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Abstract
Background Nanoparticles (NPs) have been used to enhance pharmaceutical properties of drugs, including cell/tissue pen-
etration, selective biodistribution, circulation half-life, and accumulation at target sites. Rigorous efforts, including chemical 
modifications using target moieties, have been dedicated to improving their functions.
Area covered Optimization of the physical properties of NPs, including size, shape, charge, and elasticity, is suggested to 
be an important step in the creation of NPs with desirable pharmacokinetic properties for use as drug delivery systems. In 
this review, we highlight recent findings on the effect of the physical properties of NPs, including the size, shape, surface 
charge, and elasticity on pharmaceutical functions.
Expert opinion Many studies have demonstrated that 30–200 nm NPs facilitate cell uptake and do not trigger the immune 
response due to their relatively large surface area. Compared to spherical NPs, non-spherical NPs are not only advantageous 
for cell uptake but also for systemic circulation owing to their multivalent interactions with the cell surface. The slightly 
negative charges carried by NPs have been considered responsible for the reduced electrostatic interactions with plasma 
proteins. Importantly, soft NPs enhance cellular uptake, reduce immunogenicity, and enhance tumor accumulation compared 
to their hard counterparts. Nonetheless, it is not easy to offer unequivocal suggestions regarding the physical properties of 
NPs during their pharmacokinetic journey; this is due to the multifaceted aspects at each step. Smart NPs that can alter their 
physical properties by responding to environmental stimuli were developed as alternatives to address this issue. Thus, physi-
cal properties do play a very important role in determining the pharmaceutical applications of NPs.
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Introduction

Nanomedicine incorporating nanoparticles (NPs) as drug 
delivery systems has had unprecedented growth in recent 
years. In fact, substantial efforts have been dedicated to the 
development of innovative drug carriers that can protect 
therapeutic agents from degradation, enhance efficacy, and 
alleviate side effects (Wang and Wang 2014). Numerous NP 
therapeutics have been approved by the FDA for clinical use, 
and several others are in late-phase clinical trials (Barenholz 
2012; Davis et al. 2008; Jain and Stylianopoulos 2010). The 
NPs used in nanomedicine are in the range of 10–1000 nm. 
Several forms of NPs, such as liposomal NPs composed of 
phospholipids (Han et al. 2018; Lee 2019), polymeric NPs 

synthesized using natural (e.g. gelatin, albumin) and syn-
thetic polymers (e.g. polylactides, polyalkylcyanoacrylates) 
(Crucho and Barros 2017), inorganic NPs including silica 
NPs (Zheng et al. 2018), quantum dots (Probst et al. 2013), 
metal NPs (Vio et al. 2017), and lanthanide NPs (Shen et al. 
2013b), have been established.

Emerging nanotechnology has revealed the unique phys-
icochemical properties of NPs, which were unexpected due 
to their conventional bulk chemical equivalents. The unique 
features of NPs offer novel advantages such as membrane 
permeability, bioavailability, biodegradability, biocompat-
ibility, metabolic stability, target delivery, and duration of 
action (Abdifetah and Na-Bangchang 2019). For instance, 
amphiphilic NPs such as liposomes and micelles exhibit 
enhanced permeability to the cell membrane (Liu et al. 2013; 
Zhao et al. 2015). In addition, the similarities between lipo-
somal NPs and biological membranes allow high biodegra-
dability and low immunogenicity. The high stability of NPs 
inherently results in a sustained release of the encapsulated 

Online ISSN 2093-6214
Print ISSN 2093-5552

 * Soyeun Park 
 sypark20@gmail.com

1 College of Pharmacy, Keimyung University, 1095 
Dalgubeoldaero, Daegu 42601, Republic of Korea

http://crossmark.crossref.org/dialog/?doi=10.1007/s40005-020-00504-w&domain=pdf


36 Journal of Pharmaceutical Investigation (2021) 51:35–51

1 3

drug owing to their role as a shielding barrier. Some NPs 
improve the solubility of hydrophobic drugs, enhance drug 
efficacy, and reduce side effects (Kim et al. 2020; Patel et al. 
2012; Singh et al. 2018). The prolonged circulation of NPs 
following parenteral administration increases their dura-
tion of action and improves their therapeutic efficacy. These 
advantages have markedly increased the use of NPs as vehi-
cles for the delivery of various therapeutic agents, including 
antibiotics (Sousa et al. 2017), anti-rheumatic drugs (Van 
den Hoven et al. 2011), anti-inflammatory drugs (Koga et al. 
2016), and anticancer drugs (Al-azzawi and Masheta 2019; 
Le et al. 2018; Sobh et al. 2019; Taghipour-Sabzevar et al. 
2019).

Despite these advantages, some concerns emerge as the 
entry of NPs into the biological system triggers an immune 
response. The size of NPs used in nanomedicine is compara-
ble to the size of the virus to which the innate immune sys-
tem responds. Foreign substances, including NPs as well as 
viruses in systemic circulation, are eliminated by the mono-
nuclear phagocyte system, also known as the reticuloen-
dothelial system (RES). Immune cells such as monocytes 
in blood circulation and macrophages in different organs of 
the body, including the liver, spleen, lymph nodes, lungs, 
bone marrow, and bone tissues, activate the phagocytic, 
metabolic, and degradative processes to remove immune 
complexes originating from microorganisms, abnormal and 
aged cells, and NPs (Van Furth et al. 1972). The NPs in 
blood circulation are mainly removed in the liver and spleen. 
Nevertheless, when NPs are present in large quantities in the 
bloodstream, the liver and spleen eliminate only a fraction 
of the NPs while the others accumulate in tissues rich in 
macrophages, such as the lungs (Tavares et al. 2017). The 
recognition by macrophages and phagocytosis is initiated 
by opsonization; opsonins such as immunoglobulins and 
complementary proteins encompass the surface of NPs; 
thereafter, the phagocytotic activity commences (Xiang 
et al. 2012). The phagocytes ingest materials, including NPs, 
and form membrane-bound vesicles known as phagosomes. 
Later, the phagosomes make contact with lysosomes, and 
the NPs are degraded at acidic pH by hydrolytic enzymes in 
the lysosomal lumen (Uribe-Querol and Rosales 2017). The 
interaction between NPs and immune cells largely affects the 
pharmacokinetic fate of NPs in systemic circulation, ulti-
mately causing selective accumulation at the disease site 
and toxicity.

Rigorous efforts have been made to determine the 
optimal physicochemical properties of NPs, such as size, 
shape, surface charge, and elasticity, and in turn result in 
improved pharmaceutical and pharmacokinetic functions 
of NPs by bypassing RES (Masserini 2013; Wang et al. 
2015). For instance, the size of NPs can be controlled to 
avoid being easily recognized as foreign agents by immune 
cells. Accordingly, they exhibit prolonged blood circulation 

(Behzadi et al. 2017; Ventola 2017). The size of NPs also 
affects their permeation into cells at pathologic sites. Recent 
studies have demonstrated that the geometrical shape of NPs 
governs the receptor-mediated cellular uptake pathways. 
Spherical NPs have a limited number of binding sites for 
receptors in cell membranes while non-spherical NPs allow 
multivalent interactions between NPs and cell surface recep-
tors (Pada et al. 2019). The surface charge of NPs is highly 
correlated with their biological performance, including solu-
bility, biodistribution, stability, cellular uptake, and cytotox-
icity. Many cells have negative membrane potential (Alberts 
2002). In addition, cells should undergo strong electrostatic 
interactions with cationic NPs. However, they are known to 
cause serious perturbation of the cell membrane and induce 
cytotoxicity (Jeon et al. 2018). Additionally, they adsorb 
plasma proteins and are rapidly removed from the systemic 
circulation by the RES. NPs with slightly negative charges 
are preferred because of their weak interactions with plasma 
proteins (Wang et al. 2016; Yu et al. 2019). Recent stud-
ies have focused on the elasticity of NPs. Optimization of 
the NP elasticity is a viable strategy for improving pharma-
cokinetic functionality, such as circulation time, immune 
response, and target efficiency. For example, soft NPs exhibit 
a decrease in the interaction with immune cells and are not 
easily eliminated by the RES. The resulting increase in the 
blood circulation time of soft NPs is expected to enhance 
their prospects of arriving at the pathologic site (Alexander 
et al. 2015; Anselmo et al. 2015; Guo et al. 2018a; Key et al. 
2015).

As demonstrated in Fig.  1, we suggest that without 
sophisticated chemical modification, the modulation of 
physical parameters such as size, shape, surface charge, and 
elasticity of NPs change the fate of NPs in terms of cellular 
internalization and intracellular trafficking of NPs. Despite 
the vast number of investigations, understanding the inter-
dependent role of each physical parameter on the pharma-
cokinetic functionality of NPs remains a challenge. In this 
review, we sought to discuss strategies to optimize the physi-
cal properties of NPs to enhance their pharmaceutical and 
pharmacokinetic functions. In addition, we aimed to empha-
size the importance of NP elasticity during the development 
of effective drug delivery systems.

Size

The size of NPs is important in drug delivery. Not only is 
the activation of the immune response dependent on the 
size of NPs, but also the modulation of the pharmacoki-
netic functions including cell uptake, systemic circulation 
half-life, and the biodistribution of NPs, is significantly 
dependent on this feature. Unlike microparticles, NPs are 
not easily removed by the RES because of their small size. 
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As a result, they display relatively prolonged systemic cir-
culation. Although the immune response triggered by drug 
delivery vehicles did not linearly depend on their size, the 
small size of the NPs is beneficial in the prevention of an 
interaction between NPs and the immune system (Liu et al. 
2017). However, small NPs less than 5 nm in diameter are 
rapidly removed through renal clearance (Choi et al. 2007). 
Numerous studies have suggested that NPs with a size of 
30–50 nm exhibit efficient cell uptake due to an increase 
in specific surface area and membrane-wrapping process 
(Lu et al. 2009). However, NPs with a diameter of less than 
100 nm carry only a limited payload of therapeutic agents. 
Large NPs with diameters from 100 to 200 nm are required 
to deliver a sufficient amount of drugs to disease sites (Su 
et al. 2015). Microparticles of a few micrometers appeared 
to be advantageous because of their large drug-loading 
capacity but were easily filtered by the RES (Nagayama 
et al. 2007). The size of NPs also influences the pathway 
whereby NPs enter into cells. NPs 30–200 nm in diameter 
undergo intracellular incorporation via clathrin- or caveolin-
dependent endocytosis (Rejman et al. 2004; Saw et al. 2018). 
However, the phagocytosis process is reported to be a major 
pathway whereby larger NPs with a size of 250 to 3000 nm 
are internalized into cells (Hillaireau and Couvreur 2009). 
It is important to strike a balance between both the risks and 
the benefits attributed to the size of NPs when determining 
the ultimate size of NPs for use as innovative vehicles with 
advanced pharmacokinetic functions.

The size of NPs plays a critical role in their blood circula-
tion half-life and biodistribution under physiological condi-
tions, such as hepatic filtration, extravasation, tissue diffu-
sion, and kidney excretion. Renal clearance of intravascular 
components involves glomerular filtration, tubular secretion, 
and subsequent clearance of the molecules through urinary 

secretion (Mangan et al. 2018). The glomerular capillary 
walls have a physiologic pore size of 4.5–5 nm (Ohlson et al. 
2001). Thus, NPs with sizes less than 6 nm are efficiently 
filtered while those larger than 8 nm cannot be cleared by 
glomerular filtration. For example, Choi et al. reported that 
quantum dots with sizes of 4.36–5.52 nm exhibited renal 
clearance, whereas 8.65 nm quantum dots did not show renal 
filtration but uptake in the RES (Choi et al. 2007). The parti-
cles that are not filtered during renal clearance are excreted 
through the hepatic system. One of the main functions of the 
liver is to capture and eliminate foreign substances, includ-
ing viruses and NPs (Choi et al. 2007). NPs with sizes of 
10–20 nm are rapidly eliminated by the liver.

Many studies have focused on whether the size of NPs 
affects the circulation half-life and biodistribution. Tala-
mini et al. reported that gold NPs with a size of 10 nm dis-
plays an increase in blood circulation time and a decrease 
in accumulation in the liver and spleen compared to 20 nm 
gold NPs (Talamini et al. 2017). Interestingly, 50 nm gold 
NPs displayed a dynamic behavior in blood circulation; the 
blood circulation time decreased during the first 24 h after 
the administration but later increased over 120 h. These 
findings indicated that the 50 nm NPs are easily internal-
ized into cells while the 10 nm NPs escaped from the filter 
organs, passing through the endothelial cells and returning 
to circulation. Sonavane et al. also reported that small gold 
NPs (15 and 50 nm) have longer circulation times than gold 
NPs of 100 and 200 nm (Sonavane et al. 2008). Notably, 
these small gold NPs could penetrate the blood–brain bar-
rier. The large gold NPs (100 and 200 nm) not only showed 
a short circulation half-life but also a high accumulation in 
the liver and spleen. The adsorption of serum proteins on 
NPs is considered to be one of the major parameters affect-
ing the blood circulation time of NPs. Similarly, Nagayama 

Fig. 1  Cell uptake affected by the physical parameters of nanoparticles: size (a), shape (b), surface charge (c), and elasticity (d)
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et al. reported a dramatic increase in the hepatic uptake of 
NPs when incubated with serum proteins (Nagayama et al. 
2007). The adsorption of serum proteins on the surface of 
NPs is considered to induce an increase in opsonin-mediated 
uptake by Kupffer cells. Fang et al. reported that 80 nm poly 
methoxypolyethyleneglycol cyanoacrylate-co–n-hexadecyl 
cyanoacrylate (PEG-PHDCA) NPs caused a decrease in pro-
tein adsorption and phagocytic uptake compared to 170 and 
240 nm PEG-PHDCA NPs (Fang et al. 2006). Consequently, 
the blood clearance of 80 nm NPs was two times slower than 
that of the 170 and 240 nm NPs.

Size governs the accumulation and penetration of NPs 
at tumor sites. The accumulation and distribution of NPs 
in tumors are altered by their residence time, local con-
centration gradient, and penetration depth. An increase in 
the size of NPs interferes with permeability in blood vas-
culatures. With passive targeting, the NPs accumulate at 
the tumor site by the enhanced permeation and retention 
effect. NPs with sizes of 30–200 nm are known to exhibit 
efficient tumor accumulation (Kobayashi et al. 2013; Miao 
and Huang 2015). Cabral et al. performed a comparative 
study to evaluate the accumulation efficiency of polymeric 
micelles with diameters of 30, 50, 70, and 100 nm in both 
highly and poorly permeable tumors (Cabral et al. 2011). 
They found that although all NPs penetrated the highly per-
meable tumors, only the micelles of 30 nm efficiently pen-
etrated the poorly permeable pancreatic tumors to display 
an antitumor effect. These researchers also suggested that 
NPs smaller than 50 nm can penetrate poorly permeable 
hypovascular tumors. Perry et al. investigated the effect 
of size on the passive targeting of four different tumor 
models using hydrogel particle replication in non-wetting 
template (PRINT) particles of different sizes (55 × 60 nm, 
80 × 180 nm, and 80 × 320 nm (Perry et al. 2017). These 
researchers included tumor models of SKOV3 human 
ovarian cells, 344SQ murine non-small cell lung cancer 
(NSCLC) cells, A549 human NSCLC cells, and A431 
human epidermoid cancer cells. Based on their findings, 
the 55 × 60 nm particles preferentially accumulated in pri-
mary tumors and metastatic sites instead of healthy tissues 
while the 80 × 320 nm particles were mainly distributed in 
the regions close to blood vessels. Tchoryk et al. investi-
gated the penetration of poly(styrene) NPs of 30, 50, and 
100 nm in HCT-116 colorectal cancer spheroids (Tchoryk 
et al. 2019). Their results showed that the small NPs (30 and 
50 nm) penetrated the core of ~ 80% of HCT-116 spheroids, 
whereas the 100 nm NPs were strongly associated with 
the periphery of spheroids without significant penetration. 
Tumor microenvironments, including the dense network of 
the extracellular matrix, often serve as physical barriers for 
NPs to penetrate deep regions of the tumor; small NPs pen-
etrate more efficiently.

Due to the multi-faceted effects of size on various phar-
macokinetic functions of NPs, a question arose: what size 
of NPs is desirable for using them as drug delivery vehicles. 
Recently, the so-called novel size-adjustable NPs have been 
suggested as an innovative alternative to resolve these issues. 
Cun et al. fabricated a smart-size-switchable nanoplatform 
by conjugating small dendrigraft poly-L-lysine (DGL) to 
poly(ethylene glycol)–poly(caprolactone)-micelles through a 
matrix metalloproteinase 2 (MMP-2)-sensitive peptide (Cun 
et al. 2018). After extravasation, smart NPs with an initial 
size of 100 nm swiftly released small 30 nm NPs in response 
to MMP-2 in the tumor microenvironment. By switching the 
size of NPs in the target sites, they achieved a significant 
increase in the penetration and anticancer efficacy in meta-
static breast cancer cells (4T1) in vivo.

Rigorous studies have been conducted to evaluate the 
size-dependent uptake of NPs in different cell types. Saw 
et al. investigated the intracellular uptake, localization, and 
photothermal anticancer efficacy in breast cancer cells by 
fabricating cystine/citric acid-coated confeito-like gold 
NPs (confeito-AuNPs) of five different sizes: 30, 60, 80, 
and 100 nm (Saw et al. 2018). They found that the con-
feito-AuNPs of 30 nm had the highest cellular uptake via 
clathrin- and caveolae-mediated endocytosis while the other 
confeito-AuNPs utilized only clathrin-mediated endocyto-
sis. Moreover, the confeito-AuNPs of 30 nm exhibited the 
highest photothermal cytotoxicity due to the high surface 
area relative to their total mass and the enhanced interac-
tion between NPs and light. Similarly, Qian et al. demon-
strated that phenylboronic acid-decorated soy protein NPs 
(30 nm, diameter) showed high cell uptake and cytotoxic-
ity in HepG2 cells compared to their counterparts (50 and 
150 nm) (Qian et al. 2019). Interestingly, to examine the 
effect of size on cellular uptake, a reductionist approach was 
adopted to minimize other physiochemical factors except 
the size of NPs. In these studies, co-exposure of NPs with 
different sizes was employed instead of the common single 
exposure. Li et al. reported that the co-exposure of large 
silica NPs with sizes of 50, 100, and 150 nm accelerated the 
uptake of small 50 nm silica NPs by HeLa cells (Li et al. 
2019). The large silica NPs promoted the uptake of the small 
NPs while the small NPs inhibited the internalization of the 
large NPs. Although a clear mechanism has not been found 
to explain the interplay between NPs of different sizes on 
cellular uptake, it is postulated that the small silica NPs eas-
ily attach to the cell membranes because of their fast diffu-
sion rate and competitively inhibit bigger silica NPs from 
adhering to the membranes (Sun et al. 2017). It has also been 
suggested that the attachment of bigger silica NPs to the cell 
membrane triggers the clathrin endocytosis machinery and 
thus enhances the internalization of the smaller silica NPs 
attached to cell membranes (Lesniak et al. 2013).
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We learned that the size of NPs strongly affects different 
aspects of their pharmacokinetic behavior, including drug-
loading capacity, cell uptake efficiency, intracellular traffick-
ing, cell internalization pathways, systemic circulation time, 
excretion routes, tissue distribution, and tumor accumula-
tion. Nevertheless, several complicated issues exist in deter-
mining the optimal size of NPs, leading to improvements in 
pharmacokinetic functions and drug efficacy. NPs with sizes 
of 100–200 nm, including microparticles, are beneficial due 
to their large drug-loading capacity. However, these large 
particles undergo active opsonization, easily trigger immune 
responses, rapidly accumulate in the liver and spleen, and 
thus display poor systemic circulation. In addition, restric-
tions in the cell internalization pathways were reported 
for these big particles; clathrin-mediated endocytosis for 
NPs of ~ 100 nm and phagocytosis of much larger particles 
(250–3000 nm in size) were recognized. However, there are 
obstacles to the use of small NPs with a size of less than 
5 nm; this is not only because of their small loading capacity 
but also because of their rapid rate of renal clearance. Never-
theless, many studies revealed that compared to their larger 
counterparts, the small NPs were advantageous based on 
several aspects, including low immunogenicity, freedom for 
cell internalization pathways including caveolin-dependent 
pathways, long systemic circulation, and easy penetration 
and accumulation in the tumor. NPs of 30–200 nm have 

often been used in many studies because of their high uptake 
efficiency and high tumor accumulation. Overall, it is evi-
dent that a smart choice must be made to determine a desir-
able size of NPs by considering the pros and cons regarding 
the drug-loading capacity, immune response, circulation 
time, and cell uptake.

Shape

A wide spectrum of nanomaterials, including liposomes, 
micelles, dendrimers, and metal NPs, have been employed 
as drug delivery systems. Although spherical or near-spher-
ical NPs are most commonly used, recent advances in nano-
engineering technology have instigated rigorous studies to 
determine whether the therapeutic efficacy can be improved 
by modulating the shape of NPs, as summarized in Table 1.

The shape of NPs dictates their ability to interact with cell 
membranes. Although spherical NPs provide limited binding 
sites for cell receptors, non-spherical NPs allow multivalent 
interactions with cell surface receptors, as shown in Fig. 1 
(Agarwal et al. 2013). Non-spherical NPs exhibit efficient 
cell uptake by leveraging internalization pathways compared 
to their spherical counterparts (Bandyopadhyay et al. 2018; 
Shao et al. 2017; Zhang et al. 2019; Zheng et al. 2018). For 
example, Zheng et al. reported an increase in the uptake 

Table 1  Pharmacokinetic improvements by non-spherical NPs compared to their spherical counterparts

AR Aspect ratio, A549 human alveolar adenocarcinoma cells, Caco-2 colorectal adenocarcinoma cells, HepG2 human hepatocellular carcinoma 
cells, HL-7702 human hepatic embryo cells, HUVECs human umbilical vein endothelial cells, l length, SH-SY5Y human neuroblastoma cells, 
SPNPs spherical polymer nanoparticles, 4t1 murine mammary carcinoma cells

Formulation Shape In vitro findings In vivo findings References

Silica Rod High uptake in Caco-2 cells High oral bioavailability (Zheng et al. 2018)
Rod High uptake in MDA-MB231

Delayed drug release
(Pada et al. 2019)

Rod (AR = 4) High uptake in HepG2 and 
HL-7702

High accumulation in tumor (Shao et al. 2017)

Gold Rod (AR = 1.6) High uptake and cytotoxicity in 
glioblastoma-astrocytoma cells

(Bandyopadhyay et al. 2018)

Micelles Filomicelle (l = 180 nm) High uptake in Hela cells Long blood circulation
High accumulation in tumor

(Ke et al. 2019)

Polymer Cylinder (l = 203 nm) High uptake in A549 cells, SH-
SY5Y cells and HUVECs

(Zhang et al. 2019)

Rod High uptake in RBE4 endothelial 
cells

Specific accumulation in the lungs 
and brain

(Kolhar et al. 2013)

Rod High uptake in 4T1 cells
Low uptake in RAW 246.7 mac-

rophages

Long blood circulation
High accumulation in tumor
High antitumor efficacy

(Zhang et al. 2016b)

Dendrimer Sheet High uptake in 4T1 cells Enhanced tumor accumulation
High antitumor efficacy

(Guo et al. 2018b)

Nucleoprotein Rod AR = 3.5: efficient passive tumor 
homing behavior ex vivo

AR = 7: efficient tumor targeting 
in vivo

(Shukla et al. 2015)
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of mesoporous silica nanorods (MSNPs) in human epithe-
lial colorectal adenocarcinoma (Caco-2) cells in vitro with 
respect to their spherical counterparts (Zheng et al. 2018). 
The MSNPs were internalized via the caveolae-mediated 
pathway while spherical NPs entered cells through clathrin-
mediated endocytosis. Similar findings were reported in a 
study that investigated the interaction between magnetic 
mesoporous silica NPs (M-MSNPs) and human hepatocel-
lular carcinoma cells (HepG2) and human hepatic embryo 
cells (HL-7702) (Shao et al. 2017). M-MSNPs with three 
different shapes—spheres with an aspect ratio (AR) of 1 
and nanorods with AR = 2 and 4—were synthesized. They 
showed that the long nanorods (AR = 4) were most easily 
internalized by HepG2 and HL-7702 cells, and their inter-
nalization route was identified as macropinocytosis. In this 
study, the spheres and short nanorods were mainly inter-
nalized via the clathrin-mediated pathway. A similar study 
using gold NPs was performed on glioblastoma-astrocytoma 
cells (Bandyopadhyay et al. 2018). Gold NPs with five dif-
ferent shapes—nanorods (AR = 2.8), bipyramids (AR = 2.4), 
nanorods (AR = 1.6), tetrahexahedra (AR = 1.4), and spheres 
(AR = 1)—were fabricated. They found that nanorods 
(AR = 1.6) exhibited the highest cellular uptake and tumor 
cytotoxicity. Their uptake pathways include both receptor-
mediated endocytosis and macropinocytosis. Unlike in the 
studies by Shao et al. the longest nanorods (AR = 2.8) did not 
show the most efficient cell uptake. However, the nanorods 
were observed to be superior to the spherical gold NPs in 
terms of cell uptake efficiency. Ke et al. evaluated the uptake 
of ~ 2.5 μm (long), ~ 180 nm (short), and ~ 40 nm (sphere) 
filomicelles by HeLa cells (Ke et al. 2019). For compara-
tive analysis, the cross-sectional diameters of filomicelles 
were kept constant at ~ 40 nm. As a result, they found that 
the short filomicelles had the highest cellular uptake due 
to the abundant interaction areas with the cell membranes 
relative to the spherical micelles. Although long filomicelles 
offered a stronger interaction with the cell membranes, 
the long structure induced steric hindrance that inhibited 
cellular internalization. They also reported that short and 
spherical micelles were internalized via clathrin- and cav-
eolae-mediated pathways. The polymeric NPs were found 
to display consistent results. Zhang et  al. reported that 
cylindrical polymer brushes (CPBs) of ~ 203 nm in length 
and ~ 17 nm in diameter showed higher uptake than spheri-
cal polymer NPs (SPNPs) of ~ 45 nm in diameter (Zhang 
et al. 2019). Different cell lines were investigated, includ-
ing human alveolar adenocarcinoma cells (A549), human 
neuroblastoma SH-SY5Y cells, and human umbilical vein 
endothelial cells (HUVECs). The enhanced cellular uptake 
of the CPBs is due to their long and flexible morphology 
that provides larger contact areas with the cell membranes, 
leading to stronger interactions and adhesion with the cell 
membranes. Noticeably, they found that the internalization 

pathways of polymeric NPs varied depending on not only the 
shapes, but also the cell lines. In A549 cells, the CPBs were 
internalized via clathrin-mediated endocytosis while SPNPs 
were internalized through caveolae-mediated endocytosis. 
In SH-SY5Y cells, both CPBs and SPNPs were internalized 
via clathrin-mediated endocytosis. In HUVECs, the main 
endocytic pathway for both NPs was micropinocytosis.

Additionally, the rod-shaped NPs were advantageous for 
targeting the endothelium at sites of inflammation. This is 
because they sustain hemodynamic forces that tend to detach 
NPs from the endothelium. Kolhar et al. fabricated polysty-
rene nanospheres with diameters of 200 nm and nanorods 
of 501 nm in length and 123.6 nm in diameter (Kolhar et al. 
2013). The NPs were coated with either anti-ovalbumin 
antibody (OVA-mAb) or anti-intracellular adhesion mol-
ecule-1 antibody (ICAM-mAb) via physical adsorption. 
They evaluated specific interactions between the NPs and 
the walls of the synthetic microvascular networks coated 
with either OVA or laden with rat brain endothelial (RBE4) 
cells under the blood flow. The ICAM-mAb-coated nanorods 
were found to be internalized in the RBE4 cells to a much 
greater extent than the ICAM-mAb-coated spheres. ICAM-
mAb-coated nanorods also exhibited the highest attachment 
to the endothelial monolayer under flow conditions in vitro. 
The enhanced avidity and specificity of the nanorods were 
ascribed to multivalent interactions that facilitate adhe-
sion. Importantly, NPs with a high AR display an increase 
in their specific interactions and a decrease in nonspecific 
attachments to their targets compared to their spherical 
counterparts.

Studies have also shown that non-spherical NPs tend to 
delay drug release due to their uniqueness in porous net-
works. Pada et  al. demonstrated that mesoporous silica 
nanorods coated with polydopamine and polyethylene 
imine-PEG had better cellular uptake and delayed drug 
release compared to spherical NPs (Pada et al. 2019). The 
nanorods had the lateral and helical alignments of their 
porous networks, in contrast to the radical alignments of the 
nanospheres, which are responsible for a prolonged diffusion 
path for the encapsulated drug molecules. The delayed drug 
release of the nanorods extended the duration of action of 
the drug molecules. Thus, the shape of NPs as drug delivery 
vehicles is one of the important design parameters for con-
trolling their drug release profiles.

Moreover, non-spherical NPs exhibit a prolonged cir-
culation time in the blood because of their ability to evade 
biological barriers such as RES and blood filtration (Guo 
et al. 2018c; Ke et al. 2019; Shukla et al. 2015; Zhang et al. 
2016a). Zhang et al. also reported that the rod-shaped par-
ticles showed high uptake in 4T1 cells, displaying a three-
fold longer blood circulation time than the spherical par-
ticles due to the difference in macrophage uptake (Zhang 
et al. 2016b). For the filomicelles mentioned earlier, short 
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filomicelles with a length of ~ 180 nm had a longer blood 
circulation half-life of 17.8 h than the spherical micelles 
(14.4 h) (Ke et al. 2019). However, long filomicelles with 
a length of ~ 2.5 μm were rapidly removed by the RES 
and exhibited a short blood circulation time in vivo with a 
circulation half-life of 9.7 h. The extremely lengthy filomi-
celles were postulated to be inferior to spherical micelles 
due to steric hindrance. It is interesting that the short 
filomicelles showed increases not only in cell uptake but 
also in blood circulation time. However, some experimen-
tal results have warned against our hasty inference that the 
non-spherical NPs showing better uptake efficiency have 
a longer blood circulation time. CPBs, which showed an 
increase in cell uptake, were phagocytosed 2.5 times more 
rapidly by RAW264.7 macrophages than their spherical 
counterparts (Zhang et al. 2019). Instead, the spherical 
NPs exhibited a longer circulation half-life (∼6.2 h) than 
CPBs (∼4.6 h) in that study.

According to numerous in vivo studies, the shape of 
NPs is also known to affect their biodistribution as well 
as blood circulation time. Many studies have suggested 
that rod-shaped NPs exhibit a decrease in liver uptake and 
renal excretion in vivo. Shao et al. reported that while 
spherical M-MSNPs were significantly accumulated in the 
liver, spleen, and kidneys, long-rod NPs with AR = 4 were 
only retained in the spleen (Shao et al. 2017). Huang et al. 
also found that long-rod NPs with AR = 5 were retained 
in the spleen after intravenous administration while the 
short-rod MSNPs with AR = 1.5 were easily trapped in 
the liver (Huang et al. 2011). However, an increase in 
AR did not guarantee escape from liver uptake and renal 
filtration. Zhang et al. reported that CPBs ~ 203 nm in 
length and ~ 17 nm in diameter had a more rapid hepato-
biliary and renal excretion than the SPNPs with a diameter 
of ~ 45 nm (Zhang et al. 2019). Ke et al. also indicated that 
long filomicelles with a length of ~ 2.5 μm exhibited both a 
high clearance by the RES and a high retention in the liver 
and spleen (Ke et al. 2019). Similar findings were reported 
for nucleoprotein-based nanorods fabricated from tobacco 
mosaic virus protein. The long nanorods with AR = 16.5 
were rapidly cleared by the RES and accumulated in the 
liver and spleen compared to other nanorods with AR = 3.5 
and 7, while the short NPs with AR = 3.5 had longer cir-
culation times (Shukla et al. 2015). Li et al. reported that 
although the rod-shaped MSNPs had decreased renal 
excretion and liver distribution compared to their spheri-
cal counterparts after oral administration, in vitro studies 
using simulated intestine and gastric fluids showed that 
their degradation rates and bioavailability were reduced 
(Li et al. 2015). Indeed, the degradation of NPs was shape 
dependent. With the increase in AR, the degradation rate 
decreased, and thus, the nanospheres exhibited the high-
est degradation rate in vitro. These complex effects of the 

shape of NPs on biodistribution highlighted the need to 
engineer the shape of NPs.

To date, we have learned that a simple change in the shape 
of NPs could result in improved pharmacokinetic functions. 
Remarkably, these improvements, which were derived by mod-
ulating the shape of NPs, led to enhanced tumor penetration 
and accumulation, which is essential for elevated drug efficacy. 
For instance, deep penetration into multicellular spheroids was 
achieved by ~ 203 nm CPBs, showing high cellular uptake 
in vitro (Zhang et al. 2019). The enhanced flexibility of CPBs 
allowed them to alter the spatial conformation of the tumor 
microenvironments. Similar improvements in tumor spheroid 
penetration were reported for short filomicelles with a length 
of ~ 180 nm compared to spherical micelles (Ke et al. 2019). 
Moreover, in vivo experiments have reported the high antitu-
mor efficacy of short filomicelles. In vivo studies have reported 
similar results. The fiber rods exhibited lower uptake by mac-
rophages, leading to three times longer blood circulation time 
and four times higher accumulation in mammary tumors than 
microspheres after intravenous administration (Zhang et al. 
2016a). A comparative study using an amphiphilic PAMAM-
b-OEG codendrimer also revealed the better antitumor efficacy 
of non-spherical NPs than that of nanospheres, which is attrib-
uted to an increase in the blood circulation time and the tumor 
penetration of the nanosheets (Guo et al. 2018b). Many experi-
mental findings support the enhanced tumor penetration and 
antitumor efficacy of non-spherical NPs. However, whether 
the use of nanorods with high AR is beneficial for improving 
drug efficacy remains unclear. In a similar study conducted 
by Shukla et al., they found that PEGylated nanorods with 
the lowest AR (AR = 3.5) exhibited excellent passive tumor-
homing behavior due to their efficient diffusion ability (Shukla 
et al. 2015). However, nanorods with the medium AR (AR = 7) 
showed efficient tumor targeting, which was attributed to the 
enhanced balance between infusibility and ligand-receptor 
interactions.

Overall, the shape of NPs dictates the interactions 
between NPs and target cells. Non-spherical NPs with a 
low AR, such as rods and sheets, have improved cell uptake 
and prolonged blood circulation time due to their reduced 
clearance by the RES. Moreover, non-spherical NPs have 
advantages in tumor penetration and accumulation because 
they offset the hemodynamic forces that tend to detach the 
NPs from the endothelium. Thus, it is worthwhile to design 
the shape of NPs to improve the pharmacokinetics of NP 
therapeutics.

Surface charge

The surface charge of NPs, represented by zeta potential, 
affects the phagocytic uptake of NPs and thus affects the 
pharmacokinetics and biodistribution of NPs (Zhang et al. 
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2008). The cells exhibit a slight negative potential difference 
across their plasma membranes. The membrane potential 
varies from cell to cell, ranging from − 90 mV to − 20 mV 
(Alberts B 2002; Yang and Brackenbury 2013). Neurons are 
known to exhibit the most distinctive potential difference. 
The surface charge of NPs and cell membrane potential 
regulate cellular internalization, localization, and biologi-
cal functions of NPs (Arvizo et al. 2010). Importantly, the 
surface charge of NPs governs the electrostatic interactions 
between NPs and surrounding proteins, thereby affecting the 
blood circulation time and the pharmacokinetics of NPs, as 
summarized in Table 2.

Some studies have demonstrated that cationic NPs are 
efficiently internalized into cells due to their electrostatic 
interactions with the cell membranes that had a negative 
potential. For instance, cationic fluorophore-conjugated 
polystyrene NPs had a high internalization efficiency in 
both phagocytic differentiated (THP-1) and non-phagocytic 
(A549) cells compared to the neutral and anionic NPs (Jeon 
et al. 2018). Similarly, Kang and coworkers showed that 
cationic liposomes (+ 43 mV) exhibited high uptake in glio-
blastoma cells (U87MG) and fibroblasts (NIH/3T3) com-
pared to anionic (− 15 mV) and neutral (− 5 mV) liposomes 
(Kang et al. 2017). A further study showed that cationic 
liposomes were internalized into glioblastoma cells through 
the macropinocytosis pathways while the neutral liposomes 
were internalized via caveolae-mediated endocytosis. 
However, in fibroblasts, all liposomes were internalized 

via clathrin-mediated endocytosis. Song et al. also dem-
onstrated that cationic cellulose-based NPs encapsulating 
lysozyme and bovine serum albumin proteins showed high 
uptake efficiency in colorectal adenocarcinoma cells (Caco-
2) (Song and Chen 2015). The strong surface charge and 
large surface-to-volume ratio of cellulose NPs enhanced 
cellular uptake efficiency. Similarly, Zhang et al. showed 
that the cell uptake of NaYF4:  Yb3+,  Er3+ up-conversion 
NPs strongly depends on the surface charge; the cationic 
NPs exhibited high uptake efficiency in HeLa cells (Zhang 
et al. 2018). A further study of the shape of NPs showed that 
2-D hexagonal structures had higher cellular internalization 
efficiency than their 3-D counterparts. Notably, when the 
size of NPs increases, the role of surface charge on cellular 
internalization is weakened and the shape becomes a major 
factor driving the cellular internalization process. An inter-
esting study was performed on cationic gold NPs. Arvizo 
et al. reported that cationic gold NPs showing high uptake 
induced membrane depolarization in ovarian cancer cells, 
human bronchial epithelial cells, and human airway smooth 
muscle cells (Arvizo et al. 2010). Membrane depolarization 
by cationic gold NPs led to an increase in the intracellular 
calcium concentration by stimulating membrane calcium 
influx and endoplasmic reticulum calcium release.

As summarized in Table  2, cationic NPs showed 
enhanced cellular uptake in diverse types of cells, including 
cancer cells and macrophages. Nevertheless, both cationic 
and anionic NPs undergo active opsonization due to the 

Table 2  Effect of surface charge on the pharmacokinetic functions of NPs in vitro and in vivo

A2780, CP70 ovarian cancer cells, A549 adenocarcinomic human alveolar basal epithelial cells, ASM human airway smooth muscle cells, BEC 
human bronchial epithelial cells, Caco-2 colorectal adenocarcinoma cells, NIH/3T3 embryonic fibroblasts, U87MG human glioblastoma cells

Charge Formulation In vitro and In vivo findings Referenes

Cationic Gold High uptake in CP70, A2780, BEC, and ASM cells
Significant membrane depolarization

(Arvizo et al. 2010)

Polymer High uptake in THP-1 macrophages and non-phagocytic A549 Cells (Jeon et al. 2018)
High uptake in A549, TRAMP-C1 and MCF-7 and high antitumor activity (Meng et al. 2016), 

(Hung et al. 2016)
High extravasation and accumulation in TRAMP-C1 tumor, (Hung et al. 2016)

Liposomes High uptake in U87MG and NIH/3T3 (Kang et al. 2017)
Cellulose High uptake in Caco-2 cells (Song and Chen 2015)
Inorganic High uptake in HeLa cells (Zhang et al. 2018)

Anionic Quantum dots High uptake in MDA-MB231 and RAW 264.7 macrophages
Long blood circulation

(Liu et al. 2015)

Polymer Low cytotoxicity in L929 fibroblasts (Shao et al. 2015)
Long circulation time
High accumulation in H-22 tumors

(He et al. 2010)

Micelle Low uptake in RAW 264.7 macrophages
Long circulation time
High accumulation in SKOV-3 tumor

(Xiao et al. 2011)

Pectin Long circulation time (Verma and Kumar 2013)
Gold Long circulation time

High accumulation in U14 tumors
(Wang et al. 2016)



43Journal of Pharmaceutical Investigation (2021) 51:35–51 

1 3

strong electrostatic adsorption of proteins on the surface of 
NPs in the bloodstream. Instead, neutral NPs can resist pro-
tein adsorption due to the lack of electrostatic interactions, 
avoid filtration by the mononuclear phagocyte system, and 
thus achieve low clearance and prolonged blood circulation 
time compared to charged particles. Notably, cationic NPs 
have a high affinity for adsorbing plasma proteins, which 
increases their hydrodynamic size, leading to rapid clear-
ance and subsequent accumulation in the lungs. Moreover, 
the strong ionic interactions between cationic NPs and the 
negatively charged cell membrane resulted in an accumula-
tion of the NPs in the lung and kidney. Xiao et al. reported 
an increase in the uptake of charged micelles by the RAW 
264.7 murine macrophages due to active opsonization in 
mouse serum (Xiao et al. 2011). Further in vivo studies 
showed that NPs mainly accumulated in the liver due to 
phagocytosis by macrophages (Kupffer cells). In contrast, 
NPs carrying slightly negative charges showed a decrease 
in liver accumulation and an increase in tumor uptake as 
a result of reduced clearance by the RES. An interesting 
study reported the enhanced bioavailability of cationic poly-
meric NPs administered via the oral route (Du et al. 2018). 
In that study, cationic NPs exhibited significant uptake both 
in Caco-2 cells in vitro and small intestinal epithelial cells 
in vivo, strongly interacted with both the epithelial surface 
and lamina propria, and thus accumulated in the small intes-
tine. Subsequently, the NPs were transported via the mesen-
teric vessels to the liver through the hepatic portal vein and 
finally to the systemic circulation, resulting in significantly 
improved oral bioavailability. However, Verma et al. showed 
that a negative charge is more suitable for the passive deliv-
ery of drugs in the liver. They found that anionic pectin 
NPs exhibited prolonged plasma retention of paclitaxel with 
major accumulation in the liver via intravenous injection 
in vivo (Verma and Kumar 2013).

However, studies using quantum dots have reported 
results that are conflicting to other NPs in terms of the role 
of surface charge on cellular interactions. Some studies have 
reported preferential internalization of cationic NPs, while 
others have reported preferential uptake of anionic quantum 
dots. For instance, Liu et al. demonstrated that charged quan-
tum dots (either positive or negative) exhibited higher inter-
nalization in breast cancer cells (MDA-MB-231) than their 
neutral counterparts. Surprisingly, the anionic NPs showed 
higher cellular uptake due to their high hydrophobicity than 
neutral and cationic NPs (Liu et al. 2015). A further study 
showed that all quantum dots were internalized into the cells 
predominantly via clathrin-mediated endocytosis. In addi-
tion, an intracellular transport study showed that the anionic 
quantum dots had high penetration ability and were accumu-
lated in endosomes and lysosomes compared to neutral NPs 
localized in the cytoplasm and lysosomes. Moreover, the 
anionic and neutral NPs had a longer blood circulation time 

than the cationic quantum dots and preferentially accumu-
lated in the liver and spleen. Strikingly, the cationic quantum 
dots were accumulated in the kidney and brain, implicating 
that they could open the tight junctions around the capillar-
ies in the brain. Tang et al. also demonstrated that cationic 
quantum dots were preferentially accumulated in the lungs 
while the anionic and PEGylated counterparts were accu-
mulated in the liver (Tang et al. 2013). High doses of cati-
onic quantum dots caused severe acute toxicity both in vivo 
and in vitro owing to pulmonary embolism. Nevertheless, 
PEGylated quantum dots significantly reduced chronic 
injury relative to either cationic or anionic quantum dots. 
Unlike other types of NPs, quantum dots display a unique 
dependence on systemic circulation time for their surface 
charge. Javidi et al. demonstrated that anionic quantum dots 
had a longer systemic circulation time than their cationic 
counterparts (Javidi et al. 2019).

Cytotoxicity and unexpected side effects were observed 
not only for quantum dots but also for other types of NPs. 
Strong charges were suggested to result in more severe out-
comes caused by NPs. Shao et al. also demonstrated that 
cationic polymeric NPs caused significant cytotoxicity to 
L929 fibroblasts compared to anionic NPs (Shao et al. 2015). 
They reported that the strong charges of NPs exacerbate 
cytotoxicity. Under physiological conditions, the protein 
corona surrounding the cationic NPs weakens the interac-
tions between NPs and the cell membranes. However, as the 
corona is decomposed in the lysosomes, the cationic NPs 
are more exposed. Furthermore, they strongly interact with 
lysosomal membranes and finally induce significant cytotox-
icity. However, the interactions between the anionic NPs and 
biological membranes are inherently repulsive regardless of 
the corona formation as biological membranes, including 
lysosomal membranes, are also negatively charged.

Different studies have demonstrated that NPs with dif-
ferent surface charges display distinctive features in terms 
of tumor accumulation and penetration. For example, Meng 
et al. reported that cationic polymeric NPs encapsulating 
tetrandrine had a higher cellular uptake efficiency and excel-
lent antitumor activity in A549 cells than anionic NPs. This 
finding was attributed to the enhanced adsorption of the 
cationic NPs to the cell membrane with anionic proteins, 
thereby facilitating uptake into the cytoplasmic compart-
ments (Meng et al. 2016). Another study by Wang et al. 
demonstrated that anionic gold NPs had longer systemic 
circulation time, higher tumor uptake efficiency, and subse-
quently a stronger antitumor effect (54.3%) in murine cervix 
carcinoma U14 cells than their neutral (38.9%) and cationic 
(42.2%) counterparts (Wang et al. 2016). They indicated a 
decrease in nonspecific cellular uptake and the adsorption of 
plasma proteins of the anionic NPs in the phagocytic system 
as the main causes of the observed differences. He et al. also 
found that a slight negative charge of chitosan NPs exhibited 
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a long circulation time, thereby contributing to significant 
accumulation in the tumor relative to the cationic and ani-
onic NPs (He et al. 2010).

Cationic NPs are known to exert electrostatic forces on 
cell membranes with negative potential and thus facilitate 
binding events with tumors. However, the neural or slightly 
negative charges were found to be favorable for preventing 
nonspecific binding during circulation (Naguib et al. 2014). 
Novel NPs with switchable charges have been exploited to 
enhance the internalization of target tissues and therapeutic 
efficacy. Owing to the tumor microenvironments, smart moi-
eties responding to external stimuli, including pH-respon-
sive moieties, have been incorporated into this novel NP 
system. For instance, Hung et al. fabricated pH-responsive 
NPs consisting of hydrophobic poly(lactic-co-glycolic acid) 
PLGA cores coated with pH-responsive N-acetyl histidine-
modified D-α-tocopheryl polyethylene glycol succinate 
(NAcHis-TPGS) shells to deliver doxorubicin (DOX) into 
tumors (Hung et al. 2016). The NPs with an initial neutral 
charge turned into cationic NPs under acidic conditions, 
which solicit protonation of the imidazole group of the 
NAcHis-TPGS segments. The resulting positive charge of 
NAcHis-TPGS/PLGA NPs enhanced the delivery efficiency 
of DOX to TRAMP-C1 cells and MCF-7 cancer cells by 1.5 
folds under acidic conditions in vitro. An in vivo biodistribu-
tion study also showed that the NAcHis-TPGS/PLGA NPs 
were significantly accumulated in the tumor and actively 
penetrated the deep tumor under hypoxic conditions. As a 
result, the improved pharmacokinetic functions due to the 
switchable charges led to the successful inhibition of tumor 
growth and recurrence in vivo. Similar pH-responsive mag-
netic nanoparticles (MNPs), which can switch their surface 
charges from − 13.8 mV to + 31 mV, were fabricated (Shen 
et al. 2013a). At a physiological pH of 7.4, the pH-respon-
sive NPs exhibited a surface charge of − 13.8 mV and thus 
repelled the negatively charged cell membrane during blood 
circulation. Once the NPs were delivered to the tumor site, 
the acidic condition of the tumor turned the surface charge 
of NPs into a positive charge by removing galactose from the 
Schiff base and protonating the ε-amino groups in the lysine 
residue of NPs. Consequently, they successively achieved a 
significant increase in the uptake of NPs in epithelial carci-
noma A549 cells through electrostatic interactions between 
the cationic NPs and the negatively charged cell membrane.

Generally, cationic NPs are efficiently internalized into 
cells due to electrostatic interactions with the negatively 
charged membrane. However, the high interaction of cationic 
NPs with opsonin proteins accelerates their rate of clearance 
from the bloodstream. The slightly negative charges of NPs 
are known to be beneficial for the extended blood circulation 
time owing to the reduced interactions with the RES. With 
the long blood circulation time, the NPs could reach the dis-
ease sites. Recently, novel NPs with switchable charges have 

been suggested as an innovative alternative that can leverage 
the effect of the surface charge of NPs on pharmacokinetic 
functions for improved therapeutic efficacy.

Elasticity

Rigorous efforts have been made to determine whether the 
elasticity of NPs is a major physicochemical determinant 
affecting the pharmacokinetics and biodistribution of NPs. 
Elasticity represents the flexibility of a material under stress 
(e.g., shear, uniaxial, or bulk stresses). Many studies report 
that the elasticity of NPs affects the manner in which NPs 
interact with immune cells and organs (Anselmo et al. 2015; 
Hartmann et al. 2015; Key et al. 2015; Merkel et al. 2011; 
Mullner et al. 2015). To date, several techniques have been 
utilized to evaluate the elasticity of NPs, such as mechanical 
tester (Liu et al. 2012), rheometer (Anselmo et al. 2015), 
extrusion (Utreja et al. 2011), synchrotron X-ray diffrac-
tion (Ingham et al. 2010), scanning tunneling microscopy 
(Hazarika et al. 2014), and atomic force microscopy (AFM) 
(Takechi-Haraya et  al. 2019). Among these techniques, 
AFM has been extensively used to evaluate the elasticity of 
NPs (Cui et al. 2013; Hartmann et al. 2015; Teschke and de 
Souza 2002; Zhang et al. 2015).

Because of the high spatial resolution (< 1 Å) and the 
high sensitivity in force detection (~ 1 pN), AFM has been 
used to evaluate the morphological and mechanical proper-
ties of NPs (Liang et al. 2004; Takechi-Haraya et al. 2018). 
For the elasticity measurements, the AFM probe was used to 
apply a precisely controlled force on the sample surface and 
yielded a force-distance curve (Brochu and Vermette 2008; 
Teschke and de Souza 2002). The obtained force-distance 
curves were analyzed using mathematical models, such as 
the Hertz model, to determine the elasticity (Young’s modu-
lus) of the sample (Bolean et al. 2017; Brochu and Vermette 
2008). Further alterations to the Hertz model allowed quanti-
fication of both the elastic storage modulus and viscous loss 
modulus of the sample (Mahaffy et al. 2004). The frequency-
dependent analysis facilitated the decomposition of the elas-
tic modulus into loss and storage modulus (Mahaffy et al. 
2004; Pi et al. 2000). The Hertz model was also expanded 
to determine the elastic moduli of very thin soft materials 
considering the boundary conditions of samples (Brochu 
and Vermette 2008; Mahaffy et al. 2004). Force-distance 
curves were often collected in a two-dimensional array over 
a defined area of the sample. The force-distance curves or 
force volume data were very useful for evaluating the spatial 
variations in elasticity. By analyzing the force volume, the 
entire map of the distribution of Young’s moduli over the 
scanned area can be generated (Bastatas et al. 2012).

Table 3 summarizes how the elasticity of NPs affects cel-
lular uptake and intracellular trafficking of NPs. Soft NPs 
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are reported to be internalized into cancer cells faster and 
to a greater extent than hard NPs (Guo et al. 2018a; Hart-
mann et al. 2015; Liu et al. 2012; Sun et al. 2015a). For 
instance, Liu et al. found that soft NPs (17 kPa) made of 
poly(2-hydroxyethyl methacrylate) (HEMA) hydrogel were 
more efficiently internalized into HepG2 cancer cells than 
the stiffer NPs (156 kPa) (Liu et al. 2012). Micropinocyto-
sis was identified as a major route for the soft NPs to enter 
cells while stiffer NPs were internalized via caveolae- and 
clathrin-mediated endocytosis as well as macropinocyto-
sis. The internalization of the stiffer NPs disturbed the cell 
morphology as well as the internal structures by the forma-
tion of vacuoles in the cell body. The hard NPs resulted 
in strong impendence of cell adhesion and interfered with 
the adjustment of the membrane structures during adhesion. 
Subsequently, these changes modulated the cell functions, 
including cell growth, migration, differentiation, survival, 
and tissue organization. Similarly, Hartmann et al. reported 
rapid internalization of soft polymeric capsules to the lys-
osomes of HeLa cells (Hartmann et al. 2015). Sun et al. 
demonstrated that soft hyaluronic acid capsules efficiently 
bind to HeLa cells compared to stiffer capsules (Sun et al. 
2015a). It was postulated that when contact was made with 
the cell membrane, the soft capsules easily deformed their 
shape, resulting in a large contact area that facilitated their 
adhesion to the cell membrane. Some studies have suggested 
that the difference in the cellular uptake of soft and hard 
NPs results from the shift of the internalization pathway 
from fusion with a low energy dependence to endocytosis 
with a high energy dependence. Guo et al. also demonstrated 
that soft NPs were predominantly internalized via the fusion 
mechanism while the hard NPs underwent clathrin-mediated 
internalization. Thus, soft NPs with an elastic modulus of 

45 kPa exhibited higher uptake by breast cancer cells (MDA-
MB231 and MCF-7) and human mammary epithelial cells 
(MCF-10A) than the hard NPs with an elastic modulus of 
19 MPa (Guo et al. 2018a). It is understandable that the 
fusion pathway is only allowed for NPs with low elastic 
moduli because they can quickly squeeze themselves within 
the cell membrane pores and thus require less energy. How-
ever, the uptake of the NPs into the cells by the endocyto-
sis pathways requires high energy expenditures to bend the 
membrane, overcome the surface tension, and coat the pits. 
Therefore, fusion of the soft NPs within the cell membrane 
without endosome formation might be an efficient route for 
the intracellular delivery of therapeutic agents.

Nevertheless, some studies reported that the hard NPs 
exhibited high cellular uptake due to the lower energy con-
sumption by the membranes in wrapping their surfaces than 
soft NPs (Anselmo et al. 2015; Sun et al. 2015b; Zhang et al. 
2015). According to Sun et al. soft NPs undergo signifi-
cant deformation during cell uptake before they are trapped 
within the cell membrane (Sun et al. 2015b). This deforma-
tion impedes their entry into the cells because of the high 
energy demand to overcome the bending energy required 
to complete their internalization. They reported that hard 
poly(lactic-co-glycolic acid) (PLGA)–lipid NPs with an 
elastic modulus of 1.2 GPa displayed significantly higher 
uptake by HeLa cells than the soft PLGA–lipid NPs with an 
elastic modulus of 0.76 GPa (Sun et al. 2015b). As a result, 
the hard NPs loaded with doxorubicin induced more cell 
death than their soft counterparts. Both the hard and soft 
NPs were internalized via clathrin-mediated endocytosis. 
Similarly, Zhang et al. demonstrated that hard lipid-mon-
olayer polymeric NPs loaded with doxorubicin had higher 
uptake in HeLa cells, leading to an enhanced anticancer 

Table 3  Uptake of soft NPs by different cells

HUVECs human umbilical vein endothelial cells, PEG polyethylene glycol diacrylate, PLGA poly(lactic-co-glycolic acid)

Formulation Softness Cells References

High uptake in cancer cells
Polymer 0.25 – 5 N/m HeLa cells (Hartmann et al. 2015)

610 – 1 × 107 kPa MDA-MB231, SUM159 (Alexander et al. 2015)
Hyaluronic acid 7.6 – 28.9 N/m HeLa cells (Sun et al. 2015a)
Liposomes 45 – 19,000 kPa MDA-MB231, MCF-7, MCF-10A (Guo et al. 2018a)
Low uptake in endothelial cells
PEG-based hydrogel 10 – 300 kPa bEnd.3 (Anselmo et al. 2015)
Polymer-lipid N/A HUVECs (Zhang et al. 2015)
PLGA–lipid 0.76 – 1.20 GPa HUVECs (Sun et al. 2015b)
Low uptake in macrophages
Polymer-lipid  ~ 1.3 and 15 kPa J774.A1 (Key et al. 2015)
Polymer N/A RAW 264.7 (Mullner et al. 2015)

610 – 1 × 107 kPa J774A.1 (Alexander et al. 2015)
Micelles N/A THP-1 (Geng et al. 2007)
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effect, than soft NPs (Zhang et al. 2015). They explained 
that the soft NPs dissipated more energy at the lipid NP-cell 
interface and were thus less internalized by cancer cells than 
the hard NPs. Moreover, Anselmo et al. reported the high 
internalization efficiency of hard polyethylene glycol (PEG)-
based hydrogel NPs with an elastic modulus of 3 MPa in 
4T1 cancer cells as a result of the enhanced receptor-medi-
ated endocytosis compared to the soft NPs with an elastic 
modulus of 10 kPa (Anselmo et al. 2015).

The endothelial cells line the interior surface of the blood 
and lymphatic vessels. Further, they act as a barrier between 
the vessel lumen and surrounding tissues, controlling the 
entry of foreign materials, including NPs. NPs of optimal 
formulation can permeate the endothelial barriers and 
deliver therapeutic agents to the intended target tissue. Some 
studies have shown that soft NPs are preferentially internal-
ized by endothelial cells relative to hard NPs. Alexander 
et al. reported that soft cube-shaped TA/PVPON polymer 
capsules exhibited higher internalization in human microvas-
cular endothelial cells because of the low energy demand for 
membrane deformation than hard capsules (Alexander et al. 
2015). Nevertheless, other studies have demonstrated more 
efficient internalization of hard NPs than soft NPs (Anselmo 
et al. 2015; Sun et al. 2015b; Zhang et al. 2015). Their find-
ings are due to the full wrapping of the hard NPs by the 
cell membrane and their efficient internalization into the 
endothelial cells. The soft NPs undergo deformation during 
internalization and are trapped within the cell membrane. 
For instance, Sun et al. reported that hard PLGA–lipid NPs 
with an elastic modulus of 1.2 GPa were efficiently internal-
ized into HUVECs compared to soft PLGA–lipid NPs with 
an elastic modulus of 0.76 GPa (Sun et al. 2015b). Similar 
results were demonstrated by Zhang et al. that hard lipid-
monolayer polymeric NPs loaded with doxorubicin had a 
higher uptake in HUVECs due to the enhanced cell-particle 
interaction, which induced significant cytotoxic effects, 
than their soft counterparts (Zhang et al. 2015). In addition, 
Anselmo et al. found that hard hydrogel NPs with an elastic 
modulus of 3 MPa showed efficient uptake in endothelial 
bEnd.3 cells owing to enhanced receptor-mediated endo-
cytosis compared to soft NPs with an elastic modulus of 
10 kPa (Anselmo et al. 2015). Although there have been 
equivocal reports regarding the role of elasticity on the 
uptake efficiency of NPs by endothelial cells (Alexander 
et al. 2015), many studies have shown enhanced internali-
zation of the hard NPs by endothelial cells (Anselmo et al. 
2015; Sun et al. 2015b; Zhang et al. 2015).

The mononuclear phagocyte system, reticuloendothelial 
system (RES), removes foreign substances from blood circu-
lation. It includes monocytes of the blood and macrophages 
in the liver, spleen, bone marrow, and lung (Van Furth et al. 
1972). The NPs in the systemic circulation are eliminated 
by RES. Many researchers have attempted to minimize the 

interactions of NPs with monocytes and macrophages that 
eliminate the NPs from circulation by optimizing the elastic-
ity of NPs, as shown in Table 3. Key et al. fabricated discoi-
dal polymeric NPs (DPNPs) with different elastic moduli 
from ~ 1 to 15 kPa and evaluated their interactions with 
bone marrow-derived monocytes (Key et al. 2015). The soft 
DPNPs were found to be twice as internalized as the hard 
DPNPs. Moreover, the hard DPNPs were efficiently internal-
ized by the J774.A1 macrophages three times faster than the 
soft DPNPs. The soft DPNPs could transiently deform their 
shape, squeeze through small orifices, such as circulating 
blood cells, ultimately resulting in decreased interactions 
with the RES. Hard hydrogel NPs with an elastic modulus 
of 3 MPa were also reported to be efficiently phagocytosed 
by the J774.A1 macrophages (i.e., 3.5 folds greater than 
the soft NPs with an elastic modulus of 10 kPa) (Anselmo 
et al. 2015). During phagocytosis, macrophages exert a force 
on NPs that is strong enough to deform the soft NPs; this 
may be responsible for the findings achieved. Due to the 
deformation, soft NPs become elongated or stretched in a 
direction parallel to the cell membrane. Consequently, the 
extent of phagocytosis decreases. In addition, an increase in 
the tension of the cell membrane that is required to sustain 
complete phagocytosis may contribute to a decrease in the 
extent of phagocytosis. Phagocytosis is known to decrease 
in proportion to the radius of curvature of spherical NPs 
(Champion and Mitragotri 2006; Herant et al. 2005). Fur-
thermore, hard cube-shaped hydrogen-bonded tannic acid/
poly(N-vinylpyrrolidone) (TA/PVPON) polymer capsules 
showed a higher uptake by the J774A.1 murine macrophages 
than the soft capsules (Alexander et al. 2015). These studies 
consistently reported that hard NPs are effectively internal-
ized by macrophages compared to soft NPs, indicating the 
potential prolongation of the blood circulation time of soft 
NPs.

Importantly, the elastic properties of NPs affect the cir-
culation half-life of NPs by minimizing their rapid clear-
ance using immune-competent cells. Soft NPs persist in the 
bloodstream for a long time due to their reduced uptake by 
macrophage cells. Anselmo et al. reported that soft hydro-
gel NPs with an elastic modulus of 10 kPa exhibited longer 
circulation time (< 2 h), resulting in their accumulation in 
certain organs in vivo, than hard hydrogel NPs with an elas-
tic modulus of 3 MPa (Anselmo et al. 2015). The reduced 
opsonization of soft NPs by the macrophage-hosting RES 
organs was considered to be a major cause. Similarly, soft 
DPNPs with an elastic modulus of ~ 1.3 kPa exhibited a 
longer circulation half-life (24 h) than the hard DPNPs with 
an elastic modulus of 15 kPa (Key et al. 2015). The hard NPs 
were rapidly removed from pulmonary microcirculation by 
Kupffer cells, leading to significant accumulation in the liver 
and abdominal cavity at 6 h after administration. Mullner 
et al. also reported that soft CPBs have a longer circulation 
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half-life (> 24 h) than their hard counterparts. The elasticity 
of anisotropic material was found to significantly influence 
the clearance and filtration of NPs in the blood (Mullner 
et al. 2015). Additionally, Merkel et al. conducted simi-
lar studies by fabricating mimicry red blood cell hydrogel 
microparticles (RBCMs) with an elastic modulus of 63.9, 
39.6, 16.9, and 7.8 kPa (Merkel et  al. 2011). The hard 
RBCMs with an elastic modulus of 63.9 kPa and 39.6 kPa 
were rapidly sequestered after administration and were accu-
mulated in the lungs. However, the soft RBCMs with an 
elastic modulus of 16.9 kPa and 7.8 kPa avoided clearance 
by filtration in the lung; instead, they were accumulated in 
the spleen. Strikingly, the concentration of soft RBCMs in 
the lung and spleen decreased over time, revealing that the 
particles were not permanently trapped and might return to 
circulation. Consequently, the soft RBCMs with an elastic 
modulus of 7.8 kPa had the longest circulation half-life.

Furthermore, elastic properties play a critical role in 
biodistribution, including the selective accumulation of 
NP therapeutics in target organs. The long circulation time 
of NPs extended their duration of action and thus induced 
the accumulation of therapeutic agents at disease sites such 
as tumors (Guo et al. 2018a; Key et al. 2015; Zhang et al. 
2015). The study that employed NPs with an elastic modu-
lus of 45 kPa, 1.6 MPa, 13.8 MPa, and 19 MPa reported 
that soft NPs with an elastic modulus of 45 kPa exhibited 
significant tumor accumulation with a 1.3 -, 1.9 -, and 2.6-
fold increase relative to the hard NPs with an elastic modu-
lus of 1.6 MPa, 13.8 MPa, and 19 MPa, respectively (Guo 
et al. 2018a). Moreover, hard NPs with elastic moduli above 
13.8 MPa were more accumulated in the liver than soft NPs 
with elastic moduli of 45 kPa and 1.6 MPa. Similar results 
have been reported where the long half-life (~ 24 h) of soft 
DPNPs with an elastic modulus of ~ 1.3 kPa facilitated their 
accumulation in the tumor (Key et al. 2015). The iron-loaded 
soft DPNPs efficiently targeted the malignant mass. Further, 
the accumulation of these DPNPs reached more than 15% 
ID/g at 3 h after administration in the presence of a mag-
netic field. However, studies have reported the superiority 
of hard NPs relative to soft NPs. For example, Zhang et al. 
demonstrated that the hard lipid-monolayer-shell NPs loaded 
with doxorubicin and combretastatin A-4 exhibited stronger 
tumor growth inhibition and higher targeting efficiency than 
the soft lipid-bilayer-shell NPs in vivo (Zhang et al. 2015). 
These results aligned with those from their in vitro studies 
where hard NPs were demonstrated to have strong interac-
tions and adhesion to both HUVECs and HeLa cells.

Generally, the elastic modulus of NPs is an important 
parameter that modulates the pharmacokinetic behavior of 
NP therapeutics. Optimization of the elastic modulus has 
been shown to influence the interactions between NPs and 
various cells, circulation half-life, tumor targeting, and accu-
mulation efficiency. Soft NPs were reported to be efficiently 

internalized by cancer cells despite a lack of conclusion 
regarding the uptake efficiency of soft NPs in endothelial 
cells. Importantly, most in vivo and in vitro studies have 
demonstrated that soft NPs are less internalized by immune 
cells and exhibit longer circulation time than hard NPs. Nev-
ertheless, some in vitro studies arrived at conclusions that 
opposed these findings.

Conclusion

NP drug delivery systems have garnered increased attention 
because they reduce drug toxicity, extend blood circulation 
half-life by reducing immunogenicity, and allow controlled 
drug release. NP systems also facilitate targeted and site-
specific drug delivery. Despite these advantages, NPs have 
yet to achieve their full potential as drug delivery vehicles. 
NPs in systemic circulation are considered foreign sub-
stances and are rapidly cleared by the RES. Strikingly, the 
recognition of NPs in systemic circulation can be adjusted 
by controlling the physicochemical parameters of NPs. NPs 
with small sizes in the range of 30–200 nm are ideal candi-
dates that balance several aspects of pharmacokinetic fea-
tures, including cell uptake, recognition by the RES system, 
and physiological filtration in the kidney, liver, and spleen. 
In addition, elongated NPs were revealed to exhibit high 
cellular internalization through multivalent interactions, 
prolonged blood circulation time due to reduced clearance 
by the RES, and increased chances of reaching the disease 
site. Surface charge largely affects the interaction between 
NPs and cells. Compared to neutral and anionic NPs, cati-
onic NPs displayed a high affinity for the cell membrane 
with a negative potential due to electrostatic interactions. 
Nonetheless, a high accumulation of cationic NPs causes 
perturbation of the cell membrane. The NPs transporting 
slightly negative charges were found to reduce their cyto-
toxic effect and interaction with plasma proteins, resulting 
in prolonged blood circulation. In addition, the elasticity of 
NPs (i.e., Young’s modulus) is one of the critical proper-
ties in the optimization of the interaction between NPs and 
biological specimens. Soft NPs exhibit reduced interaction 
with immune cells and are not easily eliminated by RES. As 
a result, they displayed prolonged blood circulation as well 
as high extravasation into tumor tissues compared to hard 
NPs. Unequivocal conclusions from studies that investigated 
the effect of the physical properties of NPs on the pharma-
cokinetic features of NPs cannot be easily drawn. Notably, 
the physical properties and materials of NPs widely varied 
among the studies. This wide variation inherently imposes 
difficulty when performing a direct comparison among the 
results found across studies. Furthermore, the complexity 
of the pharmacokinetic behaviors of NPs and the heteroge-
neous nature of diseases, such as cancer, make it difficult 
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to evaluate the efficiency of NPs as drug delivery vehicles. 
However, rigorous scientific efforts are required to unveil 
the detailed impact of the physical properties of NPs on the 
pharmacokinetic features using in vitro and in vivo stud-
ies. Nevertheless, we can conclude that physical parameters, 
including size, shape, surface charge, and elasticity, should 
be optimized for the development of novel drug delivery 
systems using NPs with excellent biocompatibility and 
therapeutic efficacy.
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