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Programmable DNA Hydrogels Assembled from

Multidomain DNA Strands

Huiling Jiang,® Victor Pan,” Skanda Vivek,™ Eric R. Weeks,” and Yonggang Ke*®

Hydrogels are important in biological and medical applications,
such as drug delivery and tissue engineering. DNA hydrogels
have attracted significant attention due to the programmabili-
ty and biocompatibility of the material. We developed a series
of low-cost one-strand DNA hydrogels self-assembled from

Introduction

Hydrogels, formed by crosslinking molecules in aqueous solu-
tion, have attracted considerable attention as important bio-
medical materials because of their desired properties, such as
high water content, porosity, and tissue-like mechanics." For
example, hydrogels have been applied as three-dimensional
carriers of mesenchymal stem cells due to their excellent bio-
compatibility and ability to retain large amounts of water.”> An-
other important and widely explored application of hydrogels
is drug delivery,”’ in which drugs can be incorporated into the
interspace through chemical attachment or physical entrap-
ment and subsequently released following various release
stimuli, depending on the hydrogel properties. Both covalent
and non-covalent interactions have been implemented for
drug incorporation. Generally, multistep reactions are necessary
for covalent functionalization, which are stable and irreversi-
ble.” Meanwhile, reversible non-covalent interactions such as
hydrogen bonding, ionic interactions, and hydrophobic inter-
actions have also been applied to load organic small drug mol-
ecules or inorganic nanoparticles into hydrogel systems.”

DNA has emerged as a important programmable material
for biomaterial engineering.” In DNA hydrogels formed by
Watson-Crick base pairing, researchers have realized a variety
of desirable properties, such as self-healing, mechanical stabili-
ty, minimal toxicity, and excellent biocompatibility.”” However,
previously reported DNA hydrogels typically utilize multistrand
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single-stranded DNA monomers containing multiple palin-
dromic domains. This new hydrogel design is simple and pro-
grammable. Thermal stability, mechanical properties, and load-
ing capacity of these one-strand DNA hydrogels can be readily
regulated by simply adjusting the DNA domains.

designs, are relatively expensive, and often require labor-inten-
sive multistep syntheses.>®

Here we report a low-cost one-strand DNA hydrogel design.
We show that this simple system offers excellent programma-
bility, in which mechanical properties and cargo loading ca-
pacity can be easily tuned by changing the strand sequences
and lengths. We expect this new DNA hydrogel system will
provide a new enabling platform for hydrogel-based biomedi-
cal applications.

Results and Discussion

The formulation of multistrand DNA hydrogel design typically
involves two steps. First, structurally well-defined motifs assem-
ble from multiple DNA strands. Then, the hydrogel is formed
by joining the motifs together by base pairing. Our one-strand
(OS) hydrogels use a different design strategy (Scheme 1). A
DNA strand is designed to contain multiple domains, indicated
by different colors. Each domain contains a self-complementa-
ry palindromic sequence. Hydrogel formation is a single-step

1(1%) 2(2%) 3(3%)
5’-AACGTTAACGTT TGGGAATTCCCA ATCGACGTCGAT

DA

2 One-Strand
DNA Hydrogel

Scheme 1. One-strand (OS) multidomain DNA hydrogel. An OS strand con-
sists of multiple domains, each containing a self-complementary palindromic
sequence.
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process, in which individual strands are cross-linked together
by the complimentary domains. For instance, a 36-base three-
domain OS strand can hybridize with up to three neighboring
OS strands. The crosslinking among the individual OS strands
leads to the formation of a three-domain OS hydrogel.

The multidomain one-strand design is easy to program to
possess different numbers of domains and domain lengths,
which are expected to affect the pore size and mechanical
properties of OS hydrogels (Figure 1). We varied the number of
domains from three to four, five, and six for the OS strands,
while fixing the domain length (Figure 1A). In addition, we
designed and tested three-domain OS strands with different
domain lengths of 12, 16, and 20 bases (Figure 1B). When OS
hydrogels were prepared at same weight concentrations, these
changes resulted in different molecular concentrations, cross-
link strengths (domain lengths), and numbers of connections
between individual molecules (Figure 1C). These changes, in
turn, are expected to modulate the melting temperatures, me-
chanical properties, and pore sizes of OS hydrogels.

CHEMBIOCHEM
Full Papers

Characterization of OS hydrogels

OS hydrogels were prepared by using crude DNA strands in
20 mm of Tris-HCl buffer (pH 7.5) containing 10 mm of MgCl,
without purification. To clearly verify the lengths of DNA
strands, we purified the crude DNA strands by using 10% de-
naturing PAGE and extracted the major product bands. The pu-
rified DNA strands were then loaded into another 10% dena-
turing polyacrylamide gel, which revealed that all DNA strands
exhibited the expected mobility (Figure 1D). In a typical experi-
ment for OS hydrogel assembly, an OS strand (e.g., 0S-3-12) is
dissolved in 30-100 pL buffer. At room temperature, the solu-
tion quickly forms a transparent gel within minutes (Figure 1E).
Raising the temperature above 70°C disrupts the hybridization
between DNA domains and changes the gel to liquid forma-
tion. Cooling the solution to room temperature again then
brings it back to the gel formation. The liquid/gel switching
process can be repeated multiple times without obvious
changes in the speed of gel formation.
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Figure 1. Designs and assembly of the multidomain OS hydrogels. A) OS strands with different numbers of palindromic domains. Each domain contains 12
bases. B) Three-domain OS strands with different domain lengths (16-base and 20-base). C) Domain changes are expected to affect the physical properties of
OS hydrogels. D) 10% Denaturing PAGE analysis of purified OS strands. E) The OS-3-12 DNA hydrogel melts at high temperature (left) and reforms at room

temperature (right).
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The melting temperatures of OS hydrogel hybridization
were directly related to the domain lengths. We measured the
melting temperatures of strand hybridization by real-time PCR
(Figure ST and Table S1). The measurements were done on
2 um concentrations of OS solutions, which remained in liquid
form. Results revealed a correlation between domain length
and hybridization temperature between the OS strands. OS-3-
20, which has the longest domain length, exhibited the high-
est melting temperature at 70 °C, followed by OS-3-16 at 66 °C.
In comparison, the number of domains showed little effect on
melting temperature. OS-Y-12 (Y=3, 4, 5, and 6) had melting
temperatures between 58 and 61°C.

Rheology measurements were performed at 25°C to study
how the physical properties of OS DNA hydrogels were affect-
ed by the domain lengths and number of domains per strand
(Figure 2). First, we screened the storage modulus (G') and loss
storage (G”) of the DNA hydrogels with wt% concentrations
varying from 0.2 to 3.0 wt% (Figure 2A). As expected, both G’
and G” increased with increasing total DNA wt%. G’ was larger
than G’ when the 0S-3-12 concentration was higher than
0.5 wt%, indicating that 0S-3-12 assembly above 0.5 wt%
results in materials with more gel-like properties. The G’ of a

A) 10°
104 ——
10° 99"'//97;{% M
©
& A
~10? - o oG’ (08-3-12)
%10 x G” (0S-3-12)
24
107
102
0 0.5 1 1.5 2 2.5 3 3.5
Percentage / wt %
B) 104
o606
108 o G’ (0S-3-12)
& | e X G” (0S-3-12)
& s, 0 G’ (0S-3-16)
—~10° **~><<><—v,>z\;/,;gxgyyy;,;, X G’ (0S-3-16)
9 G’ (0S-3-20)
D10 Losse o-s-60000, | XG"(08-3-20)
34 )
1 KRSt e 3¢ SRS HIFFAFASFFALY
0.5 2 4 32 64 128
Angular Frequency / rad s™
C) 10
G ©6—6—0— ©
103 oo °9 oG’ (08-3-12)
. R0 xG” (08-3-12)
N, = RV X wd]=
ot 02 3¢ xf%ae—x%%,xwﬁ i g" ((%SS _“‘1 _1122))
® 570G (0S-5-12)
0] 10 o-a-6-6-6-0-6-00°-0 o666 685° G” (0S-5-12)
s 0F (05-6-12)
L Borosoopeits soxc= S C LS XG” (0S-6-12)
10

05 1 2 4 8 16 32 64 128
Angular Frequency /rad s

Figure 2. Rheological characterization of OS DNA hydrogels. A) Rheological
measurement of the OS-3-12 DNA hydrogel with different weight percentag-
es at a fixed 1 Hz frequency and a fixed 1% strain at 25 °C. B) Rheological an-
gular frequency sweeps of 2 wt% OS hydrogels with different domain
lengths. C) Rheological angular frequency sweeps of 2 wt% OS hydrogels
with different numbers of domains. The angular frequency sweeps were per-
formed at 1% strain at 25°C.

ChemBioChem 2016, 17, 1156 - 1162 www.chembiochem.org

1158

CHEMBIOCHEM
Full Papers

2wt% 0OS-3-12 hydrogel was ~2800 Pa, slightly higher but
comparable to that of a previously reported 2 wt% multistrand
Y-motif/linker DNA hydrogel by Liu et al.®?

At the same weight concentration, the physical properties of
OS DNA hydrogels are affected by both the lengths of do-
mains and the number of domains. We tested 12-base, 16-
base, and 20-base three-domain OS DNA hydrogels at 2 wt%
(Figure 2B). The results revealed that the rigidity of OS DNA
hydrogels is inversely proportional to the domain lengths.
Among the three samples, the 0S-3-12 DNA hydrogel showed
the strongest elastic behavior, whereas the 0S-3-20 DNA hy-
drogel appeared softest. For three-domain OS DNA hydrogels
at equal weight percentages, longer-domain OS DNA hydro-
gels have lower molar concentrations, which are expected to
lead to lower levels of crosslinking among the DNA strand
units. As a result, the longer domain and fewer crosslinks
might be responsible for the softer DNA hydrogel formation.

The numbers of domains of OS strands also affect the DNA
hydrogel properties. We performed rheology measurements
on 0S-3-12, 0S-4-12, 0S-5-12, and 0S-6-12 DNA hydrogels at
2wt% (Figure 2C). These hydrogels all utilize the 12-base
domain design but with differing numbers of domains. Experi-
mental results showed that OS DNA hydrogels with more do-
mains exhibited lower rigidity. At the same weight concentra-
tion, the 0S-3-12, 0S-4-12, 0S-5-12, and 0OS-6-12 DNA hydro-
gels should all have the same concentration of 12-base do-
mains. However, the molar concentrations of these DNA hydro-
gels are inversely proportional to the number of domains of
the OS strands. The relatively lower molar concentration of
longer OS strands could lower the crosslinking efficiency, re-
sulting in reduced hydrogel rigidity.

Two-strand multidomain hydrogels

The OS hydrogels can be easily modified to two-strand de-
signs, which might be more desirable in certain applications
(Figure 3). As an example, we demonstrated a three-domain,
two-strand (TS) design by using nonpalindromic sequences
(Figure 3A). The design includes two DNA strands: a TS-3-12-
1 strand with three 12-base domains, each complementary to
a 12-base domain on a TS-3-12-2 strand. As opposed to OS
DNA hydrogels, a 2wt% solution containing only one TS
strand (TS-3-12-1 or TS-3-12-2) retained its liquid formation at
room temperature (Figure 3B, left). On the other hand, trans-
parent DNA hydrogel formed within minutes when equal
amounts of 2 wt% TS-3-12-1 solution and 2 wt % TS-3-12-2 so-
lution were mixed together at room temperature (Figure 3B,
right). Therefore, the TS hydrogel system offers easy handling
at room temperature while possessing the same programma-
bility as the OS hydrogel system. The melting temperatures of
1Tum TS-3-12-1 and 1 pum TS-3-12-2 hybridization are both
58°C, slightly lower than that of the 2 um OS-3-12 strand. This
is likely due to non-perfect stoichiometry between the two TS
strands.

We compared 2 wt% TS-3-12 hydrogel with 2 wt% 0OS-3-12
hydrogel (Figure 3C). At 25°C, the G’ values of OS and TS gels
are both higher than their respective G” values over the entire
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Figure 3. Two-strand (TS) hydrogels. A) The TS-3-12-1 strand contains three 12-base domains complementary to the three 12-base domains on the TS-3-12-2
strand. B) Solutions of TS-3-12-1 and TS-3-12-2 (left) only formed hydrogels when the two solutions were mixed together at room temperature (right).
C) Rheological angular frequency sweeps of 2 wt% OS-3-12 and 2 wt% TS-3-12 DNA hydrogels. The angular frequency sweeps were performed at 1% strain

at 25°C.

exchange range, a typical mechanical property of hydrogels.
However, the TS-3-12 DNA hydrogel showed lower G' and G”
values than 0S-3-12. In addition, the gap between the G’ and
G” values of TS-3-12 is narrower than the G'/G” gap for OS-3-
12. These results suggest that the OS DNA hydrogels exhibit
more rigidity than TS DNA hydrogels of the same concentra-
tion. The lower rigidity of TS DNA hydrogels might be partially
due to the imperfect stoichiometry between the two TS DNA
strands.

We then tested the mechanical properties of 2 wt% TS hy-
drogels with different ratios between TS-3-12-1 and TS-3-12-2
(Figure 3C). When the TS-3-12-1 to TS-3-12-2 ratio was
changed from 1:1 to 1:2 and 1:4, we observed significantly re-
duced stiffness, especially at the 1:4 ratio, likely due to relative-
ly larger numbers of unhybridized single-stranded domains. At
the 1:4 ratio, the G’ value of the TS-3-12 gel dropped to the
low value of ~1 Pa. This result is consistent with the previous
study of the Y-motif/linker hydrogel.™ Liu et al showed that at
ratios of 2:1 and 1:3, the Y-motif/linker gel had low a G’ value,
around 0.1 Pa, likely also due to the large excess of unbonded
motifs.

Cargo loading and releasing

Multidomain OS DNA hydrogels provide a simple system for
carrying single-component or multi-component cargos. We
demonstrated cargo loading and release by using the 0S-6-12
hydrogel (Figure 4). First, we demonstrated quick release of
small molecule cargos. Bromophenol Blue was loaded onto
a 30 puk 2 wt% hydrogel, then the hydrogel was immersed in
60 pL buffer (Figure 1A). Because Bromophenol Blue is much
smaller then the expected pore size of the hydrogel, the Bro-
mophenol Blue quickly diffused to the buffer, whereas the
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DNA hydrogel volume remained unchanged over 4 h. Unlike
small-sized molecules, large cargo can be trapped inside the
DNA hydrogel for a long period of time. We prepared a 50 pL
2 wt% DNA hydrogel with 10 nm gold nanoparticles and then
added 100 pL buffer on top of the red-colored hydrogel (Fig-
ure 1B). Over a period of 96 h, no obvious release of gold
nanoparticles was observed. It is worth noting that the hydro-
gel started to expand and broke apart after 4 h. This is likely
due to the solution exchange between the buffer and hydro-
gel loaded with gold nanoparticles.

We then demonstrated that the domains of the 0S-6-12
strand can be modified for specific binding and releasing of
DNA strands (Figure 4C and D). Unlike physically trapping
cargos during DNA hydrogel formation, the hybridization-
loaded DNA cargos can be engineered for release in response
to specific stimuli, such as complementary DNA strands. The
modified strand was named (Cy5)-0S-6-12. The Cy5-DNA binds
to (Cy5)-0S-6-12 during hydrogel formation (Figure 4C). The
other five active palindromic domains crosslink (Cy5)-0S-6-12
to form a hydrogel. During the release step, DNA strand (Cy5)-
Release, complementary to both the poly-T segment and the
first domain, was added to replace the Cy5-DNA. We added
the Cy5-DNA strand to (Cy5)-0S-6-12 at a 1:7 molar ratio to
form a DNA hydrogel and studied Cy5-DNA release over 96 h
(Figure 4D). The 30 pL 2 wt% hydrogel, submerged in 100 pL
buffer, retained its volume and shape during the study. An ex-
cessive amount of (Cy5)-Release strand was added at hour 0. A
gradual release of Cy5-DNA was observed and completed after
96 h. In contrast, no release was observed in the absence of
(Cy5)-Release strand under the same conditions (Figure 4E).

The 0S-6-12 strand was modified to further demonstrate
loading of multiple DNA strands with controlled stoichiometry
(Figure 4F, G). In the modified strand design, the first and last

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Loading cargo molecules by using 0S-6-12 DNA hydrogels. A) Loading and quick releasing of Bromophenol Blue. B) Loading of 10 nm gold nanopar-
ticles in 0S-6-12 hydrogel. Particles were trapped and could not be released after 96 h incubation in buffer. C) Design of loading and releasing of the Cy5-
DNA. Releasing was achieved by using a strand displacement reaction. D) The Cy5-DNA was fully released after 96 h, whereas the hydrogel retained its origi-
nal shape. Black arrows indicate the top edge of the hydrogel. E) No Cy5-DNA release in the absence of the releasing DNA strand. F) Two domains of 0S-6-12
were modified to bind to the Cy5-DNA strands and FAM-DNA, respectively. G) White-light images and UV images of FOS-6-12 DNA hydrogels with the two

fluorescence dyes at different loading ratios from 5:0 to 0:5.

domains of 0S-6-12 were changed to nonpalindromic sequen-
ces to hybridize with the Cy5-DNA and a FAM-labeled DNA
(FAM-DNA), respectively (Figure 4F). The modified strand
((Cy5/FAM)-0S-6-12) has four remaining palindromic domains
available for crosslinking. We mixed the two fluorophore-la-
beled DNA strands with OS-6-12 at a 1:7 ([Cy5-DNA+ FAM-
DNAI:[(Cy5/FAM)-0S-6-12]) molar ratio to form a DNA hydrogel
loaded with two fluorophores. The ratio between the FAM-
DNA and Cy5-DNA strands was varied from 5:0 to 0:5, resulting
in a series of DNA hydrogels of different colors (Figure 4G).

Conclusions

In summary, we have demonstrated a group of low-cost, pro-
grammable DNA hydrogels by using a simple one-strand multi-
palindromic domain design. By modifying the domain length
and number of domains, we programmed the OS DNA hydro-
gels to exhibit variable chemical and physical characteristics,
such as melting temperature and rheological properties. In ad-
dition, the domains of OS DNA hydrogels can be easily modi-
fied for loading molecular cargos, whereas the unmodified pal-
indromic domains are still capable of crosslinking with each
other to form hydrogels. We also showed that the multido-
main design could be implemented to make multistrand non-
palindromic-sequence DNA hydrogels. By applying our new
design strategy to longer DNA strands and/or more DNA
strands, we believe increasingly complex and programmable
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DNA hydrogels can be readily constructed. We expect these
new DNA hydrogels will provide a low-cost, highly program-
mable platform for many potential biological and biomedical
applications.

Experimental Section

Materials: All oligonucleotides were either synthesized on an Ex-
pedite 8900 Nucleic Acid Synthesis system or purchased from IDT.
The synthesis and deprotection processes were carried out accord-
ing to the instructions provided by the reagent manufacturers.
Subsequently, the deprotected DNA was precipitated by adding
/1o volume of 3m NaOAc (pH 5.2) and 3x volume of cold EtOH.
After placing in a freezer at —20°C for 30 min, the DNA products
were collected by centrifugation at 22000g for 30 min. DNA prod-
ucts were further purified by 10% denaturing PAGE. Two fluoro-
phore-labeled DNA were purchased from IDT. Gold nanoparticles
(10 nm) were purchased from BBI Solutions. All chemicals were of
reagent grade or higher, and were used as received.

DNA sequences
0S-3-12: AACGT TAACG TTTGG GAATT CCCAATCGAC GTCGAT

0S5-4-12: AACGT TAACG TTTGG GAATT CCCAA TCGAC GTCGA
TCGTG GATCC ACG

0S-5-12: AACGT TAACG TTTGG GAATT CCCAA TCGAC GTCGA
TCGTG GATCC ACGGA GGCGC GCCTC
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0S-6-12: AACGT TAACG TTTGG GAATT CCCAA TCGAC GTCGA
TCGTG GATCC ACGGA GGCGC GCCTC AGCGG TACCG CT

0S-3-16: ACAAC GTTAA CGTTG TAGTG GGAAT TCCCA CTTAA
TCGAC GTCGATTA

0S-3-20: ATACA ACGTT AACGT TGTAT TTAGT GGGAA TTCCC ACTAA
AATAA TCGAC GTCGA TTATT

TS-3-12-1: TATCA GATTC GATGC AAGTG AAATG TCGGT AACCA G
T5-3-12-2: TCGAA TCTGA TAATT TCACT TGCAC TGGTT ACCGA C

(Cy5/FAM)-0S-6-12: TGTGT GTGTG TGTTG GGAAT TCCCA ATCGA
CGTCG ATCGT GGATC CACGG AGGCG CGCCT CTCCT TCCTT CCTT

(Cy5)-0S-6-12: TTT TTG TGTGT GTGTG TTGGG AATTC CCAAT
CGACG TCGAT CGTGG ATCCA CGGAG GCGCG CCTCA GCGGT
ACCGCT

(Cy5)-Release: ACACA CACAC ACAAA AAAAA A
Cy5-DNA: ACACA CACAC ACA-Cy5

FAM-DNA: AAGGA AGGAA GGA-FAM

DNA hydrogel preparation

OS DNA hydrogels: DNA strands were dissolved in a buffer solution
containing Tris:HCI buffer (20 mm, pH 7.5) and MgCl, (10 mm) to
obtain the final desired concentration, followed by heating to
95°C for 5 min and cooling at room temperature for 2 h to form
the final OS DNA hydrogels.

0S-3-12 DNA was observed to dissolve into clear aqueous solution
after less than 1 min of heating at about 55-60°C. Following re-
moval from heat, the gel reformed after cooling to room tempera-
ture. The liquid/gel switching process could be repeated multiple
times without an obvious change in gel formation speed.

TS DNA hydrogels: TS-3-12-1 and TS-3-12-2 were dissolved in
a buffer solution containing Tris-HCl buffer (20 mm, pH 7.5) and
MgCl, (10 mm) to obtain the final desired concentrations. The two
solutions were then mixed together in a 1:1 ratio and then subject-
ed to a 2 h annealing process (from 95°C to room temperature) to
form the TS DNA hydrogels.

Measurements of melting temperature: Melting points were
measured on a Step One Plus real-time PCR system (Applied Bio-
systems). All DNA strands were dissolved with Tris-HCI buffer
(20 mm, pH 7.5) containing MgCl, (10 mm) to reach final concentra-
tions of 2 um. SYBR Green was added as the fluorescence source.
All samples were heated to 95°C for 30 seconds, followed by cool-
ing to 25°C. The temperature was then increased to 85°C with
a speed of 0.3°C per step.

Rheology measurements: Rheological tests were carried out on
an AR2000ex rheometer equipped with a temperature controller.
Frequency sweep tests were carried out on mixtures between 0.64
and 64 rads™' at 25°C at a fixed strain of 1%. Rheological experi-
ments were performed on 25 mm parallel plates with 20 uL of
hydrogels (resulting in a gap size of 0.05 mm), and an angular fre-
quency sweep (0.64-64 rads ') was carried out with a fixed strain
sweep of 1% at 25°C.

Cargo loading and releasing: Bromophenol-blue- and gold-nano-
particle-loaded hydrogels: 1% Bromophenol Blue (1 uL) was added
to 2wt% 0S-6-12 hydrogel (30 uL), heated to 95°C, mixed with
a vortex mixer, then allowed to cool to room temperature. Gold
nanoparticle solution (10 nm) was concentrated to 400 nm by cen-
trifugation (12000g, 10 min) before being added to the DNA
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hydrogels. Concentrated 10 nm gold nanoparticle solution (2 uL,
400 nm) was added to 2 wt% OS-6-12 hydrogel (30 pL), heated to
95°C, mixed with a vortex mixer, and then allowed to cool to
room temperature.

Cy5-DNA hydrogel and release: Cy5-DNA solution (100 um) contain-
ing Tris-HCI buffer (20 mm, pH 7.5) and MgCl, (10 mm) were added
to 2wt% (Cy5)-0S-6-12 hydrogel (30 uL), followed by heating to
95°C for 5 min and cooling at room temperature for 2 h to form
the DNA hydrogels. The final ratio of (Cy5)-0S-6-12:Cy5-DNA was
around 7:1. Tris buffer (100 pL) containing (Cy5)-Release DNA
(300 um) was added for the strand-displacement study.

Cy5- and FAM-DNA hydrogels: Variable amounts of 100 um FAM-
DNA and 100 pm Cy5-DNA solution containing Tris-HCl buffer
(20 mm, pH 7.5) and of MgCl, (10 mm) were added to 10 pL 2 wt%
(Cy5)-0S-6-12 or (Cy5/FAM)-0S-6-12 hydrogel, followed by heating
to 95°C for 5 min and cooling at room temperature for 2 h to form
the final DNA hydrogels. The final ratio of (Cy5/FAM)-OS-6-
12:(FAM-DNA + Cy5-DNA) was 7:1.
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