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The Effects of Spacer Length and Composition on
Aptamer-Mediated Cell-Specific Targeting with Nanoscale
PEGylated Liposomal Doxorubicin

Hang Xing*? Ji Li*,”! Weidong Xu, Kevin Hwang, Peiwen Wu,” Qian Yin,"’

Zhensheng Li,”’ Jianjun Cheng,™ and Yi Lu*®

Aptamer-based targeted drug delivery systems have shown
significant promise for clinical applications. Although much
progress has been made in this area, it remains unclear how
PEG coating would affect the selective binding of DNA aptam-
ers and thus influence the overall targeting efficiency. To
answer this question, we herein report a systematic investiga-
tion of the interactions between PEG and DNA aptamers on
the surface of liposomes by using a series of nanoscale liposo-
mal doxorubicin formulations with different DNA aptamer and
PEG modifications. We investigated how the spatial size and
composition of the spacer molecules affected the targeting
ability of the liposome delivery system. We showed that
a spacer of appropriate length was critical to overcome the
shielding from surrounding PEG molecules in order to achieve
the best targeting effect, regardless of the spacer composition.
Our findings provide important guidelines for the design of
aptamer-based targeted drug delivery systems.

Pharmaceutical drug delivery systems on the nanometer scale
have been widely used as nanocarriers to boost drug efficacy.
When compared with their free drug counterparts, drugs en-
capsulated in nanocarriers can display higher stability, fewer
side effects, and more controllable release kinetics. In order to

maximize their therapeutic potential, a tremendous amount of

effort has been devoted toward studying how the physical
properties of nanocarriers, such as size, shape, rigidity, charge,
and surface function, can influence their interactions with tar-
geted cells and thus the efficiency of delivery to the relevant
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tissues."" Among many physical properties, the surface proper-
ties of nanocarriers play a central role, as the interface be-
tween the delivery vehicle and the biological components in
and on cells during the delivery process determines the stabili-
ty, targeting ability, and kinetics of drug release of the nanocar-
riers.""? Therefore, nanocarrier surfaces have been functional-
ized with active biorecognition agents that can bind to specific
receptors on the cell surface, allowing selective accumulation
of nanomedicine into diseased tissues but not normal tissues.”

Among the types of biorecognition agents utilized to en-
hance selectivity of nanocarriers, DNA aptamers, which are
single-stranded oligonucleotides that can selectively bind to
target molecules, have emerged as a promising class of target-
ing ligand due to their higher stability and lower cost than an-
tibodies, another common class of biorecognition agent for
targeted therapy. Moreover, aptamers against different targets
of interest can be selected through the systematic evolution of
ligands by exponential amplification (SELEX) process, providing
the possibility of developing nanomedicines for specific cells
and tissues.”! These features, together with non-immunogenic-
ity and ease of preparation and functionalization onto nano-
carriers, make aptamers an excellent choice as a class of biore-
cognition agents for nanomedicine.”’ Indeed, many DNA apta-
mer-functionalized nanocarriers have been used for successful
delivery of drugs both in vitro and in vivo.F*®

Despite the enhanced selectivity stemming from specific sur-
face interactions between biorecognition molecules, such as
aptamers, and the target receptors on the disease cells, the
targeted delivery process is complicated by other biological
components under physiological conditions.”” A number of lit-
erature reports have demonstrated that serum proteins can
absorb onto nanoparticle surfaces to form a protein corona.”
Nonspecifically adsorbed serum proteins affect the physiologi-
cal properties of nanocarriers and can mask their targeting ca-
pabilities toward cell receptors, thereby leading to a loss of
recognition specificity and fast clearance by the reticuloendo-
thelial system (RES).”' To suppress nonspecific serum protein
adsorption, antifouling polymers such as polyethylene glycol
(PEG) have been used to backfill the surface of nanocarriers, al-
lowing a much longer circulation time in blood and a higher
chance of nanocarrier accumulation in the desired tissue."” Al-
though the use of PEG modifications to inhibit protein adsorp-
tion has been widely reported, the interaction between back-
filling PEG molecules and neighboring recognition molecules
on the same surface has not been thoroughly studied.?**J A
few studies have reported that the PEG shield on the nanopar-
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ticle surface can sterically hinder the binding of antibodies or
peptides to a receptor target, and appropriate backfilling PEG
length is critical to achieve optimal cellular uptake.” ™

In order to design aptamer-based nanoscale drug delivery
systems for effective clinical applications, it is important to
carry out systematic studies of the interactions between the
targeting aptamers and the backfilling PEG molecules in order
to find the optimal parameters to maximize the targeting
effect while minimizing non-specific interactions. To achieve
this goal, we used a PEGylated liposomal doxorubicin (PEG-Lip-
Dox) with a DNA aptamer attached to the surface of the lipo-
some as the model system to investigate the effect of spacer
length and PEG modification on aptamer-mediated cell-specific
targeting. We choose liposomes for this investigation, because
they are one of the most successful drug delivery systems due
to inherent advantages such as high drug-loading efficiency
and biocompatibility.**“'? Furthermore, a PEG-Lip-Dox, Doxil,
was the first nanomedicine formulation approved by the
United States Food and Drug Administration (FDA) for treating
a variety of cancers."*' Therefore, the knowledge gained
from this study can be readily translated into clinical applica-
tions.

In previous studies, we have demonstrated that a PEGylated
liposome system containing anticancer drugs such as cisplatin
or Dox can be effectively functionalized on its surface with
a DNA aptamer called AS1411, which can selectively recognize
nucleolin (NCL), an mRNA-stabilizing protein overexpressed on
the plasma membrane of many types of cancer cells, including
breast cancer cells.***? We further showed that this targeted
liposomal Dox construct was able to facilitate selective drug
uptake into breast cancer cells®® and allowed enhanced tumor
penetration and antitumor efficacy in MCF-7 tumor models in
mice.® Although these results are encouraging, it remains un-
clear how the PEG coating would affect the selective binding
of the NCL target by the DNA aptamer and thus influence the
overall targeting efficiency. To clarify this issue, we report
herein a systematic investigation of the interactions between
PEG and DNA aptamers by preparing a series of liposomal Dox
formulations with different DNA aptamer and PEG modifica-
tions, as well as a determination of how the spatial size and
composition of the spacer molecules on the surface of the lip-
osome affect the targeting ability of the liposome delivery
system toward breast cancer cells.

The formulation of the liposomal Dox with PEG and aptamer
modifications was based on Doxil, an FDA-approved, Dox-con-
taining liposome with no targeting ligand incorporated."” We
modified this liposome with different aptamers to make it
target-specific. The liposome was formulated from hydrogenat-
ed soy phosphatidylcholine (HSPC) and cholesterol (chole) at
a molar ratio of 2:1."7 The cholesterol was added into the
system, as it increases the hydrophobic-hydrophobic interac-
tions within the lipid bilayer and therefore improves the rigidi-
ty and stability of liposomes."™™ Distearoyl phosphatidyl-etha-
nolamine (DSPE)-modified methoxy-PEG with a molecular
weight (MW) of 5000Da or 2000Da (mPEG5000 and
mPEG2000, respectively) was applied as a protecting element
to backfill the liposomal surface at a molar ratio of ~6% of

ChemBioChem 2016, 17, 1111-1117 www.chembiochem.org

1112

CHEMBIOCHEM
Communications

cancer
cell

cholesterol

o Y

mPEG-500-DSPE

o

o H
P N NN ‘\/’\~"\/\«)L\o/’}( ~o ?o*’\"” (OCH,CH;,);130CH;

i
o

A T T T R
o
Apt-T,-chole
H

HO_~ oA O~ O ~_N_O

(T )
AS1141 - Tn-0" &

Apt-T,-chole: 5-GGT GGT GGT GGT TGT GGT GGT GGT GG-Tn-Cholesterol-3'
Ctrl-T,-chole: 5-GAG AAC CTGAGT CAG TAT TGC GGA GA-Tn-Cholesterol-3'

Figure 1. Schematic of the targeting ability of PEGylated liposomal doxoru-
bicin (PEG-Lip-Dox), modified with DNA aptamer AS1411 by using oligo-T se-
quences of different lengths as spacers, towards breast cancer cells through
specific binding of AS1411 to nucleolin on cell membranes. HSPC, cholester-
ol, and mPEG-DSPE (mPEG2000-DSPE or mPEG5000-DSPE) were combined in
a 2:1:0.16 molar ratio. Cholesterol-modified DNA strands were immobilized
onto the liposomal surface by intercalating the 3’ cholesterol modification
into the lipid bilayer.

total lipid content (Figure 1). The combination of HSPC and
cholesterol provides liposomes with a high phase transition
temperature of 48°C, as well as high rigidity and low permea-
bility under physiological conditions.™ Dox, an anticancer
drug as well as a fluorescent probe, was encapsulated into the
liposome through a pH-ion gradient loading method."® This
well-established formulation of PEGylated liposomes has been
used in clinical practice for cancer treatment for decades. To in-
troduce the targeting ability of PEG-Lip-Dox, AS1411, a 26-mer
NCL aptamer (Apt) with the sequence 5-GGT GGT GGT GGT
TGT GGT GGT GGT GG-3' was used as a targeting agent for
breast cancer cells, and a scrambled strand of the same length
(Ctrl) with the sequence 5-GAG AAC CTG AGT CAG TAT TGC
GGA GA-3' was applied as the non-targeting control agent.
Both DNA strands were functionalized with cholesterol at the
3’-end, serving as an anchor to the lipid bilayer to immobilize
the sequences to the surface of the liposome (Figure 1).
Previous studies of aptamers or DNAzymes on surfaces indi-
cate that the presence of other molecules on the same surface
can affect the target-binding ability of the aptamers or DNA-
zymes." Based on these results, we hypothesized that the
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PEG coating on the liposome surface could also sterically inter-
fere with the binding ability of the DNA aptamer. To minimize
this interference, the complete aptamer sequence should be
fully exposed above the backfilling PEG molecules. To achieve
this goal, we introduced a spacer between the cholesterol
anchor to the liposome and the aptamer recognition sequence
in order to expose the aptamer above the PEG layer. Therefore,
the length of the spacer could have significant impact on the
targeting ability of PEG-Lip-Dox and thus should be properly
designed in order to overcome the interference of the sur-
rounding backfilling PEG. To meet this criterion, we chose
oligo-thymine (oligo-T) as the spacer and controlled the length
of the spacer by using different numbers of thymine bases
(Apt-T,, where n represents the length of the oligo-T spacer;
Figure 1).

To guide the design of the experiment, molecular dynamics
(MD) simulations were conducted on PEG5000 and oligo-T
spacers by using the Discover module in Material Studio 7.0 to
estimate the length of each spacer at room temperature
(298 K) and ambient atmospheric pressure (0.1 GPa) in water.
As shown in Figure 2, the length of PEG5000 was estimated to
be ~58 A; the oligo-T spacers with lengths T,, T,, and T,, were
~17, ~32, and ~56 A, respectively. Therefore, the AS1411 se-
quences with different lengths of spacers on the PEG-Lip-Dox
surface represent three different levels of exposure to PEG on
the liposome surface: mostly embedded (T,), partially exposed
(Te), and mostly exposed (Ts).

To experimentally confirm the above MD simulation results,
the AS1411 aptamer-modified PEG-Lip-Dox samples with the
aptamer sequence linked to T,, T,, and T, with cholesterol at
the 3’-end (Figure 1), were prepared by using 100 nm poly-
carbonate-membrane-supported  extruders  in 130 mm
(NH,),SO, buffer (pH 5.5) with 10% w/v sucrose, based on pre-
viously published protocols.”** DNA loading on liposomes
with ~6% PEG modification could be maximized to a DNA-to-
lipid ratio of ~0.3 nmolmg™". After the liposome was formed,
Dox was loaded into the liposome by using a pH-ion gradient
loading method in 10 mm histidine buffer (pH 6.5) with
300 mM sucrose to reach a high loading efficiency. Size-exclu-
sion chromatography was applied to remove free Dox. The re-
sulting Apt-PEG-Lip-Dox sample was concentrated by centrifu-
gation.

mPEG5000

Too Spacer

50 A

Figure 2. Molecular dynamics simulation of PEG5000 and three oligo-T
spacers of T, T, and T, by using the Discover module in Material
Studio 7.0. The length of PEG5000 is estimated to be ~58 A, with T, of
~17 A, T4 of =32 A, and T, of ~56 A.
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To elucidate the morphology of the liposome sample, cryo-
electron microscopy (cryo-EM) data were collected that
showed the liposomal Dox samples exhibited a coffee-bean-
like shape with rod-shaped Dox solids in the middle of the lip-
osomes. The length of Apt-PEG-Lip-Dox was ~170 nm, with
a width of ~120 nm, which is consistent with the morphology
of commercial samples without the aptamer on the surface,
suggesting successful and efficient loading (Figure 3A)."® The
Dox concentration in the Apt-PEG-Lip-Dox sample was quanti-
fied by UV/Vis absorption at 480 nm after treatment with a so-
lution of 90% isopropanol and 10% 0.075m HCI to fully rup-
ture the liposome. By using a standard UV/Vis absorption
curve for free Dox, the equivalent Dox concentration of a DNA-
modified PEG-Lip-Dox sample could reach high Dox loading
(~2 mgmL™") after tuning the concentration (Figure S1).

To evaluate the stability of the Apt-PEG-Lip-Dox formulation,
fluorescence emission at 592 nm with excitation at 480 nm
was monitored after incubation in 50% human serum at 37°C
over a period of 24 h. As shown in Figure 3B, only ~5% of the
maximum possible enhancement of fluorescence intensity was
observed after 10 h incubation, and less than 15% of maxi-
mum leakage could be detected after 24 h incubation, sug-
gesting low levels of decomposition of the liposome samples
and thus minimal leakage of encapsulated Dox. These results
indicated that the Apt-PEG-Lip-Dox samples were highly stable
in 50% human serum, with well-preserved fluorescent proper-
ties.

To systematically investigate the effect of the length of the
oligo-T spacer on the steric interaction between targeting
agent and backfilling PEG, PEG5000-protected liposomal Dox
samples were prepared, functionalized with AS1411 aptamer
or control DNA sequences and with T,, T;, and T,, as spacers.
Dynamic light scattering (DLS) and zeta-potential measure-
ments were carried out to investigate the effect of DNA modi-
fication on hydrodynamic radius and surface charge of the lip-
osome sample in the Apt-PEG-Lip-Dox samples with different
T, spacers prior to loading Dox. PEG-Lip-Dox without DNA
modification had a hydrodynamic size of 158+ 15 nm and
a surface zeta-potential of —3.442.2 mV. After DNA functional-
ization, the Apt-PEG-Lip-Dox samples had a ~20 nm increase in
diameter and a ~10 mV decrease in surface zeta-potential (Fig-
ure 3C), which was attributed to the modification of negative-
ly-charged DNA strands on the surface." Interestingly, varying
the spacer lengths from T, to T,, had minimal effects on the
physical properties of the liposome samples, as evidenced by
the similar hydrodynamic radius and surface zeta-potentials for
T., Ts, and T,, samples (Figure 3C).

The concentration of the lipids in each sample was mea-
sured at a fluorescence emission of 627 nm by using Nile Red-
stained Apt-PEG-Lip samples without Dox loaded inside the
liposome (Figure S2). The DNA density on each liposome
sample was also measured by using SYBR Green Il dye without
Dox loaded inside the liposome (Figure S3). The results
showed that the lipid and DNA concentrations were similar for
each sample, even with different spacer lengths, and the DNA
could reach a final concentration of ~2 um (Figure S4).

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) Cryo-EM micrographs of a DNA-modified PEG-Lip-Dox sample.
The length of the liposomal Dox is ~170 nm, with a width of ~120 nm.

B) Time course study of Dox release from liposomes at 37°C in 50% human
serum. C) Representative DLS and zeta-potential measurements of different
liposome samples (No-DNA-PEG-Lip, Apt-T,-PEG-Lip, Apt-T¢-PEG-Lip, and
Apt-T,-PEG-Lip). The reported hydrodynamic size and zeta-potential of lipo-
some samples were calculated from the average of three measurements.
Error bars represent the standard deviation.

To investigate the targeting capability of Apt-PEG-Lip-Dox,
the Dox-loaded liposomes functionalized with the AS1411
aptamer linked to different oligo-T spacers (Apt-T,-PEG-Lip-
Dox) or the control DNA linked to different oligo-T spacers
(Ctrl-T,-PEG-Lip-Dox), diluted to the same equivalent Dox con-
centrations (20 um), were incubated with MDA-MB-231 human
breast cancer cells for 2 h. The treated cells were then washed,
trypsinized, and fixed in 4% paraformaldehyde solution for
flow cytometry analysis to measure fluorescence intensity. As
shown in Figure 4 A, the geometric mean fluorescence intensi-
ty (MFI) in cells treated with Apt-T,-PEG-Lip-Dox was signifi-
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Figure 4. A) Flow cytometry analysis of MDA-MB-231 breast cancer cells
treated with Apt- or Ctrl-linked T,-Lip-Dox, T¢-Lip-Dox, and T,,-Lip-Dox sam-
ples. MDA-MB-231 cells (200000 per well) were plated in 12-well plates. The
cells were treated with liposomal Dox samples (equivalent to 20 um Dox) at
37°C for 2 h. B) Geometric mean fluorescence intensity (MFI) of MDA-MB-
231 cells treated with liposomal Dox. C) Targeting ability index (TAI) of lipo-
somal Dox. TAI=MFI (Apt)/ MFI (Ctrl). D) Cytotoxicity study of Ctrl-Lip-Dox
and Apt-Lip-Dox samples. MDA-MB-231 cells (3000 cells per well) were
plated in a 96-well plate 24 h before study. MDA-MB-231 cells were treated
with DNA-modified liposomal Dox samples at a concentration equivalent to
10 um Dox at 37°C for 6 h. The cells were then washed and incubated in
media for a total of 72 h before assessing cell viability by MTT assay in each
group. Error bars represent the standard deviation of three experiments.

*p <0.05, **p < 0.01, Student’s t-test.

cantly higher than that of cells treated with corresponding
Ctrl-T,-PEG-Lip-Dox (Figure 4 A), indicating the targeting effect
of the AS1411 sequence to MDA-MB-231 cells. When compar-
ing the MFI of all Apt-T, samples with different spacer lengths,
Apt-T,, exhibited higher MFI in treated cells than did Apt-T,
(*p <0.05), with Apt-T, exhibiting a significantly lower MFI in
comparison to T,, and T, samples (**p <0.01; Figure 4B). Ac-
cording to the estimated lengths of PEG5000, T,, Te, and T,
from MD simulations, the degree of AS1411 exposure in a PEG-
backfilled surface increased as the length of the oligo-T se-
quence increased. Therefore, the observation of enhanced tar-
geting capability with the increase in length from T, to T, to
T,o can be attributed to the increased exposure of the aptamer
sequence on the surface of liposomes, suggesting that the bio-
recognition ability of the aptamer could be affected by steric
hindrance from the protective PEG layer.”® Although most
aptamer sequences were expected to be embedded in the
PEG backfill layer with the T, linker, a small portion of aptamers
might still be exposed from the PEG and remain functional,
due to the dynamic structure of the lipid bilayer and possible
non-uniform DNA distribution, resulting in slightly higher bind-
ing affinity for Apt-T, samples than Ctrl-T, samples.
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In order to obtain a quantitative estimation of the targeting
ability of Apt-PEG-Lip-Dox samples, we defined the targeting
ability index (TAI), which was calculated as follows:

TAI = MFI(Apt) /MFI(Ctrl)

Theoretically, the TAI for non-targeting samples is 1 when
the sample MFI is equal to the control MFI. A higher TAIl indi-
cates improved targeting effects of the Apt-T,-PEG-Lip-Dox
sample to MDA-MB-231 cells. Figure 4C shows that the aver-
age TAI increased from 1.30 to 1.86 to 2.15 as the linker in-
creased from T, to T¢ to T,, suggesting increased targeting
ability for longer spacers. Moreover, the targeting ability for
the T, linker was closer to that of T,, linker rather than to the
T, linker, which could be attributed to the protein binding to
the exposed GGT units of the aptamer sequence and the flexi-
bility of the surrounding PEG molecules.

To corroborate the effect of spacer length on the cellular
uptake of Apt-PEG-Lip-Dox samples, we investigated the cyto-
toxicity of Apt-PEG-Lip-Dox samples with different T, spacers.
In order to give the MDA-MB-231 cells enough time for uptake
of Apt-PEG-Lip-Dox samples in the cytotoxicity test, cells were
incubated with Apt-T,-PEG-Lip-Dox or Ctrl-T,-PEG-Lip-Dox sam-
ples with the same Dox concentration (10 um) for 6 h, followed
by 24 h of cell growth before measuring cell viability by using
the MTT assay. As shown in Figure 4D, all Apt-T,-PEG-Lip-Dox
samples exhibited significantly higher cytotoxicity than the
corresponding Ctrl-T,-PEG-Lip-Dox samples (**p <0.01), con-
firming the targeting ability of the aptamer over the control
DNA. More interestingly, cell viabilities were 71+6, 48 +5, and
38+ 8% for cells treated with Apt-T,-PEG-Lip-Dox samples with
T,, Te, and T,, spacers at the same Dox concentrations, indicat-
ing decreased cell viability with increasing in T, spacer length.
As the cell viability depends mainly on the amount of Dox de-
livered into the cells, the highest antiproliferative activity of
the Apt-T,,-modified Lip-Dox construct indicates that this con-
struct was best internalized by the MDA-MB-231 cells. In com-
parison, the Apt-T, sample was internalized the least by MDA-
MB-231 cells, indicating the lowest binding affinity to surface
NCL biomarkers, further confirming the steric hindrance of the
PEG backfill, due to the difference in spacer length.

After demonstrating that the length of the oligo-T spacer
was critical to the targeting ability of the AS1411 aptamer, it
was also important to investigate whether a different type of
spacer with a similar length but different composition would
affect the targeting ability. To achieve this goal, we designed
a spacer consisting of oligo-T linked to PEG2000 and compared
it with the T,, spacer. First, MD simulations were used to find
out the length of oligo-T needed to conjugate to PEG2000 in
order to attain the same spacer length as T,,, and T,;-PEG2000
was found to meet this requirement. To synthesize the conju-
gated spacer, we used PEG2000-DSPE with a maleimide modifi-
cation to conjugate to thiol-modified AS1411-T,; (Figure 5A).
The AS1411-T,;-PEG2000 conjugate was prepared by thiol-
maleimide coupling at room temperature, followed by gel pu-
rification. The successful coupling of DNA-lipid conjugates was
confirmed by MALDI-MS and SDS-PAGE (Figure S5). DNA-lipid
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Figure 5. A) Molecular dynamics simulation of mPEG5000, T,,, and T,;-
PEG2000 conjugate. The length of mPEG5000 was estimated to be ~58 A,
with T,, length of ~56 A, and T,;-PEG2000 conjugate length of ~60 A.

B) Flow cytometry analysis of MDA-MB-231 cells treated with Apt- or Ctrl-
linked T,q-Lip-Dox and T,,-PEG2000-Lip-Dox (Conj-Lip-Dox) samples. MDA-
MB-231 cells (200000 cells per well) were plated in 12-well plates. The cells
were treated with liposomal Dox samples (equivalent to 20 um Dox) at 37°C
for 2 h. C) Geometric MFI of MDA-MB-231 cells treated with liposomal Dox.
D) TAI of liposomal Dox. Error bars represent the standard deviation of three
experiments.

conjugates were then introduced to liposomes (Apt-T;;-
PEG2000-PEG-Lip-Dox or Ctrl-T,;-PEG2000-PEG-Lip-Dox) by in-
cubating the conjugates together with other lipids during the
mixing process. The PEGylated liposome modified with Apt-T;-
PEG2000 had a hydrodynamic size of —170+28 nm and a sur-
face zeta-potential of —15.3+0.6 mV, comparable to the Apt-
T,-modified liposome (Figure S6).

By using T,,-PEG2000 conjugate as the spacer, the NCL rec-
ognition motif was appended to the liposomal surface by
a spacer of similar length as T,,, whereas the chemical compo-
sition and electrostatic charge varied. The targeting abilities of
Apt-T,,-PEG2000-PEG-Lip-Dox and  Ctrl-T,;-PEG2000-PEG-Lip-
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Dox were analyzed by flow cytometry under the same condi-
tions as in Figure 4. As shown in Figure 5, the MFI of MDA-MB-
231 cells treated with Apt-T;;-PEG2000-PEG-Lip-Dox sample
was significantly higher than those treated with Ctrl-T,;-
PEG2000-PEG-Lip-Dox, suggesting the new conjugated spacer
could also maintain AS1411 targeting ability. On the other
hand, MDA-MB-231 cells treated with both Apt-T,,-PEG2000-
PEG-Lip-Dox and Apt-T,,-PEG-Lip-Dox exhibited similar MFI and
TAI values, indicating similar cell internalization properties (Fig-
ure 5D). These results suggested that the type of spacers used
had a minimal effect on targeting, and that targeting could be
achieved as long as the spacer could expose the recognition
motif of the aptamer from PEG backfilling on the surface of lip-
osomes.

In conclusion, we systematically investigated the interactions
between the AS1411 DNA aptamer and PEG protecting groups
on the surface of liposomal Dox and their effects on the cellu-
lar uptake ability and cytotoxicity of MDA-MB-231 cells. We
demonstrated that the AS1411 aptamer on the liposomal sur-
face should be fully exposed by having a spacer of appropriate
length to overcome the shielding from surrounding PEG5000
molecules in order to achieve the best targeting effect. We
also showed that the physical spacer length is a critical factor
in determining the targeting ability of the system, regardless
of the composition of the spacer, such as T,, or T,,-PEG2000.
Although PEG, as a backfilling molecule, is known to help
reduce non-specific serum protein absorption, it can also inter-
act with biorecognition molecules such as the aptamer on the
liposomal surface. The detailed investigation of the interaction
between PEG and aptamers reported here helps further our
understanding of the surface chemistry at the nano-bio-inter-
face of this clinically used liposomal Dox system and offer im-
portant guidelines for the design of targeted drug delivery sys-
tems with better performance.
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