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Citrate capped 100 nm Gold Nanoparticle Adsorption is shown to Alters the Cell Stiffness and Cell wall Bio-Chemical Landscape of Candida albicans Fungal Cells.  
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A B S T R A C T   

Hypothesis: Nanomaterials have been extensively investigated for a wide range of biomedical applications, 
including as antimicrobial agents, drug delivery vehicles, and diagnostic devices. The commonality between 
these biomedical applications is the necessity for the nanoparticle to interact with or pass through the cellular 
wall and membrane. Cell-nanomaterial interactions/uptake can occur in various ways, including adhering to the 
cell wall, forming aggregates on the surface, becoming absorbed within the cell wall itself, or transversing into 
the cell cytoplasm. These interactions are common to mammalian cells, bacteria, and yeast cells. This variety of 
interactions can cause changes to the integrity of the cell wall and the cell overall, but the precise mechanisms 
underpinning such interactions remain poorly understood. Here, we investigate the interaction between 
commonly investigated gold nanoparticles (AuNPs) and the cell wall/membrane of a model fungal cell to explore 
the general effects of interaction and uptake. 
Experiments: The interactions between 100 nm citrate-capped AuNPs and the cell wall of Candida albicans fungal 
cells were studied using a range of advanced microscopy techniques, including atomic force microscopy, confocal 
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laser scanning microscopy, scanning electron microscopy, transmission electron microscopy, and synchrotron- 
FTIR micro-spectroscopy. 
Findings: In most cases, particles adhered on the cell surface, although instances of particles being up-taken into 
the cell cytoplasm and localised within the cell wall and membrane were also observed. There was a measurable 
increase in the stiffness of the fungal cell after AuNPs were introduced. Analysis of the synchrotron-FTIR data 
showed significant changes in spectral features associated with phospholipids and proteins after exposure to 
AuNPs.   

1. Introduction 

The field of nanomedicine is rapidly expanding, with nanomaterials 
finding use in a number of applications, including drug delivery [1], 
biosensing [2], disease detection [3], and antimicrobials [1,4], amongst 
others [2,5,6]. The commonality between all bio-nanomaterials is that 
they must interact with a biological entity via the bio-interface 
(including cell wall, outer and inner membrane, and lipid bilayer) – 
the barrier which separates the organism, or bio-construct, from the 
external environment [7–12]. Nanomaterials can interact with the bio- 
interface in a number of different ways [4,13–18], including adhesion, 
adsorption, surface aggregation, membrane/cell wall encapsulation 
[1,3,19], and cell translocation [20]. These interactions can lead to 
notable biophysical, biochemical, and morphological changes, which 
may cause changes to the integrity of the bio-interface itself [3,21,22], 
and in some cases, result in cell death [1,4]. Despite this, the precise 
mechanisms underpinning many of these interactions and subsequent 
consequences remain unknown [6,13,15,16,23–28]. 

This is indeed true for fungal cells, where nanomaterials must 
interact with the fungal cell wall for use as therapeutics [20,29–34], 
antifouling materials [35], and theragnostic agents [36–39]. Fungi are 
eukaryotic microorganisms [40,41], which can exist as single-celled 
yeasts and/or moulds, and are of increasing scientific and health-care 
interest. This is because pathogenic fungi have begun developing anti
biotic and antiseptic resistance [42–44], meaning that conventional 
treatments are beginning to fail. In response, the scientific and medical 
communities have begun to investigate nanomaterials, including nano
particles and nanosheets, as next-generation therapeutic 
[5,23,32,33,45–50] and diagnostic agents [36,38,39]. Studies have 
investigated the behaviour of a variety of nanomaterials with both 
model systems [51,52], and live cells [53–55], as well as theoretical and 
computational approaches [4,52,56]. However, detailed model bio
physical and biochemical systems have not been reported at the single- 
cell level. In order to develop an improved understanding of the ways in 
which fungal cells and nanoparticles interact, it is necessary to develop 
model systems. Access to such systems will assist in the design, opti
misation, and implementation of novel nano-fungal-therapeutics. 

In recent years, advanced electron, spectroscopic, and scanning 
probe techniques have emerged which can provide nanoscale physical 
and chemical insights into cellular entities. For instance, atomic force 
microscopy (AFM) is a powerful tool for the in situ imaging of live cells 
as it allows direct label-free imaging over relatively large areas in a 
liquid environment [57,58]. Many previous studies have employed AFM 
techniques to investigate the interactions between nanomaterials and 
living cell systems [53–55,59,60], as well as cellular mimics including 
lipid bilayers [61]. Beyond cellular imaging, AFM indentation can be 
readily used to probe the nanomechanical properties of living cell sys
tems, which can provide insights into the biophysical response of an 
organism to a nanomaterial [59,60]. Investigation of whole Candida 
albicans (C. albicans) cells have shown that the Young’s modulus (elas
ticity) of the cells can be correlated to the amount of chitin present in the 
cell wall, providing insights into the composition of the cell [62]. 
Transmission electron microscopy (TEM) is also capable of visualising 
the internal structures of single-celled organisms with nanometre reso
lution, providing insights into nanoparticle adsorption, adhesion, and/ 
or internalization [63–68]. Biochemical changes occurring externally 

and within biological tissues or single-celled organisms can also readily 
be interrogated using Fourier transform infrared (FTIR) micro
spectroscopy [46,69–77]. To date, these techniques have not been used 
to evaluate the biophysical and biochemical changes which occur to 
fungal cells following nanoparticle interactions. 

Fungi are complex eukaryotic organisms [78]. Fungal cell walls can 
consist of various layers containing a range of structural poly
saccharides, mannoproteins, beta-glucans, chitin, and lipids which in 
C. albicans organises into three distinct layers – 1) the cell membrane, 2) 
the inner cell wall, and 3) the outer cell wall (Schematic 1) [43]. The 
innermost layer is the cell membrane, a phospholipid bilayer that sep
arates the cell’s interior from the external environment. Surrounding the 
cell membrane is the inner cell wall, primarily composed of glucans and 
mannoproteins, providing structural support and protection. The 
outermost layer is the outer cell wall, comprising a fibrillar network of 
mannoproteins and polysaccharides, contributing to adhesion and im
mune evasion [8,78–81]. Understanding the complexity of the 
C. albicans cell wall and membrane is crucial when investigating nano
particle interactions, because these structures play a vital role in 
determining any nanomaterial’s ability to penetrate and interact with 
the fungal cell. These interactions ultimately determine the nano
material’s biological utility, including in therapeutics, antimicrobials, 
and bio-imaging technologies. 

In this work, the interactions between model gold nanoparticles 
(AuNPs) and fungal cells are investigated with nanoscale physical and 
chemical resolution. Specifically, the biochemical and biophysical in
teractions of 100-nm-diameter citrate-capped AuNPs and a model fungal 
cell, C. albicans, were studied using a range of advanced microscopic and 
spectroscopic techniques. First, interactions between the cell wall and 
the AuNPs were imaged visually using different microscopic techniques, 
including confocal laser scanning microscopy (CLSM), AFM, scanning 
electron microscopy (SEM) and transmission electron microscopy 
(TEM),and. AFM was used to perform micro-rheological experiments to 
analyse the physical stiffness of the fungal cell with and without the 
presence of AuNPs, to determine the impact of the AuNPs on the phys
ical properties of the cell. Synchrotron macro attenuated total reflec
tion–FTIR (macro-ATR-FTIR) measurements were then performed to 

Schematic 1. Illustration of the cell wall and membrane of Candida type yeast 
cells. Note: the top of the diagram is the outer surface. The schematic is not to 
scale and is shown for compositional comparison. 
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obtain information on biochemical changes caused by the nanoparticle 
interactions. The overall morphology was assessed by CLSM, SEM and 
TEM. 100 nm AuNPs were selected as the model nanoparticle as they are 
inert and represent a compromise between nanoparticle size and the 
imaging resolution provided by analytical technique used in this study. 
The results obtained from this work provide a new fundamental un
derstanding of the ways in which nanoparticles, and more broadly 
nanomaterials, interact with fungal cell walls using advanced imaging 
techniques to reveal changes to live fungal cells after introducing the 
AuNPs. 

2. Materials and methods 

2.1. Gold nanoparticles 

The nanoparticles used in this project were commercially sourced 
(Sigma-Aldrich) spherical, citrate-capped AuNPs with a nominal diam
eter of 100 nm. The particles were stored dispersed in a solution of 
phosphate buffered saline (PBS) with a concentration of 3.45 × 109 

particles per mL. Citrate was employed as the stabilising and capping 
agent [13]. 

2.2. Preparation of microbial suspension 

C. albicans (18-29511395) was obtained from South Australia Pa
thology Laboratory. The cells were cultured on potato dextrose (PD) 
agar plates for two days at 25 ◦C. C. albicans was purposefully cultivated 
at 25 ◦C to prevent the yeast cells from undergoing morphogenesis into 
filamentous cells, which typically occurs at higher temperatures 
(~37 ◦C). By maintaining a lower temperature, we ensure study of the 
yeast form of C. albicans, which is relevant for both pathogen-based and 
environmental investigations and allows for better control over the 
growth and morphological characteristics of the organism. Importantly, 
cells were still healthy, grew well on the agar plates (see Figure S1), and 
were observed to divide in AFM experiments (See Figure S2). Microbial 
suspensions were created by equilibrating a small number of cells in 2 
mL of potato dextrose broth for 1 h before experimentation. This allows 
cells to homogenize and reach stationary phase prior to experimenta
tion. This concentrated microbial suspension was then diluted down to 
approximately 6 × 106 cells per mL for experiments. Cellular concen
tration was determined using a UV/vis detector to measure the optical 
density of the suspension (Cary 3500 UV–Vis Spectrophotometer, Agi
lent, Santa Clara, CA 95051, United States). 

2.3. Cell immobilisation for AFM 

Cells were immobilised for AFM imaging using a polydopamine 
coated glass cover slip. Polydopamine is positively charged under 
physiological condition, which allows for the immobilisation of nega
tively charged microbial cells through physisorption effects [58,82,83]. 
Previous studies have shown that this method of immobilisation is not 
cytotoxic [84], and leads to minimal changes to the immobilised cells 
[11,58]. Immobilisation occurred on a glass coverslip using a modified 
version of a previously described method [11,85,86]. In short, a solution 
of dopamine hydrochloride (Sigma Aldrich, 100 %) with a concentration 
of ~ 8 mg/mL was prepared in PBS. 500 µL of this solution was then 
added to a 35 mm Flurodish, which fully wet the coverslip surface. The 
solution was left for 30 min to allow for polymerisation of polydopamine 
to the coverslip. The surface was then washed with a small volume of 
PBS three times, after which 100 µL of the prepared microbial cell sus
pension was added and left to adhere for 1 h. After this time, excess, non- 
adhered cells were removed by washing with PBS three times. The 
Flurodish was then half-filled with PBS and these immobilised cells were 
used for both AFM and CLSM imaging. Treated samples were prepared 
by adding 100 µL of 100 nm AuNPs in PBS solution (3.45 × 108 particles 
per mL) to the dish after immobilisation was completed. This provided a 

ratio of ~ 500 AuNP:1 fungal cell for experimentation, which would 
allow good cell coverage to monitor AuNP-cell interactions. Particles 
were allowed to equilibrate with the system for 5 min prior to the AFM 
scanner being introduced, and then a further 25 min to reach a total of 
30 min exposure prior to imaging. It must be noted that the AFM is a live 
imaging technique, which means that imaging continued past this 
equilibration time, whereas samples made for electron microscopy and 
ATR-FTIR were fixed after 30 min of AuNP exposure. This means some 
differences in time points are unavoidable due to the inherent differ
ences between techniques. 

2.4. AFM 

AFM images were obtained using a JPK nanowizard 4 (JPK BioAFM 
Business, Am Studio 2D, 12,489 Berlin, Germany) AFM. Images and 
force measurements were obtained using ContGD-G cantilevers (Budg
etSensors, Innovative Solutions, Bulgaria, nominal spring constant Kc =

0.2 N/m). All cantilevers were tuned using the thermal spectrum method 
[87]. The JPK instrument was operated in both QI and contact mode for 
imaging and force measurement, respectively. All measurements were 
obtained in liquid. Data analysis was completed using a combination of 
JPKSPM data analysis software package and the Gwydion software 
package [88]. 

2.5. CLSM 

CLSM images were obtained using a ZEISS LSM 880 Airyscan upright 
microscope (Oberkochen, Germany). Cells were dyed using Calcofluor 
White, a cell wall stain which binds to cellulose and chitin, and fluo
resces at a 360/430 nm wavelength (Thermo Scientific, 100 %) [89]. 
AuNPs were found to auto-fluoresce at an emission of ~ 620 nm [90]. 
Images were obtained using the high-resolution Airyscan mode. 

2.6. SEM 

Scanning electron micrographs were obtained using FEI Verios 
Scanning Electron Microscopy (VP, Oberkochen, BW, Germany) at 3 kV 
using methods previously described [45,91,92]. Cell suspensions were 
dropcast onto silicon wafers and allowed to equilibrate for 30 min. 
Samples were then immobilised by chemically fixing both untreated 
control cells, and cells which had been exposed to 100 nm AuNPs for 30 
min using a mixture of 3 % glutaraldehyde (Sigma-Aldrich) and 3 % 
formaldehyde (Sigma-Aldrich, 95 %) in sodium cacodylate buffer pH 7.4 
solution (ProSciTec, QLD, Australia), followed by fixing with 1 % 
osmium tetroxide (Sigma-Aldrich, 98 %) in Milli-Q water. The fixed 
samples were then serially dehydrated using ethanol with a concentra
tion of 30 %, then 50 %, 70 %, 90 %, 100 % and finally 100 % again. The 
dehydrated samples were coated with a thin, 5 nm film of iridium prior 
to imaging. This methodology allows for retention of cell integrity 
during the SEM imaging process, and is aligned to protocols previously 
established [11,32,45,46,93]. 

2.7. TEM 

TEM images were obtained using a JEOL 1010 microscope (JOEL, 
Musashino, Akishima, Tokyo, Japan) equipped with a Gatan Orius 
SC1000 CCD camera and operated at an acceleration voltage of 80 keV. 
For isolated AuNP samples the particles were dehydrated onto a holey 
carbon TEM grid (300 mesh copper, EMResolutions) from stock solu
tion. For biological samples, the fungal cells were prepared using the 
methods described above, with and without 100 µL of 100 nm AuNPs to 
1 mL of microbial cell solution. After 30 min the treated cells, as well as 
an untreated control sample were chemically fixed initially using 2 % 
formaldehyde (diluted from powder paraformaldehyde) and 2.5 % 
glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 for 30 min, 
and then post-fixed with 1 % osmium tetroxide and 1.5 % potassium 

R. Penman et al.                                                                                                                                                                                                                                



Journal of Colloid And Interface Science 654 (2024) 390–404

393

ferrocyanide (Sigma-Aldrich, 98 %) in Milli-Q water for 1 h. Following 
fixation, the cells were rinsed thrice in distilled water and centrifuged at 
800g for 5 min each time. The cells were further dehydrated with 
increasing gradient of ethanol from 50 % to 100 % ethanol for 15 mins 
for each step. Following ethanol treatment absolute acetone was added 
twice to the cells for 30 mins for complete dehydration. After dehy
dration the cells were infiltrated twice with equal parts of acetone to 
Spurr’s resin (Sigma-Aldrich) (1:1) as described previously [94]. As a 
final step the cells were infiltrated twice with 100% percent resin under 
vacuum conditions. Finally, the resin containing cells were incubated at 
70 ◦C for 24 h. Ultrathin sections of 90 nm thickness of the cells were cut 
with a diamond knife (Diatome, Switzerland) on a UCT ultramicrotome 
(Leica Ultracut, Germany) and post-stained. These protocols have been 
developed in house to minimise cellular damage during microtomy and 
retain cell structure for TEM imaging [46,95,96]. Images were examined 
using the Gatan Microscopy Suite software version 2.3 (Gatan Inc., 
Pleasanton, USA) (Gatan, 2013). 

2.8. DLS 

Dynamic light scattering (DLS) experiments were performed using an 
ALV-5022F light scattering spectrometer equipped with a laser wave
length of 633 nm. 1 mL of a sample was measured in a cylindrical glass 
cuvette with an inner diameter of 8 mm (LSI Instruments, Fribourg) held 
in a scattering vat at room temperature. 

2.9. Synchrotron macro ATR-FTIR 

Synchrotron macro ATR-FTIR measurements were performed at the 
Infrared Microspectroscopy (IRM) beamline at the Australian Synchro
tron using a Bruker Hyperion 3000 FTIR microscope equipped with a 
liquid nitrogen-cooled narrow-band mercury cadmium telluride (MCT) 
detector, coupled to a VERTEX V80v FTIR spectrometer (Bruker Optik 
GmbH, Ettlingen, Germany). The spatially resolved distribution of 
chemical functional groups present in clusters of C. albicans cells, both 
with and without 100 nm diameter AuNPs were imaged in ATR-FTIR 
mapping mode [69,75,97]. An in-house developed macro ATR–FTIR 
device equipped with a 250 μm diameter facet germanium (Ge) ATR 
crystal (nGe = 4.0) and a 20 × IR objective (NA = 0.60; Bruker Optik 
GmbH, Ettlingen, Germany) was used for the chemical imaging experi
ment [77]. The high refractive index of the Ge ATR crystal coupled with 
the high numerical aperture (NA) objective used in this device, along 
with the synchrotron-IR beam, allows for the surface characterisation of 
microbial biofilms to be performed at high spatial resolutions with a 
pixel size of less than a micron. 

C. Albicans was grown in potato dextrose nutrient broth as outlined 
in the preparation of microbial suspensions described above. The sam
ples were then centrifuged to form a pellet, which was fixed using 4 % 
formaldehyde in 0.1 M sodium cacodylate buffer pH 7.4. The samples 
were then drop-cast onto a silicon wafer and air dried, before being 
mounted onto an aluminium disc, which was placed onto the sample 
stage of the macro ATR-FTIR device. The Ge ATR crystal was subse
quently brought into the focus of the synchrotron-IR beam and a back
ground spectrum was recorded in air using a 4 cm− 1 spectral resolution 
and 256 co-added scans. The sensing facet of the Ge ATR crystal was 
then brought into contact with the sample and a synchrotron macro 
ATR-FTIR spectral map was acquired. Each spectrum was collected 
using a beam defining aperture providing a nominal measurement 
diameter of 3.13 μm per pixel and 0.5 μm step intervals, 30 × 30 μm 
scans were taken resulting in a total of 3600 spectra. For each pixel, the 
synchrotron macro ATR–FTIR spectrum was recorded over a spectral 
range of 3900–950 cm− 1 using 4 cm− 1 spectral resolution and 16 co- 
added scans. Blackman-Harris 3-Term apodisation, power-spectrum 
phase correction, and a zero-filling factor of 2 were set as the default 
acquisition parameters using the OPUS 8.0 software suite (Bruker), 
which was also used for the initial data analysis. 

Prior to analysis, the spectra were smoothed (25 points), the baseline 
was then corrected using a concave rubber band correction (10 itera
tions and 64 baseline points), and the spectra were normalized using 
min–max vector normalization. Chemical maps were generated from the 
embedded spectra by integrating the area under the relevant peaks using 
the OPUS 8.0 software. Multivariate data analysis was performed using 
CytoSpec v. 1.4.02 (Cytospec Inc., Boston, MA, USA) and the Un
scrambler X 11.1 software package (CAMO Sofware AS, Oslo, Norway). 
Two spectral regions covering 3000–2800 cm− 1 and 1705–1025 cm− 1 

were chosen for further analysis as they are the regions containing the 
most biological information for microbial samples including the key 
absorption peaks associated with lipids, proteins, polysaccharides, and 
nucleic acids [69,71,75]. 

Hierarchical cluster analysis (HCA) was used as a quality control test. 
HCA analysis was conducted using Ward’s algorithm, and cluster im
aging was performed using the processed second derivative spectra by 
assigning five clusters to be generated. The most suitable HCA clusters 
were selected for further analysis based on three criteria, including the 
signal to noise ratio (SNR), the absorption intensity of the amide I band 
(1705–1600 cm− 1), and the number of individual spectra from which 
the cluster was comprised. Under these criteria, an ideal cluster would 
have a high SNR (i.e. good spectral quality), a prominent amide I peak, 
take up a reasonable portion on the chemical map, and have a good 
correlation with the corresponding visible cell image. 

Second derivative spectra were produced using the Savitzky–Golay 
algorithm with 9 smoothing points and a polynomial order of 3, in order 
to remove the broad baseline offset and curvature [98]. These second 
derivative spectra were further processed using the extended multipli
cative scatter correction (EMSC), to remove light-scattering artefacts 
and normalise the spectra accounting for pathlength differences 
[69,99,100]. After the EMSC correction, principal component analysis 
(PCA) was performed using The Unscrambler X 10.4 software package 
(CAMO Software AS., Oslo, Norway). 

3. Results and discussion 

3.1. Light and electron microscopic investigations 

AuNPs where characterised using TEM and DLS as shown in Fig. 1 to 
confirm their size and morphology. TEM micrographs confirmed an 
average particle diameter of 99.2 ± 2.4 nm (n = 75), with all mea
surements displayed as a histogram (Fig. 1B). Selected area electron 
diffraction (SAED) images of the particles were also obtained (Fig. 1A, 
inset). The SAED image shows diffraction ring patterns corresponding 
with those of crystal planes (311), (220), (200), and (111). This is 
consistent with that of elemental gold with a face centred cubic (FCC) 
lattice structure, and is the most commonly reported lattice structure 
[101]. DLS analysis found the average hydrodynamic radius of the 
AuNPs to be 53 ± 5 nm (Fig. 1C). As such, both the TEM and DLS data 
are commensurate with ~ 100 nm AuNPs. 

Images of whole C. albicans were obtained using a combination of in 
situ and ex situ microscopy techniques, including AFM, SEM, TEM, and 
CLSM. Images were obtained with and without exposure to 100 nm 
AuNPs. This allowed investigation into the fungal cell interface as a 
result of AuNP interactions. Control and treated images are shown in 
Figs. 2 and 3, respectively. SEM images were obtained to confirm the 
native structure of the fungal cells of interest, and show that the cells 
appear ellipsoidal in shape with intact morphology, as is typical of 
C. albicans (Fig. 2) [7,8,79,80,104]. Further, the cells show bud-scaring 
typical of the species’ reproduction cycle (green arrow in Fig. 2A). TEM 
images of ultrathin sections ~ 90 nm of untreated C. albicans were ob
tained that provided an insight of the cellular ultrastructure (Fig. 2B). In 
this process, the samples were fixed within a resin prior to ultrami
crotomy to produce ultrathin cross-sections, allowing for transmission of 
electrons through the sample. Fig. 2B shows a C. albicans cell dividing, 
and subcellular structures can be clearly observed, including the cell 
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wall (~100 nm thick, red arrows) and organelles (purple arrows). 
Confocal imaging was also employed to image the cells in situ, which 
entailed staining the cell wall with calcofluor white, which binds to 
cellulose and chitin in the cell wall and fluoresces at 430 nm (appearing 
blue in the images). A representative super-resolution CLSM image is 
shown in Fig. 2C. This data acts as a baseline for comparison of cell 
viability, where the cells are healthy and functioning as expected. 

Following assessment of the untreated cells, similar images were 
obtained of C. albicans cells following exposure to 100 nm AuNPs. This 
allowed assessment of any physical or structural changes to cells caused 
by cell-nanoparticle interactions. SEM images were collected and false 
coloured to differentiate the particles more easily from the cells. The 
C. albicans cells are coloured purple while the AuNPs are coloured red. 
Fig. 3A shows an SEM image of a cell with nanoparticles adhered to the 
cell wall surface, but there is no indication of change or damage to the 
cells due to the AuNPs. Budding scars are also observed in the treated 
samples, commensurate with control samples (c.f. Fig. 2A and Fig. 3A, 
green arrows). 

The cross-sectional TEM images of C. albicans cells in Fig. 3B, D-F 
allow the interior of the cells to be imaged. Importantly, these images do 
not indicate any cell damage, and other than the presence of the AuNPs, 
are also comparable to the control images in Fig. 2B. The cell wall is 
indicated by the red arrow and organelles including the nucleus and 
chromatin are indicated by purple arrows. Yellow arrows in Fig. 3B 
indicate the presence of AuNPs. These nanoparticles were observed on 
the surface of the outer cell wall (Fig. 3D), and within the internal 
compartment of the cell (Fig. 3F). Close analysis of Fig. 3E reveals a 

AuNP trapped in the mannoprotein layer (on the cell membrane layer). 
While occurrences like this were somewhat rare, this shows that the 
AuNPs can sometimes traverse the cell wall and cell membrane. 

Fig. 3C shows CLSM images of clusters of C. albicans cells with AuNPs 
attached to the cell surface, obtained in the same manner as control 
samples (Fig. 2C). The AuNPs were found to exhibit autofluorescence at 
~ 620 nm (red) without the use of a dye, as previously reported in the 
literature [90]. Fig. 3C shows a 5 µm × 5 µm scanned area in which 
several AuNPs can be seen attached to the surface of the cell. Figure S3C 
shows a larger image of a cluster of four cells joined together, where a 
particle can be seen on the third cell. 

In all micorgraphs, there were no obvious morphological differences 
or damage to the cell structure between the control and treated samples, 
which would be expected if the nanomaterials were chemically or 
physically disruptive to this organism [5,32,45,46,105–108]. The 
AuNPs antimicrobial activity typically relies on one of two different 
mechanisms. First is the physical interactions in which the structure of 
the particle itself disrupts and damages the cell. This mechanism is 
typical of NPs relying on unusual or sharp shapes including high-aspect 
ratio gold nanostars [109], gold nanocrosses [110], and gold nanospikes 
[92]. Alternatively, NPs which would otherwise not possess antimicro
bial activity can be functionalised with antimicrobial compounds or 
materials [111–113]. Together, these data highlight two important 
pieces of information 1) conventional light-based or electron micro
scopy cannot discern subtle bio-interfacial, biophysical, or biochemical 
changes to fungal cells as a function of nanoparticle interactions, and 2) 
that the spherical, citrate-capped AuNPs do not appear to drastically 

Fig. 1. Characterisation of 100 nm citrate-capped AuNPs. A) TEM images of the AuNPs. The top right shows the SAED image patterns indicative of gold with a 
face centred cubic (FCC) lattice structure.[102,103] A lower magnification image is also shown (inset, bottom right). B) Distribution of particle diameter obtained 
using measurements from multiple TEM images (n = 75 particles) showing average particle size of 99.2 ± 2.4 nm in diameter. C) An example of the distribution of 
particle radius obtained from DLS analysis showing a particle radius of 50.6 nm, a more accurate measurement was obtained by averaging the results of six scans and 
produced an average radius of 53 ± 5 nm corresponding to a diameter of 106 ± 11 nm. 

Fig. 2. Characterisation of the C. albicans fungal cells. A) False coloured SEM images of whole C. albicans cells. Budding scars are visible on all cells (green 
arrows). B) TEM cross-sectional images of C. albicans cells in which cellular components including the cell wall (red arrows) and organelles (purple arrows) are 
visible. C) CLSM images showing clusters of whole cells fluorescing blue at 430 nm. Additional control data is shown in Figure S3. 
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alter the cell interface or cause lethal damage to the fungi [1]. This was 
confirmed by comparison of fungal growth in control vs. treated sys
tems, which revealed no meaning full difference in fungal viability (see 
Figure S1). To this end, alternative microscopic techniques were 
employed to assess the biophysical and biochemical impact of AuNP 
exposure. 

3.2. Atomic force microscopy 

AFM was used to obtain morphological bio-interfacial images and 
nanomechanical data. First, QI mode [114] was employed to obtain 
high-resolution, in situ images of the C. albicans cells, with and without 
exposure to the 100 nm citrate-capped AuNPs (Fig. 4). In QI mode, the 
AFM cantilever is rastered across the surface in intermittent contact with 
the sample, and an individual force curve is obtained at every discrete 
surface location (a pixel). Images are produced via estimating the point 
of tip-sample contact for each pixel. Fig. 4A and 4B show the treated and 
untreated cells, respectively. The cells appear similar to images observed 
using traditional microscopy (see Figs. 2 and 3). Fig. 4C and 4D show 
higher-resolution images of the cell wall for the regions denoted by the 
black boxes in Fig. 4A and 4B. Fig. 4C shows distinct, nanoscale corru
gations (or grooves) across the cell wall. This is typical of cell-wall 
structures of fungi, whereby β-glucan and chitin form a meshed, sup
portive cell wall structure [9]. These nanoscale features could not be 
readily observed using electron or light-based microscopy (see Figs. 2 
and 3). However, for the treated cells (Fig. 4D), the cell wall of the 

C. albicans appeared flatter and smoother, and small, depressed regions 
are noted on the cell wall. Comparison of the AFM images with and 
without AuNPs (Fig. 4A and 4B) reveals that the cells appear to be 
healthy and are shaped as expected for this species [115–117], meaning 
that the AuNPs are not causing lethal damage to the fungi. As such, the 
properties of the cell wall were further investigated using micro
rheological protocols [118–122] to calculate the Young’s modulus of the 
C. albicans cell with and without nanoparticle exposure. 

Data was obtained in four steps as shown in Fig. 4E and Fig. 5, 
including 1) the cantilever was lowered onto the cell surface, 2) A 
constant force is applied between the cell and the cantilever and held 
until changes in the tip-cell separation (compression) were no longer 
noted, 3) the cantilever tip is then modulated at a set frequency and 
amplitude, and the cantilever response is monitored, 4) The cantilever is 
then retracted away from the surface (withdrawn). An example of the 
resulting force profiles as a function of time is shown in Fig. 4E. This 
measurement can then be related to sample stiffness. A detailed expla
nation of the mathematics underpinning this calculation of stiffness is 
shown in the SI and data analysis was based on the work of Alcaraz, 
Buscemi, Grabulosa, Trepat, Fabry, Farré and Navajas [123]. A histo
gram showing the comparative stiffness of treated and untreated cells 
can be seen in Fig. 4F. The primary peak for the treated cells is at a 
higher Young’s modulus value than that of the control sample (330 kPa 
compared to 75 kPa); however, the smaller secondary peak of the 
treated sample largely overlaps with the main control peak (100 vs 75 
kPa). The Young’s moduli of the treated cells appear over a wider range 

Fig. 3. Characterisation of C. albicans cells exposed to 100 nm AuNPs A) False coloured SEM image of whole cells (purple) with nanoparticles (red) visibly 
clustered on cell surface. A budding scar is highlighted by the green arrow. B) Comparatively low-resolution TEM image of whole cells following interaction with 
AuNPs. The cell wall is clearly visible (red arrow), as are organelles (purple arrow). Some AuNPs are highlighted with yellow arrows. C) CLSM images of whole cell 
wall fluorescing at 430 nm (blue) as a result of calcofluor membrane dye with nanoparticles (red at 620 nm as a result of autofluorescence) visible on the cell surface 
and in surrounding solution. D) - F) Higher-resolution TEM images showing different ways in which nanoparticles interacted with cells. Nanoparticles can be seen 
attached to the outside of the cell wall (D), passing through a cell wall (E), and inside the cell (F). Additional SEM, TEM, and CLSM data are shown in Figure S4 for 
this system. 
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Fig. 4. AFM data of both treated and untreated C. albicans cells. A) AFM image of two untreated control cells. B) AFM image of two cells treated with 100 nm 
AuNPs. C) Higher resolution image of the cell wall for the area indicated by the black box in A). D) Higher resolution image of the cell wall for the area indicated by 
the black box in B). E) A representative single force curve showing four data sections, the approach of the cantilever (black), the cantilever pausing to allow the 
system to re-equilibrate (red), the modulation section where actual measurements occur (blue), and the retraction of the cantilever (purple) F) Frequency histogram 
of Young’s modulus for control cells (blue) and cells treated with 100 nm AuNPs (red) (n = 512 from 8 repeats). 

Fig. 5. Schematic showing the method used to obtain stiffness measurements.  

R. Penman et al.                                                                                                                                                                                                                                



Journal of Colloid And Interface Science 654 (2024) 390–404

397

of values than do the control cells, indicating localised regions of 
increased stiffness. This is not surprising given the localised nature of 
nanoparticle adsorption observed in the electron and light-based mi
croscopy (see Fig. 3). The increase of Young’s modulus observed in the 
treated cells is indicative of an increase in the overall stiffness of the cell. 
This rigidity could be the result of chemical changes to the cell wall and 
membrane make-up caused by interactions with the nanoparticles, or it 
could simply be the result of minor deformations caused by the mass and 
adhesion of the nanoparticles causing lipids in the membrane to pack 
more closely together. In fact, AFM has been increasingly used for 
investigating the stiffness of fungal cells [69,124,125], and their bio
physical response to external stimuli [126–129]. 

3.3. Synchrotron macro ATR-FTIR microspectroscopy 

Biochemical changes to the fungal-cell interface as a function of 
particle interactions were assessed using synchrotron macro ATR-FTIR 
microspectroscopy. Spatially specific information on the chemical 
composition of the cells was analysed to observe changes in biochemical 
makeup of the cells caused by the presence of AuNPs. The key charac
teristic absorption peaks include methyl/methylene groups (3000–2800 
cm− 1) for lipids, amide I region (1705–1600 cm− 1) for proteins, and the 
low-wavenumber region (1200–1000 cm− 1) for polysaccharides and 
nucleic acids [75,130]. Representative spectra for the control and 
treated samples are shown in Fig. 6 (top and bottom, left respectively). 
Spectra are shown over the spectral window of 3000–1000 cm− 1, as 
previous synchrotron macro ATR-FTIR studies of yeast cells have shown 
that the major spectral features can be captures within the region [131]. 
Small differences can be observed between systems, which can be 
attributed to subtle changes to the major classes of biomolecules within 
the fungal cells as a function of nanoparticle exposure. Synchrotron 
ATR-FTIR spatio-chemical maps for both systems, which were produced 
by integrating the areas under the key characteristic bands mentioned 
above, are displayed in Fig. 6. The maps represent the distribution of 
lipids, proteins and polysaccharides observed for the untreated control 
cells (top) and those after the exposure to the AuNPs (bottom). Strong 
intensities of ν(C–H) stretching modes of methyl/methylene groups (for 
lipids) and the amide I band (for proteins) are indicative of the presence 

of whole cells [132,133], and cell-shaped entities can be seen in the 
spectral maps, especially in the amide I band region (see Fig. 6, white 
dashed circles). Assessment of the lipid and Amide I spectral maps (see 
Fig. 6) shows that a cluster of cells are sampled during the measurement, 
with greater than 10 fungal cells visible in the spectral maps. 

Fungal cell envelopes are typically characterized by a rich compo
sition of glycoproteins, carbohydrates, hydrophobins, and lipids 
[7,10,12,134]. Additionally, they contain various interstitial extracel
lular compounds, including monosaccharides, polysaccharides, glucans, 
proteins, lipids, nucleic acids, melanin, polyols, and hydrophobins 
[135–137]. These compounds play a vital role in facilitating and pro
moting fungal surface attachment [138]. The spectral maps show the 
differences in the chemical composition of the systems investigated, 
although inspection by eye of these maps does not show distinct dif
ference. Further, the polysaccharide (or carbohydrate) spectral-region 
maps (see Fig. 6, right) are noisy and devoid of structure. This is due 
to two reasons: 1) Carbohydrates are the most abundant molecule in the 
C. albicans outer layer of the cell wall, and 2) the extracellular polymeric 
substances (EPS) of C. albicans are polysaccharide rich. Together, this 
means that the bio-interface is enriched with polysaccharides/carbo
hydrates, which provides a strong signal almost everywhere at the bio- 
interface, and results in the maps observed over this spectral region in 
Fig. 6. 

The data was statistically assessed to evaluate major differences 
between the data sets. The 2nd derivative of each spectra was calculated, 
and used to assess the overall rate of change of peaks within the spectra, 
highlighting regions of interest where significant spectral signal is 
observed. After that, HCA was applied to group spectra into separate 
clusters based on the degree of similarity. The best cluster group that 
contained the majority of the key biochemical information of the cells 
was then selected from each of the two cell types (i.e. control and AuNP- 
treated groups) based on the three criteria mentioned in Materials and 
Methods for comparison purposes [24,52,53]. In essence, the HCA 
approach was used to ensure that high-quality spectra that genuinely 
contained the key biochemical information were selected as represen
tatives from each cell group, providing a high reliability in discrimi
nating biochemical compositions between control and exposed cells. As 
an example, Figure S5 demonstrates the HCA results obtained based on 

Fig. 6. Comparison of representative synchrotron macro ATR-FTIR spectra (left) and their corresponding high-resolution false-colour maps that represent the 
distribution of lipids (methyl/methylene), proteins (amide I) and polysaccharides, observed for control C. albicans cells (top) and cells after treatment with 100 nm 
AuNPs (bottom). White dashed circles have been overlaid to draw the eye to the cells. Each pixel is representative of a single spectrum with 3600 spectra composing 
each image. 
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the synchrotron macro ATR-FTIR maps of control and AuNP-treated 
cells. Based on the criteria mentioned above, the grey and aqua clus
ters were selected as representative groups for the control and AuNP- 
treated samples, respectively. 

PCA was conducted on the chosen spectral cluster to identify distinct 
changes in the spectra between the treated and untreated systems [54]. 
In principle, PCA is a statistical technique used to reduce the dimen
sionality of a dataset while preserving the most important information. 

When applied to FTIR spectra, PCA identifies the main spectral varia
tions and represents them as a set of orthogonal components, allowing 
for a simplified interpretation and visualization of the data. This specific 
statistical approach calculates linear combinations of variables, which 
best explain the data [139]. In this study, the 2nd derivative spectra 
were processed using extended multiplicative signal correction (EMSC) 
models prior to PCA [24,55]. 

The PCA results, including 3D scores plot and the corresponding PC1, 

Fig. 7. PCA result showing differences in biochemical compositions between control (blue) and AuNP-treated (red) samples. A) 3D scores plot B) Corre
sponding PC1, PC2 and PC3 loading plots with strong loaded peaks identified and labelled (see Table 1). 

Table 1 
Band assignment of the key influential peaks observed in PC1, PC2, and PC3 loading plots [131].  

Wavenumber (cm¡1) Assignment 

PC1 
1482 δscissor(CH2) from methylene (–CH2) groups in acyl chains of lipid bilayers in orthorhombic packing 
1641 Amide I: antiparallel β-sheet 
PC2 
1399 δs(CH3) and δs(CH2) of lipids and proteins 
1493 ν(C––C) of phenyl rings from the aromatic amino acid phenylalanine (Phe) 
1512 Amide II: parallel mode of the α-helix 
1560 Amide II: perpendicular modes of the α-helix and antiparallel β-sheet 
1574 Adenine (C––N) or unspecified amide II 
1668 Amide I: β-turn 
2921 νas(C–H) from methylene (–CH2) groups of lipids 
2940 νas(C–H) from methyl (–CH3) groups of lipids 
PC3 
1395 δs(CH3) and δs(CH2) of lipids and proteins 
1626 Amide I: antiparallel β-sheet 
1661 Amide I and ν(C––C)cis, lipids, fatty acids 
2925 νas(C–H) from methylene (–CH2) groups of lipids 
2944 νas(C–H) from methyl (–CH3) groups of lipids 

Note: νas = asymmetric stretch; νs = symmetric stretch; δs = symmetric in-plane deformation (bend); δas = asymmetric in-plane deformation (bend). 
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PC2 and PC3 loading plots, are shown in Fig. 7A and 7B, respectively. 
The key spectral regions used for evaluating the variation between 
treated and untreated samples remain those associated with lipids 
(methyl/methylene stretching region), proteins (amide I region), and 
structural polysaccharides. The PCA approach allows for statistical 
identification of significant difference between the control and treated 
datasets. In this case, the first two PCs were found to capture the ma
jority of statistical variance within the systems (99 % overall vari
ability). While PC1 and PC2 represent major and minor differences 
between the two cell groups (95 % and 4 % respectively), PC3 possesses 
the information on the cellular variations within individual groups (<1 
%) [132]. 

PCA loading plots (Fig. 7B) were used to identify which wave
numbers were significantly different between the treated and untreated 
fungal cells. Peaks which had a loading greater than 0.08 (or less than 
− 0.08) where considered significant and are given in Table 1. The 
wavenumber of these peaks was assigned to specific functional groups 
based on past literature and as described in Table 1. 

As described above, PC1 accounted for 95 % of the difference be
tween the treated and untreated samples. Therefore, the strong loaded 
peaks at 1641 and 1482 cm− 1 suggests that biochemical differences 
between the two groups were primarily in the cellular protein and acyl 
chains in lipid bilayers, respectively. The PC2 loading plot, on the other 
hand, reveals strong influential peaks associated with C–H stretching 
and bending modes of methyl/methylene groups of lipids (2940/2921 
and 1399 cm− 1) and amide I/II bands of proteins (1668, 1574, 1560, 
1512 and 1493 cm− 1). The PC3 loading plot provides additional infor
mation on the chemical variations within the groups, which also point to 
the methyl/methylene groups of lipids (2944/2925 and 1395 cm− 1) and 
amide I protein structures (1626 and 1661 cm− 1). Accordingly, the 
overall PCA results suggest that most biochemical differences occurred 
in the lipid and protein components of the cells, which are likely asso
ciated with the fungal cell wall or membrane, in agreement with the 
microscopy results discussed above. It must be noted that cells were 
fixed in 4 % formaldehyde (0.1 M sodium cacodylate buffer, pH 7.4) 
prior to synchrotron macro ATR-FTIR. The sample was rinsed thor
oughly, however, the C––O bond may contribute to the obtained spectra; 
however, this addition to the spectra signal would be consistent between 
control and treated samples, meaning that changes are the result of 
Fungi – AuNP interactions. Our previous work has developed this fixa
tion approach [46,75,77,93,131,140], which is commensurate with 
other literature in the field [74,141]. The use of fixative is to preserve 
samples during the drying process, which is necessary to obtain high- 
quality ATR-FTIR spectra. 

A combination of electron microscopy, AFM, synchrotron ATR-FTIR 
microspectroscopy, and statistical data analysis techniques have shown 
AuNPs can cause distinct morphological, bio-mechanical, and bio- 
chemical changes to a model fungal cell, C. albicans. Together, these 
techniques show that AuNPs behaved in three specific ways: 1) cell wall 
adsorption/adhesion, 2) cell membrane distortion, and 3) cellular up
take. Additionally, AFM imaging and nanomechanical measurements 
showed that the presence of the AuNPs led to a smoothing of the bio- 
membrane and a significant impact on the stiffness of the cell (see 
Fig. 4). Young’s Modulus measurements for the AuNP treated samples 
showed a bi-modal profile (see Fig. 4), which may result from uneven NP 
adsorption across the cell interface, as observed in the microscopic im
ages (see Fig. 3). The synchrotron ATR-FTIR results showed subtle 
changes to the biochemistry of the proteins and lipids within the fungal 
cells when exposed to AuNPs, which are likely related to changes in cell 
morphology and stiffness. While we did not observe nanoparticle ag
gregation in AFM or confocal experiments, it is possible that some ag
gregation occurred. We expect that aggregates would interact differently 
with the cell interface and would be less likely to diffuse into the cell 
interior. 

Fungal surfaces, cell wall, membranes, and its internal organisation 
are complex entities, and predictive models of nanomaterial-fungi 

interactions, which can predict toxicity or biocompatibility, are yet to be 
developed [1,3,4,19]. In this vein, biophysical studies, including those 
presented here, are important to better understand the interactions be
tween nanomaterials and fungal cells. To date, studies have investigated 
the antifungal behaviour of metal [33,47,49,50,142–144] and organic 
[145] NPs towards fungal cells [5,23,47]. Meanwhile, a large portion of 
literature have described the bio-synthesis of a variety of metal nano
particles from fungal cells [63,68,146,147]. Together, these studies 
indirectly highlight the importance of nanoparticle-fungi interactions 
for a wide variety of nanoparticle sizes, geometries, and surface chem
istries, while not directly examining the fundamental behaviour of NPs 
at the fungal cell interface. This means that the biophysical in
vestigations of NP-fungi interactions have been largely understudied. 

For bacterial and fungal systems, metal-based nanoparticles are often 
purported to be excellent antimicrobial candidates 
[2,5,23,32,45,47,50,105,148,149], as well as potential biofilm dis
ruptors [107,108,150–154]. The mode of antimicrobial action can arise 
from two main aspects: 1) chemical and 2) physical interactions. 
Chemically, antimicrobial nanoparticles can disrupt microbial mem
branes and interfere with vital cellular processes, via either metal ions or 
the generation of reactive oxygen species (ROS). Metal ions, once 
released, can bind to essential biomolecules, disrupting enzymatic re
actions, and altering microbial metabolism, while ROS can cause 
oxidative stress, all of which lead to microbial cell damage [23]. 
Moreover, the release of metal ions can initiate destabilization of the 
microbial cell wall, compromising structural integrity. Physically, the 
small size and high surface area of metal nanoparticles enable them to 
disrupt the microbial cell wall or penetrate the microbial cells, all of 
which can damage DNA, proteins, and lipid structures. Overall, the dual 
action of antimicrobial metal nanoparticles, combining both chemical 
and physical effects, underscores their potential as effective agents in 
combating various pathogens and antimicrobial-resistant strains. 
Importantly, the magnitude of these effects is dependent on the size 
[138,140] and chemistry [141] of the nanoparticle, while the effect of 
the shape of the particle is less well known [23]. For instance, the most 
prevalent example of antimicrobial nanoparticles is silver, which release 
silver ions and interact with cell membranes, nucleic acids and the thiol 
and amino groups which are present in proteins, with bactericidal 
[67,74,126] and fungicidal [127] effects. Other metals, such as copper, 
also elicit antimicrobial action via similar pathways, although microbes 
are capable of evading this mechanism under certain conditions [47]. In 
contrast, the treatment of established biofilms with nanoparticles is 
often not achieved, as the biofilm itself forms a protective barrier which 
is poorly penetrable by antimicrobials and often only microbes at the 
biofilm surface are killed by antimicrobial treatment, while bacteria 
residing in deeper layers of a biofilm survive [23]. 

The citrate-capped 100 nm AuNPs were specifically chosen for this 
study, as they are largely inert, do not leach metal ions, and allow for 
only biophysical interactions to be investigated at the C. albicans inter
face. This allows the study to decouple chemical effects, such as ion 
interactions, which would be expected in Ag and Cu nanoparticle sys
tems [32,33,48,50,155–160]. Importantly, the biophysical response 
observed in our system could be similar for other fungi and bacteria 
systems, however, would likely subtley vary as a function of pathogen, 
as well as nanoparticle size, chemistry, and geometry. For instance, the 
cell wall and physiology of a microbe, or cell in general, would be ex
pected to alter the precise nanoparticle-cell interaction, and the type of 
nanoparticle will ultimately dictate specific interaction [5]. Moreover, 
microbial biofilms are more robust biological constructs, which will 
most likely affect the degree of biophysical response at the cell- 
nanoparticle interface [7,75,81,93,136,161–164]. The breadth of 
these investigations is beyond the scope of this study, but it is something 
that should be considered by research groups in the future. 

The biophysical response and nanomechanical alteration of 
mammalian [165–169] and bacterial cells [5,11,23,45,46,105,108,170] 
as a function of nanoparticle, and more broadly nanomaterial, exposure 
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has been more widely studied. In general, studies have shown that intra- 
and extra-cellular NP-cell interactions can alter cell physiology [171], 
modulate the cell stiffness [167], affect cellular migration [165], and 
induce cell death [5,23,172–177]. Review of this vast literature high
lights that many factors influence the bio-functionality of nanoparticles, 
and in-turn their cellular interactions, including: nanoparticle size, 
morphology, geometry, surface charge, materials chemistry, surface 
composition (and/or functionalization), capping agent chemistry [169], 
and the presence of bio/protein corona [178,179]. Interactions are also 
influenced by the chemical and physical properties of the cells, including 
size, charge, membrane permeability, and extra-cellular appendages 
[6,180]. The majority of academic [1,4,10] and medical studies [181] in 
the area of mammalian cells have investigated living systems via non- 
specific bio-assays, which provide limited information about the bio
physical response of nanomaterial-cell interactions [182–185], meaning 
that finer biochemical and structural alterations are not probed. Rasel 
et al. [167,186] have shown distinct increases in mammalian cell stiff
ness after nanoparticle exposure and subsequent uptake, which is in 
good agreement with the AFM data obtained in this study. It must be 
noted that living systems are complex, and while these factors contribute 
to our understanding of nanoparticle-cellular uptake, the field is still 
evolving, and further research is needed to fully comprehend the 
complexity of this process. Indeed, for fungal systems nanomaterial- 
induced changes in the cell stiffness, physicochemical, and adhesive 
properties have not been reported [14-16]. 

The above-mentioned complexity of the systems has led people to 
investigate model cell walls and/or membranes along with metabolic 
pathways. Often lipid bilayers or liposome systems [61,182,187–189], 
with varying complexity, are used as cell membrane mimics to investi
gate nanoscale interactions, such studies have begun to elucidate the 
underlying processes and dynamics of nanoparticle adsorption [12], 
desorption [8], translocation [28], and internalization/uptake [9,29,13] 
in nanomaterial-lipid systems at the molecular level. Several experi
mental [13,190–193] and computational studies [194–202] have shown 
the interactions of AuNPs with these model membranes, highlighting the 
importance of the particle composition, ligand-cap dynamics, and the 
underlying membrane composition. Importantly, the AuNP adsorption 
and membrane inclusion can disrupt the mechanical stability and 
normal ordering of a lipid bilayer [179,190–196], which is consistent 
with the results shown here for the biophysical and chemical response of 
C. albicans to 100 nm citrate-capped AuNPs, albeit for a much simpler 
system. We believe that this study will better highlight the importance of 
biophysical studies of nanomaterial-fungi interactions, as well as pro
vide new directions for further studies in this field of research. It should 
be noted that this type of study does not provide molecular-scale insight, 
but rather information on the global changes of the fungal cells with the 
addition of nanoparticles. The AFM- and macro FTIR-based techniques 
used here are largely limited to interfacial investigation, and cannot 
easily report on intracellular phenomena. As such, we suggest that 
further analytical techniques and molecular dynamics simulations could 
be used in the future to further our understanding of these systems. 

4. Conclusion 

In summary, the interactions taking place between citrate-capped 
100 nm AuNPs and C. albicans fungal cells were assessed using multi
modal imaging and advanced analytical methods. First, microscopic 
images of both treated and control cells were obtained using CLSM, 
AFM, SEM and TEM. Following this, AFM was used to investigate 
morphological and nanomechanical changes to the C. albicans cells as a 
result of nanoparticle interactions. In addition, advanced synchrotron 
macro ATR-FTIR microspectroscopy was used to gain insights into 
biochemical changes resulting from cell-nanoparticle interactions. 

The imaging techniques identified the presence of nanoparticles 
adhered to the surface of the cell wall in most cases, and occasionally 
crossing the cell wall and entering the intracellular cavity. 

Microrheological experiments revealed an increase in the Young’s 
modulus of the cell, indicative of an increase in stiffness following AuNP 
exposure. In particular, the data from the synchrotron macro ATR-FTIR 
analysis showed significant changes to the biochemical compositions 
between the control and exposed cells, which were primarily attributed 
to changes to the phospholipids and proteins in the cell well and cell 
membrane. Overall, these investigations into the physical and 
biochemical changes of fungal cells as a result of interactions with 
nanoparticles provide insights into fungal cell-particle interactions, 
which may influence many different areas of nanomedicine including 
drug delivery, disease detection and diagnostics, and cellular imaging. 

In the future, we believe the techniques combined in this work could 
be utilized to bridge qualitative and quantitative assessments of not only 
nanoparticle-fungal interactions, but also more broadly the biophysical 
interactions of organic and inorganic materials with living and model 
biological entities. For example, the biophysical interactions of bio
molecules [203–205], proteins [206–208], toxins [209–211], antisep
tics [212], and therapeutics [213–215], as well as organic, inorganic, 
and soft matter nanoparticles [1,3,4,19,74,77,216]. In the area of 
nanoparticles, a wide variety of nanoparticle sizes, geometries, and 
surface chemistries could be explored at bio-interfaces to better eluci
date structure–function relationships [19,61,169,171,189,199,217, 
218]. Moreover, the effect of nanoparticle concentration on fungal cells, 
and more generally biological entities, should be studied, as there will 
likely be concentration-dependent effects. We believe our work high
lights the importance of assessing biophysical changes at the 
nanomaterial-fungi interface, and more broadly the effect of nano
particle interactions at bio-interfaces. This type of study will provide 
new directions for further studies in this field of research. 
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[154] F. Natalio, R. André, A.F. Hartog, B. Stoll, K.P. Jochum, R. Wever, W. Tremel, 
Vanadium pentoxide nanoparticles mimic vanadium haloperoxidases and thwart 
biofilm formation, Nat. Nanotechnol. 7 (8) (2012) 530. 

[155] C. Marambio-Jones, E.M.V. Hoek, A review of the antibacterial effects of silver 
nanomaterials and potential implications for human health and the environment, 
J. Nanopart. Res. 12 (5) (2010) 1531–1551. 

[156] I. Sondi, B. Salopek-Sondi, Silver nanoparticles as antimicrobial agent: a case 
study on E. coli as a model for Gram-negative bacteria, J. Colloid Interface Sci. 
275 (1) (2004) 177–182. 

[157] S. Meghana, P. Kabra, S. Chakraborty, N. Padmavathy, Understanding the 
pathway of antibacterial activity of copper oxide nanoparticles, RSC Adv. 5 (16) 
(2015) 12293–12299. 

[158] A.K. Chatterjee, R. Chakraborty, T. Basu, Mechanism of antibacterial activity of 
copper nanoparticles, Nanotechnology 25 (13) (2014), 135101. 

[159] J. Ramyadevi, K. Jeyasubramanian, A. Marikani, G. Rajakumar, A.A. Rahuman, 
Synthesis and antimicrobial activity of copper nanoparticles, Mater. Lett. 71 
(2012) 114–116. 

[160] S. Jadhav, S. Gaikwad, M. Nimse, A. Rajbhoj, Copper Oxide Nanoparticles: 
Synthesis, Characterization and Their Antibacterial Activity, J. Clust. Sci. 22 (2) 
(2011) 121–129. 
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