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Introduction

Nanoparticles are defined as particles with the size in the 
range of few nanometers to 1000 nm. These nanoparticles 
can be distinguished as: (i) nanospheres which comprises of 
solid sphere where the drugs can either be entrapped inside 
the matrix or bound onto the surface and (ii) nanocapsules 
which consists of a solid outer covering and inner liquid 
core, the drug can either be encapsulated inside the core 
or simply attached to the outer surface (Figure 1; Nimesh 
et al. 2011). Nanoparticles have found ample applications in  
several areas including electronics, cosmetics, food, pharma-
ceuticals, etc. The nanoparticles can be used to encapsulate 
various kinds of drugs, proteins, enzymes, DNA, and siRNA, 
and allow longer circulation time due to their hydrophilic 
nature, which masks recognition by the reticuloendothelial 
system (RES) cells. Owing to their small size, nanoparticles 
are better suited to traverse across the cell membranes  
and are capable of improving the pharmacokinetics, phar-
macodynamics, and biodistribution of the therapeutic 
molecules.
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Abstract
Context: The size of nanoparticles plays a pivotal role in 
determining the gene delivery efficiency. Objective: A focus on 
the studies done to investigate the effect of nanoparticles size  
on biological aspects of gene delivery. Methods: A through 
literature survey has been done regarding studies done 
to investigate the effect of nanoparticles size on uptake, 
transfection efficiency and biodistribution has been cited in 
the present review. Results and conclusion: The gene delivery 
efficacy may depend on conjugation of several factors such as 
the chemical structure of polymers, cell type, and nanoparticle 
size, composition and interaction with cells.

Keywords:  biodistribution, complexes, cellular uptake, 
cytotoxicity, nanoparticles, transfection

Gene delivery is one of the most important applications 
of nanoparticles which consist of transport of therapeuti-
cally relevant DNA to in vitro or in vivo targets. Amongst 
the proposed nanoparticles, polymeric nanoparticles have 
emerged as promising candidates, due to safety and ease  
of manipulation. Polymeric nanoparticles can be prepared 
either from pre-existing polymers or via the process of 
polymerization of monomeric units. Cationic polymers 
electrostatically interact with the anionic DNA to form 
condensed complexes called polyplexes, also referred as 
nanoparticles due to their nanometer size. The ratio between 
the nitrogen of amine in polymers to that of the phosphate 
in DNA is called N/P ratio. The N/P ratio significantly influ-
ences the size, surface charge, and stability of nanoparticles  
which further determines their effect on other biologi-
cal aspects such as uptake and transfection efficiency. 
Gold nanoparticles (AuNPs) have also been utilized for 
gene delivery due to their low toxicity and ease of surface 
functionalization that in turn allows for selective tuning of  
surface properties such as charge and hydrophobicity. 
AuNPs chemically modified with primary and quaternary 
amine moieties were used to deliver plasmid DNA (pDNA), 
exhibited more efficient intracellular delivery than the con-
ventional transfection agents (Sandhu et al. 2002, Niidome 
et al. 2004). Generally, DNA is attached to AuNPs through 
non covalent interactions, but there are several reports 
where DNA modified with a thiol moiety is directly attached 
to the nanoparticle surface (Thomas and Klibanov 2003, 
Huang et al. 2009). Additionally, AuNPs were suggested to be 
functionalized with various antibodies, peptides, and small 
molecular ligands to achieve a target cell-specific uptake, 
endosomal escape, and nuclear localization for efficient 
gene delivery. The size of nanoparticles is one of the most 
critical factors which determine their in vitro and in vivo 
fate. In the present review, we focus on the studies done to 
investigate the effect of nanoparticles size on various bio-
logical aspects of gene delivery, such as uptake, transfection 
efficiency, cytotoxicity, and biodistribution.
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Figure 2. Schematic representation of the mechanism of gene delivery. It is a multi-step process that involves condensation of DNA (1), the cellular 
uptake of complexes (2), escape from degradation vesicles (3), intracellular movement or ‘trafficking’ (4), nuclear translocation (5) and finally 
unpacking followed by translation (6).

Figure 1. Different types of nanoparticles (A) Nanospheres where drug 
is either entrapped in the polymer matrix or adsorbed onto surface 
or both. (B) Nanocapsules where drug is either entrapped inside the 
hollow capsule or adsorbed onto surface or both.

Effects of nanoparticles size on 
physicochemical and biological properties

Gene delivery to mammalian cells employing nanoparticles 
is a well-orchestrated multi-step process. The key steps 
involved are: condensation of DNA, the cellular uptake of 
complexes, escape from degradation vesicles, intracellular 
movement or ‘trafficking’, nuclear translocation and finally 
unpacking followed by translation (Figure 2). The major 
rate-limiting step depends upon the nature of the polymer 
or size of the nanoparticles employed.

Cellular internalization of nanoparticles
Uptake of therapeutic molecules with molecular weight 
(MW) above 1 kDa is selectively inhibited by the plasma 

membrane of the cells and cellular internalization is strictly 
limited to the endocytic route. The interaction between the 
extracellular macromolecules and cell surface is controlled 
by anionic proteoglycans that plays a significant role in cel-
lular uptake of cationic gene delivery vectors (Yanagishita 
and Hascall 1992, Mislick and Baldeschwieler 1996, Kichler 
et al. 2006). Cationic nanoparticles interact with the anionic 
cell membranes via electrostatic forces of attraction, thereby 
leading to entry of nanoparticles by process called endo-
cytosis. Endocytosis of nanoparticles is a tightly regulated 
process that involves three major steps. The process initiates 
with engulfment of nanoparticles in membrane invagina-
tions that squeeze off to form membrane-bound vesicles, 
termed as endosomes (or phagosomes during phagocytosis 
of molecules). The endosomes that originates due to engulf-
ment, at different sites of the cell membrane are heteroge-
neous in nature and possess distinct endocytic components. 
The next step consists of payload delivery by endosomes 
to different specialized vesicles, which facilitates sorting of 
payload toward different destinations. The final step involves 
delivery of payload to various intracellular compartments, 
recycled to the extracellular milieu or delivered across cells; 
this process is termed as transcytosis. The mechanism of 
endocytosis can be broadly categorized into—phagocytosis 
(uptake of solid or large particles) and pinocytosis (uptake 
of liquids and various solutes; Figure 3). On the basis of 
proteins involved in different endocytic pathways, pino-
cytosis is divided into clathrin-dependent endocytosis (or 
clathrin-mediated endocytosis) and clathrin-independent 
endocytosis. The clathrin-independent mechanisms are 
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Figure 3. Endocytosis categorization based on endocytosis proteins 
involved in the entry of particles and solutes.

further divided into (1) caveolae-mediated endocytosis, (2) 
clathrin- and caveolae-independent endocytosis, and (3) 
macropinocytosis (Conner and Schmid 2003). Clathrin- and 
caveolae-independent mechanism are subdivided into Arf6-
dependent, Cdc42-dependent, flotillin-dependent, and 
RhoA-dependent endocytosis (Mayor and Pagano 2007).

Study of the effect of particle size on the internaliza-
tion pathway and subsequent intracellular fate in non- 
phagocytic B16 cells revealed that latex particles of size up to 
500 nm were internalized by cells via an energy-dependent 
process (Rejman et al. 2004). Uptake efficiency was sup-
pressed by depletion of cholesterol, with the increase in size 
of nanoparticles from 50 to 500 nm. Further, disruption of 
microtubules significantly perturbed the processing of the 
smaller particles, whereas the uptake of 500 nm size nano-
particles remained unaffected. Investigation of pathways of 
internalization suggested strong dependence on the particle 
size (Table I; Rejman et al. 2004). Nanoparticles of size less 
than 200 nm were internalized through clathrin-dependent 
endocytosis. However, when the size of nanoparticles was 
increased above 200 nm, caveolae-mediated internaliza-
tion mechanism became evident, and remained the pre-
dominant entry pathway for nanoparticles of size 500 nm. At  
these conditions, the sequestration of nanoparticles through 
lysosomes was no longer observed (Rejman et al. 2004).

A preferential particle uptake mediated through a clath-
rin- and caveolae-independent mechanism was observed 
with the reduction in size of carboxyl-modified fluorescent 
polystyrene nanoparticles (from 43 to 24 nm) (Lai et al. 2007). 
Internalization of nanoparticles in the membrane bound 
vesicles was an energy-dependent process. This pathway 
leads to particle trafficking via non-degradative/non-acidic 
vesicles, thereby resulting in rapid localization of nano-
particles on the periphery of the nucleus (Lai et al. 2007). 
Further, particle tracking suggested that non-acidic vesicles 
undergo long-range displacements along microtubules at a 
much lower frequency compared to that of endo/lysosomal 
vesicles originating by clathrin-mediated endocytosis (Lai 
et al. 2008). A distinct fusion and budding patterns were also 
observed with non-acidic vesicles. A prolonged retention 
time near the nucleus that was due to the slower transport 

and non-acidic nature of non-acidic vesicles following non-
clathrin– and non-caveolae–mediated endocytosis, may 
further enhance delivery to the nucleus (Lai et al. 2008).

Size also governs the efficacy of uptake of nanoparticles 
by the cells. In a study being conducted in Caco-2 cell lines, 
it was shown that 100 nm-sized nanoparticles of poly (D,L-
lactide-co-glycolide) (PLGA) were better taken up, about 
2.5-fold higher uptake in comparison to 1mm-sized and 
6-fold more uptake if compared to 10 mm microparticles 
(Gratton et al. 2008). Not only this, in rat in situ intestinal loop 
model 15–250 fold higher uptake efficiency is being reported 
with 100 nm nanoparticles as compared to the large-sized 
microparticles (Gregoriadis 1988). Cell type also decides 
the maximum size for nanoparticles that can be taken in. 
For example, hepatic cell lines, namely, Hep G2 and Hepa 
1–6 can internalized nanoparticles of sizes 93 and 220 nm 
whereas other cell lines such as HUVEC, HNX 14C, and ECV 
30 efficiently internalize particles much larger in size, upto 
1mm, even though grown to full confluency (He et al. 2010). 
In another study done in human arterial smooth muscle 
cells (HAVSMCs) with various nanoparticle formulations, 
it was shown that 380 nm-sized nanoparticles were better 
internalized than 520 nm ones. Increased hydrophlicity of 
380 nm nanoparticles were attributed toward higher uptake 
efficiency. 300 nm nanoparticles contained 5% polyvinyl 
alcohol (PVA) while 520 nm nanoparticles had only 0.5% 
PVA (Huang et al. 2009).

Size of the particles is one of the most significant fac-
tors in the process of uptake of nanoparticles by mucosal 
and epithelial tissue, followed by intracellular trafficking  
(Panyam and Labhasetwar 2003). Small-size nanoparticles 
(∼100 nm) have been observed to have more than 3-fold 
greater arterial uptake compared to large nanoparticles  
(∼275 nm) in an ex vivo canine carotid artery model (Shu and 
Zhu 2000, Song et al. 1998). The smaller nanoparticles easily 
penetrated through the submucosal layers while the larger 
size micron-particles were mostly localized in the epithelial 
lining. The polystyrene particles demonstrated interaction 
with the dendritic cells throughout the tested diameter range 
of 40 nm–15 mm in a time- and concentration-dependent 
manner (Foged et al. 2005). After 24h of incubation, only 
a small number of dendritic cells shown to be associated  
with 4.5 mm particles while approximately 30% of the cells 
interacted with 500 nm particles and more than 60% inter-
acted with 100 nm particles. The study suggested that opti-
mal particle diameter for fast and efficient acquisition by a 
substantial percentage of the dendritic cells was 500 nm and 
below (Foged et al. 2005).

Although, the small size of nanoparticles may be benefi-
cial for rapid entry into cells, there is no size cut-off limit up 
to at least 5 mm to gain cellular entry through pinocytosis 
(Gratton et al. 2008). The Particle Replication In Non-wetting 
Templates (PRINT) technique was used to fabricate micro- 
and nanoparticles from cationic, cross-linked polyethylene 
glycol (PEG) hydrogels and employed to investigate the 
interdependent effect of size, shape, and surface charge 
(zeta potential) on their internalization by human cervi-
cal carcinoma epithelial (HeLa) cells. Uptake studies with 
nanoparticles revealed that HeLa cells internalized all three 

  85 Effect of size on biological properties of nanoparticles



Table I. Effect of nanoparticles size on internalization.

Vector Proposed study Outcome References

Latex particles Uptake of particles of size 10–1000 nm 
 in non-phagocytic B16 cells

Particles of size  200 nm internalize via clathrin-
dependent endocytosis and above 200 nm 
through caveolae-mediated internalization.

Rejman et al. 
(2004)

Carboxyl-modified 
fluorescent polystyrene 
nanoparticles

Uptake of nanoparticles of size 24–43 nm 
in HeLa and HUVEC cells

24 nm-size particles enters cell via caveolae- and 
clathrin-independent mechanism while 43 nm 
particles enters via clathrin mediated endcytosis

Lai et al. (2007)

PLGA nano- and 
microparticcles

Uptake of PLGA particles of size 100 
nm–10 mm in Caco-2 cells

100 nm-size nanoparticles showed 2.5-fold and 
6-fold higher uptake compared to 1 and 10 mm 
microparticles, respectively

Gratton et al. 
(2008)

PLGA nano- and 
microparticcles

Uptake of PLGA particles of size 100 
nm–10 mm in rat in situ intestinal  
loop model

Uptake efficiency of 100 nm-size nanoparticles was 
15–250 fold higher than larger size (1 and 10 mm) 
microparticles

Gregoriadis 
(1988)

Polystyrene particles Uptake of particles of size 93 nm–1 mm in 
various cells

Particles of size of 93 and 220 nm were internalized 
in Hepa 1–6, HepG2 cells while particles up to at 
least 1 mm internalized in ECV 304, HUVEC and 
HNX 14C cells.

He et al. (2010)

PLGA nanoparticles Uptake of PLGA particles of size 380 and 
520 nm in HAVSMCs cells

Lower internalization of nanoparticles of size 380 
nm as compared to that of 520 nm

Huang et al. 
(2009)

Polystyrene particles Uptake of particles of size 40 nm–15 mm 
in dendritic cells

approximately 30% of the cells interacted with 500 
nm particles and more than 60% interacted with 
100 nm particles.

Foged et al. 
(2005)

Cross-linked PEG 
hydrogels

Uptake of particles of nano- and 
microparticles in Hela cells

The internalization of nanoparticles dependent on 
size and volume of nanoparticles

Gratton et al. 
(2008)

Herceptin functionalized 
AuNPs

Uptake of nanoparticles of size 14–100 
nm in SK-BR-3 cells

Maximal uptake of nanoparticles between 25 and 
50 nm range

Jiang et al. 
(2008)

AuNPs Uptake of particles of size 14, 50, and 74 
nm in HeLa cells

Nanoparticles with size of 50 nm resulted in 
maximal uptake

Chithrani and 
Chan (2007), 
Chithrani 
et al. (2006)

different types of cylindrical nanoparticles with diameters of 
200, 100, and 150 nm with aspect ratios (i.e., length-to-diam-
eter ratio) of 1, 3, and 3, respectively (Gratton et al. 2008). The 
internalization of high-aspect-ratio nanoparticles (d  150 
nm, h  450 nm) by HeLa cells was approximately four times 
faster than the more symmetric low-aspect-ratio particles 
(d  200 nm, h  200 nm). Further, the internalization of 
nanoparticles of diameter 100 nm, an aspect ratio of 3, was 
significantly lower than the larger nanoparticles of a diam-
eter of 150 nm with the same aspect ratio. This high uptake 
was attributed to multivalent cationic interactions with cells 
due to the higher-aspect-ratio particles as they contribute 
larger surface areas for contact with the cell membrane. It 
was deduced that the uptake kinetics of nanoparticles by 
HeLa was remarkably influenced by the size as well as the 
volume of the particles (Gratton et al. 2008).

Investigation of herceptin functionalized AuNPs ranging 
from 14 to 100 nm, suggested that the maximal uptake by 
ErbB2 over-expressing human breast cancer SK-BR-3 cells 
occurred in between 25 and 50 nm range (Jiang et al. 2008). 
Uptake kinetics data showed that 40- to 50-nm nanoparticles 
form the critical cut-off size for receptor-mediated internal-
ization. This optimal size for particle uptake was attributed 
to the direct balance between multivalent cross-linking of 
membrane receptors and the process of membrane wrap-
ping involved in receptor-mediated endocytosis (Jiang et al. 
2008). The uptake studies of 14-, 50-, and 74-nm AuNPs in 
Hela cells showed that the kinetics of uptake as well as the 
saturation concentration differed with the various sized 
nanoparticles (Chithrani and Chan 2007, Chithrani et al. 
2006). The nanoparticles with size of 50-nm resulted in 
maximal uptake suggesting that there exists optimal size for 
efficient nanomaterial uptake into cells.

Transfection efficiency
Cationic polymers condense anionic DNA molecules into 
well-defined particles in nanometer range which facilitate 
cellular uptake through endocytosis, the subsequent DNA 
release, trafficking, and fate inside the cell. Nanoparticles 
protect DNA from both endocytotic processing and cyto-
plasmic nucleases activity followed by dissociation of the 
condensed complexes either before or after entering the 
nucleus. Access to nucleus has been suggested to occur 
through nuclear pores (which are ∼10 nm in diameter) or 
during cell division (Pante and Aebi 1996). The transfection 
efficiency of DNA delivered to nucleus further depends on 
the composition of the gene expression system. The trans-
fection efficiency may depend on several factors such as the 
chemical structure of polycations, cell type, and nanoparticle 
size, composition and interaction with cells.

Transfection efficiency is dependent on several param-
eters and one much important criteria is the size of particles 
used to form polymer/DNA complexes. Several studies that 
are contradicting one another have been done to study the 
effect of size on efficiency of nanoparticles-mediated trans-
fection. When 30–60 nm polyethylenimine (PEI)/DNA nano-
particles were compared with aggregated nanoparticles, 
with average size 300–600 nm, the later showed higher trans-
fection, about 100–500 fold better luciferase gene expression 
in Neuro2a neuroblastoma cells and erythromyeloid K562 
cells (Table II) (Mayer et al. 2005).

Also, transfection studies in B16F10 melanoma cells 
showed that large-size nanoparticles showed 10-fold higher 
efficacy with PEI/DNA nanoparticles prepared at 5 mg of 
DNA, while it was 100-fold with 2.5 mg of DNA (Ogris et al. 
1998). Larger size ( 500 nm) transferrin-PEI800 (PEI MW 800 
Da)/DNA complexes showed higher luciferase gene-transfer 
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level compared to that of the smaller size complexes prepared 
under low ionic conditions (40–100 nm; Ogris et al. 2001).
With an increase in the amount of poly(g-glutamic acid) 
(g-PGA) incorporation in chitosan/DNA complexes, the size 
of nanoparticles increased significantly from approximately 
140 to 204 nm, with increase in ratio of g-PGA to that of chi-
tosan from 0 to 6 and transfection efficacy improved by up 
to 4-fold (Peng et al. 2009). The higher transfection efficacy 
exhibited by the large particles results from the conjunction 
of several features (i) they sediment onto the cell surface 
more rapidly than the small particles, thereby increasing the 
contact with the cells which further induces cellular inter-
nalization (ii) since they contain a large proportion of free 
cationic polymers in addition to those complexed with DNA, 
they destabilize the membrane favoring their entry into cells, 
and (iii) their endosomolytic activity is far higher than that of 
the small particles (Ogris et al. 1998).

On the other hand, higher transfection efficiency was 
exhibited by transferrin-polylysine/DNA complexes of size 
80–100 nm, as compared to larger DNA complexes (Wagner 
et al. 1991). The influence of particle sizes on DNA delivery 
and subsequent gene expression was more pronounced 
when the particles are allowed to grow for 30 min; wherein 
Mg2 inclusion resulted in remarkable decrease in the  
particles size from 2.5 mm to 500 nm and enhanced gene 
expression by 40-fold (Chowdhury et al. 2004). Further, 
complexes of linear poly(amidoamine)/DNA of size 200 nm 
at N/P ratio of 5 showed better transfection efficacy than 
the complexes of 600 nm size at same N/P ratio (Jones et al. 
2000). Optimization studies revealed of best transfection 
efficiency of the poly ((2-dimethylamino) ethyl methacry-
late) (PDMAEMA)/pDNA particles at PDMAEMA/plasmid 
ratio of 3 (w/w) possessing a slightly positively charged par-
ticles with a narrow size distribution and average diameter of  
150 nm. However, PDMAEMA/pDNA ratios less than 1.5 (w/w) 

resulted in large particles with high polydispersity index that 
showed lower transfection efficacy (Cherng et al. 1996). The 
low transfection efficacy of large-sized particles was attributed 
with the volume being too large to be taken up by the cells.

Recently, the influence of particle size on cell transfection 
was investigated using AuNPs combined with PEI (Cebrián 
et al. 2011). Two different sizes of Au-PEI nanoparticles of 
approximately 6 and 70 nm were complexed with pDNA 
carrying reporter or suicide genes to prepare Au-PEI/DNA 
complexes, and transfection efficacy investigated in human 
osteosarcoma Saos-2 cells. Results revealed efficient trans-
fection with complexes derived from approximately 6 nm 
Au-PEI nanoparticles as compared to approximately 70 nm 
Au-PEI nanoparticles. Further investigation showed pres-
ence of large aggregates of approximately 70 nm nanoparti-
cles in endocytic vesicles of cells while smaller nanoparticles 
showed lower agglomeration and effective endosomal escape 
(Cebrián et al. 2011). Co-localization studies have given evi-
dences of presence of DNA inside the cell nucleus after 2h of 
transfection with approximately 6 nm Au-PEI nanoparticles 
that remained present in the sub-cellular compartment up 
to 3 days (Cebrián et al. 2011).

Transfection efficiency studies with fractioned PLGA 
nanoparticles showed that the small-sized nanoparticles 
(∼70 nm) showed a 27-fold higher transfection than the 
large-sized nanoparticles (∼200 nm) or the unfraction-
ated nanoparticles in COS-7 cell line, while a 4-fold higher 
transfection was observed in HEK-293 cell line (Prabha 
et al. 2002). The higher transfection efficacy of small-sized 
nanoparticles was hypothesized to be due to the difference 
in the total number of particles present in the cells for the 
same mass of nanoparticles being taken up by the cells. Fur-
ther, on the basis of the mean particle diameter of the two 
fractions of nanoparticles and the cellular uptake data, the 
number of the small-sized nanoparticles taken up by the 

Table II. Effect of nanoparticles size on transfection efficiency.

Vector Proposed study Outcome References

PEI/DNA 
nanoparticles

Transfection with nanoparticles of size 30–60 
nm and 300–600 nm in Neuro2a cells

Large-sized nanoparticles mediated a 100- 
to 500-fold higher gene expression

Mayer et al. (2005)

Transferrin-PEI800/
DNA complexes

Transfection with large and small sized 
complexes in various cell lines

Larger size ( 500 nm) showed higher 
transfection efficiency than smaller size 
(40–100 nm)

Ogris et al. (1998), 
Ogris et al. (2001)

g-PGA-chitosan/DNA 
complexes

Comparison of transfection efficacy of 
different size nanoparticles in HT1080 cells

204-nm sized nanoparticles showed 4-fold 
higher transfection than 140 nm ones

Peng et al. (2009)

Transferrin-
polylysine/DNA 
complexes

Transfection studies with small and large 
sized complexes in K-562 cells

80–100 nm complexes possess higher 
transfection activity than larger 
complexes

Wagner et al. (1991)

Ca-Mg phosphate 
nanoprecipitate

Comparison of transfection efficacy of 2.5 mm 
particles with 500 nm particles in HeLa cells

40-fold higher transfection with 500 nm 
particles as compared to 2.5 mm

Chowdhury et al. 
(2004)

Poly(amidoamine)/
DNA complexes

Comparison of transfection efficacy of 200 
and 600 nm complexes in A549 cells

Higher transfection efficacy with 200 nm 
particles

Jones et al. (2000)

Au-PEI nanoparticles Comparison of transfection efficiency 
of approximately 6 and 70 nm Au-PEI 
nanoparticles in Saos-2 cells

Efficient transfection with approximately 6 
nm Au-PEI nanoparticles as compared 
to approximately 70 nm

Cebrian et al. 
(2011)

PLGA nanoparticles Comparison of transfection efficiency of 
approximately 70 and 200 nm nanoparticles 
in COS-1 cells

27-fold higher transfection with samller 
nanoparticles

Prabha et al. (2002)

DNA/transferrin-PEI/
PEG complexes

Comparison of transfection efficiency of 40 
nm complexes with large aggregated in 
K562 and Neuro2a cells

Efficient transfection efficiency with 40 nm 
complexes

Ogris et al. (1999)

PEI-Chol/DNA 
complexes

Comparison of transfection mediated by 
110–205 nm and 384  300 nm complexes in 
Jurkat cells

Small-size complexes showed efficient 
transfection

Wang et al. (2002)
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alter gene expression. The in vitro studies with nanoparticles 
involve less stringent toxicological characterization, while in 
vivo application would require thorough understanding of 
the kinetics and mechanism of nanoparticles-induced toxi-
cology. A plethora of reports has been published reporting 
in vitro cytotoxicity studies of nanoparticles using different 
cell lines, varying incubation times, and colorimetric assays. 
A wide range of nanoparticle concentrations and exposure 
times, have been employed in cytotoxicity assays which ren-
ders difficulty in establishing the physiological relevance. 
Additionally, several different cell lines as well as culture 
conditions have been investigated which further add to 
the complexity of generated data and making comparisons 
between the available studies difficult.

Nanoparticles size has been found to considerably influ-
ence its cytotoxicity. Exposure of different size PLGA nano-
particles (60, 100, and 200 nm) to murine macrophage cells 
(RAW264.7) and human bronchial epithelial cells (BEAS-2B) 
for 24h showed size-dependent cytotoxicity and smaller 
particles tend to trigger more damage (Table III; Xiong et al. 
2013). The smaller particles (60 and 100 nm) at concentra-
tion of 10 to 100 mg/ml, triggered more release of cytokine 
TNF-a in RAW264.7 cells when compared with control. 
However the 200 nm-sized nanoparticles did not trigger sig-
nificant release of TNF-a up to concentration of 300 mg/ml  
(Xiong et al. 2013); it is because, smaller nanoparticles have 
larger surface area and higher percentage of molecules 
exposed on particle surface to interact with surrounding 
biomolecules. The protein adsorption assay as a mea-
sure of toxicity correlated well with the surface area of the 
PLGA nanoparticles (Xiong et al. 2013). Deng et al. (2011) 
observed that the interaction between poly (acrylic acid)-
coated AuNPs and fibrinogens would induce the unfolding 
of protein fibrinogen, which resulted in the activation of 
Mac-1 reception and inflammation response. The binding 
of AuNPs with fibrinogens was influenced by the size with 
smaller nanoparticles (5 nm) showed more fibrinogen bind-
ing than with bigger particles (20 nm), and the adsorption 
was proportional to the surface area of nanoparticles (Deng 
et al. 2011).

A systematic study of water soluble AuNPs in size range 
from 0.8 to 15 nm prepared by stabilization with triph-
enylphosphine showed size-dependent toxicity in a variety 
of cell types with barrier and phagocyte function (Pan et al. 
2007). AuNPs of 1.4 nm showed IC50 values (inhibitory con-
centrations that effected 50% growth inhibition) ranging 
from 30 to 56 mM depending on cell lines tested, such as 
connective tissue fibroblasts, epithelial cells, macrophages, 

cells was estimated to be approximately 20-fold greater than 
the large-sized nanoparticles (350  108 vs. 17  108per mg 
cell protein for small- and large-sized nanoparticles, respec-
tively; Muller 1991).

Mixing of oligonucleotides (ODNs) with protamine free 
base solution spontaneously formed nanoparticles with a 
diameter of 150–170 nm (Junghans et al. 2000). However, 
complexation of human serum albumin (HSA) to protamine 
followed by condensation of ODNs leads to formation 
of nanoparticles (HSA-Prot/DNA) of size 230–320 nm  
(Lochmann et al. 2005). These large-sized nanoparticles 
showed antisense effect of about 35% in a functional assay as 
well as on the protein level (western blot; Weyermann et al. 
2005). However, substitution of the protamine free base by 
protamine sulfate in HSA-Prot/DNA nanoparticles lead to 
drastic reduction in size, with nanoparticles of only around 
40 nm in diameter with efficient transfection efficacy (Mayer 
et al. 2005).

The DNA/transferrin-PEI and DNA/transferrin-PEI/PEG 
complexes generated under conditions of low salt (HEPES-
buffered glucose, HBG) appeared as spherical particles with 
a diameter of 40 nm (Ogris et al. 1999). Non-PEGylated com-
plexes formed aggregates with plasma proteins; in contrast, 
PEG-modified complexes remain small and un-aggregated 
and showed efficient transfection efficiency in human cell 
lines K562 and Neuro2a (Ogris et al. 1999). Modification of 
PEI by linking cholesteryl chloroformate (PEI-Chol) to the 
secondary amino groups of BPEI (MW: 1.8 and 10 kDa) and 
complexation of pDNA yielded complexes in the range 110–
205 nm, while PEI of 1.8 kDa, gave particle size of 384  300 
nm (Wang et al. 2002). The in vitro transfection with small-
size complexes in Jurkat cells showed high levels of expressed 
green fluorescent protein (GFP) with much less toxicity in 
contrast to larger complexes (Wang et al. 2002). Acetylation 
of PEI (25 kDa) increased the polyplex diameter by two- to 
three-fold and the gene delivery efficacy increased by up to 
21-fold compared to unmodified PEI, both in the presence 
and absence of serum (Forrest et al. 2004).

Cytotoxicity
Because nanoparticles employed for gene delivery are engi-
neered to interact with the cells, facilitate internalization 
and release DNA to mediate gene expression, it is imperative 
to evaluate that these enhancements are not causing adverse 
effects. Moreover, all the nanoparticles whether prepared 
from natural or synthetic polymer, plain or modified undergo 
degradation inside the cells and may induce certain bio-
logical responses such as disruption of organelle integrity or 

Table III. Effect of nanoparticles size on cytotoxicity.

Vector Proposed study Outcome References

PLGA nanoparticles Comparison of cytotoxicity of 60, 100, and 
200 nm nanoparticles in RAW264.7 and 
BEAS-2B cells

Smaller particles (60 and 100 nm) triggered 
more release of cytokine TNF-a in 
RAW264.7 cells

Xiong et al. (2013)

Poly (acrylic acid) coated 
AuNPs

Cytotoxicity studies with 5 and 20 nm 
nanoparticles

5 nm nanoparticles showed more fibrinogen 
binding

Deng et al. (2011)

Water soluble AuNPs Comparison of cytotoxicity of 0.8 and 15 
nm AuNPs in a variety of cell types

0.8 nm nanoparticles highly toxic while 15 nm 
non-toxic up to 60-fold concentration

Pan et al. (2007)

AuNPs Investigation of mechanism of 
cytotoxicity

1.4-nm AuNPs caused necrosis while 1.8 nm 
lead to programmed cell death

Pan et al. (2007)
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and melanoma cells. On the contrary, AuNPs of 15 nm in 
size and Tauredon (gold thiomalate) were non-toxic up to 
60-fold and 100-fold higher concentrations, respectively. 
Moreover, 1.4-nm AuNPs mainly caused cell death by necro-
sis within12h while almost similar size 1.2 nm AuNPs lead to 
programmed cell death by apoptosis (Pan et al. 2007).

Pharmacokinetics and biodistribution
Particle size is one of the most critical factors determining the 
in vivo fate of nanoparticles, such as retention in the blood, 
bypass various biological barriers, and diffusion through 
tissues. Particle size also dictates the uptake and removal 
by reticuloendothelial system (RES) cells, specifically in the 
liver and spleen. Also, nanoparticles size will facilitate the 
internalization by the target cells. As evident from the litera-
ture, for most in vivo applications, nanoparticles less than 
100 nm appears to be a prerequisite for efficient access to 
vascular fenestrations and effective diffusion through tis-
sues. Moreover, the characteristics of target cells may influ-
ence the optimal size for internalization and further decide 
the preferred uptake mechanisms that can be endocytosis, 
pinocytosis, or phagocytosis. However, small or large parti-
cles may gain access to target cells through different intracel-
lular pathways, which may result in completely distinct fates 
that could be transfection or degradation. The complexes 
should also remain soluble and stable, escape aggrega-
tion in the blood, or prevent exposure of DNA to degrading 
enzymes within the blood or inter-tissue fluid. Furthermore, 
complexes should be fabricated so as to minimize interac-
tion with blood components, such as plasma, complement 
components, RES cells (e.g., macrophages), extracellular 
matrix and other nontarget cells (Gregoriadis 1988).

The effectiveness of the PEG steric barrier is influenced by 
the composition of the PEGylated nanoparticles and the size 
that further dictates the biodistribution of the nanoparticles 
(Table IV; Stolnik et al. 2001, Mosqueira et al. 2001, Avgousta-
kis et al. 2003). An increase in the PEG/PLA or PEG/PLGA 
ratio was observed to initially increase but later decrease the 

Table IV. Effect of nanoparticles size on pharmacokinetics and biodistribution.

Vector Proposed study Outcome References

PEGylated nanoparticles Study of effect of size on 
pharmacokinetics and 
biodistribution

The blood residence of the PLGA/PLGA(45)-
PEG(5) nanoparticles increased as their 
PLGA-PEG content was increased.

Stolnik et al. (2001), 
Mosquiera et al. 
(2001), Avgoustakis 
et al. (2003)

PEG-PHDCA nanoparticles Influence of particle size on 
the elimination half-lives of 
rHuTNF-a loaded in PEG-
PHDCA nanoparticles

80 nm nanoparticles having the longest 
circulation time

Fang et al. (2006)

PEG-modified poly-e-caprolactone 
(PCL) nanoparticles

PCL nanoparticles for 
systemic delivery of 
tamoxifen in breast cancer

PEG modification reduced particle size 
and aggregation, and enhanced the 
circulation time

Shenoy and Amiji (2005)

Rhodamine B (RhB) labeled 
carboxymethyl chitosan grafted 
nanoparticles (RhB-CMCNP) and 
chitosan hydrochloride grafted 
nanoparticles (RhB-CHNP)

In vivo biodistribution studies negative charges and particle size of 150 nm 
were tended to accumulate in tumor cells 
more efficiently

He et al. (2010)

Block copolymer micelles (BCMs) To study size distribution  
in vivo

BCMs of 25 nm size were rapidly cleared 
from the plasma compared to 60 nm size

Lee et al. (2010)

AuNPs In vivo biodistribution studies AuNPs of size 10 nm were found to localize 
in various organ

De Jong et al. (2008)

AuNPs coated with thioctic acid 
terminated PEG

In vivo biodistribution studies Nude mice bearing subcutaneous A431 
squamous tumors showed that the 20nm 
AuNPs

Zhang et al. (2009)

blood circulation time of PLA-PEG or PLGA-PEG diblock 
nanoparticles prepared by the solvent displacement method 
(Avgoustakis et al. 2003, Stolnik et al. 2001). This pronounced 
effect was attributed to the size of the nanoparticles that was 
sufficiently low to permit the nanoparticles to reach tissues 
at relatively high PEG/PLA or PEG/PLGA ratios, with PEG 
still forms an effective steric barrier to opsonization on the 
surface of the nanoparticles, while the larger nanoparticles 
cannot reach (those having relatively low PEG/PLA or PEG/
PLGA ratios) the target tissue. This explanation was later 
justified by the observation that the very small particles can 
pass through the sinusoidal fenestrations in the liver and 
gain access to the parenchymal cells of the liver (Stolnik 
et al. 2001). Increasing the PLGA-PEG content of the PLGA/
PLGA-PEG mixture, or when PLGA(45)-PEG(5) was replaced 
by PLGA(5)–PEG(5), a decrease in the size of the nanopar-
ticles was observed from approximately 145 nm to approxi-
mately 60–85 nm (Beletsi et al. 2005). The blood residence 
of the PLGA/PLGA(45)-PEG(5) nanoparticles increased as 
their PLGA-PEG content was increased, reaching maximum 
blood longevity at 100% PLGA(45)-PEG(5).

Three sizes (about 80, 170, and 240 nm) of poly methoxy 
polyethyleneglycol cyanoacrylate-co-n-hexadecyl cyano-
acrylate (PEG-PHDCA) nanoparticles loaded with recombi-
nant human tumor necrosis factor-a (rHuTNF-a), incubated 
with serum protein for 2h, showed a significant correlation 
between particle size and protein absorption (Fang et al. 
2006). Protein absorption on 80,171, and 243 nm size nano-
particles was found to be 6, 23, and 34%, respectively, while 
on non-PEGylated PHDCA of all size it was approximately 
55%. The effect of protein absorption on different sized 
nanoparticles was also confirmed with the analysis of nano-
particle uptake by murine macrophages and blood clearance 
kinetics. The uptake of PEG-PHDCA nanoparticles was size 
dependent at after 1 and 2h of incubation with highest uptake 
for 240 nm followed by 170 and 80 nm. Blood clearance of 
the smaller nanoparticles was approximately 2-fold slower 
than the larger nanoparticles (Fang et al. 2006). Moreover, 
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the influence of particle size on the elimination half-lives  
of rHuTNF-a loaded in PEG-PHDCA nanoparticles was  
consistent with that on the serum protein absorption and 
macrophage uptake with 80 nm nanoparticles having the 
longest circulation time. The results suggest that it might  
be due to a higher surface PEG density (brush-like) on the 
surface of smaller nanoparticles (Fang et al. 2006).

PEG-modified poly-e-caprolactone nanoparticles were 
developed for systemic delivery of tamoxifen in breast  
cancer (Shenoy and Amiji 2005). This study observed that 
PEG modification not only reduced particle size and aggre-
gation, but significantly enhanced the circulation time, 
allowing approximately 18% of the injected dose to accu-
mulate in the tumor mass within 1h, in an in vivo model of 
human breast adenocarcinoma, in contrast to the 5% tumor 
accumulation of the nanoparticles lacking PEG (Shenoy and 
Amiji 2005). To elucidate the effects of particle size on cel-
lular uptake and biodistribution of polymeric nanoparticles, 
rhodamine B (RhB) labeled carboxymethyl chitosan-grafted 
nanoparticles (RhB-CMCNP) and chitosan hydrochloride-
grafted nanoparticles (RhB-CHNP) were developed with 
well-defined particle sizes of 150–500 nm (He et al. 2010). 
Slight particle size differences had significant implications 
in the cellular uptake of nanoparticles. In vivo biodistribu-
tion data suggested that nanoparticles with slight negative 
charges and particle size of 150 nm were tended to accumu-
late in tumor cells more efficiently (He et al. 2010).

In vivo studies with block copolymer micelles (BCMs) in 
athymic mice bearing human breast cancer xenografts that 
express differential levels of EGF receptors revealed size-
dependent distribution (Lee et al. 2010). BCMs of 25 nm size 
were rapidly cleared from the plasma compared to 60 nm 
size leading to approximately 2-fold decrease in total tumor 
accumulation of the latter. Further, non targeted BCMs of 
25 nm diffused from the blood vessels following extravasa-
tion, while nontargeted BCMs of 60 nm remained in the 
perivascular regions. Targeting of BCMs with EGF resulted 
in remarkable nuclear uptake of 25 nm BCMs in vitro and  
in vivo via active transport (Lee et al. 2010).

Intravenous administration of AuNPs with a diameter of 
10, 50, 100, and 250 nm in rat via tail vein resulted in size- 
dependent distribution (De Jong et al. 2008). AuNPs of size 
10 nm were found to localize in various organs including 
blood, liver, spleen, kidney, testis, thymus, heart, lung, and 
brain, while the larger particles were only detected in blood, 
liver, and spleen (De Jong et al. 2008). Biodistribution studies  
with AuNPs of 20, 40, and 80 nm coated with thioctic acid  
terminated PEG (MW: 5 kDa) in nude mice bearing subcuta-
neous A431 squamous tumors showed that the 20-nm AuNPs 
exhibited the lowest uptake by RES cells and the slowest 
clearance from the body (Zhang et al. 2009). Moreover, the 
20-nm AuNPs yielded remarkably high tumor uptake and 
extravasation from the tumor blood vessels as compared to 
40- and 80-nm AuNPs.

Conclusions

On the basis of available data, it can be summarized that the 
size of nanoparticles significantly influences the pathway 

of cellular entry, transfection efficiency, cytotoxicity, and 
in vivo biodistribution. The clathrin-mediated endocytosis 
pathway shows an upper size limit of approximately 200 nm 
for internalization, and above this size caveolae-mediated 
endocytosis predominates. Polymeric nanoparticles with 
size of 100 nm or less have been effectively internalized in a 
variety of cell lines and 50 nm appears to be optimal size for 
uptake of AuNPs. However, there are conflicting reports on 
the effect of particle size on nanoparticle-mediated transfec-
tion. Some studies reported higher transfection efficiency 
with nanoparticles of smaller size ( 200 nm) while others 
showed efficacy of larger size ( 200 nm) nanoparticles. 
Further, association of high cytotoxicity with the small-sized 
nanoparticles could be due to the fact that the smaller nano-
particles have larger surface area and higher percentage of 
molecules exposed on particle surface to interact with cells. 
Furthermore, the small-sized nanoparticles, specially, those 
with surface modified with biocompatible polymers, such 
PEG, have been shown to have prolonged blood circulation 
time and those attached with targeting moieties have better 
penetration. Overall, it can be deduced that nanoparticles 
with sizes less than 100 nm, coated with biocompatible 
polymers and conjugated to targeting ligands, will emerge as 
successful gene delivery vectors with clinical relevance.
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