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A B S T R A C T   

Nanoparticles (NPs) are commonly functionalized using targeting ligands to drive their selective uptake in cells 
of interest. Typical target cell types are cancer cells, which often overexpress distinct surface receptors that can 
be exploited for NP therapeutics. However, these targeted receptors are also moderately expressed in healthy 
cells, leading to unwanted off-tumor toxicities. Multivalent interactions between NP ligands and cell receptors 
have been investigated to increase the targeting selectivity towards cancer cells due to their non-linear response 
to receptor density. However, to exploit the multivalent effect, multiple variables have to be considered such as 
NP valency, ligand affinity, and cell receptor density. Here, we synthesize a panel of aptamer-functionalized 
silica-supported lipid bilayers (SSLB) to study the effect of valency, aptamer affinity, and epidermal growth 
factor receptor (EGFR) density on targeting specificity and selectivity. We show that there is an evident interplay 
among those parameters that can be tuned to increase SSLB selectivity towards high-density EGFR cells and 
reduce accumulation at non-tumor tissues. Specifically, the combination of high-affinity aptamers and low 
valency SSLBs leads to increased high-EGFR cell selectivity. These insights provide a better understanding of the 
multivalent interactions of NPs with cells and bring the nanomedicine field a step closer to the rational design of 
cancer nanotherapeutics.   

1. Introduction 

Selective cancer NP targeting is highly desired to direct therapeutics 
to their site of action while minimizing off-target effects [1]. NP selec
tivity is commonly achieved by decorating the NP surface with targeting 
ligands that interact specifically with a biomarker or receptor of interest. 
This strategy is specifically attractive for selective cancer therapeutics 
due to the overexpression of some receptors in cancer cells. However, 
common targets pursued in cancer nanomedicine are also present in 
healthy tissues, complicating selective targeting of NPs. For example, 
the epidermal growth factor receptor (EGFR) is a common cancer 
therapeutic target, but it is also expressed in cells of epithelial origin, 
such as the skin, gastrointestinal- and respiratory organs [2]. Notably, 
there are no clinically approved targeted NPs so far. Thus, circum
venting adverse side effects caused by on-target/off-tumor targeting is 

crucial for developing successful targeted NPs [3]. 
Multivalent particles with multiple copies of targeting ligand on the 

NP surface are sometimes used for an increase in specificity, but theo
retical studies have shown that it can lead to an increase in selectivity as 
well. NPs that bind monovalently to a target do not discriminate be
tween surfaces with different receptor densities. However, multivale nt 
NPs with multiple targeting ligands have been shown to bind hetero
geneously depending on the surface receptor density [4,5]. The regime 
where the bound fraction correlates with receptor density is called 
“super-selectivity”, and it can approach an on-off binding behavior [6]. 
This increased selectivity can be achieved using engineered weakly- 
binding NP ligands, such as glycans, peptides, or aptamers, that in
crease the overall NP binding affinity by engaging in multiple ligand- 
receptor bonds [7]. Thus, the binding is strong at high receptor den
sity and too weak at low receptor density, reducing potential off-cancer 
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interactions. Valuable insights on super-selectivity have been gained 
from model systems using DNA-functionalized materials, emphasizing 
the importance of valency and affinity of the multivalent interactions 
[8–10]. However, studies investigating the interplay among NP valency, 
ligand affinity, and receptor density to maximize selectivity in cells are 
scarce due to the challenging control of these parameters. Optimal 
ligand density is often explored in NP targeting [11], while ligand af
finity and receptor density often require sophisticated engineering of 
ligands [12] and cells [13]. 

Here, we use aptamer-functionalized silica-supported lipid bilayers 
(SSLB), which are silica nanoparticles covered by a lipid bilayer, to study 
the interplay between NP valency, aptamer affinity and EGFR expression 
on the targeting specificity and super-selectivity in a panel of breast 
cancer cell lines. Aptamers are small, flexible, and non-immunogenic 
ligands that can be rationally engineered to have high specificityfor 
cell surface receptors [14]. Furthermore, their ease of sequence engi
neering and rapid synthesis allows creating aptamer variants with 
different affinity. Due to the numerous advantages, aptamer-NP conju
gates have been developed to improve targeted cancer therapy [15]. In 
this regard, SSLBs are attractive nanocarriers due to the favorable 
combination of silica and lipid bilayer properties [16], conferring 
biocompatibility, improved stability, and the controllable aptamer sur
face functionalization via cholesterol-based linkers [17]. 

First, SSLB functionalization with aptamers was confirmed by single- 
molecule localization microscopy (SMLM), which allows the quantifi
cation of interparticle ligand heterogeneities in the same particle 
formulation [7]. Subsequently, a panel of breast cancer cell lines with 
different EGFR expression densities on the cell surfaces was investigated 
to assess whether our SSLBs can selectively target high EGFR expressing 
cells. We show that by tuning the aptamer affinity and SSLB valency, the 
super-selectivity towards high-expressing EGFR cells can be optimized. 
Furthermore, strategies to decrease targeting towards low EGFR 
expressing cells are discussed. Our results demonstrate that choosing 
high valency particles can lead to non-specific binding in cells of low 
EGFR density and reduced particle selectivity, whereas using high- 
affinity ligands in low valency NPs reduced non-specific binding while 
retaining selective interactions with target cells. We emphasize the 
importance of a rational design of affinity and valency of NPs to increase 
selective cancer cell targeting with the final aim of translating targeted 
NPs to the clinic. 

2. Materials and methods 

2.1. Materials 

Fluorescent silica NPs (Sicastar-greenF, plain) of 100 nm radius were 
obtained from Micromod Partikeltechnologie GmbH. The 1,2-dioleoyl- 
sn-glycero-3-phosphocholine (DOPC), extrusion filter supports (10 mm) 
and PC membranes for extrusion were purchased from Avanti Polar 
lipids. DMEM (high glucose, no phenol red), Penicillin-Streptomycin, 
Fetal Bovine Serum (FBS, qualified), Trypsin-EDTA (0.5%), 4-(2- 
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer (1 M), 
Vibrant DiI solution, streptavidin, biotinylated bovine serum albumin 
(BSA-biotin) and Nunc cell culture flasks were obtained from Thermo 
Fisher Scientific. Cysteamine, glucose oxidase, catalase from bovine 
liver, magnesium chloride, phosphate buffered saline (PBS), Tris-EDTA 
buffer and chloroform were purchased from Merck Life Science. So
dium chloride (NaCl) was obtained from Sanal. MDA-MB-231 and MCF- 
7 cells were kindly provided by Prof. Jaap den Toonder (Eindhoven 
University of Technology). MDA-MB-468 cells (HTB-132), BT-474 cells 
(HTB-20), BT-20 cells (HTB-19), Eagle's Minimum Essential Medium 
(EMEM) and DMEM F-12 were purchased from ATCC. Alexa Fluor 647 
AffiniPure Goat Anti-Mouse antibody was purchased from Jackson 
Immunoresearch. The μ-slide 8-well and 18-well glass bottom cham
bered coverslips (#1,5H) were obtained from Ibidi. Cholesterol-DNA 
linkers were ordered from Eurogentec. DNA oligos for aptamer 

synthesis and DNA-dye conjugated oligos (DNA-AF647 and DNA- 
atto647N) were purchased from Integrated DNA Technologies (IDT). A 
detailed list of the DNA sequences can be found in Supplementary 
Table S1. Urea, sodium acetate and TE buffer were purchased from 
Sigma-Aldrich. ATP, GTP, 2′-fluoro modified CTP and 2′-fluoro modified 
UTP were purchased from TriLink Biotechnologies. 

2.2. Synthesis of SSLBs 

Silica-supported DOPC lipid bilayers were synthesized as previously 
described [18]. First, small unilamellar DOPC vesicles were formed via 
thin film hydration and extrusion. Subsequently, 200 μL of 10 mM DOPC 
lipid stock was dissolved in chloroform, after which the chloroform 
solvent was evaporated by vortexing under nitrogen flow. After solvent 
evaporation, a thin lipid film was formed on the glass vial walls which 
was rehydrated using 1 mL of 10 mM HEPES and 50 mM NaCl buffer 
(pH 7.4) and vortexed for 2 min. The resulting vesicle suspension was 
extruded using an Avanti Mini Extruder 21 times through a 200 nm 
filter, 21 times through a 100 nm filter and 21 times through a 50 nm 
filter all at room temperature. Next, SSLBs were formed by mixing 400 
µL of vesicle suspension with 20 μL of sicastar silica nanoparticles (stock 
50 mg/mL) and 980 μL 10 mM HEPES and 50 mM NaCl buffer for 1 h at 
22 ◦C under shaking in a ThermoMixer®. Finally, the SSLBs were 
washed thrice via centrifugation at 16000g for 15 min to remove free 
lipid vesicles and redispersed in 10 mM HEPES and 50 mM NaCl. SSLB 
were stored at 4 ◦C and used within one week. 

2.3. Size and charge characterization of NPs 

DOPC vesicles, silica NPs and SSLBs were measured via dynamic 
light scattering (DLS) and laser Doppler electrophoresis using a Malvern 
Zetasizer Nano ZS (Malvern Instruments) to determine their size and 
zeta potential. For size measurements, 20 μL DOPC suspension, 20 μL 1 
mg/mL silica NPs or 20 μL 1 mg/mL SSLB in 10 mM HEPES and 50 mM 
NaCl were added to a ZEN2112 cuvette and measured in triplicate, with 
10 runs for each measurement. For zeta potential measurements, 20 μL 
DOPC suspension, 20 μL silica NPs stock or 50 μL SSLB were diluted in 
MilliQ water and measured in triplicate. 

2.4. Annealing of cholesterol-DNA linkers 

DNA oligo stocks were resuspended at 100 μM in Tris-EDTA buffer. A 
detailed list of DNA linker sequences is reported in Table S1 of the 
Supporting information. Annealing of cholesterol-DNA sequences to 
obtain the double-cholesterol DNA linker was performed by mixing 100 
μM cholesterol-DNA (base) and 100 μM cholesterol-DNA (sticky end) in 
the presence of 5 mM magnesium chloride and 10 mM HEPES 50 mM 
NaCl buffer for 1 h at 25 ◦C to achieve a final concentration of 1 μM chol- 
DNA with a 3′ single-stranded overhang. For dSTORM imaging, 
cholesterol-DNA linkers with a 3′ single-stranded overhang were 
annealed to a complementary DNA-AF647 sequence by mixing 
cholesterol-DNA with DNA-AF647 at a 1:1 M ratio for 1 h at 25 ◦C. For 
imaging, SSLBs were functionalized with a small amount of cholesterol- 
DNA-biotin by mixing cholesterol-DNA with DNA-biotin instead of DNA- 
AF647 at a 1:1 M ratio for 1 h at 25 ◦C. 

2.5. dSTORM imaging and analysis of SSLB ligands 

For dSTORM imaging, SSLBs were incubated with various amounts 
of cholesterol-DNA-AF647 linkers. Specifically, 50 μL of 2 mg/mL SSLBs 
were mixed with 2 μL (50 DNA/SSLB), 4 μL (100 DNA/SSLB), 8 μL (200 
DNA/SSLB) or 16 μL (400 DNA/SSLB) of cholesterol-DNA-AF647 linkers 
(stock concentration 500 nM) for 1 h at 22 ◦C and diluted to a final 
concentration of 1 mg/mL with 10 mM HEPES 50 mM NaCl buffer. 
SSLBs were attached to a 18-well chambered coverslip for imaging via 
biotin-streptavidin interactions. The SSLBs were first incubated with 2 
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μL of 10 nM cholesterol-DNA-biotin.Then the chambered coverslips 
were incubated with a solution of 0.1 mg/mL BSA-biotin for 15 min, 
before being washed and incubated with 0.1 mg/mL streptavidin for 10 
min and washed thrice with 10 mM HEPES 50 mM NaCl buffer. After
wards, the 40 μL of 0.5 mg/mL SSLBs were added to the functionalized 
surface and incubated for 20 min. Finally, the non-attached SSLBs were 
washed away with 10 mM HEPES 50 mM NaCl buffer without letting the 
surface dry out. For dSTORM imaging, the buffer was exchanged with 
STORM buffer [19] (50 mM Tris pH 8, 10 mM NaCl, 10% w/v glucose, 
50 mM cysteamine, 0.5 mg/mL glucose oxidase, 40 μg/mL catalase). A 
Nikon N-STORM microscope configured for TIRF imaging and equipped 
with a perfect focus system was used for dSTORM imaging. The AF647- 
labeled SSLBs were illuminated using a 647 nm laser (170 mW) and the 
sicastar®-greenF NPs were illuminated using a 488 nm laser (90 mW), 
with an adjusted TIRF angle to maximize the signal-to-noise ratio and 
without UV activation. A Nikon 100×, 1.4 NA oil immersion objective 
was used to collect the fluorescence signal, and was passed through a 
quad-band pass dichroic filter (97,335, Nikon) and recorded on an 
Andor EMCCD camera (ixon3) with pixel size 160 nm and a region of 
interest of 256 × 256 pixels. Samples were acquired for 20,000 frames at 
30 ms exposure and 100% laser power for the 647 channel. The fluo
rescent silica NPs were used to identify the NP position and served as 
drift correction markers for the final image reconstruction by collecting 
one frame every 100 frames in the 488 channel at the same integration 
time and 5% laser power. A minimum of 200 NPs were imaged for each 
condition in minimum 3 distinct fields of view. The dSTORM images 
were analyzed with the Nikon NIS elements software (version 5.21.01). 
Single-molecule localizations were detected by Gaussian fitting, with a 
minimum intensity height threshold of 200 for the 647 channel and 150 
for the 488 channel. Analysis was started at frame number 50 to elim
inate non-blinking behavior in the beginning of the acquisition. Mole
cules detected in 5 consecutive frames were counted as a single 
fluorophore to prevent overcounting of localizations while molecules 
detected for more than 5 consecutive frames were removed. A density 
filter requiring a minimum of 10 localizations in a radius of 200 nm was 
applied to remove the background signal. The final localization list was 
imported and run through a custom MATLAB script to quantify the 
number of localizations for each NP. The code is extensively reported 
elsewhere [20]. Briefly, a mean shift clustering algorithm was applied to 
cluster the 488 localizations from the silica NPs. The bandwidth was 
adjusted to 200 nm and clusters with less than 10 localizations were 
discarded. Next, the number of localizations in the 647 channel were 
counted around each SSLB center, with a maximum counting radius of 
300 nm. Aggregates with an unrealistic size were filtered out. The 
analysis output provided the number of localizations in the 647 channel 
per single SSLB, and this data was plotted using Origin 2020. 

2.6. Aptamer generation 

DNA oligos were resuspended at 100 μM in TE buffer (10 mM Tris- 
HCl pH 9.0, 1 mM EDTA). The 2′F-pyrimidine-modified RNA aptamers 
were generated as previously described via in vitro run-off transcription 
[21]. First, DNA templates were PCR amplified with primers that 
appended a T7 promoter (a detailed list of templates and primers can be 
found in Table S3 of the Supporting Information). Next, 2′F-pyrimidine- 
modified RNA aptamers were transcribed by run-off transcription re
action overnight at 37 ◦C using a recombinant mutant form of T7 RNA 
polymerase (Y639F mutant) generated in-house, in vitro transcription 
buffer (50 mM Tris-HCl pH 7.5, 15 mM MgCl2, 5 mM DTT, 4% w/v 
PEG4000 and 2 mM spermidine), and 2 mM of each ATP, GTP, 2′-fluoro 
modified CTP and 2′-fluoro modified UTP. RNA aptamers were purified 
through denaturing polyacrylamide gel electrophoresis (0.75 mm, 8% 
TBE-PAGE, 8 M urea) and bands corresponding to the expected product 
size were gel extracted and eluted while tumbling overnight in 300 mM 
pH 5.4 sodium acetate. Eluates were precipitated in ethanol, resus
pended in TE buffer, and stored at − 20 ◦C until further use. RNA 

aptamers included an extended tail sequence (5’-GCAGCAGCAGCAG
CAGCAGCA-3′) for subsequent hybridization with cholesterol-DNA- 
linkers. The full sequence of RNA aptamers can be found in Table S3 
of the Supporting Information. 

2.7. Functionalization of SSLB with aptamers 

Cholesterol-DNA linkers with a 3'single-stranded overhang were 
annealed to a complementary aptamer tail sequence by mixing 
cholesterol-DNA with aptamers at a 1:1 M ratio for 1 h at 25 ◦C in the 
presence of 2.5 mM Magnesium chloride. Subsequently, 40 μL of SSLBs 
at 2 mg/mL stock concentration were incubated with various amounts of 
cholesterol-DNA-aptamer (corresponding to an estimated 50, 100, 200 
and 400 DNA strands per SSLB) for 1 h at 22 ◦C. Afterwards, the SSLBs 
were sonicated for 5 min in a water bath. As a control, cholesterol-DNA 
was mixed with a non-targeting aptamer at low (50 DNA/SSLB) or high 
(400 DNA/ SSLB) valency. The resulting functionalized SSLBs were used 
the same day for cell targeting experiments. 

2.8. Cell culture 

MCF-7, MDA-MB-231 and MDA-MB-468 cells were cultured in 
DMEM (high glucose, no phenol red) supplemented with 10% FBS and 
penicillin-streptomycin (100 U/mL) at 37 ◦C and 5% CO2. BT-474 cells 
were cultured in DMEM F-12 supplemented with 10% FBS and 
penicillin-streptomycin (100 U/mL) at 37 ◦C and 5% CO2. BT-20 cells 
were cultured in EMEM supplemented with 10% FBS and penicillin- 
streptomycin (100 U/mL) at 37 ◦C and 5% CO2. 

2.9. SSLB targeting by flow cytometry 

For SSLB targeting studies, cells were seeded in a 48-well plate at the 
following seeding densities based on their growth rate: MDA-MB-468, 
MDA-MD-231 and MCF-7 were seeded at 45000 cells/well and BT-20 
and BT-474 cells were seeded at 90000 cells/ well. All cells were incu
bated for 48 h at 37 ◦C and 5% CO2 after seeding. After 48 h, cells were 
incubated with 100 μg/mL SSLBs functionalized with aptamers diluted 
in DMEM without FBS for 1 h and 30 min at 37 ◦C and 5% CO2. FBS was 
not used to avoid potential crowding effects of the protein corona, which 
could skew subsequent measurements. Subsequently, cells were washed 
once with PBS and detached from the well plate by 10 min incubation 
with trypsin at 37 ◦C. After cells successfully detached from the well 
plate, 300 μL of medium containing FBS was added to the cell suspension 
and cells were centrifuged once at 300g for 5 min. The cell supernatant 
was discarded and cells were resuspended in 300 μL BSA 1% diluted in 
PBS and kept refrigerated on ice until flow cytometry analysis. For each 
condition, a minimum of 20,000 cells were measured on a BD FACS
Canto™ II configured for FITC detection (Fluorescent silica core). The 
amount of fluorescence is considered as a measure of uptake. While 
technically it measures both the particles associated to the cell as well as 
those internalized, it is assumed that anything bound strongly enough to 
remain after trypsinization would internalize eventually. Flow cytom
etry data was analyzed using FlowJo (version 10.7.1). 

3. Results 

Aptamer affinity and SSLB valency were investigated as essential 
features in the nanoparticle design to optimize super-selectivity towards 
cells expressing high EGFR densities (Fig. 1A). A summary of the SSLB 
design, characterization and cell selectivity is schematically represented 
in Fig. 1. Briefly, SSLBs consisting of non-porous silica particles covered 
by a fluid lipid bilayer were synthesized as previously described [18]. 
The presence of the lipid bilayer around silica NPs is essential for the 
subsequent aptamer incorporation and was confirmed using ensemble 
and single-particle characterization techniques (Fig. 1B). Next, the 
successful incorporation of targeting ligands was investigated using a 
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SMLM technique that enables ligand quantification at a single-particle 
level (Fig. 1B). Finally, the targeting of SSLBs was evaluated in a 
panel of breast cancer cell lines with distinctive EGFR densities (Fig. 1C). 

Ensemble and single-particle characterization techniques were used 
to confirm the presence of lipid bilayers around the silica NPs (Fig. 2). 
SSLB were first formed by incubating 200 nm diameter silica cores with 
small unilamellar vesicles (SUV) composed of the phospholipid 1,2- 
dioleoyl-sn-glycero-3-phosphocholine (DOPC) (Fig. 2A). During this 
process, the multiple DOPC vesicles rupture when interacting with the 
silica surface, causing the fusion of lipids into a lipid bilayer around the 
silica particle [22]. 

At the ensemble level, the hydrodynamic diameter and zeta potential 
were measured to confirm the bilayer presence around silica NPs using 
dynamic light scattering (DLS) and laser Doppler electrophoresis, 
respectively. We observed that the diameter of the SSLBs increased by 
approximately 35 nm compared to plain silica NPs (Fig. 2B), which can 
be attributed to the surrounding of silica NPs by the lipid bilayer coating. 
The size increase is slightly larger than expected (approximately 5 nm 
for the bilayer alone), which can be attributed to one of several reasons. 
Possibly there is slight particle aggregation caused by the new chemical 
surface environment, which would increase the average size. Another 
possible explanation lies in the shortcomings of light scattering. DLS 
does not necessarily measure size, but rather the hydrodynamic radius. 
Considering that the DOPC head groups now covering the particles are 
hydrophilic, this could feasibly lead to an increase in hydrodynamic 
radius. Additionally, the zeta potential of SSLB increases, which can be 
attributed to the negative silica surface charge being screened by the 
zwitterionic DOPC bilayer (Fig. 2C). Likely the particles are not fully 
covered, but with enough coverage the cholesterol-DNA can still inter
calate in the lipid patches. 

At a single-particle level, the presence of a lipid bilayer was quali
tatively investigated by labeling the SSLBs with the lipophilic dye DiI 
and imaging the NP fluorescence using total internal reflection fluo
rescence (TIRF) microscopy (Fig. 2D). As a control, DiI dye was incu
bated with plain silica NPs. Fluorescent silica cores were used to detect 
the NP position and colocalize it with lipid marker DiI. We observed that 
DiI stained the lipid membrane around the silica cores of SSLB, while 
silica NPs alone were not stained. This specific lipid staining indicates 
that the lipid bilayer coverage is consistent through the formulation at a 
single-particle level. Confirming the lipid-bilayer presence is an impor
tant step for the subsequent incorporation of functional groups, such as 
targeting ligands, into the lipid bilayer. Here, ensemble and single- 
particle measurements confirmed the successful formation of SSLBs. 

Incorporating ligands through cholesterol moieties is an attractive 
approach for ligand incorporation into SSLBs, as it avoids the use of 

complex chemistry that could hamper the ligand's functionality or 
conformation. We employed this strategy to functionalize SSLBs with 
varying amounts of anti-EGFR aptamers for selective cell targeting. For 
this functionalization approach, a double-stranded DNA linker was 
designed to have a 3′ single-stranded overhang (A) to attach aptamers 
bearing the complementary DNA sequence (anti-overhang A'). Addi
tionally, the DNA linkers presented a double cholesterol anchor that was 
used to insert the construct into the lipid bilayer via hydrophobic in
teractions as seen in Fig. 3 and previously described by Rinaldin et al. 
[17]. Double cholesterol anchors have been reported to present a more 
stable binding to lipid bilayers than single cholesterol insertion [23,24]. 

To quantify the ligand incorporation into the SSLB, a fluorescent 
complementary DNA molecule (A') was attached to the cholesterol-DNA 
linker in place of the aptamer ligand using the same DNA hybridization 
strategy (between A and A') as explained above (Fig. 3). SSLBs incubated 
with different amounts of added cholesterol-DNA linkers were then 
quantified by direct Stochastic Optical Reconstruction Microscopy 
(dSTORM). dSTORM is a super-resolution microscopy technique that 
allows for the single-molecule quantification of fluorescent species with 
a resolution of around 20 nm, far below the diffraction limit of regular 
microscopy techniques [25]. For that purpose, a dSTORM compatible 
dye Alexa Fluor 647 (AF647) was attached to the single-strand DNA 
anti-overhang (A') (Fig. 3A). The final dSTORM image is a reconstruc
tion of stochastically detected single-molecule localizations throughout 
a large number of acquired frames [26]. For each individual SSLB we 
calculated the number of dSTORM localizations detected, which is 
proportional to the number of dye molecules incorporated into the lipid 
bilayer through the cholesterol-DNA linkers. 

Using dSTORM imaging we observed a linear increase in the number 
of localizations, which indicates a similar linear increase in incorporated 
ligands, with increased cholesterol-DNA linker addition to SSLB within 
the studied concentration range (approximately 50–400 chol-DNA 
molecules per SSLB added during the functionalization step according 
to theoretical calculations) (Fig. 3B and Fig. S1). Thus, high control over 
the number of incorporated ligands can be achieved in this concentra
tion range. Fig. 3C displays a representative particle from the quantifi
cation in Fig. 3B, displayed as gaussian rendered localizations. The 
linear behavior is consistent with ensemble measurements performed 
using spectrophotometry (Fig. S2). The single-particle resolution of 
dSTORM allows for the quantification of possible heterogeneities in 
ligand functionalization of SSLBs. In all formulations, we observed high 
particle-to-particle heterogeneity in ligand number — resulting in the 
co-existence of SSLBs with a low or high amount of ligands in the same 
particle batch. Naturally, this heterogeneity would also be present in the 
cell interaction and internalization of the SSLBs. 

Fig. 1. Schematic representation of SSLB design, characterization, and cell selectivity towards a panel of breast cancer cell lines. A) SSLB design features. Aptamer 
affinity and NP valency control were investigated to optimize cell selectivity. B) After SSLB synthesis, the presence of the lipid bilayer around the silica NP core was 
confirmed, and successful ligand functionalization was quantified using super-resolution microscopy. C) Cell uptake of different SSLB formulations was investigated 
to determine the selectivity towards cancer cells of different EGFR cell surface densities. 
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We proceeded to functionalize SSLBs with anti-EGFR RNA aptamers 
to determine their cell targeting properties on a panel of breast cancer 
cell lines (Fig. 4). Two critical NP properties for multivalent targeting 
are ligand affinity and NP valency, which can be exploited to increase 
the selectivity towards a specific cell population. Aptamers are ideal for 
exploring the interplay between affinity and valency thanks to their 
modular sequence engineering that enables a rapid design of different 
affinity variants [21]. Furthermore, we investigated the cell targeting of 
SSLBs based on the differential EGFR density in breast cancer cells, 
which was reported to have a wide range of densities in the literature 
[27]. The reported expression levels were confirmed by EGFR labeling 
and quantification using dSTORM (Fig. S3). Data in Protein Atlas sug
gests that EGFR has low tissue specificity, and that expression levels in 
breast cancer tissue are similar to many other cancer tissues [28]. 

For this study, we synthesized the well described MinE07 anti-EGFR 
RNA aptamer, here referred to as high affinity (HighAff) aptamer, which 
binds EGFR with an apparent KD of 20 nM, as measured in previous work 

using flow cytometry-based binding assays [21,29]. This sequence was 
recently engineered to yield a lower affinity aptamer variant, here 
referred to as low affinity (LowAff), that showed an approximately 6- 
fold higher apparent KD of 120 nM (measured using the same cell- 
based binding assay) [21]. In addition, single-molecule tracking was 
performed to determine their dissociation rates in the same work. The 
dissociation rate for the low affinity MinE07_G6U/A33C was estimated 
at koff = 4*10− 2 s− 1, while the dissociation rate for MinE07 was too low 
to measure [21]. While interest in weak affinity ligands seems coun
terintuitive at first, it makes sense in a NP targeting context, where NP 
ligands can engage in multivalent interactions with cells and increase 
the overall binding strength towards cells that present a high receptor 
expression while weakening their binding towards cells that only pre
sent a few copies of that given target receptor. 

To functionalize SSLBs for cell targeting, MinE07 aptamers with high 
and low affinity for EGFR [21,29] were synthesized to bear an anti- 
overhang sequence (A') at their 3′-ends to facilitate attachment to 

Fig. 2. Formation and characterization of silica-supported lipid bilayers (SSLB). A) Schematic representation of SSLB formation. B) Hydrodynamic diameter and C) 
zeta potential of DOPC small unilamellar vesicles (SUV), plain silica NPs and SSLB. D) Schematic illustration of DiI incorportation into SSLB to confirm the presence 
of lipid around silica NPs at a single-particle level. As a negative control, Dii was incubated with plain silica NPs. E) TIRF images of SSLB and plain silica NPs. Silica 
cores are labeled to detect the NP position (grey, silica). DiI signal was present in the SSLB but not in the plain silica NPs (green, DiI) Scale bar 5 μm. (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

L. Woythe et al.                                                                                                                                                                                                                                 



Journal of Controlled Release 355 (2023) 228–237

233

cholesterol-DNA linkers via DNA hybridization of complementary se
quences (between A and A' in this case). Aptamers were then incorpo
rated at different valencies into the SSLBs. Cell targeting was evaluated 
by reading out the fluorescent silica core signal of SSLBs via flow 
cytometry assays, giving insight into the interplay between affinity, 
valency, and EGFR density. Normalized fluorescence intensity histo
grams were plotted and compared to the signal of cells without SSLB 
treatment (Fig. 4, grey line). Additionally, the mean fluorescence in
tensities are shown in Fig. S4. In total, four combinations of SSLBs were 
tested, namely low and high valency (50 and 400 DNA/SSBL) and low 
and high-affinity anti-EGFR aptamers (HighAff and LowAff MinE07) in 
four different breast cancer cell lines with distinct EGFR expression 
profiles: MDA-MB-468, BT-20, MDA-MB-231 and BT-474 (listed from 
high to low EGRF expression). 

In general, the highest particle targeting across all four cell lines was 
observed with the high affinity aptamers and high valency SSLBs 
(Fig. 4). Thus, this formulation presented little discrimination between 
cells with different cell-surface EGFR densities (Fig. 4, bottom right 
panel). Cell targeting was also increased at high SSLB valency when 
using the low-affinity aptamer for low and intermediate-expressing 
EGFR cells (BT-474, MDA-MB-231 and BT-20). This could be 
explained by high valency SSLBs also causing an increase in non-specific 
interactions. There are indeed indications that aptamers, and in general 
RNA oligonucleotides, can to some extent have non-specific interactions 
with molecules on the cell surface [21]. These non-specific interactions 
could be enhanced by having multiple aptamers conjugated to the 
SSLBs. On the other hand low-affinity aptamer-SSLBs at low valency 
increased NP targeting only in the high EGFR expressing cells (MDA-MB- 
468), but not in the other three cell lines that express lower EGFR levels 
(BT-474, MDA-MB-231 and BT-20). Therefore, targeting to low 

expressing EGFR cells can be reduced by modulating the SSLB valency. 
To further evaluate whether the observed targeting of anti-EGFR 

aptamer-SSLBs is selective, we determined the cell association of SSLB 
functionalized with a non-targeting control RNA aptamer (a highly 
mutated version of MinE07 with a different secondary structure pre
diction, see Supplementary Table S3). Since the chemical surface envi
ronment dictates potential non-specific interactions of SSLBs with cells, 
it is crucial to compare anti-EGFR SSLBs to a control particle with similar 
surface chemistry and the same ligand valency. The normalized fre
quency histograms for non-targeting SSLBs at different valencies are 
presented in Fig. S5. As a measure for selectivity, the ratio between 
SSLBs functionalized with an anti-EGFR targeting aptamer compared to 
the control non-targeting aptamer was calculated and expressed as a fold 
increase for each cell line (Fig. 5A), keeping the same valency for tar
geted and non-targeted SSLBs as specified in each condition. Thus, a 
ratio of 1 would indicate no difference in uptake between EGFR tar
geting and non-targeting SSLBs (Fig. 5B, grey line), implying that SSLBs 
are interacting non-specifically with the cells. 

At the lowest EGFR density cells (BT-474), the SSLB interaction is 
mainly non-specific (values around 1), which means there is no 
discrimination in cell association between targeted and non-targeted 
SSLBs (Fig. 5B). Consequently, changing SSLB valency or aptamer af
finity has no influence on the specificity of SSLB, as the EGFR density is 
too low to promote significant specific interactions that overcome the 
non-specific binding contribution. This observation confirms that the 
increased association of SSLB to BT-474 cells when using HighAff 
aptamer and high valency (Fig. 4) is largely due to non-specific in
teractions. Thus, targeted and non-targeted SSLBs with high valency 
display a similar BT-474 cell binding (Fig. 5 and Fig. S5). This associa
tion is significantly reduced by lowering the SSLB valency for both 

Fig. 3. Quantification of ligand functionalization of SSLB. A) Schematic illustration of double cholesterol-DNA-AF647 linker into the lipid bilayer. Linker molecules 
were incubated for 1 h with SSLBs at room temperature. The linker is composed of two hybridized cholesterol-DNA strands that form an overhang (A). Ligands 
containing a complementary sequence (A') can be hybridized to the overhang (A). To quantify the SSLB functionalization with double cholesterol-DNA linkers, a dye 
molecule was used as a mock ligand. B) dSTORM quantification of different cholesterol-DNA-AF647 molecules inserted into SSLBs at a single-particle level. Minimum 
250 particles were quantified per condition C). Representative dSTORM images of SSLB containing different amounts of cholesterol-DNA-AF647 ligands. Scale bar 
200 nm. 
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targeted and non-targeted SSLBs in BT-474 cells, although a discrimi
nation between targeted and non-targeted NPs is not achieved yet. 

In the intermediate EGFR density range (MDA-MB-231 and BT-20), 
cell binding of low affinity SSLBs (with low and high valencies) does 
not surpass the non-specific background binding shown by the non- 
targeted SSLBs. In contrast, in MDA-MB-231 cells targeted SSLB asso
ciation is higher than non-targeted particles only when using high af
finity aptamer at the highest valency, while in BT-20 cells improved 
binding occurs at both low and high valency. This result can be 
explained by the increased EGFR density in BT-20 cells compared to 
MDA-MD-231 cells, which results in the formation of an increased 
number of specific aptamer-EGFR interactions using high-affinity 
aptamers. Notably, low-affinity aptamers do not show high specificity, 
probably because the binding affinity is too weak, and multivalent in
teractions are not favored when cells express intermediate EGFR density 
levels on their surfaces. 

In MDA-MB-468 cells which have a high EGFR density, targeted 
SSLBs showed an increased cell association compared to non-targeted 
particles in all tested conditions of aptamer affinity and valency. 
Notably, a 24-fold increase of targeted SSLB uptake at high affinity and 
high valency was observed, which could result from multivalent ligand- 
receptor interactions. These findings show that specificity is an impor
tant parameter to consider when tuning the NP valency and affinity, as 
there is a compromise between maximizing specific association in high- 
expressing EGFR cells (highest at high valency and affinity) and mini
mizing the non-specific binding in low-expressing EGFR cells (lowest at 
low valency and affinity). 

Selective NPs are able to distinguish between cells of different 

receptor densities, favoring the interaction with high over low receptor 
density cells. To study the selectivity of our aptamer-SSLB formulations, 
we determined the selectivity ratio. The selectivity ratio is the uptake 
ratio between cells of a higher EGFR density compared to a cell of a 
lower EGFR density. Thus, at ratio = 1 we can conclude that there is no 
difference in SSLB uptake between the two cell types. 

We observed a higher selectivity for high EGFR-expressing cells 
(MDA-MB-468) when compared to the other three breast cancer cell 
lines (Fig. 6A). This selectivity increases when the difference in receptor 
expression increases. For example, we observed a maximum of 11-fold 
increased binding to MDA-MB-468 compared with low-expressing 
EGFR BT-474 cells, while the increase in cell association was reduced 
4-fold in BT-20 cells, as they have closer EGFR levels. In general terms, 
the highest selectivity ratios are achieved at low valency for high EGFR- 
expressing MDA-MB-468 cells, with the high-affinity aptamer perform
ing slightly better than the low affinity one in some conditions. Inter
estingly, low affinity and low valency SSLBs also show high cell 
specificity compared to non-targeted particles in MDA-MB-468 cells as 
opposed to the other cell lines (Fig. 5). Although only moderate selec
tivity was achieved with this formulation, it is an excellent candidate to 
target specifically high-EGFR expressing cells (MDA-MB-468) while 
reducing the non-specific uptake contribution in low EGFR-expressing 
cells. On the other hand, at high valency and low affinity, no selec
tivity is observed compared to medium and low expressing EGFR cells 

Fig. 4. Targeting of SSLBs with different valency and affinity to a panel of 
breast cancer cells. SSLBs with low and high valency (50 and 400 DNA/SSBL, 
respectively) and low and high affinity MinE07 (LowAff and HighAff, respec
tively) were incubated with breast cancer cell lines of different EGFR density. 
SSLB internalization was evaluated by flow cytometry, and the normalized 
frequency was plotted against the fluorescence intensity of the SSLB signal 
(FITC-labeled silica core). Cells only represent the background cell fluorescence 
with no SSLB added (grey line). Color code: Orange = BT474, Blue = MDA- 
MDA-231, Green = BT20 and Purple = MDA-MB-468. Histograms are plotted 
from low EGFR expressing cells (top) to high EGFR-expressing cells (bottom). 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 5. Targeting specificity of SSLBs determined by flow cytometry. A) Sche
matic representation of SSLB specificity. SSLBs were functionalized with a 
scrambled non-targeting aptamer as a control for non-specific NP uptake. The 
difference in fold increase was measured for the targeting versus the non- 
targeting SSLBs. B) Fold increase uptake of targeting SSLBs versus non- 
targeting SSLBs for different formulations and cell lines to determine the 
specificity of SSLBs. The targeting SSLBs were compared to a control SSLB of the 
same valency for each cell line. Specificity = 1 is indicated by a dotted line and 
represents equal uptake of targeted and non-targeted SSLB, indicative of a non- 
specific interaction. A technical replicate was performed, and the error bars 
depict the standard deviation derived from the three repetitions. 
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(MDA-MB-231 and BT-474 cells, respectively). As discussed above, this 
could be related to the higher non-specific binding shown in high 
valency SSLBs. 

Selectively targeting medium expressing EGFR cells compared to low 
expressing EGFR cells is more challenging (Fig. 6B and C). The highest 
selectivity was again observed at low valency and high affinity, giving 
respectively a 2- and 3-fold increased cell binding of BT-20 cells 
compared to MDA-MB-231 and BT-474 cells. Comparing MDA-MB-231 
to BT-474 cells yielded only a 2-fold increase in targeting selectivity at 
best. 

4. Discussion 

NP valency and ligand affinity optimization are essential to engi
neering selective targeted nanomedicines, since on-target off-tumor 
toxicities often prevent clinical translation of targeted therapeutics [3]. 
A critical aspect of the rational engineering of NPs is understanding the 
NP population using single-particle characterization techniques. Here, 
we used TIRF and dSTORM to elucidate single-particle properties such 
as lipid bilayer coverage and ligand functionalization. In regard to 
ligand functionalization, we observed substantial heterogeneity within 
the same NP population, which was previously described to be present in 
many NP systems [7,30,31]. This will in turn lead to a heterogeneity in 
the efficacy of nanoparticles within a population. Thus, single-particle 
characterization techniques are significant in understanding the NP 
functionality, which can highly impact their targeting properties and 
cell uptake. Furthermore, it will be key in the future to develop tech
niques or methods that enable the production of monodisperse 

populations of drug nanoparticles. 
Recent studies have proven that using more ligands with high affinity 

does not always lead to an increase in selectivity [3,8,9]. Here, we show 
that high valency SSLBs functionalized with targeted or non-targeted 
aptamers leads to increased non-specific binding, thus reducing the 
selectivity towards high EGFR-expressing cells. Furthermore, there are 
several downsides to increasing the number of ligands. For example, the 
steric hindrance of a crowded NP surface can cause a reduction in 
functionality [11]. At the same time, ligand affinity has become an 
important parameter in the design of super-selective NPs. Our results 
suggest that low-affinity ligands are able to interact specifically with 
high-EGFR expressing cells, while the non-specific uptake with other cell 
lines is reduced. Studies that combine the NP density and affinity effect 
on NP uptake are scarce but will significantly improve our under
standing of targeting selectivity and the rational design of targeted NPs. 
For example, Csizmar et al. described that only the reduction of both 
affinity and valency lead to observable cell selectivity towards cells 
expressing high levels of the epithelial cell adhesion molecule (EpCAM) 
[3]. 

This study uses aptamer-conjugated SSLBs to elucidate the interplay 
between NP valency, ligand affinity and EGFR expression and its effects 
on the NP uptake in a panel of EGFR-expressing breast cancer cells with 
heterogeneous surface EGFR density. Understanding the interplay be
tween these parameters can aid in the formulation of super-selective 
NPs, that are able to sharply increase their binding towards cells with 
increased surface receptor density while avoiding low receptor den
sities, creating a clear on-off binding profile. Aptamers are in many ways 
preferred ligands over antibodies due to their low immunogenicity and a 

Fig. 6. Targeting selectivity of SSLBs at different aptamer affinity (low = v8 and high = WT) and SSLB valency (low = 50 and high = 400 SSLB/DNA) determined by 
flow cytometry. Selectivity was expressed as fold increase of fluorescence intensity compared to cell lines of lower EGFR density. Dotted line indicates selectivity = 1 
(nonselective uptake) A) MDA-MB-468 selectivity. B) BT-20 selectivity and C) MDA-MB-231 selectivity. 
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smaller size that is reported to be favorable for a more efficient uptake 
[15]. To illustrate, antibodies can increase the carrier size by roughly 
15% for a 200 nm diameter NP, which can also complicate NP diffusion 
through biological barriers and tissues. Most importantly, aptamers can 
be synthesized more rapidly and with low batch-to-batch variations and 
different affinity variants can be engineered, facilitating the under
standing of affinity on the selective behavior of multivalent NPs. We 
observed that the combination of high-affinity aptamers and low 
valency SSLBs resulted in an increased selectivity towards cells with 
high EGFR densities. On the other hand, low-affinity aptamers and low 
valency SSLBs showed lower overall binding to cells with high EGFR 
density, and cell association is clearly reduced in other cell lines, 
potentially minimizing the off-tumor targeting. Whether this effect is 
observed for other cancer cell types expressing EGFR or other cell- 
targeting aptamers is still not clear and will be further investigated in 
future studies. In addition, we will determine whether rate of internal
ization will further impact uptake and selectivity of our targeted NP 
formulations. In vivo studies would be another key outlook to determine 
the efficacy of the NP formulations in live tumors. 

An exciting outlook of this study is optimizing the lipid composition 
of SSLBs to enhance cell-specific targeting [32,33]. In fact, in MCF-7 
cells, we measured a high cell binding of our SSLBs without aptamers 
(Fig. S6). For this reason, MCF-7 cells were excluded from further 
analysis of aptamer affinity and valency to maintain a fair comparison 
between targeted cell binding of the aptamer-SSLB formulations. 
Furthermore, ligand mobility is an influential characteristic to achieve 
selective targeting [34–36]. The lipid composition that we chose to form 
SSLBs has a natural tendency to be fluid at the studied temperature 
conditions, potentially allowing the multivalent recruitment of ligands 
by redirecting them from the distal face of the NP towards the cell 
surface upon initial cell receptor binding [37]. Whether the formula
tions retain their fluidity upon ligand functionalization, and what effect 
the lipid composition has on cell selectivity remains to be explored in 
further studies. 

5. Conclusion 

Multivalent interactions between various ligand-receptor pairs can 
be explored to increase selective NP targeting towards the cells of in
terest. In this work, we proposed aptamers of tunable affinity conjugated 
to SSLBs to explore the relationships among NP valency, ligand affinity, 
and cell receptor density. Using dSTORM, we showed that ligand func
tionalization of SSLBs using cholesterol-DNA anchors follows a linear 
trend with increasing amounts of ligands added, and interparticle het
erogeneity can be quantified at the single-particle level. Furthermore, 
tuning NP valency and aptamer affinity can maximize the specificity and 
selectivity of SSLBs. This was tested in a range of breast cancer cell lines 
presenting different EGFR densities. We show that using high valency 
SSLBs resulted in reduced selectivity towards high EGFR density cells 
compared to their low valency counterparts, in part due to the high non- 
specific binding of low expressing EGFR cells that arises from having 
higher ligand copies on the particle surface. In contrast, NPs decorated 
with a lower amount (low valency) of high affinity ligands bind spe
cifically to high-EGFR expressing cells, while the non-specific associa
tion with the other investigated cell lines is reduced. We believe that 
tuning ligand affinity and NP density will contribute to the rational 
design of more selective targeted NPs. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jconrel.2023.01.008. 
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