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ABSTRACT: Nanoparticle−cell interactions between silica nanomaterials
and mammalian cells have been investigated extensively in the context of
drug delivery, diagnostics, and imaging. While there are also opportunities
for applications in infectious disease, the interactions of silica nanoparticles
with pathogenic microbes are relatively underexplored. To bridge this
knowledge gap, here, we investigate the eﬀects of organosilica nanoparticles
of diﬀerent sizes, concentrations, and surface coatings on surface association
and viability of the major human fungal pathogen Candida albicans. We
show that uncoated and PEGylated organosilica nanoparticles associate with
C. albicans in a size and concentration-dependent manner, but on their own,
do not elicit antifungal activity. The particles are also shown to associate
with human white blood cells, in a similar trend as observed with C.
albicans, and remain noncytotoxic toward neutrophils. Smaller particles are shown to have low association with C. albicans in
comparison to other sized particles and their association with blood cells was also observed to be minimal. We further
demonstrate that by chemically immobilizing the clinically important echinocandin class antifungal drug, caspofungin, to
PEGylated nanoparticles, the cell−material interaction changes from benign to antifungal, inhibiting C. albicans growth when
provided in high local concentration on a surface. Our study provides the foundation for deﬁning how organosilica particles
could be tailored for clinical applications against C. albicans. Possible future developments include designing biomaterials that
could detect, prevent, or treat bloodstream C. albicans infections, which at present have very high patient mortality.
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■

INTRODUCTION
Investigating fundamental interactions between nanoparticles
and microbial cells is key in determining the fate and behavior
of nanomaterials designed for antimicrobial applications. Fungi
are important clinically in the context of bloodstream
infections, particularly the opportunistic pathogen Candida
albicans). In hospitals, C. albicans is the fourth most common
pathogen responsible for infections, and its ability to produce
robust bioﬁlms on medical devices is key for pathogenesis.
Mortality from fungal infections poses a signiﬁcant health
problem, with higher mortality from systemic infections than
that of bacterial sepsis1,2 (with latest estimates of mortality at
10−20%, possibly up to 47%3). Like bacterial bioﬁlms, fungal
bioﬁlms are highly resistant to therapy;4 thus, the development
of novel therapies against pathogenic fungal infections is
daunting. Nanoparticle-based therapies, diagnostics, and
imaging agents are emerging as novel tools for the prevention
and treatment of invasive microbial infections, based in part on
© 2019 American Chemical Society

their potential to target speciﬁc cell types without causing
damage to host tissues.5 To consider nanoparticle-based
diagnostic and/or treatment strategies for fungal infections,
we need to understand the interactions between nanoparticles,
C. albicans, and human blood cells. These areas, however,
remain largely underexplored.
Although nanomaterials such as silver, gold, and zinc oxide
nanoparticles are known to elicit antimicrobial activities, the
mechanism responsible for their antimicrobial activity is not
fully understood.6 Many antifungal drugs, such as the azoles,
polyenes (such as Amphotericin B), and echinocandins, elicit
antifungal activity by binding to targets present in the fungal
cell membrane.7 This implies that the drug needs to penetrate
through the cell wall barrier to bind to its target present in the
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Figure 1. Colloidal stability of organosilica nanoparticlesa comparison between uncoated and PEGylated nanoparticles. (A) Surface modiﬁcation
of Cy5-labeled organosilica nanoparticles with COOH-PEG-silane. (B) Zeta potential of 400NP PEG (PEGylated) and 400NP (uncoated) in
MilliQ with varying pH. (C) Stability of 200NP PEG, 400NP PEG, 400NP, and 800NP PEG nanoparticles in YPD medium. (D) Stability of
400NP PEG and 400NP nanoparticles in 10% FBS and PBS buﬀer.

and associate with C. albicans and with human white blood
cells, given that these cells are involved in an infection setting.
In this study, we investigated the eﬀects of nanoparticle size,
concentration, and PEGylation on the growth, viability, and
association with C. albicans. We employed organosilica
nanoparticles, which are highly tunable in size and porosity,
and incorporate a functional organic group (in this case a
propyl-thiol), providing an additional pathway for chemical
modiﬁcation.14−16 We further investigated the association of
the nanoparticles with immune cells obtained from human
blood, which is signiﬁcant given that the nanoparticles will
likely encounter these cells during biomedical applications.
Attachment of the antifungal drug caspofungin to the
nanoparticle surface resulted in a clear switch from an
antifouling to an antifungal surface that elicited fungicidal
activity against C. albicans yeast cells, without signiﬁcant eﬀects
of human neutrophil toxicity.

plasma membrane of the pathogen. Caspofungin, an
echninocandin class of antifungal drug, inhibits the enzyme
responsible for cell wall synthesis, glucan synthase (localized in
the plasma membrane), which leads to the disruption of the
cell wall and consequent cell lysis.7,8 Similarly, Amphotericin B,
an FDA-approved antifungal agent, binds to membrane
constituent ergosterol, leading to disruption in membrane
integrity.9 Recently, Gow and co-workers showed that
liposomal nanoparticles containing Amphotericin B of 20−60
nm in size were able to permeate through the fungal cell wall
and reach their target, despite knowing that the cell wall has a
theoretical porosity of 5.8 nm (hydrodynamic radius).10 This
highlights that further characterization of nanoparticle−cell
association studies is required in the context of antifungal
nanomaterials.
The Ferreira group tested the antifungal activity of
Amphotericin B-conjugated silica nanoparticles against C.
albicans and several other Candida species. They demonstrated
that these nanoparticles possessed high antifungal activity
(contact-mediated), but were noncytotoxic toward ﬁbroblast
and human endothelial (HUVEC) cells.11,12 Nanoparticles
without drugs attached were also observed to be noncytotoxic
to C. albicans. In another study, Ferreira et al. employed
didodecyldimethylammonium bromide (DDAB) surfactants
grafted onto silica nanoparticles and tested them against
several microbial pathogens including C. albicans, Staphylococcus aureus, and Escherichia coli.13 Here, they found that
DDAB-immobilized silica nanoparticles elicit antimicrobial
activity even after 60 days of aging in physiologically relevant
mediums, and demonstrated the reusability and potential
incorporation of these nanoparticles in biomedical devices.
While these studies have addressed cytotoxicity of conjugated,
Stober-type silica nanoparticles on C. albicans and mammalian
cell lines, it is not known how organosilica nanoparticles aﬀect

■

RESULTS
To investigate the eﬀects of organosilica nanoparticle size,
concentration, and PEGylation status on viability and
association with C. albicans and key immune cells present in
human blood, we synthesized three diﬀerent sizes of
organosilica nanoparticles, labeling them with Cyanine-5
(Cy5) and in some cases coating with PEG, via a standard
approach. Nanoparticles of three diﬀerent sizes were chosen to
investigate their use as scaﬀolds in the design of biosensors or
biomaterials that could be applied to detect or prevent
bloodstream infections. The average diameters of the nanoparticles (uncoated) obtained through scanning electron
microscopy (SEM) were 209 ± 47.7, 413 ± 54.5, and 774 ±
133 nm, hereby denoted as 200NP, 400NP, and 800NP,
respectively. Nanoparticle size distributions of uncoated
34677
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Figure 2. Nanoparticles of diﬀerent sizes and PEGylation status do not aﬀect growth of C. albicans. (A) and (B) show growth of C. albicans treated
with uncoated and PEGylated 400NP at 2.67 × 109 and 1.39 × 109 NP mL−1, respectively. (C) and (D) show growth of C. albicans treated with
800NP PEG and 200NP PEG at 5.49 × 109 and 6.86 × 109 NP mL−1, respectively. The experiments were performed twice, using three
independent colonies of C. albicans each time. The two experiments gave equivalent results and representative data have been shown.

Figure 3. Association of 200NP PEG, 400NP PEG, and 800NP PEG with C. albicans yeast cultures. (A) Nanoparticles were incubated with C.
albicans cultures obtained from two independent colonies for 4 h at 1 × 108 and 1 × 109 NP mL−1 before analysis by ﬂow cytometry. Cells with at
least one particle have been indicated as Cy5 positive and dead cells have been identiﬁed as PI positive. C. albicans cells show enhanced association
with increasing size and concentration of the nanoparticles. 800NP PEG particles associate more strongly with Candida in comparison to 400NP
PEG and 200NP PEG particles, while not compromising yeast cell viability (*p < 0.05 and ***p < 0.001). The experiment was performed twice,
with two independent colonies each time. Representative data is shown and expressed as mean ± standard deviation of two independent colonies
from a single experiment. (B) Scanning electron microscopy (SEM) of 800NP PEG associating with C. albicans yeast cells (cells grown without
nanoparticles are shown in Figure S5). Scale bar represents 5 μm.

PEGylated nanoparticles as shown in Figure 1B. Here, the
titration curves revealed isoelectric points at ∼4.8, consistent
with that shown by Miller et al.22 This suggests that both
uncoated and PEGylated nanoparticles will maintain an overall
negative charge in the culture media used throughout the study
(i.e., YPD or RPMI 1640 media).
Given that resuspension of nanoparticles in physiological
solutions can often disrupt their colloidal stability (depending
on the ionic strength, pH, and protein content of the
dispersing medium23), we tested the stability of the nanoparticles in phosphate buﬀered saline (PBS) and 10% fetal

nanoparticles by dynamic light scattering (DLS) and SEM are
summarized in Figure S1 (Supporting Information).
PEGylation Reduces Aggregation of Organosilica
Nanoparticles in Relevant Growth Media over Time.
Modiﬁcation of the organosilica nanoparticles with COOHPEG-silane, via base-catalyzed condensation, was employed to
minimize aggregation in biological media (Figure 1A). The
PEG grafting density17−19 was found to be ∼0.37 molecules
nm−2 (Table S1), consistent with that of a polymer brush
structure.20,21 Zeta potential data was collected as a function of
pH to compare the isoelectric points of uncoated and
34678
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Figure 4. Coincubation with nanoparticles does not compromise the viability of C. albicans hyphae. (A) Heat-killed cells. (B) Untreated cells. (C)
Cells incubated with 800NP PEG at 5.49 × 108 NP mL−1 for 4 h. (D) Cells incubated with 800NP PEG at 5.49 × 109 NP mL−1 for 4 h. The
experiment was repeated twice using independent colonies, and representative micrographs are shown. Brightness and contrast have been adjusted
uniformly across all images. Scale bar represents 100 μm.

of 400NP and 400NP PEG nanoparticles showed no
diﬀerence, depicting that PEGylation of particles does not
have any eﬀect on growth of C. albicans (Figure 2A,B).
PEGylated Organosilica Associates with C. albicans in
Yeast and Hyphal Form without Cytotoxicity. Although
some studies have looked at the antifungal activity of
nanoparticles, their association with fungal cells has not been
evaluated. As such, we studied the eﬀect of nanoparticle size
and concentration on the viability and association with C.
albicans yeast cells using ﬂow cytometry. Only PEGylated
nanoparticles were employed in association and viability
studies because it is unlikely that uncoated nanoparticles
alone would be employed in biomedical applications. The
viability of C. albicans was largely unaﬀected by coincubation
with nanoparticles (only 0.2% of cells incubated with 800NP
PEG were PI positive and <0.09% of cells coincubated with
either 200NP PEG or 400NP PEG were PI positive) as
depicted in Figures 3 and 4. This is consistent with the lack of
eﬀect of the nanoparticles on growth or viability of C. albicans
yeast cells as determined by CFU counting (Figure 2).
Nanoparticle-cell association was seen to increase with
increasing size and concentration of nanoparticles (Figure
3A); 800NP PEG nanoparticles showed higher association in
comparison with 400NP PEG (p = 0.0125) and 200NP PEG
nanoparticles (p = 0.0004), and 400NP PEG nanoparticles
showed higher association compared to 200NP PEG nano-

bovine serum (FBS) (PBS supplemented with 10% FBS) and
YPD medium over a period of 8 days. In PBS, uncoated
nanoparticles doubled in size within a span of 24 h (Figure
1D), which was expected because of the high ionic strength of
PBS. As shown in Figure 1C,D, PEGylated nanoparticles were
relatively stable in both YPD medium and in 10% FBS
solutions, as the average particle size in these suspensions did
not vary signiﬁcantly over the course of the experiment, in
comparison to nanoparticle-free culture media. This was also
the case for uncoated nanoparticles, suggesting that a protein
corona was formed to stabilize the particles against
aggregation.24
Growth of C. albicans Is Unaﬀected by the Presence
of Organosilica Nanoparticles. To evaluate the eﬀects of
nanoparticle size and PEGylation on the growth of C. albicans,
we resuspended nanoparticles in YPD media containing yeast
cells and monitored viability by counting colony-forming units
(CFUs). Cells were incubated with 200NP PEG (PEGylated),
400NP PEG, 400NP (uncoated), and 800NP PEG nanoparticles at the highest concentration of nanoparticles obtained
through their synthesis (where the diﬀerences in concentration
were minimal with respect to the error of the dry weight
measurement method). Incubating C. albicans in the presence
of the nanoparticles did not elicit antifungal activity since yeast
growth was found to be unaﬀected and similar to untreated
cells (Figure 2A−D). Moreover, growth of cells in the presence
34679
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Figure 5. Nanoparticle−cell association varies with nanoparticle size and concentration. PEGylated nanoparticles were incubated with blood
obtained from three diﬀerent donors for 1 h, at two diﬀerent temperatures (37 and 4 °C). Percentage (%) Cy5 positive indicates cells labeled with
at least one PEGylated organosilica nanoparticle. Association of PEGylated organosilica nanoparticles are shown with (A) neutrophils, (B)
monocytes, (C) B lymphocytes, (D) natural killer (NK) cells, (E) dendritic cells (DC), and (F) T lymphocytes at 37 and 4 °C. Data is expressed as
mean ± standard deviation from three independent donors.

association observed with yeast cells (Figure 3). Untreated
cells and cells subjected to heat shock served as negative and
positive controls, respectively. Under hyphal growth conditions, cells subjected to heat shock treatment showed a
bright, red ﬂuorescence (Figure 4A), while untreated cells
showed no ﬂuorescence in the PI channel, indicating the
absence of dead cells (Figure 4B). Cells treated with 800NP
PEG particles at 5.49 × 109 and 5.49 × 108 NP mL−1 showed
no red ﬂuorescence in the PI channel (Figure 4C,D), although
nanoparticles were colocalized with the hyphae (Figure 4C,D,
Cy5 channel). Similar microscopy results were obtained under
yeast growth condition (Figure S2). These results, combined
with quantitative ﬂow cytometry data on yeast cells in Figure 3,
demonstrate that the viability of cells incubated with the
organosilica nanoparticles was unaﬀected, even though

particles (p = 0.016). All nanoparticles showed increased
association at the higher concentration of 1 × 109 particles
mL−1 (NP mL−1), compared to 1 × 108 NP mL−1 (p =
0.0048). Scanning electron microscopy (Figure 3B) revealed
that 800NP PEG associated with C. albicans mainly at the cell
surface (see Figure S5 for control images showing C. albicans
grown without nanoparticles).
In addition to growth in yeast form, C. albicans also grows in
the ﬁlamentous hyphal form, and both cell types are seen in
infection.25 Therefore, we also tested the viability and
nanoparticle association of C. albicans in the presence of
serum at 37 °C, which is the condition that mimics a blood-like
environment and stimulates hyphal growth26 (Figure 4). Given
the challenge of analyzing hyphal cells by ﬂow cytometry,27 we
used ﬂuorescence microscopy for these experiments. 800NP
PEG particles were chosen because of the relatively high
34680
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Figure 6. 800NP caspofungin-conjugated nanoparticles (800NP-Caspo) inhibit growth of C. albicans while not compromising the viability of
neutrophils. (A) Schematic of caspofungin conjugation onto 800NP PEGylated nanoparticles. (B) Viability of C. albicans treated with 800NPCaspo or controls without caspofungin (800NP PEG) at 1 × 109 NP mL−1. Supernatant indicates supernatant obtained from caspofungin-coated
nanoparticles 14 days after synthesis, and serves as control for caspofungin leaching from nanoparticles. The experiment was repeated three times
with C. albicans cultures from two independent colonies, and representative data from two experiments are shown. (C) Viability of neutrophils
evaluated using ATP assay. Neutrophils were treated with PEGylated and 800NP-Caspo nanoparticles for 1 h at 37 °C. This experiment was
performed in triplicate with three independent donors where the eﬀect of nanoparticle size and concentration were found to be insigniﬁcant (twoway ANOVA followed by Tukey’s multiple comparisons test). (D) Plates were seeded with a lawn of C. albicans (1 × 106 cells). The wild-type
strain SC5314 (left) was used as the control, and compared to a genetically isogenic glucan synthase mutant RRMHO2, which is resistant to
caspofungin (right). 800NP PEG (D1, D5), 800NP-Caspo (D2, D6), 1 μg mL-1 caspofungin in solution (D3, D7), or supernatant obtained
following 14-day incubation of caspofungin-conjugated nanoparticles (D4, D8) were then added to the plate. Plates were incubated at 30 °C for 2
days and photographed. The experiment was performed three times and representative images are shown.

organosilica nanoparticles on a range of six human blood
immune cells obtained from three independent healthy donors.
As expected, all nanoparticles showed much higher association
at 37 °C than at 4 °C (Figure 5A-F), indicating the
involvement of energy-dependent biological processes, such
as active transport.32 Association was highest with monocytes
and B lymphocytes with approximately 25−35% cells found to
be Cy5-positive when treated with 400NP PEG or 800NP
PEG particles (Figure 5B and D), while with neutrophils
approximately 16−20% were found to be Cy5-positive (Figure
5A). T lymphocytes, natural killer cells and dendritic cells
showed very little association with any of the nanoparticles at

particles had colocalized with the yeast and hyphal cells,
indicating their association.
PEGylated Organosilica Shows Size- and Concentration-Dependent Association with Human Immune
Cells. After examining the association of PEGylated nanoparticles with fungal cells, we next investigated their association
with human blood cells, as these will be the ﬁrst host cells that
interact with nanoparticles if they are incorporated into
indwelling catheters or following intravenous administration
of nanoparticles for therapeutic or imaging purposes. Hence,
we employed a previously reported28−34 whole blood assay to
study the eﬀect of size and concentration of PEG-coated
34681
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both 4 and 37 °C (Figure 5C, E and F). Interestingly, the
smallest nanoparticles (200NP PEG) showed minimal
association across all cell types (Figure 5A−F).
Antifungal Drug Attachment to PEGylated Organosilica Leads to Antifungal Activity without Toxicity to
Human Neutrophils. As PEGylated nanoparticles showed
negligible eﬀects on fungal cell growth despite clear
association, we functionalized the 800NP PEG-coated nanoparticles with the antifungal drug, caspofungin, to determine if
we could use surface association to tune the interaction from
benign to antifungal (Figure 6A). Caspofungin is used
clinically to treat candidiasis via its inhibition of the major
cell wall synthesis enzyme glucan synthase, which leads to
disruption of cell wall integrity and cell lysis. X-ray photoelectron spectroscopy (XPS) analysis revealed there was a
small but detectable increase in nitrogen concentration because
of successful attachment of caspofungin on the PEGylated
nanoparticles activated by 1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide hydrochloride/N-hydroxysuccinimide
(EDC/NHS) in comparison to PEGylated nanoparticles on
their own, or those incubated with the drug but without EDC/
NHS activation (Table S1). To address the possibility that
caspofungin was not covalently bound, we also tested the
supernatant obtained after 14 days post-synthesis to allow
leaching of unbound drug into solution. C. albicans yeast cells
were exposed to caspofungin-conjugated nanoparticles or
supernatant and colony-forming units (CFUs) determined
over time. At the concentration of 1 × 109 NP mL−1
caspofungin-conjugated nanoparticles, there was a noticeable
reduction in the number of CFUs in the ﬁrst 4−6 h of
coincubation (p = 0.0009 at 4 h and p = 0.0082 at 6 h), after
which cells grew again and eventually matched cell numbers of
the controls (Figure 6B). The supernatant showed no eﬀect on
yeast growth, showing that any leaching of caspofungin was
negligible. To verify if PEGylated or caspofungin-conjugated
nanoparticles elicit cytotoxicity to human blood cells, we
incubated each with fresh human neutrophils, given that these
cells are the ﬁrst point of contact during an infection or
inﬂammatory process in vivo.35 The experiment was performed
under the same conditions as for the whole blood assay (Figure
5). Viability was evaluated by measuring adenosine 5′triphosphate (ATP) production. Cells treated with the
nanoparticles of diﬀerent sizes and concentrations showed no
signiﬁcant eﬀect in terms of viability of neutrophils when
compared to untreated cells (Figure 6C). Though a slightly
lower viability of neutrophils was observed following
incubation with 200NP PEG and 800NP-Caspo at 1 × 109
NP mL−1 relative to untreated neutrophils, viability was still
seen to be above 75%.
We next tested whether providing the caspofunginconjugated nanoparticles in a high local concentration on
plates could result in a more potent growth inhibition in
comparison to solution-phase experiments. On the basis of the
underlying particle signal attenuation (obtained through XPS)
after PEG and caspofungin attachment, the drug concentration
was estimated to be on the order of 0.26 ± 0.04 molecules
nm−2 with EDC/NHS activation (see Table S1 and page S-2
for details). The approximate loading of caspofungin on
800NP-Caspo nanoparticles in this experiment was 30.5 ± 7
μg mL−1 (for a particle concentration of 3.43 × 1010 NP
mL−1). Addition of this high concentration of 800NP-Caspo
nanoparticles to YPD agar plates containing a lawn of yeast
cells resulted in a dramatic reduction in the number of cells

compared to the zone of the plate that was covered with PEGcoated nanoparticles as control (Figure 6D). This eﬀect was
almost as strong as when adding free caspofungin (1 μg mL−1)
to the plate. Lower concentrations of caspofungin-conjugated
nanoparticles (6.86 × 109 NP mL−1) did not show the same
eﬀect (Figure S4). This was expected since drugs conjugated
on nanoparticle surfaces are limited by diﬀusion and particle
uptake, thereby requiring a higher nanoparticle concentration
to achieve the same eﬀect as free drug in solution.36,37 The
supernatant from 14 days of incubation following production
of caspofungin-conjugated nanoparticles had no eﬀect (Figure
6B,D). This shows that the eﬀects of caspofungin-conjugated
particles are unlikely to be due to caspofungin leaching into the
medium. A caspofungin-resistant glucan synthase mutant of C.
albicans8,38 was found to be resistant to both free caspofungin
and nanoparticles conjugated with caspofungin in plate assays
(Figure 6,D6,D7). This indicates that, as is seen with
caspofungin in solution, mutations in glucan synthase render
C. albicans resistant to caspofungin-conjugated nanoparticles.

■

DISCUSSION
Investigating the fundamental interactions between nanoparticles and the cells they are likely to encounter is vital in
assessing the suitability of a nanomaterial in the design of
nanoparticle-based sensors, imaging agents, and therapeutics.
We show here that organosilica nanoparticles maintain stability
in C. albicans growth media for at least a week regardless of
coating with the antifouling polymer, PEG. We further
demonstrate that uncoated and PEGylated organosilica
nanoparticles do not elicit cytotoxicity against C. albicans
yeast or hyphal cells during planktonic, free-living growth, at
the diﬀerent sizes and concentrations tested. A previous study
is consistent with our work, in that amine-coated silica
nanoparticles, in a similar order of concentration range to that
of 400NP PEGylated particles used here, showed no eﬀect on
the growth of planktonic C. albicans. The PEGylated particles
that we used are negatively charged in YPD medium, while the
silica nanoparticles used by the previous study were positively
charged.12 Therefore, it is likely that PEGylated or uncoated
silica nanoparticles are relatively nontoxic toward C. albicans
for the times tested, even though the nanoparticles associate
with both yeast and hyphal morphologies in solution.
We further studied the association of nanoparticles with
human white blood cells, which is important to assess their
feasibility for clinical applications.28−33 We utilized whole
human blood to provide a complex environment that
nanomaterials encounter when placed in vivo, and tested the
association of PEG-coated organosilica nanoparticles at 4 °C, a
temperature at which energy-dependent processes are inactive,
as well as at 37 °C, temperature at which most physiological
processes occur. Previous studies have also employed this assay
and noted the diﬀerence in nanoparticle−cell association
across diﬀerent cell types for the respective nanomaterials.28−34
Larger PEGylated nanoparticles showed association with
monocytes, neutrophils, and B lymphocytes, but little or no
association with T lymphocytes, natural killer cells, and
dendritic cells. This observation was consistent across the
diﬀerent sizes and concentrations of nanoparticles employed in
the study. Association with neutrophils and monocytes can be
explained by their phagocytic nature, while B cells have
complement receptors on their cell surface that facilitate
association with nanoparticles.34 Although dendritic cells are
also phagocytic, we observed very little association of these
34682
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both act at the membraneAmphotericin B binds to
ergosterol, while caspofungin targets 1,3-β-glucan synthase.
Our data shows that a caspofungin-resistant glucan synthase
mutant of C. albicans is resistant to both caspofungin in
solution and caspofungin-conjugated nanoparticles. Importantly, the supernatant from long-term incubation (14 days) of
caspofungin-conjugated nanoparticles in a medium showed no
antifungal activity, thus arguing against release of the drug from
the nanoparticles. While the resistance of a glucan synthase
mutant to caspofungin-conjugated nanoparticles implicates
glucan synthase in the mechanism of action, a consideration is
how caspofungin accesses its target in the plasma membrane
when conjugated to nanoparticles. The fungal membrane is
surrounded by a cell wall made of chitin, glucan, and
mannosylated proteins where the precise thickness of the cell
wall varies depending on growth conditions, but it is generally
in the range of 150−200 nm.10,42,43 The porosity of the
Candida cell wall has a theoretical hydrodynamic radius of 5.8
nm; however, liposomes containing amphotericin B having
diameters of 20−60 nm were still able to penetrate through the
cell wall, and it was suggested that this was enabled by dynamic
restructuring of the cell wall.10 The organosilica nanoparticles
employed in this study are about 10-fold larger, and inelastic
gold nanoparticles (15 nm) were incapable of crossing the cell
wall unless encapsulated within a liposomal nanoparticle.10
Interestingly, the Coad group reported previously that
caspofungin-coated surfaces have antifungal activity against
Candida,44−47 and these previous studies fully support our data
with caspofungin-conjugated nanoparticles. It is possible that
dynamic cell wall remodeling processes during fungal growth
expose glucan synthase to caspofungin-conjugated nanoparticles. A further possible explanation of the resistance of
glucan synthase mutants to caspofungin-conjugated nanoparticles is that these mutants display changes in the cell wall
structure, which render them insensitive. Future studies will
need to address the mechanisms of action of nanoparticlebound caspofungin against C. albicans. In any case, the shift
from being benign to antifungal upon functionalization of
PEGylated organosilica with caspofungin indicates the
possibility that these types of tunable nanoparticles could be
incorporated into biomaterials to either detect (by the addition
of a functional moiety on the surface of a nanoparticle) or
potentially inhibit bioﬁlms of C. albicans formed on
biomaterials used in vivo, such as a catheter. Cathetermediated bioﬁlm infections with C. albicans are a serious
clinical issue because of their high resistance to therapies and
lack of rapid detection tools.1,4

cells with nanoparticles, possibly because they are rare and less
phagocytic in comparison to monocytes and neutrophils. T
cells and NK cells are not phagocytic nor possess complement
receptors on their cell surface, which likely accounts for their
lack of association with nanoparticles. Association of
PEGylated nanoparticles was found to be higher with
monocytes than with neutrophils, and a previous study by
Song and co-workers supports our conclusion.32 Donor-todonor variation28,30 precludes us from drawing conclusions
about similar levels of association, in particular, the comparison
between monocytes and neutrophils. A key diﬀerence from
previous work, however, is the level of association with B
lymphocytes. One plausible explanation for this could be the
likely involvement of the complement proteins partaking in
association following opsonization of PEG-coated nanoparticles.39−41 Smaller nanoparticles (200NP PEG) showed
minimal association across remaining cell types, similar to what
has been observed by the Caruso group that employed
mesoporous silica nanoparticles of a similar size range.33
Association studies with C. albicans and human blood cells
were conducted separately using ﬂow cytometry. While
nanoparticle dosage was kept consistent in both assays (with
fungal cells or human cells), it should be noted that the cell-toparticle ratios varied in the two assays. In addition, the nature
of the experimental conditions and milieu (protein composition, concentration, and subpopulation neighboring cells in the
case of blood) exposed to nanoparticles were dissimilar; hence,
it is diﬃcult to directly compare nanoparticle−cell association
between C. albicans and immune cells. However, some
similarities were observed in the way nanoparticles associated
with C. albicans and immune cells. Although C. albicans
showed relatively high association with 800NP PEG,
particularly at higher dose, immune cells were less biased
toward the larger nanoparticles because association was seen
almost equally with 800NP PEG and 400NP PEG. Association
with both fungal and immune cells were found to be lowest
when treated with 200NP PEG nanoparticles, where
association of immune cells with 200NP PEG particles was
eﬀectively negligible. This may suggest a size “window” for
applications in which high association of PEGylated materials
with C. albicans is desired, while at the same time maintaining
minimal association with human cells. Nevertheless, this may
be conﬁrmed by further studying the coincubation of the
200NP PEG particles with both C. albicans and blood cells to
examine how they associate with one another in an in vitro
model of a “bloodstream infection”.
Very few therapeutic options exist for fungal infections, and
essentially only three classes of drugs are used as monotherapy:
the azoles (which target Erg11, the enzyme needed for
synthesis of the membrane lipid ergosterol), the echinocandins
(such as caspofungin, which target 1,3-β-glucan synthase), and
amphotericin B, which binds to ergosterol and disrupts plasma
membrane integrity. We show that caspofungin-conjugated
nanoparticles have antifungal activity when provided on a
surface, in a high local concentration, and we further show that
PEGylated and caspofungin-conjugated nanoparticles are not
toxic to human neutrophils. Taken together with a previous
report that demonstrated that Amphotericin B has antifungal
activity when conjugated to silica nanoparticles,12 our study
suggests that two diﬀerent classes of clinically important
antifungal drugs can be eﬀectively conjugated to silica
nanoparticles without losing their antifungal activity. Caspofungin and amphotericin B have diﬀerent modes of action, but

■

CONCLUSION
Our study demonstrates the fundamental eﬀect of nanoparticle
size, concentration, and PEGylation on the growth, viability,
and association with the opportunistic human pathogen C.
albicans. We have established that neither PEGylated nor
uncoated organosilica nanoparticles elicit cytotoxicity against
C. albicans. However, PEGylated organosilica particles
associate with both the pathogen and immune cells in a sizeand dose-dependent manner, providing insight into their likely
behavior in an in vivo environment. We demonstrate a switch
in behavior of the nanoparticles upon conjugation with an
antifungal drug, from a benign interaction to an antifungal
nanomaterial, without aﬀecting the viability of neutrophils. Our
study highlights the foundation of using organosilica nano34683
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inoculated in 2 mL of YPD liquid media and incubated for 18 h at 30
°C at 200 rpm. Overnight cultures were diluted to their desired
optical density (OD) for growth, viability, and nanoparticle−cell
association experiments.
Growth of C. albicans Incubated with Uncoated, PEGylated,
and Caspofungin-Conjugated Nanoparticles. Overnight cultures
of C. albicans SC5314 (started from single colonies) were diluted to
OD600 of 0.1 in 1 mL of YPD-containing nanoparticles at desired
concentrations. The cultures were incubated at 30 °C with orbital
shaking set to 200 rpm. An aliquot of the cultures was obtained at 0,
4, 6, 8, 12, and 24 h, serially diluted, plated on YPD agar plates, and
then incubated for 48 h at 30 °C. Colonies were counted and
represented in CFUs mL−1. The experiment was repeated two times
independently, and each time three independent cultures of C.
albicans, from three diﬀerent colonies, were used.
For evaluating antifungal eﬀect of surfaces containing caspofunginconjugated nanoparticles, overnight cultures of C. albicans (SC5314
and RRMHO2) were diluted to OD of 0.1 in 1 mL of YPD and 100 μL
of diluted culture was spread on YPD agar plates. Supernatant of
caspofungin-conjugated nanoparticles was obtained by incubating the
conjugated nanoparticles in YPD at 4 °C and centrifuging the
nanoparticles after 14 days of incubation. Twenty microliters of 3.43
× 1010 NP mL−1 (particles mL−1) caspofungin-conjugated and
PEGylated nanoparticles, supernatant from the solution containing
caspofungin-conjugated nanoparticles, and free caspofungin in
solution (20 μL of 1 μg mL−1 stock) were then dropped onto
diﬀerent zones of the plate and incubated at 30 °C for 48 h. Images of
plates were obtained using the Fujiﬁlm LAS-3000 imaging system.
Data was collected from three biologically independent experiments.
Viability and Cell-Association Experiments with C. albicans.
For cell association studies, overnight cultures of C. albicans
(SC5314) were diluted to OD of 0.2 in 1 mL of YPD-containing
nanoparticles (1 × 109 and 1 × 108 NP mL−1). Cells were incubated
with nanoparticles for 4 h at 30 °C with orbital shaking set to 200
rpm. Cells subjected to heat shock (by placing vials containing cells
on a heat block set at 95 °C) for 10 min were taken as positive control
and untreated cells were taken as negative controls. Propidium iodide
(2.5 μL of 1 mg mL−1, ThermoFisher) was added to cultures followed
by washing with 0.01 M PBS and placed on ice before analysis with
ﬂow cytometry. Flow cytometry was performed on BD LSRFortessa
X-20B and data was collected from the BD FACSDIVA software.
Collected data was analyzed on Flowjo V10, gating on forward and
side scatter. Data was collected from two biologically independent
experiments. The method for reporting nanoparticle−cell association
data is based on counting the percentage of cells associated with at
least one ﬂuorescent nanoparticle. This is a common technique in the
ﬁeld, especially when investigating the eﬀects of particle size32−34 (see
Figure S3 for gating strategy).
Viability studies were performed on hyphal cultures of cells
incubated with 800NP PEG particles. For hyphal cultures, overnight
cultures of C. albicans (SC5314) were diluted to OD of 0.3 in 1 mL of
RPMI 1640 supplemented with 10% FBS and without Phenol Red,
containing 800NP PEG nanoparticles (5.49 × 109 and 5.49 × 108 NP
mL−1) or in the absence of nanoparticles. Cells subjected to heat
shock (by placing vials containing cells on a heat block set at 95 °C)
for 10 min were taken as positive control and untreated cells were
taken as negative controls. Cells were incubated with nanoparticles for
4 h at 37 °C with orbital shaking set to 200 rpm. Propidium iodide
(2.5 μL of 1 mg mL−1, ThermoFisher) was added to cultures, washed
with PBS, and loaded on a 24-well plate where they were imaged
using an EVOS FL Auto Imaging System at a magniﬁcation of 40 ×.
Brightness and contrast of the images were adjusted uniformly across
all samples using Image-J.
Cell Association Analyzed Using Cryo-SEM. Overnight
cultures of C. albicans (SC5314) were diluted to OD of 0.2 in 1
mL of YPD-containing nanoparticles (1 × 109 NP mL−1). Cells were
incubated with nanoparticles for 4 h at 30 °C with orbital shaking set
to 200 rpm. After incubation with nanoparticles, cells were washed
several times with PBS and ﬁxed in 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1 M sodium cacodylate buﬀer for 1 h at room

particles, potentially in the context of therapy or diagnosis of
Candida-associated bloodstream infections.

■

EXPERIMENTAL PROCEDURES

Nanoparticle Synthesis. Cy5-labeled organosilica nanoparticles
were synthesized on the basis of the method as previously described
by Robinson et al.48 Brieﬂy, 3-mercaptopropyltrimethoxysilane
(Sigma-Aldrich) was hydrolyzed in acidiﬁed Milli-Q water (pH 2.5,
0.1 M hydrochloric acid). This solution was allowed to react for 18 h
by placing it on a magnetic stirrer set to 450 rpm. This suspension was
centrifuged (3500 g, 30 min) to separate the oil from the emulsion.
Nanoparticle size was tuned by varying the amount of this supernatant
of the hydrolysis solution added to the condensation reaction, where
25%, 3.5%, and 3% v/v yielded in 774, 416, and 209 nm nanoparticles.
Supernatant was diluted in acidiﬁed Milli-Q (pH 3.5, 0.1 M
hydrochloric acid) and condensation was carried out by adding 0.5
mL of 2 mg mL−1 of cyanine-5 maleimide (Lumiprobe), dissolved in
tetrahydrofuran (Sigma-Aldrich) and 100 μL of triethylamine (SigmaAldrich), for 30 min for supernatant concentrations of 25% and 3.5%
and overnight for 3%. Nanoparticles were puriﬁed via several rounds
of washing in ethanol. Nanoparticle concentrations were determined
by dry weight measurements after overnight incubation at 60 °C.
Nanoparticle Characterization. Nanoparticle size was determined using DLS and SEM. DLS and zeta potential was performed on
a solution of nanoparticles using Malvern Zetasizer Nanoseries at a
scattering angle of 173°. SEM samples were prepared by drying an
aliquot of nanoparticle solution overnight at 60 °C on a piece of
silicon wafer mounted on a SEM stub. SEM samples were coated with
10 nm of iridium and images were obtained using the FEI Nova
NanoSEM 450 FEG SEM in emersion lens mode. Acceleration
voltage was set to 5 kV, spot size of 2, and a working distance of 5
mm. Size distribution of nanoparticles from SEM was prepared from a
sample size of 300 particles for each sample.
Nanoparticle Coating and Functionalization with Caspofungin. PEG coating of uncoated nanoparticles was performed in
accordance with the method described by Walker et al.24 Brieﬂy, 30
mg of COOH-PEG-silane (1 kDa, Nanocs) dissolved in 400 μL of
24% w/w ammonia was added to 20 mL of uncoated nanoparticles
suspended in ethanol. The nanoparticles were incubated overnight at
room temperature with gentle shaking and subsequently rinsed in
80% ethanol and Milli-Q water before resuspending in yeast extract
peptone dextrose (YPD), 10% fetal bovine serum, Roswell Park
Memorial Institute (RPMI) 1640 (Gibco), or Milli-Q water for
further analysis.
For modiﬁcation of PEG groups with caspofungin, EDC/NHS
coupling reaction was performed. Brieﬂy, 19 μL of 1-ethyl-3-(3(dimethylamino)propyl)-carbodiimide hydrochloride [EDC, 50 mg
dissolved in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES)
buﬀer, Sigma-Aldrich] and 11.5 μL of N-hydroxysuccinimide (NHS,
50 mg dissolved in 0.1 M MES buﬀer, Sigma-Aldrich) were added to
1 mL of 2.5 mg mL−1 800NP PEG particles (resuspended in 0.1 M
MES buﬀer) and incubated for 30 min at room temperature.
Nanoparticles were rinsed several times in 0.1 M MES buﬀer before
adding 100 μL of 0.125 mg mL−1 caspofungin (Cancidas, Merck).
These nanoparticles were incubated with caspofungin at room
temperature, with subtle agitation using TS-100 Thermo-shaker
overnight. Nanoparticles were rinsed thoroughly with 80% ethanol
and YPD, before resuspending in YPD. The PEG and caspofungin
grafting densities were quantiﬁed using the signal attenuation of the
nanoparticle sulfur signal obtained from XPS (see Table S1 and page
S-2 of Supporting Information for details).
C. albicans Strains and Growth Conditions. The C. albicans
wild-type strain SC5314 was employed for all experiments in this
study. The glucan synthase mutant, RRMHO2 (fks1Δ::FKS1 A1939G
C1946T/fks1Δ::FKS1 A1939G C1946T) was a generous gift from
Michaela Lackner.38 Strains were kept in frozen glycerol stocks and
streaked on YPD agar plates (1% yeast extract, 2% peptone, 2%
glucose, 2% agar, and 0.01% uridine, United States Biological),
followed by incubation at 30 °C for 48 h. Single colonies were then
34684
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temperature. The ﬁxed cells were then washed three times in fresh
sodium cacodylate buﬀer, before being postﬁxed in 1% osmium
tetroxide in cacodylate buﬀer at room temperature. Postﬁxed cells
were washed three times with Milli-Q water, and 100 μL aliquots were
incubated on round coverslips coated with 0.1% polyethylenimine for
45 min. Following incubation, excess cells were washed oﬀ by
immersing the coverslips in water and the coverslips with adhered
cells were then dehydrated in increasing concentrations of ethanol,
consisting of 30, 50, 70, 90, and 2 × 100% ethanol for 10 min each.
Dehydrated cells on coverslips were dried with a Bal-Tec CPD 030
critical point dryer and the coverslips mounted onto 22 mm diameter
aluminum SEM stubs using sticky carbon tabs. Mounted coverslips
were gold-coated with a Bal-Tec SCD 005 sputter coater. The cells
were imaged with a Nova NanoSEM 450 scanning electron
microscope at 5 kV and a spot size of 2.
Cell Association with Human Immune Cells. Fresh blood was
collected from healthy human volunteers into sodium heparin
vacuettes (Greiner Bio-One) after obtaining informed consent in
accordance with the University of Melbourne Human Ethics approval
1443420 and the Australian National Health and Medical Research
Council Statement on Ethical Conduct in Human Research. Cell
counts were obtained using a CELL-DYN Emerald analyzer (Abbott).
PEG-coated organosilica nanoparticles (diluted in water) were added
in triplicate to 100 μL of blood from three separate volunteers, such
that their concentration in blood were 1 × 109 and 1 × 108 NP mL−1,
where the samples were incubated for 1 h at 4 or 37 °C. Red blood
cells were lysed by adding Pharm Lyse buﬀer (BD) at 40× blood
volume and washed twice with 4 mL of PBS (500 g, 7 min). Cells
were phenotyped on ice for 1 h using titrated concentrations of
antibodies against CD3 AF700 (SP34-2, BD), CD14 APC-H7
(MΦP9, BD), CD66b BV421 (G10F5, BD), CD45 V500 (HI30,
BD), CD56 PE (B159, BD), lineage-1 cocktail FITC (BD), HLA-DR
PerCP-Cy5.5 (G46-6, BD), and CD19 BV650 (HIB19, Biolegend).
Unbound antibodies were removed by washing and centrifugation
(500 g, 7 min) with a cold (4 °C) PBS buﬀer containing 0.5% w/v
BSA and 2 mM EDTA. Cells were ﬁxed in 1% w/v formaldehyde in
PBS. The samples were directly used for cell association analysis by
ﬂow cytometry (LSRFortessa, BD Biosciences) and analyzed using
FlowJo V10.
Neutrophil Cytotoxicity Assay. Human peripheral blood was
obtained from three healthy human donors into lithium heparin tubes.
This work (neutrophil isolation) was carried out according to Monash
University Human Ethics approval 9572. Neutrophil isolation was
carried out using EasySep (Stemcell Technology) as per manufacturer’s protocols. In brief, 1 × 106 cells mL−1 of neutrophils was
seeded onto a black bottom 96-well plate. To this, PEGylated and
caspofungin-coated organosilica nanoparticles (suspended in RPMI
1640 with 1% human serum) were added to wells at concentrations of
1 × 109 or 1 × 108 NP mL−1 and incubated for 1 h at 37 °C. Viability
of neutrophils was measured by quantiﬁcation of ATP using the
CellTiter-Glo kit (Promega), added to wells in volume equivalent to
that of the culture volume of the neutrophils and incubated for 20 min
in the dark, with gentle shaking on an orbital shaker. Luminescence
was recorded using a TECAN Spark20M microplate reader.
Statistical Analysis. Statistical analysis was performed on cell
association with C. albicans and neutrophil cytotoxicity between
particle sizes using two-way ANOVA followed by Tukey’s multiple
comparisons test (Graphpad Prism 8). Signiﬁcance between particle
concentrations was tested for using a ratio-paired t test (Graphpad
Prism 8).

■

■

particles; supporting data includes size distribution of
uncoated organosilica nanoparticles, viability of C.
albicans yeast cells incubated with 800NP PEG, and
gating strategy for whole blood assay using ﬂow
cytometry; XPS analysis of uncoated, PEGylated, and
caspofungin-conjugated nanoparticles; agar plate assay
with lower nanoparticle concentrations; SEM image of
C. albicans yeast cells grown in the absence of
nanoparticles (PDF)
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