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Abstract:

The development of MRI probes is of interest for labeling antibiotic-resistant fungal infections based
on yeast. Our work shows that yeast cells can be labeled with high spin Fe(Ill) complexes to
produced enhanced T2 water proton relaxation. These Fe(Ill) based macrocyclic complexes contain a
1,4,7-triazacyclononane framework, two pendent alcohol groups and either a non-coordinating
ancillary group and a bound water or a third coordinating pendant. The Fe(III) complexes that have
an open coordination site associate strongly with Saccharomyces cerevisiae upon incubation as shown
by screening using Z-spectra analysis. Incubation of one Fe(Ill) complex with either Saccharomyces
cerevisiae or Candida albicans yeast leads to interaction with the (3-glucan based cell wall as shown by
the ready retrieval of the complex by the bidentate chelator, Maltol. Other conditions such as heat
shock treatment of the complexes produces Fe(Ill) complex uptake that cannot be reversed by
addition of Maltol. Appending a fluorescence dye to Fe(TOB) leads to uptake through secretory
pathways as shown by confocal fluorescence microscopy and by the incomplete retrieval of Fe(III)
complex by Maltol treatment. Yeast cells that are labeled with these Fe(Ill) complexes display
enhanced water proton T2 relaxation, both for S. Cerevisiae and for yeast and hyphal forms of C.
albicans.

Keywords: Fe(IlI) complexes; cell labeling; T2 contrast; invasive candidiasis; MRI

1. Introduction

There are many applications that involve the use of chemical probes for tracking various types
of cells. For example, tracking of mammalian cells is important for cell therapy approaches whereas
the monitoring of microbes may be useful for studying infections. Cell therapy is an emerging
method in regenerative medicine with applications in cancer therapy, treating genetic disorders and
enabling repair of damaged cells.[1-3] In certain cell therapy applications, the cells are modified ex
vivo and later implanted into the body. Imaging these cells in vivo would provide real-time
distribution and assessment of the therapeutic cells. One imaging modality, MRI, has the
advantages of unlimited depth penetration, high spatial resolution and the use of non-ionizing
radiation. Mammalian cells labeled with paramagnetic MRI contrast agents have been employed in
preclinical studies.[2,4-6] The cell labeling approach may be extended to image bacterial and fungal
pathogens, to investigate onset and progression of infectious diseases. To date, there are several
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reports of PET (positron imaging tomography) probes for in vivo imaging of bacteria or fluorescent
agents.[7,8] However, chemical probes that facilitate the MR imaging of microbial infections such
as fungal infections are underdeveloped.

Over 90% of fungal infections are caused by commensal candida species, termed as candidiasis,
which are a major cause of mortality in immunocompromised patients despite the availability of
antifungal treatments.[9-14] Candidiasis is caused by several fungal species, including Candida
albicans, which typically resides on the mucocutaneous surfaces of the human body. It is a
polymorphous fungus as shown by its ability to undergo morphogenic changes (yeast, pseudohypha
and hypha) triggered by environmental factors.[10,14-16] There is a strong correlation between the
yeast to hyphal state transformation and pathogenicity of C. albicans.[9,11,17,18] The commensal
nature of C. albicans and the seriousness of the infections caused by these organisms calls for better
diagnostic procedures and more sophisticated disease models as well as tools for studying infections.

Despite the impressive soft tissue contrast in MRI, the images of yeast are dependent on the
structural abnormalities caused by the infection.[19,20] Often, immunocompromised patients with
widespread infections are the subject of these studies.[19,21,22] There is critical need for a non-
invasive and accurate diagnostic test for fungal infections. Furthermore, tools for tracking yeast in
vivo through imaging to study infections in animal models would be useful for monitoring
therapeutic treatments.[23]
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Scheme 1. Fe(III) complexes shown with predominant species at neutral pH

Our group has developed a new class of high spin Fe(Ill) complexes that are effective MRI
contrast agents.[24-26] These robust complexes display promising T1 MRI contrast both in vivo and in
vitro experiments. All complexes contain a triazacyclononane (TACN) framework with two or three
coordinating hydroxypropyl pendants to bind the small Fe(Ill) metal ion and stabilize the trivalent
oxidation state (Scheme 1). The hydroxypropyl groups provide strong interactions with second
sphere water to increase relaxivity. Four of the complexes studied here (Fe(TOB), Fe(TOBA),
Fe(TOD) and Fe(TASQO)) have a water as a sixth ligand in order to increase water proton relaxivity.
Notably, this open coordination site is important in producing complexes that bind to small
molecules such as bidentate chelates as well as macromolecules such as polymeric 3-glucan particles.
[27] Two of the complexes, Fe(TOT), and Fe(TOTz) are coordinatively saturated and lack an inner-
sphere water to give complexes with limited interactions with biopolymers or other ligands. All
complexes have a single deprotonated hydroxypropyl pendant and an overall cationic charge.

In this study, we screened five high spin Fe(Ill) complexes shown in Scheme 1 and studied the
feasibility of labeling Saccharomyces cerevisize (Baker’s yeast), a model organism with properties



76
77
78
79
80
81
82
83
84
85
86
87

88

89

90
91
92
93
94
95
96
97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112

113

114
115
116
117
118
119
120
121
122
123

Magnetochemistry 2020, 6, x FOR PEER REVIEW 3 of 20

related across many species including pathogens. The most promising derivatives were also studied
on pathogenic Candida albicans. Cell association was optimized in S. cerevisiae using heat shock and
endocytosis. Endocytosis was found to be the most efficient mode of cell treatment and was used to
label C. albicans with Fe(TOB). Fe(TOD), a fluorescent analogue of Fe(TOB) enabled us to investigate
the localization of these complexes in cells.[27] A previous study in our group showed yeast cells
with an Fe(III) complex containing a coumarin dye, but the complex was not sufficiently soluble for
loading cells with high concentrations of paramagnetic complex.[26] The nature of the cellular
association and localization of Fe(TOB) or Fe(TOD) labeling of cells was further probed by using a
small molecule chelator maltol which we have shown to sequester Fe(Ill) complexes from glucan
particles derived from yeast by formation of a ternary adduct.[27] We show here that both S.
cerevisiae and C. albicans displayed enhanced Rzrelaxation properties when labeled with the Fe(TOB)
complex.

2. Results

2.1. Yeast cell culture

Experiments with Fe(Ill) coordination complexes were conducted on S. cerevisize and
subsequently extended to C. albicans. Yeast cells used in the study are S. cerevisiae of the Sigmal278b
strain background.[28] The specific strain used (PC538) is a typical wild-type (WT) strain with the
following genotype: MATa ste4 FUSI-HIS3 FUSI-lacZ ura3-52,[29] which was used for all
experiments in the study. The samples were normalized with respect to total protein content
(biomass) in order to compare cell labeling across the strains.[30] A linear relationship between
optical density of cultures and total protein content was obtained (Figure S12-S14). Samples were
prepared by adjusting the optical densities to normalize the protein content for the experiments.

2.2. Labeling yeast cells

Endocytosis and heat shock incubation were employed to study the cellular association of
Fe(TOB) in S. cerevisiae.[31] Both techniques exhibited promising iron complex cell association as
analyzed by ICP-MS. Endocytosis was chosen as the preferred method since it induces less stress in
the cells. Briefly, the cells were grown to mid log phase, harvested through centrifugation and
washed with 1x PBS before Fe(III) complex treatment. The cells were incubated with the complex in
1x PBS for 30 min, and post incubation the cells were collected and washed with 1x PBS buffer. C.
albicans were treated with Fe(TOB) using the optimized endocytosis protocol in S. cerevisiae. The
resulting cell pellet was yellow-orange in color due to Fe(TOB) loading (Figure S1). All subsequent
studies with Fe(IlI) complexes used endocytosis for labeling. Endocytosis was used for labeling of S.
cerevisiae with Fe(TASO), Fe(TOBA), Fe(TOT) or Fe(TOTz). These complexes were chosen based on
their effective r1 and r2 relaxivity, which is highest for the Fe(TOB), Fe(TOBA) and Fe(TASO)
complexes that have an inner-sphere water (Table S1). Notably, r2 values for Fe(TOB) and Fe(TOBA)
are similar to those of GA(DTPA) at 4.7 Tesla and 37 °C within experimental error. The r1 value of
Fe(TOB) is approximately 70% of Gd(DTPA) under these conditions.[25]

2.3. Z-spectra measurements

The S. cerevisiae samples were incubated with Fe(III) complexes and the Z spectra were recorded
as an initial screen of labeling. Following harvesting and rinsing, the cells were suspended in 1x PBS
and transferred to NMR tubes for Z-spectra measurements at irradiation power B1 =3, 6, 12 uT. Z-
spectra are plots of the magnetization intensity of the bulk water signal upon irradiation with a pre-
saturation radiofrequency pulse typically from 40 ppm to -40 ppm at 0.5 ppm intervals. The data
are expressed as the percent reduction in the water proton magnetization (M-/Mo). Z-spectra arise
from contributions from T2 effects as well as magnetization transfer effects, and may display
asymmetry from chemical exchange saturation transfer (CEST) effects. At the outset of these
studies, we hypothesized that the Fe(Ill) complexes would shift the water proton pool of the yeast
cells to give rise to a CEST effect as we have observed in Fe(Ill) containing shrunken liposomes.[32]
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Lanthanide containing liposomes show both CEST and broadening of the Z-spectra from T2 —based
magnetic susceptibility effects of paramagnetic complexes encapsulated in non-spherical
compartments.[33]

100t eccccaaa ., aszrm——=—zz2> ... FeTOB By =3uT
80+ --- FeTOB By =6uT
5 o --- FeTOB By =12uT
Q
= — control By =3 uT
EN 40-
— control By =6 uT
201 — control By =12 uT
0
20 10 0 -10 -20
Chemical shift

Figure 1. Z-spectra of (a) control and (b) 10 mM Fe(TOB) labeled through endocytosis in S. cerevisiae
in 1x PBS at 37 °C.

The S. cerevisiae samples labeled through endocytosis showed broadening of the Z-spectra
(Figure 1, S4-S5) for the complexes that had an open coordination site including Fe(TOB), Fe(TOBA)
and Fe(TASO). The broadening was most pronounced for heat shock treatment with Fe(TOB)
(Figure S3). No apparent broadening of Z-spectra was observed when S. cerevisine were treated with
Fe(TOT) or Fe(TOTz) using similar incubation protocols (Figures 56-S7). We suspected that an
interaction between Fe(TOB), Fe(TOBA) or Fe(TASO) and {-D-glucan present in cell wall of S.
cerevisiae was responsible for the increased broadening of the Z-spectra. Supporting this postulate
is a report showing that Fe(TOB) interacts with glucan particles derived from yeast cells, but Fe(TOT)
has a much weaker interaction.[27] Further studies focused on Fe(TOB) or the fluorescent analog,
Fe(TOD), for labeling of yeast.

Both C. albicans budding yeast and hyphae phenotypes were labeled with Fe(TOB) through
endocytosis. The yeast phenotype exhibited similar broadening in the Z-spectra as observed in S.
cerevisiae yeast (Figure S8). C. albicans hyphae on the other hand displayed enhanced broadening in
the Z-spectra (Figure S9). The filamentous shape of the hyphae is likely to enhance the magnetic
susceptibility resulting in greater T2effects as discussed below.

2.4. Fluorescence microscopy on S. cerevisiae

S. cerevisiae cells were treated with Fe(TOD) to investigate the localization of iron complexes in
endocytosis. The photophysical properties of Fe(TOD) are reported in the literature.[27] S. cerevisiae
cells were treated with 10 mM Fe(TOD) and incubated for 30 min at 30 °C. The cells were harvested
and imaged with confocal fluorescence microscopy (Figure 2). The Fe(TOD) complex exhibited
organeller compartmentalization that was most likely due to the complex being inside a vacuole.[31]
No apparent fluorescence was observed in control cells under the same imaging conditions.
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DIC Fluorescence

(A) Control

(B) Fe(TOD)

Figure 2. Confocal fluorescence microscopy images of S. cerevisiae PC538 cells. A) control cells (B)
Fe(TOD) (10 mM) treated cells. DIC stands for differential interference contrast. Excitation (405 nm)
emission (520-560 nm).

2.5. Sequestration of Fe(Ill) complexes from yeast with bidentate chelator.

Certain bidentate chelates, such as maltol, bind strongly to Fe(TOB) or Fe(TOD) to produce a
ternary complex in which the macrocyclic ligand is retained.[27] Treatment with maltol can be used
as a tool to study the release of Fe(TOB) or Fe(TOD) from labeled glucan particles.[27] Along similar
lines, maltol treatment of Fe(TOB) labeled S. cerevisiae and C. albicans was monitored through NMR
spectroscopy, ICP-MS and cell viability experiments. The Fe(TOB) labeled cells were treated with
10 mM Maltol solution and incubated at 30 °C for 3h. The cell media turned red in color after maltol
treatment, indicating the formation of the Fe(TOB)-Maltol ternary complex. The cells were washed
and normalized with respect to the total protein content for the experiments.

2.6. Determination of Fe content in the yeast.

The cellular association of Fe(Ill) complexes was determined by using ICP-MS measurements of
total iron content in the cells (Figure 3 and Figure 511). The Fe content was normalized with respect
to total protein content for the purpose of comparison of different S. cerevisine and C. albicans
phenotypes.[34] The Fe(Ill) complex labeled cells displayed significantly higher iron content
compared to control cells in both S. cerevisiae and C. albicans.

Among the various cell labeling methods studied on S. cerevisize, endocytosis displayed
significantly higher Fe(TOB) cell association than heat shock. This was surprising given the large
broadening observed in the Z-spectra for heat shock labeled samples, which suggests cellular
localization is important (Figure 3(a)). In comparison, Fe(TOT) displayed only 25% of the cellular
association in live yeast cells that was observed with Fe(TOB). The lowered amount of Fe(TOT) in
yeast was comparable to the lower loading observed in f—glucan based cell wall particles.[27] This
observation suggests the labeling of the yeast cells with Fe(IlI) complexes is dependent on both charge
and coordination sphere of the treated complexes. S. cervisiae labeled Fe(TASO), and Fe(TOBA)
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showed iron levels that were roughly comparable to those of Fe(TOB), whereas Fe(TOTz) labeled
cells were at 25% of those observed for Fe(TOB).

Maltol treatment of the control samples did not show any significant change in iron content,
suggesting that Maltol cannot sequester iron from endogenous proteins or native iron pools. Maltol
treatment of Fe(TOB) treated cells restored the iron content to the pre-Fe(TOB) treatment levels in
endocytosis (Figure 3(a)). However, Maltol treatment of Fe(TOB) heat shocked cells did not restore
the iron content of the cells to the pre-Fe(TOB) treatment levels. This result further substantiates a
secretory pathway localization of complex during heat shock treatment.

Maltol treatment of cells labeled with Fe(TOD) through endocytosis did not decrease the iron
levels to those of control (Figure 2(a)). Given that confocal fluorescence microscopy suggests
organellar localization of Fe(TOD), the Fe(TOD)-Maltol complex would need to cross organellar
membrane followed by cell membrane as well as cell wall to sequester the complex out of the cells.
This process may be slow so that it was not complete after 3 h, or may not be feasible in the cells.
Maltol treatment of cells labeled with Fe(TOT) did not reduce iron levels to that of control. This result
is consistent with the fact that Fe(TOT) cannot form the ternary complex with Maltol.[27]

C. albicans budding yeast cells displayed the highest iron content per protein concentration
followed by C. albicans hyphae and S. cerevisize. Maltol treatment of Fe(TOB) endocytosis labeled C.
albicans or S.cerevisiae cells restored the iron content to that of untreated cell levels (Figure 3(b)).

2x1077 i W Fe(TOB)
1x10774 [ | I M Fe(TOB) Maltol

4x107%

#Fel protein (ug)

2x10764

0 04

Figure 3. Total Fe content in yeast cells upon (a) Endocytosis and heat treatment with 10 mM Fe(TOB)
complexes, Endocytosis labeling with 10 mM Fe(TOD) and Endocytosis labeling with 10 mM Fe(TOT)
in S. cerevisiae (b) Endocytosis labeling of 10 mM Fe(TOB) treatment with S. cerevisiae, C. albicans yeast
and C. albicans hyphae as measured by ICPMS. Mean * SE is reported, (***) p < 0.0001 and (**) p <
0.001, n=3.

2.7. Scanning Electron Microscopy (SEM) experiments.

Fe(TOB) labeled S. cerevisiae cells were characterized by using SEM (Figure 4). Inspection of
the micrograph suggests that there are drastic changes in the cell surface morphology, which
supports interaction of the complex with the cell wall. This result is supported by the fact that the
Fe(TOB) complex binds strongly to (-glucan polymer, which is abundantly present in the cell
wall.[35] The exact nature of the interaction is not clear, but is facilitated by the open coordination
site of the Fe(Ill) complexes, suggesting that the Fe(III) binds to a component of the 3-glucan polymer.
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SE{L) 9302018

Fe(T0B)

Figure 4. Scanning electron micrograph of control (top) and Fe(TOB) labeled S. cerevisiae.

2.8. Optimizing matrix for Ti and T2 water proton relaxation measurements.

It is important to evaluate imaging agents in a matrix to simulate tissue.[36,37] For cell studies,
the ideal matrix should mimic the extracellular tissue environment with low background signal.
Furthermore, the gel formation should be reproducible and the gel matrix should suspend the cells
during the NMR/MRI acquisition experiment window. Other practical factors including moderate
gelation time, potential for microbial growth and cost were also taken into account for the selection
of the matrix. Based on these criteria, bovine skin collagen, agarose and gelatin were chosen as
potential matrices for the proton relaxivity experiments.

Gelatin is hydrolyzed collagen and contains smaller peptides compared to collagen.[38] It is
inexpensive and is commonly used as a gelling agent in food and drugs.[39,40] Gelatin was used in
concentrations 2-20% (w/v) to prepare gels. The gelation times for gelatin were relatively lengthy and
provided enough time to suspend the cells upon reaching room temperature. The background T
value did not change significantly with increase in concentration of gelatin (Figure S17). By contrast,
gelation of collagen was not as reproducible for suspension of cells.

Agarose gel phantoms have been used extensively in NMR phantom experiments.[41,42]
Agarose gelled too quickly and also produced very broad Z-spectra (Figure S18). However, samples
suspended in 0.05% (w/v) agarose displayed high background Tz water proton shortening, reducing
the contrast between the Fe(TOB) labeled and control cell samples on 4.7 T animal MRI scanner at 37
°C (Figure 516). Similarly, only small differences in the broadening of Z-spectra were observed for
agarose blank, control and Fe(TOB) labeled cells on the 9.4 T NMR spectrometer (Figure S15). Agarose
forms a structurally defined matrix with an ordered hydration sphere leading to more efficient spin-
spin (T2) proton relaxation.[43-45]

For futher NMR experiments, the gelatin composition was optimized to 15% (w/v) for
suspending yeast cells. The gels polymerized over time leading to sharp water resonances in 'H NMR
(Figure S19) and Z-spectra that have less broadening (Figure 518). As a result of polymerization, the
difference in the rate constants associated with water proton Tz processes between the blank and cell
experiments was more pronounced. The gelatin gel was able to uniformly suspend the yeast cells for
2.5 h at 37 °C. Based on these results, the optimum experimental window was found to be up to 2.5
h after gelation.

Serial dilution assays with S. cerevisiae and C. albicans on 15% (w/v) gelatin solid plate did not
show any significant growth even after 2 days, supporting sterility of the media (Figure S21). The
serial dilution spots were inoculated on fresh YEPD media plate and grown for 2 days at 30 °C. The
resulting media plate displayed growth of all the serial dilution cells (Figure 522). This observation
implies cell proliferation is slow in the absence of media in the 15% (w/v) gelatin matrix during the
duration of the NMR experiment.

2.9. T1 and Tz water proton relaxation measurements on C. albicans cells.
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Fe(TOB) treated and control cells were suspended in 15% (w/v) gelatin. The T: water proton
shortening was minimal in both phenotypes of Fe(TOB) labeled C. albicans. Moreover, there was no
statistical difference between control and Fe(TOB) labeled cells in both hyphae and yeast phenotype
(Figure S23) when normalized for protein content. Such quenching of T1agents in cells is reported in
the literature and was attributed to slow water exchange through the cell wall of yeast.[26]
Additionally, the hydrophobicity of the cell wall may contribute to lowered water exchange.[27]

The modulation of T> water proton relaxation, expressed as a rate constant (Rz), on the other
hand, was significantly enhanced in Fe(TOB) labeled samples for both phenotypes (Figure 5). Maltol
treatment restored the T2 proton relaxation, expressed as the Rz rate constant, to that of the untreated
cells for Fe(TOB) labeled cells in both phenotypes.

The detection limit of Fe(TOB) labeling was investigated by mixing the Fe(TOB) labeled cells
with control cells in both C. albicans yeast and hyphae. The percentage of Fe(TOB) labeled cells was
increased while keeping the total protein content of the samples constant at 125 ug/mL protein
(Figure 6). The samples were uniformly suspended in 15% (w/v) gelatin and T: and T2 constants
were measured on the samples. Asexpected, the water proton T1 constants did not markedly change
upon addition of Fe(TOB) labeled cells (Figure S24). The T2 effect on water protons, on the other hand,
increased with an increase of Fe(TOB) labeled cells (Figure 6).

(a) mm control (b)
mm control Maltol

mm Fe(TOB)

B Fe(TOB) Maltol

Figure 5. (a) Rz values of water protons using CPMG sequence on 9.4 T NMR spectrometer with C.
albicans yeast and hyphae cells suspended in 15% (w/v) gelatin at 37 °C.  All cell samples contain ~125
ug protein/mL. Mean + SE is reported, (****) p < 0.0001 and n = 3 for cells. (b) Microscopy images of
C. albicans yeast and hyphae cells.



275

276
277
278

279

280
281
282
283
284
285
286

287

288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308

Magnetochemistry 2020, 6, x FOR PEER REVIEW 9 of 20

12.5- ‘@ C. albican yeast

-a- C. albican hyphae
10.0- o

7.5 228

Ry (s™)
e

5_0- @ ;"I"'-.

2.5

0-0 T L] T 1
0 25 50 75 100

% Fe(TOB) Labeled cells

Figure 6. Ro values of water protons determined using CPMG sequence on samples containing
increasing concentration of Fe(TOB) labeled cells suspended in 15% (w/v) gelatin in 9.4 T NMR
spectrometer.

2.10. Cell viability

Serial dilution assays were performed on control and Fe(TOB) labeled cells for both S. cerevisiae
and C. albicans (Figure 525-529). The S. cerevisiae and C. albicans yeast cells were spotted on YEPD
media plate and grown for 2 days at 30 °C. The C. albicans hyphae cells were grown in SPIDER
media for 2 days at 30 °C and photographed. The effect of Maltol on cell viability of C. albicans was
also tested by serial dilution assay. Neither treatments of 10 mM Fe(TOB) or 10 mM Fe(TOB) and
Maltol have adverse toxicity effects on the cells. The high tolerance of Fe(TOB) complex is promising
and bodes well for labeling cells for MRI tracking in animal models.

3. Discussion

Non-invasive probes are needed to monitor in real time the dissemination, progression and
potency of antifungal treatments of candidiasis. Considerable effort has been reported towards the
development of non-invasive probes to study these infections using luciferase catalyzed
bioluminescence and positron induced tomography (PET).[23,46-49] However, the lack of probes
for labeling yeast for improved MRI contrast is surprising, especially given the advantages of high
resolution and unlimited depth penetration of this modality.

Methods for labeling of yeast with small molecule metal complexes must take into account the
yeast cell wall. The cell wall is the outermost organelle of the yeast cells and constitutes 26-32 % of
biomass of the yeast cells.[35,50] The cell wall is an accessible target for cellular labeling which does
not require the metal complexes to cross the lipid membranes. Moreover, yeast cells have unique f3-
glucan based cell walls as opposed to peptidoglycan based cell wall in bacteria.[51,52] Selective
labeling with (3-glucan based cell wall could potentially provide specific labeling and detection of
yeast cells over other pathogenic bacterial cells. Our studies here were based on a new class of Fe(III)
MRI contrast agent that have a special affinity for the $-glucan containing particles made from the
yeast cell wall.[27] We wondered whether the cell wall of live yeast would similarly be labeled with
the Fe(Ill) complexes. Moreover, the change in morphology switching of yeast cells in infectious
form may provide a further index of progression. We hypothesized that the change in morphology
would affect the magnetic susceptibility of the labeled yeast and produce a unique MRI signature.

Cell association was studied and optimized by using S. cerevisine (Baker’s yeast) as a model
organism by exploring a series of Fe(Il) macrocyclic complexes as paramagnetic agents.
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Endocytosis based labeling of S. cerevisiae cells with complexes that contain open coordination sites
such as Fe(TOB), Fe(TOBA) and Fe(TASO) lead to broadening of Z-spectra (Figure 1, S4-55). No such
broadening was observed in cells labeled with closed coordination complexes such as Fe(TOT) and
Fe(TOTz) (Figure S6-S7). The greater broadening of the Z-spectra corresponds to a larger amount of
Fe(IlI) content in the yeast (Figure S11). Thus, the open coordination site on the Fe(Ill) center must be
critical for interaction with the yeast cells.

Heat shock was also investigated as a means of promoting cell association of complexes into
yeast cells. Heat shock treatment of S. cerevisiae cells in the presence of Fe(TOB) led to samples with
even more pronounced broadening of Z-spectra. The observed broadening of Z-spectra with Fe(III)
complexes is unusual in comparison to Gd(IlI) based T1 agents that produce narrowed Z-spectra from
quenching of magnetization transfer (MT) upon cellular entrapment.[6] The presence of these
Gd(III) based T1 agents leads to perturbations in the MT process leading to a low degree of saturation
in the bulk water, thus narrowing the Z-spectra.[53,54]

Both endocytosis and heat shock treatments produced significant cellular association of Fe(TOB)
as detected through ICP-MS experiments with no apparent toxicity to the yeast cells (Figure 3(a),
Figure 525-526). Interestingly, endocytosis exhibited the highest Fe cellular association after only 30
min of incubation to give on the order of 1010-10" Fe/cell in Fe(TOB) labeled S. cerevisize. These values
were comparable to the cell association achieved in Gd-HPDO3A labeled mammalian cells and a
magnitude lower than a previously reported Fe(Ill) complex incorporated into yeast cells through
electroporation.[4,6,41] Endocytosis was chosen as the preferred mode due to simplicity, ease of scale
up and higher levels of incorporation of complex.

—
[}
- o}
O N/l -

\ |1 3+_-_o

> /\N/\ OHZ maltol

R = H, C(O)NHCH,CH,;NH-dansyl

Scheme 2. Proposed tertiary complex with Maltol and Fe(III) complexes

Interesting differences emerged when the Fe(Ill) complex labeled S. cerevisiae cells were treated
with Maltol and the total iron content was measured by using ICP-MS. The cell media for Fe(III)
complex labeled cells turned red in color upon Maltol treatment, indicating the release of Fe(III)
complex to give the Maltol ternary adduct (Scheme 2). The ternary interaction with Maltol is unique
to Fe(TOB) or other open coordination analogs and is not observed in Fe(TOT).[27] Interestingly,
Maltol was able to restore the Fe content in the cells to pre Fe(TOB) treatment levels in endocytosis
labelled cells, but not in heat shock labeled cells (Figure 3(a)). The inability of Maltol to remove the
Fe(IlI) complex was also observed for Fe(TOD) treated cells.

These results suggest that endocytosis treatment of yeast with Fe(TOB) produces an Fe(IlI)
complex bound to the cell wall, which is released upon Maltol treatment as observed in case of glucan
particles (GP). Another possibility is that Fe(TOB) is internalized in the cytoplasm in cells and
Fe(TOB)-Maltol complex is able to cross the cellular membrane and cell wall with relative ease. To
further investigate the cell wall interaction in endocytosis of Fe(TOB), scanning electron microscopy
(SEM) was carried out. The differences in surface morphology between control cells and Fe(TOB)
treated cells suggests that Fe(TOB) interacts at the surface of the cells (Figure 4). C. albicans samples
also displayed complete reversibility of Fe(TOB) labeling when treated with Maltol under similar
conditions, suggesting cell wall localization of Fe(TOB). The proposed localization of Fe(TOB) in this
case is depicted in the Figure 7(a).
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Incomplete retrieval of iron complex by Maltol in heat shocked treated yeast indicates a distinct
localization for the Fe(TOB) complex under these conditions. By comparison, heat shock treatment
with analogous Co(II) complexes showed a localized punctate pattern suggesting localization by a
secretory pathway.[30,31] It is possible that heat shock treatment enhanced the endocytosis mediated
cell association resulting in the organeller entrapment of the complex in the secretory pathway. This
will pose an additional membrane for the Fe(TOB)-Maltol complex to cross to be released in the cell
media resulting in inefficient retrieval of Fe(TOB). We propose that organeller entrapment of
Fe(TOD) (Figure 2), also led to inefficient retrieval of iron complex upon Maltol treatment.
Interestingly, Maltol was able to release Fe(TOD) labeled from glucan particles (GP).[27] This
suggests that crossing an additional membrane due to organeller entrapment diminishes the
efficiency of Maltol mediated retrieval of the Fe(Ill) complex. The proposed localization of Fe(TOB)
through heat shock incubation and endocytosis treatment of Fe(TOD) is depicted in Figure 7(b) and
Figure 7(c).

(a) Fe(TOB) Endocytosis (b) Fe(TOB) Heat treatment (¢) Fe(TOD) Endocytosis

BRI

Plasma
Membrane

Vacuole

% . Golgi apparatus

@ - re(TOB) - Fe(TOD)

Figure 7. Schematic representing the uptake and cell association with tentative localization of Fe(III)
complexes. (a) Endocytosis treatment of Fe(TOB) (b) Heat treatment of Fe(TOB) and (c) Endocytosis
treatment of Fe(TOD).

Cell wall localization of Fe(TOB) should lead to complex loading that is proportional to the
surface area of the cells. It was thus expected, that in samples with equal number of cells, the
filamentous C. albicans hyphae would show higher Fe(TOB) cell wall incorporation than the
ellipsoidal C. albicans yeast cells. For C. albicans, the yeast phenotype proliferates through budding,
resulting in exponential growth in cell numbers. Hyphae, in contrast, exhibit apical growth
resulting in longer cells. The total hyphae number however, remains unchanged.[16] Due to this, it
is challenging to access cell numbers for hyphae samples for comparison. Instead, total protein
content as a measure of biomass was used for normalization.

Surprisingly, C. albicans budding yeast phenotype displayed the highest cellular association
among the biomass normalized samples of S. cerevisine and C. albicans (Figure 3(b)). Assuming the S.
cerevisiae yeast phenotypes to be spherical in shape with diameters in the range of (5+2) pm, the
estimated cell concentration of Fe(TOB) complexes in cells was calculated to be ~ 19 M for Fe(TOB).
Using the biomass normalized volumes reported in the literature and Fe cellular association obtained
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in protein normalized samples with ICP-MS measurements, the concentration for Fe(TOB) per cell
was found to be ~26 M in yeast and ~5.5 M in hyphae cells.[16]

Assuming that the cell wall composition to be similar in both yeast and hyphae, this disparity
between the Fe(TOB) concentration per cell between C. albicans budding yeast and hyphae despite
higher cell association of Fe(TOB) in C. albicans yeast cells indicates that the complex cellular
association is due to the larger number of yeast cells in the sample that have a correspondingly larger
surface area. The proclivity of hyphae cells towards forming longer cells instead of increased number
of filamentous cells would suggest that a sample containing the same biomass of cells could have a
large number of yeast cells compared to filamentous hyphae cells. As a result, the yeast samples
could have higher total surface area compared to hyphae cells despite the individual hyphae cells
being longer than individual yeast cells.[55] Correlations were obtained in the literature between
biomass (dry weight) and surface area of these phenotypes.[16] Under the conditions used in our
study the surface area ratio between yeast and hyphae is ~1.2:1 for 1 pg of C. albicans.[16,56]

The water proton Ti and T2 relaxation times, given as rate constants (Ri1 and Ro, respectively) of
the Fe(TOB)-labeled yeast cells were investigated in order to determine the best method for
monitoring labeled cells. The Z-spectra broadening in the case of Fe(TOB) was attributed to yeast cell
loading of paramagnetic metal complex leading to faster T2 proton relaxation. Liposomes loaded with
Gd-based agents under limited water exchange conditions has been shown to display high T2 proton
relaxation due to large contributions from magnetic susceptibility. For liposomal systems, the
contribution of paramagnetic complex loading towards the overall Rz is defined by the following
equation.[33,57]

Equation 1
Rgell — RgUSC_i_ REXCH

Where, R3YS¢ is the contribution from magnetic field inhomogenieties caused by
compartmentalization of the paramagnetic liposome and R5*“¥ constitutes the water exchange
across the cellular membrane and R$?" represents that of the cell (or liposome). The susceptibility
contribution is dependent on the shape of the labelled vesicle, the effective magnetic moment (uett) of
the paramagnetic complex and the concentration of the paramagnetic center.[33,57] Heat shock
treatment is likely to enhance the complex uptake through a secretory pathway as found in the
literature.[31] The Fe(IIl) complex cell association, though lower than in case of endocytosis, could
lead to concentrated compartmentalization of complex into organelles in the secretory pathway to
potentially enhance the R3V5¢ contribution and lead to additional broadening in the Z-spectra.

Study of the differences in Rz between control cells and Fe(TOB) labeled cells was found to be
matrix sensitive. Matrices such as agarose, collagen and gelatin were chosen based on biological
relevance. 15% gelatin (w/v) was found to provide optimum reproducibility in R2at 37 °C. The cells
were uniformly suspended in the gel during the NMR experiment and the gel was resistant to
microbial growth for 2 days without additives.

Fe(TOB) interacting with the $-glucan based hydrophobic cell wall is likely to modify the second
sphere water around the Fe(TOB) complex leading to quenched T: effects on proton relaxation.[27]
S. cerevisige cells, being ellipsoidal in shape, would likely enhance the magnetic susceptibility
contribution to the T2based relaxation. Furthermore, the turgidity of cells due to presence of cellular
plasma membrane could provide additional organizational structure to the paramagnetic vesicle to
further enhance the T2 based relaxation compared to Fe(TOB) labeled glucan particles (GP). This
hypothesis can easily be tested by Fe(TOB) labeling of filamentous (hyphae) C. albicans. The
filamentous shape of C. albicans hyphae could potentially lead to larger magnetic susceptibility
contribution further enhancing the T water proton relaxation as long as they have the same
localization and loading of Fe(TOB).

The T:relaxation times were measured on biomass-normalized samples of C. albicans yeast and
hyphae samples labeled with Fe(TOB). As expected from ICP-MS studies, both yeast and hyphae
cells displayed similar relaxation rate constants, R2. This is most likely the result of larger total
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surface area in yeast samples compared to hyphae samples. In addition, C. albicans hyphae cells
overexpress various adhesive proteins that aids cell adhesion to form fungal biofilms.[58-60] It is
possible that the cells could be aggregating on the microscopic level and further reducing the
available surface area for Fe(TOB) interaction.

It is noteworthy that despite the lower cellular association of Fe(TOB), the Rz relaxation rate
constants were comparable between the yeast and hyphae samples. This result suggest that there is
indeed a higher bulk magnetic contribution in case of hyphae cells resulting in greater water proton
T2shortening.

4. Materials and Methods

4.1. Instrumentation.

A Varian Inova 500 MHz NMR spectrometer equipped with FTS Systems TC-84 Kinetics Air
Jet Temperature Controller was used to collect CEST NMR data and 'H NMR spectra. Absorbance
spectra were collected using a Beckman-Coulter DU 800 UV-vis Spectrophotometer equipped with a
Peltier temperature controller. Fluorescence microscopy was done on Zeiss Axioplan2 microscope.
The cell viability images were taken using Biorad Chemidoc XRS+ molecular imager. Optical density
measurements were done using Dynex Spectra MR plate reader. T: and T2 relaxation measurements
were performed on a 11.7 Tesla NMR spectrometer. Concentration of Fe in yeast cells was determined
by using Thermo X-Series 2 inductively coupled plasma mass spectrometry (ICP-MS).

4.2. Materials.

Nitric acid at 65-70% with greater than 299.999% purity (trace metals basis) was obtained from
BeanTown Chemical. 100 ppm Fe standard solutions were purchased from Inorganic Ventures.
Reagent grade Gelatin was purchased from VWR life sciences. Nutrient broth pH 6.9 without NaCl
was purchased from Millipore Sigma. D-(-)-Mannitol was purchased from Alfa Aesar. Bovine
collagen (3 mg/mL) was obtained from Advanced Biomatrix. For yeast experiments, cultures were
grown on standard YEPD [Yeast extract (10g/L), peptone (20g/L) and Dextrose (2%)] liquid or
semisolid agar media. For hyphae phenotypes SPIDER media [Nutrient Broth (20g/L), Mannitol
(20g/L), K2HPOx (4g/L), pH adjusted to 7.2 with NaOH].

4.3. Cell culture and labeling.

S. cerevisiae of the Sigmal278b strain background was used for the preliminary studies.[28] The
specific strain used (PC538) is a typical wild-type (WT) strain with the following genotype: MATa
ste4 FUS1-HIS3 FUS1-lacZ ura3-52,[29] which was used for experiments in the study. PC538 yeast
cells were grown in YEPD [Yeast extract (10g/L), peptone (20g/L), dextrose (2%)] liquid media. Yeast
cells were grown to midlog phase. All centrifugations were done at 5000x g. Cells were harvested by
centrifugation, and cell pellets were washed with Millipore water. Harvested control cell pellet was
suspended in Millipore water and used for experiments. Optical density measurements were done at
600 nm to obtain the cell density to determine the approximate number of cells.

For endocytosis, the cell pellet was treated with 10 mM Fe(III) complexes and incubated at 30 °C
for 30 min with continuous shaking. The cells were washed and suspended in 1x PBS. Optical density
measurements were done at 600 nm to obtain cell numbers.

For heat shock, the resulting cell pellet was treated with 10 mM Fe(TOB) complexes in solution
in 50% (v/v) PEG 3350 solution. The cells were incubated at 30 °C for 30 min with continuous shaking.
After incubation, the cells were incubated at 42 °C for 10 min. For recovery after heat shock, the cells
were then incubated at 30 °C with continuous shaking for 4 h. The cells were washed and suspended
in 1x PBS. Optical density measurements were done at 600 nm to obtain the cell density to determine
the approximate number of cells.

C. albicans for the study was the strain SC5314, isolated from a patient with systemic
candidiasis.[11,61,62] For the growth of the budding yeast form, the cells were grown YEPD liquid
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media for 16 h. Cells were harvested by centrifugation, and cell pellets were washed with Millipore
water. For endocytosis, the cell pellet was treated with 10 mM Fe(TOB) and incubated at 30 °C for 30
min with continuous shaking. The cells were washed and suspended in 1x PBS. Optical density
measurements were done at 600 nm to obtain cell numbers.

For growing the hyphae of C. albicans, cells were grown in YEPD liquid media for 16 h, harvested
by centrifugation and optical density measurement were done at 600 nm. The optical density being
~33 OD was diluted to 10 OD. The cells were washed thrice with 1x PBS. The cells were harvested by
centrifugation and were diluted to 0.2 OD and grown for 4 h at 37 °C with continuous shaking in
Spider media.[63] Post incubation cells were harvested by centrifugation, and cell pellets were
washed with Millipore water. For endocytosis, the cell pellet was treated with 10 mM Fe(TOB) and
incubated at 30 °C for 30 min with continuous shaking. The cells were washed and suspended in 1x
PBS. Optical density measurements were done at 600 nm to obtain cell numbers.

4.4. Fluorescence Microscopy.

C. albicans (budding yeast and hyphae) cells were collected and suspended in 1x PBS. The cells
were heat killed at 60 °C for 15 min before preparing the glass slides for imaging by fluorescence
microscopy. Fluorescence imaging was done using phase contrast channel on a Zeiss Axioplan2
fluorescence microscope.

For confocal microscopy on S. cerevisiae yeast cells were washed three times in water before
preparing the samples for imaging. The samples were added under an synthetic dextrose (SD) agar
pad to avoid sample dehydration during the experiment.[64]

4.5. Pierce Protein assay.

The cells were cultured in triplicate and were collected by centrifugation. The resulting cell
pellets were stored at -80 °C for 16 h. The cells were thawed to room temperature and proteins were
extracted by the addition of trichloracetic acid (TCA) buffer containing 10% TCA; 10 mM Tris-HCI
pH 8; 25 mM ammonium acetate, and 1 mM EDTA. Acid-washed glass beads were added to the
scaffold and cell pellet mixture. Cells were lysed by three consecutive 90 sec vortex pulses with 1 min
rests on ice using fast prep multi-vortex (Labline instrument, Melrose, IL). Proteins were precipitated
by centrifugation at 4 °C at 16000 g for 10 min. Protein pellets were thoroughly re-suspended using
resuspension buffer containing 0.1 M Tris-HCl pH 11 and 3% SDS by boiling the suspension for 5 min
at 95°C. Total protein concentration was measured using Biorad BCA protein assay kit (Pierce™
Microplate BCA Protein Assay Kit catalog # 23252). The total protein content was plotted against the
optical density at 600 nm (OD600) for the cells. The data was fit to a linear regression graph in
graphpad prism.

4.6. Z-spectra measurements on Fe(Ill) complex labeled yeast.

All samples were suspended in 1x PBS for analysis. Z-spectra have been acquired in a range of
+ 100ppm by acquiring a total of 201 data points (steps of 1 ppm) with Bi=3, 6, 12 uT at 37 °C.

4.7. Maltol removal of Fe(TOB) labeled yeast.

To the Fe(TOB) labeled yeast, 10 mM Maltol solution was added. The particles were incubated
for 3 h at 30 °C. After incubation, the particles were harvested through centrifugation followed by
3 times 1x PBS wash. Both supernatant and pellet were saved for ICP-MS analysis.

4.8. Matrix preparation.

Bovine collagen, agarose and gelatin were used to study the effect of gelling agent on the matrix
relaxation times. Samples with 2.4 mg/mL collagen were prepared using the protocol reported in
literature.[26] Concentration of gelling agents were varied between 1%-25% (w/v) for gelatin and 0.5-
4% (w/v) agarose. A series of test matrices were prepared by mixing the agents with distilled water
at room temperature. The resulting samples were heated to dissolve the solid particles with constant
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stirring. The resulting gels were further tested to investigate the gelation times, cell suspension
threshold and experimental window for the cell phantom experiments.

Culture plates were prepared with the various matrices and nutrient supplementation to
examine the susceptibility of yeast growth during the experiments. Culture plates with only gelation
matrix was prepared to examine the sterility of the matrix.

4.9. Trand T2 water proton relaxation measurements of yeast cells and data analysis.

Cells were washed three times with 1x PBS. The cells were normalized with respect to the
total protein content (~125 pg/ml) and suspended in 15% (w/v) gelatin gel using the referenced
protocol[65] in 5 mm borosilicate NMR sample tubes. The relaxation rates of the cells were measured
ona9.7 T NMR spectrometer at 37 °C using Inversion recovery for T: and Carr-Purcell-Meiboom-Gill
(CPMGQG) spin echo for T2 protocol.[66] Briefly, Ti relaxation times of serial dilutions were measured
using an inversion-recovery with the following parameters: relaxation delay = 20 s, echo time array
starting from 0.5- 5 s, receiver bandwidth = 28 ms. T2 relaxation times were measured using Carr-
Purcell-Meiboom-Gill (CPMG) sequence with a fixed TR of 10 s and TE times ranging from 100-3000
ms in 100 ms increments. The relaxation rate of each sample calculated using non-linear regression
analysis in graphpad prism. Alternatively, Ti/T2relaxation times were determined on a 4.7 Tesla
MRI system as reported previously.[26] Briefly, T: relaxation times of serial dilutions were
measured using an inversion-recovery, balanced steady-state free precession (bSSFP) acquisition
with the following parameters: TE/TR=1.5/3.0 ms, flip angle=30°, inv. repetition time=10 s,
segments=8, frames=100. T2 relaxation times were measured using a multi-echo, Carr-Purcell-
Meiboom-Gill (CPMG) sequence with a fixed TR of 4200 ms and TE times ranging from 20-1200 ms
in 20 ms increments. The relaxation rate of each sample was calculated using non-linear regression
analysis within MATLAB (MathWorks, Natick MA) and relaxivities were then calculated by linear
regression (concentration vs. relaxation rate).

4.10. Scanning Electron Microscopy (SEM) on glucan particles.

The samples were prepared by a method previously reported in literature.[27,67] Briefly, control
and Fe(TOB)treated cells were concentrated by syringe filtration by a 0.2 micron Whatman
nucleopore polycarbonate filter paper with 1 mL syringe (GE Whatman, catalog #889-78084,
Maidstone, UK). Cells were rinsed with buffer by syringe, treated with 100 % ethanol by syringe
and incubated for 15 min. The filter paper was removed from the holder, placed in a petri dish and
treated with hydroxymethyldiazane (HMDS). Samples were placed at 4 °C for 16 h and imaged the
following day.

4.11. Cell viability assay.

Aliquots of control cells and complex treated cells were washed two times with 1x PBS. Serial
dilution assays were performed by spotting 10 uL of serial 10-fold dilutions of the cultures with
optical density OD600 of 0.8 on YEPD semi-solid agar media for S. cerevisiae and C. albicans yeast and
Spider semi-solid media for C. albicans hyphae cultures. The plates were incubated and photographed
after 24 h for C. albicans and 48 h for S. cerevisiae.

4.12. Determination of iron in the yeast cells.

The amount of Fe in the yeast cells was determined by using inductively coupled plasma mass
spectrometry (ICP-MS) (Thermo X-Series 2). After the internalization experiments, the yeast cells
with and without Fe(IIl) complex were collected in 200 uL milli-Q (Millipore) water. Yeast cell
solutions (100 uL) were digested with metal free nitric acid (900 pL) (65-70%). After three-day
digestion process, the samples were diluted to 2% HNO3, 30 ppb cobalt standard solution in 10 mL
milli-Q (Millipore) water and analyzed by ICP-MS. As the internal standards, cobalt and indium
standard solutions were used.

4.13. Statistical analysis.



570
571
572
573
574

575

576
577
578
579
580
581
582
583
584
585
586
587
588
589

590
591

592
593
594
595

596
597
598
599
600

601
602
603

604
605
606

607

608
609
610
611
612
613
614
615
616

Magnetochemistry 2020, 6, x FOR PEER REVIEW 16 of 20

Results were expressed as mean value + standard error (SE). Statistical analyses were performed
using one-way ANOVA analysis followed by Tukey's multiple comparisons test by using Graphpad
Prism 8. A P value of less than 0.05 was regarded as significant for cellular association and viability
studies, P value of less than 0.5 was regarded as significant for T1 measurements on cells.

5. Conclusions

This study demonstrates that paramagnetic Fe(Ill) based MRI probes can be used to label
pathogenic C. albicans as well as the domesticated S. cerevisize. Endocytosis was the most efficient
method for cellular labeling with Fe(TOB); studies supported cell wall localization of Fe(TOB) in both
S. cerevisiae and C. albicans when this method was used. The Fe(TOB) labeled cells displayed strong
enhancement in water proton T2relaxation which may be useful for tracking the yeast in vivo. The
strongly enhanced T2 over Tirelaxation times of Fe(TOB) associated with yeast would allow in vivo
discrimination of Fe(TOB) labeled yeast over free complex.

Fe(TOB) labeled yeast cells may find application for the study of invasive candidiasis in animals.
We envision that yeast cells labeled with paramagnetic probes would be injected into animals to
study the progression of the yeast infection in the host. Alternatively, given that several of the Fe(IlI)
macrocyclic complexes studied here produce MRI contrast in mice, studies are warranted to
determine whether yeast infections might be detected by administration of the Fe(III) MRI contrast
agents into the animal. The success of this type of study would rely on tuning the biodistribution of
the contrast agent to target the site of infection.[24,25]

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: title, Table
S1: title, Video S1: title.
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