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Although nanotechnologies have attractive attributes in cancer therapy, their full potential has yet to be
realized due to challenges in their translation to clinical settings. The evaluation of cancer nanomedicine
efficacy in preclinical in vivo studies is limited to tumor size and animal survival metrics, which do not
provide adequate understanding of the nanomedicine’'s mechanism of action. To address this, we have
developed an integrated pipeline called nanoSimoa that combines an ultrasensitive protein detection
technique (Simoa) with cancer nanomedicine. As a proof-of concept, we assessed the therapeutic
efficacy of an ultrasound-responsive mesoporous silica nanoparticle (MSN) drug delivery system on
OVCAR-3 ovarian cancer cells using CCK-8 assays to evaluate cell viability and Simoa assays to measure
IL-6 protein levels. The results demonstrated significant reductions in both IL-6 levels and cell viability
following nanomedicine treatment. In addition, a Ras Simoa assay (limit of detection: 0.12 pM) was
developed to detect and quantify Ras protein levels in OVCAR-3 cells, which are undetectable by
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Accepted 7th May 2023 commercial enzyme-linked immunosorbent assays (ELISA). These results suggest that nanoSimoa has
the potential to guide the development of cancer nanomedicines and predict their behavior in vivo,
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Open Access Article. Published on 15 May 2023. Downloaded on 6/14/2026 5:34:33 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances its generalizability is confirmed.

Cancer nanomedicine has experienced significant growth in
recent years, with over 300 trials listed on
www.Clinicaltrials.gov for cancer and nanoparticles as of 2022.
However, the low success rate of cancer nanomedicine in
clinical trials highlights the need for more rigorous preclinical
evaluation.* Currently, preclinical in vivo studies primarily rely
on tumor size and animal survival metrics to evaluate the
efficacy of cancer nanomedicines, which may not provide
sufficient insight into the mechanism of action of these
nanomedicines.>™* In vitro testing should be conducted to
evaluate nanomedicines before proceeding to animal studies.
The development of in vitro and in vivo data correlation
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1 Electronic supplementary information (ESI) available: Additional experimental
data were included: synthesis of ultrasound-responsive PEGylated mesoporous
silica nanoparticles (MSN-PEG) (Scheme S1); size distribution of mesoporous
silica nanoparticle (MSN) calculated from TEM images (Fig. S1); TEM image of
MSN-PEG after ultrasound treatment and heating at 50 °C for 30 min (Fig. S2);
fluorescence microscope images of OVCAR-3 cells after 4 h treatment of 75 pg
mL~" TOP-MSN-PEG with and without an additional 20 h of incubation
(Fig. S3); cytotoxicity of the cells incubated with the supernatant obtained from
ultrasound-stimulated ~TOP-loaded MSN-PEG solution (Fig. S4); N,
adsorption/desorption characterization (Table S1); summary of temperature
increase of the cell supernatant and the cell viability post ultrasound treatments
with  various  ultrasound  parameters (Table S2). See  DOIL
https://doi.org/10.1039/d3ra02092d
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(IVIVC) tools may improve the clinical success rate of
nanomedicines.>®

Liquid biopsy is a non-invasive method that has revolu-
tionized oncology in the past decade by offering ease in tumor
sampling and continuous monitoring of cancer by repeated
sampling. The analysis of tumor-derived biomarkers such as
proteins,” small molecules, circulating tumor cells,*® circu-
lating tumor DNA (ctDNA),'*** and tumor extracellular vesicles
(tEVs)'>™* present in biofluids provides insight into endpoint
biology that genes alone cannot provide. Proteins have proven
to be valuable biomarkers as they often play crucial roles in the
development and progression of diseases and are frequently
targeted by therapeutic treatments. Targeted proteomics in
combination with genome and transcriptome sequencing
allows clinicians to develop personalized treatment plans
tailored to an individual's specific medical condition, leading to
more effective treatments.’>'® Identification of protein
biomarkers associated with tumor drug resistance or sensitivity
to chemotherapy or immunotherapy is now being used to
predict the most appropriate treatment options.'”” However,
developing predictive tests for the in vivo efficacies of nano-
materials remains a challenge, due to a limited understanding
of biomolecular interactions with these materials, as well as
individual differences among patients.”

The enzyme-linked immunosorbent assay (ELISA)* is the
most commonly used protein detection method, with a sensi-
tivity range of approximately picomolar.” However, because
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protein baseline levels can vary among patients, a more precise
method for assessing immune responses and physiological
changes at an early stage would be to monitor changes in
protein levels relative to each individual's baseline.*® Unfortu-
nately, many proteins circulate in biofluids at concentrations as
low as femtomolar and even attomolar, which cannot be
detected using ELISA." While mass spectrometry is another
common protein detection method, it has limitations such as
not being inherently quantitative, requiring extensive sample
preparation, and only providing limited information about the
intact protein.*® Additionally, due to the low amounts of
secreted proteins by tumor cells, a large number of cells,
ranging from 10® to 10°, are necessary to obtain adequate
material for successful protein analysis using mass spectrom-
etry.' Therefore, there is an urgent need for a highly sensitive
and high-resolution protein detection method that can accu-
rately detect absolute changes in protein levels. This method
would be critical for assessing cancer treatment efficacy,
monitoring disease progression, and personalizing therapeutic
regimens.

The Single-molecule array (Simoa) platform, also known as
digital ELISA, is a highly advanced technology that can detect
low abundance proteins at extremely low concentrations (sub-
femtomolar range, and in some cases, 10~ "° M).>>* It uses
a sandwich ELISA approach and is based on the selectivity of
a pair of antibodies to quantify analytes. This reaction takes
place on beads so that the signal from a single binding event
can be imaged.” Simoa offers unparalleled analytical sensi-
tivity, precision, and accuracy, enabling reliable measurements
of biomarkers at both low and high concentrations.”?” Compared
to ELISA, Simoa can detect cytokines at much lower concen-
trations, spanning four orders of magnitude with a wide
dynamic range for serological characterization from early to late
disease stages. Simoa requires only small sample volumes,
facilitating widespread testing with finger prick or dried blood
spot sample collection.”® Additionally, it is highly versatile, cost-
effective, and reproducible, making it suitable for use in
academic, industrial, and medical laboratories. Furthermore,
Simoa is high-throughput, rapid, and multiplexed, allowing for
efficient evaluation of multiple analytes.>*?>*

Mesoporous silica nanoparticles (MSN) possess unique
properties, including a large pore volume and high surface area
for efficient cargo loading and delivery, biocompatibility, high
cellular internalization efficiency, and ease of surface func-
tionalization, making them a promising drug delivery
system.””*' In a previous study, we developed an ultrasound-
responsive drug delivery system based on MSN that enabled
controlled release of drugs with precise dose, timing, and
location.” The system incorporated gadopentetate dimeglu-
mine (Gd(DTPA)*"), a gadolinium-based magnetic resonance
imaging (MRI) contrast agent, as an imageable cargo, and
delivered the cargo at predetermined conditions.? Ultrasound
stimulation induced drug release, while mild hyperthermia
induced by ultrasound enhanced chemotherapy efficacy by
improving drug delivery to tumor tissue.**** This drug delivery
system holds great potential for precision medicine and cancer
therapy.
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In this study, we used the MSN-based drug delivery system
developed previously,” but modified it with an ultrasound-
responsive moiety to release topotecan (TOP), a water-soluble
drug used to treat various cancers,*?® including ovarian
cancer cells. To accurately quantify and profile protein
biomarkers from cancer cells, we developed a novel pipeline
called nanoSimoa, which integrates the Simoa protein detection
platform with cancer nanomedicine (Scheme 1). This pipeline
enables the precise detection of low-abundance biomarkers and
high-resolution profiling of biomarkers without extensive
sample enrichment and purification. This allows for the
detection of even small changes in biological responses,
making it possible to monitor early-stage responses of tumor
cells to anti-tumor drugs and detect disease early. Additionally,
multiplexed Simoa assays allow for efficient evaluation of
multiple cancer nanomedicines,*® with potential applications in
vaccine development, adjuvant screening, and immunotherapy.
To our knowledge, nanoSimoa is the first integrated pipeline of
cancer nanomedicine and Simoa, representing a significant
advancement in analyzing the biological interfaces of nano-
particles. It also offers the potential for predictive tests to guide
nanomaterial design and enable precision nanomedicine.

Results and discussion
Design of ultrasound-responsive drug delivery system

To demonstrate the feasibility of the nanoSimoa pipeline, we
employed a pre-existing mesoporous silica nanoparticle (MSN)-
based drug delivery system.** The MSN served as drug carriers
and were synthesized through a sol-gel reaction, as previously
described in our publication.” The obtained nanoparticles had
a diameter of 95.4 & 10.1 nm (Fig. S17) and possessed an MCM-
41 type structure (Fig. 1a). To enable the loading of topotecan
(TOP) in the pores of MSN and conjugation of dicarboxylic acid-
terminated PEG (HOOC-PEG-COOH) (average M,, = 2000 Da) on
the surface of MSN, the inner and outer surfaces of MSN were
functionalized with amine groups by post-grafting the silica
surface with (3-aminopropyl)triethoxysilane (APTS) (designated
as MSN-APTS) (Scheme S1f). The TOP molecule becomes
negatively charged at physiological pH, as its lactone moiety
undergoes a reversible pH-dependent conversion to a carboxyl-
ated open-ring form. Those positively charged amine groups on
the inner surfaces of MSN would increase the loading amount
of TOP molecules through electrostatic interactions. On the
outer surface, HOOC-PEG-COOH was conjugated to the amine
groups by a standard 1-ethyl-3-(3-diethylaminopropyl) carbo-
diimide  hydrochloride (EDC-HCI) and  N-hydrox-
ysulfosuccinimide sodium salt (sulfo-NHS) coupling reaction
through amide bond formation (designated as MSN-PEG)
(Scheme S1%). From transmission electron microscopy (TEM)
images, it was observed that amine functionalization and
PEGylation did not change the morphology of mesoporous
structures of the nanoparticles (Fig. 1a). Confirmation of amine
functionalization and PEGylation of MSN was achieved through
zeta potential (Fig. 1b) and dynamic light scattering (DLS)
measurements (Fig. 1c) after each functionalization step. MSNs
exhibited a characteristic zeta potential of —22.1 mV in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1l Scheme of the nanoSimoa pipeline, which integrates cancer nanomedicine to treat cancer cells and single molecule-array (Simoa) to
profile protein level changes in response to the nanomedicine. Specifically, PEGylated mesoporous silica nanoparticles (MSN-PEG) carrying
topotecan (TOP), a water-soluble drug used to treat various cancers, are utilized in this study. The nanoparticles are ultrasound-responsive, and
their release of TOP molecules is triggered by ultrasound stimulation inside cancer cells. To evaluate the cellular responses to the nanomedicine,
cell viability is measured, and Simoa assays are used to profile protein biomarkers. If the results are unsatisfactory, we will redesign the nano-
medicine and repeat the nanoSimoa pipeline. Moreover, nanoSimoa can assess multiple nanomedicines in parallel.

deionized H,O at pH 7, which shifted to +25.5 mV after APTS
modification (Fig. 1b). Upon PEGylation, the zeta potential
decreased to +9.7 mV due to the screening of charges by the
newly formed amide bonds. The observed increase in DLS size
of MSN (191.4 + 7.1 nm), MSN-APTS (221.1 + 4.5 nm), and MSN-
PEG (310.2 + 5.8 nm) in deionized H,O provided further
evidence of successful amine functionalization and PEGylation
(Fig. 1c). Additionally, the effectiveness of PEGylation in
improving the colloidal stability of the nanoparticles was
examined in phosphate-buffered saline (PBS) (pH 7.4). MSN-
APTS showed significant aggregation in PBS, resulting in
a much larger particle size (812.1 & 12.8 nm) than that observed
in H,0. However, PEGylation led to similar particle sizes in both
solvents, indicating improved colloidal stability (Fig. 1c). This
improvement may be due to the steric repulsion provided by
PEG, which blocks surface contact between nanoparticles and
prevents their aggregation. The total grafting amounts of APTS
and PEG on the surface of MSN were found to be 22% of the
total mass based on thermogravimetric analysis (TGA) (Fig. 1d).

© 2023 The Author(s). Published by the Royal Society of Chemistry

The functional groups on the surface of MSNs were character-
ized by Fourier transform-infrared spectroscopy (FT-IR) within
the range of 4000-400 cm " (Fig. 1e). The appearance of new
absorption peaks at v = 1546 cm ™' (amide II) and » = 2922 cm ™'
(C-H stretching) in the FT-IR spectra of MSNs-PEG confirmed
the successful PEGylation of the MSNs. From the N, adsorp-
tion-desorption isotherms of MSN and MSN-PEG (Fig. 1f),
compared with as-synthesized MSN, which exhibited a Bru-
nauer-Emmett-Teller (BET) surface area of 1123 m”> g~ ', a pore
volume of 1.21 cc g ' in pore volume, and an average pore
diameter of 2.4 nm, MSN-PEG demonstrated a reduction in BET
surface area (142 m”> g~ ') and total pore volume (0.32 cc g~ ")
(Table S17). These reductions can be attributed to the surface
coverage of the nanoparticles and the blockage of the pore
openings that occurred after the sequential grafting of APTS
and PEG.

The loading of TOP was accomplished by immersing 3 mg of
MSN-APTS in 0.6 mL of TOP solution (2.5 mg mL ") and stirring
the mixture overnight. The TOP-loaded MSN-APTS were then

RSC Adv, 2023, 13, 14685-14697 | 14687
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Fig.1 Characterizations of MSN, MSN-APTS, and MSN-PEG. (a) TEM images of MSN (left) and MSN-PEG (right). (b) Zeta potential values and (c)
DLS size of MSN, MSN-APTS, and MSN-PEG in deionized H,O, and MSN-APTS and MSN-PEG in PBS, respectively. (d) TGA results, (e) FT-IR
spectra, and (f) N, adsorption—desorption isotherms of MSN and MSN-PEG.

conjugated with HOOC-PEG-COOH (M,, = 2000 Da) using an
EDC/NHS coupling reaction to seal the pores. The mixture was
reacted overnight and washed thoroughly with deionized H,O
and PBS to remove excess TOP, EDC-HCI, sulfo-NHS, and PEG.
Finally, TOP-MSN-PEG was stored in 3 mL of PBS for further
studies. The amount of TOP loaded in MSN was determined by
measuring the difference in absorbance (at 267 nm) of the
initial and the recovered solutions using UV-vis spectroscopy.
The loading capacity of TOP, defined as (mass of TOP loaded in
pores/mass of MSN) x 100%, was calculated to be approxi-
mately 8%.

Validation of ultrasound-responsive drug release in tube

The ultrasound-stimulated TOP release was evaluated in a vial
triggered by a probe sonicator (VCX 130, Sonics & Materials,
Inc., Newtown, CT). The TOP-loaded MSN-PEG (designated as
TOP-MSN-PEG) was suspended in physiologically relevant PBS
(pH 7.4) and stimulated with the probe sonicator (20 kHz, power
density: 75 W em™?) for 2, 5, 10, 20, and 60 min. The TOP release
efficiency was defined as (mass of released TOP/mass of TOP
loaded in pores) x 100%. The mass of released TOP was
quantified by UV-vis spectroscopy. Increasing the sonication
time led to a higher amount of released TOP, with a release
efficiency of 41% achieved after 60 min of sonication (Fig. 2).
After incubating the drug-loaded nanoparticles in a hot
water bath at 50 °C, a significant decrease in TOP release effi-
ciency was observed. Only 13% of the TOP was released after
60 min of sonication (Fig. 2), which confirms that ultrasound
waves were responsible for uncapping the PEG-covered pores of

14688 | RSC Adv, 2023, 13, 14685-14697

MSN, and that the amount of released cargo was controllable
based on the triggering time. Our previous research showed that
besides heat, the mechanical effects of ultrasound (such as
cavitation) could rupture the PEG layer and facilitate the effi-
cient release of the entrapped cargo.”® At a molecular level,
cavitation causes small molecules (e.g., solvent molecules and
TOP) to move rapidly, generating friction, increasing strain, and
eventually leading to bond rupture.** TEM image of MSN-PEG
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Fig. 2 Ultrasound-stimulated topotecan (TOP) release using a probe
sonicator. Time-dependent release profile of TOP from MSN-PEG
after probe sonication (red), or immersed in a 50 °C (blue) water bath.
The control (black) was also included. Data are means + SD of three
independent experiments (***P < 0.001).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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after ultrasound treatment and heating at 50 °C for 30 min
(Fig. S2t) showed that the mesoporous structure was still intact,
suggesting that the release of TOP was primarily controlled by
the PEG gatekeeper and not the destruction of the mesoporous
silica structure.

In vitro evaluation of ultrasound-responsive drug release and
therapeutic efficacy

After fully characterizing the MSN-PEG drug delivery system and
evaluating its ultrasound-responsive TOP release capability in
a tube, the next step was to investigate its in vitro ultrasound-
responsive behavior, resulting therapeutic efficacy, and biolog-
ical responses using human ovarian carcinoma OVCAR-3 cells
as a cell model.

To assess the cytotoxicity of MSN-PEG on OVCAR-3 cells,
different nanoparticle concentrations were used to treat the
cells for 4 h, followed by overnight incubation for cell prolifer-
ation. It was observed that MSN-PEG did not exhibit any
inherent cytotoxicity to OVCAR-3 cells at both time points, even
at a high particle concentrations of up to 100 pg mL™?, as
analyzed by a CCK-8 assay (Fig. 3a). The tightness of the MSN-
PEG drug delivery system prior to ultrasound stimulation was
also examined. The drug-loaded nanoparticles exhibited
minimal cytotoxicity after 4 h of incubation, even at high
particle concentration of 100 pg mL~" (Fig. 3b). Additionally,
cell proliferation after 20 h of growth was not significantly
affected at this nanoparticle concentration, suggesting minimal
drug leakage in the biological environment at 37 °C over the test
period (Fig. 3b and S3+).

To confirm the uptake and delivery of TOP-MSN-PEG in cells,
a concentration of 75 ug mL ™' was employed for subsequent
cellular experiments. Fluorescence microscope images were
analyzed, revealing that OVCAR-3 cells treated with TOP-MSN-
PEG for 4 h exhibited significantly higher green fluorescence,
derived from TOP. This suggests that the cells had taken up the
TOP-MSN-PEG and exhibited a higher cellular uptake of TOP
compared to the control groups of cells without treatment, cells
treated with nanoparticles only, and cells treated with the drug
alone (Fig. 3c).

To ensure cell safety, we optimized the ultrasound stimula-
tion parameters in vitro. Initially, cells were allowed to attach to
the bottom of an 8-well plate overnight without exposure to
nanoparticles. We then exposed the cells to different power
densities and stimulation durations using the probe sonicator.
Our results revealed that cell viability gradually decreased with
longer exposure times at a power density of 75 W em ™~ (Fig. 3d).
We also monitored the temperature increases of the cell
supernatant post-ultrasound treatments. No significant
temperature increases were observed at a power density of 75 W
em~? and 15 s of ultrasound stimulation duration, or a power
density lower than 56.3 W cm ™2 and duration shorter than 60 s
(Table S2t). However, with ultrasound stimulation duration at
75 W ecm?, gradual temperature increases occurred. Based on
these findings, we selected a power density of 75 W ecm™2 and
a stimulation time of 30 s as the ultrasound conditions for our
in vitro drug release study.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Prior to conducting the cell study, the behavior of TOP-MSN-
PEG in RPMI medium was investigated. After subjecting the
nanoparticles to ultrasound at a power density of 75 W cm ™2,
they were divided into two groups, one incubated overnight and
the other not. Results showed that although drug release was
slower and significantly lower with brief ultrasound stimula-
tion, the release efficiency could match that of longer ultra-
sound treatments after an overnight incubation period (Fig. 4a).

Once the ultrasound conditions were optimized, the cells
were treated with the appropriate dose of TOP-MSN-PEG and
subjected to ultrasound to release the drug. The group that
received the TOP-MSN-PEG and ultrasound treatment displayed
the highest therapeutic efficacy, as evidenced by the lowest cell
viability compared to the control groups (Fig. 4b). The presence
of the drug carrier facilitated the delivery of a larger amount of
TOP to the cells, resulting in higher therapeutic efficacy than
the drug-only group (Fig. 4b). To confirm the importance of the
drug carrier, the cells were treated with supernatants obtained
from the TOP-MSN-PEG solution after ultrasound treatment.
Cells treated with the supernatant from the TOP-MSN-PEG
solution that underwent longer ultrasound stimulation dis-
played a slight reduction in cell viability, highlighting the
crucial role of the MSN-PEG drug carrier (Fig. S31).

Simoa-based quantification of IL-6 secretion from OVCAR-3
cells and correlation with therapeutic efficacy

Studies have recently emphasized the significant role of IL-6 in
tumor progression,**** particularly in ovarian carcinoma, where
elevated serum levels of IL-6 are associated with poor clinical
outcomes.”*** This study represents the first integration of
cancer nanomedicine and Simoa in a pipeline (nanoSimoa). The
aim of this research is to investigate the impact of the
ultrasound-responsive drug delivery system on IL-6 secretion
under different treatment conditions, evaluate the ability of
Simoa to quantify changes in IL-6 concentrations, and assess
the correlation between IL-6 levels quantified by Simoa and
therapeutic efficacy measured by the CCK-8 assay.

To establish a baseline level of IL-6 secretion by human
ovarian cancer cell lines, OVCAR-3 cells were seeded at varying
cell densities (10%, 10%, 10°, and 10° cells per well) in growth
medium (RPMI containing 20% fetal bovine serum (FBS) and
0.01 mg mL ™" bovine insulin) in individual wells of a 6-well
plate. After 24 hours of incubation, the cells were washed with
DPBS, and a fresh growth medium was added. Following a 48
hour incubation, the supernatants were collected and analyzed
for the presence of IL-6 using a commercially available ELISA kit
(R&D Systems). Fig. 5a illustrates that OVCAR-3 cells exhibited
a baseline level of secreted IL-6 that correlated with cell density.
However, the lowest cell seeding density did not produce
detectable levels of IL-6, possibly due to the suboptimal sensi-
tivity (about 1-10 pg mL ') of the ELISA kit used.

To evaluate the Simoa platform's ability to measure the
baseline level of secreted IL-6, an IL-6 Simoa assay with a three-
step format was developed using the HD-X analyzer (Quanterix).
The cell culture supernatant was diluted in Homebrew Detector/
Sample Diluent, and a biotinylated anti-IL-6 antibody and

RSC Adv, 2023, 13, 14685-14697 | 14689
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(a) Optimization of ultrasound-responsive drug delivery system for cell study. OVCAR-3 cells were treated with (a) MSN-PEG or (b) TOP-

MSN-PEG at different nanoparticle concentrations for 4 h with and without an additional 20 h of incubation. Cell viability was measured by
a CCK-8 assay and normalized to the control without MSN-PEG treatment. Data are means + SD of three independent experiments. (c)
Fluorescence microscope images of OVCAR-3 cells after 4 h treatment with TOP-MSN-PEG. The control groups include cells treated with MSN -
PEG or TOP alone, and cells without any treatment. The panels from top to bottom show the blue-emitting nucleus stained by Hoechst 33 342,
green emission from TOP, and the merged images. (d) Optimization of ultrasound stimulation parameters for cells. The attached OVCAR-3 cells
were exposed to ultrasound at different power densities and stimulation times by a probe sonicator. The viability of the treated cells was
determined by the CCK-8 assay and normalized to the control group without ultrasound treatment. Data are means + SD of three independent

experiments. The scale bar is 20 pm.

streptavidin-B-galactosidase (SBG) concentrate were used in the
assay. System Wash Buffer 1, System Wash Buffer 2, resorufin -
p-galactopyranoside (RGP), and Simoa Sealing oil were used
according to the manufacturer's instructions.

In the first step of the assay, 25 pL of the anti-IL-6 antibody-
coupled beads were incubated with 100 pL of the diluted cell
supernatant for 15 min. The total number of beads used per
reaction was 500 000, comprising 125000 IL-6 capture beads
and 375000 helper beads. After incubation, the beads were
washed six times with System Wash Buffer 1. In the second step,
the beads were resuspended in 100 pL of biotinylated anti-IL-6
antibody and incubated for 5.25 min, followed by six wash steps
with System Wash Buffer 1. In the third step, the beads were
resuspended in 100 pL of SPG, incubated for 5.25 min, and
washed six times. Finally, the beads were resuspended in 25 pL

14690 | RSC Adv, 2023, 13, 14685-14697

of RGP and loaded into the microwell array for analysis. The
microwell array was sealed with oil and imaged in five optical
channels, and the HD-X analyzer software calculated the
Average Enzyme per Bead (AEB) values. All samples were
measured in duplicates.

The IL-6 Simoa assay was able to detect and quantify IL-6
secretion from as few as 10° seeded cells, which was not
possible with the commercial ELISA kit (Fig. 5a). The limit of
detection (LOD) of the IL-6 Simoa assay was calculated to be
0.013 pg mL ™" (0.6 fM), which was two to three orders of
magnitude more sensitive than the conventional IL-6 ELISA
assay (1-10 pg mL™"). Furthermore, a strong correlation was
observed between cell density and IL-6 baseline levels, and the
IL-6 concentrations measured by both ELISA and Simoa were
comparable, confirming the reliability of the Simoa platform.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ultrasound-stimulated TOP release in RPMI medium using a probe sonicator. (a) Time-dependent release profile of TOP from MSN-PEG
immediately (black) or after a 20 h incubation (red) post probe sonication. (b) Cell viability of OVCAR-3 cells treated with TOP-MSN-PEG, the
equivalent amount of TOP alone (positive control), MSN-PEG, and cells only (negative control), with or without ultrasound stimulation (power
density: 75 W cm?; stimulation time: 30 s). Cell viability was determined by the CCK-8 assay and normalized to the control group without any
treatment. Data are means + SD of three independent experiments (***P < 0.001).

To investigate the impact of the ultrasound-responsive drug Remarkably, only the group treated with TOP-MSN-PEG and
delivery system on IL-6 secretion levels under various treatment ultrasound stimulation showed a significant reduction in IL-6
conditions, OVCAR-3 cells were seeded at a density of 10> cells secretion, indicating that the combination of drug delivery
per well and treated with varying conditions. The cell culture and ultrasound may have a synergistic effect in reducing IL-6
supernatants were then analyzed using the IL-6 Simoa assay. levels (Fig. 5b). The lack of significant changes in IL-6 levels
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Fig. 5 Simoa-based quantification of IL-6 secretion from OVCAR-3 cells. (a) Correlation between IL-6 baseline levels of OVCAR-3 cells
measured by Simoa (solid red) or ELISA kit (dotted black) at different cell-seeded density. (b) Simoa-based quantification of IL-6 secretion from
OVCAR-3 cells treated with TOP-MSN-PEG, the equivalent amount of TOP alone (positive control), MSN-PEG, and cells only (negative control),
with or without ultrasound stimulation (power density: 75 W cm?; stimulation time: 30 s). IL-6 concentrations were measured by IL-6 Simoa
assay. Data are means + SD of two independent experiments (*P < 0.05; **P < 0.01; ***P < 0.001).
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Fig. 6 Simoa-based quantification of Ras baseline levels of OVCAR-3 cells. Calibration curves of Ras Simoa assay at different (a) Ras concen-
trations or (b) OVCAR-3 cell densities. The correlation between Ras concentrations and cell densities. Ras concentrations from Ras recombinant
proteins or cell lysates were measured by Ras Simoa assay. Data are means + SD of two independent experiments.

in the other treatment groups suggests that these treatments
did not significantly impact the IL-6 signaling pathway.
However, further experiments may be necessary to fully
understand the effects of these treatments on IL-6 secretion and
their potential therapeutic implications.

Simoa-based quantification of Ras baseline levels of OVCAR-3
cells

For years, Ras proteins encoded by HRAS, KRAS, and NRAS
genes expressed throughout the body have been recognized for
their crucial role in human cancer, with frequent mutations
occurring in cancerous cells. These proteins have been the
target of significant research efforts to develop inhibitors.****
Ras proteins not only promote cell growth and differentiation
but also induce IL-6 secretion in various cell types, facilitating
angiogenesis and tumor growth.*>*® Inhibiting IL-6 production
through knockdown, genetic ablation, or neutralizing anti-
bodies has been shown to impede Ras-driven tumorigenesis,
indicating that targeting IL-6 could be therapeutically beneficial
in cancers with oncogenic Ras mutations.* Despite the avail-
ability of Western blotting using Ras-specific antibodies for
detecting Ras proteins, limited Ras immunoassays have been
established to date.’>** Additionally, since Ras is an intracel-
lular protein that has not been investigated as a biomarker, its
concentration in the blood remains unknown. Thus, developing
a sensitive tool capable of accurately quantifying Ras protein
levels is crucial.

To assess the potential of the Simoa platform for quantifying
Ras protein levels in cells, we developed a Ras Simoa assay to
determine Ras protein levels in OVCAR-3 cells. Given the
connection between Ras and IL-6, we theorized that measuring
Ras protein levels using the Simoa assay could serve as a useful
indicator of IL-6 production and its potential role in Ras-driven
cancer. The cells were lysed in cell lysis buffer (Thermo Fisher)
at a concentration of 1000 cells per puL and evaluated for Ras
protein levels using the HD-X analyzer. The assay followed
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a similar protocol to the IL-6 Simoa assay, using biotinylated
anti-Ras antibodies (ab209974, Abcam) as the detector antibody
and anti-Ras antibodies (ab55391, Abcam) as the capture
antibody.

Our study successfully detected and quantified Ras protein
levels using the Ras Simoa assay with a LOD of 0.12 pM (Fig. 6a).
We further tested the assay in OVCAR-3 cell lysate and found
that it could detect Ras proteins at cell densities as low as 14
cells per mL (Fig. 6b). By correlating Ras protein levels with cell
density, we estimated that OVCAR-3 cells have approximately
one million Ras protein molecules per cell (Fig. 6c). These
results suggest that Ras Simoa assay may be a valuable tool for
measuring Ras protein levels in the bloodstream, and identi-
fying and monitoring Ras-mediated diseases. Additionally, the
assay's high sensitivity may facilitate the development of tar-
geted therapies for Ras-driven tumors. By integrating Ras and
IL-6 Simoa assays, it may be possible to gain a better under-
standing of how these two molecules interact in the context of
cancer progression. This knowledge could be used to develop
targeted therapies for Ras-driven tumors.*

Overall, the integrated nanoSimoa pipeline has the potential
to enable the rational design of nanotherapeutics and provide
insights into how those nanotherapeutics may behave in the
context of Ras-mediated cancer. If this approach proves to be
effective and applicable to other cancer types, it could serve as
a valuable tool for preclinical testing of cancer nanomedicine
and accelerate the development of more effective cancer
treatments.

Conclusions

In summary, this study introduced a new pipeline, nanoSimoa,
that integrates cancer nanomedicine with a high-throughput
protein detection tool to analyze cellular responses to nano-
medicine with high sensitivity and resolution. The nanoSimoa
pipeline has the potential to facilitate the rational development
of nanotherapeutics and predict their in vivo behaviors, thereby

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reducing the use of animals in preclinical cancer nanomedicine
studies. Our approach aligns with the 3 Rs principle of
replacement, reduction, and refinement,* which guides animal
research and has the potential to advance the field of cancer
nanomedicine significantly. The success of the nanoSimoa
pipeline underscores the importance of combining advanced
analytical tools with a rigorous approach to accelerate the
success rate of cancer nanomedicine.

Materials and methods
Materials and chemicals

Hexadecyltrimethylammonium bromide (CTAB, 99+%), tet-
raethyl orthosilicate (TEOS, 98%), (3-aminopropyl)triethox-
ysilane (APTS, 99%), ammonium nitrate (NH,NOj3, 98+%), 2-(N-
morpholino)ethanesulfonic acid hydrate (MES hydrate,
99.5+%), 1-ethyl-3-(-3-dimethylami-nopropyl) carbodiimide
hydrochloride (EDC-HC], 99+%), and N-hydrox-
ysulfosuccinimide sodium salt (sulfo-NHS, 99+ %), topotecan
hydrochloride hydrate (TOP, =98%), bovine insulin, trypsin-
EDTA, phosphate-buffered saline (PBS, 10x), and bisBenzimide
H 33342 trihydrochloride (Hoechst 33342, 98+%) were
purchased from Sigma-Aldrich. EDC (No-Weigh™ Format) and
sodium hydroxide (NaOH, 97+%) was purchased from Ther-
moFisher Scientific. o,w-Bis-carboxy polyethylene glycol
(HOOC-PEG-COOH, M,, = 2000 Da) was purchased from Iris
Biotech GmbH. RPMI-1640 and fetal bovine serum (FBS) were
purchased from Gibco. fetal bovine serum (FBS), antibiotics (10
000 U per mL penicillin, 10 000 pg per mL streptomycin, and
29.2 mg per mL r-glutamine), Dulbecco’s phosphate-buffered
saline (DPBS), and trypsin-ethylenediaminetetraacetic acid
(trypsin-EDTA) (0.05%) were purchased from Gibco. Cell
counting kit-8 (CCK-8) was purchased from Dojindo Molecular
Technologies, Inc. Paraformaldehyde solution (4% in PBS) was
purchased from USB Corporation. Ethanol was purchased from
Echo Chemical. Human epithelial ovarian adenocarcinoma cell
line NIH-OVCAR-3 was purchased from ATCC. 750 nm dye-
encoded carboxylated paramagnetic beads (Quanterix), Bead
Wash Buffer, Bead Conjugation Buffer, Bead Blocking Buffer,
Bead Diluent, Homebrew Detector/Sample Diluent, Streptavi-
din-p-galactosidase (SBG) concentrate, SPG Diluent, System
Wash Buffer 1, System Wash Buffer 2, resorufin B-p-gal-
actopyranoside (RGP) and Simoa Sealing Oil were purchase
from Quanterix. Anti-IL-6 antibody and biotinylated anti-IL-6
antibody were purchased from R&D Systems. Anti-Ras anti-
body and biotinylated anti-Ras antibody were purchased from
Abcam. All chemicals were used without further purification.

Characterization

The characterization of nanoparticle morphology and diameter
was performed using transmission electron microscopy (TEM,
Tecnai T12) with an operating voltage of 120 kvV. MSN and MSN-
APTS were dispersed in ethanol at a concentration of 0.1 mg
mL ™", and 10 uL of the resulting nanoparticle suspension was
dropped onto a carbon-coated copper grid and dried at room
temperature. The surface area, pore diameter, and pore volume
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of MSN and MSN-PEG were determined by measuring N,
adsorption-desorption isotherms at 77 K (Autosorb-iQ, Quan-
tachrome Instruments). Prior to measurement, the nano-
particles were degassed at 120 °C for 20 h. The surface area and
pore diameter distribution of the nanoparticles were analyzed
using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) methods. Thermogravimetric analysis (TGA) was
conducted on a PerkinElmer Pyris Diamond TG/DTA machine
under air flow. MSN and MSN-PEG (5-10 mg) were loaded in
aluminum pans, and the data were recorded from 30 °C to 550 °©
C at a scan rate of 10 °C min~'. An empty aluminum pan served
as the reference. The functional groups on the surface of MSNs
were characterized by Fourier transform infrared spectroscopy
(FT-IR, JASCO FT/IR-420) spectrometer in the range of 4000-
400 cm ™", The loading capacity, release capacity, and release
efficiency of topotecan (TOP) were determined by UV-vis spec-
troscopy (Cary 5000). The absorbance of the peaks was used for
quantification by the Beer-Lambert law.

Synthesis of mesoporous silica nanoparticles (MSN)

The synthesis of mesoporous silica nanoparticles involved
a sol-gel reaction with the use of cationic surfactant templates.
In general, CTAB (250 mg) was dissolved with vigorous stirring
in a 250 mL round bottom flask containing 120 mL of deionized
H,O0 and 875 pL of NaOH solution (2 M). The resulting solution
was then heated to 80 °C in an oil bath and maintained at this
temperature for 30 min before the dropwise addition of 1.25 mL
of TEOS. The reaction mixture was further stirred for 2 h to
facilitate the formation of MSN. Following this, the solution was
cooled to room temperature, centrifuged, and washed three
times with ethanol to eliminate any unreacted precursors and
free surfactants.

Synthesis of amine functionalized MSN (MSN-APTS)

In order to add amine groups to the surface of MSN, a solution
of MSN (180 mg) in a mixture of 50 mL of anhydrous toluene
and 150 pL of APTS was heated to 110 °C and refluxed for 12 h
under vigorous stirring. The resulting APTS-modified MSN
(MSN-APTS) was washed twice with ethanol. To remove the
surfactant template, MSN-APTS were dispersed in a solution of
100 mL of ethanol and 2 g of NH,NOj; in a 250 mL round bottom
flask, heated to 78 °C, and refluxed for 1 h. This extraction
process was repeated twice. After extraction, the MSN-APTS were
centrifuged and washed twice with deionized H,O and ethanol,
respectively. The final product was stored in ethanol for future
use.

Topotecan (TOP) loading in MSN-APTS and PEG capping
(MSN-PEG)

To prepare TOP-loaded MSN-APTS, 3 mg of MSN-APTS were
washed once with MES solution (100 mM, pH = 6.0) and then
soaked in 0.6 mL of TOP solution (2.5 mg mL™"). After stirring
overnight to allow TOP molecules to diffuse into the pores of
MSN-APTS, the pores were sealed by conjugating with HOOC-
PEG-COOH (M,, = 2000 Da). EDC-HCI and sulfo-NHS coupling
reagents were dissolved in MES solution, and HOOC-PEG-
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COOH was activated by stepwise addition to the solution every
10 min. Activated PEG was then stepwise added into the TOP-
loaded MSN-APTS solution every 10 min to react with the
primary amines on the surface of MSN-APTS. The resulting
MSN-PEG was washed three times with deionized H,O to
remove excess reactants and unloaded TOP. The TOP-loaded
MSN-PEG (designated as TOP-MSN-PEG) was stored in deion-
ized H,O for further studies on ultrasound-stimulated release.

Ultrasound-stimulated release of TOP

A solution of TOP-MSN-PEG (1 mg mL™') was prepared in
deionized H,O in an Eppendorf tube. The tip of the probe
sonicator (VCX 130, Sonics & Materials, Inc., Newtown, CT) was
positioned in the center of the solution, and the ultrasound
parameter was set with a frequency of 20 kHz and an output
power of 21 W (power density: 75 W cm™?). Following various
ultrasound stimulation time durations (2, 5, 8, 10, or 30 min)
with the probe sonicator, the solution was centrifuged (14
000 rpm, 10 min) to separate the particles and the supernatant
containing released TOP. The supernatant and pellet were
collected separately to further quantify TOP loading capacity
and release efficiency by UV-vis spectroscopy.

TOP loading capacity analysis

In general, 3 mg of MSN was dispersed in MES with 0.6 mL of
TOP solution (2.5 mg mL ") and left to stir for 24 h. Subse-
quently, the TOP-MSN-PEG were centrifuged at 14 000 rpm for
10 min, and the pellets were washed three times with deionized
H,0 while being sonicated to remove any excess TOP. Then, the
TOP-MSN-PEG was washed twice with PBS and centrifuged to
obtain a pellet. This washing procedure was repeated multiple
times until the supernatant was clear. The resulting superna-
tants were collected and analyzed using UV-vis spectroscopy.
The loading capacity of TOP was determined using Beer's law,
a calibration curve, and the formula: (mass of loaded TOP/mass
of MSN) x 100%, based on the maximum absorbance at
267 nm.

TOP release efficiency analysis after ultrasound stimulation

Following ultrasound stimulation, the TOP-MSN-PEG was
centrifuged to separate the pellet and the supernatant. The
collected supernatants, containing the released TOP, were
analyzed using UV-vis spectroscopy with a maximum absor-
bance at 267 nm. The TOP released after being heated at 80 °C
for 30 min was used as the reference for 100% release. The
release efficiency of TOP was calculated using the definition:
(mass of released TOP/mass of TOP loaded in pores) x 100%.

OVCAR-3 cell culture

Human ovarian cancer cells (OVCAR-3) (HTB-161, ATCC) were
cultured in T-75 flasks (Corning) with vented caps in RPMI-1640
supplemented with 20% fetal bovine serum (FBS) and 0.01 mg
mL ™" bovine insulin at 37 °C and 5% CO, in a humidity-
controlled incubator. The culture media were refreshed daily,
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and the cells were harvested using 0.05% trypsin-EDTA for
passaging every 2-3 days.

OVCAR-3 cell viability and proliferation

The cell counting kit-8 (CCK-8) assay was used to evaluate the
impact of MSN-PEG and TOP-MSN-PEG on the viability and
proliferation of OVCAR-3 cells. The cells were initially seeded in
96-well plates at a density of 5 x 10° cells per well in 200 L of
RPMI-1640 supplemented with 20% fetal bovine serum (FBS)
and 0.01 mg mL ™" bovine insulin and incubated for 24 h. After
the attachment, the medium was removed and the cells were
treated with varying concentrations (0, 10, 25, 50, 75, 100, and
200 pg mL~ ') of MSN-PEG or TOP-MSN-PEG for 4 h in fresh
RPMI at 37 °C. After treatment, the medium was removed and
the cells were washed three times with DPBS and incubated
with RPMI (100 pL) and CCK-8 reagent (10 pL) for 2 h at 37 °C.
The viability of the cells was determined by measuring the
absorbance at 450 nm and 650 nm (as the reference) using
a plate reader (Tecan M1000), with RPMI containing CCK-8
reagent as a background. For the cell proliferation study, the
cells were treated with MSN-PEG or TOP-MSN-PEG for 4 h,
washed twice with DPBS, and then allowed to grow in a fresh
culture medium for 20 h before conducting the CCK-8 assay.

Fluorescence microscope images of OVCAR-3 cells

OVCAR-3 cells were seeded in a 24-well chamber slide at
a density of 6 x 10" cells per well in 300 uL of RPMI supple-
mented with 20% FBS and 0.01 mg mL ™" bovine insulin at 37 °C
for 48 h. After attachment, the cells were treated with 22.5 pg of
TOP-MSN-PEG (75 ug mL ') in 300 uL of fresh RPMI for 4 h at
37 °C, washed three times with DPBS, then fixed with 4%
paraformaldehyde in DPBS for 20 min. The fixed cells were then
washed with DPBS three times. Afterwards, the cell nuclei were
stained with Hoechst 33 342 (500 uL, 5 ug mL ") for 20 min and
washed with DPBS five times. The stained cells were covered
with a mounting medium cover glass before being observed
under a Zeiss fluorescence microscope. Control groups,
including cells only (negative control), cells treated with an
equivalent amount of free TOP (positive control) to the TOP-
MSN-PEG, and cells treated with MSN-PEG (75 ug mL '), were
also evaluated.

Ultrasound-stimulated TOP release and resulting cell viability

OVCAR-3 cells were cultured in a 24-well chamber slide at
a density of 6 x 10" cells per well in 300 uL of RPMI supple-
mented with 10% FBS and 1% antibiotics for 48 h at 37 °C.
Following attachment, the medium was removed and the cells
were treated with TOP-MSN-PEG (75 pg mL ™) in 300 uL of fresh
RPMI and incubated at 37 °C. Control groups, including cells
only (negative control), cells treated with an equivalent amount
of free TOP (positive control) to the TOP-MSN-PEG, and cells
treated with MSN-PEG (75 pg mL™"), were also evaluated. After
4 h of incubation, the medium was removed, and the cells were
washed twice with DPBS. The probe sonicator was positioned in
the center of the well to stimulate the cells with ultrasound. The
ultrasound parameter was set at a power density of 75 W cm ™2

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and a stimulation time of 30 s. The cell viability following
ultrasound stimulation was measured using the CCK-8 assay.

Preparation of IL-6 and Ras capture beads for single-molecule
array (Simoa) assays

The IL-6 Simoa assay capture beads were prepared as follows.
Prior to bead conjugation, 2.8 x 10° of 750 nm dye-encoded
carboxylated paramagnetic beads (Quanterix) were washed
three times with 200 pL of Bead Wash Buffer (Quanterix), fol-
lowed by three washes with 200 pL of Bead Conjugation Buffer
(Quanterix), and resuspended in 300 pL of Bead Conjugation
Buffer. Freshly prepared 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) (ThermoFisher Scientific
77149) (10 mg mL~" in Bead Conjugation Buffer) was immedi-
ately added to activate the beads. The beads were then agitated
on a HulaMixer (ThermoFisher Scientific) for 30 min at 4 °C and
washed once with a Bead Conjugation Buffer. The beads were
resuspended in a Bead Conjugation Buffer containing anti-IL-6
antibodies (MAB206, R&D Systems) and agitated on the Hula-
Mixer for 2 h at 4 °C. Following bead conjugation, the anti-IL-6
antibody-coupled beads were washed twice with Bead Wash
Buffer and blocked with Bead Blocking Buffer (Quanterix) for
30 min at room temperature. After blocking, the beads were
washed once with Bead Wash Buffer and twice with Bead
Diluent (Quanterix) before resuspending in 200 pL of Bead
Diluent. Finally, the beads were counted using a Beckman
Coulter Z1 Particle Counter and stored at 4 °C for future use.
The preparation of the capture beads for the Ras Simoa assay
was similar to the one described earlier, except that the capture
antibody used was anti-Ras antibodies (ab55391, Abcam).

IL-6 and Ras Simoa assays

The IL-6 Simoa assays were performed in an automated three-
step assay format onboard the HD-X Analyzer (Quanterix). The
supernatant from the cell culture or the cell lysate was collected
and diluted in Homebrew Detector/Sample Diluent (Quanterix).
Biotinylated anti-IL-6 antibodies (BAF206, R&D Systems) were
diluted in Homebrew Detector/Sample Diluent to final
concentrations of 0.3 pg mL™'. Streptavidin-p-galactosidase
(SBG) concentrate (Quanterix) was diluted to 150 pM in SBG
Diluent (Quanterix). System Wash Buffer 1, System Wash Buffer
2, resorufin B-p-galactopyranoside (RGP), and Simoa Sealing Oil
were purchased from Quanterix and loaded onto the HD-X
Analyzer per the manufacturer's instructions. In the first step
of the assay, 25 pL of the anti-IL-6 antibodies-coupled beads
were incubated with 100 pL of diluted cell supernatant for
15 min. The total number of beads used per reaction was 500
000 (125 000 of the IL-6 capture beads and 375000 of helper
beads). After incubation, six wash steps were performed with
System Wash Buffer 1. In the second step, the beads were
resuspended in 100 pL of the biotinylated anti-IL-6 antibody
and incubated for 5.25 min, then washed six times with System
Wash Buffer 1. In the third step, the beads were resuspended in
100 pL of SBG, incubated for 5.25 min and washed six times.
The beads were mixed with 25 pL of RGP and loaded into the
microwell array for analysis. The microwell array was then
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sealed with oil and imaged. The software in the HD-X analyzer
was used to calculate the average number of enzymes per bead
(AEB) values. A four-parameter logistic weighted regression was
used to fit the calibration curve and determine protein
concentrations in the samples based on their measured AEB
values. The limit of detection (LOD) value was calculated by
adding 3 times the standard deviation to the mean AEB of the
background.

The Ras Simoa assay was conducted using a procedure
similar to the one described above, except that the detector
antibody used was biotinylated anti-Ras antibodies (ab209974,
Abcam).
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