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Abstract
Poor aqueous solubility and stability hinder the clinical translation of pyrazolone-based derivatives despite their various 
biological activities. This study aimed to address these issues by developing water-soluble nanoformulations of two specific 
pyrazolone derivatives, Compounds I and II, selected based on their promising structural features and previous biological 
activity data. PLGA/poloxamer-based nanoformulations were prepared and optimized for size, PDI, zeta potential (ZP), 
and entrapment efficiency (EE). The optimized formulations demonstrated sizes of 166.6 ± 7.12 nm and 192.5 ± 1.08 nm, 
PDI of 0.129 ± 0.042 and 0.132 ± 0.025, ZP of − 14.14 ± 2.90 mV and − 10.77 ± 1.515 mV, and %EE of 84.20 ± 0.930 and 
81.5 ± 2.051, respectively. A sustained drug release was observed over 48 h, with cumulative releases of approximately 37% 
and 53%, for both formulations, and characterized by a complex drug release behavior. The formulations exhibited significant 
antibacterial activity against Methicillin-resistant Staphylococcus aureus (MRSA) and S. aureus (SA), with greater than 90% 
cell death for SA and greater than 80% for MRSA, observed using the flow cytometer. Also, enhanced antioxidant activity 
was observed using DPPH, FRAP, and NO methods, showing better radical scavenging than standard gallic acid and bare 
compounds. The hemolysis assay confirmed the biocompatibility of the developed formulation, with a hemolysis percentage 
of less than 5%. This study highlights the successful development of water-soluble nanoformulations with significant anti-
bacterial and antioxidant activities, emphasizing the impact of solubility enhancement on biological efficacy and suggesting 
potential pharmaceutical applications for these agents.
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1 Introduction

Poor aqueous solubility of new drug candidates can make 
it difficult to produce efficient therapeutic formulations and 
impede in vitro investigations and in vivo toxicity assess-
ments [1, 2]. Moreover, drug solubility is a significant pre-
dictor of dissolution rate, and inadequate solubility can lead 
to reduced bioavailability of oral drugs, poor clinical out-
comes, and therapeutic failure [3]. Solubility evaluation is, 
therefore, a crucial step in developing new drugs, especially 
when developing dosage forms and choosing which ones 
to use in clinical trials, planning experiments, developing 
analytical methods, and developing drug manufacturing 
strategies. Consequently, designing formulations that make 
medicines more soluble can increase their bioavailability 
and effectiveness [4].

Along with several other traditional methods, nano-
formulation is thought to be the most convenient way to 
increase water solubility. It has been observed that add-
ing loaded substances to suitable nanoparticles (NP) in 
the size range of 10–1000 nm improves their solubility 
and bioavailability [5–7]. Polymer-based nanosystems 
are the most often utilized for this purpose because they 
are simple to prepare, stable over time, have fewer toxic 

effects, and can effectively encapsulate hydrophobic 
medicines [7, 8]. To this effect, a wide range of polymers 
and copolymers, including chitosan, alginate, gelatin, 
poly(lactic-co-glycolic acid) (PLGA), polylactic acid 
(PLA), poly(caprolactone) (PCL), and polyglycolide, have 
been thoroughly reviewed [9, 10]. However, PLGA is the 
most widely used [11].

PLGA is a synthetic polymer with appealing qualities, 
including biodegradability and biocompatibility, drug tar-
geting, the capacity to protect loaded drugs from chemical 
instability, and the potential for better interaction with bio-
logical materials through improved surface properties [12, 
13]. PLGA is recognized as safe for parenteral administra-
tion by the EMA (European Medicine Agency) and US FDA 
(United States Food and Drug Administration) [14–16]. 
Moreover, data suggested that PLGA polymeric nanopar-
ticles were used to improve the solubility of several natural 
and synthesized bioactive chemicals, including quercetin, 
curcumin, resveratrol, and brucine [17–20]. All these prop-
erties inspired the use of PLGA as a choice polymer in this 
study.

Pyrazolones are pyrazole derivatives with an extra 
carbonyl (C = O) group having a five-membered lactam 
ring structure with two nitrogen and one ketonic group. 
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Owing to the planar structure of the aromatic heterocy-
cle, the pyrazole nucleus exhibits practically all forms 
of pharmacological actions and has caught the interest 
of many researchers over the years, making it one of the 
most researched pharmacophores in the world. They are a 
key component of medicines and synthetic products with 
analgesic, antioxidant, antimicrobial, antifungal, anti-
inflammatory, anti-tumor/anti-cancer, gastric secretion 
stimulatory, antidepressant, antidiabetic, antiviral, and 
anthelmintic properties [21–26].

The novel pyrazolone derivatives described in this 
work were previously designed, synthesized, and char-
acterized in our laboratory as poorly soluble. The 
results for the synthesis methods and characterization of 
2-(2-((2E,3E)−4-(5-ethoxy-3-methyl-1-phenyl-1l4,2l2-
pyrazol-4-yl)but-3-en-2-ylidene)hydrazinyl)−4-(4-
f luorophenyl)thiazole (Compound I) and (E)−2-
((E)−4-(5-ethoxy-3-methyl-1-phenyl-1H-pyrazol-4-yl)
but-3-en-2-ylidene)hydrazine-1-carbothioamide (Com-
pound II) have been reported by Obakachi et al. Both 
compounds have previously been screened for activities 
against the SARS-CoV-2 virus and cancer cell lines in 
silico [27, 28]. However, poor water solubility hindered 
further research into the in vitro and in vivo biological 
activities of these compounds and, as a result, their poten-
tial for pharmaceutical use.

Hence, this research explored the development 
of a water-soluble formulation of Compounds I and 
II using PLGA with poloxamer complexes. Also, to 
assess the antibacterial and antioxidant activities of 
the compounds while determining the impact of solu-
bility enhancement on their in vitro performance, the 
prepared nanoformulations were efficiently character-
ized for optimum physicochemical properties and were 
screened for antioxidant and antibacterial activities. 
Antioxidant testing was conducted to establish the per-
centage of radical scavenging activity using 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH), nitric oxide (NO), and 
ferric-reducing antioxidant power (FRAP) methods. 
Also, antibacterial activity testing using the minimum 
inhibitory concentration (MIC) method and cell pen-
etration experiments to quantify the extent of bacterial 
kill using the flow cytometer were performed.

2  Materials and Methods

The new compounds were previously synthesized, chemi-
cally characterized, and reported by Obakachi et al. [27], 
and the chemical structures are depicted in Fig. 1. Materi-
als used are Poly (lactic-co-glycolic acid) (PLGA) 50:50, 
poloxamer-188 (Sigma-Aldrich), phosphate-buffered saline 
(PBS) tablets (Sigma-Aldrich), sodium lauryl sulfate, 
methanol (HPLC grade), and acetone (HPLC grade). Oth-
ers included Iodonitrotetrazolium chloride (INT), dimethyl 
sulfoxide (DMSO), propidium iodide (Biocom Africa), cip-
rofloxacin (Sigma-Aldrich, St-Quentin-Fallavier, France), 
Mueller–Hinton agar, Mueller–Hinton broth (Sigma-Aldrich) 
and were all of the analytical grades. While organic reagents 
were utilized without additional purification, all aqueous sol-
vents were purified according to standard protocols.

2.1  Preparation of PBC‑PLGA Nanoparticles

The nanoformulations were prepared using the nanoprecipi-
tation technique with slight modifications [29]. In a nutshell, 
60 mg of PLGA, 1% poloxamer, and 6 mg of the bare com-
pounds were weighed. The 60 mg PLGA was dissolved in 
5 mL of acetone, and the compound was dissolved in 500 µL 
of suitable organic solvent, mixed with the PLGA solution 
while stirring, and then added in drops to 10 mL polox-
amer solution while homogenizing for 5 min at 30% power. 
The setup was stirred at 600 rpm overnight to evaporate 
the organic solvent completely to obtain the PBC-PLGA 
nanosuspension. A blank sample without the compounds 
was also prepared in this manner. Each sample was made 
in triplicate and appropriately labeled as PBC-PLGA 301 
and PBC-PLGA 302 for Compounds I and II, respectively.

2.2  Physicochemical Characterization of PBC‑PLGA 
Nanoparticles

2.2.1  Identification and Quantification 
of the Pyrazolone-Based Compounds

The pyrazolone molecules were identified and quantified 
using a Shimadzu HPLC system (Kyoto, Japan) outfitted 
with binary high/low-pressure gradient pumps, a degasser, 

Fig. 1  Structure of the novel 
compounds
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a PDA detector, and an autosampler using LC Solution 
5.106 SPI system software. Shim-pack GIST C18 (5 µm, 
150 cm, 4.6 mm) column was used for efficient separation 
and quantification at 25 °C with isocratic elution using 
acetonitrile and acidified water (0.1% trifluoroacetic acid) 
with 20 µL injection volume. The mobile phase ratios were 
85:15 and 75:25, with flow rates of 1 mL/min and 0.5 mL/
min at wavelengths of 203 nm and 333 nm, respectively, 
for Compounds I and II. The calibration curve regression 
equations for the compounds were Y = 65356X − 24,472 and 
Y = 274470X − 94,958, with linearity correlation coefficients 
R2 of 0.999 and 0.9994, respectively. Additional data for 
method validation are provided in the supplementary mate-
rial section of this article.

2.2.2  Determination of the Particle Size, PDI, and Surface 
Charge of the Formed PBC-PLGA Nanoparticles

Dynamic light scattering (DLS) was deployed to evaluate the 
size, PDI, and ZP of the prepared nanoparticle suspensions 

at 25 °C using a zeta sizer (Nano ZS, Malvern Instruments, 
UK). The samples were diluted with Milli-Q water until the 
scattering intensity was within the sensitivity range of the 
instrument, and then they were analyzed. The three meas-
ured averages and standard deviations were provided.

2.2.3  Determination of Entrapment Efficiency 
and Drug-Loading Capacity

The nanoparticles were collected by centrifugation at 
12,000 rpm for 30 min at 4 °C. High-performance liquid 
chromatography (HPLC–PDA) was used to estimate the 
entrapment efficiency by measuring the amount of free 
drug in the supernatant [30]. One milliliter of methanol/
acetone was added to 500 µL of nanosuspension, sonicated 
for 15 min and made up to a volume of 10 mL in a volumet-
ric flask, filtered, and analyzed as previously described, to 
determine the drug content concentration. The experiment 
was carried out in triplicate. Equations 1 and 2 were used to 
calculate the drug content and entrapment efficiency.

(1)Loading capacity =
(mg

mL

)Amount of the drug in a nanosuspension − unentrapped

The total weight of the nanoparticles
× 100

(2)Entrapment efficiency =
Amount of drug in nanosuspension − unentrapped

Amt of the drug in nanosuspension
× 100

2.2.4  Differential Scanning Calorimetry (DSC)

DSC (Shimadzu DSC-60, Japan) was used to investigate 
the thermal profiles of the bare Compounds I and II, P188, 
PLGA, physical mixture of the formulation components, 
and lyophilized PBC-PLGA nanoparticles. In brief, sam-
ples (2 mg) were put in an aluminum pan and sealed with 
a crimper before being heated to 300 °C at a constant rate 
of 10 °C per minute under a continuous nitrogen flow of 
20 mL/min using an empty pan as a reference.

2.2.5  Transmission Electron Microscope

Transmission electron microscopy (JEOL, JEM-1010 
(Japan)) was used for the morphological studies (TEM). The 
PBC-PLGA nanosuspensions were properly diluted before 
being put on the surface of a copper grid. Before measur-
ing, the surplus material was blotted out using filter paper, 
which was then dried at room temperature and dyed with a 
2% uranyl acetate solution [31]. All images were taken at an 
accelerating voltage of 100 kV.

2.2.6  Scanning Electron Microscope (SEM)

The light electron microscope (SDP TOP, CX 40, Ningbo 
Sunny Instruments Co., Ltd) and the field emission scan-
ning electron microscope (FESEM, JEOL JSM-6700) 
were used to examine the surface morphology and solid-
state characteristics of the PLGA-PBC nanoparticles. The 
nanoparticle dispersion was deposited onto the copper tape 
and air-dried before being sputtered by gold for 120 s and 
visualized at a voltage of 5 kV and a current of 10 A. The 
(ImageJ 32) image processing tool was used to create the 
SEM micrographs.

2.2.7  In Vitro Drug Release Studies

In vitro release studies of the pyrazolone-based compounds 
from PLGA nanoparticles were carried out at 37 °C by dialy-
sis bag diffusion technique. Briefly, 2.0 mL of the suspended 
nanoparticulate dispersion was placed in a pre-hydrated cel-
lulose dialysis bag (cutoff 10,000 Da, Sigma-Aldrich) and 
immersed in a 20.0 mL of pH 7.4 phosphate buffer solution 
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and 0.3% sodium lauryl sulfate (SLS) in the receptacle com-
partment (50 mL falcon tube) and incubated in a shaking incu-
bator at 100 rpm. SLS was employed in the PBS not only to 
maintain sink condition but also to provide solubility for the 
bare compounds in the aqueous phase. Two milliliter samples 
from the recipient compartment were withdrawn at pre-set 
time intervals of 0, 2, 4, 6, 8, 10, 12, 24, and 72 h and replaced 
with the fresh release medium of the same volume. The PBC 
content in the release samples was determined using the previ-
ously described HPLC–PDA method. All experiments were 
set up in triplicate, and the average values were calculated. 
The results were analyzed using Excel add-in DDsolver, and 
the release profiles are presented in the “Results and Discus-
sions” section of this article. The cumulative release data were 
further fitted with different drug release kinetic equations to 
analyze the drug release behavior.

2.2.8  Stability Study

A stability study was performed for the optimized formulations 
to determine the best storage condition and shelf life of the pre-
pared formulation. The PBC-PLGA NPs were investigated for 
particle size, PDI, and zeta potential at 4 °C and 25 °C for 0, 7, 
30, 60, and 90 days, respectively. All experiments were set up 
in triplicate, and the average values were calculated.

2.3  Evaluation of the Antibacterial Activity

2.3.1  Determination of Bacterial Susceptibility

INT colorimetric assay was conducted in clear, sterile 96-well 
microtiter plates (Corning Life Sciences, Acton, MA, USA) 
[32] to assess the minimal inhibitory concentrations (MICs) 
of the pyrazolone derivatives (Compounds I and II) and their 
nanoformulations (PBC-PLGA 301 and PBC-PLGA 302). 
Vancomycin and ciprofloxacin were used as standards against 
two gram-negative bacteria, viz, Pseudomonas aeruginosa 
(PA) ATCC 27853 and Escherichia coli (EC) ATCC 25922, 
and two gram-positive bacteria, viz, Staphylococcus aureus 
(SA) ATCC 25923 and Methicillin-resistant staphylococcus 
aureus (MRSA) ATCC 10069. Ciprofloxacin was used as 
drug control for PA, EC, and SA, whereas vancomycin was 
used for MRSA. Viable bacteria reduced the colorless dye to 
pink. The minimum inhibitory concentration was the lowest 
sample concentration, which prevented this change after incu-
bation and exhibited complete inhibition of microbial growth.

2.3.2  Cell Membrane Penetration Assay Using Flow 
Cytometry

Flow cytometry evaluated the ability of the nanoformula-
tions PBC-PLGA 301 and PBC-PLGA 302 to penetrate 
MRSA and SA membranes. Briefly, MRSA and SA cells 

prepared according to the bacterial susceptibility protocol 
earlier described were harvested after 24 h of incubation 
and incubated with propidium iodide dye (PI) (5 µL) for 
30 min at room temperature. Fifty microliters of each sam-
ple mixture was transferred into sample vials, with each 
tube containing 350 µL of the sheath fluid and vortexed 
for 1 min. The cell-penetrating efficiency of the samples 
was then investigated by FACScan analysis via the influx 
of PI into the bacterial cells. The PI fluorescence was 
excited by a 488 nm laser and collected through a 617-nm 
bandpass filter (red wavelength). The untreated MRSA 
cells were the negative control. The CytoFLEX (Beck-
man Coulter Life Sciences, USA) equipment was used for 
flow cytometry. Instrumentation settings included a sheath 
fluid flow rate of 16 mL/min and a sample flow rate of 
30 µL/min. The voltage settings used for fluorescence-
activated cell sorting (FACS) analysis were 731 (forward 
scatter FSC), 538 (side scatter SSC), and 444 for PI [33]. 
The bacteria were initially gated using forward scatter, 
and cells of the appropriate size were then gated, and at 
least 10,000 cells were collected for each sample in tripli-
cate. Moreover, the detection threshold was set at 1000 in 
SSC analysis to avoid any background signals from parti-
cles smaller than the bacteria. Data with fixed cells were 
collated and analyzed using the flow cytometer software 
Kaluza 2.1 (Beckman Coulter USA).

2.4  In Vitro Hemolysis Study

A previously described method was used to determine the 
percentage of hemolysis [33]. Briefly, freshly collected 
sheep blood was washed three times with autoclaved 
phosphate-buffer saline (PBS, pH 7.4) centrifuged at 
3500 rpm for 15 min. Blank formulation and PBC-PLGA 
(301 and 302) were diluted with PBS to make concentra-
tions ranging from 0.05 to 0.5 mg/mL for each sample. 
The RBC suspension (0.2 mL) was added to 1.8 mL of 
each sample and incubated at 37 °C for 30 min. After 
which, the samples were centrifuged at 3000  rpm for 
10 min, and spectrophotometric readings of the super-
natant of each sample at different concentrations were 
taken at 416 nm wavelength to determine hemoglobin 
release. To obtain 0% and 100% hemolysis, 0.2 mL of 
RBC suspension was added to 1.8 mL PBS and distilled 
water. The degree of hemolysis was calculated using the 
equation below:

Abs100 and Abs0 are the absorbances of the solution at 
100% and 0% hemolysis, respectively.

(3)Hemolysis(%) =
(Abs − Abs0)

(Abs100 − Abs0)
× 100
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2.5  Radical Scavenging Activity of the Bare Novel 
Compounds and PBC‑PLGA Nanoparticles

2.5.1  DPPH (2,2-Diphenyl-1-Picrylhydrazyl) Scavenging 
Activity

One hundred microliters of each sample at different concen-
trations of 3.5, 7.5, 15, 30, and 60 µg/mL for the nanofor-
mulations and 15, 30, 60, 120, and 240 µg/mL for the free 
compounds was incubated with 50 µL of 0.3 mM DPPH 
solution (in methanol) and placed in the dark for 30 min 
at ambient temperature. The absorbance was then read at 
517 nm against a blank sample of DPPH solution.

The scavenging ability was calculated using the equation 
below:

(4)DPPH radical scavenging =
Ac − As

Ac
× 100

Ac represents the absorbance of the control, and As rep-
resents the absorbance of the sample.

2.5.2  FRAP (Ferric-Reducing Antioxidant Power)

The total ferric-reducing power of the compounds (I and 
II) and PBC-PLGA nanoparticles was measured using the 
FRAP method described by Oyaizu [34] with slight modi-
fications. Briefly, 1 mL of each test sample (concentrations 
3.5–60 µg/mL and 15–240 µg/mL) for the PBC-PLGA nano-
suspension and bare Compounds I and II, respectively, was 
incubated with 1 mL of sodium phosphate buffer (0.2 M, 
pH 6.6) and 1% potassium ferricyanide at 50 °C for 30 min. 
After that, 1 mL of 10% trichloroacetic acid was used to 
acidify the reaction mixtures. Then, 1 mL of the sample was 
mixed with an equal volume of distilled water and 200 µL 
of 0.1%  FeCl3. The absorbance of the resultant solution was 
read at 700 nm in a spectrophotometer. Antioxidant activity 
was calculated using the equation below:

(5)% FRAP radical scavenging =
Absorbance of control − absorbance of the test sample

Absorbance of control
× 100

2.5.3  Nitric Oxide (NO) Radical Inhibitory Activity

At physiological pH, sodium nitroprusside could cre-
ate much nitric oxide (NO), reacting with oxygen to form 
nitrite ions. This capability forms the basis of this test [35]. 
The test was performed by incubating 500 µL of 10 mM 
sodium nitroprusside in sodium phosphate buffer (pH 7.4) 
and 500 µL of the test samples at various concentrations 
(15–240 µg/mL) for 2 h at 37 °C. The reaction mixture was 

then given a 500 µL dose of Griess reagent. The absorbance 
was measured at 546 nm to detect a chromophore formed by 
the reaction of nitrite with sulfanilamide. By comparing the 
absorbance of a prepared control to the percentage inhibi-
tion of NO release, the percentage inhibition of NO emitted 
was computed (10 mM sodium nitroprusside in phosphate 
buffer). The experiment was performed in triplicates, and 
the test sample’s scavenging capacity was calculated using 
the formula below:

(6)% scavenging activity =
The absorbance of control − Absorbance of test Sample

absorbance of control
× 100

2.6  Data Analysis

Experimental data were presented as mean ± standard devia-
tion (SD) and analyzed using the Excel Analysis toolkit. 
The one-way ANOVA defined statistical significance as a 
p-value of < 0.05.

3  Results and Discussions

The low solubility of these newly synthesized, pyrazolone-
based compounds restricts their pharmaceutical and clinical 
translation. However, we tried to create efficient PBC-encap-
sulated PLGA nanoformulations to address this solubility 
problem in light of the various therapeutic uses of the pyra-
zolone nucleus. We further characterized these PBC-PLGA 

nanoformulations and performed in vitro antibacterial and 
antioxidant activity tests and cell penetration assay using 
the flow cytometer to determine the impact of solubility 
enhancement on the compounds.

3.1  Preparation of PBC‑PLGA Nanoparticles

An effective method for encapsulating hydrophobic sub-
stances involves selecting the appropriate polymer compo-
sition, stabilizer, solvent-drug solubility, and manufactur-
ing method [36]. Formulating the selected compounds into 
nanoparticles was highly required to solubilize them. Based 
on its solid-state solubility and biocompatibility, poly(lactic-
co-glycolic acid) polymer (PLGA) was employed to encap-
sulate the pyrazolone-based molecules effectively [37–39]. 
The nanoprecipitation technique mentioned in the procedure 
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section generated the PBC-PLGA nanoparticles. The spon-
taneous diffusion between the organic and aqueous phases 
propels the production of the nanoparticles in this situation. 
Due to programmable formulation parameters, this technol-
ogy is an example of a bottom-up approach that permits the 
production of particles with the appropriate qualities [40, 
41].

Expressive, the physical characteristics such as solubil-
ity, thermal strength, viscosity, crystallinity, mechanical 
strength, and degradation rate depend on the polymer’s 
molecular weight [42, 43]. As a result, a low molecular 
weight 50/50 PLGA was used as the carrier for the com-
pounds. We paid close attention to the solvent selection 
since it impacts the drug entrapment level, polydispersity, 
and nanoparticle size. Therefore, acetone was chosen as 
the organic solvent for this study. The sonication intensity, 
duration, and stirring rate were varied to optimize the nan-
oparticle formulation. Furthermore, the impact of several 
surfactants, polyvinyl alcohol, poloxamer-188, and span 80, 
on the physicochemical characteristics of the nanoparticles, 
was evaluated to choose an appropriate stabilizer that could 
successfully assure the stability of nanoparticles. With a 
sonication time of 5 min at 30% power, a stirring speed of 
600 rpm, and 1% poloxamer-188 as the stabilizer, the ideal 
size, PDI, and zeta potential were obtained.

3.2  Size, PDI, Zeta Potential, and Surface 
Morphology of Nanoparticles of PBC‑PLGA

The physicochemical properties of the generated PBC-
PLGA nanoparticles are shown in Table 1, distribution 
curves for size and zeta potential are shown in Figs. 2 and 
3, and SEM and TEM surface morphology diagrams are in 
Figs. 4 and 5.

Particle size is recognized to be an important component 
in particle cellular absorption and intracellular trafficking, 
making tiny particles more efficient than their micron-sized 
counterparts in medication delivery to infected loci [30]. 
Particles with sizes ranging from 100 to 200 nm are appro-
priate for long-term circulation and facile transfer across 
biological membranes. In contrast, nanoparticles larger 
than 200 nm are phagocytosed and mostly transported to 
the liver and spleen [44]. The nanoparticle suspensions 
had monodispersed size distributions (PDI < 0.15), with an 
intensity-averaged diameter measured by DLS of < 200 nm 
the PBC-PLGA nanoparticles (Z-Ave = 166.6 ± 7.12 nm and 
192.5 ± 1.08 nm). As a result, they are appropriate for paren-
teral administration, with facile penetration through mem-
branes, focused distribution, and maintained circulation. 
Even though the sizes obtained in this study appeared to be 
more significant than those reported by Alfei and Sun et al. 

Table 1  Optimized size, PDI, 
zeta potential, entrapment 
efficiency, and drug-loading 
capacity of the PBC-PLGA 
nanoformulations

Sample Size (nm) PDI Zeta potential
(mV)

Entrapment
efficiency (%)

Drug-loading
capacity (%)

PBC-PLGA
301 NPs

166.6
 ± 7.12

0.129
 ± 0.042

 − 14.14
 ± 2.900

84.20
 ± 0.930

0.30
 ± 0.000

PBC-PLGA
302 NPs

192.5
 ± 1.08

0.132
 ± 0.025

 − 10.77
 ± 1.515

81.5
 ± 2.051

0.11
 ± 0.012

Fig. 2  PBC-PLGA 301 size 
and zeta potential distribution 
curves
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on the nanoformulations of some pyrazolone-based deriva-
tives (68.16 ± 0.67 and 112.1 ± 10.7) [45, 46], they are very 
much in agreement with the observed sizes (100–250 nm) 
for most PLGA nanoparticles [13, 47].

The PDI, which ranges from 0 to 2, determines parti-
cle homogeneity. When a sample’s value approaches 0, it 

becomes exceedingly homogeneous [48]. As a pointer to 
uniform particle distribution, samples with homogeneous 
and equally sized particles would have a lower PDI value, 
whereas samples with a more diverse range of particle sizes 
would have a higher PDI value [49]. A minimum PDI is 
required to maintain the drug release rate consistent and 

Fig. 3  PBC-PLGA 302 size 
and zeta potential distribution 
curves

Fig. 4  SEM diagrams of the optimized nanoparticles: PBC-PLGA 301 (A) and PBC-PLGA 302 (B)
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regulated. As shown in Table 1, the PDI of all the nanopar-
ticles varied from 0.12 to 0.14, indicating a homogeneous 
particle size distribution.

On the other hand, the zeta potential (ζ) indicates the 
stability of water-based formulations and is based on the 
mobility of charged particles as measured by an electrical 
potential. A ZP of > + 30 mV and − 30 mV is desirable for 
the physical stability of any nanosuspension, with parti-
cle charge generally acting as the deciding factor [50]. It 
also quantifies the strength of the charge repulsion/attrac-
tion between particles, a crucial component in processes 
including flocculation, aggregation, and dispersion [51], 
and based on the polymer type and the surface function-
alization, the zeta potential values may well be positive, 
neutral, or negative [52]. Neutral nanoparticles have a 
zeta potential between − 10 and + 10 mV, while strongly 
cationic and strongly anionic nanoparticles have a zeta 
potential of higher than + 30 mV and less than − 30 mV, 
respectively [53]. Surface charges greatly influence nano-
particle uptake and interactions with cells. Nanoparticles 
with positive charges are more internalizable owing to 
ionic interactions with negatively charged cell membranes 
[54, 55]. As a result, they demonstrate perinuclear locali-
zation and can escape from lysosomes after being internal-
ized. The lysosome, in contrast, is where negatively and 

neutrally charged nanoparticles like to co-localize [56]. 
The PBC-PLGA nanoparticles in this investigation had 
negatively charged zeta potentials of − 14.14 ± 2.900 mV 
and − 10.77 ± 1.515 mV, respectively. These zeta potentials 
are similar to the finding (− 16.87 ± 1.10 mV) observed 
with AMPDC, a pyrazolone derivative, encapsulated using 
PLGA/PEG [46]. Interestingly, Alfei and his colleagues 
noticed a positive zeta potential (+ 28.9 mV) when a bio-
active pyrazole derivative was enclosed in a dendrimer. 
The negative charge on the nanoparticles could be attrib-
uted to the PLGA used in the formulation. However, the 
adsorbed poloxamer could also play a role, as it has previ-
ously been reported that it can alter the physicochemical 
parameters of nanoparticles [57, 58] and may be responsi-
ble for the decreased zeta potential. As a result of these ZP 
values, the nanoparticle was verified to be highly anionic 
and capable of co-localization with lysosomes. The results 
also validated the formulations’ physical stability.

SEM and TEM images were captured and displayed in 
Figs. 4 and 5 to corroborate the development of distinct 
and nanosized particles. PBC-PLGA 301 and PBC-PLGA 
302 SEM and TEM pictures indicated that the produced 
nanoparticles are discrete and spherical with a smooth 
surface.

Fig. 5  TEM diagrams of the optimized nanoparticles: PBC-PLGA 301 (A) and PBC-PLGA 302 (B)



 BioNanoScience          (2025) 15:153   153  Page 10 of 20

3.3  Entrapment Efficiency and Drug‑Loading 
Capacity

The described HPLC method was used to measure entrap-
ment efficiency and drug-loading capacity, and results were 
derived using Eqs. 1 and 2, with Table 1 summarizing the 
findings. All particle systems have two important param-
eters: entrapment efficiency and drug-loading capacity. 
The proportion of PBC encapsulated in the particles to the 
total amount of the chemical employed in the preparation is 
denoted by EE. As a result, it indicates the method’s yield 
for active material. Drug leakage from nanoparticles owing 
to an incorrectly designed production procedure, formula-
tion variables, or drug degradation during the preparation 
process may all contribute to EE reduction [59, 60].

On the other hand, the loading capacity (LC) is the pro-
portion of the drug loaded in the nanoparticles to the overall 
mass. LC is connected to the drug’s dose, solubility profile, 
and degradation of the nanoparticles. For most nanomedi-
cines, high encapsulation efficiency is easier to achieve than 
high drug-loading capacity [37]. In nanoprecipitation, the 
polymer mostly encapsulates the medication through non-
covalent hydrophobic interactions. According to reports, the 
majority of PLGA nanoparticle systems have a relatively 
low drug loading (< 10%), and coming up with ways to 
improve it is still difficult [61]. The LC of PLGA deriva-
tives is affected by molar mass, chain structure, and the type 
of the polymer’s end groups.

Compounds I and II were successfully incorporated 
into nanoparticles with excellent cumulative efficiency of 
84.20 ± 0.930% and 81.5 ± 2.051%, respectively, compa-
rable to or perhaps greater than some previous studies in 
the literature on PLGA nanoparticle carriers. For example, 
average encapsulation efficiency of 60–70% for drugs like 
estradiol and xanthones and 60–90% for dexamethasone 
and paclitaxel has been reported [9]. Despite having high 
encapsulation efficiency, the nanoparticle system showed 
low loading capacities of 0.30% and 0.11% for PBC-301 
and PBC-302, respectively. PLGA macromolecular chains 
may only slightly expand in aqueous conditions to entrap 
the chemical, which might account for poor drug loading. 
Nucleic acid–encapsulated PLGA nanoparticles have been 
reported to have low loading capacity in the range of 0.1 to 
1 mg per 100 mg nanoparticles [62].

3.4  In Vitro Drug Release Study

The release of pyrazolone-based compounds from PBC-
PLGA nanoformulations was studied in 7.4 PBS at 37 °C for 
48 h, with the cumulative fraction released/dissolved shown 
in Fig. 6. Drug release from PLGA nanoparticles is a com-
plicated process influenced by several parameters, includ-
ing polymer degradation, molecular weight, polymer-drug 

binding affinity, diffusion rate, protective layer stability, and 
the drug’s physicochemical characteristics.

When compared to the bare compounds, the PBC-PLGA 
NPs showed a biphasic release pattern: an initial quick 
release over the first 10 h, followed by a steady, continuous 
release over a lengthy period (48 h). In 48 h, 2.5 and 6.4% 
of non-encapsulated compounds were dissolved. However, 
between 37 and 53% of the chemicals were released from 
the nanoparticles at the same time. This delay in release 
time might be attributable to the slow degradation of PLGA, 
implying that the compound release from nanoparticles is 
dependent on the pace at which the compounds diffuse from 
the PLGA surface/matrix, as well as bulk erosion or swelling 
of the polymer [63]. The strong hydrophobic interactions of 
the compounds with PLGA, which further prevented a quick 
release of the compounds from NPs, may have contributed to 
the extended-release pattern in this investigation.

Additionally, the dissolution pattern of the nanoparticles 
revealed a burst release during the first 10 h of the investiga-
tion, followed by a lag phase of relatively gradual release, 
which is well documented in the literature regarding PLGA 
nanoparticles [38, 46, 64]. This first burst impact is due to 
the instant release/dissolution of the medications that have 
been adsorbed to the surface and those that are close to the 
surface of the nanoparticles, which can help swiftly slow the 
course of a disease state.

The release curves indicated that PBC-PLGA 301 
released more slowly than PBC-PLGA 302; this may be 
attributed to the lower aqueous solubility of Compound 
I compared to II. In the first 3 h of the investigation, the 
cumulative release percentage of PBC-PLGA 301 was 
greater than that of PBC-PLGA 302, which can be ascribed 
to the adsorption of more compounds to the surface of the 
nanoparticles. However, at 48 h, the cumulative release of 

Fig. 6  Comparison of the cumulative percentage fraction dissolved 
from PBC-PLGA 301 and PBC-PLGA 302 nanoformulations with 
the bare CompoundsI and II (mean ± SD,n = 3)
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PBC-PLGA 301 from the nanoparticles was lower than that 
of PBC-PLGA 302, indicating that Compound II solubility 
was better improved.

3.4.1  Drug Release Kinetics

Drug dissolution modeling helps identify the mathematical 
model that best describes the drug release kinetics from drug 
formulations [65]. In this study, the drug release data for 
the PBC-PLGA nanoformulations were therefore fitted using 
five different models: zero-order release, first-order release, 
Higuchi, Weibull, and Korsmeyer-Peppas models. Table 2 
shows the R-squared (R2) values obtained from fitting the 
dissolution data into each of these models. The closer the 
R-squared value is to 1, signifies the suitability of the model 
in describing the release mechanism of the formulations.

For PBC-PLGA 301, the Weibull model provided the 
best fit, with a high R2 value of 0.972, indicating that the 
drug release followed a strongly time-dependent mechanism 
[66]. The Korsmeyer-Peppas model also showed a good fit 
(R2 = 0.920) with a diffusional exponent (n) of 0.275 for this 
formulation, suggesting that the release mechanism was pri-
marily governed by Fickian diffusion. The zero-order and 
first-order models had negative R2 values, indicating that 
they are not appropriate for describing the release kinetics 
of this formulation.

Conversely, for PBC-PLGA 302, the Weibull model 
showed excellent fit (R2 = 0.994), suggesting a highly pre-
dictable and time-dependent release. The Higuchi model 
also had a strong fit (R2 = 0.976), indicating that diffusion 
plays a significant role in the release process. The Kors-
meyer-Peppas model gave an R2 of 0.958 with an n value of 
0.436, pointing toward anomalous (non-Fickian) transport, 
likely a combination of diffusion and erosion mechanisms 
[67]. The zero-order and first-order models had poorer fits 
compared to the Higuchi, Weibull, and Korsmeyer-Peppas 
models, with R2 values of 0.343 and 0.700, respectively.

The results strongly suggest that drug release from the 
PBC-PLGA 301 and PBC-PLGA 302 formulations are best 
fitted into the Weibull model denoting a complex and time-
dependent drug release behavior. This release behavior 
may be attributed to the polymer’s erosion and degradation 
processes [68]. Recent studies also have shown that the 
Weibull model can effectively describe the drug release 
profile of PLGA-based formulations, capturing the initial 

burst release, followed by a slower more controlled release 
phase [68, 69]. This makes the model a valuable tool for 
predicting and optimizing the performance of PLGA-based 
drug delivery systems [70, 71].

3.5  Differential Scanning Calorimeter (DSC)

The samples were subjected to DSC analysis to test for 
structural interference between the polymer and medica-
tion and to look at the development of solid-state com-
plexes. The DSC results showed that Compounds I and II 
were successfully encapsulated within a carrier polymer 
(PLGA). Individual peaks of each chemical (the bioac-
tive substance and the polymer) will show up in the DSC 
thermogram if the encapsulated bioactive ingredient is 
not sufficiently integrated into the encasing polymer, as 
shown in the literature [72]. No compound peak was seen 
in the PBC-PLGA nanoparticles thermogram, as shown 
in Fig. 7(A, B), indicating that Compounds I and II were 
in their disordered crystalline phase. The fact that the 
thermograms of PBC-PLGA nanoparticles lack the typi-
cal melting and crystalline peaks indicates that the com-
pounds were efficiently enclosed in the PLGA/poloxamer 
complex.

Table 2  Fitting results of drug 
release kinetics

Sample Coefficient of determination R2 Korsmeyer-Peppas

Zero-order First-order Higuchi Weibull R2 Diffusional
exponent (n)

PBC-PLGA 301  − 1.186  − 0.611 0.577 0.972 0.920 0.275
PBC-PLGA 302 0.343 0.700 0.976 0.994 0.958 0.436

Fig. 7  DSC thermogram of the bare compounds, excipients, and lyo-
philized nanoparticles. A PBC-PLGA 301, B PBC-PLGA 302, C 
Compound I, D Compound II, E PLGA, F poloxamer, G Compound I 
physical mixture, and (H) Compound II physical mixture
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3.6  Stability Study

The stability studies of PBC-PLGA NPs 301 and 302 were 
conducted by assessing the particle size, PDI, and zeta 
potential over a period of 90 days at two storage conditions: 
4 °C and 25 °C. Table 3 summarizes the stability results 
at refrigerated and at room temperature over a period of 
3 months.

As observed from the results, PBC-PLGA 301 particle 
size remained stable across both storage conditions, fluc-
tuating only slightly between 166 and 171 nm. The PDI 
decreased from 0.13 to 0.10 at 4 °C, indicating improved 
homogeneity over time, and remained relatively consistent 
at 25 °C. However, more significant changes were observed 
in the zeta potential (ZP), particularly at 25 °C, where it 
decreased to − 23 mV by day 30. On the other hand, the 
particle size for PBC-PLGA 302 showed minimal variation, 
remaining between 186 and 194 nm under both conditions. 
At 4 °C, the PDI temporarily increased to 0.21 by day 30 
but stabilized to 0.06 by day 90. At 25 °C, the PDI was more 
stable, with a notable decrease to 0.04 by day 60, also signi-
fying increased homogeneity. The ZP exhibited greater vari-
ation at 25 °C, dropping to − 23 mV by day 30. Overall, both 
formulations demonstrated stable particle size at both tem-
peratures, with PBC-PLGA 302 showing better PDI stability 
at 25 °C. The result implies that the developed formulations 
are physically stable over time and can be stored at both 

refrigerated and room temperatures. However, the observed 
fluctuations in ZP, especially at room temperature, suggest 
potential issues with long-term colloidal stability for both 
formulations [73]. Therefore, we recommend prolonging the 
stability study as well as including other stability-indicating 
parameters such as chemical stability in the assessment.

3.7  Antimicrobial Activity

Testing for antibacterial activity against Pseudomonas 
aeruginosa (PA), Escherichia coli (EC), Staphylococcus 
aureus (SA), and Methicillin-resistant Staphylococcus 
aureus (MRSA) was done on the bare pyrazolone-based 
compounds and their nanoformulations. Vancomycin was 
utilized in the test for MRSA, whereas ciprofloxacin was 
used as the conventional medication for PA, EC, and SA. 
Higher MIC values denote poor antibacterial activity, and 
Table 4 summarizes the minimum inhibitory concentration 
(MIC) values used to assess the antimicrobial activities of 
the test substances.

From the result, MIC values showed that PBC-PLGA 
nanoformulations outperformed the bare compounds with 
respect to antibacterial activity against E. coli, S. aureus, 
and MRSA. The MIC obtained for MRSA was comparable 
to the standard vancomycin, thus proposing the nanoformu-
lations (PBC-PLGA 301 and PBC-PLGA 302) to be bet-
ter targeted against MRSA. However, all the test samples 

Table 3  The results of PBC-
PLGA NPs stability over 
90 days at 4 °C and 25 °C 
(mean ± SD,n = 3)

Storage condition Time (day) PBC-PLGA 301 PBC-PLGA 302

Evaluation parameters Evaluation parameters

Size PDI ZP Size PDI ZP

0 167 0.13  − 14 193 0.13  − 11
7 171 0.11  − 14 194 0.11  − 15

4 °C 30 169 0.12  − 22 194 0.21  − 15
60 166 0.11  − 17 194 0.04  − 16
90 168 0.10  − 17 191 0.06  − 13
0 167 0.13  − 14 193 0.13  − 11
7 169 0.13  − 12 191 0.16  − 18

25 °C 30 166 0.10  − 23 188 0.14  − 23
60 166 0.10  − 21 192 0.04  − 14
90 171 0.12  − 19 186 0.07  − 12

Table 4  Minimum inhibitory 
concentration (MIC) of the 
non-encapsulated PBC and their 
nanoformulations (µg/mL)

Organisms Test samples

I II PBC-PLGA 301 PBC-PLGA 302 CIPRO VCM

P. aeruginosa 62.5 62.5 92 61 0.49 −
E. coli 125 125 15.25 30.5 0.49 −
S. aureus 62.5 62.5 11.25 7.63 0.49 −
MRSA 125 31.25 0.95 1.406 − 3.9
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showed minimal activity against P. aeruginosa at 62.5 µg/
mL for the bare compounds, 92 µg/mL for PBC-PLGA 301, 
and 61 µg/mL for PBC-PLGA 302, respectively. Studies 
have demonstrated that the core moiety of the drug, the 
substituted functional groups, and the kind of cell mem-
branes possessed by the bacteria all affect the antibacte-
rial action. Previous research has shown that compounds 
similar to pyrazole/hydrazo-thiazole moiety have antibacte-
rial action [74–76]. When comparing the MIC values from 
the bare compounds to their nanoformulations, it can be 
deduced that increasing the solubility of the compounds 
improved their antimicrobial activity against E. coli, S. 
aureus, and MRSA. This finding is consistent with a prior 
study by Alfei and Sun et al. confirming that increasing 
solubility improved bioactivity [45, 46].

3.8  Bacterial Cell Membrane Permeability

MRSA and SA bacterial cells were treated for 24 h with 
the nanoformulations (PBC-PLGA 301 and PBC-PLGA 
302) and standard drugs (ciprofloxacin and vancomycin). 
The PI dye assessed the cell death caused by the nanofor-
mulations. The PI dye is a membrane-impermeable dye 

typically repelled by living cells. It attaches to double-
stranded DNA by intercalating between the base pairs, 
and its detection indicates either membrane permeability 
or cell death. In this study, ciprofloxacin was used as the 
control for SA, and VCM was used as the control drug 
for MRSA to indicate cellular uptake or cell death. VCM 
compromises the integrity of the cell wall, enhancing PI 
permeability and uptake. Samples were taken from wells 
6 and 5 for SA and MRSA, respectively. The data was 
then captured and analyzed using Kaluza 2.1 (Beckman 
Coulter, USA) flow cytometer software. As seen in Fig. 8, 
the PI fluorescence changed when the nanoformulations 
and conventional control medications were applied to the 
bacterial cell. The results showed that the PBC-PLGA 
nanoformulations exhibited higher levels of cell mem-
brane permeability than popular drugs, vancomycin and 
ciprofloxacin. The nanoformulations moreover demon-
strated improved permeability of higher than 90% into 
SA compared to the MRSA, which is slightly less than 
90% for PBC-PLGA 302 and 86% for PBC-PLGA 301. 
These findings imply that nanoformulations may be useful 
antibacterial medicines since they penetrate better than 
conventional medications.

Fig. 8  Cell counts vs. propidium dye uptake. Green represents untreated SA/MRSA (not PI permeable); red represents the percentage of uptake 
in the population after incubation with Cipro, VCM, PBC-PLGA 301, and PBC-PLGA 302
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3.9  In Vitro Hemolysis Study

Pharmaceutical scientists typically employ the hemolysis 
assay to illustrate a product’s toxicity in blood circulation. 
Therefore, it is argued that hemolysis occurs when RBCs 
break down, releasing the contained hemoglobin into the 
surrounding medium. Hence, a nanoformulation must have 
little interaction with circulatory constituents and remain 
stable over time. According to the “American Society for 
Testing and Materials” (ASTMF 756–00, 2000), materials 
are divided into three categories: hemolytic (hemolysis over 
5%), somewhat hemolytic (hemolysis between 2 and 5%), 
and non-hemolytic (below 2%) [30, 77]. In this investiga-
tion, the PBC-PLGA nanoformulations were subjected to 
in vitro hemolysis research using sheep blood. The average 
hemolysis is shown in Fig. 9. PBC-PLGA 301 was seen in 
the figure to be non-hemolytic (below 2%), demonstrating 
that the formulation is extremely hemocompatible. However, 
the PBC-PLGA 302 formulation had minimal hemolysis, 
with an average of 2 to 5%, indicating that it is only mar-
ginally compatible with blood components. A comparable 
study using PLGA:poloxamer mix nanoparticles found less 
than 1% hemolysis [78]. Consequently, additional variables 
like particle type and concentration may be responsible for 
the minimal interaction between PBC-PLGA 302 and the 
detected organic blood components. However, these parti-
cles’ biocompatibility could be enhanced by being coated in 
hydrophilic polymers like PEG [79].

3.9.1  Radical Scavenging Activity

Free radicals are very reactive and unstable species that 
develop during numerous metabolic processes and harm live 
cells, breaking DNA and causing strand breaks [80]. These 
free radicals are strongly linked to oxidative stress, cancer, 
hepatic and vascular illness, inflammatory disorders, rheu-
matoid arthritis, and aging. Significant progress has recently 

been achieved in the study of free radicals and the creation 
of antioxidants. Antioxidant molecules stop free radicals 
from stealing electrons from other molecules, preventing 
the molecule from becoming unstable and suffering oxida-
tive damage [81].

This study used gallic acid as the reference material to 
assess the DPPH, FRAP, and NO scavenging activity of 
Compounds I, II, and PBC-PLGA nanoparticles. Data are 
presented as mean ± SEM.

Results from this study showed that the examined pyra-
zolone-based compounds and their optimized nanoparticles 
had varying rates of DPPH, FRAP, and NO scavenging, as 
shown in Figs. 10 and 11(A, B, and C), respectively, with 
the tested components showing a dose-dependent radical 
scavenging activity. Gallic acid outperformed the new 
pyrazolone-based compounds at various concentrations, 
with a modest scavenging activity of less than 40% with 
DPPH. Although activity was less than 20% at all test doses 
with NO, there were no significant differences between the 
bare compounds and gallic acid for the FRAP and NO test-
ing. The  IC50 values obtained in the three assays (Fig. 12A, 
B) further proved that Compound I, with an average of 
4.6, has superior FRAP scavenging activity than the stand-
ard antioxidant (gallic acid 6.2) and is a better antioxi-
dant when compared to Compound II, in all three assays. 
Both compounds have the pyrazolyl-thiazole moiety and 
the hydrazo linkage, which have previously been linked to 
antioxidant action [82–85], suggesting that these moieties 
may be responsible for their radical scavenging action.

On the other hand, in Fig. 11A, B, and C, the antioxidant 
efficacy of PBC-PLGA nanoparticles was demonstrated in 
the experiments. In the DPPH assay, the PBC-PLGA 301 
and PBC-PLGA 302 nanoparticles at higher 15–60 µg/mL 
concentrations exhibited solid antioxidant activity (70–80%) 
compared to the standard gallic acid (50%), which is not so 
at lower concentrations. However, there are no significant 
differences in the DPPH scavenging activity of PBC-PLGA 

Fig. 9  Percentage hemolysis of PBC-PLGA nanoformulations and pictorial representation of the samples
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301 and PBC-PLGA 302 at different concentrations. The 
nanoparticles showed better Ferric-reducing ability at all test 
concentrations than gallic acid in the FRAP assay. Also, the 
antioxidant power of the PBC-PLGA 301 and 302 nanopar-
ticles are comparable at all test concentrations as no signifi-
cant difference was observed, and both attained a maximum 
scavenging activity of 70% at the highest test concentration. 
While the test samples indicated strong antioxidant power 
with DPPH and FRAP assays, they appeared to have moder-
ate NO scavenging activity (maximum of 50%) in a dose-
dependent manner. There was no significant difference in 
the NO scavenging activity of PBC-PLGA nanoparticles 
and the antioxidant standard gallic acid. The  IC50 values 
of the nanoparticles in the different assays (Fig. 12) further 
substantiated the percentage scavenging activity in Figs. 10 
and 11. Generally, the nanoformulations showed improved 
and better antioxidant activity at lower concentrations than 
the bare compounds, as an approximately threefold increase 
in percentage scavenging activity was observed in all assays.

4  Conclusion

Poor solubility is a significant barrier to the clinical trans-
lation of many new drug candidates. In this study, water-
soluble nanoformulations were efficiently developed for two 
novel pyrazolone compounds. The developed formulation 
possessed optimum physicochemical properties with sig-
nificant biocompatibility, exhibiting enhanced antioxidant 
and antibacterial activities compared to the bare compounds 
and standard drugs. A significant bacterial cell death was 
also observed, indicating they may be used as bactericidal 
agents. With these promising results, nanoformulations of 
the pyrazolone-based derivatives can be employed as poten-
tial pharmaceutical agents to treat bacterial infections and 
other oxidative stress-related ailments. However, future stud-
ies involving animal models and clinical trials need to be 
done to establish their clinical applications.

Fig. 10  A–C Radical scavenging activity of novel Compounds I and II against DPPH, FRAP, and NO
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Fig. 11  A–C Radical scavenging activity of PBC-PLGA 301 and PBC-PLGA 302 nanoformulations against DPPH, FRAP, and NO

Fig. 12  IC50 values of biological activities exhibited by the bare Compounds I and II (A) and the PBC-PLGA nanoparticles (B) on different anti-
oxidant parameters
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