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Introduction
The nanomedicine is a new field in medicine 

which applies nanomaterials and nanodevices in 
therapy and diagnostics (1). These nanometer scale 
materials and devices are achieved due to the prog-
ress of nanotechnology. Nanoparticulate drug de-
livery systems could protect unstable drugs by en-
capsulation in polymer matrix, e.g. to prevent deg-
radation of peptides and proteins that often have 
short half-lives in vivo. In addition, development 
of nanoparticulate systems with appropriate physi-
co-chemical properties could improve the pharma-
cokinetics of loaded drug. Antitumor, antimicrobi-
al, vaccine and gene delivery could be achieved 
with nanoparticles avoiding the undesirable side 
effects of the current therapeutics. Despite of the 
advantages, nanoparticulate systems could cause 
adverse health effects due to reactivity, accumu-
lation, genotoxicity etc. The present review will 
consider some of the recent types of nanoparticles 
as well as toxicity studies evaluating their safety 
profiles.

 Nanoparticulate drug delivery systems
Development of nanoparticulate drug delivery 

systems is one of the new directions in pharmaceuti-
cal technology. Depending on the structure nanopar-
ticulate systems could be classified as nanospheres, 
nanocapsules, polymeric micelles, dendrimers, lipo-
somes, inorganic nanoparticles etc. The present re-
view will be focused on polymeric micelles and inor-
ganic mesoporous silica nanoparticles. 

Polymeric micelles
Polymeric micelles are dynamic aggregates, usu-

ally between 10 and 100 nm, based on amphiphilic 
copolymers. The amphiphilic nature provides their 
specific structure consisting of inner core and outer 
shell. The core is formed from hydrophobic segment 
of the amphiphilic copolymer, whereas the shell is 
made from hydrophilic segments (Fig. 1). Thus, the 
amphiphilic copolymers could self-assembly in aque-
ous medium at specific concentration, called critical 
micellar concentration, which for copolymers is low-
er than the concentration for low molecular surfac-
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tants. The hydrophobic micellar core could load hy-
drophobic drug usually due to hydrophobic interac-
tions. This capacity is of a big importance taking in 
account that many drugs of interest are hydrophobic 
(Table 1). The hydrophilic shell provides stability of 
the structure in aqueous media. In addition, some hy-
drophilic segments could stabilize micelles against 
opsonization, ensuring their longer circulation after 
parenteral administration. 

Drug Polymeric carrier Loading method Ref.

Amphotericin B Stearic acid esters of poly(ethylene oxide)-block-
poly(hydroxyethyl l-aspartamide) and poly(ethylene 

oxide)-block-poly(hydroxyhexyl l-aspartamide)

- 2

Cyclosporine A mPEO-b-poly(ε-caprolactone) Dialysis 3

Doxorubicine Poly(acrylic acid)-b-poly(N-isopropylacrylamide) Dialysis 4

Docetaxel Pluronic P123 Film hydration 5

Paclitaxel Poly(ε-caprolactone)-poly(ethylene glycol)-poly(ε-
caprolactone)

Dialysis 6

Paclitaxel Pluronic F38 Solvent evaporation 7

ETOPOSIDE mPEG-b-poly(ε-caprolactone) Nanoprecipitation 8

Methotrexate Pluronic P105
Pluronic F127

Film hydration 9

Budesonide Poly(ethylene oxide)-b-poly(n-butyl acrylate)-b-
poly(acrylic acid) 

Dialysis 10

Disulfiram Pluronic F38 Solvent evaporation 11

Curcumin Poly(2-(dimethylamino)ethyl methacrylate)-co-
poly(ε-caprolactone)-co-poly(2-(dimethylamino)ethyl 

methacrylate)

Dialysis 12

Typically, hydrophobic segments in amphiphilic 
copolymers are poly(lactic acid), poly(ε-caprolac-
tone), poly(propylene oxide) etc. Indeed, biode-
gradable polymers are preferred due to low toxici-
ty of monomeric products as well as overcoming of 
elimination problems. As hydrophilic segments are 
used polyethylenglycol (PEG), poly(acrylic acid), 
poly(N-isopropylacrylamide), poly(2-(dimethylami-
no)ethyl methacrylate) etc. The properties of the hy-

Figure 1. Structure of polymeric micelles with loaded hydrophobic drug.

Table 1. Examples for hydrophobic drugs loaded in polymeric micelles.
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drophilic segment determine important features of 
micellar corona, e.g. resistance against opsonization, 
pH-sensitivity etc. These characteristics of micellar 
core and corona make micelles attractive as drug de-
livery systems.

Among the various types of polymeric micelles, the 
micelles based on poly(ethylene glycol)-b-poly( ami-
no acid) block copolymers are attractive drug delivery 
systems that have entered in clinical investigation (13, 
14). These copolymers possessed biocompatibility and 
biodegradation of the peptide core due to enzymes ac-
tivity. The main goal of these micelles is anticancer 
delivery, e.g. loading with paclitaxel. The toxicity of 
clinical formulations of Taxol is associated with the 
toxicity of the additives, in particular Cremophor EL. 
A recent study compared cytotoxicity of new micelles 
based on poly(ethylene glycol)-block-poly(γ-propar-
gyl-glutamate) and Cremophor EL on HeLa cell line 
(15). The important consideration is that the PEG-
PPLG copolymeric carrier did not show cytotoxicity 
up 0.5 mg/ml comparing to the mixture of Cremophor 
EL and ethanol.     

Other copolymers used widely as micellar car-
rires are the triblock copolymers poly(ethylene ox-
ide)–b-poly-(propylene oxide)–b-poly(ethylene 
oxide) (PEO–PPO–PEO) (Pluronic). They possess 
many important advantages like carriers, e.g. longer 
circulation due to the protein repealing PEO-shell, 
abiliy of PPO-core to solubilize water-insoluble 
drugs, inhibition of P-glycoprotein etc. However, 
one of the limitations is the eventual instability upon 
dilution at physiological conditions. In this view, the 
interesting approach providing higher stability of 
Pluronic micelles is the cross-linking of micellar core 
with appropriate agent (7). The cytotoxicity and he-
molysis studies of Pluronic copolymers have demon-
strated their biocompatibility (16, 17).  

Cationic copolymers are another attractive 
group of micellar carriers, due to the capacity to 
interact with cell membranes and to be used for 
gene delivery. Usually the cationic micellar shell 
is composed from polyethylenimine (PEI) or 
poly(2-N,N-dimethylaminoethyl methacrylate) 
(PDMAEMA). However, for both cationic seg-

Figure 2. Structure of different types of mesoporous silica.
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Drug Carrier Aim Ref.

Insulin
Cyclic adenosine 
monophosphate

MCM-41-type GLUCOSE-RESPONSIVE 
CONTROLLED RELEASE 

OF INSULIN AND 
CYCLIC AMP

21

Doxorubicin Polyethyleneimine-mesoporous 
silica

Dual delivery of Dox and 
siRNA

22

Captopril SBA-15 Maintaining effective plasma 
concentration

23

Carvedilol MCM-41/ SBA-16 Dissolution-enhancing effect 24

Camptothecin Iron-oxide-core and 
mesoporous silica shell

Photosensitive and 
magnetic drug delivery 

25

N-acetyl-L-cysteine Mesoporous silica Intracellular delivery of 
NAC for the treatment of 

neuroinflammation

26

Resveratrol MCM-41/ KIL-2 Dissolution-enhancing effect 27

Budesonide Carbopol coated MCM-41 Bioadhesion of nanoparticles 
and longer residence on 

inflamed intestinal mucosa

28

Docetaxel Lactosaminated mesoporous 
silica

Asialoglycoprotein receptor 
targeted drug delivery

29

ments toxicity was considered. Different parame-
ters like molecular weight, structure and binding 
of other monomers were found to influence their 
toxicity (18). Recently, our investigations showed 
that the presence of short PDMAEMA segments in 
copolymeric micelles led to absence of cytotoxici-
ty in K-562 and U-266 cell lines as well as absence 
of oxidative stress after intraperitoneal administra-
tion to rats (12).

Study has evaluated cytotoxicity of polymer-
ic micelles and their degradation products in L929 
mouse areolar/adipose fibroblasts (19). The group 
observed no cytotoxicity of micelles and their degra-
dation units, in particular mucic acid, hexanoic acid, 
PEG 5000, 1,1,1-tris(4-hydroxyphenyl)ethane and 
2,3,4,5-tetrakis-hexanoyloxy-hexanedioic acid. 

Mesoporous silica nanoparticles
These nanoparticles are formed by amorphous 

silica dioxide, which is polymerized in the presence 
of surface active agents at critical micellar concen-
tration. Usually, cetyltrimethylammonium bromide 
(CTAB) and poly(ethylene oxide)-b-poly(propylene 
oxide)-b-poly(ethylene oxide)  (Pluronic) are applied 

as surfactants. After removal of the template build 
from surfactant, mesoporous structure consisting of 
ordered cylindrical pores is achieved.

The evaluation of mesoporous silica as drug de-
livery systems started with the study related to load-
ing of ibuprofen in mesoporous silica nanoparticles 
MCM-41 (20). Another mesoporous silica material 
that is used for preparation of drug loaded nanoparti-
cles is SBA-15. The common feature of both carriers 
is their hexagonal geometry whereas the difference 
is in pore diameter. In particular, the pore diameter 
of MCM-41 type is between 1.5-10 nm, whereas of 
SBA-15 type is 6-30 nm (Figure 2). 

Depending on the pore diameter as well as the 
functionality of the pore walls, various drug mol-
ecules could be loaded into mesoporous silica 
nanoparticles (Table 2). Further, the release rate 
could be controlled by bonding between drug func-
tional groups and those of the mesoporous silica car-
rier. Another possibility for control of drug release 
rate is by polymer coating of nanoparticle surface or 
specific (e.g. pH-sensitive) blocking of the pores. All 
these approaches make these nanoparticles attractive 
as drug delivery systems.  

Table 2. Examples for various drugs loaded in mesoporous silica nanoparticles.
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Different mechanisms were considered regarding 
cytotoxic effects of silica nanoparticles as carriers, 
e.g. lysosomal destabilization (30), mitochondrial 
membrane damage (31, 32) etc. A recent study of 
Nabeshi et al. (33) reported the evaluation of cytotox-
icity of non-modified, amino- and carboxyl-modified 
silica nanoparticles (approximate diameter 70 nm) 
on a murine macrophage cell line (RAW264.7). The 
authors found that the amino- and carboxyl-modi-
fied  silica nanoparticles had no cytotoxic effect up 
to concentrations of 1000 μg/ml, whereas non-mod-
ifed showed the highest cytotoxicity (EC50 = 121.5 
μg/ml). The authors observed different intracellular 
location of the nanoparticles, with non-modified ap-
pearing in the nucleus, which further eventually in-
duce inhibition of cell proliferation.  

Recent study has reported toxicity of mesoporous 
silica nanoparticles (110 nm) after intravenous, hy-
podermic, intramuscular injection and oral adminis-
tration to mice (34). Histological observation of the 
duodenum, jejunum, ileum, Peyer’s patches and the 
mesenteric lymph node after oral administration re-
vealed that silica particles did not provoke damage. 
Similar biocompatibility was found after intravenous 
application. Hypodermal and intramuscular adminis-
tration caused damage to the muscle and hypodermic 
tissues. In other studies, in vitro data demonstrated 
lower cytotoxicity, reduced inflammatory response 
and apoptosis of mesoporous silica nanoparticles 
compared to colloidal silica nanoparticles with the 
same  size (100 nm) (35). Specific surface area of 
both types of nanoparticles was 40 and 1150 m2/g 
for colloidal silica and mesoporous silica. The au-
thors concluded that the pore architecture of silica 
nanoparticles greatly influences their biocompati-
bility. Further in vivo studies (in mice) revealed that 
mesoporous silica caused damage in systemic im-
munity through the dysregulation of the spleen (36). 
The shape of mesoporous silica nanoparticles also 
influenced biocompatibility since the research group 
observed shape-dependent renal damage during ex-
cretion of mesoporous silica nanoparticles (37).

Mesoporous hollow silica nanoparticles are new 
class of these type of nanoparticles that attract in-
terest as drug delivery systems. Recently, single and 
repeated dose toxicity evaluation was carried out for 
mesoporous hollow silica nanoparticles (110 nm) in 
mice (38). Dosing of 20 mg/kg for 14 days contin-
uous administrations did not cause abnormalities of 
any organs like liver, spleen and kidney, however 
higher dose (40 mg/kg) caused liver lesions. No tox-
icity was observed in liver, spleen, lung and kidney 

in mice injected with 40 and 160 mg/kg single dose. 
The authors found that the particles accumulated 
mainly in mononuclear phagocytic cells in liver or 
spleen and could be excreted in 4 weeks.

conclusion
Both the polymeric micelles and the mesoporous 

silica nanoparticles are attractive carriers for drug 
delivery. Future studies on their safety profiles will 
contribute for their reception in clinical use.
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