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Polymeric nanomaterials, hybridized with lipid components, e.g. phosphocholine or fatty acids, are

currently being explored for efficient nano-platforms for hydrophobic drugs. However, their toxicology

and toxicokinetics need to be established before enabling their clinical potential. The aim of this study

was to investigate the toxicological profile of thiomer enveloped hybrid nanoliposomes (ENLs) and bare

nanoliposomes (NLs), loaded with docetaxel (DTX) hydrophobic drug, biocompatible nano-carriers for

therapeutic cargo. The in vitro toxicity of hybrid ENLs and NLs was evaluated towards the HCT-116 colon

cancer cell line. Biocompatibility was explored against macrophages and acute oral toxicity was examined

in mice for 14 days. The anticancer IC50 for ENLs was 0.148 μg ml−1 compared with 2.38 μg ml−1 for pure

docetaxel (DTX). The human macrophage viability remained above 65% and demonstrated a high level of

biocompatibility and safety of ENLs. In vivo acute oral toxicity showed slight changes in serum biochemi-

stry and haematology but no significant toxicities were observed referring to the safety of DTX loaded

hybrid ENLs. On histological examination, no lesions were determined on the liver, heart and kidney.

These studies showed that hybrid ENLs can serve as a safe and biocompatible platform for oral delivery of

hydrophobic drugs.

1. Introduction

During the last decade, unique physico-chemical properties
and biomedical advances in the fabrication of nano-carriers
(NCs) have provided remarkable applications in targeted drug
delivery, diagnostics and patient compliance.1–3 Despite the
numerous breakthroughs in nanostructured drug delivery
systems, their clinical applications are still limited by the
balance between biocompatibility and toxicity.4,5 Toxicity
arises because of the distinctive biodistribution profile, and
cellular and molecular interactions of NCs at unwanted sites.6

The cellular toxicity of nano-carriers depends on the type of
biomaterial, size, shape, composition, surface charge, and
surface chemistry.7 To advance the healthcare system with
nano-scale drug delivery platforms by optimizing synthetic
procedures, it is highly desirable to functionalize the surface
to enhance biocompatibility, and coupling with complemen-
tary targeting molecules for specific tissue distribution.8

Immune cells in the blood stream and tissues have a tendency
to engulf and eliminate the nanoparticles thus affecting their
distribution.9

Nanoliposomes (NLs) are among the most promising NC
systems that can carry different moieties simultaneously,
including drug and targeting moieties, and deliver them to the
target site overcoming the barriers associated with oral admin-
istration, intestinal absorption and the erratic pharmaco-
kinetic profile.10,11 These NLs have been much explored for
cancer therapeutics using hydrophobic drugs.12

Thiomers are thiolated polymers emerging as a novel class
of biomaterial as well as pharmaceutical excipients, which
offer improved intracellular uptake, mucoadhesion, and P-gp
inhibition to avoid efflux and thus result in improved oral bio-
availability and enhanced pharmacokinetics.13 Fabricating NLs
and thiomer enveloped NLs can provide a better therapeutic
profile of hydrophobic anticancer drugs; however, the sub-
sequent systemic toxicity and fate of NLs still need to be inves-
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tigated. Furthermore, NLs are occasionally found to be respon-
sible for initiating hypersensitivity reactions owing to the use
of surfactants in their synthesis.14 Following oral admini-
stration, the interaction of polymeric NCs with mucus during
penetration and with enterocytes during circulation may affect
the normal physiology and could turn into toxic manifesta-
tions. To date, most of the toxicological evaluations of NLs and
thiomer based NCs have been carried out by in vitro studies
using cell culture techniques resulting in in-consistent results
of in vivo studies, where the protein corona and organ
distribution substantially influence the pharmacology and
pharmacokinetics of NCs.7,15

In this study, we have explored the tissue distribution and
tissue specific toxicity of thiomer enveloped nanoliposomes
(ENLs), as potential NCs of docetaxel after oral administration.
ENLs and NLs were evaluated for their in vitro cellular inter-
action for anti-cancer drug delivery to in vivo toxicology, par-
ticle distribution and the effect on different organs in animal
models in the context of cytotoxicity, clinical biochemistry,
haematology, histopathological examination of major storage
organs and genotoxicity.

2. Experimental methods
2.1. Materials

Chitosan (LMW, degree of deacetylation 75–85%), thioglycolic
acid (TGA) 99%, 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide (EDAC), hydroxylamine, hydrogen peroxide, sodium
hydroxide, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
egg yolk choline, cholesterol, disodium dihydrogen phosphate,
sodium dihydrogen phosphate, glucose, sodium chloride,
sodium borohydride, potassium chloride, magnesium chloride,
trehalose, foetal bovine serum (FBS), penicillin, streptomycin,
sulforhodamine B and dialysis membrane (cut-off value 12 kDa)
were purchased from Sigma-Aldrich (Germany). Docetaxel (DTX)
was received as a gift from NovaMed Pharmaceuticals Pvt. Ltd.
All the solvents used were of analytical and HPLC grade.

2.2. Methods

2.2.1. Synthesis of nanoliposomes (NLs) and enveloped
hybrid nanoliposomes (ENLs). The synthesis of NLs and ENLs
was achieved in a three step process.16 Briefly, in the first step,
thiolated chitosan (Chito-TGA) was synthesized through EDAC
coupling,17 followed by the grafting of folic acid through EDAC
coupling to chito-TGA18 resulting in folate grafted thiolated
chitosan (FA-Chito-TGA). In the second step, docetaxel (DTX)
loaded NLs, composed of choline, DPPC, oleic Acid and chole-
sterol (4 : 2 : 2 : 2, w/w), were prepared by the thin film rehydra-
tion technique. The prepared NLs were coated with FA-Chito-
TGA to synthesize ENLs.

2.2.2. Physicochemical characterization of NLs and hybrid
ENLs. The synthesized NLs and hybrid ENLs were character-
ized for their encapsulation efficiency, particle size, zeta poten-
tial and surface morphology. Drug loading in NLs and ENLs
was determined through HPLC. The hydrodynamic size, poly-

dispersity (PDI) and surface zeta potential were measured
through a zetasizer nano (Malvern, Nano ZSP, UK). The surface
morphology of the NLs and hybrid ENLs was examined
through a scanning electron microscope (SEM) equipped with
a transmission electron detector (FEI Nova NanoSEM 450,
USA).19

2.2.3. In vitro cytotoxicity. In vitro cytotoxicity of NLs and
ENLs was screened through the sulforhodamine B (SRB) assay
using a colon cancer (HCT-116) cell line.20 Briefly, HCT-116
cells were seeded in a 96-well optiplate at a density of 3000
cells per well, suspended in 10% fetal bovine serum (FBS) and
incubated for 24 h in a humidified incubator with 5% CO2.
Thereafter, cells were fixed with 10% trichloroacetic acid repre-
senting the cell population at the time of treatment. The cells
were treated with a vehicle control (0.1% DMSO), DTX suspen-
sion and different concentrations of NLs and hybrid ENLs
equivalent to 10 µg, 5 µg, 2.5 µg, 1.25 µg, 0.625 µg, 0.312 µg
and 0.156 µg of DTX for 48 h. Blank NLs and hybrid ENLs
were used as the control. After incubation, the cells were again
fixed with 10% trichloroacetic acid followed by staining with
sulforhodamine B (0.4%, w/v) in 1% acetic acid solution.
Excess SRB was removed by using 1% acetic acid solution and
dye containing cells were lysed with 10 mmol Trizma base.
Absorbance was measured at 490 nm using a multi-plate
reader (PerkinElmer, USA). Untreated cells with 100% viability
were taken as the control and the cells without addition of SRB
were used as the blank to calibrate the instrument. IC50 values
for each formulation were calculated using Graphpad Prism
6.02 software. The results were obtained in triplicate and
expressed as mean ± SD.21

2.2.4. In vitro toxicity against human macrophages.
Macrophages, from fresh human blood (with volunteer
consent under the approved protocol from departmental
ethical committee under the protocol no. DFBS/216-266/
BEC-FBS-QAU-21), were separated using the ficoll–percoll puri-
fication technique.22,23 Briefly, macrophage isolation was
achieved using the ficoll–gastrografin gradient (density 1.070
g ml−1). Ficoll solution was prepared by dissolving 5.6 g ficoll
in 9.5 ml deionized water and 5 ml gastrografin to achieve a
density of 1.070 g ml−1. The fresh human blood (5 ml) was
diluted three times with Hank’s buffer salt solution (HBSS)
and carefully layered over ficoll–gastrografin solution and
centrifuged for 5 min at 400 G to separate the macrophage
layer. Afterwards, purification with the percoll gradient was
carried out. Percoll density (1.064 g ml−1) was achieved using
deionized water and 10× HBSS. The separated cells were sus-
pended in RPMI medium (10% FBS, 100 U ml−1 penicillin,
0.1 mg ml−1 streptomycin and 25 mM HEPES) and incubated
in 5% CO2. Viable cells were seeded in a 96-well plate (1 × 105

cells per well) and treated with different concentrations of
NLs, hybrid ENLs and vehicle control. Empty NLs and hybrid
ENLs served as the negative control and Triton X (1%) served
as the positive control to check the cytotoxicity of treatment.
After 24 h incubation, the cell viability was assessed with
trypan blue. The number of viable cells was counted and IC50

was calculated using graph pad prism software (version 6.02).
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2.2.5. In vitro haemolysis assay. Fresh human blood was
used for in vitro haemolysis assay as reported.24,25 The fresh
blood (with volunteer consent) was withdrawn and washed
thrice with sterile Dulbecco phosphate buffer saline (PBS). The
RBCs were pelleted out after each washing at 150 G for 5 min
and the supernatant was discarded. The final pellet was
diluted 9 times (v/v) with sterile PBS. Afterwards, 100 µL of
RBC suspension per well was seeded in a 96-well plate. RBCs
were treated with different concentrations of NLs and ENLs.
Empty NLs and hybrid ENLs served as the negative control
and Triton X (1%) served as the positive control to check
haemolysis induced by the formulations. After 24 h incubation,
the absorbance was measured at 570 nm using a multiplate
reader (PerkinElmer, USA). Haemolysis percent induced was
calculated using the formula:

%haemolysis ¼ðabsorbance of sample� absorbance of negative

controlÞ=ðabsorbance of positive control
� absorbance of negative controlÞ:

2.2.6. In vitro micronucleus assay. Fresh peripheral blood
(with volunteer consent) was collected in heparinized sterile
vials (BD Vacutainer). Triplicate blood cultures were set up by
diluting 0.6 ml blood in 9.4 ml RPMI media containing 10%
FBS, penicillin, streptomycin and HEPES buffer solution.
Phytohemagglutanin (PHA) solution (4%) was added to the
culture and incubated for 48 h at 37 °C with gentle shaking to
stimulate lymphocyte growth. After incubation for 48 h, cul-
tures were treated with NLs and ENLs (500 µg ml−1) followed
by further 24 h incubation. Binucleated lymphocytes were
arrested by replacing the supernatant with fresh RPMI media
having cytochalasin-B (cyt-B) at a final concentration of 6 µg ml−1.
After 4 h of incubation, the culture was centrifuged at 300 G
for 10 min and the supernatant was carefully replaced with
pre-warmed (37 °C) mild hypotonic solution (0.075 KCl) and
incubated for 4 min. Thereafter, the lymphocytes were
harvested using ice-cold Carony’s fixative (methanol : glacial
acetic acid; 3 : 1). The culture was centrifuged at 300 G and the
pellet was re-suspended in Carnoy’s medium and gently
mixed. The process was repeated twice and the suspension
was refrigerated for 3 h prior to slide preparation. The slides
were prepared by placing a single drop of suspension and air
dried for 1 h, followed by staining with Giemsa (4% in PBS)
and acridine orange (0.125 mg mL−1 PBS) for 10 min. After
that, the slides were washed with PBS and air-dried.26 The
prepared slides were stored for in vitro micronucleus assay by
observing 1000 bi-nucleated cells on each slide blindly.

2.2.7. Acute oral toxicity. Acute oral toxicity of NLs and
hybrid ENLs was evaluated in mice for 14 days following OECD
425 guidelines. The in vivo studies were proceeded as per the
approved guidelines of the Bio-Ethical Committee of Quaid-i-
Azam University Islamabad, Pakistan (Protocol No. DFBS/216-
266/BEC-FBS-QAU-21). Healthy, female Swiss albino mice,
weighing 30 ± 5 g and 8–10 weeks aged, were obtained from an
animal house. Mice were divided into 5 groups, each having
6 mice and were kept under standard conditions of food and

water in a controlled environment. The group 1 was adminis-
tered with a DTX suspension, group 2 with NLs, group 3 with
hybrid ENLs, group 4 with empty hybrid ENLs and group
5 with normal saline, which served as a control. The dose
(20 mg kg−1) was administered orally through gavage. The
mice were kept under observation for 24 h for any change in
weight and visual observations for mortality, behaviour pattern
(fur and skin, consistency of faeces, urination colour, sali-
vation, eyes, respiration, sleep pattern, mucous membrane,
convulsions, and coma), physical appearance changes and
signs of illness were conducted daily throughout the week. The
same procedure was repeated to complete three cycles of oral
administration.27 After 14 days, the mice were sacrificed for
serum biochemistry and tissue histology studies.28

2.2.7.1. Serum biochemistry analysis. After 14 days, serum
biochemistry analysis was carried out to assess the toxicity
induced by NLs and hybrid ENLs. Blood from each mouse was
drawn through cardiac puncture into a sterile vial. The blood
was centrifuged at 1200 G for 10 min to separate plasma. The
supernatant was carefully removed and stored at −20 °C.
Liver function tests (LFTs) including ALP, SGPT, SGOT and
bilirubin, renal functions tests (RFTs) including urea and
creatinine, serum electrolytes (Na, Mg, Ca and P), glucose, and
total protein were carried out using the serum.

2.2.7.2. Haematology analysis. Haematology analysis was
performed on the other part of blood collected in a hepari-
nized vial through cardiac puncture from each mouse.
Haematology parameters i.e. the number of red blood cells
(RBCs), red cell distribution width (RDW), and haemoglobin
distribution width (HDW), mean corpuscular volume (MCV),
mean corpuscular haemoglobin (MCH), mean corpuscular
haemoglobin concentration (MCHC), packed cell volume
(PCV), haemoglobin concentration (Hb), hematocrit (HCT),
platelet count (PLT), and mean platelet volume (MPV) were
measured. In addition, the number and percentage of neutro-
phils, monocytes, lymphocytes, eosinophils, and basophils
were also measured using a haematology autoanalyzer,
Mindrey, BC 2800VET.29

2.2.7.3. Organ to body ratio. Change in organ weight was
measured for toxicity evaluation of the test formulation after
exposure for a specific time. The vital organs (heart, kidneys
and liver) were removed from mice after being sacrificed,
washed with normal saline and weighed individually. The
weights of organs from treated groups were compared with the
control group and the body mass index was calculated using
the formula.27,30

Organ� body weight indexð%Þ
¼ Wet organweight=Body weight � 100:

2.2.7.4. Histopathology of vital organs. The washed vital
organs (liver, kidney and heat) were macroscopically examined
for any abnormalities or lesions against the control.
Afterwards, the organs were stored in 10% formalin solution.
The organs were fixed in paraffin blocks and sections (0.5 µm)
were cut carefully using a rotary microtome and fixed on a
glass slide followed by staining with hematoxylin and eosin

Paper Toxicology Research

816 | Toxicol. Res., 2017, 6, 814–821 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 2
4 

Ju
ly

 2
01

7.
 D

ow
nl

oa
de

d 
by

 R
SC

 I
nt

er
na

l o
n 

25
/0

5/
20

18
 1

0:
29

:3
1.

 
View Article Online

http://dx.doi.org/10.1039/c7tx00146k


periodic acid Schiff (PAS). The sections were microscopically
examined for any toxic effects produced by the nano-cargo.31

2.2.7.5. Tissue distribution analysis. Tissue distribution of
DTX loaded NLs and hybrid ENLs was analysed using tissue
homogenates from different groups. Briefly, a weighed amount
of chopped organ (liver, kidneys and heart) was mixed with
1 ml normal saline (0.9% w/v) and homogenized. To this, 1 ml
mobile phase was added to extract the drug from tissues and
the mixture was further sonicated for 15 min followed by
centrifugation at 5000 G for 10 min. The supernatant was care-
fully separated and analysed using the HPLC method pre-
viously developed for DTX quantification in plasma samples.

2.2.8. Statistical analysis. All the results were generated
using two-way analysis of variance (ANOVA) to compare the
results of different treatments with NLs, hybrid ENLs and
DTX. The results were further analyzed with Tukey’s test and
student’s t-test with the level of significance p < 0.05. All the
results are presented as mean ± standard deviation (S.D.).

3. Results and discussion
3.1. Synthesis and physicochemical characterization of NLs

NLs and ENLs were synthesized and loaded with DTX through
thin film rehydration followed by coating of FA-Chito-TGA on
NLs through electrostatic interaction between the anionic NLs
and cationic polymer (FA-Chito-TGA). This was further
confirmed by the change in the zeta potential from −24.40 ±
3.55 mV to +19.77 ± 5.18 mV, after coating. The hydro-
dynamnic size of NLs calculated was 227.39 ± 7.88 nm, which
slightly increased to 306.50 ± 8.44 nm. The polydispersity of
both formulations was observed below 0.2, indicating the
fairly uniform size of the particles. This uniformity was also
evident through SEM analysis (Fig. 1a & b). The encapsulation
efficiency of the formulations was found to be 84% for hybrid
ENLs.

Charge density and polarity play an important role in
inducing cytotoxicity.32 Cationic particles induce cytotoxicity
via membrane damage, whereas anionic particles cause intra-
cellular damage after uptake.33 Generally, cationic particles are
considered more toxic compared to the anionic particles of the
same size and chemistry. Phagocytic cells preferentially inter-

act with anionic particles and engulf them as foreign particles
e.g. bacteria that have negative charge. This results in higher
cytotoxicity of anionic particles compared to the cationic
particles.34 Free amino groups of polymers play a vital role in
the magnitude of toxicity produced by cationic nano-
particles.35 Primary amino groups of chitosan were neutralized
due to covalently attached thioglycolic acid and folic acid,
which reduced the toxicity of cationic ENLs.36

3.2. In vitro cytotoxicity

The in vitro cytotoxicity of NLs and ENLs against human colon
cancer cells HCT-116 was compared with that due to pure DTX
at different concentrations to scan for IC50. HCT-116 cells have
over-expressed folate receptors,37 which could be targeted
through folate decorated ENLs. SRB assay was performed
using HCT-116 and the results are shown in Fig. 2. Pure DTX
being hydrophobic in nature has difficulties in crossing the
cell membrane and showed a relatively higher IC50 value of
2.38 µg ml−1. NLs and ENLs showed improved cell interaction
and a lower IC50 i.e. 0.532 and 0.148 µg ml−1, respectively.
ENLs possessed the highest cytotoxicity owing to the surface
grafting of folic acid, which facilitated particle attachment and
subsequent internalization. The ENL control (without the
drug) remained unreacted toward HCT-116 with no significant
cytotoxicity at almost every concentration.

3.3. In vitro haemolysis assay

In vivo haemolysis may result in jaundice, anemia or other
pathological conditions.38 Thus, blood compatibility is of
prime concern for nanoparticles because of their initial inter-
action with blood components and blood cells resulting in
toxic haemolysis.39 In vitro haemolysis assay was performed on
human blood to study the haemolytic profile of NLs and ENLs.
Fresh human RBCs were treated with different concentrations
of DTX suspension, NLs, ENLs and ENL control (without the
drug) to examine the concentration dependent response on
percentage haemolysis. The results indicated that the pure
drug was highly toxic even at the lowest concentration used
(Fig. 3a). In contrast, the ENLs reduced the haemolytic effect
of DTX at all concentrations indicating the improved bio-
compatibility with RBCs resulting in decreased haemolysis.
The ENL control showed that formulations along with all the
ingredients were biocompatible. IC50 for ENLs and ENL

Fig. 1 (a) SEM images of the synthesized ENLs and NLs.

Fig. 2 In vitro toxicity studies of NLs and ENLs loaded with DTX against
the HCT-116 cell line using SRB assay. The ENL control was used to
check the toxic potential of formulations alone. IC50 values were calcu-
lated to be 0.532 and 0.148 µg ml−1, respectively, for NLs and ENLs.
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control was calculated to be 164.2 and 487.3 µg ml−1, respect-
ively, that demonstrated a high therapeutic window with these
NLs.

3.4. In vitro toxicity against human macrophages

Nanoparticles, having plasma proteins adsorbed on them, are
readily engulfed and cleared by the immune system as they
reach systemic circulation. However, this clearance is highly
dependent on certain properties like the particle size, surface
charge and hydrophilicity/hydrophobicity.40 These character-
istics of nanoparticles influence the interaction with plasma
proteins which, after being adsorbed on the surface, form
bridges between particles and immune cells. Thus, particles
with high surface potential and polarity have a long circulating
life and the least interaction with macrophages.41 To assess
the compatibility and potential toxicity of DTX loaded NLs and
ENLs, an in vitro assay with human macrophages was per-
formed with different concentrations of DTX and DTX loaded
NLs and ENLs. The results (Fig. 3b) demonstrated that at
higher concentrations, the NLs and ENL control were able to
reduce the cytotoxicity of DTX towards macrophages. At higher
concentrations (<150 µg), NLs and ENLs showed toxicity
towards macrophages due to their engulfment and increased
DTX internalization. ENLs showed the least cytotoxicity, owing
to surface modification with folic acid labelled thiomers. The
ENL control was used to evaluate that the carrier only induced
cytotoxicity. The results showed that at the highest concen-
trations, the cell viability remained above 65% indicating the
biocompatibility of all the materials used and ENLs themselves
(Fig. 3b). The LD50 values of ENLs and ENL control were found
to be 113.4 and 341.2 µg ml−1, respectively. The high IC50 of
hybrid ENLs showed their higher biocompatibility and safety.

3.5. Tissue distribution

Tissue distribution and drug accumulation in organs are key
factors in producing off-target effects. NPs have the ability to
penetrate deep into tissues, which is highly dependent on the
particle size and surface properties. As reported earlier, the
mean plasma concentration–time profiles of NLs and ENLs
with DTX in mice were quite similar to those previously

reported,16 both indicating that NLs and ENLs produced
higher plasma concentration than pure DTX in 2–3 h followed
by oral administration. Moreover, they remained in plasma for
>96 h after a single dose, which indicated the presence of NLs
and ENLs in tissues and attached to plasma proteins with sus-
tained release of DTX for up to 96 h. The similar distribution
patterns for both formulations demonstrated that thiomer
coating did not alter the tissue distribution behavior of DTX in
mice significantly. Followed by administration of NLs and
ENLs, the amount of DTX was the highest in the liver between
3–4 h and then it dropped quickly at 4–6 h due to the rapid
metabolism of DTX by the liver microsome implicated
cytochrome P450 enzyme system. DTX was quantified in vital
organs using HPLC (Fig. 4a), which showed the least amount
of drug in the liver and kidney with ENLs compared to NLs
and DTX, which showed the maximum amount of drug.

3.6. Acute oral toxicity

The in vivo toxic potential of NLs and ENLs was evaluated in
female Swiss albino mice. Formulations were orally adminis-
tered at a relatively higher concentration of 50 mg kg−1. The
mice showed normal signs for the skin, fur, behavioural pat-
terns and digestion during the first 24 h of administration that
prevailed throughout the week. No mortality and significant
change in body weight was observed throughout the course of
the study. After 14 days, the blood was collected in sterilized
vials depending upon the analysis to be performed and the
mice were euthanized to collect different organs for further
studies.

3.6.1. Organ to body index. After 14 days of treatment, the
organ to body index was calculated for vital organs including
the kidney, liver and heart. The organs were carefully removed
from the euthanized mice and washed with normal saline.

The relative organ to body index of each organ was com-
pared with the control (Fig. 4b). The decrease in liver weight
was observed with all the treatments in which DTX showed a
slightly increased effect compared to NLs and ENLs, whereas
the ENL control showed a little change in the weight of the
liver. The kidneys showed no significant weight change after
treatments. The heart remained unaffected with all the treat-
ments showing no toxic effects of formulations towards
cardiac muscles.

3.6.2. Serum biochemistry and haematology. The effect of
the DTX suspension, DTX loaded NLs, ENLs and ENL control

Fig. 3 In vitro biocompatibility studies of NLs and ENLs at different
concentrations to determine toxicity against (a) red blood cells via the
haemolysis assay and (b) macrophages via the MTT assay.

Fig. 4 (a) Organ drug quantification using HPLC analysis showing the
DTX concentration after 14 days, (b) organ to body weight index of
control, NLs and ENLs treated mice after 14 days of oral treatment.
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on serum biochemistry and haematology was assessed. Liver
function tests (LFTs) shown in Fig. 5a describe its functionality
through the albumin level which was not influenced by treat-
ment. Cellular integrity of the liver is depicted in trans-
aminases (SGPT), which are produced within liver cells.42 The
higher blood level of SGPT indicates cell damage or necrosis
leading to leakage of this enzyme in blood. An increased level
of SGPT was observed with DTX and DTX loaded ENLs com-
pared to the control that remained within the acceptable
limits. However, it was less affected by the ENL control.
Cellular integrity and its link with the bile duct are represented
by ALP, which is one of the characteristic findings of chole-
static liver disease. The ALP level was increased with all the
treatments suggesting some obstruction in the bile duct.
Hybrid ENLs decreased the ALP level compared to the control.
The bilirubin level did not represent any significant changes.
The liver is the prime source of all serum proteins and any
change in total protein is an indicator of liver abnormality.
The total protein content, however, remained unaffected with
NLs and ENLs. The effect of the ENLs and ENL control on
LFTs was significant (P < 0.005) compared to DTX, revealing
the compatibility of ENLs.43,44

The effect on the kidney was assessed through RFTs. The
results in Fig. 5b showed no significant deviation from the
reference values of RFTs. The creatinine level remained
unaffected with all the treatments. However, BUN was
increased with NLs compared to the control, which remained
within the reference range. Serum electrolytes (Na, Ca, Mg and
P) were assessed to investigate any other toxicity induced
during the treatments. The results (Fig. 5c) revealed a slight
increase in Na level with the maximum increase in the case of
NLs compared to the control but the values were below the
reference range (140–160 mEq L−1).

The levels of Ca, Mg and phosphate were slightly decreased
compared to the control yet they were within the limits. The
influence on serum glucose and cholesterol was also assessed.
The results showed a decrease in cholesterol and glucose levels
in all groups compared to the control (Fig. 5d).

The critical task in drug nanocarrier systems is to ensure
their biocompatibility once they come into contact with blood/
organs. Inflammatory response is most likely to occur, depend-
ing upon the level of their incompatibility.45 To check the bio-
compatibility of NLs and ENLs with blood and its components,
complete blood count (CBC) was performed and the results
are shown in Table 1.

The results revealed that the DTX suspension destroyed
RBCs resulting in a decreased RBC count, which in turn led to
a decreased Hb level. DTX loaded NLs and ENLs showed
haemolysis but that was less compared to pure DTX. Moreover,
the ENL-control showed negligible haemolysis. Neutropenia is
one of the side effects of DTX that was mitigated by encapsu-
lating DTX inside NLs and ENLs. The ENL control didn’t show
a significant effect on WBCs. The other parameters (MCV,
MCH, PCV, PDW %) were also monitored. Previously, similar
results were observed in the case of lipid emulsified DTX.46

There were slight changes in the values but no significant
change was observed declaring the safety of DTX loaded ENLs.

3.6.3. Tissue histology. The functional biochemical
analysis was coupled with tissue histological studies as they
are helpful in the anatomical localization of toxicity induced
by the treatment. The histological slides of the heart, liver and
kidney were prepared through microtomy and stained slides
were examined for structural changes and lesions in tissues.
The liver cells in the control were observed to be round and
polygonal with a clear nucleus as shown in Fig. 6b. Slight

Fig. 5 Serum biochemistry analysis of mice plasma after acute oral
treatment with DTX, NLs and ENLs compared with the control to
monitor changes in (a) LFTs; (b) RFTs; (c) electrolytes and (d) glucose,
cholesterol and total protein, induced after treatment due to the metab-
olism of formulations or drug. The results are presented as mean ± S.D.
of triplicate.

Table 1 The effect of DTX, NLs, ENLs and ENL control on the CBC of mice. The results are presented as mean ± S.D. of triplicate

Blood parameter Control DTX NLs ENLs-control ENLs

RBC (1012/L−1) 9.02 ± 2.13 7.42 ± 2.75 8.35 ± 2.54 7.95 ± 2.79 8.96 ± 2.51
MCV(fL) 56.41 ± 5.21 53.57 ± 5.94 55.46 ± 6.76 54.59 ± 5.83 54.84 ± 4.76
MCH (pg) 15.53 ± 2.65 15.54 ± 2.76 15.44 ± 3.65 18.69 ± 4.33 15.94 ± 3.65
PCV (%) 48.02 ± 7.53 47.71 ± 3.76 47.88 ± 8.32 48.17 ± 6.72 47.93 ± 5.77
Hb (g dL−1) 14.15 ± 3.65 12.87 ± 2.65 14.63 ± 3.52 13.66 ± 3.65 13.94 ± 3.65
WBC (109/L) 15.56 ± 4.21 14.45 ± 3.65 14.49 ± 3.76 15.01 ± 2.54 14.85 ± 4.23
Platelets 109/L 753.33 ± 34.54 702.66 ± 65.87 733.66 ± 56.29 737.33 ± 65.82 741.66 ± 68.66
RDW (%) 16.07 ± 3.12 17.58 ± 3.54 16.69 ± 4.28 17.46 ± 3.65 17.34 ± 3.55
MPV (fL) 6.75 ± 1.67 7.45 ± 1.43 6.63 ± 1.69 7.49 ± 1.65 7.33 ± 2.43
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changes in cellular morphology with the appearance of fatty
globules were observed in liver slides (Fig. 6, b1–3) treated
with formulations.

No changes were observed in heart histology compared to
the control as shown in Fig. 6, a1–3. The histological exami-
nation of kidneys (Fig. 6, c1–3) did not show any evident
change in the cellular morphology supporting the safety of
ENLs due to renal clearance.

3.7. Genotoxicity studies

Genotoxicity can be assessed with the end point of chromoso-
mal anomaly using rodent micronucleus (MN) assay. Both the
in vitro and in vivo micro-nucleus assays are used for this
purpose, whereas the in vivo micro-nucleus assay is most
widely used to check the genotoxic potential of chemicals in
the animal body. In the current study, genotoxicity was
expressed in percent of micronuclei per 1000 binucleated cells
and is presented in Table 2. For the cytokinesis blocking MN
assay, 1000 bi-nucleated cells per slide with a well-preserved
cytoplasm were examined against each treatment. The results
in Table 2 showed that the means of MN produced by ENLs
compared to the vehicle control and positive control were very
low and the results were statistically significant (p < 0.05) in
revealing that the ENLs were non-genotoxic. Cells were stained
with acridine orange (Fig. 7(a & b)) showing no effect of ENLs
compared to the positive control (Fig. 7c).

4. Conclusion

The toxicity profile of nanomaterials is one of the crucial con-
cerns to address and thus unlock their clinical potential. The
present work revealed that both NLs and ENLs possessed
limited cellular toxicity at lower doses compared to higher
doses. In the rodent animal model, vital organs including the
kidney and heart remained significantly unaffected with all
the tested formulations, but the ENL control showed a slight
effect on the liver. The functional biochemical and haemato-
logy analysis data also confirmed the biocompatible potential
of ENLs. The ENL control (the carrier) displayed 6.8-fold
decreased genotoxicity (p < 0.05) in the human lymphocyte
cells compared to the positive control. These encouraging
cellular and rodent animal data indicate that ENLs are
expected to be promising biocompatible nano-cargo for future
clinical applications.
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