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of such products into the environment and potential impacts 
on aquatic ecosystems [1]. The toxicity of nanomaterials arises 
from the cumulative effects of four basic properties associated 
with colloids: 1) the leaching of low-molecular-weight molecules 
or ions, 2) the geometry (size and shape) of the NMs including 
their aggregates, 3) the surface properties (reactivity), and 4) 
the vector effect. The last property has been extensively studied 
in connection with the development of  drug,  gene  and peptide 
delivery systems in therapeutics. Some NMs have the ability 
to interact with xenobiotics (drugs) and can increase their 
bioavailability and toxicity by promoting their internalization in 
tissues/cells [2]. For example, the cytotoxicity of Adriamycin to 
Chinese hamster cell line DC3F increased when it was associated 
with cyanoacrylate nanoparticles. In addition, an Adriamycin-
resistant hamster cell line became more sensitive to the drug 
when it was associated with cyanoacrylate nanoparticles, which 
provides evidence of vector effect. From an environmental 
risk assessment perspective, it is important to gain a better 
understanding of the toxicity associated with NMs used as drug 
delivery “devices” before seeking to determine the vector effect 
in contaminated environments. 

The development and use of poly  PAMAM dendrimers 
for targeted and enhanced drug and gene delivery have been 
extensively examined [3,4]. The interest in these dendritic NMs 
stems from their structural properties including uniformity, 
size, shape, monodispersity and functionalized surfaces [5]. 
Dendrimers are composed of an initiator amine core (-NH2) with 
attached amidoamine units that are radially distributed around 
the core (Figure 1). Each successive branching that forms a surface 
layer is termed a generation (G). Full-generation dendrimers 
(G1, G2, G3, etc.) have cationic amine-terminated groups at 
physiological pH, while half-generation dendrimers (G2.5, G3.5) 
have anionic carboxylic moieties at physiological pH. Finally, 
each successive generation has twice the number of terminal 
groups and increased diameter size. Cationic dendrimers have 
been shown to exhibit cytotoxicity and haemolysing properties 
which are dependent on size and surface charge (Zeta potential) 
[6]. It appears that dendrimers produce small “nanoholes” 
or “nanopores” in membranes, which can perturb membrane 
potential integrity and permeability. Thus, the toxicity of 
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Introduction
Nanotechnology has under gone exponential development 

which has reached many sectors of our economy.  NMs have 
found many applications, from electronic devices, paints/dyes, 
cosmetics and personal products, to biomedical uses such as 
imaging and drug and gene delivery strategies. Any product at 
the nanoscale with at least one dimension between 1 and 100 
nanometers (nm) is considered a NM. Compounds produced at 
the nanoscale offer new and interesting emerging properties 
with tremendous potential for commercial applications. For 
example, the use of nanoparticles or nano-vectors can permit 
enhanced delivery of a given drug within the body and can target 
drug release to specific sites in the body. However, the increasing 
use of NMs has raised concerns about the inadvertent release 
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dendrimers could be due to their surface properties in addition 
to their vector properties.

Studies on the toxicity of PAMAM dendrimers  to non-target 
species are relatively scarce at present and the environmental 
risk of these NMs in not well understood at the present time. 
Hence the examination of cytotoxicity of PAMAM dendrimers 
at both the lethal and sublethal levels in fish hepatocytes is of 
relevance in the understanding of the potential toxicity of these 
compounds in aquatic ecosytems. G4 PAMAM dendrimers were 
found to decrease growth and larval development in zebra 
fish embryos [7]. In an earlier study, G4 PAMAM dendrimers 
were associated with reduced algal survival, enhanced oxygen 
production and stimulation of photosystem II reaction centre 
activity [8], which points to the formation of reactive oxygen 
species and oxidative stress. Depending on their size and shape, 
nanoparticles may induce interactions in the protein space 
domain leading to protein denaturation. The heat shock proteins 
of the 70 kDa family (HSP70) are stress proteins that are involved 
in stabilizing protein conformation [9]. This process is clearly 
energy demanding since these chaperone proteins require ATP 
to function. For example, it was estimated that one heat shock 
protein requires up to 100 moles of ATP to re-fold denatured 
rhodanase protein [10]. Heat shock proteins were also shown 
to respond to oxidative stress [9]. Rainbow trout yearlings 
exposed to cadmium-based quantum dots and to dissolved 
cadmium showed increased HSP70 levels and oxidative damage 
[11]. However, correction of HSP70 levels against oxidative 
stress markers (oxidized proportion of metallothioneins or lipid 
peroxidation) failed to remove the inducing effects of the quantum 
dots, suggesting that interactions other than oxidative stress 
were at play. Oxidative stress and xenobiotic conjugation can be 
conveniently monitored on the basis of glutathione S-transferase 
(GST) activity. GST requires reduced glutathione (GSH) in order 
to function, which can be a limiting factor during oxidative stress. 
The formation of oxygen adducts to molecules during oxidative 
stress could also be neutralized by conjugation with GSH. For 
example, GST activity was used as a marker of oxidative stress in 
marine mussels exposed to cadmium-based quantum dots [12]. 
Exposure to 10 µg/ L cadmium-based quantum dots increased 
oxidative stress and GST activity, while dissolved cadmium at 
the same concentration failed to induce GST activity. Given that 
PAMAM dendrimers are likely to be released into the environment 
in wastewater effluent containing many pollutants such as 
antibiotics, the toxicity of a representative antibiotic to fish liver 
cells is relevant. Tetracyclines (minocycline) are commonly found 
in hospital and municipal wastewaters [13]. Minocycline levels 
were found to range from non-detectable to 530 µg/ L in hospital 
effluents and from 95 to 920 µg/ L in wastewater treatment 
plant effluents. In addition, these compounds are continuously 
released in to the environment from municipal effluents. This 
could lead to accumulation in non-target organisms if exposure 
to such compounds exceeds their capacity to eliminate them. 

The purpose of this study was to investigate the cellular 
toxicity of G2, G4 and G5 PAMAM dendrimers and of minocycline 
in rainbow trout hepatocytes. Cytotoxicity and the levels of stress 
proteins (HSP70) and GST activity were also determined in order 

to evaluate the toxicity and mechanisms of action of these NMs in 
fish hepatocytes.

Methods
Preparation and exposure of rainbow trout 
hepatocytes

Second, fourth and fifth generation PAMAM dendrimers 
were purchased from Sigma Chemical Company (Ontario, 
Canada). They were diluted in High Quality water at 200 mg/ 
mL to perform dynamic light scattering (DLS) analysis in order 
to measure particle size distribution and Zeta potential and 
hepatocyte exposure. The analysis was done using a DLS) 
instrument with a gel electro mobility option (Wyatt-Instrument 
Mobius, 532-nm laser). Zeta potential was determined from 
gel mobility data as described in Domingos et al., 2013 [14]. 
The measurements were made at 1 mg/mL under identical 
conditions as in High Quality water. The analytical performance 
of the instrument was validated with NIST polystyrene standard 
beads (42 nm diameter) and a Zeta  potential standard solution 
(Ostuka mobility Standard, lot No. 302013). Primary cultures of 
rainbow trout (Oncorhynchus mykiss) were prepared using a 
perfusion method with saline citrate and albumin [15]. Briefly, 
young-of-the-year (8- to 10-cm fork length) rainbow trout (3 
livers pooled) were used. After the trout were anesthetized 
with 25 mg/L tricaine buffered to pH 7.4 with 1 M NaHCO3, 
the excised livers were perfused with 10 mM citrate in 125 mM 
NaCl, pH 7.2, at 4°C until the liver tissue acquired a light brown 
coloration. The livers were then minced and placed in 10 mL of 
citrate perfusion media containing 0.5% serum bovine albumin. 
The suspension was stirred slowly with a magnetic stirring bar 
at 20–40 rpm for 30 min at room temperature. After this period, 
the suspension was passed through a cell extraction sieve (40-
µm diameter mesh, Sigma Chemical Company) and the cells were 
washed in phosphate-buffered saline (PBS: 140mM NaCl, 5 mM 
KH2PO4, 5 mM NaHCO3, 1 mM glucose, pH 7.4) containing 0.1% 
serum bovine albumin, followed by centrifugation (200 ×g for 5 
min)/ re suspension 3 to 4 times until a clear supernatant (free of 
debris) was obtained. A portion of the cell suspension was stained 
with 0.004% trypan blue in PBS for the determination of cell 
concentration and viability. The cells were counted and viability 
was determined (live cells remain transparent and dead ones 
are blue) using a hematocytometer under a microscope at 200X 
enlargement. Hepatocytes were plated in 48-well microplates 
at a density of 0.5 × 106 viable cells/mL (6 replicate wells per 
treatment) in Liebovitz (L-15) cell culture media containing 
10 mM HEPES-NaOH, pH 7.4, 50 units penicillin, 50 µg/mL 
streptomycin and 0.1 µg/mL amphotericin B. The cells were 
exposed to increasing concentrations of G2, G4 and G5 PAMAM 
dendrimers and to minocycline at 1.6, 8, 40 and 200 µg/mLfor 48 
h at 15°C in a saturated humidity atmosphere. At the end of the 
exposure period, the microplates were centrifuged at 250 ×g for 
3 to 5 min and the exposure medium was removed by aspiration. 
Cells were suspended in PBS (without albumin) for cell density 
and viability assessments. Relative cell density was determined 
by measuring the absorbance at 600 nm.
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Cell viability assessment

Hepatocyte viability was determined by the fluorescein dye 
retention assay as described elsewhere [15]. A portion (20 µL) of 
the cell suspension was mixed with 180 µL of 10 µM fluorescein 
diacetate in PBS containing 1 mM glucose and kept in dark-
coloured microplates for 20 min at 20°C. The microplate was 
centrifuged at 250 ×g for 5 min and the supernatant removed. 
The cells were then resuspended in 200 uL of phosphate-buffered 
saline, and fluorescence was measured at 485 nm excitation 
and 520 nm emission using a microplate reader (Chameleon 
II, Bioscience, USA). A positive control (100% mortality) was 
prepared by adding cells to separate wells containing 20% DMSO 
to completely permeabilize the cells. The data were normalized 
to controls and expressed as a fold change (reduction) in 
fluorescence. 

HSP70 levels were determined using an enzyme-linked 
immunoassay as described earlier (Louis et al., 2010) [11]. 
The hepatocytes were first homogenized using a Teflon pestle 
tissue/ cell grinder (4 passes at 4°C) and centrifuged at 12,000 
×g for 20 min at 4°C. The supernatant (S12) was diluted to 1 
μg total protein in 50 mM sodium carbonate buffer at pH 9.6. 
Total protein was determined using the Coomassie brilliant blue 
protein binding assay with serum bovine albumin for calibration 
[16]. The material was added to high-binding microplate wells 
(Immulon-4 microplate) and held overnight at 4°C. Afterwards, 
the wells were rinsed with 200 µL of PBS twice and incubated 
with PBS containing 1% albumin for 30 min at 20°C to block the 
remaining sites. The wells were washed with 200 µL of PBS, and 
100 µL of HSP72 polyclonal antibody (recombinant human HSP72 
IgG SPA-812; Stressgen, USA) diluted1:1,000 in PBS containing 
0.5% albumin was added to each well. The wells were incubated 
at 37°C for 60 min. The cells were washed 3 times in PBS, and 
100 uL of the secondary antibody (rabbit anti-IgG linked with 
peroxidase) diluted 1:5,000 in PBS containing 0.5% albumin was 
added and incubated  for 30 min at 20°C. The wells were washed 
3 times in PBS (200 μL ), and peroxidase activity was determined 
with 1 uM luminol and 10 μM hydrogen peroxide. Luminescence 
was measured at the initial mixing and monitored for up to 20 
min using a luminescence microplate reader (Chameleon II, 
Bioscience, USA). The data were expressed as peroxidase activity 
(increase in luminescence)/min. GST activity was determined in 
the S12 fraction of the supernatants using the colorimetric assay 
procedure with reduced GSH and 1-chloro-2, 4-dinitrobenzene 
co-substrates [17]. The data were expressed on the basis of the 
rate of increase in absorbance at 340 nm / (min × mg proteins). 

Data analysis

The hepatocytes were exposed to n = 6 replicates of each 
concentration of the tested compounds. The toxicity of the 
PAMAM dendrimers and of minocycline was expressed in terms 
of toxicity thresholds, which corresponds to the geometric mean 
of the lowest significant effects concentration (LSEC) and the 
no-effect concentration (NEC): TT = (LSEC × NEC)1/ 2. The data 
were checked for homogeneity of variance and normality using 
Levene’s test and the Shapiro-Wilk test, respectively. Analysis of 

variance was performed, and critical differences were determined 
using Dunnett’s t test. Correlation analysis was also performed 
using Pearson’s product-moment procedure and the tests were 
performed using the Statistic software package (version 8.). 

Results and Discussion
The prepared dendrimers consisted of the G2, G4 and G5 

PAMAM dendrimers which have a poly diamine  core and 
described in Figure 1. The G2, G4 and G5 dendrimers have a 
theoretical diameter of 2.9.4.5 and 5.4 nm, respectively (Table1). 
Although the size of these dendrimers did not change much, the 
number of functional amine groups (-NH4+) at their surface 
readily increased from 16 to 128 for G2 and G5 dendrimers, 
respectively. This change was accompanied by an increase in 
molecular weight in such a manner that an equivalent 20 µg/
mL solution consisted of 6, 1.4 and 0.7 µM for G2, G4 and G5 
PAMAM dendrimers, respectively. Compared to the same amount 
of minocycline, the dendrimer concentrations were at least one 
order of magnitude lower than the antibiotic, i.e., minocycline 
was in excess compared to the PAMAM dendrimers. Given the 

Figure 1: Molecular structure of PAMAM dendrimers and minocycline
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pKa values (5 and 9.5) for the 2 amine groups of minocycline, the 
molecule can be assumed to be cationic at physiological pH as is 
the case for dendrimers. This is consistent with what is known 
about these types of drug vectors, which have high surface 
area chemistries permitting interaction of drugs at the surface. 
However, dendrimers can induce pore formation, permitting 
higher diffusion of contaminants into cells [18]. These properties 
complicate the classical risk assessment paradigm because 
nanoparticles could change the bioavailability of contaminants in 
the environment.

The effects of PAMAM dendrimers of increasing size were 
examined in rainbow trout hepatocytes (Figure 2). G4 and G5 
PAMAM dendrimers were found to be more toxic than G2 PAMAM 
dendrimers, with toxicity thresholds of 3.6 µg/mL compared 
to 20 µg/ mL. Minocycline was the least toxic test substance; it 
caused a significant drop in cell viability at 200 µg/ mL, giving 
a toxicity threshold of 90 µg/ mL. This is in keeping with other 
studies which showed that dendrimer toxicity is size- and surface 
charge-dependent [6,19]. The haemolysing potential and the 
cytotoxicity observed in erythrocytes in creased with higher 
generation PAMAM dendrimers (G5 and G6). However, the initial 
positive Zeta potential value in water dropped to a negative 
value in cell culture media, which points to an interaction with 
cell culture media components. Increasing cationic charge at 
the surface of PAMAM dendrimers was proportionally toxic to 
Daphnia magna and rainbow trout gonad (RTG-2) cell lines [20]. 
Toxicity was also related to the Zeta potential of G4 to G6 PAMAM 
dendrimers in the culture media, indicating that toxicity was 
related to the surface properties (i.e., number of surface groups) 
of the nanoparticle. Although the Zeta potential decreased in 
aquarium water, there was no indication of aggregate formation 
and the dendrimers were shown to influence the innate immunity 
in zebrafish embryos exposed to G3 and G4 PAMAM dendrimers 
[21].

The sublethal effects of PAMAM dendrimers were also 
examined by monitoring HSP70 levels and GST activity (Figures 
3 and 4). For protein chaperone HSP70, the dendrimers tended 
to decrease HSP70 levels, with the exception of G4 dendrimers 
which increased their levels. The decrease in HSP70 levels 
occurred at the lowest tested concentrations of the G2 and G5 
PAMAM dendrimers. The lowest concentration of minocycline 
reduced HSP70 levels but with less potency than the dendrimers, 
however the decrease in HSP70 levels was dampened at 8 and 
40 µg/ mL. The activity of GST, a marker enzyme for oxidative 
stress and xenobiotic conjugation, increased in response to the 
lowest concentration of G5 PAMAM dendrimer and decreased at 
the higher dendrimer concentrations. G2 andG4 dendrimers and 
minocycline reduced GST activity, but G4 PAMAM dendrimer was 
more potent than the other dendrimers (G2 and G5) in reducing 
GST activity. Based on correlation analysis, the decrease in HSP70 
levels and GST activity was mostly associated with decreased cell 
viability. Cell viability was significantly correlated with HSP70 
(r = 0.52; p < 0.01) and GST activity (r = 0.45; p < 0.05) for G2 
PAMAM dendrimer. For G4 PAMAM dendrimer, cell viability was 
also correlated with HSP70 (r = -0.5; p < 0.01) and GST activity (r 
= 0.78; p < 0.001). GST activity was significantly correlated with 

Table 1: Physico-chemical characteristics of minocycline and, G2 and 
G5 dendrimers

Compound MW g/
mol Formula

# 
surface
groups

Diameter
(nm)

Zeta
Potential

Minocycline 494 C23H27N3O7 · HCl -- --

G2 PAMAM 3256
[NH2(CH2)2NH2]:(G 
= 2);
PAMAM(NH2)16

16 2.9 16.6

G4
PAMAM 14215

[NH2(CH2)2NH2]:(G 
= 4);
PAMAM(NH2)64

64 4.5 32.25

G5 PAMAM 28826
[NH2(CH2)2NH2]:(G 
= 5);
PAMAM(NH2)128

128 5.4 36

Figure 2: Change in cell viability in trout hepatocytes exposed to PAMAM 
dendrimers and minocycline. Rainbow trout were exposed to G2, G4 
and G5 PAMAM dendrimers and minocycline for 48 h at 15oC. The star 
* symbol indicates a significant difference from the controls at α<0.05.

HSP70 only after correcting against loss of cell viability (residuals) 
at r = 0.38 (p < 0.05), which suggests that oxidative stress was 
involved in HSP70 expression, in part at least. For the G5 PAMAM 
dendrimer, cell viability was significantly correlated with HSP70 
level (r = -0.45; p=0.01) and GST activity (r = 0.61; p < 0.001).
In the case of minocycline, cell viability was only correlated with 
GST activity (r=0.46; p=0.01). GST activity (corrected against cell 
viability) and HSP70 levels were significantly correlated at (r=-
0.66 (p < 0.001). Minocycline is recognized as having antioxidant 
properties in addition to bactericidal activity as shown by 
reduced lipid peroxidation in brain tissues [22]. In another study, 
GST induction by cypermethrin was prevented by minocycline 
inperipheral red blood cells in the rat [23].

To best of our knowledge, this is the first report on the influence 
of PAMAM dendrimers on HSP70 levels. Decreased expression 
of HSP70 could render cells less able to defend against changes 
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in protein scaffolding induced by nanoparticles. For example, 
strong expression of HSP70 occurred in trout hepatocytes 
exposed to aged cadmium-based quantum dots [24]. Induction 
of HSP70 was the strongest response to these nanoparticles and 
involved metallothioneins and labile zinc in cells, suggesting 
that the release of toxic cadmium ions was at play, at least. It is 
noteworthy that an increase in HSP70 was also associated with 
oxidative stress [25]. GST activity is a marker of oxidative stress 
as well as the conjugation of polar compounds. GST activity was 
marginally negatively correlated with HSP70 levels (r = -0.31; 
p=0.09) for the G4 PAMAM dendrimer, the only dendrimer that 
induced HSP70. Decreased GST activity could also result from 
the depletion of reduced GSH in cells undergoing oxidative stress 
[26]. Induction of HSP70 was also associated with oxidative 
stress in freshwater musselse xposed to zinc oxide nanoparticles 

[27] and in zebra fish embryos exposed to C60 fullerene [28]. In 
a study involving G4, G5 and G6 PAMAM dendrimers, increased 
production of reactive oxygen radicals and an increase in 
genotoxicity were observed in fish hepatocellular carcinoma cell 
lines [29].  The increase in HSP70 levels and the concomitant 
decrease in GST activity in hepatocytes exposed to G4 and G5 
PAMAM dendrimers maybe attributable to oxidative stress. This 
is consistent with the decrease in HSP70 levels in hepatocytes 
exposed to minocycline (known to act as an antioxidant), which 
was not related to decreased cell viability. In conclusion, PAMAM 
dendrimers were toxic to rainbow trout hepatocytes, with the G4 
and G5 dendrimersbeing 5 times more toxic than G2 dendrimer. 
The G4 and G5 PAMAM dendrimers increased the levels of HSP70, 
while the G2 dendrimersystematically reduced those levels. Only 
the G5 dendrimer was able to induce GST activity indicative of 
oxidative stress. Minocycline was less toxic to rainbow trout 
hepatocytes than the dendrimers and systematically reduced the 
levels of HSP70 and GST activity. 
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