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Fungal infections caused by Candida albicans poses a great threat to human health. The ability of biofilm formation is believed to be associated with resistance-related Candida infections. Currently, knowledge on extracellular matrix (EM) of C. albicans biofilm is limited. In this study, we introduced ion exchange resin, i.e., cation exchange resin (CER) and anion exchange resin (AER), in EM extraction of C. albicans biofilm as well as several non-albicans Candida (NAC) biofilms under static and dynamic states in combination with vortexing and ultrasonication (VU). The metabolites extracted from the dynamic C. albicans biofilm matrix using the CER-VU and VU were identified with ultra-high-performance liquid chromatography-tandem quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) via untargeted filtration. Compared with other physical and chemical extraction methods, CER-VU was demonstrated to be an ideal approach with high-yield acquisitions of EM constituents including proteins, triglycerides and carbohydrates and low-level damages on fungal cell viability and integrity. The untargeted MS analysis further showed the high efficacy of CER-VU, as a large quantity of metabolites (217 versus 198) was matched comprising a great number of lipids, carbohydrates, amino acids, nucleic acids and their derivatives together with a high involvement of signaling pathways compared with the VU alone. However, combining the results from both the CER-VU and VU methods could generate more metabolites. In summary, the EM analysis of the dynamic C. albicans biofilm expands our understanding upon a comprehensive depiction of matrix components and provides another effective approach for EM extraction.
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INTRODUCTION

Candida albicans, a commonly isolated fungus normally colonizing the human intestinal tract, skin and vagina, can be transformed into an opportunistic pathogen which is able to cause anything from mild mucosal discomforts to deadly systematic infections when the host endures long-time antibiotic treatment or immunosuppressive difficulty (Gow et al., 2012). One of the most dangerous traits of C. albicans is its resistance to traditional antifungal agents, which is associated with the ability of biofilm formation, especially in patients with central venous catheters (CVCs)-related candidemia (Cuéllar-Cruz et al., 2012). The C. albicans biofilm is a heterogeneous, complex and three-dimensional architecture conferring protections to fungal cells encased by the secreted extracellular matrix (EM) from attacks of host immune system and antifungal agents (Tobudic et al., 2012). As for the first contact point with environmental cues, comprehensive information related to the delicate components of C. albicans biofilm EM is a primary task to search for potential antifungal targets (Bjarnsholt et al., 2013).

Growing demands are being raised for proper analytical technology and instrumentation to detect, quantify and characterize bacterial/fungal biofilms in vitro and in vivo for clinical and antimicrobial purposes (Vertes et al., 2012). To analyze intracellular metabolites in microorganisms, a group of extraction methods are developed, such as perchloric acid, hot water, boiling ethanol, chloroform–methanol, freezing–thawing cycles in methanol and acidic acetonitrile-methanol, etc. (Villas-Boas et al., 2005; Pinu et al., 2017). These methods aim to lyse target cell wall/membrane, release intracellular metabolic substances, and avoid metabolite degradations. By contrast, the biofilm EM is a congregate of extracellular metabolites, requiring an ideal extraction technique to maximize the secreted matrix (number and quantity) and minimize cell damage which is dependent on extraction procedures and operating conditions (Sun et al., 2012). The available studies on fungal biofilm EM extraction are scarce to date, and we summarized the literature concerning mainly the EM extraction of activated sludge and bacterial biofilms to the best of our knowledge (Supplementary Table S1). The extracted matrix components can be identified via untargeted or targeted filtration. As an advanced combination technique with high separation capacity and high efficiency in compound identification, ultra-high-performance liquid chromatography coupled to quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) accelerates the elucidation of characteristic compound structures and accurate molecular weights compared to traditional HPLC-MS/MS (Zhao et al., 2014).

In vitro cultivation of Candida biofilms was usually performed under two states, i.e., static state and dynamic state. The static C. albicans biofilm formed on a 96-well flat-bottomed microplate is the most widely used model. The matrix constituents by proteomics and lipidomics as well as the matrix construction manner have been investigated in the static Candida biofilms (Lattif et al., 2008, 2011; Zarnowski et al., 2014). However, increasing evidence has revealed that the dynamic C. albicans biofilm had different phenotype and pathogenicity due to a denser and more complex structure as well as high resistance to conventional antifungal drugs compared with the static counterparts, and it was commonly employed to mimic in vivo biofilm development (Uppuluri et al., 2009; Uppuluri and Lopez-Ribot, 2010; Shao et al., 2015). The dynamic C. albicans biofilm EM possibly owns distinct constituents which might provide meaningful clues to the diverse responses of this fungal pathogen to external stresses and can broaden our views on Candida resistance and antifungal preventions.

This study aims to investigate the efficiencies of seven methods in C. albicans biofilm EM extraction, namely vortexing plus ultrasonication (VU), formaldehyde plus vortexing and ultrasonication (Formaldehyde-VU), EDTA plus vortexing and ultrasonication (EDTA-VU), NaOH plus vortexing and ultrasonication (NaOH-VU), ethanol plus vortexing and ultrasonication (Ethanol-VU), ion exchange resin plus vortexing and ultrasonication (IER-VU)—including cation/anion-exchange resin plus vortexing and ultrasonication (CER/AER-VU)—under the static and dynamic states. Subsequently, the extracted metabolites are analyzed with the UPLC-Q-TOF-MS tool via untargeted filtration.

MATERIALS AND METHODS

Strains and Cultivation

Candida albicans SC5314 was kindly provided by Prof. Yuanying Jiang from the College of Pharmacy, the Second Military Medical University (Shanghai, China). All the stock cultures of these strains were conventionally preserved in Sabouraud agar and propagated in liquid Sabouraud medium (Hope Biotech, Co., Qingdao, China) at 37°C for 12–16 h when the cells reached the exponential phase. The revived Candida cells were collected at 5200 rpm (Leiboer Medical Devices, Beijing, China) and washed twice with sterile phosphate-buffered saline (PBS, Leagene, Beijing, China). The fungal cells were then resuspended in RPMI-1640 medium (Invitrogen, Carlsbad, CA, United States) and adjusted to a defined cell density using a hemocytometer prior to the following experiments.

Biofilm Formation

The Candida biofilms were formed under two different states, i.e., the static state and the dynamic state as described in previous work but with fewer modifications (Shao et al., 2015). In brief, both the static and dynamic Candida biofilms were formed on a 6 cm × 0.5 cm (long × width) grooved polyvinyl chloride (PVC) catheter (Shuguang Jianshi, Luohe, China) which was pre-sterilized with 75% ethanol (v/v, Tianjin, China) overnight and rinsed several times by sterile H2O (Milli-Q Direct 8, Millipore, Billerica, MA, United States) before biofilm formation (Zarnowski et al., 2016). As for static biofilm formation, the revitalized Candida strains were resuspended in RPMI-1640 to a final concentration of 1 × 106 CFU/mL. The aseptic PVC catheters were coincubated with the adjusted Candida strains in a rotator with 220 rpm at 37°C for 4 h to facilitate initial adherence. Then, the catheters were taken out by a sterile forceps, rinsed twice by sterile H2O, and immersed in 40 mL RPMI-1640 for another 20 h of incubation at 37°C. The dynamic biofilm formation possessed the same experimental processes as the static one prior to initial adherence. Following cleaning, the dynamic biofilm was formed on the PVC catheter surface in our modified gravity-supported free-flow biofilm incubator (GS-FFBI) (Shao et al., 2015) with continuous RPMI-1640 at a constant flow rate of 1 mL/min for another 20 h of incubation at 37°C.

Extraction Procedures

The extraction methods were performed according to several previous studies with small modifications (Brown and Lester, 1980; Liu and Fang, 2002; D’Abzac et al., 2010; Sun et al., 2012; Zarnowski et al., 2014).

(a) Vortexing+Ultrasonication (VU): After 24 h of incubation, the static and dynamic Candida biofilms on the PVC catheters were removed mildly with a sterilized forceps into a test tube laden with 6 mL sterile H2O successively for 1 min of vortexing (Quick Mixer SK-1, Guowang Experimental Instrument Factory, Jintan, China) and 20 min of 50 kHz gentle sonication (DSA50-GL1, Desen Ultrasonic Equipment, Fuzhou, China) at an amplitude of 0.45–0.55 w/cm2 at room temperature. The biofilm sample was then centrifuged at 7350 rpm for 3 min to separate fungal cells and EM. The precipitates were discarded, while the matrix-containing supernatant was filtered with a 0.22 μm millipore membrane (Millipore, Billerica, MA, United States) for subsequent chemical analysis.

(b) Formaldehyde+vortexing+ultrasonication (Formaldehyde-VU): Formaldehyde (0.025%, v/v, Shanghai Pilot Chemical Corporation, Shanghai, China) was used for incubation along with the formed static and dynamic biofilms for 1 h at room temperature and then heated at 80°C for 10 min. The following procedures were the same as those described in a.

(c) NaOH+vortexing+ultrasonication (NaOH-VU): NaOH (0.04 M, Macklin, Shanghai, China) was incubated with the matured static and dynamic biofilms for 3 h at room temperature. The remaining procedures were the same as those described in a.

(d) Ethanol+vortexing+ultrasonication (Ethanol-VU): Ethanol (1%, v/v) was adopted for 1 h of incubation with the static and dynamic biofilms. The other procedures were the same as those described in a.

(e) EDTA+vortexing+ultrasonication (EDTA-VU): The static and dynamic biofilms were treated with EDTA (2%, Sinopharm, Binjing, China) for 3 h. The residual procedures were the same as those described in a.

(f) Cation/Anion-exchange resin+vortexing+ultrasonication (CER/AER-VU): A twofold volume of CER/AER (Macklin, Shanghai, China) was transferred to a clean syringe. The preformed static and dynamic biofilms were exposed to 6 mL of NaH2PO4-Na2HPO4 buffer solution (pH 5.8, 6.8, 7.8; Yongda, Tianjin, China) or Tris-HCl buffer solution (pH 7.6, 8.1, 8.6; Solarbio, Beijing, China) successively for 1 min of vortex and 20 min of 50 kHz gentle sonication at an amplitude of 0.45–0.55 w/cm2 at room temperature. The matrix-containing buffer solution was inhaled into the CER/AER-laden syringe and handled with the resins for 3 h at a rotator of 400 rpm. The treated buffer solution was successively centrifuged at 7350 rpm for 3 min and filtered with a 0.22 μm millipore membrane. The supernatant was removed for the following experiments, while the resins were eluted with 500 mM NaCl (Suyi, Shanghai, China) for 2 h at a rotation of 400 rpm. After 3 min of centrifugation at 7350 rpm and filtration with a 0.22 μm millipore membrane, the elution was preserved for further evaluations.

Quantification of the EM Components

The quantitative analyses of the proteins, triglycerides and carbohydrates in the extracted Candida EM were performed by an enhanced BCA protein assay kit (Beyotime, Jiangsu, China), Triglyceride (TG) test kit (Bestbio, Shanghai, China), and Carbohydrate test kit (Solarbio, Beijing, China) according to the kit instructions.

XTT Assay

The metabolic activity of the fungal cell membrane was routinely measured by XTT assay. Herein, the XTT assay was employed to monitor the effect of the extraction method on fungal cell viability and integrity. The XTT solution was freshly prepared by dissolving 50 mg XTT (Solarbio, Beijing, China) into 100 mL Riger’s solution which was then mixed with newly-made menadione solution (Dibo, Shanghai, China) being dissolved in acetone to a final concentration of 1.72 mg/mL at a proportion of 5000:1 (v/v) immediately before use. The prepared XTT solution was filtered with 0.22 μm millipore membrane. The broth containing the fungal cells (200 μL) was added into 50 μL of XTT solution in a 96-well microplate for 2 h at 37°C in the dark. The metabolic activity of the fungal cells was measured at a wavelength of 492 nm using a 318-microplate reader (Sanco Instruments, Shanghai, China).

Colony-Forming Unit (CFU) Counting

After treatment with the extraction methods, the sample solution containing the Candida biofilm cells was spread onto YPD plates to quantify the fungal CFU with 10-fold serial dilution at 37°C following 24 h of incubation.

Dry Weight Analysis

The dry weight of Candida biofilm EM was examined as described previously with less modifications (Shao et al., 2015). In brief, the dynamic biofilms were formed on the PVC catheters and then gently removed with tweezers into a sterile and empty Petri dish without disturbing the biofilm structures. Following respective extractions with the VU and CER-VU methods, the EM-containing solution was vacuum-dried at -80°C until the dish weight did not alter. The total dry weight of biofilm EM extracted was calculated by subtracting the pure weight of empty Petri dish from the weight of the one with dried EM.

Identification of the EM Components

Sample Pretreatments

The EM samples were thawed at 4°C on ice. Then, 100 μL of the sample was transferred to an Eppendorf (EP) tube, extracted with 300 μL of methanol, mixed with 10 μL of internal standard (IS), vibrated for 30 s, treated with ultrasound for 10 min in ice water and incubated for 1 h at -20°C to precipitate proteins. Following by centrifugation at 12,000 rpm for 15 min at 4°C, 200 μL of supernatant was transferred to LC–MS vials and 20 μL from each sample (n = 6) was pooled as a QC sample. Another 200 μL of supernatant was analyzed by the UPLC-Q-TOF-MS. Both the samples treated with the CER-VU (SZ group) and VU (ST group) were prepared in sextuplicate.

UPLC-Q-TOF-MS Procedures

The separation was performed using a 1290 UPLC system (Agilent Technologies) equipped with a UPLC BEH Amide column (1.7 μm, 2.1 mm × 100 mm, Waters) coupled with a Q-TOF 6600 mass spectrometer (AB Sciex) with an electrospray ionization (ESI) source. The mobile phase consisted of 25 mM NH4OAc and 25 mM NH4OH (pH = 9.75, solvent A) and acetonitrile (solvent B). The gradient elution procedure was set as follows: 0–7 min, 95% B; 7–8 min, 65% B; 8–9.1 min, 40% B; and 9.1–12 min, 95% B. The flow rate was 0.5 mL/min. The IS was 2-chloro-L-phenylalanine. The ESI-Q-TOF-MS was applied on an information-dependent basis (IDA) in both positive and negative ion modes with the conditions as follows: ion source gas 1 pressure (GS1), 60 Psi; ion source gas 2 pressure (GS2), 60 Psi; curtain gas pressure, 35 Psi; source temperature, 650°C; ion spray voltage floating (ISVF), 5000 V (positive ion mode) or -4000 V (negative ion mode); mass range, m/z 60–1200.

Data Acquisition and Processing

The injection volumes for the positive and negative mode were 4 and 2 μL, respectively. During the operation, the acquisition software Analyst TF1.7 (AB Sciex) continuously evaluated the full scan survey MS data it collected and triggered the acquisition of MS/MS spectra depending on preselected criteria. In each cycle, 12 precursor ions whose intensity greater than 100 were chosen for fragmentation at a collision energy (CE) of 30 eV (15 MS/MS events with product ion accumulation time of 50 ms each). MS raw data were converted to the mzXML format using ProteoWizard1 and processed by self-programmed R package XCMS (version 3.22). The preprocessing results generated a data matrix that consisted of the retention time (RT), mass-to-charge ratio (m/z) values, and peak intensity. The R package CAMERA was used for peak annotation after the XCMS data processing. An in-house MS2 database was applied in the metabolite identifications.

Statistical Analysis

The extraction and quantification procedures were performed in triplicate. The results were reported as mean ± standard deviation, calculated by SPSS 17.0, and processed by one-way ANOVA with least significant difference (LSD) method. The comparison among groups was done by Student’s t-test. The statistical significance was defined as p < 0.05. The output data including the peak areas of all metabolites were normalized to the IS prior to multivariate data analyses, including principal component analysis (PCA) and orthogonal projections to latent structures-discriminant analysis (OPLS-DA), with SIMCA-P software (Version 14.1, Umeå, Sweden). The data for the multivariate analyses required log transformation to eliminate the unit error. The differentially expressed metabolites were identified according to a threshold of variable importance in the projection values above 1 which could be generated after the OPLS-DA processing combined with p < 0.05. The metabolites of interest were identified by matching the measured accurate mass and isotopic pattern with the database (HMDB/PubChem/ChEBI/KEGG/METLIN). We used the matched KEGG compound ID to identify differentially-expressed signaling pathways3.

RESULTS

Extraction Yields of the Biofilm EM in Candida spp.

The experimental design is assembled and plotted in detail in Figure 1. In the static state, the CER-VU (pH = 6.8/7.8) and AER-VU (pH 7.6) acquired significantly higher concentrations of the proteins and triglycerides than the VU alone did, with 2.55–6.05 (p < 0.01 and p < 0.001)- and 2.68–3.08 (p < 0.001)-fold increases, respectively (Figures 2A,B), while in the six pH points tested (i.e., pH 5.8, 6.8, 7.8 and 7.6, 8.1, 8.6), both IERs extracted more carbohydrates than the VU alone, with a 1.90–1.98-fold increase (p < 0.001, Figure 2C). The extraction yields of the other four methods, i.e., Formaldehyde-VU, EDTA-VU, NaOH-VU and Ethanol-VU, were comparable to those of the VU but much less than those of the CER/AER-VU in the extractions of the proteins, triglycerides, and carbohydrates (Figures 2A–C). The gross mass of the three EM components with the CER/AER-VU method were also considerably higher than those with the VU alone, with a 1.72–2.54-fold increase (p < 0.001, Figure 2D). The study on the static biofilm extractions showed a desired extraction efficiency with the CER/AER-VU compared with the other methods including the VU.
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FIGURE 1. Schematic flowchart of the EM extraction metabolite profiling used in this study.
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FIGURE 2. Chemical analyses of the (A,E) proteins, (B,F) triglycerides, and (C,G) carbohydrates as well as the calculation of the (D,H) gross mass in Candida albicans biofilm EM extraction using vortexing plus ultrasonication (VU), formaldehyde plus vortexing and ultrasonication (Formaldehyde-VU), EDTA plus vortexing and ultrasonication (EDTA-VU), NaOH plus vortexing and ultrasonication (NaOH-VU), ethanol plus vortexing and ultrasonication (Ethanol-VU), and cation/anion exchange resin plus vortexing and ultrasonication (CER/AER-VU) at pH 5.8, 6.8, 7.8 for the CER and pH 7.6, 8.1, 8.6 for the AER under static and dynamic states. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; compared with those extracted by the VU.



Based on the results in the static condition, we further evaluated the extraction yields with the CER/AER-VU method in comparison to the VU via measuring the concentrations of the proteins, triglycerides, and carbohydrates extracted under the dynamic state. We observed that the protein concentration increased significantly by 2.26-fold using the CER-VU (pH 7.8) compared with that using the VU (p < 0.05, Figure 2E), while the extracted triglycerides and carbohydrates with the CER/AER-VU were remarkably abundant compared to those extracted with the VU, and the concentrations of both bio-macromolecules increased in the range of 1.55–2.22- and 1.87–2.56-fold, respectively (p < 0.001, Figures 2F,G). We further noted that the CER/AER-VU promoted significant ascending of gross mass, ranging 1.81–2.42-fold compared with the VU (p < 0.001, Figure 2H). The results on the dynamic biofilm extractions favored the extraction efficiency of the CER/AER-VU method. Thus, their effects on the viability and integrity of fungal cells were deserved for further evaluation. We further measured the dry weights of Candida biofilm EM and calculated the extraction recoveries with the VU and CER-VU at pH 5.8, 6.8 and 7.8. The proteins, triglycerides and carbohydrates had 81.07%, 90.49% and 90.30% of recoveries with the CER-VU at pH 5.8, 6.8 and 7.8 compared to 58.65% with the VU (Table 1).

TABLE 1. Dry weight measurement in the dynamic Candida albicans biofilms.
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Using the CER-VU method at pH 5.8, 6.8 and 7.8, the biofilm EM extraction of three non-albicans Candida (NAC) species, i.e., C. glabrata, C. krusei, and C. tropicalis, which are the clinically major isolated NACs (Cheng et al., 2005), was performed under both the static and dynamic states. The results showed that, in most cases, the CER-VU method at pH 7.8 had the best performance with an increased yields of proteins, triglycerides and carbohydrates as well as gross mass compared with the VU (Supplementary Figures S1–S3). Combined with the results from C. albicans and NAC species, more metabolites could possibly be extracted with the CER-VU at pH 7.8, and further analysis of the differentially expressed metabolites by the untargeted screening became necessary.

Stability of the Extraction Methods

XTT assay monitors the metabolic activity of the cell membrane and reflects fungal cell viability. CFU counting is a widely used approach to evaluate the survival of fungal isolates. As shown, the CER-VU at 7.8 had a negligible effect on the viability of C. albicans SC5314 (Figures 3, 4).
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FIGURE 3. Metabolic activities by XTT assay in C. albicans biofilm EM extraction using vortexing plus ultrasonication (VU), formaldehyde plus vortexing and ultrasonication (Formaldehyde-VU), EDTA plus vortexing and ultrasonication (EDTA-VU), NaOH plus vortexing and ultrasonication (NaOH-VU), ethanol plus vortexing and ultrasonication (Ethanol-VU), and cation/anion exchange resin plus vortexing and ultrasonication (CER/AER-VU) at pH 5.8, 6.8, 7.8 for the CER and pH 7.6, 8.1, 8.6 for the AER under static state. ∗p < 0.05; compared with the control free of any extraction treatment.
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FIGURE 4. Colony-forming unit (CFU) counting of the biofilm cells after treatment with the extraction methods in C. albicans SC5314. The experimental conditions consisted of control, vortexing plus ultrasonication (VU), ethanol plus vortexing and ultrasonication (Ethanol+VU), formaldehyde plus vortexing and ultrasonication (Formaldehyde-VU), NaOH plus vortexing and ultrasonication (NaOH-VU), EDTA plus vortexing and ultrasonication (EDTA-VU), cation/anion exchange resin plus vortexing and ultrasonication (CER/AER-VU) at pH 5.8, pH 6.8, pH 7.8, pH 7.6, pH 8.1, and pH 8.6. ∗p < 0.05; compared with the control free of any extraction treatment.



Differentially Expressed Metabolites by the VU-CER and VU

We further used the CER-VU method to extract the dynamic biofilm EM and analyzed the matched metabolites by untargeted screening of the database. An entire quantity of 3219 ion peaks was generated and 1217 were retained by aligning the mass spectrometric data using XCMS upon both the negative and positive ion modes. The total ion flows of the VU and CER-VU in the negative and positive ion modes are presented in the supplementary information (Supplementary Figures S4–S7). The PCA, an unsupervised method, was applied to explore correlations between the CER-VU and VU groups. Good separations of the two groups were shown in the negative (R2X = 0.922) and positive (R2X = 0.929) ion modes (Supplementary Figures S8A, S9A). To confirm the discrimination of ion peaks between the two groups, the OPLS-DA was employed. Compared with the results of PCA, a similar separation tendency was also observed in the negative (R2Y = 0.991, Q2= 0.968) and positive (R2Y = 0.998, Q2= 0.974) ion modes (Supplementary Figures S8B, S9B). The permutation test (200 times) for model validation was also performed with intercepts generated in the negative (R2Y = 0.54, Q2= -1.23) and positive (R2Y = 0.7, Q2= -1.09) ion modes (Supplementary Figures S8C, S9C), indicating that the prediction ability and reliability of this model were quite satisfactory. The model validity is generally defined as if all the permuted R2 and Q2 values to the left are no higher than the original point to the right, and the intercept of the Q2 should be negative (Chen et al., 2014). To compare the efficiencies of the two extraction methods (i.e., CER-VU and VU), the variable influence in projection (VIP > 1) which revealed the significance of a metabolite to the model and p < 0.05 were adopted to screen the candidates that could be considered differentially expressed in the CER-VU or VU group. Based on this algorithm, 63 metabolites were selected, and their relative expression changes and categories were presented accordingly. It was shown that 22 amino acids and derivatives (14 upregulations vs. 8 downregulations), 9 lipids and derivatives (6 upregulations vs. 3 downregulations), 5 carbohydrates and derivatives (4 upregulations vs. 1 downregulation), 8 nucleic acids and derivatives (6 upregulations vs. 2 downregulations) as well as 19 other metabolites (11 upregulations vs. 8 downregulations) were identified to be differentially expressed (Supplementary Table S3). The expression changes of the selected metabolites verified that the extraction efficacy of the CER-VU was relatively superior to that of the VU.

Untargeted Matched Metabolites by UPLC-Q-TOF-MS

Upon the untargeted filtration of the ion peaks and removal of the same metabolites, 218 and 199 metabolites with 154 in common were matched according to the data from the UPLC-MS with the CER-VU and VU. We also categorized these metabolites into four classes, namely the lipids and derivatives, carbohydrates and derivatives, amino acids and derivatives, as well as nucleic acids and derivatives, which amounted to 136, with the CER-VU including 36 different metabolites, and 126, with the VU including 26 disparate ones (Figure 5).
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FIGURE 5. Metabolite numbers of C. albicans biofilm EM via untargeted filtration using cation exchange resin (CER) plus vortexing and ultrasonication (CER-VU, light purple) at pH 7.8 and vortexing plus ultrasonication (VU, light green) under continuous flow state. The metabolites were classified into four groups: lipids and derivatives, carbohydrates and derivatives, amino acids and derivatives, and nucleic acids and derivatives.



Lipids and Derivatives

Of the extracted lipids and derivatives, 43 and 45 were respectively identified with the CER-VU and VU methods among which 34 were identical (Figure 5). The lipid profile constituted a very small portion of sphingolipids (<0.05%) and polar glycerolipids (<0.4%) in both methods. In polar glycerolipids, phosphatidylcholine and phosphatidylethanolamine were found, but phosphatidylserine and phosphatidylinositol were not tracked directly despite the presence of glycerol, serine, and myo-inositol. A vast proportion of fatty acids was detected consisting of 12:0, 14:0, 15:0, 16:0, 16:1, 17:0, 18:0, 18:1, 18:2, 20:3, 20:4, 22:0, 24:0, and 26:0 (total carbons : total carbon-carbon double bonds) with the CER-VU method and 12:0, 12:3, 12:5, 14:0, 14:1, 15:0, 16:0, 16:1, 17:0, 18:0, 18:1, 18:2, 20:4, 22:0, 22:3, 22:6, 24:0, and 26:0 with the VU method. The most abundant fatty acid was stearic acid (79.55%/49.53%) followed by palmitic acid (12.14%/16.43%) and 20-HETE (22.25% extracted by the VU only), whereas dodecanoic acid (12:0), cis-9-palmitoleic acid (16:1), heptadecanoic acid (17:0), and hexacosanoic acid (26:0) occupied smaller portions using both methods (Supplementary Table S2). The lipids and derivatives identified with the CER-VU were implicated into four differentially regulated pathways, namely arachidonic acid metabolism, fatty acid elongation and metabolism, and alpha-linolenic acid metabolism, whereas those extracted with the VU were related to two pathways, i.e., inositol phosphate metabolism and the phosphatidylinositol signaling system (Table 2).

TABLE 2. Differential expressed pathways yusing the CER-VU and VU extraction methods.
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Carbohydrates and Derivatives

We identified 20 carbohydrates and derivatives with the CER-VU method and 18 with the VU method, among which 12 were in common (Figure 5). In C. albicans, the carbohydrates of concern are mannan, chitin and glucan, which are the main constituents of the cell wall and are believed to be linked with host immune recognition and response (Brown and Gordon, 2003; Keppler-Ross et al., 2010; McKenzie et al., 2010; Mora-Montes et al., 2011). In this study, the mannan, chitin and glucan were absent in the metabolite list, but their construction units, i.e., mannose, N-acetyl-glucosamine and D-glucose-1-phosphate, were defined using the CER-VU/VU method (Supplementary Table S2). We also found that the most abundant carbohydrate and derivative was 2-keto-D-gluconic acid/ribitol (18.03/45.30%) followed by D-erythrose 4-phosphate/xylitol (17.96/10.02%) and alpha-D-glucose 1-phosphate/N-acetyl-D-galactosamine (17.96/9.59%) using the CER-VU/VU. The KEGG analysis showed there were three remarkably upregulated pathways including starch and sucrose metabolism, pentose and glucuronate interconversions and glycolysis/gluconeogenesis with the CER-VU method, while only one pathway, i.e., fructose and mannose metabolism, was downregulated (Table 2).

Amino Acids and Derivatives

Prior to metabolite analyses, most proteins were removed from the extraction solution. Thus, the amino acids and derivatives matched might not be the protein degradations in the EM. In this study, there were 55 and 49 amino acids and derivatives identified using the CER-VU and VU methods, respectively (Figure 5). Among the 20 commonly-found amino acids, which are also the brick subset of proteins, glycine, cysteine, histidine, lysine, and valine were not present in monomeric state but in dipeptide form by the both extraction methods, while leucine and isoleucine could only be extracted with the VU or CER-VU (Supplementary Table S2). The upregulated pathways associated with amino acids and derivatives consisted of five, including glycine, serine, and threonine metabolism; arginine biosynthesis; lysine degradation; lysine biosynthesis; D-Arginine and D-ornithine metabolism vs. four containing phenylalanine, tyrosine and tryptophan biosynthesis; tyrosine metabolism; glutathione metabolism; and cyanoamino acid metabolism in the CER-VU vs. VU (Table 2).

Nucleic Acids and Derivatives

In the mature C. albicans biofilm matrix, nucleic acids, especially extracellular DNA, were demonstrated to be an essential element conferring a heterogeneity of biofilm formation and a great contribution to biofilm structural integrity and maintenance (Martins et al., 2009; Rajendran et al., 2014). As shown, 19 and 15 of nucleic acids and derivatives were determined, with 14 shared in both the CER-VU and VU groups (Figure 5). The upregulated pathways relevant to nucleic acids and derivatives included purine metabolism; pyrimidine metabolism vs. zero in the CER-VU vs. VU (Table 2).

DISCUSSION

The CER-VU Preferentially Produced High Yields of Candida Biofilm EM

As indicated, the extraction methods and experimental conditions determined the extraction efficiency to a large extent which, at least, should take two aspects into consideration, namely the extraction yield and cell integrity (Sun et al., 2012). Heating promotes EM production and has already been adopted for EM extraction. Meanwhile, however, this approach may destroy microbial cell structure due to its high temperature (Tapia et al., 2009), consistent with our results (Figures 3, 4). Sonication is a common physical extraction method and supposed to promote the EM extraction by breaking bonds, as electrostatic and hydrophobic bonds are prevalent in the EM of varying sources (Dignac et al., 1998). We found that sonication was a critical step for Candida biofilm EM extraction, as this step can yield more proteins, triglycerides, and carbohydrates (data not shown). EDTA may form complexes with the EM which can be removed with difficulty and cause microbial cell lysis, the release of intracellular DNA and plenty of unidentified constituents (Liu and Fang, 2002). Formaldehyde has been verified to react with amino groups of proteins or aminopolysaccharides, generating the alkylation of cell wall molecules or EM and increasing the EM extraction yield in activated sludges (Comte et al., 2006). It should be noted that the residual formaldehyde can react with amino groups of the molecules present in the EM solution and then alter the properties of these molecules (D’Abzac et al., 2010). NaOH increases pH, dissociates acidic groups in the EM and generates repulsion among negatively charged EM, which promotes the EM solubility for extraction (Liu and Fang, 2002). Ethanol is a frequently-used method mainly for polysaccharide extraction (Ratto et al., 2006). Except for the VU, the other four methods including the formaldehyde-VU, EDTA-VU, NaOH-VU, and ethanol-VU were all chemical extraction techniques. Although they have satisfactory performance in the EM extractions of activated sludges and bacterial biofilms which might be possibly associated with extraction conditions and extracted samples (Supplementary Table S1), the chemical extractions are more inclined to contaminate the EM samples and cause dramatically high recoveries (>100%), which may be due to the cell lysis and unsuitable modifications of the cell wall molecules (D’Abzac et al., 2010). The CER enacts two types of different mechanisms: the application of shear force by stirring (physical extraction) and the removal of bivalent cations such as Ca2+ (chemical extraction) (Frølund et al., 1996). The combination of the two extraction mechanisms of CER facilitates disorganization of the EM structure and extraction of the EM components, and minimizes the risk for microbial cell lysis. It has been reported that a mild extraction method with minimum risk of cell lysis demanded a short extraction time (0.5–1 h) and relatively low stirring intensity (≤600 rpm), whereas an effective extraction condition with comparatively high but acceptable cell lysis needed a longer extraction time (≥12 h) and relatively high stirring intensity (≤900 rpm) (Frølund et al., 1996). Herein, we used a shaker with a lower rotation speed (400 rpm) than that in activated sludge extractions and employed a scheme of relatively short extraction time (5 h) to avoid fungal cell damage. Based on these results, the CER-VU at pH 7.8 was proved to be a reliable and efficient extraction technique with high yield and less cell injury.

The proteins, triglycerides and carbohydrates have been described to account for approximately 55, 15, and 25% of the dry weight of C. albicans biofilm matrix, respectively (Pierce et al., 2017). In this study, however, the carbohydrates were found to take the greatest proportion in the three components under both the static and dynamic biofilms followed by the proteins and triglycerides (Figure 2). Uppuluri et al. (2009) showed that the dynamic Candida biofilms appeared to be very sticky and compact, implying that the dynamic biofilm was composed of massive carbohydrates with striking adherence, which was also confirmed by other reports (Al-Fattani and Douglas, 2006; Shao et al., 2015). During Candida biofilm development, adherence is a pivotal step for biofilm maturation in the early phase (Tobudic et al., 2012). Ghannoum and colleagues demonstrated C. albicans- and C. tropicalis-derived lipids had a significant block on adherence of the respective yeast cells to the buccal epithelial cells, but the same case was not observed in the weakly-adherent Candida pseudotropicalis. They also noticed that individual phospholipids, sterols and steryl esters were the main inhibitors of adherence, while the effects of triacylglycerols and free fatty acids could be neglected (Ghannoum et al., 1986). According to a documented study pertaining to lipid compositions, the percentage of phospholipids reached approximately 10.2% in the C. albicans biofilm matrix (Zarnowski et al., 2014). By comparison, the phospholipids in this study decreased to 0.14% with the CER-VU and 0.15% with the VU (Supplementary Table S2), inferring that the dynamic biofilm cells promoted adherence via decreasing the phospholipid proportion.

To our knowledge, the CER has not been applied in fungal biofilm EM extraction. Although, in this experiment, the extraction conditions (such as buffer types, pH, extraction time) were not optimized, we demonstrated that the significantly high-yield proteins, triglycerides, and carbohydrates were achieved with the CER-VU compared with the other physical or chemical methods used. We noticed that the CER was usually not a method of the first choice compared with several chemical extractions alone or in combination with, for example, NaOH and/or formaldehyde, in activated sludge EM extractions (Supplementary Table S1). Nevertheless, the CER-VU is still a promising alternative method for fungal biofilm EM extraction considering its efficacy and mild effects on cell viability and integrity (Figures 3, 4).

The CER-VU Generated a High Variety of Metabolites

Lipids are a group of important constituents in the Candida biofilm matrix. The alterations in the expression of genes and proteins responsible for lipid composition have been demonstrated to be linked with Candida biofilm formation and azole resistance (Mukherjee et al., 2003; Yeater et al., 2007; Lattif et al., 2008). As defined, decreased sterol levels and unsaturation index as well as increased fatty acid levels along with shortened chain length in biofilms (incubated for ≥ 12 h) contributed to fungal biofilm maturation and drug resistance (Lomb et al., 1975; Pesti et al., 1985; Mukherjee et al., 2003). Ergosterol is a key component in the cell membrane of C. albicans and can be detected in the Candida biofilm matrix (Zarnowski et al., 2014). Herein, however, we could not trace any type of sterols with the UPLC-MS. We calculated the proportions of unsaturated fatty acids and those with short chain length (≤18 carbon) from the data of a published paper which mainly surveyed the EM in static biofilm (Zarnowski et al., 2014). It was found that the unsaturated fatty acids extracted with the CER-VU/VU declined to 1.79%/30.23% compared with 72.92%, and the percentage of fatty acids with short chain lengths with the CER-VU method were comparable to those in the static biofilm. We further observed that the phosphatidylcholine:phosphatidylethanolamine (PC:PE) ratio rose to 8.54/11.61 using the CER-VU/VU method vs. 2.34 reported by Lattif et al. (2011). Carbohydrates as a key constituent are widely distributed in bacterial and fungal biofilm EM, with diverse molecular structures and functions (Pierce et al., 2017). Although the intricate structure of mannan-glucan complexes (MGCxs) denotes a strong implication of community behavior in Candida biofilms (Zarnowski et al., 2014), it is unlikely to be evaluated by UPLC-MS. Amino acids have been witnessed to take an extensive part in signaling transduction, gene regulation, syntheses, and degradations of low-molecular weight nitrogenous substances with enormously biological interest (Wu, 2009). Consistent with the results by Chen et al. (2014), hydroxyproline, citrulline, and ornithine were matched with both the CER-VU and VU. However, it was odd that there were no clues of aspartic acid and tryptophan in the extracted EM of the dynamic biofilm with either method.

In comparison to the VU method, a larger number of metabolites were extracted and involved in signaling pathways using the CER-VU, suggesting the CER-VU could be a promising extraction method with better performance than the VU in the extraction of C. albicans biofilm EM. By analyzing the results of this study and other works associated with the Candida mature biofilm matrix, a list of expected consistencies as well as unexpected inconsistencies were present in qualitative descriptions and quantitative determinations of metabolites. Several factors deserve consideration. Firstly, the biofilm was formed under the dynamic state in this study but under the static state in others (Lattif et al., 2008; Chen et al., 2014; Zarnowski et al., 2014). A growing number of reports revealed the enormous discrepancies between the dynamic and static biofilms in the three-dimensional architecture, antifungal resistance and especially included constituents (Al-Fattani and Douglas, 2006; Uppuluri et al., 2009; Shao et al., 2015). Secondly, the fungal strain adopted in this work was the commonly used standard reference C. albicans SC5314, while clinical strains were employed in other research (Al-Fattani and Douglas, 2006; Zarnowski et al., 2014). It has been known that there were significant differences of cell wall compositions between azoles-resistant and -susceptible Candida strains (Vitali et al., 2017). Taff et al. (2012) declared that certain components (such as glucan) of the biofilm matrix were transported across the cell wall, inferring that the cell wall might be a key site for synthesizing and sorting several crucial components of the biofilm matrix. Thirdly, different extraction methods might have variable biological interpretations of metabolic data (Duportet et al., 2012). Carbohydrates, fatty acids, nucleic acids, and most proteins (pI < 7.0) usually take negative charges under physiological conditions. In that case, the AER is a preferable choice to the CER-VU for the EM extraction. Of interest, a higher yield of extraction with the CER-VU was realized in this study. Nevertheless, it cannot be excluded that the extracts with the AER-VU might identify more metabolites than those with the CER-VU due to the fact that a specific extraction method could be suitable for certain functional classes. Thus, the experimental conditions including sample preservation and pre-column derivatization, instruments for detection as well as detection mode (targeted or untargeted) should be optimized in the following investigations. Fourthly, the involvement of the quenching process is another crucial factor for extract efficiency. Increasing evidence displayed that quenching can avoid extracted intracellular metabolite degradations (Mashego et al., 2007; Winder et al., 2008; Canelas et al., 2009; Schneider et al., 2009; Kim et al., 2013; Pinu et al., 2017). In C. albicans biofilms, a great number of enzymes were existent with extensively diverse biological functions (Lattif et al., 2008). These enzymes originated from either abnormal intracellular release caused by fungal cell rupture or normal intracellular release via exosome transportation (Vargas et al., 2015; Nimrichter et al., 2016). It is odd, however, that we do not notice any report introducing quenching in bacterial or fungal biofilm EM extractions. We speculate that the current frequently-used quenching methods may cause huge losses of biofilm EM and have a severely negative impact on the following analyses of metabolites extracted.

Enlightenment: Combining the Metabolites Extracted by Both the CER-VU and VU

The results of the untargeted metabolites exhibited that neither the CER-VU nor VU could extract the maximum amount of biological substances. On one hand, the relative number of specific metabolites in common (mean value in Supplementary Table S2) was greatly different in each method. Excluding 154 identical metabolites, on the other hand, there was still a large quantity of different extracts with both methods (63 versus 44, Figure 5). These discrepancies are suggestive of an idea mentioned before that comprehensive coverage of metabolites can be maximally realized by combining parallel extraction methods (Canelas et al., 2009). This phenomenon of disparity was firstly noted by Maharjan and Ferenci and Villas-Boas and colleagues Maharjan and Ferenci observed that different extraction methods had diverse performances, and the absence of one method could cover all metabolites based on the relative measurement of 13 metabolites (Maharjan and Ferenci, 2003). Villas-Boas et al. (2005) also found similar disparity among 27 metabolites and presented their results in the form of metabolites instead of individual compounds. These groups were aware of the difficulty in the development of a method to extract a great variety of metabolites due to a fact that each extraction performance was different for certain specific classes. Based on these observations, several groups proposed that high efficacies and recoveries of metabolites with at least two extraction methods should be well-considered (Mashego et al., 2007; Winder et al., 2008).

In summary, we introduced a series of methods to extract the EM of the static and dynamic C. albicans biofilms and showed that the CER-VU at pH 7.8 was the most effective condition for high-yield EM extractions with negligible loss of cell viability and integrity in Candida species. In the future, the performance of CER-VU should be adequately validated in different microbial species and growth conditions by more accurate determination (e.g., targeted filtration). From our perspective, firstly, the analysis of Candida biofilm EM should combine the results from two or even more extraction methods using diverse in vitro and in vivo biofilm models (Coenye and Nelis, 2010); secondly, more precise analytical instruments should be used to elucidate the complex structure of biofilm and the roles of biofilm EM substances under the dynamic state in C. albicans; thirdly, the interaction of Candida biofilm EM with immune cells (e.g., macrophage and neutrophil) can also be surveyed by analytical methods—for example, enzyme digestion of specific EM component. In short, the completion of this study expands our understanding on the matrix constituents of the dynamic biofilm in C. albicans and provides deep insight into antifungal prevention and treatment.
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