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HIGHLIGHTS

e Quantum dot conjugates serve as optical
sensors for CA19-9 antigen detection.

o A visual panel enables semi-quantitative
tracking of CA19-9 levels in serum
samples.

e This approach shows potential for
detecting various cancer biomarkers in
real samples.
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ABSTRACT

This study introduces a fluorescent immunosensor colour panel with antibody-conjugated quantum dots for
detecting CA19-9 in human serum. The immunosensors presented decreasing fluorescence with increasing CA19-
9 concentrations, with a linear detection range from 0.01 to 501.87 U mL~! and detection limits of 1.66 x 1074,
2.71 x 107, and 5.45 x 10~ U mL ™! for the green-, orange-, and red-emitting conjugates in human serum. These
limits are well below the 37 U mL™ cutoff for early pancreatic cancer risk. The immunosensor panel is simple,
sensitive, and specific, offering a visual colour readout for rapid CA19-9 detection, making it ideal for point-of-
care applications. The results highlight the potential of the developed conjugates as a sensitive fluorescence
colour panel for detecting CA19-9 across a wide range in human serum, both below and above the pancreatic
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cancer cutoff. With just 200 pL of sample and a single pre-filtration step, the assay delivers results in under 15
min, offering a cost-effective and efficient platform for point-of-care use.

1. Introduction

The development of new sensors for diagnostic applications plays an
important role in modern healthcare facilities. One of the key advan-
tages is the ability to monitor diseases as cancer, not only at its early
stages but also during its progression, which can lead to more successful
treatment outcomes and improved patient survival rates. According to
statistics from the Global Cancer Observatory, the five-year survival rate
of pancreatic cancer (PC) patients is less than 8 %, nearly the lowest
among existing cancers due to the lack of early and accurate diagnostic
tools [1-3]. The cancer marker carbohydrate antigen 19-9 (CA19-9) is
one of the most important tumour biomarkers in patients with gastro-
intestinal malignancies and it has a high prevalence in patients suffering
from PC. Monitoring CA19-9 levels is therefore helpful in diagnosing PC
and tracking its progression, providing healthcare professionals with a
straightforward method for follow-up and in line with this, researchers
have focused on developing point-of-care tests (PoCTs) for the quanti-
fication of CA19-9 biomarker [4-6].

In spite of ELISA representing a common approach for CA19-9
detection, it has drawbacks such as the high cost of the horseradish
peroxidase (HRP) enzyme and environmental instability. Additionally,
the substrate 3,3',5,5-tetramethylbenzidine (TMB) is sensitive to tem-
perature and light. Therefore, a stable and inexpensive reporter that is
less sensitive to oxidation processes holds potential for application as a
new optical sensor system [7]. Semiconductor nanoparticles, known as
quantum dots (QDs), have emerged as promising reporters due to their
excellent characteristics, including broad absorption spectra, narrow,
symmetrical, and size-tuneable emission spectra, as well as long pho-
toluminescence lifetimes, good photostability, and high fluorescence
quantum yields. QDs have a semiconductor core and a non-toxic shell,
which make them thermally and photochemically stable. QDs, like other
nanomaterials, exhibit unique properties due to their nanometer-scale
dimensions, giving them characteristics that lie between those of bulk
semiconductors and discrete molecules. Their optical and electronic
properties change with both size and shape, making them attractive
materials for developing sensor-based devices [8,9].

Proteins have been conjugated to the surface of QDs and several
studies have utilized bovine serum albumin (BSA), enhancing their
stability properties. BSA is chosen as the model protein due to its strong
binding affinity to various nanoparticles, including QDs, gold nano-
particles, and silica nanoparticles, making it an ideal candidate for probe
coatings [10,11]. Furthermore, the presence of amino and carboxylic
acid residues in BSA molecules offsets advantageous reactive groups for
establishing covalent linkages with the functional groups on the outer
surface of probes [12,13]. In addition to BSA, antibodies are commonly
employed in conjunction with various nanomaterials as targeting moi-
eties for antigen recognition in the format of QDs@antibody-conjugates.
However, the procedure for antibody conjugation to a fluorescent probe
may lead to conformational changes in antibodies, potentially reducing
their antigen-recognition ability [14,15]. Therefore, surface modifica-
tion of QDs with target biomolecules, such as thiol groups, amino acids,
and proteins, arises as an alternative route for conjugating appropriate
ligands to the surface of QDs, providing them multifunctionality,
selectivity, and sensitivity [16,17]. Additionally, carbonyldiimidazole
(CDI) covalent conjugation methods take advantage of CDI as a highly
reactive compound with an active carbonylating agent containing two
acyl imidazole leaving groups. This crosslinker can react with a
carboxylate ion to form an active N-acyl imidazole group capable of
coupling with amine-containing molecules to form a stable covalent
amide linkage [18,19].

In this study, a covalent method was employed to produce

CdTe@MPA QDs coated with BSA and an antibody targeting the CA19-9
antigen. For this purpose, BSA was first covalently immobilized onto the
surface of cadmium telluride QDs functionalized with mercaptopro-
pionic acid CdTe@MPA QDs, through the activation of carboxylate ions
in the presence of the CDI linker. The activated carboxylates of QDs were
thus covalently bound to the amine groups on BSA, resulting in BSA-
mediated QDs, denoted as BSA@QDs. Subsequently, the hydroxyl
groups of CA19-9 antibodies (Ab CA19-9) were oxidized into reactive
aldehydes and further reacted with the amine groups of the BSA-
mediated QDs to form antibody-conjugates, designated as conjugates
(CJG@ADCA19-9). The antigen targeting efficiency of the conjugates
was evaluated as photoluminescent immunosensors for the quantifica-
tion of CA19-9 in phosphate-buffered saline (PBS) 10 mM pH 7.4 and in
commercial human serum. Finally, the synthesized conjugates were
characterized using scanning electron microscopy (SEM), UV-vis spec-
troscopy, fluorescence spectroscopy, and Fourier transform infrared
(FTIR) spectroscopy.

2. Experimental
2.1. Materials and reagents

Sodium periodate (NalO4, 99 %) was procured from VWR and 1,1
carbonyldiimidazole (CDI, 99.0 %) was obtained from Merck. Absolute
ethanol (>99 %) was sourced from Riedel-de Haén and 3-mercaptopro-
pionic acid (MPA, 99 %) was acquired from TCI. Phosphate-buffered
saline (PBS) and bovine serum albumin (BSA) were purchased from
Amresco, purified mouse monoclonal CA19-9 antibody (Ab CA19-9), the
human CA19-9 antigen grade protein unconjugated were obtained from
abcam. Carcinoembryonic antigen (CEA) and matrix metalloproteinase
7 (MMP7) were purchased from abbexa, creatinine (CREA) and human
serum albumin lyophilized powder (HSA) were purchased from Sigma.
Commercial human serum at the normal range (HNS) was purchased
from PZ CORMAY S.A., Poland, Amicon® ultracentrifuge filters (Ultra
0.5) MWCO 50 kDa were purchased from Sigma. All optical measure-
ments were conducted using a QS High precision cell with a 1 mm light
path made of quartz suprasil® from Héllma® Analytics. All solutions
were prepared using water from a Milli-Q system (specific conductivity
<0.1 pS cm™1), and employed chemicals of analytical grade quality. All
reagents were used without further purification.

2.2. Apparatus

Scanning Electron Microscopy (SEM) images of the conjugates were
take non a FEI Quanta 400 FEG, operating at an accelerating voltage of
15 kV. EDS images were also obtained. Transmission Electron Micro-
scopy (TEM) images were taken on a JEOL JEM 1400 TEM at 120 kV
(Tokyo, Japan) and digitally recorded using a CCD digital camera Orious
1100 W (Tokyo, Japan).

UV-vis spectra were obtained in the interval range (300-700 nm) on
an Evolution 220 UV-vis spectrophotometer (Thermo Scientific). Mea-
surements were performed with a Hellma suprasil quartz cell with a 1
mm optical path with solutions of the green-, orange- and red-emitting
QDs at 1 pg mL~! and with solutions of the correspondent conjugates
at 1 pg mL~! in PBS 10 mM pH 7.4.

FTIR spectroscopy was performed using a Nicolet iS100 spectrometer
(Thermo Scientific) coupled to an attenuated total reflectance (ATR)
sampling accessory of diamond contact crystal. Both sample and back-
ground spectra were acquired under the control of room temperature (r.
t.) and humidity with 100 scans and a resolution of 16 cm ! in the
spectral range from 800 to 4000 cm™ L.
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Fluorescence spectra were obtained on a Lumina fluorescence spec-
trometer (Thermo Scientific) equipped with a 150 W continuous wave
xenon-arc discharge lamp as a light source at a scanning rate of 600 nm/
min, a scan speed of 600 nm/min, an integration time of 50 ms and a
response time of 0.02s. The photomultiplier tube voltage used was 300
PMT, both excitation and emission slits were set to 20 nm and both
emission and excitation filters were set to air. Steady-state fluorescence
mode was selected for the fluorescence measurements, using a Hellma
suprasil quartz cell with a 1 mm optical path, with excitation at 410 nm
and emissions recorded in the interval range between 470 nm and 770
nm, r. t. (22-23 °C). The fluorescence lifetimes were measured using a
DeltaFlexTM TCSPC lifetime spectrofluorometer (Horiba Scientific,
Kyoto, Japan).

2.3. Synthesis of the QDs nanoparticles

Aqueous soluble CdTe@MPA QDs were synthesized following a
previously reported protocol with minor adjustments [20]. Initially, a
three-neck flask containing 50 mL of ultrapure water, previously dea-
erated with nitrogen, was prepared. Cadmium chloride (CdCly, 1.23 g)
was added to the flask, followed by the addition of 897 pL of mercap-
topropionic acid (MPA) dissolved in 60 mL of ultrapure water. The pH of
the solution was adjusted to 11.5 by the dropwise addition of 1 M so-
dium hydroxide. The resulting mixture was then heated to 80 °C under
constant nitrogen flow. After, tellurium powder (0.384 g) was mixed
with sodium borohydride (0.182 g) in 3 mL of deaerated ultrapure
water, and the mixture was heated to 60 °C. The reaction mixture was
refluxed at 120 °C for 30 min. By extending the refluxing time, the size of
the quantum dots increased, and their colour shifted from green to red.
Finally, the quantum dots were precipitated in ice-cold absolute ethanol
(1:1) and centrifuged at 4000 rpm for 5 min. The resulting quantum dots
were then dried in a desiccator protected from light, r. t. (Fig. 1 i).

2.4. Assembly of the immunosensor

The conjugates were synthesized using the following protocol.
Briefly, green-, orange- and red-emitting CdTe@MPA QDs 1 (a—c) (5.03
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mg mL 1) were activated with CDI linker (58.4 mg mL ) in ultrapure
water at 60 °C for 20 min (Fig. 1 ii). Subsequently, BSA (10,4 mg mL™Y)
was added to the CDI-mediated QDs, and the reaction mixture was
stirred for 2 hs, r. t. (Fig. 1 iii). The mixture was centrifuged at 6000 rpm
for 3 min, r. t. using ultracentrifuge filters with a 50 kDa cutoff to
remove unconjugated products. The resulting BSA-mediated QDs,
referred to as BSA@QDs 2 (a—c) were stored protected from light for two
weeks in PBS at 4 °C, as a stock solution (5.62 mg mL ™).

The activation of the CA19-9 antibodies, followed a previously re-
ported protocol to convert alcohols into reactive aldehydes [21]. Briefly,
purified mouse monoclonal CA19-9 antibodies (Ab CA19-9) (30 ug
mL™1) were mixed with sodium periodate (21.4 mg mL™Y) in ultrapure
water and reacted in the dark for 30 min r. t. (Fig. 1 iv). The activated
antibodies were then suspended in 10 mM sodium carbonate at pH 9.8
and washed using ultracentrifuge filters with a 50 kDa cutoff to remove
unreacted reagents. The activated antibodies were resuspended in 10
mM PBS pH 7.4 at a concentration of 10 pg mL ! (3). Next the activated
antibodies solution was reacted with BSA@QDs 2 (a—c) (100 pg mL’l)
4hs, r. t, resulting in the formation of the conjugates 4 (a-c). The con-
jugates were washed three times with PBS to remove unbound anti-
bodies and resuspended in PBS 10 mM pH 7.4 yielding a stock solution
of the green-, orange- and red-emitting conjugates at 60 ug mL ™!, 62 g
mL ™! and 63 pg mL ™}, respectively. These solutions were stored at 4 °C
protected from light during 10 days. Solutions of the green-, orange- and
red-emitting conjugates at 100 ng mL~}, 500 ng mL ' and 1 Hg mL~!in
PBS 10 mM pH of 7.4 were prepared from the correspondent stock so-
lutions and its fluorescence emission registered (Fig. S1). For more de-
tails, please see the ESM file, section S1.

2.5. Calibrations of the immunosensor

Solutions of the green- orange- and red-emitting conjugates were
prepared using the following protocol. Briefly, 180 puL of a stock solution
of conjugates in PBS 10 mM pH 7.4 were added to a 48-well microplate
with 10 pL of standard solutions of CA19-9 prepared in the same buffer.
The total volume was adjusted to 200 pL with PBS 10 mM pH 7.4,
affording the conjugates at 100 ng mL~" and the CA 19-9 standards in

Oj

CdTe@MPA QDs
1 (a-c)

Fig. 1. Schematic representation of the synthesis of the conjugates 4 (a—c). Synthesis of the green-, orange- and red-emitting CdTe@MPA QDs 1 (a—c) through the
hydrothermal route (i); activation of the carboxylic groups of CdTe@MPA QDs with CDI (ii) and further reaction with free amines of BSA (iii) to obtain the con-
jugates BSA@QDs 2 (a—c); activation of the alcohol groups of the antibodies into reactive aldehydes with sodium periodate (iv) to obtain the activated antibodies (3),
finally conjugation of the activated antibodies (3) with BSA@QDs 2 (a—c) to obtain the conjugates 4 (a—c). (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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the interval range (0,01-501,9) U mL~". Replicates were prepared (S/N
= 3) and incubated 15 min r. t. on a microplate shaker. After, the so-
lutions were centrifuged and washed with bicarbonate buffer 10 mM to
remove unbound probes and then the conjugates were resuspended in
200 pL PBS 10 mM pH 7.4. The fluorescence signal was measured as a
function of the total CA19-9 concentration. The same protocol was
applied to prepare the bioconjugates at 500 ng mL ™! and at 1 pg mL~" in
PBS 10 mM pH 7.4. In parallel, solutions of the raw QDs nanoparticles (1
pg mL™1) in PBS 10 mM pH 7.4 were calibrated with standards of CA
19-9 prepared in the same interval range. The calibration protocols
were repeated with the green-, orange- and red-emitting conjugates at
100 ng mL 1, 500 ng mL~! and 1 pg mL ! and with the correspondent
raw QDs nanoparticles (1 pg mL™1) in lyophilized human serum within
the normal range (HNS). This medium is used for routine quality control
of inorganic, organic and enzymatic constituents. The human serum was
previously filtered using ultracentrifuge filters (MWCO = 50 kDa) and
used in the calibrations without further treatment. The fluorescence
signal upon calibrations was measured as a function of the total CA19-9
concentration.

2.6. Reproducibility and stability of the immunosensor

The reproducibility of the immunosensors was evaluated by deter-
mining the amount of CA19-9 using the absolute calibration curves of
each immunosensor spiked with standard solutions of CA19-9 at 5, 10,
100 and 500 U mL~! in human serum. All assays were conducted in
triplicate (S/N = 3) and the corresponding relative standard deviations
calculated (RSD, %, n = 3).

The stability of the immunosensors was evaluated by storing repli-
cates of green-, orange-, and red-emitting immunosensors in PBS 10 mM
pH 7.4 at 4 °C, shielded from light, for 0, 5, 10, and 20 days. All assays
were conducted in triplicate (S/N = 3) and the corresponding relative
standard deviations calculated (RSD, %, n = 3).

2.7. Interference study

In the selectivity studies, the green-, orange- and red-emitting con-
jugates were tested using competition assays against four interferents,
CEA, MMP7, CREA and HSA. Its selectivity was assessed for each
interferent individually and in the presence of a fixed concentration of
CA19-9. All assays were conducted in triplicate (S/N = 3) and the cor-
responding relative standard deviations calculated (RSD, %, n = 3).

3. Results and discussion
3.1. Assembly of the immunosensor

The surface mediation of quantum dots (QDs) using bovine serum
albumin (BSA) molecules has been shown to enhance their stability and
biocompatibility, particularly when the QDs are functionalized with
carboxylic acid groups [21]. BSA serves as a stabilizing agent, providing
a biocompatible coating around the QDs, which can prevent aggregation
and reduce potential toxicity. In the conjugation process, 1,1’-carbon-
yldiimidazole (CDI) is initially used to activate the carboxylic acid
groups present on the surface of the QDs (Fig. 1ii). CDI reacts with these
groups to form a highly reactive intermediate known as N-acyl imid-
azole. This intermediate is generated due to the rapid release of carbon
dioxide and imidazole, which drives the reaction forward. Subsequently,
the activated carboxylate groups on the QDs interact with the amine
groups present on BSA molecules, forming stable amide bonds. This
conjugation process results in the formation of BSA-coated QDs
(BSA@QDs), where the BSA molecules provide a protective layer around
the QDs, enhancing their stability and biocompatibility (Fig. 1iii). To
synthesize the conjugates, first sodium periodate was used as the
oxidizing agent of the alcohol groups of N-glycans from CA19-9 anti-
bodies, to be converted into reactive aldehydes (Fig. 1iv). Finally, the
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reactive aldehyde group-containing antibodies were conjugated to the
amine groups of BSA@QDs to form the conjugates as CJG@AbCA19-9
(Fig. 1v). The fluorescence emission curves obtained during assembly
of the green-, orange- and red-emitting conjugates in PBS 10 mM pH 7.4
are shown in Fig. S1 and compared with the correspondent raw QDs
solutions. For more details please see ESM file, section S2.

3.2. SEM, EDS and TEM analysis

SEM images of the green-, orange- and red-emitting QDs conjugates
can be seen in Fig. 2(a—c). All conjugates appear as aggregates with
variable sizes up to 2 pm whose individual diameter is difficult to predict
at the amplifications taken.

From the EDS analysis it is evidenced the presence of the elements
cadmium and telluride, which are attributed to the metallic core of the
nanoparticles and the presence of sulphur is associated to the mercap-
topropionic acid used as the capping agent of the QDs. The elements
carbon and oxygen are also detectable in all conjugates in significant
amounts, probably related to the CA19-9 antibodies and the BSA protein
molecules present at the surface of the conjugates Fig. 2 z1)-z3).

TEM images of the green-, orange- and red-emitting QDs conjugates
can be seen in Fig. 2(d-f). All conjugates appear as aggregates with
variable sizes up to 2 pm whose individual diameter is difficult to predict
at the amplifications taken. The green-, orange and red-emitting QDs
nanoparticles appear in TEM images as black spots representative of
higher electron density materials, around shadowed structures evi-
denced as grey zones with lower image contrast and for this reason
representative of the conjugates [22].

The conjugates were assembled around the BSA@QDs to which an-
tibodies are covalently linked, forming BSA@QDs conjugates. All con-
jugates in solution appear aggregated, showing no significant size
differentiation, with diameters up to 5 nm. These bulky structures
appear as grey spots or shadowed areas in TEM images, characteristic of
nonconductive materials, thus possessing reduced contrast around the
core of the QDs [22].

3.3. UV-vis analysis

The green-, orange- and red-emitting QDs nanoparticles present an
average size diameter around 2.5 nm, 2.9 nm and 3.7 nm respectively,
determined according to a previous protocol [23]. The absorption
spectra of the conjugate solutions followed the absorption profile of the
raw QD nanoparticles in both intensity and wavelength range, with the
conjugates absorbing within the same interval as the corresponding raw
emitting QDs (Fig. 3A).

Both fluorescence emissions of solutions of the raw QDs nano-
particles and of the conjugates exhibit Gaussian-shaped functions, with
the maximum emission wavelength increasing from the green-to the
orange- and to the red-emitting conjugates from 550 nm to 600 nm-650
nm, respectively (Fig. 3B). The fluorescence emissions of all solutions of
the conjugates evidence a decrease in its intensity comparatively to the
solutions of the raw QDs nanoparticles prepared at the same concen-
tration of 1 pg mL ™}, as shown in Fig. 3B which may be attributed to the
conjugation of the BSA@QDs to CA19-9 antibodies.

3.4. FTIR analysis

In Fig. 4 is represented the FTIR measurements of the synthesized
green (i), orange (ii) and red (iii) emitting CdTe@MPQA QDs, of the
antibody CA19-9 (iv) and of the corresponding red-emitting conjugates
).

In the FTIR spectra of the red-emitting QDs, the presence of the OH
stretching is evidenced by the broad peak at 3329,23 cm™! (Fig. 4A iii).
The stretching modes of the G-H is seen at 2931,41 cm ™. The typical
thiol (S-H) weak vibrations appear at 2583,97 cm ! at the QDs nano-
particles. The bands at 1552.08 cm™' and 1392.71 cm! are attributed to
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Fig. 2. SEM images of solutions of the green- (a), orange- (b) and red-emitting conjugates (c) and the correspondent EDS analysis al), b1) and c1), respectively; TEM
images of solutions of the green- (d), orange- (e) and red-emitting conjugates (f). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 3. (A) UV-Vis spectra of solutions of the green-, orange- and red-emitting CdTe@MPA QDs nanoparticles prepared at 1 pg mL~! with distinct maximum ab-
sorption wavelengths. a) Green-emitting QDS (Amax = 505 nm); b) orange-emitting QDs (Amax = 525 nm) and ¢) red-emitting QDs (Amax = 600 nm) in PBS 10 mM pH
7.4. Inset is the correspondent colour of each solution observed at ambient light. (B) The fluorescence emission spectra of the as prepared solutions. a) Green-emitting
conjugates; b) orange-emitting conjugates ¢) red-emitting conjugates. Inset is the correspondent colour of each solution observed under a 365 nm UV lamp. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. FTIR spectra of the green- (i); orange- (ii) and red-emitting CdTe@MPA QDs (iii); of CA19-9 antibodies (iv) and of the corresponding red-emitting conjugates
(v). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

the asymmetric and symmetric stretching vibrations of the carboxylate
groups (COO") on the surface of the QDs nanoparticles. The strong peaks
at these frequencies may be correlated with the fact that during the
synthesis of all nanoparticles, the pH of the cadmium precursor solution
was basic [24]. The band around 1024,44 em! is attributed to the
stretching vibrations of the C~O-C bonds. Besides, the bending vibration
of C-S resulted in the absorption bands appearing at 849,60 cm ™! [25].
For simplicity of the FITR analysis, the spectra represented in Fig. 4B v is
related to the red-emitting conjugates and the discussion provided is
representative of the FTIR profile of all conjugates. The attenuated
bands at 2960,85 cm ™! and 2934,66 cm ! visible in the spectrum of the
red-emitting conjugates (Fig. 4B v) and in the spectrum of the CA19-9
antibodies (Fig. 4B iv) are attributed to the N-H stretching vibrations
from the amino acid residues of the antibodies. Moreover, the band at
1650,10 cm™! seen on the spectrum of the red-emitting conjugates
(Fig. 4B v) and of the spectrum of the CA19-9 antibodies (Fig. 4B iv)
represent the N-H bending vibrations of the amino acid residues. The
small band at 1103,32 cm™! present in the red-emitting conjugates
(Fig. 4B v) may be attributed to the amino acid residues from the C-N
stretching of the antibodies, as some of these bands are also visible in its
spectrum (Fig. 4B iv) [26]. The band appearing at 3300,99 cm™! in the
red-emitting conjugates (Fig. 4B v) is probably attributed to the OH
stretching’s of the QDs nanoparticles (Fig. 4A i - iii) as this band is
present in all the three spectra of the nanoparticles. In addition, the
bands at 1548,53 cm™ ! and at 1398,71 cm ™! visible in the spectrum of
the red-emitting conjugates (Fig. 4B v) and in all spectra of QDs nano-
particles (Fig. 4A i - iii) are attributed to the asymmetric and symmetric
stretching’s of the carboxylic groups of QDs, respectively [27].

3.5. Time-resolved fluorescence measurements

Time-resolved fluorescence measurements were conducted to assess
the fluorescence lifetimes of green-, orange-, and red-emitting
CdTe@MPA QDs and their corresponding bioconjugates with the

CA19-9 antibody. The fluorescence decay profiles of both QDs and QD-
antibody conjugates were modelled using three exponential decay
components, which correspond to short, medium, and long-lived radi-
ative processes, as shown in Fig. S4 and summarized in Table 1. This
multi-exponential approach reflects the various emission pathways
contributing to the overall fluorescence emission of the QDs. The
average lifetime for each nanoparticle was then determined using
equation (2):

z _ ZiBiTiz
average —
Y B

(2)

wherein, B; corresponds to the amplitude of each decay fraction and 7; is
the respective time constant.

The analysis of the average lifetimes of the raw QDs and of the
bioconjugates upon functionalization with Ab CA19-9, provided
important insights into the interaction between the QDs (sensing
element) and the antibody (recognition element). It was observed that,
despite the occurrence of fluorescence quenching, the lifetime of the
QDs nanoparticles remained practically unchanged (Table 1 and Fig. S4)
after binding to the antibodies. This result is significant because it sug-
gests that the observed quenching is not due to alterations in the
intrinsic properties of the QDs but rather due to a specific interaction
process between the QDs and the antibodies. When QDs bind to anti-
bodies, they form a stable complex. The preservation of the lifetime
indicates that the radiative mechanisms responsible for the emission of
the QDs were not affected by the antibody binding [28,29].

This finding is crucial for the design and application of QD-based
biosensors, as it confirms that the interaction between the QDs and
antibodies does not disturb the intrinsic photophysical properties of the
QDs. The formation of the QD-antibody complex, evidenced by the
fluorescence quenching and unchanged lifetime, supports the specificity
and stability of the interaction, which is essential for accurate biosensing
applications. For more details, please see ESM file, section S3.
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Table 1
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Fluorescence lifetime values of the raw green-, orange- and red-emitting QDs and of the correspondent QDs@conjugates, after functionalization with Ab CA19-9.

QDs entities Fluorescence lifetimes

1st decay component

2nd decay component 3rd decay component Taverage (1S)

Raw green QDs 7; (ns) 18.4 +£ 0.5
B; (%) 50.3

Green QDs@conjugates 71 (ns) 9.3 +0.3
B; (%) 24.7

Raw orange QDs 11 (ns) 32+1
B; (%) 59.3

Orange QDs@conjugates 71 (ns) 5.4+ 0.6
B; (%) 4.5

Raw red QDs 71 (ns) 26.6 + 0.7
B; (%) 56.5

Red QDs@conjugates 71 (ns) 20.2 £ 0.6
B; (%) 26.4

3.6 +0.1 72+ 0.8 58.1 £ 0.6
10.8 38.9

0.32 + 0.02 58.9 + 0.6 55.5+ 0.5
19.7 55.6

5.5+ 0.3 75+ 1 57 +1
4.8 36.0

33.6 £ 0.6 861 61 +1
65.9 29.6

5.0 £0.2 81+1 62.5 + 0.8
5.6 37.9

35.1+0.6 0.05 + 0.02 59.0 + 0.6
51.7 22.0

3.6. Fluorescence studies

The calibration curves for the conjugates and the corresponding raw
QDs nanoparticles obtained with standard solutions of CA19-9 were
analysed based on the Stern-Volmer equation (1).

Ip/1 =1 + ksy [Q] (@]

Here, Iy and I are the fluorescence intensities in the absence and in
the presence of CA19-9 respectively, ksy is the Stern-Volmer constant,
and [Q] is the total concentration of CA19-9 in solution [30].

3.6.1. Calibrations in PBS

A linear correlation in the fluorescence quenching (Ip/I) was
observed at the maximum emission wavelength of each bioconjugate, in
the interval range of [0,01-501,87] U mL~}, as seen in Fig. 5, being its
response more pronounced with the conjugates assembled at the con-
centration of 1 pug mL~" of Ab CA19-9 (Fig. 5d-h, I, m, n, 0). In Table S1
are shown the analytical results correspondent to the slopes calculated
based on the Stern-Volmer equation. These results evidence that an
increasing concentration of the Ab CA19-9 at the surface of the QDs
nanoparticles up to 1 pg mL ™" is directly related with an increase of the
interaction of the bioconjugate with the target antigen CA19-9, as
evaluated but the slope values of the calibration curves obtained. For all
conjugates, the limit of detection (LOD) was calculated as the concen-
tration to quench three times the standard deviation of the blank divided
by the slope. The green conjugates exhibited a LOD of 2,46 x 107> U
mL~! (S/N = 3) and a kgy = —0,1091 (Table S1). In a similar way, the
higher recognition ability of the immunosensors to CA19-9 target was
observed with the orange-emitting conjugates (Fig. S2f) and the red-
emitting conjugates prepared at the highest concentration of 1 pg
mL~! (Fig. $2i). In accordance to this, the orange conjugates exhibited a
LOD of 2,40 x 10~* U mL ™! (S/N = 3) and a kgy = —0,1042, whereas the
red-emitting conjugates exhibited a LOD of 4,41 x 10~* UmL ™! (S/N =
3) and a ksy = —0,1004 (Table S1).

From the calibration curves shown in Fig. 5, it is visible that the slope
in the fluorescence signal associated to the quenching effect of the CA19-
9 antigen is more pronounced for all conjugates prepared with 1 pg
mL~! of Ab CA19-9 (Fig. 5 m, n, o). This may be attributed to the
presence of the Ab CA19-9 used in the assembly of the conjugates. Ac-
cording to Liu et al., as the raw QDs overlap in the UV-vis absorption
region of Ab CA19-9 but not in the fluorescence emission region, is
suggestive that the energy transfer could be excluded as one of the
possible mechanisms for fluorescence quenching (Fig. 3A). Instead, a
charge transfer phenomenon may be involved as the maximum ab-
sorption of Ab CA19-9 (200 nm) is in the same region as the absorption
band of all colour-emitting QDs, enabling the charges in the conductive
bands of QDs nanoparticles to transfer to the lowest unoccupied orbital
of the Ab CA19-9 molecules. This occurrence may induce the extra
fluorescence quenching observed during calibrations with increasing
concentration of the Ab CA19-9 [31,32].

Finally, the calibrations with the raw QDs nanoparticles as controls
of the correspondent conjugates also presented a signal decrease within
the concentration range of the CA19-9 standard solutions in human
serum, but at a lower extent (Fig. 5 m, n, o). Effectively, for the raw QDs
nanoparticles the Stern-Volmer constant values obtained were lower
and the LOD values appeared at higher limits compared to the corre-
sponding conjugates assembled at any of the three concentrations (100
ng mL~!, 500 ng mL~! and 1 pg mL™!) (Fig. S2, Table S1). For more
details please see ESM file, section S2.

3.6.2. Calibrations in human serum

Upon resuspension of the conjugates prepared at 100 ng mL™!, 500
ng mL~! and at 1 pg mL™! in the prefiltered non-diluted human serum
(HNS), a fluorescence quenching up to 3 % of the initial signal was
observed in the green-emitting conjugates, whereas a negligible
decrease up to 0,4 % was observed with the orange- and the red-emitting
conjugates, as shown in Fig. S1. This quenching effect may be attributed
to the constituents naturally present in the human serum, which sup-
press the initial fluorescence signal of the QDs nanoparticles, being this
variation more pronounced in the case of the conjugates prepared from
the green-emitting QDs. This tendency is also observed for all raw QDs
nanoparticles upon resuspension in human serum. Please see ESM file,
section S2). Similarly to the calibrations conducted in PBS 10 mM pH
7.4, a linear correlation in the fluorescence quenching (Ip/I) was also
observed at the maximum emission wavelength of each bioconjugate, in
the interval range of [0,01-501,87] U mL ! in human serum, being its
response more pronounced with the conjugates assembled at the con-
centration of 1 pg mL~! of Ab CA19-9 (Fig. 6d-h, 1, m, n, o). The
analytical data correspondent to the calibration curves of the conjugates
and the raw QDs nanoparticles in human serum is represented in
Table S2 and was analysed according to the Stern-Volmer equation (1).

The green conjugates exhibited a LOD 0of 1,66 x 10 ® UmL ™! (S/N =
3) and a ksy = —0,1241 (Table S2). In a similar way, the higher recog-
nition ability of the immunosensors for CA19-9 was also observed with
the orange-emitting conjugates (Fig. S3f) and the red-emitting conju-
gates prepared at the highest concentration of 1 pg mL™! (Fig. $3i). In
accordance to this, the orange conjugates exhibited a LOD of 2,71 x
10°4UmL ! (S/N=3)and a ksy = —0,1028, whereas the red-emitting
conjugates exhibited a LOD of 5,45 x 104U mL ! (S/N=3)and a ksv
= —0,1127 (Table S2). Finally, the calibrations with the raw QDs
nanoparticles as controls of the correspondent conjugates also presented
a signal decrease within the concentration range of the CA19-9 stan-
dards, but at a lower extent (Fig. 6 m, n, 0). Indeed, its calibration curves
presented lower Stern-Volmer constants and upper LOD values
comparatively to the corresponding conjugates assembled at either
concentrations of 100 ng mL~}, 500 ngmL’1 or 1 g mL~! (Fig. S3,
Table S2). For more details please see ESM file, section S2. It is evident
that the calibrations in human serum were influenced by the presence of
the normal levels of constituents of the serum, as there was an overall
decrease in the sensing response of the conjugates and the raw QDs
nanoparticles, comparatively to its response in PBS 10 mM pH 7.4.
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Fig. 5. Fluorescence emission spectra of the green- (b-d), orange- (f-h) and red-emitting-conjugates (j-1) at 100 ng mL ™', 500 ng mL~! and 1 pg mL ! in PBS 10 mM
pH 7.4, upon calibrations with CA19-9 standards in the interval range [0,01-501,87] U mL ™' and the correspondent Stern-Volmer plots (m-0). Fluorescence emission
spectra of the green- (a), orange- (e) and red-emitting raw QDs (i) upon calibrations with the standards in the same interval range and the correspondent Stern-
Volmer plots (m-0). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Nonetheless, the results obtained from the LOD values and the interval
of linearity obtained in serum demonstrate the ability of the conjugates
to respond to the target analyte within the range of concentrations for
CA19-9 for pancreatic cancer diagnosis. Moreover, the colour palette
displayed by each immunosensor in human serum enables a multi-
paneled colour match for the semi-qualitative quantification of CA19-9
levels. This approach provides more accurate quantification of target
levels in a human serum sample by matching each immunosensor’s
colour with the corresponding colour palette from the CA19-9 stan-
dards. Finally, to ensure effective sensing, a platform must detect target
biomarker levels above the cutoff value. In Table 2 are listed previously
published CA19-9 sensors.

The immunosensors developed in this work demonstrated superior
performance with lower LODs and broader linear ranges compared to
other fluorescence- and electrochemical-based CA19-9 immunosensors.
These improvements are critical, as they enhance the sensitivity and
accuracy of detecting CA19-9. In clinical diagnostics, the dynamic range
of an immunosensor is a key parameter. Pancreatic cancer patients often
exhibit highly elevated levels of CA19-9, and the ability to accurately
measure a wide range of concentrations is vital for effective monitoring
of the disease. A broader linear range allows the immunosensor to detect
both low and high concentrations of the biomarker, ensuring more
reliable tracking of disease progression and treatment response. By of-
fering both lower LOD and an extended dynamic range, these
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Fig. 6. Fluorescence emission spectra of the green- (b-d), orange (f-h) and red-e
brations with CA19-9 standards in the interval range [0,01-501,87] U mL ! and t

mitting-conjugates (j-1) at 100, 500 and 1 pg mL~' in human serum, upon cali-
he correspondent Stern-Volmer plots (m-o). Fluorescence emission spectra of the

green- (a), orange- (e) and red-emitting raw QDs (i) upon calibrations with the standards in the same interval range and the correspondent Stern-Volmer plots (m-o).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

immunosensors provide enhanced clinical utility, potentially improving
early diagnosis and enabling better patient management [43].

3.7. Reproducibility and stability of the immunosensor

The reproducibility of the immunosensors was evaluated calculating
the average recovery using equation (3) and the results are shown in
Fig. 7A and in Table 3.

) x 100

[CA19 — 9] spiked

0, = - -
Vo recovery ( [CA19 — 9]found

3)

The results illustrate that the amounts of CA19-9 detected from the
absolute calibration curves of each immunosensor align closely with the
spiked samples, indicating no significant differences.

The stability of the immunosensors is shown in Fig. 7B. It is evi-
denced that storing the immunosensors for up to 10 days preserved its
fluorescence signal at approximately 98 % of its initial intensity. How-
ever, extended storage led to a gradual decrease up to 95 % of its initial
signal. This decline may be attributed to the potential toxicity of CdTe
QDs, which could result in antibody denaturation and impact the
viability of the immunosensors beyond the 10-day mark. For more de-
tails please see ESM file, section S4.
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Table 2

Comparative responses of the green-, orange- and red-emitting immunosensors,
CJG@ADbCA19-9 developed in this work for detecting CA19-9 in human serum
and comparison with other reported sensors.
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response in the presence of a standard solution of CA19-9 at 10 U mL L.
The results are shown in Fig. 7C. In the presence of the target CA19-9,
the fluorescence intensity of the green-, orange-, and red-emitting
immunosensors decreased to 66 %, 64 % and 67 % of its initial in-

Biosensor type LRR (UmL ™) LOD (UmL™Y) Ref. tensity, respectively. It is observed that the fluorescence response of all
Electrochemical 1,5 x 1072- 6,0 x 1073 [33-37]
1,50 x 107 b
ECL 1,0x107%-50 50x10°* [38,39] Table 3 ) o
% 10° Recoveries and relative standard deviations (RSD, %, n = 3) of the green-, or-
PEC 50 x 1073-1,0 1,1 x 1073 [401 ange- and red-emitting conjugates at 1 pg mL™! upon spiking increasing con-
x 10% centrations of CA19-9 in human serum.
1 o
Quartz crystal 1,55 % 10°-270 8,3 x 10 (41 CJG@AbCA19-  Sample  Spiked CA19-9  Found CA19-9  Recovery +
microbalance x 10 9 Umh (UmL Y RSD (%)
Fluorescence 1,0 x 107! - 4,0 x 1072 [42] >
1,80 x 102 Green-emitting 1 5,00 x 10° 5,25 x 10° 105,06 + 1,11
Fluorescence 9,8 x10°%-5,0 1,7 x 1074 green This 2 1,00 x 10! 1,27 x 10* 105,32 + 1,47
x 10% CJG@ADBCA19-9 work 3 1,00 x 102 1,02 x 102 100,78 + 0,63
2,7 x 10~* orange 4 5,00 x 10% 5,02 x 10? 102,04 + 1,30
CIG@AbCA19-9
5,4 x 10 * red i 5
CIG@ADCA19-9 Orangej 1 5,00 x 10l 5,17 x 10l 103,34 + 1,48
emitting 2 1,00 x 10 1,07 x 10 101,45 £ 1,24
ECL: electrochemiluminescence; PEC: photoelectrochemical. 3 1,00 x 102 1,07 x 10? 103,47 + 1,30
4 5,00 x 102 5,01 x 102 101,09 + 0,45
3.8. Interference study
Red-emitting 1 5,00 x 10° 5,21 x 10° 104,19 + 0,34
. . 2 1,00 x 10! 1,06 x 10! 101,15 + 0,65
The anallytlcal response of th(.e green-, orange- and red-emitting 3 100 x 107 1,05 x 10° 102,28 + 1.37
conjugates in the presence of the interferents CREA, MMP7, CEA and 4 5,00 x 10° 5,04 x 107 104,11 + 1,45
HSA was registered in human serum and compared to their fluorescence
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conjugates in the presence of the interferents CREA, MMP7 and CEA
decreased by 1,1 % up to 2,7 % of its initial signal.

The quenching effect caused by interferents CREA, CEA, and MMP7
may be attributed to its isoelectric points, regarding the acidic character
of the human serum used (pH = 6.1) at 22 °C, which favours these
biomolecules to have a positive surface charge in this medium [44].
Attending that the raw QDs are negatively charged due to the pKa of the
mercaptopropionic acid, this leads to a fluorescence quenching effect
from the three interferents in all bioconjugates [45]. Conversely, in the
presence of HSA, the opposite effect is observed with an increase of the
fluorescence signal of all conjugates up to 2,1 % to 2,9 % (RSD, %, n =
3). Given the isoelectric point of HSA, it is estimated to have a negative
surface charge in the working buffer’s pH. This enhances the emission
signal of all bioconjugates in the presence of this protein [44]. For more
details please see ESM file, section S5.

4. Conclusions

In the current study, three sensitive immunosensors were developed
for CA19-9 antigen. The CdTe@MPA QDs nanoparticles used in this
work were synthesized by the hydrothermal route, which confers them
good fluorescence signal and reproducibility. The prepared immuno-
sensors exhibited stable fluorescence emissions to allow for the quanti-
fication of CA19-9 in human serum and the LODs of all immunosensors
reached values that enable for the quantification not only bellow the
cutoff values associated to PC diagnosis but also above, as a means to
monitor the disease’s progression. In a visual three-colour panel code,
the immunosensors provide a colour readout by matching each immu-
nosensor’s colour with the corresponding colour palette from the CA19-
9 standards in human serum. This indicates that the conjugates devel-
oped in this work have potential for future research focused on devel-
oping fluorescence readout methods for other cancer biomarkers.
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