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Abstract

The aim of this study is to uncover the size influence of poly (lactic-co-glycolic acid) (PLGA) and 

titanium dioxide (TiO2) nanoparticles on their potential cytotoxicity. PLGA and TiO2 

nanoparticles of three different sizes were thoroughly characterized before in vitro cytotoxic tests 

which included viability, generation of reactive oxygen species (ROS), mitochondrial 

depolarization, integrity of plasma membrane, intracellular calcium influx and cytokine release. 

Size-dependent cytotoxic effect was observed in both RAW264.7 cells and BEAS-2B cells after 

cells were incubated with PLGA or TiO2 nanoparticles for 24 h. Although PLGA nanoparticles 

did not trigger significantly lethal toxicity up to a concentration of 300 μg/ml, the TNF-α release 

after the stimulation of PLGA nanoparticles should not be ignored especially in clinical 

applications. Relatively more toxic TiO2 nanoparticles triggered cell death, ROS generation, 
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mitochondrial depolarization, plasma membrane damage, intracellular calcium concentration 

increase and size-dependent TNF-α release, especially at a concentration higher than 100 μg/ml. 

These cytotoxic effects could be due to the size-dependent interaction between nanoparticles and 

biomolecules, as smaller particles tend to adsorb more biomolecules. In summary, we 

demonstrated that the ability of protein adsorption could be an important paradigm to predict the 

in vitro cytotoxicity of nanoparticles, especially for low toxic nanomaterials such as PLGA and 

TiO2 nanoparticles.
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Introduction

The safety of nanomaterials is receiving more and more attention in this decade (Oberdörster 

et al. 2005b; Nel et al. 2006), because products based on nanotechnology have penetrated 

into our daily lives, ranging from cosmetics to medical products (McCall 2011; Nel et al. 

2006). However, more attention is paid to soluble metal oxide particles, such as ZnO, that 

release toxic metal ions like Zn2+ (George et al. 2009; Ng et al. 2011; Heng et al. 2010a, b). 

The potential mechanism of cytotoxicity induced by non-soluble metal oxide such as 

titanium dioxide (TiO2) nanoparticles and biomedical nanomaterials is still controversial. 

TiO2 nanoparticles are even considered as a “natural” nanomaterial and are positively 

accepted by the general public (Skocaj et al. 2011). However, some reports have pointed out 

the potential toxicity of TiO2 nanoparticles, including their ability to induce oxidative stress 

(Gurr et al. 2005; Kang et al. 2008; Long et al. 2006; Park et al. 2008), genotoxicity 

(Petkovic et al. 2010; Rahman et al. 2002; Wang et al. 2007), and immunotoxicity (Sayes et 

al. 2006; Palomaki et al. 2009). However, the mechanism behind these cytotoxic effects is 

still unclear. Besides these nonsoluble metal oxide particles, more attention should also be 

given to biomedical nanomaterials. Zhao et al. (2010) reported that hydroxyapatite (HA) 

nanoparticles of three different surface areas did not cause significant decrease in cell 

viability, but higher ROS generation was observed in the cells after incubating with HA 

nanoparticles of large surface areas. Poly (lactic-co-glycolic acid) (PLGA) nanoparticles are 

also widely studied for biomedical applications and have great potential to be used in drug 

delivery systems. The encapsulation of drugs into PLGA nanoparticles can prevent 

premature drug degradation, reduce side effects, enhance drug efficacy, achieve desired drug 

release rates, etc. (Dong and Feng 2007; Cartiera et al. 2009). Although more than 1,000 

articles, on PLGA nanoparticle as drug delivery systems have been published and indexed in 

the Web of Science, the number of papers with that reports on its cytotoxicity are fewer than 

10. Thus, it is crucial to understand the potential toxicity and cytotoxic mechanism of these 

nanomaterials. Since the toxicity of nanoparticles is related to their physicochemical 

properties such as size, shape, chemical composition, surface area, surface chemistry, 

surface charge, etc. (Oberdörster et al. 2005a), understanding how these properties can 

influence cytotoxicity will provide us with useful insights on the possible mechanisms 

behind their toxicity.
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The objective of this study is therefore to investigate the potential cytotoxicity of PLGA and 

TiO2 nanoparticles, and how particle size can influence this outcome. Three different-sized 

PLGA and TiO2 nanoparticles were investigated. RAW264.7 (murine macrophage) cells 

were chosen to represent the phagocytic cell lines, which can actively interact with foreign 

particles in in vivo systems (Xia et al. 2008; Zhao et al. 2010). BEAS-2B (human bronchial 

epithelial) cells were chosen to represent airway epithelium that is one of the defensive cells 

against inhaled nanoparticles (Zhao et al. 2010). RAW264.7 and BEAS-2B cells are well-

understood cell line models for nanotoxicology studies (Xia et al. 2008; George et al. 2009; 

Zhao et al. 2012). We chose these two cell lines to evaluate and understand the cytotoxicity 

of different-sized PLGA and TiO2 nanoparticles in order to compare our results with earlier 

studies. Moreover, in our previous studies, we have successfully used these two cell lines to 

investigate the cytotoxicity of different surface area of hydroxyapatite (HA) nanoparticles 

with potential biomedical applications (Zhao et al. 2010). Nanoparticles were characterized 

for their physicochemical properties before in vitro cytotoxicity studies. Cytotoxicity 

parameters tested included cell viability, generation of ROS, mitochondrial depolarization, 

plasma membrane leakage, increased intracellular calcium concentration and inflammation 

response. A potential paradigm to explain and predict the cytotoxicity of different-sized 

nanoparticles is proposed in this study.

Materials and methods

Materials

PLGA (RG502H) was purchased from Boehringer Ingelheim, Germany. PVA of molecular 

weight 30,000–70,000, acetone, dichloromethane (DCM) were purchased from Sigma-

Aldrich, Singapore. The TiO2 nanoparticles of different sizes were purchased from 

commercial sources. 10 nm (T10), 20 nm (T20) and 100 nm (T100) TiO2 nanoparticles were 

purchased from SkySpring Nanomaterials Inc., Evonik Industries and MKnano Inc., 

respectively. PYROGENT® Plus single-test with CSE 0.06 EU/ml sensitivity (N289-06) was 

purchased from Lonza, Singapore. Bronchial epithelial cell growth medium (BEGM) 

(cc-3171 and cc-4175) was purchased from Lonza, USA. RAW264.7 (# TIB-71) cells and 

BEAS-2B (# CRL-9609) cells were purchased from ATCC, USA. Sodium pyruvate and 

penicillin-streptomycin were purchased from Hyclone, USA. Fetal bovine serum (FBS) was 

from Benchmark, USA. Dulbecco’s modified eagle medium (DMEM), Hoechst (H3570), 

MitoSOX (M36008), JC-1 (T3168), propidium iodide (PI) nucleic acid stain (P3566) and 

Fluo-4 (F14202) were purchased from Invitrogen, USA. Mouse TNF-α ELISA (#430902) 

was purchased from Biolegend, Singapore. Pierce 660 nm Protein Assay (#22660) was 

purchased from Thermo Fisher Scientific, Singapore.

Synthesis of PLGA nanoparticles

The PLGA nanoparticles were synthesized in house. The smallest PLGA nanoparticles (60 

nm, P60) were synthesized through modified nanoprecipitation method (Chorny et al. 2002). 

In brief, 25 mg PLGA was dissolved in 6 ml of organic solvent mixture (acetone/DCM, 

39:1, v/v). The PLGA solution was drop-wisely added into 18 ml 0.125 % PVA solution 

under magnetic stirring at 990 rpm. The organic solvent was removed through magnetically 

stirring for 24 h. The final colloid was freeze-dried for 48 h.
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The 100 and 200 nm PLGA nanoparticles (P100 and P200) were synthesized through 

modified oil in water (o/w) single emulsion solvent evaporation process (Song et al. 2008) 

using different organic solvent. In brief, 50 mg PLGA was dissolved in 1.5 ml organic 

solvent or solvent mixture. For P100, the organic solvent mixture composed of DCM and 

acetone (2/1, v/v). For P200, the organic solvent was chloroform only. 4.5 ml of PVA (1 %, 

w/v) solution was slowly added into the PLGA solution. Microtip probe ultrasonicator 

(Sonics & materials Inc., USA) was used to ultrasonicate the solution at the oil/water 

interface with ice water bath for 3 min. The organic solvent was removed through 

magnetically stirring for 24 h. The final colloid was freeze-dried for 48 h.

Characterization of nanoparticles

Size and zeta potential measurement—The primary particle sizes of the PLGA and 

TiO2 nanoparticles were characterized by using field emission scanning electron microscope 

(FESEM, Jeol JSM 6340F) and transmission electron microscope (TEM, JOEL 2010), 

respectively. The dispersed PLGA colloid in water was dropped onto a silica chip and air 

dried. The silica chip with PLGA nanoparticles was coated with platinum at 20 mA for 70 s 

under vacuum. The images were taken by using FESEM at an acceleration voltage of 2 kV. 

The dispersed TiO2 nanoparticles in methanol were dropped onto a carbon-coated copper 

grids. The TiO2 nanoparticles were observed under TEM at an accelerating voltage of 200 

kV. The particle size was measured by using ImageJ software.

The hydrodynamic size and zeta potential of the particles in water, complete Dulbecco’s 

modified eagle medium (CDMEM) and bronchial epithelial growth medium (BEGM), were 

measured by using dynamic light scattering (DLS) technique. The stock suspension (3 

mg/ml) of nanoparticles was prepared by dispersing the particle powder in deionized water, 

CDMEM or BEGM. Ultrasonication was conducted in water bath ultrasonicator for 10 min. 

The colloid was diluted into working suspension at a concentration of 30 μg/ml. The 

working suspension was ultrasonicated for another 10 min before testing with ZetaPALS 

zeta potential analyzer (Brookhaven instruments, USA).

Brunauer Emmett Teller (BET) surface area and theoretical surface area—The 

specific surface area of TiO2 nanoparticles was tested by using the Brunauer Emmett Teller 

(BET) method. The TiO2 powder was degassed for 4 h at 200 °C in flowing nitrogen prior to 

nitrogen absorption using Micromeritics surface area analyzer (ASAP 2000, USA).

The theoretical surface area was calculated through Eq. (1) (Jang et al. 2001).

(1)

S represents the theoretical surface area. ρ is the true density of materials. d represents the 

mean diameter of nanoparticles. The true density of PLGA and TiO2 was estimated at 1.357 

g/cm3 (Duvvuri et al. 2005) and 3.900 g/cm3 (Tanaka and Suganuma 2001), respectively.

X-ray powder diffraction (XRD) test—The crystal structure of three different-sized 

TiO2 nanoparticles was investigated by XRD (Panalytical X’Pert Prodiffractometer, CuKα 
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radiation). The step size was 0.02° and the counting time was 0.5 s/step over a range of 20°–

80° 2θ.

In vitro cell culture study

Cell culture—RAW264.7 cells were cultured in CDMEM containing 88 % DMEM, 10 % 

FBS, 1 % sodium pyruvate and 1 % penicillin-streptomycin. BEAS-2B cells were cultured 

in BEGM. The cells were sub-cultured at 70–80 % confluence about every 3 days and 

incubated in a humidified atmosphere containing 5 % CO2 at 37 °C.

Cell metabolic activity study—RAW264.7 and BEAS-2B cells were seeded in 96-well 

plate and incubated for 24 h before nanoparticles of different concentrations were added. 

The cells were incubated with nanoparticles for another 24 h. After the incubation period, 

the supernatant medium was collected for TNF-α measurement using ELISA (see below). 

The cells were added with MTS working solution in complete cell culture medium and 

incubated for 1 h. The whole 96-well plate was centrifuged at 250 g for 10 min in order to 

spin down nanoparticles that could interfere with the absorbance reading. The supernatant 

was collected to measure the absorbance at 490 nm using SpectraMax M5e (Molecular 

Devices Corporation, USA). The absorbance at 690 nm was used as reference.

Multiparametric assay—Cytotoxicity parameters including ROS generation, 

mitochondrial depolarization, plasma membrane leakage and increased intracellular calcium 

concentration were tested using high throughput screening platform (George et al. 2009). 

Three sets of fluorescence probe cocktails were prepared by mixing wavelength-compatible 

fluorescent probes in PBS. The first cocktail contained 1 μM Hoechst (blue) and 5 μM 

MitoSOX (red). The second cocktail contained 1 μM Hoechst (blue) and 1 μM JC-1 (red/

green). The third cocktail contained 1 μM Hoechst (blue), 5 μM propidium iodide (PI) (red) 

nucleic acid stain and 5 μM Fluo-4 (green). The use of different probes to track cellular 

responses is summarized in Table 1. Cells were seeded in 384-well plate with transparent 

bottom and incubated for 24 h to allow attachment. Nanoparticles of different concentrations 

were added and incubated with cells for another 24 h. On the third day, cells were washed 

twice with PBS, and then incubated with 25 μl dye cocktail in the dark for 30 min in 37 °C 

with humidified atmosphere containing 5 % CO2. The fluorescent images were taken 

automatically using an automated epifluorescence microscope, Image-Xpressmcro 

(Molecular Devices, Sunnyvale, USA) under 10× magnifications. The images were 

automatically analyzed by using Meta-Xpress software to calculate the percentage of cells 

showing positive signals.

ELISA test for TNF-α and endotoxin test—The TNF-α released into the medium was 

measured by Mouse TNF-α ELISA following the protocol provided by Biolegend. To 

exclude the possibility that the inflammation response of cells was due to the stimulation by 

endotoxin attached on materials, the endotoxin level in nanoparticle samples was tested 

using PYROGENT® Plus single-test with CSE 0.06 EU/ml sensitivity following the protocol 

provided by Lonza. The endotoxin test was conducted for all nanoparticles at a 

concentration of 300 μg/ml.
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Nanoparticle-protein adsorption study—Nanoparticles (1 mg/ml) were dispersed in 2 

mg/ml bovine serum albumin (BSA) in DMEM solution and ultrasonicated for 20 min. All 

the particles were collected by centrifugation at 14,000 rpm for 20 min at 25 °C and washed 

thrice with Milli-Q water. The protein attached on PLGA nanoparticles was quantified using 

Pierce 660 nm Protein Assay following the manufacture’s protocol using Bovine Serum 

Albumin (BSA) as a model protein. The adsorption of protein on TiO2 nanoparticles was 

tested using Thermo Gravimetric Analyzer (TGA, 2950, HR, V5.4A). The collected TiO2 

nanoparticles were freeze-dried for 48 h before the TGA test. The curves of weight loss for 

BSA and BSA adsorbed TiO2 nanoparticles were obtained at a heating rate of 20 °C/min in 

a nitrogen-filled atmosphere.

Statistics

All quantitative data are shown as the mean ± standard deviation (SD). Statistical analysis 

was conducted by using a one-way analysis of variance (ANOVA) and Tukey’s pairwise 

comparisons. The difference was considered to be significant when p < 0.05. * represented 

the data with significant difference when it is compared with the control group. # 

represented the data with significant difference when it is compared with other particles at 

the same concentration. All tests were repeated four times.

Results and discussion

Physical characterization of PLGA and TiO2 nanoparticles

The characterization data for the particles tested are listed in Table 2. Their SEM and TEM 

images are shown in Fig. 1, which reflect the primary size and morphology of PLGA and 

TiO2 nanoparticles. The PLGA nanoparticles of three different sizes were spherical with a 

mean diameter of 61 nm for P60 (a), 94 nm for P100 (b) and 205 nm for P200 (c), which 

was measured using the SEM images. The TiO2 nanoparticles of three different sizes were 

nearspherical particles with primary size 10 nm for T10 (d), 20 nm for T20 (e) and 100 nm 

(f) for T100 as shown in Fig. 1. DLS technique was used to measure the hydrodynamic size 

and zeta potential of the nanoparticles in both water and complete cell culture medium 

CDMEM and BEGM (Table 2). The hydrodynamic size was bigger than their primary size. 

Although different particles showed different surface charge in water, the zeta potentials in 

CDMEM and BEGM were similar within the range of −2 to −13 mV. This could be due to 

the adsorption of the proteins and ions in the cell culture medium onto the particle surface, 

resulting in the neutralization of surface charge (Xia et al. 2006). The BET method was 

utilized to quantify the specific surface area of TiO2 nanoparticles. However, this method 

was not applicable for PLGA nanoparticles due to the low melting point of PLGA polymer. 

From the results shown in Table 2, the smallest TiO2 nanoparticles (T10) had the highest 

BET surface area (166.0 m2/g). The experimental BET surface area was close to the 

theoretical surface areas calculated through the size and true density of the materials (Eq. 1). 

These results indicated that smaller particles had larger surface areas. The crystal structure 

of TiO2 nanoparticles were tested through XRD. Results show that TiO2 nanoparticles of 

three different sizes were mainly anatase. The endotoxin test was conducted to exclude the 

possibility that the inflammation response of the cells was due to the endotoxin attached on 

the materials. From Table 2, the endotoxin in the materials was lower than 0.06 EU/ml at the 
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highest particle concentration of 300 μg/ml. This result suggested that the inflammation 

response of the cells could be more likely due to the particles themselves instead of the 

endotoxin in the samples.

Limited effect of PLGA and TiO2 nanoparticles on cell viability

To test the cytotoxicity of PLGA and TiO2 nanoparticles, the particles of concentrations 

ranging from 10 to 300 μg/ml were incubated with RAW264.7 and BEAS-2B cells for 24 h. 

For in vitro cell viability test, MTS assay was utilized to quantify the metabolically active 

cells through the interaction between MTS and dehydrogenase enzymes in live cells. Figure 

2 exhibited the metabolic activity of cells after interaction with PLGA (a and b) and TiO2 (c 

and d) nanoparticles. The graph indirectly indicates the viability of live cells in each group 

as compared with the negative control (0 μg/ml). Figure 2a, b showed no apparent 

cytotoxicity for PLGA nanoparticles regardless of the size. This result is consistent with 

other reports that PLGA nanoparticles do not show obvious acute lethal toxicity to cells 

within 24 h of incubation (de Lima et al. 2011; Semete et al. 2010). As for TiO2 

nanoparticles, cell viability was generally uncompromised (>80 %) after 24 h exposure (Fig. 

2c, d). However, viability of BEAS-2B cells was statistically lower after they were exposed 

to 300 mg/ml of T10 and T20 nanoparticles as compared with the negative control (Fig. 2d).

Cells displayed different responses to different-sized nanoparticles in the multiparametric 
assay

There are many biological and molecular reactions happening in cells upon stimulation with 

nanoparticles (Oberdörster et al. 2005b; Nel et al. 2006). Among them, the oxidative stress 

stimulated by nanoparticles is considered a useful paradigm to predict the toxicity of 

nanomaterials (Xia et al. 2006). Oxidative stress could trigger a range of oxidant injuries 

including mitochondrial depolarization, intracellular calcium ion influx and even cause the 

death of cells (George et al. 2009). George et al. (2009) showed that the cytotoxicity events 

involved in oxidative stress pathway could be measured using fluorescence probes. These 

dyes were Hoechst, PI, MitoSOX, JC1 and Fluo-4 (George et al. 2009, 2011; Zhang et al. 

2011). Hoechst and PI are the two DNA interactive agents. The cell-permeable Hoechst is 

utilized to bind to DNA of both live and dead cells, allowing us to quantify and locate the 

total cells in each image. The PI can only penetrate into dead cells through the damaged 

plasma membrane to indicate the number of dead cells (George et al. 2009). The generation 

of superoxide in mitochondria can be detected with MitoSOX Red staining. If ROS 

generation causes oxidative stress in cells, a decrease in mitochondrial membrane potential 

would be detected using cationic dye JC1, which indicates unhealthy mitochondria (George 

et al. 2009). JC1 is normally accumulated in the mitochondria of healthy cells. But during 

mitochondrial depolarization, the dye is released from the mitochondria to the cytosol. This 

release will cause the fluorescence color to shift from red to green, which forms the basis of 

quantifying cells with decreased mitochondrial potential. Fluo-4 is a dye to detect 

intracellular calcium levels, which fluoresces green when there is an increase in the 

intracellular calcium ions.

This multiparametric assay was conducted after RAW264.7 and BEAS-2B cells were 

exposed to differentsized nanoparticles for 24 h. The results shown in Figs. 3, 4 indicated the 
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percentage of positive cells for each parameter whose fluorescence intensity was above a 

certain threshold using Meta-Xpress software. The potential cytotoxic effects of PLGA 

nanoparticles were shown in Fig. 3. Limited damaging response was observed in both of 

RAW264.7 and BEAS-2B cells after incubation with PLGA nanoparticles (positive cells 

<10 %). However, the smallest PLGA nanoparticles (P60) triggered similar increase in the 

intracellular calcium flux in both RAW264.7 and BEAS-2B cells. Calcium is an important 

regulator of mitochondrial function. The disturbance of cytosolic calcium homeostasis may 

trigger profound influence on cell functions (Brookes et al. 2004). High concentration of 

Ca2+, especially in pathology, has negative effect on the function of mitochondria through 

ROS generation (Brookes et al. 2004). But based on our current results, the slight increase in 

the calcium concentration in P60 treated cells did not cause obvious cell death or damage of 

organelles. The TiO2 nanoparticles exhibited more obvious size and concentration-

dependent cytotoxicity to both RAW264.7 and BEAS-2B cells (Fig. 4). The PI uptake 

results confirmed the results in MTS tests that only T10 and T20 triggered ~ 10 % cell death 

at the highest concentration of 300 μg/ml. Size-dependent generation of mitochondrial 

superoxide was observed in both RAW264.7 and BEAS-2B cells. ROS generation after the 

interaction with TiO2 nanoparticles in the in vitro studies was also observed in BEAS-2B 

cells by other groups (Wang et al. 2007; Gurr et al. 2005). Only T10 triggered statistically 

increased signal in intracellular calcium flux parameter in both RAW264.7 and BEAS-2B 

cells at the concentration higher than 100 μg/ml. In summary, the results of the 

multiparametric assay showed that the cytotoxicity of PLGA and TiO2 nanoparticles was 

size dependent and smaller particles tend to trigger higher level of damage to both 

RAW264.7 and BEAS-2B cells in this in vitro investigation.

PLGA and TiO2 nanoparticles triggered size and concentration-dependent inflammation 
response

Nanoparticles have different ways of entering the human body and activating the immune 

system. PLGA nanoparticles, proposed to be used in biomedical field, were designed to 

deliver drugs through intravenous administration. As for TiO2 nanoparticles, although they 

are more commonly used in sunscreens, they still have great potential to enter human body 

through lung and gastrointestinal tract (Skocaj et al. 2011). The immune systems in living 

organisms have many ways to protect themselves from the attacks by “foreign invaders”, 

which include infectious bacteria, virus as well as natural and synthetic materials (Sim and 

Wallis 2011). The expression of proinflammatory cytokines such as TNF-α released from 

macrophages can be used to indicate the inflammatory responses. TNF-α plays an active 

role in mediating inflammation, generalized wasting and septic shock (Ziolli and Jardim 

2002), programmed cell death (Ziolli and Jardim 2002) and metabolic disturbances in cancer 

patients (Zhang et al. 2007). TNF-α induction of cytokine cascades can induce and maintain 

inflammation. Although the evolutionary advantages of inflammatory response could be the 

resistance to infection, the unnecessary and prolonged inflammation may cause damages to 

human health. RAW264.7 cells, a kind of macrophage cells, can release cytokines such as 

TNF-α with the stimulation of materials in the earlier phase of inflammation (Ding et al. 

2009). In this study, we tested the TNF-α released from RAW264.7 cells after 24 h 

incubation with PLGA and TiO2 nanoparticles (Fig. 5). The graph showed an obvious trend 

that smaller particles tend to trigger more release of cytokine TNF-α from RAW264.7 cells. 
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P60 and P100 nanoparticles started to show statistical difference when compared with 

control from 10 to 100 μg/ml, respectively. The P200 nanoparticles did not trigger 

significant release of TNF-α up to 300 μg/ml. This result indicated that PLGA nanoparticles 

with size larger than 100 nm would be safer for biomedical applications. As for TiO2 

nanoparticles, T10 triggered the highest level of cytokine release starting from 10 μg/ml. 

Both T20 and T100 triggered similar amount of TNF-α release, which showed statistical 

difference from the control at 100 μg/ml. The TNF-α release stimulated by TiO2 

nanoparticles was also observed by other studies (Palomaki et al. 2009; Tao and Kobzik 

2002). TiO2 could not only trigger the expression of TNF-α but also stimulate the release of 

other cytokines including IL-6 and MIP-1α from macrophages (Palomaki et al. 2009). The 

increase in maturation of macrophage and antigen presentation triggered by TiO2 

nanoparticles was also observed in Palomaki et al.’s (2009) study. Similar trend was also 

observed by Oberdorster et al. (1992) from their in vivo study whereby after intratracheal 

instillation of different-sized TiO2 nanoparticles, obvious acute inflammatory response was 

indicated by the lung lavage parameters. This pulmonary inflammatory response correlated 

well with surface area of particles instead of particle mass, volume or numbers, so similarly 

smaller particles with higher surface area could also trigger higher level of inflammatory 

response.

The protein adsorption on PLGA and TiO2 nanoparticles was size dependent

All the cytotoxicity studies showed that the cytotoxicity of PLGA and TiO2 nanoparticles 

was size dependent. Unlike other nanomaterials such as ZnO, PLGA and TiO2 nanoparticles 

do not release toxic ions like Zn2+. Thus, the potential mechanism behind this cytotoxicity 

could be due to the size-dependent interaction between nanoparticles and intracellular 

biomolecules adsorbed onto nanoparticles. Smaller nanoparticles have larger surface area 

and higher percentage of molecules exposed on particle surface to interact with surrounding 

biomolecules. To investigate this hypothesis, we studied the adsorption of BSA (a model 

biomolecule) to different-sized PLGA and TiO2 nanoparticles. Two different methods, 

Pierce 660 test and TGA analysis, were chosen to test the protein adsorption onto PLGA 

nanoparticles and TiO2 nanoparticles, respectively. This is because the TiO2 nanoparticles 

have strong absorbance at 660 nm which interferes with the absorbance of Pierce 660 

reagent. Meanwhile, the PLGA polymer is unstable for TGA analysis. Figure 6a shows the 

protein quantification of BSA attached on PLGA nanoparticles through Pierce 660 assay. 

The theoretical surface area of PLGA nanoparticles (per 100 mg) and the amount of BSA 

adsorbed onto 100 mg PLGA nanoparticles for P60, P100 and P200 were listed in the table 

of Fig. 6a. The protein adsorption correlated well with the surface area of the PLGA 

nanoparticles (R2 > 0.9). Similar trend was also observed in Fig. 6b, which is the TGA result 

of BSA adsorption onto TiO2 nanoparticles. The weight decreased more for T10-BSA and 

T20-BSA when compared with T100-BSA in the temperature range from 188 to 485 °C, 

which was the major weight loss temperature range of BSA protein. This indicated more 

BSA adsorbed onto T10 and T20 nanoparticles than on relatively larger T100 nanoparticles. 

By comparing the results in Fig. 6a, b, 100 mg of P100 nanoparticles could only adsorb 

0.441 mg of BSA, but 100 mg of T100 nanoparticles could adsorb more than 2 mg of BSA. 

This could be the reason for the higher cytotoxicity of 100 nm TiO2 nanoparticles as 

compared with 100 nm PLGA nanoparticles. BSA remained attached on these nanoparticles 
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after extensive washing, which indicated a high-affinity interaction between BSA and 

nanoparticles especially for TiO2 nanoparticles.

The data therefore suggest that the size-dependent cytotoxicity of PLGA and TiO2 

nanoparticles should be related to different surface area of different-sized nanoparticles. 

Smaller particles have bigger surface area and more molecules exposed on particle surface to 

interact with intracellular biomolecules nearby. The potential mechanism of such size-

dependent cytotoxicity is shown in Fig. 7. When nanoparticles come in to contact with 

intracellular biomolecules, these biomolecules may adsorb onto the surface of the particles 

and interact with these “intruder” nanoparticles. These interactions may then trigger a series 

of responses in cells including generation of reactive oxygen species (ROS), mitochondrial 

depolarization, plasma membrane leakage, intracellular calcium influx and cytokine release.

Although it has been found that reaction between nanoparticles and proteins is related to 

some pathological changes such as protein aggregation or unfolding, the mechanism of these 

damages is still poorly investigated and understood (Deng et al. 2011). Some studies have 

reported that the interaction between nanoparticles and biomolecules could lead to 

dysfunction or damage of biomolecules (Deng et al. 2011; Wang et al. 2010; Shang et al. 

2007; Teichroeb et al. 2008). Wang et al. (2010) investigated the interaction between TiO2 

nanoparticles and trypsin. They observed a strong physical adsorption effect of TiO2 

nanoparticles on enzyme trypsin and found inhibitory effect of TiO2 nanoparticles on trypsin 

activity by changing the α-helix and β-sheet ratio of the protein structure. Deng et al. (2011) 

found the interaction between poly (acrylic acid) coated gold nanoparticles and fibrinogens 

would induce the unfolding of protein fibrinogen, which resulted in the activation of Mac-1 

reception and inflammation response. Smaller particles (5 nm) tended to bind more 

fibrinogen than bigger particles (20 nm), and the adsorption was proportional to the surface 

area of nanoparticles. Wang et al. (2009) reported a size-dependent toxicity of silica 

nanoparticles on cultured human embryonic kidney (HEK293) cells. Twenty nanometer 

SiO2 nanoparticles were more toxic than 50 nm SiO2 nanoparticles. The possible reason 

could be related to the depletion of glutathione (GSH, a tripeptide responsible for the 

homeostasis of free radicals in cells), resulting in the increase in ROS. Smaller particles with 

higher surface area tend to trigger higher level of GSH decrease in cells. Horie et al. (2009) 

showed similar results that smaller TiO2 nanoparticles tend to adsorb more proteins and 

cause severe toxic effect to human keratinocyte HaCaT cells and human lung carcinoma 

A549 cells. However, their explanation was that the cytotoxicity of TiO2 nanoparticles was 

due to the depletion of proteins in the cell culture medium. But based on our data, even 300 

μg/ml of TiO2 nanoparticles did not cause obvious decrease in proteins in the cell culture 

medium (data not shown here). So the size-dependent cytotoxicity of TiO2 nanoparticles is 

less likely due to nutrient depletion. Instead, the adsorption, denaturalization or even the 

damage of biomolecules could be a more reasonable explanation.

Thus, our studies demonstrated that the particles size can influence the cytotoxicity of 

nanoparticles. Smaller particles tend to have higher cytotoxicity, as smaller particles have 

more molecules exposed on the surface of particles to interact with surrounding 

biomolecules such as proteins. The protein adsorption could be an important paradigm to 

predict the in vitro cytotoxicity of nanoparticles, especially for low toxic nanoparticles such 
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as PLGA and TiO2 nanoparticles. The identification of the intracellular biomolecules 

attached on PLGA and TiO2 nanoparticles is a proposed study in the future. Understanding 

the interaction between biomolecules and specific nanoparticles will guide in vitro and in 

vivo studies to understand mechanism behind the toxicity of nanoparticles. These studies 

will have great potential to be utilized in the prediction of cytotoxicity of different 

nanoparticles in an abiotic condition.

Conclusions

In this study, we observed size-dependent cytotoxicity of both PLGA and TiO2 

nanoparticles. Biomedical used PLGA nanoparticles did not exhibit strong cytotoxic effect 

when compared with TiO2 nanoparticles but the potential of smaller PLGA nanoparticles to 

trigger the release of TNF-α should not be ignored, especially for clinical applications. Two 

hundred nanometer PLGA nanoparticles did not trigger any negative response from cells 

based on our current results, but more studies are still needed to evaluate the 

biocompatibility of PLGA nanoparticles before they can be used in human body. Higher 

cytotoxic effect was observed in cells treated with TiO2 nanoparticles, especially at 

concentration higher than 100 μg/ml. The damages include generation of ROS, 

mitochondrial depolarization, plasma membrane leakage, increased intracellular calcium 

concentration and inflammation response. The size-dependent cytotoxicity of both PLGA 

and TiO2 nanoparticles could be due to the fact that smaller particles with larger specific 

surface area could adsorb more biomolecules such as proteins in the environment. Thus, the 

ability to adsorb proteins could be an important paradigm to predict the in vitro cytotoxicity 

of nanoparticles, especially for low toxic nanoparticles such as PLGA and TiO2 

nanoparticles.
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Fig. 1. 
SEM micrographs of three spherical PLGA nanoparticle samples with different sizes a P60, 

PLGA nanoparticles of size 61 nm, scale bar 100 nm; b P100, PLGA nanoparticles of size 

94 nm, scale bar 100 nm; c P200, PLGA nanoparticles of size 205 nm, scale bar 100 nm. 

TEM images of TiO2 nanoparticles of three different sizes d T10, TiO2 nanoparticles of size 

10 nm, scale bar 10 nm; e T20, TiO2 nanoparticles of size 20 nm, scale bar 20 nm; f T100, 

TiO2 nanoparticles of size 100 nm, scale bar 100 nm

Xiong et al. Page 15

Arch Toxicol. Author manuscript; available in PMC 2017 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
The metabolic activity of live cells after cells were incubated with PLGA and TiO2 

nanoparticles for 24 h. The metabolic activity of cells was quantified by MTS assay and 

normalized to negative control (0 μg/ml). a RAW264.7 cells after incubation with PLGA 

nanoparticles of three different sizes; b BEAS-2B cells after incubation with PLGA 

nanoparticles of three different sizes; c RAW264.7 cells after incubation with TiO2 

nanoparticles of three different sizes; d BEAS-2B cells after incubation with TiO2 

nanoparticles of three different sizes. The data represent mean ± SD, n = 4. *p < 0.05 

compared with control (0 μg/ml). #p < 0.05 compared with other two particles in the same 

concentration
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Fig. 3. 
Multiparametric assays to detect the in vitro cytotoxicity of different-sized PLGA 

nanoparticles after 24 h incubation with (a–d) RAW264.7 and (e–h) BEAS-2B cells. The 

concentration ranges from 10 to 300 μg/ml. The cells were stained for 30 min with the dye 

cocktails to assay for (a, e) MitoSOX staining, (b, f) JC-1 staining, (c, g) PI uptake and (d, 

h) Fluo-4 staining. The percentage of cells showed positive fluorescence above a certain 

threshold was recorded by using Meta-Xpress software. The data represent mean ± SD, n = 

4. *p < 0.05 compared with control (0 μg/ml). #p < 0.05 compared with other two particles 

in the same concentration
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Fig. 4. 
Multiparametric assays to detect the in vitro cytotoxicity of different-sized TiO2 

nanoparticles after 24 h incubation with (a–d) RAW264.7 and (e–h) BEAS-2B cells. The 

concentration ranges from 10 to 300 μg/ml. The cells were stained for 30 min with the dye 

cocktails to assay for (a, e) MitoSOX staining, (b, f) JC-1 staining, (c, g) PI uptake and (d, 

h) Fluo-4 staining. The percentage of cells showed positive fluorescence above a certain 

threshold was recorded by using Meta-Xpress software. The data represent mean ± SD, n = 

4. *p < 0.05 compared with control (0 μg/ml). #p < 0.05 compared with other two particles 

in the same concentration
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Fig. 5. 
The TNF-α released from RAW264.7 cells after the cells were stimulated by a PLGA and b 
TiO2 nanoparticles for 24 h. The TNF-α released from macrophages into medium was 

measured by ELISA and normalized to negative control (0 μg/ml). The data represent mean 

± SD, n = 4. *p < 0.05 compared with control (0 μg/ml). #p < 0.05 compared with other two 

particles in the same concentration
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Fig. 6. 
a Protein quantification of BSA attached on PLGA nanoparticles through Pierce 660 assay. 

The data represent mean ± SD, n = 4. b TGA analysis of BSA adsorption on TiO2 

nanoparticles. T10-BSA, T20-BSA and T100-BSA represent the weight decrease in particles 

after interaction with protein BSA. This indicated more BSA adsorbed onto T10 and T20 

nanoparticles than on relatively larger T100 nanoparticles
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Fig. 7. 
Schematic of the possible mechanism behind the size-dependent cytotoxicity of PLGA and 

TiO2 nanoparticles
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Table 1

Fluorescent probes used in this study

Marker Probe Ex/em wavelength (nm) Utility

Cell nucleus Hoechst 355/465 Localization of cells

Plasma membrane damage PI 540/620 Damaged integrity of plasma membrane

Mitochondrial superoxide MitoSOX 510/580 Generation of mitochondrial superoxide

Mitochondrial membrane potential JC-1 480/530–590 Mitochondrial depolarization

Intracellular calcium Fluo-4 480/510 Increase in intracellular Ca2+ concentration
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