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Abstract

:

Cancer antigen 15-3 (CA 15-3) is a biomarker for breast cancer used to monitor response to treatments and disease recurrence. The present work demonstrates the preparation and application of a fluorescent biosensor for ultrasensitive detection of the cancer antigen CA 15-3 protein tumor marker using mercaptopropionic-acid-functionalized cadmium telluride (CdTe@MPA) quantum dots (QDs) conjugated with CA 15-3 antibodies. First, the QDs were synthesized by the hydrothermal route, resulting in spherical nanoparticles up to 3.50 nm in diameter. Subsequently, the QD conjugates were characterized by Fourier transform infrared spectroscopy (FTIR), UV absorption, and fluorescence. The interaction between the conjugates and the protein was studied by fluorescence spectroscopy in buffer and in 10-fold diluted commercial human serum. Calibration in spiked serum samples gave a detection limit of 0.027 U/mL, 1000-fold lower than the clinical limit for CA 15-3 (25 U/mL to 30 U/mL), indicating that this is an ultrasensitive technique. In addition, a rapid response was obtained within 10 min. The biosensor was selective in the presence of the interfering serum proteins BSA, CEA, and CA-125, with a maximum interference of 2% for BSA. The percent recovery was close to 100% with maximum relative standard deviation (RSD%) values of 1.56. Overall, the developed CA 15-3 biosensor provides a simple and sensitive method for ultrasensitive monitoring of breast cancer, as well as the ability to detect other molecules of interest in human serum matrices.
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1. Introduction


Over the last few years, quantum dots (QDs) have been extensively studied for a wide variety of applications from medicine to optoelectronics [1,2]. A variety of QDs have been reported. In general, QDs are binary, i.e., they are composed of elements from the groups II–VI, but they can also be fabricated from single elements, namely silicon or germanium [3,4]. In recent years, active research in this field has led to the synthesis of QDs using transition metals, chalcogenic elements, and carbon, among others [1,5].



Due to their high brightness, large molar extinction coefficient, photostability, and tunable wavelength, QDs represent an advantageous alternative to conventional fluorophores, such as organic dyes or proteins [6,7,8]. The biocompatibility of carbon and graphene QDs has been demonstrated for bioimaging, photodynamic therapy, and drug delivery both in vitro and in vivo [8,9]. Moreover, the surface of QDs can be easily modified with recognition molecules such as antibodies, peptides, or aptamers, which extends their applicability in the biomedical applications for sensitive and specific approaches to diagnostic and biosensing devices [8]. Among the various QDs, cadmium telluride (CdTe) nanoparticles have been particularly studied for these applications due to their high stability, tunable photoluminescence in the visible range, and high quantum yield [10,11]. Biosensing devices employing CdTe nanoparticles to track microbes such as bacteria [12,13] or viruses [14], glucose levels [15], or even cardiovascular diseases [16] have already been described in the literature.



Cancer incidence remains a significant burden in our society. By 2040, 29 million new cases are expected to be diagnosed worldwide. Among them, breast cancer is the most-common cancer, with more than 2.26 million cases diagnosed in 2020 (WHO, 2020) [17].



In addition to traditional screening methods, namely mammography and ultrasound, blood tests provide valuable information, especially by measuring biomarkers of breast cancer [18]. Biomarkers can be categorized based on their clinical information: risk assessment biomolecules, such as the BRCA1/2 and TP53 genes, help assess cancer risk; molecules for subtyping breast cancer and predicting response to treatment, which include hormone receptors and the HER2 protein; prognosis and disease progression by measuring proteins such as carcinoembryonic antigen (CEA) or CA 15-3 [18,19].



Although standard methods for measuring biomarkers, such as ELISA assays, LC/MS, or HPLC, provide sensitive and specific results, these technologies are time consuming and expensive [20,21]. In this way, biosensors are gaining interest due to their rapid, affordable, and point-of-care (PoC) characteristics [22].



The CA15-3 protein is commonly used as a serum biomarker for monitoring breast cancer treatment and recurrence. Its normal serum value is below 30 U/mL, and its increase is associated with the development of metastases [23]. For this reason, monitoring the CA 15-3 level is of clinical value in assessing disease progression and treatment efficacy.



Despite their high sensitivity and specificity, conventional techniques such as ELISA, electrochemiluminescence, or mass spectrometry are time consuming and require skilled laboratory personnel to be performed, resulting in high costs for healthcare systems and the general population [24].



To overcome this, several biosensors targeting the protein CA 15-3 have been described. Among all of them, electrochemical sensors provide the highest sensitivity with the lowest detection limit of up to 5 × 10−6 U/mL [25]. The use of nanomaterials, due to their catalytic properties, is often employed to improve the sensitivity of the devices into which they are inserted. Overall, the devices differ mainly in the type of electrode, electrochemical technique, and sensing platform [26]. Despite their high sensitivity and selectivity, electrochemical approaches are complex and lead to more expensive devices. Therefore, optical sensors are gaining interest because they are affordable and faster while maintaining the high specificity of electrochemical devices [27]. Optical methods for CA 15-3 detection range from photoluminescence to Förster or fluorescence resonance energy transfer (FRET), surface plasmon resonance, fluorescence, and colorimetric approaches [26,28] with the lowest detection limit of 50 × 10−6 U/mL. Although the sensor has high specificity and sensitivity, the use of molecularly imprinted polymers modified with nanomaterials leads to complex, multistep production associated with increased costs [28].



In this paper, we report a simple and inexpensive QD-based immunosensor designed to monitor CA 15-3 levels in human serum. For this purpose, (i) CdTe QDs were synthesized by hydrothermal methods and characterized by UV–Vis absorption, Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and fluorescence spectroscopy. (ii) The nanoparticles were then directly conjugated to the monoclonal antibody CA 15-3 and further characterized using the same techniques. (iii) The performance of the sensor was evaluated by fluorescence spectroscopy in spiked saline buffer and commercial human serum. The device has a detection limit of 0.027 U/mL and gives a response within 10 min.




2. Materials and Methods


2.1. Chemicals and Solutions


All chemicals used were of analytical research grade. Cadmium chloride monohydrated 99.99% was acquired from Acros Organics, (Geel, Belgium); tellurium powder 99.99% was acquired from Sigma Aldrich, (San Luis, MO, USA); 3-mercaptopropionic acid (MPA) was purchased from Sigma Aldrich; sodium borohydride was acquired from VWR; phosphate-buffered saline (PBS) was obtained from Fisher BioReagents, (Waltham, MA, USA); glycine was purchased from Merck, (Darmstadt, Germany); N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDAC) was obtained from Sigma Aldrich; N-hydroxysuccinimide (NHS) was acquired from Merck; mouse monoclonal mucin1 antibody (Vu-2G7) was purchased from Santa Cruz Biotechnology, (Dallas, TX, USA); the CA 15-3 protein was acquired from Emelca BioScience, (Antwerpen, Belgium); human serum HN was purchased from PZ CORMAY S.A., (Lomianki, Poland). Deionized water (conductivity < 0.1 μS/cm) was obtained from a Millipore water purification system and used throughout the experiment.




2.2. Apparatus


Both the QD nanoparticles and the corresponding conjugates were characterized by FTIR spectroscopy, SEM, absorption spectroscopy, and fluorescence spectroscopy.



FTIR spectroscopy was performed using a Nicolet iS100 (Thermo Scientific, Waltham, MA, USA) spectrometer coupled to an attenuated total reflectance (ATR) sensor with diamond contact crystal. Both sample and background spectra were acquired under the control of room temperature and humidity with 80 scans and a resolution of 8 cm−1 in the spectral range from 530 to 4000 cm−1. The surface morphology of the red-emitting QDs was studied using a field emission scanning electron microscope (FEG-SEM; JEOL-JSM7001 F) at an accelerating voltage of 25 kV. The chemical composition was studied by energy dispersive X-ray analysis (SUTW-Sapphire) at an accelerating voltage of 15 kV. UV–Vis spectra were recorded in the interval range (200–800 nm) using a Multiskan SkyHigh Microplate Spectrophotometer (Thermo Scientific, Waltham, MA, USA). Fluorescence spectra were recorded using a Lumina fluorescence spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a 150 W xenon arc discharge lamp as the light source. The scanning speed was 600 nm/min; the integration time was 50 ms; the response time was 0.02 s. Both the excitation and emission slits were set to 20 nm, and both the emission and excitation filters were set to air.




2.3. Synthesis of the CdTe@MPA QD Nanoparticles


The aqueous soluble QDs were prepared according to Piloto et al. (2018) with minor modifications [16]. In a three-neck flask, CdCl2 (6.59 mmol) was added to 60 mL of ultrapure water previously deaerated with nitrogen. Then, MPA (888 µL) was added to the cadmium solution in 60 mL ultrapure water, and the pH was adjusted to 11.5 by the dropwise addition of 1M sodium hydroxide. The resulting mixture was heated to 80° under constant nitrogen flow. Then, a solution of tellurium powder (0.299 mmol) with sodium borohydride (4.76 mmol) in 3 mL ultrapure water was prepared, heated to 60 °C, and added to the cadmium solution. The molar ratio (Cd2+:Te2-:MPA) was optimized to (1:0.05:1.5). The reaction mixture was refluxed at 120 °C for 30 min (Figure 1A). By extending the reflux time, the QDs’ size increased with a shift of color, up to the red CdTe@MPA. Finally, the CdTe@MPA QDs were precipitated in ice in absolute ethanol (1:1) and centrifuged at 4000 rpm for 5 min. The resulting QDs were kept in a desiccator until they were dried. Finally, the different size QDs were ground and stored in a low humidity environment protected from light (Figure 1A).




2.4. Preparation of the QD Conjugates


For the preparation, 30 µL of a suspension of red-emitting CdTe@MPA QDs (5 mg/mL) prepared in PBS 10 mM at pH 7.4 was mixed with 25 µL EDAC (5.0 × 10−2 mg/mL) and 25 µL NHS (6.6 × 10−2 mg/mL) at a ratio of (1:1.33 eq.), followed by the addition of 20 µL of a solution of the CA 15-3 antibody (200 µg/mL) made in PBS 10 mM at pH 7.4 (Figure 1B). The final volume was adjusted to 500 µL with PBS 10 mM at pH 7.4 and incubated for 3 h at 30 °C with constant stirring. Next, 25 µL of glycine 0.01 M was added and incubated overnight at 4 °C (Figure 1C). Finally, the solution was purified using an Amicon Ultra centrifugal filter (Ultra-0.5) MWCO 50 kDa, to afford the correspondent suspension of the QD conjugates (Figure 1D).



The MPA cap on the surface of the QD was chosen to provide free carboxyl groups that could react and bind the molecules to the surface of the QD. In this way, the binding of the antibodies to the CdTe@MPA QDs was achieved by activation with EDAC/NHS. Overall, EDAC reacts with the carboxyl exposed on the surface of the QD groups to form an amine-reactive O-acyl isourea intermediate, which can be easily displaced by a nucleophilic attack of the primary amine groups of the antibody. The primary amine forms an amide bond with the carboxyl group, and an EDAC by-product is released as a soluble urea derivative. The intermediate O-acylisourea is unstable in aqueous solutions at physiological pH. If the intermediate does not react with an amine, it is hydrolyzed, re-forming the carboxyl groups and releasing an N-unsubstituted urea. To improve efficiency or to generate dry-stable (amine-reactive) intermediates, NHS is often added to EDAC couplings because it forms a more stable ester than the O-acylurea intermediate while allowing efficient conjugation with primary amines at physiological pH [29] (Figure 1 C). After conjugation of the QD nanoparticles with the antibodies, the remaining free sites were blocked with glycine (Figure 1D). Moreover, glycine reacts with the NHS esters and converts the original carboxylic acids into hydroxamic acids, which helps to stop the conjugation reaction [30]. The reaction was assessed using different times of the reaction (both reagents added together with no pre-reaction time with QD; 30 min pre-reaction with QD; 1 h pre-reaction with QD). The reaction conditions were chosen based on the amount of free nanoparticles filtered with the Amicon filters. Of all of these, the antibodies added after a 30 min pre-reaction of QD and EDAC/NHS showed the best results.



The prepared conjugate solution (200 µg/mL) was diluted, and two concentrations of antibodies were tested during conjugate assembly, 5 and 10 µg/mL, respectively. The assembly condition with 10 µg/mL of antibody was chosen because, under this condition, a better correlation was obtained between the fluorescence signal of the control solutions (the fluorescence intensity of the free QD nanoparticles in PBS 10 mM at pH 7.4) and the signal of the solutions of the QD conjugates in the presence of different concentrations of the target protein CA 15-3.




2.5. Detection and Quantification of the CA 15-3 Protein


All fluorescence measurements were performed under the same conditions. The excitation wavelength was set to 380 nm within an emission range from 550 to 730 nm. After each measurement, the fluorimeter temperature was assessed and cooled down up to 23–25 °C. The fluorescence signal was monitored in PBS buffer 10 mM at pH 7.4 and in 10-fold diluted human serum in PBS 10 mM at pH 7.4.



For the calibration assays, 10 µL of the CA 15-3 standard solutions (10–100) U/mL in PBS 10 mM at pH 7.4 was added to a suspension of the QD conjugates (10 µg/mL) in PBS 10 mM at pH 7.4, and the final volume was adjusted to 100 µL. Replicates of the suspensions were prepared (S/N = 3) and incubated for 10 min RT. The fluorescence signal was measured and plotted as a function of the total CA 15-3 protein concentration.



For the analysis of commercial human serum, pretreatment with Amicon filters (50kDa) was performed. The filtrate was discarded, and the remaining volume of supernatant was adjusted to the original serum volume. Subsequently, the human serum was diluted 10-fold in PBS 10 mM at pH 7.4, and several CA 15-3 protein standard solutions (10–100) U/mL were prepared in the diluted serum.



Replicates of the suspensions were prepared (S/N = 3) following the protocol previously described. The limit of detection (LOD) was calculated using the following formula:


LOD = (3δ (lowest concentration))/(curve slope)








where δ represents the standard deviation obtained for the lowest concentration of CA 15-3 [31].




2.6. Selectivity Studies


Three interfering species detected in human serum were tested using competition assays, and selectivity was examined for each interfering species individually. All assays were performed in triplicate (S/N = 3). Solutions of the interfering species were prepared in the pretreated 10-fold diluted human serum in PBS 10 mM at pH 7.4 to a final concentration of BSA (1 mg/mL), CEA (3 ng/mL), and CA 125 (30 U/mL). The solutions were incubated as previously described, and the percentage of interference was determined by comparison with the fluorescent signal obtained with a 30 U/mL standard solution of CA 15-3 prepared in the same medium.




2.7. Reproducibility Studies


Biosensor reproducibility was evaluated with three concentrations of CA 15-3 in 10-fold diluted human serum in PBS 10 mM at pH 7.4, with the diluted human serum serving as a blank. All assays were performed in triplicate, at room temperature, and the respective RSD values were calculated. The average recovery and RSD values are shown in Table 1. Recovery values were determined using the following formula:


% recovery = (CA 15-3 Theorical/CA 15-3 Experimental) × 100.













3. Results and Discussion


3.1. Characterization of the QD Nanoparticles


3.1.1. Optical Characterization of the QD Nanoparticles


The absorption spectra of QD nanoparticles suspended in PBS 10 mM at pH 7.4 are shown in Figure 2. During synthesis, the size growth of the QDs was observed over time under a UV lamp at 365 nm (Figure 2A). As expected, extending the reflux time during the synthesis of QD nanoparticles resulted in bathochromic shifts in the emission spectra and an increase in size, as demonstrated previously by Piloto et al. [16]. The diameter of the synthesized CdTe@MPA QDs was calculated using the following equation [32]:


D = (9.8127 × 10−7) λ3 − (1.7147 × 10−3) λ2 + (1.0064) λ − 194.84








where D is the diameter of the nanoparticles (nm) and λ is the wavelength of maximum absorption, as shown in Figure 2B. The maximum absorption for the red-emitting QD nanoparticles was set at 580 nm, since this corresponds to the inflection point of the curve at which the red QD absorb energy. According to the above equation, the theoretical diameter of the red-emitting QDs is 3.50 nm.



A solution of red-emitting QD nanoparticles (1 mg/mL) was analyzed by fluorescence spectroscopy. The excitation and emission spectra for two wavelengths are shown in Figure S1. The emission profiles of QD nanoparticles have the shape of Gaussian functions, and the wavelength of the peaks varies as a function of particle size. A smaller half-wavelength width (FWHM) is associated with more purely colored QDs and higher efficiencies [33]. In addition, the excitation wavelength of 380 nm was chosen because it gave a complete emission curve compared to using higher excitation wavelengths The curve exhibited an emission maximum at 633 nm and an FWHM of 60.9 nm.




3.1.2. SEM and TEM Analysis


TEM images show that the red-emitting CdTe@MPA QDs are arranged as spherical aggregates with a size of less than 5 nm (Figure 3A). This is confirmed by the images from SEM, where the nanoparticles have variable diameters of up to 56 nm. This behavior was to be expected if the nanoparticles tend to aggregate in the solid state, and sonication is required to avoid this behavior.



SEM images of the CdTe@MPA QDs can be seen in Figure 3B. It can be observed that the nanoparticles agglomerated into clusters up to 56 nm in size. These images were taken after resuspension of both materials in ultrapure water.



The EDS analysis evidences the sulfur, carbon, and oxygen elements from the mercaptopropionic acid used to cap the QD nanoparticles—Figure S2. The presence of cadmium and telluride elements from the metallic core of the nanoparticles and the presence of sodium from the sodium borohydride used as a reducing agent are also detectable.




3.1.3. FTIR


The chemical conjugation of the CA 15-3 antibody with the red-emitting CdTe@MPA QDs was characterized by FTIR spectroscopy. In Figure 4 are shown the spectra of the CdTe@MPA QDs (red) (i), of the CA 15-3 antibody (purple) (ii), and of the CdTe@MPA conjugates (red) (iii).



The two peaks observed in the CdTe@MPA QDs at 1552.08 cm−1 and 1392.71 cm−1 correspond to the asymmetric and symmetric stretching, respectively, of the carboxylic acids of the QD nanoparticles. Moreover, the band at 3300 cm−1 is due to the OH stretching bond. Upon conjugation of the antibody to the surface of the QDs, a wide band at 3302.08 cm−1 is visible, which is responsible for the N-H and O-H stretchings of the amine and carboxylic acids of the protein, respectively. The peak at 1648.69 cm−1 represents the N-H bending vibrations of the amino acid residues. The two bands at 2935.88 cm−1 and 2880.78 cm−1 belong to the carbon-hydrogen (CH2) vibrational peaks. The attenuated asymmetric stretching band in the spectrum of the conjugated QDs is derived from the MPA capping of the QD nanoparticles.





3.2. Stability of the QDs Conjugates


Fluorescence spectroscopy was used to evaluate the stability of the QD conjugates for 10 days (Figure 5). After the CdTe@MPA QDs were modified with the antibodies, a prominent decrease in the fluorescence peak intensity was observed, as the attachment of the biomolecule increases the size of the particle, leading to a lower confinement energy [3,34].



The QD conjugates cause a hypsochromic shift (to lower wavelengths) in the emission spectra, along with a decrease in fluorescence intensity. The QD conjugates were monitored over time.



The first measurement was performed 48 h after the preparation of the system. After 72 h, the sample showed an intensity loss of 3.86%. This value remained almost the same during the stability study, varying from a signal loss of 0.13% after 7 days to a loss of 0.76% after 10 days. From these results, it can be concluded that the solutions of QD conjugates require 72 h after their preparation to stabilize, with the initial signal remaining stable for up to 10 days.




3.3. Calibration Curve


The ability of QD conjugates to show a linear response in the presence of the target protein CA 15-3 in a spiked buffer was investigated by fluorescence spectroscopy (Figure S3). The emission wavelength was set at 624.2 nm because the calibration curves showed a higher slope at this wavelength, which improved the sensitivity of this method.



During the calibrations of QD conjugates with increasing concentrations of CA 15-3 protein standards prepared in PBS 10 mM at pH 7.4, the fluorescence intensity of QD conjugates decreased, as shown in Figure S3. From these results, we concluded that recognition of the CA 15-3 protein attenuates the QDs’ fluorescence. Overall, we can conclude that the QD conjugates were able to discriminate a sample from 0.09 U/mL to 0.45 U/mL and limit of detection of 0.027 U/mL, and the low error bars show the reproducibility of the CA 15-3 biosensor developed in this work.



Next, the device was tested in 10-fold diluted spiked human serum in PBS 10 mM at pH 7.4. Initially, the calibrations were performed in undiluted human serum, but the highly concentrated and complex human serum matrix promoted fluorescence attenuation of the red-emitting QDs, resulting in a conditioned response of the CA 15-3 biosensor. For this reason, human serum was first filtered to remove positively charged salts that affect the fluorescence of the QDs and, consequently, the stability of the biosensor. This pretreatment also removed smaller molecules such as glucose and smaller proteins. The correspondent fluorescence emission spectra are presented in Figure 6.



Overall, fluorescence emission decreased in the presence of the target and provided a linear regression with a correlation coefficient greater than 0.98. The developed CA 15-3 biosensor showed a linear response between 0.09 U/mL and 0.91 U/mL.



The threshold value for normal individuals is 25–30 U/mL. In this way, our method was able to distinguish spiked from non-spiked samples in an artificial human serum, with a detection limit of 0.027 U/mL and a lower limit of the linear range of 0.09 U/mL. The LOD of this research shows a 10-times lower LOD when compared to available automated kits, namely the Access 2 (0.5 U/mL) or AxSYM (0.3 U/mL) [34]—Table 2.




3.4. Selectivity Studies


Selectivity studies were conducted in this work to evaluate how serum species could possibly interfere with the biosensor response to the target protein, CA 15-3. As the human serum samples were pre-treated first, only species with high molecular weights were considered. The results are presented in Figure 7.



For the selectivity study, BSA (1 mg/mL) was selected as an interfering agent because of its high abundance in serum. In addition, CEA and CA 125 were also selected because these proteins are normally present in serum in various cancers, particularly breast cancer. These proteins were evaluated using normal serum cut-off values, specifically the CEA protein at (3 ng/mL) and the CA 125 protein at (30 U/mL).



The presence of the CEA and CA 125 proteins represented a 1% deviation in the response of the CA 15-3 biosensor. The larger deviation occurred with the BSA protein (2%). Overall, the presence of interfering species did not result in significant deviations in the biosensor response. These results suggest that the biosensor can provide a selective response based primarily on the concentration of the CA 15-3 target.




3.5. Sample Analysis


The practicability of the CA 15-3 biosensor was evaluated by testing it with commercially diluted human serum containing known concentrations of the CA 15-3 protein. Tests were conducted with three distinct conditions. These included: (i) testing with the cut-off value for CA 15-3 (30 U/mL), (ii) its upper limit concentration (10 U/mL), and (iii) using a higher concentration of the CA 15-3 protein (75 U/mL). The readings were performed in triplicate, and the concentration of each sample was calculated based on the fluorescence intensity measured in the calibration curve obtained with the 10-fold diluted human serum. In order for the solution to have the same basal intensity as the batch used in the serum calibration, the PMT that excites the sample was higher (418 PMT).



In Table 1 are presented the recovery results of CA 15-3 and the corresponding RSD% values.



The recovery rate of CA 15-3 were ~99.66% for 10 U/mL, ~99.93% for 30 U/mL, and ~100.61% for 75 U/mL. The RSD% values ranged from 0.28 to 1.56, being higher for the 75 U/mL sample. With the high recovery values and small RSD values, the reproducibility of the device is demonstrated, suggesting it is practical for measuring the CA15-3 protein in real human serum samples.





4. Conclusions


Fluorescent biosensing devices are extensively studied for point-of-care purposes due to their high sensitivity allied with their affordable price and easy and fast reading. This work presented a novel QD-based biosensor to detect and quantify the CA 15-3 protein in human serum samples. The detection was achieved by direct conjugation of red-emitting QD nanoparticles with the CA 15-3 antibody. The biosensor provided a linear correlation between the concentration of CA 15-3 in the sample and its fluorescence intensity, both in buffer and in human serum, with a limit of detection of 0.027 U/mL in 10-fold diluted human serum. Furthermore, the biosensor showed high recovery ratios when used with spiked human serum samples, representing an affordable and simple means of measuring analytes of interest.
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Figure 1. Schematic representation of the synthesis of the QD nanoparticles and preparation of the QD conjugates. (A) QD synthesis; (B) activation of carboxylic groups from QD; (C) covalent bond between the carboxylic groups from the nanoparticles and the amine groups from the antibodies, by the EDAC/NHS reaction; (D) blockage of unbound spaces; (E) binding of QD conjugates with the CA 15-3 protein. 
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Figure 2. (A) Crude solutions of the CdTe@MPA QDs taken along their synthesis and photographed under a 365 nm UV lamp. (B) UV–Vis spectrum of the red-emitting QDs with the maximum wavelength at 580 nm was selected as the maximum absorption wavelength of the red-emitting QDs. 
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Figure 3. (A) TEM images of red-emitting CdTe@MPA QDs resuspended in ultrapure water; (B) SEM image of red-emitting CdTe@MPA QDs resuspended in ultrapure water. 
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Figure 4. FTIR spectra of the CdTe@MPA QDs (red) (i), of the CA 15-3 antibody (blue) (ii), and of the CdTe@MPA conjugates (purple) (iii). 
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Figure 5. CdTe@MPA QD and their conjugation with CA 15-3 antibody emission spectra using a photomultiplier tube voltage of 400 PMT and an excitation wavelength of 380 nm (n = 3). 
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Figure 6. (A) Emission spectra of QD conjugates during protein recognition. (B) The calibration curve was performed in 10-fold diluted commercial human serum. The analysis was conducted using a photomultiplier tube voltage of 410 PMT and an excitation wavelength of 380 nm (n = 3). 
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Figure 7. Selectivity study for the CA 15-3 biosensor. The interfering species used were BSA (1 mg/mL), CEA protein (3 ng/mL), and CA 125 (30 U/mL). The samples with 30 U/mL of CA 15-3 were all diluted as for the serum tests (n = 3). 
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Table 1. Evaluation of the reproducibility of the sensor by testing it with commercial serum spiked with the CA 15-3 protein (n = 3).
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	Sample
	Intensity (Counts)
	Recovery (%)
	RSD (%)





	10 U/mL
	9169.73
	99.66
	0.28



	30 U/mL
	8094.8
	99.93
	0.61



	75 U/mL
	5726.04
	100.61
	1.56
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Table 2. Comparison of techniques described in the literature for CA 15-3 measurement.
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	Technique
	Limit of Detection
	References





	Access 2—Automated Kit
	0.5 U/mL
	[35]



	ARCHITECT i2000SR—Automated Kit
	0.5 U/mL
	[35]



	AxSYM—Automated Kit
	0.3 U/mL
	[35]



	Electrochemical device
	0.01–0.2 U/mL
	[36]



	Photoluminescence
	0.002 U/mL
	[37]



	Fluorescence
	0.027 U/mL
	Current Study
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