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Abstract

Recently, surface-enhanced Raman scattering (SERS) nanoprobes (NPs) have shown promise in
the field of cancer imaging due to their unparalleled signal specificity and high sensitivity. Here
we report the development of a DNA aptamer targeted SERS NP. Recently, aptamers are being
investigated as a viable alternative to more traditional antibody targeting due to their low
immunogenicity and low cost of production. We developed a strategy to functionalize SERS NPs
with DNA aptamers, which target Mucinl (MUC1) in human breast cancer (BC). Thorough in
vitro characterization studies demonstrated excellent serum stability and specific binding of the
targeted NPs to MUCL. In order to test their /n vivotargeting capability, we co-injected MUC1-
targeted SERS NPs, and as controls non-targeted and blocked MUC1-targeted SERS NPs in BC
xenograft mouse models. A two-tumor mouse model with differential expression of MUC1
(MDA-MB-468 and MDA-MB-453) was used to control for active versus passive targeting in the
same animals. The results showed that the targeted SERS NPs home to the tumors via active
targeting of MUC1, with low levels of passive targeting. We expect this strategy to be an
advantageous alternative to antibody-based targeting and useful for targeted imaging of tumor
extent, progression, and therapeutic response.
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A MUC1 DNA aptamer targeted SERS nanoparticle is developed by surface functionalization
of SERS nanoparticles. These nanoparticles are optically and structurally stable in biological fluid
and target MUCL1 overexpressing breast cancer cells 7n7 vitro. By co-injection with a nontargeted
nanoparticle, we show that the MUC1 aptamer targeted nanoparticles home specifically to MUC1
overexpressing tumor tissue in vivo.

MUCI- MUC1+
MDA-MB-453 MDA-MEB-468

SERS; Raman; nanoprobe; cancer imaging; targeting; aptamer; MUC1

1. Introduction

In recent years, Raman imaging has emerged as a promising modality in the field of
bioimaging.[!JRaman reporter coated gold nanoparticles (AuNPs) with an encapsulant layer
of silica have emerged as the preferred architecture for the fabrication of bright SERS NPs
(with enhancement factors in the order of 107-1014).[21 Owing to the narrow, “fingerprint’-
like Raman spectral signatures, SERS NPs have shown very high specificity of detection and
multiplexing capabilities.[B1Additionally, SERS NPs exhibit little to no susceptibility to
photobleaching and have been shown to be non-toxic.[#] The ultrahigh sensitivity and
specificity of detection, the multiplexing capabilities, and the photostability are key
advantages of the newest generations of SERS NPs over imaging agents based on
fluorescence.[1¢] Due to these perennial advantages, SERS NPs have gained a lot of attention
as a highly sensitive tool for cancer imaging.[®] SERS NPs functionalized with polyethylene
glycol (PEG) chains exhibit relatively long blood circulation time and accumulate in cancer
tissues by the virtue of the so-called enhanced permeability and retention (EPR) effect.[6]
This uptake mechanism is also known as “passive targeting”. However, if one desires to
detect the expression of a specific marker of interest in a tumor, then “active targeting” via
specific interaction of the NP with a surface ligand with the tumor cells or cells in the tumor
microenvironment is required. Several studies have shown promising results in achieving
specific targeting of cancer biomarkers /n vitro and in vivo using antibodies as the targeting
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moiety.["INevertheless, major disadvantages of using antibodies for active SERS NP
targeting are considerable immunogenicity and high cost of production of humanized
monoclonal antibodies, both of which could hinder clinical translation.®]

Recently, aptamers, also termed chemical antibodies, have emerged as a promising candidate
for targeting cancer biomarkers with high selectivity and specificity.[®] Aptamers possess
several advantages over monoclonal antibodies, such as: (i) low molecular weight, (ii) low or
completely absent immunogenicity, (iii) reproducible, large scale and inexpensive synthesis
via solid phase chemistry, and (iv) available chemical modifications which allow different
imaging agents to be attached using straight forward conjugation techniques.[1%Therefore,
efficient conjugation of aptamers with radioisotopes, fluorophores and nanoparticles have
produced several promising aptamer-targeted imaging modalities to date.[!1IMore
encouragingly, in recent clinical trials aptamers have shown no significant immunogenicity
advocating the use of aptamers as a targeting moiety.[12] Recently aptamer functionalized
nanoparticles and SERS NPs gained attention for /n vitro cancer targeting while /n vivo
targeted cancer detection still remains challenging.[13]

In this work, we have developed a novel DNA aptamer targeted SERS NPs for /n vivo
imaging of MUCL1 overexpression in BC. MUCL is a transmembrane glycoprotein
overexpressed in 90% of BC, and other cancer types as well. [241 MUC1 has been shown to
have an important role in cancer progression and metastasis and is overexpressed in early
stages of triple negative breast cancer.[®] The overexpression of MUC1 also alters the
MUCI1 glycosylation pattern and exposes certain epitopes in the core protein, which act as
an active site for specific binding. Recently, several monoclonal antibodies have been
developed for MUC1 specific tumor imaging and therapy in preclinical studies.[16] However,
antibody targeting inherits several limitations such as long plasma half-life, immunogenicity,
and relatively large molecular weight.[17] To alleviate these shortcomings, nucleic acid-
based aptamers are being pursued as a potential alternative to more traditional antibody
targeting. In this work, we chose a well-studied DNA aptamer that was shown to bind to
MUC1 with subnanomolar dissociation constant[*8] and demonstrated the active targeting
capabilities of MUC1 DNA aptamer targeted SERS NPs /n vivo as depicted in Figure 1. We
postulated that DNA aptamer functionalized SERS NPs, a new member of the spherical
nucleic acid (SNA) family, will inherit low nuclease degradation compared to the free
aptamer due to unique spatial distribution and produce minimal immune response.[19]

2. Results and discussion

2.1. Synthesis and characterization of MUC1 aptamer grafted SERS NPs

The synthesis of aptamer grafted SERS NPs was carried out by stepwise surface
functionalization of the previously reported SERS NPs (Figure 2a, step 1, 2).[201 The
synthesis of SERS NPs started with the formation of 70 nm AuNP cores using a modified
protocol using a seed-mediated growth method described by Perrault et a/. [21] (See
experimental section for details). We used hydroxylamine (HA) instead of hydroquinone
(HQ) as a reducing agent because AuNPs derived from the HQ synthesis did not produce
bright SERS particles, likely due to high surface binding and subsequent passivation by HQ
molecules. In a typical synthesis procedure, first 15 nm AuNP seeds were synthesized and
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subsequently grown into 70 nm AuNPs using HAUCI, as a gold precursor and HA as a
reducing agent in the presence of 15 nm AuNP seeds. Within a few seconds of the reaction,
the color of the solution turned deep red confirming the synthesis of 70 nm AuNP cores.
Further, synthesized core AuNPs were silica coated in the presence of IR dyes (IR780
perchlorate or IR792 perchlorate) by a modified Stéber process to produce the SERS NPs.
The silica surface of the synthesized SERS NPs was stepwise modified in order to attach
DNA as explained in Figure 2b. In the first step, surface hydroxyl groups were thiolated
using 10% (3-marcaptopropyl)trimethoxysilane (MPTMS) in 85% ethanol and 5% water.
Next, the thiol groups were reacted with maleimide-PEG,-biotin to attach biotin moieties
onto the silica surface. In the last step, biotinylated SERS NPs were incubated with 1000
molar excess of premixed neutravidin and biotinylated DNA (1:1 ratio) at room temperature
in 10 mM MES buffer. The DNA functionalized NPs were purified by centrifugation and
dispersion in 10 mM MES buffer. We did not observe any change in Raman signal
intensities of SERS NPs during the functionalization procedure (data not shown). This
strategy allowed us to functionalize the SERS NPs essentially with any DNA sequence with
a biotin modification, typically purchased from a commercial source (IDT DNA Inc.).

We characterized the SERS NPs using a transmission electron microscope (TEM) and
dynamic light scattering (DLS). A typical TEM image of the SERS NPs is presented in
Figure 2c (see Figure S1 for additional TEM images), where the electron dense AuNP cores
and the silica shell are clearly visible. From the TEM images, average AuNP core and the
SERS NP diameters was found to be 69+7 nm and 132+9 nm respectively, demonstrating a
high degree of monodispersity of sizes and shapes. The dynamic light scattering (DLS)
measurements yielded hydrodynamic diameters of ~80 nm, ~140 nm and ~168 nm of
AUNPs, SERS NPs and DNA functionalized SERS NPs, respectively as shown in Figure 2d.
The DLS diameter was found to be ~10 nm larger than the average diameter in TEM
measurements due to the added hydration layer on the NP surface.

The presence of DNA molecules on the SERS NP surface was verified by two independent
methods. In the first method, we hybridized a complementary strand modified with IR 700
dye at the 5" end of the DNA-functionalized SERS NPs. After removal of excess dye
modified strands by centrifugation and redispersion of the NPs, we measured the
fluorescence in two emission channels, 700 nm, and 800 nm. We found a higher
fluorescence signal in the 700 nm channel compared to before hybridization, due to the
specific DNA hybridization of IR700 DNA strands to the particles (Figure S2). The signal in
the 800 nm channel was emitted by the IR780 dye present in the SERS NPs itself. In the
second method, we hybridized AuNPs with a diameter of 10 nm, functionalized with the
complementary DNA to the SERS NPs. We acquired TEM images of the SERS NPs after
hybridization, showing SERS-NP-core +10 nm-AuNP-satellite structures (Figure 2e and
Figure S3). These results clearly suggested that SERS NPs are successfully functionalized
with DNA. We estimated the number of DNA strands to be ~265 + 30 per SERS NP (See
methods section for details).
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2.2. In vitro stability of the DNA functionalized SERS NPs

In order to serve as an effective targeted imaging agent /n vivo, the SERS NPs, as well as the
DNA corona, should exhibit considerable serum stability /n vitro within the measurement
time window. Therefore, we first investigated the 7n vitro serum stability of SERS NPs by
measuring the Raman spectrum of the SERS NPs after 0, 2, 4 and 16 hours of incubation in
50 % mouse serum at 37 °C, as shown in Figure 3a. We observed Raman spectra to be very
consistent in peak positions and intensities before and after incubation. The measured peak
intensities did not alter with time; the 960 cm™! peak intensity measured around 10,000
counts using the same acquisition conditions (Figure 3b). We also examined the TEM
images of the same SERS NPs before and after 16 hours of serum incubation shown in
Figure 3c and 3d, respectively. From the visual inspection of the TEM images, we observed
minimal degradation of silica shells after serum exposure. These results suggested that the
SERS NPs were optically and structurally stable in an /n vivo milieu.

We further investigated the stability of the DNA corona upon exposure to serum. We first
hybridized an IR700 dye labeled complementary DNA with SERS NPs and incubated for 16
hours in 50 % mouse serum at 37 °C. Subsequently, we washed, re-dispersed in 10 nM MES
buffer and measured the fluorescence of the SERS NPs as shown in Figure S2. We observed
a decrease in the intensity of the 700 nm emission channel by only 10%, suggesting that the
DNA corona was fairly stable in biological conditions. This stability can be attributed to the
spherical configuration of the DNA chains which are resistant to nuclease degradation,
consistent with previous reports.[22] These results suggested that both Raman signal and
DNA corona of the SERS NPs should be stable in an /in vivo environment.

2.3. Design of MUC1 targeted NPs and nontargeted NPs

Since tumor xenograft mouse models can exhibit passive uptake of SERS NPs due to the
EPR effect, we decided to include a nontargeted SERS NP control to decouple the active and
passive targeting. The multiplexing capabilities of SERS NPs allowed us to use two different
flavors of SERS NPs with distinct Raman signatures for targeted NPs and nontargeted NPs
without changing the overall NP architecture as shown in Figure 4a. Both the MUC1
targeted NPs (MUC1-NPs) and nontargeted NPs (NT-NPs) consisted of a similar internal
structure of a 70 nm AuNP core, IR dye (IR 780 for MUC1-NPs and IR 792 for NT-NPs)
and a silica shell. However, the structure of the DNA corona of these particles were
significantly different. The MUC1-NP corona consisted of a 25 base double-stranded stem
and a 25 base MUC1 DNA aptamer sequence separated by a T5 sequence. The double
stranded region acted as a rigid handle to spatially separate the MUC1 aptamer sequence
from the NP surface. The NT-NPs were also functionalized with the double-stranded stem
but lacked the MUC1 aptamer region (see SI Figure S4 for design details). We observed a
slightly larger (10 nm) hydrodynamic diameter of MUC1-NPs than NT-NPs in DLS
measurements, due to the presence of the aptamer region of the size approximately 5 nm
(Figure S5). These NPs have distinct Raman spectra due to the presence of different Raman
reporter molecules absorbed onto the AuNP core (Figure 4b). We further determined the
limit of detection of these NPs in tissue phantoms using the same imaging conditions as used
for /n vivoimaging. The direct classical least square (DCLS) algorithm in the WIiRE 3.4
software (Renishaw) was used to generate the 2D Raman maps of both SERS NPs. From the
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Raman map, the limit of detection for both NPs was found to be 5-10 fM, consistent with
our previous reports (Figure S4).[3: 23] We further tested whether the DCLS algorithm could
differentiate the signals from SERS NPs mixed at different ratios. We mixed MUC1-NPs (IR
780) and NT-NPs (IR 792) in different ratios and used the DCLS algorithm to deconvolute
the composite spectra. The algorithm was found to be sensitive up to a ratio of 20:1 showing
the high sensitivity of the multiplexed measurements using the DCLS algorithm (Figure 4c).

2.4. In vitro targeting of MUCL1 overexpressing cell lines

Inspired by the excellent stability profile in serum and highly sensitive multiplexed imaging
capability in tissue phantoms, we explored the targeting capabilities of the SERS NPs in
MUC1 overexpressing BC cells /n vitro. First, we tested the binding of the MUC1 aptamer
to the MUCL1 overexpressing MDA-MB-468 and MUC1 negative MDA-MB-453 cell lines
as verified by western blot (SI Figure S6c). We performed a flow cytometry-based assay for
the binding of a fluorescently labeled aptamer and a random DNA sequence as a control
with the cell lines (Figure S6 a, b). Upon quantification of cellular fluorescence intensity, we
found that the random sequence exhibited a weak binding to both MDA-MB-468 and MDA-
MB-453 cells, presumably due to nonspecific binding. However, the MUC1 aptamer
demonstrated a higher and specific binding with MDA-MB-468 cells while showing the
same fluorescence intensity in MDA-MB-453 cells as the non-aptamer control. This result
indicated specific targeting by the MUC1 aptamers in a MUC1 overexpressing cell line. In
order to verify that the selective binding of the MUC1 aptamer to MUCL overexpressing BC
cells was unaltered when grafted onto the SERS NP surface, we incubated MDA-MB-468
cells adherent on a plate with an equal concentration of MUC1-NPs and NT-NPs (both with
IR780 dye in order to compare the peak intensity). After subsequent washing steps, we
mapped the Raman intensity of the plates at 960 cm~1. We found that the MUC1-NPs
adhered to the MDA-MB-468 cells more than NT-NPs (Figure S6 d, €), demonstrating /n
vitro targeting of MUC1-NPs. These findings motivated us to further test the targeting
capabilities of MUC1-NPs /n vivo.

2.5. In vivo targeting in a one-tumor xenograft mouse model

In order to validate the targeting capabilities of MUC1-NPs /in vivo, an equimolar cocktail of
MUC1-NPs and NT-NPs was injected via tail vein into athymic nude mice (n=4) that were
inoculated with MUC1 overexpressing MDA-MB-468 cells. This strategy allowed us to
evaluate the targeting capabilities of SERS NPs in the same animal, considering the EPR
effect can be variable between different animals even if the tumor type and size are
identical.[231The Raman spectrum of the injected SERS NP cocktail contained the major
peaks from MUC1-NPs (740 and 960 cm™1) and NT-NPs (1210 cm™1) (Figure 5a). After 16—
18 hours post-injection, tumors and reticuloendothelial system (RES) rich organs such as
liver were excised and imaged with a confocal Raman microscope. We observed that the
injected SERS NPs primarily accumulated in RES organs like liver and spleen as shown in
the Figure S7, consistent with previous reports.[3 61 We also found a commensurate
accumulation of both the NPs in the RES organs and observed the major peak heights to be
equal to the injected dose shown in Figure S8. Interestingly, when we imaged the tumor
tissue in a Raman microscope, we observed preferential accumulation of MUC1-NPs
(Figure 5c, d). We observed foci of MUC1-NPs to be scattered all over the tumor volume,
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shown as red dots. Interestingly, the NT-NPs did not have significant accumulation, with
very few observed foci (green color) in the tumor. These results suggested the targeting
capabilities of NPs were operational even after systemic delivery in the mouse model and the
EPR mediated targeting was minimal. Histological evaluation of the resected tumors using
hematoxylin and eosin (H&E) staining confirmed the presence of tumor tissue in the imaged
specimen (Figure 5e). Furthermore, we performed immunohistochemical (IHC) staining of
MUCL1 expression levels of the tumor tissue (Figure 5f) validating the MUC1 overexpression
was scattered throughout the whole tumor volume. These findings further led us to further
investigate whether the MUC1 negative tumors would exhibit any uptake of the targeted and
the non-targeted SERS NPs /n vivo.

2.6. In vivo targeting in a two-tumor xenograft mouse model

In order to verify the specific uptake of MUC1-NPs in MUCL positive tumors, we developed
bilateral human BC xenograft model for such a study by staggered inoculation of MDA.-
MB-453 (MUCL1 negative) and MDA-MB-468 (MUCL positive) cell lines into both flanks of
athymic nude mice (n=3). After the tumors had grown to similar sizes, we injected the
cocktail of MUC1-NPs and NT-NPs and excised the tumors 16—18 hours post injection. A
representative ex vivo Raman image of both tumors acquired in the same scan is shown in
Figure 6b, c. We detected abundant signal from the MUC1-NPs shown in red throughout the
MUC1 positive tumor derived from the MDA-MB-468 cells, and in contrast very few,
sparsely distributed foci from NT-NP (green dots). More interestingly, we observed a 10-fold
lower uptake of the targeted MUC1-NP in the tumor derived from the MDA-MB-453 cell
line. The signal from NT-NPs was scarce, similar to the contralateral MUC1 positive tumors
and consistent with the results of the one-tumor mouse model. The Raman mapping of these
tumors clearly suggested selective targeting of MUC1-NPs to MDA-MB-468 tumors, while
non-specific EPR-based uptake remained negligible. We further corroborated the Raman
imaging results by histological correlation of the fixed tissue sections. IHC staining
confirmed high MUCL1 overexpression in tumors derived from the MDA-MB-468 cell line
overexpressed MUC1, in contrast to the tumors derived from MDA-MB-453 cells line, in
contrast to the tumors derived from MDA-MB-453 cells (Figure 6d, €). These findings
strongly supported the selective targeting of MUC1 overexpressing BC tumors by MUC1-
NPs.

2.7. Blocking targeting moieties suppresses targeted NP homing

We further verified the MUCL1 aptamer-mediated targeting, by attaching a blocking module
in the same manner as we used to verify successful DNA functionalization. The 10 nm
AuUNPs functionalized with a complementary DNA sequence were attached to the MUC1-
NP to shield the aptamer from being exposed and able to bind its target. The schematic
representation and the TEM images of the construct are shown in Figure 7a and Figure 7b
respectively. We incubated the blocked MUC1-NPs in serum at 37 °C to assess the stability
in vitro. We did not observe significant dissociation of the 10 nm AuNP shields from the
blocked MUC1-NPs after the serum exposure, suggesting sufficient serum stability (Figure
S3). These blocked NPs when injected in the two tumor xenograft mouse model, did not
exhibit considerable uptake in either the MUC1 negative or MUC1 positive tumors as shown
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in Figure 7c, d. This result strongly supported the fact that targeting was dependent on the
DNA aptamers on the SERS NP surface.

3. Conclusion

In conclusion, we have developed a strategy to functionalize SERS NPs with a MUC1
aptamer sequence. These targeted SERS NPs were found to be stable in biological
conditions and could be detected even at low fM concentrations. Further, we showed that
MUC1 aptamers and MUC1-NPs exhibited selective binding to MUC-1 overexpressing
breast cancer cells /in vitro. The multiplexing capability inherent to the methodology of
Raman Imaging allowed us to inject differently functionalized NPs into the same animal,
thus comparing directly passive and targeted homing of tumor lesions /n vivo. We were able
to demonstrate that the major uptake of the NPs was indebted to active rather than passive /
EPR driven targeting. The lack of passive uptake could be attributed to the fact that the NP
surface is different from the traditional PEG-based polymers, as supported by previous
findings.[11]

These results advocate the use of DNA aptamer sequences as targeting agents for SERS or
other imaging modalities considering the existing library of aptamer sequences for cancer
biomarkers and the ease of discovering one for suitable targets by sytematic evolution of
ligands by exponential enrichment (SELEX).[24] Due to the high multiplexing potential of
different SERS probes, we envision multiplexed detection of cancer /n vivo using different
DNA aptamers as targeting moieties. We also believe stimuli-responsive SERS imaging
agents that will selectively light up tumors overexpressing a specific antigen is not far from
reality.

4. Experimental Section

Materials

Methods

All reagents were purchased of the highest purity from Sigma-Aldrich (St. Louis, MO) and
were used as received. The maleimide-PEG,-biotin linker and NeutrAvidin were obtained
from Thermo Fisher Scientific. Dialysis cassettes (MWCO 3.5 kDa; slide-a-lyzer G2) were
purchased from Thermo-Fisher Scientific (Waltham, MA). All DNA sequences were
purchased from IDT DNA Inc. as HPLC purified grade and used without further
purifications.

Synthesis of 70 nm AuNP core—The AuNP core was synthesized using a modified
protocol using a seed mediated growth method described by Perrault et a/[24] We used
hydroxylamine instead of hydroquinone as a reducing agent. In a typical synthesis
procedure, we first synthesized ~ 15 nm AuNP cores. To 99 ml deionized water, 1 ml 25
mM HAuCI, was added and the solution was heated on a heating plate to boil. To the boiling
solution, 1 ml of 3.3% sodium citrate solution was added. After 15 minutes the color of the
solution had changed to red confirming the formation of 15 nm AuNP cores. In the next
step, to 100 ml deionized water 125 uL of 200 mM HAuUCI,, 30 uL 500 mM trisodium
citrate and 700 pL 15 nm AuNP cores were added Under stirring. Further, 250 pL of 1M
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hydroxylamine hydrochloride solution was mixed. Within few seconds the color of the
solution turned deep red confirming the synthesis of 70 nm AuNP.

Synthesis of SERS NPs—Synthesis of SERS NPs was carried out using a modified
version of the previously described protocol.[23] In brief, in a 50 ml falcon tube, 10 ml 2-
Propanol, 500 pL tetraethylorthosilicate (TEOS), and 20 pL 25 mM IR dye (IR780 or IR792
perchlorate) dissolved in anhydrous N,N-dimethylformamide (DMF) were mixed. In another
tube, 3 ml ethanol, 1.2 ml of 4 nM 70 nm AuNP solution and 200 uL ammonia solution were
combined. Then the contents of two tubes were mixed under vigorous stirring and kept
gently shaking for 15 minutes at room temperature. After the reaction was completed, the
particles were washed three times with pure ethanol.

DNA functionalization of SERS NPs—As synthesized SERS NPs were functionalized
with DNA in several steps. In step one, 1 nM SERS NPs were thiolated in 1 mL 85 %
ethanol, 5% DI water and 10% (3-marcaptopropyl)trimethoxy silane (MPTMS) at 70 °C
temperature. After 2 hours of reaction, the particles were washed 3 times with ethanol and 1
time with DI water. In the next step, the thiolated particles were biotinylated using a
maleimide-PEG,-biotin linker. To 1 nM thiolated SERS NP solution in 10 mM MES buffer
(pH 7.5), 100 pL of 10 mM maleimide-PEG,-biotin solution was added and kept for 2 hours
at room temperature. Next, the particles were washed with water 3 times and redispersed in
10 mM MES buffer (pH 7.4). Biotinylated SERS NPs were then added to 1000 times excess
neutravidin and biotinylated DNA (premixed 1:1 ratio in 10 mM MES buffer). The SERS
NPs were incubated for 3—4 hours and centrifuged 2 times to remove excess neutravidin and
DNA, and redispersed in 10 mM MES buffer for injection.

Characterizations of SERS NPs—The SERS NPs were characterized by transmission
electron microscopy (JEOL 1200, 80 kV, 80,000x—120,000x magnification) to study the
SERS NP structures. The size and concentration of the SERS NPs were measured on a
Nanoparticle Tracking Analyzer (Malvern Instruments, Malvern, UK). DLS data was
measured using Zetasizer Nano ZS (Malvern Instruments). a Raman spectra were obtained
in an InVia system equipped with a 785-nm laser (Renishaw Inc., Hoffman Estates, IL).

Estimation of the grafting density of DNA—The number of DNA per SERS NP was
measured using a fluorophore-modified biotinylated DNA strand. The fluorescence intensity
was measured before and after the incubation with the SERS NPs (biotinylated). The
difference between the fluorescence intensity is proportional to the number of the
biotinylated DNA attached to the particle. We determined the numbers of DNA by
comparing the difference with the fluorescence intensity of known concentration of the same
DNA.

SERS nanoprobe limit of detection—To determine the limit of detection of the
MUCZ1-NPs and NT-NPs, the NPs were mixed in desired concentration ratios in 1% agarose
and casted in a 96 well plate. The phantom was scanned using the exact setup used for the
actual ex vivotumor imaging (100% laser power, 1.5 second integration time, 5x objective).
The direct classical least square (DCLS) algorithm in the WIiRE 3.4 software (Renishaw)
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was used to generate the 2D Raman maps of two SERS NPs. The Raman maps were
analyzed in ImagelJ (https://imagej.nih.gov/ij/) software to determine the limit of detection.

Western blot assay of MUC1 expression

Cells were lysed 15 minutes on ice in 10% RIPA buffer (9806, Cell Signaling Technology),
0.5% PMSF (8553s, Cell Signaling Technology), 1% protease/phosphatase inhibitor cocktail
(5872, Cell Signaling Technology). After protein quantification by using BCA assay kit
(23227, ThermoFisher scientific), 20 pg protein was mixed with reducing agent and LDS
sample buffer (NPO004+NPO0007, ThermoFisher scientific). Samples were resolved by 10%
SDS-polyacrylamide gel electrophoresis, and electrotransfer to a PVDF membrane.
Immunoblotting was done with the MUC-1 antibody (4538, Cell Signaling Technology) or
B-actin antibody in 4 °C for overnight staining. The staining was completed with horseradish
peroxidase-conjugated secondary antibody (diluted at 1:10000), and the protein band was
detected by chemiluminescence (ECL) system (32109, ThermoFisher scientific) on
autoradiography film.

Cell binding of aptamer

The cellular binding of aptamers was determined by flow cytometry analysis of cells after
incubation with an AF488 labeled aptamer, or a control DNA (Figure S5 a and b). The cells
MDA-MB-468 or MDA-MB-453 cells were washed two times in FACS buffer (1xPBS,
0.5% BSA) and suspended in the binding buffer (1xPBS, 5 mM MgCl,, pH 7.2) and
incubated with MUC1 aptamer or control DNA, at the concentration of 100 nM for 30 min.
Then the cells were washed with FACS buffer three times and run in a flow cytometer.

Animal studies

All animal experiments were approved by the Institutional Animal Care and Use
Committees of Memorial Sloan Kettering Cancer Center.

Tumor models

Four to six week old female outbred homozygous nude mice (Foxn-1"/ Foxn-1"Y, Jackson
Laboratory) were subcutaneously injected with 1-2 x 106 MDA-MB-468 and/or MDA-
MB-453 cells (HTB-132 & HTB-131D, ATCC) mixed with 0.04 mL of Matrigel (354248,
Corning) into each lower ventral side of the mammary fat pad. Since MDA-MB-453 grows
less rapidly, we injected MDA-MB-453 2 weeks before the injection of MDA-MB-468 to
create the 2-tumor mouse model. We waited for four weeks post inoculation or until tumor
sizes reached 0.5 x 0.5 cm.

Ex vivo Raman imaging

Mice were administered 150 uL of 2 nM SERS NP (corresponding to a dose of 35 mg/kg) in
10 mM MES buffer (pH 7.1-7.3) via tail vein injection 18-20 hours prior to imaging. Mice
were euthanized by carbon dioxide asphyxiation and organs were imaged ex vivo.

All Raman scans were performed on an InVia Raman microscope (Renishaw) equipped with
a piezo-controlled stage for spatial mapping, a 300-mW,785-nm diode laser and a 1-inch
CCD detector with a spectral resolution of 1.07 cm™L. The SERS spectra were acquired
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through a 5x objective lens (Leica). Typically, Raman scans were performed at 100 mW
laser power, with 1.5 second acquisition time, using the StreamLine high-speed acquisition
mode. All Raman images were acquired and analyzed under the same conditions, with the
same laser power, Raman integration times, focal plane (same objective lens), and a
threshold setting of 0.1. The focal plane was found by focusing on the region of interest with
a white light camera. The Raman scans have a resolution of 14 pm in the x-direction, and
80-200 um in the y-direction. A typical scan of tumors took around 50-70 minutes to
complete depending on the scan area.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Schematic representation of the proposed concept: (a) SERS NPs, consisting of AuNP core,
IR dye coating, and silica shell, were functionalized with MUC1 DNA aptamers. (b) The
MUC1-NPs were administered in a human BC xenograft mouse model via intravenous
injection. The MUC1-NPs selectively homed to MUCL1 overexpressing BC tissue and were

detected by identifying the fingerprint-like spectral signature of the SERS NPs with a

confocal Raman Microscope.
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Figure2.
(@) Synthesis and DNA functionalization of SERS NPs. First, 70 nm spherical AuNP cores

were silica coated in the presence of IR dye (IR 780 perchlorate or IR 792 perchlorate) to
produce SERS NPs. The SERS NPs were functionalized with DNA molecules by sequential
modification of the silica shell surface. To verify the presence of the DNA sequence, a 10
nm AuNP functionalized with the complementary DNA strand was hybridized to produce
SERS NP core - 10 nm AuNP satellite hybrid nanostructures. (b) lllustration of DNA
functionalization: first, the surface hydroxyl groups were converted to sulfhydryl groups
using (3-mercaptopropyl)trimethoxysilane (MPTMS) in a water-ethanol mixture. Next,
sulfhydryl groups were reacted with a maleimide-PEG,-biotin linker to attach biotin
molecules to the surface. Subsequently, biotin labeled DNA molecules were attached to the
biotinylated surface of the SERS NPs using neutravidin, a biotin-binding protein as a
crosslinker. (c) Representative TEM images of the DNA functionalized SERS NPs. (d) The
DLS hydrodynamic diameter measurements show an increase in size from ~80 nm to ~137
nm after silica coating and ~170 nm after DNA functionalization. Error bars represent
standard deviations of three measurements. (e) Representative TEM images of the SERS NP
core — 10nm AuNP satellite hybrid nanostructures. The inset shows 10 nm AuNP satellites
being attached to the SERS NP surface. All the scale bars are 100 nm.
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Figure 3.
(a) Raman spectra of the MUC1-NPs after 0 (black), 2 (red), 4 (blue) and 16 (purple) hours

post incubation in 50 % mouse serum at 37 °C temperature. The Raman spectra were
acquired at 0.05% laser power, 1-second exposure time and using a 5x objective. (b) The
intensity of 960 cm™1 peak was plotted against incubation time showing an excellent signal
stability of the SERS NPs. The error bars are the standard deviation of three independent
measurements. (c), (d) The TEM images of the SERS NPs before and after 16 hours of
serum exposure showing integrity of silica shell. Scale bars for inset images are 100 nm.
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Figure 4.
(a) A schematic representation of the NT-NP and MUC1-NP. IR 792 and IR 780 dyes are

used as Raman reporters for NT-NPs and MUC1-NPs, respectively. MUC1-NPs are
functionalized with MUC1 aptamers on a ds-DNA corona, while the NT-NPs lack the
MUC1 aptamer region. (b) The Raman spectra of NT-NP (green) and MUC1-NP (red)
showing distinct spectral signatures. (c) Determination of limit of detection of NT-NPs and
MUCZ1-NPs in tissue phantoms (100% laser power, 1.5 s integration time, 5% objective).
Different wells have different concentrations and ratio of MUC1-NPs and NT-NPs as
described in the table above. The limit of detection of individual NPs was found to be ~10
fM and ratios up to 1:20 ratio of either particle can be distinguished using the DCLS
algorithm inbuilt in the WIiRE 3.4 software.
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Figure5.
(a) The Raman spectra of NT-NP (green) and MUC1-NP (red) showing distinct spectral

signatures. The spectra of the injected NP cocktail (black) contain the major peaks from NT-
NP (1210 cm™1) and MUC1-NPs (740 and 960 cm™1) (b) Photograph of a nude mouse with
an MDA-MB-468 tumor xenograft in the left flank. (c) Bright field image of the excised
tumor. (d) Ex vivo Raman image of the tumor (100% laser power, 1.5 s integration time, 5x
objective). The predominantly red signal corresponds to the prevalence of MUC1-NPs
throughout the tumor volume. Very few foci of NT-NPs accumulation represented by the
green signal. (e) Hematoxylin and eosin (H&E) staining and (f) Immunohistochemical
staining of MUCL in the fixed tumor tissue demonstrated overexpression of MUCL1 in the
sectioned and imaged specimen.
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Figure®6.
(a) Photograph of a nude athymic mouse with MDA-MB-468 tumor (R) and MDA-MB-453

(L) xenograft. (b) Bright field image of the excised tumors. (¢) Ex vivo Raman image of the
tumors (100% laser power, 1.5 s integration time, 5x objective). The predominantly red
signal corresponds to the prevalence of MUC1-NPs throughout the tumor volume. On the
other hand, the MDA-MB-453 (L) tumor showed minimal uptake of both, MUC1-NPs and
NT-NPs. (d) Hematoxylin and eosin (H&E) staining of the cancer tissue. (e)
Immunohistochemical (IHC) staining of MUCL1 in the fixed tumor tissue demonstrating
overexpression of MUC1 in the MDA-MB-468 tumor in contrast to the MDA-MB-453
tumor.
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Bright Field Raman Map

Figure7.
(a) Schematic representation of the blocked MUC1-NPs. The aptamer moiety is sterically

shielded by 10 nm AuNPs. (b) TEM images of the blocked MUC1-NPs after 16 hours of
serum incubation at 37 °C showing excellent structural integrity of the hybrid structures. (c)
Bright field image of the excised tumors. (d) Ex vivo Raman image of the tumor (100% laser
power, 1.5 s integration time, 5x objective). Both tumors exhibited very low uptake of the
blocked NPs, suggesting that NP homing is due to the active targeting of the aptamers
grafted on the MUC1-NPs.
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