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s/silk fibroin films hamper
filamentous and invasive growth of Candida
albicans†

Martina Alunni Cardinali,‡a Debora Casagrande Pierantoni,‡b Lucia Comez, c

Angela Conti,b Irene Chiesa,d Carmelo De Maria,d Stefania Cortopassi,d

Maria Caporali, e Alessandro Paciaroni, f Valeria Libera,f Gianluigi Cardinali,b

Paola Sassi a and Luca Valentini *gh

The ability of fungi and bacteria to form biofilms on surfaces poses a serious threat to health and a problem

in industrial settings. In this work, we investigated how the surface stiffness of silk fibroin (SF) films is

modulated by the interaction with black phosphorus (BP) flakes, quantifying the morphogenesis of C.

albicans cells. Raman and infrared (IR) spectroscopies, along with scanning transmission electron

microscopy, allowed us to quantify the thickness and diameter of BP flakes dispersed in the SF matrix

(e.g., 5.5 nm in thickness and 20 mm in diameter), as well as an increase in beta-sheet secondary

structures, resulting in the mesoscopic formation of a globular and nanofibrous surface. The formation

of b-sheet crystals in the SF/BP film was correlated with a higher surface stiffness, influencing the shape

of C. albicans cells and suppressing their filamentous growth. Raman spectroscopy analysis ultimately

suggests an overall reduction in cell vitality and filmogenic capability of cells grown on fibroin-based

films containing BP. Our results suggest that the conformational properties of SF can be suitably tuned

to design optimized bioselective coatings for biomedical applications.
1. Introduction

Silk broin (SF) is an ancient natural biopolymer that was
approved as a biomaterial by the United States Food and Drug
Administration in 1993, thanks to the unique combination of
properties that it offers.1 Despite this outstanding interest in SF,
its inherent antibacterial activity is limited to a preclinical trial
for skin wound healing,2 and it has been demonstrated only in
combination with antibiotics,3 inorganic nanoparticles,4,5
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antibacterial polymers,6–8 peptides, and plant extracts.9,10 The
effect of SF macromolecular composition and conformational
transitions on the bioactivity of microbes remains ambiguous.
SF is a complex network of interconnected crystalline and non-
crystalline domains. In an elegant experiment of biotechno-
logical engineering performed on a similar material (e.g.
recombinant silk spidroin), it was shown how the charge or
amino acid sequence of spider silk is expected to impact crys-
tallite size and distribution modifying the silk protein affinity
for cell adhesion.11

The use of regenerated Bombyx mori SF as a substrate for
microbial adherence, growth, and biolm formation represents
a novel and emerging research eld with potential applications
in bioanalytical sciences.12 Regenerated silk can be processed
into solid lms with potential use as coatings for medical
devices.13–15 At the nanoscale, these lms self-assemble with silk
I and silk II secondary conformations, which, depending on the
processing parameters, result in a denser and less homoge-
neous packing of b-crystallites that trigger the lm stiffness.16

Microbial cell adhesion and network formation are substrate
stiffness dependent.17 Moreover, at the mesoscale, the organi-
zation of b-sheet crystallites inuences the surface morphology
with nanobrous features.18 Consequently, the utilization of
this versatile material enables the mediation of cell–cell inter-
actions via an elastic substrate, that can drive the formation of
networks sensitive to the structure of the substrate.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Along with SF, black phosphorous (BP) is a biocompatible
inorganic nanomaterial.19 In our previous experiment, we
demonstrated the use of SF aqueous solution as an exfoliating
agent to produce BP nanosheets maintaining the stability of the
akes' dispersion into a 3D printable SF-based biomaterial for
several days.20

As previously observed for SF interacting with 2D nano-
materials,21 the interaction between SF and BP can be triggered
by changing the pH of the solution promoting the silk II
secondary structure of SF adsorbed on BP. The secondary
structure of SF chains can self-assemble on mesoscale giving
rise to the formation of a nanobrous structure.

In this study, we exploit the synergistic effect of pH and BP
addition to deposit a SF coating with silk II features. We showed
that exfoliated BP promotes a homogeneous b-sheet crystalline
distribution in the nanobrous surface morphology. The effect
of b-sheet content and surface morphology on the proliferation
of C. albicans cells was investigated and compared to growth on
an uncovered substrate. The data suggest that the designed
conformational transitions of SF provide new insights into
bioselective coatings for biomedical applications.
2. Experimental
2.1 Preparation of SF and SF/BP lms

Silk cocoons were supplied by a local farm (Fimo srl, Milano,
Italy). Black phosphorous, phosphate-buffered saline (PBS),
CaCl2, FA and NaHCO3 were supplied by Sigma-Aldrich. Silk
solutions were prepared as reported elsewhere.22 Briey silk
cocoons were degummed with NaHCO3 and dispersed into 5 ml
FA/CaCl2 solution (CaCl2 was in weight ratio of 70/30 with
respect to the silk amount (0.70 g)). SF lms were produced by
leaving the SF solutions to evaporate onto Petri dishes overnight
with subsequent annealing at 40 °C for 2 hours. The SF lm was
subsequently dispersed in 100 ml of 1× PBS (pH 7.4) along with
the BP using an ultrasound treatment for 1 hour (amplitude
40%, tip 13 mm, pulse 40 s/20 s), resulting in three different
concentrations: 0.2, 0.1, 0.05 and 0.02 mg ml−1. The optimal
concentration of BP was evaluated based on the distribution of
the diameters of the akes, analyzed using ImageJ for the
equivalent diameter of the three different solutions deposited
on a glass substrate (see ESI and Fig. S1†). For this analysis,
a quantity of 1.85 mg of BP proved to be the most effective for
exfoliation in SF and PBS. SF and SF/BP lms were obtained by
drop casting the PBS solutions onto a square shapedmold (1 cm
× 1 cm) positioned onto uorine tin oxide (FTO) substrate.
Before casting, both solutions were sonicated for 20 minutes in
an ultrasonic bath at 59 kHz and room temperature.
2.2 Characterization of SF and SF/BP solutions

Contact angle measurements of the SF and SF/BP solutions in
PBS were performed at room temperature using an optical
tensiometer, performing a sessile drop analysis (n = 20, drop
volume = 2 ml) according to the Young–Laplace law. FTO slides
were tested as substrates.
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.3 Film characterization

2.3.1 Infrared spectroscopy. Infrared spectra were recorded
using a Fourier transform spectrometer from Jasco equipped
with its diamond ATR (attenuated total reection) module. The
spectra were recorded in the 4000–400 cm−1 spectral range at
a resolution of 2 cm−1. Each measured spectrum was averaged
from 300 scans. A background spectrum without a sample was
acquired using the same number of scans before each
measurement. Spectral data were pre-processed by tracing
a straight baseline from 1740 to 1560 cm−1. To estimate the
different components of amide I spectral proles, a curve-tting
procedure was employed. Each component was assigned
a Gaussian line shape, a full width at half height (FWHH) xed
at 20 cm−1, and the weight was determined without constraints.

2.3.2 Combined uorescence and Raman micro-spectros-
copy. Raman spectroscopy was performed using a MonoVista
CRS+ S&I spectrometer coupled to a confocal spinning disk
imaging system (mod. X-Light V2 by Crest Optics). Raman
measurements were recorded using a green laser source (532
nm) with power set to approximately 5 mW to prevent potential
sample photodamage. Point spectra were randomly collected
from the sample surfaces using a 50× objective (NA = 0.55) and
a 300 lines per mm grating. An acquisition time of 150 s and
a 100 mm slit aperture were used. The spectra were baseline
corrected and normalized to 1455 cm−1 vibration for direct
comparison between averaged spectra. Finally, the relative
intensity ratio of A1

g and B2g bands was calculated by integrating
the areas of the respective peaks between 350–388 cm−1 and
417–452 cm−1. Fluorescence images were collected using
objectives with different magnication (10×, 50, 100×) and 10
ms exposure and a LED light for excitation at 440 nm. The
time of exposure was set to 10 ms.

2.3.3 Scanning transmission electron microscopy. Scan-
ning Transmission Electron Microscopy (STEM) experiments on
SF and BP/SF lms were carried out at Ce.ME CNR (Sesto
Fiorentino, Italy) using a Dual Beam, TESCAN GAIA3 FIB/SEM
ultrahigh resolution eld emission microscope at 10 keV
voltage. SF and SF/BP lms were placed on the stub and
measured. To investigate the surface morphology, secondary
electron images were acquired using an accelerating voltage of
the electron beam of 5 kV.

2.3.4 Mechanical characterization. The mechanical char-
acterization of SF and SF/BP lms were carried out through
atomic force microscopy (AFM) using pyramidal cantilever
(Model: Easyscan Nanosurf, height 8–16 mm, Resonance
frequency: 150 kHz, stiffness 58 Nm−1) by displacement-control
mode on at least ve single load displacement measurements.
2.4 Yeast cell culture on lms

A strain of the yeast species C. albicans (CMC 6549, from the
CEMIN fungal collection at the University of Perugia) was used
for biolm formation. This strain was classied according to
the sequencing of the ITS marker. For the preparation of the
inoculum, the strain was grown in YPD medium (containing
yeast extract 1%, peptone 1%, and dextrose 2% – from Difco
Laboratories, Detroit, MI, USA) overnight at 37 °C under
RSC Adv., 2024, 14, 39112–39121 | 39113
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shaking conditions (120 rpm). The fungal suspension was then
calibrated to an optical density of OD600 = 0.1 in the medium
selected for biolm formation. Biolms were obtained by
submerging UV-sterilized substrates in Petri dishes containing
RPMI-1640 medium buffered with MOPS (3-(n-morpholino)
propane sulfonic acid) to pH 7, into which the strain was
inoculated. A coupon of the tested material was inoculated for
each time point. Aer the allotted time of growth, the coupon
was washed two times with sterile saline solution (0.9% NaCl)
and stained with a 0.01% p/V crystal violet solution for 15
minutes at room temperature. Finally, the substrates were
washed with sterile distilled water and le to dry for further
analysis. Optical images of C. albicans cells on different
substrates were recorded with a 3D Hirox digital microscope
(HRX-01) 3000×, FOV (H)104.04 mm, resolution 0.04 mm.
Changes from the circular shape of the C. albicans cells were
obtained with the ImageJ program. The cells have been grouped
into classes according to their circularity, i.e. the ratio between
their lengths on the two axes, taking into account a binning of
0.05 between 0 and 1 (circular shape). Cell forms were counted
using the ImageJ program and the percentages of the individual
forms were represented graphically.
2.5 Statistical analysis

GraphPad Prism 9.2.0.332 (GraphPad soware, San Diego, CA,
USA) was used to assess the statistical signicance of all
comparison studies in this work. In the statistical analysis for
comparison between multiple groups, a two-way ANOVA with
Tukey's post hoc analysis (multiple comparisons) was con-
ducted with the signicance threshold of ***p < 0.001.
3. Results and discussion
3.1 Characterization of SF and SF/BP lms

The SF/BP lms were prepared by the liquid-assisted exfoliation
of BP using SF as an exfoliating agent. Fig. 1a shows the STEM
bright eld image of the BP ake obtained aer SF assisted
exfoliation process. In Fig. 1a a STEM dark eld image of a thin
folded BP ake is shown together with the image of a multilayer
ake. The interlayer spacing as well as the thickness of single
layer are well known from literature,23 allowing for estimation of
the thickness of the observed akes. Considering 0.53 nm as
interlayer spacing and that the thickness of each layer is
0.22 nm, we can roughly estimate a thickness of 5.5 nm.

Fig. 1b shows the optical image of the surface of SF/BP lms.
Using the ImageJ soware, the percentage fraction covered by
BP akes was calculated to be approximately 12% of the total
surface area. In addition, the thickness of the akes was esti-
mated through the ratio of relative Raman intensities (Fig. 1c,
top panel) of two characteristic bands, namely A1

g and B2g,
calculated by integrating the areas of the respective peaks at 365
and 440 cm−1. This ratio was found to be correlated by Coleman
et al.24 with the thickness of the BP akes and was used by our
group in combination with AFM and STEM to verify the thick-
ness reduction before and aer the BP exfoliation process.22 In
this experiment, the ratio was found to be about 0.6, consistent
39114 | RSC Adv., 2024, 14, 39112–39121
with STEM analysis and previous measurements of BP akes
obtained by liquid exfoliation.22

To analyze how the SF secondary structure is modied by the
interaction with BP, we employed FTIR spectroscopy (Fig. 1c,
right panel). Amide I (1600–1700 cm−1) and amide II (1500–
1650 cm−1) FTIR bands were used to monitor the conforma-
tional changes of the SF backbone.25 Typical absorption bands
of random coil are located at 1640–1654 cm−1 and 1535–
1545 cm−1, whereas the bands at 1610–1630 cm−1 and 1510–
1520 cm−1 are assigned to b-sheets.26–28 By focusing on the
amide I region, we determined the percentages of different
secondary structures (b-sheets, turns, and random coils). As
shown in Fig. S2,† the addition of BP increases the fraction of
the peak components in the ranges of 1620–1625 (amide II) and
1697–1703 (amide I) that are related to the antiparallel b-sheet
structure.29–31 Specically, the b-sheet content in the SF/BP lm
was found to be approximately 20%, which is higher than the
14% b-sheet content in the SF lm.

This result was conrmed by the analysis of SF (black) and
SF/BP (red) Raman spectra reported in Fig. 1c (on top). The
positions of the amide I band at 1665 cm−1, amide III at
1240 cm−1 and C–C stretching at 1095 cm−1 suggest for SF lm
a prevalence of b-sheet conformation characteristic of silk II.
Notably, in the presence of BP, the relative amount of this
crystalline component of SF is enhanced, as evidenced by the
higher intensity of the 1240 cm−1 peak.

The different secondary structures of SF trigger the specic
interaction with the surface of both nanomaterials and
adsorbing surfaces: the chain of SF derived from Bombyx mori
consists of hydrophobic blocks connected by short hydrophilic
spacers.32 These hydrophobic blocks contain crystalline b-sheet
regions crucial for the mechanical strength (see below) and
stability of silk biomaterials.32,33 So the conformational transi-
tion of SF depends on the hydrophilicity/hydrophobicity of the
substrate. It has been demonstrated that hydrophobic surfaces
favor random coil conformation, whereas hydrophilic surfaces
favor b-sheet conformation.34,35 At pH 7.4, due to the charged
state of BP,36 hydrophilic interactions between broin and BP
dominate and enable the increase of b-sheet structures.32 To
better understand this mechanism, we investigated the
adsorption of broin on BP by scanning transmission micros-
copy (Fig. 1d). While the morphology of SF lm prepared from
pristine FA solution results in a dense and homogeneous
surface (see Fig. S3†), upon redissolving in PBS we observed the
formation of silk globules on BP akes with nanobrous
morphology. SF nanobrils and microbrils characterized by b-
sheet structures were observed to be non-toxic toward neuronal
cells.37

At the mesoscale, the interaction of SF with the adsorbing
surface was investigated by contact angle measurements (see
Fig. S4†). Here, the electrostatic interactions of SF redissolved in
PBS and adsorbed on a hydrophilic surface (i.e. FTO substrate)
resulted in an increase in contact angle values, reducing the
stability of random coil conformation and promoting the
formation of b-sheets.

The impact of conformational transitions on the mechanical
properties of SF and BP/SF lms was then investigated through
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) STEM dark field images of BP flakes with SF. Top: a thin folded BP flake, bottom: a multilayer flake is observed; (b) optical image of the
surface of SF/BP film, percentage fraction covered by BP flakes, and the ratio of relative Raman intensities of A1

g and B2g bands; (c) Raman spectra
(top) and ATR-FTIR (bottom) of SF and SF/BP films; (d) STEM bright field images of SF/BP films redissolved in PBS. The red circle shows the BP
flake covered by SF redissolved in PBS at different magnifications. (e) Force/indentation depth and elastic modulus in SF and SF/BP films.
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AFM tests. Fig. 1e shows the force-depth penetration curves
using a triangular pyramidal tip. These curves were obtained
following the procedure described by Jiang et al.38 The data
regarding the increase in the reduced elastic modulus aer the
insertion of the BP (e.g. 600 MPA for SF and 1630 MPa for SF/BP
lms) are consistent with both other literature data that report
a similar effect with the increase of b structures39,40 and with
a penetration depth of hundreds of nanometers, which is
comparable to multidomain backbones associated with the
hard fraction.41

3.2 SF and SF/BP lms applications in microbiology

Before any microbiological assessment, it is mandatory to
validate the effects of sterilization. Here, we explored whether
sterilization processes (1 minute UV treatment to both sides of
the FTO support using six 15 W tubes emitting light at 312 nm,
with a 100 W total power of the setup and a distance of 10 mm
between sample and lamps) had an impact on the secondary
structures of the SF and SF/BP lms on FTO. Raman spectros-
copy (see Fig. S5†) revealed the stability of the protein confor-
mation in the SF and SF/BP lms and the preservation of the
silk II structure aer sterilization via UV irradiation. Indeed,
© 2024 The Author(s). Published by the Royal Society of Chemistry
analysis of the second derivative spectra in the amide I region
(Fig. S5,† right panel), which is much more sensitive to
conformational changes, shows no shi of the central
minimum for broin, whether in the absence or presence of
black phosphorus.

Aer sterilization, the SF, SF/BP lms on FTO as well as the
FTO substrate were cultured with C. albicans for 2 and 24 hours,
following the procedure reported in the Experimental section.
Then, the different substrates cultured for 2 and 24 h were
treated with crystal violet dye and observed under uorescence
microscopy, using LED light for excitation (ltered around 440
nm) and collected at about 470 nm (Fig. 2a and b). Images in
Fig. 2a highlight that C. albicans cells aer 2 h arrange them-
selves differently on the various substrates, specically the FTO
glass, the SF and the SF/BP lms. For each image the fraction of
covered area was quantied using ImageJ soware; the results
are reported in the box plots presented in Fig. 2c. In particular,
the SF lms promote a higher adhesion of cells to the surface
aer 2 h with respect to other substrates. Both FTO and BP have
an inhibitory effect on cell adhesion in comparison to SF,
although none of them is completely refractory. Interestingly,
aer 24 h (Fig. 2b and c), there was an overall decrease in the
RSC Adv., 2024, 14, 39112–39121 | 39115

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05126b


Fig. 2 Optical images of C. albicans cells grown on SF, FTO and SF/BP substrates after (a) 2 and (b) 24 hours of incubation; (c) photograph of the
FTO glass support with on top the SF film after crystal violet staining and box plots reporting the relative surface covered by C. albicans cells for
SF, FTO and SF/BP substrates. Statistical significance (S) is assigned to a p-value #0.05.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

2:
54

:2
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
fraction of area covered by cells for all three samples. In fact,
aer a certain number of hours in culture, the dominant factor
is likely no longer the cells' initial ability to adhere to the
substrate but rather the presence of favorable conditions for
growth.

The adherence of C. albicans cells to surfaces occurs almost
immediately aer the immersion of the substrate in the cellular
suspension. It typically displays a kinetic with a rapid initial
phase that lasts approximately 10 h, followed by a slower
adherence rate for the next hours.36 A thick biolm is normally
produced within 24 h by active biolm-forming strains. The
ability to produce several successive layers of cells is considered
one of the factors making the biolm resistant to antifungal
agents and in general one of the key features that determines
the success of a strain in hospital settings.42

The different attitude to growth is evidenced also by the
change in morphology depending on whether the cells are
located on broin or FTO substrates. This is clearly appreciable
in the optical images of SF, SF/BP lms and FTO surface re-
ported in Fig. 3a. Changes in the C. albicans morphology are
reported in Fig. 3b. Round-shaped cells are observed in both SF
and SF/BP samples, while in the case of FTO, they appear
elongated and lamentous deviating from circular shape.
Recently, it was shown that substrate properties, such as its
stiffness, are known to play a crucial role in bacterial colonies.43

In particular, it was predicted that cell network formation is
39116 | RSC Adv., 2024, 14, 39112–39121
optimal at intermediate stiffness.43 Accordingly, we observed
that C. albicans cells tend to form a branched network on an
intermediate stiff SF/BP substrate (e.g. between the soer SF
and the stiffest FTO). Thus, the physical properties of the
underlying substrate play a crucial role in modifying the aspect
of cells and function that contribute to biolm phenotypes. The
analysis of the individual forms allows the conclusion that, as
the substrate changes, the number of forms changes. The
percentage of the cell forms (more than 80%) had a correct
shape as reported in Fig. 3. The biolm thickness reported in
Fig. S6† reects this behavior. In particular, the prole shown in
Fig. S6† is consistent with what is reported in fungal
taxonomy,44 intercepting a spherical cap with a thickness of 1.4
micrometers compared to a cell thickness of 3–4 micrometers.
Aer incubation on FTO about 30% of the cells retained their
correct shape while hyphae and pseudo-hyphae accounted for
70% of the other cells.

Both the spatial arrangement of round cells and the forma-
tion of elongated structures are further highlighted by micro-
scope image-stitching (see Fig. S7†) and by using differential
interference contrast (DIC) microscopy on selected samples,
whose contrast allows for clear distinction of shapes (Fig. S8–
S10†). The rounded-shaped cells in SF and SF/BP have a diam-
eter of about 3–4 micrometers, consistent with the average
dimensions found in the literature for C. albicans,44 whereas the
lamentous-shaped cells in FTO are about 15micrometers long.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Optical images of C. albicans deposited on SF, SF/BP and on FTO (from top to bottom) recorded using a 3D Hirox digital microscope
(HRX-01) and (b) histograms showing the relative frequency of individual forms of C. albicans cells.
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It is worth noting that the affinity of C. albicans for broin was
also tested aer 30 minutes and aer 9 hours to verify both the
even faster adhesion capacity of the cultured cells and their
ability to grow on the substrate. The data shown in Fig. S11†
demonstrates that at very fast times adhesion is almost
completely negligible and that, in line with what would be ex-
pected at intermediate times, the total number of cells on the
substrate is lower than at both 2 and 24 hours.

The formation of lamentous structures on FTO has been
further investigated using uorescence microscopy. Speci-
cally, Fig. 4a shows the optical images at increasing magni-
cations (10×, 50× and 100×) of the FTO substrate and Fig. 4b)
the uorescence image (FLUO 100×) collected on the same area
of 100× images aer the crystal violet staining. Interestingly,
the images demonstrate that proliferating cells primarily adopt
an elongated phenotype (Fig. 4c). This phenomenon became
more pronounced when monitoring the progress of the culture
over time.

The chemical ngerprint of the different phenotypes
expressed by C. albicans on the different substrates was moni-
tored by Raman spectroscopy. This technique is widely used
both for the study of different types of microorganisms and for
the characterisation of biolms.45–48 Results reported in Fig. 5a
display the averaged spectra of C. albicans cells grown on FTO
(black) and SF lm (blue). The comparison reveals a signicant
decrease in the peak at 1240, 1331 and 1445 cm−1 in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
spectrum of cells grown on SF. The decrease of these spectral
signatures, that is attributed to the proteic constituents of the
cell,49 can suggest a slowing in the metabolism that hinders the
protein synthesis or a damage to the mannoproteins of the
outermost layer of the cell wall.

The effect of the presence of BP dispersed in the SF lm was
further investigated, and the mean spectra of the C. albicans
cells grown on SF (blue) and SF/BP (red) are shown in Fig. 5b.
The presence of BP clearly induces signicant alterations in the
spectral prole of C. albicans cells, specically: the intensity
decrease of signals assigned to the reduced form of the cyto-
chrome c at about 750 and 1585 cm−1, and an evident band-
shape alteration in the spectral region between 1050 and
1150 cm−1, which contains signals from the chitin backbone in
the wall of cells. Using the 532 nm excitation, we selected the
resonant condition for the reduced form of mitochondrial
cytochrome c, thereby increasing our sensitivity to monitor this
species by enhancing the corresponding Raman signals. We
observed a decrease in the bands characteristic of cytochrome c,
indicating oxidative stress-induced damage, only in the pres-
ence of BP. Additionally, the altered prole in the region of C–O/
C–C stretching bands of chitin, particularly the stretching of the
C–O–C bond between neighboring glycosidic rings at 1070 cm−1

and the C–O–C bond within glycosidic units at 1150 cm−1,
suggests a reduction in the crystallinity of the glycoprotein.49

This implies signicant modications in the cellular wall,
RSC Adv., 2024, 14, 39112–39121 | 39117
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Fig. 4 (a) Optical images of C. albicans cells on the FTO substrate at different times of incubation and with different magnifications (BF10×,
BF50×, BF100×), (b) fluorescence images (FLUO100×) obtained after crystal violet staining using the 100× objective and (c) histograms showing
the relative frequency of individual forms of C. albicans cells on the FTO substrate.
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which plays a crucial role in the cell adhesion mechanism. The
underlying mechanism by which BP contributes to inducing
oxidative stress in C. albicans cells may be attributed to the
hydroxyl radical overproduction by the reaction between BP
nanosheets and H2O2; the BP nanosheets degradation under
oxidative stress conditions promotes the interaction between
the BP nanosheets and cytochrome c thereby disrupting the
cellular antioxidant defense system and ultimately producing
toxicity.50
39118 | RSC Adv., 2024, 14, 39112–39121
The chemical changes may tentatively indicate an overall
reduction in cell vitality and lmogenic capability of cells when
grown on the broin-based lms, particularly in the presence of
BP. In general, alterations in the region characteristic of
carbohydrate signals indicate a stressed status of the planktonic
cells, as also evidenced by FTIR measurements.51 It is worth
noting that chemical alterations could precede morphological
changes, as C. albicans on SF and SF/BP lms exhibit the same
cell shape on both substrates (see Fig. 3).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Raman spectra of C. albicans cells at 2 h deposition on FTO (black) and SF film (blue). This latter was obtained by subtracting pure SF
contribution from the total profile of sample of C. albicans cells deposited on the SF substrate. The single asterisk marks the bands that assigned
to proteins. (b) Raman spectra ofC. albicans cells at 2 h deposition on SF (blue), and SF/BP (red) films. This latter was obtained by subtracting pure
SF/BP contribution from the total profile of sample ofC. albicans cells deposited on the SF/BP substrate. Double asterisks and “O”mark the bands
assigned to cytochrome c and glycoproteins respectively.
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Moreover, the variations occurring in the rst two hours can
only be attributed to chemical changes in the molecules already
present in the cells at the time of inoculation, as no changes in
gene regulation could occur within this period.

While we are not able to reasonably conclude the fungistatic
rather than fungicidal mechanisms of SF/BP lms, we could, at
this stage, invoke a similar mechanism observed on spider silk
that due to its crystalline structure makes nitrogen inacces-
sible52 mitigating the bacterial proliferation.53,54 Although it may
be unlikely that the secondary structures of regenerated silk are
solely responsible for bacterial differentiation, these structures
do evidently play some role that requires further investigation.

4. Conclusion

Our results provide evidence that bacterial colonies can respond
to the composition and stiffness of the growing substrate. In
particular, the variation in the different components of the
secondary structures of SF lms offers a tunable platform for
designing substrate stiffness that impacts collective colony
growth. In this study, we investigated how the structural
features of regenerated silk proteins affect and possibly hamper
the bioactivity of microbes without additional components,
such as antimicrobial agents. We showed that SF promotes the
exfoliation of BP akes; the nanobrous feature with a higher b-
sheet crystalline distribution in SF/BP lm creates a bioselective
© 2024 The Author(s). Published by the Royal Society of Chemistry
surface that reduces both the proliferation of C. albicans cells
and their lamentous growth. This nding paves the way for
novel applications of silk broin, such as coatings in various
biomedical applications and for the preparation of inks for
bioselective 3D-printed biomaterials.
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