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Abstract 

Fungi are eukaryotic organisms that form part of the human microbiome. Several 

species of fungi are opportunistic pathogens which can cause detrimental human infections. 

In humans, fungal diseases have been known to be the cause of sepsis, a life-threatening 

reaction caused by the complication of an infection. Additionally, the Candida species 

causes yeast infections in the mucosal tissues of many healthy people. In this thesis, I work 

to develop a rapid antifungal susceptibility testing method to guide clinical treatment of 

serious yeast infections.  I began by establishing a novel method of detecting Candida 

growth in vitro by measuring changes in growth media density. Then I examined how this 

approach can be used to identify resistance to clinically relevant antifungals. I also 

performed additional studies to further our understanding of growth media density changes 

during in vitro culture of Candida. Development of a rapid antifungal susceptibility test 

will allow clinicians to accurately and efficiently identify treatments for Candida fungal 

blood infections that will ultimately lead to higher patient survival. 
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Chapter I. 

Introduction 

Fungi belong to a large group of eukaryotic organisms which include yeasts, molds, 

and mushrooms. Molecular evidence suggests that fungi are more closely related to animals 

than they are to plants (Asiegbu et al., 2021). In fact, the Tree of Life Project revealed that 

the animal and fungus kingdoms both belong to the broad eukaryotic group Opisthokonta 

(Carris et al., 2012). The Fungi Kingdom includes at least 11 separate groups with diverse 

genetics, morphologies, and life histories (Bueno et al., 2014). Though not as old as 

bacteria, fungi are an ancient group. The earliest fungal fossils are from the Ordovician 

geologic period, about 460 to 455 million years old (Redecker et al., 2000). There is also 

evidence of mushroom-forming fungi preserved in amber from the Late Cretaceous (94 

million years ago) that are remarkably similar to mushrooms that exist today (Hibbett et 

al., 2003). However, the fungal fossil record is incomplete and provides only a minimum 

time estimate for when different groups of fungi evolved. Molecular data suggests that 

fungi are much older than indicated by the fossil record, and may have arisen more than 

one billion years ago when the animal and fungi kingdoms diverged from their last 

common ancestor (a unicellular organism that lived in the oceans propelled by a flagellum) 

(Parfrey et al., 2011; Bueno et al., 2014). According to Hawksworth (2001), the total 

number of fungal species that exist today is estimated at 1.5 million. It is known that at 

least 99,000 species of fungi have been classified, leaving the vast majority of fungi yet to 

be described (Blackwell, 2011). 

Fungi are unicellular or multicellular eukaryotic organisms that have 

morphological variability in size, structure, and metabolic activity (Bueno et al., 2014). 
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They are primarily composed of water, carbohydrates, proteins, and lipids. Most of the 

organelles present in fungal cells are similar to those of other eukaryotes. Fungal nuclei are 

usually less than 2 µm in diameter and have between 6-21 chromosomes coding between 

6,000-18,000 genes. Further, their genome sizes range from 8.5-400 megabase pairs 

(Zolan, 1995; Spanu et al., 2010; Duplessis et al., 2011). This makes fungal genomes 

among the smallest of eukaryotic organisms on average—approximately 1% the size of 

mammalian genomes and only 1.3 times the size of the largest known bacterial genome 

(Stover et al., 2000). 

Morphological characteristics of fungi include the mycelium and hyphae. A key 

characteristic of fungi that has contributed to their successful exploitation of diverse 

ecological niches is the formation of a filamentous thallus called the mycelium. A 

mycelium is composed of branching, microscopic tubular cells called hyphae that grow 

apically through and across substrates or food sources, secreting enzymes that break down 

complex substrates into simple compounds that can be absorbed back through the cell wall, 

which is typically composed of chitin (Carris et al, 2012).  

Hyphae can have cross walls called septa. Hyphae which lack cross walls are called 

nonseptate. In fungi that form septate hyphae, there are perforations at the septa, called 

septal pores, which allow the movement of cytoplasm and organelles from one 

compartment to the next. The type and complexity of the septal pore is characteristic of 

specific groups of fungi. Hyphae grow from a germinating spore or other type of propagule. 

They elongate almost exclusively at the tips, growing outwards from the point of 

establishment. As a result of apical growth, hyphae are relatively uniform in diameter, and 

mycelium that grow in an unimpeded manner forms a circular colony on solid substrates 
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that support fungal growth. Agar, a gelatinous material derived from seaweed, amended 

with different types of nutrients is commonly used to grow fungi in culture (Carris et al., 

2012).  

Some fungi grow exclusively or mostly as yeasts, defined as single-celled fungi 

that reproduce by budding or fission. In contrast to apical growth that is characteristic of 

hyphae, yeasts exhibit wall growth over the entire cell surface, often resulting in a nearly 

spherical cell. There are also fungi that can switch between mycelial growth and yeast-like 

growth, dependent upon the environmental conditions. The ability to grow in these 

different forms is called dimorphism (Carris et al., 2012). 

Fungi are involved in a wide range of activities—some fungi are decomposers, 

parasites or pathogens of other organisms, and others are beneficial partners in symbiosis 

with animals, plants or algae. In humans, there are several different types of diseases caused 

by fungal infections, or mycoses. The most common are caused by dermatophytes, fungi 

that colonize dead keratinized tissue including skin, fingernails, and toenails. 

Dermatophytes cause superficial infections such as ringworm that are difficult to treat but 

are rarely serious. Some fungi are members of the resident microflora in healthy people, 

but become pathogenic in people with predisposing conditions. Specifically, Candida 

species cause yeast infections in the mucosal tissues of many healthy people, but can also 

cause diseases collectively called candidiasis in babies and immunocompromised 

individuals. Another group of fungi are inhaled as spores and initiate infection through the 

lungs. These fungi include Coccidioides immitis (coccidioidomycosis, commonly known 

as valley fever) and Histoplasma capsulatum (histoplasmosis). Opportunistic fungal 

pathogens are normally not associated with humans and other animals, but can cause 
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serious infections in weakened or healthy individuals when inhaled or implanted in 

wounds. Aspergillus fumigatus is an opportunist that produces small, airborne spores that 

are frequently inhaled.  In immunocompromised individuals the fungus starts growing 

invasively, causing a disease known as aspergillosis. Pneumocystis carinii, the organism 

causing pneumonia-like symptoms in immunocompromised patients, is an unusual fungus 

that has emerged as one of the leading causes of death in acquired immunodeficiency 

syndrome patients in the late twentieth century (Carris et al, 2012). 

Fungal diseases in humans have been known to be the cause of sepsis, a life-

threatening complication of an infection. Sepsis is the body’s extreme response to an 

invasive infection. It triggers a chain reaction throughout the body causing chemicals to be 

released into the bloodstream in order to fight the infection. This can cause a cascade of 

changes that will damage multiple organ systems, leading them to fail, and sometimes 

resulting in death. Infections that lead to sepsis most often start in the lung, urinary tract, 

skin, or gastrointestinal tract (Mayo Clinic, 2022). 

According to the Centers of Disease Control and Prevention (CDC) (2021), at least 

1.7 million adults in the United States (US) develop sepsis each year, and nearly 270,000 

die as a result. Sepsis is the leading cause of death in hospitals and can be caused by fungal 

infections (CDC, 2021). While bacterial infections are the primary cause of sepsis, 17% of 

sepsis in US hospitals is attributable to the Candida fungal species (Dolin et al., 2019). 

Some fungal diseases can be more severe than others and often cause symptoms similar to 

other illnesses (CDC, 2021). Because of this, proper diagnosis and treatment are often 

delayed, and the clinician is not able to treat the patient in a timely manner. Candida auris, 

specifically, is an emerging fungal pathogen that presents a serious global health threat 
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because it is multidrug-resistant and has caused outbreaks in healthcare settings (Spivak et 

al., 2018). It is also difficult to identify with standard laboratory methods. Without specific 

technology, Candida auris can be misidentified in labs and this may lead to inappropriate 

clinical management. Currently, antifungal susceptibility tests (AFSTs) are used to 

determine which antifungals will inhibit the growth of the fungi causing a specific 

infection. Due to the requirement for culture times, isolation processes, and antifungal 

testing incubation times, it may take several days before testing results are achieved in the 

clinic. Unfortunately, fungal diseases are rising in prevalence in the US, and there is no 

rapid AFST approved through the Food and Drug Administration. 

Affinity Biosensors, LLC (ABio) develops instruments for rapid diagnostics of 

blood infections. Their core technology in the LifeScale (LS) instrument measures the 

masses of individual bacteria or clumps of bacterial particles. LS’s core technology is based 

upon a resonant mass method (Burg et al., 2007), in which a mechanically resonant 

microchannel is used to monitor microbial growth by detecting and measuring the mass of 

individual microbes at high throughput. LS utilizes a microfluidic channel embedded inside 

the silicon resonator. As microbial particles pass through the channel within the sensor, the 

mass within the channel increases, thereby lowering the resonant frequency (Figure 1) 

(Schneider et al., 2016). Taken together, ABio uses this technology to determine antibiotic 

susceptibility. 
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Figure 1. The LifeScale sensor. 

As the microbe passes along the microfluidic channel resonator from position 1 to 3, its 

individual mass is determined from the shift in resonator frequency (Schneider et al., 

2016). 

ABio drafted an initial protocol to test the feasibility of antifungal susceptibility 

experiments. This protocol includes sample preparation procedures and inoculum loads for 

a small number of Candida strains. Unlike bacteria, which are small enough to pass through 

the resonating sensor of the LS instrument, Candida cells can become lodged within the 

sensor or produce hyphae which prevent entry into the sensor’s microfluidic channel. This 

prevents direct measurement of Candida cells, but does not prevent measurement of the 

growth media. Growth media density determines the mass present within the volume of the 

sensor’s microfluidic channel, thus changes in fluid density affect the resonant frequency 

of the sensor. 

Preliminary data using the YeastOneTM broth microdilution method and LS density 

measurements have been collected on some of the Candida species that will be tested in 

this thesis.  This data revealed that the growth of yeast results in decreased density in media, 
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as indicated by an increase in resonator frequency, while no growth results in no change in 

density (Figure 2). Previous studies showed that strains of Candida growing in in vitro 

culture and endogenously in the gastrointestinal system are known to produce ethanol 

during growth (Doing et al., 2020; Painter et al., 2020). Thus, ABio’s preliminary data that 

fungal growth results in reduced density of the growth media can presumably be due to 

increasing concentrations of ethanol. The parameters used in these preliminary 

experiments will be altered to optimize signal-to-noise ratios while minimizing incubation 

time to develop a rapid AFST.  All preliminary work generated by ABio was used as a 

starting point to inform, re-examine, and refine the research methods carried out in this 

thesis. 

Fungi are eukaryotic organisms that have evolved to cause detrimental human 

infections. Because of this, there is an essential need for a rapid AFST that will allow 

clinicians to accurately and efficiently identify patient treatments for fungal diseases. The 

ultimate goal for this project was to develop a proof-of-principle for a rapid AFST based 

on the core technology of ABio’s LS instrument.
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Figure 2. Preliminary fungal growth measurement for Candida krusei in the presence of 

antifungal micafungin.   

Fungal growth was measured using the Sensititre™ YeastOne™ Y09 antifungal testing 

plate according to the manufacturer’s instructions. Growth is indicated by wells with a 

pink/red color. Growth media was measured using the LS instrument.  This plot shows 

the resonant frequency of the sensor loaded with growth media. Wells positive for 

Candida growth have an increased resonant frequency, indicating a lower density 

(Babcock, 2020). 
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Chapter II. 

Materials and Methods 

Materials and Methods 1 

Materials and Methods 1 was used to generate results for the following study: 

 Antifungal MIC Based on the Reference Method 

 

1. Sensititre™ YeastOne™ Y09 susceptibility plate (antifungals present) 

2. Adhesive seal 

3. YeastOne™ inoculum broth 

4. 0.5 McFarland (MCF) turbidity standard 

5. Bacteriological loop 

6. 20 microliter (μl) pipettor and disposable tips 

7. Sterile inoculum reservoir 

8. 100 μl pipettor and disposable tips 

9. Sabauroud Dextrose Agar (SDA) fungal growth medium agar plates 

10. Incubator 34-36 oC, non-carbon dioxide (CO2) 

11. Vortex mixer 

12. Sterile test tubes 

13. Current Clinical and Laboratory Standards Institute (CLSI) documents 

14. Test and quality control (QC) strains (Table 1) 
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Table 1. All 28 test and QC Candida strains. 

# Genus Species Strain Type 

1 Candida albicans JH-A24 test 

2 Candida krusei JH-K2 test 

3 Candida glabrata JH-G118 test 

4 Candida parapsilosis JH-P7 test 

5 Candida tropicalis JH-T37 test 

6 Candida glabrata IOWA-20722077 test 

7 Candida parapsilosis IOWA-20722099 test 

8 Candida albicans IOWA-20724022 test 

9 Candida krusei IOWA-20724044 test 

10 Candida tropicalis IOWA-20735011 test 

11 Candida dubliniensis IOWA-20680084 test 

12 Candida guilliermondii IOWA-20695055 test 

13 Candida glabrata MCW-03 test 

14 Candida parapsilosis MCW-01 test 

15 Candida albicans MCW-02 test 

16 Candida krusei MCW-07 test 

17 Candida tropicalis MCW-06 test 

18 Candida dubliniensis MCW-04 test 

19 Candida guilliermondii MCW-05 test 

20 Candida glabrata AR0314 test 

21 Candida albicans ATCC-64124 test 

22 Candida parapsilosis AR0339 test 

23 Candida tropicalis AR0345 test 

24 Candida duobushaemulonii AR0391 test 

25 Candida haemulonii AR0393 test 

26 Candida lusitaniae AR0398 test 

27 Candida krusei ATCC-6258 QC 

28 Candida parapsilosis ATCC-22019 QC 
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Antifungal minimum inhibitory concentration (MIC) was determined by broth 

microdilution using the Sensititre™ YeastOne™ in vitro diagnostic plates according to the 

manufacturer’s instructions (MCS, 2012). 

 

Figure 3. Sensititre™ YeastOne™ Y09 susceptibility plate format. 

(ThermoFisher, 2022). 

1. SPECIMEN COLLECTION AND PREPARATION: Specimens were collected, 

transported, stored and then plated on to SDA fungal growth medium agar plates to 

give isolated colonies using standard procedures (CLSI, 2022). The plate was 

placed into a non-CO2 34-36 oC incubator for 16-24 hours (hrs) before use. 

2. INOCULATION PROCEDURE WITH SUSCEPTIBILITY TEST BROTH: 

YeastOne™ inoculum broth came up to room temperature before use.  

a. Several well-isolated colonies of  >1 millimeter (mm) diameter from 

a pure 16-24 hr culture of the yeast isolate were picked, and 
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emulsified into YeastOne™ inoculum broth. The suspension was 

vortexed for 15 seconds (sec) to ensure that the suspension was 

uniform. If clumping occurred, the suspension settled before 

adjusting the density. The suspension was adjusted to a 0.5 MCF 

standard turbidity. 

b. 20 µl of the suspension was transferred into 11 ml of YeastOne™ 

inoculum broth to give an inoculum of 1.5-8 x 103 colony forming 

units (CFU) per milliliter (ml). This was completed in 15 minutes 

(min).  

c. 100 μl of the suspension was transferred into each well of a 

Sensititre™ YeastOne™ Y09 susceptibility plate with antifungals 

present. The broth was first poured into a sterile seed trough and 

then used to inoculate the plate using an appropriate pipette. This 

was completed in 15 min. This plate was used as the reference plate. 

d. A check of the colony count was done by removing 10 µl from the 

positive control well and plating onto an SDA fungal growth 

medium agar plate. The positive control well was thoroughly mixed 

prior to withdrawing the 10 µl needed for plating. 

e. All wells were covered with the adhesive seal. Creases were avoided 

as these can lead to skips. 

3. INCUBATION: The Sensititre™ YeastOne™ Y09 susceptibility plate with 

antifungals present and the SDA fungal growth medium agar plate with the positive 
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control were minimally incubated for 24-25 hrs up to 72 hrs at 34-36 oC in a non-

CO2 incubator. Up to 3 plates were stacked in the incubator. 

4. READING TEST RESULTS: Sensititre™ YeastOne™ Y09 susceptibility plates 

were read visually under normal laboratory lighting. Yeast growth in the antifungal 

solutions were evident as a change in the colorimetric growth indicator from blue 

(negative) to pink/red (positive). Some yeasts did not change the indicator 

completely to pink/red, but displayed more of a purple indicator color. 

TURBIDITY IN THE SENSITITRE™ YEASTONE™ PLATES WERE NOT 

READ. Only color change was read. 

a. The positive growth well was examined after 24-25 hrs incubation 

(Candida species). When the growth well was pink/red, the 

endpoints for the antifungals could be interpreted. If the well was 

still blue or only faintly purple, the plate was re-incubated an 

additional 24 hrs and then re-examined.  

b. The MIC is the lowest concentration of an antifungal agent that 

substantially inhibits growth of the organism as detected by a color 

change. The amount of color change in the wells containing the 

agent was compared to the color of the positive growth-control 

wells. 

c. No growth occurred when there was no change in the blue indicator 

in any dilution of an antifungal. The organism was susceptible to the 

lowest concentration of antifungal. 
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d. The MIC was recorded as the lowest concentration of antifungal 

agent that prevented the development of a pink/red growth well, i.e. 

first blue (Figure 4). 

 

Figure 4. First blue indication before color change is the MIC, as seen in Candida glabrata 

(JH-G118) when the antifungal concentration of IZ is 0.12 µg/ml. 

 

e. The organism was resistant to the highest concentration of 

antifungal when growth was seen in all wells. The MIC endpoint 

was recorded as “greater than” (>) the highest concentration. 

f. Contamination/Skips: Alternatively, as illustrated in Figure 5, a 

pink/red well (growth) between blue wells (no growth) were 

indicative of contamination. Well contents were sub-cultured to 

ascertain the cause. A blue well in a series of red growth wells 

indicated a “skip” and were ignored. The MIC was read above any 

skip wells. The antifungal was not reported when where was more 

than one skipped well. 
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Figure 5. Interpretation of test results that occurred. 

(adapted from MSC, 2012). 

g. Eagle Effect on Echinocandins: The eagle effect, a paradoxical 

reduced killing activity at antibiotic concentrations above its MIC, 

has been reported in fungi (Prasetyoputri et al., 2018). This 

paradoxical growth is consistently found for Candida species when 

treated with echinocandins (Marcos-Zambrano et al., 2016; van 

Asbeck et al., 2008).  The Sensititre™ YeastOne™ Y09 

susceptibility plate includes 3 echinocandins: AND, CAS, and MF. 

A trend of at least two pink/red wells of higher concentration beyond 

the MIC indicated an eagle effect (Figure 6). 
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Figure 6. Eagle effect seen in Candida tropicalis (IOWA-20735011) when the antifungal 

concentration of MF is 1-8 µg/ml. 

 

5. MIC Breakpoints and Interpretive Categories: After the MIC for each antifungal 

agent for each Candida strain was identified, the CLSI guidelines “M27M44S 

Performance Standards for Antifungal Susceptibility Testing of Yeasts” were 

followed in order to interpret the correct category (S = susceptible, I = intermediate, 

SDD = susceptible-dose dependent, R = resistant) for each antifungal agent per 

their MIC breakpoint (CLSI, 2022). 

6. QUALITY CONTROL: The Sensititre™ YeastOne™ Y09 susceptibility plate 

includes positive control well A1.  A test was invalid unless there is distinct growth 

in the positive control well. The SDA fungal growth medium agar plate had 

colonies to be counted and confirmed positive growth for the positive control. The 

CFU/ml was then calculated. 
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Materials and Methods 2 

Materials and Methods 2 was used to generate results for the following study: 

 Optimal Incubation Time for Growth Measurement 

 

1. Empty Sensititre™ plate (no antifungals present)  

2. Adhesive seal 

3. YeastOne™ inoculum broth 

4. 0.5 MCF turbidity standard 

5. Bacteriological loop 

6. Sterile inoculum reservoir 

7. 100 μl pipettor and disposable tips 

8. SDA fungal growth medium agar plates 

9. Incubator 34-36 oC, non-CO2 

10. Vortex mixer 

11. Sterile test tubes 

12. Current CLSI documents 

13. Test and QC strains (Table 1) 
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1. SPECIMEN COLLECTION AND PREPARATION: Specimens were collected, 

transported, stored and then plated on to SDA fungal growth medium agar plates to 

give isolated colonies using standard procedures (CLSI, 2022). The plate was 

placed into a non-CO2 34-36 oC incubator for 16-24 hrs before use. 

2. INOCULATION PROCEDURE WITH SUSCEPTIBILITY TEST BROTH: 

YeastOne™ inoculum broth came up to room temperature before use.  

a. Several well-isolated colonies of  >1 mm diameter were picked from 

a pure 16-24 hr culture of the yeast isolate, and emulsified into 

YeastOne™ inoculum broth. The suspension was vortexed for 15 

sec to ensure that the suspension is uniform. If clumping occurred, 

the suspension settled before adjusting the density. The suspension 

was adjusted to a 0.5 MCF standard turbidity. 

b. 100 μl was transferred into each well of an empty Sensititre™ plate 

lacking antifungals. This was completed in 15 min. 

c. All wells were covered with the adhesive seal. Creases were avoided 

as these can lead to skips, as described in Materials and Methods 1, 

Step 4f. 

3. INCUBATION AND LS MEASUREMENT: The inoculated Sensititre™ plates 

were incubated for different amounts of time. A 0 hr plate was measured 

immediately after inoculation. The remaining plates were measured at 2 hr intervals 

following incubation at 34-36 oC in a non-CO2 incubator.  
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Materials and Methods 3 

Materials and Methods 3 was used to generate results for the following study: 

 Optimal Inoculation Concentration 

 

1. Sensititre™ YeastOne™ Y09 susceptibility plate (antifungals present) 

2. Adhesive seal 

3. YeastOne™ inoculum broth 

4. 4.0 MCF turbidity standard 

5. Bacteriological loop 

6. Sterile inoculum reservoir 

7. 100 μl pipettor and disposable tips 

8. SDA fungal growth medium agar plates 

9. Incubator 34-36 oC, non-CO2 

10. Vortex mixer 

11. Sterile test tubes 

12. Current CLSI documents 

13. Subset of 6 test strains (Table 2) 

Table 2. Subset of 6 test Candida strains. 

# Genus Species Strain Type 

1 Candida albicans JH-A24 Medium 

18 Candida dubliniensis MCW-04 Medium 

20 Candida glabrata AR0314 High 

22 Candida parapsilosis AR0339 Low 

23 Candida tropicalis AR0345 High 

24 Candida duobushaemulonii AR0391 Low 
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1. SPECIMEN COLLECTION AND PREPARATION: Specimens were collected, 

transported, stored and then plated on to SDA fungal growth medium agar plates to 

give isolated colonies using standard procedures (CLSI, 2022). The plate was 

placed into a non-CO2 34-36 oC incubator for 16-24 hrs before use. 

2. INOCULATION PROCEDURE WITH SUSCEPTIBILITY TEST BROTH: 

YeastOne™ inoculum broth came up to room temperature before use. 

a. Several well-isolated colonies of  >1 mm diameter were picked from 

a pure 16-24 hr culture of the yeast isolate, and emulsified into 

YeastOne™ inoculum broth. The suspension was vortexed for 15 

sec to ensure that the suspension was uniform. If clumping occurred, 

the suspension settled before adjusting the density. The suspension 

was adjusted to a 4.0 MCF standard turbidity. 

b. 100 μl was transferred into each well of a Sensititre™ YeastOne™ 

Y09 susceptibility plate with antifungals present. The broth was 

poured into a sterile seed trough and then the plate was inoculated 

using an appropriate pipette. This was completed in 15 min. 

c. All wells were covered with the adhesive seal. Creases were avoided 

as these can lead to skips, as described in Materials and Methods 1, 

Step 4f. 

3. INCUBATION AND LS MEASUREMENT: The inoculated Sensititre™ 

YeastOne™ Y09 susceptibility plate was incubated for 8 hrs at 34-36 oC in a non-

CO2 incubator. Up to 3 were stacked in the incubator. The plate was removed from 

the incubator at 8 hrs and placed onto the LS for measurement. 
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Materials and Methods 4 

Materials and Methods 4 was used to generate results for the following study: 

 Optimal Inoculation Concentration 

 

1. Sensititre™ YeastOne™ Y09 susceptibility plate (antifungals present) 

2. Adhesive seal 

3. YeastOne™ inoculum broth 

4. 0.5 or >2.5 MCF turbidity standards 

5. Bacteriological loop 

6. Sterile inoculum reservoir 

7. 100 μl pipettor and disposable tips 

8. SDA fungal growth medium agar plates 

9. Incubator 34-36 oC, non-CO2 

10. Vortex mixer 

11. Sterile test tubes 

12. Current CLSI documents 

13. Subset of 6 test strains (Table 2) 
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1. SPECIMEN COLLECTION AND PREPARATION: Specimens were collected, 

transported, stored and then plated on to SDA fungal growth medium agar plates to 

give isolated colonies using standard procedures (CLSI, 2022). The plate was 

placed into a non-CO2 34-36 oC incubator for 16-24 hrs before use. 

2. INOCULATION PROCEDURE WITH SUSCEPTIBILITY TEST BROTH: 

YeastOne™ inoculum broth came up to room temperature before use.  

a. Several well-isolated colonies of  >1 mm diameter were picked from 

a pure 16-24 hr culture of the yeast isolate, and emulsified into 

YeastOne™ inoculum broth. The suspension was vortexed for 15 

sec to ensure that the suspension was uniform. If clumping occurred, 

the suspension settled before adjusting the density. The suspension 

was adjusted to a 0.5 or >2.5 MCF standard turbidity. 

b. 20 µl of the suspension was transferred into 11 ml of YeastOne™ 

inoculum broth. The broth was poured into a sterile seed trough and 

then the plate was inoculated using an appropriate pipette. This was 

completed in 15 min. This plate was used for the reference plate. 

c. 100 μl of the suspension was transferred into each well of a 

Sensititre™ YeastOne™ Y09 susceptibility plate. The broth was 

poured into a sterile seed trough and then the plate was inoculated 

using an appropriate pipette. This was completed in 15 min. This 

inoculum was used for the test plate. 
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d. All wells were covered with the adhesive seal. Creases were avoided 

as these can lead to skips, as described in Materials and Methods 1, 

Step 4f. 

3. INCUBATION: The Sensititre™ YeastOne™ Y09 susceptibility test plate was 

incubated for 8 hrs at 34-36 oC in a non-CO2 incubator. Then Sensititre™ 

YeastOne™ Y09 susceptibility reference plate was incubated for 24 hrs at 34-36 

oC in a non-CO2 incubator. Up to 3 plates were stacked in the incubator. 

4. LS MEASUREMENT: The test plate was removed from the incubator at 8 hrs and 

placed onto the LS for measurement. 
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Chapter III. 

Results 

Incubator Required for Methods 

When work began for this thesis, we originally assumed that a SensititreTM plate 

inoculated with Candida can incubate on top of the LS heat block prior to measurement. 

However, after analyzing several LS measurements, we noticed that the readings for 

replicate samples on the same plate or different plates were not consistent and were very 

noisy (data not shown). Similarly, our control samples consisting of media alone on empty 

SensititreTM plates showed variation from well to well (data not shown). This variation was 

not observed with water alone (data not shown). We suspected that because the LS heat 

block is only heating from the bottom, the samples at the bottom of the plate heat up and 

the unheated plate seal at the top develops condensation above each well. 

We are measuring the density of growth media, which is a mixture of water and 

solutes. The transfer of water from the sample to the seal through evaporation and 

condensation would result in an increased concentration of solutes in the well. This process 

would increase the density of the growth media. Further, condensate can drip from the plate 

seal and back into the well, causing chaotic fluctuations in density that cannot be predicted. 

To prevent growth media density changes arising from evaporation, inoculated 

plates were incubated in an enclosed incubator, in which samples are heated from all sides. 

After analyzing several LS measurements, this incubator method did not result in 

condensation on the top plate seal and the LS measurements became more consistent. 

Therefore, we concluded that every SensititreTM plate needs to be heated within an 



 

 

25 

 

incubator instead of on top of the LS heat block, and this method was adopted for all thesis 

work. 
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Antifungal MIC Based on the Reference Method 

(Utilized Materials and Methods 1) 

In this thesis, I investigated the susceptibility of the Candida fungi species to 

varying concentrations of antifungals. I began with establishing a reference using a 

commercially-available method to determine the antifungal MIC for each Candida strain. 

The results of this section were attained from executing Materials and Methods 1.  

Table 3 summarizes the MCF reading, positive control cell colony count, and 

CFU/ml for 28 Candida strains. Though most of the calculated CFU/ml were within the 

expected range, some strains did not have a CFU/ml within 1.5-8 x 103, despite having a 

0.5 MCF turbidity reading. 

Table 3. MCF reading, positive control cell colony count, and CFU/ml for 28 Candida 

strains. 

5.  

6. # 

7.  

8.  

9. Genus 

10.  

11. Species 

12.  

13. Strain 

 

MacFarland 

Reading 

14.  

15. Positive Control 

Cell Colony 

Count 

 

CFU/ml 

1 Candida albicans JH-A24 0.59 60 6.0 x 103 

2 Candida krusei JH-K2 0.52 36 3.6 x 103 

3 Candida glabrata JH-G118 0.58 62 6.2 x 103 

4 Candida parapsilosis JH-P7 0.56 112 1.12 x 104 

5 Candida tropicalis JH-T37 0.53 35 3.5 x 103 

6 Candida glabrata IOWA-20722077 0.57 130 1.30 x 104 

7 Candida parapsilosis IOWA-20722099 0.57 73 7.3 x 103 

8 Candida albicans IOWA-20724022 0.55 31 3.1 x 103 

9 Candida krusei IOWA-20724044 0.58 47 4.7 x 103 

10 Candida tropicalis IOWA-20735011 0.57 21 2.1 x 103 

11 Candida dubliniensis IOWA-20680084 0.55 37 3.7 x 103 

12 Candida guilliermondii IOWA-20695055 0.57 288 2.88 x 104 

13 Candida glabrata MCW-03 0.58 57 5.7 x 103 

14 Candida parapsilosis MCW-01 0.55 70 7.0 x 103 

15 Candida albicans MCW-02 0.58 75 7.5 x 103 

15 Candida krusei MCW-07 0.57 33 3.3 x 103 

17 Candida tropicalis MCW-06 0.56 29 2.9 x 103 

18 Candida dubliniensis MCW-04 0.57 68 6.8 x 103 

19 Candida guilliermondii MCW-05 0.52 213 2.13 x 104 

20 Candida glabrata AR0314 0.58 128 1.28 x 104 

21 Candida albicans ATCC-64124 0.54 75 7.5 x 103 

22 Candida parapsilosis AR0339 0.59 102 1.02 x 104 

23 Candida tropicalis AR0345 0.59 33 3.3 x 103 

24 Candida duobushaemulonii AR0391 0.57 60 6.0 x 103 

25 Candida haemulonii AR0393 0.56 182 1.82 x 104 

26 Candida lusitaniae AR0398 0.54 143 1.43 x 104 

27 Candida krusei ATCC-6258 0.54 12 1.2 x 103 

28 Candida parapsilosis ATCC-20019 0.57 78 7.8 x 103 
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Figure 7. The MIC for 28 Candida strains and interpretive categories for 5 antifungal 

agents: AND, MF, CAS, VOR, and FZ. 
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Figures 8-35 are images of the reference plates for 28 Candida strains listed in 

Table 1.  Refer to Figure 3 for the Sensititre™ YeastOne™ Y09 susceptibility plate format 

to interpret the result of each reference plate. The resulting MIC values and interpretative 

results for each strain are summarized in Figure 7. Overall, the strains tested were 

susceptible to the antifungals on the panel. There were 5 strains resistant to at least one 

echinocandin (AND, MF, and CAS), and 9 strains resistant to at least one azole (PZ, VOR, 

IZ, and FZ). Several antifungals do not have CLSI interpretative breakpoints, including 

FC, PZ, IZ, and AB.  

 

Figure 8. Reference plate for Candida albicans (JH-A24). 

 

 



 

 

29 

 

 

Figure 9. Reference plate for Candida krusei (JH-K2). 

 

Figure 10. Reference plate for Candida glabrata (JH-G118). 

 

Figure 11. Reference plate for Candida parapsilosis (JH-P7). 
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Figure 12. Reference plate for Candida tropicalis (JH-T37). 

 

Figure 13. Reference plate for Candida glabrata (IOWA-20722077). 

 

Figure 14. Reference plate for Candida parapsilosis (IOWA-20722099). 
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Figure 15. Reference plate for Candida albicans (IOWA-20724022). 

 

Figure 16. Reference plate for Candida krusei (IOWA-20724044). 

 

Figure 17. Reference plate for Candida tropicalis (IOWA-20735011). 
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Figure 18. Reference plate for Candida dubliniensis (IOWA-20680084). 

 

Figure 19. Reference plate for Candida guilliermondii (IOWA-20695055). 

 

Figure 20. Reference plate for Candida glabrata (MCW-03). 



 

 

33 

 

 

Figure 21. Reference plate for Candida parapsilosis (MCW-01). 

 

Figure 22. Reference plate for Candida albicans (MCW-02). 

 

Figure 23. Reference plate for Candida krusei (MCW-07). 
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Figure 24. Reference plate for Candida tropicalis (MCW-06). 

 

Figure 25. Reference plate for Candida dubliniensis (MCW-04). 

 

Figure 26. Reference plate for Candida guilliermondii (MCW-05). 
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Figure 27. Reference plate for Candida glabrata (AR0314). 

 

Figure 28. Reference plate for Candida albicans (ATCC-64124). 

 

Figure 29. Reference plate for Candida parapsilosis (AR0339). 
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Figure 30. Reference plate for Candida tropicalis (AR0345). 

 

Figure 31. Reference plate for Candida duobushaemulonii (AR0391). 

 

Figure 32. Reference plate for Candida haemulonii (AR0393). 
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Figure 33. Reference plate for Candida lusitaniae (AR0398). 

 

Figure 34. Reference plate for Candida krusei (ATCC-6258). 

 

Figure 35. Reference plate for Candida parapsilosis (ATCC-22019). 
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Optimal Incubation Time for Growth Measurement 

(Utilized Materials and Methods 2) 

In this thesis, I investigated the susceptibility of the Candida fungi species by 

determining MIC values for 9 antifungal compounds. This step of development focused on 

determining the optimal incubation time for growth measurement in order to develop our 

own AFST method utilizing the LS instrument. We expected that signal will increase over 

time as more ethanol was produced from Candida cultures, but we also wanted to minimize 

the time to result. Thus, we wanted to identify the earliest time point with a sufficient 

growth signal. 

I performed extensive assays to correlate fungal growth to growth media density 

measurements. I took advantage of the LS sensor’s ability to measure fluid density and the 

ability of Candida strains to produce ethanol during growth. Thus, reduced density of 

growth media can be used as an indirect measurement of fungal growth. However, the 

relationship between ethanol production and growth may change with time, and may vary 

among species and isolates of Candida. We performed a time-course experiment 

monitoring growth media density changes over time to better understand these 

relationships. 

The results of this section were attained from executing Materials and Methods 2. 

All 28 Candida strains (Table 1) were adjusted to 0.5 MCF and incubated at 34-36 oC. 

Endpoint measurements were taken at 2-hr intervals from 0-24 hrs using the LS instrument. 

Most of the growth curves appeared exponential at the early phase and then plateaued at 

later time points (Figure 36). The plateau can be associated with lack of growth or cessation 

of ethanol production. For some strains, the change in media density was monotonic, and 
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could be modelled as linear at early time points. Based on our current understanding of 

sensitivity and noise of the LS resonating sensor, we are most confident in detecting 

frequency changes of at least 20 hertz (Δ Hz). Looking at the Frequency Change versus 

Time graph in Figure 36, the increase in growth media resonant frequency is above 20 Hz 

after 8 hrs in incubation for all Candida strains tested. Therefore, we can conclude that 8 

hrs is the shortest incubation time required for growth detection for all strains. 8 hrs was 

used as the standard incubation time for subsequent studies and future development. 

We do note that the curves in Figure 36 are not consistently monotonic at certain 

time points. The curves appear to have an increased change in frequency at the 12 hr time 

point, and they appear to decrease at the 16 hr time point. Because a different plate is 

measured at every timepoint, we believe that these values represent plate-to-plate 

variations in conditions or other sources of signal noise. 
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Figure 36. Frequency Change versus Time for each of the 28 Candida strains. 

The growth media of 28 Candida strains was measured using the LS instrument at 2-hr 

intervals. The mean of 3 replicate measurements for each time point is plotted. The change 

in frequency was determined by comparison to a negative control containing growth media 

alone, whereby Change in Frequency = FrequencySample - FrequencyNegativeControl. 

This experiment revealed that Candida isolates alter the density of growth media 

to different degrees. To better understand the range of signals produced by these isolates, 

all Candida strains (Table 1) were adjusted to a 0.4-0.6 MCF in triplicate and incubated 

for 8 hrs and growth media measured on an LS instrument per Materials and Methods 2. A 

range of signal intensities were noted when measuring yeast growth as seen in Figure 37. 

The signal intensities can be categorized into 3 types (low, medium, and high). We found 

that signal intensities were similar for isolates of the same species. Turbidity measurements 

showed no significant differences in yeast growth, indicating that differences in signal 

intensity likely represent variation in ethanol production by different species. We chose 6 

representative strains to use for subsequent studies to investigate the underlying causes of 
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these growth signal differences and to ensure our AFST method would be robust to these 

differences (Table 2). 

 

 

Figure 37. Growth of all Candida strains is assessed and each strain is categorized as low, 

medium, or high signal. 
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Optimal Inoculation Concentration 

(Utilized Materials and Methods 3 and 4) 

In this thesis, I investigated the susceptibility of the Candida fungi species to 

varying concentrations of antifungals. This step of the development focused on 

determining the optimal inoculum concentration, or load, in order to develop our own 

AFST method utilizing LS. We suspected that the inoculation concentration may affect the 

amount of ethanol produced or the organism’s response to antifungals and subsequently 

affect the resonant frequency measurements. 

I investigated how the inoculum concentration of Candida affects the growth signal 

measured in the LS instrument. Using 6 Candida strains representing low, medium, and 

high growth signal production, I produced a set of inoculum concentrations by generating 

serial dilutions from an initial concentration of 4.0 MCF, as described in Materials and 

Methods 3. Following 8 hrs of incubation, growth signals were measured on the LS 

instrument. Growth signals were positively correlated with initial inoculum load. In Figure 

38, the maximum signal was ~250 Hz at >3.0 MCF for high-signal strains, compared to 

~65 Hz for the low-signal strains. Measured growth signals correlated with initial inoculum 

load. Candida tropicalis (AR0345, orange line) produced similar levels of growth signal 

at both 4.0 and 2.0 MCF initial inoculum concentrations. This may be due to both cultures 

reaching a maximum density within the 8 hr incubation period, or that Candida down-

regulates ethanol production at higher concentrations. For the low signal strains, the growth 

signal fell below 20 Hz at inoculum loads below 0.5 MCF turbidity. 
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Figure 38. Frequency measurement of serial dilutions from 4.0 MCF of 6 Candida 

strains. 

 

Our experiments have shown that we can detect growth from cultures of 0.5-4.0 

MCF. In order to develop an AFST, we need to characterize how antifungal activity affects 

our growth signal and if antifungal activity is affected by inoculation concentration. It is 

possible that inoculum loads can interfere with antifungal activity, either by lowering the 

ratio of antifungals to their biomolecular targets or by producing background signal in the 

absence of growth. Therefore, we tested antifungal response at low and high inoculation 

loads.  

We tested 6 Candida strains (Table 2) against a panel of antifungals. Cell 

suspensions were adjusted to 0.5 or >2.5 MCF and incubated for 8 hrs in the presence of 

antifungals and then their growth measured using LS, as described in Materials and 
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Methods 4. Each strain was tested at two inoculation concentrations, and the results are in 

Figures 39-44. One measurement is from a high inoculation load (yellow line) and another 

measurement is from a low inoculation concentration (blue line) to test if the antifungal 

response differs with inoculation concentration. The results are plotted with two different 

methods, unnormalized and normalized. The first set of plots is obtained by subtracting the 

frequency of the positive control well. This allows us to see the difference in frequency 

between the test measurement and the positive control, with less growth corresponding to 

lower values on the y-axis. The second set of plots is obtained by performing min-max 

normalization from values obtained from each antifungal. This normalizes the signal to 

values between 0 and 1, regardless of the magnitude of frequency changes. 

The test measurements and 24 hr reference plate for Candida albicans (JH-A24) 

are presented in Figure 39. Measurement from the high inoculation load (2.91 MCF, yellow 

line) and the low inoculaton concentration (0.51 MCF, blue line) are plotted. For most 

plots, we observe a reduction in frequency as the concentration of antifungal agent 

increases. This is an indication of growth inhibition due to antifungal activity. When the 

signal is not min-max normalized, the frequency of the high load appears consistently 

higher than the lower load for antifungals AB, CAS, FC, FZ, IZ, PZ, and VOR. This 

indicates that the growth signal is closer to the positive control signal, and may indicate a 

lower effectiveness of the antifungals. In the presence of AND and MF, there are minor 

differences between the higher and lower inoculation concentrations. At higher inoculation 

concentrations, we expect the magnitude of the growth signal to change due to the presence 

of more yeast biomass. Min-max normalization can correct this change in magnitude, 

allowing us to identify inflection points within the growth signal that can be used to 
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determine MIC values. In the normalized plots, we observe very similar inflection points 

when comparing low and high inoculation concentrations. This suggests that inoculation 

concentration does not interefere with the activity of antifungals or our ability to infer 

detectable growth inhibition for this strain. We do, however, observe that high inoculation 

concentrations can shift the antifungal response curves to the right. This effect can be 

observed in the echinocandins AND, CAS, and MF. But we also observed the opposite 

effect in a subset of the azoles, namely PZ and VOR. These differences do not significantly 

impact the apparent MIC based on these measurements. We occasionally encountered 

sporadic low frequency measurements, such as that observed at 0.51 MCF concentration 

of FC. We believe that these are due to particles passing through the sensor during 

measurement, transiently lowering the resonant frequency during acquisition, preventing 

us from accurately measuring the growth media. 

The test measurements and 24 hr reference plate for Candida glabrata (AR0314) 

are presented in Figure 40, Candida parapsilosis (AR0339) in Figure 41, Candida 

tropicalis (AR0345) in Figure 42, Candida duobushaemulonii (AR0391) in Figure 43, and 

Candida dubliniensis (MCW-04) in Figure 44. These samples show many of the same 

characteristics observed in Candida albacans (JH-A24). Strains AR0314 and AR0339 

showed right-shifted antifungal response curves at high inoculation concentrations, and we 

observed sporadic low frequency measurements in AR0339 treated with FC, AR0345 

treated with FZ, and AR0391 treated with PZ. 

We observed several instances where the inflection points in the normalized plots 

were uninterpretable. For example, AR0314 at 2.8 MCF treated with PZ shows growth 

signal comparable to the positive control at all concentrations of antifungal. This results in 
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a noisy plot following min-max normalization, in which small differences in signal are 

exaggerated. We also observed the eagle effect in some samples treated with 

echinocandins, such as AR0345, in which growth signal is paradoxically higher in higher 

concentrations of antifungal. 

These results show that the LS AFST results are tolerant to variations in initial 

inoculation concentration.  Neither low nor high inoculum loads appear to be advantageous 

for revealing the expected trends in growth versus antifungal concentration and 

determining the MIC, and both yield ample growth signal.  In sum, there does not appear 

to be an optimal inoculum load for the LS reference method.   Therefore, we will follow 

the CLSI guideline of a 0.5 MCF standard reading for subsequent studies.  We note that 

this target value is convenient and simple to attain. 
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Figure 39. Unnormalized and normalized signal testing results and 24 hr reference plate 

for Candida albicans (JH-A24) (pgs. 47-48). 
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Figure 40. Unnormalized and normalized signal testing results and 24 hr reference plate 

for Candida glabrata (AR0314) (pgs. 49-50). 
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Figure 41. Unnormalized and normalized signal testing results and 24 hr reference plate 

for Candida parapsilosis (AR0339) (pgs. 51-52). 
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Figure 42. Unnormalized and normalized signal testing results and 24 hr reference plate 

for Candida tropicalis (AR0345) (pgs. 53-54). 
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Figure 43. Unnormalized and normalized signal testing results and 24 hr reference plate 

for Candida duobushaemulonii (AR0391) (pgs. 55-56). 
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Figure 44. Unnormalized and normlized signal testing results and 24 hr reference plate 

for Candida dubliniensis (MCW-04) (pgs. 57-58). 
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Confirmation of VOC Production in Candida 

Candida grown in in vitro culture produce ethanol as well as other volatile organic 

compounds (VOCs), including isoamyl alcohol, cyclohexanone, phenethyl alcohol, and 3-

octanone (Doing et al., 2020; Perl et al., 2011). Many of these VOCs are less dense than 

water and could contribute to decreases in media density. To better understand the 

relationship between ethanol production and media density, we quantified the amount of 

ethanol present in Candida cultures following 8 hrs of growth. 

We prepared 6 Candida cultures from the strains listed in Table 2 at 0.5 MCF in 

YeastOne™ inoculum broth. The cultures were incubated for 8 hrs at 34-36 oC in sealed 

tubes. Samples were then centrifuged and the supernatants were retrieved and filtered to 

remove any yeast cells. These samples were analyzed by Rocky Mountain Instrumental 

Laboratories to quantify ethanol content via gas chromatography with flame ionization 

detection (GC-FID). Additionally, a positive control containing 1% volume per volume 

(v/v) ethanol in YeastOne™ inoculum broth and a negative control containing broth alone 

were analyzed.  

 Laboratory results of ethanol by GC-FID analysis are pictured in Figure 45. Sample 

A corresponds to strain AR0345, B to strain AR0314, C to strain JH-A24, D to strain 

MCW-04, E to strain AR0391, F to strain AR0339, G to the negative control, and H to the 

positive control (1% v/v ethanol). No ethanol was detected in the negative control. The 

positive control contained 762 milligram per deciliter (mg/dL), which is near the predicted 

789 mg/dL based on known ethanol density.  
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Figure 45. Ethanol GC-FID analysis results. 

A = AR0345, B = AR0314, C = JH-A24, D = MCW-04, E = AR0391, F = AR0339, G = 

Negative control (YeastOne™ inoculum broth only), H = Positive control (YeastOne™   

inoculum broth with 1% v/v ethanol).
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Figure 46 compares the ethanol concentrations of culture media from 6 strains of 

Candida. The orange bars display ethanol concentration in mg/dL and the blue bars display 

the change in resonant frequency in Hz. Strains AR0314 and AR0345 contained 240 and 

193 mg/dL of ethanol corresponding to ~130 Hz and ~120 Hz increase in resonant 

frequency. On the other hand, strains AR0391 and AR0339 contained 30 and 36 mg/dL of 

ethanol both corresponding to ~20 Hz increase in resonant frequency. This indicates a 

correlation in ethanol production and decreases in growth media density. 

 

 

Figure 46. Change in frequency Hz and ethanol content of 6 Candida stains. 
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We also wanted to test if ethanol content is solely responsible for the decrease in 

density that we observe during yeast growth. We generated a standard curve of ethanol in 

growth media via serial dilution and measured its resonant frequency on the LS instrument. 

We plotted ethanol concentration versus increase in resonant frequency in Figure 47 

(orange line). We then compared this to the results obtained from culture supernatants 

described above (blue line). While changes in resonant frequency are linearly correlated to 

concentrations of ethanol in both plots, frequency increases at a higher rate in the culture 

supernatants. For example, ~200 mg/dL of ethanol only produced an increase in a resonant 

frequency of ~20 Hz in the standard curve, while culture supernatants containing ~200 

mg/dL of ethanol showed an increase in frequency of ~120 Hz. Therefore, we can conclude 

that the change in resonant frequency is not due to ethanol production alone. We 

hypothesize that other low-density VOCs contribute to the observed changes in growth 

media density in in vitro cultures of Candida. 
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Figure 47. Comparison between the culture supernatants from 6 Candida strains and an 

ethanol only standard curve. 
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Density Drift 

Accurate media density measurements are necessary to estimate fungal growth 

using the LS instrument. After analyzing several LS measurements, we noticed that the 

apparent media density was increasing with each well measurement independent of yeast 

growth, suggesting that media density was changing over the course of measuring a full 

plate. Approximately 45 min is required to measure 96 wells. We decided to test whether 

LS measurements were consistent across the measurement time of the plate. 

We prepared a blank SensititreTM plate lacking antifungals with 100 µl of growth 

media in each well. In the absence of growing yeast and antifungals, any well-to-well 

differences in media density observed during measurement could not be attributed to VOC 

production or different concentrations of antifungal compounds. The plate was incubated 

at 34-36 oC for 1 hr, then measured on the LS instrument. The measured resonant 

frequencies for each well are plotted in Figure 48 (blue line).  

The first wells measured had an approximate resonant frequency of 10,005 Hz. As 

the measurement progressed, the measured resonant frequency decreased to approximately 

9,983 Hz in the final well, indicating an increase in media density. The change in resonant 

frequency can be estimated with a linear change relative to time. During the measurement, 

we observed condensation forming on the unheated film cover of the well plate. We 

hypothesize that the increase in media density arises from the transfer of water to the 

unheated film cover through evaporation and condensation, which results in an increase in 

the concentration of solutes in the well. A higher concentration of salts and nutrients results 

in a higher density solution with a lower resonant frequency. 
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Figure 48. Density drift observed over the course of measuring one full plate. 

The total time on the x-axis is 45 min. 

Changes in media density due to evaporation may interfere with our ability to 

measure density changes arising from yeast metabolism. However, we can take advantage 

of the fact that evaporation causes a change in density that is approximately linear with 

respect to measurement time (red line in Figure 48). We propose including positive control 

measurements as the first and last measurements of a plate. A linear interpolation between 

these two measurements will allow us to estimate the change in density due to evaporation 

for each well on the plate. Alternatively, we can implement a design change in the LS 

instrument to include a mechanism that heats the lid to prevent the transfer of water from 

sample to plate seal via evaporation. 
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Antifungal Response Curves 

Thus far, we have shown that Candida growth can be correlated to decreases in 

growth media density. Antifungal resistance is defined as growth in the presence of 

antifungals. In order to utilize growth media density measurements in development of an 

AFST, we need to confirm that these measurements can distinguish between susceptibility 

and resistance. We aggregated media density measurements from a number of strains with 

differing MICs, as ascertained via our reference method. For each antifungal on our panel, 

we overlaid the normalized change in resonant frequency in response to increases in 

antifungal concentrations. These response curves were color-coded to reflect the MICs 

determined through the reference method, with green corresponding to susceptible, red 

corresponding to resistant, and brown corresponding to intermediate levels of resistance.  

This allows us to compare the inflection points of the antifungal response curves to test if 

resistant samples can be distinguished from susceptible samples via our method. 

Figure 49 displays the response curves for each antifungal. For resistant strains, we 

expected to see growth at higher concentrations of antifungal. In our LS measurements, 

growth is correlated to higher resonant frequency measurements. Therefore, resistant 

samples should have high frequency measurements at increased concentrations of 

antifungal relative to susceptible samples. The antifungal response curves for AND (top 

left) contains green curves corresponding to MIC values of 0.015-0.12 µg/ml and red 

curves corresponding to MICs of 1-2 µg/ml. The inflection points for the red curves are at 

higher concentrations of AND relative to the green curves. We observe similar results in 

the response curves of the other echinocandins: MF (top middle) and CAS (top left). 

However, there is one green curve that increases in frequency relative to antifungal AND 
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concentration. This corresponds to a strain that is susceptible to all concentrations of AND. 

Min-max normalization will set the lowest frequency measured to 0 and the highest to 1. 

When there is no growth in any well, or when there is growth in every well, the frequency 

does not change as a function of antifungal concentration. This results in an uninterpretable 

response curve after normalization.  

For the azoles PZ (middle middle), VOR (middle left), IZ (bottom left), and FZ 

(bottom middle), the resistant samples have higher frequency measurements at increased 

concentrations of antifungal relative to susceptible samples. However, there are some red 

curves that are uninterpretable due to growth in every concentration of antifungal tested. 

The majority of the FC (middle left) and AB (bottom right) response curves are 

from susceptible samples. We were unable to test a sufficient number of resistant samples 

to evaluate our method for these antifungals. The lack of resistance to AB was expected as 

it is a last line antifungal because of its severe and potentially lethal side effects (Laniado-

Laborín & Cabrales-Vargas et al., 2009). Further, FC is also not a common treatment 

option because it is usually utilized in combination with AB to treat severe Candida 

infections. Because FC is excreted mainly through the kidneys and AB is nephrotoxic, co-

administration may cause renal injury and constant monitoring is required during treatment 

(Folk et al., 2017). 

From the results presented in Figure 49, we can accurately distinguish between 

resistant and susceptible strains of Candida with the echinocandin and azole antifungals. 

However, due to the insufficient numbers of resistant samples, we cannot have confidence 

in our ability to distinguish between resistant and susceptible strains with FC and AB 

antifungals. For the uninterpretable response curves, we can distinguish between resistant 
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and susceptible by looking at the unnormalized data. Further, the echinocandin response 

curves that initially have an inflection point at lower concentrations of antifungal and then 

have an increase in frequency with higher concentrations correspond to the eagle effect 

described previously. 

 

 

Figure 49. Antifungal response curves of Candida strains. 

Green = susceptible, Red = resistant, and Brown = intermediate. 
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Chapter IV. 

Discussion 

The goal of this thesis was to develop a method for a rapid AFST based on the core 

technology of ABio’s LS instrument. We began by characterizing the relationship between 

yeast growth and changes in growth media density. We confirmed preliminary experiments 

showing that Candida growth resulted in decreased media density. We established that an 

inoculum of 0.5 MCF incubated for 8 hrs is sufficient to detect changes in media density. 

Through GC-FID analysis, we concluded that ethanol production by Candida during in 

vitro growth correlates with a decrease in media density, but is not solely responsible for 

the changes observed in Candida cultures. Furthermore, we found that small amounts of 

evaporation during sample measurement can affect media density, and propose solutions 

that can be incorporated to estimate the magnitude of this effect.  

We also explored how changes in media density could facilitate antifungal 

susceptibility determination. We began by employing a reference method to determine the 

antifungal MIC for each Candida strain. We found that growth inhibition through 

antifungal activity lessened or eliminated decreases in media density observed in growing 

cultures. The loss of growth signal was associated with the antifungal MIC values 

determined in our reference method. We found that inoculation concentration did not 

significantly alter antifungal responses in Candida strains tested. Lastly, we found that 

media density measurements can be used to distinguish between resistant and susceptible 

strains of Candida with the echinocandin and azole antifungals. However, we lacked a 
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sufficient number of strains resistant to FC and AB to conclude if this method determined 

susceptibility in those antifungals. 

The methods established from this thesis work will be used in further development 

of a rapid AFST by establishing a proof-of-principle in using the LS instrument to measure 

growth media density for susceptibility testing. Development of a rapid AFST will allow 

clinicians to accurately and efficiently identify treatments for Candida fungal blood 

infections that will ultimately lead to higher patient survival. 
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Appendix 1. 

Definition of Terms 

AB = Amphotericin B antifungal 

ABio = Affinity Biosensors, LLC biotechnology company in Santa Barbara, California 

AFST = Antifungal Susceptibility Test 

AND = Anidulafungin antifungal 

CAS = Caspofungin antifungal 

CDC = Centers of Disease Control and Prevention 

CFU = Colony Forming Units 

CLSI = Clinical and Laboratory Standards Institute 

CO2 = Carbon Dioxide 

EtOH = Ethanol 

dL = deciliter 

FC = 5-Flucytosine antifungal 

FZ = Fluconazole antifungal 

GC-FID = Gas Chromatography with Flame Ionization Detection 

hr = hour 

Hz = Hertz 

IZ = Itraconazole antifungal 

LS = LifeScale instrument developed by Affinity Biosensors, LLC 

MCF = McFarland turbidity reading 

MF = Micafungin antifungal 

mg/ml/mm = milligram/milliliter/millimeter 
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MIC = Minimum Inhibitory Concentration 

min = miunutes 

POS = Positive Control 

PZ = Posaconazole antifungal 

QC = Quality Control 

SDA = Sabauroud Dextrose Agar 

sec = seconds 

µl = micro-liter 

US = United States 

v/v = volume per volume 

VOC = Volatile Organic Compound 

VOR = Voriconazole antifungal 
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