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Purpose. Aptamers are highly selective nucleic acid–based drugs that
are currently being developed for numerous therapeutic indications.
Here, we determine plasma pharmacokinetics and tissue distribution
in rat of several novel aptamer compositions, including fully 2�-O-
methylated oligonucleotides and conjugates bearing high-molecular
weight polyethylene glycol (PEG) polymers, cell-permeating pep-
tides, and cholesterol.
Methods. Levels of aptamer conjugates in biological samples were
quantified radiometrically and by a hybridization-based dual probe
capture assay with enzyme-linked fluorescent readout. Intact
aptamer in urine was detected by capillary gel electrophoresis and
matrix-assisted laser desorption ionization time of flight mass spec-
trometry (MALDI-TOF).
Results. Aptamer compositions examined exhibited a wide range of
mean residence times in circulation (0.6–16 h) and significant varia-
tion in distribution levels among organs and tissues. Among the con-
jugates tested, in vivo properties of aptamers were altered most pro-
foundly by conjugation with PEG groups. Complexation with a 20
kDa PEG polymer proved nearly as effective as a 40 kDa PEG poly-
mer in preventing renal clearance of aptamers. Conjugation with 20
kDa PEG prolonged aptamer circulatory half-life, while reducing
both the extent of aptamer distribution to the kidneys and the rate of
urinary elimination. In contrast, the fully 2�-O-Me aptamer compo-
sition showed rapid clearance from circulation, and elimination with
intact aptamer detectable in urine at 48 h post-administration.
Conclusions. We find that conjugation and chemical composition can
alter fundamental aspects of aptamer residence in circulation and
distribution to tissues. Though the primary effect of PEGylation was
on aptamer clearance, the prolonged systemic exposure afforded by
presence of the 20 kDa moiety appeared to facilitate distribution of
aptamer to tissues, particularly those of highly perfused organs.

KEY WORDS: aptamer; biodistribution; conjugation; pharmacoki-
netics.

INTRODUCTION

Aptamers represent a promising class of therapeutic
agents currently in preclinical and clinical development. Like
biologicals such as peptides or monoclonal antibodies, aptam-
ers are capable of binding specifically to molecular targets
and, through binding, to inhibit target function. Created by an
entirely in vitro selection process (SELEX) from libraries of
random sequence oligonucleotides, aptamers have been gen-
erated against numerous proteins of therapeutic interest, in-
cluding growth factors, enzymes, immunoglobulins, and re-

ceptors (1,2). A typical aptamer is 10–15 kDa in size (i.e.,
30–45 nucleotides), binds its target with sub-nanomolar affin-
ity, and discriminates among closely related targets (e.g., will
typically not bind other proteins from the same gene family)
(3–10). Aptamers have a number of attractive characteristics
for use as therapeutics. In addition to high target affinity and
specificity, aptamers have shown little or no toxicity or im-
munogenicity in standard assays (11). Several therapeutic
aptamers have been optimized and advanced through varying
stages of preclinical development, including pharmacokinetic
analysis, characterization of biological efficacy in cellular and
animal disease models, and preliminary safety pharmacology
assessment (5,12,13). Several aptamers are now nearing, or
have reached, the clinical development stage. Macugen, an
angiogenesis inhibitor that targets vascular endothelial
growth factor (VEGF), has advanced through clinical trials
for age-related macular degeneration (AMD), a leading cause
of blindness (14,15).

It is important for all oligonucleotide-based therapeutics,
including aptamers, that their pharmacokinetic properties be
tailored to match the desired pharmaceutical application.
While aptamers directed against extracellular targets do not
have to solve the problem of intracellular delivery (as do
antisense and RNAi-based therapeutics), they must be ca-
pable of distributing to target organs and tissues and persist in
the body unmodified for a period consistent with the desired
dosing regimen. Earlier work on nucleic acid-based therapeu-
tics has shown that while unmodified oligonucleotides are
degraded rapidly by nuclease digestion, protective modifica-
tions at the 2�-position of the sugar and use of inverted ter-
minal cap structures dramatically improve drug stability in
vitro and in vivo (16–19). Thus, starting pools of nucleic acids
from which aptamers are selected are typically pre-stabilized
by chemical modification, for example by incorporation of
2�-fluoropyrimidine (2�-F) substituted nucleotides, to en-
hance resistance of aptamers against nuclease attack. Aptam-
ers incorporating 2�-O-methylpurine (2�-O-Me) substituted
nucleotides have also been developed through post-SELEX
modification steps or, more recently, by enabling synthesis of
2�-O-Me–containing random sequence libraries as an integral
component of the SELEX process itself (20,21).

In addition to clearance by nucleases, oligonucleotide
therapeutics are subject to renal elimination. As such, a typi-
cal short, nuclease-resistant oligonucleotide administered in-
travenously exhibits an in vivo half-life of <10 min, unless
filtration can be blocked by either facilitating rapid distribu-
tion out of the blood stream into tissues or by increasing the
apparent molecular weight of the oligonucleotide above the
effective size cut-off for the glomerulus. Conjugation of
aptamers to a 40 kDa polyethylene glycol (PEG) polymer
(PEGylation) can dramatically lengthen residence times of
aptamers in circulation while marginally impacting the ability
to bind to protein targets (5), thereby decreasing dosing fre-
quency and enhancing effectiveness against vascular targets.
Though previous work in animals has examined the plasma
pharmacokinetic properties of PEG-conjugated aptamers
(5,12), relatively little is known concerning the capacity of
either unconjugated or PEGylated aptamers to escape the
vasculature and distribute to organs and tissues in vivo.
Knowledge concerning extravasation and in particular, the
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potential of aptamers or their modified forms to access dis-
eased tissues (for example, sites of inflammation, or the inte-
rior of tumors) is expected to better define the spectrum of
therapeutic opportunities for aptamer intervention, and to guide
the informed choice of new targets for aptamer development.

A large body of literature documents the pharmacoki-
netic and biodistribution properties of phosphorothioate-
containing antisense oligonucleotides, which clear rapidly
from circulation, and distribute into tissues where elimination
occurs slowly as a result of metabolic degradation (22–28). In
contrast to antisense oligonucleotides, however, aptamers are
in general longer (30–40 vs. 10–20 nucleotides), possess dif-
ferent types of chemical modifications (sugar, e.g., 2�-F, 2�-
O-Me, 2�-NH2, vs. backbone modifications), and assume com-
plex tertiary structures that are, in many respects, more simi-
lar to the three-dimensional forms of globular proteins than
to nucleic acids. Given these considerable differences, the in
vivo disposition of aptamers is not readily predictable from
antisense results. Earlier studies involving antisense oligonu-
cleotides have explored the effects of various conjugation
chemistries on pharmacokinetics and biodistribution, with the
ultimate goal of increasing delivery of antisense molecules to
their sites of action inside cells or within certain tissue types in
vivo (29–33). For example, conjugation with cholesterol has
been reported to increase the circulation half-life of antisense
oligonucleotides, most likely through association with plasma
lipoproteins, and to promote hepatic uptake (34). More re-
cently, delivery peptides apparently able to carry large polar
macromolecules, including oligonucleotides, across cellular
membranes have also been explored as a means to augment in
vivo the range for application of antisense and other thera-
peutics. Examples of these conjugates include a 13-amino acid
fragment (Tat) of the HIV Tat protein (35), a 16-amino acid
sequence derived from the third helix of the Drosophila an-
tennapedia (Ant) homeotic protein (36), and short, positively
charged cell-permeating peptides composed of polyarginine
(Arg7) (37,38).

In the current work, we examine the effects of conjuga-
tion of small molecule, peptide, and polymer terminal groups
on the pharmacokinetics and biodistribution of stabilized
aptamer compositions in vivo. Levels of aptamer conjugates
in biologic samples are quantified radiometrically and by a
hybridization-based dual probe capture assay with enzyme-
linked fluorescent readout. We find that conjugation and
chemical composition can alter fundamental aspects of
aptamer residence in circulation and distribution to tissues. A
mixed composition aptamer containing both 2�-F and 2�-O-
Me stabilizing modifications persisted significantly longer in
the blood stream than did a fully 2�-O-methylated composi-
tion. Furthermore, complexation with a 20 kDa PEG polymer
proved nearly as effective as a 40 kDa PEG polymer in pre-
venting aptamer elimination. Though the primary effect of
PEGylation was on aptamer clearance, the prolonged sys-
temic exposure afforded by presence of the 20 kDa moiety
appeared to facilitate distribution of aptamer to tissues, par-
ticularly those of highly perfused organs.

MATERIALS AND METHODS

Aptamer Synthesis

The nucleotide sequence and predicted secondary struc-
ture of the parent oligonucleotide ARC83 are shown in Fig. 1.

ARC83 is a 32-mer derived from a previously described
aptamer specific for TGF�-2 (37). Syntheses of ARC83 and
its fully 2�-O-Me modified variant, ARC159, were performed
using standard solid-phase phosphoramidite chemistry, fol-
lowed by ion-exchange high-pressure liquid chromatography
(HPLC) or polyacrylamide gel electrophoresis (PAGE) pu-
rification. All oligonucleotide syntheses were performed in-
house, except for ARC83 (Dharmacon, Inc., Lafayette, CO,
USA).

Synthesis of Aptamer Conjugates

ARC83 was conjugated to one of several different func-
tional moieties to generate the following conjugates: 20 kDa
PEG (ARC120); 40 kDa PEG (ARC122); HIV Tat peptide
(ARC156); antennapedia (Ant)-derived peptide (ARC157);
or poly-arginine (Arg7) (ARC158). The various modifica-
tions to ARC83 were made post-synthetically via amine-
reactive chemistries. For the PEG conjugates, ARC83 was
dissolved to 1 mM in 100 mM sodium carbonate buffer, pH
8.5, and was reacted for 1 h with a 2.5 molar excess of mPEG-
SPA (mPEG-succinimidyl propionate; MW 20 kDa, Nektar
Therapeutics, Birmingham, AL, USA) or mPEG2-NHS ester
(MW 40 kDa) (Shearwater Corp., Huntsville, AL, USA) in an
equal volume of acetonitrile. The resulting products were
then purified by reverse phase HPLC on a Transgenomic
OligoPrep HC column with acetonitrile, 50 mM TEAA (Tri-
ethylammonium acetate) as an eluent.

The peptide conjugates were prepared by reacting pyri-
dyldithio-activated aptamers with C-terminal cysteine con-
taining peptides. For this procedure, ARC83 was dissolved to
2 mM in 100 mM sodium carbonate buffer, pH 8.5, and a
6-fold molar excess of N-succinimidyl 3-(2-pyridyldithio) pro-

Fig. 1. Nucleotide sequence, composition, and secondary structure of
aptamer ARC83. Conjugates (R � 40 kDa PEG, 20 kDa PEG, cho-
lesterol, Tat, Ant, or Arg7 peptides) were added at the 5�-terminus as
described in “Materials and Methods.” An inverted 3�-3� dT structure
caps the 3�-terminus. ARC83 is an inactive variant of an aptamer
directed against TGF�-2 (39) and was generated by scrambling the
positions of stabilizing 2�-F and 2�-O-Me substitutions. Positions of
2�-O-Me substitution are denoted by lowercase m, while positions of
2�-F substitutions are denoted by lowercase f.
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pionate (SPDP; Pierce, Rockford, IL, USA) was added. After
90 min at room temperature, the reactive intermediate was
recovered through precipitation with isopropanol, resus-
pended in PBS buffer pH 7.4, and reacted for 3 h at room
temperature with 2 mM solutions of RKKRRQRRRPPQC
(Tat) , RQIKIWFQNRRMKWKKGGC (Ant) , or
RRRRRRRC (Arg7) (Tufts University Core Facility, Boston,
MA, USA) in an equal volume of formamide. Products were
purified by electrophoresis on preparative 20% (w/v) poly-
acrylamide gels. Lastly, a 5�-cholesterol-modified oligo-
nucleotide (ARC155) was prepared by standard automated
solid-phase synthesis using a cholesteryl-TEG phosphora-
midite (1-dimethoxytrityloxy-3-O-(N-cholesteryl-3-amino-
propyl)-triethyleneglycol-glyceryl-2-O-(2-cyanoethyl)-(N,N-
diisopropyl)-phosphoramidite, Glen Research, Sterling, VA,
USA).

Aptamer conjugate composition was verified by poly-
acrylamide and capillary gel electrophoresis, HPLC, and/or
matrix-assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF). Conjugates were formulated
for dosing after precipitation and desalting using CentriSep
filters (Princeton Separations Inc., Adelphia, NJ, USA). A list
of aptamers used in this study, summarizing aptamer name,
conjugation status, composition, and molecular weight is
shown in Table I.

[3H]-Labeling of Aptamers

ARC83 and ARC159 were tritiated at ViTrax, Inc. (Pla-
centia, CA, USA) using a heat-catalyzed tritium exchange
reaction (40). ARC83 and ARC159 reaction products were
determined to have high radiochemical purity (>98%) and
specific activities of 850 �Ci/mg and 760 �Ci/mg, respectively.
As reported previously, tritium did not back-exchange from
[3H]-ARC83 or [3H]-ARC159 at room temperature or 37°C
and the radiolabel was considered to have a physical stability
suitable for in vivo experimental conditions (40). Samples of
the tritiated 20 kDa PEG conjugate (ARC120) and the Arg7-
oligonucleotide (ARC158) were prepared as described above
on a small scale, using [3H]-ARC83 as starting material, fol-
lowed by PAGE purification.

Dosing Formulations

Aptamers for the pharmacokinetic study were dissolved
in 1X phosphate-buffered saline (PBS) (137 mM NaCl, 2.7
mM KCl, 10 mM NaHPO4, 2 mM KH2PO4, pH 7.2) at a

concentration of 1 mg/ml prior to administration. For the
biodistribution experiments involving tritiated aptamers, dos-
ing formulations were prepared in 1X PBS to a final concen-
tration of 1 mg/mL, with specific activities of 25 �Ci/mg
(ARC83), 52 �Ci/mg (ARC120), 37 �Ci/mg (ARC158), and
37 �Ci/mg (ARC159).

Animals and Experimental Procedures

Pharmacokinetic and biodistribution studies were per-
formed using 8–10 week-old male Sprague-Dawley rats (250–
300 g, Charles River Laboratories, Wilmington, MA, USA).
Rats were fed ad libitum with a standard laboratory diet and
housed under controlled conditions (12-h light cycle, 20°C)
prior to experimentation. For experiments in which urine was
collected, animals were housed in metabolic cage units with
free access to food and water. Prior to dosing, rats were di-
vided into treatment groups and each received a single intra-
venous administration of aptamer at a dose of 1 mg/kg body
weight. For some experiments, animals were fitted with femo-
ral and jugular vein catheters (Hilltop Lab Animals,
Scottsdale, PA, USA) and doses (at a volume of 1 ml/kg)
were administered as a bolus injection into the femoral vein
catheter. Immediately following intravenous administration,
the dosing catheter was flushed with 0.5 ml of 0.9% saline.
Blood samples were collected from replicate animals (n � 3)
in each group at time points of −0.25 (pre-dose), 0.25, 1, 3, 12,
and 48 h via the jugular vein catheter. At 48 h, all animals
were euthanized and selected tissues were collected. For bio-
distribution studies involving tritiated aptamers, each animal
received a single 1 mg/kg intravenous bolus dose of [3H]-
labeled aptamer per animal: ARC83, 6.6 �Ci; ARC120, 13.9
�Ci; ARC158, 9.6 �Ci; ARC159, 9.7 �Ci, respectively. At
time points of 3, 12, and 24 h postdosing, subgroups of animals
(n � 2 per time point) for each aptamer conjugate were
euthanized and blood samples and selected tissues collected.
Blood samples were centrifuged immediately for isolation of
plasma as described below. For the animals to be euthanized
at 24 h post-dosing, urine was collected over the following
intervals: 0-3, 3-6, 6-12, and 12-24 h post-dosing (n � 2 ani-
mals per group). For radioactive biodistribution studies in-
volving tritium, control animals (n � 1 rat per time point)
were dosed in parallel with cold, that is, unlabeled, versions of
the same aptamers or aptamer conjugates, and blood, tissue,
and urine samples collected as above.

Biological Sample Collection and Processing

Blood samples (0.4 ml) collected from animals at speci-
fied time points were drawn into tubes containing sodium-
EDTA-containing as an anticoagulant (1.8 ml vacutainers.,
BD Biosciences, San Jose, CA, USA). Blood samples were
placed immediately on wet ice and then processed by cen-
trifugation for 10 min at approximately 4°C to yield plasma.
Plasma samples were stored at −80°C until analysis. In bio-
distribution studies involving nonradioactive aptamers, se-
lected tissues (brain, heart, kidneys, liver, spleen, bone mar-
row from both femurs) were collected at 48 h. The brain,
heart, kidneys, liver and spleen were rinsed with 0.9% saline
and then blotted dry prior to weighing. Organs were homog-
enized in saline using a Polytron homogenizer to produce a

TABLE I. Key to Aptamers and Aptamer-Conjugates Used in
This Study

Aptamer
Conjugation

status Composition
Molecular

weight

ARC83 None 2�-F/2�-O-Me 10,925
ARC120 20 kDa PEG 2�-F/2�-O-Me 30,924
ARC122 40 kDa PEG 2�-F/2�-O-Me 50,924
ARC155 Cholesterol 2�-F/2�-O-Me 11,167
ARC156 Tat peptide 2�-F/2�-O-Me 12,889
ARC157 Ant peptide 2�-F/2�-O-Me 13,588
ARC158 Arg7 peptide 2�-F/2�-O-Me 12,181
ARC159 None 2�-O-Me 11,837
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50% tissue homogenate [1:1 (w/w) tissue:saline]. Each bone
marrow sample (from both femurs combined) was homog-
enized in saline to produce a 20% tissue homogenate [1:4
(w/w) tissue:saline]. All tissue homogenates were stored at
−20°C prior to analysis. To determine biodistribution of [3H]-
labeled aptamers, selected tissues (liver, kidneys, lungs, heart,
spleen, brain, bone marrow (both femurs), gastrointestinal
tract, eyes, mediastinal lymph nodes) were harvested at 3, 12
and 24 h postadministration.

Hybridization-Based Dual-Capture Assay for
Aptamer Quantitation

The primary analytical method used to measure the con-
centration of intact, nonradioactive aptamer in plasma and
tissue homogenate samples was a hybridization-based dual-
capture psuedo-ELISA. In this assay, a biotinylated capture
probe (ARC179, 5� ACTCTGTAATAACCCC-[spacer18]-
biotin) was preimmobilized in the wells of a 96-well micro-
plate at a binding solution concentration of 125 nM (×100
�l/well � 12.5 pmole/well) for 3 h. The plate wells were
washed 5 times using a Biotek Elx405 plate washer with 1X
Dulbecco’s PBS. The plates were then blocked with 150 �l
/well of a solution containing 1X PBS, 0.05% Tween-20,
0.025% yeast tRNA (Sigma-Aldrich, St. Louis, MO, USA).
Plates were washed again, covered, and stored at 4°C until
use. In separate tubes, the samples(s) were annealed in a
buffer containing the FAM-labeled (5�-Fluorescein Phos-
phoramidite modifier, Glen Research, Sterling, VA, USA)
detec t ion probe (ARC180 , 5 � FAM-[spacer18 ] -
GGGTACAGCTATACAG, at 200 nM) at 90°C for 10 min,
then quenched on ice. Standard control samples, and the pre-
annealed plasma/tissue sample-detection probe solutions
were then pipetted (typically 1:5–1:1000-fold dilutions of the
sample were assayed) into the plate wells containing the im-
mobilized biotin capture probe, and annealed at 45°C for 2.5
h. Plates were then washed again, and filled with 100 �l /well
of a solution containing 1 �g/ml of anti-fluorescein monoclo-
nal antibody conjugated to horse radish peroxidase (anti-
FITC MAb-HRP, Molecular Probes, Eugene, OR, USA) in
1X PBS, and incubated for 1.3 h. Plates were washed again as
above. Wells were then filled with 100 ul of a solution con-
taining a fluorogenic HRP substrate (QuantaBlu, Pierce
Chemical, Rockford, IL, USA), and incubated for 30–45 min
protected from light. After incubation, 100 ul/well of a stop
solution was added to quench the fluorescent precipitate-
producing reaction. Plates were read immediately on a fluo-
rescence microplate reader (Fusion, Packard Biosciences, Bil-
lerica, MA, USA) with fluorescence excitation at 335–350 nm
and emission detected at 460 nm. Each well was read 10 times,
with a 1 min interval between plate reads. The mean relative
fluorescence value (RFU), standard deviation, and % CV for
all reads of each plate were written to an electronic file for
subsequent analysis.

Data files were imported into previously prepared MS
Excel templates for preliminary analysis and formatting. Ka-
leidagraph was used to fit the RFU signal vs. concentration
curves for duplicate or triplicate control standards included
on each plate. Once a standard concentration curve was gen-
erated for a given sample plate, the plasma/tissue sample well

signals were analyzed to determine the concentration of full-
length aptamer present in each sample.

Measurement of Radioactivity

Each sample was prepared for analysis of total [3H]- ra-
dioactivity in duplicate. Aliquots of known size of each urine,
metabolic cage rinse, and plasma sample were mixed with 10
mL of Ultima Gold (Packard BioSciences Co., Meriden, CT,
USA) liquid scintillation cocktail for direct analysis by liquid
scintillation counting (LSC). All other samples (or aliquots of
samples) were combusted prior to LSC analysis. Aliquots of
samples analyzed by combustion were weighed into combus-
tion boats and combusted in a Harvey Biologic Materials Oxi-
dizer (Model OX500 or OX300, R. J. Harvey Instrument Co.,
Hillsdale, NJ, USA). Each aliquot was combusted for 4 min.
The liberated [3H]2O was trapped in 15 ml of Monophase S
liquid scintillation cocktail (Packard Bioscience Co.). A solu-
tion of each radiolabeled aptamer was used as an oxidation
standard. The LSC results for combusted samples were cor-
rected for the efficiency of the oxidizer as determined on the
day the specific samples were combusted.

Radioactivity was quantitated by LSC using a Beckman
Model LS 6000TA or LS 6500 liquid scintillation spectropho-
tometer (Beckman Instruments Inc., Fullerton, CA, USA).
Count data were automatically corrected for chemical
quench, as determined using a 137Cs external standard. All
samples were counted for 10 min or until a 2-� error of 1%
was achieved. Analyses were considered acceptable if the du-
plicate dpm/g or dpm/mL values were within 10% of the
mean value, provided the mean per aliquot analyzed was >100
dpm. The sensitivity of the radio-analytical procedures was
estimated assuming that a minimum of 150 dpm (above a
background of approximately 50 dpm) per aliquot assayed
was required for quantitation. Approximate mean sample
size, aliquot size, and dose were used in the calculations. The
[3H]-content of each sample was adjusted for total tissue
weight and expressed as a percentage of the administered
dose, or as the equivalent concentration of aptamer (�g
equiv/ml or �g equiv/gram). In terms of concentration, actual
quantitation limits ranged from 0.0013 �g/g to 0.26 �g/g. In
terms of percent of dose, actual quantitation limits ranged
from 0.00051% of dose to 0.025% of dose.

Pharmacokinetic Models and Parameters

An initial pharmacokinetic analysis of anti-TGF�−2
aptamer in rats following intravenous bolus injection was car-
ried out by Gilead Sciences, Inc. (39). Its observed pharma-
cokinetic profile appeared to be biphasic and described by a
two-compartment model. In the present study, we also found
the pharmacokinetic profile of the scrambled anti-TGF�−2-
derived aptamer (ARC83) to be well-described by a two-
compartment model. It should be noted, however, that the
behavior of the unconjugated, fully 2�-O-Me version of the
aptamer (ARC159) showed a monophasic profile and could
only be modeled by a one-compartment model or by non-
compartmental analysis. The concentration vs. time data for
all aptamer conjugates was imported into software package
WinNonlin (Pharsight Corp., Mountainview, CA, USA) for
analysis.
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Detection of Intact Aptamers

The primary analytical method used to measure the con-
centration of intact, nonradioactive aptamers in biological
samples (plasma, tissue, urine) was the hybridization-based
dual-capture psuedo-ELISA described above. Additional
bioanalytical methods used included capillary gel electropho-
resis (CGE), and MALDI-TOF. For CGE analysis, samples
spiked with 50 pmole of an oligonucleotide (T20) internal
standard were incubated in buffer (60 mM Tris-Cl, pH 8.0,
100 mM EDTA, 0.5% SDS) containing proteinase K at 500
�g/ml at 65°C for 4 h. Digests were extracted twice with phe-
nol/chloroform, and then precipitated with ammonium ac-
etate. CGE (Beckman P/ACE 5010) was performed at 25°C
using 10% polyacrylamide gel-filled capillaries and an applied
voltage of 20 kV. Elution of oligonucleotides was monitored
using UV detection at 260 nm. Under these conditions, reso-
lution of aptamers from chain-shortened metabolites could be
achieved. MALDI-TOF analysis was performed using an ABI
Voyager-DE PRO mass spectrometer in linear mode (Ap-
plied Biosystems, Foster City, CA, USA). Urine samples for
mass spectrometry were purified on ZipTip C18 pipette tips
(Millipore, Billerica, MA, USA).

RESULTS

We have defined plasma pharmacokinetic and tissue dis-
tribution properties of stabilized aptamer compositions and
assessed the ability to alter both plasma half-life and biodis-
tribution through use of small and high molecular weight
polymer tags. Oligonucleotide ARC83 (Fig. 1) is an inacti-
vated model aptamer containing 2�-F and 2�-O-Me modifica-
tions, as well as a 3�-inverted-dT cap for enhanced stability
against nuclease attack, and a 5�-terminal amino modifier for
subsequent conjugation reactions. Though identical in com-
position to a previously reported anti-TGF-�2 aptamer (39),
ARC83 does not bind TGF-�2 due to scrambling of 2�-
modifications at selected positions in the molecule (specifi-
cally the conversion of 2�-hydroxyls to O-methyl groups at
nucleotides 2, 10, 12, and 29 and the reverse conversion of
2�-O-methyls to hydroxyls at nucleotides 7, 19, 21, and 23).
With these modifications, the ability to form the appropriate
tertiary structure required for ligand binding is lost while the
base sequence (and presumably the secondary structure) of
the active molecule is maintained. ARC159 is similarly a bio-
logically inert variant of ARC83 which bears a 2�-O-methyl
substitution at every nucleotide. By studying the pharmaco-
kinetic and biodistribution properties of inactive aptamers,
potentially confounding effects of target binding on in vivo
characteristics can be avoided. Both ARC83 and ARC159
exhibit a high degree of resistance to plasma nucleases in
vitro, as judged by denaturing PAGE following incubation of
radiolabeled aptamers in the presence of 95% rat plasma
(data not shown). The in vitro half-life of ARC83 is >24 h,
while the fully 2�-O-methyl aptamer, ARC159, is almost en-
tirely stable up to 96 h (Archemix Corp. unpublished data).

Development of a Hybridization-Based Assay for
Determination of Aptamer Pharmacokinetics

To facilitate in vivo studies, we developed a hybridiza-
tion-based dual probe capture assay with enzyme-linked fluo-
rescent readout for monitoring the concentration of intact,

undegraded aptamer in biologic samples (Fig. 2A). The assay
relies upon a capture probe attached to a solid support (a
96-well plate bottom), and a FAM-labeled detection probe.
When the aptamer-containing sample and probes are com-
bined in the assay well, the pre-immobilized capture probe
forms a hybrid with the 5� end of the oligonucleotide
(aptamer) to be detected and the pre-annealed detection
probe forms a hybrid with the 3� end. Following extensive
washing to remove free probe molecules, an anti-FAM-HRP
conjugate is combined to generate a fluorescent signal pro-
portional to the concentration of retained probe-aptamer
complex.

As shown in Fig. 2B, the lower limit of detection achiev-
able with this assay is 50-100 pM (∼0.8 ng/ml, based on
aptamer weight without conjugation), while the upper limit of
detection is ∼25 nM (264 ng/ml, based on aptamer weight
without conjugation). The resulting dynamic range is �250-
fold. To ensure that sample concentrations were within the
dynamic range for the assay, a range of dilutions of each
sample was analyzed. For time points shortly after the initial
dosing, larger dilution factors (∼1:100–1:1000) were used,
whereas for later time points, dilution factors of 1:5–1:10 were
suitable for accurate detection and quantitation. In general,
several sample dilution points were within the linear dynamic
range of the assay, and thus provided a measure of the pre-
cision of the assay. The data sets resulting from the dual-
capture ELISA assay constitute concentration vs. time data
for the aptamer conjugates. This data was then fitted, ana-
lyzed, and compared against data generated by pharmacoki-
netic models of the system under investigation, in order to
extract parameters such as the characteristic half-life of the
aptamer in the blood, the maximum concentration observed,
the total integrated dose administered, overall clearance rate,
and volume of distribution.

Pharmacokinetic Profiles of Aptamer Conjugates in Plasma

Using the hybridization-based assay, we determined the
concentration of aptamer-derived conjugates as a function of
time following intravenous bolus administration to rats.
Aptamer conjugates were formed by attachment of activated
tags to a synthetically incorporated 5�-amino group of ARC83
as described in “Materials and Methods.” Aptamers and
aptamer conjugates used in this study are listed in Table I.
Conjugates tested included 20 kDa and 40 kDa PEGs, cho-
lesterol, and a set of peptides previously reported to facilitate
extravasation and/or cellular uptake of conjugated molecules
(including an Ant-derived peptide, a Tat-derived peptide, and
Arg7) (29–33). As shown in the standard curves for different
aptamer conjugates in Fig. 2B, the limit of detection for the
assay is relatively unaltered as a result of aptamer conjuga-
tion. The presence of plasma or tissue homogenates de-
creased the sensitivity of the assay under typical dilution con-
ditions to a lower limit of detection of approximately 100–200
pM (data not shown).

Figure 3 depicts the in vivo plasma pharmacokinetic
profiles in rat of unconjugated and conjugated aptamers mea-
sured at intervals over 48 h. Primary and secondary pharma-
cokinetic parameters extracted from analysis of the concen-
tration vs. time data in the context of a biphasic, two-
compartment model are presented in Table II. Reported
concentrations for both plasma and tissue analysis refer only
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to full-length aptamer sequence, and do not include the mo-
lecular weight of any associated conjugations, such as PE-
Gylation. The unconjugated 2�-F/2�-O-Me-modified aptamer
(ARC83) was reasonably long-lived, displaying a t1/2 (�) of
nearly 5 h and mean residence time of close to 1.7 h The
relatively large volume of distribution (approximately 460
mL/kg) of ARC83 suggested that even in the absence of con-
jugation, the aptamer does distribute to tissues to some de-
gree (Fig. 3A and Table II). As expected, the 40 kDa PEG-
conjugate (ARC122) showed a substantially longer half-life in
circulation (t1/2 (�) of nearly 12 h) and a significantly reduced
volume of distribution (144 ml/kg). Notably, the mean resi-
dence time for the 40 kDa PEG-conjugate (nearly 16 h) was
approximately 10-fold greater than that for unconjugated
aptamer. Consistent with these results, the 20 kDa PEG-
conjugate (ARC120) exhibited intermediate values for half-
life in circulation (t1/2 (�) of approximately 7 h) and mean
residence time (close to 8 h) relative to both unconjugated
aptamer and to the 40 kDa PEG conjugate (Fig. 3A and Table
II). While PEGylation slowed clearance of the aptamer from
the circulatory volume, neither 20 kDa nor 40 kDa PEG con-
jugation obviously enhanced the apparent distribution of the
aptamer into extravascular spaces as judged by their calcu-

lated volumes of distribution (Vss, Table II). Notably, the 20
kDa PEG conjugate (ARC120) showed a significantly higher
AUC value relative to the 40 kDa PEG conjugate (ARC122).

The fully 2�-O-Me composition aptamer (ARC159) dis-
played much more rapid elimination from plasma compared
to unconjugated aptamer. Indeed, ARC159 showed the short-
est mean residence time in the blood stream (roughly 30 min)
of any of the aptamers tested (Fig. 3A and Table II). The
pharmacokinetic profile of ARC159 was also distinctive in
that it displayed a monophasic pharmacokinetic profile best
described by one-compartment or noncompartmental mod-
els. In contrast to unconjugated aptamer, conjugates bearing
cholesterol (ARC155) and Tat (ARC156) could not be de-
tected in plasma by 12 h using the hybridization assay (Fig.
3B), suggesting an increase in their rates of clearance. The
other cell permeating peptide-conjugates tested, ARC157
(Ant) and ARC158 (Arg7) did not differ markedly from un-
conjugated aptamer (ARC83) in terms of their pharmacoki-
netic parameters (Fig. 3B and Table II).

In a separate study, we also quantitated levels of radio-
labeled aptamers or conjugates in rats following intravenous
bolus administration. Plasma concentrations of [3H]-aptamer
equivalents for ARC83, ARC120, ARC158, and ARC159

Fig. 2. (A) Schematic of hybridization-based, dual-capture assay used for quantitative
analysis of full-length aptamers in biologic samples. (B) Typical standard curve data for
the assay in rat plasma, performed as described in “Materials and Methods,” showing the
upper and lower limits of detection, displacement, and dynamic range.
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over time showed the same trends seen for nonradioactively
labeled aptamers measured using the hybridization-based as-
say (data not shown). The relative abundance of full-length
aptamer conjugates at all time points showed the following
relation: [ARC120, 20 kDa PEG] > [ARC83, unconjugated] >
[ARC158, Arg7] > [ARC159, 2�-O-Me], with the concentra-
tions of all aptamers decreasing from 3 to 24 h The concen-
tration of [3H]-ARC83 (unconjugated) and [3H]-ARC158
(Arg7) equivalents were in the range of 450 to 700 ng/mL,
whereas the concentration of [3H]-ARC159 (2�-O-Me)
equivalents ranged from approximately 200 to 400 ng/mL by
24 h after dosing. Notably, for ARC120 (20 kDa PEG), [3H]-
aptamer equivalent concentrations at 3 h post-dosing were
approximately an order of magnitude greater than for the
other aptamers; the concentration of ARC120 then decreased to
a level similar to that of the other aptamers (data not shown).

In parallel, plasma concentrations of ARC83, ARC120,
ARC158, and ARC159 were determined by dual-capture
ELISA in animals dosed with cold aptamers. These values
were 100–350 ng/ml (ARC83), 250–2000 ng/ml (ARC120),
20–50 ng/ml (ARC158), and 15–50 ng/ml (ARC159). Taking
the ratio of aptamer concentrations measured using the dual-
hybridization ELISA assay to those obtained using LSC gives
an estimate of the fraction of full-length aptamer present in
the plasma at each time point. The full-length fractions de-
rived using this method ranged from 22-42% at 3 h for all
aptamer conjugates tested.

Analysis of Aptamer Distribution to Tissues

Aptamer concentrations in terminal tissue samples har-
vested 48 h post-administration were quantified by dual cap-
ture ELISA. Significant levels of several aptamer species,
most notably ARC159 were detected in kidney, and to lesser
extent, in liver and spleen (Fig. 4). The high levels of ARC159
found in these organs at 48 h relative to other aptamers could
reflect the extremely high degree of intrinsic stability against
nuclease attack in vivo conferred by saturating 2�-O-Me
modification. The kidneys also represented the major target
for distribution of the Tat (ARC156) and Ant (ARC157)
peptide conjugates (Fig. 4).

Biodistribution of Radiolabeled Aptamers

Distribution of tritiated aptamers ARC83 (unconju-
gated), ARC120 (20 kDa PEG), ARC158 (Arg7), and
ARC159 (fully 2�-O-Me) to ten different organs or tissues
(liver, kidney, lungs, heart, spleen, brain, bone marrow, gas-
trointestinal tract, eyes, and mediastinal lymph nodes) was
determined in vivo over time in rats receiving a single intra-
venous bolus administration of each aptamer. Tissues plasma,
and urine were collected at intervals and analyzed for total
radioactivity [3H] by oxidation and subsequent liquid scintil-
lation analysis.

Among organs examined, greatest uptake of [3H]-
aptamer equivalents (normalized with respect to the admin-
istered dose) was found in the kidney and liver (Fig. 5). The
gastrointestinal tract also showed measurable levels of all
aptamers. From a qualitative stand point, aptamer biodistri-
bution profiles established by 3 h were largely maintained
over the 24 h duration of the experiment. While the observed
tissue distribution profiles of [3H]-aptamers were generally
similar among the aptamers tested, there were a few notable
differences. For [3H]-ARC120 (20 kDa PEG), uptake by the
kidneys accounted for <5% of the administered dose at all
sampling times, whereas for ARC159 (fully 2�-O-Me), uptake
by the kidneys accounted for >20% of the administered dose.
Indeed, levels of ARC120 in the kidney were significantly
below levels of all of the other aptamers at all time points
examined, consistent with the ability of 20 kDa PEG conju-
gation to reduce renal clearance and thereby prolong aptamer
residence in circulation. Conversely, except for the kidneys,
dose-normalized levels of [3H]-ARC120 equivalents in the
liver were higher than for the other aptamers (Fig. 5). Overall,
the subset of organs/tissues assayed here accounted for up-
take of ∼35–70% of the administered dose.

In Fig. 6, distribution of [3H]-aptamer equivalents is

Fig. 3. Plasma pharmacokinetic profiles of aptamer conjugates de-
termined via the dual-capture hybridization assay. Concentration of
aptamer is shown as a function of time following a single bolus,
intravenous injection in Sprague-Dawley rats. Concentrations are
given in nanograms of oligonucleotide, not conjugated aptamer. (A)
ARC83 (unconjugated); ARC120 (20 kDa PEG); ARC122 (40 kDa
PEG); ARC159 (fully 2�-O-Me composition). (B) ARC155 (choles-
terol); ARC156 (Tat peptide); ARC157 (Ant peptide); ARC158
(Arg7 peptide).
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shown with data correction for organ or tissue weight. In
general, greatest mass-normalized concentrations of [3H]-
aptamer equivalents were seen in highly perfused organs such
as kidney, liver, spleen, heart, and lungs. Interestingly, com-
paratively high levels of each of the four aptamers or aptamer
conjugates were also detected in the mediastinal lymph nodes
(Fig. 6). For animals dosed with [3H]-ARC83 (unconjugated),
[3H]-ARC158 (Arg7), and [3H]-ARC159 (2�-O-Me), the ma-
jor organ of distribution was the kidney, with ARC159 show-
ing the highest concentration by 3 h post-administration. Lev-
els of [3H]-aptamer equivalents in the kidneys showed the
following relation: [3H]-ARC159 (2�-O-Me) > [3H]-ARC158
(Arg7) > ARC83 (unconjugated) > ARC120 (20 kDa PEG).
Interestingly, among all organs and tissues examined, highest
mass-normalized concentrations of 20 kDa PEGylated
aptamer (ARC120) were measured in the mediastinal lymph
nodes rather than the kidneys (Fig. 6B).

Urinary Elimination of Aptamers

Despite some variability between the two replicate ani-
mals dosed for each aptamer, total urinary output during the
24 h following administration was generally similar. Interest-
ingly however, the timing and extent of urinary elimination
differed among the aptamers. Total urinary elimination hov-
ered between 20-30% of the administered dose for [3H]-
ARC120 (20 kDa PEG) and [3H]-ARC158 (Arg7), 30–35% of
the administered dose for [3H]-ARC83 (unconjugated), and
more than 40% of the administered dose for [3H]-ARC159
(2�-O-Me) (Fig. 7). Consistent with these findings, intact [3H]-
ARC159 was most abundant in kidney, with aptamers show-
ing the relation: [3H]-ARC159 (2�-O-Me) > [3H]-ARC158
(Arg7) > [3H]-ARC83 (unconjugated) > [3H]-ARC120 (20
kDa PEG) (Fig. 5). Analysis of urine samples using capillary
gel electrophoresis and MALDI-TOF detected presence of
full-length ARC159 (2�-O-Me), but not other aptamers at 3 h
(Fig. 8 and data not shown).
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Fig. 4. Biodistribution of aptamers determined via dual-capture hy-
bridization assay. Dose-normalized levels of aptamers tissue homog-
enates are shown following a single bolus, intravenous injection in
Sprague-Dawley rats. Homogenates were prepared from the indi-
cated organs or tissues at 48 h postdosing.
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DISCUSSION

Determination of aptamer plasma pharmacokinetics and
biodistribution reported here has helped to define the utility
of various aptamer conjugates and compositions for future
therapeutic applications. A significant finding of the current
study is the “tunability” of aptamer pharmacokinetics that
can be achieved through conjugation and altered chemical
composition. Unconjugated test aptamer ARC83 is typical of
current generation aptamers in that it incorporates both 2�-F
and 2�-O-Me stabilizing chemistries, and as a result, exhibits a
high degree of nuclease stability in vitro and in vivo. Notably,
ARC83 showed a relatively long in vivo half-life in the blood
stream, even in the absence of any conjugation, and a volume

of distribution consistent with limited extravascular access.
Interestingly however, near complete elimination of ARC83
from circulation was observed by 48 h. Pharmacokinetic tun-
ability is attractive for a number of treatment options (e.g., in
antineoplastic or acute care settings where rapid drug clear-
ance or turn-off may be desired). On the other hand, resi-
dence times of aptamers in circulation were prolonged by
conjugation with high molecular weight polymers, with modu-
lating effects produced by both 20 kDa and 40 kDa PEG
species. In contrast to ARC83, significant levels of 20 kDa
PEGylated aptamer (ARC120) persisted in plasma at 48 h,
and its volume of distribution was smaller than that estimated
for ARC83, suggesting preferential localization of ARC120 to
the intravascular space and to highly perfused organs.

Fig. 5. Biodistribution of [3H]-labeled aptamer conjugates. Dose-normalized levels of [3H]-aptamer equivalents in the indicated organs or
tissues were determined by combustion followed by LSC as described in “Materials and Methods.” Organs or tissues were harvested at 3, 12,
or 24 h postadministration of aptamers to Sprague-Dawley rats as a single bolus intravenous dose. (A) ARC83 (unconjugated), (B) ARC120
(20 kDa PEG), (C) ARC 158 (Arg7 peptide), (D) ARC159 (fully 2�-O-Me composition).
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Overall, effects on aptamer pharmacokinetics and tissue
distribution produced by low molecular weight tags, including
cholesterol and cell-permeating peptides were less pro-
nounced than those produced as a result of PEGylation or
altered chemical composition. The cholesterol conjugate
(ARC155) showed more rapid plasma clearance relative to
unconjugated aptamer, and a large volume of distribution
suggestive of some degree of aptamer extravasation. How-
ever, this result appears to be somewhat at odds with pub-
lished data demonstrating the capacity of a cholesterol tag to
significantly prolong the plasma half-life of an antisense oli-
gonucleotide (34). Potential explanations for results seen here
are that cholesterol-mediated associations with plasma lipo-
proteins, postulated to occur in the case of the antisense con-
jugate, were precluded in the particular context of the

ARC155 folded structure, and/or reflect some aspect of the
lipophilic nature of the cholesterol group. Like cholesterol,
presence of a Tat peptide tag appeared to promote clearance
of aptamer from the blood stream, with comparatively high
levels of conjugate appearing in the kidneys at 48 h. Other
peptides (Ant, Arg7) that have been reported to mediate pas-
sage of macromolecules across cellular membranes in vitro
and translocation through vessel walls in ex vivo models (41),
did not obviously promote aptamer clearance from circula-
tion. However like Tat, the Ant conjugate was seen to accu-
mulate significantly in the kidneys relative to other aptamers.
It remains a formal possibility that unfavorable presentation
of the Ant and Arg7 peptide tags in the context of three
dimensionally folded aptamers in vivo impaired their abilities
to influence aptamer transport properties.

Fig. 6. Biodistribution of [3H]-labeled aptamer conjugates. Mass-normalized levels of [3H]-aptamer equivalents in the indicated organs or
tissues were determined as described in Fig. 5 and expressed as micrograms of [3H] label per gram of tissue. (A) ARC83 (unconjugated),
(B) ARC120 (20 kDa PEG), (C) ARC 158 (Arg7 peptide), (D) ARC159 (fully 2-O-Me composition).
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Prior to this work, relatively little was known concerning
the pharmacokinetics and biodistribution of oligonucleotides
with a 2�-O-Me chemical composition (42). For several rea-
sons, incorporation of 2�-O-Me substitutions is a particularly
attractive means to stabilize aptamers against nuclease attack.
A primary attribute is safety: 2�-O-methylation is known as a
naturally occurring and abundant chemical modification in
eukaryotic ribosomal and cellular RNAs. Human rRNAs are
estimated to contain roughly one hundred 2�-O-methylated
sugars per ribosome (43). Thus, aptamer compositions incor-
porating 2�-O-Me substitutions are expected to be non-toxic.
In support of this view, in vitro and in vivo studies indicate
that 2�-O-Me nucleotides are not readily polymerized by hu-
man DNA polymerases (� or �), or by human DNA primase,
and thus, pose a low risk for incorporation into genomic DNA
(44,45). Second, from a cost of goods perspective, pricing per
gram for synthesis of 2�-O-Me containing oligonucleotides is
less than that for both 2�-F and 2�-OH containing RNAs.

Compared to mixed 2�F/2�-O-Me composition aptamer
ARC83, the fully 2�-O-Me modified aptamer (ARC159) dis-
played very rapid loss from plasma and distribution into tis-
sues, with the primary target organ being the kidney. Non-
specific protein-binding interactions are known to play an
important role in the characteristic, rapid loss of phosphoro-
thioate-containing antisense oligonucleotide from circulation
and distribution to tissues (22–28). It is not yet known wheth-
er the hydrophobic nature of ARC159 may render the oligo-
nucleotide more prone to nonspecific associations with
plasma or cellular components although previous studies with
related 2�-O-alkyl modifications (e.g., 2�- methoxy-O-ethyl,
(46) suggest a modest effect is likely. Due most likely to the
extreme robustness of ARC159 toward nuclease digestion,
levels of full-length ARC159 above background could be de-
tected in several tissues (kidney, liver, spleen) even at 48 h
after dosing. Consistent with its plasma clearance profile and

distribution to the kidney, ARC159 was eliminated rapidly
via the urine, where intact aptamer could be detected by cap-
illary gel electrophoresis and MALDI-TOF analysis.

When expressed as percent of administered dose, all
aptamers or conjugates examined showed significant levels of
distribution to kidney, liver, and gastrointestinal tract. None
of the aptamer conjugates or compositions showed a propen-
sity to traverse the blood/brain barrier. When corrected for
organ/tissue weight, highest mass-normalized concentrations
of aptamers were seen in highly perfused organs (kidneys,
liver, spleen, heart, lungs) and mediastinal lymph nodes. Since
aptamers are bioavailable (up to 80%) following subcutane-
ous injection (13), they are expected to have access to targets
in the lymphatic system through this route of administration.
Ready access to the lymphatics via intravenous dosing may
also of interest from the standpoint of developing aptamer
therapeutics for infectious disease indications such as HIV/
AIDS.

Consistent with its enhanced plasma pharmacokinetics,
concentrations of 20 kDa PEGylated aptamer (ARC120) de-
tected in highly perfused organs were higher than for the
other aptamers. As a general trend, aptamer concentrations
measured in the kidneys decreased with time, again with no-
table exception of ARC120, where concentrations remained
roughly constant over time. Conversely, in liver concentra-
tions of all aptamers remained roughly constant, except for
ARC120, whose levels decreased with time. These differences
may be understood in terms of the extended plasma half-life
of the 20 kDa PEG conjugate and its increased uptake in
highly perfused organs. Though the main effect of chemical
conjugation with 20 kDa PEG was to retard renal elimination
of aptamer, the comparatively high concentrations of 20 kDa
PEG conjugate measured in well-perfused organs, relative to
other aptamers or conjugates, suggests that PEGylation may
also promote aptamer distribution to tissues. It is attractive to
speculate that prolonged residence in the blood stream may
increase exposure of conjugated aptamer to tissues, leading to
enhanced uptake that is most pronounced in the case of
highly perfused organs. Presence of aptamer in residual blood
may contribute to, but is unlikely to account entirely for,
increased levels of the 20 kDa aptamer conjugate seen in
perfused organs. That enhanced distribution of PEGylated
aptamer to perfused organs actually represents extravasation
is suggested by results of recent autoradiography experiments
in which [3H] signal is evident inside cells of both liver and
kidney in mice dosed with tritiated ARC120 (20 kDa PEG
conjugate) (manuscript in preparation). Earlier work on
aptamer therapeutics has focused primarily on development
of aptamers complexed with higher molecular weight (40
kDa) PEG species to avoid renal clearance (5,12,13). The
present study suggests that complexation with a smaller, for
example, 20 kDa PEG polymer, may sufficiently protect
aptamer-based drugs from elimination for many therapeutic
indications, while providing collateral benefits in terms of
ease of synthesis and reduced cost of goods
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Fig. 7. Urinary elimination of [3H]-labeled aptamer conjugates.
Urine was collected at intervals from Sprague-Dawley rats receiving
a single bolus intravenous dose of the indicated aptamers as described
in “Materials and Methods.” Dose-normalized [3H]-aptamer equiva-
lents in urine samples were measured by LSC. ARC83 (unconju-
gated); ARC120 (20 kDa PEG); ARC 158 (Arg7 peptide); ARC159
(fully 2�-O-Me composition).
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