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Abstract
Targeted delivery can potentially improve the pharmacological effects of antisense and siRNA
oligonucleotides. Here we describe a novel bioconjugation approach to the delivery of splice-shifting
antisense oligonucleotides (SSOs). The SSOs are linked to albumin via reversible S-S bonds. The
albumin is also conjugated with polyethylene glycol (PEG) chains that terminate in an RGD ligand
that selectively binds the αvβ3 integrin. As a test system we utilized human melanoma cells that
express the αvβ3 integrin and that also contain a luciferase reporter gene that can be induced by
delivery of SSOs to the cell nucleus. The RGD-PEG-SSO-albumin conjugates were endocytosed by
the cells in an RGD-dependent manner; using confocal fluorescence microscopy evidence was
obtained that the SSOs accumulate in the nucleus. The conjugates were able to robustly induce
luciferase expression at concentrations in the 25−200nM range. At these levels little short-term or
long-term toxicity was observed. Thus the RGD-PEG-Albumin conjugates may provide an effective
tool for targeted delivery of oligonucleotides to certain cells and tissues.

INTRODUCTION
Antisense and siRNA oligonucleotides exhibit considerable promise as therapeutic agents (1,
2) While there are numerous examples of in vivo biological effects of oligonucleotides
administered in free form, that is without use of a delivery system (3,4), some investigators
have suggested that oligonucleotide-based therapeutics could be enhanced via effective
delivery strategies (5,6). In this context, a variety of approaches have been pursued that
generally fall into two broad categories. First, there are many reports dealing with the use of
various types of nanoparticles for oligonucleotide delivery, including liposomes, lipoplexes,
micelles, polymeric nanocarriers and metallic particles, as discussed in several recent reviews
and articles (7-12). A second strategy has been to synthesize conjugates of oligonucleotides
with various peptides including so-called cell-penetrating peptides (13,14), or peptides able to
bind to specific cell surface receptors and thus promote targeting of the conjugate (15,16).

Both of these general approaches have advantages and liabilities. Even relatively small
nanoparticles (∼100nm diameter) are quite large in molecular terms, with masses in the
millions of daltons. Nanoparticles cannot readily pass across the capillary endothelium in most
normal tissues, and thus their biodistribution is limited to tissues that have extensive
fenestrations in the endothelium such as liver, spleen and some types of tumors (17-19).
Nanoparticles are also scavenged by the phagocytes of the reticuloendothelial system (20) thus
reducing their delivery to desired sites in the body, although this can be partially attenuated by
surface modifications such as conjugation with polyethylene glycol (PEG) (21). In contrast,
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oligonucleotides themselves, being relatively small with masses of several thousand daltons,
are rapidly cleared from the bloodstream via renal excretion but nonetheless have broad
distribution in many tissues (22-24). The pharmacokinetics and biodistribution of peptide-
oligonucleotide conjugates has only been studied to a limited degree; however, a recent analysis
of a peptide-morpholino oligonucleotide conjugate indicated broad distribution to various
tissues (25).

With these considerations in mind, it seemed desirable to develop intermediate-sized delivery
agents for oligonucleotides that might avoid renal clearance and thus have a longer circulation
time than free oligonucleotides, but not have the same size constraints on biodistribution as
typical nanoparticles. As an initial step in that direction, we report on the synthesis and
characterization of macromolecular-scale oligonucleotide carriers based on human serum
albumin (HSA). Some of the surface amino groups of albumin are conjugated with PEG chains
that terminate in a targeting ligand, namely a cyclic RGD (Arg-Gly-Asp) peptide. This ligand
provides high affinity binding to the αvβ3 integrin which is strongly expressed in angiogenic
endothelia and in some tumor cells (26). Additional surface amino groups are used to link
antisense oligonucleotides to the albumin via bioreversible S-S bridges. In this study the
antisense molecule used was a 2’-O-Me-phosphorothioate splice switching oligonucleotide
(SSO) (27) that was designed to correct splicing of an aberrant luciferase reporter gene.
Effective delivery of the SSO to the cell nucleus results in increased luciferase activity and
thus provides an easily monitored positive readout.

Albumin has been extensively studied as a non-toxic carrier for conventional drugs (28,29)
and thus we felt that it might have merits as a macromolecular carrier for oligonucleotides as
well. The albumin-RGD-SSO conjugates we developed were tested in a cell culture model and
were found to provide highly effective receptor-specific delivery. The endocytotic pathway of
the conjugates involved trafficking via smooth vesicles rather than clathin-coated pits, and
ultimately led to substantial nuclear accumulation of the splice switching oligonucleotide. This
resulted a marked increase in luciferase activity, an effect that was fully inhibited by excess
RGD peptide, indicating receptor-dependent delivery. Thus, at the cell culture level, this
approach has led to a highly specific and effective delivery system in the macromolecular or
sub-nanoscale size range.

EXPERIMENTAL PROCEDURES
Materials

Human serum albumin (HSA) was purchased from Sigma-Aldrich (St. Louise, MO, USA).
Alexa Fluor 488 C5 maleimide and a CBQCA amino assay kit were obtained from Invitrogen
(Carlsbad, CA, USA). Dual functionalized polyethylene glycol, Malhex-NH-PEG-O-C3H6-
CONHS (MW 5,000), was from Rapp Polymere (Tubingen, Germany). Cyclo[RGDfK(Ac-
SCH2CO)] peptide was purchased from Peptide International (Louisville, KY, USA).
Sulfosuccinimidyl 6-(3’-[2-pyridyldithio]-propionamido) hexanoate (Sulfo-LC-SPDP) was
from Thermo Fisher Scientific (Rockford, IL, USA). Glass bottom tissue culture plates were
obtained from MatTek (Ashland, MA, USA). Splice shifting oligonucleotide 623, or a mis-
match version, were synthesized by an oligonucleotide core facility at University of North
Carolina at Chapel Hill. These oligonucleotides were 2’-O-Me phosphorothioates
functionalized with thiol groups at the 5’ position; in some cases a Tamra fluorophore was
included at the 3’ position (15).

Cells
A375SM melanoma cells that express the αvβ3 integrin were stably transfected with a plasmid,
pLuc/705, containing an aberrant intron inserted into the firefly luciferase coding sequence
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(15). The resulting A375SM-Luc705-B cells were grown in Dulbecco's Modified Eagle's
Medium (DMEM) (Gibco/Invitrogen, Carlsbad, CA, USA) supplemented with 10% feta
bovine serum (FBS).

Preparation of albumin conjugates with cyclic RGD PEG or cysteine PEG
Human serum albumin (denoted as A) (5 mg, 7.4 × 10−8 mole) was reacted with either L-
cysteine (0.05 mg, 3.67 × 10−7 mole) or Alexa Fluor 488 C5 maleimide (0.27 mg, 3.67×
10−7 mole) in phosphate buffered saline (PBS) supplemented with 1 mM EDTA (pH 7.4) for
4 h at room temperature to conjugate the single surface thiol group on albumin; this was
followed by dialysis (MW cut off 3,500). The amino groups of the albumin were then reacted
with Malhex-NH-PEG-O-C3H6-CONHS (11 mg, 2.21 × 10−6 mole) in PBS/1 mM EDTA (pH
7.4) for 4 h at room temperature. The product, a human albumin derivative with PEG-
maleimide groups on the surface (termed PA), was purified from unincorporated PEG materials
by dialysis (MW cut off 100,000). The average number of PEG groups conjugated to albumin
was determined by using the CBQCA assay, according to the manufacturer's instruction, to
measure residual free amino groups. The thiol group on cyclic RGDfK needed for the
conjugation with the maleimide group on albumin was freshly generated by 1 h incubation of
cyclo[RGDfK(Ac-SCH2CO)] (5 mg, 7.35 × 10−6 mole) in pH 7.0 deprotection buffer (HEPES
(50 mM), NH2OH (50 mM) and EDTA (30 mM)) at room temperature. The maleimide groups
on the albumin derivative were then reacted with the thiol group of cyclic RGDfK (or cysteine
as a control) in PBS with 1 mM EDTA (pH 7.4) overnight at room temperature and purified
by dialysis (MW cut off 100,000).

Conjugation of RGD-PEG-albumin with oligonucleotides
PEG-albumin conjugates, derivatized with either cyclo RGD (termed RPA, 9.2 mg, 7.35 ×
10−8 mole) or cysteine (termed CPA, 8.7 mg, 7.35 × 10−8 mole), were reacted with dual
functional sulfosuccinimidyl 6-(3’-[2-pyridyldithio]-propionamido)hexanoate (1.2 mg, 2.21 ×
10−6 mole) linker in PBS with 1 mM EDTA (pH 7.4) for 4 h at room temperature, and purified
by dialysis (MW cut off 100,000). Thiol derivatized 623 oligonucleotide (or a mis-match
version) (see Table 1) was then added to the intermediate in PBS with 1 mM EDTA (pH 7.4),
and the reaction was maintained at room temperature for 24 h and purified by dialysis (MW
cut off 100,000). The average number of oligonucleotides linked to albumin was determined
as 9.8 by observing the release of pyridine-2-thione (λmax = 343 nm) from the reaction
intermediate. This was also confirmed by monitoring the increase in OD260 subsequent to the
oligonucleotide conjugation.

Physical characterization of the RGD-PEG-Oligonucleotide albumin conjugates
The cyclic RGD derivatized albumin conjugate of oligonucleotide (termed RPAO) was
analyzed by gel filtration fast protein chromatography system (FPLC) (GE Healthcare) using
a Superose 6 10/300 size exclusion column. The size and polydispersity of the conjugates were
determined by a quasi-elastic dynamic light scattering (QELS) method as they eluted from the
column (Wyatt, Santa Barbara, CA, USA).

Oligonucleotide treatment of cells and luciferase assay
A375SM-Luc705-B cells were seeded onto 12 well plates at 1 × 105 cells per well in medium
containing 10% FBS. After 24 h, cells were rinsed, placed in OPTI-MEM (Gibco/Invitrogen,
Carlsbad, CA, USA) and treated with either free 623 oligonucleotide, various versions of the
albumin-PEG-623 oligonucleotide conjugates, or 623 oligonucleotide complexed with
Lipofectamine 2000 as per manufacturer's instruction. After 4 h of treatment, FBS was added
to each well to 1%. After 24 h, cells were washed with DMEM medium containing 10 % FBS
and incubated in DMEM supplemented with 1% FBS for 48 h prior to harvest. Activation of
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luciferase gene expression due to correction of splicing by oligonucleotide 623 was determined
using a Luciferase assay kit (Promega, Madison, WI, USA) on a Monolight 2010 instrument
(Analytical Luminescence Laboratory, San Diego, CA, USA).

Cellular uptake and confocal microscopy
Cells were seeded onto either 12 well plates at 1 × 105 cells per well for cellular uptake
measurements or in 12 well glass bottom plates at 2 × 104 cells per well for live cell analysis
by confocal microscopy. After treatment of cells with Tamra labeled oligonucleotide
derivatives for 24 h, the cells were either lysed for measurement of Tamra fluorescence using
a Nanodrop microfluorimeter (Nanodrop Technologies, Wilmington, DE, USA), or washed
with DMEM containing 10% FBS and then placed in DMEM without phenol red, supplemented
with 1% FBS, for confocal microscopy analysis. Co-localization of Tamra labeled
oligonucleotides with Alexa 488 labeled Transferrin or Dextran (Molecular Probes, Beaverton,
OR, USA) in live cells was also examined by confocal microscopy. An Olympus confocal
microscope with a 60X objective lens was used and the data were processed using Fluoview
software (Olympus, Center valley, PA, USA) as described previously (15).

Toxicity studies
Cells were treated with various concentrations of oligonucleotides or conjugates as described
above. After 48 h of treatment, cells were trypsinized and viable cells were counted using a
Cellzone electric particle counter (Elmhurst, IL, USA) for short term toxicity studies, or
replated at low density in 6 well plates containing a mixture of 1% low gelling temperature
agarose (SeaKem, Rockland, ME, USA) supplemented with DMEM-H/10% FBS for 14 day
studies of colony forming ability as described previously (15).

Nuclease stability
Micrococcal nuclease (400 gel units) was added to solutions of 623-Tamra or RPA-623-Tamra
in and the samples were incubated for various periods of time at 37 °C. The reactions were
then stopped by the addition of EDTA (50 mM) and the fluorescent samples were analyzed on
10% polyacrylamide gels and examined under long wave length ultraviolet illumination to
detect possible nucleolytic cleavage of the Tamra-labeled oligonucleotides.

RESULTS
Synthesis and Characterization of Albumin-PEG-Antisense Conjugates

The overall strategy for preparation of the various conjugates is outlined in Scheme 1. First,
the single sulfhydryl group on human serum albumin was labeled with the green fluorophore
Alexa 488 (in some cases the sulfhydryl was simply blocked by forming an s-s bridge with
cysteine). Subsequently several surface amino groups were reacted with Mal-PEG-NHS to
form a pegylated albumin (PA). The number of PEG chains conjugated to PA was determined
by using a CBQCA assay to quantitate the number of exposed amino groups on albumin before
and after the reaction with PEG; this indicated that approximately 10 PEG chains were
conjugated per albumin molecule (Table 2). After purification of the PA conjugate, excess
thiol-containing cyclic RGD peptide was reacted with the terminal maleimide groups on PA
to form RGD-PEG-albumin (RPA). As a control, cysteine was used instead of RGD to react
with the PA; this product was termed CPA. After purification, additional exposed amino groups
were reacted with the bifunctional reagent Sulfo-LC-SPDP and then the 623 oligonucleotide
(or mismatch version) was conjugated to form RPA-Oligonucleotide (RPAO) (also termed
RPA-623). In some cases the 623 oligonucleotide included a 3’ Tamra (red) fluorophore (with
the resulting product termed RPA-623-Tamra). The number of oligonucleotides linked to the
conjugate was determined in two ways (Figure 1). First, formation of the colored product
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pyridine-2-thione (λmax = 343 nm) was monitored as the 5’-thiol oligonucleotide reacted with
the SPDP-conjugated albumin. Second, the OD260 was determined before and after the
conjugation reaction. Both of these methods led to close agreement with 8−11 oligonucleotides
linked per albumin in various preparations.

The polyacrylamide gel migration behavior of the starting materials and the conjugates are
illustrated in Figure 2A. The 623-Tamra and RPA-623-Tamra are detected by their red
fluoresence while the RPA is detected by its green (Alexa 488) fluorescence. As seen, Alexa
488-modified human serum albumin migrated well into the gel consistent with its molecular
weight of 68 kDa, while the unconjugated 623-Tamra oligonucleotide migrated near the dye
front. Both RPA and RPA-623-Tamra failed to significantly enter the gel indicating molecular
size greater than the largest molecular weight marker used (188 kilodaltons). We also used gel
analysis to evaluate the relative nuclease stability of 623-Tamra versus the RPA-623-Tamra.
As seen in Figure 2B, although 623-Tamra is a rather stable 2’-O-Me-phophorothioate
oligonucleotide, incubation with micrococcal nuclease caused a gradual degradation of this
material. In contrast, there was no loss of Tamra-labeled oligonucleotide from the RPA-623-
Tamra conjugate. This suggests that the oligonucleotides linked to PEG-albumin are partially
protected against nuclease degradation.

The molecular size of the RPA-623 conjugate was estimated using size-exclusion
chromatography and quasi-elastic laser light scattering. As indicated in Figure 3, the RPA-623
conjugate is heterodisperse, migrating as a broad peak while albumin has a sharper migration
profile. The hydrodynamic radius of the RPA-623 conjugate was estimated at approximately
6 nm, while that of albumin was estimated at 2.2 nm. Thus the average radius of the conjugate
is about 2.7 times that of the ummodified albumin carrier. The albumin-oligonucleotide
conjugates were stable during several weeks’ storage in buffer at 4°C, with no indication of
aggregation.

Pharmacological Effect of the Albumin-PEG-Antisense Oligonucleotide Conjugates
In order to evaluate the pharmacological effectiveness of the conjugates, A375SM-Luc705-B
cells were incubated with various concentrations of ‘free’ 623 oligonucleotide, 623 complexed
with Lipofectamine 2000, or several versions of the conjugates, and the increase in luciferase
activity was quantitated. As indicated in Figure 4, treatment with the RPA-623 conjugate
resulted in a concentration-dependent increase in luciferase activity over the range 25−200 nM,
while use of a mis-matched oligonucleotide version (RPA-MM), or a version where the PEG
chains were terminated with cysteine (CPA-623), failed to achieve an effect. Free 623 also did
not cause a significant increase in luciferase activity, while 623 complexed with Lipofectamine
2000 had a strong effect. It is interesting to note that the magnitude of the effect achieved by
the RPA-623 conjugate almost equaled that of the Lipofectamine complex; the latter is often
considered as the ‘gold standard’ for delivery of oligonucleotides to cells in culture. The time
course of luciferase activation differed markedly between RPA-623 and the 623-Lipofectamine
complex. Thus, as seen in Figure 5, treatment with RPA-623 resulted in activity that rose
gradually, attained a maximum at 72 h post treatment, and then gradually declined. In contrast,
use of the 623-Lipofectamine complex resulted in a rapid rise of activity within 24 h of
treatment followed by a monotonic decline. This pattern suggests that the Lipofectamine
complex rapidly delivers olgonucleotide to the cytosol and nucleus, while delivery of
oligonucleotide from the RPA-623 conjugate involves a more complex and protracted
trafficking within the cell. The intracellular delivery mediated by the RPA-623 conjugate
clearly involves the αvβ3 integrin since, as seen in Figure 6, incubation with excess cyclic
RGD peptide completely blocks the ability of the conjugate to activate luciferase. At the
concentrations used the RGD peptide does not cause cell detachment or other obvious toxicity.
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Uptake and Sub Cellular Distribution of the Conjugates
We examined the total cellular accumulation of the various materials using a Nanodrop
fluorimeter assay, as seen in Figure 7. Total uptake was approximately linear with time in all
cases. The highest uptake was observed with 623-Tamra complexed with Lipofectamine 2000,
followed by RPAO (either 623 or mis-matched), followed by CPA-623 and free 623-Tamra.

We also examined the subcellular distribution of the 623-Tamra labled oligonucelotide after
delivery by the conjugates or via complexation with Lipofectamine. As seen in Figure 8, live
cells treated with either RPA-623-Tamra or a Lipofectamine/623-Tamra complex displayed
substantial intracellular Tamra fluorescence at 24 h, including material present in cytoplasmic
vesicles as well as in the nucleus. By contrast cells treated with free 623-Tamra or with
CPA-623-Tamra exhibited less intracellular fluorescence with no evidence of nuclear
accumulation. These observations suggest that the RGD-PEG-albumin conjugate can provide
effective delivery of the pendant oligonucleotides to the cell nucleus.

To further understand the cellular uptake and trafficking of the conjugates, we co-incubated
them with well-known markers for different endocytotic pathways and then compared their
subcellular distributions. In these studies we used transferrin as a marker for clathrin-coated
vesicle mediated uptake, and dextran as a marker for smooth vesicle endocytosis (30). These
molecules were labeled with Alexa 488, a green fluorophore, while the RPA-623-Tamra
conjugate displays a red fluorescence. As seen in Figure 9, at early time points (2 h) there was
little overlap of the RPA-623-Tamra fluorescence with that of transferrin, but there was
substantial overlap with the dextran fluorescence. At later time points, there was fluorescence
overlap in both cases, although it was most pronounced for dextran. Nuclear accumulation of
Tamra fluorescence was observed at the later time points, similar to that seen in Fig 8. These
observations suggest that the RGD-PEG-albumin-oligonucleotide conjugate (RPAO) is
initially taken up via smooth vesicle endocytosis but later the material enters endomembrane
compartments that are accessible via both the coated vesicle and smooth vesicle pathways.
Inhibitor studies were consistent with this interpretation. Thus, as seen in Figure 10, cellular
accumulation of the RPA-623-Tamra was inhibited by non-toxic concentrations of beta-
cyclodextrin and by cytochalasin D (as well as by excess RGD peptide). This indicates that the
RPA-623-Tamra is taken up by an actin-dependent pathway that involves smooth vesicles rich
in lipid-raft components (30).

Lack of Cytotoxicity of the Conjugates
We examined the cytotoxicity of the RPA-623 conjugate using both short-term and long-term
assays. A375MLuc705 cells were treated with RPA-623, free 623 or 623 complexed with
Lipofectamine. For the short-term assay cell number was determined immediately after the
incubation period. The long term assay involved colony formation in soft agar over a 14-day
period. As seen in Fig 11, there was little acute or long-term toxicity of RPA-623 even when
used at concentrations needed to obtain a strong pharmacological effect.

DISCUSSION
Albumin has a long history as a biodegradable, non-toxic carrier for conventional low
molecular weight drugs (28,29). Here we have employed human serum albumin as a targetable
carrier for antisense oligonucleotides. The splice-switching oligonucleotide (SSO) termed 623
was conjugated to albumin via reversible S-S linkages. RGD-PEG chains were also conjugated
in order to provide stabilization and the ability to target a specific cell surface receptor, the
αvβ3 integrin. This approach has provided a highly efficient carrier system that could be
exploited in a variety of ways. The overall strategy is very flexible and one could easily
visualize using many other high-affinity ligands in addition to RGD peptides, thus offering the
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possibility of ‘targeting’ to many types of cell surface receptors. The ‘payload’ of the
conjugates is quite high, with an average of 10 oligonucleotides of approximately 7000 MW
conjugated per albumin; this means that the molecular mass of the payload is similar to the
total mass of the albumin. PEGlyation seems necessary, since in preliminary studies (not
shown) we found that conjugation of the oligonucleotides to albumin in the absence of PEG
led to non-specific binding to cells. Interestingly the PEG moieties also seemed to provide
some protection against oligonucleotide degradation mediated by an endonuclease.

The RGD-PEG-albumin-oligonucleotide conjugate (RPA-623-Tamra) was taken up by cells
in an RGD-dependent fashion and was initially delivered to smooth-walled endosomes rich in
lipid rafts and then trafficked to additional endomembrane compartments. Thus the initial path
of entry of the RGD-conjugates seems similar to that of integrins themselves, which utilize
smooth walled vesicles, including caveolae, for internalization (31,32). Eventually, 623
oligonucleotide was delivered to the nucleus where it exerted a strong effect in terms of
correcting splicing of the aberrant luciferase reporter gene. This effect was attained when the
conjugate was used at oligonucleotide concentrations in the 25−200 nanomolar range.

It is interesting to note that the degree of nuclear delivery and the subsequent effect on luciferase
were very similar using the RPA conjugate and utilizing a Lipofectamine 2000 complex.
However, given the long history of therapeutic use of albumin and of various PEGylated
proteins (33), it seems likely that delivery using the albumin conjugates will be far less toxic
in vivo than delivery obtained with cationic lipid complexes (34). It will also be of interest to
see if the current albumin carrier technology can be adapted to the delivery of duplex siRNAs,
as well as single stranded antisense compounds.

The RPA-623 complex is polydisperse with an average hydrodynamic radius of about 6 nm.
This is substantially smaller than the size of most nanoparticles currently being used to carry
therapeutic agents (35); however, it is large by molecular standards. Thus egress of the
RPA-623 conjugates from the bloodstream in many normal tissues will be limited to some
degree. It seems likely that RPA-623 will be able to exit capillaries via the so called “large
pore” system that allows egress of proteins as large as pentavalent IgM, but will have restricted
access to the more abundant small pore system that largely excludes molecules >4.5 nm (18).
In some tumors, as well as inflamed tissues, gaps in the endothelium allow egress of larger
molecules, possible including the RPA conjugates (36). In contrast, an unconjugated
oligonucleotide (5−15,000 daltons) is likely to have a much broader tissue distribution. In the
current case it may be possible to devise albumin-oligonucleotide-PEG conjugates that utilize
smaller or fewer PEG molecules, thus reducing hydrodynamic radius and allowing more
extensive tissue distribution; this issue remains to be explored. In any case, further development
of this intermediated-sized delivery system for oligonucleotides will entail substantial in
vivo experimentation. Here we have simply explored the basic aspects of the system at the
cellular level.
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Scheme 1. Preparation of RGD Targeted HSA Oligonucleotide Conjugates
Alexa 488-Mal = Alexa Fluor 488 C5 maleimde; Mal-PEG-NHS = Malhex-NH-PEG-O-
C3H6-CONHS; cRGD-SH = cyclo[RGDfK-COCH2SH]; SPDP = Sulfo-LC-SPDP; Oligo-SH
= 623-SH, Tamra-623-SH, MM-SH or Tamra-MM-SH (see Table 1)
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Figure 1. Cleavable disulfide formation between RPA and oligonucleotide
UV spectra of (A) RPA, (B) Reaction mixture of RPA-SPDP and 623-SH, (C) RPA-623. Peak
1: Alexa 488, Peak 2: Pyridine-2-thione, Peak 3: 623. Spectra of diluted samples are shown to
include peak 2 and peak 3.
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Figure 2. Polyacrylamide gel (10%) electrophoresis analysis of conjugates (A) and nuclease
resistance (B)
Panel A.1) HSA-Alexa 488 2) PA-Alexa 488 3) RPA-Alexa 488 4) 623-Tamra 5) RPA-623-
Tamra. Panel B. RPA-623-Tamra (1−5) and 623-Tamra (6−10) were digested with
Micrococcal nuclease (400 gel units) for 0 h (1 and 6), 1 h (2 and 7), 2 h (3 and 8), 4 h (4 and
9) and 12 h (5 and 10).
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Figure 3. FPLC/QELS analysis
Starting materials (HSA and 623 oligonucleotide) and the final RPA-623 product were
analyzed for relative molecular size using FPLC/QELS as described in experimental
procedures. The faster migrating shoulder peaks seen in the HSA and 623-SH samples likely
represent S-S bridged dimers.
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Figure 4. Dose response and specificity studies
Cells were treated with either free 623, RPA-MM, CPA-623 (prepared by conjugating cysteine
with the maleimide on PEG), RPA-623 at 25 to 200 nM, or 623 complexed with Lipofectamine
2000 (1.5 ug/ml) at 100 and 200 nM (L2/623) as described in experimental procedures.
Luciferase activity was determined after 72 h from the cell lysates and expressed as relative
luminescence units (RLUs) per ug of protein. Results are means and standard errors of three
determinations.
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Figure 5. Time response studies
Cells were treated with 200 nM of either free 623, RPA-623 or 623 complexed with
Lipofectamine 2000 (1.5 ug/ml) (L2/623). After 24 h, cells were washed and placed in DMEM/
1% FBS. Luciferase activity was determined from cell lysates collected at various times and
expressed as relative luminescence units (RLUs) per ug of cell protein as described in
experimental procedures. Results are means and standard errors of three determinations.

Kang et al. Page 15

Bioconjug Chem. Author manuscript; available in PMC 2009 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Inhibition of 623 antisense effect by excess cRGD peptide
Free cyclo RGDfV peptide at the indicated concentrations was added to the cells 30 min prior
to treatment with either free 623 (100 nM) or RPA-623 (100 nM). Luciferase activity was
determined after 48 h from cell lysates and expressed as relative luminescence units (RLUs)
per ug of cell protein. Results are means and standard errors of three determinations.
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Figure 7. Cellular accumulation
Cells were treated with 100 nM of either free 623-Tamra, 623-Tamra complexed with
Lipofectamine 2000 (1.5 ug/ml) (L2/623), RPA-MM-Tamra, RPA-623-Tamra or CPA-623-
Tamra. After each incubation period, cells were washed and lysates were analyzed using a
Nanodrop fluorimeter for uptake measurements. Results are means and standard errors of three
determinations.
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Figure 8. Confocal microscopy analysis of 623 uptake
Cells were treated with 100 nM of either (A) free 623-Tamra, (B) 623-Tamra complexed with
Lipofectamine 2000 (1.5 ug/ml), (C) CPA-623-Tamra or (D) RPA-623-Tamra as described in
experimental procedures. After 24 h, cells were washed with DMEM containing 10% FBS and
placed in DMEM supplemented with 1% FBS without phenol red for analysis on an Olympus
confocal fluorescence microscope as described in experimental procedures. Arrows indicate
Tamra fluorophore accumulated in nuclei.
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Figure 9. Co-localization of 623 with endosomal pathway markers
RPA-623-Tamra (100 nM) prepared by conjugating a HSA surface thiol group to a cysteine
instead of Alexa 488, was co-incubated with (A) Transferrin-Alexa 488 (200 nM) for 2 h, (B)
Transferrin-Alexa 488 (100 nM) for 24 h, (C) Dextran-Alexa-488 (2 uM) for 2 h, (D) Dextran-
Alexa-488 (2 uM) for 24 h. Live cells were observed for 1) Alexa-488, 2) Tamra, 3) Merged
images of Alexa-488 and Tamra and 4) differential interference contrast (DIC) image using an
Olympus confocal fluorescence microscope as described in experimental procedures. Arrows
represent colocalization of Alexa 488 and Tamra fluorophores.
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Figure 10. Cellular uptake inhibition
Cells were treated with either β-cyclodextrin, cytochalasin D or cyclo RGDfV (cRGD) for 30
min prior to treatment with either free 623-Tamra (100 nM) control or RPA-623-Tamra (100
nM). After 4h, cells were washed and lysates were analyzed using a Nanodrop fluorimeter for
uptake measurements. Results (RFU) are expressed as percentages relative to RFU of control
(no inhibition) and are means and standard errors of three determinations.
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Figure 11. Toxicity studies
Cells were treated with free 623, 623 complexed with Lipofectamine 2000 (1.5 ug/ml) (L2/623)
or RPA-623 under the same conditions as used for luciferase induction experiments. After 48
h, cells were trypsinized and viable cells were counted for short term studies (A, shown as
bars). Alternatively cells were replated in 6 well plates containing a mixture of 1% low gelling
temperature agarose and complete DMEM medium with 10% FBS for long term toxicity
studies (B, shown as circles and a line). After 14 days, surviving colonies larger than 25 cells
were counted. Survival is expressed as colonies per 100 cells plated.
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Table 1
Oligonucleotides used in this study

623 5'-GTTATTCTTTAGAATGGTGC-3'

623-Tamra 5'-GTTATTCTTTAGAATGGTGC-Tamra-3'

623-SH 5'-HS-(CH2)6-GTTATTCTTTAGAATGGTGC-3'

Tamra-623-SH 5'-HS-(CH2)6-GTTATTCTTTAGAATGGTGC-Tamra-3'

MM 5'-GTAATTATTTATAATCGTCC-3'

MM-Tamra 5'-GTAATTATTTATAATCGTCC-Tamra-3'

MM-SH 5'-HS-(CH2)6-GTAATTATTTATAATCGTCC-3'

Tamra-MM-SH 5'-HS-(CH2)6-GTAATTATTTATAATCGTCC-Tamra-3'

All oligonucleotides consist of 2'-OMe ribose residues with a phosphorothioate backbone.
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Table 2
Measurement of Available Amino Groups on HSA by CBQCA.

CBQCA fluorescence (%) Number of estimated surface amino groups

HSA 100.00 ± 2.2 59

HSA-PEG 81.3 ± 3.3 48
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