitrile were further purified by filtration
through a 0.22 µm filter. Disulfide-modified oligonucleotides were purchased from Trilink Biotechnologies (San Diego, CA). The lyophilized powders were
dissolved in UV/UF purified (Barnstead) water [0.1 OD/
µL]. The fluorescently labeled oligo 5′-(Oregon Green
514)-TAGGACTTACGC-(C3-thiol), and nonlabeled 12mer
5′-TAGGACTTACGC-(C3-thiol) (referred to as DNAa),
were deprotected on immobilized TCEP (2-carboxyethylphosphine) for 15 min at room temperature and eluted
with two volumes of TBE (45 mM Tris-borate, 1 mM
EDTA) pH 8.3 buffer. The use of other buffers, including
tris(hydroxymethyl) aminomethane buffer at pH 6.0 and
7.4, did not elute the DNA from the resin. In a typical
conjugation, deprotected Oregon-Green labeled 12-mer
[2.5 OD, 25 µL H2O] was incubated with thiopyridylcontaining dendron 7 (41.8 nmol, 0.05 mg). After 12 h at
room temperature the reaction was stopped, yielding the
corresponding disulfide conjugated DNA-dendrimer.
MALDI-TOF (m/z): [M + H]+ calcd for DNA-dendron,
7-D, 7227.4; found, 7227.6.
MALDI-TOF. An overlayer preparation was used with
a 2,4,6-trihydroxyacetophenone (THAP) matrix (22). A
1:1:1 mixture of 1 µM aqueous reaction mixture, 10 mg/
mL THAP matrix in methanol, and 15 mg/mL aqueous
ammonium citrate was spotted in 1 µL aliquots on a bed
of THAP matrix. The analyte-doped matrix crystals were
washed repeatedly (∼5-15 times) with 5 µL of cold water
to remove alkali metals. MALDI-TOF mass spectra were
acquired in positive- and negative-ion mode on a VoyagerDE STR mass spectrometer (Applied Biosystems,
Framingham, MA) equipped with a pulsed nitrogen laser
emitting at 337 nm. Samples were analyzed in linear
mode using a delayed extraction time of 550 ns and an
accelerating voltage of 20 kV. The laser light intensity
was adjusted to provide the optimal signal-to-noise ratio.
All spectra were the result of signal averaging 50-100
laser shots. Positive-ion mass calibrations were performed internally with the [M + 2H]2+, [M + H]+, and
[2M + H]+ ions of insulin (bovine). Negative-ion calibrations were performed externally with the [M - H]- and
the [2M - H]- ions of DNAa. Mass spectra for 4, 6, 7,
6-D, 6-D2, and 7-D can be found in the Supporting
Information.
Gel Electrophoresis. Polyacrylamide gels (20%) were
prepared according to a standard protocol (23). Gels were
run between 70 and 80 V for 2-3 h. The sample buffer
was 0.25% bromophenol blue and 40% (w/v) sucrose in
water. Samples were prepared by adding 0.1 volume of
running buffer to each dendron and conjugate solution.
The running buffer was TBE (90 mM Tris-Borate, 2 mM
EDTA). Ethidium bromide and Coomassie Brilliant Blue
R250 were used for staining and visualization.

Figure 1. PAGE gels visualized by differential staining with
ethidium bromide and Coomassie Brilliant Blue R-250. Lanes
A contain DNA-thiol only, and lanes B covalently linked 4-D.
Removal of ethidium bromide, followed by staining with Coomassie Brilliant Blue R250 resulted in the second gel.
RESULTS AND DISCUSSION

The objectives of this paper are to present a synthetic
approach for synthesizing DNA-dendrimer constructs
and then to prove unambiguously that the DNA linkage
to the dendrimer is covalent rather than electrostatic.
Electrostatic complexes between DNA and dendrimers
have been reported previously (16). The motivation for
using cationic dendrimers stems from both the high water
solubility that these groups afford, and the opportunity
for electrostatic binding between the DNA and dendrimeric reactants, which may be useful for enhancing the
rate of covalent bond formation between the two species.
Dendron synthesis reactions proceed cleanly and in
high yields to give products that are readily purified by
chromatography. All intermediates and products give
satisfactory 1H and 13C NMR spectra and the appropriate
parent ion by mass spectrometry. The two disulfides of
6 are not spectroscopically equivalent, as evidenced by
the five relevant pyridyl peaks in the 1H NMR (Supporting Information), indicating a subtle difference in the
chemical environment of these groups.
To conjugate DNA to the dendrons, the disulfideterminated oligonucleotides were first reduced using
tris(2-carboxyethyl)phosphine (TCEP) in a trisborate
EDTA (TBE) buffer (pH 8.3) to yield thiol-terminated
ssDNA. Addition of this DNA to aqueous solutions of
dendrons yielded the DNA-dendron conjugates upon
thiol-disulfide exchange (Scheme 3).
To distinguish between covalent attachment and electrostatic association (16), the products were characterized
using polyacrylamide gel electrophoresis (PAGE) and
matrix-assisted laser desorption ionization - time-offlight (MALDI-TOF) mass spectrometry (24). These
DNA-dendron architectures (and the associated ssDNA
starting materials) proved to be too small for agarose gel
analysis. Instead, 20% polyacrylamide gels allowed successful separation of the initial G2-dendron, the ssDNA,
and the DNA-dendron products (Figure 1). Column B
of the gel shown in Figure 1 corresponds to the reaction
of 4 with a deprotected 12-base oligonucleotide, in which
we expect to make 4-D. This gel was stained with
ethidium bromide, which stains DNA but not the dendrons used in this study. Starting from the bottom of the
gel in column B, the three bands correspond to unreacted
DNA-thiol, DNA-dendron conjugate (4-D, Scheme 1),
and a disulfide-coupled DNA dimer. To confirm these
assignments, we ran a gel using a solution nominally
containing only DNA-thiol (Column A). The two bands
present in this control experiment correspond to DNAthiol and the anticipated DNA dimer, which is produced
by oxidation of two DNA-thiol oligonucleotides to a DNAS-S-DNA disulfide.
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Figure 2. MALDI-TOF mass spectrum of 4-D. Peaks at 4886.13 and 2444.06 correspond to the [M + H]+ and [M + 2H]2+ ions of
4-D, and 3890.7 is the [M + H]+ for DNA not deprotected by TCEP but with subsequent loss of the dimethoxytrityl ether.
Table 1

a Expected parent ion masses (m/z) shown (observed molecular weight in parentheses); b Internal calibration shows only a 36 ppm
error in mass accuracy. c Same oligonucleotide sequence, but not functionalized with Oregon-Green dye.

The band assignments were further confirmed by
staining with Coomassie Brilliant Blue R250, which
stains the dendrons used in this study but not DNA (25).
As shown in Column B, only the middle band, corresponding to the DNA-dendron, is visible. In contrast, the
bands in Column A, corresponding to the DNA-thiol
control experiment, are not stained. The data in Figure
2 shows the presence of the DNA-dendron conjugate, [M
+ H]+ ) 4886.1 and [M + H]2+ ) 2444.1, along with a
small amount of [M + H]+ ) 3890.7, which corresponds
to DNA not deprotected by the original TCEP reduction
with subsequent loss of dimethoxytrityl ether. We at-

tribute the absence of a band corresponding to the
cationic dendron to the inability of these charged species
to enter the polyacrylamide gel (they would migrate
toward the cathode).
Table 1 provides MALDI-TOF mass spectrometry data
for the key reagents and products prepared for this study.
Importantly, the molecular weights for 4-D, 6-D, 6-D2,
and 7-D correspond with the calculated masses for these
DNA-dendron conjugates. As indicated previously, there
are two potential linking motifs for the DNA-dendrons:
electrostatic and covalent. The mass difference between
these two adducts is only 2 Da. Nevertheless, it was
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possible to distinguish between these two possible products using accurate-mass mass analysis. With bovine
insulin as an internal calibrant ([M + H]+ ) 5734.39),
the measured molecular weight of 4-D was 5561.97. This
compared with the expected [M + H]+ of 5561.76,
corresponding to an error of only 36 ppm. An electrostatic
adduct ([M + H]+ ) 5563.85) would have a much larger
mass error of 200 ppm. The same mass spectrometry
technique was used to confirm the covalent addition of
one and two ssDNA oligonucleotides to 6 to yield 6-D and
6-D2, respectively.
In addition to mass spectrometry, Ellman’s test (for
free thiol) was used to distinguish between covalent and
electrostatic attachment of DNA to the dendrons. Ellman’s reagent oxidizes free thiols to mixed nitrobenzyl
disulfides, which are easily identifiable by mass spectrometry. No Ellman’s adduct was observed for 4-D.
Addition of a reducing agent, TCEP, to 4-D led to
disappearance of the mass spectral signal for the DNAdendron conjugate, confirming covalent addition of DNA
to the dendron.
SUMMARY AND CONCLUSIONS

In summary, we have outlined a general synthesis for
covalent DNA-dendron conjugates. These materials were
subjected to rigorous characterization. We are currently
investigating hybridization and enzymatic manipulation
of these DNA-dendron conjugates.
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