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Abstract

:

The detection of lipopolysaccharide (LPS) has important value for the monitoring of diseases such as sepsis and the impurity control of drugs. In this work, we prepared guanidinylated carbon dots (GQ-CDs) and used them to adsorb 5-carboxyfluorescein (FAM)-labeled single-stranded DNA (ssDNA) to become GQ-CDs/FAM-DNA, resulting in quenched FAM. The quenching efficiency of the FAM-DNA by GQ-CDs in the GQ-CDs/FAM-DNA system was 91.95%, and this quenching was stable over the long term. Upon the addition of LPS, the quenched FAM-DNA in the GQ-CDs/FAM-DNA system regained fluorescence at 520 nm. The mechanism studies found that the addition of LPS promoted the dissociation of FAM-DNA adsorbed on GQ-CDs, thereby restoring fluorescence. The degree of fluorescence recovery was closely related to the content of LPS. Under optimized conditions, the fluorescence recovery was linearly related to LPS concentrations ranging from 5 to 90 μg/mL, with a detection limit of 0.75 μg/mL. The application of this method to plasma samples and trastuzumab injections demonstrated good spiked recoveries and reproducibility. This platform, based on GQ-CDs for the adsorption and quenching of FAM-DNA, enables the detection of LPS through relatively simple mixing operations, showing excellent competitiveness for the determination of actual samples under various conditions.
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1. Introduction


Lipopolysaccharide (LPS) is a negatively charged amphiphilic polysaccharide. Structurally, it is composed of lipid A, extracellular polysaccharide O antigen, and interconnected core oligosaccharides [1]. LPS is the main structural component of the cell walls of Gram-negative bacteria and the main component of endotoxins [2,3]. LPS can induce host immune/inflammatory responses, cell apoptosis, and oxidative stress and cause inflammatory defense responses [1,2,3]. LPS is one of the most important factors inducing sepsis, which can cause serious consequences, such as high fever, septic shock, and even death [4,5]. Moreover, microorganisms, toxins, and other impurities may contaminate drugs during their manufacturing or use [6,7], which may result in the presence of heat sources, such as LPS or proteins in the drug, leading to the occurrence of drug fever. Therefore, the detection of LPS is essential for clinical toxin monitoring and drug impurity control.



The detection methods for LPS are mainly divided into two categories. The first group of analytical methods, including traditional rabbit pyrogenicity tests [6], horseshoe crab reagent tests [8], and monocyte activity tests [9,10], have been fabricated on the basis of the biological activity characteristics of LPS. The second group of quantitative methods, such as gas chromatography–mass spectrometry (GC-MS) [11], high-performance liquid chromatography–tandem mass spectrometry (HPLC/MS/MS) [12], and capillary zone electrophoresis (CE) [13], have been developed on the basis of the chemical structure of LPS. Although these methods have been developed for LPS detection, they have certain shortcomings, such as the limited sources of horseshoe crab reagents and the complexity of methods based on the structure of LPS. In recent years, detection methods based on biological recognition targets such as immune reactions and aptamers have gradually been paid attention to for the detection of LPS [14,15]. Among them, optical sensors have attracted great interest because of the advantages of stability, durability, and simplicity. Consequently, the use of LPS aptamers as recognition units, colorimetric methods [16], and fluorescence strategies [17,18] have been gradually designed for detecting LPS. The detection of LPS using fluorescent probe-labeled aptamers can achieve good sensitivity and operability [17,18]. However, most optical methods require recognition units similar to aptamers for LPS detection, which necessitates additional bonding coupling with increased costs. Establishing a detection system based on the direct interaction of LPS would be beneficial for ease of operation and reduced costs.



Carbon dots, a kind of fluorescent nanomaterial with a size below 10 nm and an adjustable surface, can exhibit excellent optical properties [19]. Increasing research has focused on designing and preparing a series of different carbon dots for pharmaceutical analysis methods for drug quality control [20]. Leveraging the diverse luminescent and surface properties of carbon dots, our group has conducted a series of studies on drug analysis and gene detection. These studies have leveraged the specific interactions between drugs and carbon dots [21,22,23], sometimes involving mediators to enhance these interactions [24,25]. By controlling the surface properties of carbon dots, we can achieve interactions between carbon dots and fluorescent dye-labeled ssDNA through electrostatic and/or hydrophobic interactions, resulting in fluorescence dye quenching [26]. Consequently, methods based on the signal-on strategy have been developed for detecting target genes using the interaction system of carbon dots and ssDNA [22,27]. Moreover, the specific interactions between carbon dots and bacterial cell walls can enhance the antibacterial activity of carbon dots [28,29,30]. Since LPS is a major component of bacterial cell walls, it is hypothesized that LPS may also directly interact with certain types of carbon dots, thereby establishing a detection platform for LPS.



Recently, effective carbon dots with guanidine and quaternary amino groups (abbreviated GQ-CDs) were prepared and applied to combat bacteria [31]. Inspired by the possible absorption system of carbon dots and ssDNA, herein, the interacting behavior of GQ-CDs and 5-carboxyfluorescein (FAM)-labeled single-stranded DNA (ssDNA) (FAM-DNA) was investigated. Unexpectedly, the quenched FAM-DNA, upon the introduction of GQ-CDs, can be recovered by the addition of LPS. The recovery levels from monitored FAM are controlled by the contents of LPS, as shown in Scheme 1. This method not only illustrated acceptable detection performance but also enabled the accurate determination of LPS in the plasma and pharmaceuticals. These findings suggest the feasibility of clinical diagnostics and pharmaceutical quality control methods without the need for specific LPS recognition agents, thereby offering enhanced convenience.




2. Experimental Section


2.1. Synthesis of GQ-CDs


GQ-CDs were prepared according to the reported work [31] with minor modulation. In a round-bottom flask, 0.2 g of CA was heated at 150 °C until completely melted. Then, 2 mL of DDA (60% aqueous solution) was added, and the reaction was continued for another 150 min. After adding 0.1 g of PHMG, the reaction was continued at 170 °C for one hour. After cooling down, the product was dialyzed (500–1000 D) for 48 h. Finally, the liquid was freeze-dried to obtain solid GQ-CDs and stored at 4 °C for further study.




2.2. Establish the Quenching System of GQ-CDs and FAM-DNA (FAM-DNA/GQ-CDs)


The GQ-CDs were dispersed in pure water to prepare a series of solutions with concentrations of 0.625, 1.25, 2.5, 5, 10, 20, 40, and 80 μg/mL. Then, 100 μL of each GQ-CD solution was mixed with 100 μL of 100 nM FAM-DNA in the dark at room temperature for 10 min. The fluorescence intensity of each solution under excitation at 488 nm was measured. Fluorescence intensity spectra were plotted, and the quenching efficiencies were calculated to determine the optimal concentration for the quenching reaction. This process was repeated three times. Moreover, the fluorescence intensities of the GQ-CDs/FAM-DNA were continuously monitored with excitation at 488 nm for 22 days to assess the absorption stability of the GQ-CDs/FAM-DNA. The quenching efficiency (QE) was defined as the ratio of F/F0, where F0 and F are the fluorescence intensities of FAM-DNA in the absence and presence of GQ-CDs, respectively.




2.3. Feasibility of the GQ-CDs/FAM-DNA for LPS Detection


A quantity of 100 μL of 320 μg/mL LPS solution was added to 100 μL of the GQ-CDs/FAM-DNA quenching system. The mixture was allowed to react in the dark at room temperature for 10 min. Then, the fluorescence intensity of FAM was measured.




2.4. Analytical Performance of This Method for Detecting LPS


Under the optimal reaction conditions, the GQ-CDs/FAM-DNA quenching system was applied to detect LPS. First, 100 μL of LPS solution with concentrations ranging from 10 to 180 μg/mL were added to 100 μL of the GQ-CDs/FAM-DNA solution, respectively. The fluorescence spectra of each solution were measured with excitation at 488 nm. Fluorescence spectra were plotted and applied to evaluate the LPS concentrations on the basis of the intensities. Each process was repeated three times. The quantitative basis was the desorption rate ((F0 − F)/F0).



Using the same procedure, the GQ-CDs/FAM-DNA quenching system was applied to evaluate the selectivity against the common interfering substances.




2.5. Detection of LPS Content in Real Samples


Detecting the spiked recoveries of LPS in plasma samples: Blood plasma samples from three different healthy volunteers were collected and diluted 10-fold with PBS solution. Then, 20 μL of the diluted plasma samples and 80 μL of LPS solution with concentrations of 100, 150, and 200 μg/mL were added separately to 100 μL of the GQ-CDs/FAM-DNA solution. The reaction was carried out according to the previous operation conditions to monitor the fluorescence intensity, with excitation at 488 nm.



Detecting the spiked recovery of LPS in trastuzumab injections: First, 20 μL of trastuzumab injection solution with a concentration of 21 mg/mL and 80 μL of LPS solutions with concentrations of 50, 75, and 100 μg/mL were added separately to 100 μL of the GQ-CDs/FAM-DNA solution. The reaction was carried out according to the previous operation conditions to monitor the fluorescence intensity, with excitation at 488 nm.





3. Results and Discussion


3.1. Characterization of GQ-CDs


The optical properties of GQ-CDs were characterized. The GQ-CDs exhibited variable emission wavelengths and intensities with different exciting wavelengths, suggesting the wavelength-dependent properties of GQ-CDs (Figure 1A). At the optimal excitation wavelength of 310 nm, the GQ-CDs exhibited an emission spectrum with a maximum peak of 390 nm (Figure 1B). The GQ-CDs were almost colorless and transparent under white light, but blue fluorescence appeared under ultraviolet light (inset of Figure 1B). The fluorescence intensities of the GQ-CDs showed little fluctuation with exposure to continuous UV illumination for 60 min, suggesting stability and excellent anti-photobleaching properties (Figure S1). Moreover, the UV–vis absorbance spectrum of the GQ-CDs exhibited a sharp absorption peak at 214 nm, ascribed to the π-π* of the C=C in sp2 hybridization carbon core (Figure 1B) [32]. The morphology of the GQ-CDs characterized by transmission electron microscopy (TEM) showed that the GQ-CDs appeared as dispersed, circular nanoparticles with an average diameter of approximately 2.25 nm (Figure 1C). High-resolution TEM (HRTEM) revealed a lattice spacing of 0.11 nm for GQ-CDs, and the size distribution implied the uniform structure of GQ-CDs.



The functional groups and elemental compositions of the GQ-CDs were characterized by FTIR and X-ray photoelectron spectroscopy (XPS). The FTIR analysis of the GQ-CDs identified several characteristic molecular groups (Figure 1D). A prominent peak at 3417 cm−1 corresponding to N-H stretching vibration indicated successful nitrogen doping. Additionally, a peak observed at 2919 cm−1 was associated with C-H bond stretching vibration. A distinct peak at 1544 cm−1 reflected a strong C=C stretching vibration, suggesting the effective formation of surface carbon nuclei. Moreover, the absorption peak at 926 cm−1 was attributed to the stretching vibration associated with the interaction between the positively charged nitrogen atom and the connected organic group, confirming the successful incorporation of surface quaternary ammonium salts (Figure 1D) [33]. XPS analysis provided detailed insights into the elemental composition and functional groups of GQ-CDs. The full-spectrum XPS mapping (Figure 2A) revealed signals corresponding to C1s (284.44 eV), N1s (401.91 eV), and O1s (531.89 eV), with atomic concentrations of 81.32%, 8.58%, and 10.1%, respectively. The high-resolution C1s XPS spectra displayed characteristic peaks for C-C/C=C (284.6 eV), C-O/C-N (285.7 eV), and C=O (286.3 eV) (Figure 2B). The high-resolution N1s XPS spectra exhibited two distinct binding energy peaks at 399.4 eV and 402.2 eV, attributed to -NH2, guanidine, and quaternary amine groups, respectively [31,34,35] (Figure 2C). The high-resolution O1s XPS spectra revealed two fitting bands at 531.5 eV for C-O and 532.4 eV for C=O (Figure 2D). Collectively, the FTIR and XPS results elucidated the structural characteristics of the GQ-CDs.




3.2. Establishment and Properties of GQ-CDs/FAM-DNA System


Using GQ-CDs as a potential absorption carrier, the interaction of GQ-CDs and FAM-DNA was investigated by monitoring the fluorescence response of FAM-DNA. At a fixed content of FAM-DNA, the fluorescence intensities decreased gradually with increasing concentrations of GQ-CDs (Figure 3A). This observation highlights the significant role of GQ-CDs in the absorption and quenching efficiency (QE) of FAM-DNA. Higher concentrations of GQ-CDs led to enhanced QE, with the QE reaching 90.23% when the GQ-CD concentration was 10 μg/mL. Further increases to 20 μg/mL and 40 μg/mL resulted in QEs of 91.33% and 91.95%, respectively, which remained relatively stable (Figure 3B). At a final concentration of 40 μg/mL, the dynamics of the absorption effect of the GQ-CDs on FAM-DNA were monitored. As shown in Figure 3C, the fluorescence intensity of FAM-DNA initially decreased sharply within 1 min of mixing with GQ-CDs and then stabilized, indicating rapid absorption kinetics. Over time, the QE was found to be consistently stable (Figure 3D). Optimal quenching conditions for the GQ-CDs/FAM-DNA system were determined to be 40 μg/mL of GQ-CDs and 10 min of interaction time to maintain system stability. Under light-shielded conditions at 4 °C over a period of 22 days, the QE of the GQ-CDs/FAM-DNA system showed minimal variation, with a QE of 81.82% observed after 22 days (Figure S2). This result underscores the system’s long-term stability, essential for practical applications in diagnostics and sensing.




3.3. The Feasibility and the Mechanism of the Detection Strategy


The feasibility of the detection of LPS using the direct interaction of LPS and the GQ-CDs/FAM-DNA system was carried out by monitoring the changed fluorescence of FAM-DNA. As shown in Figure 4A, the addition of LPS to the GQ-CDs/FAM-DNA system restored the fluorescence intensity of the quenched FAM-DNA to a certain degree. There was no change in the fluorescence of the GQ-CDs before and after the direct interaction with LPS (Figure 4B). The mechanism of LPS detection was further discussed. The zeta potential of the pure GQ-CDs was measured to be +4.01 mV (Figure 4C), indicating a positively charged surface due to the presence of amino, guanidine, and quaternary amine groups, which was proven by FTIR and XPS (Figure 1 and Figure 2). Correspondingly, the naturally negatively charged FAM-DNA can bind to GQ-CDs through electrostatic adsorption [26], thereby quenching its fluorescence. Further examination of the adsorption capacity and the interaction process of LPS in the GQ-CDs/FAM-DNA system was conducted by monitoring fluorescence anisotropy (FA). FA is a reproducible homogeneous detection method based on the rotational motion of fluorescently labeled molecules, with high FA observed when the fluorescent group is adsorbed on the nanomaterial surface and reduced FA when it is away from the material surface [36]. As shown in Figure 4D, the FA of free FAM-DNA was measured to be 0.027, while that of GQ-CDs/FAM-DNA was 0.278, indicating the anchoring of FAM-DNA on GQ-CDs. Upon the introduction of LPS, the FA sharply decreased to 0.035, close to that of free FAM-DNA, suggesting the detachment of FAM-DNA from GQ-CDs upon the addition of LPS. This result confirms that LPS can replace the adsorbed FAM-DNA, allowing FAM-DNA to dissociate and thereby restoring the luminescence of FAM. The recovery intensity of FAM was related to the concentration of LPS.




3.4. Evaluating the Analytical Performance


On the basis of the optimal quenching conditions (Figure 3), the reaction time and temperature of the interaction between LPS and the GQ-CDs/FAM-DNA were optimized. As the reaction time increased, the fluorescence intensities of FAM-DNA gradually recovered with increased desorption rates (Figure S3). Stable desorption rates were observed after 10 min, suggesting that this is the optimal time for detecting LPS. Correspondingly, when the reaction time was fixed, the highest recovered fluorescence intensity with the calculated desorption rate was observed at 25 °C (Figure S4). Thus, the optimal reaction time and temperature for LPS detection were set at 10 min and 25 °C, respectively.



Under the optimized conditions, the detection of different concentrations of LPS was carried out using the GQ-CDs/FAM-DNA. As shown in Figure 5A, the fluorescence intensities of FAM-DNA at around 520 nm gradually increased with the increasing concentrations of LPS. The desorption rates of FAM-DNA caused by LPS showed a good linear relationship with the concentrations of LPS in the range of 5–90 μg/mL, with a linear equation of Y = 1.8426 + 0.9605X and a coefficient of determination (R2) of 0.9951 (Figure 5B). The detection limit was calculated to be 0.75 μg/mL according to 3σ/S, where S is the slope of the linear fitting equation and σ is the SD of the blank (n = 10). Compared with the reported analytical methods for LPS [37,38,39,40], this method exhibited an acceptable detection limit with a wide linear range. Moreover, the selectivity of this method was evaluated using common possible interferents. As shown in Figure 5C, the potential coexisting ions, proteins, essential organic substances in the blood circulation, antioxidants, and free radical scavengers such as glutathione (GSH) were applied to investigate the anti-interference ability of this method for detecting LPS. Under the same experimental procedure, the desorption rate of LPS was significant, while the potential interfering substances failed to restore the fluorescence of FAM-DNA, indicating the high specificity of this method for detecting LPS based on the GQ-CDs/FAM-DNA system (Figure 5C).




3.5. Detection of Actual Samples


The real application potential of this method was investigated. Firstly, the feasibility of this method for detecting LPS in human plasma was evaluated using spiked recovery determination. As shown in Table S1, the spiked recoveries in the diluted plasma from three healthy volunteers were within the range of 95.13% to 103.95%, with RSDs of less than 2%. This indicates the potential value of the system for detecting LPS in plasma. In liquid formulations, injectables require procedures such as preparation, filtration, sealing, and sterilization to be completed within a specified time. Factors such as the quality of raw materials, preparation processes, and environmental cleanliness can introduce contaminants at each step. Therefore, using LPS as the representative heat source, the testing of LPS in injectables was carried out. Taking trastuzumab injection as an example, the proposed method was further applied to monitor the spiked recovery of LPS in actual injection samples. As shown in Table S2, the recoveries ranged from 91.81% to 102.50%, with RSDs of less than 2%, demonstrating the potential of the system for detecting LPS in pharmaceutical injectable samples for impurity testing.





4. Conclusions


We developed a simple approach for synthesizing stable blue-fluorescent carbon dots (GQ-CDs) using a one-pot method; these can interact with FAM-DNA and be employed for the detection of LPS. This study leveraged the robust electrostatic interactions between GQ-CDs and FAM-DNA, coupled with the competitive binding dynamics of LPS displacing FAM-DNA, enabling the rapid and ambient detection of LPS without the need for supplementary agents or operation procedures. Under optimized conditions, this method demonstrates acceptable performance regarding linearity and a low detection limit. Furthermore, the successful validation of this methodology in detecting LPS in authentic plasma samples and common clinical medications underscores its practical applicability. Although the detection performance still needs to be improved, this research underscores the pivotal role of surface charge engineering in fluorescent nanomaterials, such as carbon dots and alternative quantum dots, in guiding the design of DNA carriers and advancing the comprehension of the intricate interplay between fluorescent nanomaterials and DNA.
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Scheme 1. The formation of GQ-CDs/FAM-DNA and the detection of LPS through the substitution effect. 
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Figure 1. The characterization of GQ-CDs. The emission spectra with different excitation wavelengths (A); UV–vis absorbance spectrum, with the maximum excitation and emission spectra and appearance under white and UV light (inset) (B); TEM, HRTEM, and size distribution (C); and the FTIR spectrum (D). 
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Figure 2. The XPS characterization of the GQ-CDs. The wide-spectrum (A), C1s (B), N1s (C), and O1s (D) spectra. 
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Figure 3. The interaction between GQ-CDs and FAM-DNA. The changed emission spectra of FAM-DNA with different contents of GQ-CDs (A), the variable QEs (B), the effect of time on the emission spectra of FAM-DNA (C), and QEs (D). n = 3. 
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Figure 4. The emission spectra of FAM-DNA and GQ-CDs/FAM-DNA with and without LPS (A), the emission spectra of GQ-CDs with and without LPS (B), the zeta potential of GQ-CDs (C), the fluorescence anisotropy of FAM-DNA and GQ-CDs/FAM-DNA with and without LPS (D). n = 3. 
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Figure 5. The detection of LPS. The emission spectra of FAM-DNA in GQ-CDs/FAM-DNA with different contents of LPS (A), the fitting equation of desorption rates and LPS (B), the specificity of this method to variable interferents (C). n = 3. 
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