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ARTICLE INFO ABSTRACT
Keywords: Anti-nucleolin (NCL) aptamer AS1411 is the first anticancer aptamer tested in clinical trials. Gold
Aptamer nanoparticles (AuNP) have been widely exploited for various biomedical applications due to their

Gold nanoparticles unique functional properties. In this study, we evaluated the colloidal stability and targeting

éfg;e(f::;(:ams capacity of AS1411-funtionalized AuNP (AuNP/NCL-Apt) against MCF-7 breast cancer cell line
Ly}(;piilization before and after lyophilization. Trehalose, mannitol, and sucrose at various concentrations were

evaluated to determine their cryoprotection effects. Our results indicate that sucrose at 10 % (w/
v) exhibits the best cryoprotection effect and minimal AuNP/NCL-Apt aggregation as confirmed
by UV-Vis spectroscopy and dynamic light scattering (DLS) measurements. Moreover, the
lyophilized AuNP/NCL-Apt at optimized formulation maintained its targeting and cytotoxic
functionality against MCF-7 cells as proven by the cellular uptake assays utilizing flow cytometry
and confocal laser scanning microscopy (CLSM). Quantitative PCR (qPCR) analysis of nucleolin-
target gene expression also confirmed the effectiveness of AuNP/NCL-Apt. This study highlights
the importance of selecting the proper type and concentration of cryoprotectant in the typical
nanoparticle lyophilization process and contributes to our understanding of the physical and
biological properties of functionalized nanoparticles upon lyophilization.

1. Introduction

Despite continuous advances in the current treatments and diagnostic/imaging tools for different diseases, there is still an urgent
need for new, precise, and safe therapeutic and diagnostic/imaging options. The concept of a “magic bullet” still inspires researchers to
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develop targeted drug delivery systems that save normal cells and reach diseased ones [1]. The unmet needs of any disease treatment
do fit this paradigm, emphasizing the importance of developing targeted drug delivery systems. Nanotechnology has enabled targeted
delivery of different drugs to cancer cells, which has led to a significant reduction in their systemic side effects [2]. Several types of
nanomedicines have been reported to date, with promising potential to treat various diseases, especially cancer [3]. Most nano-
medicines lack specificity towards their target cells. A promising approach in this field consists of designing multifunctional drug
nanocarriers that are functionalized with targeting ligands that support targeting and stimuli-responsive drug release in a selective
manner [4]. Several types of targeting ligands can be used to guide nanocarriers to tumor cells, including small molecules, proteins,
peptides, sugars, antibodies, and aptamers [5,6].

Aptamers (from the Latin word “aptus”, meaning fit, and the Greek word “meros”, meaning part or unit) are short, single-stranded
DNA (ssDNA) or RNA oligonucleotides with the capability to fold into unique and complex three-dimensional structures [7]. Aptamers
can bind to an unlimited variety of targets, like small molecules, ions, protein targets, or even whole living cells, with high affinity and
specificity [8,9]. Aptamers possess many appealing features that make them promising targeting moieties. For example, compared
with bulky antibodies, aptamers have a smaller size and a flexible structure, allowing them to bind to smaller targets or hidden do-
mains that are inaccessible to larger antibodies. Morover, aptamers can be selected against a wide range of targets, including toxic and
non-immunogenic molecules that antibodies cannot recognize [10].

Anti-nucleolin aptamer AS1411 is a G-quadruplex (G4) that has proven clinical activity, along with various examples of disease
stabilization and many cases of long-lasting objective reactions [11,12]. AS1411 aptamer can be conjugated to various nanomaterials
and is considered the first anticancer aptamer tested in clinical trials [13-15]. Conjugation of AS1411 aptamer to gold nanospheres
increases its accumulation inside cancer cells and enhances its antitumor activity in vivo [16,17]. Moreover, AS1411
aptamer-functionalized nanoparticles exhibit an enhanced cellular targeting efficiency against different cancers compared to
non-targeting nanoparticles due to the high affinity of AS1411 aptamer toward the overexpressed nucleolin receptor in cancer cells
[13,18,19]. However, in phase I and phase II clinical trials, AS1411 aptamer exhibited low therapeutic potency due to its rapid
clearance from the body [20]. Therefore, functionalizing different nanoparticles with AS1411 aptamer has been successfully per-
formed and showed higher selectivity and accumulation in tumor cells, improving cytotoxicity and antiproliferative effects [3].

Gold nanoparticles (AuNP) are inorganic NPs widely employed in nanomedicine applications in therapy, imaging, detection, di-
agnostics, and precise drug delivery [21-28]. AuNP have a unique particle-light interaction owing to the surface plasmon resonance
(SPR) effect and multiple surface functionalities [29,30]. AuNP can be used alone or functionalized with several targeting ligands, such
asoligonucleotides, antibodies, and proteins, making them promising candidates for designing novel targeting bio-nanomaterials for a
wide range of biomedical applications [31,32]. Several reports described the successful functionalization of AuNP with AS1411
aptamer to enhance potency, imaging specificity, and sensitivity [33-45].

Although functionalizing nanoparticles with aptamers enhances the targeting capacity and therapeutic/diagnostic potency, the
poor colloidal stability of functionalized nanoparticles in aqueous suspensions is one challenge that limits the bench-to-bedside
translation [6,46,47]. Lyophilization of nanoparticle formulations is a common process to increase colloidal stability and shelf life
used in academic reserach and industrial settings. A recent relevant example is the challenge in the transportation and storage of the
COVID vaccine, which is an mRNA complexed with lipid nanoparticles. The mRNA component of the vaccine and the stability of the
lipid nanoparticles pose significant difficulties due to the intrinsic instability of the mRNA as well as the colloidal stability and pro-
tective capability of the lipid nanoparticles used as carriers. The attributes related to the colloidal stability of the lipid nanoparticles
explain why the Pfizer-BioNTech vaccine requires storage temperatures as low as —80 to —60 °C, while the Moderna vaccine can be
stored at —25 to —15 °C. It is worth noting that significant ongoing efforts are focused on developing a lyophilized version of these
vaccines to enhance the overall stability of the mRNA-nanoparticle formulations. However, the lyophilization process may generate
stresses against nanoparticles; therefore, cryoprotectants such as sucrose, maltose, lactose, and trehalose are needed to prevent
nanoparticles collapse/aggregation during the lyophilization process [48,49].

Based on the promising properties and applications of aptamers and AuNP in therapy and diagnosis, this study aimed to synthesize
gold nanospheres functionalized with AS1411 aptamer (AuNP/NCL-Apt) and investigate their colloidal stability upon lyophilization
(freeze-drying) process in the presence of various commonly used cryoprotectants. Moreover, lyophilized AuNP/NCL-Apt were further
evaluated for their targeting capacity against MCF-7 breast cancer cell line.

2. Materials and methods
2.1. Materials

Gold-III chloridetri-hydrate (HAuCl4), mannitol, sucrose, trehalose, phosphate buffer saline (PBS), tris(2-carboxyethyl) phosphine
(TCEP), and trypsin inhibitor were obtained from Sigma-Aldrich and used as received. Trisodiumcitrate (TSC) was purchased from
HiMedia. All the stock solutions and dilutions were prepared using Milli-Qwater. Nucleolin-thiolated aptamer AS1411 (positive
sequence) (5-GGTGGTGGTGGTTGTGGTGGTGGTGGT TTTTTT TTT TTT -3') (thiol C6 SS), Alexa flour 647-tagged AS1411 (positive
sequence) (5'- Alexa 648- GGT GGT GGT GGT TGT GGT GGT GGTGGT TTT TTT TTT TTT -346-S-S-C6-3"), Bcl-2 primers, forward:5'-
GATGGGATCGTTGCCTTATGC-3' and reverse:5-GTCTACTTCCTCTGTGATGTTGT -3/, and Beta-actin control primers, forward:5'"-
ACAGAGCCTCGCCTTTGCC -3’ and reverse:5-GATATCATCATCCATGGTGAGCTGG -3/, were purchased from Integrated DNA Tech-
nologies (IDT) Inc (Coralville, IA, USA). 6-Diamidino-2-phenylindole dihydrochloride (DAPI) was fromMerck Millipore (USA) and
Ethidium bromide was from Fisher Scientific Ltd (England). Accutase and fetal bovine serum (FBS) were purchased from Capricorn
Scientific GmbH (Germany). Glomax microplate reader and QuantiFluor® ssDNA Kit were from Promega (USA). Mini-RNeasy kit was
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from Qiagen (USA). PrimeScript RT Master Mix (Cat No. RR036A) and SYBR Premix Ex TagqlI (Tli RNaseH Plus) (Cat No. RR820L) were
from Takara (China). PCR purification kit was purchased from Thermo Scientific Gene JET. All chemicals and solvents were of
analytical grade. Aqua regia solution was freshly prepared by mixing hydrochloric acid (HCl) with nitric acid (HNO3) in a ratio of 3:1
v/v. All reagents and chemicals were used without further treatment.

2.2. Syntbhesis of citrate-capped AuNP (Cit-AuNP) (18 nm core diameter)

Spherical AuNP was synthesized using a modified protocol reported by Bastus et al. [50]. Briefly; 150 mL of a 1.32 mM sodium
citrate solution (0.2 mmol, 8 equivalent) was transferred to a 250 mL three-necked round-bottom flask associated with a condenser and
heated up until boiling under vigorous stirring. After 5 min of boiling, 1.5 mL of 25 mM tetra chloroauric acid (HAuCly, 0.025 mmol, 1
equivalent) was injected. A color change was immediately observed from pale yellow to light blue and then to ruby red. The solution
was further boiled for 10 min to allow the AuNP to grow and then cooled down with stirring to room temperature.

2.3. UV/vis absorption spectroscopy

The optical properties of AuNP were evaluated by an ultraviolet-visible (UV-Vis) spectrophotometer. Absorption spectra for Cit-
AuNP and AuNP/NCL-APT suspensions before and after freeze-drying were recorded over the range 400-800 nm using Spectrascan
80D (Biotech Eng., UK).

2.4. Dynamic light scattering (DLS) measurements

The average hydrodynamic diameter, poly dispersity index (PDI) and zeta potential of free AUNP and AuNP/NCL-Apt before and
after freeze-drying were measured by DLS on a Zeta-sizer (Nano-ZS) (Malvern Instruments Ltd., Malvern, UK). AuNP and AuNP/NCL-
Apt before and after freeze-drying were diluted with nuclease-free water. All samples were equilibrated at room temperature for 60 s
before the DLS measurement [51].

2.5. Transmission electron Microscopy (TEM)

The size and shape of free AuNP and AuNP/NCL-APT were examined by transmission electron microscopy (TEM) using 200-mesh
formvar copper grids (SPI supplies, USA). A drop of purified nanoparticle suspension (10 nM) was located on the copper grid followed
by air-drying at room temperature overnight. The dried samples were visualized using Versa 3D TEM at a running voltage of 30 KV
(FEI, Netherlands) [52].

2.6. AS1411 aptamer conjugation to AuNP

The final concentration of AuNP was set at 30 nM using formula C = A450/¢450(d), (C: concentration, A: absorbance at 450 for a
standard path length of 1 cm, and €450(d): data of €¢450) [53]. AS1411 aptamer was first treated with 100 mM TCEP (PH 6.5) for 1 h at
room temperature to break the disulfide bonds and produce AS144-SH [54], then it was conjugated to AuNP (average particle size =
18 nm) by gentle mixing (AuNP:aptamer is 1:50 M ratio). The final mixture was incubated overnight at room temperature under gentle
stirring to facilitate the binding of the aptamer to the gold surface via a thiol-gold coordination bond. Then, the suspension was
centrifuged for 20 min at 13,000 rcf at 25 °C for two times to remove the free unconjugated aptamer (supernatant). After two washing
steps, the pelleted AuNP/NCL-Apt was resuspended in free nuclease water [55].

2.7. Aptamer folding

AS1411 aptamer folding was performed by heating aptamers at 85 °C for 5 min, followed by incubation at room temperature for 5
min and further incubation on ice for 5 min. These steps involve denaturing the single-stranded oligonucleotides to allow aptamers to
be folded into a complex three-dimensional conformational shape specific for target cell binding [56].

2.8. Quantification of aptamer density on AuNP

QuantiFluor® ssDNA kit was used to estimate the number of aptamers conjugated to one AuNP. This method includes a fluorescent
DNA-binding dye (492 nm Ex/528 nm Em) that allows sensitive quantitation of minor quantities of single-stranded DNA (ssDNA).
Briefly, AuNP were mixed with NCL-APT at different molar ratios, followed by centrifugation to pellet the AuNP, quantify the free NCL-
APT in the supernatant, and then calculate the bound NCL-APT. As the concentration of added AuNP is known, the number of NCL-APT
on each AuNP can be calculated. A standard curve of 6.25-400 ng/well was constructed to quantify the conjugated AS1411 aptamer.
The fluorescent intensity of AS1411 aptamer before and after conjugation to AuNP was measured using Glomax microplate reader
[571.
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Fig. 1. Characteristics of AuNP and AuNP/NCL-APT preperations. (A) Representative TEM images of Citrate-capped AuNP (top). (Inset: Higher
magnification with scale bar = 100 nm) and AuNP/NCL-APT (bottom) (B) A schematic view of AS1411 aptamer conjugation to a gold nanoparticle.
(C) A representative photograph of AuNP suspension (left vial) and AuNP/NCL-APT suspension (right vial).(D) Absorption spectra of AuNP and
AuNP/NCL-APT suspensions as labeled. (E) A ssDNA standard graph of the recommended standards (400, 200, 100, 50, 25, 12.5, 6.25 ng/well) and
an AuNPs/NCL-APT sample. The values represent mean =+ SD of 3 independent experiments. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

2.9. Freeze-drying of AuNP/NCL-APT

The cryoprotectants mannitol, trehalose, and sucrose were dissolved in 200 pL of purified AuNP/NCL-Apt suspensions (30 nM in
particles) at 2.5, 5, and 10 % (w/v) concentrations. The resultant suspensions were then frozen by fast immersion in liquid nitrogen for
5 min and then transferred directly to the freeze drier (HumanLab Instrument Co, Korea) using a reduced pressure (<1 x 1073 bar) for
16 h. The freeze-dried samples were reconstituted in200 pL nuclease-free water for further evaluations [46].
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Table 1
The Characterization of AuNP and AuNP/NCL-APT formulations. Values represent mean + SD of 3 independent experiments.
Formulation Particle size (Hydrodynamic diameter, Polydispersity Zeta potential Maximum wavelength of the plasmon peak
nm) index (mV) (nm)
AuNP 20.9+/-1.2 0.406+/-0.14 —26.8+/-4.2 517
AuNP/NCL- 55.4+/-1.7 0.48+/-0.16 —40.24/-1.5 520
APT

2.10. MCF7 cell culture

The MCF-7 human breast cancer cell line was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA).
MCF-7 cells were cultured in RPMI 1640 medium supplemented with 10 % (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, 100
mg/mL streptomycin, and 2 mM r-Glutamine, and maintained in a humidified 5 % CO; incubator (Memmert, Germany) at 37 °C. The
cells were sub-cultivated approximately every 3 days, after reaching 90 % confluence, at a ratio of 1:5 using 0.05 % (w/v) trypsin-
EDTA.

2.11. Flow cytometry of cellular uptake and aptamer density

MCF-7 cells were cultured at 5 x 10° seeding density in 6-well plates for 24 h to reach 70-80 % confluency before treatment. MCF-
7 cells were treated with AuNP/Alexa-NCL-APT suspensions (30 nM in particles) for 4 h in a humidified 5 % CO, incubator at 37 °C.
Cells were then washed three times with PBS, harvested using trypsin-EDTA, and transferred into 5 mL flow tubes for flow cytometry
analysis. Around 10,000 events were counted using FACS Canto II (BD, USA) and analyzed using BD FACSDiva™ software version 8.0
(BD, USA). Cells treated with free AuNPor free AS1411 aptamer were used as negative control [57,58].

2.12. Confocal laser scanning microscopy analysis (CLSM)

MCF-7 cells were cultured at 5 x 10° seeding density on glass coverslips in 6-well plates for 24 h to reach 70-80 % confluency
before treatment. Then, they were incubated with AuNP/Alexa-NCL-Apt suspensions (40 nM NCL-Apt) for 4 h in a humidified 5 % CO,
incubator at 37 °C.Next, cells were fixed in 4 % formaldehyde for 20 min at room temperature in the dark, washed three times with
PBS, and stained with the nuclear stain DAPI diluted in PBS at 1: 1500 for 15 min at room temperature in the dark. Finally, the
coverslips were mounted on glass slides usinga fluorescent mounting medium (Dako Omnis). Confocal images were obtained by LSM
780 (Zeiss, Germany) using Plan-Apochromat 63x /1.4 Oil DIC M27 object and lasers 405 nm, 514 nm, and 633 nm for excitation of
DAPI and Alexa-Fluor 647, respectively. The ranges of the detector’s emission signals were 410-525 nm for DAPI and 637-755 nm for
Alexa-Fluor 647 [58]. Untreated cells were used as a negative control.

2.13. Quantitative real-time PCR (qRT-PCR)

For gene expression analysis, MCF- 7 cells at 5 x 10° seeding density were treated for 24 h with 50 pL AuNP/NCL-APT (1:50 M
ratio) before and after freeze-drying. Total RNA was extracted from cells using a mini-RNeasy kit according to the manufacturer’s
instructions and quantified by Nanodrop (Thermofisher, USA). A total of 0.5 pg RNA was reverse transcribed to cDNA using Prime-
Script RT Master Mix. The qRT-PCR reaction mix was prepared by adding 25 ng cDNA, 200 nM primers targeting bcl-2 or GAPDH
genes, 7.2 L free nuclease water, and 10 pL SYBR Premix Ex Taqll. The gene amplification was performed on CFX96C1000 Touch
thermal cycler (BioRad, USA) with the following temperature setting:(i) 95°Cfor 3 min, (ii) 40cyclesof 95 °C for 5 s and 61 °C for 30 s.
Each sample was examined in triplicate and a mean cycle threshold (CT) value was calculated for bcl-2 and GAPDH genes. Delta CT
(ACT) was calculated by subtracting housekeeping gene (GAPDH) mean CT from bcl-2 gene mean CT for each sample. AACT was
determined by subtracting average ACT of test sample from that of negative control sample. Finally, data were analyzed according to 2
—AACT ethod using CFX Maestro™ Software-Bio-Rad [59]. Untreated and cells treated with free APT or AuNP were used as a negative
control.

3. Results and discussion
3.1. AuNP/NCL-APT preparation and characterization

Citrate-capped AuNPs (Cit-AuNPs) were prepared using the wet chemistry method that utilizes citrate anions as reducing and
capping agents. The resulting Cit-AuNP had a core diameter of 18 nm, as confirmed by TEM analysis (Fig. 1A (top)). The surface of
these nanoparticles is covered with citrate anions that are physically adsorbed to the gold surface, as evident from the zeta potential
measurements shown in Table 1. The thiol-modified NCL-APT was conjugated to AuNPs through a gold-sulfur (Au-S) coordination
bond that displaces the weakly adsorbed citrate anion as sketched in Fig. 1B. The morphology of nanoparticles is of ultimate signif-
icance to detect possible fusion or aggregation, thus TEM was utilized to evaluate the size and morphological features of the conju-
gates. As shown in Fig. 1A (bottom), the AuNPs/NCL-APT formulation demonstrates a homogeneous population of well-defined
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Fig. 2. Assesment of the colloidal stability and cellular uptake of AuNP/NCL-APT conjugates. (A) Absorption spectra and absorption peak and
(B) The visual observation of AuNPs conjugated to different concentrations of NCL-APT, and (C) Mean Fluorescent Intensity (MFI) for Alexa-Flour
647 obtained from flow cytometry analysis after treatment of MCF-7 cells with AuNP (30 nM) conjugated to Alexa-NCL-APT at different concen-
trations (10, 25, 50, 100 nM). The values represent mean + SD of 3 independent experiments.

Table 2

The Characterization of AuNP (30 nM) conjugated to NCL-APT at different concentrations (10, 25, 50, 100 nM). Values represent the mean + SD of 3
independent experiment.

Formulation Particle size (d.nm) Polydispersity index (PDI) Zeta potential (mV) Maximum wavelength of the plasmon peak (nm)
AuNP (30 nM) control 28.34/-6.6 0.37+/-0.01 —27.2+/-2.8 517
AuNP/NCL-APT (1:10) nM 43.64+/-9.3 0.44+/-0.06 -36.7+/-3.1 519
AuNP/NCL-APT (1:25) nM 40.2+/-11.9 0.35+/-0.03 —33.24+/-8.1 519
AuNP/NCL-APT (1:50) nM 47.1+/-5.9 0.36+/-0.02 —40.2+/-1.7 520
AuNP/NCL-APT (1:100) n M 36.6+/-9.1 0.45+/-0.16 -30.1+/-2.1 520

spherical nanoparticles with no significant increase in size. Additionally, Cit-AuNPs displayed an absorption peak at 517 nm (Fig. 1C),
which agrees with the measured size by TEM [53], and upon aptamer conjugation, this absorption peak was shifted to 520 nm with no
significant broadening or appearance of secondary peaks confirming the colloidal stability of AuNPs during the conjugation reaction
(Fig. 1C). Moreover, no visual aggregation or color change was observed upon conjugation, as shown in Fig. 1D. DLS measurements of
the prepared AuNP/NCL-APT are reported in Table 1 and indicate an increase in the hydrodynamic diameter of AuNP from 20.9 nm to
55.4 nm, confirming the conjugation of thiolated aptamers. This is further confirmed by the increase in zeta potential of AuNPs upon
conjugation from —26.8 + 4.2 mV to —40.2 + 1.5 mV, considering that aptamers are strong anionic polyelectrolytes. All of these
observations confirmed the successful conjugation of AS1411 aptamer at the surface of AuNP. Our findings are in good agreement with
previous studies by Lopes-Nunes et al., 2021 [60], Zhanget al., 2020 [35]; and Ron and Rubinstein, 1998 [61] which suggested that
gold nanoparticle can be functionalized with thiolated aptamers through Au-S bonds. Indeed, thiols directly react with the gold surface
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Fig. 3. (A) Photographs of AuNP and AuNP/NCL-APT before lyophilization (upper panel), after lyophilization (middle panel), and after recon-
stitution with water (bottom panel). Lyophilization was carried out in the absence or presence of different cryoprotectants as labeled. (B) Absorption
spectra and absorption peak of AuNP and AuNP/NCL-APT before lyophilization in the absence and presence of different cryoprotectants, and (C)
after Lyophilization and reconstitution with water.
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Table 3
The Characterization of AuNPupon lyophilization in the presence of different cryoprotectants. Values represent the mean + SD of 3 independent
experiments.

Formulation Particle size (d. Polydispersity index Zeta potential Maximum wavelength of the plasmon peak
nm) (PDI) (mV) (nm)
AuNPcontrol 30.7+/-9.7 0.41+/-0.05 —29.3+/-3.1 516
AuNP/NCL-APT 52.54/-10.5 0.46+/-0.06 —38.5+/-7.7 519
AuNP/NCL-APT + 10 % Sucrose 67.4+/-5.4 0.43+/-0.08 —26.1+/-4.4 519
AuNP/NCL-APT + 10 % 57.8+/-2.4 0.46-+/-0.06 —21.1+/-2.1 521
Trehalose
AuNP/NCL-APT + 10 % Mannitol ~ 90.4+/-4.1 0.42+4/-0.12 —29.94/-2.2 520

to form strong binding energy Au-S bonds, which are widely used in the conjugation of therapeutics, dyes, and nucleic acids to AuNPs
[62-64].

To determine the number of NCL-APTs conjugated to each AuNP, a fluorescent ssDNA-binding dye method was used as described in
methods. A standard curve was first generated using the recommended standards (400, 200, 100, 50, 25, 12.5, 6.25 ng/well) (Fig. 1E).
We found that NCL-APT concentration in AuNP/NCL-APT sample was 12.5 ng/mL, indicating there are approximately 3 NCL-APTs per
AuNP. This number represents the possible number of hybridization sites for the aptamer and is consistent with literature values for
oligonucleotide coating on various sizes of AuNPs. Furthermore, the measured size of the functionalized conjugates is within the
expected size contribution of the added oligonucleotides [57].

To determine the maximum capacity of NCL-APTs that can be attached to a single AuNP, we combined a consistent concentration of
AuNP (30 nM) with varying concentrations of NCL-APT (10, 25, 50, 100 nM). Subsequently, we evaluated both the colloidal stability
and cellular uptake of the resulting conjugates. The colloidal stability assessment indicated excellent stability in the range of 10-100
nM, demonstrated by the absence of significant broadening or secondary plasmonic peaks in UV-vis spectra (Fig. 2A) and maintained
red color (Fig. 2B), suggesting no aggregation. Hydrodynamic diameter measurements by DLS (Table 2) confirmed this, showing a
slight increase from 28 nm for citrate-capped AuNP to about 37-47 nm for NCL-APT. Negative surface charges of all NCL-APT at
neutral pH were consistent with expectations (Table 2). Overall, mixing AuNP with NCL-APT up to a 3:10 M ratio resulted in a stable
colloid suspension without signs of aggregation, suitable for subsequent purification, characterization, and cellular uptake evaluation.

The cellular uptake of AuNP significantly increased upon conjugation with Alexa-NCL-APT, as shown in Fig. 2C, with at least a six-
fold increase observed for the lowest NCL-APT concentration. This observation aligns with similar findings that reported enhanced
cellular uptake of AuNP upon binding to the AS1411 G-quadruplex [42]. Notably, the observed increase reached plateau for
AuNP/Alexa-NCL-APT prepared at a 1:50 M ratio, indicating a maximum saturation of Alexa-NCL-APT on the AuNP surface. Cellular
uptake for AuNP prepared by mixing with Alexa-NCL-APT at either a 1:50 or 1:100 M ratios was statistically equivalent, as depicted in
Fig. 2C. Based on these results, a 1:50 M ratio was deemed optimal for maximum aptamer density on AuNP, guiding our choice for all
subsequent conjugation reactions. Consequently, we focused on evaluating AuNP/NCL-APT prepared at a 1:50 M ratio for further
investigations concerning lyophilization and the impact of various cryoprotectants.

3.2. Freeze-drying (lyophilization)

The major goal of this work was to optimize a lyophilization protocol for the prepared AuNP/NCL-APT. Specifically, we aimed to
evaluate the colloidal stability and biological activity of AuNP/NCL-APT upon lyophilization in the absence or presence of commonly
used cryoprotectants such as mannitol, sucrose, and trehalose. A cryoprotectant concentration of 10 % w/v was considered and used to
compare the protective action of all evaluated cryoprotectants, as this concentration is commonly used in lyophilization of thera-
peutics and nanoparticles [46]. The results showed no color change and no noticeable aggregation upon adding all evaluated cryo-
protectants to the AuNP/NCL-APT suspensions, ensuring excellent physical compatibility with AuNP, as shown in Fig. 3A (upper
panel) and Fig. 3B. Upon lyophilization, AuNP in vials without cryoprotectants aggregated into very small dried pellets, visually
observed and depicted in the empty vials in Fig. 3A (middle panel). However, vials with cryoprotectants exhibited solid lyophilizate
with a white-creamy color in the case of mannitol and a reddish color in the cases of sucrose and trehalose (Fig. 3A, middle panel).
Upon reconstituting these lyophilizates, a blue suspension indicating nanoparticle aggregation was observed in the case of mannitol
(Fig. 3A, lower panel). This observation is substantiated by the pronounced broadening seen in the UV-Vis spectrum of the resulting
suspension, depicted in Fig. 3C. In the cases of sucrose and trehalose, reddish suspensions were observed (Fig. 3A, lower panel),
accompanied by UV-Vis spectra without significant broadening, as illustrated in Fig. 3C. The observed aggregation or maintained
colloidal stability of AuNP/NCL-APT in the absence or presence of various cryoprotectants was further confirmed using DLS mea-
surements, as illustrated in Table 3. The hydrodynamic diameter marginally increased (from 52.5 nm to 57.8 or 67.4 nm) in the
presence of sucrose or trehalose, respectively, while it significantly increased (from 52.5 nm to 90.4 nm) in the case of mannitol.
Collectively, our results indicate severe aggregation of AuNP in the absence of cryoprotectants. Interestingly, functionalization of
AuNP with AuNP/NCL did not alleviate the issue, as we observed similar aggregation and resistance to suspension for AuNP/NCL-APT
as well. However, the addition of 10 % mannitol was not sufficient to prevent the observed aggregation completely, and indeed, the
resulting lyophilized-reconstituted AuNP/NCL-APT showed significant aggregation. The presence of sucrose or trehalose provided the
best protection against aggregation upon lyophilization. Our results are in good agreement with our previouse work where it was found
that cryoprotectants were essential in preventing aggregation of citrate-capped or monoclonal antibodies-functionalized AuNP, with
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Fig. 4. (A) Photographs of AuNP and AuNP/NCL-APT before lyophilization (upper panel), after lyophilization (middle panel), and after recon-
stitution with water (bottom panel). Lyophilization was carried out in the absence or presence of different concentrations of Sucrose. (B and C)
Absorption spectra and absorption peak of AuNP and AuNP/NCL-APT in the absence and presence of different precents of Sucrose before lyoph-
ilization and fter lyophilization and reconstitution with water, respectively.

mannitol to offer less protection compared to either sucrose or trehalose [46,47].

Mannitol typically crystallizes in frozen aqueous solutions, displaying a eutectic crystallization exotherm at —22.8 °C. This
behavior may contribute to its weak cryoprotective effect, as the formed crystals impose mechanical stress on AuNP surfaces [46].
Studies suggest that the cryoprotective effect of various agents is linked to their ability to form hydrogen bonds with nanoparticles
[65]. Mannitol, forming intramolecular hydrogen bonds, exhibits a lower tendency to form hydrogen bonds with citrate-capped AuNP
or AuNP/NCL-APT, resulting in a diminished protective effect. The intramolecular hydrogen bonds that mannitol forms, at the expense
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Table 4
The Characterization of AuNP and AuNP/NCL-APT before lyophilization in the presence of different levels of sucrose. Values represent the mean + SD
of 3 independent experiments.

Formulation Particle size (d. Polydispersity index Zeta potential (mV) ~ Maximum wavelength of the plasmon peak
nm) (PDD) (nm)
AuNP (30 nM) control 26.4+/-5.1 0.59+/-0.06 —28.6+/-0.74 517
AuNP/NCL-APT (50:1) 59.14+/-6.1 0.46+/-0.07 —36.8+/-2.4 520
AuNP/NCL-APT + 10 % Sucrose  63.8+/-2.8 0.43+/-0.16 —23.1+/-0.61 520
AuNP/NCL-APT + 5 % Sucrose 73.7+/-4.5 0.56+/-0.21 —25.7+/-7.1 522
AuNP/NCL-APT + 2.5 % 83.1+/-8.9 0.51+4/-0.07 —20.7+/-1.7 521
Sucrose
Table 5

The Characterization of AuNP/NCL-APT after lyophilization in the presence of different precents of Sucrose. Values represent the mean + SD of 3
independent experiments.

Formulation Particle size (d. Polydispersity index Zeta potential (mV) ~ Maximum wavelength of the plasmon peak
nm) (PDI) (nm)
AuNP/NCL-APT + 10 % Sucrose  71.4+/-6.8 0.37+/-0.23 —26.6+/-3.2 521
AuNP/NCL-APT + 5 % Sucrose 75.24+/-5.5 0.21+/-0.03 —32.7+/-3.2 523
AuNP/NCL-APT + 2.5 % 87.3+/-1.8 0.48+/-0.03 —-30.7+/-4.9 528
Sucrose

of solute-water hydrogen bonds, explain its lower aqueous solubility compared to sucrose or trehalose [66].

Our findings demonstrate that both sucrose and trehalose effectively prevent aggregation during the lyophilization of AuNP/NCL-
APT. Considering the widespread availability and cost-effectiveness of sucrose in typical laboratories compared to trehalose, we
proceeded to optimize the amount of sucrose in our formulation. The aim was to identify the minimum quantity necessary to prevent
aggregation during the lyophilization process. The results showed that all sucrose levels (2.5-10 % w/w) formed a pale red cake
structure after lyophilization (Fig. 4A, middle panel) and red suspension upon reconstitution with water (Fig. 4A, bottom panel),
confirming the protective action of sucrose at all evaluated concentrations (Fig. 4A). UVvis spectrum before and after lyophiliztion
(Fig. 4B and C, respectively) supports this observed protective effect as no sever broadening is observed even at the lowest sucrose
level. Furthermore, The observed protective effects or maintained colloidal stability of sucrose against the aggregation of AuNP/NCL-
APT upon lyophilization was further confirmed using DLS measurements, as illustrated in Table 4 and Table 5.

3.3. Cellular and functional analyses of AuNP/NCL-APT before and after lyophilization with 10 % sucrose

Subsequent to investigating the colloidal stability of AuNP/NCL-APT after lyophilization and optimizing the type and level of
cryoprotectants, our objective was to assess the selective cellular uptake of AuNP/NCL-APT, both pre- and post-lyophilization. We
employed the MCF-7 cell line, chosen for its established overexpression of NCL receptors [67]. The cellular uptake was investigated by
flow cytometry analysis after 24 h of treatment, which reflected the recovery of the fluorescent signal obtained from Alexa fluor
647-labeled aptamer internalization into the cells. Untreated cells and cells treated with free AuNPs served as negative control, while
free Alexa fluor 647 served as positive control. The results revealed a successful uptake of AuNP/NCL-APT conjugates by MCF-7 cells as
compared to untreated cells or cells treated with free AuNP (P < 0.05), and that there was no significant difference in internalization
between lyophilized and non-lyophilized conjugates (P = 0.33) (Fig. 5A). This indicates retaining the colloidal stability of
AuNP/NCL-APT upon lyophilization in the presence of sucrose. These results are consistent with a previous study by Malik et al., 2015
[16] in which AS1411- linked gold nanospheres had a superior cellular uptake and showed selectivity for cancer cells compared to
non-malignant cells in a mouse model of breast cancer.

Specific uptake of NCL-APT by MCF-7 cells and its accumulation in the perinuclear region of the cytoplasm has been documented
[68], thus, CLSM was performed to evaluate the cellular uptake, accumulation, and localization of lyophilized and non-lyophilized
AuNP/NCL-APT conjugates. Confocal microscopy images demonstrated a specific accumulation of free NCL-APT and
AuNP/NCL-APT conjugates around the nuclei of MCF-7 cells compared to free AuNP (Fig. 5B), which confirmed our flow cytometry
results (Fig. 5A) and illustrated a successful targeting and an enhanced tumor affinity of AuNP upon conjugation to NCL-APT. This is
consistent with a previous study by Zhu et al., 2017 [69], in which AuNP/NCL-APT exhibited an improved biostability, and the synergy
of multivalent NCL-APT-nucleolin binding promoted accumulation of the nanocomposite towards cancer cells and subsequent
internalization, resulting in a highly specific cancer cell-targeting under low AuNP/NCL-APT concentration range.

To evaluate the biological effect of AuNP/NCL-APT before and after lyophilization, QqRT-PCR was performed to determine Bcl-2
gene expression; a gene which mRNA life span is known to increase by its interaction with nucleolin [70]. Subsequntly, successful
targeting of nucleolin by AuNP/NCL-APT should result in reduced gene expression of Bcl-2. As shown in Fig. 5C, cell treatment with
free AUNP and free NCL-APT stimulated a non significant ~2 folds and 1 fold decrease in Bcl-2 expression, respectively, compared to
untreated cells. Consistently, a previous study showed that free AuNP at up to 200 pg/mL exerted a concentration-dependent cyto-
toxicity and a significant downregulation of Bcl-2 in MCF-7 cells [71].
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Fig. 5. Cellular and functional analysis of AuNP/NCL-APT upon lyophilization. (A) Mean Fluorescent Intensity (MFI) of Alexa-Flour 647 for
AuNP/NCL-APT before and after lyophilization with 10 % sucrose obtained from flow cytometry analysis of treated MCF-7 cells. Values represent
mean + SD of 3 independent experiments (P > 0.05). (B) Confocal images of MCF-7 cells. Cell nuclei are depicted in blue and AS1411 is depicted in
red. 1) Cells treated with non-lyophilized AuNP/NCL -APT, 2) Cells treated with lyophilized AuNP/NLC -APT, 3) Cells treated with free NCL-APT.4)
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Cells treated with free AuNP, and 5) Untreated cells. (C) Q-RT-PCR analysis of Bcl-2 expression in MCF-7 cells treated with non-lyophilized or
lyophilized AuNP/NCL-APT, free NCL-APT, and free AuNP, as compared to untreated cells. Data represent Mean + SD of 3 independent experi-
ments, P < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. (continued).

On the other hand, both non-lyophilized and lyophilized AuNP/NCL-APT equally induced a 2-fold decrease in Bcl-2 gene
expression, as compared to untreated control cells and free NCL-APT (P < 0.05) (Fig. 5C). These results support the findings by
Soundararajan et al., 2008 [68], which suggested that NCL-APT performs as a molecular decoy by competing with Bcl-2 mRNA for
binding to cytoplasmic nucleolin in breast cancer cells, causing destabilization of Bcl-2 mRNA [72]. Additionally, our results indicate
that conjugation of NCL-APT to AuNP enhanced aptamer targeting of nucleolin.

4. Conclusion

In the current study, AuNP were successfully synthesized with size and plasmon properties that can be described as suitable
candidates for biomedical applications. Moreover, an optimized bioconjugation protocol of NCL-APT to AuNP was developed. The
created conjugates may serve as a clinically relevant model for bio-conjugated nanoparticles for different biomedical applications, and
the model was systemically evaluated for colloidal stability and biological activity upon lyophilization in the absence and presence of
trehalos, manitose, and sucrose cryoprotectants. Consequently, AuNP/NCL-APT demonstrated irreversible aggregation in the absence
of cryoprotectants, but 10 % (w/w) sucrose proved to be the best excipient to maintain AuNP colloidal stability. AuNP nano delivery to
MCF-7 cells was enhanced by NCL-APT, as confirmed via flow cytometry, CLSM analysis, and Q-RT-PCR analysis of Bcl-2 gene
expression assay. Ultimately, this study is essential for future preclinical examinations and opens new insights into cancer treatment
and diagnosis regimens.
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