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ARTICLE INFO ABSTRACT

Keywords: Early diagnosis of a progressive cancer disease is currently limited due to lack of adequate point-of-care (PoC)
Magnetic quantum dots diagnostic tools. PoC diagnosis enables detecting early signs of a disease and pave way to disease prevention.
Immunoassay Here, we developed an immuno-optomagnetic quantum dots based PoC assay for early detection of a cancer

Cancer diagnosis
Point-Of-Care
Disease biomarker

biomarker, human epidermal growth factor receptor-2 (hErbB2) protein in serum. This assay utilizes immuno-
optomagnetic quantum dots (MQDs-Ab2) nanoarchitectures with unique orientation comprised of core CdSe/
CdS/ZnS QD nanocrystals surrounded by layers of magnetic Fe3O, nanoparticles (MNPs) and a bioactivated
borofloat PoC-chip (Ab1). The MQDs-Ab2 and the PoC-chips were designed to bind same hErbB2 analyte, but
both bind with distinct epitopes. First, free hErbB2 protein from serum was captured by MQDs-Ab2 forming
immuno-optomagnetic MQDs-Ab2-hErbB2 complex, which was isolated and presented to bioactivated PoC-
chips. The immuno-optomagnetic signal from chips was directly visualized by naked-eye after exposing chips
with a UV-torch and the signal was directly measured within 30 min by computing RGB intensities using a
smartphone camera and a colorimeter-app. The immuno-optomagnetic QDs based PoC-chip exhibited the de-
tection range of 620 pg mL™! ~5 ng mL~! hErbB2 protein in serum. The MQDs-Ab2 rendered biospecificty,
magnetic and optical functionality to PoC detection and provided advantages of speed, sensitivity, portability
and low-cost, which is most desired in resource limited settings. The developed PoC chip assay provided an
accurate quantitative cancer biomarker detection with high sensitivity and specificity that required no labora-

tory equipment and is also potentially applicable to the detection of many other biomarkers.

1. Introduction

One of the major problems in diagnosis or preventing a progressive
cancer disease is the lack of a rapid, sensitive and less-expensive point-
of-care (PoC) diagnostic tool. Development of such PoC diagnostic tools
could enable detecting early warning signs, which pave way to prevent
progression of the disease. Breast cancer in women is regarded as the
second leading cause of cancer related mortality worldwide ((WHO),
2018). It is estimated that 2.09 million breast cancer related cases re-
ported causing 627,000 deaths worldwide according to a [1]) report.
These figures account for about 15 % of all cancer deaths among
women ((WHO), 2018). A number of conventional and well-established
diagnostic methods are being currently used, such as mammogram,
tissue biopsy, CT, MRI, CAT or PET scans [2,3], genetic screening for
BRCA1 gene mutations [4], fluorescence in-situ hybridization (FISH)
[5-7], enzyme-linked immunosorbent (ELISA) [8,9] radioimmunoassay
[10] and chemiluminescence immunoassays [6,11,12]. All the above
techniques are not easily accessible nor suitable for PoC settings apart
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from being highly expensive, require long testing times, demand so-
phisticated instruments and required professionally trained personnel
to perform tests. Therefore, essential repetitive testing for cancer di-
agnosis or its monitoring by the existing approaches makes it extremely
difficult to clinicians or cancer patients.

Most sensitive diagnostic approaches that are available, such as
FISH and ELISA require laborious washing steps in order to separate
unbound analyte and labeling free ligands/receptors to minimize the
non-specific fluorescent background signal and complex matrix sus-
ceptibility. These parameters affect the stability and structure of target
probe biomolecule or specificity and weaken the sensitivity of im-
munoassay platform. Despite of the existing diagnostic methods have
been practiced for over a decade. Yet, none of the existing methods
found promising for early cancer diagnosis. Therefore, it is imperative
to develop novel diagnostic methods that are affordable, rapid and
sensitive in PoC settings, which paves way to early diagnosis, preven-
tion or monitoring the progression of cancer.

Extension of traditional diagnostic approaches into lab-on-achip and
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PoC diagnostics currently presents significant challenges, especially
when affordability, speed and accuracy of diagnosis are critically im-
portant. PoC based diagnosis offer advantageous of speed, sensitivity,
specificity and compatibility of using them near the patient bedside.
Blood serum is a preferred source of the sample especially for per-
forming PoC based cancer diagnosis which is simple and easy to obtain.
The key factors that indicate the disease are biomarkers in serum and
their levels. Presence of a specific serum biomarker associated with a
cancer disease and its levels in detectable amounts enables accurate
prediction or progression of cancer. One such promising biomarker is
human epidermal growth factor receptor 2 (hErbB2 or Her2) protein,
which is associated with multiple cancer types, but mainly breast
cancer. Extracellular domain (ECD) of cleaved hErbB2 protein in the
blood stream is associated with a high risk of cancer disease, which can
be used as an indicator of increased ErbB2/Her2 expression. The clin-
ical prognostic and predictive usefulness of the serum hErbB2 levels is
warranted for clinic-pathologic parameters and therapy monitoring
marker [5-7,13]. In relation to other cancer-types, hErbB2 protein has
been found overexpressed in ovarian, lung, colorectal, bladder, pan-
creatic, colon, endometrial and oral cancers [13,14]. It is also found
overexpressed by 10-30 % in gastric/gastroesophageal cancers and that
hErbB2 protein is regarded as a prognostic and predictive biomarker
[13]. Therefore, breast cancer patients’ blood samples found to have
elevated hErbB2 protein concentrations (15—75 ng mL~ ') compared to
those observed in normal individuals with 2—15 ng mL™! [6,8,11].
Early detection and monitoring the serum hErbB2 protein levels can
promote the diagnosis speed, screening and enable successful treatment
of cancer disease and increase survival rate of cancer patients. There-
fore, there is an urgent need for a sensitive, rapid and accurate tech-
nology platform for PoC based detection of cancer biomarker in serum,
tissue or body fluids.

Chemical combination of QDs and magnetic iron oxide nano-
particles (MNPs) have provided multimodal functionality that has
major advances in bio-labeling and MR imaging because of combined
optical and magnetic (optomagnetic) properties in a single nanoma-
terial, which enable simultaneously bio-labeling, imaging, sorting and
separation processes [15,16]. Only few reports have been focused on
fabrication of magnetic QDs (MQDs) and their utility in PoC platforms.
For instance, magnetic QDs have been used for the lateral-flow im-
munoassay (LFIA) that utilizes larger magnetic nanoparticles (MNPs)
over 100 nm surface coated with smaller QDs for the detection of
prostate specific antigen (PSA) [17]. However, use of LFIA-like methods
rely heavily on migration of nanoparticles in a complex lateral-flow
matrix that are prone to impeding the nanoparticles within the matrix
and affect the sensitivity. Smaller nano-sized MNPs are required to
protect QDs by chemically defining their architecture and orientation,
such as QD-nanocrystals being surrounded by MNPs but not vice versa.
Such QD-to-MNPs orientation could provide the PoC based system to
generate more stable, sensitive and accurate signal for detection of
analytes. Other studies utilizing similar MQDs have been reported for
detection and separation of cells and biomarkers based on compli-
mentary engineered DNA/RNA sequences [18-21]. QD-nanoprobes
utilized in such immunoassays were mainly fabricated by high tem-
perature precursor decomposition, doping, encapsulation of MNPs and
QDs using silica or polymer matrix and cross-linking methods. The
latter three approaches are limited because of loss of magnetic property
due to disordered magnetic crystal structure, interfacial instability of
available doped material and NP aggregation and difficulty with se-
quential synthesis procedures, respectively.

In this study, an immuno-optomagnetic PoC detection assay is de-
signed for detecting and quantifying a model cancer biomarker, hErbB2
protein in human serum. The PoC chip assay is based on multi-
functional MQDs-Ab2 and preactivated borofloat chip (Scheme 1la-f).
The MQDs-Ab2 were made of unique size-controllable nanoarchitecture
and orientation in which core-shell-shell CdSe/CdS/ZnS QD nanocrys-
tals being shielded by surrounding MNPs whose surface was
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bioactivated. The magnetic nature of MQDs-Ab2 allowed rapid isolation
and concentration of MQDs-Ab2-hErbB2 complex that was charged on
Abl-arrays-on-PoC-chip. Immuno-optomagnetic signal from chip gen-
erated was directly visualized with a naked eye by simply flashing with
a hand-held UV-torch and the detection was made within 30 min. The
signal was also captured using a smartphone equipped with a camera
and colorimeter app that computed RGB-signal from chip and provided
accurate quantitative measurement of hErbB2 analyte in serum. The
immuno-optomagnetic PoC chip assay provided advantages of speed,
sensitivity, portability and low-cost that is most desired in PoC diag-
nostic applications in resource limited settings.

2. Experimental section
2.1. Materials

All materials, proteins, antibodies and reagents used are described
in Supplementary Information (SI) section.

2.2. Synthesis of aspartate stabilized magnetic Fe;0, nanoparticles (MNPs)

First, r-aspartic acid capped MNPs (7 ~12 nm) were synthesized
using a modified co-precipitation method previously reported [22] and
the details are described in SI section.

2.3. Gradient synthesis of single-color CdSe-CdS-ZnS nanocrystals

In this method, soon after the growth of core nanocrystals, the CdS
and ZnS shells were formed in a gradient manner simultaneously.
Gradient synthesis of single color green CdSe core nanocrystals with
CdS and ZnS shells was performed using previously described methods
with slight modification for green nanocrystals [23] and red/orange
nanocrystals [24].

For green nanocrystals, first, Se-S solution was prepared in a glo-
vebox by dissolving 0.316 g selenium powder and 0.128 g sulfur
powder in 3 mL TOP and placed in a desiccator under vacuum until use.
A three-necked flask containing 0.025 g CdO, 0.87 g zinc acetate, 2.75
mL oleic acid and 10 mL octadecene was degassed by heating for 1 h at
150 °C under vacuum. Argon gas was then introduced into the flask
from an inlet connected to a condenser, while vacuum tube connected
at the outlet, and the reaction temperature was raised to 310 °C. After
stabilizing the temperature to 310 °C, 1.5 mL of above Se-S solution was
quickly injected to the solution while maintaining the temperature to
304 °C and waited for 20 min for reaction to complete. This procedure
was optimized to obtain a single color (green) nanocrystals, while a
slightly different method was used for the synthesis of single-color red/
orange CdSe/CdS/ZnS nanocrystals and subjected to ligand exchange
reaction as described in SI-section.

2.4. Synthesis of magnetic quantum dots (MQDs)

The water-soluble, core-shell-shell CdSe/CdS/ZnS QD nanocrystals
(0.28 mg) with free carboxyl functionality were suspended in 0.5 mL
deionized water and dispersed by sonication for 5 min using a mini-
probe ultrasonicator (Sonopuls mini20) ensuring their homogenous
dispersion. To this, 100 pL of freshly prepared 150 mM of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) was added
and incubated for 5 min and then added 100 pL of 300 mM N-hydro-
xysuccinimide (NHS). The above reaction mixture was incubated for 5
min and the EDC-activated bright fluorescent nanocrystals were mixed
with 1 mL of 10 mg/mL of Asp-MNPs (7~12 nm) suspension. The
mixture was incubated for 2 h at room temperature for covalent cou-
pling under vigorous shaking. The resulting reaction mixture contained
hybrid CdSe/CdS/ZnS@MNPs nanoparticles (magnetic quantum dots,
MQDs) were magnetically separated and resuspending in PBS solution,
pH 7.4 in three buffer exchanges. Coating of MNPs on QD nanocrystal
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Scheme 1. Schematic illustration of point-of-care immuno-optomagnetic assay for detection of ErbB2/Her2 breast cancer biomarker from a real-serum sample. (a)
Functionalization of borofloat chips with anti-hErbB2 antibodies (Ab1). (b) Bioconjugation of optomagnetic MQDs with second anti-hErbB2 antibodies (Ab2). (c-d)
Capturing of hErbB2/Her2 protein (cancer biomarker) and magnetic separation of MQDs-Ab2-hErbB2 complex formation. (e) Sandwiching of MQDs-Ab2-hErbB2
complex on to Ab-activated chips to capture hErbB2/Her2 protein present in the sample, and (f) visualization of the diagnostic signal from PoC immuno-opto-
magnetic assay chip by a naked eye or using a smartphone camera equipped with RGB profiling algorithm.

surfaces was confirmed after magnetically separated MQDs visibly ap-
peared bright fluorescent in nature upon direct UV irradiation at 365
nm, which accompanied by disappearance of fluorescence from the
supernatant solution. In this study, green MQDs showed weak emission
intensity as compared with orange MQDs, therefore only orange MQDs
were utilized for PoC assays.

2.5. Characterization

All physico-chemical characterizations and methods are described
in the SI section.

2.6. Fabrication of chip

Borofloat chips with a dimension of 25 X 73 mm and 1.2 mm thick
were purchased from a local supplier. These chips were cleaned using
piranha solution (H,SO4:H,05 in 5:1 ratio) that rendered hydrophilicity
on chip surfaces with hydroxyl groups as well as ensured removal of
metals and organic contaminants. Piranha treated chips were then
rinsed with deionized water and dried with a nitrogen gun. Clean hy-
droxyl surfaces of chips were silanized by immersing in a 35 % (3-
aminopropyl)triethoxysilane (APTES) solution prepared in acetone

while constant shaking for 4 h. The chips were removed, rinsed thrice
with acetone and dried using a nitrogen gun. Silanized chips were then
subjected to activation by incubation in 0.05 % glutaraldehyde solution
for 1 h and the activated chips were rinsed with deionized water and
dried. The activated chip surface was marked using a glass marker with
the aid of a clean plastic mask that left imprints of multiple rings in
arrays with 5 mm ring diameter, each separated by a 5 mm distance.
The inner ring areas were assigned for a series of on-chip antibody
immobilization by overnight incubation with 5 pL of 45 ug/mL human
ErbB2/Her2 antibodies (Ab1l) at 4 °C in a humid chamber. Following
this step, the chips were rinsed several times by aspiration with a fresh
PBS solution. Free or unoccupied regions on chip were blocked with 5%
BSA protein in PBS solution after incubation at 4 °C for 3 h. The chips
were rinsed with PBS and dried using a nitrogen gun and stored at 4 °C
until use. The immunoreactions can thus be carried out on chips within
the assigned ring circumferences, where ErbB2/Her2 specific anti-
bodies were functionalized.

2.7. hErbB2-free serum sample preparation and protein spiking

Normal serum samples free of hErbB2 protein were prepared and
spiked with known ErbB2/Her2 protein concentrations, such as 0, 0.62,
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Fig. 1. (a) High resolution TEM image of L-
aspartic acid capped magnetic iron oxide
(Fe304) nanoparticles (Asp-MNPs) synthesized
using hydrothermal reduction process; (b) a
magnified image of a section highlighted with

a rectangle box in figure (a) showing calcu-
lated 0.231 nm lattice fringes and the inset
figure shows surface profile showing distance
of lattice fringes corresponding to the red line

region; (c) A magnified section of HR-TEM
image showing facetted shaped magnetic
Fe3O4 NPs of ~12 nm size and; (d) FTIR
spectra of L-aspartic acid-capped MNPs (Asp-
MNPs), pure L-aspartic acid and bare MNPs.
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1.25, 2.5, 5, 10, 20 ng/mL, as well as non-specific proteins including
BSA, epidermal growth factor receptor-1 (EGFR1) and fibroblast growth
factor (FGF) are described in SI-section.

2.8. Conjugation of MQDs with second anti-hErbB2/Her2 antibodies (Ab2)

Detailed method for functionalization of as-synthesized MQDs with
second antibody (Ab2, anti-ErbB2/Her2 antibodies) that bind to the
same hErbB2/Her2 target protein as Abl is described in SI section.

2.9. Point-of-care immuno-optomagnetic assay for detecting ErbB2/Her2
cancer biomarker

The point-of-care immuno-optomagnetic assay is designed to test
serum samples with speed and accuracy, enabling physicians to take
rapid and accurate diagnosis. The entire test was performed in two
steps. Step 1: a series of spiked serum samples (100 pL each) containing
0, 0.62, 1.25, 2.5, 5, 10, 20 ng/mL of ErbB2/Her2 protein concentra-
tions were mixed and incubated for 5 min with 10 pL of anti-hErbB2/
Her2 antibody coated MQDs (MQD-Ab2). The MQDs-Ab2-hErbB2 pro-
tein complex formed was quickly pulled-down using a magnet and re-
suspended in 10 pL diluent (PBS, pH 7.4). Step 2: the entire 10 pL of
MQDs-Ab2-hErbB2 protein complex from Step 1 was loaded on to re-
spective spots-on-chip surface in duplicates that were previously im-
mobilized with primary monoclonal hErbB2/Her2 antibodies (Ab1) and
the chip was incubated for 10 min at RT. During the optimization, the
chip was incubated in a petri dish dampened with a wet tissue paper
that prevented from evaporation. For a negative control, 10 ng/mL BSA
protein sample was added at the end of each lane on a same chip to
ensure that no non-specific binding occur on chip. After the reaction,
the droplet-on-chip was drained by rinsing with PBS solution and dried

5 4000 3000 2000 1000
o Wavenumber (cm™)

using a rubber bulb air blower. The signal was detected from chip after
briefly flashing with a UV-torch that illuminated MQDs on chip surface
and images of UV-illuminated chips were acquired using a smartphone
equipped with a camera and an App (colorimeter) that computes and
display RGB intensities. The intensities from fluorescence emission
were analyzed by following two methods; (a) qualitative analysis of red,
green and blue (RGB) ratios using a smartphone app (colorimeter app),
and (b) quantitatively measuring RGB channel intensities from still
images, from at least three locations per each spot-on-chip representing
a specific ErbB2/Her2 concentration, and (c) fluorescence emission-on-
chip and converting the fluorescence intensities into arbitrary grey
values using a quantitative image processing software (ImageJ). It is to
be noted that the RGB values vary among the former two different
methods (a) and (b) (qualitative / quantitative), but the trend remained
same, and therefore these two data-values varied. The limit of detection
(LoD) concentration was estimated based on intersection of the extra-
polated linear midrange and lowest concentration segment of the cali-
bration plot. All experiments were carried out in replicates (n = 2~5)
and % relative standard deviation (%RSD) was calculated to be less
than 9%.

For validation, the residual sample droplet on chip after the im-
munoreaction was collected by gentle aspiration in a separate
Eppendorf tube and the residual fluorescence intensity was measured,
which is regarded as unreacted MQDs-Ab2 used to calculate the dif-
ference.

2.10. Specificity of PoC immuno-optomagnetic assay
Specificity tests of the developed immuno-optomagnetic assay was

carried out using non-specific proteins (EGFR1, FGF and BSA) as de-
scribed in the SI section.
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Fig. 2. High-resolution transmission electron microscopic (HR-TEM) images of
CdSe/CdS/ZnS QD nanocrystals with CdSe core coated with thin gradient layers
of CdS followed by ZnS (core/shell/shell). Image showing; (a) smaller ~5 nm
green nanocrystals and (b) larger orange/red 10 nm nanocrystals.

3. Results and discussion
3.1. Design and synthesis of MQDs

The present study describes an immuno-optomagnetic PoC assay for
rapid and sensitive detection of hErbB2 cancer biomarker in serum
sample. First, magnetic quantum dots were synthesized in three stages
of chemical reactions. In a first stage, Asp-MNPs were synthesized from
bare-MNPs and their HR-TEM analysis revealed average size of 7 ~12
nm and displayed clear lattice fringes separated by 2.31 A (Fig. 1a-c).
XRD pattern of MNPs exhibited diffraction peak indices corresponding
t0(220),(311),(400),(110)(442),(511),(440)and (553)
planes matched well with cubic spinel phase of magnetite, indicating
that the synthesized MNPs has crystalline magnetite phase (Fig. S1).
Fig. 1d shows FTIR spectra confirming 1-Aspartic acid capping occurred
on MNPs and the details on spectral analysis is described in SI-section.

In a second separate reaction, CdSe/CdS/ZnS core-shell-shell QD
nanocrystals (MQDs) of two different sizes 5 and 10 nm were synthe-
sized, and these nanocrystals were capped with polymeric dithio-
carbamate chains extending free —COOH functionality by ligand
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exchange process as described in experimental methods (Fig. 2a-b).

In a third stage, MQDs were synthesized by covalently coupling Asp-
MNPs with two different sizes of CdSe/CdS/ZnS QD nanocrystals (5 and
10 nm). XRD-pattern of a representative MQDs sample showed corre-
sponding indices for CdSe (100 and 220), ZnS (104 and 110) and Fe304
(200, 311, and 422) (Fig. S2a). Fig. 3a-f shows HR-TEM images and EDS
maps of elements in MQDs that were identified to be Cd, Se, Zn, S, Fe
and O. The EDS map showed that the QD nanocrystals were coated with
aggregates of Fe;0,4 nanoparticles forming MQDs that can be magne-
tically separated (Figs. 3c-f). Fig. 3g shows time-lapse images demon-
strating magnetic nature of MQDs with superparamagnetic character-
istics at 305 K (see SI section) by which separation of synthesized two
different colored MQDs can be made in ~5 min (Fig. S2b and Sup-
plementary video S1). The sizes of MQDs varied from 50~120 nm,
which can be sorted by size fractionation. Figure S3a-e shows STEM
image of another representative MQD nanoparticle and its EDX map
confirming size and orientation of elemental arrangement. In this study,
the QDs were designed to remain buried in the center, while they were
being protected by the surface bound magnetic nanoparticles (7 ~12
nm sizes). This type of orientation provided following main advantages
such as; (a) protection from direct exposure of central core QDs and
prevented loss of QDs’ emission property, (b) the fact that QDs remain
buried in the center while magnetic nanoparticles form a protective
shell making the MQDs architecture more biocompatible and (c) con-
trolled MQDs sizes with respect to MNPs:QDs ratios promoting stability
in optical signal and resistant to external perturbation. Such type of
nano-configuration to our knowledge is not yet reported in the litera-
ture and the details are discussed in SI section. However, only rarely
that one group [17] reported use of a different orientation MQDs,
where QDs were coated on surfaces of large MNPs’s that is more prone
to present challenges of QDs’s dissociation into solution or imminent
loss of QDs’ fluorescence with surround charged molecules.

These MQDs were subjected to biofunctionalization with mono-
clonal anti-hErbB2 antibodies (Ab2), which gave rise to a multimodal
MQDs-Ab2 as described in experimental methods. The MQDs-Ab2 in
this study provided multimodal functionality that comprised of; (a) bio-
recognition and capturing of biomarker from serum, (b) magnetic se-
paration to concentrate or isolation of target biomarker from bulk and
dilute serum sample, and (c) easy and visible detection of immuno-
optomagnetic signal upon its binding with the analyte, more specifi-
cally MQDs-Ab2-analyte complex that was employed for PoC detection.
Moreover, MQDs were fabricated with unique architecture designed to
display nano-scale orientation in which core QD nanocrystals were
shielded by surrounding layers of MNPs and preserved emission effi-
ciency, prevents photobleaching and display stable fluorescence emis-
sion upon illumination with a simple UV-troch and biocompatible.
Taken together, these MQDs were applied for developing an immuno-
optomagnetic PoC diagnosis assay, specifically for detection of a model
hErbB2 protein in serum.

3.2. Point-of-care (PoC) immuno-optomagnetic assay

The PoC immuno-optomagnetic assay was performed using a fab-
ricated PoC chip platform as illustrated in Scheme 1a-f and described in
experimental methods. First, silane activated borosilicate chips were
functionalized with anti-hErbB2 antibodies (Ab1l) in arrays of 5 mm
diameter, each separated by a distance of 5 mm. The immuno-opto-
magnetic assay chip carried 8-pairs of immunoreaction spots, sufficient
to detect six pairs of varying biomarker concentrations in duplicates
and a pair of spots each for negative control/blank. This chip was tested
for its applicability in sensing a breast cancer disease biomarker as a
model analyte, which currently possible only using ELISA [8,9], FISH
[5-7] or undergo mammogram, tissue biopsy, CT, MRI, CAT or PET
scans [2,3] that all require functional laboratory or hospitals. The assay
designed in this study does not require any such facility to conduct
assay as compared with those reported previously and the details are
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Time lapse

Fig. 3. (a and b) HR-TEM images of MQDs at different magnifications. (c) An overlaid EDS map of MQDs showing different colors representing different elements of
MQDs. (d-f) Individual maps for Cd, Fe and S elements, respectively derived from MQDs. The red and orange colors representing Cd and S elements, respectively were
found surrounded by Fe elements forming MQDs. (g) Time-lapse images taken during the magnetic separation process using a magnet from 0~5 min with two
different colloidal magnetic quantum dots (MQDs) with emissions at 525 nm and 585 nm, respectively. Magnetic separation of MQDs can be observed in

Supplementary video S1.

discussed in SI-section. For this, a series of hErbB2 protein spiked
serum samples were prepared in hErbB2-free serum as described in
experimental methods. Spiked serum samples containing varying con-
centrations of hErbB2 protein (0~20 ng mL™!) were allowed to in-
teract with MQD-Ab2 by simple mixing for 10 min and magnetic se-
paration followed by dispersion in a small volume of diluent (10 pL
PBS). Here, MQDs-Ab2 were previously bioconjugated with a second
type of anti-hErbB2 antibodies distinct from Ab1 ensuring its binding to
distinct epitopes of a same analyte. MQDs-Ab2 allowed specific cap-
turing of serum hErbB2 protein giving rise to a complex of MQDs-Ab2
and hErbB2 protein (MQD-Ab2-hErbB2) (Scheme 1b-d).

The magnetic nature of MQD-Ab2-hErbB2 complex allowed rapid
separation by bringing close to an external magnetic field tracking its
fluorescence emission. Therefore, entire MQD-Ab2-hErbB2 complex
formed was purified/isolated and concentrated from serum, which was
later charged on to PoC immuno-optomagnetic chip pre-activated with
Ab1 for specific detection. After chip incubation for 10 min at 37 °C, the

unreacted/free MQD-Ab2 on chip was removed and the residual
fluorescence levels was measured for stoichiometric comparison. Signal
from the chip was visually inspected while flashing the chip with a
simple hand-held UV-torch that illuminated MQD-Ab2-hErbB2 complex
formed on chip. The intensity of fluorescence emission from MQD-Ab2-
hErbB2 complex-on-chip was directly proportional to target analyte
concentration, which provided the levels of hErbB2 cancer biomarker
present in the test serum samples. Fig. 4a shows signal generated from
the PoC immuno-optomagnetic assay chip, which was recorded using
still 8-bit RGB images from replicate chips for accurate quantitative
estimations, while Fig. 4b-g show the data derived from a simple
smartphone camera and a colorimeter app equipped with image pro-
cessing and RGB-computing algorithm in android operating system
(qualitative data). The app computed the red, green and blue (RGB)
channel intensities from UV-excited MQDs’ fluorescence emission signal
on chip, which was used for rapid qualitative detection of the bio-
marker concentrations with reference to standard controls. However, it
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Fig. 4. (a) Red, green and blue (RGB) intensities against varying hErbB2 protein. The data is derived from quantitative analysis of 8-bit RGB still images of UV-
illuminated chips taken by a smartphone camera equipped with RGB-computing algorithm in an android operating system. The algorithm computed RGB intensities
in replicate measurements (n = 2 to 5) corresponding to varying cancer biomarker concentrations (0 ~10 ng mL ™' serum hErbB2/Her2 protein) form chip. Figures
(b-g) shows screenshot images (qualitative data) of a smartphone during the rough alignment of cursor/pointer on each spot-on-chip (highlighted manually by
arrows) that displayed respective RGB values in relation to a specific biomarker concentration present in the test serum sample, respectively (shown in the insets).
The insets in (b-g) also show a spectra of intensities against the function of wavelengths which is a part of display output in smartphone app (colorimeter). The RGB
values on the top left corners in (b-g) are highly dynamic and subject to variation and therefore different from those shown in plot (a).
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Fig. 5. (a) Real image of point-of-care (PoC)
(C) immunoassay chip exposed to UV light (365
nm) taken by a smartphone camera showing
1 fluorescence emission from MQD-Ab2-hErbB2
complex that was captured by Abl present on
chip. The concentration dependent increase in
fluorescence intensity corresponded to the in-
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0 10

is to be noted that the RGB values in Fig. 4a and b-g cannot be com-
pared as they were derived from two different methods as described in
experimental section. RGB values in Fig. 4b—g were highly dynamic and
therefore they represented for only qualitative analysis. This was lar-
gely because of the highly dynamic and variable RGB-values displayed
real-time on smartphone screen (screenshot images in Fig. 4b—g), which
is more prone to dynamic changes in intensities with even slightest
movement of cursor/pointer as opposed to still images and therefore,
different from those in Fig. 4a. The algorithm computed RGB intensity
values corresponding to varying cancer biomarker concentrations
tested (0~ 20 ng mL ™" serum hErbB2/Her2) using PoC chip. The 8-bit
(28 = 256) different RGB levels provided greater precision and com-
puted small changes in colors especially originating from the fluores-
cence emission by MQDs-on-chip, which was directly proportional to
the cancer biomarker levels in test serum sample.

Detection of serum hErbB2 protein was made within 15— 30 min of
sample loading that required no additional steps or reagents.
Fig. 4(b-g) shows representative screenshot images of a smartphone
application after cursor/pointer alignment on each spot-on-chip
(highlighted by arrows) that displayed respective RGB values propor-
tional to specific biomarker concentrations present in the test serum
sample. The color variants with respect to biomarker levels shown
embedded in respective images as a part of smartphone application
display output (Fig. 4b-g insets). Only red (R) and (G) channels were
responsive to MQDs, while G channel had more accuracy than R that
displayed concentration dependent increasing intensity values until
reaching to a saturation point at 10 ng mL~' of hErbB2/Her2 protein
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creasing levels of hErbB2 in serum until sa-
d turation level at 10 ng mL™Y. (b and ¢) 3D
profile and area under the plot map generated
using fluorescence intensities from Lanes 1 and
20, 1 2 from image (a), respectively were calculated
as intensity (pixels) using image processing
software (ImageJ) and plotted as a function of
mm distance on chip.
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against the blue (B) background (Fig. S4a). The blue (B) channel
however, remained unaffected during the entire immunoassay process
and therefore its response served as a background noise control. The
linearity and detection ranges was extrapolated from the data that ex-
hibited wide linear range from 620 picograms mL~! to 5 nanogram
mL~! (Fig. S4a) which is well within the acceptable clinical range
[6,8,11].

PoC immuno-optomagnetic assay chip response was validated using
a conventional image processing using ImageJ software that exhibited a
dynamic detection range from 0.62~10 ng mL~' hErbB2/Her2 bio-
marker protein in serum with LoD of 165 pg/mL hErbB2/Her2 with
green channel and 942 pg/mL with red channel. This optical signal was
although distinguishable by visual inspection of chip from 625 pg mL ™!
to 5 ng mL~! hErbB protein simply while flashing UV-torch, which is
consistent with the extrapolated LoD range (Fig. S4a). However, dis-
tinguishing chip-signal from any levels beyond LoD range required
sensitive measurements be made either by fluorescence emission
spectra or calculating pixel density using image processing software.
Fig. 5a shows an image of UV-illuminated PoC immunoassay chip
captured post-immunoreaction by a smartphone camera. The fluores-
cence emissions from MQD-Ab2-hErbB2 complex and their signal in-
tensities proportional to varying hErbB2 biomarker levels were calcu-
lated based on pixel intensities. This result demonstrated that the
broader dynamic range of diagnostic signal from developed PoC im-
munoassay chip can also be accurately measured by conventional
methods to distinguish concentration-dependent linear increase in
fluorescence intensities (Fig. 5a,b). Quantified pixel intensities from the



A. Qureshi, et al.

UV-exposed chips was consistent to visible inspection made, as well as
that by using a simple smartphone camera and a colorimeter app
(Figs. 5c¢,d; 4 a-g). Visible detection however is more suitable for PoC
applications especially at resource limited settings as a qualitative re-
sult, but the trend remains comparable to quantitative estimation
(Figs. 4a and 5 c.d).

Specificity of MQDs was governed by the embedded hErbB2/Her2
specific monoclonal antibodies (Ab2) that self-fractionated-on-chip
following binding on to a second hErbB2/Her2 antibody (Ab1l) tethered
on chip making it more conveniently separate free or unreacted MQDs-
Ab2. The residual un-reacted MQD-Ab2 was therefore collected post-
reaction from the chips and measured residual fluorescence intensities
to calculate the stoichiometric concentrations of unbound-MQD-Ab2
and MQD-Ab2-hErbB2. Figure S3b shows fluorescence spectra of un-
reacted MQD-Ab2 exhibited decreasing residual fluorescence intensity
levels that corresponded well with increasing fluorescence intensities
observed with MQD-Ab2-hErbB2 complex-on-chip, and this trend was
directly proportional to the levels of target hErbB2 protein present in
the test serum sample. It is to be cautioned that the residual MQDs-Ab2
cannot be accounted for accurate estimation due to the loss of some
fraction while withdrawing from the chip-surface. However, this could
be considered for establishing relationship of dose-dependency by
comparison with response of immuno-optomagnetic assay.

3.3. PoC specificity

Specificity tests of the developed PoC immuno-optomagnetic assay
was carried out under identical conditions as described in experimental
section for hErbB2 detection. Three different samples, such as (a) blind
serum samples containing target hErbB2 protein were used as positive
controls, (b) serum sample spiked with three different concentrations of
three different non-specific proteins (negative controls), such as epi-
dermal growth factor receptor-1 (EGFR1, a structurally similar protein
to human ErbB2) in triplicates of 5 and 2.5 ng mL ™!, FGF, which is a co-
existing protein in serum (1, 5 and 10 ng mL™1) and (c) bovine serum
albumin (BSA) protein spiked serum as a second negative control.
Figure S5a-b show results of specificity tests carried out using PoC
immuno-optomagnetic assay chip under standard assay conditions si-
milar to that described for detection of hErbB2. Specificity tests re-
vealed successful detection of hErbB2 protein in blind serum sample
corresponding to 2.5 and 5 ng mL ™! that matched to the expected le-
vels. It is evident from Fig. S5a-b that the PoC immunoassay did not
show cross reactivity with non-specific proteins, such as one that is
structurally similar ErbB1 (EGFR) protein or FGF or BSA proteins, in-
dicating that the PoC immuno-optmagnetic assay reaction presented
high specificity to hErbB2 protein in serum with a detection range from
0.62 to 5 ng mL~ ! hErbB2/Her2 under standard assay conditions using
a smartphone. This detection range can be more accurately extended up
to 10 ng mL ™! provided that a conventional image processing (ImageJ)
tool is required to analyze data for the accurate signal measurements.

4. Conclusions

In this study, a novel immuno-optomagnetic PoC chip assay is de-
veloped which utilizes multifunctional MQD nanocrystals on bioacti-
vated PoC-chip for detection of hErbB2 cancer biomarker protein in
human serum. The assay relies on use of bioactivated MQD-nanoarch-
itectures as nanoprobes that were uniquely designed for simultaneously
exhibiting both magnetic and optical properties for capturing of target
biomarker in serum. These MQDs were non-dissociable because of their
orientation, where CdSe/CdS/ZnS QD nanocrystals forms the central
core material shielded by a coating of thick layer of MNPs. QD nano-
crystals in MQDs remain inaccessible to external environment and
therefore prevented from quenching or loss of optical properties. The
signal detection is made simply by flashing the chip with a hand-held
UV-torch and a smartphone equipped with camera and RGB processing
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application. Detection of serum hErbB2 protein is made within 30 min
of sampling that required no additional steps, equipment or reagents,
which was sufficient to detect well below the clinically normal levels
(625 pg mL~! to 5 ng mL~'). We envision that this immuno-opto-
magnetic PoC chip assay can be extended to detecting various other
disease biomarkers and potentially be used in a resource limited set-
tings.
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