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Abstract 

Improved understanding of the mechanism of nutrient’s uptake can enable targeted 

manipulation of nutrient sensing pathways in medically important pathogens to a greater 

degree than is currently possible. In this context, we present the use of spontaneous Raman 

micro-spectroscopy (RMS) and coherent anti-Stokes Raman spectroscopy (CARS) to 

visualise the time-dependent molecular interactions between the protozoan Acanthamoeba 

castellanii and host human cells. Human retinal pigment epithelial (ARPE-19) cells were pre-

labelled with deuterated Phe (L-Phe(D8)) and the uptake of the host derived L-Phe(D8) by A. 

castellanii trophozoites was measured by RMS for up to 48 hours post infection (hpi).  This 

approach revealed a time-dependent uptake pattern of this essential amino acid by A. 

castellanii trophozoites during the first 24 hpi with complete enrichment with L-Phe(D8) 

detected in trophozoites at 48 hpi. In contrast, cell free A. castellanii trophozoites showed a 

modest uptake of only 16-18% L-Phe(D8) from L-Phe(D8)–supplemented culture medium 

after 3h, 24h and 48h hpi. CARS microscopy was successfully used to monitor the 

reprogramming of lipids within the trophozoites as they engaged with host cells. The 

methodology presented here provides new advances in the ability to analyze the kinetic of 

amino acid acquisition by A. castellanii from host cell and extracellular environment, and to 

visualize lipid reprogramming within the trophozoite.  

 

 

Key words: Acanthamoeba castellanii; Coherent anti-Stokes Raman scattering; Host-

pathogen interaction; Isotope labelling; Raman Spectroscopy  
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Introduction 

Acanthamoeba species are single cell eukaryotic protozoa that can survive in a variety of 

environmental niches, including soil and water, 1 swimming pools, 2 eye wash stations, 3 and 

noses and throats of asymptomatic individuals.4 Acanthamoeba exists in two different life 

cycle forms: trophozoite and cyst. Under favourable conditions, such as abundant food 

supply, appropriate temperature, osmolarity and neutral pH, Acanthamoeba exists in the 

vegetative, infective and replicative trophozoite stage. In this form of the life cycle, the 

organism has a diameter of 10-25µm 5 and exhibits irregular shape with locomotor 

pseudopods and surface acanthopodia,6 Under stress, the trophozoite stage transforms into a 

metabolically inactive cyst 7 and encloses itself within a thick wall and becomes resistant to 

biocides, chlorination and antibiotics.8 Cystic stage transforms back to the trophozoite form 

with improved conditions in a process known as excystment. Although considered as free-

living ubiquitous protozoans, several species of Acanthamoeba can cause severe infections in 

humans, mainly localized in immune privileged sites, such as the brain 8 and the eyes.9 

 Despite the considerable efforts to elucidate the pathogenesis of diseases caused by 

Acanthamoeba castellanii infection, there are still many gaps in our understanding of the 

mechanisms that drive the interaction between this organism and host cells. One such 

mechanism that significantly impacts the parasite pathogenicity is the pathways by which A. 

castellanii trophozoites access nutrients from their host cells in infected tissues. It is a known 

fact that A. castellanii trophozoites display striking differences in their metabolic functions 

once they become colonized by bacterial as compared to non-colonized trophozoites. For 

examples, increase in the concentration of free amino acids in the cytosol of A. castellanii 

was attributed to activation of the amoebal proteasome by Legionella pneumophila AnkB 

protein.10 Also, there is evidence that amino acids auxotrophy of L. pneumophila and its 

amoebic host was synchronized during evolution.11 
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 Recent data revealed an active shikimate pathway in A. castellanii and was proven 

essential for the synthesis of aromatic amino acids.12,13 Mass spectrometry-based 13C 

isotopologue profiling of 13C-prelabeled A. castellanii trophozoites revealed that this parasite 

is capable of de novo biosynthesis of nine amino acids, namely Ala, Asp, Glu, Ser, Phe, Tyr, 

Pro, Gly, and Thr. On the other hand, Val, Leu, Ile, Lys, and His did not acquire any 13C 

label, indicating that de novo synthesis from glucose was not detectable for these five amino 

acids. However, there appears to be no or little work experimentally testing this relationship 

in the context of A. castellanii interaction with mammalian host cells. Indeed, our 

understanding of this crucial process is still limited because of various experimental and 

conceptual challenges. 

  Spontaneous Raman micro-spectroscopy (RMS) provides detailed molecular analysis of 

individual cells with micrometric spatial resolution. 14-18 With the exception of Plasmodium 

falciparum,19-21 reports of RMS studies of protozoan parasites have been limited. Selective 

scanning RMS imaging was used to detect Neospora caninum tachyzoites colonizing human 

brain microvascular-endothelial cells.22 RMS time-course studies over 48 hours were used to 

determine the molecular changes in the apicomplexan protozoan parasite Toxoplasma gondii 

and in their surrogate human retinal pigment epithelial (ARPE-19) cells.23 More recently, 

stable isotope labelling of the aromatic amino acid phenylalanine (Phe) combined with RMS 

enabled real-time monitoring of the molecular exchange of Phe between T. gondii engaging 

with ARPE-19 cells, non-invasively.24.RMS has also been used with isotope labelling 

technology to differentiate the cellular components produced through distinct metabolic 

pathways, 25-28 lipid uptake and metabolism inside human macrophages on a single cell level 

29 and proteome localization in single fission yeast cells.30 Furthermore, RMS was used to 

study the encystation and excystation process in Acanthamoeba polyphaga31 and to 

investigate the underpinning biochemical mechanism and the time frame for eradication of 
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Acanthamoeba in ocular infections following exposure to polyhexamethylene biguanide 

(PHMB), a polymer used as a disinfectant and antiseptic for the treatment of Acanthamoeba 

keratitis.32 

 Coherent anti-Stokes Raman scattering (CARS) microscopy is a complementary and 

closely related technique to spontaneous Raman spectroscopy which allows fast high-

resolution 3D imaging of cells. 33-35 CARS has been successfully used for various 

applications in the life sciences, particularly in lipid biology, from imaging lipid 

membranes33, to endogenous cellular lipid droplet distributions33,36 and even whole-organism 

lipid imaging.37 The use of two excitation lasers with a frequency difference tuned to a 

particular vibrational band amplifies the Raman response by a nonlinear optical interaction, 

allowing much faster measurement of a sample at a single Raman band. The most common 

Raman band used to generate image contrast with CARS is the CH2 symmetric stretching 

band at ~2845cm-1, which is a reliable lipid biomarker. 

 In the present study, we utilized RMS-coupled with isotope labelling and CARS imaging 

to characterize the uptake of amino acid Phe by A. castellanii trophozoites from human 

ARPE-19 cells.  Because the frequencies of the vibrational modes of Phe depend on the mass 

of the atoms, the substitution of hydrogen with deuterium decreases the wavenumber of the 

characteristic Raman bands. This makes it possible to discriminate between Phe molecules 

originating from the human cells and Acanthamoeba. With the use of high-resolution CARS, 

we also investigated whether the interaction of A. castellanii trophozoites with host cells 

triggers reprogramming of lipid contents within trophozoites.  

 

Experimental 

 

Cell culture conditions 
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As an immune-privileged and easily accessible organ, the eye constitutes a favorable target 

for A. castellanii. Therefore, human retinal pigment epithelial (ARPE-19; American Type 

Culture Collection, Manassas, VA) cell line, which represents the main constituent of the 

blood-retinal barrier was selected as a model to investigate the molecular changes that 

accompany A. castellanii infection to the ocular surface. ARPE-19 cells were used at passage 

11 and were maintained in DMEM supplemented with 1% penicillin/streptomycin and 5% 

heat-inactivated fetal bovine serum (FBS). Cells were incubated in 5% CO2 incubator at 37°C 

and were passaged twice weekly. Cell viability was determined by trypan blue exclusion 

assay and cells were used in the experiments when their viability is >98%. 

 

Parasite strain and growth conditions 

Acanthamoeba castellanii T4 genotype, originally obtained from the American Type Culture 

Collection (ATCC #50492), was used in the study. Acanthamoeba castellanii trophozoites 

were grown in T-75cm2 tissue culture flasks (Sarstedt, UK) in autoclaved axenic peptone-

yeast-glucose (PYG) medium comprising 0.75% w/v proteose peptone (Oxoid™, Thermo-

Fisher Scientific, UK), 0.75% w/v yeast extract, and 1.5% w/v glucose in distilled water. 

Flasks were maintained in a humidified standard air incubator at 25°C. Every 3-5 days the 

growth PYG medium was removed from culture flasks and replaced with fresh medium. 

Under these conditions more than 90% of A. castellanii remained bound to the flask as 

trophozoites. 

 

Stable Isotope Labelling by Amino Acids (SILAC) 

 

The aim of this experiment was to determine the molecular exchange between host ARPE-19 

cells and A. castellanii trophozoites. The ARPE-19 cells were cultured in a specially-
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formulated medium containing all amino acids in unlabelled form, but Phe, which was added 

with the desired isotope label. To minimize the background signal of the L-Phe, ARPE-19 

cells were synchronized overnight in serum-deficient, Phe-free customized DMEM culture 

medium. The cells were subsequently incubated with SILAC DMEM medium supplemented 

with L-Phe(D8). The doubling time (DT) of ARPE-19 cells grown in vitro was determined 

daily for a period of 6 days via cell counting using automated cell counter (LUNA-II™, 

Labtech International Ltd., East Sussex, UK). After complete substitution of L-Phe by L-

Phe(D8) in ARPE-19 cells (defined as I960/(I960+I1004)=1, where I960 and I1004 are the 

intensities of Raman bands at 960 cm-1 and 1004 cm-1), the cells are challenged with A. 

castellanii trophozoites as described below. 

 

Infection of host cells with A. castellanii 

ARPE-19 cells (104 cells/ml) labelled with L-Phe(D8) were seeded in titanium cell-chambers 

(sample holders), which were fitted in 6-well plastic cell culture plates, with a volume of 2 ml 

DMEM/chamber. The sample holders were purpose-built to enable acquisition of Raman 

spectra of the cells and incorporated MgF2 coverslips (0.17 mm thick) at the bottom. Before 

introducing the parasites to ARPE-19 cells the culture medium was replaced with L-Phe-free 

media to avoid any false labelling of the parasite. Parasites were grown in PYG medium, but 

they were transferred to L-Phe-free DMEM media during host cell infection. The only source 

of L-Phe(D8) to the parasites came from the labelled host cells and L-Phe for host cells was 

from the parasites. Infection was initiated by adding A. castellanii trophozoites at a 

multiplicity of infection of 1 cell to 1 parasite. During Raman spectral mapping of live cells, 

A. castellanii trophozoites were found to move beyond the designated area of imaging before 

the completion of raster scan measurement at 0.5 seconds acquisition time. Thus, we had to 
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perform the measurements on trophozoites fixed with 4% paraformaldehyde before starting 

the Raman spectral imaging. 

 

L-Ph(D8) uptake by isolated A. castellanii trophozoites 

We were also interested in testing the ability of isolated trophozoites to acquire L-Phe(D8) 

from the culture medium. To achieve this, we harvested 2×107. A. castellanii trophozoites 

from cultured flasks, followed by washing in 10 ml of sterile Dulbecco’s phosphate-buffered 

saline three times to remove any traces of PYG medium. The trophozoite pellet was then 

suspended in 2 ml of L-Ph(D8)-supplemented medium and were subjected to Raman imaging 

for 24 hours. 

 

Spontaneous Raman micro-spectroscopy (RMS) 

Raman spectra were recorded using a purpose-built confocal Raman micro-spectrometer 

optimized for studying cell biology and host-parasite interaction. An inverted microscope 

(IX71, Olympus, Essex, UK) was used for the setup because it allows cell measurements 

without the limitation of the objective lens dipping in and contaminating the culture media as 

opposed to up-right microscopes. The laser is focused through a MgF2 coverslip at the 

bottom of specially designed sample holders. A 785 nm ~ 170 mW laser (before objective) 

(Ti:sapphire laser, spectra-physics) was used for excitation of Raman spectra. To maximize 

the spatial resolution and collection efficiency for the Raman spectra, a 60×/1.20 NA water-

immersion objective (Olympus) was used to focus the laser (beam diameter expanded to 

match the objective pupil, laser spot ~700 nm on sample) on individual cells as well as for 

collection of Raman scattered photons. The Raman scattered light was collimated and then 

focused on a 50-mm diameter optical fiber connected to a spectrometer equipped with a 830 

lines per mm grating (spectral resolution of 1.5 cm-1 in the 600–1800 cm-1 region) and cooled 
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deep-depletion back-illuminated CCD detector (Andor Technologies, Belfast, UK). Raman 

spectral imaging was performed by scanning areas of the trophozoites through the laser focus 

in a raster pattern (1 µm step size) using a high-precision step-motor stage (Prior, Cambridge, 

UK) and acquiring Raman spectra at each position (1s per pixel). The spectrometer 

wavenumber axis was calibrated prior to each experiment using tylenol at an accuracy of 0.5 

cm-1. 

 

CARS microscopy 

 

CARS images were acquired using a custom built multi-modal multiphoton microscope as 

described in Moura et al 38. This system consists of a mode-locked ND:YVO4 laser source 

(PicoTrain, Spectra Physics) to generate the Stokes pulse (6ps, 1064 nm) and also a 532nm 

output which is coupled into an optical parametric oscillator (OPO) providing tuneable 

excitation across 700-1000nm (Levante Emerald, APE). The two beams are coupled into an 

inverted microscope (Eclipse TE2000U, Nikon) with a Nikon BV 'C1' scanhead. Both beams 

were overlapped spatially and temporally on to the sample using a 25×/1.05 NA water-

immersion objective lens (Olympus). The CARS signal was acquired at the 2845 cm-1 Raman 

resonance by tuning the OPO to 817 nm wavelength. All images were acquired with 115 mW 

(817 nm) and 80mW (1064 nm) of excitation power at the sample plane.  

Fluorescence Staining 

Acridine orange (AO) staining was used to differentiate the morphological features of A. 

castellanii trophozoites from the host ARPE-19 cells. As a DNA intercalating dye, AO is 

used to differentially stain RNA and DNA inside eukaryotic cells. ARPE-19 Cells were fixed 

in 4% paraformaldehyde for 15 min, followed by washing with 1x phosphate buffered saline 

(PBS) twice. Fixed cells were incubated with 5% AO staining solution for 10 min. Imaging 
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of AO-stained A. castellanii-infected ARPE-19 cells was performed, on the same cell, after 

completion of the Raman spectral imaging. Imaging was performed by using wide-field 

fluorescent microscope integrated on the confocal Raman micro-spectrometer. The 

retrospective positioning and identification of the cells was based on two thin marks engraved 

on the cell chambers (retro-positioning accuracy was 5 µm). 

 

Image analysis and data processing 

Data pre-processing and analysis was done by using in-house built functions in Matlab (The 

MathWorks, Natick, MA). The process of data pre-processing involved cosmic rays removal 

and background subtraction. The cosmic ray correction algorithm was design to detect the 

regions of the Raman spectra that had a gradient higher than the average gradient ± 10 × the 

standard deviation. Once, detected, the algorithm removed 7 data points at the corresponding 

region and replaced them with values based on a linear extrapolated for that region. The 

background spectra were measured for each sample, and represented the mean of 100 Raman 

spectra measured as a 10 µm × 10 µm raster scan in areas close to the cells of interest. Noise 

in the resulting data matrix was reduced by using singular value decomposition. The spectral 

images presented in Figures 1-6 were obtained by calculating the height of the specified 

Raman bands after subtraction of a local linear baseline for each particular band. 

 

Results 

 

Uptake of L-Phe(D8) by A. castellanii from SILAC Media 

As a baseline, we first investigated whether A castellanii can acquire L-Phe(D8) from the 

culture medium in the absence of host human cells. For this purpose, A. castellanii 

trophozoites were grown in normal medium conditions containing L-Phe and were 
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subsequently incubated in media supplemented with L-Phe(D8). After 24 hours of incubation 

in the L-Phe(D8)-supplemented medium, Raman spectral imaging was performed. Raman 

bands were selected to map the distribution of lipids and proteins (1449 cm-1), nucleic acids 

(786 cm-1), L-Phe (1004 cm-1), and L-Phe(D8) (960 cm-1), as shown (Fig. 1). The results 

show that Raman spectra of A. castellanii consist of bands typically assigned to lipids, 

proteins and nucleic acids, similar to other cell types.14,15 The most intense bands can be 

assigned to molecular vibrations of lipid molecules, such as the C=C stretching 1660 cm-1, 

CH2 deformation 1449 cm-1, CH2 twisting 1303 cm-1, =C–H deformations 1260 cm-1, 

symmetric stretching of N(CH3)3 of choline group 719 cm-1. Raman bands corresponding to 

vibrational modes of the sugar-phosphate backbone in nucleic acids were identified at 788 

cm-1 (O–P–O bonds) and 1098 cm-1 (PO2
-). The most intense Raman bands characteristic to 

proteins were observed at ~1660 cm-1 and 1300-1400 cm-1, and were assigned to the Amide I 

and Amide III vibrations. CH2 vibrations of protein molecules also contributed to the 1445 

cm-1 band. Of particular interest in this study is the ring-breathing mode of Phe, which was 

identified at 1004 cm-1 in native L-Phe. The wavenumber of this band is red-shifted to 960 

cm-1 in L-Phe(D8) molecules.24,28 Thus, this was used in our study to analyze the uptake of L-

Phe by A. castellanii. 

Figure 1 shows that the nucleus of A. castellanii can be identified as the region 

corresponding to the highest intensity in the Raman map corresponding to the 786 cm-1 band. 

The nucleus region was also characterised by a high concentration of proteins (1004 cm-1 and 

1449 cm-1 maps). Regions of high concentration of lipids was also observed at locations (iii) 

and (iv) in the 1449 cm-1 map. At these locations, the 1303 cm-1 and 1660 cm-1 bands have 

high intensity. To provide an analysis of the overall uptake of L-Phe(D8) by A. castellanii 

from the culture medium, mean Raman spectra of individual A. castellanii were calculated by 

averaging all Raman spectra in the raster scan covering the area of the cell. Figure 2 presents 
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spectral images of three typical A. castellanii and their mean Raman spectra. The uptake ratio 

of L-Phe(D8) was calculated by considering the intensity (height) of the L-Phe (I1004) and L-

Phe(D8) (I960) bands by using the formula I960/(I1004+I960). This analysis showed that the 

concentration of L-Phe(D8) acquired by A. castellanii from the media in 24 hours represent 

16-18% of the total amount of L-Phe in the trophozoites. 

Uptake of L-Phe(D8) by A. castellanii from ARPE-19 cells 

To investigate the exchange of L-Phe during the host-pathogen interaction, human ARPE-19 

cells pre-labelled with L-Phe(D8) were inoculated with A. castellanii trophozoites. After 24 

hpi, the interacting parasites and host cells were fixed in paraformaldehyde and measured by 

Raman raster scanning. Figure 3 presents typical Raman spectral maps corresponding to the 

native L-Phe (1004 cm-1) and the labelled L-Phe(D8) (960 cm-1), along with the maps 

corresponding to the 1449 cm-1 band.  

The presence of the 960 cm-1 band and absence of the 1004 cm-1 band in the selected 

Raman spectra of the ARPE-19 cells indicate that human cells contain L-Phe(D8), but not L-

Phe. On the other hand, Figure 3 shows the presence of the 960 cm-1 band also in the Raman 

spectra of A. castellanii, an indication of the uptake of L-Phe(D8) from the ARPE-19 cells. It 

is also interesting to note that the Raman image corresponding to the 1449cm-1 band 

indicates a higher concentration of lipids at the junction between the A. castellanii and the 

ARPE-19 cell. However, the mean Raman spectra of A. castellanii in Figure 4 indicate that at 

this time point, the intensity of the 960 cm-1 band varied widely from cell to cell. A higher 

intensity of the 960 cm-1 band was associated with a decrease in the intensity of the L-Phe 

1004cm-1, such as in the case of samples 1 and 2 in Figure 4. The Raman spectra of some A. 

castellanii, e.g. Sample 3, indicated a complete saturation with L-Phe(D8) at 24 hpi. 

Figure 5 presents Raman spectral maps of ARPE-19 cells infected with A. castellanii at 

48 hpi. At this time point, the 1004 cm-1 Raman band corresponding to the native L-Phe can 
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no longer be detected. The distribution of proteins appears homogenous (map corresponding 

to the 960 cm-1 band), while regions of high concentration of lipids can be identified at the 

periphery of the cell (1449 cm-1 map position iv). Intense bands assigned to nucleic acids 

(786 cm-1 band) can also be identified at position (iii), indicating the location of the nucleus.  

The mean Raman spectra (Fig. 6) of A. castellanii trophozoites at 48 hpi indicate that 

bands assigned to Phe were detected only at 960 cm-1. This result indicates that for all A. 

castellanii at 48 hpi, the native L-Phe was completely substituted with L-Phe(D8) uptaken 

from the host ARPE-19 cell.  

 

Dynamic of uptake of L-Phe(D8) at single parasite level 

The uptake of Phe by A. castellanii from the ARPE-19 host cells was expressed as the 

percentage of L-Phe(D8) from the total Phe, and was calculated as the ratio I960/(I960+I1004). 

Figure 7a shows that compared to A. castellanii grown in L-Phe(D) media, for which 

I960/(I960+I1004)=0.2 at 24 hours, the 50% of the L-Phe in A. castellanii infecting ARPE-19 

cells has been acquired from the human cells as L-Phe(D8) (I960/(I960+I1004)=0.5). 

Nevertheless, the ratio showed large variations among cells (as also shown in Fig. 3), which 

is reflected in the large error bars in Fig. 7. At 48 hpi, complete substitution of L-Phe with L-

Phe(D8) was typically observed in all A. castellanii ((I960/(I960+I1004)=1).  

The difference between the Raman spectra of A. castellanii infecting ARPE-19 cells and 

spectra of A. castellanii in medium containing L-Phe(D8) were calculated in order to 

investigate any changes related to L-Phe metabolism. In particular, we focused on whether L-

Phe(D8) was involved in the metabolism of tyrosine, by analyzing the 854 cm-1 and 834 cm-1 

Fermi resonance doublet. This resonance is due to the interaction between the ring-breathing 

fundamental (ν1) and the overtone of the nonplanar ring vibrations (ν16a). 36 In the case of 

liquid p-cresol (doublet 842 cm-1 and 824 cm-1, ν16a at 413cm-1), the substitution of H with D 
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atoms removed the resonance because of the downshift of both vibrational modes, and 

typically only the ν1 band was observed in the Raman spectra: 824 cm-1 for p-cresol-2,6-D2 

(ν16a at 386 cm-1) and 791 cm-1 for p-cresol-D4 (ν16a at 362 cm-1).33 Based on these 

arguments, the presence of any deuterated tyrosine molecules following a potential 

metabolism of L-Phe(D8) by A. castellanii should make only the ν1 band detectable in the 

Raman spectra as a consequence of the removal of the Fermi resonance. In addition, the ν1 

band is expected to downshift to the 854-790 cm-1 region. Nevertheless, the results in the 

difference spectra corresponding to A. castellanii and 48 hpi (Fig. 7b) indicate an increase in 

the 854 cm-1 band assigned to ν1, but no decrease in the intensity of the 834 cm-1 band to 

support the removal of the Fermi resonance. These spectral differences are consistent with 

changes in the ratio of intensities of the doublet, that may be related to the state of the 

hydroxyl groups in tyrosine, but show no evidence of the presence of deuterated tyrosine 

molecules in A. castellanii. 

In order to obtain higher resolution visualization of the infection process, we utilized 

coherent anti-Stokes Raman scattering (CARS) microscopy for label-free observations of 

lipid structures in cells at different time-points after infection. Figure 8 shows example CARS 

images of A. castellani and ARPE-19 cells at 3h, 24h and 48h post-infection. The high-

wavenumber region of the Raman spectra contained strong bands corresponding to the C-H2 

symmetric stretching at 2845cm-1. The higher number of C-H2 bond in lipid molecules 

compared to other common biomolecules, makes CARS a powerful technique for lipid 

imaging. Images were generated from maximum intensity z-projections of 3D imaging 

datasets (processed in ICY software39) which allows the total lipid content to be measured in 

the range from the coverslip surface to typically 5-20 µm above. Acanthamoeba trophozoites 

can be identified relatively easily with these 3D CARS datasets, as these cells typically do not 

spread out flat across the coverslip as were ARPE-19 cells. Also, the high spatial resolution 
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allowed the vacuoles and concentrated structures within the cytoplasm/nucleus to be 

observed. 

The CARS images also revealed some phenotypic changes at different time-points after 

infection. At 24 and 48 hpi, most of the Acanthamoeba trophozoites were rounded in shape, 

whilst several at the 3hr time-point were elongated, suggesting they were fixed as they were 

migrating across the host cell surface. Also, the concentration of lipid droplets within the 

trophozoites relative to the immediate surrounding appears to increase with time. The lipid 

droplet distribution in ARPE-19 cells at later time-points also appeared to be less uniform, 

with droplets appearing to collect close to the interface between them and any trophozoites in 

close proximity. This extensive lipid reprogramming suggests a coordinated response of the 

infected host cells as the trophozoites interact with them. 

 

Discussion  

We developed a methodology that combines Raman spectroscopy and stable isotope labelling 

to monitor molecular changes that occur during the interaction of the extracellular parasite A. 

castellanii with host ocular tissue using human ARPE-19 cells as a model. Our aim was to 

interrogate the amoeba’s ability to acquire L-Phe(D8) from host cells. We also monitored the 

parasite’s ability to uptake L-Phe(D8) while in isolation (i.e., growing freely in cell free L-

Ph(D8)-supplemented medium). CARS imaging was also used for higher resolution structural 

imaging based on the Raman resonance at 2845 cm-1, particularly showing the distribution of 

lipid droplets within the trophozoites at different time points after infection. This combined 

approach allowed us to investigate the relative importance of metabolic exchange between A. 

castellanii and its host cells in vitro and provided information on amoeba-specific changes in 

chemical composition during interaction with ARPE-19 cells.  

 It was notable that extracellular A. castellanii trophozoites were not capable of acquiring 
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L-Phe(D8) while growing in cell-free medium. Raman band related to isotope labelled L-

Phe(D8) at 960 cm-1 was very small even at 24 hours of incubation in L-Ph(D8)-

supplemented medium. On the other hand, when A. castellanii trophozoites were introduced 

to ARPE-19 cells, they showed fast uptake of L-Phe(D8), which was solely sourced from the 

host ARPE-19 cells as the medium used in the infection experiment did not contain any L-

Ph(D8). On average, A. castellanii trophozoites measured at 24 hpi showed uptake ratios 

between 40-60% of L-Phe (D8) from host cells. These results demonstrate that the uptake 

ratio of L-Ph(D8) is enhanced by the physical contact between the host cell and the parasite. 

The importance of binding with host cells and protein trafficking in the initiation of A. 

castellanii infection has been demonstrated previously, showing that adhesion and secretion 

of a mannose-induced protein (MIP-133) by clinical A. castellanii isolate causes damage of 

corneal epithelial cells and that these cytopathic effects were mitigated by using chicken 

specific anti-MIP-133 antiserum.41 

It is likely that parasites that are more quickly able to engage with host cells are those 

ones that are detected with complete substitution of L-Phe(D8) at 24 hpi. At 48 hpi, all the 

parasites were found completely enriched with L-Phe(D8). The clinical A. castellanii strain 

used in the present study is of the T4 genotype, which is known to bind more firmly to host 

target cells and leads to more cytotoxicity than other A. castellanii genotypes, 42 which may 

explain the significant link between the T4 genotype with human corneal disease. These 

findings agree and contrast with results obtained in the apicomplexan protozoan parasite 

Toxoplasma gondii. While host cell free A. castellanii and T. gondii were less competent in 

acquiring L-Phe(D8) from culture medium, T. gondii tachyzoites were able to acquire L-

Phe(D8) from host cells very efficiently with uptake rates estimated as high as 104 

molecules/second.22  
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These findings reveal significant differences of amino acid uptake kinetics between these 

two different parasites, reflecting perhaps their different lifestyles. T. gondii is a strictly 

intracellular pathogen and has coevolved with its hosts in order to efficiently infect, replicate 

within, and be transmitted to new hosts to ensure survival and a continual infection cycle. 

Hence, dependence on host cells is fundamental for the survival of this pathogen. In contrast, 

A. castellanii is predominantly a free-living amoeba and causes disease under certain 

circumstances. Also, because amoeba organisms live under harsh conditions they developed a 

remarkable ability to adapt to numerous environmental factors (e.g., forming cysts) 7 and to 

become less reliant on host to survive. Recent isotopologue profiling analysis showed that A. 

castellanii can synthesize de novo nine amino acids, namely Ala, Ser, Glu, Asp, Pro, Gly, 

Phe, Tyr, and Thr, whose precursors stem from degradation products of glucose via 

glycolysis, the PPP, and the TCA pathway, respectively. In contrast, the parasite cannot 

synthesize five AAs (Ile, Leu, Val, His, and Lys),12 indicating that the amoeba is auxotrophic 

for these amino acids. Earlier studies showed that Acanthamoeba minimal medium requires 

to be supplemented with Ile, Leu, Val, Arg, and Met, as long as glucose is present as a single 

carbon source,43 but Gly is needed for growth in minimal medium if acetate is the sole carbon 

source. Also, acetate was not found to be a suitable carbon/energy source for another 

Acanthamoeba species, A. culbertsoni.44 Our results are interesting because despite the ability 

of A. castellanii trophozoites to synthesize aromatic amino acids de novo 12 as they possess 

genes for the shikimate pathway, 45 A. castellanii still acquires Phe efficiently from host cells. 

Acanthamoeba trophozoites appeared to have a higher lipid concentration at 24 and 48 hpi 

relative to the surrounding areas than at 3 hours, suggesting a subversion of host lipids. 

Acanthamoeba is rich in lipids; its plasma membrane consists of phospholipids (25%), sterols 

(13%), lipophosphonoglycan (29%), and proteins (33%).46, 47 Phosphatidylcholine (45%), 

phosphatidylethanolamine (33%), phosphatidylserine (10%), phosphoinositide (6%), and 
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diphosphatidylglycerol (4%) constitute the major phospholipids in Acanthamoeba. The main 

fatty acids chains in this organism are oleic acids (40-50%), and longer polyunsaturated fatty 

acids (20-30%). 48 Acanthamoeba also contains low levels of glycolipids and glucose 

accounts for about 60% of the sugars of the glycolipids of the whole cells and of the plasma 

membranes. Among sterols, the non-saponifiable fraction of the total lipids extracted from 

the trophozoites of pathogenic Acanthamoeba possesses ergosterol and 7-

dehydrostigmasterol. 47 Therefore, lipids represent an essential source of energy storage, 

and can be expected to be targeted by Acanthamoeba during engagement with host cells 

for nutritional purposes and/or to modulate host-parasite interaction, including host 

inflammatory and immune responses. 49  

Taken together, these findings indicate that although A. castellanii trophozoites can exist 

in a free-living status, their interaction with host cells involves changes in their metabolic and 

nutritional needs. With further improvements in the capabilities and sensitivity of RMS, it 

might be possible in the future to study the molecular trafficking and turnover of multiple 

amino acids simultaneously, as well as isotope labelled lipids. Further research on the 

molecular basis of amino acid sensing in A. castellanii will benefit therapeutic development 

and ultimately enhance our success at combating this important pathogen. 
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Figure Captions 

Fig. 1 Raman spectroscopy measurements of typical A. castellanii trophozoites after 24 hours 

of incubation in L-Phe(D8)-supplemented DMEM medium. (a) Brightfield image, (b) 

Spectral maps of selected Raman bands and (c) Selected Raman spectra at the indicated 

locations (i, ii, iii, iv) in the cell. Scale bar: 10 µm. 

 

 

Fig. 2 Raman spectral imaging of A. castellanii at 24 hours of incubation in L-Phe(D8)-

supplemented media. (a) Bright field, (b) Maps corresponding to Raman spectral peaks 1449 

cm-1, 1004 cm-1, 960 cm-1 and (c) Average Raman spectra of A. castellanii trophozoites. 

Scale bars: 10 µm. 
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Fig. 3 The uptake of L-Phe(D8) by A. castellanii from ARPE-19 cells (a) Bright field image 

and Raman spectral maps of ARPE-19 cells infected with A. castellanii at 24 hpi and (b) 

Selected Raman spectra at the indicated locations. Scale bar: 10 µm. 

 

Fig. 4 Raman spectral imaging of ARPE-19 cells infected with A. castellanii at 24 hpi. (a) 

Brightfield images and fluorescence images (recorded immediately after Raman spectroscopy 

measurements), (b) Maps corresponding to Raman spectral peaks 1004 cm-1 and 960 cm-1 and 

(c) Average Raman spectra of A. castellanii trophozoites and ARPE-19 cells. Scale bars: 10 

µm. 

 

Fig. 5 Raman spectral imaging of ARPE-19 cells infected with A. castellanii at 48 hpi. 

Raman spectral images and selected Raman spectra of ARPE-19 cells infected with A. 

castellanii at 48 hpi. Scale bar: 10 µm 

 

Fig. 6 Raman spectral imaging of ARPE-19 cells infected with A. castellanii at 48 hpi. (a) 

Bright field images and fluorescence images (recorded immediately after Raman 

spectroscopy measurements), (b) Maps corresponding to Raman spectral peaks 1004 cm-1 and 

960 cm-1 and (c) Average Raman spectra from A. castellanii trophozoites and ARPE-19 cells. 

Scale bars: 10 µm. 

 

Fig. 7 Kinetics of the uptake of L-Phe(D8) by A. castellanii from host cells. (a) Uptake of L-

Phe(D8) by A. castellanii from ARPE-19 cells: calculated ratio I960/(I1004+I960) (n=6 cells at 

each time point). (b) Computed difference Raman spectra for A. castellanii infecting ARPE-

19 cells at 24 and 48 hpi and A. castellanii cells in L-Phe(D) media at 24 hours. Spectra are 

shifted vertically for clarity.  
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Fig 8. CARS microscopy of fixed A. castellani and ARPE-19 cells at (a) 3h, (b) 24h and (c) 

48h post-infection. (d) Control cells represent cell-free parasites identified at 3hrs. Image 

contrast is generated from the C-H2 symmetric stretching band at 2845cm-1, which is 

primarily from lipid structures. The images provide complementary high-resolution three-

dimensional structural information generated primarily from endogenous lipid structures, 

allowing the interface between A. castellani and ARPE-19 cells to visualized. Lipid droplet 

structures near the interface at 48 hours. 
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Raman spectroscopy measurements of typical A. castellanii trophozoites after 24 hours of incubation in L-
Phe(D8)-supplemented DMEM medium. (a) Brightfield image, (b) Spectral maps of selected Raman bands 

and (c) Selected Raman spectra at the indicated locations (i, ii, iii, iv) in the cell. Scale bar: 10 µm.  
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Raman spectral imaging of A. castellanii at 24 hours of incubation in L-Phe(D8)-supplemented media. (a) 
Bright field, (b) Maps corresponding to Raman spectral peaks 1449 cm-1, 1004 cm-1, 960 cm-1 and (c) 

Average Raman spectra of A. castellanii trophozoites. Scale bars: 10 µm.  
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The uptake of L-Phe(D8) by A. castellanii from ARPE-19 cells (a) Bright field image and Raman spectral 
maps of ARPE-19 cells infected with A. castellanii at 24 hpi and (b) Selected Raman spectra at the indicated 

locations. Scal � �e bar: 10 µm.   
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Raman spectral imaging of ARPE-19 cells infected with A. castellanii at 24 hpi. (a) Brightfield images and 
fluorescence images (recorded immediately after Raman spectroscopy measurements), (b) Maps 

corresponding to Raman spectral peaks 1004 cm-1 and 960 cm-1 and (c) Average Raman spectra of A. 
castellanii trophozoites and ARPE-19 cells. Scale bars: 10 µm.  
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Raman spectral imaging of ARPE-19 cells infected with A. castellanii at 48 hpi. Raman spectral images and 
selected Raman spectra of ARPE-19 cells infected with A. castellanii at 48 hpi. Scale bar: 10 µm  
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Raman spectral imaging of ARPE-19 cells infected with A. castellanii at 48 hpi. (a) Bright field images and 
fluorescence images (recorded immediately after Raman spectroscopy measurements), (b) Maps 

corresponding to Raman spectral peaks 1004 cm-1 and 960 cm-1 and (c) Average Raman spectra from A. 
castellanii trophozoites and ARPE-19 cells. Scale bars: 10 µm.  
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Kinetics of the uptake of L-Phe(D8) by A. castellanii from host cells. (a) Uptake of L-Phe(D8) by A. castellanii 
from ARPE-19 cells: calculated ratio I960/(I1004+I960) (n=6 cells at each time point). (b) Computed 

difference Raman spectra for A. castellanii infecting ARPE-19 cells at 24 and 48 hpi and A. castellanii cells in 
L-Phe(D) media at 24 hours. Spectra are shifted vertically for clarity.  
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CARS microscopy of A. castellani and ARPE-19 cells at (a) 3h, (b) 24h and (c) 48h post-infection. (d) Control 
cells represent cell-free parasites identified at 3hrs. Image contrast is generated from the C-H2 symmetric 
stretching band at 2845cm-1, which is primarily from lipid structures. The images provide complementary 

high-resolution three-dimensional structural information generated primarily from endogenous lipid 
structures, allowing the interface between A. castellani and ARPE-19 cells to visualized. Lipid droplet 

structures near the interface at 48 hours.  
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