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Abstract
Oxidative stress is regarded as a major pathogenic key factor in chronic idiopathic pulmonary fibrosis (IPF), a disease with 
high mortality and an unclear cause. Gallic acid (GA) is a natural polyphenolic compound that shows significant antioxidant 
potential. However, its therapeutic effectiveness is limited due to low oral bioavailability, rapid metabolism, and poor aqueous 
solubility. To overcome such barriers, lecithin–polymer hybrid micelles (LPHM) were engineered as a nanocarrier platform 
for GA delivery. This study investigated the formulation and optimization of GA-loaded LPHM for pulmonary fibrosis 
therapy. LPHM were optimized using a D-optimal experimental design, assessing the drug amount (X1) and polymer type 
(X2: Pluronic® P123 or D-α-tocopheryl polyethylene glycol succinate, TPGS) on entrapment efficiency (Y1), particle size 
(Y2), and zeta potential (Y3). The optimized formula, comprising TPGS with 17 mg GA, showed an entrapment efficiency of 
96.78 ± 1.45%, a particle size of 120.22 ± 1.45 nm, and a zeta potential of − 32.12 ± 0.97 mV. In-vitro release demonstrated 
a biphasic sustained-release profile. In-vivo pharmacokinetics showed a 7.35-fold increase in oral bioavailability of the opti-
mized formula as compared to free GA. In a bleomycin-induced IPF model, the optimized formula significantly mitigated 
fibrotic progression, as evidenced by reductions in transforming growth factor-β, matrix metalloproteinase-7, hydroxyproline, 
and collagen-1. Overall, GA-loaded LPHM represent a promising oral drug delivery strategy for IPF, with broader potential 
in managing chronic diseases that demand sustained release and enhanced systemic exposure.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is an ultimately lethal 
interstitial lung disorder marked by remodelling of the 
airways, inflammatory responses and widespread fibrotic 
changes in the lung parenchyma. Without a lung transplant, 
median survival following diagnosis is only 3 to 5 years, 
a prognosis comparable to that of many aggressive malig-
nancies [1–4]. Despite FDA approval of pirfenidone and 
nintedanib in 2014, these drugs fail to significantly reduce 

mortality and are often limited by adverse effects such as 
gastrointestinal disturbances, underscoring the urgent need 
for more effective and better tolerated therapies [5].

Although the exact etiology of IPF is still unknown, it is 
generally accepted that oxidative stress, persistent inflamma-
tion, and an abnormal accumulation of extracellular matrix 
are important factors in the development of such disorder. 
Reactive oxygen species (ROS) causes pulmonary tissue 
death and activates fibroblasts and immune cells, perpetu-
ating fibrotic remodelling [6–8]. Accordingly, antioxidant-
based strategies have gained attention as potential therapeu-
tic interventions thus may benefit IPF patients.

Among natural antioxidants, phenolic compounds are 
particularly promising owing to their dual mechanisms: 
direct scavenging of free radicals and modulation of cellu-
lar signalling to upregulate endogenous antioxidant defences 
[9, 10].

Gallic acid (GA), a trihydroxy benzoic acid derivative, 
has demonstrated potent antioxidant activity and protec-
tive effects against oxidative stress [11–13]. However, its 
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therapeutic translation is hindered by poor aqueous solubil-
ity, suboptimal absorption, and rapid metabolism, resulting 
in poor systemic bioavailability [14].

The self-assembly of amphiphilic block copolymers pro-
duces polymeric micelles (PMs) which have a hydrophilic 
shell that improves systemic stability and prolongs circula-
tion time in addition to a hydrophobic core that increases the 
solubility of medications with low water solubility. Having 
nanoscale dimensions of approximately 10–100 nm, these 
carriers are capable of prolonging systemic circulation by 
minimizing the reticuloendothelial system uptake and the 
kidney filtration [15–18]. Additionally, block copolymers 
are widely used to inhibit drug efflux, further enhancing 
therapeutic effectiveness. Likely, D-α-tocopheryl polyeth-
ylene glycol 1000 succinate (TPGS) not only solubilizes 
hydrophobic drugs but also prolongs circulation time and 
enhances cellular uptake [19–22]. Lecithin, a naturally 
occurring phospholipid mixture, has been also extensively 
utilized in nanoparticle formulations owing to its amphiphi-
licity, biocompatibility, and ability to improve drug solubi-
lization and stability [23]. Incorporating lecithin into poly-
meric micelles yields LPHM, which integrate the advantages 
of both lipid and polymeric systems, leading to improved 
encapsulation efficiency, higher stability, and superior drug 
loading compared with conventional micelles [24, 25].

Leveraging these advantages, the present study employs 
a D-optimal experimental design to optimize gallic 
acid–loaded LPHM. The overarching aim is to improve the 
solubility, stability, and oral bioavailability of gallic acid, 
thus enabling the therapeutic use of this LPHM as a new 
antioxidant-based approach for treating idiopathic pulmo-
nary fibrosis (IPF).

Materials and Methods

Plant Material

One Kg of the dried powdered leaf buds of Camellia sinen-
sis L. family Theaceae was purchased from the local Egyp-
tian market, Giza, Egypt.

Chemicals

Phosphatidyl choline (Soybean lecithin) (90% purity), Plu-
ronic® P123 and Vitamin E d-alpha tocopheryl polyethylene 
glycol 1000 succinate (TPGS), dapagliflozin (the internal 
standard) were purchased from Sigma–Aldrich (St. Louis, 
MO, USA). Bleomycin sulphate was obtained from RMPL 
Pharma LLP., Egypt. All the other chemicals that were used 
are of analytical grade.

Animals

Albino Male Wistar rats weighing 150–200 grams were 
used in this study. The rats were kept at the animal facility 
of October University for Modern Sciences and Arts after 
being purchased from the Theodor Bilharz Research Institute 
in Cairo, Egypt. Under well-maintained circumstances, each 
rat was housed in a ventilated plastic cage with a temperature 
of 25 ± 3°C and a relative humidity of 50%. The rats were 
allowed unrestricted access to water and a typical pellet meal 
throughout the research. The October University for Mod-
ern Sciences and Arts Institutional Animal Care and Use 
Committee (IACUC) examined and approved the research 
procedure, which complied with national ethical guidelines 
for the use and care of laboratory animals. (Approval No. 
PH77/REC77/2025PD).

Methods

Extraction and Isolation of Gallic Acid

The powdered leaf buds were macerated at room tempera-
ture in a solvent composed of 95% ethanol in distilled water 
(1:1) till exhaustion. The dried hydro-ethanolic extracts were 
combined to yield greenish-brown residue weighing 77.4 g. 
The dried extract was successively partitioned with hexane, 
dichloromethane, ethyl acetate, and n-butanol. Then, the 
ethyl acetate fraction was subjected to column chromatog-
raphy over polyamide column and was further purified on a 
Sephadex LH-20 column to yield an off-white amorphous 
powder (915 mg). Detailed extraction and isolation proce-
dures are described in the supplementary section.

Experimental Design

Using Design Expert® software, a D-optimal experimen-
tal design was performed to assess the impact of independ-
ent variables on the properties of lecithin–polymer hybrid 
micelles. (Version 13, Stat-Ease Inc., Minneapolis, MN). 
The independent factors included the drug amount (mg) (X1) 
and the polymer type (X2), while the dependent factors were 
entrapment efficiency (EE%) (Y1), particle size (nm) (Y2), 
and zeta potential (mV) (Y3). According to the D-optimal 
design, the composition of the 17 prepared formulae, as 
suggested by Design Expert® software is shown in Table I. 
In addition to standard metrics, the model's quality was 
evaluated by using the regression coefficient and adequate 
precision. ANOVA was used to verify the statistical model 
significance and to confirm that it adequately represented 
the data (i.e., demonstrated a non-significant lack of fit) 
[26]. The optimal formula (O1) was determined through a 
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numerical desirability approach, adhering to the constraints 
detailed in Table I.

Preparation of Gallic Acid‑Loaded Lecithin‑Polymer Hybrid 
Micelles

Lecithin-polymer hybrid micelles (LPHM) were prepared 
using the thin film hydration technique. Lecithin (135 mg) 
was dissolved in 2mL methylene chloride, and the polymer 
(65 mg) was dissolved in 1mL methanol. The appropri-
ate amount of drug (as specified in Table I) was added to 
the polymer solution. These solutions were combined in a 
round-bottom flask and rotary evaporator (Heidolph, Ger-
many) at 40°C and 120 rpm for one hour to create a thin 
film. The film was then hydrated with 10 mL double distilled 
water for one hour at 40°C. A 0.22 μm filter (Millipore, 
USA) was used to discard any unentrapped drug, and the 
resulting micellar dispersion was stored at 4°C [24].

Characterization of the Lecithin‑Polymer Hybrid Micelles

Determination of Percentage Entrapment Efficiency (EE %) 
and Drug Loading (DL%)  A known volume of the Lecithin-
polymer hybrid micelles (LPHM) was dissolved in methanol 
for complete disruption of the micelles, and the drug was 
measured spectrophotometrically using UV spectrophotom-
eter (UV-1700, Shimadzu, Japan). The pre-made calibration 
curve in methanol was used to calculate the concentration 
of gallic acid. Every experiment was carried out three times 
[27].

The EE % was calculated using Eq. (1):

The DL% was calculated using Eq. (2):

(1)EE% =
amount of gallic acid entrapped

total amount of gallic acid
× 100

(2)DL% =
Weight of gallic acid in lecithin − polymer hybrid micelles

total weight of components in the micellar preparation
× 100

Table I   D-optimal Design of Gallic Acid-loaded Lecithin-polymer Hybrid Micelles, and the Composition of the 17 Formulae

Data are given as mean ± SD (n = 3)

Factors (Independent Variables) Level Used

−1 1

X1: Drug amount (mg) 10 55
X2: Type of Polymer TPGS Pluronic P123
Response (Dependent Variables) Constraints
Y1: Entrapment Efficiency (%) Maximize
Y2: Particle Size (nm) Minimize
Y3: Zeta Potential (mV) Maximize
Formula Number X1: Amount of 

drug (mg)
Type of Polymer Y1: EE% Y2: PS (nm) Y3: ZP (mv)

1 43.75 TPGS 48 ± 0.45 132.4 ± 0.34 −34.1 ± 0.21
2 43.75 P123 72 ± 0.21 188.1 ± 0.45 −35.5 ± 0.44
3 55 P123 72.27 ± 0.98 179.1 ± 0.13 −35.1 ± 0.27
4 55 TPGS 71.13 ± 1.65 164.2 ± 0.44 −33.3 ± 0.22
5 55 P123 77 ± 0.89 179.2 ± 0.37 −34.6 ± 0.13
6 21.25 P123 82 ± 0.51 198.2 ± 0.16 −36.3 ± 0.27
7 10 P123 66.15 ± 0.67 192.2 ± 0.22 −39.1 ± 0.11
8 32.5 P123 57 ± 0.54 147.1 ± 0.41 −37.1 ± 0.23
9 10 P123 70 ± 1.09 195.5 ± 0.26 −38.9 ± 0.32
10 17.425 TPGS 92 ± 0.92 122 ± 0.12 −34.5 ± 0.34
11 55 TPGS 77 ± 0.66 162.1 ± 0.15 −32.6 ± 0.11
12 55 TPGS 72.19 ± 0.55 163.2 ± 0.22 −34.2 ± 0.14
13 10 P123 69 ± 0.78 192.3 ± 0.42 −37.7 ± 0.25
14 32.5 TPGS 82 ± 0.67 157.6 ± 0.31 −35.3 ± 0.17
15 24.924 TPGS 70 ± 0.83 143 ± 0.19 −40.6 ± 0.26
16 10 TPGS 95 ± 0.33 157.8 ± 0.43 −31.2 ± 0.56
17 10 TPGS 98 ± 0.23 155.8 ± 0.34 −32.3 ± 0.14
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Determination of Particle Size and Zeta Potential  The aver-
age particle size and zeta potential of the produced lecithin-
polymer hybrid micelles were measured by dynamic light 
scattering using a Zetasizer sizer (Malvern Instruments, 
Malvern, UK). The measurements were performed at  25°C 
with a constant angle of 90°. Each measurement was carried 
out in triplicate [28, 29].

Optimization of Lecithin‑Polymer Hybrid Micelles

Based on constraints outlined in Table I , Design Expert soft-
ware proposed an optimized formula for lecithin-polymer 
hybrid micelles. The optimization criteria included maxi-
mizing EE%, minimizing PS, and maximizing zeta potential. 
The validity of the experimental design was then verified 
by preparing and characterizing the optimized formula (O1).

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was used to 
inspect the surface morphology of the prepared lecithin-
polymer hybrid micelles. The procedure involved placing 
a sample drop onto a coated carbon copper grid to create 
a thin film. This film was subsequently stained with phos-
photungstic acid and allowed to dry completely before mor-
phological analysis using TEM. (JEM-1400 JEOL, Tokyo, 
Japan) [30, 31].

In‑Vitro drug Release

The dialysis bag method was used to evaluate the in vitro 
drug release of the optimized formula as compared to the 
standard gallic acid. Before being used, a dialysis membrane 
(Spectrum Medical Inc., Los Angeles, CA, USA) with a 
molecular weight cut-off between 12,000 and 14,000 Da 
was thoroughly cleaned with boiling water and soaked in 
the release medium for the entire night. The dialysis bags 
were then loaded with a predetermined volume of the opti-
mized formula or a gallic acid suspension (equivalent to 1.5 
mg of gallic acid) and subsequently immersed in containers 
containing 100 mL of phosphate-buffered saline (pH 6.8) 
[32]. The containers were maintained in a thermostatically 
regulated shaking water bath at 37°C and 100 rpm. At spe-
cific time intervals (0.1667, 0.33, 0.5, 1, 2, 3, 4, 5, 6, and 
24 h), two mL samples were obtained and quickly replaced 
with an equivalent volume of new dissolving medium to 
maintain sink conditions. After passing through a Millipore 
membrane filter, the samples were examined at the specified 
wavelength using a spectrophotometer (Shimadzu Corpora-
tion, UV-1800, 240 V, Japan) [33]. The percentage of cumu-
lative gallic acid release at each time interval was calculated 
using the following Eq. (3):

Drug release kinetics were assessed by applying five 
mathematical models, namely zero-order, first-order, 
Korsmeyer–Peppas, Weibull, and Hixson–Crowell, using 
KinetDS 3.0® as the analytical tool [34].

Stability Studies

Storage Conditions  The stability of the optimized for-
mula was evaluated under two storage conditions. Sam-
ples were stored for three months at 4°C with a relative 
humidity of 55–60%, and for one month at room tempera-
ture (25 ± 2°C) [35]. Following this storage period, visual 
inspection and measurements of key parameters: particle 
size, PDI, zeta potential, drug loading and entrapment 
efficiency % were carried out [36]. All measurements 
were performed in triplicate, and the results are reported 
as mean ± SD.
Stability in Simulated Gastric and Intestinal Fluids  The sta-
bility of the developed optimized micelles in media simu-
lating physiological conditions of the gastrointestinal tract 
was evaluated. The optimized formula was diluted tenfold 
with simulated gastric fluid (SGF, pH 1.6) and simulated 
intestinal fluid (SIF, pH 6.5), and incubated at 37°C. At pre-
determined time intervals (2, 4, 6, 8, and 12 h), samples were 
analysed for particle size. All experiments were performed 
in triplicate, and the mean ± SD values are reported (n = 3) 
[37].

Pharmacokinetics Study

Chromatographic System and mass Spectrometric 
Conditions

A Thermo Fisher Scientific Accela 1250 UHPLC sys-
tem and a TSQ Quantum ultra triple quadrupole mass 
spectrometer (LC–MS/MS system) were used for the 
analysis. A Cyano Phenomenex column (4.6 × 50 mm, 
5 µm particle size) was used to accomplish chroma-
tographic separation. The mobile phase was made up 
of 0.25% formic acid in a 90:10 v/v mixture of water 
to methanol. The injection volume was 5 μL, the col-
umn temperature was set at 25°C, and the f low rate 
was 200 μL/min. Analyst 1.7.2 software (AB SCIEX, 
Canada) was used to acquire the data. GA and IS were 
quantified using mass spectrometry in multiple reac-
tion monitoring (MRM) mode using negative electro-
spray ionization (ESI). For GA and IS, the observed 
ion transitions were m/z 169.181 → 125.268 and m/z 
326.922 → 192.167, respectively. The collision gas 

(3)% Cumulative release =
(Amount of GA in medium)

(Amount of GA in the micelles)
× 100
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used in collision-induced dissociation (CID) was 
helium [38]. Sheath gas f low rate: 40 AU; auxiliary 
gas f low rate: 10 AU; spray voltage: 2500 V; vapor-
izer temperature: 350°C and capillary temperature: 
350°C.

Solutions Preparation

A stock solution containing 20 µg/mL of gallic acid (GA) 
was dissolved in methanol. Methanol was used as a solvent 
to dilute the stock solution to create the working solutions 
(0.5–16 ng/mL). Prior to analysis, all of the prepared solu-
tions were kept at 4°C.

Plasma Sample Preparation

Plasma gallic acid quantification was carried out based 
on a previously published and validated UHPLC–MS/
MS method [38] with modifications tailored to our 
experimental conditions. In our study, the sample prep-
aration workflow was adapted as follows: 200 µL of 
plasma was spiked with 50 µL of gallic acid and internal 
standard solution (20 µg/mL) in an Eppendorf tube and 
vortexed for 60 s. Protein precipitation was achieved 
using 200 µL of trif luoroacetic acid, after which the 
mixture was centrifuged at 12,000 rpm for 10 min. The 
resulting supernatant was carefully collected, filtered, 
and directly injected into the LC–MS/MS system for 
analysis. These modifications were made to optimize 
sample preparation and chromatographic performance 
for our study while maintaining the overall structure of 
the validated method.

In‑Vivo Pharmacokinetics Study

Twelve rats were split into two groups (n = 6) for the in-
vivo pharmacokinetics investigation. The first group (GA) 
received standard gallic acid, and the second group (O1) 
received the optimized formula. Animals were allowed 
free access to water throughout a 12-h fast. The GA group 
received a dose of 20 mg/kg of gallic acid, prepared as a 
suspension in water (standard GA). The O1 group received 
a corresponding dose (20 mg/kg) of the O1 formula. The 
drug was administered orally through an intragastric tube. 
Blood samples were taken from the retro-orbital plexus 
at 10, 30, 60, 90, 120, 180, 240, 300, and 1440 min after 
administration, collected in heparinized tubes, and imme-
diately centrifuged at 13,000 × g for 10 min at 4°C. After 
that, the plasma was kept at −80°C until HPLC analysis. 
Using non-compartmental analysis and Kinetica TM 2000 
software (version 4.4.1, Thermo Electron Corporation, 
USA), pharmacokinetic parameters were obtained (Rideau 
et al., 2018).

In‑Vivo Pharmacodynamics Study

Induction of Pulmonary Fibrosis

To induce pulmonary fibrosis in rats, an intratracheal admin-
istration of bleomycin sulfate at a dose of 5 mg/kg was 
performed once under anaesthesia using xylazine (20 mg/
kg, intraperitoneally) and ketamine (80 mg/kg, intraperito-
neally). The bleomycin dosage was selected according to a 
prior study [39, 40].
Experimental Design

Rats were divided randomly into five groups (n = 6). The 
first group was the sham-operated control, while the second 
group (bleomycin control) received an intratracheal injec-
tion of bleomycin (5 mg/kg). The third group was adminis-
tered the blank formulation for 21 days starting on the day 
of induction. The fourth group received a gallic acid sus-
pension (20 mg/kg, orally), and the fifth group was admin-
istered optimized gallic acid formulation at the same dose 
for 21 consecutive days following bleomycin administra-
tion. Finally, all animals were anesthetized and euthanized 
via cervical dislocation. Lungs were promptly excised for 
subsequent biochemical analyses and histopathological 
evaluation.

Biochemical Assays

In the lung tissue, hydroxyproline concentration was meas-
ured using a standard colorimetric assay kit (Cat. No. 
K555-100; Biovision Inc., CA, USA). Pulmonary levels of 
transforming growth factor-β (TGF-β), matrix metallopro-
teinase-7 (MMP-7), and collagen type I were measured by 
ELISA following the manufacturers’ protocols, employing 
the respective kits (Cat. No. SEA124Ra; Cloud-Clone Corp., 
TX, USA, and Cat. Nos. NBP3-06896 and NBP2-7582; 
Novus Biologicals, LLC, USA).

Histopathological Examination of lung Tissue

Lung specimens from all experimental groups were thor-
oughly rinsed and subsequently fixed in 10% neutral buff-
ered formalin for 72 h. Afterwards, tissues were trimmed 
and subjected to dehydration through ascending concentra-
tions of ethanol, cleared in xylene, and re-infiltrated with 
graded alcohols. Thereafter, samples were embedded in Par-
aplast tissue embedding medium. A rotary microtome was 
used to produce 5 μm thick slices, which were then stained 
with Masson's trichrome (Leica Microsystems GmbH, 
Wetzlar, Germany) prior to histological evaluation under a 
light microscope. The extent of collagen deposition in lung 
tissue was quantified using ImageJ software (Version fiji-
stable-win64-jdk, USA) by applying colour deconvolution to 
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isolate the stain, followed by thresholding and measurement 
of the percentage area occupied by collagen.

Statistical Analysis

Optimization data were determined statistically using 
Design-Expert 13.0.5.0® software (Stat-Ease Inc., Minne-
apolis, USA) employing linear regression and ANOVA. The 
evaluation involved comparing the coefficient of variation 
(CV), R2, adjusted R2, and predicted R2 values. Statistical 
significance was confirmed with a p-value less than 0.05.

Data on stability, in vivo pharmacokinetics, and phar-
macodynamics are expressed as mean ± SEM. One-way 
ANOVA was used to evaluate differences between experi-
mental groups, and the Tukey–Kramer post hoc test was 
used for multiple comparisons. The statistical significance 
was considered at p < 0.05. GraphPad Prism version 6 was 
used for all statistical analyses (GraphPad Software, Inc., 
USA).

Results and Discussion

Authentication and Structure Elucidation of Gallic 
Acid

After several chromatographic isolation procedures, an off-
white amorphous powder (915 mg) was obtained, having a 
melting point of 258°C and was soluble in methanol. This 
compound had a retardation factor (Rf) value of 0.73 on 
TLC plates when eluted with a solvent composed of [dichlo-
romethane—methanol (90:10 v/v)]. The compound appeared 
as an intense violet spot on paper chromatography under 
short UV light (254nm) having Rf values of 52 and 81 when 
developed using distilled water and n-butanol – acetic acid 
– water (4:1:5) (upper phase) solvent system respectively. 
The spots gave intense bluish violet colour when sprayed 
with ferric chloride. For further identification of the com-
pound, its UV absorption spectrum exhibited one intense 
peak at λmax (methanol) 272 nm. 1HNMR spectrum of the 
isolated compound, as shown in supplementary fig. (S1), 
portrays distinctive sharp and intense peak [1HNMR (600 
MHz, CD3OD): δ 7.11 (s, 2H, ArH), representing protons 
(H-2 and H-6). Moreover, the FTIR spectrum revealed the 
presence of different functional groups that were recognized 
through various bending and stretching vibrations as shown 
in supplementary fig. (S2). The spectrum revealed the pres-
ence of carboxylic group (3408.22 and 3496.94 cm−1), band 
at (1676.14 cm−1) corresponding to a C = O bond tension 
and a very broad band (2503.6 cm−1) of the O–H stretching 
that specified the existence of the carboxylic group. Aro-
matic ring vibration (C = C) stretching can be observed at 
(1541.12 cm−1). There was a C-O stretching of carboxylic 

acid band observed at (1255.66 cm−1) Two O–H deforma-
tion bending bands can be observed at (1384.89 cm−1) and 
(864.11 cm−1). These data were consistent with those of 
gallic acid, so its identification was confirmed by co-chroma-
tography with authentic gallic acid on paper chromatography 
using n-butanol – acetic acid – water (4:1:5) (upper phase) 
solvent system. Thus, the compound could be identified as 
3,4,5-trihydroxybenzoic acid (Gallic acid) (C7H6O5).

Preparation of Gallic Acid‑Loaded Lecithin‑Polymer 
Hybrid Micelles

According to previous studies, Pluronic® P123 and TPGS 
were identified as suitable amphiphilic polymers for com-
bination with lecithin. Their favourable physicochemical 
properties, particularly their hydrophilic–lipophilic balance 
(HLB) values of 8 and 13.2, respectively, render them highly 
compatible with lecithin. Higher gallic acid loading without 
precipitation is achieved by this compatibility encouraging 
the self-assembly of stable mixed micelles with sufficient 
core volume [41, 42]. Pluronic®P123 exhibits a unique self-
assembling property, forming spherical micelles character-
ized by a hydrophilic PEO outer shell, conferring dispersion 
stability, and a hydrophobic PPO inner core, providing a 
reservoir for hydrophobic agents [43]. The triblock archi-
tecture of Pluronic.® P123 facilitates effective integration 
within the hydrophobic core, maximizing the encapsulation 
of hydrophobic drugs and simultaneously providing steric 
stabilization against micelle aggregation [25].

TPGS is water-soluble and a natural derivative of vita-
min E. It combines the benefits of both PEG and vitamin 
E for drug delivery applications using nanocarriers. These 
benefits include extended drug half-life in plasma and 
improved cellular uptake [44]. Its structure comprises a 
hydrophilic polar head and a lipophilic alkyl tail (amphi-
philic) (HLB 13.2, CMC 0.02% w/w), making TPGS an 
optimum micelle-like biomaterial for various drug deliv-
ery systems. TPGS enables prolonged, controlled, and tar-
geted drug delivery, helps to overcome multidrug resistance 
(MDR), and improves drug absorption orally by inhibiting 
P-glycoprotein (P-gp) [45].

Statistical Analysis Using D‑optimal Design

A D-optimal experimental design was used to assess the 
effects of formulation factors. Because of its shown effec-
tiveness in lowering the variance of predicted model coef-
ficients, this design was selected [46, 47]. The resulting 
design comprised 17 experimental runs, with the results 
for encapsulation efficiency (% EE), particle size, and zeta 
potential summarized in Table I. The optimized formula was 
selected to achieve highest % EE and zeta potential, in addi-
tion to a minimum particle size.



AAPS PharmSciTech          (2026) 27:148 	 Page 7 of 19    148 

The experimental design supported the fifth models for 
the measured responses, as can be shown from Table II and 
Fig. 1. The fitted models were characterised by a high cor-
relation coefficient R2, and an adjusted R2 in close agree-
ment to the predicted R2, as well as enough precision values 
of 0.9816, 0.9733, 0.9655, 41.019, respectively for EE %, 
0.9969, 0.9955, 0.9939, 85.784 for the particle size, and 
0.8790, 0.8240, 0.7488, 13.9143 respectively for the zeta 
potential. The following are the regression equations that 
were obtained for the responses:

A positive coefficient indicated that the factor enhanced 
the studied response (synergistic effect), whereas a nega-
tive coefficient indicated an inhibitory effect (antagonistic 
effect). The absolute value of the coefficient reflected the 
strength of the factor's influence; larger coefficients corre-
sponded to a greater impact on the response [29, 48, 49].

Entrapment Efficiency % Analysis

The EE% for all formulae ranged from was between 
48 ± 0.45% to 98 ± 0.23% (Table I). The drug loading for all 
formulae ranged within 3.45 ± 0.37 to 21.17 ± 0.42% (results 
not shown). As shown in Table II, the drug amount (X1) had 
a significant effect on the EE% as shown by its p-value. By 
referring to Eq. 4, it was found that the drug amount (X1) had 
a synergistic effect on increasing the EE% due to its positive 
coefficient. The observed increase in EE% with increasing 
drug amount can be attributed to enhanced drug availability 
for encapsulation. This increased availability may contribute 
to both better EE% and greater of drug retention within the 
micellar structure [28].

As shown in Table II, the type of polymer had a significant 
impact on the EE% as shown by its p-value. By referring 

(4)

EE%
(

Y1

)

= 70.5 + 47.7054 ∗ X1 − 12.5 ∗ X2 + 9.29647

∗ X1X2 − 5.69195 ∗ X
12

+ 104.774 ∗ X
12

X2

− 336.169 ∗ X
13

− 3.02824 ∗ X
13
X2 + 15.0831

∗ X
14

− 99.4095 ∗ X
14
X2 + 284759 ∗ X

15

(5)

PS
(

Y2

)

= 150.925 − 8.92944 ∗ X1 − 4.375 ∗ X2

− 5.43541 ∗ X1X2 + 50.1896 ∗ X
12

+ 182.601

∗ X
12
X2 + 20.659 ∗ X

13
− 0.01667 ∗ X

13
X2

− 28.675 ∗ X
14

− 166.086 ∗ X
14
X2 − 13.5316 ∗ X

15

(6)

ZP
(

Y3

)

= 36.6 − 16.1329 ∗ X1 + 0.95 ∗ X2 + 2.97453

∗ X1X2 − 2.49678 ∗ X
12

− 4.64906 ∗ X
12
X2

+ 66.258 ∗ X
13

− 4.04536 ∗ X
13

X2 + 0.492611

∗ X
14

+ 5.29072 ∗ X
14
X2 − 50.3168 ∗ X

15

to Eq. 4 it was found that TPGS had a significant effect on 
increasing the EE% as shown by its negative coefficient 
(X2). The superior entrapment efficiency (EE%) achieved 
with TPGS-based micelles can be attributed to the favour-
able match between the moderate hydrophilicity of gallic acid 
(log P ≈ 0.7–1) [50] and the amphiphilic nature of TPGS 
(HLB = 13.2) which facilitates efficient drug incorporation 
into the micellar core while maintaining colloidal stability 
[22]. By contrast, Pluronic P123, with a lower HLB value of 
8, exhibits greater hydrophobicity, favouring the encapsula-
tion of highly lipophilic agents but showing reduced com-
patibility with moderately hydrophilic compounds such as 
gallic acid [51]. The enhanced EE% observed with TPGS can 
also be explained by its intrinsic solubilizing capacity. TPGS, 
composed of polyethylene glycol (PEG) esterified with vita-
min E, has a low CMC (≈ 0.02% w/w), which contributes to 
its effectiveness in enhancing the solubility of poorly soluble 
drugs and its loading efficiency [52, 53]. Another reason for 
the increase in EE % with TPGS is that it has been reported 
that TPGS forms strong hydrophobic interactions with hydro-
phobic drugs within the micellar core [27, 54].

Particle Size Analysis

The particle size for all formulae ranged from 122 ± 0.12 
nm to 198.2 ± 0.16 nm as shown in Table I. Also, it was 
clear from Table 2 that the type of polymer had a significant 
impact on the particle size as shown by its p-value. By refer-
ring to Eq.  5, it was found that TPGS had a significant effect 
on increasing the particle size due to its negative coefficient 
(X2). The significant observed particle size enlargement with 
TPGS (p < 0.0001) is likely because of the incorporation 
of its hydrophobic components into the micellar structure, 
which resulted in increased micellar core size which in turn 
resulted in increased entrapment efficiency % as discussed 
earlier [55–57]. This finding is consistent with previous 
research [29].

Zeta Potential Analysis

Colloidal dispersions stability is crucially assessed by meas-
uring Zeta potential [58]. The zeta potential for all formulae 
ranged from −31.2 ± 0.56% to—40.6 ± 0.26% as shown in 
Table I. The observed high zeta potential, indicating strong 
electrostatic repulsion between similarly charged particles, 
suggests good stability of the prepared lecithin-polymer 
hybrid micelles. The negative charge seen in all the for-
mulas is due to lecithin, an ampholytic surfactant that has 
phosphate groups carrying negative charges [59, 60]. This 
anionic nature of lecithin is thus responsible for the high 
negative zeta potential observed across all formulations, as 
both TPGS and Pluronic® P123 are non-ionic [61].
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Analysis of the data in Table II and Eq.  6 indicates a 
statistically significant correlation between the drug amount 
(X1) and the zeta potential, demonstrating that increasing X1 
resulted in a concomitant decrease in the negative charge 
which means higher zeta potential (Eq. (6)). The increase 
in the zeta potential with increasing drug amount could be 
attributed to the fact that gallic acid molecule has a car-
boxylic acid group, and three hydroxyl groups, and when 
prepared in slightly neutral medium, they show a negative 
zeta potential due to deprotonation from both the carboxylate 
and hydroxyl groups [62].
Formulation Optimization

Design Expert® software was employed to optimize gallic 
acid-loaded lecithin-polymer hybrid micelles by identi-
fying the formulation exhibiting the maximum encapsu-
lation efficiency (EE%), highest zeta potential, and the 
minimal particle size. Table III details the optimized for-
mula composition alongside the anticipated and experi-
mentally observed values for these responses. The opti-
mized formula showed a drug loading % of 8.23 ± 1.07%, 
an entrapment efficiency of 96.78 ± 1.45%, a particle size 
of 120.22 ± 1.45 nm, and a zeta potential of − 32.12 ± 0.97 
mV. The minimal prediction error observed across all 
responses (as presented in Table III) confirms robustness 
and reliability of the applied experimental design for the 
preparation and optimization of gallic acid-loaded leci-
thin-polymer hybrid micelles.

Transmission Electron Microscopy Analysis

Transmission electron microscopy was used to determine 
the structure of the optimized formula. Transmission elec-
tron microscopy revealed a spherical morphology with no 
signs of aggregation as shown in Fig. 2a [25]. However, 
particle size analysis revealed a difference between TEM and 
zeta sizer measurements. This difference is inherent to the 
techniques employed: TEM analyses dehydrated samples, 
providing a direct measurement of particle diameter, while 
dynamic light scattering determines the hydrodynamic diam-
eter, which includes the solvation shell. This hydration layer 
accounts for the larger particle sizes obtained via dynamic 
light scattering [63].

In‑Vitro drug Release

A distinct difference in the release profile of gallic acid was 
observed between the optimized formulation and free GA 
(Fig. 2b). The optimized formula exhibited a significantly 
slower release, with only 41.23 ± 2.03% released after 0.5 
h, compared with 92.58 ± 1.45% for the standard GA. The 
release from the optimized formula gradually increased over 
time, reaching 80 ± 1.09% after 24 h. The release pattern 
exhibited two phases: an initial rapid and a prolonged steady 
release afterwards [49]. The produced micelles' nanoscale 
size, which offers a huge surface area for solvent interac-
tion, is probably what caused the first rapid drug release 
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Fig. 1   Interaction plot showing the fifth effect of drug amount and type of polymer on a: Entrapment efficiency %, b: Particle size and c: Zeta 
potential

Table III   The Composition 
of the Optimised Formula As 
Suggested By Design Expert 
Software, the Predicted and 
Observed Results

*Prediction error % = ((Predicted- Observed)/Predicted)*100

Optimized formula Composition Response Predicted Observed Prediction 
error %*

Desirability

Drug amount (mg): 17 EE% 95.35 96.78 ± 1.45 1.49 0.855
Type of polymer: TPGS PS 121.08 120.22 ± 1.45 0.71

ZP −33.40 −32.12 ± 0.97 3.83
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[27], as well as the presence of drug molecules positioned 
at the interface of the hydrophobic core and hydrophilic 
corona, which are more readily liberated upon hydration 
and passive diffusion. The subsequent sustained release can 
be attributed to strong hydrophobic interactions within the 
phospholipid bilayer, stabilized by TPGS, which enhance 
drug–carrier association and retard gallic acid diffusion [29, 
64, 65]. Such sustained release profiles can be advantageous 
in treating pulmonary fibrosis by maintaining a consistent 
gallic acid concentration within pulmonary tissues.

Upon fitting the release data to various kinetic models, 
the zero-order, first-order, Korsmeyer–Peppas, Weibull, and 
Hixson–Crowell it yielded correlation coefficients (R2) of 
0.4059, 0.0514, 0.9750, 0.9802, and 0.1638, respectively. 
Among these, the Weibull model demonstrated the strongest 
correlation, indicating that it most appropriately describes 
the release behaviour of gallic acid from lecithin-based 
micelles. The value of ß in the Wiebull model indicated the 
release mechanism. In our study, ß was greater than 1, indi-
cating a sigmoidal release profile [66]. This release profile 
can be explained by the structural and dynamic properties 
of TPGS–lecithin mixed micelles. In such systems, drug 
release is governed by multiple, time-dependent processes 
rather than a single diffusion mechanism, which naturally 
gives rise to a non-monotonic release rate [24]. Initially, 
the encapsulated drug is retained within a highly organ-
ized hydrophobic core formed by the tocopherol moiety of 
TPGS and the lipid chains of lecithin. This compact core 
limits immediate diffusion, resulting in a slow initial release 
phase. As the micelles interact with the release medium, 
gradual water penetration, micellar swelling, and partial 
lipid rearrangement occur. These structural changes increase 
core permeability and facilitate drug diffusion, leading to an 
accelerated release phase [67]. As release progresses fur-
ther, the system approaches a new equilibrium character-
ized by drug depletion, reduced concentration gradients, 
and increased micellar stability under dilution, causing the 
release rate to decline asymptotically. This sequence—ini-
tial retardation, acceleration due to micellar reorganization, 
and eventual deceleration—is captured mathematically 
by the sigmoidal Weibull function with ß > 1 . Thus, the 
Weibull shape parameter reflects the combined effects of 
diffusion, micelle restructuring, and partial disassembly 
inherent to TPGS–lecithin mixed micelles, rather than sim-
ple Fickian diffusion alone.

Stability Studies

Storage Conditions

The stability of the optimized micellar formulation was 
evaluated under two storage conditions. At both storage 

conditions, stability was confirmed by the absence of sedi-
mentation or particle aggregation during monthly visual 
assessments. No significant changes were observed in 
mean particle diameter, PDI, zeta potential, or encapsula-
tion efficiency % over three months at 4°C, with final val-
ues of 120.65 ± 0.17 nm, 0.23 ± 0.11, –31.47 ± 0.37 mV, 
and 95.12 ± 0.21%, respectively. At room temperature 
(25 ± 2°C), the formulation was stable for one month, 
with mean diameter, PDI, zeta potential, drug loading and 
encapsulation efficiency % values of 122.18 ± 0.21 nm, 
0.25 ± 0.09,  –30.82 ± 0.42 mV, 8.05 ± 0.13 and 
94.78 ± 0.18%, respectively. These results indicate that 
the micellar system maintains its physical and chemical 
integrity under both refrigerated and ambient conditions.

Stability in Simulated Gastric and Intestinal Fluids

To ensure effective delivery of the encapsulated drug 
to its absorption site, the micelles must resist rapid dis-
sociation upon dilution and exposure to the harsh condi-
tions of the gastrointestinal tract. Therefore, the stability 
of the optimized formula was evaluated at 37°C in simu-
lated gastric fluid (SGF, pH 1.6) and simulated intestinal 
fluid (SIF, pH 6.5) over 12 h. As shown in Table 1S, the 
particle size of the micelle size remained unchanged in 
both SGF and SIF over the respective incubation peri-
ods, with no significant variation observed. These results 
indicate that optimized formula is expected to remain 
stable in gastrointestinal fluids throughout the absorp-
tion period. This results were in accordance with Jadhav 
et al., 2016 [37].

Pharmacokinetics Analysis

Method Development and Optimization

The chromatographic conditions were optimized by adjust-
ing the mobile phase to improve peak separation and reduce 
analysis run time, without compromising electrospray 
ionization efficiency. Methanol was chosen as the organic 
modifier to obtain better peak symmetry and high sensitiv-
ity, while 0.25% formic acid was added to improve sepa-
ration and enhance the ionization. The optimized separa-
tion employed an isocratic elution with 0.25% formic acid 
in water: methanol (90:10 v/v %), producing well-resolved 
sharp peaks with retention time of 3.06 ± 0.02 For IS and 
1.96 ± 0.05 for GA. Figure 3A and B show the MRM chro-
matograms of dapagliflozin (Internal standard) and gallic 
acid, respectively.

A good linearity was obtained in the range of (0.5—16 
ng/mL) in spiked human plasma. Linear regression analysis 
yielded Eq.  7:
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Fig. 3   MRM Chromatogram of A  dapagliflozin (Internal standard) and B  MRM Chromatogram of Gallic acid (2.5 µg/ml) in spiked human 
plasma C Calibration curve of gallic acid with concentration range (0.5–16 ng/ml) against relative peak area
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where Y is peak area ratio and X is the concentration 
in plasma. The correlation coefficient is 0.9991 (Fig. 3C) 
validating the method’s quantitative reliability.

In‑Vivo Pharmacokinetics Analysis

In rats, the improved formula's oral bioavailability of gal-
lic acid was assessed in contrast with the drug's pure form. 
Key pharmacokinetic parameters are presented in Table 4, 
and the average plasma concentration over time for both the 
optimized formula and standard gallic acid are shown in 
Fig. 4. The optimized formula showed a significantly higher 
Cmax (1.63-fold increase) compared to standard gallic acid, 
indicating enhanced absorption. The tmax was 30 min for 
both standard and optimized formula.

Formulating gallic acid within a micellar nano-carrier is 
proposed to improve its solubility and absorption through 
several pathways. The hydrophobic core of the micelle is 
thought to aid in the solubilization of gallic acid. Further-
more, due to their amphiphilic nature, the incorporated 

(7)Y = 0.04723X − 0.0135
polymers exhibit surfactant-like behaviour, providing the 
micelles with enhanced stability and biocompatibility [24].

The AUC​0–24 for the optimized formula was significantly 
higher than the observed standard drug (1,111,506.392 ng h/
mL vs. 151,073.868 ng h/mL, respectively). This resulted in 
a relative bioavailability of approximately 735% for the opti-
mized formula, indicating that administering the drug in the 
form of lecithin-polymer hybrid micelles led to a substantial 
increase in the amount of drug reaching systemic circula-
tion. The enhanced bioavailability typically observed with 
optimized lecithin-polymer hybrid micelles can be attributed 
to lecithin presence, a complex phospholipids mixture and 
fundamental cellular membranes constituents which facili-
tates gallic acid absorption. Additionally, the amphiphilic 
phospholipids act as a vesicular carrier, potentially shielding 
gallic from significant hepatic first-pass metabolism [68].

The mean residence time for the optimized formula was 
4.1 folds higher than that for the standard gallic acid. This is 
possibly due to sustained-release characteristics of micellar 
formulation which extend gallic acid’s systemic circulation 
time and exposure. Furthermore, the small size of the parti-
cles enables them to remain in bloodstream longer because 

Table IV   Pharmacokinetic 
Parameters of Standard Gallic 
Acid and Optimized Formula

Cmax peak plasma concentration, Tmax time to reach peak plasma concentration, AUC 0–24 area under 
the plasma concentration–time curve from time 0 to 24 h, AUC 0–∞ area under the plasma concentration–
time curve calculated by the linear trapezoidal rule from time 0 to infinity, AUMC0–24 area under the first 
moment curve from time 0 to 24 h, AUMC0–∞ area under the first moment curve from time 0 to infinity
a  Significant difference from standard gallic acid group. Data is presented as mean ± SEM

Parameter Standard Gallic acid Optimized formula

Cmax (ng/mL) 1315.75 ± 13.54 2150.460 ± 21.74a

Tmax (min) 30 ± 0.15 30 ± 0.27
AUC 0–24 (ng/min/mL) 151,073.868 ± 56.22 1,111,506.392 ± 971.76a

AUC 0-∞ (ng/min/mL) 163,541.934 ± 107.13 2,099,820.316 ± 855.22a

AUMC 0–24(ng/min2/mL) 50,817,157.628 ± 201.11 651,644,778.104 ± 945.43a

AUMC 0-∞ (ng/min2/mL) 76,618,838.606 ± 1054.22 4,038,033,986.169 ± 1234.76a

Mean Residence time (min) 468.4965 ± 23.78 1923.037 ± 25.76 a

Fig. 4   Mean plasma concentra-
tion–time curve of gallic acid 
after oral administration
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they are not easily detected and removed by the reticuloen-
dothelial system (RES). The enhanced time through which 
the drug circulates enables reaching its target site more 
effectively, ultimately improving its bioavailability [25, 
69]. Moreover, the core–shell structure of lecithin-polymer 
hybrid micelles, with its hydrophilic corona, is likely to 
reduce serum protein binding, contributing to prolonged 
retention. Furthermore, TPGS, known as a permeation and 
absorption enhancer, was reported to inhibit P-glycoprotein 
(P-gp) mediated efflux and enhancing cellular uptake [65]. 
These combined attributes—smaller particle size, controlled 
release, high stability, and enhanced cellular uptake—
resulted in prolonged in-vivo circulation and hence improved 
bioavailability for the lecithin-polymer hybrid micelles [64].

In‑Vivo Pharmacodynamic Study

Effect on Pulmonary Levels of TGF‑β and MMP‑7

TGF-β (transforming growth factor-β) signaling pathway is 
crucial in the development of pulmonary fibrosis. It pro-
motes fibroblast-to-myofibroblast differentiation, stimulates 
the synthesis of extracellular matrix proteins, suppresses 
matrix degradation by matrix metalloproteinases, and drives 
the epithelial-to-mesenchymal transition [70].

Matrix metalloproteinase-7 (MMP-7) has been proposed 
as a promising peripheral blood biomarker for idiopathic 
pulmonary fibrosis (IPF). Elevated expression of MMPs, 
particularly in activated alveolar epithelial cells, is a char-
acteristic feature of IPF lungs. Under normal physiological 
conditions, MMP-7 is weakly expressed and primarily tar-
gets fibrillar collagen for breakdown; nevertheless, during 
fibrosis, it becomes significantly elevated in reactive alveolar 
epithelium, suggesting its potential profibrotic role in IPF 
pathogenesis [71].

According to the current study, the bleomycin control 
group's pulmonary levels of TGF-β and MMP-7 were sig-
nificantly higher than those of the sham-operated group. In 
contrast, the levels of TGF-β and MMP-7 were significantly 
suppressed in the pulmonary tissue of the gallic acid-treated 
group when compared to the bleomycin control group and 
the blank-treated group. Additionally, the enhanced gallic 
acid formulation significantly reduced the pulmonary TGF-β 
level as compared to the group treated with the gallic acid 
suspension and effectively restored the pulmonary level of 
MMP-7 with a non-significant difference from the sham-
operated group (Fig. 5A).

The observed upregulation of pulmonary TGF-β and 
MMP-7 levels in the bleomycin control group aligns with 
their established roles in fibrogenic and matrix remodel-
ling pathways during lung injury. The significant attenua-
tion of these profibrotic markers in rats treated with gal-
lic acid underscores its potential modulatory effect on the 

inflammatory and fibrotic cascade. Previous studies reported 
the possible antifibrotic potential of gallic acid [10, 72]. 
Notably, the enhanced gallic acid formulation demonstrated 
superior efficacy, particularly in normalizing MMP-7 levels 
to those of the sham-operated group and significantly reduc-
ing TGF-β expression compared to the gallic acid suspen-
sion group [73]. These results imply that gallic acid, par-
ticularly in its enhanced formulation, may have therapeutic 
implications by protecting against bleomycin-induced lung 
fibrosis through downregulating important mediators of tis-
sue remodelling and fibrosis.

Effect on Pulmonary Expression Level of Hydroxyproline 
and Collagen‑1

According to the current findings, the bleomycin control 
group's lung hydroxyproline and collagen-1 contents were 
significantly higher than those of the sham-operated group. 
Pulmonary hydroxyproline and collagen-1 were significantly 
reduced upon treatment with gallic acid. Furthermore, the 
optimized formula of gallic acid resulted in the restoration 
of the normal levels of pulmonary hydroxyproline and col-
lagen-1 (Fig. 5B).

The marked elevation in pulmonary hydroxyproline 
and collagen-1 content observed in the bleomycin con-
trol group reflects the characteristic extracellular matrix 
deposition associated with bleomycin-induced pulmonary 
fibrosis. Hydroxyproline serves as a biochemical marker 
for collagen content, as it is a major component of col-
lagen fibres and reflects the extent of fibrotic deposition 
within tissue. Collagen-1, the predominant form of fibril-
lar collagen in pulmonary fibrosis, contributes to the 
structural remodelling of lung parenchyma and is closely 
associated with impaired pulmonary function in fibrotic 
diseases. Treatment with gallic acid significantly mitigated 
these fibrotic markers, indicating its potential anti-fibrotic 
effect. Notably, administration of the optimized gallic acid 
formula yielded a more pronounced therapeutic benefit, 
effectively normalizing hydroxyproline and collagen-1 
levels to near baseline values. These findings suggest 
that gallic acid, particularly in its enhanced formulation, 
may exert protective effects by attenuating collagen syn-
thesis and deposition key features in pulmonary fibrosis 
pathophysiology.
Effect on Histopathological Examination of Lung Tissue

Histopathological assessment using Masson trichrome 
staining revealed differential collagen deposition across 
experimental groups, providing critical insight into fibrotic 
progression and therapeutic intervention. Lung tissue from 
the sham-operated group (Fig. 6A) exhibited intact alveolar 
architecture with minimal collagen infiltration, indicative 
of normal pulmonary histology. In contrast, the bleomycin 
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control group (Fig. 6B) demonstrated pronounced interstitial 
collagen accumulation, characterized by intense blue stain-
ing, substantial thickening of alveolar septa, and distortion 
of parenchymal structure hallmarks of advanced pulmonary 
fibrosis.

Rats treated with the non-medicated formulation (Fig. 6C) 
showed comparable fibrotic pathology to bleomycin-control 
group. Notably, administration of gallic acid in conjunction 
with bleomycin (Fig. 6D) resulted in a moderate attenua-
tion of fibrosis, as evidenced by reduced collagen deposition 
and partial restoration of alveolar integrity. This suggests 

a protective role for gallic acid against bleomycin-induced 
pulmonary damage. Most significantly, animals treated with 
the optimized gallic acid formulation (Fig. 6E) demonstrated 
markedly improved histological outcomes, including mini-
mal collagen accumulation and near-normal alveolar mor-
phology. Figure 6F illustrates the quantification of collagen 
deposition, expressed as area percentage, across the different 
experimental groups in lung tissue. The histopathology find-
ings demonstrated enhanced anti-fibrotic efficacy of the for-
mulation, potentially attributable to improved bioavailability. 
Collectively, the results underscore the therapeutic potential 

Fig. 5   A Effect on pulmonary levels of TGF-β and MMP-7 B Effect 
on pulmonary expression level of hydroxyproline and collagen-1. 
The data is presented as mean ± SEM (n = 6); a: significant difference 

from the sham operated group, b: significant difference from bleomy-
cin control group and blank + bleomycin group, c: significant differ-
ence from gallic + bleomycin group (at p < 0.05)
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of gallic acid, particularly in its optimized delivery form, 
as a promising candidate for intervention in drug-induced 
pulmonary fibrosis.

Conclusion

This research highlights the considerable promise of 
lecithin-polymer hybrid micelles in delivering gal-
lic acid, improving its bioavailability and therapeu-
tic effectiveness, particularly for treating pulmonary 
fibrosis. The optimized formula exhibited a high drug 
entrapment efficiency (96.78 ± 1.45%), a desirable par-
ticle size (120.22 ± 1.45 nm) for prolonged circulation 
by evading the reticuloendothelial system (RES), and a 
suitable zeta potential (−32.12 ± 0.97 mV) for stabil-
ity. In contrast to the standard drug, the optimized for-
mula showed a sustained drug release profile. In-vivo 
pharmacokinetics showed a relative bioavailability of 
735% indicating greatly increased drug absorption and 
prolonged systemic exposure. Moreover, the optimized 
formula demonstrated promising results in a rat model of 
pulmonary fibrosis, showing significant improvements 
in key biomarkers such as transforming growth factor 
beta (TGF-ß), matrix metalloproteinase-7 (MMP-7), 

hydroxyproline, and collagen-1 levels. These findings 
highlight lecithin-polymer hybrid micelles as a promis-
ing nanocarrier system to overcome the inherent bioa-
vailability limitations of gallic acid and potentially other 
drugs with similar challenges.

Future studies should prioritize evaluating the long-
term stability of the system at room temperature, along 
with conducting comprehensive preclinical and clinical 
assessments to determine its safety and efficacy across 
diverse patient populations and to broaden its therapeutic 
applications.
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