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Abstract

:

Horseradish peroxidase (HRP) combined with its fluorescence substrates is attracting increasing attention for biochemical analysis. Amplex red is the most widely used fluorescence substrate to HRP; however, it suffers from some drawbacks, such as nonspecific responsiveness toward carboxylesterases. Discovering a new small molecular fluorescence substrate with improved sensitivity and selectivity for HRP is thus desired. Herein, three dihydrofluorescein derivatives (DCFHs) are presented to serve as HRP substrates through fluorescence turn-on methods. The most promising one, 2,7-dichloro-9-(2-(hydroxymethyl)phenyl)-9H-xanthene-3,6-diol (DCFH-1), exhibited excellent sensitivity in the detection of HRP. Moreover, DCFH-1 does not respond to carboxylesterase, thus holding advantages over Amplex red. In the further study, the detection reagent in the commercial ELISA kits was replaced with DCFH-1 to establish a new fluorescence ELISA, which works very well in the quantification of inflammatory cytokine biomarkers from in vitro models.
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1. Introduction


HRP is a well-known peroxidase that can catalyze the oxidation of numerous small molecular substrates using H2O2 as the oxidant [1]. On this basis, the HRP/H2O2 system has been widely applied to generate optical signals during biochemical detection through oxidizing a proper chemical substrate. For example, HRP has been used to link with antibodies, which has been extensively used in immunoassays, including enzyme-linked immunosorbent assay (ELISA) and western blot (WB) [2,3,4]. HRP has also been used in multi-enzyme cascade reaction for the analysis of H2O2-generating systems [5,6]. The most commonly used HRP substrates can be categorized into three types: colorimetric, fluorometric and chemiluminescent. TMB (3,3′,5,5″-tetramethylbenzidine), Amplex red (10-acetyl-3,7-dihydroxyphenoxazine), and luminol (3-aminophthalhydrazide) are the most representative HRP substrates accordingly [7,8,9]. Among them, luminescent assay using HRP/luminol holds the greatest sensitivity, but chemiluminescence usually decays so fast that it can lead to difficulties in signal capturing and reproducing [10,11]. HRP/colorimetric substrates are the most popular due to their relatively lower equipment requirement. However, colorimetric assays often suffer from lower sensitivities when compared with luminescent and fluorescent assays [12,13,14,15,16,17]. HRP-based fluorescence assays are customarily characterized by the fluorescence changes upon detection, which is attracting increasing interest due to its relatively higher sensitivity and greater signal stability. Amplex red, also known as ADHP, is a highly sensitive fluorescence substrate of HRP, which has been utilized in most of the fluorescence ELISA kits in the market. Previous studies have indicated some drawbacks in the specificity of the HRP/Amplex Red reaction [9,18,19,20,21]. For example, Satomi Miwa et al. found that carboxylesterase can convert Amplex red to the fluorescent product resorufin, thus leading to inaccuracy in the measurement of H2O2 from living cells and tissue/cell lysates with carboxylesterase expression [19,20]. Searching for the next generation HRP fluorescence substrates with excellent sensitivity and improved selectivity continually encouraged researchers in the last decade. Currently, there are several newly developed fluorescence substrates for HRP; some of them are based on fluorescence turn-off methods [22,23,24,25], and some are of fluorescence turn-on methods [26,27,28,29,30,31]. For example, Abhinav P. Acharya et al. prepared two hydrocyanine dyes that showed elevated detection sensitivity compared with TMB-based colorimetric assay [30]. Most recently, Liu, Jinhua et.al proposed an HRP/H2O2-mediated reaction between polyethyleneimine (PEI) and p-phenylenediamine (PPD), which can subsequently generate copolymer nanoparticles with green fluorescence. This method has been successfully used in sensitively detecting SARS-CoV-2 N protein through fluorescence ELISA [27]. Although some of the reported substrates have shown greater sensitivity than colorimetric assays, there is still a lack of direct comparison with the most commonly used fluorescence substrate, Amplex red.



Herein, three 2′,7′-dichlorodihydrofluorescein analogues (DCFH-1 to DCFH-3) were prepared for a fluorescence-sensing HRP/H2O2 reaction. DCFH-1 exhibits great potential to serve as a fluorescence turn-on HRP substrate. Fluorescence sensing HRP/H2O2 by DCFH-1 was directly compared with the detection by Amplex red. Nonspecific reaction between carboxylesterase and DCFH-1 was examined and the result was compared with that of Amplex red. In addition, DCFH-1-based fluorescence ELISA was successfully applied for the detection of cytokines from living cell cultures. The experimental details are described and discussed.




2. Experimental Method


2.1. Synthesis and Characterization


The targeted dichlorodihydrofluorescein analogues DCFH-1 to DCFH-3 were synthesized according to a mild synthetic procedure using 2,7-dichlorofluorescein (DCF) as the starting compound, where NaBH4 was applied as the reduction reagent (Scheme 1 and Supplementary Materials). Briefly, for DCFH-1 synthesis, NaBH4 (6 mmol, 226.98 mg) was added portion-wise to the THF solution (4 mL) of DCF (1 mmol, 401.2 mg) at rt. When the gas evolution stopped, I2 (3 mmol, 761.4 mg) was added slowly, and the reaction mixture was then heated to 60 °C in the dark. After 48 h reaction at 60 °C, the mixture was cooled to rt, followed by quenching with Na2S2O3·5H2O and saturated NaHCO3 solution. The pH of the mixture was then adjusted to pH 5.0 using 2 M acetic acid, the aqueous layer was extracted with ethyl acetate (4 × 30 mL), the combined organic phase was washed with saturated NaCl, dried over Na2SO4 and concentrated under reduced pressure. The residue was purified by silica gel column chromatography (methanol: dichloromethane = 1:90) to give DCFH-1 as a white solid (310 mg, 80% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.43 (s, 2H), 7.38 (m, J = 5.7, 3.5 Hz, 1H), 7.17 (m, J = 5.7, 3.4 Hz, 2H), 6.95 (s, 3H), 6.72 (s, 2H), 5.53 (s, 1H), 5.40 (m, J = 5.2 Hz, 1H), 4.63 (d, J = 4.2 Hz, 2H). 13C NMR (100 MHz, DMSO-d6) δ 152.88, 149.51, 145.60, 138.93, 130.51, 130.46, 129.06, 128.58, 126.85, 116.42, 115.13, 104.13, 61.81, 37.32. HRMS (ESI) m/z calcd for C20H14Cl2O4 [M + Na]+ 411.0161, found 411.0158.



The syntheses and characterization of DCFH-2 and DCFH-3 are detailed in the Supplementary Materials. I2 was not needed for the reduction procedures of DCFH-2 and DCFH-3.




2.2. Kinetic and Spectroscopy Measurement


PBS buffer (10 mM, pH 7.4) was used thoroughly for the measurement. Fluorescence substrate, H2O2 and HRP were dissolved in PBS buffer to prepare the corresponding solutions. For a typical test, fluorescence substrate was mixed with HRP first, followed by the addition of H2O2. Fluorescence intensity was collected by a multi-function plate reader. The fluorescence intensity at 586 nm of the Amplex red reaction solution was measured under 565 nm excitation. For DCFH-1 reaction, fluorescence intensity at 528 nm was recorded upon 504 nm excitation. To collect the full fluorescence spectra, DCFH-1 and Amplex red were excited at 450 nm and 520 nm, respectively.




2.3. Examination of the Reactivity of DCFH-1 and Amplex Red toward Carboxylesterase


For the test with the pure commercialized enzyme, 0.5 U/mL carboxylesterase was incubated with Amplex red or DCFH-1 (both at 50 μM). The fluorescence intensity changes for DCFH-1 (λem = 528 nm, λex = 504 nm) and Amplex red (λem = 586 nm, λex = 565 nm) were recorded by a plater reader. Phenylmethanesulfonyl fluoride (PMSF) was used as a nonspecific inhibitor to suppress the activity of carboxylesterase, whose final concentration was set at 100 μM. For the test with the esterase from living tissue samples, 100 mg fresh mouse liver tissue and one steel ball (4 mm diameter) were immersed in 1 mL PBS (pH 7.4), the tissue was then homogenized by an automatic homogenizer, followed by centrifugation at 1200 r/min for 4 min at 4 °C. The fresh supernatant was collected for use. The total protein in the supernatant was quantified by a standard BCA kit. The tissue extracts corresponding to 500 μg/mL protein were incubated with DCFH-1 and Amplex red separately, and the fluorescence intensity changes were monitored by a plater reader.




2.4. Fluorescence ELISA Using DCFH-1 as HRP Substrate


Commercial ELISA kits for mouse tumor necrosis factor alpha (TNF-α, Cat. No: SEKM-0034, Solarbio, Beijing, China) and mouse interleukin 6 (IL-6, Cat. No: SEKM-0007, Solarbio, Beijing, China) were used for the test. TMB substrate supplied with the kits for detection were replaced by DCFH-1 (100 μM in PBS 7.4). The H2O2 solution in the kit was also replaced with a newly prepared H2O2 solution (1 mM in PBS 7.4). DCFH-1 was mixed with H2O2 at the volume ratio of 1:1 for later detection use. The analysis of TNF-α and IL-6 from the cell culture medium was according to the standard instruction supplied with the ELISA kits. Finally, the wells were incubated with the mixed DCFH-1/H2O2 solution for 20 min at rt, and fluorescence intensity at 528 nm upon 504 nm excitation was collected by a plate reader. A standard calibration curve for each cytokine was prepared using the ELISA kit supplied with DCFH-1. For the measurement over the highest concentration of the linear range, additional dilutions were needed. Three well repeats were set for each test, and the result was presented as the average values plus the standard derivations.





3. Result and Discussion


3.1. DCFH-1 Serves as an Excellent Fluorescence Substrate to HRP


Dichlorodihydrofluorescein carboxylic acid (DCFH) and its acetyl derivative DCFH-DA have been extensively applied in the detection of reactive oxygen species. DCFH is non-fluorescent, while strong fluorescence recovers upon the formation of the oxidized product DCF [32,33]. DCFHs is thus obtained by the reduction of DCFs. In this research, 2′,7′-dichlorofluorescein and its derivatives were used as the starting compounds to generate the corresponding DCFH-1/2/3 through a mild reductive reaction (Figure 1a and the Supplementary Materials). A metal-free reduction reagent NaBH4/I2 was used to reduce the carbonyl group to prepare DCFH-1 with a great isolated yield (80%) [34]. With the targeted DCFHs in hand, their reactivity towards HRP was examined. The carboxylic acid bearing product (DCFH-2) has been previously found as a good fluorescence indicator for HRP/H2O2 reaction [35,36]. As expected, obvious fluorescence enhancement from the DCFH-2/HRP/H2O2 reaction solution was observed in this research. However, both the final intensity and reaction rate are clearly lower than the reaction with DCFH-1 as the substrate. Only a few minutes was required to reach an intensity plateau in terms of 50 nM HRP detection by DCFH-1 (50 μM). In contrast, DCFH-3 shows higher reactivity than DCFH-2 but lower than DCFH-1 (Figure 1b). The fluorescence spectra of all synthetic DCFHs reaction solutions peaked at around 520 nm, which indicated typical green emissions (Figure S1). The reaction solution with DCFH-1 was then analyzed by HPLC, in which the chromatograph traces clearly indicated the generation of the oxidized product, which was further confirmed by HRMS (Figure S2). It was previously evidenced that fluorescein bearing a 2-carboxylic group or a 2-amide linkage on the axial benzene ring can form an equilibrium between a non-fluorescent lactone/lactam form and strong fluorescent ionic forms (Figure 1c) [37,38]. This equilibrium is mediated by proton transfer, which was affected by pHs, environmental hydrophobicity, and so on [39,40]. The benzyl alcohol group on DCFH-1 is not a good proton donor due to its relatively higher pKa value. That might be one of the reasons to explain the differences between these synthetic DCFHs during HRP detection. However, the enzyme–substrate reactivity is not only affected by structural features of the substrate, but also mediated by other parameters, such as steric accessibility of the substrate to the catalytic center of the enzyme. In further studies, the stability and biocompatibility of DCFH-1 were evaluated. As seen in Figure S3, DCFH-1 has excellent stability in the dark, whereas continual exposure to room light can lead to the enhancement of background fluorescence. Similar to many other ROS probes, storage in the dark is also necessary for DCFH-1. Biocompatibility was examined using an in vitro cellular model; the result indicated low toxicity of HRP to the tested human hepatocellular carcinoma cell line (Huh-7) (Figure S4). Overall, DCFH-1 holds great potential as a fluorescence turn-on substrate to HRP.



The commercially available substrate Amplex red is widely used to construct fluorescence ELISA kits and HRP-based multi-enzyme cascade kits for biochemical analysis. HRP catalyzed oxidation of Amplex red can generate a red-emitting product with the spectrum peak at around 586 nm in PBS buffer (Figure S5). In a further study, DCFH-1 was directly compared with Amplex red in the sensing of the HRP/H2O2 reaction (Figure 2a). For DCFH-1 and Amplex red assays, the fluorescence intensity at 528 nm (λex = 504 nm) and 586 nm (λex = 565 nm) was measured, respectively. As found in Figure 2b and Figure S6, the kinetic profiles indicated that both substrates exhibited signal enhancement upon reacting with HRP in obviously concentration-dependent manners. The pH effects on the reaction were then screened. The result indicates that DCFH-1 works well under the pHs between 6.5 and 10.0 (Figure 3b), whereas Amplex red exhibits stable fluorescence signals under the pHs between 7.0 and 10.0 (Figure 3a). In comparison to the test with DCFH-1, a decreased concentration of HRP (10 nM) was applied for the Amplex red pH test, since higher concentrations of HRP can lead to an unexpected decrease in fluorescence upon a relatively long time reaction. More interestingly, the maximum intensity at the intensity plateau of the DCFH-1/HRP/H2O2 reaction is much greater than the maximum value of Amplex red under the same reaction conditions. The fluorescence quantum yields of the targeted products upon HRP/H2O2 reaction were then calculated (Table S1 and Equation (S1)). As seen in Figure 2, the relative quantum yield (φ) of DCFH-1 product is 0.83 in PBS (pH 7.4) buffers, while that for the Amplex red product resorufin is 0.20. The DCFH-1 reaction product possesses higher quantum yield than that of Amplex red, which could explain the difference between the maximum intensities at the plateau of both substrates. The observation by the naked eye and by a smartphone camera also showed much brighter emission from DCFH-1 than Amplex red upon sensing HRP/H2O2 (Figure S7). However, a relatively longer time was required for the DCFH-1 reaction to reach its plateau when compared with Amplex red.



Next, HRP detection using DCFH-1 was conducted by incubating DCFH-1/H2O2 in the presence of HRP at various concentrations, whose result was compared with the detection by Amplex red. Obvious HRP concentration-dependent fluorescence enhancement was observed for both substrates. There is an excellent linear relationship (R2 = 0.991) between the fluorescence intensity and the HRP concentration when it ranges from 0.05 nM to 10 nM (Figure 4a). The linear relationship for Amplex red is found between 0.4 nM and 1.6 nM (Figure 4c). It is worth noting that the linear range of HRP detection by DCFH-1 is much larger than those by Amplex red. The fluorescence intensity changes upon HRP sensing have also been characterized by the measurement of full fluorescence spectra (Figure 4b,d). The excitation wavelength was set at 450 nm and 520 nm for DCFH-1 and Amplex red, respectively, in order to collect a full spectrum. Overall, the result indicates great application potential for DCFH-1 to be used as a new fluorescence substrate to HRP.




3.2. Nonspecific Esterase Reactivity of DCFH-1 and Amplex Red


It has been previously pointed out that Amplex red can respond to carboxylesterase through fluorescence turn-on, which leads to inaccuracy in analytical practices. The mechanism can be explained as follows: carboxylesterase can remove the acetyl group on Amplex red, and the residue is then oxidized by the molecular oxygen in the air to generate the fluorescent resorufin [19]. In contrast, DCFH-1 does not have any ester or amide bond that might become the substrate of carboxylesterase, whose fluorescence would not be affected by carboxylesterase. To prove this, carboxylesterase was mixed with DCFH-1 and Amplex red, respectively (Figure 5a). As shown in Figure 5b, the Amplex red/esterase solution indeed indicated a fluorescence increase as the incubation time increased. Over 100-fold fluorescence enhancement was observed after 20 min incubation, whereas incubation with esterase did not lead to fluorescence changes in the solution of DCFH-1 (Figure 5b). PMSF is a well-known protease inhibitor that also has inhibition activity toward carboxylesterase. As indicated in Figure 5, upon inhibition by PMSF, the fluorescence turn-on from Amplex red/esterase was suppressed completely. The reaction solution of PMSF/DCFH-1/esterase does not result in fluorescence turn-on, which shows a similar trend to DCFH-1/esterase.



In parallel, the nonspecific esterase reactivity was also tested by incubating the substrates with the protein extracts of fresh mouse liver tissues. PMSF was also used to inhibit the activity of carboxylesterase in the tissue extracts. Figure 5d shows that fluorescence turn-on from Amplex red occurs upon the incubation with the tissue extracts; PMSF can almost completely suppress the fluorescence response. Fluorescence enhancement of DCFH-1 was observed unexpectedly when incubating with the tissue extracts, where PMSF led to a slight inhibition of the fluorescence response (Figure 5e). It is worth noting that the fluorescence intensities of the DCFH-1 solution both in the absence and in the presence of PMSF are obviously lower than those from Amplex red. The fluorescence changes of DCFH-1 are mostly due to the oxidative reaction led by the reactive oxygen species (ROS) and reactive nitrogen species (RNS) in the fresh tissue extracts. In fact, the carboxylic group bearing DCFH (DCFH-2) has previously been used as ROS and RNS probes, which could explain the similar reactivity on DCFH-1.




3.3. Fluorescence ELISA Using DCFH-1


DCFH-1 exhibited an excellent fluorescence response to the HRP/H2O2 reaction, thus holding great potential in HRP-based immunoassays such as ELISA. For the proof of concept, the detection reagent in the commercial ELISA kit was replaced with DCFH-1 solution to establish an alternated ELISA kit. Two cytokines, TNF-α and IL-6, in the culture mediums of the mouse macrophage-like cell line RAW264.7 were quantified by the DCFH-1-modified ELISA kit. Before the measurement, standard calibration curves using the DCFH-1 ELISA kit were prepared. As shown in Figure 6, the linear calibration curve for TNF-α was found between the concentrations from 0 to 2000 pg/mL, and that for IL-6 was found between 0 and 500 pg/mL. It is worth noting that the coefficient of determination R2 for both detections are all over 0.99. The above result indicates that DCFH-1 is an excellent HRP substrate for ELISA. It is known that the bacterial endotoxin LPS has been extensively used to stimulate RAW264.7 cells for establishing cellular models of inflammation. The elevated release of cytokines, including TNF-α and IL-6, as well as the gaseous signaling molecule nitric oxide (NO), are regarded to be associated with the development of inflammation [41,42]. As seen in Figure 6, both TNF-α and IL-6 from the real biological samples were successfully measured by DCFH-1 ELISA. As expected, treatment with LPS at nanogram levels can significantly increase the amount of TNF-α and IL-6 in cell culture media. In parallel, NO was quantified by a standard Griess assay [43]. As indicated by Figure S8, LPS at nanogram levels can also significantly elevate NO release from RAW264.7 cells, which possess a similar trend to the result of TNF-α and IL-6 quantification. Overall, it is obvious that ELISA kits with DCFH-1 as the fluorescence indicator have great application prospects in HRP-based immunoassays.





4. Conclusions


Three dihydofluorescein analogues (DCFHs) were prepared, characterized and tested as fluorescence substrates to the most widely used enzyme, HRP, in immunoassays. The most promising, DCFH-1, exhibited excellent responsiveness toward HRP/H2O2 reaction. Importantly, DCFH-1 shows comparable sensitivity in sensing HRP and a relatively larger linear detection range than the commercial HRP substrate, Amplex red. In addition, DCFH-1 does not respond to carboxylesterase, thus can overcome the nonspecific issue that occurs with Amplex red. In real immunoassays, the DCFH-1 ELISA kit works very well in the determination of the cytokines TNF-α and IL-6 from mouse macrophages. It is worth stressing that DCFH-1 is easily obtained through a single-step synthetic procedure with a high isolated yield. Overall, DCFH-1 can serve as an excellent fluorescence substrate to HRP, which will have great application prospects in HRP-based biochemical analysis.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/chemosensors11020152/s1, Figure S1: UV–vis absorbance spectra (a) and fluorescence spectra (b) of the synthetic DCFHs upon reaction with HRP/H2O2. Figure S2: HPLC analysis of the product formation from the DCFH-1/HRP/H2O2 reaction solution. Figure S3: The fluorescence spectra changes from DCFH-1 solutions upon storing in the dark (a) and with exposure to room light (b). Figure S4: Cell viability result upon incubation with DCFH-1 at different concentrations. Figure S5: UV–vis absorbance spectrum (a) and fluorescence spectrum (b) of Amplex red upon reaction with HRP/H2O2. The maximum intensity was normalized to 1 for easier comparison. Figure S6: (a) The response kinetic curves of Amplex red upon reaction with HRP/H2O2 under different pH conditions. (b) pH effects on the detection by DCFH-1. Figure S7: Fluorescence images of the detection solutions by DCFH-1 (green color) and Amplex red (red color). The figure was captured by a smartphone camera. Figure S8: NO quantification from the cell culture medium [43]. The sample was diluted to match the detection range in case needed. Figures S9–S16: NMR spectra of the synthetic compounds. Equation (S1): the function for the calculation of relative fluorescence quantum yields [44,45]. Table S1: The parameters for relative quantum yield calculation.
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Scheme 1. The reduction procedure in the preparation of the targeted DCFHs. 
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Figure 1. (a) The structures of the synthetic DCFHs. (b) Reaction kinetic curves by monitoring the fluorescence of the reaction solution, the maximum intensity was normalized to 1 for easier comparison. (c) Schematic figure shows the HRP catalyzed reaction on DCFHs. 
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Figure 2. (a) The reaction and the corresponding fluorescent products generated in the substrate/HRP reaction systems. (b) Kinetic response curves of DCFH-1 and Amplex red upon reaction with HRP (50 nM and 0 nM), respectively, in the presence of excess amount H2O2. The maximum intensity was normalized to 1 for easier comparison. 
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Figure 3. (a) The response kinetic curves of Amplex red upon reaction with HRP/H2O2 under different pH conditions, where the final concentrations in the reaction mixture of the Amplex red, HRP, and H2O2 were set at 50 μM, 10 nM, and 10 mM, respectively. (b) pH effects on the detection by DCFH-1, where the concentrations of DCFH-1, HRP, and H2O2 were set at 50 μM, 50 nM, and 10 mM, respectively. The 1× PBS (10 mM) solutions were adjusted by 2 M NaOH and/or 2 M HCl to make the solutions with various pHs. 
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Figure 4. (a) The detection curve of DCFH-1 in the presence of series concentrations of HRP; the insert stands for a linear relationship between the intensity and HRP concentration. (b) Full fluorescence spectra of DCFH-1 reaction solution upon HRP detection, which was excited at 450 nm. (c) The detection curve of Amplex red in the presence of series concentrations of HRP; the insert stands for a linear relationship between the intensity and HRP concentration. (d) Full fluorescence spectra of Amplex red reaction solution upon HRP detection, which was excited at 520 nm. 
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Figure 5. (a) Schematic figure shows nonspecific responsiveness of Amplex red and DCFH-1 toward carboxylesterase; (b,c) the kinetic fluorescence responses of Amplex red and DCFH-1 upon incubation with the commercialized pure enzyme; and (d,e) the kinetic fluorescence responses of Amplex red and DCFH-1 upon incubation with the protein extracts from the mouse liver tissues. PMSF was applied as an inhibitor to carboxylesterase. 
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Figure 6. (a) Schematic figure illustrates the fluorescence detection procedure using DCFH-1 alternated ELISA kit. (b) The standard calibration curve obtained by using DCFH-1 as the fluorescence indicator in TNF-α detection. (c) TNF-α quantification result from the culture medium of inflammatory cell model. (d) The standard calibration curve obtained by using DCFH-1 as the fluorescence indicator in IL-6 detection. (e) IL-6 quantification result from the cultural medium of inflammatory cell model. LPS was used to stimulate the RAW264.7 cells to release more cytokines. 
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