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Purpose: Candida infection has a high mortality rate, and the increasing prevalence of non-Candida albicans drug resistance in
recent years poses a potential threat to human health. Non-Candida albicans has long culture cycles, and its firm cell walls making it
difficult to isolate DNA for sequencing.

Materials and Methods: Fe;0,@PEI (PEI, polyvinyl imine) was mixed with clinical samples to form Fe;O4@PEl@non-Candida
albicans and enriched them with magnets. Triangular silver nanoplates enhanced the surface-enhanced Raman scattering (SERS)
signal. SERS was used to detect the fingerprint spectrum of non-Candida albicans. Then, orthogonal partial least squares discriminant
analysis (OPLS-DA) was used to analyze the drug resistance of non-Candida albicans.

Results: SERS combined with OPLS-DA could well analyze the drug resistance of non-Candida albicans. Through 10-fold-cross
validation, the accuracy of training and test data is greater than 99%, indicating that the model has good classification ability. We used
SERS for the first time to detect the drug resistance of non-Candida albicans directly.

Conclusion: This approach can be utilized without causing damage to the cell wall and can be accomplished in as little as 90 minutes.
It can provide timely guidance for the treatment of patients with good clinical application potential.
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Introduction
The extensive use of broad-spectrum antibiotics, immunosuppressants, and glucocorticoids in clinical treatment, as well as the
growing use of invasive therapeutic interventions, have all contributed to an increase in the prevalence of invasive fungal
infections." The mortality rate of patients with invasive infection is very high, and Candida is the pathogen causing the highest
proportion of fungal infections in clinical practice.” In recent years, the proportion of non-Candida albicans isolated from
Candida infection patients, such as Candida tropicalis, Candida glabrata, and Candida parapsilosis, has increased,” and the
drug resistance rate has also amplified year by year.* They demonstrated a high level of resistance not only to fluconazole
(FLC) but also to voriconazole (VRC) and amphotericin B (AMB) over time.>®* VRC is one of the most commonly used
Candida treatment drugs in clinical applications. Recently, its drug resistance form has become more severe.’

Patients with Candida infection always have fever, dyspnea, nausea, vomiting, and other non-specific clinical symptoms,
which are difficult for doctors to diagnose directly through clinical manifestations,’ resulting in late treatment timing and
increased mortality.® Additionally, doctors frequently administer broad-spectrum antibiotics and antifungal medications

occasionally to buy patients time while they wait for a clinical laboratory diagnosis and the pathogen’s medication sensitivity
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is unknown, leading to enhanced strain resistance. The dismal state of non-Candida albicans resistance has deteriorated
significantly in recent years.” Rapid and accurate identification of non-Candida albicans and detection of drug resistance are of
great significance to improve the therapeutic effect and reduce mortality in patients.

The “golden standard” for pathogen detection is isolation and culture method, but fungi are difficult to be cultured in vitro,
and the culture cycle is lengthy. Coupled with the time of drug sensitivity identification, it takes at least one week to obtain the
drug sensitivity test report.'®'" Clinical detection using matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) requires pure culture and cannot be conducted immediately.12 Sequence-based methods
such as DNA sequencing and polymerase chain reaction (PCR) have many limitations in application because there is no
efficient method to extract DNA by destroying fungal cell walls.'>'* Surface-enhanced Raman Spectroscopy (SERS) can
directly detect fungi without destroying fungal cell walls, which is a huge advantage of fungal detection. This method has the
features of simple operation, low cost, and fast detection, etc. It has been demonstrated to be a promising tool for fungal
identification.'>'® Fungal species can be distinguished by SERS fingerprint combined with orthogonal partial least squares
discriminant analysis (OPLS-DA)."" However, due to the similar components of drug-resistant strains and sensitive strains,
SERS technology is rarely used to distinguish fungal drug resistance.

In order to improve the reproducibility of this detection method, we prepared very stable and pour triangular silver nanoplates
as the improved substrate for SERS.'” We first identified C. tropicalis, C. glabrata, and C. parapsilosis, and then distinguished
their sensitive and VRC resistant strains. The specific steps are as follows: non-Candida albicans from samples was captured with
polyethylene imine (PEI) modified Fe;0,4 to form Fe;O4@PEl@non-Candida albicans mixture. After the mixture was enriched
by triangular silver nanoplates, SERS detection was conducted directly to identify non-Candida albicans. The OPLS-DA
algorithm was used to distinguish the sensitive and drug-resistant strains. It provides a new method for clinical fungal resistance
detection.

Material and Methods

Chemicals

Silver nitrate (AgNO;_98% pure), sodium borohydride (NaBH,), 97% sodium hydroxide (NaOH), ferric oxide hexahydrate
(FeCl3-6H,0), sodium acetate (NaOAc), ethylene glycol ((CH,OH),), cetyl trimethyl ammonium bromide (CTAB), and 99%
pure ascorbic acid were prepared by Sinopharm Group (Beijing, China). Xuzhou Tongxin Optoelectronic Technology Co.,
LTD provided a monocrystalline silicon chip, and the PEI was acquired from Sigma Aldrich (China). Sabouraud Dextrose
Agar (SDA) medium was purchased from Qingdao Rishui Biotechnology Co., LTD. The ultra-pure water was purchased from
China Resources Ebao Beverage (China) Co., LTD. Clinical specimens of C. tropicalis, C. glabrata, and C. parapsilosis used
in this study were provided by Guangdong Provincial People’s Hospital.

Instrumentation

The i-Raman Plus BWS465-785 H Raman spectrometer was purchased from B&W Tek Co., LTD., (USA). HITACHI
SU8020 scanning electron microscope (SEM) and Ht-7700 transmission electron microscope (TEM) were obtained from
HITACHI (Japan), and FEI Tecnai G2 F30 TEM was obtained from FEI (USA). Thermo Fisher Scientific Nanodrop One
C UV-Visible spectrophotometer was purchased from Thermo Fisher Scientific (USA). The size of nanomaterials was
recorded by Malvern Nano-ZS90 Zetasizer laser. Bsm-120.4 Electronic balance was acquired from Shanghai Zhuojing
Electronic Technology Co., LTD., the heating electromagnetic stirrer was provided by Henan Aibot Technology Co.,
LTD, in China, and the Fungus incubator was provided by Shanghai Yuejin Medical Instrument Co., LTD.

Collection and Drug Sensitivity Test of Samples

The non-Candida albicans in samples such as urine, alveolar lavage fluid were cultured on SDA medium and identified
by MALDI-TOF MS (Mérieux, France) in Guangdong Provincial People’s Hospital. The drug resistance was detected
through Kirby-Bauer (KB) drug sensitivity test.

3532 s International Journal of Nanomedicine 2022:17
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Gu et al

Preparation for Substrate

Triangular silver nanoplates were prepared as the SERS substrate for this experiment. Silver seed nanoparticles were
prepared for synthesizing triangular silver nanoplates. The synthesis steps of silver seed nanoparticles were as follows:
first, 36.45 mg CTAB was dissolved in 1mL ultra-pure water to prepare 100 mM CTAB solution. The CTAB solution
was diluted 250 times to obtain a concentration of 0.4 mM. A 10 mL of the diluted solution was poured on a magnetic
stirrer and stirred, then 15 mg AgNO; and 0.3 mL of 10 mM NaBH, solution was added and stirred for another 2—5
minutes. The seed solution was kept away from light for 60 minutes.'®"

Further, the triangular silver nanoplates were prepared. CTAB (36.45 mg) was dissolved in 10 mL ultra-pure water to
prepare 10 mM CTAB solution, and 250 pL of 20 mM AgNOj3; and 500 puL of 100 mM ascorbic acid solution were mixed
with the freshly prepared CTAB solution. Silver seed nanoparticles (100 pL) were poured into the mixture. Finally, 100
uL of 1 M NaOH solution was added to the mixture and shook well for 10 minutes. When the solution turned dark blue,

the experiment was successful, and the reaction was complete.'®>°

Preparation for Fe;O4

Large size Fe;0, particles were prepared following procedure: FeCl;-6H,O (3.35 g) was added into 100 mL (CH,OH),
and stirred for half an hour; 2.5 g of PEG6000 and 6.75g of NaAc were poured into the mixture. The dissolved solution
was poured into a high-pressure reactor and then heated at 210 °C for 12 h. The reaction products were washed with

ethanol and ultra-pure water followed by drying in a vacuum at 60 °C for about 6 hours.'"*'

SERS Detection

Fe;04 (500 mg) was mixed with 0.5 g/100 mL of PEI solution under ultrasound for about 1 hour. Because the Fe;O4 and
PEI can attract each other by electrostatic force, they were fully mixed to form Fe;O4@PEI, washing it with ultra-pure
water for Fe;O4@PEI 5 times (Figure 1A). FesO4@PEI was added to the specimens with non-Candida albicans, fully
mixed, and incubated on an oscillator for 20 min. Fe;O4@PEI could capture non-Candida albicans to form Fe;O,
@PEI@ non-Candida albicans complex (Figure 1B). After the compound was enriched with a magnet, the supernatant
was removed. The precipitate was mixed with an equal volume of triangular silver nanoplates. A drop of the mixture was
absorbed and placed on a monocrystalline silicon wafer to dry for standby use. The Raman spectrometer has a spot
diameter of about 105 um, a maximum laser power of 275 mW, and a laser wavelength of 785 nm. The parameters set
during detection were as follows: the integration time was 0.5 minutes, the excitation power was 15% of the maximum
power. Five spectrums of the same sample were taken, and the average intensity was calculated as SERS fingerprint
spectrum data of the sample (Figure 1C). The fingerprint spectrum tested may contain fluorescence and thermal
background, and we used the software accompanying the spectrometer to deduce the baseline to get a flat baseline

FeO, PEI Fe,O, @PEI
@non- Candida
C albicans
remove the SERS
supernatant drop on Si chip

ess s measurement
= @ — A
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Figure | SERS detection of non-Candida albicans. (A) Fe304 was mixed with PEIl. (B) Non-Candida albicans is captured by Fe;O4@PEI. (C) SERS detection of non-Candida
albicans using Fe;O4@PEI and triangular silver nanoplates.
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spectrum. After removing the baseline, the spectrum was smoothed based on the signal intensity of the spectrum. The
fingerprint spectrum was compared using Origin 2021.

Statistical Analysis

Principal component analysis (PCA) is an unsupervised dimension reduction method, which can effectively process high-
dimensional data. However, PCA is insensitive to variables with small correlation, while Partial least squares discriminant
analysis (PLS-DA) can effectively solve this problem. OPLS-DA combines orthogonal signals with PLS-DA to screen
differential variables. Moreover, OPLS-DA is suitable for pairwise analysis, so we chose OPLS-DA to analyze the drug
resistance of non-Candida albicans. SIMCA 14.1 software was used to perform statistical analysis on the collected spectrum
using OPLS-DA. The difference model between the groups is constructed using OPLS-DA. R*X and R?Y represent the
explanatory rate of the model to the X matrix and Y matrix, respectively. Q> represents the predictive power of the model. The
more R? and Q7 tend to 1, the better the quasi-precision of the model. R? and Q? of clinical sample results greater than 0.4
indicated that the established OPLS-DA model had good adaptability and predictability.*>** The classification ability was
evaluated by 10-fold-cross validation.**

Results

Characterization of Triangular Silver Nanoplates

Figure 2A depicts a dark blue liquid with the appearance of triangular silver nanoplates. TEM images of triangular silver
nanoplates in the presence of a common factor are shown in Figure 2B and C, triangular silver nanoplates are equilateral
triangles with uniform size. In the presence of serial correlation, Figure 2D-F illustrates an elemental analysis of
triangular silver nanoplates, where Ag is concentrated and dispersed on the triangular silver nanoplates while O and
Na are evenly distributed in the solution. As illustrated in Figure 2E, the particle size of triangular silver nanoplates is
around 60 nm. Because non-Candida albicans has a bigger size than most bacteria, nano-silver with a large particle size
was better suitable for SERS detection of non-Candida albicans.?>**® The UV absorption of triangular silver nanoplates is
636nm, and its UV spectrum is shown in Figure 2F.
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Figure 2 Characterization of triangular silver nanoplates. (A) The appearance of triangular silver nanoplates is a dark blue liquid. (B and C) TEM image of triangular silver
nanoplates shown that triangular silver nanoplates are equilateral triangles with uniform size. (D—F) Elemental analysis of triangular silver nanoplates in the presence of
stationarity, Ag is concentrated and dispersed on the triangular silver nanoplates while O and Na are evenly distributed in the solution. (G) Particle size of triangular silver
nanoplates is 59nm. (H) UV spectrum of triangular silver nanoplates, the UV absorption of triangular silver nanoplates is 636nm.
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Characterization of Fe;O4@PEI

The SEM picture of Fe;04@PEI in Figure 3A demonstrates that it is uniformly scattered in solution and has a spherical

shape, and the size of Fe;O4@PEI is about 300 nm; large particle sizes of Fe;O4@PEI are more suited for fungus
detection. Figure 3B shows a TEM picture of Fe;O4@PEI, demonstrating that PEI adheres to the surface of Fe;O4 and
forms a thin layer of uniform thickness. PEI has good hydrophilicity and can self-assemble onto the surface of other
nanoparticles to aminate the surface of nanoparticles.”” Figure 3C-E depicts the element analysis diagram of Fe;O4
@PEI, where O and Fe are densely distributed in Fe;O4@PEIL

FesO4@PEI Capture Non-Candida albicans

We observed the products formed by Fe;O4@PEI after capturing non-Candida albicans by SEM. As can be seen from
Figure 4A-C, Fe;04@PEI was firmly adsorbed on non-Candida albicans and formed Fe;O4@PEI@non-Candida
albicans, indicating that Fe;O4@PEI could capture non-Candida albicans from samples. After enrichment of Fe;O4
@PEI@non-Candida albicans with magnets, we calculated [1-(the number of fungi remaining in supernatant/the number
of fungi in the original specimen)] x 100% that Fe;O4@PEI captured 97%, 95.6%, and 96.2% of C. tropicalis,
C. glabrata, and C. parapsilosis, respectively, as shown in Figure 4D. The results indicated that non-Candida albicans
could be rapidly enriched by this method.

SERS Detection of Non-Candida albicans

SERS detected a total of 34 strains of non-Candida albicans. Four strains of C. tropicalis were sensitive to VRC and 6
strains of C. tropicalis were resistant to VRC; their SERS spectrums are shown in Figure 5A. There were 3 strains of
C. glabrata sensitive to VRC and 3 strains of C. glabrata resistant to VRC (Figure 5B). Twelve strains of C. parapsilosis
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Figure 3 Characterization of Fe304@PEI. (A) SEM image of Fe3O4@PEI, Fe;O4@PEI demonstrates uniformly scattered in solution and has a spherical shape, and the size of
Fe;04@PEl is about 300 nm. (B) TEM image of Fe3O4@PEI, PEl adheres to the surface of Fe3O4 and forms a thin layer of uniform thickness. (C—F) Element analysis diagram
of Fe304@PEl, O and Fe are densely distributed in the Fe3O04@PEL
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Figure 4 Fe;0,4@PEI Capture non-Candida albicans. (A) SEM image of Fe304@PEI@C. tropicalis, Fe304@PEI was firmly adsorbed on C. tropicalis. (B) SEM image of Fe;O4
@PEI@C. glabrata, Fe;O4@PEl was firmly adsorbed on C. glabrata. (C) SEM image of Fe;O,@PEI@C. parapsilosis Fe304@PEI was firmly adsorbed on C. parapsilosis. (D)
Capture efficiency of C. tropicalis, (C) glabrata, and C. parapsilosis are all >95%.
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Figure 5 SERS detection results of non-Candida albicans. (A) SERS spectrum of C. tropicalis. (B) SERS spectrum of C. glabrata. (C) SERS spectrum of C. parapsilosis. (D) OPLS-
DA result of VRC sensitive strains and VRC resistant strains of C. tropicalis. (E) OPLS-DA result of VRC sensitive strains and VRC resistant strains of C. glabrata. (F) OPLS-
DA result of VRC sensitive strains and VRC resistant strains of C. parapsilosis.
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were sensitive to VRC, and 6 strains were resistant to VRC, as the SERS spectrums are shown in Figure 5C. The Raman
spectra of sensitive and resistant strains to VRC of the same non-Candida albicans are similar, but there are still
differences.

Statistical Analysis

OPLS-DA was used to distinguish VRC sensitive strains and VRC resistant strains of the three species of non-
Candida albicans. Figure 5D displays that, according to the OPLS-DA score plot, there was a significant separation
between VRC sensitive and VRC resistant strains of C. tropicalis. Model parameters of OPLS-DA analysis (as
shown in Table 1) indicate that the model is well established and has a good predictive ability. Ten-fold-cross
validation has been performed to evaluate the model classification accuracy. The average accuracy of training and
test data is 100% and 100%, respectively. We used OPLS-DA to distinguish VRC sensitive strains and VRC
resistant strains of C. glabrata, and they were well differentiated in the scoring diagram (Figure S5E). Model
parameters of OPLS-DA analysis are shown in Table 1. The average accuracy of training and test data are 100%
and 100%, respectively, which indicates that the model has good performance. Finally, OPLS-DA scores of VRC
sensitive strains and VRC resistant strains of C. parapsilosis were compared. Figure 5F illustrates that the two
fungal strains are well separated. Model parameters of OPLS-DA analysis (Table 2), showing good predictive
ability. We also apply the 10-fold-cross validation to evaluate the classification ability of the model. The average
training and test data accuracy was 99.05% and 99.83%, respectively, indicating that the model has good

performance.

Table | Model Parameters of OPLS-DA Analysis

Species R?X (CUM) R%Y (CUM) Q? (CUM)
C. tropicalis 0.477 0.977 0918
C. glabrata 0.696 0.994 0.943
C. parapsilosis 0.628 0.936 0.713

Table 2 [0-Fold-Cross Experimental Validation Results

Time C. tropicalis C. glabrata C. parapsilosis
Accuracy of Accuracy of Accuracy of Accuracy of Accuracy of Accuracy of
Training Data Test Data Training Data Test Data Training Data Test Data

| 100% 100% 100% 100% 100% 100%

2 100% 100% 100% 100% 90.48 98.33

3 100% 100% 100% 100% 100% 100%

4 100% 100% 100% 100% 100% 100%

5 100% 100% 100% 100% 100% 100%

6 100% 100% 100% 100% 100% 100%

7 100% 100% 100% 100% 100% 100%

8 100% 100% 100% 100% 100% 100%

9 100% 100% 100% 100% 100% 100%

10 100% 100% 100% 100% 100% 100%

Mean 100% 100% 100% 100% 99.05% 99.83%
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Discussion

In this study, the SERS spectrum combined with OPLS-DA statistical analysis method was used to swiftly and non-
destructively identify C. tropicalis, C. glabrata, and C. parapsilosis sensitive strains and VRC resistant strains. In clinical
practice, the most commonly used approach for detecting drug sensitivity in fungi is still a pure culture of patient
materials, identification of the cultured fungi, and then identification of drug sensitivity by fungal drug sensitivity plate.
Because fungi are difficult to be cultured in vitro, the missed detection rate is high, and even the culture takes a long time;
it may take ten days or more from patient samples to the drug sensitivity report.”®?° The clinical application of MALDI-
TOF MS still needs to be based on pure culture. At the same time, the sequencing method has significant restrictions in
clinical application because of the lack of an efficient wall-breaking method to extract DNA. Due to the high equipment
cost, MALDI-TOF MS and sequencing applications are still limited in developing countries and grassroots units.** 32
Therefore, we used Fe;O4@PEI to capture non-Candida albicans from specimens directly and then enriched them. Using
triangular silver nanoplates as the base and the characteristics of the SERS detection method with strong specificity and
high sensitivity, non-Candida albicans were directly detected.**** Then, the principal component analysis of VRC
resistance of non-Candida albicans was carried out by OPLS-DA, and the whole process was completed within 90min.

Compared with silver nanoparticles, silver nano-stars, silver nanorods and other nanomaterials commonly used as Raman
substrate, triangular silver nanoplates we prepared have high stability, are difficult to decompose or degenerate, and are simple
to standardize for clinical application and promotion. Particle size of triangular silver nanoplates is greater than 50 nm, which
is more suitable for detecting non-Candida albicans with large particle sizes. What is more important is that the nano triangular
plate is very pure and has no impurities, and it can be used as the reinforcement base to get more accurate and more stable
Raman spectrum.'**>~® Fe;0,@PEI has a high capture efficiency for negatively charged fungi because of its positive surface
charge (C. tropicalis: 97%, C. glabrata: 95.6%, and C. parapsilosis: 96.2%), and Fe;04@PEI@non-Candida albicans can be
separated by a simple and rapid method. The size of the Fe;O,4 synthesized in this study is very uniform, and coupled with the
high stability of triangular silver nanoplates, the spectrum is very stable. For the future clinical application of this technology,
the standardization of operation provides a good reference.

SERS identified and distinguished the resistance of fungi by detecting the fungal cell wall without destroying it. It could
be detected in a few minutes or even seconds, very fast.*” The intensity differences among Raman peaks are mainly caused
by the contents of nucleic acids, amino acids and lipids. Nucleic acids, amino acids and lipids play key roles in biochemical
reactions, such as synthesizing the structural composition of fungal cell walls and maintaining fungal metabolism.*® Thus,
changes associated with fungal resistance can be reflected by differences in spectral intensity in fungi. The mechanisms of
resistance of fungi to azole antifungal drugs can be divided into five categories, namely, decreased affinity between target
protein and drug; Overexpression of target protein; Overexpression of efflux system; Intracellular or extracellular
degradation of drugs; Rescue mechanism, namely the formation of new metabolic pathways to replace the original blocked
metabolic pathways to synthesize the original metabolites.** OPLS-DA is required for principal component analysis of the
spectrum. OPLS-DA divides the differences in data table X into two parts based on the differences in data table Y. The first
part represents the difference associated with Y, and the second part represents the difference independent of Y (orthogonal
vertical). OPLS-DA can distinguish the difference between these two parts. This section aims to control and filter out
changes in X that directly intersect or are independent of Y. Therefore, OPLS-DA can easily distinguish differences
between groups and improve the validity and analytical ability of the model. OPLS-DA score plots of the three models
established in this study showed clustering in the same groups, and a significant separation trend was observed between the
different groups.*®*! The OPLS-DA score diagram of the SERS spectrum of C. tropicalis sensitive strains, C. tropicalis
VRC resistant strains, C. glabrata sensitive strain, C. glabrata VRC resistant strain, C. parapsilosis sensitive strain, and
C. parapsilosis VRC resistant strain revealed that the sensitive strains of each strain and the VRC resistant strains were
distributed on both sides. There was no intersection of these data. The results showed that OPLS-DA could distinguish non-
Candida albicans sensitive strains from VRC resistant strains. As can be seen from Table 1, R*X(CUM), R*Y(CUM), and
Q*(CUM) are all greater than 0.4, and the results of 10-fold-cross validation training data and test data are greater than 99%,
indicating that this model is well established and has good classification ability.
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This study found that SERS technology could be used to detect the drug resistance of non-Candida albicans directly
from specimens. There was no need to break the wall of non-Candida albicans, and it could be directly detected, which
made great use of the feature of SERS non-destructive detection. The size of the Fe;O,4 synthesized in this study is very
uniform, and coupled with the high stability of triangular silver nanoplates, the spectrum is very stable. For the future
clinical application of this technology, the standardization of operation provides a good reference. SERS technology was
utilized to directly identify non-Candida albicans drug resistance, introducing a novel concept for the problematic
diagnosis and treatment of non-Candida albicans.

Conclusions

We explored a novel method for directly detecting drug resistance in non-Candida albicans from samples. Triangular
silver nanoplates were used as SERS substrate to detect the SERS spectrum of non-Candida albicans captured by
Fe;04@PEI. This approach has a high detection rate and can be finished in less than 1.5 hours. This method has the
advantages of simple operation, high accuracy, high specificity and no need to destroy the cell wall for the detection of
fungi, which makes up for the deficiency of the commonly used methods for the identification of drug-resistant fungi
in clinic. It provides a new idea for early diagnosis and early treatment of patients, and lays a foundation for
establishing the standardized operation process of this method in the future, which has good application potential.
However, the sensitivity of SERS technology for clinical microbial test is still relatively low at present, so there is still
a long way to go for direct clinical application, and SERS fungus database needs to be established for clinical test
matching.
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