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CdTe quantum dots (QD-CdTe) functionalized with mercaptosuccinic acid (MSA) were
synthesized in an aqueous medium, varying synthesis time from 0.5 to 4 h. The nanoprobe were
characterized by a direct relationship between synthesis time and QD size (2.61-3.04 nm). The
QD-CdTe-MSA interacted with protamine (PT), a cationic protein, forming a bioconjugate, thus
quenching the photoluminescence intensity and generating an on-off system. The nanoprobe
produced at a synthesis time of 1 h (QD-CdTe,) presented PT’s best sensitivity in a succinate
buffer (pH = 5). Under the optimized conditions, the proposed method presented a linear range of
0.05-0.5 mg L' (10-100 nM), limit of detection (LOD) 0.01 mg L' (2 nM), and relative standard
deviation (RSD) £2.01% (n = 10). The interaction of the nanoprobe and PT led to aggregation due
to a bioconjugate formation. The systems” hydrodynamic radius varied from 4.31 nm (QD-CdTe,)
to 30.50 nm for the bioconjugate (QD-CdTe,-PT). The method was sensitive to variation in
ionic strength and based on thermodynamic parameters; it was demonstrated that the interaction
mechanism occurred preferentially through electrostatic forces. Finally, the method proved to be
fast, sensitive, and viable for quantifying PT in drugs and synthetic urine samples with recoveries

above 95%.
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Introduction

Protamine (PT) is a low molecular weight polycationic
protein (from 5000 to 10,000 Da) whose composition is rich
in amino acids such as arginine (> 67%), proline, serine,
and valine, and which can be obtained from the sperm of
salmon and other fish belonging to the family Salmonidae.'
This protein can be used for deoxyribonucleic acid (DNA)
purification, increase the life span of insulin in the body,
and as an antibacterial agent in food.** Besides, according
to Boer ef al.,’ PT is the only molecule approved by
the Food and Drug Administration (FDA) to act as a
neutralizing agent for heparin and is administered during
procedures involving extracorporeal circulation, such as
dialysis and cardiac surgery.*® However, if misused, it can
cause systemic hypotension, pulmonary hypertension,
hemorrhage, sudden pressure drop, bradycardia, and
dyspnea.®’” Due to its wide range of applications and
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medicinal importance, it is essential to develop analytical
methods for determination and quality control, both in
pharmaceutical formulations and biological samples.

PT can be determined by spectrophotometric,®
electrochemical,’ reverse-phase high-performance liquid
chromatography (RP-HPLC),'" mass spectrometry (MS),"!
capillary electrophoreses (CE),'> immuno-enzymatic
assays (ELISA)," and real-time polymerase chain reaction
(PCR)'* methods, among others. However, some of these
methodologies present limitations, such as lower precision
and analytical frequency, the need for sophisticated
instrumentation, high operational and maintenance
costs, and complex analysis. These limitations make it
necessary to develop new quantification methods. Thus, for
proteins and other biomolecules, molecular fluorescence
spectroscopy emerges as a compelling alternative to
investigate both qualitative and quantitative parameters.
It presents operational simplicity, high sensitivity, and
instrumental selectivity, real-time detection, and is
non-destructive.'>!'¢ In addition, molecular fluorescence
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spectroscopy allows direct monitoring (or through probes)
many photochemical parameters involved in viscosity,
mobility, macromolecule orientation, intermolecular
distance, locations, and distributions in complex systems,
among others."”

The development of a stable and selective fluorescent
sensor or probe for each analyte requires strategy, study,
and planning. It may involve several scientific fields,
such as photochemistry, photophysic, supramolecular
chemistry, and nanotechnology.'® Presenting adjustable
emission wavelengths, high photostability, adaptability
in their functionalization, high quantum yields, and low
toxicity when compared to more widely used organic
fluorophores,' quantum dots (QD), due to their unique
nanomaterial characteristics and potential for application
in various areas, are well recognized in the scientific field.
QD are most known for their use as fluorescent nanoprobe
to detect and determine biomolecules, metallic species,
organic compounds, and even microorganisms. These
nanomaterials (QD) are suitable to quantify and monitor a
great variety of analytes in biological and environmental
samples and pharmaceutical and food analysis as well. QD
are also efficient for in vivo and in vitro imaging processes,
photodynamic therapy, and as theranostic devices.?*?

The QD are generally made up of period II-VI elements
(CdSe, CdTe, and CdS, type 1), III-V elements (InP
and InAs, type 2), and IV-VI elements (PbSe, type 3).%
Among these, CdTe stands out for its ease of synthesis
in an aqueous medium, with the possibility of adding a
wide variety of functionalizing agents (usually containing
thiols), yet without the need for more complicated steps
that can affect stability. QD-CdTe presents narrow emission
bands from visible emission to the infrared,? making them
attractive and versatile for applications in the quantification
of organic,*? inorganic,”' and biological analytes,®3*
for in vivo imaging®*® and drug delivery.”” Besides, this
nanomaterial, even consisting of some potentially toxic
metals, depends on functionalization, present low toxicity
in the form of nanoparticles,***° and may have anti-
inflammatory, healing, and antioxidant, antifungal, and
antibacterial properties.*!

The development of nanoprobes to quantify or monitor
an analyte, especially for in vivo and imaging applications,
commonly requires the formation of a bioconjugate to
provide better stability, efficiency, and selectivity to
the system. The bioconjugation process results from
the interaction of the functionalizing agent (peptides
or proteins, for example) with the analyte, which can
occur from the analyte’s adsorption on the surface of the
QD through non-polar and/or electrostatic interactions,
coordinated binding of the QD with the analyte or
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vice versa, specific bonds of the antibody-antigen type
and formation of covalent bonds.** Thus, the field of
possibilities for using QD (such as CdTe), especially
as photoluminescent probes, still allow exploring many
systems (analytes) and applications.

This way, in this work, the synthesis and spectroscopic
characterization of QD-CdTe, functionalized with
mercaptosuccinic acid (negatively charged), was thus
performed. These allowed a fast, accurate, and highly
sensitive quantification of PT (a cationic protein) from a
bioconjugate protein-nanoparticle formation. Finally, under
the optimized conditions, the interaction mechanism was
proposed using different techniques, and the method was
applied to both commercial medications and synthetic
urine samples.

Experimental
Reagents and solutions

The following reagents were purchased from Sigma-
Aldrich (St. Louis, USA) or Merck (Darmstadt, Germany)
with a purity of 96% or more: cadmium chloride
(CdCl,), trisodium citrate dihydrate (C,H;Na,;0O,.2H,0),
mercaptosuccinic acid (MSA), tellurite sodium (Na,TeOs,),
sodium borohydride (NaBH,), protamine (PT), and succinic
acid. The other reagents used presented a minimum purity
of 90% or higher.

The PT stock solution (200 mg L") was prepared from
direct weighing and subsequent water solubilization. The
PT working solutions were prepared by sequential dilution
of the stock solution. The Britton-Robinson buffer (10 mM
for each reagent) was prepared by mixing boric acid, acetic
acid, and phosphoric acid in the pH range of 5 to 11.
When necessary, the pH was adjusted by adding NaOH or
1 M HCI. All solutions were prepared with ultrapure water
(18.2 MQ cm) obtained from a Master System MS2000
water purifier (Gehaka, Sao Paulo, Brazil).

Synthesis of QD-CdTe functionalized with MSA (CdTe-MSA)

The CdTe quantum dots’ synthesis was performed based
on Carvalho ef al.*® with modifications. In this procedure,
solutions containing 100 umol of cadmium chloride (CdCl,),
765 pmol of sodium citrate dihydrate, 100 pmol of MSA,
and 200 umol of sodium tellurite (Na,TeO,) were prepared
(in a total volume of 2 mL, for each reagent), and a mass
of sodium borohydride (NaBH,) equivalent to 660 pmol
was weighed. Then, in a round-bottom flask (50 mL)
containing a volume of 17 mL of ultrapure water and under
constant stirring and in a specific order, the CdCl,, sodium
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citrate, MSA, Na,TeO,, and sodium borohydride solutions
were added. The system was then heated under reflux to
90 °C and remained at this temperature through different
time intervals (0.5, 1, 1.5, 2, and 4 h) from the moment of
heating. The CdTe-MSA quantum dots (QD-CdTe-MSA)
were precipitated with the addition of ethanol and separated/
purified by centrifugation with successive ethanol washes
(3 times for 15 min at 3000 rpm). Finally, the QD-CdTe-MSA
obtained was resuspended in 10 mL of water and stored at
4 °C, protected from light.

CdTe-MSA spectroscopic characterization

Absorption spectra in UV-Vis were obtained using a
UV-Vis spectrophotometer (model AJX-6100PC, Micronal,
Sao Paulo, Brazil), in the 400 to 600 nm scanning module
using water as reference and 1 cm quartz cuvettes. Using
the parameters obtained by the UV-Vis spectra and through
equations 1-3 described in the literature* it was possible
to calculate the theoretical size and concentration of the
nanoparticles.

D= 1.3845 —0.00066 x A

1

1-0.00121 x A M

A, = xbxCop @)
€ = 10043D>"2 3)

where D is the size of the CdTe-MSA in nanometers,
A (in nm) the wavelength of highest absorption, A, the
absorbance value of the QD, ¢, is the molar absorptivity
coefficient, Cy, is the QD concentration (mol L), and b
is the optical path (fixed at 1.0 cm).

The emission spectra were obtained using a
spectrofluorimeter (RF 5301PC, Shimadzu, Japan),
with 1.0 cm quartz cuvettes, A, /A, = 350/523 nm.
Dynamic light scattering (DLS) assays were performed
using a DLS Microtrac analyzer (OMO0003, Microtrac
Zetatrac, York, USA). Size distribution analyzes of the
nanoparticles for the optimal condition were performed
using a Tecnai G2 Spirit Twin (FEI, Hillsboro, USA)
transmission electron microscope (TEM) using LaB,
filament and operating at 120 kV. The photoluminescence
fluorescence lifetime (t) measurements were performed
using a NanoLogTM fluorimeter (Horiba, Kyoto, Japan)
armed with a xenon flash lamp as the excitation source
366 nm. The fluorescence light emitted by the samples was
transferred to a monochromator equipped with a diffraction
grating (Horiba, 600 grooves mm™) and blaze (at 1000 nm)
for the selection of wavelengths, and then detected using
a photomultiplier detector (model R928P) in the TCSPC
(time-correlated single photon counting) configuration.
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All the lifetime measurements were performed at room
temperature and with the same instrumental parameters.
The lifetime curve in the excited state was best adjusted
using a monoexponential® curve represented by equation 4.

PL(t) = PL , exp [—%j )

T refer to lifetime and PL(t) and PL, indicate the
photoluminescence at a specific time t and at time zero for
QD-CdTe,, respectively, in the absence and presence of PT.

Determination of protamine using the proposed method

For the determination of PT and the formation of
the bioconjugate with the nanoprobe, QD-CdTe-MSA
were used at a final concentration of 500 nM, adding
different volumes of the standard solution PT samples
to obtain cationic protein concentrations from 0.05 to
0.5 mg L". The system was completed with a succinate
buffer solution (25 mM, pH 5) to 2 mL, and after 20 min,
the spectrofluorimetric measurements were performed at
steady-state mode (A /A, = 350/523 nm, a slit of 5/3 nm
for A, /A, respectively).

Sample preparation

PT samples (10 mg mL") were obtained from three
different commercial suppliers, being then diluted
(10,000 times) in ultrapure water for the analysis. The
synthetic urine samples were prepared according to
differing protocols, varying the chemical composition
of each system according to Table S1 (Supplementary
Information (SI) section).

Statistical treatment

The method was optimized based on the analytical
curve corresponding to each condition evaluated, with the
analytical sensitivity (slope) obtained being an evaluation
criterion. For the construction of the analytical curves, at
least eight different concentration levels (n = 8) were used,
based on the following equation:

PL,-PL

=axC._+b 5
{ PLO \J c PT ( )
where a,, b, Cy;, PL,, and PL represent slope, intercept,
protamine concentration, and the photoluminescence of
the QD-CdTe-MSA, respectively, in PT’s absence and
presence. For limit of detection (LOD) calculations, x, — 3s,,
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the ratio was used, where x, and s, represent the analytical to bind to cadmium via the thiol group and because it has
blank’s mean and standard deviation (n = 10).* The relative two carboxylic acid groups, giving the nanoparticle two
standard deviation (RSD, n = 10) was considered the negative charges per mol of ligand (depending on the pH),
grouped uncertainty (S): thus leading to greater interaction with the analyte (PT). In
5 5 turn, sodium citrate was added to the reaction medium to
_ %X (h n M 6) prevent the formation and deposition of CdTeO; .’ Thus,

PL/PL - pp PL PL, generically, the following reactions occur:
In the process of optimization and validation of the Cd*,, + MSA,,, = MSA-Cd*,, @)
method, when necessary, the results were evaluated using 4TeO;*, + 3BH,,, = 4Te*,,, + 3BO,,,, + 6H,0, (8)
the Student’s #-test considering normal distribution (random nMSA-Cd*,, + Te*,,, = (CdTe)-MSA,,, ©)]

error) and a 95% confidence interval.
From spectroscopic measurements, the molar

Results and Discussion extinction and photoluminescence spectra were obtained
(Figures la-1b). For the systems produced, we observed
Synthesis and characterization of QD-CdTe functionalized variation in the molar extinction wavelength of 490 to
with MSA 548 nm, in photoluminescence of 515 to 573 nm, and
particle size from 2.61 to 3.04 nm, respectively from
Synthesis of QD-CdTe in aqueous media involves the 0.5 to 4 h of synthesis time (Table 1). This profile is due
formation of a complex between the metallic cation (Cd**) to the nanoparticles’ increasing size from the smaller
in solution (equation 7) in the presence of the surface ligand, (more unstable) nuclei diffusion process, leading to larger
followed by chemical reduction of tellurium by sodium particles’ formation.”® Therefore, longer synthesis times
borohydride (equation 8), and consequent formation of the produce nanoparticles of greater size and less quantum
nanoparticle (equation 9). In this case, mercaptosuccinic confinement, provoking a gradual displacement to high
acid (MSA, Figure Sla, SI section) binds to the thiol wavelengths (redshift).*° This behavior is established for
group’s cadmium ion. MSA was selected due to its ability the QD-CdTe and can be confirmed in various studies.>
1.2 1.2
' - 0.5h
B " ——1h
< 1.0 (2) = 1.0 15h (b)
> > 2h
Q 3 ——4h
fgj 0.8 é 0.8
z g
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Figure 1. Spectra of (a) molar extinction and (b) photoluminescence for QD-CdTe in an aqueous medium with different synthesis times. Conditions:
Aex = 350 nm, slit of A./A.,, equal 5/3 nm for QD-CdTe, s, QD-CdTe, s and QD-CdTe,, and 3/3 nm for QD-CdTe, and QD-CdTe,.

Table 1. Main parameters of the synthesized QD-CdTe

System time / h Abs / DM Aem / DM Stokes shift/nm ~ FWHM /nm Diameter / nm Cop/ 1M
QD-CdTe, 5 0.5 490 515 25 43 2.61 19.7
QD-CdTe, 1 500 523 23 46 2.67 132
QD-CdTe, 5 1.5 528 550 22 56 2.87 11.1
QD-CdTe, 2 532 553 21 59 2.90 11.5
QD-CdTe, 4 548 573 25 67 3.04 10.7

A Maximum absorption wavelength; A,,: maximum emission wavelength; FWHM: width at half height; C,: concentration of QD-CdTe.

em*
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From the absorption spectra (Figure la) and
equations 1-3, it was possible to calculate the size and
concentration of each synthesized QD (Table 1). Regarding
the emission spectra, a proportional relationship between
the synthesis time and the value of the total width at
half maximum (FWHM) was observed, which varied
from 43 to 67 nm. As these nanoparticles’ growth does
not occur uniformly, the increase in the synthesis time
may lead to more significant heterogeneity, making the
separation process difficult, leading to a size dispersion
in the medium (FWHM > 50).°° In general, the Stokes
displacement varied from 21 to 25 nm; this was due
to the QD-CdTe size. This parameter can also be
influenced by the composition, surface state, nature of
the functionalizing agent used, and dark excitons present

in the nanoparticle.’”¥

Evaluation of the QD-CdTe-PT bioconjugate interaction

In the initial studies, the concentration for all
synthesized QD-CdTe (Table 1) was fixed and evaluated
as photoluminescence signal intensity for PT. In all cases,
there was a reduction in QD-CdTe analytical signal
intensity (Figure S2), proving that there was an interaction
between the nanoparticle and the cationic protein,
possibly an electrostatic interaction. Similar behavior
has been observed for carbon dot,®® and thioglycolic
acid-functionalized QD-CdTe,’" wherein both systems
suppression of photoluminescence was associated with
nanomaterial aggregation. An opposite profile was observed
for QD-CdSe functionalized with mercaptopropionic acid
(MPA), in which photoluminescence intensity increase
was obtained after PT addition.®> Therefore, QD-CdTe,
and QD-CdTe, s presented the most significant variation
in photoluminescent intensity, and for this reason, were
selected for optimization.
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Effect of pH on the QD-CdTe-PT interaction

The influence of pH (5 to 11) on the nanoprobes’
photoluminescent intensity was evaluated (Figure 2a). For
the QD-CdTe,, an increase in signal from pH 5 to 7 was
observed, followed by stabilization until pH 8. For values
of pH < 7, there is more effective protonation of the thiol
group (MSA, pK,, = 3.30, pK,, = 4.60 and pK, = 10.37),
reducing its coordination on the surface of the nanoparticle,
destabilizing it; whereas in a basic medium (pH > 8),
Cd(OH), (K, = 4.5 x 10™") and the respective hydroxy
complexes (K; = 1.95 x 10*7) may have formed, leading to
the degradation of nanomaterial.®* A different profile was
obtained for the QD-CdTe, 5 since there was little variation
in the intensity of photoluminescence emission with pH
variation, possibly due to nanoparticle size, which avoided
the degradation effect.

PT does not present appreciable absorption at the
QD-CdTe excitation wavelength (350 nm) evaluated
(Figure S3). This way, evaluating the effect of pH on
the interaction between the nanoprobe and the cationic
protein occurred without spectral interference (inner filter
effect). In this assay, it was necessary to employ a high
amount of cationic protein to promote the reduction of the
photoluminescence signal since not all analytical parameters
were optimized. In order to assess the optimal pH of the
analysis, the analytical sensitivity was used as an evaluation
parameter (Figure 2b). The maximum analytical sensitivity
was obtained at pH 5, independent of the QD-CdTe. In an
acidic environment, the PT fraction in the protonated form
is higher (a positive charge, pI = 12), which should generate
more significant interaction with the negatively charged
QD-CdTe, due to preferentially deprotonated MSA. With
an increase in pH, a gradual reduction in sensitivity was
observed. The pH values 10 and 11 were not evaluated since no
linearity was obtained despite variation in PT concentration.

0.8

B [_IpHS
| (b) ok 6
[ pH7
0.6 B pH 8
% [ 2
0.4
0.2
0.0
QD-CdTe, QD-CdTe,,

Figure 2. Influence of pH on the (a) PL intensity of QD-CdTe and (b) analytical sensitivity of QD-CdTe in the presence of PT. Conditions: Britton-Robinson
buffer at 10 mM, QD-CdTe at 350 nM, A, = 350 nm, slit of A /A, of 1.5/5 nm for QD-CdTe,, and 3/3 nm for QD-CdTe, ;.
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In general, the method’s sensitivity was highest for
QD-CdTe,, which is related to the nanomaterial size,
since less PT would be necessary to interact with the
QD-CdTe, surface, attenuating the photoluminescent
intensity and thus, increasing the sensitivity of the method.
Similarly, Yong et al.% using QD-CdTe functionalized
with N-acetylcysteine for quantification of cytochrome c,
obtained the most effective photoluminescence suppression
with a decrease in nanoparticle size. Therefore, QD-CdTe,
at pH 5 was selected for further study due to a higher
sensitivity to the analyte.

Evaluation of the type and concentration of the buffer
solution

The influence of the buffer system composition on
analytical sensitivity was assessed using sodium acetate,
ammonium acetate, ammonium citrate, and sodium
succinate (Figure 3a). The ammonium acetate system
presented the lowest sensitivity, likely associated with
the NH,* ion, competing with PT for negative sites on the
QD-CdTe, surface, reducing interaction with the analyte,
and thus, in high concentrations acting as a potential
interferent. Buffer solutions from citric acid (pK,, = 3.13;
pK,, = 4.76 and pK, = 6.40; B = 6.50 x 107 at pH 5),
succinic acid (pK,; =4.21 and pK,, =5.72;  =5.88 x 10
at pH 5) and sodium acetate (pK, =4.75; f =5.32 x 107 at
pH 5) all presented similar results in terms of sensitivity and
buffer index (). The ligands on the surface of QD-CdTe,
are in equilibrium with the core; thus, the solvation process
reflects ligand-solvent and ligand-ligand interactions, which
eventually compete with ligands on the surface.® As the
only structural difference between MSA and succinic acid
(Figures S1a-S1b) is the presence of the thiol group; this
buffer system was selected due to surface ligand similarity.
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The effect of buffer solution concentration (5 to
100 mM) was evaluated for the analytical sensitivity of
the QD-CdTe,-PT system (Figure 3b). An increase in
concentration led to an increase in the sensitivity of the
method. However, a relationship was observed between
the buffer concentration and the measurement uncertainty,
possibly associated with the influence on the QD-CdTe,-PT
bioconjugate formation. Therefore, a concentration of
25 mM for the succinate buffer solution was selected for
the associated lower error in the procedure and its adequate
buffering capacity (B = 1.47 x 107?).

Evaluation of QD-CdTe, concentration and the ionic strength
influence

The influence of the QD-CdTe, concentration
(250-650 nM) on the method’s sensitivity was evaluated
(Figure S4a). Obviously, for lower concentrations of
QD-CdTe,, there is a reduction in photoluminescence
emission intensity and an increase in sensitivity, requiring
less analyte to reduce the analytical signal. Increasing the
nanoparticle concentration requires more PT to obtain the
same variation in photoluminescence intensity. It was also
observed that the FWHM varied from 49 to 52 nm (for
250-650 nM), and thus it was decided to use an intermediate
concentration (450 nM, FWHM = 50 nm) for QD-CdTe,
and ensure high solution stability.

Since the interaction process between QD-CdTe, and PT
and the formation of the nanoprobe-protein bioconjugate
supposedly involve electrostatic forces, the ionic strength
variations’ effect changes the medium (NaCl from 0 to
300 mM) on the sensitivity of the method was evaluated
(Figure S4b). The increase in salt concentration led to a
reduction in sensitivity, and after 50 mM, the formation
of a plateau was observed, without a statistical difference

(b)
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Figure 3. (a) Influence of buffer composition: sodium acetate (SA), ammonium acetate (AA), ammonium citrate (AC), and sodium succinate (SS); and

(b) succinate buffer concentration. Conditions: QD-CdTe, at 350 nM and PT from 0.25-2 mg L' (n = 5), A /A,

respectively).
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(analysis of variance (ANOVA) at 95% confidence, T A
F.,=3.69 < F,,, = 4.07). Reduction in sensitivity occurred z — ; i g‘(l’5m“;gLE" - ] s -
because of the increase in ionic strength due to the reduced } 600 P05 me E,l g 04+ .:,
activity of species in the environment, leading to a less 2 :E gj zz IL" = ,."
effective QD-CdTe, and PT interaction.® *?—:" —  PTOAmgL' | = $
’g w00 PTOSmeL’ o .g’
Evaluation of reaction kinetics and photostability § :E ‘0’3 zi E 00-0'; ————
4 — PT1.0mgL" PT/mg L
The photoluminescence intensity of QD-CdTe, g 200 -
in the absence and presence of PT (0.1 mg L") up to S
60 min (Figure S5a) was evaluated. An increase in the 3
[(PL, — PL)/PL,] ratio for up to 20 min was observed, = 0
followed by plateau formation for both evaluated systems. 400 ' 500 ' 600 ' 700

Thus, in subsequent tests, the minimum interaction time
was set to 20 min. The nanomaterial photostability in
the presence and absence of the protein (Figure S5b)
was then characterized using continuous exposure to
electromagnetic radiation (A,, = 350 nm). For the QD-CdTe,
and QD-CdTe,-PT systems, the signal variation was around
10%, indicating photostability in the monitored time
interval and the evaluated conditions.

Figures of merit of the proposed method

From the optimized conditions, it was possible to
establish the analytical curve for quantifying PT (Figure 4).
The main figures of merit were established for the
proposed method, which presented an analytical curve
[(PL, — PL)/PL,] = 0.83 (x 0.10) x Cp; + 0.005 (= 0.002),
Cpy: concentration of PT, with linear correlation coefficient,
r =0.999 (n = 8) for the linear range from 0.05 to
0.50 mg L' (10-100 nM), and a limit of detection (LOD,
n = 10) of 0.01 mg L' (2 nM). The increase in cationic
protein concentration (PT > 0.5 mg L") caused a loss of
linearity (Figure 4), with the redshift in the maximum
emission wavelength of QD-CdTe,. Finally, the method’s
precision (n = 10) was proved based on RSD < 2.01%
(Cor=0.15mg L.

The proposed method presented higher sensitivity than
traditional methodologies such as liquid chromatography
with a diode array detector (DAD, A = 214 nm).%’
Concerning other methods that employ photoluminescent
QD nanoparticles to determine PT in medicines and
human plasma, such as QD-ZnS doped with Mn,>
QD-CdTe-glutathione®® and QD-CdS-bovine serum
albumin (BSA),® the figures of merit of the proposed
method were equivalent. For the other analytical systems
reported in the literature, Table S2 summarizes each
method’s main parameters and general aspects, showing
the proposed method’s advantages based on the QD-CdTe,
nanoprobe.

Wavelength / nm

Figure 4. The PL intensity spectral profile of the QD-CdTe, with
increasing PT concentrations and respective analytical curve (plot inset,
n = 3). Conditions: succinate buffer solution (25 mM, pH 5), QD-CdTe,
at 450 nM, A, /A, = 350/523 nm (linear range), slit of 5/3 nm (A /A,

ex! /vem ex! /vem>

respectively).
Mechanism of bioconjugate formation (QD-CdTe,-PT)

Assessment of nanomaterial aggregation

Once QD-CdTe, was functionalized with MSA, at pH 5,
the nanoparticle’s surface presents a prevalence of negative
charges, while PT (pI = 10-12) presents a global positive
charge. Thus, it is assumed that bioconjugation between
QD-CdTe, and PT occurs, preferably by electrostatic
interaction, therefore aggregating nanomaterial and
consequently suppressing photoluminescent emission. The
aggregation of the QD-CdTe,-PT system was evaluated
using TEM and DLS experiments.

The surface morphology structure of the produced
CD-CdTe, revealed by TEM (Figures S6a-S6b) indicate
well dispersed and quasi-spherical nanoparticles
presenting a size distribution with an average diameter
of 3.10 £ 1.34 nm (Figure S6c), similar to that calculated
empirically (variation of 16%) using equation 1. In the
cationic protein presence (bioconjugation), the formation
of nanoprobe aggregates was observed (Figure S6d),
confirming the proposed mechanism.

The QD-CdTe, system presented a hydrodynamic
radius of 4.31 + 1.12 nm (Figure 5), which differs from
the size calculated empirically (Table 1) and TEM analysis
(Figure S6c¢) since this technique considers all species
and interparticle interactions to occur in the medium.”
Cationic protein was added to the system (PT 0.2 and
0.4 mg L"); thus, increasing the size to 14.86 + 2.34 and
30.50 = 9.26 nm (Figure 5).

These results indicate that aggregation of the
QD-CdTe,-PT system occurred, corroborating with
the results obtained for TEM. A similar profile was
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Figure 5. Dynamic light scattering (DLS) profiles of the QD-CdTe,
(a) without PT, (b) upon the addition of 0.2 mg L' of PT, and (c) upon
the addition of 0.4 mg L' of PT. Condition: succinate buffer solution
(25 mM, pH 5) and QD-CdTe, at 450 nM.

obtained by Ipe et al.”' and Ag et al.,”> who found an
increase in the hydrodynamic radius of the QD-CdSe and
CdTe@CdS-thioglycolic acid (TGA), varying from 9 to
20 nm and 5.4 to 14.33 nm, after bioconjugation of these
with cytochrome P450 (heme protein) and anti-human
epidermal growth factor receptor-type 2 (anti-HER2)
antibody, respectively.

Type of quenching and thermodynamic parameters
determination

Fluorescence quenching is a process characterized
by suppressing analytical signal in an analyte presence,
preferably static or dynamic quenching. In dynamic

J. Braz. Chem. Soc.

quenching, the suppression of fluorescence occurs due to
the analyte’s collision with the fluorophore in the excited
state resulting in its deactivation with non-radioactive
energy transfer. Static quenching is characterized through
non-fluorescent complex formation between the analyte and
fluorophore in the ground state.” The photophysical process
nature can be evaluated in function of variation in binding
parameters, based on temperature variation’ or analysis
of the lifetime from the excited state of the probe in the
analyte’s absence and presence.” By varying the intensity
of the QD-CdTe, photoluminescence facing increasing PT
concentrations at different temperatures (23 to 37 °C), it was
possible to calculate the Stern-Volmer constant (Ksv) and
the binding constant (K,), respectively, from equations 10
and 11 (Figures S7a-S7b).

PL, ) _
[ PL j— 1 +K[PT]=1+ Tokq[PT] (10)

(N N L
e A G

where PL, and PL respectively correspond to QD-
CdTe, photoluminescent intensity in the absence and
presence of the analyte. The 1, and k, respectively
refer to the half-life and the biomolecular quenching
constant. It was also possible to calculate thermodynamic
parameters regarding the formation of the QD-CdTe,-PT
bioconjugate (Figure S7c), based on the functions of
the state, enthalpy (AH), entropy (AS), and Gibbs free
energy (AG):

AH (1 AS
in(k,)= 2 (ﬂ » 8 (12)

AG = AH - TAS (13)

where R and T respectively correspond to the universal
constant of ideal gases and the temperature (K). Table 2
summarizes all of the binding and thermodynamic
parameters for the interaction process.

The temperature and Ksv value increased proportionally,
this profile being characteristic of dynamic quenching.

Table 2. Stern-Volmer constant (Ksv), binding (K,), and thermodynamic parameters of bioconjugate QD-CdTe,-PT at different temperatures

Stern-Volmer parameters

Binding parameters

Thermodynamics parameters

T/°C

Ksv/(10'M™) r kS /(10" M) K,/ (10"M™") r AH/ (k) mol") AS/(J K mol') AG/ (kJ mol')
23 1.40£0.18 0.986 1.40£0.18 1.05+0.10 0.994 -39.80
30 1.45x0.12 0.991 1.45x0.12 0.97 £0.08 0.996 —-10.46 +99.13 —-40.50
37 1.84 £0.16 0.995 1.84 £0.16 0.87 = 0.07 0.997 —41.19

‘1, and k, (half-life and the biomolecular quenching constant): 10 ns, based on Haro-Gonzalez et al.” work of QD-CdTe. T: temperature; r: linear correlation
coefficient; AH: enthalpy variation; AS: entropy variation; AG: Gibbs free energy variation.
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Figure 6. Schematic representation of the photoluminescence quenching mechanism through the PT adsorption process on the surface of QD-CdTe,.

However, since the k, values (Table 2) are higher
than the diffusional biomolecular quenching constant
(2.0 x 10" M s, the preferred quenching process is static,
leading to the complex formation and corroborating the DLS
results for the formation of aggregates. These results were
confirmed based on lifetime experiments (Figure S8) since
QD-CdTe, presented 29.7 + 0.2 ns, while the bioconjugate
CD-CdTe,-PT was 28.5 £+ 0.1 ns. The variation of 4.0%
indicates that both systems had a similar lifetime.

The binding constant (K,) indicated a high affinity
between QD-CdTe, and PT. It can also be inferred from
the thermodynamic parameters that the interaction occurs
spontaneously (AG < 0); and is based on electrostatic forces
(AH < 0 and AS > 0),” according to the initial hypothesis
established, and in agreement with the studies evaluating
the influence of ionic strength. From the results obtained, it
was possible to propose the QD-CdTe, and PT interaction
mechanism (Figure 6), considering the cationic protein’s
adsorption on the nanoparticle surface through electrostatic
forces, followed by aggregation of the nanomaterial and
thus photoluminescent suppression. Similarly, QD-CdTe
systems with glutathione® and QD-CdTe with thioglycolic
acid®! present similar characteristics, comparable with PT.

Nanoprobe applications in medicine and urine samples

The applicability of the developed nanoprobe under
optimized conditions for the quantification of PT was
explored in medication and synthetic urine samples
(Tables 3 and 4). In the drug samples, the relative error
ranged from —0.70 to 2.60%, which indicates the method’s
accuracy. After applying the simple Student’s #-test
(Table 3), there was no significant difference between the
declared concentrations and those measured (at a 95%
confidence interval).

The different synthetic urine samples (U1-U5) evaluated
did not show autofluorescence in the method’s optimized

Protamine (cationic protein)

QD-CdTe-PT bioconjugate
(OFF)

Table 3. Determination of PT in drug samples (n = 3) using the proposed
method under optimized conditions

Proposed
Sample rnetl;lod / Declare(i/ Error / % r
(mg mL") (mg mL™")
1 9.93+0.24 10 -0.70 0.50
2 10.26 + 0.37 10 +2.60 1.22
3 10.06 = 0.24 10 +0.60 0.43

aStudents -test, #,, = 4.30 (v =2).

Table 4. Recovery assays and PT determination in synthetic urine (U1-
US) samples with different compositions (n = 3)

Sample P;l;n?i?g ! P;l;nfglll?g / Recovery / %
0.00 <LOD -
Ul 0.40 0.40 £ 0.02 100
0.80 0.78 +0.03 98
0.00 <LOD -
U2 0.30 0.32 +0.02 107
0.60 0.58 +0.02 96
0.00 <LOD -
U3 0.30 0.32 +£0.02 108
0.60 0.59 +0.02 98
0.00 <LOD -
U4 0.30 0.30 +0.02 100
0.60 0.59 +0.02 98
0.00 <LOD -
U5 0.30 0.28 +0.01 95
0.60 0.58 +0.01 96

PT: protamine; LOD: limit of detection.

conditions. Besides, when comparing the QD-CdTe,
(reference signal) and QD-CdTel + urine (U1-U5) systems,
the maximum photoluminescence variation in the intensity
were less than 3.4% (Figure S9); therefore, the nanoprobe
was considered selective for determining PT in this type
of sample. In addition, human serum albumin (HSA, main
serum protein, pl =4.6), which can be eliminated by urine,
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has a negative global charge on the method’s optimal pH;
thus, interaction with QD-CdTe, would not be favored.
Finally, for samples of synthetic urine with different
compositions, recoveries of 95 to 108% were obtained
(Table 4), demonstrating the absence of matrix effects and
the proposed method’s accuracy. Thus, this methodology
proved to be viable for quantifying PT in samples with
different levels of complexity.

Conclusions

In this study, a method for spectrofluorimetric
determination of cationic protein was developed based on
the bioconjugation process between QD-CdTe, and PT.
The proposed method proved to be fast, simple, with good
repeatability and simplicity in the optimized conditions. In
turn, when applied to samples of medicine and synthetic
urine with different degrees of complexity, it presented
precision and accuracy in determining PT with high
recoveries. This method can thus serve as an alternative
for bioanalytical analysis and quality control of cationic
proteins such as PT in different types of samples.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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