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1. INTRODUCTION
Idiopathic pulmonary fibrosis (IPF) is a long-term 

lung condition marked by the gradual formation of scar tissue in 
the alveoli. One of the pharmacological therapies recommended 
for the treatment of IPF is pirfenidone (PRF). PRF works by 
inhibiting the formation of scars in the lungs by suppressing 
fibroblast proliferation [1]. PRF can also inhibit the loss of lung 
function caused by scarring in the alveolar area of the lungs so 
that gas exchange in the alveoli is disrupted [2].

PRF is commercially available in tablet and capsule 
form at a dose of 801 mg/day. However, taking high doses 
of PRF can lead to various systemic side effects, including 

nausea, indigestion, diarrhea, and vomiting, as well as rash and 
hypersensitivity. To minimize gastrointestinal side effects, PRF 
is recommended to be taken with food. Food intake reduces 
the absorption rate and peak plasma maximum concentration 
(Cmax), which may help reduce the adverse effects of PRF [3].

One alternative route for delivering PRF directly to the 
lungs in order to maximize IPF therapy is to use the pulmonary 
delivery route. Pulmonary delivery can be an alternative to 
systemic administration with the aim of achieving high local 
lung concentrations, thereby improving pharmacological 
therapy and reducing systemic side effects [4].

To achieve high local lung concentrations, various 
types of nanoparticles have been widely used in pulmonary 
delivery systems. One of them is solid lipid nanoparticles 
(SLNs). SLN was chosen as a carrier for pulmonary delivery 
because it has nano-sized particles that can reach the alveolar 
area of the lung, which is the location where progressive 
scarring occurs in IPF [5].
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A recent study by Kwok et al. [6] showed that PRF 
formulated into SLN had ideal physical characteristics with a 
particle size of 212.7 nm, a polydispersity index (PDI) of 0.39, 
and an entrapment efficiency of 95.02% [6]. The results also 
showed an increase in the cumulative dissolution of PRF SLN, 
which was 89.61% in the lung fluid medium. However, the 
results of this study do not yet show data from an in vivo study 
using the pulmonary delivery route regarding pharmacokinetic 
profiles and biodistribution tests. 

Various analytical methods, such as high-performance 
liquid chromatography (HPLC), were used to quantify PRF in 
biological fluids. Although several methods for PRF analysis 
have been previously reported, studies applying validated HPLC 
methods to both plasma and lung tissue matrices in a pulmonary 
delivery context remain limited. Therefore, this study aims to 
develop and validate a bioanalytical method to quantify PRF 
and evaluate the pharmacokinetics and biodistribution of PRF 
SLN in rats using pulmonary administration.

2. MATERIALS AND METHODS

2.1. Materials
PRF was obtained from Accela Chembio (Shanghai, 

China), Glyceryl Monostearate (GMS) was sourced from 
Spectrum (New Jersey, USA), and Tween 80 was supplied by 
Gracefruit Ltd. (Bonnybridge, United Kingdom). Methanol, 
ethanol, and acetonitrile (CAN) were purchased from Merck 
(Darmstadt, Germany). Plasdone K-29/32 and Klucel LF were 
kindly provided by Ashland Pharmaceuticals (Wilmington, 
USA). A blood bank in Indonesia, called the Indonesian 
Red Cross Society, provided samples of human plasma. The 
study received approval from the Ethical Committee of Cipto 
Mangunkusumo Hospital, Faculty of Medicine, Universitas 
Indonesia, under Registration Number KET-161/UN2. F1/
ETIK/PPM.00.02/2024.

2.2. Methods

2.2.1. Calibration standard solutions
Stock solutions of PRF were prepared at a concentration 

of 1 mg/ml in methanol. These stock solutions were then 
serially diluted with blank plasma to obtain calibration standard 
solutions at concentrations of 0.5, 1.0, 5.0, 10.0, 25.0, and 50.0 
μg/ml. Each calibration standard was prepared fresh for each 
analytical run.

2.2.2. Quality control (QC) samples
QC samples were prepared at four concentration 

levels: lower limit of quantification (LLOQ, 0.5 μg/ml), low QC 
(LQC, 1.5 μg/ml), medium QC (MQC, 25 μg/ml), and high QC 
(HQC, 37.5 μg/ml). These samples were obtained by spiking 
blank rat plasma with PRF stock solution.

2.2.3. Chromatographic conditions
The HPLC system from Shimadzu (Japan) features a 

UV detector and utilizes a C18 column (4.6 × 250 mm, 5 μm) 
from Zorbax Eclipse Plus (Agilent, USA) for separation. The 
mobile phase was composed of phosphate buffer (pH 3.5) and 

acetonitrile (ACN) in a 60:40 v/v ratio, maintained at 30°C with 
a flow rate of 0.7 ml/min. An injection volume of 20 μl was 
employed, and the analysis was conducted at a wavelength 
of 310 nm.

Chromatographic conditions were optimized by 
experimentally evaluating various mobile phase compositions, 
pH values, and flow rates. The combination of ACN and 
phosphate buffer (60:40, v/v) at pH 3.5 was selected based on 
its ability to produce symmetrical, well-resolved peaks with 
minimal tailing. These conditions consistently provided optimal 
separation of PRF in both plasma and lung tissue samples.

2.2.4. Preparation of rats plasma and tissue homogenate
The blood was withdrawn from the rat’s sinus retro-

orbital and collected into a vial containing anticoagulant [10% 
Ethylenediamine tetra acetic acid (EDTA)]. For the separation 
of plasma, the collected blood was centrifuged at 10,000 
rpm for 10 minutes at 25°C using a microcentrifuge (The 
Spectrafuge TM, USA), after which plasma was separated 
carefully and stored at −20°C. For a collection of the tissue, rats 
were anesthetized using diethyl ether and sacrificed humanely, 
followed by dissecting the animals to collect different organs 
such as the lung, liver, and kidney. The isolated organs were 
weighed and then homogenized in 0.9% NaCl. The final volume 
of the homogenate was 10 ml. The whole tissue was collected 
carefully and stored at −20°C till further use.

2.2.5. Sample extraction method
PRF was extracted from plasma utilizing the protein 

precipitation method. PRF with a certain concentration was 
spiked into 100 µl of human plasma in a microtube, followed by 
the addition of 50 µl of carbamazepine as the internal standard 
(IS) [9]. The resulting mixture was vortexed for 30 seconds. 
Next, 100 µl of ACN was added to precipitate proteins, 
followed by an additional vortex for 2 minutes. The samples 
were then centrifuged at 10,000 rpm for 10 minutes at 25°C. 
After centrifugation, the supernatant was carefully transferred 
to a clean vial and directly injected into the HPLC system for 
analysis [7].

2.2.6. Bioanalytical method validation
The procedure for quantifying PRF was validated in 

accordance with the guidelines established by the Food and 
Drug Administration [8] for bioanalytical method validation.

2.2.6.1. Calibration curves
Calibration curves were developed by analyzing 

spiked calibration samples over a period of three different days. 
The ratios of the peak areas of PRF to the IS were graphed 
against their corresponding analyte concentrations, and standard 
curves were established through linear regression analysis. The 
LLOQ was determined as the lowest concentration that could 
be quantified with acceptable accuracy and precision based on 
calibration curve validation.

2.2.6.2. Selectivity
To assess the method’s selectivity and detect potential 

interference from components in plasma, six different blank 
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plasma samples were injected. The retention times for the peaks 
of PRF and the IS were examined.

2.2.6.3. Precision and accuracy
Precision and accuracy were determined by evaluating 

QC standards with the LLOQ, 0.5 μg/ml, LQC, 1.5 μg/ml, 
MQC, 25 μg/ml, and HQC, 37.5 μg/ml. This assessment aimed 
to measure both intra-day and inter-day precision and accuracy, 
requiring six replicates of each concentration to be analyzed 
over three consecutive days.

2.2.6.4. Recovery
QC standards (LQC, MQC, and HQC) were employed 

to determine plasma recovery. The effectiveness of PRF 
recovery was assessed by comparing the peak areas of each 
extracted QC standard to those of the standard solutions that 
were not extracted. This evaluation of recovery was performed in 
triplicate, and the IS was assessed using the same methodology.

2.2.6.5. Carryover
The carryover of PRF was evaluated by injecting 

the Upper Limit of Quantification (ULOQ) standard extract 
immediately before the plasma blank extract. A minimum of 
five replicates is required to ensure accurate measurements 
within the calibration range.

2.2.6.6. Stability study
The stability of PRF was evaluated throughout sample 

collection, handling, and after both short-term and long-term 
storage. Freeze-thaw stability was tested by subjecting LQC 
and HQC samples to three freeze-thaw cycles in triplicate. 
Each concentration was also maintained at room temperature 
for 24 hours. For long-term stability, the samples were stored at 
−20°C for 14 days, after which the analyte concentration was 
measured.

2.2.7. Partial validation of PRF in rat plasma
A PRF solution in rat plasma was prepared using the 

concentrations established in the calibration curve, including 
LLOQ, LQC, MQC, and HQC. Following the sample extraction 
method, the supernatant was collected and analysed by HPLC 
with an injection volume of 20 μl. The parameters evaluated 
included selectivity, LLOQ, and intra-day precision and 
accuracy tests.

2.2.8. Partial validation of PRF in rat lung tissue
In addition to plasma, a partial validation of PRF 

quantification was conducted in lung tissue to ensure the 
suitability of the extraction method in this matrix. The validation 
parameters included selectivity, LLOQ, and intra-day precision 
accuracy tests, confirming the reliability of the method for lung 
tissue analysis. Following the tissue preparation and extraction 
method, the supernatant was collected and analysed by HPLC 
with an injection volume of 20 μl. 

2.2.9. Preparation of PRF-SLN
PRF SLN containing PRF and lipid (GMS) in a ratio 

of 1:6 w/w was prepared using the solvent injection method, 

as done by Kwok et al. [6]. However, in this research, the PRF 
SLN was made without lyophilization [6]. 

2.2.10. Particle size and PDI measurements 
Particle size and PDI were measured using a dynamic 

light scattering instrument (Malvern Zetasizer Nano ZS, UK). 
Before measurement, the 10 ml samples were diluted tenfold 
with distilled water to ensure optimal particle dispersion and 
minimize multiple scattering effects [6].

2.2.11. Pharmacokinetic study
Pharmacokinetic studies were conducted on 18 male 

Sprague Dawley rats with body weight (BW) ranging between 
200 and 250 g, divided into three groups (n = 6). The first group 
received a 10 mg/kg BW dose of free PRF solution (10 mg/
ml) orally. The second group was administered the same free 
PRF solution at 10 mg/kgBW via the intratracheal route, while 
the third group received a 10 mg/kgBW dose of PRF SLN 
suspension (10 mg/ml) intratracheally. For the second and third 
groups, rats were anesthetized with an intraperitoneal injection 
of ketamine (75 mg/kgBW) and xylazine (12 mg/kgBW). 
PRF SLN was then administered intratracheally by surgically 
exposing the trachea and inserting a 30-gauge needle through 
an incision between the tracheal rings. Air was used to help 
distribute the PRF SLN into the lung tissues, and the rats were 
shaken several times to ensure proper distribution.

Rat’s blood (0.5 ml) was taken from the retro-
orbital sinus at intervals (10, 20, 30, 60, 90, 120, 150, and 180 
minutes). These samples were transferred into Eppendorf tubes 
containing sodium tri-potassium EDTA as an anticoagulant. 
Plasma was separated by centrifugation, and the amount of 
the drug was quantified using the developed and validated 
method of HPLC. The HPLC system, produced by Shimadzu 
(Japan), featured a UV detector and a C18 column (4.6 × 250 
mm, 5 μm, Zorbax Eclipse Plus, Agilent, USA) for separation 
purposes. The mobile phase utilized a 60:40 v/v combination 
of phosphate buffer (pH 3.5) and ACN at a flow rate of 0.7 ml/
min and a column temperature of 30°C. An aliquot (20 μl) was 
injected volume, with the analysis performed at a wavelength 
of 310 nm. 

2.2.12. Biodistribution test
The biodistribution study was conducted by dividing 

rats into two groups (n = 15). The first group received a 10 
mg/kgBW dose of free PRF solution (10 mg/ml) via the 
intratracheal route, while the second group was administered 
PRF SLN suspension (10 mg/ml) at the same dose via the 
intratracheal route. Rats were sacrificed at time points of 10, 30, 
60, 120, and 180 minutes. Blood samples were collected into 
Eppendorf tubes containing EDTA, and the amount of the drug 
was quantified using the developed and validated method of 
HPLC. The lungs, liver, and kidneys were harvested and rinsed 
with 0.9% saline. Each tissue was then homogenized with 
saline (5 ml per gram of tissue) at 12,000 rpm for 3 minutes. 
The tissue homogenates were then mixed with ACN (1:1 v/v) 
to precipitate proteins and extract the drug. The mixture was 
centrifuged at 10,000 rpm for 10 minutes at 25°C to collect 
the supernatant [10]. All samples were processed and analyzed 
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using the HPLC system, following the same procedures as in 
the pharmacokinetic studies.

2.2.13. Statistical analysis
Statistical analysis was conducted using SPSS version 

26, and a significance level of p <0.05 was used to determine 
statistical significance.

3. RESULTS AND DISCUSSION

3.1. Validation of the developed HPLC method
According to this study, the time retention, theoretical 

plate, and tailing factor achieved by PRF and IS fulfilled the 
necessary criteria for optimal system performance. The details 
of the system suitability are shown in Table 1.

3.1.1. Lower limit of quantification
The LLOQ value must be at least 1/20 of the Cmax 

[11]. In this study, the LLOQ was set at 1 μg/ml based on 
previous research, where the Cmax of PRF was 21.8 μg/ml [12]. 
A concentration of 1 μg/ml was prepared in plasma, and five 
replicates were performed. The results showed that the 1 μg/ml 
concentration met the required specifications, with a percentage 
difference (% diff) ranging from −16.042% to −19.840% and a 
coefficient of variation (% CV) of 0.812%, both of which were 
within the acceptable limits of < ± 20%. The LLOQ was then 
tested at a half dilution (0.5 μg/ml), with five replicates carried 
out. The results indicated that the 0.5 μg/ml concentration 
also met the criteria, with % diff ranging from −13.293% to 
−16.238% and a % CV of 0.424%. Further dilution to a quarter 
concentration (0.25 μg/ml) was then tested with five replicates. 
However, the 0.25 μg/ml concentration did not meet the 
required specifications, as the % diff ranged from −34.561% to 
−50.376%, and the % CV was 0.145%.

3.1.2. Calibration curve
The calibration curve was established over a 

concentration range of 0.5 to 50 μg/ml, which included blank 

samples, zero samples, and six distinct concentrations: 0.50, 
1.00, 5.00, 10.00, 25.00, and 50.00 μg/ml. The calibration curve 
equation was y = 0.3741x + 0.0004, with the linear regression 
value obtained (R2) = 0.9993 (Fig. 1), where the x value was 
the concentration of PRF, and the y value was the peak area 
ratio (PAR) between PRF and IS. The linear regression value 
obtained has met the requirements, namely ≥0.995 [8]. These 
results showed that the calibration curve was linear.

3.1.3. Accuracy and precision
The intra-day accuracy values were 84.00% (LLOQ), 

114.00% (LQC), 113.92% (MQC), and 112.40% (HQC), with 
corresponding %RSD values of 2.38%, 0.58%, 1.09%, and 1.33%, 
respectively. Inter-day accuracy values were 84.00% (LLOQ), 
113.33% (LQC), 107.00% (MQC), and 106.67% (HQC), with 
%RSD values of 2.38%, 0.59%, 5.68%, and 5.22%, respectively. 
All accuracy and precision values were within the acceptance 
limits as defined by the Food and Drug Administration [FDA 
(2018)] and EMA (2011), which recommend accuracy within 
±20% for LLOQ and ±15% for LQC, MQC, and HQC, with 
precision (%RSD) not exceeding 15%. These results confirm 
that the method is accurate, reproducible, and suitable for the 
quantification of PRF in biological matrices. The precision and 
accuracy results are summarized in Table 2.

3.1.4. Recovery
The recovery was observed by comparing the peak 

area of the analyte and IS (PAR) obtained by extraction with the 
peak area of the analyte and IS (PAR) without extraction (actual 
peak area) carried out at each concentration. The recovery was 
conducted at three different concentrations, namely 1.5 μg/ml 
(LQC), 25.0 μg/ml (MQC), and 37.5 μg/ml (HQC), with three 
replicas carried out. The results showed the average PRF % 
recovery values for LQC, MQC, and HQC were, respectively, 
80.86%, 84.38%, and 80.53% (Table 3). Recovery value does not 
have specific requirements; recovery does not have to be 100%, 
but the results obtained must be consistent and reproducible [8].

3.1.5. Selectivity
Selectivity was conducted to determine the possibility 

of interference in the analyte and IS. A selectivity test was 
conducted on blank plasma and an LLOQ concentration of 
0.5 μg/ml using six different plasmas. The selectivity results 
showed that the percentage of interference components present 
in the retention time of PRF ranged from 0% to 6.87%, while 
no interference components were detected at the retention time 

Table 1. Results of system suitability (n = 6).

Parameter Acceptance 
criteria

Observed

PRF IS

Tailing factor <2.0 1.37 ± 0.11 1.53 ± 0.13

Theoretical plate count >2,000 4,353 ± 72.0 4,733 ± 82.9

Table 2. Precision and accuracy of PRF. 

Concentration
Intraday Interday

Measured concentration 
(Mean ± SD; μg/ml)* Accuracy (%) RSD (%) Measured concentration 

(Mean ± SD; μg/ml)* Accuracy (%) RSD (%)

LLOQ (0.5 μg/ml) 0.42 ± 0.01 84.00 2.38 0.42  ± 0.01 84.0 2.38

LQC (1.5 μg/ml) 1.71 ± 0.01 114.00 0.58 1.70 ± 0.01 113.0 0.59

MQC (25.0 μg/ml) 28.48 ± 0.31 113.92 1.09 26.75 ± 1.52 107.0 5.68

HQC (37.5 μg/ml) 42.15 ± 0.56 112.40 1.33 40.00 ± 2.09 106.67 5.22

*All values were represented as the mean ± SD (n = 6).
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of the IS (Figs. 2 and 3). According to the criteria, this method 
demonstrated selectivity since the percentage interference for 
all replicate analyses at LLOQ concentrations was less than 
20%, while the IS showed interference below 5% [11].

3.1.6. Carry over
Carryover was conducted to determine the possibility 

of residual analyte participation after PRF was injected at the 
ULOQ. The results showed that carryover was 0% in the blank 
plasma after injecting the ULOQ of PRF, and the IS was 0%. 
Based on the results, the criteria were satisfied, as the PRF 
concentrations were below 20% and the IS was under 5%.

3.1.7. Stability
All results showed that PRF remained stable under 

the tested conditions, including freeze–thaw cycles, short-term 
exposure, long-term storage, and autosampler conditions 
(Table 4). The measured concentrations appeared slightly 
higher than the nominal concentrations, which may be attributed 
to matrix effects commonly observed in biological samples. 
Nevertheless, the results were highly reproducible, with %CV 
values ranging from 0.27% to 2.65%, which are well within the 
acceptable precision limits (<15%) set by regulatory guidelines 
(FDA, EMA). Therefore, the stability of PRF under all tested 
conditions was considered acceptable.

3.2. Partial validation of PRF in rat plasma and lung tissue
A partial validation of PRF in rat plasma and lung tissue 

was performed to confirm that the fully validated bioanalytical 
method remains applicable to a different biological source 
while maintaining accuracy, reliability, and consistency in its 
results. According to the FDA Bioanalytical Method Validation 
Guidance (2018), partial validation is permitted when applying 
an existing validated method to the same type of biological 
matrix (e.g., plasma or tissue) across different species, such as 
from human to rat plasma. 

In this study, partial validation was conducted following 
the transfer of the method from human plasma to rat plasma and 
lung tissue. The parameters tested included selectivity, LLOQ, 
and intra-day accuracy and precision. The LLOQ concentration 
met the required specifications, with % difference and % CV 
values both below ±20%, and no interfering components were 
detected in rat plasma or lung tissue. Intra-day accuracy and 
precision were evaluated at four concentrations [0.5 μg/ml 
(LLOQ), 1.5 μg/ml (LQC), 25.0 μg/ml (MQC), and 37.5 μg/
ml (HQC)] and also fulfilled the acceptance criteria, with % 
difference and % CV within ±20%.

3.3. Particle size and PDI of PRF SLN
The characterization of PRF SLN is presented in 

Table 5. The median particle size (Dv50) was 234.7 ± 3.30 nm. 

Figure 1. A representative calibration curve of PRF in human plasma.

Table 3. Recovery values of PRF in plasma samples.

Concentration
Extracted Unextracted

CV (%) PRF recovery (%) IS recovery (%)Measured concentration  
(Mean ± SD; μg/ml)

LQC (1.5 μg/ml) 1.66 ± 0.07 0.64 ± 0.01 4.79 80.86 80.68

MQC (25.0 μg/ml) 25.72 ± 0.17 9.40 ± 0.08 1.16 84.38 80.10

HQC (37.5 μg/ml) 46.99± 0.32 18.09 ± 0.12 0.26 80.53 80.52

%Recovery was calculated from peak area: (Extracted / Unextracted) × 100. All data were represented as the mean ± SD (n = 3).
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The Dv mean and Z-average were 240.3 ± 3.57 and 327.5 ± 
7.80 nm, respectively, and the PDI ranged from 0.386 to 0.392. 
These results are consistent with previous studies on SLN 
formulations. For example, Kwok et al. [6] reported a particle 
size of 212.7 nm for PRF-loaded SLNs. Particle size is an 
important determinant of pulmonary deposition, with particles 
smaller than 5 µm capable of reaching the alveolar region [13]. 
Clearance through alveolar macrophages is size-dependent, 
with optimal phagocytosis occurring for particles between 1.5 
and 3 µm [14]. Therefore, PRF SLNs with a median size of 
234.7 ± 3.30 nm are expected to evade macrophage clearance 
and prolong retention in the lung tissue.

3.4. Pharmacokinetic study
The average plasma concentration-time profiles 

following intratracheal and oral administration at a dose of 
10 mg/kg BW are illustrated in Figure 4. The pharmacokinetic 

parameters were detailed in Table 6. Each of the three groups 
received the identical dose of 10 mg/kg BW. Results showed 
that both intratracheal routes resulted in higher plasma Cmax than 
the oral group (p < 0.05). The intratracheal group (PRF SLN 
and free PRF) produced a Cmax that increased 3 to 4 fold that 
of the oral group, namely 5.11 ± 0.04, 6.00 ± 0.05, and 1.50 ± 
0.03 μg/ml, respectively. PRF SLN produced a lower Cmax at 
time (Tmax) 20 minutes compared to free PRF, which produced 
a higher Cmax at time 10 minutes. The SLN system has a lipid 
matrix structure that allows slower drug release, while free 
PRF without a lipid matrix can easily enter the lung tissue and 
quickly distribute to the systemic circulation [15]. This allows 
PRF SLN to have a lower peak Cmax and a slightly slower Tmax 
compared to free PRF. 

Comparable results were observed in the AUC0-∞. 
The findings indicated that the intratracheal group (PRF SLN 
and free PRF) exhibited higher values than the oral group, with 

Figure 2. Chromatograms of blank plasma. 

Figure 3. LLOQ chromatograms of PRF and IS in plasma.
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measurements of 7.26 ± 0.05, 7.22 ± 0.24, and 3.39 ± 0.41 
μg.h/ml, respectively (p < 0.05). The intratracheal group will 
more quickly reach the lung organ, which has a large surface 
area and extensive blood vessels that allow rapid absorption 
of drugs into the bloodstream [16]. In addition, the lungs have 
lower enzymatic activity than the digestive tract, resulting in 
less drug degradation and higher bioavailability [17]. This may 
increase the amount of drug in the systemic circulation over 
time, resulting in high Area Under the Curve (AUC) values in 
the intratracheal group compared to the oral group.

The intratracheal group (PRF SLN and free PRF) had 
a faster elimination half-life (t1/2) compared to the oral group. 
PRF SLN was cleared from plasma faster with a t1/2 of 0.48 ± 

0.02 hours, which is 2.7-fold lower than the t1/2 of the free PRF 
group and 5.7 fold than the oral group, where the t1/2 of free 
PRF was 1.33 ± 0.29 hours, and the oral group was 2.74 ± 
0.68 hours. These results indicate that the intratracheal group, 
especially PRF SLN, showed faster drug elimination in the 
systemic circulation compared to the oral group (p < 0.05). This 
result correlates with the results of the elimination rate constant 
(Ke), which shows that PRF SLN has a Ke value that is 4.3-fold 
higher than that of the free PRF and oral groups. The Ke result 
correlates with t1/2, which indicates a rapid rate of elimination 
from the systemic circulation. This is in accordance with the 
aim of pulmonary drug delivery, which favors local drug action 
in the lungs with reduced systemic exposure; it can also be 
advantageous in reducing systemic side effects of PRF [4].

3.5. Biodistribution test
The deposited PRF concentrations after intratracheal 

administration are presented in Figure 5. The Cmax and AUC0-
∞ parameters are shown in Table 7. Biodistribution tests were 
conducted to compare PRF SLN and free PRF formulations 
administered intratracheally. Results showed that the largest 
Cmax and AUC0-∞ values were found in plasma. The Cmax and 
AUC0-∞ values between PRF SLN and free PRF in plasma were 
consistent with the results of the pharmacokinetic study. The 
amount of PRF SLN retained in the lungs progressively decreased 
with time. After 3 hours, the concentration of PRF in the lung 
tissue decreased to <1 μg/ml. A high distribution of PRF was 
achieved in plasma rather than lung organs in both PRF SLN and 
free PRF. Abundant pulmonary capillaries can lead to the rapid 
absorption of drugs into the blood circulation, especially particles 
that tend to be smaller (<0.5 μm) when entering the lungs and can 
be easily absorbed into the systemic circulation [14]. Particles 
smaller than 200 nm will not be recognized by macrophages due 
to their small size or faster absorption by lung epithelial cells 
[18]. In a different study, rats administered intratracheally with 
curcumin nanocrystals (NC) showed that NC-S, with a particle 
size of 246.16 ± 21.98 nm, exhibited reduced lung retention 
and enhanced systemic absorption [19]. Additional research has 
indicated that exposure to cerium oxide nanoparticles through 
intratracheal administration or inhalation can lead to their 
translocation into the bloodstream and accumulation in various 
organs, such as the liver, facilitated by their small size, which 
allows them to bypass the body’s defense mechanisms that 
typically filter larger particles in the lungs [20].

Table 4. Stability studies of PRF.

Storage condition
LQC (1.5 μg/ml) HQC (37.5 μg/ml)

Measured concentration  
(Mean ± SD; μg/ml) CV(%) Measured concentration  

(Mean ± SD; μg/ml) CV(%)

Short term (25°C, 24 hours) 1.85 ± 0.02 1.09 45.03 ± 0.2 1.16

Long term (−20°C, 14 days) 1.81 ± 0.03 1.93 43.71 ± 0.85 1.95

Freeze-thaw three cycles (−20°C) 1.85 ± 0.01 0.27 46.10 ± 0.58 1.25

Autosampler stability (25°C, 24 hours)  1.80 ± 0.05 2.65 41.09 ± 0.62 1.51

All data were represented as the mean ± SD (n = 3).

Table 5. PRF SLN characterization.

Parameters Average ± SD

Dv 10 (nm) 164.0 ± 3.70

Dv 50 (nm) 234.7 ± 3.30

Dv 90 (nm) 328.7 ± 7.91

Dv mean (nm) 240.3 ± 3.57

Z-avg (nm) 327.5 ± 7.80

PDI 0.389 ± 0.03

All values were represented as the mean ± SD (n = 3).

Figure 4. Mean plasma concentration-time profiles for PRF after administration 
to rats. Each point represents the mean ± SD (n = 6).
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Therefore, PRF SLN, with a particle size of 240.3 ± 
3.57 nm, is expected to be quickly absorbed into the systemic 
circulation.

Despite the higher concentration of PRF in plasma, 
PRF SLN showed higher concentrations with Cmax 1.92 ± 0.15 
μg/ml, which was 2.5-fold higher compared to free PRF 0.76 
± 0.05 μg/ml (p < 0.05). The AUC0-∞ results also showed that 
PRF SLN was 5-fold higher than free PRF with 3.93 ± 0.15 
and 0.77 ± 0.03 μg.h/ml, respectively (p < 0.05). The SLN 
carrier system can increase the penetration and accumulation 
of drugs in the lung targeting compared to free drugs [21]. 

In addition, the liver and kidney organs showed lower Cmax 
and AUC0-∞ values of PRF SLN compared to free PRF. This 
indicates that PRF SLN is distributed less towards the liver 
and kidney organs.

4. CONCLUSION
The study demonstrated that the developed HPLC 

method for analyzing PRF is accurate, precise, and reliable, 
meeting regulatory requirements. PRF-loaded SLNs showed 
optimal particle size (240.3 ± 3.57 nm) for pulmonary 
delivery. Pharmacokinetic studies revealed higher systemic 

Table 6. Pharmacokinetic parameters from the pharmacokinetic study.

Parameters PRF oral route Free PRF intratracheal route PRF SLN intratracheal route

tmax (min) 0.50 ± 0.00 0.17 ± 0.00 0.33 ± 0.00

Cmax (μg/ml) 1.50 ± 0.03 6.00 ± 0.05* 5.11 ± 0.04*#

AUC0-∞ (μg.h/ml) 3.39 ± 0.41 7.22 ± 0.24* 7.26 ± 0.05*

t1/2 (h) 2.74 ± 0.68 1.33 ± 0.29 0.48 ± 0.02*#

Ke (/h) 0.33 ± 0.22 0.66 ± 2.21 1.44 ± 0.05

All values are represented as the mean ± SD (n = 6). * Intratracheal routes are compared to oral routes (p-value < 0.05). 
#Intratracheally PRF SLN is compared to Free PRF(p-value < 0.05).

Figure 5. The deposited PRF concentration (μg/ml). (A) PRF SLN (10 mg/ml) via the intratracheal route. (B) Free PRF 
(10 mg/ml) via the intratracheal route. All values are presented as mean ± SD (n = 3).

Table 7. Cmax and AUC0-∞ in the plasma, lung, liver, and kidney after intratracheal administration of the 
PRF SLN and free PRF to rats. 

  Parameters

Cmax (μg/ml) AUC0-t (μg.h/ml) AUC0-∞ (μg.h/ml)

Plasma
PRF SLN 5.01 ± 0.10 7.50 ± 0.07 8.10 ± 0.06

Free PRF 5.89 ±  0.03 6.74 ± 0.05 7.50 ± 0.15

Lung
PRF SLN 1.92 ± 0.15* 2.89 ± 0.17* 3.93 ± 0.15*

Free PRF 0.76 ± 0.05 0.72 ± 0.03 0.77 ± 0.03

Liver
PRF SLN 0.11 ± 0.01 0.24 ± 0.22 0.26 ± 0.22

Free PRF 1.63 ± 0.07 1.30 ± 0.11 1.37 ± 0.04

Kidney
PRF SLN 0.08 ± 0.02 0.36 ± 0.19 0.31 ± 0.16

Free PRF 0.30 ± 0.04 0.56 ± 0.11 0.46 ± 0.03

All values were represented as the mean ± SD (n = 3). * PRF SLN is compared to Free PRF (p-value < 0.05).



	 Putri et al. / Journal of Applied Pharmaceutical Science 2025: Article in Press	 009

Online F
irst

drug exposure AUC and prolonged drug release for PRF 
SLNs compared to free PRF, with faster elimination, favoring 
localized lung action. Biodistribution analysis showed that PRF 
SLNs achieved higher concentrations in plasma than in the 
lungs, indicating rapid absorption into systemic circulation, but 
still demonstrated greater lung retention and reduced liver and 
kidney distribution compared to free PRF, supporting effective 
lung targeting. 
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