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ABSTRACT 
Prednisolone, a popular glucocorticoid (GC) known for its ability to inhibit cytokine release, is also employed 
extensively in cancer therapy. GCs have been used to treat brain tumors to reduce tumor-associated edema. They are 
known to exhibit different effects on different cell lines and in some cases are known to be neurotoxic. In this study, 
we have investigated and compared the cytotoxic and anti-inflammatory effects of prednisolone and prednisolone 
encapsulated Poly Lactic-co-Glycolic acid (PLGA) nanoparticles (NPs) on C6 cells that are cancerous but are known 
for their similarity to astrocyte cells. Design expert software was used to analyze the effect of different variables 
for NP formulation. By varying different parameters, NPs were synthesized and characterized using particle size 
analyzer and zeta potential. The surface morphology of the NPs was analyzed using scanning electron microscopy. 
Lipopolysaccharide activated C6 glial cells witnessed significantly lower cell proliferation in the presence of the drug 
during the 48 hours of incubation and the prednisolone encapsulated NPs were able to attenuate pro-inflammatory 
cytokines like Tumor necrosis factor alpha (TNF-α) and nitric oxide substantially even after the 72 hours of incubation 
when compared with the free drug. The results suggested that prednisolone was more effective as an anti-inflammatory 
drug in the PLGA nanoformulation.

INTRODUCTION
Synthetic glucocorticoids (GCs) like prednisolone 

are extensively employed to treat many autoimmune and 
inflammatory-related diseases (Baschant and Tuckermann, 2010; 
Clark and Belvisi, 2012). They also play a central role in cancer 
therapy (Lin and Wang, 2016). The antineoplastic effects of GCs 
like dexamethasone and prednisolone have enhanced their effects 
in treating patients with chronic leukemia, multiple myeloma, and 
Central nervous system (CNS) lymphoma (Inaba and Pui, 2010; 
Todd et al., 1986). They assist in appetite enhancement, controlling 
nausea, vomiting, and reducing tumor-associated edema. They are 
also known to be cytotoxic toward lymphoblastic leukemia cells 
(Bindreither et al., 2014), whereas dexamethasone has shown to 

augment serum deficient necrotic cell death in C6 cell lines (Morita 
et al., 1999). GCs act mainly through the GC receptor’s present in the 
cytoplasm undergoing complex and distinct molecular mechanisms 
to achieve the anti-inflammatory and cytotoxic effects (Baschant 
and Tuckermann, 2010). They are also known to interact with 
transcription factors like Nuclear Factor (NF)-κB, whose inhibition 
results in the attenuation of many cytokines. Like any other steroid, 
prednisolone when used in large doses leads to severe mood swings, 
loss of memory, depression, and insomnia (Christoper et al., 2014; 
Makadia and Siegel, 2011). Their use leads to the suppression of the 
immune systems, which in turn increases the chances of infections. 
Thus a sustained delivery of the drug, encapsulated in biodegradable 
Poly Lactic-co-Glycolic Acid (PLGA) nanoparticles (NP) may 
help to achieve an effective treatment with safer quantities of drug 
employed, leading to minimal side effects.

Biodegradable polymers like PLGA are extremely popular 
due to their biocompatibility (Mundargi et al., 2008) and are among 
the classic carrier polymers for drug delivery applications (Danhier 
et al., 2012). They exhibit minimal toxicity (Boekhorst te et al., 
2012) and the byproducts formed after degradation is easily excreted 
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from our body through the Krebs cycle (Locatelli and Franchini, 
2012; Shive and Anderson, 1997). Its inherent structure allows it 
to act as an excellent reservoir to encapsulate many known drugs 
and also degrade in aqueous solutions (Ford Versypt et al., 2013). 
The amphiphilic nature of PLGA protects it from the hydrophilic 
environment. Furthermore, studies (ElShaer et al., 2016; Giovagnoli 
et al., 2008; Khaled et al., 2010) have shown that there is little to no 
interaction between the polymer and the prednisolone drug. It is also 
a US the Food and Drug Administration (FDA) approved polymer 
(Brown and Chandler, 2001) known to release encapsulated drugs 
in a sustained manner (Ciriaco et al., 2013).

In this study, we formulated, characterized, and analyzed 
the prednisolone loaded PLGA NPs using factorial design. In vitro 
release of the drug from the NPs in phosphate buffer (of pH 4.5 
and 7.4) was carried out and the cytotoxicity and efficacy of these 
NPs were evaluated in comparison to the free drug by measuring 
the release of pro-inflammatory cytokines like Tumor necrosis 
factor alpha (TNF-α) and nitric oxide (NO).

MATERIALS AND METHODS

Materials
PLGA (50:50) (MW: 100,000–120,000) was procured 

through Durect Corp. AL, USA. Polyvinyl alcohol (PVA) (MW: 
13,000), Acetonitrile, Coumarin 6, lipopolysaccharide (LPS), 
4′,6-diamidino-2-phenylindole (DAPI), and prednisolone were 
purchased from SIAL (MERK, India). Tri-fluroacetic acid (TFA) 
and dimethyl sulfoxide (DMSO) were purchased from Loba 
Chemie, Mumbai. Ham's F-12K medium, fetal bovine serum (FBS), 
trypsin, penicillin-streptomycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and nitrate/nitrite assay kit 
were purchased from HiMedia (Mumbai). The TNF-α Rat Enzyme-
linked immunosorbent assay (ELISA) kit was procured from 
Krishgen BioSystems (Mumbai). The rest of the chemicals and the 
reagents were of analytical grade and commercially available.

Preparation of prednisolone encapsulated nanoparticles
Prednisolone (8 mg/20 mg) and PLGA (40 mg) were 

allowed to dissolve in about 2 ml of chloroform for 4–5 hours. 
This organic phase was added into a 15 ml solution of (1%–3% 
w/v) aqueous PVA. The emulsion formation was facilitated by 
employing a probe sonicator for 4 to 8 minutes over an ice bath. 
The emulsion was stirred overnight at room temperature followed 
by 2 hours under vacuum to remove the traces of chloroform. To 
remove the excess PVA, the NPs were centrifuged (30 minutes, 
4°C, 15,000 rpm), sonicated (20 seconds), and washed with 
deionized water thrice. Dispersed NPs in pure water were freeze-
dried prior to storage at −20°C.

Nanoparticle characterization
The NPs (1 mg) were suspended in millipore water (5 ml) 

and sonicated in a bath sonicator (30 seconds) before analysis. 
The average particle size and zeta potential of the developed 
NPs were determined using Malvern Zetasizer nano ZS (Malvern 
Instruments, Malvern, Worcestershire, UK).

HPLC method
Analysis of prednisolone was done using reverse phase 

HPLC, equipped with auto sampler and UV detector (SPD-20A), 

model no. LC-20AD by SHIMADZU. The separation was carried 
out on a ZORBAX Eclipse plus-C18 column, 3.5 μm, 100 Å at 
254 nm. The mobile phase was made up of water (60%) and 
acetonitrile (40%) containing 0.1% TFA and was pumped at 0.5 
ml/min.

Drug loading efficiency of nanoparticles
The NPs containing the drug (1 mg) were dissolved in 

1 ml methanol (triplicate) and kept on a rocker shaker for 48 hours. 
After centrifuging at 10,000 rpm for 20 minutes, the supernatants 
were kept overnight for methanol evaporation. These samples were 
then dissolved in 1 ml acetonitrile and analyzed using Reversed 
Phase - High Performance Liquid Chromatography (RP-HPLC).

In vitro drug release study
A basic in vitro drug release profile was studied in a 

buffer solution, so as to simulate the human body condition for the 
drug encapsulated PLGA NPs. Two different buffer solutions of 
pH 7.4 (physiological) and pH 4.5 (lysosome) were employed to 
study the release profile. The lyophilized NPs (3 mg) in triplicates 
were weighed and dispersed in buffer solutions. The tubes were 
incubated at 37°C on a shaker and at predetermined time intervals, 
centrifuged (10,000 rpm, 20 minutes) and the supernatant solutions 
collected were analyzed using RP-HPLC.

Stability study of prednisolone
Prednisolone (1 mg) was dissolved in 1 ml of pH 7.4 

and pH 4.5 buffer. After achieving maximum dissolution, the 
supernatant was separated by centrifugation. These samples were 
incubated at 37°C and the supernatant was subjected to RP-HPLC 
for a period of 15 days.

Cell culture
C6 glial cells were obtained from National Centre for 

Cell Science (NCCS), Pune, India. The cells were grown in 25 mm2 
flasks using Ham's F-12K media with 10% FBS and 1% penicillin–
streptomycin in an incubator at 37°C and 5% CO2. The media was 
changed every 2–3 days and the cells were split when 70%–80% 
confluent using 0.25% trypsin-Ethylenediaminetetraacetic acid 
(EDTA).

Uptake assay with fluorescent particles
To visualize the particle uptake, C6 cells were seeded 

and allowed to attach for 24 hours. The media was removed and 
washed with Phosphate buffered saline (PBS) (3X). These cells 
were then incubated with coumarin-6 loaded PLGA NPs (1 µg/
ml) for 30 minutes followed by wash (3X) and DAPI (500 ng/
ml) staining for 10 minutes. The cells were then observed under 
Olympus IX73P1F fluorescence microscope.

Cell treatment
C6 glial cells were seeded in 24 well plates with a cell 

density of 105/ml. A working volume of 0.5 ml/well was maintained 
throughout the experiment. After 24 hours of incubation, the media 
was aspirated from all the wells and washed with PBS. This was 
followed by the addition of 0.5 ml of serum free media (SFM) 
containing 100 ng/ml of LPS to induce cytokine production. The 
negative control wells only received SFM. After incubating for 
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6 hours, the media was aspirated and replaced with SFM + LPS 
media containing fixed concentrations (5, 10, and 15 µg/ml) of the 
free drug (prednisolone) and PLGA NPs (S6) containing the drug. 
The control wells received no drug treatment. After 12 hours of 
further incubation, the media was aspirated and gently washed with 
PBS. The wells were refilled with SFM + LPS media and incubated 
further for a period of 24, 48, and 72 hours. The culture media was 
collected at these time intervals, centrifuged at 1,400 rpm for 5 
minutes and the supernatant stored at −80°C for further analysis.

Cell cytotoxicity assay
Cell viability study was conducted after the collection 

of media from the 24 well plates. Briefly, 200 µl of MTT was 
added to each well and incubated for a period of 5 hours. The 
MTT solution was replaced with 200 µl of DMSO to dissolve 
the formazan crystals and the absorbance was recorded using a 
Thermo Scientific varioskan lux microplate reader at 570 nm. The 
cell viability was assessed in terms of the percentage of positive 
control.

NO release assay
Nitrite production was measured using EZAssay NO 

estimation kit according to the manufacturer’s instructions. In 
brief, 100 µl of supernatant was mixed with 50 µl Griess reagent 
I and then with 50 µl of Griess reagent II. The absorbance was 
measured at 580 and 630 nm and the concentration was determined 
from the calibration curve obtained from the nitrite standards. 

TNF-alpha ELISA
TNF-α cytokine production by C6 glial cells was analyzed 

using the ELISA kit according to the manufacturer’s instructions. 
Briefly, 100 µl of the samples were added to designated wells and 
incubated for 2 hours at room temperature (RT). The solutions 
were thoroughly aspirated and washed (4X) with a wash buffer. 
Later 100 µl of Rat TNF-α Biotin conjugate solution was added 
to all wells except the blanks and further incubated for 1 hour 

(RT). The solutions were again thoroughly aspirated and washed 
(4X) with the wash buffer. Next, 100 µl of Strep.-Horseradish 
peroxidase (HRP) was added to all wells (except blanks) and the 
plate was incubated for 30 minutes (RT) followed by wash (4X). 
Finally, 100 µl of stabilized chromogen was added to all wells and 
incubated for 30 minutes in the dark followed by the addition of an 
equal quantity of stop solution turning the blue solution to yellow. 
The absorbance was read immediately at 450 nm and the unknown 
concentrations were determined from the standard fit curve.

Statistical analysis
In this study, we chose three independent factors with 

two levels in a 23 factorial design. A relationship between the 
independent factors, i.e., drug to polymer ratio (A), %PVA (B), 
sonication time (C) and dependent factors, i.e., particle size 
(D99), zeta potential, and drug loading was analyzed using Design 
Expert software. All other data are presented as mean ± standard 
deviation (SD) and analyzed using t-test or analysis of variance 
(ANOVA) with p-value less than 0.05 considered as statistically 
significant.

RESULTS AND DISCUSSION
The characterized data obtained using Design Expert 

software are summarized in Table 1. The responses were measured 
for their dependency on the variables and interactive equations 
were obtained. The independent variables showed a significant 
effect on the dependent variables (p < 0.05) as seen in the summary 
of data (Table 2) obtained from the regression analysis. The NPs 
were in the size range of 172–796.1 nm. 

Particle size =  406.85 − 28.43*A + 105.38*B − 138.35*C 
− 73.4*AB              (1)

Z. Potential =  −14.9 − 0.050*A − 1.18*B − 1.7*C + 
0.8750*BC              (2)

Drug loading =  98.95 + 86.85*A + 5.36*B + 10.84*C + 
10.78*AC               (3)

Table 1. 23 factorial design of prednisolone loaded PLGA NP formulations and the response parameters.

Factors/variables Responses

Sample (A) D/P 
Ratio

(B) PVA  
(%)

(C) Sonication. time  
(min)

D 99  
(nm)

Zeta potential  
(mV)

Drug loading  
(µg/mg)

S1 0.20 1.00 4.00 341 −10.9 4.03204

S2 0.50 1.00 4.00 503.9 −11.4 159.111

S3 0.20 3.00 4.00 796.1 −14.9 20.0528

S4 0.50 3.00 4.00 539.8 −15.6 169.262

S5 0.20 1.00 8.00 172 −15.8 15.5849

S6 0.50 1.00 8.00 189 −16.8 195.646

S7 0.20 3.00 8.00 432 −17.8 8.7334

S8 0.50 3.00 8.00 281 −16 219.217

Table 2. Summary of ANOVA for size, zeta potential, and drug loading.

Sum of Squares F-value p value Mean SD CV% R2

Size 2.915*105 20.81 0.0159 406.85 59.19 14.55 0.9652

Zeta potential 40.31 12.24 0.0335 −14.9 0.9074 6.09 0.9423

Drug loading 62499.23 186.47 0.0006 98.95 9.15 9.25 0.996
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The analysis revealed that the size of the particle was 
mainly influenced by the sonication time and PVA concentration. 
Sonicating during the emulsification process introduces energy 
into the solution, enabling proper dispersion of phases, and thereby 
leading to the formation of drug-containing carrier NPs of varying 
sizes (Fig. 1). The size (D99) varied from 796.1 to 172 nm (Fig. 2) 
for a time interval of 4–8 minutes. An increase in the sonication time 
resulted in smaller drug encapsulated NPs having lower (negative) 
zeta potential (Jiang et al., 2009). On the other hand, higher PVA 
concentration increased the size of the NPs. High viscosity of 
the medium may have inhibited breakdown of droplets during 
sonication (Feng and Huang, 2001) resulting in larger sized NPs.

For zeta potential, PVA concentration and sonication time 
showed a significant negative effect. Higher sonication time and 
PVA concentrations gave stable NPs (Cooper and Harirforoosh, 
2014) with the peak zeta reaching a maximum of –17.8 mV.

For drug loading, an increase in the drug to polymer ratio 
and sonication time leads to an increase in loading. High organic 
phase viscosity may have helped in reducing the drug movement 
into the other phase, resulting in a higher drug loading (Panyam 
et al., 2004; Song et al., 2009). Higher drug ratio may have 
facilitated in optimal distribution and loading of the drug within 
the polymer. 

RP-HPLC method and stability study of prednisolone
Prednisolone was quantified by employing the method 

mentioned earlier. The resultant peaks were sharp (Fig. 3A) with 
a retention time of approximately 5.8 minutes at 254 nm. The 
standard concentration plot (Fig. 3B) was obtained (R2 = 0.9995) 
by co-relating the peak areas. Later, the stability study was 
performed for a period of 15 days (Fig. 4) at pH 7.4 and pH 4.5. 
Overall, higher degradation was observed at pH 7.4 (45.74%) 
whereas at pH 4.5 showed a slightly lower degradation of 23%. 
The percentage loss of the drug due to degradation at specific time 
intervals as quantified using RP-HPLC was later employed as a 
correction factor during the in vitro release study.

In vitro drug release
Release study (Fig. 5) carried out at pH 4.5 and 7.4 for 

the carrier NP with drug loading (195.789 µg/mg) showed an initial 
burst phase, where nearly 65% of the drug got released within a 
span of 3 days. This was followed by a phase of sustained release 
for a period of over 25 days. The study showed that the drug release 
rates were almost the same at pH 4.5 and pH 7.4 with a slightly 
faster and larger release seen under the acidic condition. A total of 
80.93% and 92.3% release was registered after taking into account 
the stability of the drug for a period of 30 days for pH 7.4 and 4.5, 

respectively. As prednisolone in the free drug form is known to 
have a short half-life, the sustained release of the drug from the 
PLGA NPs could ensure a therapeutic concentration of the drug for 
days by protecting the drug from the external environment.

Analysis of particle uptake
The pretreated C6 cells were viewed under a fluorescence 

microscope to visualize the uptake of the PLGA NPs containing 
Coumarin-6. The uptake was captured first in the bright field 
(Fig. 6A) and later under fluorescence (Fig. 6C) with DAPI 
stained nucleus (Fig. 6B). The images showed that most of the 
NPs were internalized immediately (Nicolete et al., 2011) with a 
large concentration of NPs encircling the nucleus.

Cell cytotoxicity assay
The effect of prednisolone and NPs containing the drug 

on cell viability was evaluated using MTT assay for a period of 24, 
48, and 72 hours. A lower concentration of LPS (100 ng/ml) was 
employed to reduce the cytotoxic effect on the cells (Srivastava 
et al., 2013). Fig. 7 shows the effect of prednisolone and NPs 
containing the drug on C6 cells when compared to control. In the 
initial 24 hours period, the cells treated with the free drug showed 
slightly lower cell viability when compared to NPs having similar 
concentration. This may be because the drug from NPs is released 
sustainably in smaller quantities as shown earlier with the in-vitro 
release profile. The reduction in viability could have been due to 
cell death (Morita et al., 1999), growth inhibition (Grasso, 1976), 

Figure 1. Size distribution and zeta potential of sample (S6).

Figure 2. Morphology of the prednisolone loaded PLGA NPs (S3) assessed by 
scanning electron microscopy.
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or the combination of both. The presence of prednisolone hindered 
the proliferation of cells during the first two days of treatment in 
a serum-deprived environment and later a recovery was witnessed 
due to a reduction in the inhibitory effect, leading to possible cell 
proliferation. This behavior is in line with previous works (Grasso, 
1976; Grasso and Johnson, 1977; Gurcay et al., 1971) that have 
indicated at possible growth inhibition when exposed to GCs and 
later, a near-full recovery. Low cell viability was visible after 24 
hours and reached its maximum after 48 hours with viability as low 
as 10% seen in the case of prednisolone (5, 15 µg/ml) and NPs (5, 
10 µg/ml) when compared to control. Serum deprivation is known 
to cause cell death mainly due to necrosis rather than apoptosis and 
is enhanced by the presence of the GC and the activation of the GC 
receptors (Morita et al., 1999). C6 glial cells are also known to release 
specific neurotrophic growth factors that promote cell survival even 
in serum-deprived medium (Westermann et al., 1988) and along with 
this, GCs have also shown to influence protein synthesis in C6 cells 
(Lowe et al., 1992; Okumura et al., 1989; Pishak and Phillips, 1980).

Detection of pro-inflammatory cytokines
LPS was used to stimulate pro-inflammatory cytokine 

production in the C6 cells. The supernatants from the different 

treatments were employed for evaluating the TNF-α (Fig. 8A) 
and NO levels (Fig. 8B). Both prednisolone and the NPs showed 
considerable attenuation of TNF-α for the 24 and 48 hours groups. 
The samples treated with the free drug showed significantly (p < 0.05) 
higher amount of TNF-α release for 72 hours of incubation, whereas 
the levels were considerably lower for all the NP treated groups. 

In addition to LPS induced cytokine production, serum 
deprivation and GC induced necrosis may have further augmented 
the levels of TNF-α. The short half-life of prednisolone (Bindreither 
et al., 2014) could have also resulted in lesser attenuation of 
TNF-α for 72 hours of incubated groups treated with prednisolone 
alone. Control groups showed some amount of TNF-α release on 
all three days which may be again attributed to a combination 
effect of LPS and serum deprivation. Lower cell death due to the 
absence of drug in control may have helped keep the cytokine 
levels low. Sustained release of drug from the NPs could have 
helped maintain a therapeutic concentration (Shah et al., 2009) 
resulting in better anti-inflammatory effect as compared to the free 
drug (Pinto et al., 2019; Wang et al., 2009).

LPS induced NO production in C6 cells is known to 
be very low due to several factors that impede NF-κB activation 
and Inducible nitric oxide synthase (iNOS) expression (Feinstein 

Figure 4. Stability plot for prednisolone drug at pH 7.4 and pH 4.5.
Figure 5. Drug release from prednisolone loaded PLGA NPs at pH 7.4 and  
pH 4.5.

Figure 3. Standard calibration plots for prednisolone (A) chromatogram peaks (Rt = 5.8 minutes) and 
(B) standard concentration curve.
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et al., 1994; Mazzio et al., 2002; Pahan et al., 1999). Control group 
showed low levels of nitrite at 24 hours of incubation but later an 
increase in the levels was witnessed, which could be attributed to a 
combined effect of LPS, serum deprivation, and longer incubation 
time (Shin et al., 2002; Shinoda et al., 2003; Zhang et al., 1999). 
Prednisolone treatment significantly (p < 0.01) reduced the NO 
levels for all groups (Shin et al., 2002) during the 24 and 48 hours 
of incubation but a marked increase in levels was seen for 72 hours 
of incubated samples treated with the free drug. On the other hand, 
NP treated cells showed significantly (p < 0.05) lower levels of 
nitrite for all days thus maintaining a better inhibitory effect on the 
pro-inflammatory signals.

CONCLUSION
In an attempt to study the effects of prednisolone 

loaded PLGA nanoformulations on C6 cells, we synthesized 
and characterized NPs for size, zeta, and drug loading. The in 
vitro drug release exhibited a biphasic release profile. Optimum 
formulations were employed to evaluate the cytotoxic and anti-
inflammatory effects on C6 glial cells when compared to the free 
drug. The PLGA NPs provided protection to the drug and assisted 
in a slower release. The drug encapsulated in the NPs was able to 
significantly control the release of cytokines for longer periods 
when compared to the free drug. Both the free drug and NPs 
encapsulated with the drug appear to cause high growth inhibition, 
but at the same time, attenuation of pro-inflammatory cytokines 
was improved by the presence of the polymer carrier.
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