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Polymeric nanoparticles (PNPs) are a promising platform for drug, 
gene, and vaccine delivery. Although generally regarded as safe, the 
toxicity of PNPs is not well documented. The present study investi-
gated in vitro toxicity of poly-ε-caprolactone, poly(DL-lactic acid), 
poly(lactide-cocaprolactone), and poly(lactide-co-glycide) NPs and 
possible mechanism of toxicity. The concentration-dependent effect 
of PNPs on cell viability was determined in a macrophage (RAW 
264.7), hepatocyte (Hep G2), lung epithelial (A549), kidney epithe-
lial (A498), and neuronal (Neuro 2A) cell lines. PNPs show toxicity 
at high concentrations in all cell lines. PNPs were efficiently internal-
ized by RAW 264.7 cells and stimulated reactive oxygen species and 
tumor necrosis factor-alpha production. However, reactive nitrogen 
species and interleukin-6 production as well as lysosomal and mito-
chondrial stability remained unaffected. The intracellular degrada-
tion of PNPs was determined by monitoring changes in osmolality of 
culture medium and a novel fluorescence recovery after quenching 
assay. Cell death showed a good correlation with osmolality of culture 
medium suggesting the role of increased osmolality in cell death.
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poly(lactide-cocaprolactone); poly(lactide-co-glycide) 

The recent surge in development of nanoparticle (NP)-
based therapeutics has offered novel technologies for efficient 
delivery of drugs, genes, and vaccines (Shi et al., 2010). The 
unique physicochemical properties of NPs offer the advan-
tages of enhanced PO absorption, dose reduction, and reduced 
toxicity (Adair et  al., 2010; Mundargi et  al., 2008). These 
properties may be attributed to the enhanced cellular uptake 
of NPs. However, this enhanced cellular uptake can also lead 
to increased interaction of NPs with subcellular components 
resulting in stimulation of various signaling pathways. This 
elicits a stress response, which manifests as stimulation of free 
radical generation, organelle damage, and cell death (Bayles 
et al., 2010; Wang et al., 2011).

Several types of NPs are under investigation for delivery of 
therapeutic compounds including carbon nanotubes, metallic 
NPs, and polymeric NPs (PNPs). These delivery systems may 
be broadly divided into 2 categories: (1) those which require 
covalent linkage of molecules on surface and (2) those which 
require entrapment in the NP matrix. PNPs are versatile drug 
carriers and provide the ability to conjugate molecules on the 
NP surface as well as entrap molecules in NP matrix. Further, 
drug release profile, in vivo targeting, and bioavailability can 
be modulated by choosing appropriate polymers and by modi-
fying polymer chemistry (Green et al., 2008; Shi et al., 2010). 
We have also shown that anticancer drug-encapsulated PNPs 
show higher bioavailability, higher pharmacological activity, 
and tumor targeting along with reduction in toxicity (Jain et al., 
2011a,b). The increased bioavailability of PNP-encapsulated 
drugs is due to higher intestinal absorption of NPs compared 
with free drug, whereas passive tumor targeting is achieved by 
enhanced permeation and retention effect (Jain et al., 2011b).

The polymers employed in preparation of pharmaceutically 
relevant NPs have been used for a long time in tissue engineer-
ing and are generally regarded as safe (Kedar et  al., 2010). 
However, despite the fact that NPs behave differently from bulk 
materials, toxicity studies have not been reported in PNPs. It 
has been demonstrated that orally or systemically administered 
PNPs are predominantly distributed in reticuloendothelial sys-
tem (hepatic and spleenic macrophages) apart from their ability 
to reach lungs and brain (Chang et al., 2009; Ren et al., 2009; 
Sivadas et al., 2008; Swarnakar et al., 2011). On the other hand, 
bulk polymer preparations induce only local responses at the 
site of administration (Kang et al., 2007; Lickorish et al., 2004).

We report the in vitro effects of PNPs of different chemi-
cal compositions on cell lines representing various target tis-
sue compartments (macrophage, hepatocyte, renal epithelial, 
pulmonary epithelial, and neuronal cells). We report for the 
first time that accumulation of polymer degradation prod-
ucts results in PNP toxicity. Further, we also report a novel 
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fluorescence recovery after quenching (FRAQ) assay to deter-
mine intracellular degradation of PNPs.

Materials and Methods

Chemicals.  Coumarin 6, dialysis bags (cutoff 12 kDa), dichlorofluores-
cein diacetate (DCFDA), Escherichia coli O55:B5 lipopolysaccharide (LPS), 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), N-1-
napthylethylenediamine dihydrochloride (NED), phosphoric acid, phorbol 
myristate acetate (PMA), polyvinyl alcohol (PVA; molecular weight 30 000–
70  000), rhodamine 123 (Rh123), sodium nitrite, and Triton X-100 were 
obtained from Sigma, India. Dulbecco’s Modified Eagle’s medium (DMEM), 
fetal bovine serum (FBS), and antibiotics were purchased from PAA, Austria. 
Ethyl acetate and acetone were obtained from JT Baker, India. Poly(lactide-
co-glycide) (PLGA), poly-ε-caprolactone (PCL), and poly(lactide-co-caprolac-
tone) (PLCL) were obtained from Birmingham Polymers, United Kingdom, and 
included PLGA 50:50 (intrinsic viscosity 0.60 g/dl in hexafluoroisopropanol), 
PLGA 65:35 (intrinsic viscosity 0.64 g/dl in hexafluoroisopropanol), PLGA 
75:25 (intrinsic viscosity 0.72 g/dl in chloroform), PLGA 85:15 (intrinsic vis-
cosity 0.62 g/dl in chloroform), PCL (intrinsic viscosity 1.07 g/dl in chloroform), 
PLCL 25:75 (intrinsic viscosity 0.71 g/dl in chloroform), and PLCL 80:20 (intrin-
sic viscosity 0.77 g/dl in chloroform). Poly(DL-lactic acid) (DL-PLA; molecular 
weight 10 000) was obtained from Polysciences. Calcein acetoxymethyl ester 
(calcein-AM) was purchased from Calbiochem. Dimethylsulfoxide (DMSO) 
was obtained from Merck, India. Mouse tumor necrosis factor-α (TNF-α) and 
interleukin-6 (IL-6) enzyme-linked immunosorbent assay (ELISA) kits were 
purchased from eBioscience. All other chemicals used were of analytical grade.

Preparation of blank PNPs.  PLGA, DL-PLA, and PLCL PNPs were 
prepared by emulsion-diffusion-evaporation method, whereas PCL NPs were 
prepared by nanoprecipitation.

PNPs were prepared by emulsion-diffusion-evaporation method as described 
previously (Jain et al., 2011a,b; Swarnakar et al., 2011). Briefly, 50 mg polymer 
was dissolved in 2.5 ml ethyl acetate at room temperature and added dropwise 
into 5 ml of 2% wt/vol PVA solution under stirring at 1200 rpm. The stirring 
was continued for 30 min. The emulsion was homogenized at 15 000 rpm for 
5 min. The resulting emulsion was diluted with 25 ml of 0.1% wt/vol PVA solu-
tion under magnetic stirring at 1200 rpm and stirred overnight to allow evapora-
tion of organic solvent. The NP suspension was centrifuged at 20 000 × g for 
15 min and the pellet was washed thrice with distilled water to remove free 
polymer and surfactant. The pellet was resuspended in 2.5 ml water.

PCL NPs were prepared by nanoprecipitation method as described elsewhere 
with minor modifications (Chawla and Amiji, 2002). Fifty milligrams of PCL 
was dissolved in 10 ml of acetone and added to 25 ml of 2% wt/vol PVA under 
magnetic stirring at 1200 rpm. This results in an opalescent liquid indicating for-
mation of NPs. The NP suspension was centrifuged at 20 000 × g for 15 min and 
the pellet was washed thrice with 0.1% wt/vol PVA to remove free polymer. The 
pellet was resuspended in 2.5 ml of 0.1% PVA wt/vol to prevent NP aggregation.

Preparation of Coumarin 6-loaded PNPs.  Coumarin 6-loaded PNPs were 
prepared for determining cellular uptake of NPs (Jain et al., 2011a; Panyam et al., 
2003; Swarnakar et al., 2011). The dye was dissolved in organic phase (100 μg/50 mg 
polymer) and PNPs were prepared as described for blank PNPs above.

In vitro release of Coumarin 6.  One milliliter of Coumarin 6-loaded PNP 
suspension (10 mg/ml), prepared in PBS (pH 7.4), was loaded in dialysis bags. 
The dialysis bag was immersed in 10 ml PBS and incubated at 37°C in shaking 
water bath at 50 rpm. One milliliter aliquots were removed after 3-, 6-, 12-, and 
24-h incubation. The released dye was determined fluorimetrically at excitation 
wavelength of 458 nm and emission wavelength of 505 nm (Jain et al., 2011a; 
Panyam et al., 2003).

Preparation of calcein-AM-loaded PNPs.  Calcein-AM was dissolved in 
organic phase (50 μg/50 mg polymer) and NPs were prepared by nanoprecipita-
tion as described for blank PCL NPs.

Characterization of PNPs.  The average diameter, size distribution, poly-
dispersity index (PDI), and zeta potential of PNPs (1–5 mg/ml) were deter-
mined by dynamic light scattering (DLS) using Zeta Sizer (Malvern, United 
Kingdom). The morphology of NPs was determined by Veeco BioScope 
II atomic force microscope (AFM). Briefly, a small drop of PNP suspen-
sion (approximately 50 μl; 10 mg/ml) was placed on a silicon wafer and air-
dried. Tapping mode measurements were recorded using a FESP cantilever 
(length = 325 μm, width = 26 μm, tip diameter = 117 nm) (Chavanpatil et al., 
2006; Mittal et al., 2007; Swarnakar et al., 2011).

Cells.  The macrophage (RAW 264.7), hepatocyte (Hep G2), renal epithe-
lial (A498), pulmonary epithelial (A549), and neuronal (Neuro 2A) cell lines 
were obtained from National Centre for Cell Sciences, Pune, India. The cells 
were grown in tissue culture flasks in DMEM supplemented with 10% FBS and 
antibiotics. Confluent cultures of cells were trypsinized and seeded in 96-well 
tissue culture plates as described earlier (Jain et al., 2011a; Swarnakar et al., 
2011). Cells were incubated overnight for attachment in wells and medium was 
replaced with fresh culture medium containing NPs.

Cytotoxicity studies.  Cells (1 × 104/well) were incubated with various 
concentrations of NPs for 72 h. After incubation, cells were washed up to 5 
times with PBS to remove NPs and cell viability was determined by MTT and 
Coomassie blue (CB) assay as described earlier (Singh et al., 2012; Singh and 
Ramarao, 2012). Briefly, culture supernatants from control or NP-containing 
wells were collected and cells incubated with MTT (0.5 mg/ml; 3 h). The for-
mazon was dissolved in 200 μl DMSO and optical density measured at 550 nm. 
For CB assay, the culture supernatants were collected and 200 μl of Bradford 
reagent was added to each well. The reaction was allowed to proceed for 30 min 
and absorbance was determined at 595 nm. The absorbance of control wells 
was assumed 100% and cell viability of treated wells was determined with 
respect to control wells.

Free radical and cytokine production.  Free radical production was deter-
mined by monitoring production of reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) in RAW 264.7 cells. RAW 264.7 cells (1 × 105/well) 
were incubated with NP-containing medium for 24 h and culture supernatants 
were collected. Cells were washed 5 times with PBS to remove extracellular 
NPs and ROS production was determined by DCFDA assay as described earlier 
(Singh and Ramarao, 2012). PMA (10 μg/ml) was included as positive control.

RNS production was determined by nitrite assay in culture supernatants 
using Griess reagent (Tsikas, 2005). Griess reagent was prepared by mix-
ing equal volumes of solution A (prepared by dissolving 1 g sulfanilamide in 
100 ml of 5% phosphoric acid) and solution B (prepared by dissolving 100 mg 
NED in 100 ml water). Equal volumes of culture supernatant and Griess reagent 
(100 μl each) were mixed and kept at room temperature for 30 min. This results 
in formation of a diazo salt with maximum absorption at 540 nm. The nitrite 
concentration was calculated from standard plot constructed using sodium 
nitrite as standard (Singh et al., 2012; Singh and Ramarao, 2012).

TNF-α and IL-6 levels were assayed in culture supernatants by colorimetric 
ELISA kits as per manufacturer’s instructions. LPS (10 μg/ml) was included as 
positive control for nitrite and cytokine production.

Mitochondrial stability assay.  Changes in mitochondrial membrane 
potential (MMP) were determined by Rh123 and Safranin O (SafO) assays. 
RAW 264.7 cells were incubated with NPs for 24 h, washed with PBS, and 
incubated with Rh123 (10 μg/ml, 30 min) (Singh and Ramarao, 2012) or SafO 
(10 μg/ml, 30 min). Cells were again washed with PBS to remove excess dye. 
Rh123 fluorescence intensity was determined at 530 nm excitation and 590 nm 
emission. The absorbance of SafO was determined at 523 and 555 nm and the 
ratio of intensities was calculated (Deryabina et al., 2001; Severin et al., 2010). 
Sodium azide (10–2 M added 30 min before recording) was included as positive 
control (Johnson et al., 1981).

Lysosomal stability assay.  Lysosomal stability was determined by leak-
age of acridine orange (AO) from AO-loaded lysosomes and accumulation of 
neutral red (NR) in intact lysosomes. Lead (50 μM) was included as positive 
control (Bussolaro et al., 2008).
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AO is a lysomotropic agent, which preferentially accumulates in lysosomes 
and exhibits red fluorescence in lysosomes. However, when lysosomes are 
damaged, AO leaks out into the cytoplasm and gives a green fluorescence. The 
intensity of green fluorescence increases with an increase in lysosomal dam-
age. Further, the increase in green fluorescence (due to cytoplasmic AO) appears 
early compared with reduction in red fluorescence (due to lysosomal AO) 
(Antunes et al., 2001; Castino et al., 2007). RAW 264.7 cells (1 × 105/well) were 
loaded with 5 μg/ml AO for 15 min. The excess dye was removed by washing 
with PBS and cells were incubated with NP-containing medium for 8 h. The 
cells were again washed 5 times with PBS to remove extracellular NPs and fluo-
rescence intensity was determined at 488 nm excitation and 540 nm emission.

NR assay is based on the accumulation of the dye in intact lysosomes. A reduc-
tion in viable lysosomes leads to reduction in NR uptake by cells. RAW 264.7 
cells were incubated with NPs for 24 h, washed with PBS, and incubated with 
NR (50 μg/ml in culture medium) for 2 h. The dye was then removed and cells 
were washed thrice with PBS. The intracellular dye was dissolved in 100 μl acid 
alcohol (1% acetic acid in 50% ethanol) and absorbance determined at 540 nm.

Cellular uptake of PNPs.  The cellular uptake of PNPs was determined fluor-
imetrically using Coumarin 6-loaded NPs (Panyam et al., 2003). For qualitative 
cell uptake studies, RAW 264.7 cells were incubated with 100 μg/ml Coumarin 
6-loaded PNPs for 3 h and cellular uptake was observed by confocal microscopy. 
To determine the quantitative uptake of NPs, Coumarin 6-labeled NPs were incu-
bated with RAW 264.7 cells (1 × 105 cells/well) for various time intervals (1–12 h) 
and then washed 5 times with PBS to remove extracellular NPs. Cells were then 
lysed with 200 μl water containing 0.1% vol/vol Triton X-100 and fluorescence 
intensity of cell lysate was determined at 458 nm excitation and 505 nm emission.

Biodegradation of PNPs.  The biodegradability of PNPs was determined 
by monitoring changes in osmolality of culture medium and by release of cal-
cein-AM from PNPs.

PNP suspension was added to culture medium to achieve final concentrations of 
10, 30, 100, 300, and 1000 μg/ml, and 200 μl of various concentrations of PNPs was 
incubated with RAW 264.7 cells (1 × 104 cells/well) at 37°C. After 72-h incubation, 
the pH and osmolality were determined. Osmolality measurements were performed 
using a vapor pressure osmometer (Vapro 5520, Wescor, Inc) according to manufac-
turer’s recommendations. Briefly, 20 μl of sample was loaded on a filter paper disc 
and inserted in the instrument. The instrument provides osmolality in millimoles per 
kilogram. pH measurements were performed using a pH meter. Culture medium 
without PNPs (0 μg/ml PNP) was included as control to monitor changes in osmo-
lality and pH due to cellular metabolism and evaporation of culture medium.

pH and osmolality were determined by 2 protocols. In the first protocol, 
culture medium was centrifuged (20 000 × g, 15 min) to separate PNPs and pH 
and osmolality of supernatant were determined (Cordewener et al., 2000). In 
the second protocol, pH and osmolality of culture medium were determined 
directly, without removal of PNPs by centrifugation. The pH and osmolality 
determined by the 2 protocols were similar indicating the presence of PNPs 
does not interfere with estimation of pH and osmolality.

RAW 264.7 cells (1 × 104/well) were incubated with 200 μl of calcein-AM-
loaded PNPs (100 μg/ml) for 3 h. The extracellular NPs were removed by 5 
washes with PBS and further incubated for 72 h. Following incubation, the cells 
were observed under confocal microscope at 488 nm excitation to determine 
biodegradability of PNPs. The intracellular release of calcein was also deter-
mined fluorimetrically at 488 nm excitation and 515 nm emission following cell 
lysis after 72 h as described above.

Statistical analysis.  All values are expressed as mean ± SEM. Treatment 
groups were compared by 1-way ANOVA followed by Tukey’s test and p < .05 
was considered significant.

Results and Discussion

A wide range of polymers are currently under investiga-
tion as vehicles for delivery of therapeutic molecules. PLGA 

is the most commonly employed polymer due to its high bio-
compatibility and the ability to modulate drug release by care-
ful selection of lactide/glycide monomer ratios. Further, PLA, 
PCL, and copolymers with varying ratios of lactide/caprol-
actone (PLCL) are also under investigation due to their high 
drug loading capacity and composition-dependent polymer 
degradation and drug release behavior (Dinarvand et al., 2011; 
Kamel et  al., 2009; Seyednejad et  al., 2011; Uskokovic and 
Stevanovic, 2009). Therefore, considering the effect of compo-
sition on polymer degradation behavior, 4 types of PLGA and 
2 types of PLCL with different monomer ratios were selected 
for this study. Additionally, homopolymers PLA and PCL were 
also studied.

PNP Characterization

PNPs were characterized by AFM (Fig. 1) and DLS (Table 1). 
AFM revealed that PNPs were spherical in shape and around 
200 nm in size with narrow size distribution. Average particle 
size of PNPs observed by DLS was in close agreement with 
AFM results. Further, zeta potential measurements showed that 
PNPs carried a small negative charge of around −10 mV. The 
size and zeta potential were similar (± 5%) when measurements 
were performed in water (Table 1) or culture medium contain-
ing serum (data not shown) as shown previously (Harde et al., 
2013). Further, DLS measurements showed no signs of PNP 
agglomeration after 72 h of incubation in culture medium as 
hydrodynamic diameter of PNPs was similar (± 10%) at 0 h and 
after 72 h (data not shown).

Cytotoxicity of PNPs

Our group has been extensively involved in developing 
PNP-based therapeutics for delivery of anticancer drugs. We 
observed that passive targeting to liver and spleen represents 
the major mechanism for systemic clearance of PNPs. Further, 
cellular uptake of NPs by RAW 264.7 cells provides a reli-
able alternate to predict in vivo uptake of NPs by reticuloen-
dothelial system (Harde et  al., 2013). Based on studies with 
drug-loaded PNPs conducted by our group, we assumed that a 
nominal dose of 10 mg/kg drug will be delivered in 100 mg/kg 
of PNPs, assuming 10% drug loading in PNPs. Based on our 
previous study on in vitro toxicity of carbon NPs (Singh et al., 
2012), we calculated that an in vivo dose of 100 mg will cor-
respond to approximately 150 μg/ml PNPs in RAW 264.7 cell 
culture. Hence, a concentration higher by one order of magni-
tude (1000 μg/ml) was selected as the highest concentration.

RAW 264.7 cells were incubated with PNPs for 24, 48, 
and 72 h, and cell viability was determined by MTT and CB 
assay. PNPs showed no change in cell viability up to 48 h of 
incubation at all concentrations (data not shown) and up to a 
concentration of 100  μg/ml after 72-h incubation. A  further 
increase in concentration to 300 and 1000 μg/ml resulted in a 
concentration-dependent reduction in cell viability after 72-h 
incubation. The results of MTT and CB assay after 72-h incu-
bation are shown in Figure  2 and Supplementary Figure S1, 
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respectively. Similar results were observed in other cell lines 
and after 72-h incubation with PNPs (Supplementary Figures 
S2–S9). Macrophages (RAW 264.7) were found to be slightly 
more sensitive to PNP-induced cytotoxicity compared with 
other cell types. The general order of susceptibility was found 
to be RAW 264.7 ≥ A549 > Hep G2 > A498 > Neuro 2A. This 
is in agreement with higher sensitivity of macrophages to car-
bon nanotube-induced cytotoxicity (Sohaebuddin et al., 2010).

Cellular Uptake of PNPs

It has been demonstrated that the cytotoxicity of NPs 
is dependent on their cellular uptake (Geys et  al., 2008; 
Ryman-Rasmussen et  al., 2007). It may be argued that the 
low toxicity of PNPs may be due to their inefficient cel-
lular uptake. To rule out this possibility, cellular uptake of 
fluorescent (Coumarin 6)  PNPs was determined. The DLS 
characteristics of Coumarin 6-loaded PNPs were similar to 

blank PNPs (Table 2). In vitro release of Coumarin 6 from 
PNPs showed that less than 1% dye leached from PNPs in 
24 h (Supplementary Figure S10).

Table 1 
Particle Characteristics of PNPs Determined by DLS

Polymer Type
Average  

Diameter (nm) PDI
Zeta  

Potential (mV)

PLGA 50:50 257 0.053 −8.0
PLGA 65:35 234 0.014 −9.9
PLGA 75:25 295 0.059 −12.3
PLGA 85:15 252 0.012 −10.5
DL-PLA 288 0.079 −11.9
PCL 363 0.039 −8.2
PLCL 25:75 228 0.037 −12.6
PLCL 80:20 241 0.049 −10.2

Fig. 1.  AFM images of PLGA 50:50 (A), PLGA 65:35 (B), PLGA 75:25 (C), PLGA 85:15 (D), DL-PLA (E), PCL (F), PLCL 25:75 (G), and PLCL 80:20 
(H) NPs. Abbreviations: AFM, atomic force microscope; DL-PLA, poly(DL-lactic acid); NPs, nanoparticles; PCL, poly-ε-caprolactone; PLCL, poly(lactide-co-
caprolactone); PLGA, poly(lactide-co-glycide).
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Confocal microscopy revealed that PNPs are effectively 
internalized after 3-h incubation with RAW 264.7 cells (Fig. 3). 
The NPs appeared to be present in cytoplasmic compartment 
and did not enter cell nucleus. However, 2-dimensional imag-
ing cannot effectively differentiate between intracellular and 
surface-bound PNPs. Thus, 3-dimensional imaging was per-
formed by Z-sectioning followed by 3-dimensional reconstruc-
tion to confirm the cellular uptake of PNPs. Three-dimensional 
reconstructed images confirmed that PNPs were present in the 
cytoplasmic compartment and excluded by cell nucleus. The 
cytoplasmic fluorescence was mainly diffused along with occa-
sional punctuate appearance. Although the punctuate fluores-
cence indicates that the PNPs are localized in cellular organelles 
(eg, lysosomes), the diffused cytoplasmic fluorescence indicates 
that PNPs are present in the cytoplasm. It has been suggested 
that PLGA NPs may be trafficked to the lysosomal compartment 
where they may undergo charge reversal resulting in lysosomal 
escape (Cartiera et al., 2009; Panyam et al., 2002). Thus, the 
NPs may be present in cell organelles as well as in cytoplasm.

Stress Responses Induced by PNPs

The confocal microscopy results suggest that PNPs may 
interact with cytoplasmic components and induce a stress 
response. Among the various stress responses elicited by NPs, 

free radical generation and inflammation appear the earliest and 
were studied in macrophages (RAW 264.7 cells) for 2 reasons. 
First, majority of the PNPs administered in vivo are internal-
ized by macrophages of reticoendothelial system. Second, free 
radical and cytokine production is the highest in macrophages.

The concentration-dependent effect of PNPs on free radi-
cal production was determined. Stimulation of ROS produc-
tion was determined after 24-h incubation of cells with PNPs 
using the fluorescent probe, DCFDA. PNPs showed no effect 
on ROS production up to 100  μg/ml concentration, whereas 
300 μg/ml showed 1.5- to 2-fold stimulation of ROS production 
(Fig. 4). A further increase in PNP concentration to 1000 μg/
ml interfered with ROS assay due to fluorescence quenching. 
The positive control (PMA) resulted in 3.5- to 4-fold increase 
in ROS production compared with basal levels. In contrast to 
stimulation of ROS production, PNPs did not stimulate RNS 
in macrophages up to the highest concentration (1000 μg/ml) 
of PNPs (data not shown), whereas the positive control (LPS) 
resulted in over 2-fold increase in nitrite level compared with 
control. Similarly, PNPs did not stimulate the release of IL-6 at 
300 μg/ml although a 1.5- to 2-fold increase in TNF-α release 
was observed at 300 μg/ml PNPs (Fig. 5). The positive control 
(LPS) stimulated production of both cytokines in macrophages 
resulting in approximately 10-fold increase in IL-6 levels 
and 8-fold increase in TNF-α levels compared with untreated 
control.

PNPs stimulated ROS and TNF-α production at high con-
centrations only, whereas RNS and IL-6 production remained 
unaffected. These results suggest that ROS and TNF-α produc-
tion are more sensitive to PNP exposure compared with RNS 
and IL-6 and the former may be useful tools in detecting poten-
tial toxic/inflammatory effects of NPs. Similar results showing 
macrophage stimulation and enhanced ROS production have 
been reported in bulk polymers (Gil et  al., 2010; Jain et  al., 
2011a), and in implants, grafts and scaffolds (Allen et al., 2005; 
Charrois and Allen, 2004) and microspheres (Lim et al., 1997, 
2000; Xiong et  al., 2010) prepared using PLGA, PCL, and 
DL-PLA.

Fig. 2.  Effect of PNPs on cell viability after 72-h incubation with RAW 264.7 cells (n = 15/concentration). *p < .05, **p < .01, ***p < .001 with respect to 
control. Abbreviations: NP, nanoparticle; PCL, poly-ε-caprolactone; PLA, poly(DL-lactic acid); PLCL, poly(lactide-co-caprolactone); PLGA, poly(lactide-co-
glycide); PNPs, polymeric NPs.

Table 2 
Particle Characteristics of Coumarin 6-Loaded PNPs

Polymer Type Size (nm) PDI
Zeta  

Potential (mV)

PLGA 50:50 210 0.030 −14.0
PLGA 65:35 211 0.015 −8.70
PLGA 75:25 218 0.153 −12.7
PLGA 85:15 243 0.127 −12.7
DL-PLA 256 0.028 −17.1
PCL 268 0.033 −9.10
PLCL 25:75 261 0.122 −15.3
PLCL 80:20 261 0.021 −15.4
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It has been suggested that NPs are trafficked to mitochon-
dria and lysosomes (Bayles et al., 2010; Cartiera et al., 2009; 
Panyam et al., 2002; Wang et al., 2011). Thus, internalization 
of NPs can also lead to destabilization of cellular organelles. 
Such destabilization may arise through induction of oxidative 
stress (Daiber, 2010; Terman et al., 2010; Weber and Reichert, 
2010) or by direct interaction of NPs with cellular organelles. 

Mitochondrial and lysosomal damage has been reported in sev-
eral types of NPs including carbon nanotubes and metallic NPs 
(Sohaebuddin et al., 2010; Teodoro et al., 2011; Zhong et al., 
2010). The changes in lysosomal and mitochondrial integrity 
are early events in induction of cell death and can be detected 
within few hours of exposure to toxicants (Daiber, 2010; Das 
et al., 2013; Singh et al., 2012; Terman et al., 2010). Therefore, 

Fig. 4.  Effect of PNPs on ROS production after 24-h incubation with RAW 264.7 cells (n = 5–10/concentration). *p < .05, **p < .01, ***p < .001 with 
respect to control. Abbreviations: DCF, dichlorofluorescein; NP, nanoparticle; PCL, poly-ε-caprolactone; PLA, poly(DL-lactic acid); PLCL, poly(lactide-co-
caprolactone); PLGA, poly(lactide-co-glycide); PNPs, polymeric NPs; ROS, reactive oxygen species.

Fig. 3.  Confocal microscopy images showing cellular uptake of PNPs. The images show uptake of PLGA 50:50 (A), PLGA 65:35 (B), PLGA 75:25 (C), 
PLGA 85:15 (D), DL-PLA (E), PCL (F), PLCL 25:75 (G), and PLCL 80:20 (H) NPs in RAW 264.7 cells. The left panel shows a low magnification image, and 
the middle panel shows a magnified image of a single cell with internalized PNPs. The right panel is the 3-dimensional image (Z-sectioning and 3D reconstruc-
tion) of the cell shown in middle panel. Abbreviations: DL-PLA, poly(DL-lactic acid); NPs, nanoparticles; PCL, poly-ε-caprolactone; PLCL, poly(lactide-co-
caprolactone); PLGA, poly(lactide-co-glycide); PNPs, polymeric NPs.
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mitochondrial and lysosomal stability was assessed by colori-
metric and fluorimetric methods. Further, 300 μg/ml PNP con-
centration was chosen for assay of organelle stability because 
lower concentrations were nontoxic, whereas higher concentra-
tions lead to fluorescence quenching. The fluorescence inten-
sity of Rh123 and the 523/555 nm ratio of SafO are directly 
related to MMP. A decrease in fluorescence intensity (Rh123) 
or 523/555 nm ratio (SafO) corresponds to a reduction in MMP. 
We observed that none of the PNPs showed a significant reduc-
tion in MMP (Fig. 6). On the other hand, MMP was reduced to 
approximately 70% and 50% as determined Rh123 and SafO 
methods, respectively, following treatment with positive con-
trol (sodium azide). Although PLCL 25:75 and PLCL 80:20 
NPs showed reduction in MMP in SafO assay, but no effect 
was observed in Rh123 assay. However, differences in cell via-
bility determined by assays based on metabolic activity (MTT 
and CB assay) suggest the possibility of mitochondrial dam-
age at higher PNP concentrations (Singh and Ramarao, 2012). 
Further, no change in lysosomal integrity was observed in AO 

and NR assays. The AO fluorescence intensity in control and 
PNP-treated (300 μg/ml) RAW 264.7 cells was similar after 8-h 
incubation. Additionally, NR uptake was similar in control and 
PNP-treated (300 μg/ml) cells after 24-h incubation (Fig. 7). 
The positive control caused approximately 50% increase in AO 
relocalization and approximately 50% reduction in NR uptake 
following treatment with positive control (lead).

The above results suggest that PNPs are generally toler-
ated by cells and no significant effects on free radical genera-
tion, cytokine production, mitochondria, and lysosomes are 
observed. Thus, the observed reduction in cell viability may 
be attributed to mechanism(s) other than stimulation of free 
radical generation or organelle damage. It is known that PNPs 
are biodegradable in nature and their biodegradation is an 
important factor determining the release of entrapped thera-
peutic compounds. It has been demonstrated that polymeric 
implants show inflammation and cytotoxicity due to accumu-
lation of low-molecular-weight polymer degradation prod-
ucts (Kang et  al., 2007; Lickorish et  al., 2004). Therefore, 

Fig.  5.  Effect of PLGA 50:50 (P1), PLGA 65:35 (P2), PLGA 75:25 
(P3), PLGA 85:15 (P4), DL-PLA (P5), PCL (P6), PLCL 25:75 (P7), and 
PLCL 80:20 (P8) NPs on cytokine release after 24-h incubation with RAW 
264.7 cells (n = 3–4 for each PNP type). ***p < .001 with respect to control. 
Abbreviations: DL-PLA, poly(DL-lactic acid); IL-6, interleukin-6; NPs, nano-
particles; PCL, poly-ε-caprolactone; PLCL, poly(lactide-co-caprolactone); 
PLGA, poly(lactide-co-glycide); PNP, polymeric NP; TNF-α, tumor necrosis 
factor-α.

Fig. 6.  Effect of PLGA 50:50 (P1), PLGA 65:35 (P2), PLGA 75:25 (P3), 
PLGA 85:15 (P4), DL-PLA (P5), PCL (P6), PLCL 25:75 (P7), and PLCL 
80:20 (P8) NPs on mitochondria after 24-h incubation with RAW 264.7 cells 
(n = 5–10 for each PNP type). **p < .01 with respect to control. Abbreviations: 
DL-PLA, poly(DL-lactic acid); NPs, nanoparticles; PCL, poly-ε-caprolactone; 
PLCL, poly(lactide-co-caprolactone); PLGA, poly(lactide-co-glycide); PNP, 
polymeric NP; Rh123, rhodamine 123.
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we investigated the role of polymer degradation products in 
PNP toxicity.

Polymer Degradation

Several approaches are available to determine degradation 
of PNPs including gel permeation chromatography (Barbosa 

et  al., 2003), nuclear magnetic resonance (Barbosa et  al., 
2003), Raman spectroscopy (Chernenko et al., 2009), release 
of a fluorescent compound, and changes in osmolality and pH 
(Cordewener et al., 2000). However, nearly all these methods 
suffer from limitations. The sample requirements for gel per-
meation chromatography and nuclear magnetic resonance are 
of the order of a few milligrams. It is practically not feasible to 
apply these methods for estimation of intracellular NP degra-
dation because cellular biomolecules adsorbed on NP surface 
may interfere with estimation of polymer molecular weight. 
Raman spectroscopy of cells is a useful tool in determining 
intracellular degradation of NPs. However, the Raman signal 
for polymers suffers from interference by cellular lipids, eg, 
endoplasmic reticulum and lysosome membranes (Chernenko 
et al., 2009). The release of a fluorescent dye cannot be used 
to measure the intracellular degradation because extracellular 
NPs may also degrade in the culture medium. The determina-
tion of pH is a sensitive parameter for measuring polymer deg-
radation. However, changes in pH may not be suitable because 
culture medium is a buffered solution and can control changes 
in pH. Polymer degradation leads to generation of smaller 
polymer fragments of lower molecular weight. This leads to 
an increase in the number of molecules in solution. Because 
osmotic pressure is a colligative property (and depends on total 
number of molecules), polymer degradation to smaller frag-
ments increases the osmolality of solution (Cordewener et al., 
2000).

The addition of PNPs to culture medium showed no change 
in osmolality or pH (at 0 h) up to the highest concentration 
(1000 μg/ml). However, a concentration-dependent increase in 
osmotic pressure was observed at 100 μg/ml and higher con-
centrations after 72-h incubation of PNPs with RAW 264.7 cells 
(Fig. 8). Further, a PNP-free control was included to account 
for changes in medium osmolality due to cellular metabolism 
and/or evaporation of medium. An increase in osmolality by 
2%–5% (typically < 10  mmol/kg) of the basal values was 
observed during the course of experiment. We believe that such 
small changes in osmolality due to cellular metabolism are bio-
logically insignificant and do not impact the outcome of the 

Fig. 7.  Effect of PLGA 50:50 (P1), PLGA 65:35 (P2), PLGA 75:25 (P3), 
PLGA 85:15 (P4), DL-PLA (P5), PCL (P6), PLCL 25:75 (P7), and PLCL 80:20 
(P8) NPs on lysosomes after 24-h incubation with RAW 264.7 cells (n = 5–10 
for each PNP type). Abbreviations: AO, acridine orange; DL-PLA, poly(DL-
lactic acid); NPs, nanoparticles; NR, neutral red; PCL, poly-ε-caprolactone; 
PLCL, poly(lactide-co-caprolactone); PLGA, poly(lactide-co-glycide); PNP, 
polymeric NP.

Fig. 8.  Osmolality of PNP suspensions after 72-h incubation with RAW 264.7 cells (n = 3–6/concentration). Abbreviations: NP, nanoparticle; PLA, poly(DL-
lactic acid); PCL, poly-ε-caprolactone; PLCL, poly(lactide-co-caprolactone); PLGA, poly(lactide-co-glycide); PNP, polymeric NP.
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present study. Contrastingly, pH of culture medium remained 
unchanged (data not shown) due to buffering capacity of the 
culture medium. Thus, study of changes in osmolality seemed 
to be the most viable methodology and indicate that degrada-
tion of PNPs can be studied by monitoring changes in osmotic 
pressure at PNP concentrations as low as 100 μg/ml and in very 
small sample volumes (20 μl). Such sensitivity is not achieved 
in other methods of polymer degradation.

As observed in Figures 2 and 8, the increase in osmolal-
ity was associated with an increase in cell death. Thus, we 
hypothesized that the increase in osmolality may lead to cell 
death. Regression analysis showed that a linear correlation 
exists between osmolality and cell death observed with PNPs 
(Fig.  9A). To validate this hypothesis, mannitol was used to 
increase osmolality of the culture medium. Mannitol is an inert 
compound, and toxicity of mannitol may be attributed to an 
increase in osmotic pressure only. Regression analysis showed 
that a linear correlation exists between osmolality and cell 
death for mannitol (Fig. 9B). When data points of PNPs were 
fitted in osmolality-cell death correlation of mannitol, all data 
points were observed to lie within 95% confidence interval. 
Thus, it may be inferred that accumulation of polymer degra-
dation products leads to an increase in osmolality, which, in 
turn, leads to cell death. In order to segregate the contribution 
of PNPs and polymer degradation products in cell death, cul-
ture medium was replaced regularly (every 24 h) during incuba-
tion period (72 h). This regular replacement of culture medium 
ensures removal of polymer degradation products while PNPs 
remained in contact with cells. The toxicity, thus observed, may 
be attributed to PNPs only. After 72-h incubation with PNPs 
with regular culture medium replacement, no cell death was 
observed (data not shown). The absence of PNP-induced cyto-
toxicity with regular culture medium replacement suggests that 
PNPs are nontoxic and underscores the role of polymer degra-
dation products in PNP-induced cell death.

The intracellular degradation of PNPs was also evaluated by 
a novel FRAQ assay. Calcein gives green fluorescence in aque-
ous medium and its fluorescence can be quenched by acety-
lation. The acetylated product (calcein-AM) can be converted 

back to calcein by esterase-mediated enzymatic hydrolysis. 
Calcein is hydrophilic in nature and cannot easily cross the cell 
membrane resulting in intracellular accumulation of the fluo-
rescent compound (calcein). Calcein-AM-loaded PNPs were 
prepared by nanoprecipitation method in contrast to emulsion-
diffusion-evaporation method used for blank and Coumarin 
6-loaded PNPs due to low dye loading efficiency in the later 
method. The mean particle size of calcein-AM-loaded PNPs 
was higher than blank PNPs (Table 3) because NPs prepared 
by nanoprecipitation yield particles of relatively higher particle 
size. However, zeta potential remained unchanged.

In order to differentiate between calcein-AM released 
from intracellular and extracellular NPs, it was necessary 
to “load” the cells with nonfluorescent NPs and remove the 
extracellular NPs. The uptake of NPs is concentration- and 
time-dependent in nature, and the optimal conditions for cel-
lular uptake were determined. Quantitative cellular uptake 
studies using Coumarin 6-loaded PNPs showed that cellular 
uptake reached saturation at 100  μg/ml PNPs between 3- 
and 6-h incubation. Thus, cells were incubated with 100 μg/
ml calcein-AM-loaded PNPs for 3 h followed by 5 wash-
ings with PBS to obtain calcein-AM PNP-loaded cells. After 
72-h incubation, green fluorescence (from calcein) was 
observed microscopically indicating that NPs have degraded 
intracellularly and released the dye (Figs. 10A–H). Further, 

Fig. 9.  Correlation between osmolality and cell death determined by MTT assay (A) and fitting of data in osmolality-cell death correlation of mannitol (B). 
Abbreviations: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PNPs, polymeric nanoparticles.

Table 3 
Particle Characteristics of Calcein-AM-Loaded PNPs

Polymer Type Size (nm) PDI
Zeta Potential 

(mV)

PLGA 50:50 331.8 0.175 −11.2
PLGA 65:35 338.8 0.117 −10.5
PLGA 75:25 434.5 0.293 −10.2
PLGA 85:15 407.7 0.231 −7.96
DL-PLA 366.5 0.143 −12.1
PCL 448.7 0.233 −8.92
PLCL 25:75 395.2 0.118 −9.09
PLCL 80:20 389.4 0.263 −8.44
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the release of calcein from PLGA 50:50 NPs showed a good 
correlation (R = 0.971) with osmolality (Fig. 10I). Similarly, 
increase in calcein fluorescence correlated with osmotic 
pressure (R > 0.9) in other PNPs as well (data not shown) 
indicating that calcein-AM release is due to degradation of 
PNPs and not leeching out from PNPs. We suggest that this 
approach can be extended to other polymers as well to deter-
mine intracellular degradation of NPs.

The effect of hyperosmolarity on cellular physiology and 
pathology has been reported in in vitro and in vivo systems. 
Several studies suggest that increased osmolality can trig-
ger an inflammatory response, possibly by activating stress-
related genes resulting in increased production of inflammatory 
cytokines (Brocker et  al., 2012; Lee et  al., 2008; Luo et  al., 
2007; Schwartz et al., 2009). Further, hyperosmolarity can also 
induce increased free radical production and activate apoptotic 

Fig. 10.  Intracellular degradation of calcein-AM-loaded PLGA 50:50 (A), PLGA 65:35 (B), PLGA 75:25 (C), PLGA 85:15 (D), DL-PLA (E), PCL (F), 
PLCL 25:75 (G), and PLCL 80:20 (H) NPs in RAW 264.7 cells. (I) Correlation between calcein release from PLGA 50:50 NPs and osmolality of culture medium. 
Abbreviations: calcein-AM, calcein acetoxymethyl ester; DL-PLA, poly(DL-lactic acid); NPs, nanoparticles; PCL, poly-ε-caprolactone; PLCL, poly(lactide-co-
caprolactone); PLGA, poly(lactide-co-glycide).
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cell death mechanisms (Kultz, 2004; Lee et  al., 2008; Luo 
et al., 2007), affect mitochondrial and DNA integrity (Brocker 
et al., 2012), and increase sensitivity to chemical-induced toxic-
ity (Clouzeau et al., 2012). We believe that the observed cyto-
toxicity and stress responses induced by PNPs are a result of 
increased osmolality due to degradation of polymer. This further 
supported by observations that cytotoxicity has a direct correla-
tion with osmolality of the culture medium. Further, removal of 
polymer degradation products by replacement of culture medium 
abrogated cytotoxicity of PNPs suggesting the involvement of 
accumulated polymer degradation products (or increased osmo-
lality) in induction of stress responses while the PNPs are, per 
se, biocompatible even at very high concentrations.

The results of the present study provide experimental evi-
dence for biocompatibility of a large number of PNPs of dif-
ferent chemical compositions. PNPs are efficiently internalized 
by macrophages and did not induce untoward effects on RNS 
and IL-6 production or mitochondrial and lysosomal integ-
rity. However, PNPs stimulate ROS and TNF-α production at 
high concentrations. PNPs degrade to low molecular polymer 
chains and may show cytotoxicity due to accumulation of pol-
ymer degradation products (Fig. 11). A novel FRAQ assay is 
described, which correlates with osmolality data. The assay can 
be considered a platform technology to determine intracellular 
degradation of a wide range of NPs.

It may be argued that, under in vivo conditions, the degra-
dation products may be eliminated by excretion or enter into 
metabolic reaction cycles (eg, lactate may enter citric acid 
pathway) and PNPs may be well tolerated. In vivo studies with 

PNPs from our group and others have also reported the biocom-
patibility of PNPs (Forrest and Kwon, 2008; Jain et al., 2011a; 
Prencipe et  al., 2009). However, possibility exists that PNPs 
may induce an inflammatory response if the polymer degrada-
tion products are not cleared from the site of administration 
similar to that observed in implants and grafts (Cao et al., 2010; 
Kim et al., 2007).
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