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Research Highlights

e Quantum dots modified with molecularly-imprinted polymer for protein detection
e The first molecularly-imprinted polymer for interleukin-2 reported so far

e Different approaches for the imprinted polymer formation around the quantum dot
e Sensitive material for interleukin-2 detection in diluted serum

e Overall, low-cost, sensitive and selective biomimetic system for interleukin-2 detection

Abstract
Herein, the development of a fluorescent-based sensor by combining quantum dots (QDs) with

molecularly-imprinted technology (MIP), intensively optimized to generate exceptional operating
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features is presented. This sensor is designed to target human interleukin-2 (IL-2) in synthetic human
serum. IL-2 is a regulatory protein released as a triggered response from the immune system towards
an inflammation.

For this purpose, cadmium telluride (CdTe) QDs are prepared with 3-mercaptopropionic acid (MPA)
and modified afterwards to produce an IL-2 imprinted polymer with methacrylic acid and N,N"-
methylenebis(acrylamide), upon removal of the template under optimized conditions. During IL-2
rebinding, the fluorescence intensity of CdTe@MPA QDs is quenched in a concentration dependent
manner. Using surface imprinting technology, the optimal fluorescence signals yielded a linear
response versus logarithm of IL-2 concentration from 35 fg/ml to 39 pg/ml, in a 1000-fold diluted
synthetic human serum. The limit of detection obtained is 5.91 fg/ml, lying below the concentration
levels of IL-2 with clinical interest for cancer diagnosis (9.4-19.2 pg/ml).

Overall, the method presented herein is a demonstration that the combination of MIP and QDs for
protein detection constitutes a powerful tool in clinical analysis, providing low cost, sensitive and
quick responses. The same concept may be further extended to other proteins of interest.

Keywords: Quantum dots; molecularly imprinted polymer; conjugated-QDs; protein; interleukin-2;

cancer biomarker.



1. Introduction

The ability to detect biomarkers in body fluids at the point of care (POC) is becoming a key element
in diagnosis. Increased attention on both disease prevention and/or recurrence has prompted research
towards the development of expeditious biosensors for early-stage diagnosis, with both high
sensitivity, selectivity and quick results.

Cytokines are molecules involved in both innate and adaptive immunity, playing a significant
physiological role in lymphoid tissue ontogenesis, organogenesis and tissue repair. When the
expression of these molecules is chronically altered, diseases often occur. In particular, cytokines and
chemokines deregulation can support the onset of pathologies linked to chronic inflammation,
tumorigenesis and autoimmunity [1,2].

Interleukin-2 (IL-2) is a 15.5 kDa cytokine produced by T lymphocytes that is responsible for T-cell
proliferation. It was first reported as a “T cell growth factor” as it is implicated in several stimulatory
effects on natural killer (NK) cells, natural killer T (NKT) cells, and B cells, by increasing the growth
and activity of T and B lymphocytes. IL-2 affects multiple signal pathways and its deficiency causes
the multifaceted dysregulation of immune response. It is considered a reliable indicator of several
immunodeficiency pathologies and of the immune system condition even after chemotherapy
treatments[3].

The possibility to monitor IL-2 concentrations with high sensitivity in body fluids (serum and/ or
urine) at early-stage diagnosis is paramount to the success therapies of several pathologies. Elevated
levels of this biomarker are related to malignant cancers [4] and several other malignancies including
chronic liver disease [5], acute respiratory distress syndrome [6], neurodegenerative diseases like
Parkinson [7] and Alzheimer [8].

Enzyme-linked immunosorbent assays (ELISAS) are standard widespread protocols for detecting IL-



2 protein in clinical diagnostic applications. Commercial ELISA kits can detect basal levels of IL-2
in human serum at concentrations as low as 2 pg/ml. These methods are sensitive in the range of body
fluid concentrations, but many lack reproducibility when applied at early phase detection, due to very
low concentrations of the biomarker [9]. Several immunochemical kits are commercially available for
sensitive and multiplexed detection of biomarkers. Their major limitations for POC testing are mainly
related to time-consuming protocols, usually requiring trained personnel and long waiting periods for
obtaining reliable results. Moreover, they often need expensive instrumentation and extra costly
reagents, limiting their suitability and sustainability for POC application [10]. Hence, to facilitate
accurate, rapid and reliable testing at low cost, alternative approaches are required at early diagnosis,
like the work we present herein.

Some optical methods are devoted to screen IL-2 using label-free strategies. These include
fluorescence staining assays [11] or surface plasmon resonance (SPR)-based sensors, where a
detection limit of 100 pg/ml for IL-2 secretion from Jurkat cells, a human cancer cell line, was reported
[12]. Recently, Su et al. reported the detection of IL-2 individual molecules in one-component
solutions. They use optical resonators such as microtoroids to detect individual molecules with a
radius of 12.5 nm in an aqueous solution without the use of labels [13].

Another approach that could be employed for screening IL-2 includes molecularly-imprinted
polymers (MIPs) with cavities that are the molecular mould of the target analyte and to which this
analyte interacts with high affinity by non-covalent interactions. These cavities can be supplemented
with special moieties that act as tags to promote the analyte interaction. MIPs are formed by a
combination of template molecules with adequate functional monomers and crosslinkers. Recently,
MIP assemblies have shown evidences of potential application in the detection of some biomarkers,
with low limits of detection and rapid diagnosis results [14-19], but none of these works are related to
IL-2 detection. Moreover, the combination of MIPs with fluorescence-based sensors for protein

detection in emerging with great relevance in the field of optical sensing due to their high sensitivity



and specificity, along with a fast response and simplicity of implementation. In this context, quantum
dots (QDs) made typically of semiconductor materials (like cadmium selenide, CdSe, and cadmium
telluride), but also from carbon and silicon, have gathered a noteworthy reputation as advantageous
fluorescent probes. Exhibiting high photostability, strong photoluminescence, size-tuneable broad
excitation and sharp emission profiles along with ease of conjugation and functionalization,[20] have
outperformed the classic organic fluorescent dyes, providing the flexibility to work in a wider optical
absorption/ emission window with a longer lifetime [21].

In the past years, several MIPs conjugated to QDs have been explored for specific recognition of
proteins in biological fluids, due to their promising features in biosensing [22, 23]. The conjugation
to polymers takes place usually at the shell surface, were the recognition element (template) is
moulded through a molecular imprinting process.

Thus, this work combines MIP and semiconductor nanoparticles CdTeMPA QDs, to detect IL-2 in
synthetic human serum with a sensitivity down to the fg/ml. This is done by tailoring MIP materials
around CdTe QDs assembled with an MPA shell. Non-imprinted polymers (NIPs) were used as
controls and the most relevant variables for assembling MIP-QDs were optimized. The best MIP-QDs
conjugates were applied to the analysis of diluted serum samples and the results obtained have
provided a rapid (up to 30min.) and a low-cost alternative to the detection of IL-2, as the estimated

cost of production of the pair of MIP-and NIP-conjugates is approximately 1.7€.

2. Experimental section

2.1. Materials and Chemicals

Tellurium powder (200 mesh, 99.8%), sodium borohydride (NaBH4, 99%), cadmium chloride

hemi(pentahydrate) (CdClI2,2.5H20, 99%), methacrylic acid (MAA), N,N"-methylenebis(acrylamide)



(MBA) and IL-2, recombinant, expressed in E. coli, lyophilized powder were purchased from Sigma;
3-mercaptopropionic acid (MPA, 99%) and absolute ethanol (99.5%) were obtained from Fluka and
Panreac respectively. 2-aminoethyl methacrylate hydrochloride (AEMH.HCI), phosphate buffered
saline (PBS) from Aldrich, ammonium persulfate (APS) and tetramethylethylenediamine (TEMED)
were obtained from Analar Normapur and TCI respectively. Human serum HN was purchased from
PZ CORMAY S.A., Poland. All solutions were prepared with water from a Milli-Q system (specific
conductivity <0.1 uS cm™) and chemicals of analytical reagent grade quality. Reagents were not

subject to further purification.

2.2. Instrumentation

Fluorescence spectra were obtained on a Lumina fluorescence spectrometer (Thermo Scientific)
equipped with a 150 W continuous wave Xenon-arc discharge lamp as a light source. These spectra
were typically taken at a scanning rate of 600 nm/min with 20 nm excitation/emission slits and a 300
V photomultiplier tube voltage. UV-Vis spectra (200-800 nm) were recorded on an Evolution 220
UV-visible spectrophotometer (Thermo Scientific). Fourier-transform infrared (FT-IR) spectra were
collected using a Nicolet iS10 spectrometer (Thermo Scientific) coupled to an attenuated total
reflectance (ATR) sampling accessory of diamond contact crystal with a resolution of 32 cm™ and a
spectral range of 4000 — 800 cm™. Raman analysis was performed in a DXR Raman equipment
(Thermo Scientific) using a 532 nm excitation laser in the Raman shift from 100 to 3600 cm™, in
combination with a 50 x objective magnification, a confocal aperture of 25 um pinhole, 0.9 mW power
and total exposure of 120 s.

The thermal behaviour of the MIPs/NIPs QDs were evaluated in the thermogravimetry

(TG)/differential thermal analyzer (DTA) Exstar TG/DTA 7200. All studies were conducted under



nitrogen atmosphere (100 mg/ml) at a rate of 20 °C/min, over 40 to 1000 °C. Samples had an average
of 3 mg of dried weight.

The surface morphology of all QD nanostructures were investigated using a field emission gun
scanning electron microscope (FEG-SEM; JEOL-JSM7001F) operated at an accelerating voltage of
15 KV. Dynamic Light Scattering (DLS) and Zeta Potential analysis were performed on a Partica
SZ100 series Nanoparticle Analyzer (HORIBA).

The measurement of the quantum yield (QY) of the synthesized QDs was performed using a calibrated
Quantaurus-QY stand-alone integrating sphere setup C11347-11 (Hamamatsu Photonics, Hamamatsu,
Japan) equipped with an integration sphere, a monochromator, a spectrograph, a 150 W xenon light
source and a silicon charge coupled device.

Fluorescence lifetime were measured with a DeltaFlexTM TCSPC Lifetime spectrofluorometer
(Horiba Scientific, Kyoto, Japan) equipped with a NanoLED pulsed light source, DeltaHub timing

electronics and PPD picosecond detection modules.

2.3.  Assembly of the conjugates MIP-and NIP-CdTe@MPA QDs

The synthesis of 3-mercaptopropionic acid-capped cadmium telluride quantum dots, CdTe@MPA
QDs was performed according to Piloto et al., 2018 [22]. The resulting dried solids were ready to use
and stored in a desiccator protected from light.

The conjugates MIP- and NIP-CdTe@MPA QDs were prepared by two different strategies: bulk
imprinting and surface imprinting (Scheme 1). In bulk imprinting (Scheme 1A), CdTe@MPA QDs
(2.21x10° M) were incubated together with 1L-2 (2.15x10" M), AEMH.HCI (3.15x10* M), followed
by the addition of MAA (5.84x10° M), MBA (1.75x10** M) and freshly prepared TEMED (2.23x10°
®M) and APS (1.46x10° M) in 20mM PBS pH 6.5. All solutions were previously deaerated with N2

for 15 min. Solutions of NIP-QDs, were prepared in parallel, but without addition of the protein. Both



solutions of MIP- and NIP-QDs were kept under magnetic stirring at room temperature, during 2hs.
After, the solutions were centrifuged at 8000 rpm and the supernatants removed to further assess the
presence of protein under UV/Vis. The pellets were washed several times with PBS 10 mM, until no
protein was detected in the washing solutions.

The same conditions were applied for surface imprinting strategy with some modifications (Scheme
1B). Briefly, CdTe@MPA QDs (2.21x10° M) were first incubated with 1L-2 (2.15x10° M) at room
temperature, in PBS 10mM pH 6.5. Next, AEMH.HCI (3.15x10* M) was added and the mixture was
kept stirring for 1h. The solutions were centrifuged, and the supernatants removed. After, MAA
(5.84x10° M) and MBA (1.75x10™* M) were added together with freshly prepared TEMED (2.23x10-
®M) and APS (1.46x10° M). All solutions were previously deaerated. The polymerization proceeded
under magnetic stirring at room temperature, during 2hs. After the centrifugation step, the same
protocol was followed as for bulk imprinting.

Several experimental conditions were tested to optimize the IL-2 imprinting conditions, varying the
ratios of monomer and crosslinker and the imprinting concentrations of IL-2, but maintaining the same

concentration of CdTeMPA QDs in solution (2.21x10° M) (Table S2, Figure 5).

2.4. Fluorescence measurements

All fluorescence detection measurements were performed under the same condition. The excitation
wavelength was set to be 360nm with a recording emission range of 550—750 nm. The fluorescence
signal was monitored in PBS buffer and in synthetic human serum.

Three concentrations of IL2 were imprinted to a final volume of 1ml PBS 10mM, pH 6.5, using
different combinations of monomer and crosslinker (Table S2). Each combination was made in
replicate and the resultant conjugated MIP- and NIP- QDs subjected to calibrations with the IL-2

standards in PBS, upon template removal according to section 2.4. (Table S3).



Rebinding experiments were carried out to determine the binding affinity for target protein 1L-2. A
standard initial solution of IL-2 with concentration of 0.6 uM was prepared in phosphate buffer
(10mM, pH 6.5).

To perform the rebindings of IL-2, standard solutions with concentration ranging from 60 pM to 0.6
uM were prepared by diluting with phosphate buffer. Increasing volumes (microliter range) were
added to the initial 1 mL solution containing the conjugated MIP- and NIP-CdTeMPA QDs. Both
conjugates were incubated in parallel for 30 min. at room temperature and the fluorescence signal was
plotted as a function of the total IL-2 concentration.

Individual fluorescence signals were collected, and the corresponding relative errors calculated.
Replicates of the conjugates were prepared in parallel for all assays in PBS 10mM pH 6.5. Selectivity
studies were conducted upon resuspension of the QD conjugates in a 1000-fold diluted synthetic

human serum in PBS 10mM pH 6.5.

3. Results and Discussion

3.1. FT-IR characterization

Fourier-transform infrared spectroscopy (FTIR) was used to characterize the conjugated-QDs. FTIR
spectra of raw QDs and the conjugated-QDs are compared in Figure 1. The carboxylic groups at the
surface of CdTe@MPA QDs are in the form of carboxylate anions (attending to the working buffer
used, PBS 10mM pH = 6.5). Peaks of symmetric and asymmetric stretching vibration of COO-, from
the mercapto/carboxylic acid groups of raw QDs, appear at 1400 and 1564 cmt, respectively (Figure
1, green), along with the stretching band of OH-, around 3400 cm™. These peaks are softened in the
conjugated-QDs (Figure 1, red and purple), owing to the lining of the polymeric matrix around the
surface of raw QDs. The band at 1725 cm™in MIPs and 1734 cm™ in NIP conjugates is assigned to

the C=0 vibration from the MAA and MBA monomers, confirming the existence of the polymer
9



around the QDs-conjugates. Peaks at 1660 cm™ in both MIP- and NIP- conjugates can be attributed
to the amide bonds of the polymer and at 1604 cm™ more pronounced in the MIP spectra, correspond
to the stretch of the vibration of C=C groups residues of the vinyl unsaturation. However, these peak
intensities are significantly reduced, and locations slightly deflected, which might be attributed to the
formation of the polymeric matrix. The weak N-H band at 1577 cm™ in MIP-QDs after washings
(Figure 1, red) may be attributed to residues of protein that have not been totally removed, as it also
appears in the protein spectra (Figure 1, blue) but not in NIP-QDs. The strong NH2 band around 3200
cm* from the protein spectra (Figure 1, blue) is represented by a slight protuberance at the MIP-QDs
(Figure 1, red). This confirmed the presence of residues of IL-2, possibly signalling its incomplete
removal from the polymeric matrix.

The bands at 990, 1005, 1160, 1250 and 1350 cm™ in both washed MIP- and NIP-conjugates (Figure
1, red and purple) are assigned to the C-O-C vibrations of the polymeric matrix. Another significant
band around 3300 cm™ is attributed to C—-O—H stretching of hydroxyl group along with the band at

2991 cm?, attributed to the CHz stretching of the polymer.

3.2. Raman characterization

Raman analysis was conducted in parallel to the FTIR studies, along the assembly of the conjugated-
QDs, in a very narrow Raman shift region, from 100 to 300 cm™. Raman spectra were collected for
raw QDs (Figure 2, red) and compared with the different stages of the assembly of the MIP-QDs
(Figure 2A) and the NIP-QDs (Figure 2B).

According to the literature, there are three main regions linked to aqueous CdTe QDs. These regions
are attributed specifically to the core of QDs, to the shell capping (which organic ligands were used
during synthesis) and to the extent of interaction between the shell ligands and core of QDs. In the

low Raman frequencies, between 100 and 200 cm™ the vibrational bands are indicative of low

10



crystallinity of the CdTe core, due to inclusions of Te sub-products on the lattice, creating surface
defects. The presence of these defects lowers the crystallinity and introduces trap states, which reduces
the photoluminescence quantum efficiency [24]. Specifically, peaks at ~120 cm™ correspond to the
asymmetric Tea: band; peaks at ~140 cm™ correspond to the Te E elongation band and to the
transversal optical modes of CdTe TO; and peaks at ~160 cm™ are assigned to the longitudinal optical
modes of CdTe LO . These modes, which are well observed in the spectra of raw QDs, are also
indicative of the presence of phonon localization due to quantum confinement effects, in accordance
to the presence of zero-dimensional CdTe structures [25]. The modes in the mid and high Raman shifts
around 300 cm™ reveal the formation of thiolates and Cd-S bonds between the thiolates and the CdTe
core, which stabilize the QDs through a structured CdSxTe(-x) ternary compound [26].

Modifications occurring during the assembly of the conjugates, influence the vibrational mode
frequencies of raw QDs, either in their Raman shift or in their intensity ratios (Figure 2). According
to Table S1, different ratios of [TeAl/ (TeE + CdTe TO)] and of (TeAl/ CdTe LO) are observed for
conjugated-QDs comparting to raw QDs, as well as variations at their Raman shift. Thus, these
changes confirm the existence of alterations in the fine molecular structure between the core and the
shell of CdTe@MPA QDs. Raman band around 3200 cm™ is assigned to the combined —CH> and —
CHs asymmetric stretching bonds from the polymeric matrix in both conjugated-QDs (Figure 2A and
2B, green). The methylene group vibrations are useful to monitor the extent of polymerization. The
weak Raman band around 2400 cm™ in the MIP-QDs polymer (Figure 2A, green) is assigned to =CH
stretching vibrations related to the unsaturated linkage from broth vinylic monomers [27]. The
inexistence of the above frequencies in NIP-QDs polymer (Figure 2B green line) compared to MIP-
QDs polymer may also be related to the incomplete polymerization around the protein IL-2 in the
imprinted materials. The bands around 1400 cm ™, only visible in the NIP-QDs polymer (Figure 2B
line light blue) arise from the CH2 bending of the polymeric matrix. The moderate bands around 1100

cm ! present in both imprinted and non-imprinted materials correspond to C-C polymer skeletal
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vibrations [27].

3.3. TGA analysis

Thermogravimetric analysis (TGA) showed the thermal decomposition behaviour of the conjugated-
QDs, thereby inferring about the polymeric shell around the modified QDs. These results obtained
were compared with the raw QDs and are shown in Figure 3.

The metallic core of QDs (CdTe) is reported to have a high melting point (~ 1000 °C) [28]. As the
TGA assays were performed below this temperature, the significant mass loss that occurred was
attributed to the degradation of the organic ligands of the shell (mercapto/carboxylic acid groups).
This information indicates that the QDs synthesized are composed by 73% mass from the organic
shell and 27% from the metallic core of CdTe.

The weight loss below 200 °C for both conjugated-QDs is related to their variable percentage of water
content. The thermal degradation with fastest kinetics occurring between 300 and 400°C, confirmed
the presence of a polymeric material on the modified QDs, as these correspond to the degradation of
the polymeric matrix [29]. Despite the similar thermal behaviour of both conjugated-QDs, in the
temperature range 150 — 200 °C, the thermal degradation of MIP-QDs follows slower kinetics than
the control NIP materials. This may be attributed to the presence of the protein in MIP-QDs in this
step.

In the temperature range 200 — 300 °C all samples containing polymer and no protein, remain stable
(Figure 3 blue, orange, red and pink). At this temperature range, the washed MIP-QDs loses extra
7.5% mass (Figure 3 red) relative to MIP-QDs polymerized (Figure 3 green) and the washed NIP-
QDs (Figure 3 pink) loses extra 2.5% mass relative to NIP-QDs polymerized (Figure 3 orange). The
relative difference in the mass losses between the conjugated-QDs may be attributed to the extra 5%

from the protein existing in MIP-QDs. At 450°C, raw QDs lose about 30% of their initial mass, the
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polymer alone almost 85%, corresponding to the organic polymer degradation [30] and the
conjugated-QDs almost 70% of their initial mass. From 450 — 950 °C, both conjugated-QDs lose up
to 95% of their initial mass.

Overall, the thermal data collected confirmed the formation of polymer on the conjugated MIP- and

NIP-QDs and signalled the different behaviour between both.

3.4. SEM analysis

The shape of raw CdTe@MPA QDs, conjugated MIP- and NIP-QDs were characterized by scanning
electron microscopy (Figure 4) and the particle size was calculated by statistical data. All images were
acquired with the samples dissolved in ultrapure water. As shown in Figure 4, the raw CdTe@MPA
QDs are spherical in shape and present variable size diameters up to 20 nm, arranged as cluster
aggregates. Both conjugates MIP- and NIP-QDs also appeared as aggregates involved in the polymeric
matrix, with a mean diameter up to 30 nm for the MIP-QDs and 40 nm for the NIP-QDs. Therefore,
the difference of recognition performance between the conjugated MIP- and NIP-QDs in the following
studies does not arise from morphological difference between the MIP-coated QDs and NIP-coated

QDs, but to the imprinting effect.

3.5. Fluorescence Quantum Yield and zeta potential analysis

Zeta potential reveals a homogeneous distribution of raw QDs in solution, with a mean value of -
32.6 mV. This result is in accordance with the negative charge of raw QDs in PBS 10mM, resultant
from the carboxylic acid groups at their surface (pka 4.34, at 20° C).

The PL dynamic properties of the synthesized QDs were measured to determine the radiative and

13



non-radiative relaxation rates (Table 1A). The lifetime data were fitted by a three component
exponential-decay function until the residuals showed no deviation and the chi-squared value was
reduced. The obtained curves displayed multi-exponential emission decays which indicate that for
the synthesized QDs there are different radiative processes responsible for the fluorescence emission.
For the short-lived component the fluorescence lifetime (t1) was about 2.05 ns, while for the medium
and fast-lived component, 12 and T3 were 12.7 and 47.6 ns, respectively. The average lifetime (taverage)

. i BiT?
for the whole decay process was 44.5 ns which was calculated as Tgyerqge = ?‘Bli‘
ibiti

., where Bi

represents the amplitude of each decay component and i is the respective time constant.

The quantum yield of the CdTe QDs solution (in deionized water) was determined at room
temperature using an absorbance of about 0.34 in order to minimize re-absorption effects (inner filter
effects). So, for an excitation wavelength of 400 nm the QY value of the synthesized QDs was about

34.2 % which is within the range of values usually reported for these colloids (Table 1B).

3.6. Assembly of the conjugates MIP- and NIP-CdTe@MPA QDs

According to Piloto et al.[22], mercaptopropionic acid was used to coat the surface of the CdTe QDs.
At the inner sphere of the quantum dots formation, the mercapto-group binds to the cadmium ions,
through ligand competition with telluride ions. At the outer sphere the carboxylic acid groups increase
the stability and water dispersibility of the nanoparticles.

During polymerization, methacrylic acid acted as the functional monomer and N,N’-
methylenebis(acrylamide) as the crosslinker. Additionally, the carboxylic acid groups from outer
sphere of QDs and the methacrylic acid, served as assistant monomers negatively charged that helped
to create effective recognition sites with amino group of the IL-2.

With the purpose of defining the best imprinting conditions, two different approaches were tested to

assemble the conjugated MIP- and NIP-CdTeMPA@QDs. This includes bulk imprinting (Scheme

14



1A) and surface imprinting (Scheme 1B). Bulk imprinting is the classic approach but may lead to a
higher amount of protein entrapped inside the polymeric network. This entrapped protein is expected
to decay the blank fluorescence signal of the blank MIP-QDs, which may decrease the sensitivity of
the overall calibration. In surface imprinting, the protein molecules have little possibility to remain
entrapped within the polymeric network provided that the thickness of the polymeric layer is well-
controlled, which is not an easy task in radical polymerization.

Three imprinting concentrations of I1L-2 were tested, using 1hour bulk imprinting, 65 nM, 129 nM
and 215 nM (Figure S1) and different combinations of crosslinker/monomer were tested towards each
concentration of IL-2 imprinted (Table S2). The calibration results were compared with raw QDs and
showed in Figure S1 and Table S3. The increase in fluorescence intensity after template removal was
dependent in the proportion of (crosslinker/ monomer) used. The maximum difference in intensity
ratio of (polymerization/ washings) in MIP-QDs corresponded to the best performance of MIP-QDs
(Figure 5). The best performance of the MIP-QDs was observed with 215 nM bulk imprinting of IL-
2 and with the combination of (3:1) (MBA/MAA) for the assembly of the conjugates (Figure S1 and
Figure 5). As shown in Figure 5, the fluorescence intensity of MIP-QDs increased until the amount of
MBA reached 1.75x10* M. Then with continuous addition of MBA, the fluorescence intensity
gradually decreased.

For low concentrations of MBA the polymer formed around the fluorescent nanoparticles may not be
sufficient to confine the QDs, contributing in some extent to their agglomeration. However, with
excessive use of the MBA, the QDs become completely confined in the interior of the polymer, which
will hinder the energy transfer between template protein and the QDs. Strong molecular interactions
are necessary to promote a dynamic energy transfer between the cavities of the polymer and the protein
molecules.

Fluorescence experiments were conducted over the pH range of 5.4 — 8.1 (Figure 6B), using 2.5 pM

IL-2 standard solution. At this pH, the zeta potential of CdTeMPA QDs is negative, whereas the IL-
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2 protein is positively charged [31], which may enhance electrostatic interactions with the conjugated
MIP-QDs. The optimum pH value for the detection of IL-2 is 6.5 (Figure 6B) in PBS 10mM and the
optimum time necessary to reach equilibrium is 30 min. (Figure 6A).

Finally, the stability of the conjugate-QDs was evaluated throughout the time, upon resuspension of
the obtained pellets in fresh PBS, 10 mM pH 6.5. This procedure was repeated for 5 days. The results
obtained are shown in Figure S6. In general, the fluorescence intensity of the conjugates did not
change significantly within 5 days, thereby ensuring the reliability of the conjugated-QDs to be used

as sensors for the detection of IL-2 in biological samples.

3.7. Rebinding features of IL-2

The rebinding features of the conjugated-QDs were evaluated in the presence of IL-2 standard
solutions. The concentration of protein related to fluorescence quenching was monitored by the Stern-
Volmer equation (1), through the calibration curves obtained with increasing concentrations of I1L-2
standards in PBS 10mM. In this, F and Fo are the fluorescence intensity of the QDs in the presence
and the absence of protein respectively, ksv is the Stern-Volmer constant and [Q] is the concentration
of IL-2 standards in solution. In the experimental conditions tested, the fluorescence intensity of the
MIP-QDs was gradually quenched by increasing concentrations of IL-2 standards. Herein, the plotted
fluorescence signal was corrected to the final volume [Inv (I/lo)corr], taking into consideration the
increasing volume of the solution originated with the addition of the standards (equation 2).

The fluorescence quenching was only effective for MIP-QDs but not for NIP-QDs (NIPs showed a
random response with increasing concentration of 1L-2 standards). The limit of detection (LOD) was
calculated as the concentration of IL-2 that quenches three times the standard deviation of the blank
signal.

Fo/F = 1 + ksv[Q] 1)
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Inv (1/10)corr= (F/Fa) x (Vo/V) (2)

Using 215 nM of IL-2 with bulk imprinting, upon 1 hour of polymerization, and three washing cycles
in PBS 10mM, pH 6.5, a linear response (LR) is observed in MIP-QDs within the range of 1.69x10"
1 g/ml to 2.89x10® g/ml with a LOD of 1.37x10"*g/ml (Figure 7A and Table S3). Regarding the
control materials, NIP-QDs have a random behaviour, as shown in Figure S1 and Figure 7B, thereby
supporting the hypothesis that MIP-QDs conjugates are responding to the presence of IL-2. Raw QDs
also decrease their fluorescence with IL-2 standards in solution, but for higher concentrations.
Effectively, raw QDs, presented a linear trend from 1.17x107 g/ml to 2.07x10° g/ml and a LOD of
4.51x108g/ml (Figure S1 and Table S3). This behaviour was already expected and corresponds to an
interference by non-selective adsorption, as their response should be affected by any other protein in
solution.

The time given for the polymerization to take place is critical, because it affects the thickness of the
polymer formed around the QD, which in turn affects the blank signal of the conjugated-QDs and the
subsequent rebinding features in the presence of the target protein. Herein, the timing for
polymerization is tested first by bulk imprinting, by allowing it to take place for 1, 3 and 5h. As shown
in Figure S2, longer times of incubation decreased the analytical response of MIP-QDs. In this regard,
smaller Stern VVolmer constants were observed with higher incubation times (ksv = -0.0343 with 3hs;
ksv = -0.0230 with 5hs) comparatively with 1h incubation (ksv = -0.0597). The best linear response
was observed upon 3 hs incubation of I1L-2 in bulk imprinting, with a linear range from 1.69 x10
g/ml to 6.70 x10° g/ml and a LOD of 1.12 x10! g/ml (Table S4).

These values were higher than the cut-off values reported for cancer diagnosis of 11-2 (9.4-19.2 pg/ml)
[1], meaning that another strategy should be employed, such as surface imprinting. Within this strategy
several conditions were tested beginning with 3hs incubation of IL-2 (attending the best performance

from the previous studies) and different times of polymerization (1h, 2h and 3hs), using three washings
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cycles in PBS 10mM, pH 6.5. The results obtained for the imprinted conjugates are shown in Figure
S3 and compared with the corresponding NIP-QDs (Table S4). Upon 3hs of incubation and 1h
polymerization, the conjugate MIP-QDs responded linearly within 7.96 x10°*3 g/ml to 4.68 x107° g/ml
and the LOD decreased to 1.39 x10713 g/ml, relatively to bulk imprinting. Furthermore, increasing the
time of incubation to 5hs and maintaining 1h polymerization and the three washing cycles in PBS
10mM, pH 6.5, the LOD of the MIP-QD sensor was slightly lower (1.08x103 g/ml). The sensitivity
also increased (ksv = —0.0593) and the linearity appeared for lower concentrations of IL-2 standards
(6.97x10 g/ml to 1.81x1071° g/ml) (Table S4). Regarding the polymerization times, the results were
consistent with bulk imprinting, with longer polymerizations leading to decreased sensitivities.
Overall, surface imprinting strategy improved the range of linearity and for this reason it was selected
for the selectivity tests (Table 2).

Another parameter that needed optimization during the surface imprinting strategy were the washings
for the removal of the cytokine from the polymeric network. Considering the isoelectric point of I1L-2
(7.67 [32]), it was hypothesized that performing the washing at higher pH would improve the cytokine
removal, taking into consideration the carboxylate anions from MPA and MAA. Several washing
cycles were conducted in PBS 10mM pH 8.0 and compared with the washings in PBS 10mM pH 6.5
(Table S4, Figure S4). The results obtained evidenced a significant improvement in the sensitivity of
MIP-QDs (ksv = -0.116), upon six washing cycles in PBS 10mM pH 8.0, comparatively to the three
washing cycles in PBS 10mM pH 6.5, as shown in Figure 7C and Figure S4, and comparatively, the
control conjugates NIP-QDs evidenced a random response (Figure 7D).

The above results show that IL-2 can be monitored in PBS solutions 10mM pH 6.5, upon 215 nM
surface imprinting, 5hs incubation, 1h polymerization and six washing cycles in PBS 10mM pH 8.0.

Replicates of these conjugates were prepared to conduct the selectivity studies.

3.8. Selectivity tests of the conjugated-QDs in synthetic human serum
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Selectivity studies were performed by calibrating the best conjugated-QDs materials on diluted serum
background, corresponding to 1000x diluted synthetic human serum in PBS 10 mM pH 6.5. This study
provides a concise information of what would happen in a real application scenario. For this purpose,
standard solutions are prepared in this background and MIP-QDs are incubated as previously.

The calibration curves obtained are shown in Figure S5 and the corresponding data listed in Table 2.
Compared to buffered solutions, the analytical features revealed an increase in the concentrations to
which the conjugated-QDs were being sensitive, thereby affecting negatively the analytical response.
Searching for further improvements and considering that the variables affecting most the performance
of MIP materials are the concentration of IL-2 to be imprinted and the template washing procedures,
these two variables are re-evaluated at this point. Using 2.15 uM of IL-2 with surface imprinting and
three washing cycles in PBS 10mM pH 8.0, the lowest linear response (LR) is observed in MIP-QDs
after three washings cycles in PBS 10mM pH 8.0, within the range of 3.46x10* g/ml to 3.93x10!
g/ml (or 2.23x10°— 2.53x107? M), with a LOD of 5.91x10 pg/ml (or 3.81x107%6 M) (Figure 8A and
Table 2). The NIP-QDs continued showing a random response (Figure 8B).

We had to discharge the fluorescence measure in synthetic human serum without dilution, because
attending the presence of other constituents in the matrix, the fluorescence signals of both raw QDs
and the conjugates MIP- and NIP-CdTeMPA@QDs were quenched up to 42% in relation to their
signals in PBS 10mM pH 6.5. In the future it will be useful to perform an ELISA test to compare with
the results of linear range and LOD obtained.

In Table 3 is reported the best result obtained with the MIP-CdTeMPA@QDs conjugate from Table
2, in comparison to other analytical techniques that made use of fluorescence spectroscopy in
combination with molecular imprinting for the detection of IL-2. The proposed method has lower limit
of detection, wider concentration range, no sample pre-treatment protocols, and rapid time of response

(30 min.) (Figure 6A). In addition, upon optimization of the surface imprinting parameters,
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specifically the imprinting concentration to 2.15 uM, the affinity constant of the MIP-conjugates
enhanced up to 1.5-fold (ksv = -0.1172) comparating to the values obtained with the lower imprinting
concentration of 215 nM (Table 2).

Moreover, it is superior to the affinity constant values reported for the detection of IL-2 in aqueous
medium [33, 34], the major disadvantage being the fact that the samples need to be diluted before the
measurements to avoid interference of the serum constituents with the optical fluorescence signal of
QDs. The research results suggested that this new fluorescent molecularly imprinted conjugated-QDs

can be used as biosensor for the determination of IL-2 in biological samples.

4. Conclusions

This work describes a successful combination of low-cost biorecognition elements as imprinted
polymers with semi-conductor nanoparticles like quantum dots for sensing purposes. After careful
optimization of the overall assembly process, the conjugated-QDs showed attractive characteristics,
such as straightforward preparation, good dispersion and reproducibility and long-term stability in
agueous medium. Moreover, MIP-QDs materials prepared in the optimized conditions and analyzed
in diluted serum background showed good selectivity and sensitivity for IL-2. Good reproducibility
was also observed for replicates of MIP-QDs.

Overall, this work demonstrates that the combination of low cost and chemically stable molecular
imprinted materials with analytical sensitive fluorescent nanoparticles like quantum dots, constitute
an enormous potential in the context of clinical analysis. This principle may be further extended to

other proteins of relevance to be applied in the screening of cancer and other diseases.
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Legends of Schemes

Scheme 1. (A) Bulk imprinting strategy for the preparation of the conjugated-QDs; (B) Surface

imprinting strategy for the preparation of the conjugated-QDs.

Legends of Figures

Figure 1. FT-IR spectra of samples of raw CdTe@MPA QDs (green line), MIP-QDs polymer (light
blue line); MIP-QDs after washings (red line), NIP-QDs after washings (purple line) and IL-2 protein

(dark blue line).

Figure 2. Raman spectra of aqueous solutions of: (A) raw CdTe@MPA QDs (red line), MIP-QDs
after polymerization (green line), MIP-QDs after washings (pink line); (B) raw CdTe@MPA QDs

(red line), NIP-QDs after polymerization (green line), NIP-QDs after washings (light blue line).

Figure 3. Thermogravimetric plot of raw CdTe@MPA QDs (dashed black line); polymer
(MAA/MBA) (3:1) (blue line); MIP-QDs after polymerization (dot and dashed green line); MIP-QDs
after washings (red line); NIP-QDs after polymerization (yellow line); NIP-QDs after washings

(dashed pink line).

Figure 4. SEM images of CdTeMPA QDs suspended in ultra-pure water. (2) Raw QDs, (b) MIP-

QDs after washings and (c) NIP-QDs after washings.

Figure 5. Effects of the amount of monomer and crosslinker on the fluorescence intensity of
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conjugated MIP- and NIP-CdTe@MPA QDs, for 215 nM of IL2 imprinting in PBS 10mM, pH 6.5.

Figure 6. (A) Adsorption kinetics of IL-2 standard solution at concentration of 2.5 pM, with increasing
times of incubation. (B) Effect of pH on the quenching of conjugated MIP- and NIP-QDs at

concentration of 2.5 pM.

Figure 7. Fluorescence emission spectra of (A) MIP-QDs, (B) NIP-QDs prepared upon incubation of
IL-2 standards (30 min.), after 1h bulk imprinting of 215 nM IL-2 in PBS 10mM, pH 6.5; (C) MIP-
QDs and (D) NIP-QDs prepared upon incubation of I1L-2 standards (30 min.) after surface imprinting
of 215nM IL-2 in PBS 10mM, pH 6.5 (5h surface imprint, 1h polymerization and 6 cycles washings

in PBS 10mM pH 8.0). Inset: The corresponding Stern-Volmer plots.

Figure 8. Fluorescence emission spectra of (A) MIP-QDs, (B) NIP-QDs prepared upon incubation of
IL-2 standards (30min.) after surface imprinting of 2.15uM IL-2 in a 1000-fold diluted synthetic
human serum in PBS 10mM pH 6.5 (5h surface imprinting, 1h polymerization and 3 washing cycles

in PBS 10mM pH8.0). Inset: The corresponding Stern-Volmer plots.

Legends of Tables

Table 1. Parameters values obtained from the raw CdTe@MPA QDs characterization. A) PL lifetime
parameters of the as-prepared raw QDs. = are the lifetimes of each decay component and B; their
respective fractional intensity. B) Quantum yield measurements and the respective absorbance of raw

QDs solution.

27



Table 2. Analytical parameters, linear range (LR), limit of detection (LOD) and Stern-Volmer
constant (ksv), of MIP-QDs and NIP-QDs, upon 30 minutes incubation of IL-2 standards, prepared by
surface imprinting of IL-2 (215 nM and 2.15 .M, 5hs incubation, 1h polymerization, washings in PBS)

in a 1000-fold diluted synthetic human serum in PBS 10mM pH 6.5.

Table 3. Comparison of the proposed method with previously reported analytical techniques based on

fluorescence spectroscopy, using imprinted quantum dots sensor conjugates as recognition elements.
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Table 1

1%t fraction 2" fraction 3" fraction  Taverage (NS)

1i (ns) 12.7+0.3  2.05:0.08  47.620.1
44.5+0.2
Bi (%) 24,59 5.64 69.77
measure1 measure?z measures average
QY (%) 34.9 337 34.1 34.2+0.6
Abs 0.339 0.342 0.341 0.341
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Table 2.

Analytical parameter

215 nM IL-2

2.15puM IL-2

MIP-QD &

MIP-QD

MIP-QD &

MIP-QD @

MIP-QD D)

MIP-QD ©

LR (M)
LR (g/ml)
LOD (M)
LOD (g/ml)

LOD (pg/ml)

Stern-Volmer constant
(ksv)

2.17x1013-7.82x10
3.37x1012 - 1.21x10°
2.65x1013
4.11x10*?
411

-0.0892

2.17x10™ - 2.52x101°
3.37x10™"2 - 3.91x10°
6.82x10%
1.06x10712
1.06

-0.0776

2.17x10" - 2.52x101°
3.37x10*? - 3.91x10°
2.58x10™
4.00x101?
4.00

-0.0826

2.23x10™5 - 2.53x10"?

3.46x10™ - 3.93x10™
3.81x10¢
5.91x10°%
5.91x10%

-0.1172

7.04x10"6 - 2.53x10*

1.09x10™ - 3.93x10™
8.08x10°1¢
1.25x10™
1.25x1072

-0.1065

2.23x10™ - 2.53x10*

3.46x10™ - 3.93x10™*
7.76x10°16
1.20x10%4
1.20x10%

-0.1064

a), b) and c) correspond to 3, 6 and 9 cycles of washing in PBS 10mM pH 8.0, respectively
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Table 3

Method Analyte detection  Linear range (M) Linear range (g/ml) LOD (M) References
Fluorescence 7 6 I 5 8

quenching Lysozyme 1.0x10" - 1.0x10 1.4x10° - 1.4x10 1.02x10 [35]
Fluorescence . 7 5 8 5 9

quenching Cyphenothrin 1.0x10" - 8.0x10 3.8x10°-3.0x10 9.0 x10 [36]
Photoluminescence Perfluorooctanoic 2 = = 6 8

quenching acid 2.5x10" -1.5x10 1.0x10" -6.2x10 2.5x10 [23]
Fluorescence . 8 8 9 7 9

quenching Sulfasalazine 2.0x10°%-1.5x10 7.9x10” - 5.9x10 7.1x10 [37]
Fluorescence Hemoglobin 7.7x100 — 7.7x10° 5.3x108—53x107  7.7x1070 [38]
quenching

Fluorescence IL-2 223x10%5-2.53x10  35x10%-3.9x10%"  3.81x10%  This work
quenching
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