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 Abul Kalam Lutful KABIR1,2*,  Sitesh Chandra BACHAR1,  Md. MONIRUZZAMAN3,  Emdad HOSSAIN2*

Development, Validation, and Application of 
a Highly Sensitive RP-HPLC Method for the 
Determination and Release Profile Comparison of 
Levonorgestrel from Silicone-Based Contraceptive 
Implants 

ABSTRACT

Objectives: Levonorgestrel (LNG), a synthetic progestin containing implants, has emerged as one of the most reliable, effective, and long-
acting reversible contraceptive (LARC) methods for preventing unintended pregnancies. The current study aimed to develop and validate a 
simple, rapid, and highly sensitive reverse-phase high-performance liquid chromatography (HPLC) technique for the quantification and release 
profile comparison of LNG from different silicone-based LARC implants.
Materials and Methods: All the analysis was performed using HPLC equipped with UV/UV-VIS detector with the help of Waters C18 column 
of 250 × 4.6 mm dimension, 5 μm sized particle with mobile phase consisting of water and acetonitrile in the ratio of 30:70 (v/v%) at room 
temperature and 1 mL/minute flow rate, injection volume of 50 μl with the detection wavelength of 240 nm. The developed method was then 
validated as per International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines 
and then the validated method was used successfully to quantify LNG and for a comparative release profile study of two marketed implants, 
Femiplant and Sino-implant (II). The obtained release data were assessed and compared using fit factors (f1 & f2) to compare one formulation 
with another.
Results: All parameters met the limits according to ICH guidelines. The total time needed for analysis was 12 minutes, having LNG eluting with 
a retention time of 5.8 min (± 0.2). The average LNG content was obtained to be 98.52 to 101.32% (± 0.05%). From the release kinetic study, f1 
and f2 values of Femiplant against Sino-implant (II) determined was 10 and 62, respectively, both of which meet the acceptable limits.
Conclusion: The devolved method was straightforward and quick for any sample preparation, which could be used for routine analysis, in-
process quality control analysis, and stability study analysis, among others. Moreover, Femiplant presented similar release kinetics compared 
to the World Health Organization prequalified implant Sino-implant (II), thereby having similar bioavailability and ensuring the consistent 
therapeutic effect of both implants.
Keywords: RP-HPLC, method development and validation, LNG, contraceptive implant, release profile comparison
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INTRODUCTION
Hormonal contraceptive subdermal implants are small, flexible 
rods about the size of a matchstick that provide a continuous 
release of the low-dose synthetic progestin levonorgestrel 
(LNG), an effective hormonal treatment intended to control 
menstrual complaints and endometriosis.1,2 LNG, similar to 
the natural progesterone hormone, is a potent medication 
used in various birth control systems, e.g., emergency oral 
contraceptive pills, daily combined oral contraceptives with 
ethinylestradiol, three-month injectable contraceptives, 
silicone-based long-acting reversible contraceptive (LARC) 
implants, and intrauterine devices for birth spacing.3-5

Various types of LNG-releasing LARC implants are available 
worldwide including Jadelle of Bayer Oy, Finland, and 
Levoplant/Sino-implant (II) of Shanghai Dahua Pharmaceuticals 
Company Limited, China, Jadena and Duplant of Indonesia 
containing LNG which is effective for up to 3-5  years of 
effective contraception.6-9 Implanon NXT, also known as 
Nexplanon, now replaces Implanon with a one-rod system 
containing etonorgestrel and is considered effective for 3 years 
of contraceptive action, although a new study describes its 
effectiveness for contraception for up to 5 years.10,11 Norplant, 
consisting of six capsules, provides 5-7 years of effectiveness, 
but it became obsolete in 2008 and is not valid for use now. All 
LNG-containing subdermal implants, consisting of two flexible 
rods, are placed in a V-shaped configuration, with the rods 
positioned at a 30-degree angle and 8 to 10 cm above the elbow 
in a woman’s upper arm. Higher doses of LNG are released 
during the first 6 to 12 months after insertion, with the daily dose 
declining to a steady 30 to 35 μg per day throughout the shelf 
life of the system.12 LNG is a synthetic progesterone hormone 
available as a naturally occurring female sex hormone, and 
its chemical formula is C21H28O2 (d-Norgestrel)-13β-ethyl-17α-
hydroxy-18,19-dinorpregn-4-en-20-yn-3-one (molecular weight 
is 312.47 g/mol) shown in Figure 1. LNG Implants primarily act 
by stopping ovulation (the release of eggs from the ovaries), 
thickening the cervical mucus, and blocking sperm from 
reaching the eggs.13-15

Several analytical techniques, such as UV spectrophotometry, 
mass spectrometry, reverse-phase high-performance liquid 
chromatography (HPLC), and LC-MS/MS, can be used for 
the quantification of LNG, alone or in combination with 
ethinylestradiol in various dosage forms. Among them, HPLC is 

one of the important techniques because of its linearity, accuracy, 
specificity, precision, robustness, and suitability for sample 
stability analysis.16-23 Five years ago, Femiplant, like Jadelle and 
Levoplant/Sino-Implant II, a long-acting reversible sub-dermal 
contraceptive implant containing 150 mg of LNG, approved by 
the Directorate General of Drug Administration, was introduced 
into the national family planning program of the government 
of Bangladesh to provide three years of contraception; it is 
manufactured by a leading local pharmaceutical manufacturer, 
Techno Drugs Ltd.

In this study, we had an attempt for developing and validating 
a very simple, rapid, reliable and sensitive as well as 
constant RP-HPLC method as per International Council for 
Harmonisation of Technical Requirements for Pharmaceuticals 
for Human Use (ICH) guidelines24 to determine and quantify 
LNG from LARCs subdermal hormonal implants and this 
newly developed technique has been validated as per ICH 
guidelines and utilized to quantify and evaluate the comparative 
release characteristics and kinetic profiles of LNG from two 
marketed implant formulations like Femiplant of Techno Drugs 
Ltd, Bangladesh and Levoplant (Sino- Implant II) of Shanghai 
Dahua Pharmaceuticals Co., Ltd. China which is also a World 
Health Organization (WHO) prequalified product, both of them 
are effective for contraception up to 3 years that are available 
worldwide. 

MATERIALS AND METHODS
Chemicals and apparatus with instrumentation
LNG (the active pharmaceutical ingredient) was obtained 
as a gift sample. Two marketed subdermal implant products, 
Femiplant and Sino-implant (II), which consist of two flexible, 
matchstick-like plastic rods, each rod containing 75 mg of LNG, 
were procured from the market. HPLC-grade solvents such as 
acetonitrile (Fischer-Scientific, UK) and chloroform (Merck, 
Germany), HPLC-ready water from Ultra-Pure System, 0.45 μm 
membrane disc filters, and 0.22 μm syringe filters were used. 
Moreover, for sample preparation, an electronic microbalance, 
a sonicator, and a planetary centrifugal mixer were utilized. 
The Waters RP-HPLC system, equipped with a degasser, 
autosampler, quaternary solvent delivery pump, column oven, 
and UV/UV-VIS detector, was used for the development and 
validation of the method. Data acquisition, processing, and 
evaluation were performed using LabSolutions software 
(version 6.40 SP1, Shimadzu).

Wavelength detection
A 0.1 mg/mL LNG stock solution was prepared using 60% 
acetonitrile, and serial dilution was performed to obtain a 10 
μg/mL LNG concentration. This solution was then scanned 
between 200 nm and 400 nm using a UV spectrophotometer. 
The wavelength was fixed at 240 nm, and the spectra were 
recorded.

Chromatographic condition
All analyses were performed using a Waters RP-HPLC system 
equipped with a UV/UV-VIS detector. The separation of LNG 

Figure 1. Chemical structure of LNG.
LNG, levonorgestrel.
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had been completed with the help of C18 column of 250 × 4.6 
mm dimensions, 5 μm sized particle in an isocratic mode of 
mobile phase composed of water and acetonitrile in the ratio of 
30:70 (v/v). Drug elution was conducted at room temperature 
with a flow rate of one mL/minute, an injection volume of 50 
μL, and a total run time of 12 minutes at a detection wavelength 
of 240 nm. Before injecting the blank and drug solutions, the 
HPLC system was equilibrated for approximately one hour by 
degassing with the mobile phase. Then the blank solution was 
passed through the syringe filter (0.22 μm) and finally injected 
to ensure that there was no interference from the solvent. 

Preparation of blank solution
The blank solution was prepared using 60% acetonitrile.

Preparation of LNG stock solution 
25 mg of LNG working standard in powder form was weighed 
accurately and transferred to an amber-colored 100 mL 
volumetric flask. Then 60 mL of acetonitrile, and the mixture 
was sonicated for 10 minutes to dissolve completely, and the 
volume was made up to the mark by thorough mixing. This 
solution is termed the standard stock solution. 

Preparation of LNG standard solution
3.0 mL of the standard stock solution was diluted with 
acetonitrile to prepare an LNG standard solution of 3.0 μg/mL. 
The prepared solution was then filtered with a 0.45-micron 
filter.

Preparation of calibration curve of standard solutions
A stock solution of the LNG standard was used to prepare a 
calibration curve with concentrations ranging from 40% to 
120% of the standard concentration in 60% acetonitrile. The 
solutions were filtered through a 0.45-micron filter, transferred 
to HPLC vials, and each concentration was injected in triplicate 
and analyzed using the proposed method.

Preparation of sample solution 
LNG implants having ≈44 ± 0.5 mm of length containing total 150 
mg of LNG were collected from the supplier. Average weight 
was determined (≈228 ± 2 mg) and three implant rods (of each 
type) were taken and cut into small fragments (~1 mm length). 
The cut-piece samples equivalent to two rods were transferred 
to a 100 mL dried volumetric flask; 60 mL of reagent-grade 
chloroform was added, the mixture was sonicated for 20 
minutes, allowed to stand for at least one hour, and then diluted 
with chloroform to a final volume of 100 mL. Then it was filtered 
through Whatman filter paper, and 0.5 mL of the solution was 
transferred into a 100 mL dried volumetric flask and evaporated 
to dryness. Sixty mL of acetonitrile was poured, sonicated for 
10 minutes, and the final volume was obtained. Finally, this 
solution was filtered for analysis through a 0.2 μm syringe 
filter. The obtained concentration was 7.5 μg/mL. Assays of all 
the samples were carried out by injecting them into the HPLC 
after system suitability testing and under the above conditions. 

RP-HPLC method validation 
According to ICH guidelines Q2 (R1), the method has been 
validated for the following parameters: specificity, linearity, 

accuracy (recovery), precision, robustness, and sample solution 
stability.

System suitability
The suitability of the system has been evaluated by injecting a 
blank solution and a standard solution of LNG and measuring 
parameters such as tailing factor, theoretical plates, and relative 
standard deviation (%RSD). The acceptance limits for system 
suitability and the method were: RSD of peak area for LNG no 
more than 2%, United States Pharmacopeia (USP) tailing factor 
no more than 2, and theoretical plates no less than 2000 for 
the column. 

Specificity
The method specificity was demonstrated using an HPLC 
system by injecting a blank solution, a placebo, and an LNG 
standard solution. Analysis of the obtained chromatograms 
showed that the blank and placebo solutions exhibited the 
retention time of the active pharmaceutical ingredient without 
interference. 

Linearity 
Linearity was assessed using a series of solutions prepared by 
quantitative dilution of the LNG stock solution over the range of 
40% to 120% of the working concentration. A calibration curve 
has been plotted using the average peak area from triplicate 
injections against solution concentration. The slope, intercept, 
and correlation coefficient were measured from the curve to 
confirm the linearity of the proposed method.

Accuracy
By spiking the solution, the accuracy of the analytical technique 
was measured at three concentrations of LNG: 80%, 100%, and 
120%. For each concentration, triplicates were prepared and 
evaluated for percent recovery and percent RSD. 

Precision
Intra-day precision (repeatability) of the placebo solution 
was assessed on the same day by spiking it with six different 
standard solutions of LNG (3.0 μg/mL), with short intervals 
between measurements under similar operating conditions. 
The percent recovery and %RSD were determined to assess 
the repeatability, and inter-day precision was evaluated by 
comparing values obtained on two different days for separate 
HPLC analyses. 

Robustness
The robustness of method has been carried out by changing 
a small and slow variation in the flow rate of ± 0.2 mL/min 
and mobile phase composition of ± 5%. The standard LNG 
solution was measured under those changed conditions, and 
the percentage RSD for LNG peak area, no. of theoretical plates, 
and the USP tailing factor for the column were then determined. 

Stability of the sample solution 
The stability of LNG-based implant systems was tested at 
regular intervals for up to 72 hours at normal temperature. 
During each interval, the values for LNG peak area, theoretical 
plates, and tailing factor were evaluated. 
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Application of the method
The applicability of the method for assaying LNG and evaluating 
its release profile from two marketed formulations of LARC 
implants was assessed. 

Analysis of LNG implant

Assay or content determination
In this study, the developed HPLC assay was performed on the 
commercially available subdermal implant products Femiplant 
and Levoplant/Sino-Implant II, which contain 150 mg of LNG in 
two rods, and LNG was quantified for each implant. The quantity 
of drug released for each sample was measured by peak-area 
measurement at 240 nm, and the LNG assay per device was 
then performed using the following formula. 

Assay (%);
 ASample x CStd x PStd 

= -------------------------
 AStd x CSample

Where,
ASample = Area of sample solution,

AStd = Area of standard solution,

PStd = Potency of standard LNG in percentage,

CStd = Concentration of standard solution,

CSample = Concentration of sample solution.

Release study of LNG 
Six sets of LNG implants (both Femiplant and Levoplant) were 
taken and divided into pairs. Both ends were tied up with 
fine threads, respectively and were suspended in a 100 mL 
stoppered transparent iodine bottle. The distance to the bottom 
of the bottle was approximately 1 cm. Then, 100 mL of purified 
water was added, and the iodine bottles were placed in a 37 °C 
constant-temperature oscillator. The round-trip speed was 60 
round trips per minute. The amplitude was 3 cm. After 24 hours 
of constant temperature oscillation, the solution was discarded. 
Then, 100 mL of purified water was added, and oscillation 
continued for 24 hours. The above operation was repeated for 7 
days. The solutions from the 3rd, 5th, and 7th days were pooled to 
form the test solution and then filtered through a 0.45-micron 
filter. The samples collected on days 3 and 7 were selected 
for further quantitative analysis and comparison; the remaining 
samples were not further analyzed. Standard and sample 
solutions were injected after the system suitability test. The 
LNG release per day from each set of implants was calculated 
using the following formula. 

Released amount of LNG in μg per set per day;

 ASample x WStd x 1 x 100 x 1000 

= --------------------------------------- x PStd

 AStd x 100 x 100 x 1
Where, 

ASample = Area of sample solution,

AStd = Area of standard solution,

PStd = Potency of standard LNG in percentage,

WStd = Weight of standard LNG.

Statistical analysis
All the data were analyzed using IBM SPSS Statistics 
for Windows, Version 20.0.; New York, USA. The Paired 
Samples  t-test was used for comparisons within two groups 
and data were expressed as mean ± standard deviation.

RESULTS 
Method development and optimization by RP-HPLC
Various ratios of water: acetonitrile, such as 20:80, 30:70, 
40:60, and 50:50, have been used for method optimization. 
The optimum mobile phase was chosen based on retention 
time, resolution, number of theoretical plates, and tailing 
factor at the maximum detection wavelength of 240 nm by UV 
spectrophotometry in chloroform. An appropriate separation of 
LNG having better resolution and less tailing factor of water 
and acetonitrile in ratio of 30:70 at flow rate of 1 mL/min by C18 
(250 x 4.6 mm) column of an isocratic condition through 50 μL 
injection fixing as an optimized condition by HPLC. 

Method validation by RP-HPLC
The system suitability results presented in the study indicate 
that all checked parameters met the acceptance limits for the 
LNG standard solution. The active drug had retained at 5.8 
minutes (± 0.02) having percent RSD of 0.1 of the peak area. 
It indicates good repeatability in this system. There was no 
interference from diluents, impurities, or other excipients at 
the detection wavelength. The observed tailing factor was less 
than 1.05, indicating acceptable peak symmetry. Moreover, the 
no. of theoretical plates was at least 2000 in all runs on the 
chromatograph (Figure 2). 

Specificity of method
The chromatograms found from blank, placebo and standard 
solution of LNG showed that no interference observed at the 
retention time of 5.8 (± 0.02) for LNG (Figure 2). Peaks were 
obtained for the blank solution at 2.6 minutes and for the 
placebo at 1.4 minutes, indicating that the peaks were pure for 
the analytes and confirming the specificity of the method with 
respect to retention time. 

The close agreement among results obtained at three 
concentrations (80%, 100%, and 120% of the LNG solution) 
showed the accuracy of the proposed method. The overall 
percent recovery ranged from 99.75% to 100% based on 3 
spiked samples. The mean percent recovery of LNG at three 
concentrations met the acceptance criteria shown in Table 1; 
hence, the method was accurate. 

Precision of method
The average %RSD of LNG in the repeatability study of six 
replicate injections is shown in Table 2; values for intra-day 
and inter-day quantification were within the limits, confirming 
the high precision and repeatability of the developed method.
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Linearity of method
The calibration curve obtained with the standard LNG solution 
was linear over various concentration ranges (shown in Figure 
3), and the results indicate that the method met the limit of 
acceptance for linearity.

Robustness of method
Robustness was evaluated in three LNG sample solutions by 
introducing small variations in chromatographic parameters; 
the values obtained are shown in Table 3. The percent assay 
of three LNG standard solutions obtained met the limit of 
acceptance (tailing factor was less than 2 and the percent RSD 
was less than 2%) confirming that the method was robust with 
respect to small variations in flow rate of mobile phase (± 0.2 
mL/min), wavelength (± 2 nm) and volume of mobile phase 
composition (± 5%). 

Stability of the analytical sample solution
The stability of the analytes was evaluated by analyzing LNG 
standard and sample solutions stored at room temperature 
and sampled at various time intervals. The results indicated 
that the analytes were stable for 72 hours, and the parameters 
(peak area, tailing factor, and theoretical plates) shown in 
Table 4 met the acceptance limits; consequently, no significant 
decomposition of LNG was observed. 

Assay or content determination 
The validated method was utilized for the analysis of LNG-
releasing implants in two marketed subdermal implant 
preparations, such as Femiplant and Levoplant/Sino-Implant, 
each containing 150 mg LNG (Figures 4 and 5). The average 
content of LNG was obtained to be 98.52% to 101.32% (± 
0.05%). The time needed for sample preparation was less than 
half an hour and total run time was12 minute, enabling a quick 
determination of several samples in case of routine or quality 
control analysis of LNG from flexible silicone-based implants 
and the low RSD values indicating the suitability of proposed 
method for analysis of LNG releasing subdermal implant system 
available in the market. 

Release profile evaluation of LNG implants 
The graphs presented in Figures 6-8 show a release profile 
very similar to those of the two marketed LNG implant 
preparations, which report an extremely similar pattern of LNG 
release compared with the mean daily in vivo release of LNG: 
100 μg daily in the first month, 40 μg daily at 24 months, and 30 
μg daily after three years following subdermal insertion. This 
analysis did not show any indication of significant differences 
in behavior between the two LNG formulations and therefore 

Figure 2. (a) HPLC chromatogram for method validation of LNG.

(b) HPLC chromatogram of blank solution.

(c) HPLC chromatogram of placebo.

(d) HPLC chromatogram of sample solution. 
LNG, levonorgestrel; HPLC, high-performance liquid chromatography.

a

b

c

d

Table 1. LNG study of accuracy and recovery (n=3).

% level Spiked conc. (μg/mL) Obtained conc. (μg/mL) Recovery (%) RSD (%)

80 5.5 5.5 99.75 0.35

100 9.5 10.0 100 0.50

120 12.7 15.8 99.98 0.52

LNG, levonorgestrel; RSD (%), percent relative standard deviation.
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failed to explain the unsuccessful results observed in vivo 
bioequivalence studies. Moreover, we determined the fit 
factors, such as f1 (similarity factor) and f2 (dissimilarity factor), 
by applying the following formulas to confirm whether the 
release profile of Femiplant is comparable to that of Levoplant/
Sino-Implant-II.

In this study, the comparison of f1 and f2 values thus offers 
an opportunity to easily compare and determine pairs of 
release profile and it is observed that f1 (difference factor) 

Table 2. Intra-day and inter-day results of precision (n=6).

Precision Peak area RSD (%) %Recovery factor RSD (%) recovery

Intra-day (repeatability) 57750 0.560 1.525 0.55

Inter-day precision

Day 1, system 1, analyst 1 55650 2.552 1.654 0.43

Day 2, system 1, analyst 1 55765 2.342 1.697 1.32

Day 2, system 2, analyst 2 66765 2.653 1.669 2.55

RSD (%), percent relative standard deviation.

Table 3. Results of robustness under various parameters (n=6).

Parameters Percent RSD Average tailing factor Theoretical plate 

Flow rate at 1.2 mL/min 0.11 1.525 32923

Flow rate at 0.8 mL/min 0.09 1.654 32883

Water: acetonitrile, 40:60 0.07 1.697 35976

Water: acetonitrile, 20:80 0.06 1,669 33645

RSD, relative standard deviation.

Table 4. Results for stability study.

Time interval (hours) Peak area Tailing factor (acceptance limit, <2) Theoretical plate (acceptance limit, NLT 2000)

0 56750 1.725 33923

24 57650 1.674 34883

48 59765 1.637 34976

72 59915 1,662 35645

NLT, not less than.

Figure 3. Linearity curve of LNG. Accuracy of method.
LNG, levonorgestrel.

Figure 4. Representative HPLC chromatogram for the assay of LNG from 
femiplant.
LNG, levonorgestrel; HPLC, high-performance liquid chromatography.

Figure 5. Representative HPLC chromatogram for the assay of LNG from 
Levoplant.
LNG, levonorgestrel; HPLC, high-performance liquid chromatography.



KABIR et al. Levonorgestrel Determination Release Comparison Implants RP-HPLC128

and f2 (similarity factor) value between Femiplant against 
Sino-Implant (Levoplant) is 10 and 62 respectively, shown in 
Table 5, both of them met the acceptance criteria indicating 
a very similar release profile for both of the silicone-based 
implants thereby having similar bioavailability and ensuring the 
consistent therapeutic effect of these two products. 

DISCUSSION
In our study, a specific and robust HPLC method was developed 
and optimized for the quantification of LNG from contraceptive 
subdermal implants. Among several mobile phase compositions 
examined, a combination of water: acetonitrile (30:70 v/v) at 
a 1.0 mL/min flow rate utilizing a C18 reverse phase column 
of 250 × 4.6 mm under isocratic conditions formed sharp 
and symmetric peaks with an acceptable retention time and 
resolution, detecting at 240 nm provided optimal sensitivity for 
LNG determination.

System suitability results established the suitability of the 
system, with a retention time of 5.8 ± 0.02 minute, tailing 
factor <1.05, and theoretical plates >2000, demonstrating 
outstanding effectiveness and repeatability. The absence of 
interference from blank or placebo samples confirmed method 
specificity, and the method demonstrated excellent linearity 
over the concentration range, meeting ICH criteria. In addition, 
the method demonstrated high precision, with mean recovery 
values of 99.75% and 100%, and outstanding accuracy, with 
%RSD values <2% for both intra- and inter-day analyses. Minor 
variations in chromatographic factors did not significantly 
affect the results, confirming the robustness of the technique. 
LNG remained stable for up to 72 hours, demonstrating the 
system’s suitability for routine analysis.

The validated method was used for LNG assay and for comparing 
release profiles of two marketed formulations, Femiplant and 
Levoplant/Sino-Implant, yielding values between 98.52% and 
101.32% and meeting the content uniformity standard. The 
release profiles of both types of implants were comparable, with 
f1 = 10 and f2 = 62, meeting the similarity criteria and indicating 
equivalent release profiles and bioavailability performance.

Overall, the developed RP-HPLC method proved to be simple, 
precise, accurate, specific, and robust, making it appropriate 
for routine QC analysis and release-rate studies in subdermal 
contraceptive implant dosage forms.

Study limitations
The current study may be limited by the number and variety of 
samples analysed, as well as the degree of method validation 
across the various implant dosage forms. Moreover, this 
comparative analysis between two types of silicone-based 
contraceptive implant formulations limited the generalizability 
of the results to other formulations, such as polymer-based 
implants. In addition, similar in vitro release profiles of 
Levonorgestrel do not necessarily ensure equivalence with in 
vivo findings under physiological conditions for contraceptive 
effectiveness and therefore require suitable pharmacokinetic 
or bioequivalence studies in a clinical setting.

Table 5. Release profile comparison of femiplant and sino-
implant.

LNG-implants
Difference factor of 
Femiplant compared 
to Levoplant (f1)

Similarity factor 
of Femiplant 
compared to 
levoplant (f2)

Femiplant 10 62

Acceptance criteria 0-15 50-100

LNG, levonorgestrel.

Figure 6. Representative chromatogram of release profile study of LNG 
from Femiplant at seventh day.
LNG, levonorgestrel; HPLC, high-performance liquid chromatography.

Figure 8. Release profile between Femiplant (green line) and Levoplant 
(pink line).

Figure 7. Representative chromatogram of release profile of LNG from 
Levoplant at seventh day.
LNG, levonorgestrel.
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CONCLUSION
The developed HPLC method demonstrated simple, rapid, and 
efficient sample preparation, making it appropriate for routine 
analysis, in-process quality control, and stability studies of 
LNG in subdermal implants. Method validation confirmed that 
specificity, linearity, accuracy, precision, and robustness met 
the acceptance criteria as per ICH guidelines, ensuring that 
the method was consistent and reproducible. Importantly, this 
method was used effectively to assess the release-kinetic 
profiles of marketed formulations without interference. With a 
total run time of 12 minutes (less than 30 minutes), the method 
enables high-throughput analysis, allowing rapid quantification 
of a large number of samples for routine or quality-control 
laboratory analyses. Application of this method to commercially 
available implants showed that Femiplant had a release profile 
comparable to Sino-implant (II), a WHO-prequalified subdermal 
implant. Such similarity in release kinetics offers strong 
evidence of bioequivalence between the two types of implants. 
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INTRODUCTION
Mobile devices emit and receive low-intensity radiofrequency 
(RF) signals during operation. This RF radiation (RFR) can cause 
a series of changes and damage to biological tissues, which 
can be explained by thermal or non-thermal mechanisms.1,2 
Thermal effects occur when electromagnetic energy absorbed 

by the body raises the temperature of the body or of its tissues. 
This temperature increase persists until it is stabilized by blood 
circulation. Thermoregulatory mechanisms can counteract 
the elevated body temperature caused by RF sources such as 
mobile phones. The non–thermal effects of RF radiation are 
observed at energy levels that do not raise tissue or whole-
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ABSTRACT

Objectives: Radiofrequency (RF) fields have been classified as probable human carcinogens and nonthermal. RF radiation can increase 
oxidative stress and inflammation in tissues. Vitamin D has been studied for many years for its anti-cancer properties and its ability to 
suppress cancer cell growth. In this study, we aimed to examine the effects of RF exposure on cell viability, free radical formation, and 
inflammation, as well as the therapeutic effect of vitamin D against such effects. MCF-7 and MDA-MB-231 cells were exposed to 2.1-GHz 
W-CDMA-modulated RF radiation.
Materials and Methods: The MTT was used for cell viability, and the FITC-conjugated annexin-V/PI was applied for apoptosis. The vitamin 
D receptor (VDR), NF-κB, cyclooxygenase-2 (COX-2), and p53 gene expression levels were studied using real-time PCR. Reactive oxygen 
species (ROS) analysis was performed using flow cytometry.
Results: A statistically significant decrease in MCF-7 cell viability (p < 0.001) was observed with increasing doses of calcitriol compared to 
the control group; no significant difference in MDA-MB-231 cell viability was observed (p > 0.05). ROS analysis revealed that calcitriol caused 
significant decreases in cell viability in both cell types. Both cell lines showed a statistically significant increase in p53 expression with 
increasing calcitriol doses. An increase in the expression of VDR, NF-κB B, and COX-2 was also observed in MCF-7 cells.
Conclusion: We observed that while calcitriol administered after RF exposure did not cause statistically significant changes in ROS levels, 
we observed that it caused an increase in messenger RNA expression of apoptosis and inflammation markers, which could be evaluated in 
cancer treatment or prevention.
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body temperature to levels that damage tissue or the whole 
body. At these energy levels, free radical production has been 
reported to increase in tissues exposed to RFR.3 

The effects of electromagnetic fields on biological tissues have 
become a topic of increasing research interest, especially as 
the use of communication systems such as cell phones, base 
stations, and wireless internet has increased rapidly. Previous 
studies have shown that non-thermal RF radiation can induce 
changes at the molecular or cellular levels.4,5 As a result of 
epidemiological studies, RF fields have been classified as 
probable human carcinogens (Group 2B) by IARC.6 Despite 
epidemiological studies indicating an increased risk of cancer, 
experimental investigations provide limited information on the 
effects and mechanisms of RF, and findings in this area remain 
controversial.

Another important phenomenon that should be emphasized 
in cancer studies is the role of free radicals. Reactive oxygen 
species (ROS) are continuously produced as by-products of 
cellular processes. The most important source of endogenous 
ROS is the mitochondrion.7 Low- and moderate-intensity 
ROS are effective in protecting cells against infectious 
agents, regulating signal transduction pathways, and initiating 
responses to mitogenic stimuli. Due to overproduction of 
ROS, the oxidant/antioxidant balance in cells may shift toward 
oxidants, leading to oxidative stress.8 Cancer cells exhibit high 
ROS production due to their rapid metabolism and impaired 
cellular signaling. Cancer cells exhibit greater growth and 
proliferation than normal cells. They activate growth factor 
pathways to achieve this. This triggers excessive production of 
ROS in organelles such as the mitochondria and endoplasmic 
reticulum of cancer cells, as well as increased activity of 
NADPH oxidases.9,10 Another important metabolic process 
associated with cancer and ROS production is inflammation. 
Inflammation is an important immune defense mechanism in 
which the body recruits immune cells to defend against an 
irritant or pathogen. Inflammation can develop either acutely 
or chronically. When hemostasis is impaired in tissues for any 
reason, various bioactive stimuli are released from cells, which 
causes leukocyte mobilization towards the trauma site.11 The 
long-term persistence of these responses can cause chronic 
inflammation and many diseases, especially cancer.12

Currently, cancer research has shifted its focus to the causes 
and treatment methods of the disease. One of the substances 
investigated in this context is vitamin D. It has been studied 
for many years for its anti-cancer and suppressive effects on 
cancer cell growth.13 It has also been suggested that vitamin D 
has antioxidant properties, including inducing the expression of 
antioxidant defense system components, such as glutathione 
(GSH), GSH peroxidase, and superoxide dismutase, and 
suppressing the expression of NADPH oxidase. However, there 
are few studies on its antioxidant properties, and it is unclear 
whether it is an antioxidant or a pro-oxidant.14,15 Cholecalciferol 
(vitamin D3) is formed in the skin by the interaction between 
7-dehydrocholesterol and sunlight. Vitamin D3 and oral vitamin 
D are metabolized in the liver to 25-hydroxycholecalciferol 
[calcifediol; 25(OH)D3], and this compound is then hydroxylated 

at the 1α-position in the kidney to convert it into the active form, 
1,25-dihydroxycholecalciferol [calcitriol; 1,25(OH)2D3]. The 
well-known function of 1,25(OH)2D3 is to help regulate serum 
calcium concentrations.16 The biomarkers of vitamin D in humans 
are mostly 25(OH)D3 and, less frequently, 1,25(OH)2D3.17 
Studies are based on these indicators of serum vitamin D 
levels. Vitamin D deficiency is defined as a serum vitamin D 
level of less than 20 ng/mL (50 nmol/L). Epidemiologic studies 
on vitamin D levels in cancer patients show that these levels 
are lower than normal.18 Active vitamin D interacts with the 
vitamin D receptor (VDR) on the target cell. This structure must 
be activated for vitamin D to exert its effects inside the cell. The 
lower-than-normal serum vitamin D levels in individuals who 
have not been exposed to sufficient sunlight may be attributed 
to VDR inactivation. Especially in individuals with cancer, it can 
be seen that vitamin D cannot fulfill its anti-cancer effects due 
to the disruption of the VDR structure as a result of the effects 
of cancerous cells.19

Breast cancer is one of the leading causes of cancer-related 
mortality among women worldwide. In addition to conventional 
anticancer therapies, calcitriol has been investigated in 
combination with various treatment modalities, including 
chemotherapy, radiotherapy, and supportive interventions, 
because of its antiproliferative and immunomodulatory 
properties. However, to the best of our knowledge, no previous 
study has evaluated the effects of calcitriol administered 
following RF exposure in breast cancer cell lines. Although 
breast cancer patients are continuously exposed to non-thermal 
RF radiation in daily life, it remains unclear whether calcitriol 
can modulate RF-induced cellular responses. Therefore, 
the present study aimed to evaluate the effects of calcitriol, 
administered after RF exposure, on cell viability, oxidative 
stress, apoptosis, and inflammation-related gene expression in 
MCF-7 and MDA-MB-231 breast cancer cells (Figure 1).

MATERIALS AND METHODS
Cell culture
MCF-7 (ATCC® HTB22™) and MDA-MB-231 (ATCC® HTB-26™) 
cell lines were used in our study. Cell lines were incubated at 
37 °C in a 5% CO2 incubator and passaged when they reached 
80% confluence. DMEM (Capricorn Scientific, Germany) 
supplemented with 10% fetal bovine serum (FBS) (Capricorn 
Scientific, FBS-HI11B, Germany), 100 IU/mL penicillin, and 100 
µg/mL streptomycin (Capricorn Scientific, PS-B, Germany) 
was used as the culture medium.

RF exposure
The RF exposure system consisted of an RF exposure cabinet 
with a half-wave dipole antenna mounted at its center. The 
exposure cabinet had air holes in the upper and lower parts. A fan 
was placed under the exposure cabinet to ensure homogeneous 
temperature distribution within the exposure system (TR2016 
12016B). Wideband code division multiple access (W-CDMA)-
modulated RF radiation at 2.1 GHz was produced by a vector 
signal generator (Rohde & Schwarz, Model SMBV100A, 
Munich, Germany). The system was placed inside a 5% CO2 



SALIHOĞLU et al. Calcitriol Effects on RF-Exposed Breast Cells132

incubator with a 95% humidified environment. The incubator 
temperature was maintained at 37 °C. An isotropic probe and 
an R&S®FSH handheld spectrum analyzer, manufactured by 
Rohde & Schwarz (Munich, Germany), were used to measure 
the electric field generated by the antenna. Two 12-well plates 
containing MCF-7 and MDA MB 231 cells were placed around the 
dipole antenna and simultaneously exposed to 2.1 GHz W-CDMA 
modulated RF radiation for 24 h. Sham-control samples were 
maintained under the same conditions as RF-exposed samples, 
except that the signal generator was off. Specific absorption 
rate (SAR) was determined according to the formula SAR = 
σ/ρ·|ERMS|2, where σ is the electrical conductivity (S/m) of 
the medium, |ERMS| is the root mean square magnitude of the 
E-field strength (V/m), and ρ is the mass density (kg/m3) of the 
medium. The average SAR was calculated to be 0.632 W/kg.

Experimental design
Cells were divided into five experimental groups: (i) negative 
control (NC; without RF exposure), (ii) positive control (PC; 
RF exposure without calcitriol treatment), (iii) RF + 0.1 µM 
calcitriol, (iv) RF + 1 µM calcitriol, and (v) RF + 10 µM calcitriol. 
Cells in the RF-treated groups were first exposed to RF for 
24 h and subsequently treated with calcitriol at the indicated 
concentrations. The negative control group was maintained 
under identical culture conditions without RF exposure. All 
experiments were performed in triplicate (n = 3 independent 
biological replicates).

The cells were placed in the in vitro RF field exposure system 
and exposed to a 2.1 GHz W-CDMA-modulated RF field with an 
average SAR of 0.632 W/kg for 24 h. At the end of exposure, 
cells were simultaneously harvested from the system to 
measure cell proliferation, gene expression, and apoptosis. 

Administration of calcitriol
Calcitriol (1,25-dihydroxycholecalciferol; Cayman Chemical, 
USA) was dissolved in ethanol to prepare a 1 mg/mL (2.4 
mM) stock solution. Working solutions were subsequently 
prepared by serial dilution in DMEM to obtain the desired final 
concentrations (0.1, 1, and 10 µM). Fresh working solutions 
were prepared immediately before each experiment and added 
directly to the culture medium. 

Cell viability assay
The cells were seeded in a 96-well plate at 200 cells per mm3 

and incubated for 24 hours at 37 °C and 5% CO2. Cells were 
then exposed to RF radiation and treated with calcitriol (0.1, 1, 
and 10 µM). After 24 hours of incubation, 20 µl of MTT (Sigma 

M2128 St. Louis, MO, USA) solution was added to each well, 
and the plates were incubated for 3–4 hours. At the end of the 
incubation, the supernatant was carefully aspirated without 
touching the cells. One hundred µL of isopropyl alcohol was 
added to each well, and the plate was incubated for 2 hours at 
room temperature in the dark. At the end of the procedure, the 
plate was gently shaken and read at 570 nm (BioTek Synergy 
HTX, USA). 

Annexin-V analysis
5 × 105 cells were used for apoptosis analysis. Cells treated 
with various doses of calcitriol for 24 hours were collected 
by trypsinization; the cell pellet was resuspended in 100 µL of 
binding buffer, containing 5 × 105 cells in 500 µL. Then, 5 µL 
of annexin and 20 µL of PI were added and mixed by pipetting. 
After incubation for 30 minutes at room temperature in the 
dark, 400 µL of 1X binding buffer was added, and the sample 
was analyzed using a flow cytometer (BD Accuri™ C6 Plus, 
USA). 

ROS analysis
1 x 105 cells were obtained in PBS, centrifuged at 1000 rpm for 
5 minutes, and the supernatant was discarded. Cell pellets were 
resuspended in 200 µL of DCF-DA solution and incubated for 
30 minutes at 37 °C in the dark. The cells were then centrifuged 
at 1000 rpm for 5 min, and the supernatant containing the DCF-
DA solution was removed. Cells were resuspended in 100 µL/
tube of PBS and analyzed on a flow cytometer (BD Accuri™ 
C6 Plus, USA).

Gene expression analysis
Quantitative analysis of messenger RNA (mRNA) expression 
levels of VDR, NF-κB, p53, and cyclooxygenase-2 (COX-2) was 
performed using Real-time PCR (Applied Biosystems, Foster 
City, CA, USA). After administration of doses of calcitriol 
following RF exposure, cells were incubated for 24 hours and 
then removed from the flasks by trypsinization. RNA extraction 
(ELK Biotechnology, Wuhan) was performed according to the 
manufacturer’s instructions. Purity and quantity were measured 
using a multi-mode microplate reader (BioTek Synergy HTX). 
Complementary DNA synthesis (ELK Biotechnology EntiLink 1st 
strand, Wuhan) was performed according to the manufacturer’s 
instructions. GAPDH was used as the housekeeping gene. The 
real-time PCR thermal cycling conditions were set as follows: 
95 °C for 1 min, 95 °C for 15 sec, 60 °C for 1 min, and 72 °C for 
30 sec, repeated for 35 cycles. Primary designs are generated 
using the National Center for Biotechnology Information (NCBI) 
and Primer3 sites. The primers used are given in Table 1. 

Table 1. Forward and reverse primers of genes.

GAPDH F: GAAGGTGAAGGTCGGAGTCAAC R: CAGAGTTAAAAGCAGCCCTGGT

VDR F: TCTCCTGCCTACTCACGATAA R: GCTACTGCCCGTGAGAATATAA

NF-κB F: TGGCCCCTATGTGGAGATCA R: AGGGGTTGTTGTTGGTCTGG

COX-2 F: CAATATCACAGCAGGCCACC R: GCGTGAGTTTGGTGTGTCAT

p53 F: TTCTCATCACCGGCATCACG R: GCTATCACAAACTGCAAGACG

VDR, vitamin D receptor; COX-2, cyclooxygenase-2.
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NCBI GenBank. Primer-Blast® (Basic Local Alignment Search 
Tool) was designed and evaluated by sequence-matching 
analysis. 

Statistical analysis
Mean and standard deviation (SD) (mean ± SD) were used for 
continuous data as descriptive statistics. The distributions of 
variables in three or more groups were analyzed using the 
Kruskal–Wallis test, and the formula developed by Conover 
(1980) was used as the multiple comparison test. Data were 
analyzed using IBM SPSS 23 (IBM SPSS Inc., Chicago, IL) 
software. MTT test results were analyzed by GraphPad Prism 
(GraphPad Software Inc., La Jolla, USA). The significance level 
was set at p < 0.05.

RESULTS
MTT results
Cell proliferation was examined to determine the effect of RF 
exposure on breast cancer cells. For this purpose, cell cultures 
were subjected to 2.1 GHz RF at 0.632 W/kg for 24 hours. In 
the MDA-MB-231 cell line (Figure 2a), PC (RF-exposed cells 
without calcitriol treatment) were exposed for 24 hours, and 
cell viability decreased from 100% to 89% compared to the NC 
group. Similarly, in the MCF-7 cell line (Figure 2b), cell viability 
decreased from 100% to 69% compared with that of the NC 
group (Figure 2). After the MTT test, we selected appropriate 
doses of calcitriol (0.1 μM, 1 μM, and 10 μM).

Figure 2 shows the cell viability of MDA-MB-231 and MCF-
7 cell lines at the end of the 24-hour RF exposure following 

application of various doses of calcitriol. Compared with the 
NC group, 1 μM and 10 μM calcitriol decreased cell viability from 
100% ± 1.82 (p < 0.001) to 91% ± 1.43% (p < 0.005) and 85% ± 
3.11% (p < 0.001), respectively. When the 24-hour exposure of 
the MCF-7 cell line to calcitriol was evaluated using the MTT 
test, a significant decrease in proliferation was observed at a 
concentration of 0.1 μM. Compared to the PC group, 0.1, 1, and 10 
μM calcitriol decreased MCF-7 cell viability from 100 ± 2.32% (p 
< 0.001) to 85 ± 3.44% (p < 0.001), to 68 ± 1.97% (p < 0.001), to 
68 ± 3.14 (p < 0.001), respectively. Compared with the PC group, 
treatment with 0.1 µM calcitriol was associated with increased 
cell viability, whereas higher calcitriol concentrations (1 and 10 
µM) produced a reduction in cell viability, indicating a biphasic, 
dose-dependent response in MCF-7 cells. No significant 
difference in MDA-MB-231 cell viability was observed with 
increasing doses of calcitriol compared with the control and 
PC (p > 0.05).

Apoptosis results
Percentages of apoptotic cells were determined by the 
annexin-V assay (Figure 3). The percentage of live MDA-
MB-231 cells in the control group is 72.1% (Figure 3). After 24 
hours of RF exposure and calcitriol application at 0.1 μM, 1 μM, 
and 10 μM, cell viability percentages were 82.8%, 92.2%, and 
90.2%, respectively (Figure 3). In MDA-MB-231 cells, although 
the percentage of viable cells increased following calcitriol 
treatment compared with the PC group, these differences were 
not statistically significant (p > 0.05).

According to the annexin-V assay, the percentage of live cells 
in the control group was 31.5%. After calcitriol application 

Figure 1. Schematic representation of study design.
ROS, reactive oxygen species; VDR, vitamin D receptor; COX-2, cyclooxygenase-2.
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(0.1 μM, 1 μM, and 10 μM), the percentages of live cells were 
97.6%, 94.1%, and 89.7%, respectively (Figure 4). In MCF-7 cells, 
there was no statistically significant increase or decrease in 
apoptosis levels at 0.1, 1, and 10 μM doses compared to the 
control group and between doses (p > 0.05).

ROS results
Intracellular ROS levels were determined following RF exposure 
and subsequent calcitriol treatment. In MDA-MB-231 cells, the 
relative ROS level in the PC was 76.3%, whereas levels of 76.2%, 
65.7%, and 49.4% were observed after treatment with 0.1, 1, 

and 10 µM calcitriol, respectively (Figure 5). Although a dose-
dependent decrease in ROS levels was observed compared 
with the PC group, these differences were not statistically 
significant (p > 0.05).

In MCF-7 cells, the relative ROS level in the positive control 
PC was 80.9%, whereas ROS levels following treatment with 
calcitriol at 0.1, 1, and 10 µM were 46.4%, 56.1%, and 39.2%, 
respectively (Figure 6). Although lower ROS levels were 
observed in the calcitriol-treated groups compared with the PC 
group, the differences did not reach statistical significance (p 
> 0.05).

Figure 2. Cell viability of MDA-MB-231 (a) and MCF-7 (b) cells in the negative control (NC; cells without RF-exposure or calcitriol treatment), positive control 
(PC; RF-exposed cells without calcitriol treatment), and calcitriol-treated groups following 24 h of RF-exposure.
RF, radiofrequency.

Figure 3. Percentage of apoptotic and viable MDA-MB-231 cells.
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Figure 5. Intracellular ROS levels in MDA-MB-231 cells.
ROS, reactive oxygen species.

Figure 4. Percentage of apoptotic and viable MCF-7 cells.
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Gene expression results
To evaluate the genomic effects of calcitriol following RF 
exposure, the mRNA expression levels of VDR, NF-κB, COX-
2, and p53 were determined by RT-qPCR (Figure 7). In MDA-
MB-231 cells, the mRNA expression levels of VDR, NF-κB, 
and COX-2 did not differ significantly between the PC group 
and the calcitriol-treated groups (0.1, 1, and 10 µM) or among 
the calcitriol doses (p > 0.05). Although NF-κB expression 
tended to decrease and COX-2 expression tended to increase 
with increasing calcitriol concentrations, these changes did 
not reach statistical significance. Likewise, treatment with 0.1 
µM calcitriol did not significantly alter p53 mRNA expression 

compared with the PC group (p > 0.05). However, 1 µM and 
10 µM calcitriol significantly increased p53 mRNA expression 
by approximately 3.2- and 4.3-fold, respectively, compared with 
the PC group (p < 0.05) (Figure 7).

Expression levels of VDR, NF-κB, COX-2, and p53 were also 
evaluated in MCF-7 cells following 24 h of RF exposure and 
subsequent 24 h calcitriol treatment (Figure 8). VDR mRNA 
expression increased 2.38-fold, 2.62-fold, and 2.25-fold 
following treatment with 0.1, 1, and 10 µM calcitriol, respectively, 
compared with the PC group (p < 0.05) (Figure 8). However, no 
statistically significant differences were observed among the 

Figure 6. Intracellular ROS levels in MCF-7 cells. ROS, reactive oxygen species. 

Figure 8. VDR, NF-κB, COX-2, and p53 mRNA expression levels in the 
MCF-7 cell line.
VDR, vitamin D receptor; COX-2, cyclooxygenase-2; mRNA, messenger RNA.

Figure 7. VDR, NF-κB, COX-2, and p53 mRNA expression levels in the MDA-
MB-231 cell line.
VDR, vitamin D receptor; COX-2, cyclooxygenase-2; mRNA, messenger RNA.
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calcitriol-treated groups (p > 0.05). NF-κB mRNA expression 
was not significantly altered following treatment with 0.1 µM 
calcitriol compared with the PC group (p > 0.05). In contrast, 
treatment with 1 µM and 10 µM calcitriol increased NF-κB mRNA 
expression by 2.87- and 2.33-fold, respectively, compared with 
the PC group (p < 0.05). No statistically significant differences 
were observed between the 1 µM and 10 µM calcitriol-treated 
groups (p > 0.05). p53 mRNA expression was significantly 
higher in cells treated with 1 µM and 10 µM calcitriol than in 
those treated with 0.1 µM calcitriol (p < 0.05). COX-2 mRNA 
expression increased approximately 2-fold following treatment 
with 10 µM calcitriol compared with the PC group; however, 
this increase did not reach statistical significance (p > 0.05).

DISCUSSION
The present study investigated the cellular responses of breast 
cancer cells to calcitriol treatment following RF exposure. 
We evaluated whether post-RF administration of calcitriol 
modulates RF-associated changes in cell viability, oxidative 
stress, apoptosis, and inflammation-related gene expression 
in MDA-MB-231 and MCF-7 cells. To interpret these findings, 
it is important to consider the well-established anticancer 
properties of calcitriol reported in the literature.

Many published studies associate low vitamin D levels not only 
with ischemic diseases but also with non-ischemic cancers, 
metabolic syndrome, infections, and autoimmune diseases.20 
Studies show that calcitriol can potentially influence cancer 
development and growth by regulating multiple signaling 
pathways involved in proliferation, apoptosis, differentiation, 
inflammation, invasion, angiogenesis, and metastasis.21,22 

Vitamin D and its metabolites reduce the incidence of many 
types of cancer by inhibiting tumor angiogenesis, enhancing 
cell-to-cell communication, and increasing contact inhibition of 
proliferation. 

When calcitriol’s regulation of specific signaling pathways 
involved in the growth of colon, breast, and prostate cancers 
was examined, calcitriol exerted a broad effect on cancer 
cells across multiple cancer types.23 The anticancer effects of 
vitamin D can be analyzed in terms of antiproliferative, anti-
inflammatory, and proapoptotic activities. The antiproliferative 
effect of vitamin D is achieved by interrupting cell cycle 
progression.24 The cell cycle, which occurs in four stages, is 
regulated by cyclin-dependent kinases and their inhibitors, both 
of which are involved in specific processes such as cellular 
transcription. Vitamin D exerts this effect by suppressing 
kinase activity or inducing kinase inhibitors.25

Vitamin D also exerts its anti-inflammatory effect by modulating 
prostaglandin metabolism, which is implicated in the development 
and progression of many cancers. This is accomplished by 
NAD+-dependent up-regulation of the 15-hydroxyprostaglandin 
dehydrogenase gene and COX-2, thereby reducing prostaglandin 
levels.24 Increased COX-2 expression has been reported to 
inhibit apoptosis, stimulate cell division, and inhibit antitumor 
immune responses and protein synthesis in cells, as well as 
inhibit cell adhesion and promote metastasis by stimulating 

neovascularization, thereby affecting cancer development.26 
Vitamin D exerts its proapoptotic effect in many cancer cells 
by suppressing the expression of anti-apoptotic proteins or 
by inducing apoptosis through the expression of apoptosis-
inducing proteins.27 However, in our study, COX-2 expression 
was suppressed at low doses in MDA-MB-231 cells, whereas 
it was re-induced at higher doses. COX-2 expression in MCF7 
cells was higher at all doses than in the PC. In a similar study, 
COX-2 expression increased in MCF-7 cells and decreased 
in MDA-MB-231 cells after application of 1 µM calcitriol.28 
However, in MCF-7 cells the protein expression profile was 
generally consistent with mRNA expression, whereas in MDA-
MB-231 cells protein expression appeared to increase despite 
relatively low mRNA expression.

The organism is constantly exposed to ROS that occur as 
byproducts of cellular processes and to exogenous ROS. 
Endogenous ROS at low and moderate concentrations 
effectively protect cells against infectious agents, regulate 
signal transduction pathways, and initiate responses to 
mitogenic stimuli. On the other hand, the oxidant/antioxidant 
imbalance resulting from excessive ROS production may favor 
oxidants, leading to oxidative stress.8 Cancer cells produce 
elevated ROS levels due to their rapid metabolism and impaired 
cellular signaling mechanisms. Following RF exposure, 
calcitriol treatment showed a dose-dependent tendency toward 
lower ROS levels in both cell lines. However, these decreases 
did not reach statistical significance (p > 0.05). Although the 
observed trend may suggest an antioxidant effect of calcitriol, 
the present data do not provide sufficient evidence to conclude 
that it significantly reduced ROS levels under the experimental 
conditions used in this study. Although calcitriol treatment 
showed a tendency to reduce ROS levels following RF 
exposure, these changes did not reach statistical significance. 
Therefore, alterations in ROS should be interpreted cautiously, 
as the biological role of ROS in cancer is highly context-
dependent. Depending on the cellular environment, reduced 
ROS levels may contribute to either enhanced cell survival 
or modulation of signaling pathways involved in apoptosis. In 
the present study, the tendency toward lower ROS levels was 
accompanied by increased apoptosis, particularly in MCF-7 
cells, suggesting that the observed cellular responses cannot 
be explained solely by changes in oxidative stress but may also 
involve other apoptosis- and inflammation-related molecular 
pathways. Numerous studies have investigated the effects of 
vitamin D and its analogs, such as tacalcitol and calcipotriol, 
in cancer treatment. In a study by Milczarek et al.29 in rats, 
vitamin D analogs were reported to inhibit tumor cell growth 
by enhancing anticancer effects. In another study by Ajibade 
et al.2 in mice, vitamin D analogs reduced cancer cell numbers, 
suggesting that vitamin D is a reversible risk factor for cancer. 
1α,25(OH)2D3 inhibits mitosis and induces apoptosis in breast 
cancer cells.30 Following RF exposure, calcitriol treatment was 
associated with increased apoptosis, particularly in MCF-7 
cells.

Activation of NF-κB in immune cells leads to the production 
of cytokines that activate NF-κB in cancer cells. NF-κB is 
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involved in angiogenesis, invasiveness, motility, chemokine and 
cytokine production, as well as in the regulation of genes that 
control cell survival, proliferation, and growth. The sustained 
activation of key inflammatory signaling pathways, such as NF-
κB, COX-2, and Janus kinase/signal transducer and activator of 
the transcription, has been shown to contribute to the initiation 
of inflammatory breast cancer (IBC). Some inflammatory 
molecules, such as interleukin (IL)-6, tumor necrosis factor-
alpha (TNF-α), and γ-interferon, function mainly in the process 
of malignant transformation of IBC, while transforming growth 
factor-β, IL-8, IL-1β, and TNF-α are involved in cancer cell 
proliferation, survival, epithelial-to-mesenchymal transition, 
invasion, and metastasis.31 NF-κB appears to have a complex 
role in cancer. Although NF-κB is a critical molecule in the 
initiation and progression of cancer, it is also an essential 
player in the immune response to cancer. While inhibition of 
NF-κB is undesirable during the tumor elimination phase of 
the immune response, it is expected to have positive effects 
during the chronic inflammation phase of tumor progression, 
when the immune system targets transformed cells.32 Following 
RF exposure, we observed a slight increase in NF-κB mRNA 
expression in MDA-MB-231 cells and a significant decrease 
at the 10 µM dose. In MCF-7 cells, NF-κB levels increased 
significantly and then showed slight dose-dependent declines.

p53 is a transcription factor that regulates the cell cycle. It is a 
protein that plays a key role in cancer suppression across many 
organisms. It is also involved in cell growth arrest, programmed 
cell death, cell differentiation, and initiation of DNA repair. It 
has been emphasized that p53 activity is impaired in cancerous 
cells and that its expression is decreased. Calcitriol has been 
shown to induce p53 expression.33 Following RF exposure, 
calcitriol treatment significantly increased p53 expression in 
both cell lines, particularly at doses above 1 µM. 

An additional finding of the present study was that the two 
breast cancer cell lines differed in their responses to calcitriol. 
While MCF-7 cells exhibited a more pronounced increase in 
apoptosis and a biphasic pattern of cell viability, MDA-MB-231 
cells showed more modest changes in these parameters. These 
differences may reflect the distinct molecular characteristics 
of the two cell lines. Gx1A notable finding of the present study 
was a biphasic response in MCF-7 cells. Lower-dose calcitriol 
partially improved cell viability following RF exposure, whereas 
higher concentrations reduced viability. This pattern may 
reflect concentration-dependent cellular responses to calcitriol, 
suggesting that different signaling pathways may predominate 
at different doses. However, the underlying mechanisms were 
not investigated in the present study and should be explored in 
future studies.

Study limitations
A limitation of this study is that calcitriol-only treatment groups 
(without RF exposure), a separate vehicle (ethanol) control 
group, and non–malignant breast epithelial cells were not 
included. Therefore, the direct effects of calcitriol could not be 
determined based on its effects observed following RF exposure; 

the potential contribution of the vehicle could not be excluded; 
and the findings could not be directly extrapolated to normal 
breast epithelial cells. Future studies incorporating additional 
control groups may clarify the respective contributions of 
calcitriol and RF exposure under the experimental conditions 
used.

CONCLUSION
The present findings suggest that calcitriol modulates cellular 
and transcriptional responses in RF-exposed breast cancer 
cells. Following RF exposure, calcitriol treatment was associated 
with increased apoptosis and p53 and NF-κB mRNA expression 
levels, whereas ROS levels showed a decreasing trend that did 
not reach statistical significance. These findings indicate that 
calcitriol may modulate apoptosis- and inflammation-related 
pathways following RF exposure. However, additional studies, 
particularly those including calcitriol-only treatment groups 
and protein-level analyses, are required to further clarify the 
underlying mechanisms.
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ABSTRACT

Objectives: This study examined the association between polypharmacy and glycemic status among adults aged ≥ 50 years.
Materials and Methods: This cross-sectional analysis included 1,117 participants from the 2021 Iranian Multi-center Osteoporosis Study (XXX). 
Data on sociodemographic characteristics, lifestyle factors, clinical and biochemical measures, and medication use were collected using 
standardized questionnaires, physical examinations, laboratory assessments, and direct observation of medication packages. Polypharmacy 
was assessed using thresholds of ≥ 3 and ≥ 5 concurrent medications. Weighted prevalence estimates with 95% confidence intervals (CIs) 
were calculated, and multivariable logistic regression models were used to examine the association between polypharmacy and glycemic 
status, with adjustment for relevant demographic and health-related factors.
Results: Polypharmacy was more common in individuals with diabetes than in those with pre-diabetes (≥ 3 medications: 49.89% vs. 28.25%; ≥ 
5 medications: 26.28% vs. 9.82%).The mean number of medications was also higher among individuals with diabetes than among those with 
pre-diabetes (2.94 vs. 1.58). Among individuals receiving antidiabetic medications, polypharmacy defined as ≥ 5 medications was associated 
with higher odds of uncontrolled diabetes [adjusted odds ratio (AOR) = 2.21; 95% CI: 1.49, 3.29]. Each additional medication was also associated 
with higher odds of uncontrolled diabetes (AOR = 1.20; 95% CI: 1.12, 1.28).
Conclusion: Polypharmacy was associated with poorer glycemic control among adults aged ≥ 50 years. The association between polypharmacy 
and uncontrolled diabetes was particularly evident among those using ≥ 5 medications. These findings highlight the importance of considering 
overall medication burden when managing diabetes in this population.
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INTRODUCTION
Diabetes is a major public health concern among older adults 
and is frequently accompanied by multiple chronic conditions 
that require the use of several medications.1 The coexistence 
of diabetes and other chronic conditions often results in 
complex treatment regimens and increases the likelihood of 
polypharmacy. In addition to the challenges associated with 
managing multiple medications, polypharmacy may increase 
the risk of drug–drug interactions, adverse drug reactions, 
treatment burden, and poor health outcomes.2 Therefore, 
understanding the relationship between polypharmacy and 
glycemic status is clinically important, particularly among 
older adults with diabetes who are more likely to have multiple 
comorbidities and complex medication regimens.

Among the various definitions of polypharmacy, the use of 
five or more medications simultaneously is the most common.3 

However, according to a recent report from the World Health 
Organization (WHO), there is no generally accepted definition of 
polypharmacy.4 Polypharmacy is prevalent among individuals 
with diabetes, with approximately two–thirds of older people 
with diabetes taking multiple medications at the same time.5

The reported prevalence of polypharmacy across different 
studies ranged from 47% to 97.5% in older adults with diabetes, 
and the pooled prevalence in the study by Remelli  et al.5 was 
64%. A survey conducted in Finland showed that patients with 
type 2 diabetes used considerably more medications and had 
a significantly greater medication burden than non–diabetic 
patients.6 The need to add multiple medications to an individual’s 
treatment regimen is strongly influenced by  diabetes-related 
comorbidities and advanced age.7

Polypharmacy is clinically important because of its potential 
implications for overall health, quality of life, and life 
expectancy.7 Although the use of multiple medications may 
reflect a greater burden of disease, it may also independently 
increase the risk of drug interactions and adverse events.7,8 

Individuals with diabetes and multiple chronic conditions 
are more vulnerable to the adverse effects of polypharmacy 
because of neuropathy, dysautonomia, and vascular disease.7 

Although it’s reported that a statistically significant relationship 
exists between polypharmacy and mortality and myocardial 
infarction, a non-statistically significant relationship was found 
between polypharmacy and stroke and hospitalization in a 
systematic review and meta-analysis study.9

Previous studies have provided important evidence regarding 
polypharmacy among individuals with diabetes. For instance, 
the survey by Remelli et al.5 reported a high prevalence of 
polypharmacy among older adults with diabetes and highlighted 
its association with several health-related outcomes, including 
glycemic control, syncope, hospitalization, and mortality. 

However, most studies in Iran on polypharmacy among 
individuals with diabetes have been hospital–based and have 
primarily focused on the prevalence of polypharmacy rather 
than the relationship between polypharmacy and glycemic 
status. Therefore, this study aimed to explore the association 
between polypharmacy and both glycemic status among adults 

aged ≥ 50 years with diabetes or pre-diabetes, using data from 
the 2021 Iranian Multi-center Osteoporosis Study (IMOS). 

MATERIALS AND METHODS
Study population
IMOS is a national and population-based, cross-sectional 
survey which has been administered in Iran to estimate the 
prevalence of osteoporosis and its risk factors.6 A multi-stage 
stratified random sampling approach was applied, in which 
the 31 provinces of Iran were stratified into five homogeneous 
strata based on potential osteoporosis risk factors, and one 
or two provinces were randomly selected from each stratum. 
Ultimately, eight provinces (Tehran, Isfahan, Mazandaran, West 
Azerbaijan, North Khorasan, Fars, Kermanshah, and Khuzestan)
were included. Details of the IMOS study were published 
previously.6

The inclusion criteria for IMOS comprised sufficient physical and 
mental health abilities, including both females and males aged 
≥ 50 years who reside in rural and urban areas. The exclusion 
criteria of the study were  cystic fibrosis, inability to measure 
bone mineral density, pregnancy, weighing more than 150 kg, 
and having undergone X-ray imaging with contrast in the last 
14 days. In the IMOS study, 1450 individuals aged 50 years and 
older participated. Of these, 260 participants with normal blood 
glucose levels (fasting blood sugar < 100 mg/dL), no previous 
diagnosis of diabetes, and no current use of glucose-lowering 
medications were excluded from the study population. After 
removing 73 cases with missing data, we retained a sample of 
1117 individuals for analysis. Figure 1 summarizes the selection 
process and variable-specific missing data.

Study instruments and validation
Data were collected using version 3.2 of the WHO questionnaires, 
which were translated and standardized for use in Iran.10 The 
instruments were evaluated for internal consistency, face 
validity, and content validity and pilot–tested prior to their 
implementation. 

Figure 1. Missing and inclusion flowchart of the study
CKD, chronic kidney disease; BMI, body mass index.



SALEHI et al. Polypharmacy and Glycemic Status142

Sociodemographic and lifestyle variables measurements
Demographic data included age, sex, residential area, wealth 
index (WI), employment status, marital status, and years of 
schooling. WI was measured using a questionnaire consisting 
of 36 questions that evaluated household assets and covered 
different dimensions of participants’ assets. Principal 
component analysis (PCA), a statistical method, was employed 
to simplify and condense this information.11 PCA utilizes all 
the collected data to derive new summary variables, termed 
principal components. The initial principal component, which 
explained the largest variation in wealth, was WI.11 WI was 
categorized as 0 (lowest), 1 (moderate), and 2 (highest). The 
question used to determine participants’ employment status 
was: “What has been your employment status during the past 12 
months?” Years of schooling were divided into three groups: 6 
years or less, 7 to 11 years, and 12 years or more of successfully 
completed schooling. 

Anthropometric factors included body mass index (BMI) and 
waist circumference (WC). BMI, defined as the weight (kg) to 
the square of height (M) ratio, was divided into three categories: 
less than 25 as underweight or normal weight, 25 to 30 as 
overweight, and more than 30 as obese.12 WC was divided into 
two categories of less than 95 cm as non-central obesity and ≥ 
95 as central obesity.12

Systolic and diastolic blood pressures were measured three 
times with standard Beurer sphygmomanometers at the 
brachial artery; the interval between measurements was three 
minutes, and measurements were taken in a sitting position 
after 15 minutes of rest. The second and third measurements’ 
average was reported as the final blood pressure

Lifestyle factors included alcohol consumption, smoking, and 
physical activity. Alcohol consumption was evaluated using the 
question: “During the past 12 months, how often did you drink 
alcohol?” The question “do you currently smoke any tobacco 
products?” was used to evaluate tobacco use during the past 12 
months. Based on their responses, participants were classified 
into two groups: current smokers and non–current smokers. 
To evaluate physical activity, the Global Physical Activity 
Questionnaire version two, developed by WHO, was used.13 

This study measured physical activity in minutes per week.14 

Participants were classified as engaging in 150 minutes or 
more per week or less than 150 minutes per week. 

Biochemical assessments
Laboratory measurements—glycosylated hemoglobin A1C 
(HbA1C), fasting plasma glucose (FPG), and creatinine—were 
assessed using the auto-analyzer (Roche-Hitachi Cobas C311, 
High-Technologies Corporation, Tokyo, Japan).10 Blood samples 
were obtained after a 12-hour fasting period. The prestige 
premium 24i analyzer was used to assess urinary albumin. The 
estimated glomerular filtration rate (eGFR) was calculated using 
patients’ age, sex, and the measured serum creatinine.10 GFR 
was estimated from calibrated serum creatinine values using 
equations such as the Modification of Diet in Renal Disease 
(MDRD) Study equation and the Cockcroft-Gault formula.15

Definitions of clinical conditions
Diabetes was defined as fasting blood sugar levels ≥ 126 mg/
dL, HbA1c ≥ 6.5%, or self-reported medical diagnosis or use 
of glucose-lowering medications, including oral medications or 
insulin.16 Pre-diabetes was defined as fasting blood sugar levels 
between 100 mg/dL and 126 mg/dL, HbA1c between 5.7% and 
6.5%, and not being on medication for diabetes.16

Individuals with diabetes were classified into two main 
categories: those who were unaware of their condition and 
those who were aware. The aware group was further divided 
into individuals not receiving treatment and those receiving 
treatment. Among those receiving treatment, glycemic status 
was categorized as controlled or uncontrolled based on HbA1c 
levels. HbA1c < 7.0% was considered controlled diabetes, 
whereas HbA1c ≥ 7.0% was considered uncontrolled diabetes, 
consistent with the glycemic target recommended by the 
American Diabetes Association.17

The variable “multiple long-term conditions” was defined as the 
co-occurrence of at least two chronic conditions in the same 
individual, including cardiovascular diseases (CVDs), cancer, 
hypertension, chronic kidney disease (CKD), and diabetes. CVD 
was evaluated by a self-reported response to the question: 
“Have you ever had a heart attack or chest pain from heart 
disease (angina) or a stroke (cerebrovascular accident or 
incident)?” The history of cancer was also assessed by self-
report, using the question: “During the past 12 months, did a 
doctor or other health worker tell you that you had cancer?. 
Hypertension can be defined by any of the following criteria: 
systolic blood pressure of 140 mmHg or higher, diastolic blood 
pressure of 90 mmHg or higher, or a history of antihypertensive 
medication use. CKD was defined as an eGFR < 60 mL/min/1.73 
m2 or urine albumin excretion > 30 mg/g in individuals with 
diabetes.15

Assessment of polypharmacy
Polypharmacy in this study is defined both as taking three 
or more medications at one time and as taking five or more 
medications. In the main analysis, vitamin supplements are 
included in the list of medications and in the definition of 
polypharmacy. However, tables presenting polypharmacy data 
excluding vitamins from the list of medications are provided 
in the supplementary file. Participants were asked to bring 
their medication packages with them to the interview, and the 
interviewer recorded  medication information after directly 
observing the medications. 

Statistical analysis 
All analyses used weighted data to reflect the national population 
accurately. The final weight was derived by combining sampling, 
response, and post-stratification weights. Detailed procedures 
for weight construction are described in the study protocol.6 

By excluding observations with missing values (6.13%), a 
complete-case approach was used in the analyses. Descriptive 
statistics, including weighted prevalence estimates and 95% 
confidence intervals (CIs), were calculated. The association 
between polypharmacy and diabetes control among individuals 
receiving antidiabetic medication was examined using three 
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models: a crude model, a model adjusted for age and sex, and a 
fully adjusted model that included all demographic and health–
related variables assessed in the study. The variables included 
in the adjustment were age, sex, WI, years of schooling, 
physical activity, and multiple long-term conditions. A stepwise 
backward-elimination method was applied to fully adjusted 
models, and a p-value threshold of less than 0.2 was used for 
inclusion. All the statistical analyses were conducted via Stata 
version 14.2 (Stata Corp LLC, College Station, TX, USA)18 and 
the figures were produced via Microsoft Excel 2016.19

Ethical considerations
Prior to participation, all individuals gave written informed 
consent. The study protocol was reviewed and approved by 
Tehran University of Medical Sciences Ethics Committee 
(approval ID: IR.TUMS.EMRI.REC.1403.144, date: 23.02.2025). 
The research was conducted in accordance with the ethical 
standards set forth in the Declaration of Helsinki.

RESULTS
In the total population, the mean age of participants was 61.18 
(95% CI: 60.65–61.70), and 53.46% (95% CI: 50.08–56.82) of 
participants were female. Of the 1,117 participants included in 
the analysis, 670 had pre-diabetes and 447 had diabetes. Among 
individuals with pre-diabetes, 69 used ≥ 5 medications and 180 
used ≥ 3 medications. In the diabetic group, 111 participants used 
≥ 5 medications and 212 used ≥ 3. After excluding vitamins and 
supplements from the medication list, the number of individuals 
with polypharmacy was slightly lower, with 63 pre-diabetic and 
103 diabetic participants used ≥ 5 medications, and 168 and 
205, respectively, used ≥ 3 medications.

Association between polypharmacy and diabetes or pre-
diabetes 
Polypharmacy was more prevalent among females than males 
in both glycemic groups. In pre-diabetics, 32.75% (95% CI: 
27.23–38.79) of females and 23.50% (95% CI: 18.32–29.61) of 
males used ≥ 3 medications; corresponding figures in diabetics 
were 51.46% (95% CI: 44.69–58.17) and 47.82% (95% CI: 39.63–
56.12), respectively. Use of ≥ 5 medications was also higher in 
females (pre-diabetics: 10.22% (95% CI: 7.17–14.37) vs. 9.40% 
(95% CI: 6.29–13.83); diabetics: 29.13% (95% CI: 23.29–35.75) 
vs. 22.54% (95% CI: 16.23–30.40). Polypharmacy was also 
more prevalent among participants aged ≥ 60 years than among 
those aged < 60 years, particularly among individuals with 
diabetes (56.20% vs. 40.44% for ≥ 3 medications) (Table 1).  

The prevalence estimates in Table 1 describe the distribution 
of polypharmacy across participant characteristics and should 
not be interpreted as statistically significant associations in the 
absence of corresponding inferential tests.

The prevalence of polypharmacy varied across educational 
categories, but the pattern was not clearly linear. For example, 
for ≥ 5 medications, prevalence was 31.16% (95% CI: 25.21–
37.80) among participants with ≤ 6 years of schooling, 13.36% 
(95% CI: 6.63–25.10) among those with 7–11 years, and 21.10% 
(95% CI: 13.75–30.97) among those with ≥ 12 years of schooling. 

Polypharmacy was also more prevalent among unemployed 
than among  employed participants in both glycemic groups. 

The prevalence of polypharmacy varied across WI categories. 
In the pre-diabetic group, the prevalence of ≥ 3 medication 
use ranged from 24.95% (95% CI: 19.09–31.90) in the lowest 
wealth category to 31.26% (95% CI: 24.27–39.22) in the highest 
category. Among individuals with diabetes, the  prevalence 
ranged from 45.62% (95% CI: 37.02–54.49) in the lowest wealth 
category to 52.69% (95% CI: 43.59–61.62) in the middle wealth 
category.

Polypharmacy also varied across BMI and WC categories. 
Among pre-diabetic individuals, the highest prevalence of ≥ 
3 medication use was observed among those with BMI ≥ 30 
kg/m2 (35.71%; 95% CI: 28.17–44.02). Among individuals with 
diabetes, the prevalence of ≥ 3 medication use was 55.76% (95% 
CI: 47.83–63.41) among those with BMI >30 kg/m2. Participants 
with WC ≥ 95 cm had a prevalence of 30.19% (95% CI: 25.19–
35.72) and 51.21% (95% CI: 45.17–57.23) for ≥ 3 medications 
among pre-diabetic and diabetic groups, respectively, while 
the corresponding prevalence for ≥ 5 medications was 10.74% 
(95% CI: 7.77–14.67) and 29.84% (95% CI: 24.49–35.81).

Polypharmacy prevalence was lower among participants 
reporting ≥ 150 minutes of physical activity per week than 
among those reporting < 150 minutes per week. For ≥ 3 
medications, the corresponding prevalence was 21.70% (95% 
CI: 16.92–27.39) versus 34.16% (95% CI: 28.46–40.36) in pre-
diabetic individuals and 47.50% (95% CI: 38.91–56.23) versus 
51.21% (95% CI: 44.63–57.74) in individuals with diabetes.

The strongest descriptive gradient was observed across 
categories of multiple long-term conditions. Among pre-diabetic 
individuals, the prevalence of ≥ 3 medications increased from 
15.04% (95% CI: 10.60–20.92) among those without multiple 
long-term conditions to 55.86% (95% CI: 45.43–65.80) among 
those with two or more conditions. Among individuals with 
diabetes, the corresponding prevalence increased from 37.09% 
(95% CI: 26.80–48.72) to 63.75% (95% CI: 55.13–71.57). A 
similar pattern was observed for the ≥ 5-medication threshold.

In the Supplementary Table S1, the prevalence of polypharmacy 
was re-evaluated separately in diabetic and pre-diabetic 
groups, with  vitamins and dietary supplements excluded from 
the medication list. 

Figure 2 illustrates the prevalence of polypharmacy in 
individuals with diabetes and pre-diabetes, stratified by 
comorbid conditions. The highest prevalence estimates for both 
polypharmacy thresholds were observed among participants 
with CVD.

Cumulative prevalence and categories of medication use among 
diabetic and pre-diabetic population
According to Table 2, the mean number of medications used 
was 1.58 (95% CI: 1.39–1.77) for individuals with pre-diabetes 
and 2.94 (95% CI: 2.66–3.21) for individuals with diabetes. 
The prevalence of medication use was consistently higher 
among individuals with diabetes across the medication-count 
categories. For example, 35.52% (95% CI: 30.56–40.80) of 
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Table 1. Prevalence of polypharmacy among pre-diabetics and diabetics population.

Pre-diabetes population Diabetic population

Polypharmacy ≥ 3 ≥ 5 ≥ 3 ≥ 5

% (95% CI) % (95% CI) % (95% CI) % (95% CI)

Total 28.25 (24.36, 32.49) 9.82 (7.54, 12.71) 49.89 (44.64, 55.13) 26.28 (21.86, 31.25)

Age

< 60 23.79 (18.90, 29.49) 6.75 (4.28, 10.48) 40.44 (32.63, 48.77) 17.78 (12.29, 25.02)

≥ 60 33.06 (27.24, 39.45) 13.15 (9.49, 17.92) 56.20 (49.50, 62.69) 31.97 (25.90, 38.73)

Sex

Female 32.75 (27.23, 38.79) 10.22 (7.17, 14.37) 51.46 (44.69, 58.17) 29.13 (23.29, 35.75)

Male 23.50 (18.32, 29.61) 9.40 (6.29, 13.83) 47.82 (39.63, 56.12) 22.54 (16.23, 30.40)

BMI [kg/(m)2]

< 25 19.01 (13.18, 26.61) 5.52 (3.07, 9.74) 46.95 (35.46, 58.77) 21.11 (12.86, 32.64)

25-30 28.82 (23.05, 35.38) 12.47 (8.57, 17.78) 45.23 (36.77, 53.98) 22.82 (16.18, 31.18)

> 30 35.71 (28.17, 44.02) 9.37 (5.98, 14.38) 55.76 (47.83, 63.41) 32.23 (25.24, 40.12)

Waist (cm)

< 95 25.36 (19.51, 32.26) 8.46 (5.32, 13.20) 46.30 (35.98, 56.95) 16.68 (10.27, 25.92)

≥ 95 30.19 (25.19, 35.72) 10.74 (7.77, 14.67) 51.21 (45.17, 57.23) 29.84 (24.49, 35.81)

Residential area

Rural 23.24 (17.05, 30.84) 7.97 (4.77, 13.04) 41.74 (31.89, 52.30) 20.17 (13.20, 29.56)

Urban 30.14 (25.44, 35.29) 10.52 (7.73, 14.16) 52.47 (46.43, 58.44) 28.23 (22.99, 34.13)

Wealth index

0 (lowest) 24.95 (19.09, 31.90) 10.87 (7.05, 16.40) 45.62 (37.02, 54.49) 22.33 (15.89, 30.44)

1 28.72 (22.15, 36.34) 8.94 (5.27, 14.78) 52.69 (43.59, 61.62) 29.59 (21.78, 38.81)

2 (highest) 31.26 (24.27, 39.22) 9.67 (6.34, 14.49) 51.32 (42.04, 60.51) 26.78 (19.29, 35.88)

Employment status

Unemployed 30.68 (26.18, 35.57) 12.03 (9.07, 15.78) 53.70 (47.74, 59.55) 28.62 (23.49, 34.37)

Employed 21.68 (14.60, 30.93) 3.87 (1.95, 7.53) 35.28 (25.64, 46.30) 17.34 (10.30, 27.71)

Marital status

Single 26.02 (17.18, 37.37) 10.49 (5.87, 18.06) 53.49 (41.32, 65.26) 29.20 (19.16, 41.78)

Married 28.62 (24.41, 33.25) 9.71 (7.23, 12.93) 49.04 (43.26, 54.85) 25.60 (20.80, 31.07)

Years of schooling (years)

≤ 6 27.60 (22.82, 32.95) 10.91 (7.95, 14.81) 52.05 (45.43, 58.59) 31.16 (25.21, 37.80)

7-11 25.39 (16.00, 37.82) 7.89 (3.83, 15.54) 38.76 (26.13, 53.11) 13.36 (6.63, 25.10)

≥ 12 31.21 (23.54, 40.08) 8.68 (4.67, 15.59) 50.62 (39.84, 61.35) 21.10 (13.75, 30.97)

Alcohol consumption during 
past 12 months

No 28.77 (24.81, 33.07) 10.05 (7.72, 13.00) 50.26 (44.95, 55.57) 26.40 (21.92, 31.42)

Yes 6.02 (0.80, 33.82) 0 35.63 (12.16, 68.86) 22.08 (4.66, 62.18)

Current smoking 

No 29.23 (25.04, 33.81) 9.53 (7.26, 12.42) 50.30 (44.75, 55.86) 25.96 (21.31, 31.22)



   SALEHI et al. Polypharmacy and Glycemic Status    145

individuals with diabetes used ≥ 5 medications compared with 
16.01% (95% CI: 13.08–19.45) of those with pre-diabetes. Similar 
results were observed when excluding vitamins from the list of 
medications (Supplementary Table S2). 

Supplementary Table S3 in the  supplementary files presents 
the five therapeutic drug groups most frequently used by 
individuals with diabetes and pre-diabetes. Cardiovascular 
medications were the most commonly reported class of drugs 
in both groups.

Diabetes status according to polypharmacy
Among pre-diabetic individuals, mean HbA1c was 5.93% (95% 
CI: 5.83–6.03) among those using ≥ 5 medications and 5.91% 
(95% CI: 5.88–5.93) among those using < 5 medications. A 
similar, difference was observed when polypharmacy was 
defined as ≥ 3 medications (5.93% vs. 5.90%). Given the overlap 
in CIs, these findings are best interpreted as descriptive 
differences rather than as  evidence of  meaningful differences 
in glycemic measures (Table 3).

Among individuals with diabetes, mean HbA1c was 8.30% 
(95% CI: 7.94–8.66) among those using ≥ 5 medications 
compared with 8.06% (95% CI: 7.81–8.31) among those using < 
5 medications. Mean FPG was also higher among participants 
using ≥ 5 medications (156.36 mg/dL; 95% CI: 148.08–164.65) 
than among those using < 5 medications (151.00 mg/dL; 95% CI: 
141.69–161.00).

Regarding diabetes status, the proportion of unaware individuals 
with diabetes was lower among those using ≥ 5 medications 
(27.03%; 95% CI: 18.72–37.33) than among those using < 5 
medications (52.52%; 95% CI: 46.46–58.50). A similar pattern 
was observed using the ≥ 3-medication threshold (34.32% vs. 
57.27%). In individuals receiving treatment, the prevalence of 
uncontrolled diabetes was higher in those meeting either of the 
polypharmacy thresholds. For the ≥ 5-medication definition, 
56.58% (95% CI: 46.05–66.56) had uncontrolled diabetes 
compared with 35.15% (95% CI: 29.68–41.05) among those 
using < 5 medications. For the ≥ 3-medication definition, the 
corresponding figures were 51.96% (95% CI: 44.35–59.48) and 
29.66% (95% CI: 23.51–36.65), respectively (Table 3).

Association between polypharmacy and uncontrolled diabetes 
among individuals using antidiabetic medications 
Table 4 presents the association between polypharmacy and 
uncontrolled diabetes among 243 individuals using antidiabetic 
medications, of whom 188 had uncontrolled diabetes. In the 
crude analysis, both polypharmacy definitions were associated 
with higher odds of uncontrolled diabetes. For ≥ 5 medications, 
the crude odds ratio (OR) was 3.16 (95% CI: 2.19–4.56; p < 
0.001), while for ≥ 3 medications it was 2.84 (95% CI: 2.07–
3.90; p < 0.001).

Model 1 was adjusted for age and sex to account for the two 
basic demographic factors that may be associated with both 
medication burden and glycemic control. After this adjustment, 
the associations remained similar: the adjusted OR (AOR) was 
2.99 (95% CI: 2.06–4.36; p < 0.001) for ≥ 5 medications and 2.78 
(95% CI: 2.01–3.83; p < 0.001) for ≥ 3 medications.

Model 2 was  additionally adjusted for years of schooling, 
physical activity, multiple long-term conditions, and WI. 
Following this more extensive adjustment, the association 
between ≥ 5 medications and uncontrolled diabetes remained 
statistically significant (AOR = 2.21; 95% CI: 1.49–3.29; p < 
0.001). In contrast, the association for ≥ 3 medications was 
attenuated and was no longer statistically significant (AOR = 
1.58; 95% CI: 0.81–3.09; p = 0.178).

Figure 2. Prevalence of polypharmacy stratified by comorbidity status in 
diabetic and pre-diabetic individuals; Polypharmacy was defined in this 
figure as the use of ≥ 5 medications and alternatively as ≥ 3 medications
CKD, chronic kidney disease; CVD, cardiovascular diseases; HTN, hypertension. 

Table 1. Continued.

Pre-diabetes population Diabetic population

Yes 22.07 (13.14, 34.64) 11.65 (5.02, 24.73) 46.48 (31.53, 62.09) 28.95 (16.63, 54.44)

Physical activity 

< 150 min/week 34.16 (28.46, 40.36) 12.73 (9.39, 17.04) 51.21 (44.63, 57.74) 30.15 (24.39, 36.61)

≥ 150 min/week 21.70 (16.92, 27.39) 6.60 (3.91, 10.93) 47.50 (38.91, 56.23) 19.28 (13.23, 27.22)

Multiple long-term Conditions

No disease 15.04 (10.60, 20.92) 3.89 (2.13, 7.00) 37.09 (26.80, 48.72) 12.66 (6.60, 22.90)

One disease 29.06 (23.32, 35.56) 9.25 (6.05, 13.89) 43.60 (35.60, 51.94) 21.32 (15.33, 28.85)

Two or more diseases 55.86 (45.43, 65.80) 24.26 (16.38, 34.36) 63.75 (55.13, 71.57) 39.18 (31.11, 47.90)

CI, confidence interval; BMI, body mass index.



SALEHI et al. Polypharmacy and Glycemic Status146

Table 2. Cumulative prevalence of medication use among pre-diabetics and diabetics population

Number of medication use

Pre-diabetic population Diabetic population

% (95% CI) % (95% CI)

Mean 1.58 (1.39, 1.77) 2.94 (2.66, 3.21)

0 47.20 (42.85, 51.60) 23.77 (19.77, 28.29)

≥ 1 52.80 (48.40, 57.15) 76.23 (71.71, 80.23)

≥ 2 38.20 (34.01, 42.57) 64.68 (59.61, 69.45)

≥ 3 28.25 (24.37, 32.48) 49.89 (44.66, 55.12)

≥ 4 16.01 (13.08, 19.45) 35.52 (30.56, 40.80)

≥ 5 9.82 (7.54, 12.70) 26.28 (21.86, 31.25)

≥ 6 5.72 (3.92, 8.26) 16.61 (13.08, 20.87)

≥ 7 3.07 (1.88, 4.96) 9.01 (6.50, 12.35)

≥ 8 1.50 (0.67, 3.33) 6.35 (4.29, 9.31)

≥ 9 1.20 (0.46, 3.13) 3.00 (1.67, 5.34)

≥ 10 1.12 (0.40, 3.10) 2.12 (1.03, 4.28)

Data have been weighted to account for overall non-response, non-response at each step, and sample distribution across provinces, adjusted for age, sex, and area 
of residence.
The reported percentages represent column-wise prevalence. 
CI, confidence interval.

Table 3. Diabetes status according to polypharmacy

Number of medication use

Variable < 5 ≥ 5 < 3 ≥ 3

Pre-diabetes population (n = 670)

Mean HbA1c, % (95% CI) 5.91 (5.88, 5.93) 5.93 (5.83, 6.03) 5.90 (5.87, 5.92) 5.93 (5.88, 5.98)

Mean FPG, mg/dL (95% CI) 97.97 (97.18, 98.76) 99.82 (97.35, 102.28)
98.09 (97.24, 
98.94)

98.31 (96.75, 99.87)

Diabetes population (n = 447)

Mean HbA1c, % (95% CI) 8.06 (7.81, 8.31) 8.30 (7.94, 8.66) 7.95 (7.63, 8.27) 8.30 (8.04, 8.57)

Mean FPG, mg/dL (95% CI) 151.00 (141.69, 161.00)
156.36 (148.08, 
164.65)

153.80 (146.78, 
160.82)

156.28 (145.09, 167.48)

Diabetes status

Unaware, % (95% CI) 52.52 (46.46, 58.50) 27.03 (18.72, 37.33)
57.27 (49.98, 
64.25)

34.32 (27.28, 42.12)

Aware

No treatment, % (95% CI) 2.10 (1.05, 4.17) 3.60 (1.12, 10.95) 1.89 (0.80, 4.40) 3.10 (1.33, 7.06)

Under 
treatment 

Uncontrolled, 
% (95% CI)

35.15 (29.68, 41.05) 56.58 (46.05, 66.56)
29.66 (23.51, 
36.65)

51.96 (44.35, 59.48)

Controlled, % 
(95% CI)

10.23 (7.13, 14.46) 12.79 (7.44, 21.09) 11.18 (7.25, 16.85) 10.62 (7.02, 15.75)

Data have been weighted to account for overall non-response, non-response at each step, and sample distribution across provinces, adjusted for age, sex, and area 
of residence. The reported percentages represent column-wise prevalence.
CI, confidence interval; HbA1c, glycosylated hemoglobin A1C; FPG, fasting plasma glucose.
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When medication count was analyzed as a continuous variable, 
each additional medication was associated with higher odds of 
uncontrolled diabetes. This association remained statistically 
significant after adjustment, with an AOR of 1.20 (95% CI: 
1.12–1.28; p < 0.001) in Model 2, corresponding to approximately 
20% higher odds of uncontrolled diabetes for each additional 
medication.

DISCUSSION
Polypharmacy was more prevalent in individuals with 
diabetes than in those with pre-diabetes. The mean number of 
medications was also higher in individuals with diabetes than 
in those with pre-diabetes (2.94 vs. 1.58), indicating a greater 
medication burden in the diabetes group. The prevalence 
of polypharmacy also varied by age, sex, anthropometric 
characteristics, residential area, physical activity, and 
comorbidity. Mean HbA1c and FPG levels were higher among 
individuals with polypharmacy. Uncontrolled diabetes was 
more common among individuals with polypharmacy. Among 
individuals receiving antidiabetic medications, the association 
between polypharmacy and uncontrolled diabetes remained 
statistically significant after adjustment when polypharmacy 
was defined as ≥ 5 medications.

The substantially higher medication burden observed among 
individuals with diabetes compared with those with pre-
diabetes is consistent with the greater complexity of disease 
management in diabetes. In our study, individuals with diabetes 
used nearly twice as many medications on average as those 
with pre-diabetes, and the prevalence of both ≥ 3 and ≥ 5 
medication use was considerably higher in the diabetes group. 
This difference is also consistent with previous evidence 
indicating a high prevalence of polypharmacy among individuals 
with diabetes and a greater medication burden compared with 
individuals without diabetes.5 The higher medication burden 
among individuals with diabetes may partly reflect the need 
for glucose-lowering therapy together with medications for 
diabetes-related comorbidities and other chronic conditions. 
Clinically, these findings highlight the importance of considering 

overall medication burden when managing individuals with 
diabetes, particularly those with multiple chronic conditions.

Polypharmacy was more common among adults older than 
60 years in our study. This may be because older adults often 
have multiple coexisting medical conditions and take several 
medications concurrently.20 Women may also be at greater 
risk of receiving potentially inappropriate medications. There 
are several reasons for this matter; for instance, women seek 
more medical care than men.21 They have better social aptitude 
for expressing their symptoms to their healthcare practitioner. 
Therefore, women are more likely to be diagnosed with multiple 
medical conditions. On the other hand, for some men, masculine 
ideologies act as a barrier to seeking healthcare, thereby 
reducing their likelihood of being diagnosed with chronic 
conditions.22-27

As stated previously, the prevalence of polypharmacy varied 
across educational categories, without a clear linear pattern. 
The literature suggests that there are various reasons for 
this. Firstly, individuals with less education tend to be less 
involved in preventive health measures, thereby placing them 
at greater risk of conditions that may require polypharmacy.28,29 
Secondly, people with lower education are less proactive in 
shared decision making.30 Therefore, are more likely to take 
multiple medications without asking for further explanation.31,32 

However, given the non–linear pattern observed in our study, 
these potential explanations should be interpreted cautiously.

As indicated in the study results, individuals with different 
levels of socioeconomic status (SES) showed variation in the 
prevalence of polypharmacy. People with higher SES may still 
have as much multimorbidity but because of their social status 
they benefit from better access to healthcare services and 
preventive care, which may influence medication usage.33 Some 
reviews have indicated that low SES is related to medication 
non-adherence, which may be associated with a greater burden 
of chronic conditions and polypharmacy.34-37 Also, people with 
better social status use more preventive services, diagnostic 
services, and receive better treatment quality.38

Table 4. Relationship between polypharmacy and uncontrolled diabetes (n = 188) in anti-diabetic medication consumers (n = 243) 
using stepwise logistic regression

Crude Model 1 Model 2

OR (95% CI) p-value AOR (95% CI) p-value AOR (95% CI) p-value

Polypharmacy 

< 5 Reference Reference Reference

≥ 5 3.16 (2.19, 4.56) < 0.001 2.99 (2.06, 4.36) < 0.001 2.21 (1.49, 3.29) < 0.001

Polypharmacy 

< 3 Reference Reference Reference

≥ 3 2.84 (2.07, 3.90) < 0.001 2.78 (2.01, 3.83) < 0.001 1.58 (0.81, 3.09) 0.178

Medication use (per 
each medication)

1.27 (1.19, 1.34) < 0.001 1.26 (1.18, 1.34) < 0.001 1.20 (1.12, 1.28) < 0.001

Model 1: adjusted for age and sex; Model 2: adjusted for age, sex, years of schooling, physical activity, comorbidity and wealth index; OR, odds ratio; CI, confidence 
interval; AOR, adjusted odds ratio.



SALEHI et al. Polypharmacy and Glycemic Status148

Obesity and overweight which is a manifestation of high 
BMI and large WC, were associated with higher prevalence 
of polypharmacy in our study. This may partly reflect the 
coexistence of obesity with several non–communicable 
diseases and metabolic conditions, which may increase the 
overall medication burden.39,40 In this study, alcohol consumption 
also showed differences in polypharmacy prevalence across 
categories. However, some studies have found that in women 
exclusively, alcohol consumption is related to lower risk of 
polypharmacy.41,42

This study also revealed that polypharmacy prevalence was 
higher among individuals with a greater number of comorbidities. 
Clinical condition of individuals is one of the major factors 
of physical function.43 The coexistence of multiple chronic 
conditions may require management with several medications 
and may therefore contribute to a greater medication burden.39

As indicated in the results, polypharmacy was associated with 
uncontrolled diabetes among individuals receiving antidiabetic 
medications, particularly when polypharmacy was defined as 
the use of ≥ 5 medications. This association may have several 
possible explanations. A higher medication burden may reflect 
greater disease complexity and a higher prevalence of comorbid 
conditions, which may also be related to poorer glycemic 
control. In addition, treatment adherence may influence 
glycemic control, and several factors, including forgetfulness, 
financial constraints, disappearance of symptoms, and being 
busy, have been reported as reasons for non–adherence to 
treatment.44 However, medication adherence and drug–drug 
interactions were not assessed in the present study; therefore, 
their potential roles in the observed association cannot be 
directly evaluated.

Study limitations
This study is based on IMOS survey as a nationwide study 
which includes participants aged ≥ 50 years across provinces 
of Iran, enhancing the generalizability of findings. Simultaneous 
assessment of diabetes and pre-diabetes allows for comparison 
and early recognition of risk patterns associated with 
polypharmacy. The main limitation of this study is its cross-
sectional design, which does not allow the establishment of 
temporal or causal relationships between polypharmacy and 
associated factors. Medication use and comorbidities were 
self-reported, which may introduce recall bias. Although 
antidiabetic medications were included in the polypharmacy 
definition to capture the overall medication burden among 
individuals receiving treatment for diabetes, this approach may 
partly reflect treatment intensity and  influence the observed 
association with glycemic control. This should be considered 
when interpreting the findings. This study did not include an 
evaluation of medication appropriateness or adherence.

CONCLUSION
Uncontrolled diabetes was associated with polypharmacy 
among adults aged ≥ 50 years receiving antidiabetic 
medications, particularly when polypharmacy was defined as 
the use of ≥ 5 medications. The observed association does 

not establish a causal relationship, and the potential roles of 
medication adherence and drug–drug interactions could not be 
assessed in this study. These findings highlight the relevance 
of considering overall medication burden in the clinical 
management of individuals with diabetes.
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INTRODUCTION
The skin is the largest organ in adults (surface area: ∼2 m2 
and weight: ∼3.6 kg), and has three layers: dermis, hypodermis, 
and epidermis.1,2 Skin diseases include scabies, superficial 
mycoses, eczema (dermatitis), pigment anomalies, and acne.3 
Acne involves inflammatory lesions (papules and pustules), 
noncomedones, and seborrhea.4 Acne vulgaris (acne) is a 
chronic inflammatory disease that affects the  pilosebaceous 
follicles. It ranks eighth among skin diseases and affects 

9.4% of the world’s population.5 Clinical and psychological 
consequences can occur, including negative psychological 
effects resulting from potential scarring and pigmentary 
changes.6

Nadifloxacin (NDF) is a newer quinolone-derivative antibiotic 
commonly used topically to treat inflammatory acne lesions.7,8 
NDF is antibacterial and anti-inflammatory, making it 
beneficial for treating inflammatory acne. It is highly effective 
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Nadifloxacin-Loaded Thermosensitive In Situ Gel 
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ABSTRACT

Objectives: In our study, we aimed to prepare topical in situ gels containing nadifloxacin (NDF), used in the treatment of acne and superficial 
skin infections, and to evaluate them using characterization studies.
Materials and Methods: Thermosensitive (temperature-sensitive) in situ gels were produced by the cold method using poloxamer 188 (P188) 
and poloxamer 407 (P407) after methylcellulose (MC) and gellan gum (GG) were dissolved. Finally, the NDF concentration in the gels was 1% 
(w/w). The prepared gels exhibited desirable properties, as shown by Fourier-transform infrared spectroscopy, and in clarity, pH, gelation 
temperature, gelling capacity, viscosity, mechanical properties (springiness, resilience, and cohesiveness), spreadability (work of adhesion, 
work of shear, stickiness, and firmness), drug content uniformity, in vitro release, and cytocompatibility (MTT cytotoxicity assay). The impact 
of critical materials in the formulation on the  results was evaluated using quality by design.
Results: The gelation temperatures of all NDF-included in situ gels were found to be in the range of 30–35.2 °C. Furthermore, the cytotoxicity 
of these gels was evaluated using MTT analysis. Based on the observed results, the most suitable gel was identified as N3, which contains 
17.5% P407, 7% P188, 0.7% MC, 0.1% GG, and 1% NDF. 
Conclusion: After further studies to determine its effectiveness against acne, it could become an alternative to existing creams for acne and 
superficial skin infections on the market.
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against Gram-negative and Gram-positive bacteria, such as 
Propionibacterium acnes. NDF 1% cream is available for the 
treatment of acne.8 It is applied twice a day for 1 or 2 weeks.7 
However, NDF has very low water solubility (Log p = 2.47), and, 
because of the large droplet size of dermal creams, penetration 
into the skin layers is limited, which has led to patient non-
compliance with treatment. These problems may be overcome 
by different drug delivery systems.8

In situ gel is a drug-delivery system that transitions from “sol 
to gel” upon application, providing sustained drug release. 
While their advantages include extended drug residence time, 
improved patient compliance, and localized drug delivery, 
they also have some known disadvantages, such as limited 
mechanical strength and drug degradation. In situ gels are divided 
into three groups: temperature-sensitive (thermosensitive), 
pH-sensitive, and ion-sensitive.9,10 Temperature-sensitive in 
situ gel systems are in the “sol” state at room temperature. 
Depending on the application site, they transition from sol to 
gel at different temperatures (32–37 °C). As the temperature 
increases, polymer-water interactions change. Polymers 
undergo gelation as temperature increases at concentrations 
above the critical micelle concentration.11 Poloxamers, well-
known polymers, are thermosensitive and are liquid at 4–5 °C, 
turning into a gel as temperature rises. Poloxamers are suitable 
for topical, nasal, ophthalmic, and vaginal application routes.12 
NDF was homogeneously dispersed within the prepared in 
situ gels. Compared with conventional cream formulations, 
this formulation offers the advantage of prolonged residence 
time at the application site due to its adhesive properties and 
in situ gelation behavior. In situ gel systems are a special class 
of polymeric sustained-release formulations that are prepared 
in liquid form and transform into a gel after administration via 
various physicochemical triggers. In these systems, the drug 
may be present in the polymeric matrix either in dissolved form 
or as a suspension.13 In situ gels transform from a solution or 
suspension into a gel at the target site under the influence of 
factors such as interactions with body fluids, temperature, pH, 
ion concentration, UV radiation, and the presence of specific 
molecules and ions.10 In the literature, dexamethasone-dispersed 
in situ gels for oral mucosal application,14 fusidic acid-loaded 
ophthalmic in situ gels 9, and econazole nitrate-loaded vaginal 
in situ gels15 prepared using this approach have been reported.

Gellan gum (GG) is a microbial polysaccharide produced by 
Pseudomonas elodea, characterized by its water solubility and 
mucoadhesive properties.14 Initially utilized in the food industry 
as a stabilizing, thickening, and gelling agent, this biopolymer 
has recently attracted considerable attention in pharmaceutical 
applications due to its biocompatibility, biodegradability, low 
toxicity, and structural stability.14,16,17 In the present study, 
GG was preferred not only because of these advantageous 
properties but also due to its ability to form soft gels even at 
low concentrations.14

Quality by design (QbD) is an approach to development that 
emphasizes understanding of process and product through 
quality risk management and starts with predefined targets. 
Pharmaceutical development includes the critical quality 

attribute (CQA) and the quality target product profile (QTPP).18-20 

Critical material attributes (CMAs) may include excipients, such 
as polymers in the formulation, and these affect the CQAs.21

Our study aims to propose a novel approach for the topical 
application of NDF by preparing temperature-sensitive in situ 
gel formulations to treat acne and superficial skin infections. 
In situ gels were prepared using poloxamers (Poloxamer 407 
and 188) and different polymers [methyl cellulose (MC) and 
GG] for evaluation using the QbD approach. Fourier-transform 
infrared (FTIR) were recorded, and the gels were characterized 
for gelation temperature (Tsol-gel, sol-gel temperature), 
clarity, gelling capacity, pH, viscosity, mechanical properties 
(springiness, cohesiveness, and resilience), spreadability (work 
of adhesion, work of shear, firmness, and stickiness), drug 
content, cytotoxicity, and drug release assays. 

MATERIALS AND METHODS
Ethics committee approval and informed consent were not 
required for this study because the study did not involve human 
participants or animals.

Materials
Medium-viscosity MC was obtained from BioBasic (Canada). 
GG was obtained from Thermo Scientific. Poloxamers 188 
(P188) and 407 (P407) were provided by BASF. NDF was 
provided by Berko Pharmaceutical Company (İstanbul, Türkiye) 
and Santa Farma Pharmaceutical Company (İstanbul, Türkiye). 
Dialysis membrane (diameter 16 mm, Spectra/Por® 2, Vol/Lg 
2 mL/cm, molecular weight of 12–14 kDa) was obtained from 
Spectrumlabs. Methanol was supplied by Isolab. The phosphate-
buffered saline (PBS, pH 7.4) tablet was obtained from Sigma–
Aldrich (United States). The L929 mouse fibroblast cell line was 
obtained from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). Penicillin-streptomycin solution (10,000 
U/mL penicillin, 10,000 µg/mL streptomycin) and fetal bovine 
serum (FBS) were also acquired from Gibco (Thermo Fisher 
Scientific, Waltham, MA, USA). Dulbecco’s modified Eagle 
medium (DMEM) was purchased from Gibco (Thermo Fisher 
Scientific, Waltham, MA, USA). Dimethyl sulfoxide (DMSO) was 
supplied by Tekkim (Ankara, Türkiye). Trypsin-EDTA solution 
(0.25%) was purchased from Gibco (Thermo Fisher Scientific, 
Waltham, MA, USA). MTT reagent [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide] was supplied by Biomatik 
(Wilmington, DE, USA).

Implementation of the QbD
The first step in development using the QbD approach is to 
define the target product profile (TPP), which includes the 
intended characteristics such as the dosage form, route of 
administration, and dosage strength.22 To achieve the quality 
properties, we must summarize the QTPP.19,20,23 The QTPP 
includes dosage form (in situ thermosensitive gel), route 
of administration (topical), drug content (90–110%), dosage 
strength (1%), pH (~5), gelling capacity (immediate), and 
gelation temperature (32–35 °C) for  dermal application of in 
situ gels. According to the QTPP, the CQAs were determined. 
Then, CMAs were determined. In our study, different types and 
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ratios of polymers (GG and MC) were considered inputs (CMAs), 
and gelation temperature, pH, viscosity, mechanical properties, 
drug content, spreadability, and in vitro drug release (CQAs) 
were considered  outputs.21,24 CQAs were tested. The results 
were imported into Minitab® software, and the relationships 
between input and output were evaluated. 

Preparation of NDF loaded in situ gel formulations
Gels were produced by mixing distilled water and polymers. 
First, 2/3 of the required distilled water was preheated to 90 
°C. MC was added in portions as it dissolved slowly, and the 
mixture was continuously stirred for 1 hour. Then the remaining 
distilled water, at room temperature, was added, and the 
mixture was continuously stirred using a magnetic stirrer until 
it appeared clear.25 The temperature was reduced to 50 °C, GG 
was added, and stirring continued for about 20 minutes. The 
drug was dispersed at 25 °C with continuous stirring.14 After 
that, poloxamers were added using the cold technique.26,27 The 
mixture was cooled by covering the outside of the beaker with 
ice, and the required amounts of P188 and P407 were added 
while stirring continuously with a magnetic stirrer for about 
1 hour. It was stored overnight in the refrigerator until all the 
polymers were completely dissolved. The gel formulations are 
presented in Table 1.

Characterization of NDF loaded in situ gel formulations
Gels were characterized using FTIR and by measuring gelation 
temperature, pH, clarity, viscosity, drug content, mechanical 
properties, spreadability, cytotoxicity, and in vitro drug release. 

FTIR spectroscopy analysis
The infrared spectra of the drug (NDF), the polymers (GG, MC, 
P188, and P407), drug-free in situ gels and  NDF-loaded in situ 
gels were recorded using an FTIR spectrometer (FT/IR-4600, 
Jasco, Tokyo, Japan). Samples were placed on the sample plate. 
The study was performed at room temperature with 32 scans 
over the spectra range from 4,000 to 400 cm-1 at a resolution 
of 4.0 cm-1.28-30

Clarity 
Clarity was determined by visual inspection as follows: very 
clear (glassy), +++; clear, ++; and turbid, +.31

Determination of gelation temperature (Tsol-gel, sol-gel 
temperature)
After the prepared gels were refrigerated overnight, a magnetic 
bar was placed inside the container, which was then placed 

on a magnetic stirrer at 80 °C. The temperature at which the 
magnetic bar stopped was recorded (n = 3).32

Gelling capacity 
The gelation capacity of the formulation was evaluated by 
introducing a drop of the sample into a beaker maintained at 32–
34 °C, and the gel formation time was determined visually. The 
results were categorized according to gel behavior as follows: 
#, gel developed after a short delay but quickly liquefied; ##, gel 
formed instantly and lasted for several minutes; ###, rapid gel 
formation that remained intact for approximately one hour.31-34

Determination of pH  
The pH was determined using a pH meter (Mettler Toledo 
S220-K, Switzerland). The device probe was directly immersed 
in the gel, and after 10 seconds, the value read from the device 
was recorded (n = 4). 

Viscosity 
The viscosity was measured using a Brookfield DVE digital 
viscometer. To ensure that the torque value was between 
10% and 90% and did not cause errors, the speed value was 
determined experimentally.35 In situ gels were placed in a 100 mL 
beaker, and the measurement was performed.31-33 Formulations 
were analyzed at 32 °C, at speeds of 60 rpm (for N1, N2, and N3) 
and 10 rpm (for N4), using spindle number s03 (n = 4). 

Mechanical properties 
The mechanical properties (springiness, resilience, and 
cohesiveness) were measured using a TA-XT plus texture 
analyzer. The test was performed with a Perspex probe (P/25P, 
𝜃: 25 mm) and at 32 ± 0.5 °C (n = 4). The pre-test, test, and 
post-test speeds were each 2.00 mm/s with a trigger force of 
0.001 N; the target mode distance and the compression depth 
in each run were 10.00 mm; and the delay time between two 
compressions was 10 s.12,36

Spreadability 
Spreadability (work of shear, stickiness, work of adhesion, and 
firmness) was measured using the TA-XT plus texture analyzer. 
Both  female and male cones were used. The gel was placed 
into the female cone. The distance was 23.00 mm, the test 
speed was 3 mm/s, and the post-test speed was 10.00 mm/s at 
32 ± 0.5 °C (n = 3).36

Drug content uniformity
For the drug content experiment, a 100 µg/mL solution was 
prepared by dissolving 100 mg of the NDF-loaded gels (N1, N2, 
N3, and N4) in 10 ml of methanol, was then diluted to 6 µg/
mL with methanol: pH 7.4 PBS (30:70, v/v) solution, and was 
analyzed by UV spectrophotometry using a spectrophotometer 
(JASCO V-730 BIO, Tokyo, Japan).37,38 A stock solution of NDF 
(100 µg/mL) was prepared by sonication in methanol. The 
calibration standards were prepared at concentrations of 6–16 
µg/mL. A wavelength of 290 nm was used, and methanol: PBS 
(30:70 v/v) was used as a blind (n = 3).

Table 1. Formulations of the NDF-loaded thermosensitive in situ 
gels (%w/w).

Formulation P407 P188 MC GG NDF

N1 17.5 7 0.3 0.1 1

N2 17.5 7 0.3 0.3 1

N3 17.5 7 0.7 0.1 1

N4 17.5 7 0.7 0.3 1

P407, poloxamer 407; P188, poloxamer 188; MC, methyl cellulose; GG, gellan 
gum; NDF, nadifloxacin.



   BÜLBÜL et al. Nadifloxacin-Loaded In Situ Gels    153

In vitro drug release studies 
Dialysis membrane method was used for in vitro drug release 
studies for N1, N2, N3, N4 formulations and the commercially 
available marketed product (MP) (Magnis,© Santa Farma 
Pharmaceutical Company, İstanbul, Türkiye). In this method, 
physical separation of the dosage forms is achieved by using 
a dialysis membrane, which facilitates sampling at periodic 
intervals.  In vitro  release experiment of formulations was 
performed in 100 mL methanol and pH 7.4 PBS (30:70 v/v 
ratio) at 320 rpm. Methanol and pH 7.4 PBS (30:70 v/v ratio) 
to ensure sink conditions were used as a medium in the study. 
The beakers were sealed with parafilm to prevent evaporation. 
The temperature was adjusted at 34 ± 1 °C to imitate skin 
temperature.31 Two g of formulations were separated from the 
medium by means of a dialysis membrane (Spectra/por, MW of 
12–14 kDa). 0.1 mL of sample was withdrawn at predetermined 
time intervals of 0.5, 1, 2, 3, 4, 6, 8, 24, 30, and 46 h, and the 
same volume of fresh medium was replaced.31,36,39 Gels were 
measured using the UV method as described above. 

Cytotoxicity studies 

Cell culture
The murine fibroblast cell line (L929) was used. The cells 
were cultured in high-glucose DMEM supplemented with 1% 
(v/v) penicillin-streptomycin and 10% (v/v) FBS. Cultures were 
maintained at 37 °C in a humidified atmosphere containing 5% 
CO2. When the cells reached 70–80% confluence, they were 
detached with 0.25% trypsin-EDTA and used for subsequent 
studies.

MTT cytotoxicity assay
L929 cells were seeded in 96-well plates at a density of 1 × 
104 cells/well and incubated for 24 hours at 37 °C, 5% CO2. 
Following this period, four  hydrogel formulations containing 
NDF (N1, N2, N3, and N4) were extracted by incubation in 
cell culture medium for 24 hours at 37 °C. After release, the 
hydrogel extracts were sterilized using a membrane filter (pore 
size of 0.22 µm). The resulting sterile hydrogel extracts were 
applied to the cells at concentrations of 50, 125, 250, 500, 750, 
and 1000 ppm, and the cells were incubated for 24 hours. Cells 
treated only with cell culture medium were used as negative 
controls. At the end of the incubation period, 10 µL of MTT 
solution (5 mg/mL prepared in PBS) was added to each well, 
and the plates were incubated for an additional 4 hours at 37 
°C. The medium was then carefully removed, and 100 µL of 
DMSO was added to each well to dissolve the formed formazan 
crystals. Absorbance values were determined with a BMG 
SPECTROstar microplate reader at a wavelength of 570 nm. 
Cell viability (%) was calculated using the following formula:40 

Statistical analysis was performed using two-way analysis of 
variance (ANOVA) followed by Tukey’s multiple comparisons 
test in GraphPad Prism version 8.4.3. A p-value of less than 
0.05 was considered statistically significant.

Statistical analysis
All data are expressed as mean ± standard deviation (SD); the 
number of replicates (n = 3 or 4) is given in each table legend. 

Physicochemical, spreadability, and mechanical parameters 
were analyzed using ordinary one-way ANOVA followed by 
Tukey’s multiple comparisons test. In vitro release data were 
analyzed by two-way ANOVA followed by Dunnett’s multiple 
comparisons test. Multiplicity-adjusted p-values are reported 
(*p < 0.05, **p < 0.01, ***p < 0.001). Analyses were performed 
with GraphPad Prism 10.2.1 (GraphPad Software, Boston, MA, 
USA); p < 0.05 was considered significant.

RESULTS 
Preparation of NDF loaded in situ gel formulations
The United States Food and Drug Administration has approved 
two poloxamers (P407 and P188), which are widely used 
in the preparation of thermosensitive in situ gels. The sol-
gel temperature of the formulation varies with the polymer 
concentration. Normally, they are liquid at room temperature 
and undergo gelation at physiological temperatures.41 During the 
preparation of in situ gels, MC was dispersed at 90 °C according 
to the method in the literature.25 The temperature was reduced 
to 50 °C, and GG was added and mixed.14 Poloxamers were 
added to this mixture using a cold technique.26,27

In this study, we formulated thermosensitive in situ gels that can 
be effortlessly applied to the skin and are appropriate for use in 
treating acne vulgaris and superficial bacterial skin infections. 
In situ gels contain 1% NDF, 17.5% P407, and 7% P188. The effect 
of CMAs was investigated within the framework of QbD, using 
variable ratios of MC and GG. In situ gels are carrier systems 
that can be prepared using poloxamers and that  play a vital role 
in delivering drugs to a specific area of the skin.31,42 In our study, 
opaque, white, and homogeneous in situ gels were produced 
(Figure 1).

FTIR spectroscopy analysis

FTIR studies were conducted on the pure drug (NDF), the 
polymers (GG, MC, P188, and P407), and the prepared drug-free 

Figure 1. Photo of prepared nadifloxacin-loaded thermosensitive in situ gel 
formulations. 
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and NDF-loaded gels (Figure 2). No peak shift or peak loss was 
observed in the spectra of the gels and substances, indicating 
that the excipients and the drug were compatible.

Determination of gelation temperature, gelling capacity, clarity, 
viscosity, and pH
The gelation temperatures, pH, and viscosity of the gels 
prepared with NDF are presented in Table 2. Results of the 
clarity evaluation, showing that all the gels were turbid, are 
presented in Table 2. The photograph of the four formulations, 
which provides an idea of their clarity, is presented in Figure 1. 

Mechanical properties 
The textural parameters of the four prepared dermal gel 
formulations, including springiness, cohesiveness, and 
resilience, were evaluated using a texture analyzer. Table 3 
shows the TPA data of the formulations. 

Spreadability 
Table 4 presents the results of our study on spreadability. 
The spreadability study characterizes the formulation’s work 
of adhesion and work of shear, as well as its stickiness and 
firmness by measuring force fluctuations over time.36

Drug content uniformity
The maximum wavelength observed with the method was 290 
nm. The average NDF values were 97.1% and 100.3% (Table 2). 

In vitro drug release studies
Release from NDF gels of N1, N2, N3, N4, and the MP was 
carried out and is shown in Figure 3. During the first hour of 

the study, the NDF release rates were observed for N4 (6.1%), 
N3 (9.5%), N2 (10.4%), N1 (11.1%), and MP (11.9%), in ascending 
order (Table 5). Within 8 h, in vitro NDF release from N1, N2, 
N3, N4, and MP was 96.1%, 95.1%, 92.4%, 77.5%, and 42.8%, 
respectively. Within 24 h, approximately 100% of the NDF was 
released from all in situ gels, and 78.9% was released from MP.

Cytotoxicity studies
The cytotoxic effects of the developed NDF-loaded hydrogel 
formulations on L929 fibroblast cells were evaluated using 
MTT analysis. The results are presented in Figure 4. Cells were 
exposed to increasing concentrations of hydrogel extracts (50–
1000 ppm), and cell viability remained above 90% in all groups, 
indicating that the formulations are generally well tolerated and 
highly biocompatible.

Evaluation of quality by design approach
Table 6 shows that the R2 values and p-values. 

Contour plots show the effects of MC and GG concentrations on 
various parameters (Figure 5).

DISCUSSION
In the literature, the peaks of the polymers used and of NDF 
have already been reported. GG FTIR spectra described O–H 
stretching vibration (hydroxyl groups, hydrogen bonding) at 
3200 cm-1 3400 cm-1. The band at about 2927 cm-1 is due to–
CH2 group, and 1153 and 1024 cm-1 are due to C–O stretchings. 
Bending vibration of the carboxylate group appeared at about 
1627 and 1409 cm-1.43 MC had an absorption band at about 

Figure 2. FTIR spectra of a) the different starting components (GG, MC, P188, P407, and NDF); b) drug-free in situ gels and c) NDF-loaded in situ gels.
MC, methyl cellulose; GG, gellan gum; NDF, nadifloxacin.
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3400 cm-1 associated to hydrogen bonding. The bands at about 
2900 cm,-1 2800 cm-1 are attributed to vibration of C–H. The 
pics at 1063 cm-1 are assigned to C-O-C stretching mode from 
glycosidic units. The absorption band at 944 cm-1 is ascribed to 
OCH3 groups.44,45 P188 and P407 peaks at around 2800-2900 
cm-1 (C–H stretch). Other peaks are seen at 1341 cm-1 (in-plane 
O–H bend) and around 1100 cm-1 (C–O stretch). Our spectra 
of P188 and P407 were comparable to previously recorded 
spectra.46,47 The characteristic peak of P188 and P407 shifted 
from 2856 cm-1 (Figure 2a) to 2871 cm-1 (Figure 2c) as previously 
reported, which was shown to the physical interaction between 
drug and water-soluble polymers.47 The spectrum of NDF 

demonstrated an intense vibration observed at 2976 cm-1 can be 
associated with the carboxyl O–H stretching. At the same time 
was observed the presence of large bands at 1748 cm-1 was 
observed, attributed with ketone C = O stretching. Other large 
vibrations observed at 1624 cm-1 can be related to the aromatic 
C = C stretching.48 All characteristic bands were shown in the 
FTIR spectra of polymers, NDF, and gels with or without the 
drug and all excipients (Figure 2). The FTIR spectra of drug-
free gels and NDF-containing gels did not show significant 
differences across formulations, indicating that the polymer 
blends do not support the formation of additional interactions 
among their components.30

Table 2. Values of gelation temperature (n = 3), gelling capacity (n = 3), pH (n = 4), viscosity (n = 4), drug content (n = 3), and score 
of clarity (n = 3).

Formulation
Gelling 
capacity

Gelling temperature (°C) Clarity pH Viscosity (cP) Drug content (%)

N1 ### 35.167 ± 0.289A + 7.095 ± 0.013B 422.425 ± 0.846D* 98.686 ± 0.315B

N2 ### 32.500 ± 0.500B + 7.085 ± 0.013B 883.750 ± 3.676C* 97.697 ± 0.116C

N3 ### 32.000 ± 0.000B + 7.093 ± 0.036B 1196.250 ± 4.272B* 97.072 ± 0.075D

N4 ### 30.000 ± 0.000C + 7.198 ± 0.005A 3622.500 ± 15.000A** 100.348 ± 0.046A

Values are expressed as mean ± standard deviation. 
A-DWithin each column, values not sharing a common superscript letter differ significantly (one-way ANOVA followed by Tukey’s multiple comparisons test, p < 0.05). 
Letters are assigned in descending order of the mean and are independent for each column. Gelling capacity and clarity were scored qualitatively and were identical 
for all formulations; therefore no statistical comparison was performed for these parameters.
#, gel developed after a short delay but quickly liquefied; ##, gel formed instantly and lasted for several minutes; ###, rapid gel formation that remained intact for 
approximately one hour.
+++, very clear (glassy); ++, clear; +, turbid.
*measured at 60 rpm; **measured at 10 rpm. These symbols denote the rotational speed of the measurement only and carry no statistical meaning.
ANOVA, analysis of variance.

Table 3. The mechanical properties of the NDF-loaded thermosensitive in situ gels (n = 4).

Formulation Springiness (%) Cohesiveness Resilience (%)

N1 3.985 ± 0.001A 2.227 ± 0.104A 0.005 ± 0.000C

N2 2.656 ± 0.161B 0.957 ± 0.039B 0.005 ± 0.001C

N3 0.997 ± 0.000C 0.805 ± 0.031C 0.038 ± 0.002B

N4 0.977 ± 0.003C 0.770 ± 0.029C 0.080 ± 0.004A

Values are expressed as mean ± standard deviation (n = 4). 
A-CWithin each column, values not sharing a common superscript letter differ significantly (one-way ANOVA followed by Tukey’s multiple comparisons test, p < 0.05). 
Letters are assigned in descending order of the mean and are independent for each column.
ANOVA, analysis of variance; NDF, nadifloxacin.

Table 4. The spreadability results of the NDF-loaded thermosensitive in situ gels (n = 3).

Formulation Work of shear (g.sec) Stickiness (g) Firmness (g) Work of adhesion (g.sec)

N1 13.312 ± 0.294C -60.250 ± 1.578C 35.289 ± 0.545C -8.155 ± 0.218C

N2 27.500 ± 0.357C -79.102 ± 0.938B 50.959 ± 0.192C -12.327 ± 0.078C

N3 71.756 ± 11.401B -110.277 ± 2.354A 135.704 ± 12.501B -33.512 ± 4.539B

N4 104.857 ± 3.550A -110.579 ± 5.881A 162.308 ± 10.204A -43.721 ± 3.699A

Values are expressed as mean ± standard deviation (n=3). 
A-CWithin each column, values not sharing a common superscript letter differ significantly (one-way ANOVA followed by Tukey’s multiple comparisons test, p < 0.05). 
Letters are assigned independently for each column, with “A” denoting the highest magnitude of the corresponding property.
Stickiness and work of adhesion are reported as negative values because they are derived from the withdrawal phase of the probe; more negative values therefore 
indicate stronger adhesive interaction. Superscript letters for these two parameters were assigned according to the absolute magnitude of the response.
ANOVA, analysis of variance.
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All four formulations (N1–N4) exhibited rapid sol-to-gel 
conversion upon exposure to the simulated physiological 
conditions, and the resulting gels remained structurally intact 
for approximately one hour (###). None of the formulations 
liquefied prematurely, indicating that the concentrations 
employed in this study were sufficient to establish a coherent 
gel network in every composition tested. With respect to visual 
appearance, all four formulations were scored as turbid (+); 
no formulation reached the clear (++) or glassy (+++) levels on 
the clarity scale. The in situ gels produced were turbid. The 

literature reports that the clarity of drug-loaded in situ gels 
reaches this level.32

Rapid gel formation, which maintained structural integrity for 
approximately one hour, was observed in all formulations. If the 
gelation temperature is below 25 °C, the gel may form at room 
temperature before application. When the gelation temperature is 
above 38 °C, it remains liquid at body temperature and therefore  
does not gel. Therefore, an average gelation temperature of 32 
°C–35 °C is preferred.49 The gelation temperature decreased 
progressively from N1 to N4, and the differences among the 

Table 5. In vitro cumulative release (%) of NDF from the thermosensitive in situ gel formulations and the marketed product (n=3).

Time (h) N1 N2 N3 N4 Product

0.5 4.2 ± 0.4 4.3 ± 1.2 4.5 ± 1.5 2.3 ± 0.5 7.7 ± 2.0

1 11.1 ± 0.6 10.4 ± 3.6 9.5 ± 4.5 6.1 ± 1.5 11.9 ± 2.9

2 27.6 ± 1.4 27.6 ± 8.6 24.6 ± 6.2 18.2 ± 2.3 20.4 ± 4.0

3 42.9 ± 2.9* 43.9 ± 12.3 43.8 ± 4.4 27.0 ± 5.5 27.2 ± 3.9

4 51.4 ± 5.4* 57.7 ± 3.1*** 58.2 ± 4.7 35.8 ± 3.2 28.5 ± 1.4

6 76.9 ± 4.4 74.5 ± 3.7 70.8 ± 11.1  65.1 ± 15.8 37.0 ± 1.4

8 96.1 ± 11.8* 95.1 ± 7.4* 92.4 ± 2.3**  77.5 ± 8.7 42.8 ± 5.1

24 100.5 ± 1.3** 100.2 ± 1.9*** 98.8 ± 2.6 98.5 ± 0.6 78.9 ± 2.4

30 100.5 ± 1.3** 100.2 ± 5.0 103.6 ± 1.7  98.5 ± 0.5  90.5 ± 0.5

46 100.5 ± 1.3 100.2 ± 7.0 102.9 ± 0.1 98.5 ± 0.5  102.5 ± 2.3 

Values are expressed as mean ± standard deviation (n = 3). Statistical comparisons were performed by two-way ANOVA followed by Dunnett’s multiple comparisons 
test, with each formulation compared against the marketed product at every sampling time. 
*p < 0.05, **p < 0.01, ***p < 0.001 versus the marketed product. Absence of a symbol indicates no statistically significant difference.
ANOVA, analysis of variance.

Table 6. Regression equation, model summary, and p-values of NDF-loaded in situ gels.

CQA
Regression equation

Model summary p-value

R2 
(%) 

R2 adj 
(%) 

R2 pred 
(%)

p-value 
of MC

p-value 
of GG

Gelation temperature (°C) 38.338 - 7.125 MC% (w/w) - 11.75 GG%  (w/w) 99.11 97.33 85.76 0.078 0.094

pH 7.008 + 0.125 MC% (w/w) + 0.250 GG%  (w/w) 58.14 0.00 0.00 0.558 0.558

Viscosity 32°C (cps) -2108 + 4391 MC% (w/w) + 7219 GG%  (w/w) 84.26 52.79 0.00 0.325 0.380

Springiness (%) 5.75 - 5.83 MC% (w/w) - 3.37 GG%  (w/w) 93.23 79.69 0.00 0.174 0.490

Cohesiveness 2.85 - 2.01 MC% (w/w) - 3.26 GG%  (w/w) 73.78 21.34 0.00 0.417 0.482

Resilience (%) -0.0565 + 0.1350 MC% (w/w) + 0.105 GG%  (w/w) 88.39 65.17 0.00 0.236 0.500

Firmness (g) -57.43 + 264.7 MC% (w/w) + 105.7 GG%  (w/w) 99.74 99.23 95.90 0.033 0.161

Work of shear (g.sec) -54.2 + 169.8 MC% (w/w) + 118.2 GG%  (w/w) 98.30 94.90 72.80 0.088 0.242

Stickiness (g) -29.5 - 101.9 MC% (w/w) - 47.9 GG%  (w/w) 95.32 85.96 25.14 0.142 0.490

Work of adhesion (g.sec) 18.24 - 70.94 MC% (w/w) - 36.0 GG%  (w/w) 98.95 96.85 83.21 0.067 0.253

Drug content (%) 96.73 + 1.25 MC% (w/w) + 5.5 GG%  (w/w) 24.87 0.00 0.00 0.851 0.693

Release 6th hour (%) 85.56 - 19.38 MC% (w/w) - 20.25 GG%  (w/w) 96.56 89.69 44.99 0.134 0.246

MC, methyl cellulose; GG, gellan gum; NDF, nadifloxacin; CQA, critical quality attribute.
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formulations were statistically significant (one-way ANOVA, F 
(3,8) = 163.0, p < 0.0001). Tukey’s multiple comparisons test 
showed that N1 (35.167 ± 0.289 °C) gelled at a significantly higher 
temperature than all other formulations (p < 0.0001), whereas 
N4 (30.000 ± 0.000 °C) gelled at the lowest temperature 
and differed significantly from N1, N2 (p < 0.0001) and N3 (p 
= 0.0001). The only pairwise comparison that did not reach 
statistical significance was that between N2 (32.500 ± 0.500 
°C) and N3 (32.000 ± 0.000 °C) (adjusted p = 0.2252), indicating 
that these two compositions behave equivalently with respect 
to the sol-gel transition. 

The pH value is a significant factor in dermal applications. 
The normal pH range for  non-neonatal skin is acidic, typically 
between 4 and 6.50 Accordingly, the formulations’ skin-
nonirritating pH and the pH of the gels are suitable for topical 
application. The formulations had pH values of approximately 
7.1–7.2. These values were compatible with the skin pH, 
which ranges from 5.0 to 7.0.51,52 Although the average pH 
of healthy skin is around 5.5, the pH of wounded, burned, or 
acne-affected skin may shift toward neutral or slightly alkaline 
values. Previous studies have reported that the wound surface 
pH is around 7 during the healing process. Therefore, the pH 

values of the developed formulations (7.1–7.2) were considered 
acceptable for dermal in situ gel application and were not 
expected to cause irritation.53 In other dermally applied in situ 
gel studies, the pH values were reported to range from 5.777 ± 
0.07 to 6.027 ± 0.06.31 If gels contain GG, their pH is primarily 
determined by the pH of the solution used and by  the presence 
of acidic or basic additives. GG is a weak acid, and when used 
at concentrations of 0.1–2% w/w, as in our study, increasing 
GG concentration in a formulation has only a minor effect on 
the pH of the final gel.54 Another study reported that altering 
the proportion of methylcellulose in gels did not significantly 
change the pH of the formulation within the typical operating 
range. pH is primarily determined by the solvent and any 
acidic or basic components, but not by the methylcellulose 
concentration itself.55 The pH values of all formulations were 
within the near-neutral range (7.085–7.198). Although one-way 
ANOVA indicated a statistically significant difference among the 
groups (p < 0.0001), Tukey’s test revealed that this effect was 
driven entirely by N4 (7.198 ± 0.005), which differed significantly 
from N1, N2 and N3 (p < 0.0001 for all three comparisons). No 
significant differences were detected among N1, N2, and N3 
(adjusted p = 0.8965, 0.9980, and 0.9521 for N1 vs. N2, N1 vs. 
N3, and N2 vs. N3, respectively). The absolute magnitude of the 
difference attributable to N4 was only 0.10–0.11 pH units.

Similar studies in the literature on in situ gel formulations  report 
viscosity measurements performed at 32 °C. For example, 
viscosity analyses were also carried out at 32 °C in pycnogenol-
loaded42 and vanillic acid-loaded56 in situ gel formulations. In the 
vanillic acid-loaded in situ gel study, the gelation temperature 
was below 32 °C, but the viscosity was evaluated at 32 °C, 
as in our study. As observed in other gel studies, viscosity 
increased with the increase in polymer content.57,58 Viscosity 
increased markedly across the formulation series, and all six 
pairwise comparisons were statistically significant (p < 0.0001 
for each). The measured values followed the order N1 (422.425 
± 0.846 cP) < N2 (883.750 ± 3.676 cP) < N3 (1196.250 ± 4.272 
cP) < N4 (3622.500 ± 15.000 cP). It should be noted that N1-N3 
were measured at 60 rpm, whereas N4 was measured at 10 
rpm because its consistency exceeded the working range of the 
spindle at the higher rotational speed (inference). Because in 
situ-gelling systems of this type typically display pseudoplastic 
(shear-thinning) flow, the apparent viscosity recorded for 
N4 at the lower shear rate is expected to be higher than the 
value obtained at 60 rpm; the difference between N4 and the 
remaining formulations should therefore be interpreted as a 
combined effect of composition and measurement conditions, 
rather than  a composition effect alone.

Suitable mechanical properties are crucial for dermal 
formulations. TPA is a standard technique for assessing 
mechanical properties.59 Springiness is a textural parameter 
attributed to the flexibility of the product.60 The gel sample 
deforms during initial compression and restructures to regain 
elasticity.59 In our study, the springiness decreased as GG 
increased in the N3 and N4 formulations, which were in gel 
form at 32 °C. Similarly, one study reported that the addition of 
GG increased hardness but significantly decreased springiness 

Figure 3. In vitro drug release profiles of NDF-loaded in situ gels (N1, N2, 
N3, and N4) and marketed product (MP) (n = 3, ± SD).
NDF, nadifloxacin; SD, standard deviation.

Figure 4. The cell viability (%) of L929 fibroblast cells treated with NDF-
loaded hydrogel extracts (N1–N4) at various concentrations (50–1000 ppm) 
for 24 hours. Datas are shown as average ± standard deviation (n = 7). 
Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 
according to the hydrogel content at different concentrations and ap < 0.05; 
bp < 0.01; cp < 0.001; dp < 0.0001, compared with the control group.
NDF, nadifloxacin.



BÜLBÜL et al. Nadifloxacin-Loaded In Situ Gels158

Figure 5. Contour plot graphics on various CQAs of NDF-loaded in situ gels.
CQA, critical quality attribute; MC, methyl cellulose; GG, gellan gum; NDF, nadifloxacin.
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compared to the control group.61 Similarly, as MC increased, 
springiness decreased. Cohesion describes how well a sample 
resists a second deformation relative to its resistance to the 
first deformation.59 Elasticity indicates the rate at which a 
sample returns to its original form after deformation, while 
cohesiveness provides insight into the sample’s response 
to repeated stresses. Higher values indicate lower sample 
elasticity.9 A lower cohesion value indicates a weaker gel 
structure that breaks more readily.62 As can be seen from Table 
3, cohesiveness values range from 0.770 to 2.227. In our study, 
cohesiveness decreased as the MC ratio increased (N2: 0.3% 
and N4: 0.7%). This decrease was also observed in another 
in situ gel study prepared with 0.1% and 0.5% Na CMC.9 In 
our study, cohesiveness decreased as the GG ratio increased 
(N3, 0.1% and N4, 0.3%). A similar decrease was observed in 
GG/Chitosan formulations and in GG formulations. While GG 
alone exhibited lower cohesiveness, the addition of chitosan 
increased cohesiveness.62 Resilience reflects the capacity of 
gels to recover their shape after penetration.63 Resilience is 
an indicator of how quickly and forcefully a product recovers 
from deformation. It’s the product’s elastic recovery.60 The 
elastic recovery was highest in N4 gels, which had the highest 
polymer concentration in the sample. In our study, we observed 
that resilience increased with increasing MC (N2, 0.3% and 
N4, 0.7%). Similarly, other studies reported that the MC in 
hydrogels showed improved resilience as weight percentage 
increased.64,65 In our study, resilience increased as the GG 
ratio increased (N3, 0.1%; N4, 0.3%). One study reported that 
increasing the GG content improved resilience and reduced 
swelling and water uptake.66 The mechanical properties of 
the NDF-loaded thermosensitive in situ gels were evaluated 
by texture profile analysis, and the results are summarized in 
Table 3. All three parameters—springiness, cohesiveness, and 
resilience—differed significantly among the formulations (one-
way ANOVA, p < 0.0001).

Springiness decreased markedly across the formulation 
series. N1 exhibited the highest value (3.985 ± 0.001), followed 
by N2 (2.656 ± 0.161); both differed significantly from each 
other and from the remaining formulations (p < 0.0001 for all 
comparisons involving N1 or N2). N3 (0.997 ± 0.000) and N4 
(0.977 ± 0.003) displayed the lowest springiness values and did 
not differ significantly from each other (adjusted p = 0.9838), 
indicating that the elastic recovery of the gel network reached 
a plateau in these two compositions. A similar pattern was 
observed for cohesiveness. N1 showed a distinctly higher value 
(2.227 ± 0.104) than all other formulations (p < 0.0001), while 
N2 (0.957 ± 0.039) differed significantly from both N3 (0.805 ± 
0.031; adjusted p = 0.0157) and N4 (0.770 ± 0.029; adjusted p 
= 0.0038). As with springiness, no significant difference was 
detected between N3 and N4 (adjusted p = 0.8424). Resilience 
followed the opposite trend, increasing from N1 and N2 to 
N4. N1 (0.005 ± 0.000) and N2 (0.005 ± 0.001) exhibited the 
lowest values and were statistically indistinguishable from 
one another (adjusted p = 0.9978), whereas N3 (0.038 ± 
0.002) and N4 (0.080 ± 0.004) showed significantly higher 
resilience than both of these formulations and than each other 

(p < 0.0001 for all remaining comparisons). N4, therefore, 
displayed approximately sixteenfold greater resilience than 
N1. Taken together, the texture profile data indicate an inverse 
relationship between the elastic parameters (springiness and 
cohesiveness) and resilience across the formulation series.

Spreadability is a fundamental property of topically applied 
dermal formulations. If the formulation is used in this manner, 
it should exhibit sufficient spreadability to enable the patient to 
apply it easily to the skin.36,67 When the male cone is removed 
from the sample, a negative region is formed. The maximum 
negative value represents the gel’s adhesion force; that is, 
the force needed to separate the gel from the tube.68 In one 
study, stickiness and the work of adhesion of drug-loaded 
hydrogels prepared with Carbopol as the gelling polymer 
increased with increasing polymer ratio.36 Similarly, in our 
study, the work of adhesion and stickiness of the formulations 
increased with increasing polymer ratios. Firmness is the 
maximum force required to deform the formulation, indicating 
its strength. Higher firmness values are more favorable for the 
formulation’s power.68 In our study, as the polymer content in 
the gels increased, the firmness and viscosity increased. As a 
result, the spreadability of the gels decreased. Another study 
emphasized this similar relationship between the polymer 
content, viscosity, firmness, and spreadability. The same study 
reported that higher firmness values corresponded to greater 
gel consistency, which negatively affected its spreadability.69 
The field up to the positive force represents the work of shear, 
indicating the spreadability of the formulation.68 Spreadability 
is inversely related to both work of shear and firmness.36 The 
suitability of a gel for the skin is related to its spreadability, 
which is influenced by its resistance to external forces. Even 
if two products have similar firmness, their skin applications 
may differ. Accordingly, shear work and firmness are usually 
evaluated together.67 Shear work and firmness values are N4, 
N3, N2, and N1, in order from highest to lowest (Table 4). The 
spreadability follows an opposite order, i.e., from highest to 
lowest: N1, N2, N3, and N4. The data showed that the work of 
shear  and firmness were higher in formulations N3 and N4 than 
in formulations N1 and N2, resulting in lower spreadability. The 
spreadability and adhesion-related mechanical characteristics 
of the NDF-loaded thermosensitive in situ gels are presented 
in Table 4. All four parameters differed significantly among the 
formulations (one-way ANOVA, p < 0.0001 in each case).

The work of shear, which reflects the energy required to spread 
the gel, increased markedly across the formulation series. 
N4 required the greatest energy (104.857 ± 3.550 g·sec) and 
differed significantly from all other formulations (p < 0.0001 
versus N1 and N2; p = 0.0006 versus N3), while N3 (71.756 ± 
11.401 g·sec) in turn differed significantly from both N1 and N2 (p 
< 0.0001). The two formulations at the lower end of the series, 
N1 (13.312 ± 0.294 g·sec) and N2 (27.500 ± 0.357 g·sec), were 
not statistically distinguishable from one another (adjusted p = 
0.0758), although their means differed approximately twofold.

Firmness followed an essentially identical pattern. The highest 
value was recorded for N4 (162.308 ± 10.204 g), followed 
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by N3 (135.704 ± 12.501 g); these two formulations differed 
significantly from each other (adjusted p = 0.0159) and from 
both N1 and N2 (p < 0.0001 for all four comparisons). As with 
work of shear, no significant difference was detected between 
N1 (35.289 ± 0.545 g) and N2 (50.959 ± 0.192 g) (adjusted p = 
0.1593).

Stickiness became progressively more negative from N1 to 
N4, indicating a stepwise increase in adhesive strength. N1 
exhibited the weakest response (-60.250 ± 1.578 g) and differed 
significantly from N2 (-79.102 ± 0.938 g; adjusted p = 0.0005) 
as well as from N3 and N4 (p < 0.0001). N3 (-110.277 ± 2.354 
g) and N4 (-110.579 ± 5.881 g) produced almost identical values 
and were statistically indistinguishable (adjusted p = 0.9994), 
indicating that the stickiness response reached a plateau in 
these two compositions.

The work of adhesion showed the same directional trend but 
a different grouping. N4 exhibited the highest adhesive work 
(-43.721 ± 3.699 g·sec) and differed significantly from all other 
formulations, including N3 (-33.512 ± 4.539 g·sec; adjusted p 
= 0.0117). N1 (-8.155 ± 0.218 g·sec) and N2 (-12.327 ± 0.078 
g·sec) displayed the lowest adhesive work and did not differ 
significantly from each other (adjusted p = 0.3633). Stickiness 
reached a plateau between N3 and N4, whereas the  work of 
adhesion continued to increase.

The within-group variability observed for N3 was consistently 
higher than that observed for the other formulations for work of 
shear, firmness, and work of adhesion (relative SDs of 15.9%, 
9.2%, and 13.5%, respectively, compared with values below 5% 
for N1 and N2).

When considered together with the texture profile data (Table 
3), the results indicate that N3 and N4 form denser and more 
strongly adhesive gels at the expense of markedly reduced 
spreadability, whereas N1 and N2 spread readily but adhere 
weakly.

Two hundred ninety nm is consistent with the 291 nm,70 294 nm,37 
295 nm,71 296 nm,39 and 296.5 nm38 values found in the literature. 
The maximum SD for NDF content was found to be 0.3. NDF 
is homogeneously distributed in the gels. Drug content ranged 
from 97.072 ± 0.075% to 100.348 ± 0.046% across the four 
formulations. All six pairwise comparisons were statistically 
significant, with N4 showing the highest content and N3 the 
lowest (N1 vs. N2, p=0.0006; N2 vs. N3, p=0.0112; all remaining 
comparisons, p<0.0001). Despite these statistically significant 
differences, every formulation complied with the (90.0–110.0%) 
acceptance range specified in (Ph. Eur./USP monograph), 
confirming that the drug was distributed homogeneously and 
the preparation procedure was reproducible.

Taken together, these results indicate that all four formulations 
satisfy the basic requirements for an in situ gelling system 
in terms of gelling capacity, pH, and drug content, but differ 
substantially in gelation temperatures and viscosity profiles.

Release studies are commonly carried out in media such 
as water, PBS, mixtures of organic solvents with PBS, or 
combinations of inorganic components with PBS.72 The choice 
of release medium is primarily determined by the solubility 

characteristics of the drug being investigated.73 NDF is insoluble 
in ethanol74 and soluble in methanol. In NDF studies, methanol 
was used as a solvent.39,75 Therefore, a 30:70 (v/v) mixture of 
methanol and PBS (pH 7.4) was chosen as the release medium. 
Based on the release results, the gels sustained drug release 
for 8 hours. N1 and N2 formulations showed higher release than 
N3 and N4 formulations; this difference can be attributed to 
the polymer ratio. The in vitro cumulative release profiles of 
the four thermosensitive in situ gel formulations and  the MP 
are presented in Table 5. Two-way ANOVA revealed significant 
effects of formulation, sampling time, and their interaction (p < 
0.0001 in each case), and Dunnett’s multiple comparisons test 
was subsequently applied at each sampling time to compare 
each formulation against the MP.

During the first two hours, all four formulations and the MP 
released comparable proportions of the incorporated drug (2.3-
7.7% at 0.5 h and 18.2-27.6% at 2 h). The MP showed the highest 
initial release at 0.5 h (7.7 ± 2.0%), whereas N4 exhibited the 
slowest onset (2.3 ± 0.5%). The profiles began to diverge from 
the third hour onwards. Between 3 and 8 h, N1, N2 and N3 
released the drug substantially faster than the MP, reaching 
92.4–96.1% at 8 h compared with 42.8 ± 5.1% for the product. 
The differences were statistically significant for N1 at 3, 4 and 
8 h (p < 0.05), for N2 at 4 h (p < 0.001) and 8 h (p < 0.05), and 
for N3 at 8 h (p < 0.01). Between 3 and 8 h, N4 released the drug 
more gradually than the other three formulations and did not 
differ significantly from the MP at any point.

At 6 h, none of the four comparisons reached statistical 
significance, despite mean differences of 28–34 percentage 
points in favour of the formulations. By 24 h all four formulations 
had released essentially their entire drug load (98.5–100.5%), 
whereas the MP had reached 78.9 ± 2.4%. The difference 
remained statistically significant for N1 (p < 0.01) and N2 (p < 
0.001) at this time, and for N1 alone at 30 h (p < 0.01). At 46 h 
the MP had also achieved complete release (102.5 ± 2.3%) and 
no significant differences remained between any formulation 
and the product. Overall, the release data indicate that three of 
the four formulations (N1, N2, and N3) accelerated drug release 
relative to the MP over the 3–24 h interval, while N4 produced 
a profile that remained statistically indistinguishable from the 
MP throughout.

Viability increased with dose, particularly in the N3 group, 
suggesting that the methylcellulose and GG create a 
microenvironment supportive of cell proliferation. The literature 
reports that polymers such as MC and GG provide controlled 
drug release while supporting fibroblast activity and wound 
healing.76 Although cells and medium were used as controls, the 
high viability values indicate that the carrier polymer system 
is not cytotoxic and provides a cell-friendly environment. It 
has been previously reported that MC and GG facilitate cell 
migration and proliferation by maintaining moisture balance 
at the wound surface.77 The controlled release of NDF allows 
for local treatment while reducing the risk of systemic toxicity. 
Such topical systems offer benefits for both effective drug 
delivery and cell viability, particularly in infected or chronic 
wounds.78
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The definitions of QbD and its elements are given in ICH Q8 
(R2).19 In our study, the effect of material properties on CQA 
was investigated.19-21 Two different concentrations of MC (0.3% 
and 0.7%) and GG (0.1% and 0.3%) were used to prepare gels 
within the QbD framework. The adjusted R2 (R2 adj), regression 
coefficient (R2), and predicted R2 (R2 pred) values were 
calculated from the program. The interaction between output 
and input variables can be assessed using p-values.20 Based 
on the analysis results, R2 is an estimate of the ratio of the 
input factors to the variance in the output response. The R2 adj 
varies with the number of terms in the analysis. The R2 pred 
indicates how well the analysis predicts the output responses. 
The R2 pred and the R2 adj are always less than R2.79 R2 values 
for gelation temperature, viscosity, springiness, cohesiveness, 
resilience, firmness, stickiness, work of adhesion, work of 
shear, and release at 6 hours are greater than 70%, indicating 
that the model captures more variation in the results and is 
reliable.80 A regression model is considered a good fit when 
p < 0.05.79 The p-value for the firmness parameter for MC is 
<0.05. Therefore, MC is identified as an influential factor for 
this parameter. Consequently, the effects of the CMAs can be 
assessed using the QbD concept.

Study limitations
The present study focused on the development and 
characterization of NDF containing topical in situ gels. However, 
microbiological studies were not performed to evaluate 
the efficacy of the developed formulation against acne and 
superficial skin infections. Further investigations are therefore 
needed to assess its antimicrobial activity and determine its 
potential as an alternative to conventional creams used to treat 
these conditions.

CONCLUSION
Our study evaluated the potential of in situ gels containing NDF 
as topical drug carriers. It was concluded that NDF in situ gels 
could be prepared successfully by hot dissolution of MC and 
GG followed by cold dissolution of poloxamers. The prepared 
formulations were investigated and evaluated using QbD. FTIR 
studies revealed compatibility between the excipients and the 
drug. The drug content, viscosity, and pH of all formulations 
were demonstrated to be satisfactory. Formulations with 
appropriate gelation temperatures (32 °C–35 °C) are N1, N2, 
and N3. The two formulations with the highest spreading 
parameters and redeformation capacity are N3 and N4, which 
both  have high MC ratios (0.7%). Their release profiles were 
similar. Cytotoxic effects were assessed using MTT assays, 
and a dose-dependent increase in viability was observed, 
particularly in the N3 formulation. This study may open new 
avenues for the topical application of NDF-loaded in situ gels. 
It may serve as a superior alternative to traditional creams for 
acne and dermal infections. Furthermore, the impact of critical 
materials in the formulation on the results was evaluated using 
QbD, which has been shown to avoid unnecessary studies that 
waste time and money in industry.
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INTRODUCTION
The family Apiaceae (Umbelliferae) comprises 456 accepted 
genera and approximately 3,800 species and includes medicinal 
and aromatic plants widely used in traditional medicine.1,2 

Species in this family are rich in secondary metabolites, 
such as coumarins, terpenoids, flavonoids, steroids, and 
polyacetylenes. Owing to their diverse secondary metabolite 
profiles, these species exhibit various biological activities, 
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Furanocoumarins from the Roots of Cachrys 
cristata DC.: Isolation, Anticholinesterase Activity, 
and Molecular Docking Studies

ABSTRACT

Objectives: The present study aimed to investigate the phytochemical constituents of Cachrys cristata roots, to  evaluate the cholinesterase-
inhibitory activity of the isolated compounds, and to assess their possible binding interactions with acetylcholinesterase and butyrylcholinesterase 
through molecular docking studies.
Materials and Methods: The roots were extracted with dichloromethane by Soxhlet extraction, and a coumarin-rich fraction was obtained 
by precipitation from the crude extract. Chromatographic purification of this fraction using Sephadex LH-20, reversed-phase C18 column 
chromatography, and preparative thin-layer chromatography afforded ten known furanocoumarins: oxypeucedanin hydrate, oxypeucedanin, 
bergapten, xanthotoxin, 3’-hydroxyprantschimgin, oxypeucedanin ethanolate (oxypeucedanin hydrate-3”-ethyl ether), pabularinone, marmesin, 
pabulenol and saxalin. The structures of the isolated compounds were identified by (1)H NMR spectroscopy and comparison with literature 
data. Selected isolated compounds were evaluated for  inhibitory activity against acetylcholinesterase and butyrylcholinesterase, and the 
results were further assessed by molecular docking.
Results: The tested furanocoumarins showed weak cholinesterase inhibitory activity. Bergapten was the most active compound against 
acetylcholinesterase, with an IC50 value of 92.15 µM. For butyrylcholinesterase, bergapten, and pabulenol exhibited measurable inhibition, with 
IC50 values of 150.25 µM and 157.28 µM, respectively.
Conclusion: This study contributes to the phytochemical characterization of Cachrys cristata roots and provides the first phytochemical 
evidence for the occurrence of furanocoumarin-type constituents in the roots of this species. The isolated compounds exhibited weak 
cholinesterase inhibitory activity, suggesting that the furanocoumarin scaffold may serve as a preliminary framework for further structural 
optimization rather than as a source of potent cholinesterase inhibitors.
Keywords: Cachrys cristata, coumarins, molecular docking, cholinesterase inhibition
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including antimicrobial, cytotoxic, anti-inflammatory, and 
analgesic effects, and are therefore regarded as potential 
sources of drug candidates.3

Cachrys L. is a genus in the family Apiaceae, comprising seven 
accepted species and is distributed in Europe, North Africa, 
Western Asia, and adjacent regions.1 There are differing opinions 
in the literature regarding the taxonomic circumscription of the 
genus. According to Tutin (1968), Cachrys also includes Prangos 
Lindl. and Hippomarathrum Link; however, Boissier classified 
these taxa as three distinct genera in 1872.4 In Türkiye, the 
genus is commonly known by vernacular names such as “Çaşır”, 
“Tarhana Otu”, “Çarşambaotu”, and is represented by two 
species: Cachrys cristata and Cachrys crassiloba.4,5 Although 
data on the traditional medicinal uses of Cachrys species remain 
limited, Cachrys libanotis L. has been reported for the treatment 
of rheumatism, whereas plant material historically reported as 
Cachrys alpina M. Bieb. has been used as an aphrodisiac.6,7

Various coumarin derivatives, especially furanocoumarins, 
have been reported from Cachrys species. Coumarins such 
as isoimperatorin, imperatorin, bergapten, xanthotoxin, 
isopimpinellin, prantschimgin, sprengelianin, ulopterol, and 
oxypeucedanin have been isolated from Cachrys sicula. 
Coumarin derivatives, including  xanthotoxin, bergapten, 
isopimpinellin, psoralen, isooxypeucedanin, columbianetin, 
jatamansin, seselin, osthol, and suberosin, have also been 
detected in extracts and fractions obtained from Cachrys sicula, 
Cachrys libanotis, and Cachrys pungens.8-10 In addition to these 
phytochemical studies, investigations of Cachrys species have 
generally focused on their essential oil compositions.11-15

Dementia is characterized by a decline in cognitive functions, 
including memory and thinking, which can interfere with 
everyday activities. Alzheimer’s disease is the most common 
form of dementia.16 Impaired cholinergic neurotransmission 
plays an important role in the pathophysiology of Alzheimer’s 
disease. The inhibition of acetylcholinesterase (AChE) 
and butyrylcholinesterase (BChE), which helps maintain 
acetylcholine levels, is considered one of the main symptomatic 
approaches to support learning and memory functions.17 
To the best of our knowledge, no specific ethnobotanical 
record documents the use of Cachrys cristata for memory 
impairment, cognitive dysfunction, or neurodegenerative 
disorders. Therefore, the selection of cholinesterase inhibition 
as an endpoint in the present study was not based on a direct 
traditional claim for this species, but rather on the plant’s 
phytochemical profile. Since the isolated constituents mainly 
belonged to the furanocoumarin class, and several coumarin/
furanocoumarin derivatives, such as bergapten, xanthotoxin, 
and umbelliferone, have been reported to improve cognitive 
functions in experimental models through cholinergic, 
antioxidant, and anti-inflammatory mechanisms,18,19 AChE and 
BChE inhibition assays were selected as a phytochemistry-
driven bioactivity screening approach. These findings suggest 
that coumarins may be promising candidates for biological 
activity studies targeting neurodegenerative diseases.

Within this context, the present study evaluated the inhibitory 

effects of furanocoumarin-type compounds isolated from 
Cachrys cristata on AChE and BChE. The possible interactions 
of these compounds with the active sites of the enzymes were 
further investigated using molecular docking analyses.

MATERIALS AND METHODS
Plant material
The plant material was collected by Prof. Dr. Mahmut Miski and 
Ersan Pütün from the Alaşehir–Buldan road in Denizli Province, 
Türkiye, at an altitude of 1650 m on 9 June 1982. The plant was 
identified by Prof. Dr. Mine Koçyiğit Avcı as Hippomarathrum 
cristatum (DC.) Boiss. (syn. Cachrys cristata DC.). A voucher 
specimen prepared from the aerial parts of the plant was 
deposited in the Herbarium of the Faculty of Pharmacy, İstanbul 
University, under the accession number ISTE 48929. 

General experimental procedures
Hexane, dichloromethane, methanol (MeOH), ethyl acetate 
(EtOAc), acetonitrile (ACN), toluene, and sulfuric acid (H2SO4) 
were used for extraction, chromatographic separation, and 
thin-layer chromatographic analysis. DCM, EtOAc, and 
p-anisaldehyde were purchased from Sigma–Aldrich (St. 
Louis, MO, USA), while MeOH, ACN, toluene, and H2SO4 were 
purchased from Merck (Darmstadt, Germany). Sephadex LH-
20 was purchased from GE Healthcare (Chicago, IL, USA). 
LiChroprep RP-18 (40–63 μm) was purchased from Merck and 
used for reversed-phase column chromatography. Silica gel 
60 F254 TLC plates (0.25 mm; Merck, Darmstadt, Germany) 
were used for analytical thin-layer chromatography, and 
Supelco silica gel 60 F254 preparative TLC plates (0.5, 1, and 
2 mm; Merck, Darmstadt, Germany) were used for preparative 
separations. TLC plates were visualized under UV light at 254 
and 366 nm using a UV lamp (Camag, Muttenz, Switzerland). 
When necessary, the plates were sprayed with freshly 
prepared anisaldehyde–H2SO4 reagent, followed by heating. 
Chromatographic separations were carried out using Sephadex 
LH-20 column chromatography, reversed-phase C18 column 
chromatography, and preparative thin-layer chromatography. 
Fractions showing similar TLC profiles were combined and 
further purified according to their chromatographic behavior. 
The structures of the isolated compounds were elucidated 
mainly by (1)H NMR spectroscopy. NMR spectra were recorded 
on a Bruker 500 MHz spectrometer using CDCl3 as the solvent.

Extraction and isolation
The roots used in the present study originated from the same 
collection as the voucher specimen. The root material was 
extracted shortly after collection in 1982, and the resulting 
extract was stored under deep-freeze conditions until the 
phytochemical investigation was performed.

The dried and coarsely powdered roots of Cachrys cristata 
DC. (280.0 g) were extracted with dichloromethane using a 
Soxhlet apparatus. The solvent was evaporated under reduced 
pressure to ca. 100 mL and kept refrigerated overnight. The 
resulting white crystalline precipitate was collected as a 
coumarin-rich fraction (4.0 g). This fraction (4.0 g) was initially 
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subjected to Sephadex LH-20  chromatography using a glass 
column measuring 50 cm in length and 5 cm in diameter. The 
column was eluted with a mixture of hexane–dichloromethane–
MeOH (7:4:1, v/v/v) to obtain preliminary fractions. A total of 
243 fractions were collected and monitored by TLC under 
UV light at 254 and 366 nm. Fractions showing similar TLC 
profiles were then combined and further purified according 
to their chromatographic behavior. Sephadex LH-20 fractions 
223–242 directly afforded oxypeucedanin hydrate (58 mg). 
Sephadex LH-20 fractions 37–42 were further separated by 
reversed-phase C18 column chromatography. Subfractions 
21–22, obtained from this column, afforded oxypeucedanin 
(8.4 mg). Sephadex LH-20 fractions 43–50 were fractionated 
by reversed-phase C18 column chromatography. Subfractions 
27–32 afforded xanthotoxin (2.0 mg), while subfractions 
34–43 yielded bergapten (3.8 mg). Subfractions 48–53 were 
further purified by preparative TLC using silica gel plates 
(0.5 mm thick) and toluene-dichloromethane-EtOAc-ACN 
(4:4:2:1, v/v/v/v) as the mobile phase, yielding oxypeucedanin 
ethanolate (2.2 mg) and pabularinone (0.8 mg). Sephadex LH-
20 fractions 63-84 were further separated by reversed-phase 
C18 column chromatography, and subfractions 39–45 afforded 
3’-hydroxyprantschimgin (3.6 mg). Sephadex LH-20 fractions 
85–105 were also separated by reversed-phase C18 column 
chromatography. Subfractions 12–17 and 24–29 were purified 
by preparative TLC under the same conditions to yield marmesin 
(3.9 mg) and pabulenol (1.3 mg), respectively. Subfractions 
30–38 were purified by preparative TLC using 1-mm silica gel 
plates and the same mobile phase to obtain saxalin (1.2 mg).

Determination of cholinesterase inhibitory activities
Compounds 1, 2, 3, 5, 7, and 9 were selected from the isolated 
compounds for cholinesterase inhibition assays based on 
the availability of sufficient material and acceptable purity 
following final purification, as assessed by TLC and (1)H NMR. 
The inhibitory activities against AChE (Sigma-Aldrich, Cat. 
No. C3389) and BChE (Sigma-Aldrich, Cat. No. C7512) were 
determined using the Ellman method,20 with modifications 
based on Sevinçli et al. 21 The compounds and donepezil, used 
as the reference inhibitor, were dissolved in dimethyl sulfoxide 
(DMSO) and serially diluted to obtain final assay concentrations 
of 20, 40, 80, 120, and 160 µM for the isolated compounds; 1.2, 
2.4, 4.8, and 9.6 µM for donepezil in the BChE assay; and 0.12, 
0.24, 0.48, and 0.96 µM for donepezil in the AChE assay. Ten 
microliters of the  isolated compound or donepezil solution 
was mixed with 220 μL of Ellman reagent (95.5 mM sodium 
phosphate buffer, pH 7.5, containing 955 μM ATChI or BTChI 
and 318 μM DTNB). For the control, an equal volume of DMSO 
was used in place of the inhibitor solution. Subsequently, 20 
μL of AChE (0.4 U/mL) or BChE (0.3 U/mL) was added, and 
the absorbance was recorded at 412 nm at 1-min intervals for 
10 min. The percentage inhibition was calculated using the 
following equation: 

Inhibition (%) = [1 - (ΔA_sample/min / ΔA_control/min)] × 100 
where ΔA_sample/min and ΔA_control/min represent the rates 
of absorbance increase in the presence and absence of the 
inhibitor, respectively.

The cholinesterase inhibition assays were performed in three to 
four independent experiments, each with two to four technical 
replicates. IC50 values were calculated by non-linear regression 
analysis using GraphPad Prism (version 11.0.2; San Diego, CA, 
USA). Inhibition percentages and IC50 values are expressed as 
mean ± standard deviation.

Molecular docking
Molecular docking studies were performed using the 
Schrödinger software package (Schrödinger Release 2017-3, 
Schrödinger, LLC, New York, NY, USA). The crystal structures 
of human AChE in complex with donepezil (PDB ID: 4EY7)22 
and human BChE in complex with tacrine (PDB ID: 4BDS)23 
were retrieved from the Protein Data Bank and prepared using 
the Protein Preparation Wizard. Hydrogen atoms were added, 
bond orders were assigned, non-essential water molecules and 
heteroatoms were removed, and the structures were minimized 
using the OPLS3 force field.24 The isolated furanocoumarins 
were prepared using LigPrep with default settings, including 
Epik-based ionization-state generation, and were  minimized 
with the OPLS3 force field. Receptor grids were generated 
around the binding sites of the co-crystallized ligands: donepezil 
for AChE and tacrine for BChE. Docking calculations were 
performed using Glide SP with flexible ligand sampling.25,26

The docking protocols were validated by redocking the co-
crystallized ligands into their respective active sites. Although 
electric eel AChE and equine serum BChE were used in in 
vitro enzyme inhibition assays, human cholinesterase crystal 
structures were selected for docking because they provide 
experimentally determined, ligand-bound models suitable for 
grid generation and redocking validation. In this context, the 
human BChE–tacrine complex 4BDS provides a ligand-bound 
model suitable for validating the docking protocol for BChE. A 
similar methodological approach was reported previously in a 
furanocoumarin-related cholinesterase study, in which electric 
eel AChE and horse serum BChE were used in  enzymatic 
assays, and docking analyses were performed using a human 
BChE crystal structure.27 Since the enzyme sources used in the 
in vitro assays and the docking models were not identical, the 
docking results were interpreted only as qualitative structural 
support for the possible binding poses and interaction patterns 
of the isolated furanocoumarins, rather than as species-specific 
quantitative predictions of inhibitory potency.

Ethics approval and informed consent
Ethics committee approval and informed consent were not 
required for this study, as it did not involve human participants 
or experimental animals.

RESULTS
Phytochemical results
Ten furanocoumarin-type compounds were isolated from the 
coumarin-rich fraction of the dichloromethane extract obtained 
from the roots of Cachrys cristata. Their structures were 
identified by comparison of their (1)H NMR spectroscopic data 
with those reported in the literature as bergapten28 (1) (3.8 mg), 
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xanthotoxin28 (2) (2 mg), marmesin29 (3) (3.9 mg), pabularinone30 
(4) (0.8 mg), pabulenol31 (5) (1.3 mg), 3’-hydroxyprantschimgin32 
(6) (3.6 mg), oxypeucedanin33 (7) (8.4 mg), oxypeucedanin 
ethanolate/oxypeucedanin hydrate-3″-ethyl ether34 (8) (2.2 mg), 
oxypeucedanin hydrate33 (9) (58 mg), and saxalin34 (10) (1.2 mg). 
For compounds containing stereogenic centers, stereochemical 
assignments were made by comparison with reported data 
for the corresponding known compounds, and the measured 
optical rotation values were consistent with literature values. 
According to the available literature, furanocoumarins have not 
previously been reported from the roots of Cachrys cristata. The 
(1)H NMR spectra of the isolated compounds are provided in the 
Supplementary Figures S1-13. The molecular structures of the 
compounds are presented in Figure 1.

Cholinesterase inhibitory activity
The isolated compounds exhibited different inhibitory profiles 

against AChE and BChE (Table 1). Regarding AChE inhibition, 
bergapten (1) was the most active compound, with an IC50 of 
92.15 µM. Pabulenol (5) exhibited 31.71% inhibition at the highest 
tested concentration, 160 µM, whereas xanthotoxin (2) and 
marmesin (3) exhibited only limited activity. Oxypeucedanin 
(7) and oxypeucedanin hydrate (9) showed no significant AChE 
inhibitory activity at 160 µM.

For BChE, pabulenol (5) and bergapten (1) reached approximately 
50% inhibition, displaying IC50 values of 157.28 µM and 150.25 
µM, respectively. The remaining compounds showed only weak 
BChE inhibitory activity and did not reach 50% inhibition within 
the tested concentration range. Although bergapten was the 
most active molecule against AChE and BChE, its inhibitory 
potency remained markedly lower than that of donepezil (IC50 = 
0.40 µM for AChE; 3.38 µM for BChE).

Molecular docking results
The AChE docking protocol was evaluated by redocking the co-
crystallized ligand donepezil into the active site of the human 
AChE structure 4EY7. The redocked pose yielded an RMSD  of 
2.11 Å relative to the crystallographic pose, which is slightly 
above, but close to, the commonly used 2.0 Å threshold for 
docking validation. However, visual inspection of the superposed 
crystallographic and redocked poses showed that donepezil 
occupied the same active-site groove and largely preserved 
the overall orientation of the native ligand. The redocked pose 
also retained the principal interaction regions reported for 
the 4EY7 complex, particularly the aromatic region involving 
Trp86 and Trp286. Therefore, given the flexible and elongated 
structure of donepezil, the docking setup was acceptable for 
qualitative interpretation of the binding poses of the isolated 
furanocoumarins. The superposition of the crystallographic 
and redocked donepezil poses is provided in the Supplementary 
Figure S11. The 2D and 3D interaction diagrams of redocked 
donepezil are shown in Figure 2.

In the AChE docking analysis, the isolated furanocoumarins 
showed Glide SP scores ranging from -6.935 to -7.474 kcal/mol. 
Bergapten (1) exhibited the best docking score (-7.474 kcal/

Table 1. AChE and BChE inhibitory activities of the isolated compounds.

AChE BChE

Compound Inhibition (%) at 
160 µM

IC50 (µM)
Inhibition (%) at 
160 µM

IC50 (µM)

Oxypeucedanin – 22.21 ± 2.47

Pabulenol 31.71 ± 2.62 50.61 ± 1.55 157.28 ± 9.68

Bergapten 65.87 ± 2.69 92.15 ± 1.73 53.28 ± 3.74 150.25 ± 6.63

Xanthotoxin 13.43 ± 7.94 34.62 ± 8.07

Marmesin 12.37 ± 7.98 14.92 ± 6.74

Oxypeucedanin hydrate – 20.65 ± 6.07

Donepezil 0.40 ± 0.03 3.38 ± 0.45

Values are expressed as mean ± SD (n = 3). IC50 values were not calculated for compounds showing less than 50% inhibition at 160 µM (the highest tested 
concentration). “–” indicates no significant inhibitory activity.
AChE, acetylcholinesterase; BChE, butyrylcholinesterase; SD, standard deviation.

Figure 1. Structures of compounds isolated from Cachrys cristata.



   KURAN et al. Furanocoumarins from Cachrys cristata DC.    169

mol), followed by marmesin (3), which had a score of -7.381 
kcal/mol. The 2D and 3D docking poses of bergapten are shown 
in Figure 3.

The BChE docking protocol was evaluated by redocking the 
co-crystallized ligand tacrine into the active site of the human 
BChE structure 4BDS. The redocked pose showed an RMSD 
value of 1.44 Å compared with the crystallographic pose. The 
superposition of the crystallographic and redocked poses of 
tacrine is provided in the Supplementary Figure S12. The 2D 
and 3D interaction diagrams of redocked tacrine are shown in 
Figure 4.

In the BChE docking analysis, the isolated furanocoumarins 
showed Glide SP scores ranging from -6.165 to -7.471 kcal/mol. 

Pabulenol (5) exhibited the best docking score (-7.471 kcal/
mol), followed by oxypeucedanin hydrate (9) (-7.387 kcal/mol), 
bergapten (1) (-6.869 kcal/mol), oxypeucedanin (7) (-6.728 
kcal/mol), and xanthotoxin (2) (-6.630 kcal/mol). The 2D and 
3D docking poses of pabulenol, the compound with the best 
BChE docking score, are shown in Figure 5.

The Glide SP docking scores of the investigated compounds 
and reference ligands are summarized in Table 2.

DISCUSSION
The phytochemical investigation of the roots of Cachrys cristata 
led to the isolation of ten furanocoumarin-type compounds from 
the coumarin-rich fraction of the dichloromethane extract. The 

Figure 2. 2D and 3D redocked pose of donepezil in the active site of AChE (PDB ID: 4EY7).
AChE, acetylcholinesterase.

Figure 3. 2D and 3D docking pose of bergapten in the active site of AChE (PDB ID: 4EY7).
AChE, acetylcholinesterase.
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Figure 4. 2D and 3D redocked pose of tacrine in the active site of BChE (PDB ID: 4BDS).
BChE, butyrylcholinesterase.

Figure 5. 2D and 3D docking pose of pabulenol in the active site of BChE (PDB ID: 4BDS)
BChE, butyrylcholinesterase. 

Table 2. Glide SP docking scores of the investigated furanocoumarins and reference ligands against AChE and BChE.
Compound AChE Glide SP docking score BChE Glide SP docking score

Bergapten (1) -7.474 -6.869

Xanthotoxin (2) -6.995 -6.630

Marmesin (3) -7.381 -6.165

Pabulenol (5) -7.183 -7.471

Oxypeucedanin (7) -6.935 -6.728

Oxypeucedanin hydrate (9) -7.166 -7.387

Donepezil -12.798 -

Tacrine - -7.793

Values are reported as Glide SP docking scores.
AChE, acetylcholinesterase; BChE, butyrylcholinesterase.
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predominance of furanocoumarins in this fraction is consistent 
with the known chemical profile of Apiaceae taxa, particularly 
in genera that are rich in linear and angular furanocoumarin 
derivatives. This finding is  noteworthy from a phytochemical 
perspective, since, according to the available literature, 
furanocoumarins have not previously been reported from the 
roots of Cachrys cristata.

In the cholinesterase inhibition assays, the isolated compounds 
generally showed weak inhibitory activity compared with 
donepezil. Among the tested compounds, bergapten (1) was the 
most notable AChE inhibitor, with an IC50 value of 92.15 µM. In 
contrast, pabulenol (5) and bergapten (1) showed measurable 
but weak BChE inhibition, with IC50 values of 157.28 µM and 
150.25 µM, respectively. These findings suggest that the 
furanocoumarin scaffold alone is insufficient to confer strong 
cholinesterase inhibition, but  may provide simple, natural 
framework for further structural optimization.

However, the estimated BChE IC50 values for pabulenol and 
bergapten were close to the upper limit of the investigated 
concentration range (160 µM). Given that the inhibition 
percentages at the highest tested concentration were only 
slightly above 50%, these estimates should be interpreted with 
caution. The absence of measurements above 160 µM may 
introduce uncertainty into IC50 estimates, and further evaluation 
over an extended concentration range would improve their 
precision.

Previous studies on Apiaceae furanocoumarins have reported 
variable cholinesterase inhibitory profiles depending on 
compound structure, enzyme source, and assay conditions. 
In Angelica dahurica, isoimperatorin, imperatorin, and 
oxypeucedanin were reported to be AChE-inhibitory 
constituents with IC50 values of 74.6, 63.7, and 89.1 µM, 
respectively, whereas the reference inhibitor, berberine, 
showed an IC50 value of 2.9 µM.35  In another study on Angelica 
dahurica roots, oxypeucedanin and oxypeucedanin hydrate 
showed measurable but weaker cholinesterase inhibition than 
eserine, with IC50 values of 69.3 and 136.4 µM against AChE 
and 65.6 and 71.2 µM against BChE, respectively.36 Studies on 
Angelica officinalis and Angelica archangelica further indicated 
that some furanocoumarins may inhibit BChE more strongly than 
AChE; however, simple furanocoumarins such as bergapten, 
xanthotoxin, and isoimperatorin may be weak inhibitors or 
inactive depending on the assay system.37,38  Therefore, the weak 
cholinesterase-inhibitory activity observed in the present study 
is generally consistent with previous reports and supports the 
view that the furanocoumarin scaffold alone is not sufficient for 
potent cholinesterase inhibition; rather, substitution patterns, 
side-chain features, and enzyme-specific interactions appear 
to be critical determinants of activity.

The AChE docking results partially supported the experimental 
activity profile. Bergapten (1) exhibited the most favorable 
docking score among the isolated compounds and was also the 
only compound with a measured  AChE IC50 value. Its docking 
pose indicated accommodation in the aromatic region of the 
AChE active-site groove, mainly via hydrophobic and π-type 
interactions with residues such as Tyr341 and Phe295 and 

other surrounding aromatic residues. However, the remaining 
compounds showed weak or negligible AChE inhibition despite 
comparable docking scores. This discrepancy indicates that the 
docking scores should be interpreted qualitatively rather than 
as direct predictors of inhibitory potency.

Comparison with donepezil further supports the observed 
weak AChE-inhibitory activity of the isolated furanocoumarins. 
Donepezil extends along the active-site groove and interacts 
with multiple binding regions, including aromatic contacts with 
Trp86 and Trp286. In contrast, the isolated furanocoumarins 
are smaller, mostly planar, and lack an extended linker or a  
cationic center. Although their fused coumarin–furan scaffold 
can be accommodated within the AChE active site, their limited 
interaction profile may preclude stronger binding and result in 
weaker inhibitory activity.

For BChE, pabulenol (5) showed the best docking score and  
displayed measurable inhibition. Its predicted pose suggested 
interactions with Trp82 and neighboring hydrophobic or 
aromatic residues such as Tyr332, Ala328, Met437, and Tyr440. 
The additional polar contact formed through its oxygenated side 
chain may contribute to its relatively favorable docking score. 
Bergapten (1), despite its lower docking score, also showed 
measurable BChE inhibition and was positioned near Trp82, 
where it maintained aromatic and hydrophobic contacts within 
the catalytic cavity.

Nevertheless, the BChE docking scores did not fully parallel 
the experimental results. Oxypeucedanin hydrate (9) showed 
a relatively favorable docking score but did not display 
comparable inhibitory activity. This suggests that factors such 
as ligand orientation, desolvation, conformational effects, 
and the absence of stronger catalytic-site interactions may 
influence the observed activity. Compared with tacrine, the 
tested furanocoumarins lacked a cationic center and did not 
reproduce the same strong interaction pattern with His438 
and the active-site water network. This limited interaction 
profile may explain their weak inhibitory effects on BChE. 
Taken together, the AChE and BChE docking results should be 
interpreted cautiously, since the Glide SP docking scores of the 
isolated furanocoumarins were distributed within a relatively 
narrow range and did not fully parallel the experimental 
inhibition data. Therefore, the docking analysis was used only as 
qualitative structural support for possible binding orientations 
and interaction patterns, rather than as a quantitative predictor 
of cholinesterase inhibitory potency.

Overall, the biological and docking results indicate that the 
furanocoumarins isolated from Cachrys cristata exhibit only 
weak cholinesterase-inhibitory activity. However, the observed 
accommodation of these compounds within the AChE and BChE 
active-site cavities suggests that the furanocoumarin scaffold 
may serve as a starting point for designing semi-synthetic 
derivatives with enhanced binding interactions and stronger 
inhibitory activity.

Study limitations
The present study has some limitations. First, some isolated 
compounds could not be evaluated in the cholinesterase 
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inhibition assays because they were obtained in limited 
quantities. Therefore, biological evaluation was restricted to 
compounds available in sufficient quantities. Second,  enzyme 
inhibition assays were performed as preliminary endpoint 
screening experiments; detailed kinetic studies were not 
conducted to determine the mechanism of inhibition. The 
molecular docking studies served only as qualitative structural 
support for possible binding orientations and interaction 
patterns; docking scores should not be interpreted as 
quantitative predictors of inhibitory potency.

CONCLUSION
Furanocoumarins isolated from Cachrys cristata exhibited 
weak cholinesterase- inhibitory activity. Bergapten was the 
most active compound against AChE, while only bergapten 
and pabulenol reached sufficient BChE inhibition to allow 
IC50 determination. Molecular docking studies supported 
the experimental findings qualitatively, indicating that these 
compounds can be accommodated within the active-site 
cavities mainly through hydrophobic and π-type interactions 
with key aromatic residues. However, their limited interaction 
profiles, lack of a cationic center, and absence of extended 
binding features likely account for their markedly weaker 
activity compared with donepezil. Overall, these results suggest 
that the furanocoumarin scaffold may serve as a simple natural 
framework for the design of more potent semi-synthetic 
cholinesterase inhibitors.
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 Yeşim SİS1*,  Mükerrem Betül YERER2

Synthesis, Characterization, and In Vitro 
Anticancer Activity of Fe3O4-PEG-Quercetin 
Nanoparticles in a Non-Small Cell Lung Cancer 
(NSCLC) Model

ABSTRACT

Objectives: Lung cancer is one of the leading causes of cancer-related mortality worldwide, with non-small cell lung cancer (NSCLC) accounting 
for the vast majority of cases. Conventional chemotherapeutic approaches are frequently limited by systemic toxicity, poor bioavailability, and 
non-selective biodistribution. Nanoparticle-based drug delivery systems have emerged as a promising strategy to overcome these limitations. 
The present study aimed to synthesize a novel PEGylated magnetite nanoparticle system containing quercetin (Fe3O4-PEG-QUER) and evaluate 
its effects on the impedance-based cellular responses of the A549 NSCLC cell line compared with non-tumorigenic bronchial epithelial cells 
(BEAS-2B).
Materials and Methods: Nanoparticles were synthesized via the coprecipitation method. Quercetin was introduced during the preparation of 
the Fe3O4-PEG formulation, resulting in the Fe3O4-PEG-QUER formulation. All formulations Fe3O4, Fe3O4-QUER, Fe3O4-PEG, and Fe3O4-PEG-
QUER were characterized using X-ray diffraction, fourier-transform infrared spectroscopy, Zeta-sizer, and nanoparticle tracking analysis. 
Impedance-based cellular responses were assessed in BEAS-2B and A549 cell lines using the xCELLigence real-time cell analysis system.
Results: Fe3O4-PEG-QUER showed apparent antiproliferative effects against A549 cells, with IC50 values of 289 µg/mL at 24 h and 160 µg/mL 
at 48 h. For BEAS-2B cells, the apparent IC50 values were above the highest tested concentration (> 400 µg/mL) at the evaluated time points. 
Fe3O4-PEG alone showed marked effects on the impedance-based cellular response of A549 cells, with apparent IC50 values of 27 and 19 µg/
mL at 24 and 48 h, respectively. Because quercetin loading was not quantitatively determined, the nanoparticle concentrations represent total 
formulation mass and cannot be directly converted to quercetin-equivalent doses.
Conclusion: Fe3O4-PEG-QUER nanoparticles altered the impedance-based cellular response in the A549 NSCLC cell line, with smaller changes 
observed in BEAS-2B cells at lower concentrations. These findings provide preliminary in vitro evidence supporting further investigation of 
Fe3O4-PEG-QUER in lung cancer models.
Keywords: Nanoparticles, A549, XRD, NTA and xCELLigence
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INTRODUCTION
Super-paramagnetism arises from the limited size of magnetic 
nanoparticles (MNP).1 In biomedical applications, super-
paramagnetic nanoparticles can be used, which become 
magnetic in the presence of a magnetic field but lose their 
magnetic properties when this field is removed.2,3 Since MNP 
have a tendency to clump due to their high surface energy and 
magnetic interactions, the body perceives the nanoparticle 
as a foreign object and tries to get rid of it.2 To prevent such 
problems, coatings such as polyethylene glycol (PEG), polyvinyl 
alcohol (PVA), dextran, carbohydrate and protein are used.4-6 
PEG is a hydrophilic, neutral, non-toxic, protein-resistant 
polymer with high surface fluidity.7-12 Due to these properties, 
PEG was used as a surface coating agent in this study.

Inorganic nanoparticles, such as silica, gold, and iron-oxide, 
and organic nanoparticles, such as liposomes, polymeric 
nanoparticles, and micelles, are used as therapeutic 
nanoparticles. Since inorganic nanoparticles gave good 
results in preclinical studies, they are suitable for clinical 
use and have been approved for use in areas such as anemia 
treatment and thermal ablation of tumors.13,14 In addition, while 
inorganic nanoparticles provide benefits in areas such as 
magnetic resonance imaging and individual drug use, organic 
nanoparticles can be used for hemostasis, gene therapy and 
cancer treatment.15,16

There are eight iron-oxide compounds known in nature, 
including the most well-known types such as magnetite, 
hematite, and maghemite; while magnetite has a face-centered 
cubic structure in blackish-brown color, hematite is red-brown 
in color, formed as a result of volcanic activity, and maghemite 
is formed as a result of the oxidation of magnetite.17-19 Iron-
oxide nanoparticle (IONP) can be synthesized by several 
methods including coprecipitation, hydrothermal synthesis, 
and microemulsion. IONP can be used for medical purposes 
such as replacement therapy for anemia,20,21 and magnetic 
resonance imaging as a contrast agent.22-24 In imaging cancer 
and pathological types, IONP can be detected based on their 
behavior in the magnetic field.5

Flavonoids are a diverse group of polyphenolic compounds 
whose names are derived from the Latin word flavus, meaning 
“yellow.” They are widely distributed in fruits, vegetables, 
tea, and other plant-based foods and are involved in various 
biological processes in plants.25,26 Flavonoids, which show 
effects such as anti-inflammatory, antimutagenic, antioxidant 
and anti-carcinogenic, are used in pharmaceutical and medical 
applications.27-29 Some of the flavonoids, also known as 
secondary metabolites of plants, attract attention in medicine and 
agriculture because they contain bioactive compounds that can 
interfere with nucleic acids and proteins, show anti-microbial 
and pharmacological properties, and kill insects.30 Flavonoids 
can also be used in areas such as butyrylcholinesterase, 
acetylcholinesterase, and BACE1 inhibition, prevention of 
atherosclerosis, insulin receptor activator, antithrombogenic, 
lipoxygenase inhibition, inhibition of H1N1 influenza disease and 
NDM-1 inhibition.25

Cancer is a disease that deeply affects the world, caused by 
an excessive proliferation in the number of cells as a result 
of uncontrolled division of cells.31 While lung cancer is the 
most common type of cancer in men worldwide, it is the type 
of cancer that comes right after breast cancer in women.32 
Early diagnosis of cancer is of great importance in terms of 
treatment because the development of cancer can be limited 
by early diagnosis.33 Growths and changes in organs can be 
detected with classical methods, but this process can take a 
long time because it must wait until thousands of cancer cells 
have formed, whereas, thanks to nanotechnology, it can be 
detected at much lower cell counts. Even if a cancer cell has 
formed, it is possible to diagnose it. Since nanoparticles have 
the ability to enter a single cancer cell, cancerous cells can 
be easily detected.34 Furthermore, classical methods such as 
radiotherapy, surgery and chemotherapy used to treat cancer can 
also damage healthy cells and tissues and have toxic effects.35 
MNP provide health benefits owing to their many features, such 
as a stable structure, high compatibility with cells and tissues, 
and ease of synthesis. It has received considerable attention in 
studies within the field. These substances have been used for 
years, and some types have been approved by the European 
Medicines Agency and the Food and Drug Administration (FDA) 
and have been used to treat people.36 Many clinically approved 
nanoparticles have been used for treatment purposes in various 
stages of some types of cancer; PEG-Doxil is the first medical 
nanomaterial approved by the FDA in 1995 and used in cancer 
treatment.37

In this study, the coprecipitation method was selected for 
the synthesis of the nanoparticle formulations. Fe3O4 was 
synthesized from FeCl2·4H2O and FeCl3·6H2O in air; quercetin 
and PEG were incorporated into the formulation, with PEG 
serving as a surface-modifying component. The intermediate 
and final formulations were characterized by X-ray diffraction 
(XRD), fourier-transform infrared spectroscopy (FT-IR), 
nanoparticle tracking analysis (NTA), Zeta-sizer, scanning 
electron microscopy (SEM), and energy-dispersive X-ray 
spectroscopy (EDX) to obtain complementary information 
on their physicochemical properties. The in vitro cellular 
responses to the formulations were subsequently evaluated 
in the A549 [non-small cell lung cancer (NSCLC)] and non-
tumorigenic bronchial epithelial (BEAS-2B) cell lines using the 
xCELLigence real-time impedance-based monitoring system. 
The study therefore provides comparative physicochemical 
data and in vitro cellular-response data for Fe3O4, Fe3O4-PEG, 
Fe3O4-QUER, and Fe3O4-PEG-QUER- based formulations.

MATERIALS AND METHODS
Chemicals and reagents
All chemicals were used as received without further purification. 
The reagents employed in this study, along with their suppliers 
and purity grades, are summarized in Table 1.

Preparation of IONP 
FeCl2.4H2O:FeCl3.6H2O was taken in the ratio of 1:2;38-43 
FeCl2.4H2O and FeCl3.6H2O were added to the reaction vessel, 



176 SIS and YERER. Activity of Fe3O4-PEG-QUER NP on NSCLC

10 mL of pure water was added and placed in the oil bath on 
the magnetic stirrer set at 80 °C and 300 rpm. When 3 mL of 
25% NH3 was added to the reaction vessel after 15 minutes, 
the brown-toned reaction color turned into silvery black and 
it was observed that the substance condensed/precipitated 
at the bottom. After 15 minutes, the reaction was terminated 
and transferred to 50 mL falcon tubes, centrifuged at 3900 
rpm-room temperature for 5 minutes, washed twice with pure 
water, and then left to dry in an oven set at 60 °C. The reaction 
pH was not measured or recorded during the original synthesis.

IONP-PEG synthesis
The IONP–PEG synthesis procedure was adapted from 
previously reported IONP–PEG formulations, particularly 
those described by Dorniani et al.44 and Rosman et al.45 In 
these studies, PEG was incorporated into magnetite-based 
formulations; Rosman et al.45 reported one based on 0.2 g of 
dried IONP. The reported formulation conditions were scaled 
down and adapted for an in situ procedure in which PEG was 
introduced during the IONP synthesis rather than after isolation 
and drying of the nanoparticles. After 30 min of synthesis, 5 
mL of a 10% (w/v) solution of PEG 1000, prepared by dissolving 
0.5 g of PEG 1000 in 5 mL of ethanol, was added to the 
reaction mixture. The mixture was subsequently subjected to 
centrifugation, washing, and drying.

IONP-QUER synthesis
The IONP–quercetin synthesis procedure was adapted 
from previously reported magnetite–PEG–active compound 
formulations, particularly those described by Dorniani et al.44 
and Rosman et al.45; Dorniani et al.44 reported a magnetite–PEG 
formulation containing 1% PEG and 2% gallic acid, whereas 
Rosman et al.45 reported a related Fe3O4–PEG–gallic acid 
formulation based on 0.2 g of dried IONP. In the present study, 
the reported formulation conditions were scaled down and 
adapted for quercetin and for an in situ synthesis procedure. 
0.0595 g FeCl2·4H2O and 0.140 g FeCl3·6H2O were added to 930 
µL of purified water in a 30 mL glass vial. The vial was placed 
in a 100 mL conical flask and maintained at 80 °C and stirred at 

300 rpm using a magnetic stirrer with an oil bath. After 15 min, 
280 µL of 25% NH3 solution was added. After an additional 15 
min, 0.0625 g of quercetin was dissolved in 3125 µL of ethanol 
to prepare a 2% (w/v) quercetin solution, which was added 
directly to the reaction mixture. Stirring was continued for 1 
h, after which the resulting reaction mixture was subjected to 
centrifugation, washing, and drying.

IONP-PEG-QUER synthesis
IONP was synthesized as described in the IONP-QUER 
synthesis, and 5 mL of a 1% (w/v) PEG 1000 solution (prepared 
by dissolving 0.05 g PEG 1000 in 5 mL of ethanol) was added 
after 30 minutes. After 1 hour, 0.0625 g of quercetin was 
dissolved in 3125 µL of ethanol to prepare a 2% (w/v) quercetin 
solution, which was then added to the reaction vessel. After 
30 minutes, 350 µL of 25% NH3 was added to the reaction 
vessel and the reaction was continued for another two and a 
half hours. At the end of this period, the reaction vessel was 
removed, centrifuged, washed, and dried (Figure 1).

Physicochemical characterization
All formulations were characterized by XRD for crystal 
structure and phase purity; FT-IR for verification of surface 
functionalization; dynamic light scattering (Zeta-sizer) for 
hydrodynamic size and zeta potential; NTA for size distribution 
and particle concentration; SEM for morphological evaluation; 
and EDX for elemental composition.

Cell culture conditions
A549 (ATCC CCL-185, NSCLC adenocarcinoma) and BEAS-
2B (ATCC CRL-9609, non-tumorigenic bronchial epithelial 
cells) cell lines were used. A549 cells were maintained in 
DMEM (high glucose; Sigma) supplemented with 10% FBS 
and 1% penicillin-streptomycin. BEAS-2B cells were cultured 
in RPMI-1640 (Sigma) supplemented with 10% FBS and 1% 
penicillin-streptomycin. Both lines were maintained at 37 °C 
in a humidified 5% CO2 incubator. Cells were harvested by 
centrifugation at 1000 rpm for 5 minutes at 25 °C prior to the 
experiments. 

Table 1. Chemicals and reagents used in this study.

Chemical Supplier Purity/grade CAS/notes

FeCl2·4H2O Supelco For analysis 13478–10–9

FeCl3·6H2O Isolab ≥ 97% 10025–77–1

Quercetin Merck ≥ 95% (HPLC) 117–39–5

PEG 1000 BLDpharm > 97% 25322–68–3

Ethanol Isolab ≥ 99.9% 64–17–5

Ammonia solution Supelco 25%, for analysis 1336–21–6

DMSO PanReac ≥ 99.5%, cell culture grade 67–68–5

PBS tablets Sigma pH 7.2–7.6 –

DMEM (high glucose) Sigma Cell culture grade A549 medium

RPMI-1640 Sigma Cell culture grade BEAS-2B medium

DMSO, dimethyl sulfoxide.
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Preparation of drug solutions
All formulations and free quercetin were prepared in dimethyl 
sulfoxide (DMSO) and in the appropriate culture medium (A549-
DMEM/BEAS-2B-RPMI). Serial dilutions were performed in 
the appropriate culture medium to yield final concentrations of 
12.5–400 µg/mL. After the prepared treatment solutions were 
added to the E-plate wells at a 1:1 volume ratio, the final DMSO 
concentration ranged from 0.5% at 400 µg/mL to 0.015625% 
at 12.5 µg/mL. A DMSO vehicle control was included in the 
experiments; however, concentration-matched vehicle controls 
were not included for each tested formulation concentration. 
Therefore, a possible contribution of the varying DMSO 
concentrations to the observed cellular responses cannot be 
fully excluded.

For experiments in which the cell index declined to approximately 
zero before 72 h, monitoring was terminated; therefore, a 72-h 
IC50 value was not determined and reported as N/D.

Impedance-based cellular response assessment (xCELLigence)
Cytotoxic effects were evaluated using the xCELLigence RTCA 
system (ACEA Biosciences/Agilent). A549 and BEAS-2B 
cells at the 5th passage were used for experiments. Cells were 
counted using a Bio-Rad cell counting device and seeded at 
a density of at least 10,000 cells per well in an xCELLigence 
E-plate (E-plate ID: 761460). Following cell seeding, impedance 
signals were monitored to establish the cellular baseline. The 
test formulations were applied at approximately 2 h and 22 h 
after cell seeding, according to the respective experimental 

setups. The treatment application times are also indicated in 
the corresponding xCELLigence graphs.

Fe3O4-PEG, Fe3O4-QUER, Fe3O4-PEG-QUER, and free quercetin 
were tested at concentrations of 12.5, 25, 50, 100, 200, and 
400 µg/mL. Cellular responses were monitored for 48-72 
h following treatment. At least three independent biological 
experiments were performed, each with two technical replicate 
wells for each tested concentration.

The xCELLigence RTCA system measures changes in electrical 
impedance associated with cellular attachment, spreading, 
proliferation, and other cellular responses; these changes are 
expressed as cell index values. Therefore, the cell index does 
not represent a direct measurement of cell viability. Apparent 
IC50 values were estimated separately at 24, 48, and 72 h using 
the corresponding cell index concentration–response data in 
the RTCA software. The concentration–response data were 
fitted to a sigmoidal dose–response model using DRC analysis 
(cell index at a time point vs. concentration). The curve settings 
were selected according to the concentration–response 
profile and goodness of fit. The resulting IC50 values were 
exported to GraphPad Prism 8.0.2 for statistical analysis. The 
corresponding culture medium was used as the control medium 
for each cell line: DMEM for A549 cells and RPMI-1640 for 
BEAS-2B cells. DMSO vehicle controls were also included in 
the experiments. These controls were included in the recorded 
RTCA data, and no separate manual normalization of cell index 
values was performed before IC50 analysis.

Statistical analysis
The xCELLigence results were calculated using RTCA software. 
For additional statistical evaluation, the data were analyzed 
using GraphPad Prism (version 8.0.2; GraphPad Software, 
San Diego, CA, USA). One-way analysis of variance, followed 
by Tukey’s multiple comparisons test, was used for statistical 
comparisons. Each experimental condition was measured in 
technical duplicate wells. A p-value < 0.05 was considered 
statistically significant.

Ethics
There are no circumstances requiring ethics committee 
approval for this study. 

Since only in vitro experiments were conducted within the 
scope of this study, patient consent was not required.

RESULTS
FT-IR
The FT-IR spectra of Fe3O4, Fe3O4-PEG, Fe3O4-QUER, and 
Fe3O4-PEG-QUER nanoparticles are shown in Figure 2a. While 
the O-H bond peak was observed in the 3000-3232 range39 the 
Fe-O bond in the iron-oxide structure gave a peak in the 540-
555 cm-1 range.40 The C = O bond from quercetin in the 1651 
cm-1 range,38 while the CH2 peak at 1344-1375 cm-1 and the C-C-
O/C-O-H peak at 987-1056 cm-1 were observed. The C-H peak 
gave a peak of 833-871 cm-1 and the C = C aromatic ring peak of 
1589-1612 cm-1.40,43

Figure 1. Experimental setup and schematic representation of IONP-PEG-
QUER synthesis.
IONP, iron-oxide nanoparticle; QUER, quercetin.
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XRD analysis
In the Fe3O4 structure, 30, 35, 43, 53, 57 and 62 2Ө values ​​
are respectively (HighScore Plus-ICPDS No: 88–0315); Bragg 
reflections were determined as 220, 311, 400, 422, 511, 440 
and it was observed that the cubic crystal structure of IONP 
was formed.44 The addition of PEG and quercetin during the 
preparation process did not result in an apparent loss of the 
characteristic cubic crystal structure of Fe3O4 (Figure 2b).

NTA 
One mg of Fe3O4, Fe3O4-PEG, Fe3O4-QUER and Fe3O4-PEG-
QUER was weighed and dissolved in 2000 µL ethanol and 
size analyses were performed on the NTA device (ethanol 
was chosen because it is a good solvent for quercetin). 
Measurements were made in three repetitions and the average 
was taken as basis. According to NTA analysis, the average 
size of IONPs is 99.1 nm. Since the number of particles with a 
size of 54.6 nm was high, iron-oxide gave the strongest peak 
at this point. The size distribution is not homogeneous (Figure 
3a). When coated with iron-oxide PEG, an increase in size was 
observed and the average size increased to 170.5 nm as the 
polymer was attached to the structure (Figure 3b). For the 
formulation containing quercetin, the particle size decreased 
(average size: 66.6 nm) (Figure 3c). When PEG was present in 
the iron-oxide–quercetin formulation, the particle size increased 
compared to the structure of iron-oxide-quercetin. However, 
its size remained between 1–100 nm where nanoparticles are 
found (Figure 3d). 

Zeta potential analysis
While 1 mg of Fe3O4, Fe3O4-PEG and Fe3O4-PEG-QUER was 
weighed and dissolved in 1000 µL of ethanol and given to the 
device, 1 mg of Fe3O4-QUER was also weighed and dissolved 
in 2000 µL of ethanol and given to the device. Zeta potential 
measurements were performed in triplicate under room-
temperature conditions using a Malvern Zeta-sizer. The 
reported zeta potential values represent the mean of the three 
repeated measurements. The “Zeta Deviation” values represent 

the standard deviation of the zeta potential distribution reported 
by the instrument software and do not represent the variability 
between repeated measurements (Figure 4a-d). 

Zeta potential measurements are summarized in Table 2. Bare 
Fe3O4 carried a negative surface charge (-9.74 mV). PEGylation 
shifted the surface charge to near-neutrality (+0.183 mV), 
consistent with the electrically neutral nature of PEG and its 
established charge-shielding effect. The formulation containing 
quercetin exhibited a more negative surface charge (-14.0 mV 
for Fe3O4-QUER), attributable to the phenolic hydroxyl groups 
of quercetin. The Fe3O4-PEG-QUER formulation exhibited an 
intermediate charge of -8.18 mV.

SEM images
The morphology of the synthesized Fe3O4-PEG-quercetin 
nanoparticles was analyzed using SEM. Figures 5a-d present 
SEM images and particle-size distributions of functionalized 
magnetite nanoparticles, both with and without quercetin. The 
particles exhibited sizes predominantly in the 100–200 nm 
range. A predominantly spherical morphology was observed; 
however, some degree of particle agglomeration was also 
evident in the SEM images.

EDX analysis 
Elemental analysis was performed to determine the presence 
of expected elements in the synthesized formulations and to 
evaluate their elemental percentages. Elemental analysis was 
performed to determine the presence of expected elements 
in the synthesized formulation and to evaluate their elemental 
percentages. The Fe peak confirmed the presence of Fe3O4 in 
the formulation (Figure 6a). In formulations containing PEG and 
quercetin, relative iron percentages decreased, which may be 
attributable to these components (Figure 6b-d).

Impedance-based cellular response (xCELLigence)
The cellular responses to all formulations were evaluated 
at concentrations ranging from 12.5 to 400 µg/mL using the 
xCELLigence system (Figure 7). Cellular responses were 

Figure 2. a. FT-IR spectra- 400–4000 cm-1; b. XRD graph.
FT-IR, fourier-transform infrared spectroscopy; XRD, X-ray diffraction; QUER, quercetin.
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monitored for 48–72 h, depending on the response profile. IC50 
values determined at 24, 48, and 72 h are summarized in Table 
3. Statistical comparisons between the tested conditions and 
untreated controls were significant (p < 0.0001).

Free quercetin exhibited significant cytotoxic activity at low 
concentrations (approximately 25 µg/mL) in both BEAS-2B and 
A549 (NSCLC) cell lines. Fe3O4-PEG exhibited cytotoxic activity 

in A549 cells (IC50 values: 27 and 19 µg/mL at 24 and 48 h, 
respectively), whereas higher concentrations were required to 
elicit a comparable response in BEAS-2B cells (IC50 values: 
394, 394, and 360 µg/mL at 24, 48, and 72 h, respectively). 
These findings indicate that Fe3O4-PEG has greater cytotoxic 
activity in A549 cells than in non-tumorigenic BEAS-2B cells 
under the tested conditions.

Figure 3. a. NTA result for Fe3O4 (mean particle size: 99.1 nm; strongest peak: 54.6 nm); b. NTA result for Fe3O4-PEG (mean particle size: 170.5 nm; strongest 
peak: 61.1 nm); c. NTA result for Fe3O4-QUER (mean particle size: 66.6 nm; strongest peak: 46.2 nm); d. NTA result for Fe3O4-PEG-QUER (mean particle size: 
96.8 nm; strongest peak: 56.6 nm).
NTA, nanoparticle tracking analysis; QUER, quercetin.
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In contrast, Fe3O4-PEG-QUER showed IC50 values above the 
highest tested concentration (> 400 µg/mL) in BEAS-2B cells 
at 24, 48, and 72 h. In A549 cells, Fe3O4-PEG-QUER exhibited 
cytotoxic activity at relatively low concentrations, with IC50 

values of 289 and 160 µg/mL at 24 and 48 h, respectively. Thus, 
compared with free quercetin, Fe3O4-PEG-QUER showed lower 
cytotoxic activity in BEAS-2B cells while retaining measurable 
cytotoxic activity in A549 cells under the tested conditions.

Figure 4. a. Fe3O4; b. Fe3O4-PEG; c. Fe3O4-QUER; d. Fe3O4-PEG-QUER zeta potential graph.

QUER, quercetin.

Table 2. Zeta potential results of the synthesized nanoparticle formulations based on three repeated measurements.

Formulation Zeta potential (mV) Zeta deviation (mV) Charge

Fe3O4 (IONP) -9.74 6.66 Negative

Fe3O4-PEG +0.183 5.97 Near-neutral

Fe3O4-QUER -14.0 6.52 Negative

Fe3O4-PEG-QUER -8.18 5.35 Negative

QUER, quercetin.

Table 3. Apparent IC50 values (µg/mL) derived from xCELLigence cell index concentration-response data for all formulations in 
BEAS-2B and A549 cells at 24, 48, and 72 h.

Formulation BEAS-2B A549 (NSCLC)

IC50 24h IC50 48h IC50 72h p-value IC50 24h IC50 48h IC50 72h p-value

Fe3O4-PEG 394 µg/mL 394 µg/mL 360 µg/mL p < 0.0001 27 µg/mL 19 µg/mL N/D* p < 0.0001

Fe3O4-QUER > 400 170 µg/mL 363 µg/mL p < 0.0001 161 µg/mL 182 µg/mL N/D* p < 0.0001

Fe3O4-PEG-QUER > 400 > 400 > 400 p < 0.0001 289 µg/mL 160 µg/mL N/D* p < 0.0001

QUER 25 µg/mL 25 µg/mL 24 µg/mL p < 0.0001 25 µg/mL 25 µg/mL 134 µg/mL p < 0.0001

*N/D: Not determined. IC50 values were determined from the corresponding cell index concentration-response data at 24, 48, and 72 h after treatment. Values > 
400 µg/mL indicate that the IC50 was not reached within the tested concentration range. N/D indicates that the cell index values decreased to zero before 72 h, 
resulting in termination of the experiment before the corresponding time point could be evaluated reliably. The reported p-values represent the overall one-way 
ANOVA results. 
BEAS-2B, non-tumorigenic bronchial epithelial cells; QUER, quercetin; ANOVA, analysis of variance; NSCLC, non-small cell lung cancer.



181SIS and YERER. Activity of Fe3O4-PEG-QUER NP on NSCLC    

Figure 5. SEM images of the nanoparticle formulations: a. Fe3O4 (scale bar: 100 nm); b. Fe3O4 PEG (scale bar: 200 nm and 100 nm); c. Fe3O4 QUER (scale 
bar: 100 nm); and d. Fe3O4 -PEG-QUER (scale bar: 200 nm).
SEM, scanning electron microscopy; QUER, quercetin.

Figure 6. EDX spectra of the nanoparticle formulations: a. Fe3O4; b. Fe3O4-PEG; c. Fe3O4-QUER; and d. Fe3O4-PEG-QUER.
EDX, energy-dispersive X-ray spectroscopy; QUER, quercetin.
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Overall, Fe3O4-PEG and Fe3O4-PEG-QUER produced measurable 
cytotoxic responses in A549 cells, whereas responses in BEAS-
2B cells generally occurred at higher concentrations. Statistical 
comparisons with untreated controls were significant for the 
tested conditions (p < 0.0001).

Synthesized formulations were applied to cells in the 
concentration range of 12.5–400 µg/mL, and their effects were 

monitored for 48–72 hours using a time-dependent real-time 
xCELLigence system. As shown in the xCELLigence results 
tables, the cytotoxicity profiles differed between A549 and 
BEAS-2B cell lines. Because this is a real-time analysis, the 
graphs allow the toxicity profiles to be compared over time 
(Figure 7).

Figure 7. Real-time monitoring of the effects of Fe3O4-PEG, Fe3O4-QUER, Fe3O4-PEG-QUER, and free quercetin (QUER) on BEAS-2B and A549 cells using 
the xCELLigence system at 48 and 72 h.
BEAS-2B, non-tumorigenic bronchial epithelial cells.



183SIS and YERER. Activity of Fe3O4-PEG-QUER NP on NSCLC    

The selectivity index (SI), calculated as the ratio of the IC50 
value in BEAS-2B cells to that in A549 cells, was used to 
describe the relative difference in response between the two 
cell lines. SI values greater than 1 indicate a higher relative IC50 
in BEAS-2B cells than in A549 cells, whereas values below 1 
indicate a lower relative IC50 in BEAS-2B cells than in A549 
cells. The SI values calculated for the tested formulations at 24, 
48, and 72 h are presented in Table 4.

DISCUSSION
Magnetic IONP are particularly important in diseases due 
to oxidative damage.46,47 However, there are several factors 
that strongly affect the antioxidant activity of nanomaterials, 
such as chemical composition, surface charge, particle size, 
and coating of the surface.48-50 The surface coating can be 
biocompatible, non-toxic, and allow targeted drug delivery.51,52

In biomedical applications where MNP are used, stable, 
biocompatible nanoparticles are obtained by coating metals and 
metal oxides with a polymer. Fe in iron-oxide nanoparticles is 
reversibly used by cells.53,54

PEG, PVA and polyvinylpyrrolidone; superparamagnetic Fe3O4 
material coated with coatings such as peptide, carbohydrate or 
protein facilitates drug loading and controlled release.55

Cancer is one of the leading causes of death, and the number 
of cancer-related deaths is increasing over time. Whether 
nanostructures can have an anticancer effect on the targeted 
area is a difficult research; many researchers have integrated 
commercial anticancer drugs into magnetite.56,57 Drug systems 
integrated into this magnetite face challenges such as poor 
solubility, poor circulation in the bloodstream, and reduced drug 
clearance. Therefore, an effective drug delivery mechanism 
must be formulated to overcome such problems.58 Quercetin 
is a widely known flavonoid found in fruits and vegetables.59,60 
Quercetin can be used in many fields as anticancer, anti-
inflammatory, and antioxidant.61 In addition to these areas of 
use, it has anticancer properties; It has high effectiveness 
on colon, breast and lung cancer.62 More recently, quercetin-
containing PEG-coated magnetic iron-oxide nanoparticles have 
also been investigated for their potential anti-tumor effects in 
cancer cells.63 The present study was designed to examine a 
quercetin-containing Fe3O4 formulation in vitro. Similarly, the 
physicochemical properties of quercetin-containing Fe3O4 
nanoparticles are suitable for use as an anticancer agent.64 

This provided the rationale for investigating an Fe3O4-based 
formulation containing PEG and quercetin, and for evaluating 
its in vitro effects on A549 and BEAS-2B cells.

The sizes and shapes of MNP vary depending on the method 
of synthesis. If MNP are synthesized in non-aqueous 
environments such as solvothermal, microwave and thermal 
decomposition methods, they are not suitable for use in 
the field of bio-application because they are hydrophobic.57 
Hydrophilic, cost-effective and environmentally friendly MNP 
can be synthesized by the precipitation method, which is easy 
to synthesize.65 However, MNP obtained with this method has 
limitations such as not having a homogeneous size distribution 
and low stability.66

In their IONP (Fe3O4) synthesis, Jarzebski et al.67 found an 
average peak of 208 nm and the most intense peak of 154 nm in 
the NTA results. (They used a laser beam with a wavelength of 
405 nm). In this study, the mean particle size was determined 
to be 99.1 nm, while the most intense peak was observed at 
54.6 nm. Thus, the particle size falls within the 1–100 nm range 
generally defined for nanoparticles. If we could control the 
size of our formulation, we could achieve an average size of 
approximately 54.6 nm, which corresponds to the strongest 
peak. Using the Microfluidics M110P device, we were able to 
further reduce particle sizes under high pressure.

Nurbas et al.68 synthesized IONP from FeCl2.4H2O:FeCl3.6H2O 
(2:1) and added NaOH to the medium instead of NH3. They 
found the Zeta potential of NP, which they obtained with a size 
of approximately 35 nm, to be -24.80 mV. The value found is 
more negative than that of the IONP synthesized in this study, 
although the IONP has a smaller particle size. If they had applied 
the NP they synthesized to the cell, they would likely have 
obtained better results, since the particle size was smaller than 
that of the NP we obtained. Since the zeta potential of the IONP 
synthesized in this study is -9.74 mV, this may have contributed 
to the observed cellular response through interactions with the 
cellular environment.

Verma et al.49 synthesized IONP from FeCl2 and FeCl3 using 0.4 
M HCl and 0.5 M NaOH, and attached Quercetin and PLGA to 
IONP. They administered PLGA-MNP and MNP at dosages of 
10–250 µg/mL to the A549 cell line and analyzed the cells with 
xCELLigence (Roche). They observed that the MNP they applied 
reduced the cell index slightly, whereas  MNP coated with PLGA 
did not cause a significant change. According to TEM, they found 

Table 4. Selectivity index (SI) values of Fe3O4-based formulations and free quercetin in A549 and BEAS-2B cells at 24,48 and 72 h.

Formulation SI 24 h* SI 48 h* SI 72 h*

Fe3O4-PEG 14.59 20.74 N/D

Fe3O4-QUER > 2.48 0.93 N/D

Fe3O4-PEG-QUER > 1.38 > 2.50 N/D

Free quercetin 1.00 1.00 0.18

*SI. SI was calculated as the ratio of the IC50 value in BEAS-2B cells to that in A549 cells at the corresponding time point (SI = IC50, BEAS-2B / IC50, A549). Values 
preceded by “>” indicate that the IC50 value in BEAS-2B cells was not reached within the tested concentration range and therefore represent a lower limit of the SI. 
N/D indicates that the corresponding IC50 value was not determined; see the IC50 table footnote for the experimental reason.
BEAS-2B, non-tumorigenic bronchial epithelial cells; QUER, quercetin.
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the MNP particle size they produced to be approximately 9 nm, 
and the MNP-PLGA size to be approximately 54 nm.49 Although 
the size of the PLGA-coated particles they produced and the 
methods used to measure size differed from those of our 
MNP-PEG formulation, we can say that the observed response 
at a lower concentration under the tested conditions, relative 
to our formulation, may be associated with it being smaller 
in size. Since PLGA is a negatively charged polymer, it may 
have increased the negative charge of the magnetite, making 
cellular entry difficult. In our study, when neutral PEG was 
used, the magnetite shifted to the neutral area and therefore the 
24-hour IC50 and 48-hour IC50 values ​​for the A549 cell line 
were approximately 27-19 µg/mL, respectively. It was effective 
at very small doses.

Study limitations
Several limitations should be considered when interpreting 
the findings of this study. The amount of quercetin associated 
with the Fe3O4-PEG-QUER formulation was not quantitatively 
determined; consequently, quercetin loading efficiency, 
encapsulation efficiency, recovery yield, and release kinetics 
could not be established. The available physicochemical 
characterization techniques did not allow a definitive 
determination of the molecular nature of the interaction between 
Fe3O4, PEG, and quercetin; therefore, covalent conjugation 
should not be inferred from the present data. 

Cytotoxicity experiments were performed using total 
formulation concentrations, which precluded direct 
comparisons of quercetin-equivalent doses. The maximum 
concentration tested was 400 µg/mL, and IC50 values above 
this concentration were therefore considered > 400 µg/mL. 
The original experimental design did not include a bare Fe3O4 
treatment group, nanoparticle-only impedance controls, or an 
orthogonal viability assay. The absence of nanoparticle-only 
impedance controls limited the assessment of potential particle-
related interference with the impedance-based measurements, 
while the lack of an orthogonal viability assay prevented 
independent confirmation of the observed cellular responses. 
In addition, the final DMSO concentration varied across the 
tested formulation concentrations, and concentration-matched 
vehicle controls were not included at each dose. Therefore, 
a potential contribution of DMSO to the observed cellular 
responses cannot be excluded.

Collectively, these findings provide preliminary in vitro 
evidence of the physicochemical characteristics and 
cellular responses of Fe3O4-PEG-QUER and warrant further 
investigation in appropriate experimental models. The observed 
cellular responses should not be interpreted as evidence of 
established safety, targeted delivery, enhanced cellular uptake, 
or therapeutic efficacy. The current study is limited to in vitro 
experiments; further studies incorporating complementary 
cellular assays, appropriate nanoparticle controls, quantitative 
quercetin analysis, and characterization under biologically 
relevant conditions are needed to address these limitations. 
Further in vivo and, subsequently, clinical investigations would 
be required to establish the therapeutic potential of these 
formulations.

CONCLUSION
In the present study, a ternary Fe3O4-PEG-QUER nanoparticle 
formulation was synthesized via the coprecipitation method. A 
nanoscale formulation was designed to combine Fe3O4, PEG, 
and quercetin. Comprehensive characterization using XRD, FT-
IR, NTA, Zeta-sizer, SEM, and EDX provided complementary 
information on the physicochemical properties of the four 
formulations.

XRD confirmed the presence of the inverse spinel cubic crystal 
structure in the Fe3O4-containing formulations. FT-IR provided 
information on the characteristic functional groups associated 
with PEG and quercetin. NTA showed that Fe3O4-PEG-QUER 
had a mean particle diameter in the sub-100 nm range under 
the measurement conditions. Zeta potential analysis showed 
that the PEG-containing formulation exhibited a near-neutral 
surface charge, which may influence cellular interactions. SEM 
showed predominantly spherical particle morphology, while 
EDX provided information on the elemental composition of the 
formulations.

In vitro assessment of impedance-based cellular responses 
using the xCELLigence system demonstrated differential 
impedance profiles between A549 NSCLC and BEAS-2B cells 
under the tested conditions. The apparent IC50 values for 
Fe3O4-PEG-QUER in A549 cells were 289 µg/mL at 24 h and 160 
µg/mL at 48 h, whereas those exceeded 400 µg/mL. Notably, 
Fe3O4-PEG alone exhibited lower apparent IC50 values in A549 
cells than Fe3O4-PEG-QUER did, indicating that the addition 
of quercetin did not enhance the observed antiproliferative 
response under the present experimental conditions. Because 
the concentrations were expressed as total formulation 
mass and the quercetin content of Fe3O4-PEG-QUER was not 
quantitatively determined, the observed responses could not be 
directly compared at equivalent quercetin doses. These findings 
represent preliminary in vitro observations and do not establish 
the safety, targeted delivery, enhanced cellular uptake, or 
therapeutic efficacy of the formulations. Further studies using 
complementary cellular assays and appropriate experimental 
models are needed to clarify the contribution of quercetin to 
the observed effects and to investigate the potential of these 
formulations.
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