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Abstract 

The interaction of the tryptophan functionalized Ag nanoparticles and live Candida albicans cells was studied by 

using synchrotron excitation deep-ultraviolet (DUV) fluorescence imaging at the DISCO beamline of 

Synchrotron SOLEIL. DUV imaging showed that incubation of the fungus with functionalized nanoparticles 

results in significant increase in the fluorescence signal. The analysis of the images revealed that the interaction 

of the nanoparticles with (pseudo)hyphae polymorphs of the diploid fungus was less pronounced than in the case 

of yeast cells or budding spores. The changes in the intensity of the fluorescence signals of the cells after 

incubation were followed in [327 - 353 nm] and [370 – 410 nm] spectral ranges, which correspond to the 

fluorescence of tryptophan in non-polar and polar environment, respectively. As a consequence of the 

environmental sensitivity of the silver-tryptophan fluorescent nanoprobe, we were able to determine the possible 

accumulation sites of the nanoparticles. The analysis of the intensity decay kinetics showed that the 

photobleaching effects were more pronounced in the case of the functionalized nanoparticle treated cells. The 

results of time-integrated emission in the mentioned spectral ranges suggested that the nanoparticles penetrate 

the cells, but that the majority of the nanoparticles were situated on the cells’ surfaces.  
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Introduction 

Candida albicans is a polymorphic fungus and a common pathogen that threatens the 

immunosuppressed patients. The most pronounced infectious effect of C. albicans is an adhesion to 

the host cells, which is usually followed by agglomeration and biofilm formation. Transformation 

from yeast to hyphae is recognized as a therapeutic target in the C. albicans infections [1] and various 

approaches are suggested to suppress this particular morphological transition [2-4]. One of the 

suggested approaches includes using silver nanoparticles (Ag NPs), either alone or in combination 

with other drugs, in treatment of pathogenic fungi [5-16]. For example, Lara et al. [8] reported that 

silver nanoparticles might induce inhibition in filamentation growth of pre-formed C. albicans 

biofilms. Kim et al. [9] provided detailed study on activity of Ag NPs against C. albicans cells, which 

mainly includes the disruption of cell membrane and inhibition of the budding process. It was also 

reported that the nanoparticles may arrest the fungal cell cycle in G2/M phase and stop the mitosis. 

Glucose and trehalose release was increased in the presence of Ag NPs, confirming their strong 

antifungal effect on the cell transport processes. The nano-silver induces intracellular accumulation of 

reactive oxygen species (ROS) and alters mitochondrial membrane potential [10]. Vazquez-Munoz et 

al. [11] used structural analysis to study the mechanism of interaction of Ag NPs with C. albicans. 

They reported that the nanoparticles tend to accumulate in the cell walls and induce cell death by 

releasing silver ions. Intermediate growth stages of biofilm formation are more vulnerable to the attack 

of antifungals [17]. The resistance of C. albicans to the action of silver nanoparticles gradually 

increases as their growth proceeded from adhered cells to pre-formed biofilm and, finally, to mature 

biofilm [13-14]. Therefore, in order to improve the antifungal treatments with nanoparticles, it is 

important to study and understand their interaction with the pathogen cells.  

In our recent study [18], we reported on fabrication of a fluorescent probe sensitive to the 

polarity of the environment through functionalization of Ag NPs with amino acid tryptophan. The 

nanoprobe was tested on the cells of gram negative bacteria Escherichia coli. The deep UV 

fluorescence imaging of the E. coli cells incubated with tryptophan-functionalized Ag NPs (AgTrp 

NPs) showed that it is possible to distinguish whether nanoparticles were localized in hydrophobic 

(e.g. cell wall) or hydrophilic (cell interior and/or exterior) regions of the cells. Here, we also 

employed deep ultraviolet (DUV) fluorescence imaging method to investigate whether in this way 

created fluorescent probe may be used to provide information about the interaction of the silver 

nanoparticles and C. albicans at various morphogenetic stages of its growth. Comparing to the 

conventional imaging techniques, this method enables excitation of fluorophores at wavelengths below 

300 nm, which may significantly increase the resolution of fluorescence images [19-21]. Tryptophan 

absorbs in the UV part of the EM spectrum and a high spatial resolution was achieved with AgTrp 

NPs fluorescence probe: one pixel ∼150 nm [18]. For this reason, it was possible to detect the signal 

coming from the AgTrp nanostructures after their interaction with C. albicans. The fluorescence 

photobleaching in the [327 – 353 nm] and [370 - 410 nm] emission spectral ranges after the cell 

treatment was studied to establish the preferential nanoparticle accumulation sites. 

Materials and methods 

2.1. Materials 

We used high purity water with specific resistance ∼10
18

 m in all synthetic procedures. Chemicals 

employed for making functionalized nanoparticles were silver nitrate (AgNO3), sodium borohydride 
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(NaBH4), sodium hydroxide (NaOH) and tryptophan (Trp), which were purchased from Sigma-

Aldrich and used as received. 

2.2. Tryptophan functionalized silver nanoparticles 

Silver hydrocolloids (Ag NP) and hydrocolloids of tryptophan-functionalized silver nanoparticles 

(AgTrp) were prepared in the same way as in our previous work [18]. Briefly, silver nanoparticles 

were prepared by chemical reduction of silver salt (AgNO3) by using NaBH4. Functionalization was 

carried out by adding appropriate amount of tryptophan to silver hydrocolloid with pH value adjusted 

to 10.4. List of samples used in this study is given in Table 1. 

Table 1. Sample annotations, concentration, volume and molar ratio of chemicals 

used in the preparation procedure. 

Sample V (0.1 mM Ag NP) [ml] V (10 mM Trp) [ml] nm (Ag): nm (Trp)b 

Trp2.0 0a 0.2 0 

Ag NPs 10 0 ∞ 

AgTrp1.0 10 0.1 1:1 

AgTrp2.0 10 0.2 1:2 
ain 10 ml H2O; bAg:Trp molar ratio. 

The incubation of the C. albicans cells with functionalized nanoparticles was performed in the saline 

medium. Saline can induce the changes in the optical properties of silver nanoparticles. To test the 

stability of the nanoparticles, the hydrocolloids were mixed with 0.9% NaCl. The procedure was the 

same as the incubation procedure (explained below), but with no cells present. 

In order to show the sensitivity of photoluminescence of tryptophan functionalized silver nanoparticles 

on the polarity of the environment, the phase transfer of AgTrp2.0 hydrocolloid from water to toluene 

was performed. The phase transfer was possible solely with functionalized nanoparticles, which was 

confirmed by mixing the toluene with Ag NPs hydrocolloid. Details about the procedure and images 

of the test tubes containing AgTrp NPs and Ag NPs in water and toluene can be found in Supporting 

information (Figure S1). 

2.3. Preparation of biological samples 

2.3.1 Strain, growth and media conditions 

The growth of pathogen fungus C. albicans (ATCC 10259) strain was carried out in a Trypton Soy 

broth or agar (TSYB or TSYA—Institute of Immunology and Virology, Torlak, Belgrade), 

supplemented with 0.6% (v/v) yeast extract. For inoculum preparation, the microorganisms were 

cultivated in TSYB at 37 °C and left overnight (early exponential stage of growth). The culture media 

was prepared using distilled water and sterilized by conventional methods. 

2.3.2 Antimicrobial activity and uptake tests 

The solutions with specific concentrations of tryptophan, Ag NPs, and AgTrp NPs were prepared by 

mixing the colloids with sterile physiological saline solutions. After that, 400 μl of the solutions were 

placed in Eppendorf tubes containing 100 μl of purified microbial dispersion. The resulting mixture 

was vortexed for 10 s and incubated at 37 °C for two hours. In order to test the antimicrobial activity, 

the dispersions were placed in Petri dishes, overlaid with TSYA (0.6% of agar–agar in Trypton soy 

broth). After 24 h of incubation at 37 °C, the counts of viable microorganisms were determined. The 

results of antimicrobial activity are given in Supporting information (Figure S2). 
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Silver nanoparticles can inhibit yeast growth of C. albicans [16]. For this reason, we also conducted 

24 h survival tests of C. albicans incubated with AgTrp2.0 in the presence of TSB as a growth 

medium. A delay in growth was observed during first 2 hours of incubation time (Supporting 

information, Figure S3). At higher incubation times (4, 8, 10 and 24 h), the growth trend is similar to 

that obtained for the control C. albicans sample. 

The uptake test was performed after mixing of C. albicans dispersion with AgTrp2.0 colloid (the 

preparation procedure was the same as the one used for the antimicrobial tests). The mixture was 

centrifuged at 3000 rpm for 10 min. The optical densities at 400 nm were measured prior and after 

centrifugation of the mixture. For comparison, the OD400 values were also determined for the starting 

C. albicans dispersion (prior and after centrifugation) under the same conditions. The results of the 

uptake tests are presented in Supporting information (Table S1). 

2.3.3 Preparation of biological samples for DUV imaging 

The biological samples for DUV imaging were prepared by adding different volume ratios of 

tryptophan solution (Trp2.0) as well as Ag NPs and AgTrp2.0 colloids into 100 μl of purified C. 

albicans saline dispersions. The mixtures were incubated at 37 °C for 2 h and then 10 μl of each 

sample was placed on quartz coverslips. The samples were left to dry at ambient conditions. After that, 

they were washed with distilled water to remove unattached and dead cells and immediately examined 

by DUV fluorescence imaging. The control sample of untreated C. albicans cells was prepared by 

using the same procedures and conditions, but without adding the tryptophan solution and/or the 

colloids. 

2.4. Methods 

UV–vis absorption measurements were carried out by using Thermo Evolution 600 and Ultrospec 

3300 spectrophotometer. Fluorescence spectra of the pure tryptophan solution and AgTrp colloids 

were recorded on a Perkin–Elmer LS45 fluorescence spectrophotometer.  

DUV fluorescence imaging experiments were carried out at DISCO beamline of SOLEIL synchrotron 

facility, Saint Aubin, France. The fluorescence images of C. albicans cells and C. albicans cells 

incubated with tryptophan, Ag NPs, and AgTrp NPs were acquired on TELEMOS endstation of 

DISCO. Synchrotron UV radiation with wavelength of 290 nm was used as an excitation source and 

the luminescence signal was collected in the [327- 353 nm] and [370 - 410 nm] wavelength ranges for 

30 seconds. To ensure consistency of the observations at least 10 different locations (155 x 60 m) 

were investigated by means of DUV imaging. Ultrafluar glycerin immersion objective (Zeiss, 

Germany) with 100× magnification was used for collecting images. The fluorescence images were 

recorded by using PIXIS 1024-BUV EM-CCD camera (Princeton, USA). The whole setup was 

controlled by μManager [22] and the images were analysed by using FIJI software [23]. Step by step 

procedure for the processing of fluorescence images is explained in the Supporting information 

(Figure S4). 

Bleaching kinetics was analysed by using a plugin PixBleach [24], developed in Fiji software. The 

intensities from the bleach stacks are fitted to Kohlrausch function, a generalized exponential function 

with an additional stretching parameter [25-27],  

                                                          I(t)=A×exp(-t/τ)
1/h

+B,                                                           Eq. 1 
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where A is the decay amplitude, B is a measure of the background autofluorescence, τ is the bleach 

time constant and h is the heterogeneity factor. Eq 1 was used to fit the fluorescence intensities of at 

least 10 images in a stack. The amplitude corresponded to initial fluorescence intensity (prior to 

bleaching). Bleach time constant is the parameter that characterizes the lifetime of the fluorophore in 

the structure, while heterogeneity factor is related to the width of the τ-distribution values. Time 

integrated emission (TIE) was estimated as the total signal intensity emitted by the fluorophores before 

their complete photodestruction. The stack images and calculated parameters are presented in detail in 

the results section. 

Results and discussion 

3.1. Optical properties of tryptophan-functionalized silver nanoparticles in water, saline and culture 

medium.  

Figure 1a shows the UV-vis absorption spectra of the pure tryptophan water solution (Trp2.0) as well 

as Ag NPs, AgTrp1.0 and AgTrp2.0 hydrocolloids. In the case of the silver nanoparticle hydrocolloid, 

a typical absorption spectrum with pronounced surface plasmon resonance (SPR) band at ~398 nm 

was obtained. After the functionalization of Ag NPs with tryptophan, there is an asymmetric 

broadening and a slight shift of the SPR band, while the intensity of the band decreases. Also, an 

additional absorption band emerges at approximately 525 nm (Figure 1a). The obtained UV-vis 

spectra suggest that tryptophan induces agglomeration of the Ag NPs and this is discussed in detail in 

our previous study [18]. TEM analysis revealed that the functionalization induced an increase in 

diameter and a change in eccentricity of hybrid nanostructures formed [18].  

 

Figure 1. a) Absorption spectra of the pure tryptophan water solution (Trp2.0), silver hydrocolloids (Ag NPs) 

and hydrocolloids of tryptophan-functionalized silver nanoparticles (AgTrp1.0 and AgTrp2.0). b) The stability of 

Ag NPs and AgTrp1.0 and AgTrp2.0 colloids in saline solution. The stability was estimated by following the 

changes in the intensity of absorption at λmax = 398 nm with time [28]. c) Photoluminescence emission (λexc=290 

nm) spectra of tryptophan aqueous solution and AgTrp hydrocolloids. (d) Normalized photoluminescence 

spectra of AgTrp2.0 colloids in toluene (λexc=240 nm) and water (λexc=290 nm). 
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It was already mentioned in the experimental that a saline solution was used as a dispersion medium 

for C. albicans. Since the incubation was carried out in saline, it is important to test the chemical 

stability of tryptophan functionalized Ag NPs in this environment. Silver tends to form non-

biocompatible complexes with chlorine and a decrease in the intensity of the SPR absorption band can 

be used as a measure of the stability of the nanoparticles [28]. Ag NPs, AgTrp1.0 and AgTrp2.0 

hydrocolloids were mixed with saline at 37
 ○

C and the intensity of the absorbance at ~398 nm was 

monitored for 3 hours. The relative changes in the optical absorption of Ag NPs, AgTrp1.0 and 

AgTrp2.0 samples in saline with time were shown in Figure 1b. It can be seen that the bare silver 

nanoparticles (Ag NPs) are highly unstable in the presence of saline. The intensity of the absorption 

band at prolonged times dropped by almost 80%. Concerning the functionalized nanoparticles 

(AgTrp1.0 and AgTrp2.0), their concentration also decreases with time but to a lesser extent. In the 

case of the AgTrp2.0 sample the intensity of the SPR band was reduced by 10% only, meaning that the 

tryptophan prevents the complexation of silver with chlorine to a certain extent and, consequently, 

improves the stability of the nanoparticles in the saline solution. 

The photoluminescence emission spectra of the pure tryptophan water solution (Trp2.0) and 

tryptophan functionalized silver nanoparticle hydrocolloids (AgTrp1.0 and AgTrp2.0) are presented in 

Figure 1c. An asymmetric emission band observed in the spectra of the three samples corresponds to 

the environmentally sensitive 
1
La transitions of tryptophan. If AgTrp2.0 hydrocolloid is mixed with 

toluene, a phase transfer of the nanoparticles from polar to non-polar medium will occur, which is 

reflected in altered luminescence properties of the amino acid. The photoluminescence spectra of the 

initial and the phase transferred AgTrp2.0 colloids are given in Figure 1d. As it can be seen, a shift of 

the emission band towards lower wavelengths takes place after the transfer of the AgTrp2.0 

nanoparticles into the non-polar environment. 

Prior to fluorescence imaging, the optical density measurements at 400 nm (OD400) were used to test 

the uptake of AgTrp2.0 nanoparticles by C. albicans cells. First, OD400 was measured immediately 

after the mixing of AgTrp2.0 and C. albicans. After the mixing, it was found that the OD400 was 

reduced by about 30% with respect to the AgTrp2.0 in saline solution. C. albicans cells can contribute 

to this effect, so for this reason, the mixture was centrifuged and the optical density of the supernatant 

was measured. The obtained optical density of the supernatant was found to be half of the optical 

density of the initial AgTrp2.0 in saline. OD400 test performed on the supernatant of the control 

sample of the pure C. albicans cells showed virtually no attenuation of light at 400 nm. The results of 

the uptake test were included in the Supporting information (Table S1). 

The present DUV imaging results concern the C. albicans incubated with AgTrp2.0 nanoparticles. As 

control samples for DUV imaging, we used untreated C. albicans cells and C. albicans cells mixed 

with pure tryptophan (Trp2.0) and bare silver nanoparticles Ag NPs. 

3.2. Deep UV fluorescence imaging  

The DUV fluorescence imaging studies of the pure C. albicans cells and C. albicans cells mixed with 

pure tryptophan solution (Trp2.0), Ag NPs colloid and AgTrp2.0 colloid were performed by using 290 

nm synchrotron beam as an excitation source. The discussion of the results will be focused on the 

fluorescent signals obtained in [327 - 353 nm] (filter F1) and [370 - 410 nm] (filter F2) ranges. The 

signal collected in F1 range originates predominantly from the fluorescence of functionalized 

nanoparticles situated in non-polar environment, but a smaller part of the collected signal may also 

come from the fluorescence of the nanoparticles in water (low-wavelength tail in Figure 1). The signal 
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collected in F2 range belongs to the fluorescence of the functionalized nanoparticles situated in polar 

environment (water).  

Prior to the discussion on the fluorescence imaging results, we will refer to the observations regarding 

the morphology of the untreated C. albicans and C. albicans after the incubation. The bright field 

imaging of the untreated C. albicans sample showed the presence of diverse morphogenetic states of 

the fungus: single cells, small clusters of yeast cells, budding yeast forms and larger clusters of 

agglomerated yeast as well as pseudohyphae and hyphae, whereas the later forms were not found in 

the C. albicans samples incubated either with pure tryptophan or Ag NPs. We have correlated this 

observation with the antimicrobial activity tests, which showed that the number of C. albicans 

colonies in the samples with tryptophan and Ag NPs were significantly reduced (Supporting 

information Figure S2). Since no mature morphogenetic forms were found in the above mentioned 

control samples, we compared the fluorescence signals arising from single yeast cells and small 

clusters of single cells.  

 

Figure 2. Bright field (vis) and fluorescence images of C. albicans single cells and small clusters of cells 

recorded in two emission ranges F1 [327 - 353 nm] and F2 [370 - 410 nm]: a) C. albicans, b) C. albicans 

incubated with bare Ag NPs and c) C. albicans incubated with Trp2.0. Scale bar is 5 m. For comparison, the 

fluorescence signals in corresponding F1 and F2 channels were scaled to the same range of values using Fiji 

image analysis software. 

Figure 2 shows the bright-field and the fluorescence images of the pure C. albicans cells and the cells 

incubated with tryptophan and bare Ag NPs. In order to be able to compare the fluorescence 

intensities, the fluorescence signals in the corresponding channels were scaled to the same range of 

values using Fiji image analysis software. The untreated cells (Figure 2a) exhibit autofluorescence in 

both spectral ranges, [327 - 353 nm] (filter F1) and [370 - 410 nm] (filter F2). The autofluorescence 

originates from the presence of the fluorophores in the cells such as phenylalanine, tryptophan and 

dityrosine [29,30]. Figure 2b and 2c show the fluorescence images of the cells after the incubation 

with tryptophan and Ag NPs. With respect to the intensity of the autofluorescence of the control 

sample, no significant changes in fluorescence were observed after the incubation. Statistical analysis 

was performed on the results obtained from at least 10 different locations along the sample and it 

confirmed that the variations in the intensity of the fluorescent signal were within the experimental 

error. Tryptophan and Ag NPs obviously affect the filamentation and growth [9,31], but do not affect 

the fluorescence properties of the cells. 

In contrast to these observations, the pseudohyphae and large clusters of agglomerated yeast were 

observed in the case of C. albicans cells treated with the tryptophan functionalized silver 

nanoparticles. Although the antifungal activity of the AgTrp2.0 colloid was more pronounced than that 

of the pure tryptophan and bare silver nanoparticles (Supporting information, Figure S2), the similarity 
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between the growth curves of the sample and control (Supporting information, Figure S3) indicates 

that the treated cells reach the phase of stationary growth. This is probably the consequence of a lower 

diffusivity of functionalized nanoparticles, since they are larger in size than the starting Ag NP. In 

Figure 3, we show the fluorescent images of the pseudohyphae with budding spores in early stage of 

growth for the control C. albicans sample and the sample obtained after incubation of C. albicans with 

AgTrp2.0 nanoparticles (C. albicans+AgTrp2.0). It can be seen that the sample incubated with 

AgTrp2.0 nanostructures exhibits much stronger fluorescence than the control sample in both spectral 

ranges (F1 and F2). The intensity of the fluorescence signal increased almost three times proving that 

the tryptophan functionalized silver nanoparticles interacted with the cells. Specifically, there is a 

preferential interaction of AgTrp2.0 nanoparticles with the spores, rather than with the elongated parts 

of pseudohyphae. This result agrees with previous studies that showed that the morphogenetic forms 

in early stages of growth are less resistant to antifungal agents [8,17].  

 

Figure 3. Bright-field (vis) and fluorescence images of pseudohyphae with budding spores in early stage of 

growth of the control C. albicans and C. albicans+AgTrp2.0 samples. The fluorescence images were obtained 

upon 290 nm synchrotron beam excitation, while the fluorescent signal was collected for 30 s in the [327 - 

353 nm] (F1) and [370 – 410 nm] (F2) wavelength range. The fluorescence signals in corresponding F1 and F2 

channels were scaled to the same range of values using Fiji image analysis software. 

The fluorescence images in Figure 3 suggest that the incubation with AgTrp2.0 nanoparticles results in 

significant increase in fluorescence intensity in both spectral ranges (F1 and F2). In Figure 4, we show 

that this is also the case with the other morphogenetic forms of C. albicans such as the yeast and early 

biofilm phases. It can be seen in Figure 4a that the yeast and early biofilm forms incubated with 

AgTrp2.0 nanoparticles exhibit more pronounced fluorescence than that of the control sample (again, 

the fluorescence signals in corresponding F1 and F2 channels were scaled to the same range of values 

using Fiji image analysis software). In Figure 4d, we compare the mean fluorescence intensities per 

single cell calculated from at least ten different locations along the samples. It can be noticed that the 

mean florescence intensity in both spectral ranges increased by almost two times after the incubation. 

The obtained results clearly show that AgTrp2.0 nanoparticles affect the fluorescent properties of the 

C. albicans after the incubation. However, the fact that the fluorescence intensity increases in each of 

the investigated spectral ranges suggests that the functionalized silver nanoparticles may reside in both 

hydrophilic (cell interior and/or exterior) and hydrophobic (cell wall) regions of the cells.  
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Figure 4. a) Bright-field and fluorescence images of a) control C. albicans cells b) AgTrp2.0 incubated C. 

albicans agglomerated yeast phase (YP) cells and c) AgTrp2.0 incubated C. albicans early biofilm phase (BP) 

cells. Scale bar is 10 m. The fluorescence images were obtained upon 290 nm synchrotron beam excitation, 

while the fluorescent signal was collected for 30 s in the [327 - 353 nm] (F1) and [370 – 410 nm] (F2) 

wavelength ranges. d) Statistics on mean fluorescent intensity per single cell for untreated (control) and 

incubated (yeast phase and biofilm phase) C. albicans samples. The fluorescence signals in corresponding F1 

and F2 channels were scaled to the same range of values using Fiji image analysis software.  

The observed increase in the fluorescence signal intensity in both F1 and F2 spectral ranges in the C. 

albicans cells incubated with AgTrp2.0 nanoparticles in comparison to the control, opened up a 

possibility for drawing additional conclusions on the accumulation of the nanoparticles in the cells. To 

that end, we have performed time lapse experiments and bleach kinetics analysis of the results. In the 

image sequences obtained in the time lapse experiment, we selected 50 local maxima of fluorescence 

in the ranges to represent the specific sites at which accumulation of the nanoparticles takes place. To 

determine the fluorescence maxima, a threshold is set at the maximum value minus noise tolerance 

and the analyses were carried out over the contiguous area around the maximum which is above the 

threshold (the details of the procedure can be found in Supporting information). It was observed that 

the fluorescence intensity values of the local maxima were significantly higher than the 

autofluorescence of the control sample. This approach was used instead of co-localisation analysis due 

to heterogenic nature of C. albicans autofluorescence as well as due to the problems in establishing 

well-defined crosstalk parameters. 

Figure 5 shows the dependence of the local fluorescence maxima values on time (the box plot 

diagrams) for the untreated and treated cells that constitute early biofilm phase. In the case of the 

control sample, the autofluorescence is decreasing with time in both spectral ranges (Figure 5a). The 

same is observed for the incubated cells (Figure 5b) but with more pronounced decay of the intensity 

of fluorescence signal over the same period. Taking also into account that incubated cells show overall 

higher intensity of fluorescence signals, the results in Figure 5 suggests that they contain the 

fluorophores that exhibit different bleaching kinetics. To elucidate this effect further, we decided to 

study in detail the changes in the fluorescence intensity in both emission channels during the bleaching 

by analysing the consecutive fluorescence images of the cells. In the mentioned analyses, the stretched 

exponential decay function (Eq. 1) was used. The calculations are based on pixel by pixel analysis of 

the randomly distributed bleach rate constants, which is appropriate for heterogeneous fluorescence 

coming from robust structure such as early biofilm [26,27]. 
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Figure 5. The box plot diagrams of the local fluorescence maxima values versus time for untreated (a, c) and 

incubated (b, d) cells in [327 - 353 nm] (F1) and [370 – 410 nm] (F2) spectral ranges. Red horizontal line 

represents the median intensity of the corresponding maxima (see Figure S4 in supporting information for 

details). 

Five selected images from the time lapse stack are presented in Figure 6a. To localize fast bleaching 

sites, we subtracted the last image in the stack from the first one, while assuming that the rapid 

bleaching was finished by the time the last image was acquired [24]. The images obtained by 

subtraction (ΔF1 and ΔF2) in Figure 6b depict different fast bleaching regions, especially in the 

highlighted sites (green outline) for which photobleaching analysis was applied. The amplitude maps 

calculated for the fluorescence signals obtained in F1 and F2 emission ranges are shown in Figure 6c. 

In the case of the first filter (F1), the most pronounced fluorescence bleaching is observed in the 

regions close to the cell interior. In contrast, the pronounced fluorescence bleaching in the second 

emission range (F2) was observed in the regions around the cells. Also, the time constant (τ) maps for 

F1 and F2 spectral ranges differ significantly (Figure 6c). The τ-values in the F1 range are two times 

lower in average than that in F2 range, which indicates faster bleaching in the former spectral range. 

Heterogeneity maps in Figure 6c suggest that the τ-distribution is much broader in the F1 range, while 

the widths of distributions in both ranges are higher at the cell sites. These results differ from the 

bleach time constant and heterogeneity maps calculated for the autofluorescence of the control sample. 

The maps (presented in Supporting information, Figure S5) show homogenous distribution of τ- and h-

values with slight variations due to complex morphology of the early biofilm phase. Time-integrated 

emission maps (TIE) in Figure 6c depict corrected intensities for various factors such as illumination 

shading, saturation and autofluorescence. The resulted map of pixels represents the total intensity 

emitted by the fluorophores. 

Taking into account that the fluorescent signals acquired in the F1 and F2 ranges correspond to, 

respectively, the tryptophan fluorescence in non-polar and polar environments (Figure 1d), the results 

obtained by the bleaching kinetics analysis suggest possible sites of the nanoparticle accumulation. 

The fluorescence signal in the F1 range comes mostly from the nanoparticles that are situated in the 

cell membrane. The collected signal in the F2 range comes from the functionalized nanoparticles in 

polar environment and indicates the accumulation of the nanoparticles on the cells surfaces as well as 

water channels between cells [14,15]. The results obtained by ultrastructural analyses of C. albicans 
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exposed to silver nanoparticles [8,11] are in agreement with our observations, and support assignment 

of the F1 and F2 spectral ranges to cell interior and exterior, respectively. For example, Vazquez-

Munoz et al [11] reported that the Ag NPs aggregate outside the examined C. albicans cells, while 

also confirming their presence in the interior of the cells. 

 

Figure 6. a) Five selected images of the AgTrp2.0 nanoparticles incubated cells obtained by time lapse imaging 

in [327 - 353 nm] (F1) and [370 – 410 nm] (F2) emission spectral ranges. b) The images (ΔF1 and ΔF2) obtained 

by subtraction of the last image in the stack from the first one in the specific spectral range and the VIS image of 

the cells. The analysis was carried out on the part of the image that depicted the most pronounced changes (green 

outline). c) Parameters from the stretch exponential fitting of the fluorescence intensity decay: A-amplitude map, 

τ-time constant map, h–heterogeneity map and TIE – Time integrated emission. 

Conclusion 

In this study, we used DUV fluorescence imaging to investigate the interaction of the tryptophan 

functionalized silver nanoparticles with polymorphic fungus Candida albicans. After the incubation 

with the functionalized nanoparticles, we tried to distinguish their fluorescence from the 

autofluorescence of the C. albicans polymorphs. Due to the environmentally sensitive fluorescence of 

the tryptophan on the surface of the nanoparticles, it was possible to investigate the origin of the 

fluorescence and search for the sites where the accumulation of the nanoparticles takes place. It was 

shown, without any doubt, that there is an increase in the fluorescence intensity upon incubation with 

the nanoparticles proving that they interacted with the cells. Two pseudohyphae with budding spores 

in early stage of growth were used to show that the interaction may depend on the polymorphic stage 

of the fungus. It was observed that the nanoparticles interacted with budding spores rather than with 

pseudohyphae filaments. The analyses of the fluorescence signals from the C. albicans cells showed 

that incubation results with an increase in the fluorescence intensity in both investigated spectral 

ranges ([327 - 353 nm] and [370 – 410 nm]). Therefore, by performing photobleaching tests, we were 

in position to identify the regions with the specific bleaching dynamics and associate them with the 
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polarity of the environment in which the nanoparticles are situated. Time integrated emission results 

obtained for the nanoparticle treated cells showed that the most pronounced fluorescence intensity was 

at the cell sites. This analysis suggested that the functionalized silver nanoparticles were 

predominantly situated at the surface of the C. albicans cells, but that they also penetrate the cell 

walls. These conclusions agree with the reported results obtained by ultrastructural analysis of the C. 

albicans cells incubated with silver nanoparticles.  
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