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Abstract: Candida albicans is a commensal fungus that is responsible for a lot of nosocomial infections
in immunocompromised people. Cell culture is currently the predominant method for diagnosing
candidiasis, but it is time consuming. In this study, we developed a rapid screen procedure by
devising a method for detecting C. albicans with the use of electrochemical sensors. Through this
experiment, we propose a method for the detection of C. albicans in the system through the use of
personal glucose meters. The hemicellulase was used to break down the cell wall of C. albicans to
glucose and oligo, which can be detected by a glucose meter. The spiked samples were prepared
suspending C. albicans in urine and serum, demonstrating the feasibility of the developed method in
a real situation.
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1. Introduction

Candida are a species of fungi that can showcase polymorphism. Their ability to
showcase polymorphism is one of the major factors for their pathogenesis in human hosts.
Candida albicans is one of the most common yeasts found in the human body, and usually
resides without any negative effects on the skin, gastrointestinal tract, urogenital tract,
or oral cavity [1]. Blastoconidia or the yeast form can usually be related to asymptomatic
colonization, as well as with the transmission or spread in the bloodstream [2]. In contrast,
the mycelial or hyphal form contributes mostly to mucosal invasion and adherence [3],
which are characteristics of disease with symptoms. Candida infections can be present in
various parts of the body, and usually develop on mucous membranes such as the mouth
or genitals, but the bloodstream can also be affected [4,5]. Invasive candidiasis (IC) is a
serious infection caused by different species of candida that can affect the blood, heart,
brain, eyes, bones, and other parts of the body. Usually, invasive candidiasis is associated
with the penetration of Candida spp. into the tissue beneath the epithelium or an infection
of the viscera [6]. Typical IC includes candidemia, chronic disseminated candidiasis, and
dep-seated infection, where even if patients receive antifungal therapy, the mortality is
as high as 40% for patients with invasive candidiasis [7]. Candidemia, the fourth most
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common bloodstream infection, is the most common type of IC in hospitalized patients [8].
An increase in incidence rates has been reported in most regions [9–11], and the maximum
incidence rate of Candidemia has been observed at extreme ages [9,12,13]. The patho-
genesis of invasive Candida can be concluded in several ways [14]. Candida species that
colonize the gut invade through translocation or anastomotic leakage after laparotomy, and
cause either B localized, deep-seated infection (e.g., peritonitis), or Candidemia. Women
are highly susceptible to candida infections, and it has been seen that almost 75% of women
suffer from vulvovaginal candidiasis (VVC) and 40–50% of women experience at least one
or more episodes of infection [5,15]. It has recently been noted that there is an association
between the genes that control Candida albicans morphogenesis and the immunopathology
associated with VVC. Usually, healthcare providers and physicians use additional informa-
tion such as medical history, physical exams, and symptoms, alongside laboratory testing,
to diagnose invasive candidiasis. The current gold standard and the most widely used way
for healthcare providers to test for invasive candidiasis involves taking a blood sample or
a sample from the infected region and testing it in a laboratory to analyze if it will grow
Candida in a culture [16]. However, usually, blood cultures take longer times to develop
and are limited in their diagnostic ability because of poor sensitivity. As a result of the
persisting problems with the current testing methods, new methods that either replace or
complement the existing diagnostic methods are required in order to increase the diagnostic
efficiency in terms of both the time required for diagnosis and the accuracy of diagnosis;
in particular, to correctly diagnose the “missing 50%” of patients who show negative
results in blood cultures. Using other methods of testing involving mannan/anti-mannan
immunoglobulin G, polymerase chain reaction (PCR), and β-D-glucan (BDG) assays, it is
possible to diagnose Candidemia before blood cultures, and these methods have shown
promising sensitivity/specificity. Still, these methods are not widely investigated in blood
culture-negative, deep-seated candidiasis [17]. Timely anti-fungal therapy and controlling
the source of the infection are crucial de-terminants in terms of the survival of patients that
have been infected by invasive candidiasis [18].

Glucan, which is a major component of the cell walls of many fungi, with either 1,3-P-
linkages or 1,6-P-linkages, is also one of the main structural components forming the cell
wall of C. albicans [19], and this species produces glucanases. C. albicans can thus be used as
a model system for analyzing the properties of certain cell-wall-degrading enzymes, and
can also be used to study the role of such enzymes in growth and morphogenesis [20]. It has
been observed that the specificity and sensitivity of serum BDG testing for the diagnosis of
invasive candidiasis have been seen to range from 56% to 93% and 57% to 97%, respectively.
In a recent meta-analysis comprised of 11 studies, the sensitivity was around 75% [21].
Thus, developing a method for the detection of BDG can complement blood culture analysis
and can improve the diagnostic capabilities of the current testing procedures.

Hemicellulase can act on glucan and hydrolyze it to produce glucose, which can be
used to break down the cell walls of fungi such as C. albicans. This mechanism can be
tracked by measuring the levels of glucose produced in the medium over time, and can
also act as an identifier for the presence of fungi, such as C. albicans, in the system.

Diabetic patients need to keep monitoring their blood glucose levels regularly; thus, the
use of personal glucose meters is becoming more common [22]. Mostly, the personal glu-
cose meter measures glucose levels in the bloodstream using amperometric methods.
Amperometric methods constitute measuring the current produced by the electrons re-
leased during the oxidation of D-glucose to D-gluconolactone. [23]. In the case of glucose
monitoring, the glucose taken up in the blood sample is made to react with an enzyme
electrode that contains glucose oxidase (or dehydrogenase). The process then involves
re-oxidation of a series of compounds such as the enzyme by a mediator reagent in excess,
such as a ferrocene derivative, ferricyanide ion, or osmium bipyridyl complex, which in
turn is re-oxidized by the reaction taking place at the electrode, which generates an electric
current. The total charge in the electrode that is required as a result of the re-oxidation
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process is proportional to the amount of glucose in the blood sample that has been through
the reaction with the enzyme [24].

Thus, it is possible to use enzymes such as hemicellulase to break down the cell walls of
fungi, like C. albicans, that might be present in the system, and use personal glucose meters
to measure the amount of glucose that is produced as a result of the breakdown of glycan in
the cell walls of the fungi in order to predict the amount of fungi that might be present. To
develop a system that can detect the amount of fungi, such as C. albicans, in a system, some
technical barriers must be overcome. These include figuring out the amount of enzymes
required for accurate detection, accounting for the influence of other factors such as the
presence of external glucose in the sample taken, and the presence of Gram-positive and
Gram-negative bacteria, which that might influence the reading produced.

Certain techniques can be employed for rapid candida detection, which also offer
the possibility of integrating ELISA. Techniques such as the use of micromechanical can-
tilever arrays that can be functionalized and coated for the selective identification of certain
fungi have been developed [25], which can be adapted for the detection of C. Albicans.
Another technique for the rapid detection of fungi that can be adapted to the detection
of candida involves the use of label-free biosensors based on field effect transistors (FET)
and single-wall carbon nanotubes [26]. A non-culture-based method that uses a lateral
flow immunoassay for the detection of invasive candidiasis has also been developed [27].
The use of a polymerase spiral reaction for the detection of C. Albicans can also be employed,
which can offer effective results within a short period, while maintaining accuracy [28].
Electrochemical sensors can also be used for the detection of candida that can be functional-
ized with anti-candida antibodies for specificity, which detects the presence of candida us-
ing electrochemical impedance spectroscopy and offers fairly accurate and fast results [29].
A probe-based design that involves the usage of nanoporous anodic alumina and specific
oligonucleotides that can specifically detect the DNA of C. Albicans and can thus be used
for rapid candida detection, has also been developed and shows a high sensitivity and
specificity for detection [30]. Therefore, we see that that most work is being focused on
techniques and methods that can rapidly and easily detect candida non-invasively, and that
can offer a high sensitivity and accuracy to match the current gold standard in the field,
which is culturing cells taken from blood samples. Other novel biosensing techniques,
e.g., Brownian nanobeads [31–35], surface plasmon resonance [36], liquid crystal [37,38],
nano-gold clusters [39], and flow cytometers [40–42], can also be the potential techniques
for Candida detection.

In our previous study, we used electrochemical sensors to monitor endogenous
β-galactosidase of E. coli for sensing bacteria [43]. In this study, we looked to estimate
the level of Candida infection present in the system using personal glucose meters as the
measuring device in order to act as early detection systems to increase the efficiency of
the current diagnostic procedure and to help the prevention of Candidiasis. The Accu-
chek Performa (F. Hoffmann-La Roche AG, Basel, Switzerland) glucose meter was used
in the experiment for all glucometric measurements, which can detect glucose levels in
the range of 0.6–33.3 mmol/L or 10–600 mg/dL, with a sensitivity of about 1 mmol/L.
Furthermore, any glucose meter that has a range and sensitivity comparable to that of
the Accu-chek Performa can be used for testing [44]. By using a personal glucose meter,
the detection was instant and reliable within a very small volume of samples (5 µL). The de-
tection system and strips were also cheap. This method can rapidly screen yeast or bacteria
for further clinical treatment. The sensing mechanism and procedure are shown in Figure 1.
The cell walls of Candida can break down when adding hemicellulase into the samples.
After reacting for a certain time, the samples were dropped onto a personal glucose meter
to measure the glucose level. Therefore, the level of Candida infection could be estimated
by comparing the glucose levels to those before adding hemicellulase.
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Figure 1. Mechanism of Candida detection. When adding hemicellulase into the sample, the cell 
walls of C. albicans will be broken down into oligo and glucose, which can be detected by a com-
mercial glucose meter. PQQ—pyrroloquinoline quinone; GDH—glucose dehydrogenase; 
FeIII(CN)6—potassium hexacyanoferrate (III); FeII(CN)6—potassium hexacyanoferrate (II). 
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Cellular Biology, National Tsing Hwa University, Hsinchu, Taiwan) and were grown in a 
yeast-extract peptone dextrose (YPD) medium (1% yeast extract, 2% peptone, and 2% glu-
cose) or synthetic complete (SC) medium (0.67% yeast nitrogen base with ammonium sul-
fate, 2% glucose, 0.079% complete supplement mixture of amino acids; MP Biochemicals, 
Solon, OH, USA). All of the reagents were purchased from Sigma-Aldrich (St. Louis, MO, 
USA), unless otherwise indicated. To culture C. albicans to make it the pseudohypha type, 
an RPMI 1640 medium was used. The C. albicans were suspended in 5 mL of the RPMI 
medium and shaken at 100 RPM for 24 h. Glycan was also obtained from Sigma, and was 
used in the testing process to evaluate the glucose meter. Hemicellulase was used as a cell 
wall degrading enzyme, and was purchased from Sigma Aldrich. Urine; the serum and 
blood samples were obtained from healthy donors. This protocol was approved by the 
Institutional Review Board of Taipei Veterans General Hospital (IRB 2019-01-021CC ap-
proved on 22 January 2019). 

2.2. Sample Measurement 
The aim of the testing was to find out how much enzymes were required to produce 
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Figure 1. Mechanism of Candida detection. When adding hemicellulase into the sample, the cell walls
of C. albicans will be broken down into oligo and glucose, which can be detected by a commercial glu-
cose meter. PQQ—pyrroloquinoline quinone; GDH—glucose dehydrogenase; FeIII(CN)6—potassium
hexacyanoferrate (III); FeII(CN)6—potassium hexacyanoferrate (II).

2. Materials and Methods
2.1. Candida Cell Culture

C. albicans were obtained from Dr. Chung-Yu Lan’s Lab (Institute of Molecular and
Cellular Biology, National Tsing Hwa University, Hsinchu, Taiwan) and were grown in
a yeast-extract peptone dextrose (YPD) medium (1% yeast extract, 2% peptone, and 2%
glucose) or synthetic complete (SC) medium (0.67% yeast nitrogen base with ammonium
sulfate, 2% glucose, 0.079% complete supplement mixture of amino acids; MP Biochemicals,
Solon, OH, USA). All of the reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA), unless otherwise indicated. To culture C. albicans to make it the pseudohypha
type, an RPMI 1640 medium was used. The C. albicans were suspended in 5 mL of the
RPMI medium and shaken at 100 RPM for 24 h. Glycan was also obtained from Sigma,
and was used in the testing process to evaluate the glucose meter. Hemicellulase was used
as a cell wall degrading enzyme, and was purchased from Sigma Aldrich. Urine; the serum
and blood samples were obtained from healthy donors. This protocol was approved by
the Institutional Review Board of Taipei Veterans General Hospital (IRB 2019-01-021CC
approved on 22 January 2019).

2.2. Sample Measurement

The aim of the testing was to find out how much enzymes were required to produce a
discernible reading for glucose levels measured using a glucose meter. When the hemicel-
lulase was added to the C. albicans sample or to a solution containing glucan, which is a
major constituent of the cell walls of C. albicans, the glucan are broken down into glucose
and oligo. Further testing involved finding out whether the presence of certain external
influences, such as an initial level of glucose in the system or the presence of Gram-positive
or Gram-negative bacteria, could influence the glucose meter reading measured during
this analysis. First, hemicellulase was added to the C. albicans sample to find out if the cell
wall degrading the activity of the enzyme was enough to produce a reading on the glucose
meter. Then, to find out the optimal concentration and amount of hemicellulase used for
the detection process, the cell wall degrading activity of hemicellulase on C. albicans was
analyzed. C. albicans were also spiked in different body fluids, including urine and serum,
in order to mimic the detecting situation.
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3. Results
3.1. Glucan Sensing for System Optimization

Two samples were prepared, one with a concentration of hemicellulase of 250 mg/mL
and another with the concentration of hemicellulase set at 150 mg/mL (Figure 2a). The amount
of glucan was varied, and different amounts of glucan were tested with the two hemicel-
lulase concentrations in order to obtain a curve for the variations in the glucose reading
with variations in the amount of glucan with a fixed concentration of hemicellulase as
the enzyme in the solution. It was determined that hemicellulase with a concentration
of 150 mg/mL was appropriate for further usage, and all further tests involved the use
of hemicellulase at a concentration of 150 mg/mL. Then, the value produced by the glu-
cose meter was tested when 50 mg/mL of glucan was added to a solution containing
150 mg/mL of hemicellulase over time, in order to observe the variations that occurred in
the glucose reading over time when fixed concentrations of hemicellulase and glucan were
used. The tests were carried out for 1 h, with readings taken at intervals every 10 min.
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Figure 2. (a) Reading of the glucose meter versus the glucan concentration tested with different values
of hemicellulase. (b) Reading of glucose meter over time with fixed values of glucan (50 mg/mL)
and hemicellulase (150 mg/mL).

Preliminary testing, as shown in Figure 2a, was done to find out the optimal concentra-
tion of hemicellulase to be used for the experiment, and it showed that when 250 mg/mL
of hemicellulase was added to the solution containing C. Albicans, there was a satura-
tion of glucose produced by the reaction upon the addition of glucan to the solution.
Therefore, a lower concentration of 150 mg/mL of hemicellulase was used. It was observed
that saturation did not occur in the glucose readings. Another testing of the solution
containing 50 mg/mL of glucan and 150 mg/mL of hemicellulase over time showed an
increase in the glucose reading on the meter, as shown in Figure 2b. It indicated that the cell
wall degradation activity of the enzyme was a time-consuming process. As more and more
glucan hydrolyzed over time, higher amounts of glucose were produced in the solution.

3.2. C. albicans Detection

C. albicans was cultured in an RPMI medium against an increase in hemicellulase
concentration in order to assess the variations in the glucose levels when C. albicans present
in a culture medium was subjected to an increase in hemicellulase concentration. The cell
culture was prepared using Candida cells grown in an RPMI medium over a period of 24 h.
Testing was done over a period of 24 h at 37 ◦C, with the solutions being shaken at 100
RPM for preparation. The cell-filtered RPMI medium after culturing C. albicans for 24 h
was used as the control to establish the difference if any existed.

In this experiment performed using C. albicans cultured in an RPMI medium, it was
found that with the increase in hemicellulase concentration, higher amounts of cell wall
degradation activity occurred, thus leading to a higher concentration of glucose in the
solution. The comparison of samples with and without removing C. albicans is shown
in Figure 3. There was a sharp increase in the glucometric readings for the solution
containing C. albicans compared with the solution without one when the hemicellulase
concentration was higher than 100 mg/mL. The sub-images reveal the optical microscopic
images after mixing the hemicellulase for 1 min. When the hemicellulase concentration was
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160 mg/mL, the C. albicans were analyzed and compared to the sample with a hemicellulase
concentration of 100 mg/mL. This indicated that the presence of C. albicans was the reason
for the increase in glucose in the medium.
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3.3. Spiked Sample Test

C. albicans affects different parts of the body, and glucose values produced by the
C. albicans solution might vary in different conditions [17]. In this study, C. albicans was
added to different solutions, including PBS, human serum, and human urine, to study its
detection by using a personal glucose meter. The testing of these samples was carried out
over a time period of 1 to 2 h. The results are shown in Figure 4a–c. Various concentrations
of C. albicans in different solutions were used to discern the differences in glucose concen-
trations that occurred over time, with a hemicellulase concentration of 150 mg/mL being
used. It was observed that at a lower concentration of C. albicans in the sample, the glucose
concentrations rose over time because of the breakdown of their cell walls, as observed
in previous tests. When the reaction time was over 10 min, the glucose levels began to
decrease, because the endogenous enzymes were released from the cells and dissolved the
glucose in the medium. With higher concentrations of C. albicans, due to large amount of
endogenous enzymes released, the glucose produced was consumed very fast, which lead
to a drop of glucose levels in the samples over time. The glucose levels in the urine and
PBS reached their threshold values faster than those observed in the blood serum. This can
be attributed to the presence of external glucose in the blood serum, which provided
additional glucose for consumption.
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and (d) serially diluted samples to prepare spiked samples with varying concentrations. The OD600

values of the samples were measured before testing.

In summary, in the beginning, because the activity of endogenous enzymes was low
when the OD600 values of C. albicans were lower than 1, the glucose values increased.
After 10 min, the ability of the cell walls that were broken down by hemicellulase became
weak, and the endogenous enzymes were released from C. albicans to dissolve the glucose.
The glucose values kept decreasing. When the OD600 values of C. albicans were greater
than 1, the glucose dissolution rate of the endogenous enzymes was higher than the cell
wall break down rate. We think that the cells might have released too many endogenous
enzymes, keeping the glucose dissolution ability high.

Furthermore, for the C. albicans detection in the serum, we looked at the results
of measuring at 10 min and the plot of the OD600 values of C. albicans versus glucose
concentration in Figure 4d. The results revealed that glucose concentrations versus OD600
values showed a linear decrease when the OD600 values of C. albicans were lower than 1.
This could become a detection protocol. The 1 mL serum samples after adding 150 mg/mL
hemicellulase were incubated for 10 min. We measured the glucose levels and compared
them to the results obtained without adding hemicellulase. The concentration of C. albicans
could be estimated based on Figure 4d. When the concentration of C. albicans was lower
than 0.13 OD600, C. albicans could not be detected.

Glucose was initially added to the PBS and urine samples, and then the samples were
tested to observe the change in glucose values over time so as to ascertain the difference
between the samples that did not contain glucose initially (Figure 5). The presence of
glucose in the system where the initial glucose level of the system was higher than that in
the case of PBS and urine samples without glucose, is indicated by the glucometric readings
in Figure 4a,b. Over time, samples with a higher concentration of C. albicans showed an
initial increase in glucose levels because of the cell wall dissolution, and then a decrease
in the glucose levels because of the consumption of glucose by the released endogenous
enzymes. This trend was proven by the fact that at very low concentrations of C. albicans,
less endogenous enzymes from C. albicans consumed glucose in samples. An increase
in glucose levels as a result of cell wall dissolution was observed. In contrast, at higher
concentrations of C. albicans, more endogenous enzymes were released from the cells after
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lysing, and were able to rapidly consume glucose in the media, and therefore exhibited an
apparent decrease in the glucose levels after hitting a maximum value. Similar trends were
observed in both the PBS and urine samples.
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4. Conclusions

The current gold standard for C. albicans diagnosis still remains the cell culture process,
taken from the affected region or from a blood sample. These methods take a long time to
produce results, as a result of which patients might suffer. Thus, it is necessary to come
up with early and fast detection systems that can assist in the diagnostic process. In this
study, we demonstrated that the measurement of change in glucose levels during the
degradation of the cell walls of commensal fungi, such as C. albicans, is an effective method
for predicting and ascertaining the presence of such fungi in the system. A difference in the
initial presence of glucose in the system resulted in a difference in the glucometric response.
Appropriate times for testing can produce viable results. The glucometric response over
time has been ascertained to be a function of the initial concentration of the glucose in the
system, as well as the amount of hemicellulase used for testing. The developed mechanism
for C. albicans detection using the electrochemical sensing technique can act as an early
indicator of invasive candidiasis in order to help prevent the spread of the infection and
save the patient time and money in treatment.

Author Contributions: P.D. and Y.-J.L. prepared the manuscript and analyzed the data; H.-Y.H.
assisted with the collection of the data; T.-Y.L. worked on interference test; Y.-T.L. collected the
human sample and prepared the samples; C.-M.C. and Y.-J.F. provided the idea and organized
the experiments and manuscripts. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Science and Technology (MOST) of Taiwan
(grant numbers MOST 107-2221-E-038-018, MOST 108-2622-E-038-002-CC3, and MOST 109-2636-E-
038-003) and by the Taipei Medical University Hospital (grant number of 109TMU-TMUH-06).

Institutional Review Board Statement: This protocol was approved by the Institutional Review
Board of Taipei Veterans General Hospital (IRB 2019-01-021CC approved on 22 January 2019).

Informed Consent Statement: Patient consent was waived due to patient sample is not included.

Acknowledgments: We would like to thank Chung-Yu Lan from the Department of Life Science,
National Tsing Hua University, Taiwan, for providing the cell line of Candida albicans.

Conflicts of Interest: The authors declare no conflict of interest.



Micromachines 2021, 12, 166 9 of 10

References
1. Odds, F.C.; Webster, C.E.; Fisk, P.G.; Riley, V.C.; Mayuranathan, P.; Simmons, P.D. Candida species and C. albicans biotypes in

women attending clinics in genitourinary medicine. J. Med. Microbiol. 1989, 29, 51–54. [CrossRef]
2. Sobel, J.D. Pathogenesis of Candida Vulvovaginitis; Springer: New York, NY, USA, 1989.
3. Noverr, M.C.; Phare, S.M.; Toews, G.B.; Coffey, M.J.; Huffnagle, G.B. Pathogenic Yeasts Cryptococcus neoformans and Candida

albicans Produce Immunomodulatory Prostaglandins. Infect. Immun. 2001, 69, 2957–2963. [CrossRef]
4. Carter, B.; Jones, C.P.; Creadick, R.N.; Parker, R.T.; Turner, V. The Vaginal Fungi. Ann. N. Y. Acad. Sci. 2006, 83, 265–279. [CrossRef]

[PubMed]
5. Bradford, L.L.; Ravel, J. The vaginal mycobiome: A contemporary perspective on fungi in women’s health and dis-eases. Virulence

2017, 8, 342–351. [CrossRef] [PubMed]
6. Jones, J.M. Laboratory Diagnosis of Invasive Candidiasis. Clin Microbiol. Rev. 1990, 3, 32–45. [CrossRef] [PubMed]
7. Andes, D.; Safdar, N.; Baddley, J.W.; Playford, G.; Reboli, A.C.; Rex, J.H.; Sobel, J.D.; Pappas, P.G.; Bart Jan Kullberg for the

Mycoses Study Group. Impact of Treatment Strategy on Outcomes in Patients with Candidemia and Other Forms of Invasive
Candidiasis: A Patient-Level Quantitative Review of Randomized Trials. Clin. Infect. Dis. 2012, 54, 1110–1122. [CrossRef]

8. Wisplinghoff, H.; Bischoff, T.; Tallent, S.M.; Seifert, H.; Wenzel, R.P.; Edmond, M.B. Nosocomial Bloodstream Infections in US
Hospitals: Analysis of 24,179 Cases from a Prospective Nationwide Surveillance Study. Clin. Infect. Dis. 2004, 39, 309–317.
[CrossRef]

9. Cleveland, A.A.; Harrison, L.H.; Farley, M.M.; Hollick, R.; Stein, B.; Chiller, T.M.; Lockhart, S.R.; Park, B.J. Declining Incidence
of Candidemia and the Shifting Epidemiology of Candida Resistance in Two US Metropolitan Areas, 2008–2013: Results from
Population-Based Surveillance. PLoS ONE 2015, 10, e0120452. [CrossRef] [PubMed]

10. Gradel, K.O.; Schønheyder, H.C.; Arpi, M.; Knudsen, J.D.; Ostergaard, C.; Søgaard, M. The Danish Collaborative Bacteraemia
Network (DACOBAN) database. Clin. Epidemiol. 2014, 6, 301–308. [CrossRef]

11. Magill, S.S.; Edwards, J.R.; Bamberg, W.; Beldavs, Z.G.; Dumyati, G.; Kainer, M.A.; Lynfield, R.; Maloney, M.; McAllister-Hollod,
L.; Nadle, J.; et al. Multistate Point-Prevalence Survey of Health Care–Associated Infections. N. Engl. J. Med. 2014, 370, 1198–1208.
[CrossRef] [PubMed]

12. Arendrup, M.C.; Sulim, S.; Holm, A.; Nielsen, L.; Nielsen, S.D.; Knudsen, J.D.; Drenck, N.E.; Christensen, J.J.; Johansen, H.K.
Diagnostic Issues, Clinical Characteristics, and Outcomes for Patients with Fungemia. J. Clin. Microbiol. 2011, 49, 3300–3308.
[CrossRef] [PubMed]

13. Lortholary, O.; The French Mycosis Study Group; Renaudat, C.; Sitbon, K.; Madec, Y.; Denoeud-Ndam, L.; Wolff, M.; Fontanet, A.;
Bretagne, S.; Dromer, F. Worrisome trends in incidence and mortality of candidemia in intensive care units (Paris area, 2002–2010).
Intensiv. Care Med. 2014, 40, 1303–1312. [CrossRef] [PubMed]

14. Meri, T.; Blom, A.M.; Hartmann, A.; Lenk, D.; Meri, S.; Zipfel, P.F. The Hyphal and Yeast Forms of Candida albicans Bind the
Complement Regulator C4b-Binding Protein. Infect. Immun. 2004, 72, 6633–6641. [CrossRef] [PubMed]

15. Peters, B.M.; Yano, J.; Noverr, M.C.; Fidel, P.L. Candida Vaginitis: When Opportunism Knocks, the Host Responds. PLoS Pathog.
2014, 10, e1003965. [CrossRef]

16. Pappas, P.G.; Kauffman, C.A.; Andes, D.R.; Clancy, C.J.; Marr, K.A.; Ostrosky-Zeichner, L.; Reboli, A.C.; Schuster, M.G.; Vazquez, J.A.;
Walsh, T.J.; et al. Clinical Practice Guideline for the Management of Candidiasis: 2016 Update by the Infectious Diseases Society
of America. Clin. Infect. Dis. 2016, 62, e1–e50. [CrossRef] [PubMed]

17. Clancy, C.J.; Nguyen, M.H. Finding the “Missing 50%” of Invasive Candidiasis: How Nonculture Diagnostics Will Improve
Understanding of Disease Spectrum and Transform Patient Care. Clin. Infect. Dis. 2013, 56, 1284–1292. [CrossRef]

18. Clancy, C.J.; Nguyen, M.H. Diagnosing Invasive Candidiasis. J. Clin. Microbiol. 2018, 56, e01909-17. [CrossRef] [PubMed]
19. Brown, G.D.; Gordon, S. Fungal β-Glucans and Mammalian Immunity. Immunity 2003, 19, 311–315. [CrossRef]
20. Yoshimi, A.; Miyazawa, K.; Abe, K. Function and biosynthesis of cell wall α-1,3-glucan in fungi. J. Fungi 2017, 3, 63. [CrossRef]

[PubMed]
21. Karageorgopoulos, D.E.; Vouloumanou, E.K.; Ntziora, F.; Michalopoulos, A.; Rafailidis, P.; Falagas, M.E. β-D-Glucan Assay for

the Diagnosis of Invasive Fungal Infections: A Meta-analysis. Clin. Infect. Dis. 2011, 52, 750–770. [CrossRef] [PubMed]
22. Kirk, J.K.; Stegner, J. Self-Monitoring of Blood Glucose: Practical Aspects. J. Diabetes Sci. Technol. 2010, 4, 435–439. [CrossRef]

[PubMed]
23. Hönes, J.; Müller, P.; Surridge, N. The Technology Behind Glucose Meters: Test Strips. Diabetes Technol. Ther. 2008, 10, 10.

[CrossRef]
24. Smith, J.L. The Pursuit of Noninvasive Glucose: “Hunting the Deceitful Turkey”, 7th ed.; NIVG Consulting LLC: Portland, OR, USA, 2020.
25. Nugaeva, N.; Gfeller, K.Y.; Backmann, N.; Lang, H.P.; Düggelin, M.; Hegner, M. Micromechanical cantilever array sensors for

selective fungal immobilization and fast growth detection. Biosens. Bioelectron. 2005, 21, 849–856. [CrossRef] [PubMed]
26. Villamizar, R.A.; Maroto, A.; Rius, F.X.; Inza, I.; Figueras, M.J. Fast detection of Salmonella Infantis with carbon nanotube field

effect transistors. Biosens. Bioelectron. 2008, 24, 279–283. [CrossRef]
27. He, Z.-X.; Shi, L.-C.; Ran, X.-Y.; Li, W.; Wang, X.-L.; Wang, F. Development of a Lateral Flow Immunoassay for the Rapid Diagnosis

of Invasive Candidiasis. Front. Microbiol. 2016, 7, 1451. [CrossRef] [PubMed]
28. Jiang, X.; Dong, D.; Bian, L.; Zou, D.; He, X.; Ao, D.; Yang, Z.; Huang, S.; Liu, N.; Liu, W.; et al. Rapid Detection of Candida

albicans by Polymerase Spiral Reaction Assay in Clinical Blood Samples. Front. Microbiol. 2016, 7, 916. [CrossRef]

http://doi.org/10.1099/00222615-29-1-51
http://doi.org/10.1128/IAI.69.5.2957-2963.2001
http://doi.org/10.1111/j.1749-6632.1960.tb40900.x
http://www.ncbi.nlm.nih.gov/pubmed/13808012
http://doi.org/10.1080/21505594.2016.1237332
http://www.ncbi.nlm.nih.gov/pubmed/27657355
http://doi.org/10.1128/CMR.3.1.32
http://www.ncbi.nlm.nih.gov/pubmed/2404567
http://doi.org/10.1093/cid/cis021
http://doi.org/10.1086/421946
http://doi.org/10.1371/journal.pone.0120452
http://www.ncbi.nlm.nih.gov/pubmed/25822249
http://doi.org/10.2147/CLEP.S66998
http://doi.org/10.1056/NEJMoa1306801
http://www.ncbi.nlm.nih.gov/pubmed/24670166
http://doi.org/10.1128/JCM.00179-11
http://www.ncbi.nlm.nih.gov/pubmed/21715585
http://doi.org/10.1007/s00134-014-3408-3
http://www.ncbi.nlm.nih.gov/pubmed/25097069
http://doi.org/10.1128/IAI.72.11.6633-6641.2004
http://www.ncbi.nlm.nih.gov/pubmed/15501796
http://doi.org/10.1371/journal.ppat.1003965
http://doi.org/10.1093/cid/civ933
http://www.ncbi.nlm.nih.gov/pubmed/26679628
http://doi.org/10.1093/cid/cit006
http://doi.org/10.1128/JCM.01909-17
http://www.ncbi.nlm.nih.gov/pubmed/29444828
http://doi.org/10.1016/S1074-7613(03)00233-4
http://doi.org/10.3390/jof3040063
http://www.ncbi.nlm.nih.gov/pubmed/29371579
http://doi.org/10.1093/cid/ciq206
http://www.ncbi.nlm.nih.gov/pubmed/21367728
http://doi.org/10.1177/193229681000400225
http://www.ncbi.nlm.nih.gov/pubmed/20307405
http://doi.org/10.1089/dia.2008.0005
http://doi.org/10.1016/j.bios.2005.02.004
http://www.ncbi.nlm.nih.gov/pubmed/16257652
http://doi.org/10.1016/j.bios.2008.03.046
http://doi.org/10.3389/fmicb.2016.01451
http://www.ncbi.nlm.nih.gov/pubmed/27679622
http://doi.org/10.3389/fmicb.2016.00916


Micromachines 2021, 12, 166 10 of 10

29. Kwasny, D.; Tehrani, S.E.; Almeida, C.; Schjødt, I.; Dimaki, M.; Svendsen, W.E. Direct Detection of Candida albicans with a
Membrane Based Electrochemical Impedance Spectroscopy Sensor. Sensors 2018, 18, 2214. [CrossRef] [PubMed]

30. Ribes, A.; Aznar, E.; Santiago-Felipe, S.; Xifre-Perez, E.; Tormo-Mas, M.; Ángeles; Pemán, J.; Marsal, L.F.; Martínez-Máñez, R.
Selective and Sensitive Probe Based in Oligonucleotide-Capped Nanoporous Alumina for the Rapid Screening of Infection
Produced by Candida albicans. ACS Sensors 2019, 4, 1291–1298. [CrossRef] [PubMed]

31. Fan, Y.-J.; Huang, M.-Z.; Hsiao, Y.-C.; Huang, Y.-W.; Deng, C.-Z.; Yeh, C.; Husain, R.A.; Lin, Z.-H. Enhancing the sensitivity
of portable biosensors based on self-powered ion concentration polarization and electrical kinetic trapping. Nano Energy 2020,
69, 104407. [CrossRef]

32. Deng, C.-Z.; Fan, Y.-J.; Chung, P.-S.; Sheen, H.-J. A Novel Thermal Bubble Valve Integrated Nanofluidic Preconcentrator for
Highly Sensitive Biomarker Detection. ACS Sensors 2018, 3, 1409–1415. [CrossRef] [PubMed]

33. Fan, Y.-J.; Deng, C.-Z.; Chung, P.-S.; Tian, W.-C.; Sheen, H.-J. A high sensitivity bead-based immunoassay with nanofluidic
preconcentration for biomarker detection. Sensors Actuators B Chem. 2018, 272, 502–509. [CrossRef]

34. Fan, Y.-J.; Sheen, H.-J.; Hsu, C.-J.; Liu, C.-P.; Lin, S.; Wu, K.-C. A quantitative immunosensing technique based on the measurement
of nanobeads’ Brownian motion. Biosens. Bioelectron. 2009, 25, 688–694. [CrossRef]

35. Fan, Y.-J.; Sheen, H.-J.; Liu, Y.-H.; Tsai, J.-F.; Wu, T.-H.; Wu, K.-C.; Lin, S. Detection of C-Reactive Protein in Evanescent Wave Field
Using Microparticle-Tracking Velocimetry. Langmuir 2010, 26, 13751–13754. [CrossRef]

36. Chuang, C.-S.; Wu, C.-Y.; Juan, P.-H.; Hou, N.-C.; Fan, Y.-J.; Wei, P.-K.; Sheen, H.-J. LMP1 gene detection using a capped gold
nanowire array surface plasmon resonance sensor in a microfluidic chip. Analyst 2020, 145, 52–60. [CrossRef]

37. Chen, F.-L.; Fan, Y.-J.; Lin, J.-D.; Hsiao, Y.-C. Label-free, color-indicating, and sensitive biosensors of cholesteric liquid crystals on
a single vertically aligned substrate. Biomed. Opt. Express 2019, 10, 4636–4642. [CrossRef] [PubMed]

38. Fan, Y.-J.; Chen, F.-L.; Liou, J.-C.; Huang, Y.-W.; Chen, C.-H.; Hong, Z.-Y.; Lin, J.-D.; Hsiao, Y.-C. Label-Free Multi-Microfluidic
Immunoassays with Liquid Crystals on Polydimethylsiloxane Biosensing Chips. Polymers 2020, 12, 395. [CrossRef] [PubMed]

39. Chang, T.-K.; Cheng, T.-M.; Chu, H.-L.; Tan, S.-H.; Kuo, J.-C.; Hsu, P.-H.; Su, C.-Y.; Chen, H.-M.; Lee, C.-M.; Kuo, T.-R. Metabolic Mech-
anism Investigation of Antibacterial Active Cysteine-Conjugated Gold Nanoclusters in Escherichia coli. ACS Sustain. Chem. Eng. 2019,
7, 15479–15486. [CrossRef]

40. Fan, Y.-J.; Hsieh, H.-Y.; Tsai, S.-F.; Wu, C.-H.; Lee, C.-M.; Liu, Y.-T.; Lu, C.-H.; Chang, S.-W.; Chen, B.-C. Microfluidic channel
integrated with a lattice lightsheet microscopic system for continuous cell imaging. Lab Chip 2021, 21, 344–354. [CrossRef]
[PubMed]

41. Fan, Y.-J.; Hsiao, Y.-C.; Weng, Y.-L.; Chen, Y.-H.; Chiou, P.-Y.; Sheen, H.-J. Development of a parallel three-dimensional microfluidic
device for high-throughput cytometry. Sensors Actuators B Chem. 2020, 320, 128255. [CrossRef]

42. Fan, Y.J.; Wu, Y.C.; Chen, Y.; Kung, Y.C.; Wu, T.H.; Huang, K.W.; Sheen, H.J.; Chiou, P.-Y. Three dimensional microfluidics with
embedded microball lenses for parallel and high throughput multicolor fluorescence detection. Biomicrofluidics 2013, 7, 044121.
[CrossRef]

43. Fan, Y.-J.; Hsu, Y.-C.; Gu, B.-C.; Wu, C.-C. Voltammetric measurement of Escherichia coli concentration through p-APG hydrolysis
by endogenous β-galactosidase. Microchem. J. 2020, 154, 104641. [CrossRef]

44. Owiredu, W.K.B.A.; Amegatcher, G.; Amidu, N. Precision and accuracy of three blood glucose meters: Accu-chek ad-vantage,
one touch horizon and sensocard. J. Med. Sci. 2009, 9, 185–193. [CrossRef]

http://doi.org/10.3390/s18072214
http://www.ncbi.nlm.nih.gov/pubmed/29996525
http://doi.org/10.1021/acssensors.9b00169
http://www.ncbi.nlm.nih.gov/pubmed/31020831
http://doi.org/10.1016/j.nanoen.2019.104407
http://doi.org/10.1021/acssensors.8b00323
http://www.ncbi.nlm.nih.gov/pubmed/29888596
http://doi.org/10.1016/j.snb.2018.05.141
http://doi.org/10.1016/j.bios.2009.07.037
http://doi.org/10.1021/la102137j
http://doi.org/10.1039/C9AN01419E
http://doi.org/10.1364/BOE.10.004636
http://www.ncbi.nlm.nih.gov/pubmed/31565514
http://doi.org/10.3390/polym12020395
http://www.ncbi.nlm.nih.gov/pubmed/32050563
http://doi.org/10.1021/acssuschemeng.9b03048
http://doi.org/10.1039/D0LC01009J
http://www.ncbi.nlm.nih.gov/pubmed/33295931
http://doi.org/10.1016/j.snb.2020.128255
http://doi.org/10.1063/1.4818944
http://doi.org/10.1016/j.microc.2020.104641
http://doi.org/10.3923/jms.2009.185.193

	Introduction 
	Materials and Methods 
	Candida Cell Culture 
	Sample Measurement 

	Results 
	Glucan Sensing for System Optimization 
	C. albicans Detection 
	Spiked Sample Test 

	Conclusions 
	References

