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Amoebicidal activity of cationic 
carbosilane dendrons derived 
with 4‑phenylbutyric acid 
against Acanthamoeba griffini 
and Acanthamoeba polyphaga 
trophozoites and cysts
P. López‑Barona1, C. Verdú‑Expósito1, T. Martín‑Pérez1, N. Gómez‑Casanova1, 
T. Lozano‑Cruz2, P. Ortega2, R. Gómez2, J. Pérez‑Serrano1 & I. Heredero‑Bermejo1*

Amoebae from the genus Acanthamoeba are important pathogens responsible for severe illnesses 
in humans such as Acanthamoeba keratitis and granulomatous amoebic encephalitis. In the last few 
decades, AK diagnoses have steadily increased. Most patients suffering from AK were contact lens 
users and the infection was related to poor hygiene. However, therapy is not yet well established, 
and treatments may last for several months due to resistance. Moreover, these treatments have been 
described to generate cytotoxicity. Therefore, there is an urgent need to develop new therapeutic 
strategies against AK. In this study, the amoebicidal activity of different generation cationic 
carbosilane dendrons derived with 4‑phenylbutyric acid was demonstrated against Acanthamoeba 
polyphaga and Acanthamoeba griffini trophozoites and cysts. In addition, the combination of 
chlorhexidine digluconate and the most effective dendron  (ArCO2G2(SNMe3I)4) showed an in vitro 
effect against Acanthamoeba trophozoites and cysts, reducing the minimal trophozoite amoebicidal 
concentration as well as concentrations with cysticidal activity.

Amoebae from the genus Acanthamoeba are ubiquitous protozoa which can be opportunistic pathogens in 
humans. They are the etiologic agent of Acanthamoeba keratitis (AK), a sight-threatening disease related to 
the use of contact lenses, and granulomatous amoebic encephalitis, a fatal central nervous system disease more 
common in immunocompromised  individuals1–3.

The ameba life cycle includes the trophozoite form, which is able to feed, reproduce, and infect, and the cyst 
stage, which is the resistant  form1–3. The change from trophozoite to cyst is usually induced by adverse envi-
ronmental conditions. Cysts can resist extreme environmental pressures such as high temperatures, ultraviolet 
radiation, gamma radiation and changes in pH, among  others4,5. Moreover, some drugs used to treat AK induce 
cyst  formation6. Therefore, eradication is challenging and requires the development of new treatments.

For AK infections, standard treatment drugs are biguanides (such as chlorhexidine (CLX)), diamidines (such 
as propamidine isethionate) and the aminoglycoside antibiotic,  neomycin3,7. Biguanides and diamidines are 
membrane-acting agents while neomycin is a protein synthesis  inhibitor8. They are generally used in combination 
to overcome drug resistance, although their high cytotoxicity along with their inability to eliminate cysts (recur-
rences occur in about 10% of cases) has led to the search for new compounds with therapeutic  applications7,8. 
Although the posology may vary, hourly administration for three days is routinely recommended. Total therapy 
duration is 3–4 weeks, although patient withdrawal is an additional cause of treatment  failure4. Furthermore, 
resistance to standard treatments has been reported, mainly when CLX is used as  monotherapy9.
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In recent years, newly synthesized dendritic compounds have been described as an alternative for treating 
bacterial, viral, and protozoal  infections10–13. These compounds have shown anti-Acanthamoeba activity against 
trophozoites and cysts, as well as low cytotoxicity in vitro11. Dendritic compounds can be combined with standard 
drugs used in therapy. Consequently, there would be a reduction in the required effective drug concentrations 
and in the cytotoxic effects on patients. In some cases, synergy has also been  described14. Moreover, the strategy 
of combined therapy with dendritic compounds could contribute to prevent drug resistance  development15.

In an attempt to identify new therapeutic approaches, our study focused on the evaluation of different genera-
tions (1–3) of carbosilane dendrons derived with 4-phenylbutyric acid (PBA) against trophozoites and cysts of 
Acanthamoeba spp. clinical isolates. Additionally, possible synergistic effects of treatments combined with CLX 
were tested. Cytotoxicity assays were then performed with effective concentrations. Finally, scanning electron 
microscopy was used to elucidate the effects of the most effective dendritic compound alone and in combination 
with CLX on trophozoite structure.

Materials and methods
Acanthamoeba spp. clinical strains. A. polyphaga 2961 (kindly supplied by Dr. E. Hadas, Poznan Uni-
versity of Medical Sciences, Poland) and A. griffini MYP2004 (isolated by our research group, University of 
Alcalá, Spain) were  used16. A. polyphaga 2961 was grown at 32 °C in Peptone Yeast Glucose broth supplemented 
with Bacto Casitone (PYG + B) and A. griffini MYP2004 was grown at 37 °C in  CERVA16,17. The strains were 
maintained by weekly media changes.

Dendritic compounds and standard treatment drugs used. Different generations of cationic carbosi-
lane dendrons derived using 4-phenylbutyric acid (PBA) at the  ArCO2Gn(SNMe3I)m focal point (n = 1, m = 2; 
n = 2, m = 4 and n = 3, m = 8) were studied and are referred to as  ArCO2G1(SNMe3I)2 (1),  ArCO2G2(SNMe3I)4 (2) 
and  ArCO2G3(SNMe3I)8 (3), respectively (Fig. 1). The focal point is the location from which the reactive periph-
eral groups emerge to form the hyperbranched wedge. These systems were prepared as described by Lozano-
Cruz et  al., 2020. To perform combination assays, chlorhexidine digluconate (CLX) (Sigma-Aldrich Ltd., St. 
Louis, MO, USA) was considered the reference  drug3.

Amoebicidal activity assays against trophozoites. The three dendrons,  ArCO2G1(SNMe3I)2 (1), 
 ArCO2G2(SNMe3I)4 (2) and  ArCO2G3(SNMe3I)8 (3) were evaluated against A. polyphaga 2961 and A. griffini 
MYP2004 trophozoites. Assays were prepared in 96-well microtiter plates treated with Poly-L-Lysine (CellStar, 
Greiner Bio-one).

Firstly, the inoculum was adjusted to 10,000 trophozoites (A. polyphaga 2961) and 15,000 trophozoites (A. 
griffini MYP2004) per well, based on a previous strain growth analysis performed in our laboratory. For this 
purpose, a Fuchs-Rosenthal© counting chamber (Optic Labor) and 0.2% Congo Red in distilled water (Congo 
Red, Sigma Aldrich) were used under an optic microscope (Carl Zeiss)17.

Figure. 1.  Structures of cationic carbosilane dendrons derived from 4-phenylbutyric  ArCO2Gn(SNMe3I)
m, n: generation, m: number of functional groups. (n = 1, m = 2 (1):  ArCO2G1(SNMe3I)2; n = 2, m = 4 (2): 
 ArCO2G2(SNMe3I)4 and n = 3, m = 8 (3):  ArCO2G3(SNMe3I)8).
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Secondly, the dendrons were twofold serially diluted from stock solutions to reach final concentrations rang-
ing from 2 to 512 mg/L and 100 μL of each concentration were added to each well. Then, 100 μL of the adjusted 
trophozoite solution (2 × PYG + B and 2 × CERVA for A. polyphaga 2961 and A. griffini MYP2004, respectively) 
were also added. Plates were incubated at 32 °C for A. polyphaga 2961 and 37 °C for A. griffini MYP2004. Manual 
counting using the 0.2% Congo Red exclusion assay was performed at 24 and 48 h of treatment and percent 
viability was defined as: % viability = (mean treated/mean control) × 100. The minimum trophozoite amoebicidal 
concentration (MTAC) was defined as the lowest concentration of test solution that produced a complete reduc-
tion in trophozoite  viability18.

Each drug concentration was tested in triplicate and in at least two independent experiments. A control well 
containing the amebae with no treatment and control wells of medium were included. All microtiter plates were 
sealed with  Parafilm®. These procedures apply to all tests carried out in this study.

Cysticidal activity assays. Cysts were obtained from ameba cultures in logarithmic phase under optimal 
growing conditions. The medium was replaced with Neff ’s encystment medium and flasks were agitated for 
9 days at room  temperature17. A. polyphaga 2961 and A. griffini MYP2004 cyst assays were run in 96-well micro-
titer plates (Deltalab).

The inoculum was adjusted in Neff ’s encystment medium, and 10,000 cysts were inoculated per well for both 
strains. The dendrons were twofold serially diluted to final concentrations ranging from 2 to 512 mg/L; 100 μL 
of each concentration were mixed with 100 μL of adjusted cyst solution. The dendron solutions were removed 
after 24 and 48 h of treatment, then each well was washed with 1 × PBS (10x, Sigma Aldrich, St. Louis, MO, USA) 
and culture medium was added (1 × PYG + B for A. polyphaga 2961 and 1 × CERVA A. griffini MYP2004). Plates 
were incubated at optimal growing conditions (32 °C for A. polyphaga 2961 and 37 °C for A. griffini MYP2004). 
Wells were observed three times per week with an inverted microscope (Motic AE21) for 21 days to visualize 
excystment and determine the minimum cysticidal concentration (MCC), defined as the lowest concentration 
that completely inhibits excystment and trophozoite  growth18.

Combined treatment against trophozoites. To perform these assays, the procedure was the same as 
for the amoebicidal activity assays described above. For this purpose, the checkerboard method was  used19. The 
most effective dendron was tested in combination with CLX in a final volume of 200 μL (1:1 ratio). Required 
concentrations were achieved by serial dilution. Dendron concentrations ranged from 0.5 to 16 mg/L (< MTAC), 
while CLX concentrations ranged from 0.5 to 4  mg/L (< MTAC). Manual counting was performed after 24 
and 48 h of incubation under optimal growing conditions to determine trophozoite viability compared to the 
untreated control.

To determine synergy, the fractional inhibitory concentration index (FICI) was calculated:

The result was interpreted as synergistic when FICI was ≤ 0.5, additive when 0.5 < FICI ≤ 1, indifferent when 
1 < FICI < 4 and antagonistic when FICI ≥  415.

Combined treatment against cysts. Experiments were prepared as explained above for the cysticidal 
activity assays. Briefly, 100 μL of adjusted cyst inoculum was added to each microtiter plate well. The combina-
tion of the most effective dendron in concentrations ranging from 2 to 64 mg/L (MCC) and CLX, in concentra-
tions from 1 to 8 mg/L, were added to each well (50 μL of each compound). After 24 and 48 h of treatment, the 
compounds were discarded. Wells were then washed twice with 1 × PBS (10x, Sigma Aldrich, St. Louis, MO, 
USA) and fresh medium was added. Finally, plates were incubated under optimal growing conditions. They were 
observed three times per week using an inverted microscope (Motic AE21) for 21 days to determine excystment. 
To determine synergy, the FICI was calculated as previously described.

Cytotoxicity assay in HeLa cells. HeLa cells were cultured in Dulbecco’s Modified  Eagle Medium 
(DMEM) (Gibco) supplemented with 10% fetal bovine serum and 1% of an antibiotic mixture. The inoculum 
was adjusted to 1 ×  104 cells per well in a 24-well microtiter plate. Cells were grown for 3–4 days at 37 °C with 5% 
 CO2 to reach  confluence17. Then, the medium was discarded and 400 μL of the most effective dendron and CLX 
concentrations diluted in DMEM medium were added.

After 24 and 48 h of treatment, the medium was discarded once again, and the wells were washed twice with 
1 × PBS (10x, Sigma Aldrich, St. Louis, MO, USA). After that, 500 μL of fresh medium and 50 μL of 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added (Sigma-Aldrich Ldt). The plates were incu-
bated at 37 °C for 4 h. Then, the medium was discarded and 500 μL of DMSO were  added20. Absorbance values 
were determined at the 570 nm wavelength using a spectrophotometer (BioTek Instruments Inc. Model: ELX 
800).

Viability was calculated as (absorbance mean of treated/absorbance mean of non-treated) × 100. Values higher 
than 90% viability were considered non-cytotoxic, while values between 75 and 90% were considered low cytotox-
icity. If viability descended to the range of 60–75%, it was deemed a moderate cytotoxic level. High cytotoxicity 
was established when viability values were lower than 60%21.

Scanning electron microscopy (SEM). SEM study was performed to evaluate the impact of the most 
effective dendron, CLX and combinations of these as previously described by our  group16. To perform these 
studies, 200 μL of adjusted trophozoite suspension were placed on a glass coverslip. After 1 h of incubation under 

FICI (combination) = [MTAC(Dendron+ CLX)/MTAC(Dendron)]+ [MTAC(CLX+ Dendron)/MTAC(CLX)]
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optimal growing conditions (32 °C for A. polyphaga 2961 and 37 °C for A. griffini MYP2004), the medium was 
discarded and treated for 24 or 48 h. Then, the medium was discarded, the wells were washed twice with PBS, 
and the fixative solution (2% glutaraldehyde and 1%  CaCl2 in Milloning’s solution  (NaH2PO4·H2O and NaOH)) 
was added for 1 h. Afterwards, the coverslips were washed with washing solution. The samples were dehydrated 
in increasing concentrations of ethanol (30, 50, 70, 95 and 100%) and finally in anhydrous acetone. Desicca-
tion was performed in a critical point drying apparatus (Polaron E-3000), and the coverslips were mounted on 
aluminium stubs and coated with gold (Polaron E-5000/5100). The samples were examined using a Scanning 
Electron Microscope (JSM-IT500, JEOL) at the Medicine and Biology Research Support Center (University of 
Alcalá).

Statistical analysis. For statistical analysis and graph generation, Microsoft Excel (Microsoft Office 365, 
Microsoft, Redmond, Washington, USA) and GraphPad Prism 8® (GraphPad Software, San Diego, California, 
USA) were used. Two-way ANOVA and One-way ANOVA (followed by Dunnett’s multiple comparisons test) 
were performed, and significance was established at p < 0.05.  IC50 was obtained on GraphPad Prism  8® a using 
non-linear regression  analysis22.

Results
Amoebicidal activity assays against trophozoites. All dendrons evaluated,  ArCO2G1(SNMe3I)2 (1), 
 ArCO2G2(SNMe3I)4 (2) and  ArCO2G3(SNMe3I)8 (3) showed amoebicidal activity against trophozoites, although 
in variable concentrations (Fig. 2, Table 1).  ArCO2G2(SNMe3I)4 (2) was the most effective, exhibiting a MTAC of 
64 mg/L for A. griffini MYP2004 after 24 and 48 h of treatment (Fig. 2, Table 1). In the case of A. polyphaga 2961, 
this concentration was equal after 24 h of treatment and varied in the range of 32–64 mg/L after 48 h of treatment 
(Fig. 2, Table 1). The  IC50 of each dendron is shown in Table 2.

Cysticidal activity assays. The MMC of the dendritic compounds on the excystment of cysts was deter-
mined by observation under the  microscope18. Only  ArCO2G2(SNMe3I)4 (2) demonstrated a cysticidal activity 

Figure. 2.  Viability percentage of trophozoites treated with dendritic compounds. A. griffini MYP2004: (A) 
 ArCO2G1(SNMe3I)2 (1), (C)  ArCO2G2(SNMe3I)4 (2), (E)  ArCO2G3(SNMe3I)8 (3). A. polyphaga 2961: (B) 
 ArCO2G1(SNMe3I)2 (1), (D)  ArCO2G2(SNMe3I)4 (2), (F)  ArCO2G3(SNMe3I)8 (3). * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 
0.001; **** p ≤ 0.0001.
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in the concentration range tested (2–512 mg/L) (Table 3). For A. griffini MYP2004, the MCC was 64 mg/L, while 
for A. polyphaga 2961 it was higher, 128 mg/L (Table 3). There was no change between both times of incubation.

Combined treatment against trophozoites. The effective concentrations used in the combination 
treatments were lower than the effective concentrations for each compound tested individually. Moreover, when 
the FICI was calculated, a synergistic effect was found when 16  mg/L  ArCO2G2(SNMe3I)4 (2)/1  mg/L CLX 
were combined against A. griffini trophozoites, and 16  mg/L  ArCO2G2(SNMe3I)4 (2)/0.5  mg/L CLX against 
A. polyphaga trophozoites. Therefore, the  ArCO2G2(SNMe3I)4 (2) effective concentration was reduced from 64 
to 16  mg/L and the CLX effective concentration was reduced from 2–4  mg/L to 0.5–1  mg/L (non-cytotoxic 
concentrations). Under these conditions, the combined therapy improved compound efficacy and reduced the 
effective concentrations and thus, the cytotoxicity of both compounds. Nevertheless, some of the other effective 
combinations had additive or indifferent effects (Tables 4 and 5, Fig. 3).

Combined treatment against cysts. As described in the combination assay against trophozoites, effec-
tive treatment concentrations against cysts were lower in combination than for each of the drugs individually. 
FICI values showed a synergistic effect for the highest  ArCO2G2(SNMe3I)4 (2) concentrations tested in combi-
nation. For example, synergy was found when 16 mg/L  ArCO2G2(SNMe3I)4 (2)/2 mg/L CLX were combined 
against A. griffini cysts, and 32 mg/L  ArCO2G2(SNMe3I)4 (2)/2 mg/L CLX against A. polyphaga cysts. Therefore, 
the  ArCO2G2(SNMe3I)4 (2) effective concentration was reduced from 64–128 to 16–32 mg/L and the CLX effec-
tive concentration was reduced from 8 to 1–2 mg/L. Under these conditions, the combined therapy improved 
compound efficacy and reduced the effective concentrations against cysts and, in consequence, the cytotoxicity 
of both compounds. However, the primary outcome was an additive effect, once again (Tables 6 and 7).

Cytotoxicity assay in HeLa cells. The cytotoxicity of treatment combinations with amoebicidal and 
amoebostatic activity was evaluated in HeLa cells. Individual evaluation of  ArCO2G2(SNMe3I)4 (2) and CLX 
cytotoxicity in HeLa cells performed previously showed that  ArCO2G2(SNMe3I)4 (2) demonstrated low cytotox-

Table 1.  MTAC (mg/L) values in A. griffini MYP2004 and A. polyphaga 2961 after 24 and 48 h of dendron 
treatment. ArCO2G1(SNMe3I)2 (1),  ArCO2G2(SNMe3I)4 (2) and  ArCO2G3(SNMe3I)8 (3).

MTAC (mg/L)

A. griffini MYP2004 A. polyphaga 2961

Dendrons 24 h 48 h 24 h 48 h

ArCO2G1(SNMe3I)2 (1) 512 256–512 256 128–256

ArCO2G2(SNMe3I)4 (2) 64 64 64 32–64

ArCO2G3(SNMe3I)8 (3) 128–256 128 128 64–128

Table 2.  IC50 (mg/L) values in A. griffini MYP2004 and A. polyphaga 2961 after 24 and 48 h of dendron 
treatment. ArCO2G1(SNMe3I)2 (1),  ArCO2G2(SNMe3I)4 (2) and  ArCO2G3(SNMe3I)8 (3).

IC50 (mg/L)

A. griffini MYP2004 A. polyphaga 2961

Dendrons 24 h 48 h 24 h 48 h

ArCO2G1(SNMe3I)2 (1) 224.50 57.75 23.96 29.41

ArCO2G2(SNMe3I)4 (2) 26.97 16.66 8.24 11.68

ArCO2G3(SNMe3I)8 (3) 135.30 72.77 44.60 39.33

Table 3.  MCC (mg/L) in A. griffini MYP2004 and A. polyphaga 2961 after 24 and 48 h of treatment of 
dendron treatment ArCO2G1(SNMe3I)2 (1),  ArCO2G2(SNMe3I)4 (2) and  ArCO2G3(SNMe3I)8 (3).

MCC (mg/L)

A. griffini MYP2004 A. polyphaga 2961

Dendrons 24 h 48 h 24 h 48 h

ArCO2G1(SNMe3I)2 (1) > 512 > 512 > 512 > 512

ArCO2G2(SNMe3I)4 (2) 64 64 128 128

ArCO2G3(SNMe3I)8 (3) > 512 > 512 > 512 > 512



6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14926  | https://doi.org/10.1038/s41598-022-19200-w

www.nature.com/scientificreports/

icity in the range of 4–8 mg/L, according to the aforementioned criteria, even after 48 h of  exposure23. However, 
CLX exhibited high cytotoxicity at similar concentrations after only 24 h.

Effective amoebicidal combinations against trophozoites of both strains showed some cytotoxicity. Neverthe-
less, the combination that showed a moderate cytotoxicity (65% cell viability) could inhibit proliferation and 
eliminate 100% A. polyphaga 2961 while reducing A. griffini MYP2004 viability up to 97% after a 24 h treat-
ment (8 mg/L  ArCO2G2(SNMe3I)4 (2)/2 mg/L CLX) (Fig. 4, Table 8). In addition, the combination of 2 mg/L 
 ArCO2G2(SNMe3I)4 (2) and 1 mg/L CLX eliminated 100% of A. polyphaga trophozoites after a 48 h treatment 
and showed moderate toxicity (75% cell viability) (Fig. 4, Table 8).

Table 4.  FICI in A. griffini MYP2004 trophozoites and interpretation of the effect MTAC (mg/L) for 
 ArCO2G2(SNMe3I)4 (2) and CLX alone or in combination after 24 and 48 h of treatment.

A. griffini MYP 2004

MTAC (mg/L)

FICI Interpretation

Alone In combination

Time (hours) ArCO2G2(SNMe3I)4 (2) CLX ArCO2G2(SNMe3I)4 (2) CLX

24
64 4 16 2 0.75 Additive

64 4 8 4 1.13 Indifferent

48
64 4 16 1 0.50 Synergy

64 4 4 2 0.56 Additive

Table 5.  Fractional inhibitory concentration index (FICI) in A. polyphaga 2961 trophozoites and 
interpretation of the effect MTAC (mg/L) for  ArCO2G2(SNMe3I)4 (2) and CLX alone or in combination after 
24 and 48 h of treatment.

A. polyphaga 2961

MTAC (mg/L)

FICI Interpretation

Alone In combination

Time (hours) ArCO2G2(SNMe3I)4 (2) CLX ArCO2G2(SNMe3I)4 (2) CLX

24
64 2 16 0.5 0.50 Synergy

64 2 8 1 0.63 Additive

48
32–64 2 4 1 0.56–0.63 Additive

32–64 2 2 1 0.53–0.56 Additive

Figure 3.  Viability percentage of trophozoites after combination treatments with  (ArCO2G2(SNMe3I)4 (2) and 
CLX. (A)A. griffini MYP2004 24 h treatment, (B) A. polyphaga 2961 24 h treatment, (C) A. griffini MYP2004 
48 h treatment, (D) A. polyphaga 2961 48 h treatment. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.
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Table 6.  FICI in cysts and its interpretation in A. griffini MYP2004. MCC (mg/L) for  ArCO2G2(SNMe3I)4 (2) 
and CLX alone or in combination after 24 and 48 h of treatment.

A. griffini MYP 2004

MCC (mg/L)

FICI Interpretation

Alone In combination

Time (hours) ArCO2G2(SNMe3I)4 (2) CLX ArCO2G2(SNMe3I)4 (2) CLX

24
64 8 32 2 0.75 Additive

64 8 16 4 0.75 Additive

48
64 8 32 1 0.63 Additive

64 8 16 2 0.50 Additive

Table 7.  FICI in cysts and its interpretation in A. polyphaga 2961 MCC (mg/L) for  ArCO2G2(SNMe3I)4 (2) 
and CLX alone or in combination after 24 and 48 h of treatment.

A. polyphaga 2961

MCC (mg/L)

FICI Interpretation

ALONE IN COMBINATION

Time (hours) ArCO2G2(SNMe3I)4 (2) CLX ArCO2G2(SNMe3I)4 (2) CLX

24
128 8 64 1 0.63 Additive

128 8 32 2 0.50 Sinergy

48
128 8 32 1 0.38 Sinergy

128 8 4 4 0.53 Additive

Figure 4.  Cytotoxicity of treatment combinations. Percentage of viable HeLa cells after treatment with each 
of the selected combinations of  ArCO2G2(SNMe3I)4 (2) and CLX effective against trophozoites and cysts. (A) 
Cellular viability after 24 h of treatment. (B) Cellular viability after 48 h of treatment.

Table 8.  Viability (%) in trophozoites of A. griffini MYP2004 and A. polyphaga 2961 after 24 and 48 h of 
treatment with each of the effective concentrations evaluated in the cytotoxicity assay.

Combinations of  ArCO2G2(SNMe3I)4 (2) 
(mg/L) + CLX (mg/L)

16 + 2 8 + 2 8 + 1 4 + 2 4 + 1 2 + 2

% Viability (24 h)
A. griffini MYP2004 0% 3% 56% 26% 89% 42%

A. polyphaga 2961 0% 0% 0% 0% 5% 0%

16 + 1 16 + 0.5 8 + 1 4 + 1 2 + 1 1 + 1

% Viability (48 h)
A. griffini MYP2004 0% 1% 9% 62% 57% 100%

A. polyphaga 2961 0% 0% 0% 0% 0% 1%
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The effective treatment concentrations achieved in different combinations against cysts were higher than the 
ones used against trophozoites that showed high cytotoxicity. Therefore, further cytotoxicity was not evaluated, 
as it was assumed to be greater than in those treatment combinations previously studied, i.e., more cytotoxic 
than the combinations of concentrations that were effective against trophozoites.

Scanning electron microscopy (SEM). Images of untreated trophozoites obtained by SEM showed the 
characteristics of healthy amoebae with numerous acanthopodia and membrane integrity. However, membrane 
alterations were observed when the amoebae were treated with both the  ArCO2G2(SNMe3I)4 (2) dendron and 
CLX, as monotherapy and in combination (Figs. 5 and 6).

As observed in the images, CLX completely disintegrates the Acanthamoeba membrane, causing the release 
of cytoplasmic constituents (Figs. 5D,E, 6D,E), reducing the number of acanthopodia and inducing a rounded 
shape in trophozoites (Figs. 5D,E, 6D,E). These observations may suggest that dendron  ArCO2G2(SNMe3I)4 (2) 
caused the appearance of holes, possibly due the interaction with the negative charges on the amoeba surface 

Figure 5.  Images of A. griffini MYP2004 obtained by SEM after 24 or 48 h of treatment. (A) Untreated control, 
(B) 32 mg/L of  ArCO2G2(SNMe3I)4 (2) after 24 h, (C) 16 mg/L of  ArCO2G2(SNMe3I)4 (2) after 48 h, (D) 
2 mg/L of CLX after 24 h, (E) 2 mg/L of CLX after 48 h, (F) 8 mg/L of  ArCO2G2(SNMe3I)4 (2) and 1 mg/L of 
CLX after 24 h, (G) 8 mg/L of  ArCO2G2(SNMe3I)4 (2) and 0.5 mg/L of CLX after 48 h. Scale bars = 5 µm.
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and, in consequence, it may produces the disruption of the plasma membrane (Fig. 6B (arrow)). In addition, 
after treatments with drug combinations, no other changes were noticed apart from the ones aforementioned for 
each of the treatments as monotherapies (Figs. 5F,G, 6F,G). Alterations were more evident after 48 h of treatment.

Discussion
AK is a rare, sight-threatening disease, although the severity of its outcomes together with the lack of effective 
treatments has made the development of new therapeutic agents an urgent line of  research3,24.

On the one hand, CLX is a biguanide considered a standard treatment drug in AK cases. It can be used in com-
bination with a diamidine or as a  monotherapy24,25. However, it is highly cytotoxic at effective  concentrations26,27. 
To solve this problem, combination strategies have been  proposed15. On the other hand, dendritic compounds 
have shown effectiveness in previous studies not only against bacteria and viruses, but also against  amoebae17,28–30. 
Moreover, these compounds are water-soluble, and their structure facilitates a directed design, characteristics 
that make them suitable therapeutic  agents10. Their cationic structure, like CLX, may explain their biocidal 

Figure 6.  Images of A. polyphaga 2961 obtained by SEM after 24 or 48 h of treatment. (A) Untreated control, 
(B) 16 mg/L of  ArCO2G2(SNMe3I)4 (2) after 24 h, C) 16 mg/L of  ArCO2G2(SNMe3I)4 (2) after 48 h, (D) 1 mg/L 
of CLX after 24 h, (E) 1 mg/L of CLX after 48 h, F) 2 mg/L of  ArCO2G2(SNMe3I)4 (2) and 0.5 mg/L of CLX after 
24 h, (G) 2 mg/L of  ArCO2G2(SNMe3I)4 (2) and 0.5 mg/L of CLX after 48 h. Scale bars = 5 µm.
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activity, even though their mode of action has not yet been completely  elucidated31. The three dendrons evaluated, 
 ArCO2G1(SNMe3I)2 (1),  ArCO2G2(SNMe3I)4 (2) and  ArCO2G3(SNMe3I)8 (3), were effective against trophozo-
ites at different concentrations. In addition, the second generation dendron,  ArCO2G2(SNMe3I)4 (2), with four 
positive charges on the periferial groups and PBA at the focal point showed cysticidal activity. Cysts have the 
ability to resist treatment by different compounds because they form a protective wall, composed mainly of 
cellulose (endocyst), proteins and polysaccharides (exocyst)32. Nevertheless, A. griffini MYP2004 cysts seemed 
to be more sensitive than A. polyphaga 2961 cysts to treatment with  ArCO2G2(SNMe3I)4 (2). Although this 
result may seem to be contradicted by the data shown in literature, the dendron could act differentially on each 
cyst wall depending on its exact  composition3. Previous studies described differences in cystic proteins within 
isolates, so these data may also indicate protein variability between the Acanthamoeba strains used in our study 
and other amoebic  strains33.

CLX, which caused the alterations observed by SEM after treatments, is a cationic molecule that interacts with 
the negatively charged plasma membrane, thus provoking membrane destabilization, pore formation, cytoplasmic 
content leakage and cell  death14,34. Dendrons are also cationic molecules, thus their mode of action might be 
similar and alterations may be due to positive charges that interact with and disrupt cell  structures31. In addition, 
dendrons have an aromatic ring at their focal point (growing dendron point where peripherial groups emerge) 
that could improve their antibacterial  activity35.

In previous studies, amoebicidal activity against A. polyphaga 2961 trophozoites and cysts shown by dendritic 
wedge topology systems with isobutyric acid at the focal point  (IC50 at 24 h treatment:  ArCO2G2(SNMe3I)4 
for trophozoites 8.24 mg/L and for cysts 128 mg/L) was greater than that shown by spherical topology sys-
tems containing a polyphenoxy nucleus  (IC50 at 24 h treatment:  G1O3(SNMe3I)6 for trophozoites 16.9 mg/L 
and for cysts > 512 mg/L) or a silicon atom nucleus  (IC50 24 h  G1O3(SNMe3I)6, 430.1 mg/L for trophozoites 
and > 512 mg/L for cysts)36. In view of these results and considering that they all have a similar number of posi-
tive charges in their structure, we suggest that the presence of the aromatic ring modulates the activity of the 
dendritic system, and the topology of the system also seems to have a clear influence on the activity. The dendritic 
wedge presents a more open structure that could provide the aromatic ring with the possibility for interacting 
with the amoeba membrane.

The FICI index was calculated in the combination  assays15,37. The main goal was to find a combination that 
could reduce effective doses to less cytotoxic ones. To this end, the most effective dendron  ArCO2G2(SNMe3I)4 
(2) was tested in combination with CLX. The results showed a synergistic effect at highly cytotoxic concentra-
tions, although other combinations with additive effects achieved a reduction in the effective concentration and 
had moderate cytotoxicity. For example, certain combinations were able to reduce A. griffini MYP2004 viability 
to only 3% and completely eliminate A. polyphaga 2961 trophozoites (0% viability). Consequently, we highlight 
those combinations which achieved a reduction in effective concentrations of CLX with an increase in amoebi-
cidal activity and a significant reduction in cell cytotoxicity. We also propose that the use of these combinations 
in prevention and treatment strategies could be studied in in vivo models. Additionally, combined therapy has 
been shown to prevent the development of new resistant strains, thus combination strategies may have extra value 
in the fight against AK  resistance15. In summary, our data support the suitability of these promising dendrons 
alone and in combination for treating AK.

Conclusions
The cationic dendrons with isobutyric acid at the focal point evaluated in this study showed amoebicidal activity 
against trophozoites. Furthermore, the second generation dendron  (ArCO2G2(SNMe3I)4) (2) with four posi-
tive charges on the surface had cysticidal activity and a synergistic effect when combined with CLX, a standard 
treatment drug. Besides, the combinations with a drastic reduction in trophozoite viability, even to 0%, showed 
only moderate cytotoxicity. Additionally, the  ArCO2G2(SNMe3I)4 (2) dendron and CLX modes of action showed 
similarities as both were capable of disrupting trophozoite membranes.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 16 March 2022; Accepted: 25 August 2022

References
 1. Visvesvara, G. S., Moura, H. & Schuster, F. L. Pathogenic and opportunistic free-living amoebae: Acanthamoeba spp., Balamuthia 

mandrillaris, Naegleria fowleri, and Sappinia diploidea. FEMS Immunol. Med. Microbiol. 50(1), 1–26. https:// doi. org/ 10. 1111/j. 
1574- 695x. 2007. 00232.x (2007).

 2. Siddiqui, R. & Khan, N. A. Biology and pathogenesis of Acanthamoeba. Parasites Vectors 5, 6. https:// doi. org/ 10. 1186/ 1756- 3305-
5-6 (2012).

 3. Khan, N. A. Acanthamoeba, Biology and Pathogenesis (Caister Academic Press, Norfolk, UK, 2015).
 4. Lorenzo-Morales, J., Khan, N. A. & Walochnik, J. An update on Acanthamoeba keratitis: Diagnosis, pathogenesis and treatment. 

Parasite https:// doi. org/ 10. 1051/ paras ite/ 20150 10 (2015).
 5. Niederkorn, J. Y. The biology of Acanthamoeba keratitis. Exp. Eye Res. 202, 108365. https:// doi. org/ 10. 1016/j. exer. 2020. 108365 

(2021).
 6. Mooney, R. et al. Alkyl-carbon chain length of two distinct compounds and derivatives are key determinants of their anti-Acan-

thamoeba activities. Sci. Rep. 10(1), 6420. https:// doi. org/ 10. 1038/ s41598- 020- 62934-8 (2020).
 7. Fanselow, N., Sirajuddin, N., Yin, X. T., Huang, A. J. W. & Stuart, P. M. Acanthamoeba Keratitis, pathology diagnosis and treatment. 

Pathogens 10(3), 323. https:// doi. org/ 10. 3390/ patho gens1 00303 23 (2021).

https://doi.org/10.1111/j.1574-695x.2007.00232.x
https://doi.org/10.1111/j.1574-695x.2007.00232.x
https://doi.org/10.1186/1756-3305-5-6
https://doi.org/10.1186/1756-3305-5-6
https://doi.org/10.1051/parasite/2015010
https://doi.org/10.1016/j.exer.2020.108365
https://doi.org/10.1038/s41598-020-62934-8
https://doi.org/10.3390/pathogens10030323


11

Vol.:(0123456789)

Scientific Reports |        (2022) 12:14926  | https://doi.org/10.1038/s41598-022-19200-w

www.nature.com/scientificreports/

 8. Siddiqui, R., Aqeel, Y. & Khan, N. A. The development of drugs against Acanthamoeba Infections. Antimicrob. Agents Chemother. 
60(11), 6441–6450. https:// doi. org/ 10. 1128/ AAC. 00686- 16 (2016).

 9. Gooi, P. et al. Acanthamoeba keratitis: Persistent organisms without inflammation after 1 year of topical chlorhexidine. Cornea 
27(2), 246–248. https:// doi. org/ 10. 1097/ ico. 0b013 e3181 5b82a2 (2008).

 10. Lozano-Cruz, T. et al. Synthesis, characterization and antibacterial behavior of water-soluble carbosilane dendrons containing 
ferrocene at the focal point. Dalton Trans. 44(44), 19294–19304. https:// doi. org/ 10. 1039/ c5dt0 2230d (2015).

 11. Heredero-Bermejo, I. et al. Ammonium and guanidine carbosilane dendrimers and dendrons as microbicides. Eur. Polym. J. 101, 
159–168. https:// doi. org/ 10. 1016/j. eurpo lymj. 2018. 02. 025 (2018).

 12. Martín-Pérez, T. et al. Synthesis and in vitro activity of new biguanide-containing dendrimers on pathogenic isolates of Acan-
thamoeba polyphaga and Acanthamoeba griffini. Parasitol. Res. 118(6), 1953–1961. https:// doi. org/ 10. 1007/ s00436- 019- 06341-7 
(2019).

 13. Ortega, M. A. et al. Dendrimers and dendritic materials: From laboratory to medical practice in infectious diseases. Pharmaceutics 
https:// doi. org/ 10. 3390/ pharm aceut ics12 090874 (2020).

 14. Heredero-Bermejo, I. et al. In vitro anti-Acanthamoeba synergistic effect of chlorhexidine and cationic carbosilane dendrimers 
against both trophozoite and cyst forms. Int. J. Pharm. 509(1–2), 1–7. https:// doi. org/ 10. 1016/j. ijpha rm. 2016. 04. 075 (2016).

 15. Sangkanu, S. et al. Anti-Acanthamoeba synergistic effect of chlorhexidine and Garcinia mangostana extract or α-mangostin against 
Acanthamoeba triangularis trophozoite and cyst forms. Sci. Rep. 11(1), 8053. https:// doi. org/ 10. 1038/ s41598- 021- 87381-x (2021).

 16. Heredero-Bermejo, I. et al. Characterization of a human-pathogenic Acanthamoeba griffini isolated from a contact lens-wearing 
keratitis patient in Spain. Parasitology 142(2), 363–373. https:// doi. org/ 10. 1017/ S0031 18201 40011 40 (2015).

 17. Heredero-Bermejo, I. et al. Evaluation of the activity of new cationic carbosilane dendrimers on trophozoites and cysts of Acan-
thamoeba polyphaga. Parasitol. Res. 114(2), 473–486. https:// doi. org/ 10. 1007/ s00436- 014- 4205-1 (2015).

 18. Elder, M. J., Kilvington, S. & Dart, J. K. A clinicopathologic study of in vitro sensitivity testing and Acanthamoeba keratitis. Investig 
Ophthalmol Visual Sci 35(3), 1059–1064 (1994).

 19. Lorian, V. Antibiotics. In Antibiotics in Laboratory Medicine (ed. Lorian, V.) 69–71 (Springer, Baltimore, 1996).
 20. Kumar, P., Nagarajan, A., Uchil P.D. Analysis of cell viability by the MTT assay. Cold Spring Harbor Protoc. 6, pdb.prot095505. 

https:// doi. org/ 10. 1101/ pdb. prot0 95505 (2018).
 21. Lorenzo-Morales, J. et al. Therapeutic potential of a combination of two gene-specific small interfering rnas against clinical strains 

of acanthamoeba. Antimicrob. Agents Chemother. 54(12), 5151–5155. https:// doi. org/ 10. 1128/ AAC. 00329- 10 (2010).
 22. Ibrahim, M. A., Yusof, M. S. M. & Amin, N. M. Anti-amoebic properties of carbonyl thiourea derivatives. Molecules (Basel, Swit-

zerland) 19(4), 5191–5204. https:// doi. org/ 10. 3390/ molec ules1 90451 91 (2014).
 23. Gómez-Casanova, N. et al. Eradication of Candida albicans Biofilm Viability: In vitro combination therapy of cationic carbosilane 

dendrons derived from 4-phenylbutyric Acid with AgNO3 and EDTA. J. Fungi 7(7), 574. https:// doi. org/ 10. 3390/ jof70 70574 (2021).
 24. Elsheikha, H. M., Siddiqui, R. & Khan, N. A. Drug discovery against acanthamoeba infections: Present knowledge and unmet 

needs. Pathogens 9(5), 405. https:// doi. org/ 10. 3390/ patho gens9 050405 (2020).
 25. Lim, N. et al. Comparison of polyhexamethylene biguanide and chlorhexidine as monotherapy agents in the treatment of acan-

thamoeba keratitis. Am. J. Ophthalmol. 145(1), 130–135. https:// doi. org/ 10. 1016/j. ajo. 2007. 08. 040 (2008).
 26. Lee, J. E., Oum, B. S., Choi, H. Y., Yu, H. S. & Lee, J. S. Cysticidal effect on acanthamoeba and toxicity on human keratocytes by 

polyhexamethylene biguanide and chlorhexidine. Cornea 26(6), 736–741. https:// doi. org/ 10. 1097/ ico. 0b013 e3180 5b7e8e (2007).
 27. Fernández-Ferreiro, A. et al. In vitro evaluation of the ophthalmic toxicity profile of chlorhexidine and propamidine isethionate 

eye drops. J. Ocul. Pharmacol. Ther. 33(3), 202–209. https:// doi. org/ 10. 1089/ jop. 2016. 0053 (2017).
 28. Weber, N. et al. Characterization of carbosilane dendrimers as effective carriers of siRNA to HIV-infected lymphocytes. J. Controll. 

Release Off. J. Controll. Release Soc. 132(1), 55–64. https:// doi. org/ 10. 1016/j. jconr el. 2008. 07. 035 (2008).
 29. Ortega, P. et al. Hyperbranched polymers versus dendrimers containing a carbosilane framework and terminal ammonium groups 

as antimicrobial agents. Org. Biomol. Chem. 9(14), 5238–5248. https:// doi. org/ 10. 1039/ c1ob0 5321c (2011).
 30. Fuentes-Paniagua, E. et al. Carbosilane cationic dendrimers synthesized by thiol–ene click chemistry and their use as antibacterial 

agents. RSC Adv. 4(3), 1256–1265. https:// doi. org/ 10. 1039/ C3RA4 5408H (2014).
 31. Chen, C. Z. & Cooper, S. L. Interactions between dendrimer biocides and bacterial membranes. Biomaterials 23(16), 3359–3368 

(2002).
 32. Anwar, A., Khan, N. A. & Siddiqui, R. Combating Acanthamoeba spp. cysts: What are the options?. Parasites Vectors https:// doi. 

org/ 10. 1186/ s13071- 017- 2572-z (2018).
 33. Hirukawa, Y., Nakato, H., Izumi, S., Tsuruhara, T. & Tomino, S. Structure and expression of a cyst specific protein of Acanthamoeba 

castellanii. Biochim. Biophys. Acta (BBA) Gene Struct. Expr. 1398(1), 47–56. https:// doi. org/ 10. 1016/ S0167- 4781(98) 00026-8 (1998).
 34. Seal, D. V. Seal Acanthamoeba keratitis update-incidence, molecular epidemiology and new drugs for treatment. Eye 17, 893–905. 

https:// doi. org/ 10. 1038/ sj. eye. 67005 63 (2003).
 35. Puškárová, A., Bučková, M., Kraková, L., Pangallo, D. & Kozics, K. The antibacterial and antifungal activity of six essential oils 

and their cyto/genotoxicity to human HEL 12469 cells. Sci. Rep. 7(1), 8211. https:// doi. org/ 10. 1038/ s41598- 017- 08673-9 (2017).
 36. Heredero-Bermejo, I. et al. Evaluation of the activity of new cationic carbosilane dendrimers on trophozoites and cysts of Acan-

thamoeba polyphaga. Parasitol. Res. 114(2), 473–486. https:// doi. org/ 10. 1007/ s00436- 014- 4205-1 (2015).
 37. Martín-Pérez, T., Heredero-Bermejo, I., Verdú-Expósito, C., Pérez-serrano, J. Iin vitro evaluation of the combination of melaleuca 

alternifolia (tea tree) oil and dimethyl sulfoxide (DMSO) against Trophozoites and cysts of acanthamoeba strains. Oxygen consump-
tion rate (OCR) assay as a method for drug screening. Pathogens, 10(4), 491. https:// doi. org/ 10. 3390/ patho gens1 00404 91 (2021).

Acknowledgements
We wish to thank Antonio Priego and José Antonio Pérez (Microscopy Unit— Medicine and Biology Research 
Support Center (University of Alcalá)) for their assistance with electron microscopy observations, as well as 
Isabel Trabado and Cristina Miguel for their assistance in the cell culture unit (Medicine and Biology Research 
Support Center (University of Alcalá)).

Author contributions
Conceptualization, J.P.S. and I.H.B.; methodology, I.H.B., J.P.S., P.O. and R.G.; formal analysis and investiga-
tion, P.L.B., C.V.E., N.G.C., T.M.P and T.L.C.; data curation, P.L.B., N.G.C., and I.H.B.; writing—original draft 
preparation, P.L.B., I.H.B. and P.O.; writing—review and editing, all authors; funding acquisition, R.G., I.H.B. 
and P.O..; resources, all authors; supervision: I.H.B. and J.P.S. All authors have read and agreed to the published 
version of the manuscript.

Funding
This study was funded by CCG20/CCS-013 (University of Alcalá), PID2020-112924RBI00 (MINECO), B2017/
BMD-3703 (NANODENDMED II-CM) and B2017/BMD-3733 (IMMUNOTHERCAN-CM) Grants.

https://doi.org/10.1128/AAC.00686-16
https://doi.org/10.1097/ico.0b013e31815b82a2
https://doi.org/10.1039/c5dt02230d
https://doi.org/10.1016/j.eurpolymj.2018.02.025
https://doi.org/10.1007/s00436-019-06341-7
https://doi.org/10.3390/pharmaceutics12090874
https://doi.org/10.1016/j.ijpharm.2016.04.075
https://doi.org/10.1038/s41598-021-87381-x
https://doi.org/10.1017/S0031182014001140
https://doi.org/10.1007/s00436-014-4205-1
https://doi.org/10.1101/pdb.prot095505
https://doi.org/10.1128/AAC.00329-10
https://doi.org/10.3390/molecules19045191
https://doi.org/10.3390/jof7070574
https://doi.org/10.3390/pathogens9050405
https://doi.org/10.1016/j.ajo.2007.08.040
https://doi.org/10.1097/ico.0b013e31805b7e8e
https://doi.org/10.1089/jop.2016.0053
https://doi.org/10.1016/j.jconrel.2008.07.035
https://doi.org/10.1039/c1ob05321c
https://doi.org/10.1039/C3RA45408H
https://doi.org/10.1186/s13071-017-2572-z
https://doi.org/10.1186/s13071-017-2572-z
https://doi.org/10.1016/S0167-4781(98)00026-8
https://doi.org/10.1038/sj.eye.6700563
https://doi.org/10.1038/s41598-017-08673-9
https://doi.org/10.1007/s00436-014-4205-1
https://doi.org/10.3390/pathogens10040491


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14926  | https://doi.org/10.1038/s41598-022-19200-w

www.nature.com/scientificreports/

Competing interests 
The authors declare no Competing interests.

Additional information
Correspondence and requests for materials should be addressed to I.H.-B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Amoebicidal activity of cationic carbosilane dendrons derived with 4-phenylbutyric acid against Acanthamoeba griffini and Acanthamoeba polyphaga trophozoites and cysts
	Materials and methods
	Acanthamoeba spp. clinical strains. 
	Dendritic compounds and standard treatment drugs used. 
	Amoebicidal activity assays against trophozoites. 
	Cysticidal activity assays. 
	Combined treatment against trophozoites. 
	Combined treatment against cysts. 
	Cytotoxicity assay in HeLa cells. 
	Scanning electron microscopy (SEM). 
	Statistical analysis. 

	Results
	Amoebicidal activity assays against trophozoites. 
	Cysticidal activity assays. 
	Combined treatment against trophozoites. 
	Combined treatment against cysts. 
	Cytotoxicity assay in HeLa cells. 
	Scanning electron microscopy (SEM). 

	Discussion
	Conclusions
	References
	Acknowledgements


