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ORIGINAL ARTICLE

The Effect of Aminoguanidine on Fibrinogen Gene
Expression and Oxidative Stress Biomarkers in the
Liver Tissue of a Streptozotocin-Induced Diabetic

Rat Model

® Amir Karbalaee HASANI', ® Hosein Fallahi Kord GHESHLAGHI!, ® Mojtaba FATHIZ, ® Mina HEMMATI!, ® Vanoushe Azimi PIRSARAEIS3,

©® Hadi KHODABANDEHLOO'*

1Zanjan University of Medical Sciences, Faculty of Medicine, Department of Clinical Biochemistry, Zanjan, Iran
2Qazvin University of Medical Sciences, Department of Biochemistry and Genetics, Qazvin, Iran
3Zanjan University of Medical Sciences, Faculty of Medicine, Student Research Committee, Zanjan, Iran

AB ST R A C T |1

Objectives: Oxidative stress promotes the initiation and progression of diabetic complications. Fibrinogen is a thrombotic factor proposed as a
biomarker for prognostic assessment, as a marker for tracking vascular complications, and as a therapeutic target in diabetes. Aminoguanidine,
an inhibitor of advanced glycation end products and inducible nitric oxide synthase, has been shown to reduce oxidative stress and related
vascular injury. However, the underlying processes still need to be entirely elucidated. This study investigated the effects of aminoguanidine
on oxidative stress biomarkers and fibrinogen gene expression in diabetic rats.

Materials and Methods: Twenty-four male rats, matched for body weight and age, were randomly assigned to five groups: (intended n = 6 per
group). Due to mortality during the study, the final group sizes were: healthy controls (n = 5), untreated diabetic controls (n = 4), and diabetic
rats treated with aminoguanidine at 50, 100, or 200 mg/kg (n = 6, 4, and 5, respectively). Diabetes mellitus was induced by intraperitoneal
injection of streptozotocin (50 mg/kg) in rats fasted for 12 h. One week later, diabetic rats received aminoguanidine for 28 days. The liver
was selected for analysis due to its key role in oxidative stress and metabolism. Malondialdehyde (MDA) and ferric-reducing ability of plasma
(FRAP) were measured in liver tissue as markers of oxidative stress, and fibrinogen gene expression was assessed by real-time polymerase
chain reaction.

Results: Aminoguanidine at 50 mg/kg significantly reduced fibrinogen gene expression (p = 0.047). Hepatic MDA levels decreased at all doses

(50, 100, and 200 mg/kg, p < 0.05), while FRAP levels increased significantly at 50 and 100 mg/kg (p < 0.05).
Conclusion: Aminoguanidine may attenuate oxidative stress and fibrinogen gene expression in the livers of diabetic rats.
Keywords: Aminoguanidine, fibrinogen, oxidative stress, diabetes mellitus

INTRODUCTION

Hyperglycemia can cause extensive metabolic changes and
increase the risk of thrombosis, potentially leading to myocardial
infarction, thrombotic stroke, peripheral vascular disease,
and venous thromboembolism.? Prolonged hyperglycemia
correlates with higher levels of advanced glycation end products
(AGEs), which increase oxidative stress and thrombotic risk

by boosting inflammatory responses.3* Oxidative stress can
be assessed using various indices such as malondialdehyde
(MDA) and ferric reducing ability of plasma (FRAP).5¢

Fibrinogen is a plasma-soluble protein produced by the liver
and converted by thrombin into fibrin during hemostasis.
Fibrinogen levels are independently associated with glycated
hemoglobin levels, suggesting that fibrinogen may increase

*Correspondence: h.khodabandehloo@zums.ac.ir, ORCID-ID: orcid.org/0000-0001-9288-3338
Received: 06.04.2024, Accepted: 23.11.2025 Epub: 09.04.2026 Publication Date: 13.07.2026

Cite this article as: Hasani AK, Gheshlaghi HFK, Fathi M, Hemmati M, Pirsaraei VA, Khodabandehloo H. The effect of aminoguanidine on the fibrinogen gene expression and

oxidative stress biomarkers in diabetic rats. Turk J Pharm Sci. 2026;23(1):1-7
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the risk of cardiovascular events in patients with diabetes.
Additionally, AGE levels and fibrinogen have been shown to
correlate positively in research, suggesting that AGEs and
oxidative stress may contribute to thrombosis in diabetic
patients.

AGEs can bind to their receptor (RAGE) on hepatocytes,
triggering the activation of intracellular signaling pathways,
including the nuclear factor-kB (NF-xB) and mitogen-activated
protein kinase (MAPK) pathways. Activation of these pathways
promotes the translocation of transcription factors such as
NF-kB into the nucleus, where they enhance the transcription
of pro-inflammatory and pro-thrombotic genes, including the
fibrinogen gene. Oxidative stress further amplifies this process
by increasing reactive oxygen species, which can activate
similar signaling cascades and stabilize transcription factors,
leading to upregulation of fibrinogen expression.®'" Evidence
indicates that AGEs can increase production of plasminogen
activator inhibitor-1, which arrests fibrinolysis by inhibiting
tissue plasminogen activator.”?

Aminoguanidine (AG), a potential therapeutic agent, could
prevent the formation of AGEs by reacting with AGE
precursors.® In light of the role of oxidative stress in thrombotic
complications of diabetes, inhibiting the formation of oxidative
stress can reduce fibrinogen expression and the incidence of
thrombotic events in diabetic patients. Previous studies have
reported protective effects of AG in the context of diabetes
and its complications. In streptozotocin (STZ)-induced diabetic
rats, AG reduced blood glucose levels and partially reversed
diabetes-induced alterations in renal function. It also modulated
the expression of angiotensin receptors, which may have
contributed to its protective effects on hemodynamic and
physiological functions* Another study demonstrated that AG
prevented cardiac fibrosis and the development of diabetic
cardiomyopathy.® In addition, an in vitro study using beta-
cells showed that exposure to high glucose concentrations for
one week significantly reduced insulin secretion and insulin
content. Co-treatment with 1 mM AG nearly doubled both basal
and glucose-stimulated insulin release, and increased insulin
content by 42%, and reduced nitrite accumulation by 33%.
These findings suggest that AG may protect beta-cells against
glucotoxicity, potentially through modulation of early glycation
products and nitric oxide synthase activity!® Despite these
promising results, some limitations have been noted, including
variability in experimental models and dose-dependent effects,
which warrant further investigation before translation into
clinical practice.

Understanding the effects of AG on oxidative stress and
fibrinogen expression is crucial, as it may offer a therapeutic
strategy for reducing thrombotic complications in diabetes
and provide a rationale for future clinical research. This study
assessed the impact of AG on fibrinogen gene expression and
on MDA and FRAP levels in the livers of STZ-induced diabetic
rats.

MATERIALS AND METHODS

Animal models and study design

The study was conducted on adult male Rattus norvegicus
provided by the Experimental Animal Research Center of
Zanjan University of Medical Sciences (Zanjan, Iran). The rats
(weighing 250-300 g) were kept at room temperature (22-25
°C) with a 12-hour light-dark cycle and unrestricted access to
standard laboratory chow (ParsCenter, Iran) and water. Body
weight and blood glucose levels were monitored every seven
days during the experimental period.

The STZ-induced diabetic rat model was selected because STZ
selectively destroys pancreatic beta-cells, reliably inducing
hyperglycemia and closely mimicking type 1 diabetes and its
associated metabolic disturbances. The liver was chosen as
the target organ due to its central role in glucose and lipid
metabolism and its susceptibility to diabetes-induced oxidative
stress and inflammation. Focusing on the liver allowed
assessment of both metabolic and molecular effects of AG in a
key organ affected by diabetic complications."®

The sample size for each group was determined by a priori
power analysis (G*Power) with a = 0.05 and 80% power,
indicating that 4-6 rats per group were required. A total of 24
rats, matched for age and body weight, were randomly assigned
to five groups, with an intended size of 6 rats per group. Due to
mortality during the study, the final group sizes were: 5 healthy
rats on a standard diet (HC group); 4 untreated diabetic rats on
a standard diet (DC group); 6 diabetic rats receiving 50 mg/kg
of AG (D50 group); 4 diabetic rats receiving 100 mg/kg of AG
(D100 group); and 5 diabetic rats receiving 200 mg/kg of AG
(D200 group).”” Randomization was performed using a random
number table to minimize allocation bias, and group assignment
was conducted by a researcher who was not involved in
subsequent interventions or outcome assessments. In addition,
the experiments and data analyses were performed by another
researcher who was blinded to the group assignments, to
further reduce potential bias.

An intraperitoneal injection of 50 mg/kg STZ, dissolved in 0.9%
saline, was used to induce diabetes mellitus in rats fasted for
12 hours. Seventy-two hours after the STZ injection, blood
glucose levels in fasted rats were measured from tail blood
samples using the Accu-Chek Aviva Blood Glucose Monitoring
device. Rats classified as diabetics had fasting blood glucose
levels above 250 mg/dL. Treatment with intraperitoneal AG
(Sigma-Aldrich Co., Cat No. 1068-42-4) began one week after
diabetes induction and continued daily for four weeks.!® Both
healthy and untreated diabetic rats received daily saline as a
placebo (Table 1). Approval for all procedures conducted was
obtained from the Animal Care and Use Committee of Zanjan
University of Medical Sciences (approval number: IR.ZUMS.
REC.1398.434, dated 14.01.2020).

Liver tissue collection

Ketamine and xylazine were administered intraperitoneally
to the rats at the end of the experimental period to induce
anesthesia. After removal of the liver, it was rinsed with an
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Table 1. Experimental design of the study: animal groups, induction method, and treatments.

Groups Number of rats Condition Induction method Treatment Duration
HC 5 Healthy — Saline (placebo) 4 weeks
DC 4 Diabetic STZ (50 mg/kg, i.p.) Saline (placebo) 4 weeks
D50 6 Diabetic STZ (50 mg/kg, i.p.) AG 50 mg/kg (i.p.) 4 weeks
D100 4 Diabetic STZ (50 mg/kg, i.p.) AG 100 mg/kg (i.p.) 4 weeks
D200 5 Diabetic STZ (50 mg/kg, i.p.) AG 200 mg/kg (i.p.) 4 weeks

AG, aminoguanidine; DC, diabetic control; HC, healthy control; i.p., intraperitoneal; STZ, streptozotocin.

isotonic saline solution and weighed. The tissue was divided
into two sections: (a) the first was stored at -80 °C for RNA
and molecular analyses; (b) the second was homogenized for
antioxidant analysis.

FRAP assay

FRAP was measured in the liver using the methods of Benzie
and Strain.?®® The intra-assay and inter-assay coefficients of
variation were < 1.0% and < 3.0%, respectively, for FRAP values
between 100 and 1,000 umol/L of protein. The FRAP reagent
was prepared by incubating a mixture of 10 mmol/L TPTZ
(2,4,6-tripyridyl-s-triazine) in 40 mmol/L HCl, 20 mmol/L ferric
chloride hexahydrate (FeCl3-6H20), and 0.3 mol/L acetate
buffer (pH 3.6) at a 1:1:10 (v/v/V) ratio at 37 °C for 10 minutes.

The technique was based on converting the Fe3+-TPTZ complex
to the Fe2+-TPTZ complex at low pH, and monitoring the
process by detecting the change in absorbance at 593 nm. 300
pL of prepared FRAP reagent and 30 pL of H20 were mixed with
10 pL of the sample solution, incubated at 37 °C for 5 minutes,
and absorbance was measured using a spectrophotometer.
Calibration was conducted using FeS04-7TH20 solutions within
the range of 100-1000 umol/L, and the FRAP value in the tissue
was reported as pmol/L of protein.

MDA assay

Lipid peroxidation was assessed by reaction of MDA with
thiobarbituric acid according to the methodology outlined by
Ohkawa et al.?' The reaction mixture included 1.5 mL of a 20%
acetic acid solution (pH 3.5), 0.1 mL of supernatant, 0.2 mL of
sodium dodecy! sulfate (8.1%), and 1.5 mL of a 0.8% aqueous
thiobarbituric acid solution. After adding 4 mL of distilled water,
the mixture was heated at 95 °C for 60 minutes. Distilled water
(5 mL) and an n-butanol-pyridine mixture (15:1 v/v, 5 mL) were
added to the mixture, and it was centrifuged at 4000 r.p.m. for
10 minutes. In the blank, the supernatant was replaced with
distilled water. Finally, the results were expressed as pymol L-1
using a spectrophotometer to measure the absorbance of the
top layer at 532 nm.

RNA isolation and Complementary DNA (¢cDNA) synthesis

The RNX-Plus kit (SinaClon Co., Tehran, Iran) was used to isolate
total RNA from liver tissue. Briefly, 200 pL of chloroform was
added to the homogenized liver tissue in 1 mL Trizol, and the
mixture was centrifuged at 12,000 r.p.m. and 4 °C for 15 minutes.
The top aqueous phase was transferred to a new RNase-free
tube, combined with an equal volume of isopropanol, vortexed

vigorously, and centrifuged at 12,000 rpm at 4 °C for 15 minutes.
The supernatants were discarded; 1 mL of 75% ethanol was
added, and the RNA pellets were centrifuged at 7,500 r.p.m. and
4 °C for 8 minutes. After discarding the supernatants and air-
drying at room temperature for a few minutes, the pellets were
resuspended in 50 pL of DEPC-treated water.

Agarose gel electrophoresis and UV absorbance measurements
at 230, 260, and 280 nm wusing a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, USA) were used
to assess RNA sample quality and quantity.

cDNA was generated from total RNA using a cDNA synthesis kit
(BioFact™ Co., Korea) according to the manufacturer’s protocol.
After purified total RNA (5 pg) was incubated with oligo dT (1
ul) for 5 minutes at 70°C, the following components were added
to the mixture: 4 pL of 5X reaction buffer, 1 uL of dNTPs (10 mM
each), 0.5 uL of RNase inhibitor (40 U/uL), and 1 pL of reverse
transcriptase (200 U/pL). The reaction was then incubated at
42 °C for 60 minutes, followed by 5 minutes at 70 °C.

Real-time polymerase chain reaction (PCR)

Synthesized cDNA (1 pL) was mixed with forward and reverse
primers (0.5 pL each), deionized water, and SYBR Green |
master mix. The ABI StepOnePlus real-time PCR system was
used to perform real-time PCR. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) served as the housekeeping gene due
to its widespread use and reported stability in gene expression
studies.?? Ct-value analysis across all experimental groups
confirmed that GAPDH expression remained stable under our
experimental conditions; therefore, it was used to normalize
fibrinogen expression levels.

To ensure the accuracy of the real-time PCR results, both
no template control (NTC) and no reverse transcriptase
(NRT) reactions were included. The NTC contained all PCR
components except cDNA, which was replaced with water; any
amplification in this control indicated potential environmental
contamination or non-specific priming. The NRT control
contained all reaction components; NRT products, generated
alongside cDNA synthesis, were added in place of cDNA.
Amplification in this control indicated possible contamination
with genomic DNA during RNA extraction. NTC reactions were
performed in triplicate alongside biological replicates. These
procedures ensured that PCR results were not affected by
contamination or non-specific amplification.
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The PCR cycling conditions involved a 15-minute initial
activation step at 95 °C followed by 40 cycles at 95 °C for 15
seconds. The final temperatures were 60 °C and 72 °C, each
for 30 seconds. Table 2 displays the primer sequences used in
this research. The fold change was calculated using the 2-ACt
method. To verify product quality, aliquots of real-time PCR
reactions that had been dye-stained and subjected to agarose
gel electrophoresis were visualized using a UV transilluminator.

Statistical analysis

Data were analyzed using IBM SPSS Statistics version 24.0.
The normality of the data was assessed using the Kolmogorov-
Smirnov test. The means of two or more independent groups
were compared using one-way analysis of variance. GraphPad
Prism version 8.0 (GraphPad Software, Inc., CA, USA) was used
to generate graphs, and statistical significance was defined
as a p-value of 0.05 or less. Outliers were identified as values
exceeding +3 standard deviations from the group mean and were
excluded from the analysis. No missing data were encountered in
this study.

RESULTS

The fibrinogen gene expression

The results demonstrated that the level of fibrinogen gene
expression inthe liver of untreated diabetic rats was significantly
higher than that in healthy rats (p = 0.001). Figure 1 shows the

comparison of fibrinogen gene expression between the diabetic
and healthy groups. In this study, a 28-day treatment with AG at
doses of 50, 100, and 200 mg/kg/day decreased the expression
of the fibrinogen gene. However, this reduction was statistically
significant only at 50 mg/kg/day (p = 0.047). Fibrinogen gene
expression in treated diabetic rats compared with untreated
diabetic rats is presented in Figure 1.

The levels of MDA

Our results suggested that MDA levels in untreated diabetic
rats were higher than those in healthy rats (p < 0.05). The MDA
levels among the untreated rats are illustrated in Figure 2.
Measurement of MDA levels, as a marker of oxidative stress,
demonstrated that all three doses of AG reduced MDA levels
in the livers of diabetic rats (p < 0.001). The MDA levels after
28 days of treatment with various doses of AG are shown in
Figure 2.

The levels of FRAP

FRAP measurements indicated that the untreated diabetic rats
had lower FRAP levels than the healthy group (p < 0.05). The
FRAP levels in the liver tissue of untreated rats are shown in
Figure 3. AG injections increased FRAP levels in diabetic rats,
with significant increases at doses of 50 and 100 mg/kg/day
compared with untreated diabetic rats (p < 0.05). The FRAP
levels after treatment with different doses of AG are shown in
Figure 3.

Table 2. Detailed information regarding the primers utilized in the study.

Gene Primer sequence (5’ to 3") Length of target
Fibrinogen Forward: CAAAGGGCAACTGCTTGGAAT 132 bp
Reverse: CGGAGTCAGTAGTTGCAGCTT
GAPDH Forward: CAACTCCCTCAAGATTGTCAGCAA 118 bp
Reverse: GGCATGGACTGTGGTCATGA
Bp, base pair; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
p<05 P<0.001 |
p>0.01 } p<0.001 4
|—| p<0.001
0,063 | L i 4= p<0.001 p i
P<0.001 | |_—|.—
: 1
2 0.04 °
5 2
£ ] -
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Figure 1. Comparison of fibrinogen gene expression between healthy and
diabetic groups and after treatment with aminoguanidine. The data were
reported as 2-ACt.

D100, diabetic rats administered with 100 mg/kg/day of aminoguanidine; D200,
diabetic rats administered with 200 mg/kg/day of aminoguanidine; D50, diabetic
rats administered with 50 mg/kg/day of aminoguanidine; DC, diabetic control;
HC, healthy control.

Treatments

Figure 2. Comparison of malondialdehyde levels between healthy and
diabetic groups and after treatment with aminoguanidine. Data were
presented as mean + standard deviation.

D100, diabetic rats administered with 100 mg/kg/day of aminoguanidine; D200,
diabetic rats administered with 200 mg/kg/day of aminoguanidine; D50, diabetic
rats administered with 50 mg/kg/day of aminoguanidine; DC, diabetic control;
HC, healthy control.
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Figure 3. Comparison of FRAP levels between healthy and diabetic groups
and after treatment with aminoguanidine. Data were presented as mean *
standard deviation.

D100, diabetic rats administered with 100 mg/kg/day of aminoguanidine; D200,
diabetic rats administered with 200 mg/kg/day of aminoguanidine; D50, diabetic
rats administered with 50 mg/kg/day of aminoguanidine; DC, diabetic control;
FRAP, ferric reducing antioxidant of plasma; HC, healthy control.

DISCUSSION

Cardiovascular diseases account for the majority of deaths
among individuals with diabetes mellitus; diabetes is associated
with a two- to threefold greater risk of cardiovascular diseases.
Evidence suggests that excessive oxidative stress may play a
vital role in the development of both diabetes and cardiovascular
diseases. Several studies have shown that plasma markers of
oxidative stress are elevated in individuals with coronary artery
disease or its risk factors.

The present study demonstrated that STZ-induced diabetes
mellitus led to oxidative stress and altered MDA and FRAP
levels in the livers of diabetic rats. STZ, a toxic glucose analog,
selectively damages pancreatic beta cells, leading to oxidative
stress.?® Elevated MDA levels during oxidative stress indicate
lipid peroxidation. Preventing oxidative stress can help reduce
the severity of diabetes mellitus. Thus, it is crucial to avoid the
generation of free radicals by diabetes medications.

The current study assessed the impact of AG on oxidative
stress and fibrinogen gene expression in diabetes mellitus.
Mechanistically, AG may influence fibrinogen gene expression
by modulating oxidative stress-related signaling pathways.
Increased oxidative stress in diabetes can activate transcription
factors such as NF-kB, which upregulate fibrinogen expression.
By reducing reactive oxygen species and enhancing
antioxidant defenses, AG may inhibit NF-«xB activation, thereby
downregulating fibrinogen transcription. Additionally, AG might
interact with other signaling pathways involved in inflammation
and coagulation, such as the MAPK and JAK/STAT pathways,
contributing to its regulatory effect on fibrinogen gene
expression.o™

AG contains a nucleophilic hydrazine and a guanidine group,
both of which can react with dicarbonyl compounds and
biological molecules such as pyridoxal phosphate, pyruvate,
glucose, and MDA. AG has been shown to have both antioxidant
and pro-oxidant effects.?

MDA measurements revealed that all three AG doses
significantly reduced MDA levels in STZ-induced diabetic rats.
In addition, AG at doses of 50 and 100 mg/kg notably elevated
FRAP levels in the livers of diabetic rats. Consistent with these
findings, Rastegar-Moghaddam et al.?® demonstrated that AG
administration attenuated hypothyroidism-induced liver injury
by significantly lowering MDA, improving liver function tests,
restoring antioxidant enzyme activities, and reducing fibrotic
changes, particularly at a dose of 30 mg/kg. Similarly, in a
model of renal ischemia/reperfusion injury, co-administration
of AG mitigated the adverse effects of sumatriptan by
reducing serum creatinine and blood urea nitrogen levels,
decreasing MDA, and restoring superoxide dismutase activity.
In an alloxan-induced rabbit model of type 1 diabetes, AG
administration significantly decreased early glycation products,
including HbAlc and fructosamine, restored the activity of
key antioxidant enzymes, and reduced excessive nitric oxide
production.?” Moreover, Hosseini et al.?® demonstrated that AG
exerted protective effects against endotoxin-induced renal
dysfunction in rats, evidenced by reductions in MDA and nitric
oxide metabolites, along with restored activities of superoxide
dismutase and catalase. Collectively, these studies indicate that
the protective effects of AG are largely mediated by inhibition of
nitric oxide production from inducible nitric oxide synthase and
enhancement of endogenous antioxidant and anti-inflammatory
defenses, thereby alleviating oxidative and nitrosative stress-
related tissue damage.

Other studies used in vitro models of oxidized bovine serum
albumin with glucose as a glycating agent to assess antioxidant
activity and found that the group treated with AG had higher
FRAP levels than the untreated group.?>® The FRAP levels
in the colon of the irritable bowel syndrome model were not
significantly different from those in the AG-treated group (100
mg/kg, intraperitoneally).®’ The models examined in the studies
mentioned above could account for the disparity in results.
Overall, these findings indicate that the antioxidant effects
of AG, demonstrated both in vitro and in animal models, may
have clinical relevance by helping to mitigate oxidative stress
in diabetes and thereby reduce the risk of cardiovascular
complications.

The role of fibrinogen in the pathogenesis of atherosclerosis,
and its consequences in patients with diabetes mellitus, has
been investigated; previous research has confirmed the
vital role of fibrinogen in the development of cardiovascular
events.®3 |n addition to modulating oxidative stress and
fibrinogen expression, AG may confer cardiovascular
protection by improving endothelial function, reducing fibrin
thrombus formation, and regulating fibrinolytic factors such as
plasminogen activator inhibitor-1 and tissue-type plasminogen
activator.®* However, investigations on the effects of AG on
fibrinogen gene expression in diabetes mellitus were limited.

The current study demonstrated that treatment with AG at
various doses reduced fibrinogen gene expression in diabetic
rats. This reduction was statistically significant only in the 50
mg/kg/day dose. This dose-response relationship suggested




6 HASANI et al. The Effect of Treatment with Aminoguanidine

that moderate dosing was optimal for modulating fibrinogen
expression, potentially reflecting a balance between inhibition
of AGEs and avoidance of compensatory cellular responses
that occur at higher doses. Further studies are needed to
clarify the underlying molecular mechanisms and to determine
the most effective dose range of AG for preventing vascular
complications in diabetes.

Su et al*® found that plasma fibrinogen levels were higher
in patients with cardiovascular disease who died than in
participants who survived. No formation of fibrin thrombi was
observed in the livers of pigs in the AG group, either before
or at the end of the ischemic period. However, the AG group
showed reduced fibrin thrombus formation after reperfusion
compared with other groups.* In another study, treatment with
AG (25 mmol/L) during glycation of low-density lipoprotein
cholesterol significantly decreased plasminogen activator
inhibitor-1 and increased tissue-type plasminogen activator in
vascular endothelial cells.

Based on the findings of the current study, future research
could explore the long-term effects of AG on oxidative stress
and fibrinogen expression in diabetic models. Studies in
different animal models, including larger mammals, would help
to confirm the generalizability of these results. Furthermore,
clinical trials could evaluate the potential translational benefits
of AG in managing oxidative stress and reducing cardiovascular
risk in patients with diabetes. Additional investigations into
the underlying molecular mechanisms and optimal dosing
strategies are warranted to maximize therapeutic efficacy and
safety.

Study limitations

This study had several limitations that should be noted. First,
the sample size was relatively small, which may limit the
statistical power and generalizability of the findings. Second,
the study duration was short, and the longer-term effects of AG
on oxidative stress and fibrinogen expression remain unclear.
Third, the use of the STZ-induced diabetic rat model, while
widely accepted, may not fully replicate all aspects of human
diabetes and its cardiovascular complications. Finally, the study
did not assess the potential side effects or toxicity of AG, which
should be considered in future investigations. Future studies
addressing these limitations would strengthen the evidence
base for the therapeutic potential of AG.

CONCLUSION

Diabetes mellitus is a complex metabolic disease in which
oxidative stress and hyperfibrinogenemia play central roles
in disease progression and the development of cardiovascular
complications. In this study, AG, an inhibitor of AGE formation,
significantly reduced oxidative damage and fibrinogen gene
expression in diabetic rats. These findings suggest that AG may
have clinical benefits in mitigating oxidative stress, regulating
fibrinogen levels, and lowering cardiovascular risk in patients
with diabetes. Future studies are warranted to optimize dosing,
evaluate long-term effects, and confirm these protective effects
in clinical settings.
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ABSTRA C T |1

Objectives: Tolvaptan is a compound that is practically insoluble in water and poorly soluble at physiological pH, and is used
to treat low blood sodium levels in adults with conditions such as heart failure and certain hormonal imbalances. Increasing
the water solubility and dissolution rate of tolvaptan could increase its bioavailability and, consequently, its efficacy. This study
aimed to increase the efficiency of tolvaptan by enhancing its solubility and dissolution rate, and to develop a fast-acting dosage
form that improves convenience for patients with swallowing difficulties.

Materials and Methods: Solid dispersion (SD) formulations were developed by the rotary evaporation method using hydrophilic
polymers (polyvinylpyrrolidone and polyethylene oxide), solubility enhancers (Solutol HS-15 and Gelucire 44/14), and
complexing agents (B-cyclodextrin and hydroxypropyl-B-cyclodextrin). Various characterization studies were performed on
developed formulations, including solubility studies, X-ray diffraction, differential scanning calorimetry, Fourier transform
infrared spectroscopy, and scanning electron microscopy analyses, in vitro dissolution tests, and release kinetics studies.

Results: The solubility of tolvaptan in the 2-hydroxypropyl-beta-cyclodextrin (HPBCD)-SD2 formulation containing HPBCD,
was the highest at 0.2314 mg/mL, which was approximately 8.7 times that of pure tolvaptan. Based on the results, HPBCD was
selected as the complexing agent as the optimal SD formulation. In the dissolution study, at least 90% of the tolvaptan in the
HPBCD-SD2 formulation dissolved in all buffer solutions within 25 min. Orally disintegrating tablets (ODTs) were prepared
using the HPBCD-SD2 formulation; formulation code 59, which had a friability of <1% and a disintegration time of <180 s, was
selected as the final tablet.

Conclusion: A new SD formulation with increased solubility and dissolution rate compared with pure tolvaptan was developed.
The developed ODTs may be an alternative to the current commercial product.

Keywords: Solid dispersion(s), orally disintegrating tablet, tolvaptan, cyclodextrin, solubility and dissolution rate

*Correspondence: acarturk@gazi.edu.tr, ORCID-ID: orcid.org/0000-0001-9515-750X
Received: 17.08.2025, Accepted: 11.02.2026 Epub: 15.04.2026 Publication Date: 13.07.2026

Cite this article as: Kara AA, Tort S, Acartiirk F. Development of orally disintegrating tablets from solid dispersions containing tolvaptan/cyclodextrin complexes.
Turk J Pharm Sci. 2026;23(1):8-21

@@@@ Copyright® 2026 The Author(s). Published by Galenos Publishing House on behalf of Turkish Pharmacists’ Association.
5 NC_ND

This is an open access article under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 (CC BY-NC-ND) International License.

8


https://orcid.org/0000-0002-1980-1954
https://orcid.org/0000-0003-4945-5420
https://orcid.org/0000-0001-9515-750X

KARA et al. Orally Disintegrating Tablets from Solid Dispersions Containing Tolvaptan/Cyclodextrin 9

INTRODUCTION

Solid dispersion (SD) is an important formulation development
strategy defined as the dispersion of one or more active
substances in a solid, inert carrier or matrix prepared by
solvent evaporation, melting, or solvent-melting!™ In the
solvent evaporation method, an SD is obtained after the
solvent evaporates from the solution containing the drug
and carrier; the resulting solid mass is then pulverized and
milled.*® In this method, heat degradation of drugs or carriers
can be prevented because organic solvents evaporate at low
temperatures.>® Methods such as hot-plate heating, vacuum
drying, rotary evaporation, spray drying, freeze drying, spray-
freeze drying, and ultra-fast freezing are used to remove the
solvent quickly.” The rotary evaporation method is a solvent
evaporation technique that involves evaporating a dispersion or
solution under vacuum in a rotating flask for a specified period,
resulting in the formation of a solid film on the inner glass
surface of the flask when it is heated. This method is rapid,
relatively inexpensive, and readily available.

Cyclodextrins (CDs) can form inclusion complexes with active
substances that have low solubility and dissolution rates,
thereby improving their properties owing to their hydrophilic
outer surfaces.?? Interms of formulation development, CDs offer
advantages, such as reducing particle size to the molecular level,
increasing wettability and porosity, and converting the drug’s
crystalline state into an amorphous form.”°" The aim of a study
was to increase the oral bioavailability of sulfamethoxazole,
which has low solubility and a low dissolution rate, by
enhancing its solubility and dissolution rate. For this purpose,
2-hydroxypropyl-beta-cyclodextrin (HPBCD): sulfamethoxazole
(1:1) complexes were prepared, and SDs were prepared using
polyethylene glycol 20000 and polysorbate 20. The solubility
of sulfamethoxazole was increased by forming complexes with
CDs and by preparing SDs of these complexes.”?

Although tablets are widely used today, many elderly individuals
and children may have difficulty swallowing them. Orally
disintegrating tablet (ODT) formulations are being developed
for these patients. The Food and Drug Administration (FDA)
defines an ODT as a solid dosage form that disperses rapidly,
usually within a few seconds, when placed on the tongue,
and contains a medicinal substance or an active ingredient.
According to the European Pharmacopoeia, ODTs disperse
in vitro in water within 3 min¥ ODTs have many advantages,
such as applicability to patients who have difficulty swallowing
or who refuse to swallow, rapid drug effects, no water
requirement, improved stability, and increased bioavailability.”®
In general, excipients such as fillers, superdisintegrants,
glidant-lubricants, sweeteners, and salivary-stimulating agents
are used in ODT formulations!® In a study, orally disintegrating
risperidone tablets were developed using SD and CD
technologies. An SD of risperidone was prepared using methyl-
CD; an increased dissolution rate was observed. They found
that the disintegration time of SD ODTs containing risperidone
prepared with Ac-Di-Sol and mannitol was 22.83 + 3.66 s”

Hyponatremia can occur frequently in older adults, especially
in those who are hospitalized or living in long-term care
facilities,® as well as diarrhea that occurs in childhood.”
Tolvaptan, a vasopressin V2 receptor antagonist, is used to
treat hyponatremia by increasing low blood sodium levels
in adults with conditions such as heart failure and certain
hormonal imbalances, and it plays a role in regulating renal
fluid excretion.?%?' Tolvaptan is a BCS 4 drug that is practically
insoluble in water, with low solubility at all pH values.?? It is
important to improve its efficacy by enhancing the solubility
and dissolution rate in water. In a study, SDs of tolvaptan were
prepared by hot-melt extrusion and spray-drying techniques
using hydrophilic polymers such as Soluplus, Kollidon VA64,
and Kollidon 30. In the solubility study conducted in distilled
water, the solubilities of pure tolvaptan, tolvaptan in SD
prepared by spray drying, and tolvaptan in SD prepared by hot-
melt extrusion were 0.04 + 0.02, 0.32 + 0.10, and 0.29 + 0.05
mg/mL, respectively. In the in vitro dissolution test performed
in distilled water containing 0.22% sodium lauryl sulfate
(SLS), 39.60% of pure tolvaptan, 93.50% of tolvaptan in SDs
obtained by hot-melt extrusion method, 91.40% of tolvaptan
in SDs obtained by spray drying, and 94.20% of tolvaptan in
the commercial product were released within 60 min.2® In
another study, conventional ODTs containing pure tolvaptan
and superdisintegrants were prepared by wet granulation. As
a result of the study, the disintegration time ranged from 40 +
0.01 to 105 + 0.01 s, and friability ranged from 0.64 + 0.02 to
0.86 + 0.02%.%

It is important to increase the efficacy of tolvaptan in elderly
and pediatric patients by enhancing its solubility and dissolution
rate, and by improving patient compliance through reduction of
side effects. Developing innovative dosage forms, such as ODTs
rather than conventional solid dosage forms, increases patient
compliance in older adults and pediatric patients. This study
aimed to prepare CD-free and CD-containing SD formulations of
tolvaptan using hydrophilic polymers and solubility enhancers
by rotary evaporation, and to compare the solubility and
dissolution rates of these formulations. After comparing the
SD formulations for solubility and dissolution rate, the optimum
formulation was prepared as an ODT using various excipients
and rendered suitable for patient administration. To the best
of our knowledge, no studies in the literature have reported
formation of CD complexes with tolvaptan, preparation of SDs
of these complexes, or development of ODT dosage forms.

MATERIALS AND METHODS

Materials

Tolvaptan was donated by Abdi ibrahim Pharmaceutical
Company (Tirkiye). Gelucire 44/14 was obtained from
Gattefossé (France). HPBCD was provided by Roquette (France).
BCD was purchased from Central Drug House (P) Ltd. (India).
Polyvinylpyrrolidone (PVP) and Solutol HS-15 were acquired
from BASF (Germany). SLS and methanol were purchased
from Sigma-Aldrich (Germany).
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Methods

Preparation of CD-free, SCD, and HPBCD-containing SD
formulations

The phase solubility study was carried out in our previous
work.?® In the phase-solubility study of CD and HPBCD, both
CD molecules exhibited a linear increase in solubility with
increasing CD concentration. Consequently, a 1:1 (drug:CD)
inclusion complex was formed between the drug and CD, and
an AL-type phase-solubility diagram was obtained. To produce
CD-free SDs, 0.2 g of tolvaptan (2% w/v) was first dissolved in
methanol; hydrophilic polymers (5-10% w/v) were then added,
and the mixture was stirred with a magnetic stirrer for 1 h.
Then, 0.5 g of solubility enhancers (5% w/v) were added and
mixed until homogeneous. To produce SDs with CDs, 0.2 g of
tolvaptan (2% w/Vv) was dissolved in methanol, and 0.2 g of CDs
(2% w/v) were added and mixed using a magnetic stirrer for 24
h; hydrophilic polymers (5-10% w/v) were then added. Then,
0.5 g of solubility enhancers (5% w/v) were added and mixed
until homogeneous (Table 1). The mixing continued for 1 h.

A total of 10 mL of solution was obtained. The solvent from
the final mixture was removed using a rotary evaporator (Buchi
Rotavapor R-100) at 50 °C for 1 h. The resulting solid mass was
milled into a powder.

Characterization of tolvaptan-CD complexes

After tolvaptan formed a complex with the CDs, X-ray diffraction
(XRD) and differential scanning calorimetry (DSC) analyses
were performed to characterize the physical and chemical
changes in the substances’ structures.

Characterization of the SDs

Solubility studies

The solubilities of five tolvaptan-loaded SD formulations—
CD-free (SD), BCD (BCD-SD), and HPBCD (HPBCD-SD)—
were determined in distilled water at 37 °C. SD was placed
in vials containing an excess of tolvaptan and was stirred in
a water bath for 1 h. Tolvaptan solubility was determined
spectrophotometrically at 260 nm (n = 3; Table 2).

Table 1. The composition of SD formulations containing CD-free, BCD, and HPBCD.

Formulation code Tolvaptan (%) PVP K90 (%) PEO N80 (%) Solutol HS-15 (%) Gelucire 44/14 (%) BCD (%) HPBCD (%)
SD1 2 10 . - n } )
SD2 2 10 - 5 - - -
SD3 2 10 - - 5 - -
SD4 2 - 10 5 - - -
SD5 2 5 10 - - - -
BCD-SD1 2 10 - - . 2 }
BCD-SD2 2 10 - 5 - 2 -
BCD-SD3 2 10 - - 5 2 .
BCD-SD4 2 - 10 5 - 2 -
pCD-SD5 2 5 10 - - 2 -
HPBCD-SD1 2 10 - - - 2
HPBCD-SD2 2 10 - 5 - - 2
HPBCD-SD3 2 10 - - 5 - 2
HPBCD-SD4 2 - 10 5 - - 2
HPBCD-SD5 2 5 10 - - - 2

CD, cyclodextrins; HPBCD, 2-hydroxypropyl-beta-cyclodextrin; PVP, polyvinylpyrrolidone; SD, solid dispersion.

Table 2. Solubility results in distilled water of five SD formulations containing CD-free (SD), pCD (BCD-SD), and HPBCD (HPBCD-SD).

Solubility (mg/mL)

Formulation code sp peD-sD HPBCD-SD

1 0.0293 + 0.0102 0.0280 + 0.0096 0.0277 + 0.0105
2 0.1125 + 0.0047 0.1114 + 0.0147 0.2314 + 0.0080
3 0.0668 + 0.0019 0.0596 + 0.0078 0.0313 + 0.0080
4 0.0568 + 0.0025 0.0080 + 0.0017 0.0615 + 0.0043
5 0.0339 + 0.0058 0.0183 + 0.0145 0.0374 + 0.0058

CD, cyclodextrins; HPBCD, 2-hydroxypropyl-beta-cyclodextrin; PVP, polyvinylpyrrolidone; SD, solid dispersion.



KARA et al. Orally Disintegrating Tablets from Solid Dispersions Containing Tolvaptan/Cyclodextrin n

XRD, DSC, and fourier transform infrared spectroscopy (FT-
IR) analyses

XRD, DSC, and FT-IR analyses of the SDs were performed to
examine changes in the physical and chemical structure of
tolvaptan after solvent evaporation. The solid-state structural
characteristics of tolvaptan, excipients, and SD were evaluated
by XRD. An X-ray diffractometer (Rigaku ULTIMA IV) using Cu
Ko radiation, operated at 30 mA and 40 kV, was used for XRD
analysis. Scanning was performed at a scan rate of 1" min™ over
an angular range of 3-60° (20). The changes in the melting point
of tolvaptan, active ingredient-polymer incompatibilities, and
effects of amorphous-crystalline transformations on solubility
were examined. DSC (Shimadzu, DSC-60, Japan) analysis was
performed on pure tolvaptan, excipients, and SDs. In a nitrogen
environment, the samples were heated from 25 °C to 360 °C at
arate of 10 “C/min. Tolvaptan, excipients, and SD were scanned
in the range 650-4000 cm™ using a spectrum 400 FT-IR
spectrometer (Perkin Elmer, USA).

Scanning electron microscope (SEM) analyses

The surface morphologies of the SDs were examined using
SEM. The SD formulations were coated with gold/palladium
before SEM imaging. Images were taken from different parts of
the SDs at 500x, 1000x, and 5000x magnification.

In vitro dissolution testing and release kinetics studies

After ODTs disintegrate in the mouth, the active ingredients
dissolve in the gastrointestinal tract and are absorbed there,
resulting in therapeutic efficacy in the organism. To estimate
the dissolution rates of low-solubility active substances in
the gastrointestinal system, in vitro dissolution tests were
performed in buffers with pH 1.2, 4.5, and 6.8. The dissolution
rate of tolvaptan in the SD formulation was measured in 900
mL of dissolution medium at 37 °C using the USP paddle method
(50 rpm) specified by the FDA for tolvaptan. The dissolution
rate studies were performed in distilled water, pH 1.2, 4.5, and
6.8 buffers, and SLS-containing buffers prepared by adding
0.22% SLS to these buffers. After the samples were filtered,
their absorbance was measured using a validated ultraviolet
(UV) spectrophotometric method, and the concentrations were
calculated from the calibration equation.

Using DDSolver Software, the data from the dissolution rate
study were fitted to the Weibull, Hixson-Crowell, Korsmeyer-
Peppas, zero-order, first-order, and Higuchi models to identify
potential mechanisms underlying the dissolution of tolvaptan
from SDs. The adjusted coefficients of determination (r?adj)
obtained from the kinetic models were used to select the most
suitable model (Table 3).2

Determination of drug content

Ten mg of the prepared SDs was precisely weighed and mixed
until dissolved in 20 mL of distilled water (n = 3). After the SDs
were dissolved, the solution was filtered through a membrane
filter and tolvaptan was quantified by UV spectrophotometry at
260 nm.

Production of ODTs containing SD (SD-ODTs)

Various tablet formulations were prepared using the following
excipients: Primogel, Ac-Di-Sol, Avicel-PH101, mannitol, xylitol,
Ludiflash, Gantrez AN 119, Gantrez AN 139, Aerosil, Mg Stearate,
sucrose, HPBCD, Na saccharin, Avicel PH102, Croscarmellose
Na, Pharmaburst 500, sodium starch glycolate, Kollidon CL-SF
(Tables 4 and 5). An amount of the SD formulation containing
15 mg of tolvaptan (equivalent to a commercial 15 mg tolvaptan
tablet; 142.5 mg of SD formulation corresponds to 15 mg
of tolvaptan) was weighed and then mixed with excipients.
Then, the powder mass was compressed to produce SD-ODT
formulations using an Erweka EKO. The optimum SD-ODT
formulation was determined after examining the friability and
disintegration time of the ODTs. Characterization studies of the
tablets were performed.

Tablet characterization studies

Diameter-thickness-hardness in tablets

The diameters and thicknesses of 10 prepared tablets were
measured using a digital micrometer (Mitutoyo), and the
deviations were determined. The hardness values of 10
different tablets were measured using a tablet hardness tester.
Determination of hardness is important in ODT pressing, since
excessive tablet hardness may reduce porosity and prolong
disintegration time.?’

Table 3. The adjusted coefficient of determination (r2adj) for kinetic models was obtained from experimental data in SLS-free and

0.22% SLS buffers of the HPBCD-SD2 formulation via DDsolver.

Kinetic models Zero order  First order  Higuchi Korsmeyer-Peppas  Hixson-Crowell Weibull
Distilled water 0.602 0.998 0.945 0977 0.995 0.999
pH 1.2 0.543 0.986 0.930 0.982 0.991 0.999
pH 4.5 0.907 0.999 0.995 0.993 0992 1.000
pH 6.8 0.830 0.988 0.990 0.991 0.968 1.000
0.22% SLS-distilled water 0.496 0.962 0932 0.998 0932 0.985
0.22% SLS-pH 1.2 0519 0976 0925 1.000 0.951 0.987
0.22% SLS-pH 4.5 0.511 0927 0.872 0.998 0.835 0.984
0.22% SLS-pH 6.8 0576 0.872 0.904 0.999 0.788 0.991

HPBCD, 2-hydroxypropyl-beta-cyclodextrin; SD, solid dispersion; SLS, sodium lauryl sulfate.
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Table 4. Tablet formulations of solid dispersions prepared with super dispersing agents such as Primogel, Ac-Di-Sol, Avicel PH 101,

Ludiflash.

:ugmﬁ SD Primogel Q;_Di_ S:ﬁ;l{ Mannitol Xylitol  Ludiflash i;n::t;z i;n:;e; Aerosil Ziarate E:ia;h?DT
1 142.50 142.50 .25 - - - - - - 1.80 3.60 361.65
2 14250 21375 725 - - - - - - 2.20 4.40 43410
3 14250 285 7.25 - - - - - - 2.50 5 506.25
4 14250 - 285 - - - - - - 210 4.20 433.80
5 14250 142.50 285 - - - - - - 2.50 5 577.50
6 142,50 142.50 21375 - - - - - - 2.50 5 506.25
7 14250 T71.25 14250 - - - - - - 2.50 5 506.25
8 14250 - 142.50 100 100 - - - 5 10 500
9 14250 100 14250 50 50 - - - - 5 10 500
10 142.50 100 192.50 50 - - - - - 5 10 500
" 14250 - 250 - - 100 - - - 2.50 5 500
12 14250 - 100 - - 250 - - - 2.50 5 500
13 14250 - 200 - - - - 150 - 2.50 5 500
14 14250 - 250 - - - - 100 - 2.50 5 500
15 14250 100 14250 - - - - 100 - 5 10 500
16 14250 112.50 100 - - - - 100 - 5 10 470
17 14250 112.50 100 - 30 - 100 - 5 10 500
18 142.50 100 14250 50 50 - - - 2.50 5 492.50
19 142.50 100 14250 - 57.50 50 - - - 2.50 5 500
20 142.50 100 170 - - 30 - 50 - 2.50 5 500
21 142.50 80 200 - 67.50 - - - - 2.50 5 49750
22 142.50 100 150 50 - - - - - 2.50 5 450
23 142.50 100 100 - - 30 70 - - 2.50 5 450
24 142.50 100 100 - - 30 60 50 - 2.50 5 490
25 14250 70 200 - - 20 - 60 - 2.50 5 500
26 142.50 130 130 - - 40 - 50 - 2.50 5 500
27 14250 50 150 - - 40 - - 100 2.50 5 490
28 14250 50 160 - - 30 - - 100 2.50 5 490
29 142.50 50 190 - - - - 50 50 5 10 49750
30 14250 60 150 - - - - 50 50 20 5 47750
31 14250 30 150 - - 30 - 50 50 20 5 47750
32 14250 30 145 - - 30 - 60 60 25 5 49750
33 14250 30 150 - - 30 - 50 50 30 5 487.50
34 14250 40 160 - - - - 50 50 40 5 487.50
35 14250 30 180 - - - - 50 50 30 5 487.50
36 14250 147.50 20 - - - - 50 50 30 10 450
37 142.50 157.50 20 - - - - 50 50 30 10 460
38 14250 167.50 30 - - - - 40 40 20 10 450

ODT, orally disintegrating tablets; SD, solid dispersion.
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Friability in tablets

Friability was measured to assess the mechanical strength
of the tablets. The European Pharmacopoeia Considers the
friability of uncoated tablet formulations below 1% to be
acceptable. Thus, the integrity of the tablet is maintained, and
the mechanical strength is adequate.?® The friability values of
20 tablets were determined after 100 rotations (4 minutes)
using a friability tester (Pharma Test PTF 20E).

Disintegration test on tablets

Disintegration is an essential parameter of ODTs. According
to the European Pharmacopoeia 9 monograph “Orodispersible
tablets”, ODTs must disperse in less than 3 min.?’ The test was
performed in 900 mL of distilled water at 37 + 0.5 °C.

Statistical analysis

All experimental measurements were performed in triplicate,
and the data were expressed as the mean and standard
deviation. Kinetic models were fitted to data from dissolution
rate studies using the DDSolver Software (DDSolver: an add-
in program for modeling and comparison of drug dissolution
profiles).°

RESULTS

Characterization of tolvaptan-CD complexes

In the XRD analysis of pure BCD, sharp peaks corresponding
to the crystal structure were observed at 4.53°, 9.09°, 12.57",

Tolvaptan

Irtenty kpn
@
(2]
% o

Tolvaptan-BCD complex

17.91°, and 18.87° (Figure 1A). In the literature, XRD analyses
often show a sharp peak characteristic of pure CD.%

In the DSC study, the melting peaks of pure BCD, HPBCD, and
tolvaptan at 300-350 °C disappeared as a result of the formation
of the inclusion complex (Figure 1C and D). This indicates that
tolvaptan and CDs form inclusion complexes.*

Characterization of the SDs

Solubility studies

SD formulations were prepared using the ingredients of
five formulations coded HPBCD-NF1, HPBCD-NF2, HPBCD-
NF3, HPBCD-NF4 and HPBCD-NF5, which were described
in our previous study.?® In the preformulation studies of SDs,
polymer solutions containing CD (B-CD or HPBCD) and CD-
free solutions were prepared. In these formulations, PVP K90
and PEO N80 were used as the hydrophilic polymers; Solutol
HS-15 and Gelucire 44/14 as solubility enhancers; and BCD and
HPBCD as complexing agents. A solubility study was performed
on three SD formulations: CD-free (SD), BCD (BCD-SD), and
HPBCD (HPBCD-SD). An increase in solubility relative to pure
tolvaptan was expected owing to the use of a hydrophilic
polymer, solubility enhancers, and the formation of an inclusion
complex between tolvaptan and CD. In the solubility study,
tolvaptan solubility in the HPBCD-SD2 formulation was highest.
While the solubility of pure tolvaptan in distilled water was
0.0266 mg/mL, the solubility of tolvaptan in the HPBCD-SD2
formulation containing 2-HPBCD was 0.2314 mg/mL (Figure 2).

— Tolvaptan
= Tolvaptan-BCD complex

theta(deg)

Tolvaptan

Inteenty (cpn)
-
v
@
(2]
o

Tolvaptan-HPBCD complex
|

Ithetaldeg)

— Tolvaptan
— HPBCD
— Tolvaptan-HPBCD complex

Figure 1. XRD diffractograms; (a) tolvaptan, BCD and tolvaptan-BCD complex, (b) tolvaptan, HPBCD and tolvaptan-HPBCD complex, and DSC thermograms;
(c) tolvaptan, BCD and tolvaptan-BCD complex, (d) tolvaptan, HPBCD and tolvaptan-HPBCD complex.

HPBCD, 2-hydroxypropyl-beta-cyclodextrin; XRD, X-ray diffraction.
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Figure 2. Solubility results in distilled water of pure tolvaptan and five SD formulations containing CD-free (SD), BCD (BCD-SD), and HPBCD (HPBCD-SD).

CD, cyclodextrins; HPBCD, 2-hydroxypropyl-beta-cyclodextrin; SD, solid dispersion.

The solubility of tolvaptan in the HPBCD-SD2 formulation
was approximately 8.7 times that of pure tolvaptan (Table 2).
Therefore, HPBCD was chosen as the complexing agent, and
HPBCD-SD2 was selected as the optimal SD formulation.
Further studies have been conducted using this formulation.

XRD, DSC, and FT-IR analyses

XRD analyses of the five SD formulations were performed, and
their diffractograms were obtained (Figure 3A). Tolvaptan did
not produce any peaks due to the formation of an amorphous
structure. No peaks were observed for the HPBCD-SD1 and
HPBCD-SD2 formulations. The amorphous structure was
preserved in these formulations. Characteristic sharp peaks
of Gelucire 44/14 (19.219" and 23.360") were observed in the
HPBCD-SD3 formulation; characteristic sharp peaks of PEO
N80 (19140° and 23.340°) were observed in the HPBCD-SD4
formulation; and characteristic sharp peaks of PEO N80 were
observed in the HPBCD-SD5 formulation.

DSC measurements were performed on the active ingredient
HPBCD-SD2 and on the excipients of the HPBCD-SD2
formulation. The melting peaks of pure tolvaptan and HPBCD
were observed between 300 and 350 °C. These peaks
disappeared with the formation of the inclusion complexes. No
peaks corresponding to tolvaptan or HPBCD were observed
in the HPBCD-SD2 formulation (Figure 3B). FTIR analyses of
tolvaptan, HPBCD-SD2, and the excipients were performed
(Figure 3C). Pure PVP exhibited a broad absorption band
between 3700 and 3000 cm™* and a C=0 stretching band
at 1655 ¢cm™34 The C=0 stretching vibration was observed at
1732 cm™ in Solutol.® In pure HPBCD, a broad O-H stretching
band was observed in the range of 3000-3600 cm™.%* In the
HPBCD-SD2 formulation, peaks corresponding to PVP were

observed, whereas peaks corresponding to tolvaptan could
not be distinguished because tolvaptan was present at a low
concentration.

SEM analyses

SEM analyses of the SDs were performed. Solid masses
without a specific shape were obtained for all the formulations.
Studies have reported that SD masses are produced without a
defined shape (Figure 4).57%

In vitro dissolution test and release kinetics studies

Because of the low solubility of pure tolvaptan in SLS-free
buffers, sink conditions could not be achieved. To provide sink
conditions for pure tolvaptan in SLS-free buffers, 5.6-12.3
Liters of dissolution medium are needed. Sink conditions
could not be achieved for pure tolvaptan in SLS-containing
buffers (0.22% SLS at pH 1.2, 4.5, and 6.8). In the HPBCD-SD2
formulation, the solubilities of tolvaptan in SLS-containing and
SLS-free buffers range from 0.2 to 1.6 mg/mL. In this case,
studies were conducted under sink conditions in all buffers. The
dissolution rate of the HPBCD-SD2 formulation was studied in
buffers with and without 0.22% SLS. At least 90% of Tolvaptan
in the formulation was dissolved in each buffer within 25 min
(Figure 5).

The r2adj values were compared as criteria for creating kinetic
models from the data in the dissolution studies* and for
determining the accuracy of these results. As r?adj approaches
1, the kinetic model’s similarity to the correct dissolution profile
increases. After comparing these mathematical values, the
dissolution profiles of the optimal formulation of HPBCD-SD2 in
distilled water and in pH 1.2, 4.5, and 6.8 buffers were evaluated
based on r?adj, and the Weibull model was identified as the most
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Figure 3. XRD diffractograms; (a) tolvaptan, HPBCD-SD1, HPBCD-SD2, HPBCD-SD3, HPRCD-SD4, HPBCD-SDS, and belonging to PVP, Solutol, tolvaptan,
HPBCD, HPBCD-tolvaptan complex, and HPBCD-SD2; (b) DSC thermograms and (c) FTIR spectra.

DSC, differential scanning calorimetry; HPBCD, 2-hydroxypropyl-beta-cyclodextrin; PVP, polyvinylpyrrolidone; SD, solid dispersion; XRD, X-ray diffraction.

suitable kinetic model (Table 3). When the dissolution profiles of
the HPBCD-SD2 formulation in buffers containing 0.22% SLS
were evaluated based on r?adj, the Korsmeyer-Peppas kinetic
model was the most appropriate (Table 3).

In the Weibull model, B constants can provide information about
the mechanisms underlying drug-release kinetics in SDs. It is
predicted that when B < 0.75, Fickian diffusion is the dominant
release mechanism; when 0.75 < f < 1, Fickian diffusion and
swelling are the dominant mechanisms; and when f3 > 1, the
release mechanism is complex.“%® The B values of the HPBCD-
SD2 formulation in distilled water and in pH 1.2, pH 4.5, and
pH 6.8 buffers were 0.7995, 0.6603, 0.7581, and 0.6975,
respectively (Table 3).

Using the Korsmeyer-Peppas model, one can determine the
type of diffusion by which the active substance is released from
swelling and non-swelling polymeric drug carrier systems into
the buffer. In the Korsmeyer-Peppas model, the exponent n was
used to characterize the drug release mechanism. The release
of the active substance is thought to occur via pseudo-Fickian
diffusion when n < 0.5, via Fickian diffusion when n = 0.5, via
anomalous diffusion when 0.5 < n < 1, and via non-Fickian
diffusion when n = 145 The n values in the 0.22% SLS buffers
of the HPBCD-SD2 formulation were 0.3017, 0.2544, 0.2000,
and 0.2330, respectively. Quantification was performed in
the HPBCD-SD2 formulation and percent recovery was 97.95
+ 4.54%. This result indicates that almost all tolvaptan in the
formulation was recovered, confirming successful loading.

HPBCD-SD1 &

HPBCD-SD2

HPBCD-SD3

HPBCD-SD4

HPBCD-SD5

Figure 4. SEM images of HPBCD-SD1- HPBCD-SD5 [mag. (a) 500x, (b)
1000x, (c) 5000x].

HPBCD, 2-hydroxypropyl-beta-cyclodextrin; mag., magnification; SD, solid
dispersion; SEM, scanning electron microscope.
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Figure 5. In vitro dissolution test of pure tolvaptan and HPBCD-SD2
formulation in (a) SLS-free buffers, (b) 0.22% SLS buffers.

HPBCD, 2-hydroxypropyl-beta-cyclodextrin; SD, solid dispersion; SLS, sodium
lauryl sulfate.

Production of ODTs

The ODTs were pressed after adding superdispersing agents
to the SDs (Tables 4 and 5). Based on comparisons of friability
and disintegration time among the prepared ODTs, formulation
59, which showed <1% friability and a disintegration time <180
s, was selected as the optimal formulation (SD-ODT; Table 6).

Characterization studies of ODTs

The mean weight, diameter, and thickness of the prepared SD-
ODT were 49750 + 0.53 mg, 3.99 + 0.01 mm, and 1213 + 0.01
mm, respectively. The standard deviations of these parameters
were small, indicating that the values were generally similar.
The hardness of SD-ODT was 33.66 + 2.94 n and did not prolong
the disintegration time; SD-ODT dispersed within 94.00 + 8.19.
The friability was 0.88%.

DISCUSSION

This study aimed to increase the efficacy of tolvaptan by
enhancing its water solubility and dissolution rate and improving
patient compliance. For this purpose, SD formulations were
prepared and ODTs were developed from them. During this
process, characterization studies were performed, and the
results were evaluated. The solvent evaporation method was

preferred for SD preparation because it is a fast, inexpensive,
and simple method for obtaining the product.

According to the XRD results, BCD was found in crystalline
form.% Tolvaptan did not exhibit sharp peaks and was present in
an amorphous form. The tolvaptan-BCD complex did not exhibit
sharp peaks; the sharp peaks of BCD disappeared upon complex
formation. In this case, the tolvaptan-pCD complex exhibited an
amorphous structure. In the XRD analysis of pure 2-HPBCD,
no sharp peaks corresponding to the crystal structure were
observed (Figure 1A). Reported XRD analyses of pure HPBCD
do not exhibit sharp peaks.*” Similarly, the tolvaptan-HPBCD
complex did not exhibit sharp peaks; instead, a peak pattern
indicating formation of an amorphous complex was observed
(Figure 1B).

The solubility study showed that preparing the HPBCD-SD2
formulation increased the solubility of tolvaptan compared
with pure tolvaptan (Figure 2). Solubility results indicated
that tolvaptan in the SDs of complexes prepared with HPBCD
had higher solubility than in complexes prepared with CD-free
BCD. The increase in the solubility of tolvaptan is thought to
be due to the use of a hydrophilic polymer such as PVP K90,
the use of a solubility enhancer such as Solutol HS-15, and
the formation of an inclusion complex between tolvaptan and
CD. Hydrophilic polymers, such as PVP K90, encapsulate
active substances between polymer chains, thereby imparting
hydrophilicity to the encapsulated substances.® Solutol HS-
15 is a non-ionic surfactant.*3° Surfactants form micelles
around active substances, thereby increasing their solubility.
Active substances form complexes with the internal cavities
of 2-HPBCD, increasing their solubility in water owing to
the hydrophilic outer surface of 2-HPBCD. Additionally, the
presence of surfactants, such as SLS, in the solubility medium
increased dissolution. The solubility of tolvaptan in the HPBCD-
SD2 formulation was higher in SLS-containing distilled water
and pH 1.2 buffers than in SLS-containing pH 4.5 and 6.8
buffers. At pH 4.5 and 6.8, the sodium ions from disodium
hydrogen phosphate and SLS produce a common-ion effect.
Because of the common-ion effect, the solubility of active
substances is lower than expected.” It is thought that the lower
solubility of tolvaptan in the HPBCD-SD2 formulation in SLS-
containing media at pH 4.5 and 6.8, compared with its solubility
in SLS-containing distilled water and in pH 1.2 environments,
is due to the common-ion effect. In a study, SD formulations of
silnidipine were prepared. Solubility studies in SD formulations
were carried out in distilled water and in a pH 6.8 medium
containing 0.2% SLS. In SD containing a 1:3 silnidipine:PVP
ratio, the solubilities of pure silnidipine were 0.6371 pg/mL in
distilled water and 1.0051 ug/mL in a pH 6.8 medium containing
0.2% SLS. The solubility of silnidipine increased when SLS
was added to the medium.®

DSC analysis showed no observable tolvaptan or HPBCD peaks
in the HPBCD-SD2 formulation (Figure 3B). This may be due to
the formation of an inclusion complex between tolvaptan and
the CDs. Previous studies have reported that the DSC melting
peak of the active substance disappears after the formation of
the inclusion complex.”%3
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Table 6. Friability and disintegration time results of tablets prepared with SD.

Number Friability (%) Disintegration time (s) ODT weight (mg) Number Friability (%) Disintegration time (s) ODT weight (mg)
1 1 >180 361.65 31 1 180 477.50
2 M >180 43410 32 M >180 497.50
3 i >180 506.25 33 1 145 487.50
4 1 >180 433.80 34 1 »180 487.50
5 1 180 577.50 35 1 180 487.50
6 1 >180 506.25 36 i 150 450

7 i >180 506.25 37 i >180 460

8 1 >180 500 38 1 >180 450

9 1 180 500 39 1 >180 460
10 M 180 500 40 M 180 460

1 1 >180 500 41 1 >180 460
12 1 >180 500 42 1 90 460
13 1 >60 500 43 1 180 400
14 M >60 500 44 M 180 430
15 1 >60 500 45 1 >180 430
16 1 150 470 46 1 130 380

17 1 180 500 47 091 180 400
18 1 >180 492.50 48 i >180 450

19 1 >180 500 49 1 120 470
20 1 »180 500 50 1 »180 480

21 1 180 497.50 51 1 180 500
22 1 >180 450 52 M 180 600
23 1 180 450 53 1 90 700
24 1 >180 490 54 1 175 700
25 1 180 500 55 1 155 700
26 1 »180 500 56 M 165 700
27 1 >180 490 57 1 180 500
28 1 >180 490 58 0.43 »180 500
29 1 >180 497.50 59 0.88 94 500
30 M 180 47750

ODT, orally disintegrating tablets; SD, standard deviation.

In the dissolution rate study of pure tolvaptan in buffer media
tested (with or without 0.22% SLS), except in 0.22% SLS in
distilled water, sink conditions could not be achieved in these
media because of the low solubility of pure tolvaptan. Because
sink conditions were not maintained, the dissolution rate was
slow, and the percentage of tolvaptan dissolved did not reach
100% after 60 min. In 0.22% SLS in distilled water, tolvaptan
dissolved rapidly during the second minute, reaching 43.19%
dissolution, but the dissolution rate decreased thereafter.

This is thought to be caused by the rapid dissolution and
transformation of amorphous tolvaptan into a crystalline form.
The dissolution rate study of the HPBCD-SD2 formulation
was conducted in buffers with and without 0.22% SLS. At
least 90% of tolvaptan in the formulation dissolved within 25
min in all buffers, both with and without 0.22% SLS (Figure
5). Rapid dissolution depends on the formulation containing
a hydrophilic polymer with a large surface area, a solubility
enhancer, and an inclusion complex with CDs.5*% Tolvaptan
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was dispersed among the hydrophilic PVP K90 polymer
chains, resulting in an increase in its hydrophilicity. Solutol
HS-15 formed micelles with tolvaptan. The outer surfaces of
the micelles formed by surrounding tolvaptan molecules are
hydrophilic. In addition, tolvaptan formed an inclusion complex
with 2-HPBCD, which exhibited hydrophilic properties. In our
study, tolvaptan demonstrated hydrophilicity in three respects.
Because tolvaptan is hydrophilic, it rapidly dissolves upon
contact with the hydrophilic dissolution medium. In this case,
dissolution occurred rapidly. The faster dissolution rate in
buffers containing 0.22% SLS compared with buffers without
SLS is thought to result from surfactants such as SLS reducing
the surface tension between liquid and solid surfaces, thereby
increasing the interaction between lipophilic drugs and the
hydrophilic solvent medium.® The presence of surfactants,
such as Solutol HS-15 in the formulation and SLS in the
dissolution medium, accelerated the dissolution of tolvaptan
from the HPBCD-SD2 formulation.

A study observed that SDs of indomethacin prepared with water-
soluble carriers, such as PEG 4000 or Gelucire 50/13, alter its
crystallinity depending on the carrier type and polymer amount.
It has also been reported to contribute to an increase in the
release rate of the drug, a decrease inthe size and agglomeration
of the particles, an increase in their wettability, and a decrease
in the crystallinity of the drug In another study aimed at
increasing the solubility and dissolution rate of itraconazole, a
drug with low water solubility, researchers used hydrophilic
polymers such as polyvinyl acetal diethylaminoacetate (AEA®)
and Eudragit® E 100 with the SD method. The dissolution rate
of itraconazole from the tablets obtained using SDs prepared
by spray drying increased, with more than 90% of the drug
released within 5 min. SDs prepared with AEA® or Eudragit®
E 100 at a 1:1 (w/w) drug/hydrophilic polymer ratio showed
approximately a 70-fold increase in dissolution rate, compared
to the commercial product.®

The HPBCD-SD2 formulation released the drug into the
buffer at pH 1.2 and 6.8 via Fickian diffusion. In contrast, drug
release in distilled water and in pH 4.5 buffer proceeded via
Fickian diffusion and swelling mechanisms (Table 3). Zhu
et al.”” prepared SDs of resveratrol, a compound with poor
water solubility using hydrophilic polymers (Eudragit RS and
polyethylene glycol 600). In the release study, the r2adj values
of the kinetic models were examined; the highest r2adj was
observed for the Weibull kinetic equation. Weibull kinetics is
a model that describes the dissolution behavior of matrix
systems.®® They stated that the Weibull model is an empirical
model used in rapid-release and SR drug-release systems,
and that formulation® exhibits burst release of resveratrol.
Tolvaptan in the HPBCD-SD2 formulation was released into
buffers containing 0.22% SLS by pseudo-Fickian diffusion. In
a study, SDs of gliclazide were prepared using PVP K90. By
fitting the in vitro dissolution data to various release kinetic
models, correlation coefficient (r) values were obtained, and
it was determined that the Korsmeyer-Peppas kinetic model
was the most suitable. The n-value was 0.7249, indicating that
the release occurred via non-Fickian diffusion.®’ Tolvaptan was

dissolved from the HPBCD-SD2 formulation by non-swelling-
controlled matrix diffusion.

Formulations coded 13, 14, 15, 16, 33, 36, 42, 46, 49, 53, 54, 55,
56, and 59 met the European Pharmacopoeia Requirement for a
disintegration time of <3 min. Formulations coded as 47, 58, and
59 had acceptable friability (<1%). In the preformulation study
of ODTs, the following superdisintegrants were used (Table 5):
Primogel, 30 mg in formulation coded 47; Pharmaburst 500,
357.50 mg in formulation coded 57; a mixture of Primogel (20 mg)
and Pharmaburst 500 (337.50 mg) in formulation coded 58; and
a mixture of sodium starch glycolate (25 mg) and Pharmaburst
500 (332.50 mg) in formulation coded 59. The additional use of
sodium starch glycolate as a superdisintegrants in the 59-coded
formulation, unlike in the 57-coded formulation, had a positive
effect on disintegration time and friability. Although using
Primogel as a superdisintegrants in formulation codes 47 and 58
improved friability, it did not improve disintegration time. After
evaluating dispersion time and friability of the formulations,
formulation code 59 was selected as the final ODT formulation
(Table 6). The disintegration time of ODT formulations generally
increases with hardness. As the compression force increased,
powder particles slid past one another and formed a tablet with a
denser structure, making it more difficult for water to penetrate
the tablet and disperse within the medium. To ensure that the
disintegration time was shorter by 3 min, a lower compressive
force was applied. However, a low compression force resulted
in loose structures and increased tablet friability (51%).
Preparing the optimal ODT that met the appropriate dispersion
time, friability, and hardness criteria was challenging. To
overcome this challenge, SD can be developed using the lower-
molecular-weight polymer PVP K30 instead of PVP K90. In
a study, tablet formulations were prepared using ibuprofen-
containing pellets. Tablets were pressed by applying forces
of 5, 10, and 15 kN to the mixtures, and the effects of these
forces on the disintegration time and friability were examined.
With increasing tablet compression force, disintegration time
increased, whereas friability decreased. consequently, it was
reported that, as the compression force increased, a more
compact mass was formed.®? In a study, SDs were prepared
with meloxicam, PVP K30, crospovidone, and SLS, and ODT
formulations were developed from the resulting solid mass.
The optimized ODT showed a hardness of 48 + 4.3 N. This
formulation achieved rapid disintegration in 19 + 2 s.% If the
high-molecular-weight PVP K90 is used in SD-ODT, it may
cause longer disintegration times than observed in this study.
Moreover, this value is below 3 min, meeting the requirement
for ODTs. in addition, the friability value was 0.88%, which is
less than 1% and is in accordance with the pharmacopoeial
standard.

CONCLUSION

In this study, SDs were prepared by the solvent evaporation
method to improve the solubility and dissolution rate of
tolvaptan, an active substance classified as BCS Class IV.
solubility and dissolution rates of the resulting SD formulations
were evaluated. After detailed characterization of these
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formulations, several ODT formulations were developed from
the selected optimum formulation (HPBCD-SD?2) using different
superdisintegrants. The characterization studies demonstrated
that SD-ODT meets pharmacopeial standards for ODTs. For
geriatric and pediatric patients who have difficulty swallowing
or refuse to do so, a tolvaptan-containing dosage form has been
developed that can be easily administered without water and
has a faster onset of action. Further in vivo studies are needed
to demonstrate the efficacy of the final formulation.

Ethics

Ethics Committee Approval: There is not required for ethical
approval.

Informed Consent: There is not required for informed consent.

Footnotes

Authorship Contributions

Concept: AAAK., S.T. FA., Design: A AK, ST, F.A, Data
Collection or Processing: A.AK., S.T., F.A. Analysis or
Interpretation: A.AK., S.T., F.A,, Literature Search: A.AK., S.T.,
F.A., Writing: A AK., S.T., FA.

Conflict of Interest: The authors declare no conflicts of interest.

Financial Disclosure: The authors declared that this study
received no financial support.

REFERENCES

1. Nikghalb LA, Singh G, Singh G, Kahkeshan KF. Solid dispersion: methods
and polymers to increase the solubility of poorly soluble drugs. J Appl
Pharm Sci. 2012;2:170-175.

2. Chiou WL, Riegelman S. Preparation and dissolution characteristics
of several fast-release solid dispersions of griseofulvin. J Pharm Sci.
1969;58:1505-1510.

3. Gurunath S, Pradeep Kumar S, Basavaraj NK, Patil PA. Amorphous solid
dispersion method for improving oral bioavailability of poorly water-
soluble drugs. J Pharm Res. 2013;6:476-480.

4. Chiou WL, Riegelman S. Pharmaceutical applications of solid dispersion
systems. J Pharm Sci. 1971;60:1281-1302.

5. Vasconcelos T, Sarmento B, Costa P. Solid dispersions as strategy to
improve oral bioavailability of poor water soluble drugs. Drug Discov
Today. 2007;12:1068-1075.

6. Savjani KT, Gajjar AK, Savjani JK. Drug solubility: importance and
enhancement techniques. ISRN Pharm. 2012;2012:195727.

7. Vo CL, Park C, Lee BJ. Current trends and future perspectives of
solid dispersions containing poorly water-soluble drugs. Eur J Pharm
Biopharm. 2013;85:799-813.

8. Brewster ME, Loftsson T. Cyclodextrins as pharmaceutical solubilizers.
Adv Drug Deliv Rev. 2007;59:645-666.

9. Lu X, Zhang J, Zuo W, Cheng B, Dong R, Wang W, Zhang L, Li M. A
dissolving microneedle patch loaded with plumbagin/hydroxypropyl-
beta-cyclodextrin inclusion complex for infected wound healing. Colloids
Surf B Biointerfaces. 2025;246:114377-114377.

10. Jug M, Mura PA. Grinding as solvent-free green chemistry approach
for cyclodextrin inclusion complex preparation in the solid state.
Pharmaceutics. 2018;10:4-4.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Manne ASN, Hegde AR, Raut SY, Rao RR, Kulkarni VI, Mutalik S. Hot liquid
extrusion assisted drug-cyclodextrin complexation: a novel continuous
manufacturing method for solubility and bioavailability enhancement of
drugs. Drug Deliv Transl Res. 2021;11:1273-1287.

. Ozdemir N, Erkin J. Enhancement of dissolution rate and bioavailability

of sulfamethoxazole by complexation with beta-cyclodextrin. Drug Dev
Ind Pharm. 2012;38:331-340.

Chinwala M. Recent formulation advances and therapeutic usefulness of
orally disintegrating tablets (ODTs). Pharmacy (Basel). 2020;8:4-4.

Slavkova M, Breitkreutz J. Orodispersible drug formulations for children
and elderly. Eur J Pharm Sci. 2015;75:2-9.

Hirani JJ, Rathod DA, Vadalia KR. Orally disintegrating tablets: a review.
Trop J Pharm Res. 2009;8:2-2.

Bahrainian S, Abbaspour M, Kouchak M, Taghavi Moghadam P. A review
on fast dissolving systems: from tablets to nanofibers. Jundishapur J Nat
Pharm Prod. 2016;12:262-267.

Rahman Z, Zidan AS, Khan MA. Risperidone solid dispersion for orally
disintegrating tablet: its formulation design and non-destructive methods
of evaluation. Int J Pharm. 2010;400:49-58.

Kugler JP, Hustead T. Hyponatremia and hypernatremia in the elderly. Am
Fam Physician. 2000;61:3623-3630.

Buffington MA, Abreo K. Hyponatremia: a review. J Intensive Care Med.
2016;31:223-236.

Zmily HD, Daifallah S, Ghali JK. Tolvaptan, hyponatremia, and heart
failure. Int J Nephrol Renovasc Dis. 2011;4:57-71.

Miyazaki T, Fujiki H, Yamamura Y, Nakamura S, Mori T. Tolvaptan, an
orally active vasopressin V2-receptor antagonist - pharmacology and
clinical trials. Cardiovasc Drug Rev. 2007;25:1-13.

Lee JH, Lee GW. Formulation approaches for improving the dissolution
behavior and bioavailability of tolvaptan using SMEDDS. Pharmaceutics.
2022;14:2-2.

Ramesh K, Shekar BC, Khadgapathi P, Bhikshapathi DVRN. Design and
evaluation of tolvaptan solid dispersions using hot-melt extrusion and
spray drying technique-a comparative study. Der Pharmacia Lettre.
2015;7:218-231.

Prasad SG, Gupta VR, Yasasvi Narayan G, Vijaya K, Tamilselvan A, Siva
Subramanian N. Formulation and evaluation of fast dissolving tablet of
tolvaptan. J Glob Trends Pharm Sci. 2015;6:2403-2410.

Kara A, Tort S, Yucel G, Acarturk F. In vitro evaluation and characterization
of tolvaptan/cyclodextrin complex loaded electrospun nanofibers. Braz J
Pharm Sci. 2025;61:e24314-e24314.

Abdul Rasool BK, Mohammed AA, Salem YY. The optimization of a
dimenhydrinate transdermal patch formulation based on the quantitative
analysis of in vitro release data by DDSolver through skin penetration
studies. Sci Pharm. 2021;89:3-3.

Mostafa HF, Ibrahim MA, Sakr A. Development and optimization of
dextromethorphan hydrobromide oral disintegrating tablets: effect of
formulation and process variables. Pharm Dev Technol. 2013;18:454-463.

Debunne A, Vervaet C, Mangelings D, Remon JP. Compaction of enteric-
coated pellets: influence of formulation and process parameters on tablet
properties and in vivo evaluation. Eur J Pharm Sci. 2004;22:305-314.

Ghourichay MP, Kiaie SH, Nokhodchi A, Javadzadeh Y. Formulation and
quality control of orally disintegrating tablets (ODTs): recent advances
and perspectives. Biomed Res Int. 2021;2021:6618934-6618934.



KARA et al. Orally Disintegrating Tablets from Solid Dispersions Containing Tolvaptan/Cyclodextrin 21

30.

31

32.

33

34.

35.

36.

3r.

38.

39.

40.

41.

42.

43.

44,

45.

Tungel E, TortS,Han S, Yucel G, Tirnaksiz F. Development and optimization
of hydrogel-forming microneedles fabricated with 3D-printed molds for
enhanced dermal diclofenac sodium delivery: a comprehensive in vitro,
ex vivo, and in vivo study. Drug Deliv Transl Res. 2025;15:2116-2145.

Bhattacharjee T, Rahman S, Deka D, Purkait MK, Chowdhury D, Majumdar
G. Synthesis and characterization of exfoliated beta-cyclodextrin
functionalized graphene oxide for adsorptive removal of atenolol. Mater
Chem Phys. 2022;288:1-8.

Williams RO 3rd, Mahaguna V, Sriwongjanya M. Characterization of an
inclusion complex of cholesterol and hydroxypropyl-beta-cyclodextrin.
Eur J Pharm Biopharm. 1998;46:355-360.

Tantishaiyakul V, Kaewnopparat N, Ingkatawornwong S. Properties of
solid dispersions of piroxicam in polyvinylpyrrolidone. Int J Pharm.
1999;181:143-151.

Adeli E. Irbesartan-loaded electrospun nanofibers-based PVP K90 for
the drug dissolution improvement: fabrication, in vitro performance
assessment, and in vivo evaluation. J Appl Polym Sci. 2015;132:27-27.

Varshosaz J, Ghassami E. Enhancement of dissolution rate of fenofibrate
by spray drying technique: comparison of Eudragit E100, Solutol HS15
and hydroxypropy! cellulose as carriers. Farmacia. 2015;63:433-445.

Mihajlovic T, Kachrimanis K, Graovac A, Djuric Z, Ibric S. Improvement
of aripiprazole solubility by complexation with 2-hydroxypropyl-beta-
cyclodextrin using spray drying technique. AAPS PharmSciTech.
2012;13:623-631.

Dong L, Mai Vv, Liu Q, Zhang W, Yang J. Mechanism and improved
dissolution of glycyrrhetinic acid solid dispersion by alkalizers.
Pharmaceutics. 2020;12:1-1.

Febriyenti F, Rahmi S, Halim A. Study of gliclazide solid dispersion
systems using PVP K-30 and PEG 6000 by solvent method. J Pharm
Bioallied Sci. 2019;11:262-267.

Yadav PS, Kumar V, Singh UP, Bhat HR, Mazumder B. Physicochemical
characterization and in vitro dissolution studies of solid dispersions of
ketoprofen with PVP K30 and dmannitol. Saudi Pharm J. 2013;21:77-84.

Skiba M, Skiba M, Milon N, Bounoure F, Fessi H. Preparation and
characterization of amorphous solid dispersions of nimesulide in
cyclodextrin copolymers. J Nanosci Nanotechnol. 2014;14:2772-2779.

Mircioiu C, Voicu V, Anuta V, Tudose A, Celia C, Paolino D, Fresta M,
Sandulovici R, Mircioiu I. Mathematical modeling of release kinetics from
supramolecular drug delivery systems. Pharmaceutics. 2019;11:3-3.

Adibkia K, Selselehjonban S, Emami S, OsouliBostanabad K,
BarzegarJalali M. Electrosprayed polymeric nanobeads and nanofibers
of modafinil: preparation, characterization, and drug release studies.
Bioimpacts. 2019;9:179-188.

Tugcu-Demirdz F, Saar S, Kara AA, Yildiz A, Tungel E, Acartirk F.
Development and characterization of chitosan nanoparticles loaded
nanofiber hybrid system for vaginal controlled release of benzydamine.
Eur J Pharm Sci. 2021;161:105801-105801.

Adibkia K, Ghajar S, OsouliBostanabad K, Balaei N, Emami S,
BarzegarJalali M. Novel gliclazide electrosprayed nanosolid dispersions:
physicochemical characterization and dissolution evaluation. Adv Pharm
Bull. 2019;9:231-240.

Rezaei A, Nasirpour A, Tavanai H, Fathi M. A study on the release kinetics
and mechanisms of vanillin incorporated in almond gum/polyvinyl
alcohol composite nanofibers in different aqueous food simulants and
simulated saliva. Flavour Fragr J. 2016;31:442-447.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Abarca RL, Rodriguez FJ, Guarda A, Galotto MJ, Bruna JE.
Characterization of betacyclodextrin inclusion complexes containing an
essential oil component. Food Chem. 2016;196:968-975.

Kim JS. Study of flavonoid/hydroxypropylbetacyclodextrin inclusion
complexes by UVVis, FTIR, DSC, and Xray diffraction analysis. Prev Nutr
Food Sci. 2020;25:449-456.

Hrib J, Sirc J, Hobzova R, Hampejsova Z, Bosakova Z, Munzarova M,
Michalek J. Nanofibers for drug delivery - incorporation and release of
model molecules, influence of molecular weight and polymer structure.
Beilstein J Nanotechnol. 2015;6:1939-1948.

Bergonzi MC, Vasarri M, Marroncini G, Barletta E, Degl'Innocenti D.
Thymogquinone-Loaded Soluplus®-Solutol® HS15 Mixed Micelles:
preparation, in vitro characterization, and effect on the SHSY5Y cell
migration. Molecules. 2020;25:20-20.

da Fonseca Antunes AB, De Geest BG, Vervaet C, Remon JP. Gelucire
44/14 based immediate release formulations for poorly watersoluble
drugs. Drug Dev Ind Pharm. 2013;39:791-798.

Serajuddin AT, Sheen PC, Augustine MA. Common ion effect on solubility
and dissolution rate of the sodium salt of an organic acid. J Pharm
Pharmacol. 1987;39:587-591.

Mohana M, Vijayalakshmi S. Development and characterization of solid
dispersionbased orodispersible tablets of cilnidipine. BeniSuef Univ J
Basic Appl Sci. 2022;11:1-1.

Ficarra R, Ficarra P, Di Bella MR, Raneri D, Tommasini S, Calabro ML,
Gamberini MC, Rustichelli C. Study of betablockers/betacyclodextrins
inclusion complex by NMR, DSC, Xray and SEM investigation. J Pharm
Biomed Anal. 2000;23:33-40.

Kalia A, Poddar M. Solid dispersions: an approach towards enhancing
dissolution rate. Int J Pharm Pharm Sci. 2011;3:9-19.

Ruan LP, Yu BY, Fu GM, Zhu DN. Improving the solubility of ampelopsin
by solid dispersions and inclusion complexes. J Pharm Biomed Anal.
2005;38:457-464.

Vemula VR, Lagishetty V, Lingala S. Solubility enhancement techniques.
Int J Pharm Sci Rev Res. 2010;5:41-51.

ElBadry M, Fetih G, Fathy M. Improvement of solubility and dissolution
rate of indomethacin by solid dispersions in Gelucire 50/13 and
PEG4000. Saudi Pharm J. 2009;17:217-225.

Jung JY, Yoo SD, Lee SH, Kim KH, Yoon DS, Lee KH. Enhanced solubility
and dissolution rate of itraconazole by a solid dispersion technique. Int J
Pharm. 1999;187:209-218.

Zhu W, Fan W, Zhang X, Gao M. Sustainedrelease solid dispersion
of highmeltingpoint and insoluble resveratrol prepared through hot
melt extrusion to improve its solubility and bioavailability. Molecules.
2021;26:16-16.

Dash S, Murthy PN, Nath L, Chowdhury P. Kinetic modeling on drug
release from controlled drug delivery systems. Acta Pol Pharm.
2010;67:217-223.

Biswal S, Sahoo J, Murthy PN. Physicochemical properties of
solid dispersions of gliclazide in polyvinylpyrrolidone K90. AAPS
PharmSciTech. 2009;10:329-334.

Abbaspour MR, Sadeghi F, Afrasiabi Garekani H. Design and study of
ibuprofen disintegrating sustained-release tablets comprising coated
pellets. Eur J Pharm Biopharm. 2008;68:747-759.

Dehghani H, Taheri A, Homayouni A. Design, optimization and evaluation
of orally disintegrating tablet of meloxicam using its menthol based solid
dispersions. Curr Drug Deliv. 2017;14:709-717.




Turk J Pharm Sci 2026;23(1):22-30
DOI: 10.4274/tjps.galenos.2026.86132 ORIGINAL ARTICLE

Assessment of the Potential Health Risks
Associated with the Toxic and Essential Elements
Content in Tea Samples Marketed in Tirkiye

©® Muhammed HAMITOGLU*, ® Mert SAHIN', © Giilsah ESEN!, ® Sinem HELVACIOGLU2, ® Ahmet AYDIN!

TYeditepe University Faculty of Pharmacy, Department of Toxicology, Istanbul, Turkiye
2Vrije Universiteit Brussel Faculty of Medicine and Pharmacy, Department of Pharmaceutical and Pharmacological Sciences, Brussels, Belgium

ABSTRACT

Objectives: Tea is a widely consumed beverage that may contain both essential and toxic metals, raising nutritional and health concerns. This
study evaluated the transfer of selected essential and toxic metals from black tea leaves to their infusions and assessed the associated health
risks and nutritional contributions.

Materials and Methods: Black tea leaves and their infusions from eight commercially available brands sold in Turkiye were analyzed. Toxic
elements [arsenic (As), aluminium, cadmium (Cd), lead (Pb)] were quantified using inductively coupled plasma mass spectrometry, while
essential elements [copper, iron (Fe), magnesium (Mg), zinc] were quantified using flame atomic absorption spectrometry. Health risks were
evaluated using the Estimated Daily Intake, the Target Hazard Quotient (THQ), the Hazard Index (HD), and the Incremental Lifetime Cancer Risk
(ILCR).

Results: In dry tea leaves, aluminum was the predominant toxic element (12.6-25.3 mg/g), followed by Pb (21.0-39.0 pg/g); As and Cd were
present at lower levels. Mg (523.0-1421.0 ug/g) and Fe (2631-445.5 pg/g) were the most abundant essential elements. Metal concentrations
in tea infusions were significantly lower than those in dry leaves (p < 0.05), indicating limited transfer during brewing. In infusions, aluminum
(0.5-1.0 mg/g) and Mg (88.5-413.4 pg/g) were the dominant toxic and essential elements, respectively. All THQ values and the combined HlI
were below 1, indicating no significant non-carcinogenic risk. ILCR values for Pb were below 10°%, whereas those for As ranged from 10 to
104, indicating a moderate carcinogenic risk for As.

Conclusion: The transfer of metals from tea leaves to infusions is limited, likely due to chelation and complexation during brewing. Under
typical consumption conditions, black tea infusions were within established safety limits, with risk indices below thresholds of concern. While
As warrants continued monitoring, essential elements contribute only a small fraction of the recommended daily intakes. The small sample
size is a limitation.

Keywords: Cancer slope factor, estimated Incremental Lifetime Cancer Risk, Hazard Index, Hazard Quotient, metal contamination

INTRODUCTION cardiovascular diseases and cancer.? Tea leaves and processed
Tea, derived from the leaves of Camellia sinensis L., is among the tea products possess a complex chemical composition,
most widely consumed non-alcoholic beverages worldwide. Its including tannins, flavonols, alkaloids, proteins, amino acids,
popularity is attributed to its therapeutic benefits, invigorating enzymes, aroma compounds, vitamins, minerals and essential
qualities and mild stimulant effects.! Tea consumption has been elements.’ Tea plants are known to accumulate various metals
associated with reduced serum cholesterol levels, inhibition from the soil, and numerous studies have shown that cultivation
of low-density lipoprotein oxidation and a lower risk of conditions can influence metal uptake in tea leaves. Metals
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such as copper (Cu), iron (Fe), zinc (Zn), and magnesium (Mg)
are essential for biological functions and play critical roles in
enzymatic activity, oxygen transport, and cellular metabolism.
However, their health effects may vary depending on intake
levels, as both deficiencies and excessive exposure can lead to
adverse outcomes!

In contrast, arsenic (As), aluminium (AD, cadmium (Cd), and
lead (Pb) are classified as non-essential elements due to their
inherent toxicity, even at low concentrations. Toxic effects can
also occur when the level of an essential element becomes
excessively elevated, leading to harmful impacts on the central
nervous system, blood constituents, and vital organs such as the
lungs, liver, and kidneys, which can contribute to various disease
conditions, including mental disorders.* Given the importance of
both essential and toxic elements in tea, numerous studies have
investigated their concentrations in tea leaves and infusions.>”
However, the metal content of tea may vary considerably due to
environmental factors, geographic characteristics, agricultural
practices, and processing conditions. Therefore, monitoring
metal levels in tea products remains essential from both
nutritional and toxicological perspectives.

While determining elemental concentrations and comparing
them with regulatory limits is important, such an approach
alone may not fully capture potential public health implications.
A comprehensive human health risk assessment provides a
more informative framework by integrating exposure levels
with toxicological reference values. In this context, Turkiye
represents a particularly relevant case, as it is among the
leading countries worldwide in per capita tea consumption,
with black tea constituting a major component of the daily diet
across all age groups. Tea cultivation in Turkiye, particularly in
the Black Sea region, is carried out under distinct regional and
environmental conditions. Despite widespread consumption
and potential dietary exposure to metals, data integrating
both elemental composition and health risk assessment for
commercially available black tea products in Turkiye remain
limited.

Therefore, this study aims to assess the levels of essential
and toxic elements in eight commercially available bagged
black tea samples and their infusions sold in Turkiye and to
evaluate the associated human health risks. Non-carcinogenic
and carcinogenic risks related to toxic element exposure were
assessed using the Target Hazard Quotient (THQ), Hazard
Index (HD, and Incremental Lifetime Cancer Risk (ILCR). For
essential elements, estimated dietary intakes were compared
with established toxicological reference values, including the
Tolerable Daily Intake (TDI), Provisional TDI (PMTDD, reference
dose (RfD), and Tolerable Upper Intake Level (UL).

MATERIALS AND METHODS

Sample collection and preparation

The content of heavy metals and essential elements in black
teas available in Turkish markets that were widely accepted
and commonly consumed was analyzed in this study. A total
of eight commercially available bagged black tea brands were

selected for analysis. To achieve this, black tea bags with
similar production dates were sourced from the same market.
The samples were stored at room temperature, kept away from
direct sunlight, and were confirmed to be undamaged prior to
analysis.

Analytical procedures

For metal determination, 0.1 g of each dry tea sample was
placed in a Teflon vessel and digested in a microwave-assisted
acid digestion system (Anton Paar, Germany). The digestion
process utilized 4.5 mL of 20% nitric acid (Merck, Germany)
and 0.5 mL of hydrogen peroxide (Sigma, Germany).

For tea infusions, three black tea bags (weighing approximately
6 gintotal) from each sample were steeped in 200 mL of distilled
water at room temperature for 5 minutes according to brewing
guidelines recommended by the tea industry. This standardized
brewing duration was selected to ensure comparability between
samples and to represent realistic exposure conditions for
routine tea consumption.® During this time, the mixture was
stirred at 400 rpm using a magnetic stirrer. After brewing,
the tea bags were held above the beaker for 1 minute to allow
excess liquid to drain. The resulting infusion was capped and
stored in a refrigerator until analysis. No additional preparation
was required for the infusion samples prior to measurement.

Elemental analysis was performed using a validated, in-house
accredited method. Toxic elements (As, Al, Cd, Pb) were
quantified using Inductively Coupled Plasma Mass Spectrometry
(Thermo Scientific ICAP Q Series, Germany),” while essential
elements (Cu, Fe, Mg, Zn) were determined using Flame Atomic
Absorption Spectrometry (Analytik Jena, Germany).”°

Risk assessment for consumers

The Estimated Daily Intake (EDI) of toxic elements from tea
infusion samples was determined using the equation:

EDI = [concentration x ingestion rate (IR) x exposure frequency
(EF) x exposure duration (ED)]/[body weight (BW) x averaging
time]

Where EDI is the EDI (mg/kg/day), C is the metal concentration
in tea infusion samples and IR is the daily consumption of tea
per capita in Turkiye (10 g/day). EF is the EF (365 day/year),
ED is the ED for adults (54 years), BW is the average BW of
consumers (60 kg) and AT indicates the average lifetime (70
years x 365 days).’" In the risk assessment, per-capita daily
tea consumption was assumed to be 10 g/day (dry weight), a
conservative estimate for a high-tea-consuming population
such as Turkiye. Tirkiye has one of the highest per capita
tea consumption rates in the world, with annual average
consumption exceeding 3.2 kg per person, corresponding to an
average of several cups of tea per day.”?

To assess potential non-carcinogenic health risks, the THQ was
calculated for each toxic element (THQ = EDI/RfD). RfD is the
oral RfD for the intended trace element (As = 0.0003, Al =1,
Pb = 0.002 mg/kg/day).” If the THQ value is less than one, it
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indicates no significant risk of non-carcinogenic adverse health
effects to consumers. Additionally, to evaluate the potential
cumulative hazard resulting from expose to multiple metal, HI
was calculated (HI = THQ, + THQ,, + THQ.,+ THQ,).

Cancer risk was estimated as the lifetime probability of
developing cancer due to exposure to potential carcinogens.
The ILCR was calculated as the product of the EDI and the
cancer slope factor (CSF), the latter being derived from the
dose-response curve for ingestion of the toxicant, according
to the formula:

ILCR = EDI x CSF™

For essential elements, the risk assessment compared the
EDI of Zn, Fe, Cu, and Mg from black tea consumption with
established toxicological safety guidelines, including the TDI,
PMTDI, RfD, and UL.

Statistical analysis

All analyses were conducted using SPSS software version
21.0. The concentrations of toxic and essential elements were
expressed as mean * standard deviation. One-way analysis
of variance, followed by Tukey's post-hoc HSD test, was
used to determine significant differences between the mean
concentrations in dry tea leaves and tea infusions. A p-value of
<0.05 was considered statistically significant.

RESULTS

Metal concentrations in tea leaves and tea infusions

In this study, eight different black tea bag samples, representing
the most frequently consumed brands in Turkiye, were selected
for analysis. The toxic and essential element contents per tea
bag sample are presented in Table 1.

The levels of both toxic and essential elements were roughly
similar among the tested brands. The most abundant toxic
metals in tea leaves were Al (12.6-25.3 mg/g) and Pb (21.0-39.0
ug/g), whereas the most prevalent essential elements were Mg
(523.0-1421.0 ug/g) and Fe (2631-445.5 ug/g). The contents of

Cu, Zn, As, and Cd were in the ranges of 25.0-29.3 ug/g, 37.2-
51.3 pg/g, 0.7-1.6 ug/g, and 0.6-2.1 ug/g, respectively.

Toxic and essential elements were also measured in tea
infusions prepared following the recommended steeping time of
5 minutes for black tea. The concentrations in infusion samples
for each brand are shown in Table 2; Figure 1 compares the
average element concentrations in dry tea leaves and in the
corresponding infusions.

As shown in Table 2, the primary toxic metal found in the
infusion samples was Al, with concentrations ranging from
0.5 to 1.0 mg/g. On the other hand, the predominant essential
element was Mg, with concentrations ranging from 88.5 to
413.4 pg/g. The total contents of other elements determined in
tea infusions are presented in the following order: Fe (39.4 to
70.0 pg/g), Cu (13.5 to 17.8 pg/g), Zn (9.4 to 16.9 pg/g), As (0.1
to 0.3 pg/g), and Pb (0.1 to 0.5 pg/g). The concentrations of Cd
in the infusion samples were below the limit of detection of the
available analytical technique (3.7 ppb).

All elements showed a significant decrease (p < 0.05) in
infusions compared with those in dry leaves. The extraction
efficiency of each element was calculated as the concentration
of the element in tea infusions divided by its total concentration
in black tea leaves (Figure 1.

Health risk assessment

Table 3 presents the EDI, THQ, and HI values calculated for the
non-carcinogenic risk assessment of tea infusions. The EDI
was the highest for Al among all brands under investigation,
while it was relatively similar for As and Pb. The lowest THQ
was observed for Pb, while As and Al exhibited similar THQ
values, both higher than that for Pb. None of the individual
THQs for Al, As, and Cd exceed the value of 1 in any of the
tea infusion samples examined. This observation implies that
the consumption of the analyzed tea infusions does not pose
a significant risk of non-carcinogenic health effects. The
HI, which accounts for the combined impact of consuming
multiple toxic elements, also remains below 1 (Table 3).
The obtained values indicate that Al contributes the most to the

Table 1. Toxic and essential element level in tea leaves in tea bag samples (mean + standard deviation).

Toxic elements level

Essential elements level

Sample As Al Cd Pb Zn Fe Cu Mg
(ug/g) (mg/g) (pg/g) (pg/g) (ug/g) (pg/g) (ug/g) (pg/g)

Brand A 1.0+ 01 18109 1.0+01 21.0 £ 11 372+14  2631+50 25.0+0.7 523.0+354

Brand B 1.0+ 0.1 175+ 09 09+00 21011 426 +0.8 3504+140 285+08 1134.2+53.0
Brand C 1.6 £ 0.0 252 +13 1.0+01 26.0+13 48.6 + 0.8 4455 +5]1 287+16 1421.0+ 335
Brand D 1.6+ 01 253+13 1.2+ 01 28014 477+6.0 416770 278 +17 952.0+30.3
Brand E 1.5+ 01 233+12 21+01 25.0+13 513+ 6.1 4176 £ 207  27.7+09 10493 £ 495
Brand F 0.7+0.0 126+06 09+00 21.0x11 489+64 360996 293+0.6 1161.0 + 24.3

Brand G 0.7+ 0.1 131+£0.7 0.6+0.0 21.0 £ 11 444 +14 3303+128 29109 1263.2+33.0
Brand H 1.3+ 0.1 270 +13 1.3+01 39.0+2.0 408+ 54 400599 277+10 937.0 +36.5

Al, aluminium; As, arsenic; Cd, cadmium; Cu, copper; Fe, iron; Mg, magnesium; Pb, lead; Zn, zinc.
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Table 2. Toxic and essential elements level in tea infusion samples (mean + standard deviation).

Toxic elements level Essential elements level
Sample As Al Cd Pb Zn Fe Cu Mg

(pg/g) (mg/g) (ug/g) (pg/g) (pg/g) (ug/g) (ug/g) (ug/g)
Brand A 03+0.01 09+0.04 <LOD 0.1+ 0.01 94+035 394+220 17.2+049 2098 +13.61
Brand B 03+0.03 0.7+0.04 <LOD 0.3+0.02 M4+014 523013 17.7+050 292.0+19.26
Brand C 02+0.01 0.8+0.04 <LOD 0.1+£0.01 128+ 0.71 55.8+117 1652049 124.0+15.76
Brand D 02+0.01 0.8+0.04 <LOD 0.2+0.01 142+106 654+010 175+045 88.5+1378
Brand E 0.2+0.01 0.8+0.04 <LOD 0.4:0.02 13.6+132 70.0+147 178090 136.5+18.02
Brand F 0.1+0.01 0.5+0.03 <LOD 0.5£0.02 144112 61.3+049 15.0+0.69 280.4 +11.89
Brand G 0.1+0.01 0.7+0.04 <LOD 0.5+0.02 169 +1.02 67.2+179 135+046 4134 +7.86
Brand H 0.1 +0.01 1.0+ 0.05 <LOD 0.2 £ 0.01 131£1.06 677509 137+032 921+710

Al, aluminium; As, arsenic; Cd, cadmium; Cu, copper; Fe, iron; LOD, limit of detection; Mg, magnesium; Pb, lead; Zn, zinc.
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Figure 1. The comparison of toxic and essential elements content in dry leaves and infusions of black tea.
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HI of the examined tea infusion samples, at 50%. As contributes
41% and Pb contributes 9% (Figure 2). The carcinogenic risk of
As and Pb via the consumption of tea infusions was evaluated
and is summarized in Table 4. The assessment was based on
the CSF values for inorganic As (1.5 per mg/kg/day) and Pb
(0.0085 mg/kg/day). An ILCR above 10 indicates high risk,
while values below 10 indicate minimal risk; values between
10¢ and 10** indicate moderate risk. In this study, ILCR values
for Pb were below 10 in all tea infusion samples, indicating
negligible carcinogenic risk. ILCR values for As ranged from
10 to 104, indicating a moderate risk.

For the essential elements, the EDI of Fe, Cu, Zn, and Mg from
tea infusions was compared with their toxicological reference
values (PMTDI, TDI, UL, or RfD) as presented in Table 5. The
results indicated that the average EDI for these elements
constituted a very small fraction (0.01%-5%) of the established
reference values for a 60-kg person. Therefore, the intake of
these essential elements through tea infusions is unlikely to
pose any significant health risk to the average consumer.

DISCUSSION

) %
////////,

Figure 2. Average percentage contribution of Al, As and Pb to the HI.
Al, aluminium; As, arsenic; HI, Hazard Index; Pb, lead.

Previous studies have reported varying concentrations of toxic
and essential elements in black tea from different regions.
Matsuura et al.® reported an average Al level of 0.8 mg/g in
black tea bags commercially available in Japan. Tang et al’®
determined Al concentration of 0.48 mg/g in dry tea leaves
marketed in Hangzhou, China. In another study, the ranges of
Al and Pb in mature tea leaves from Puan County, China were
found to be 4.3-10.4 mg/g and 0.56-1.26 ug/g, respectively.®
Ghale-Askari et al” reported the mean concentrations of 1.96,
0.048, 2.195 and 0.03 pg/g for Pb, As, Al, and Cd in the tea leave
samples marketed in Neishabour city, Iran. In another study the
Pb, Cd, As and Cu concentrations in the Sri Lankan and Indian
black tea were 0.14, 0.017, 0.057, 11.29 mg/kg, and 0.21, 0.02,
0.067, 14.56 mg/kg, respectively.® The quality of tea brands
available in the retail market in Saudi Arabia were evaluated
based on their metal contents in the study conducted by Al-
Oud.” The concentrations of the toxic elements Pb and Cd in
tea leaves were 0.03-14.84 pg/g and below the detectable limit
of 0.37 pg/g, respectively. Among essential elements, Fe was
the most abundant (326-1155 pg/g), followed by Zn (26.7-53.9
pg/g) and Cu (221-40.7 ug/g). More recently, Rahmani et al.?°
reported that imported black teas in Mashhad, Iran contained
concentrations ranging from 6.81 to 35.21 pg/g for Cu, 14.61 to
164.84 ug/g for Zn, 0.038 to 1.62 pg/g for Pb and 0.006 to 0.19
ug/g for Cd.

Overall, our findings for the toxic element content of dry tea
leaves were higher than those reported in previous studies. The
highest level of Al among previous studies was found in the
samples obtained from factories located in Giresun, Trabzon
and Rize in Turkiye.?® The average Al content of the tea was
found to be between 8.9 and 14.1 mg/g in Rize, between 8.2 and
11.2 mg/g in Trabzon, and between 8.8 and 15.7 mg/g in Giresun.

The elevated concentrations of toxic elements in tea
samples from Turkiye are likely attributable to specific
cultivation conditions and environmental factors, including
soil characteristics, climate, altitude, and rainfall. Previous
studies have indicated that significant quantities of metals
may translocate from the soil to tea leaves.?? In particular, tea

Table 3. EDI, THQ and HI values of the studied toxic elements in tea infusions.

Sample EDI/THQ
As Al Cd* Pb HI

Brand A 3.7E-05/0.12 1.2E-01/012 NA 1.7E-05/0.01 0.25
Brand B 3.5E-05/0.12 9.02E-02/0.09 NA 4.3E-05/0.02 0.23
Brand C 3.0E-05/0.10 11E-01/0.1 NA 1.7E-05/0.01 0.21
Brand D 2.4E-05/0.08 1.0E-01/0.10 NA 21E-05/0.01 019
Brand E 2.2E-05/0.07 9.8E-02/010 NA 43E-05/0.02 019
Brand F 21E-05/0.07 7.4E-02/0.087 NA 6.4-05/0.03 017
Brand G 19E-05/0.06 9.6E-02/010 NA 6.0E-05/0.03 019
Brand H 1.7E-05/0.06 13E-01/0.13 NA 2.6E-05/0.01 0.20

*The risk assessment for Cd was not conducted because its concentration was found to be below the limit of detection in all investigated infusion samples. Al,
aluminium; As, arsenic; Cd, cadmium; EDI, Estimated Daily Intake; HI, Hazard Index; NA, not applicable; THQ, Target Hazard Quotient.
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leaves grown in acidic soils tend to accumulate higher levels of
metals, a phenomenon linked to the soil's acidic properties.?®
Ozyazici et al.% further corroborated this by reporting the acidic
pH range (3.14-6.39) of soils in regions of Turkiye where tea
cultivation is prevalent.

It is crucial to emphasize that the retention of elements within
an organism depends on two factors: the overall element
content within tea leaves and the fraction that is extracted into
the infusion.?® Therefore, in this study, levels of both toxic and
essential elements in tea infusions were analyzed following the
recommended 5-minute steeping time for black tea. It has been
acknowledged that the quantity of elements extracted into the tea
infusions primarily depends on whether the compound is tightly
bound to the matrix or more soluble in the employed solution.?
Hence, the amount of minerals in tea infusions is determined by
the extraction efficiencies and the total concentration of metals
within the tea leaves.?

According to their extraction efficiencies, elements are
classified into highly (55%), moderately (22-55%) and
poorly extractable elements (<20%).?" In this study, after 5
minutes of brewing, the derived extraction efficiencies for
the elements under investigation indicated that As, Al, Cd, Pb,
Fe, and Mg were poorly extractable. Zn is in the moderately
extractable range, whereas Cu is in the highly extractable
range. Similarly, in a study conducted by Salahinejad and

Table 4. The ILCR for As and Pb was analysed in tea infusions.

Sample ILCR”
As Pb

Brand A 5.5E-05 1.5E-07
Brand B 5.3E-05 3.6E-07
Brand C 4.4E-05 1.5E-07
Brand D 3.6E-05 1.8E-07
Brand E 3.2E-05 3.6E-07
Brand F 31E-05 5.5E-07
Brand G 2.9E-05 51E-07

*ILCR was calculated by multiplying the EDI by the CSF. Oral CSF for inorganic
As and Pb is 1.5 and 8.5 x 10~ mg/kg/day, respectively.? As, arsenic; CSF,
cancer slope factor; EDI, Estimated Daily Intake; ILCR, Incremental Lifetime
Cancer Risk; Pb, lead.

Aflaki?® on black tea samples from the Iranian market, Cd, Pb
and Fe were categorized as poorly extractable, while Zn fell
into the moderately extractable category. In contrast to our
results, Al and Mg were classified as moderately extractable,
and Cu was categorized as poorly extractable in that study.
The discrepancy in findings between the two studies may be
attributable to the longer brewing period (30 minutes) used in
the other study, compared with the shorter period (5 minutes)
used in our investigation. In the present study, Al exhibited the
highest EDI among the investigated elements, while As and
Pb showed comparable EDI values. Conversely, Pb had the
lowest THQ, whereas Al and As displayed similar and relatively
higher THQ values. In order to calculate the EDI and THQ, an
established oral RfD is essential. The RfD is an estimate of the
daily intake of a substance, considered safe for the general
population, including sensitive groups, over a lifetime without
causing adverse health effects. The RfD is derived from studies
identifying the No Observed Adverse Effect Level, the Lowest
Observed Adverse Effect Level, or the benchmark dose, with
safety factors applied to address uncertainties in the available
data.®®

Al has an oral RfD of 1 mg/kg/day. Dietary sources account for
over 90% of non-occupational human exposure to aluminum.”
Experimental animal studies have reported potential neurotoxic
effects associated with prolonged exposure to Al. Growing
scientific evidence suggests a potential connection between
aluminum’s neurotoxic effects and the onset of Alzheimer’s
disease. Although this association remains primarily
correlational, aluminum has also been implicated in age-related
cognitive decline and in neurodegenerative disorders such as
Parkinson's disease. Research in humans has predominantly
focused on dialysis patients, especially those suffering from
dialysis encephalopathy, to explore the impact of aluminum
exposure on brain function.?

The established oral RfD for inorganic As is 0.0003 mg/kg/day.
Similar to Al, the primary source of As for individuals not exposed
through occupational settings is their diet. Seafood commonly
carries elevated levels of As, primarily in the form of the less
harmful organic As species.!® Aside from food, beverages such
as tea may be significant sources of dietary exposure to toxic
elements in daily life. The Food and Agriculture Organization
(FAOQ) of the United Nations/World Health Organization (WHO)
has established a provisional tolerable weekly intake (PTWI

Table 5. Comparison of the EDI of Zn, Fe, Cu and Mg through 10 g tea infusion/day consumption and toxicological parameters.

Toxicity reference value (mg/day)

Percentage of considered parameters according

to EDI
PMTDI RfD TDI UL Average EDI (mg/day) PMTDI RfD TDI UL
Zn 1 10 40 0.002 0.20 0.02 0.01
Fe 0.8 45 0.008 1.00 0.02
Cu 0.5 0.04 10 0.002 0.40 5.00 0.02
Mg 350 0.026 0.01

Cu, copper; EDI, Estimated Daily Intake; Fe, iron; Mg, magnesium; PMTDI, Provisional TDI; RfD, reference dose; TDI, Tolerable Daily Intake; UL, Tolerable Upper Intake

Level; Zn, zinc.
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for As, with an estimated maximum limit of 15 pg/kg of BW
(equivalent to 900 pg per person; Karak and Bhagat). According
to Yuan et al.,* the consumption of 10 g of Chinese tea per
person daily results in a maximum inorganic As contribution
of 2.26 pg from tea infusion. This equates to 0.038 pg/kg/day,
excluding the contribution from water. This value reported in
that study corresponds to only 1.8% of the recommended PTWI
of 2.1 pg per kg of BW per day, as established by the FAO/
WHO. In the present study, the consumption of infusions from
tea samples in the Turkish market at an IR of 10 g Pbs to an
inorganic As intake of 0.025 pg/kg/day. This corresponds to
a PTWI that is slightly lower (by 1.2%) than that reported in the
study conducted in China.

Exposure to Pb in children continues to be a significant health
concern due to the neurological effects that persist from
prolonged exposure to relatively low levels of Pb.’" As a result,
numerous countries have established permissible limits for Pb
in foods and beverages, acknowledging that these are significant
sources of Pb accumulation in the human body. The permissible
limit of Pb for food and beverages in Europe is 5 mg/kg'. As
indicated in Table 1, the concentration of Pb in all investigated
tea leaf samples exceeded the limit of 5 mg/kg. However, the
levels of Pb in tea infusions were found to be significantly below
this limit. None of the individual THQs for Al, As, or Cd exceeded
1, indicating that consumption of the analyzed tea infusions is
unlikely to pose significant non-carcinogenic health risks. The
HI also remained below 1, suggesting that combined exposure
to multiple toxic elements does not result in cumulative adverse
effects. Al contributed the largest proportion of the HI, followed
by As and Pb, reflecting their relative impact on total risk.

Potential carcinogenic risks from As and Pb exposure through
tea consumption were also evaluated in this study. The
carcinogenic risk assessment was based on the CSF values for
inorganic As (1.5 per mg/kg/day) and Pb (0.0085 mg/kg/day).
The CSF is a key toxicity metric that quantifies the relationship
between dose and response. ILCR above 10 suggests a high
cancer risk, while an ILCR below 107 indicates minimal risk.
Values falling between 10-° and 10-* denote moderate risk.>?® In
this study, the ILCR for Pb in all tea infusion samples was below
the safe threshold of 107, indicating no significant cancer risk.
For As, ILCR values ranged from 107 to 10~ across all samples,
indicating a moderate carcinogenic risk. However, the As
concentrations measured in this study represent total As, not
solely inorganic As. Therefore, the carcinogenic risk might be
overestimated because not all As in the samples is present as
inorganic species.

For essential elements, the EDI of Fe, Cu, Zn, and Mg from tea
infusions was compared to their toxicological reference values,
including PMTDI, TDI, UL, or RfD.32

Tea is one of the most widely consumed beverages worldwide
and represents an important component of a balanced diet.
However, tea consumption may also contribute to dietary
exposure to both essential and toxic elements because tea plants
naturally accumulate them. The analysis of infusions from eight
commercially available tea brands indicated that there were no

significant non-carcinogenic health risks associated with Al,
As, Cd, and Pb, either individually or cumulatively, as reflected
by the HI. Although a moderate carcinogenic risk was observed
for As, this assessment was based on total As concentrations
and may therefore overestimate the actual risk associated with
inorganic As.

Continuous monitoring of levels of both toxic and essential
elements in foods and beverages remains crucial for quality
control and food safety. The findings of this study provide
useful data to support ongoing efforts aimed at improving the
safety and quality of black tea products in the region.

Study limitations

A limitation of the present study is the relatively small number
of tea brands analyzed (n = 8), which may limit statistical
power and the generalizability of the findings. Although the
selected samples represent some of the most widely consumed
black tea products available in the Turkish market, the results
should be interpreted with caution and may not fully reflect
the variability of all black tea brands and production batches.
Future studies that include a larger number of samples from
different production origins would be valuable for further
refining population-level exposure assessments.

In addition, polyphenols, such as tannins in tea, can chelate
metal ions, and divalent metals often form insoluble complexes,
both of which can significantly reduce metal bioavailability.
However, data on the potential absorption of tannin-metal
complexes in tea drinkers are scarce in the literature.
Therefore, simply listing metal concentrations is insufficient for
a comprehensive risk assessment.

Another limitation of this study is that metal extraction was
evaluated at a single brewing time (5 minutes). Although this
duration reflects standard preparation practices, variations in
brewing time, water temperature, or repeated infusions may
influence metal extraction rates. Therefore, the results may
not fully represent individual consumption habits, and future
studies that assess different brewing conditions would provide
a more comprehensive exposure assessment.

CONCLUSION

This study provides an in-depth analysis of the concentrations
of essential and toxic elements in black tea bag samples from
Turkiye, offering valuable insights into their potential health
implications. The findings indicate that both essential and
toxic elements are present in varying concentrations in the tea
leaves and their infusions. Among the toxic elements, Al and Pb
were the most abundant in dry tea leaves, with Al also being the
predominant toxic element in tea infusions. Essential elements
such as Mg, Fe, Cu, and Zn were also detected, with Mg being
the most prevalent.

The health risk assessments (EDI, THQ, and HI) revealed that
the levels of individual toxic elements in tea infusions and their
cumulative non-carcinogenic risks are within acceptable limits.
The carcinogenic risk assessment highlighted a moderate risk
for as; however, this is likely overestimated because total,
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rather than inorganic, As was measured. Importantly, the
essential elements were present at concentrations significantly
below their toxicological thresholds, indicating no risk of
adverse health effects from consumption of tea infusions. The
study underscores the influence of environmental factors, soil
characteristics, and agricultural practices on the accumulation
of elements in tea plants. It also highlights the importance of
extraction efficiencies in determining the transfer of these
elements from tea leaves to infusions, with most elements
categorized as poorly or moderately extractable under standard
brewing conditions.
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ABSTRACT

Objectives: Antibiotic resistance has become a global public health threat. Cefotaxime (CTX), a third-generation cephalosporin, is approved
for use in infants, children, and adults with various microbial infections, particularly those affecting the central nervous system. This study
aimed to synthesize and characterize zeolitic imidazolate framework (ZIF)-8-based drug delivery systems (DDSs) to enhance antimicrobial
activity and control CTX release.

Materials and Methods: ZIF-8 was synthesized via the coordination network of Zn ions and 2-methylimidazole and subsequently modified
with tannic acid (TA) and copper ions (Cu®). ZIF-8 MOF and its derivatives were characterized by Fourier Transform Infrared, zeta potential,
in vitro dissolution rate, and in vitro antimicrobial activity.

Results: The drug loading capacity and encapsulation efficiency were found to be 39.50 + 1.19% and 98.75 + 2.96%, respectively, for ZIF-8@
TAQ@CTX, and 40.75 + 1.22% and 97.75 + 2.93%, respectively, for ZIF-8@TA@Cu@CTX. Following 48 hours, the drug released from ZIF-8@TA@
Cu@CTX was detected at 62.83 + 1.89% at pH 5.0 and 83.19 + 2.50% at pH 7.4 after 48 h, with dissolution profiles best fitting the Korsmeyer-
Peppas model. The synthesized DDSs demonstrated a higher antibacterial activity against gram-positive bacteria than against gram-negative
bacteria.

Conclusion: ZIF-8 MOF DDS may serve as an alternative for delivering drugs to infected areas due to their controlled release under low pH

conditions.

Keywords: Antibiotic resistance, metal organic framework, zeolitic imidazolate frameworks, cefotaxime

INTRODUCTION

Antibiotic resistance has become a global public health burden!
Each year, 700.000 people worldwide lose their lives due to
antibiotic resistance, and this critical issue is predicted to
cause more than 10 million annual deaths by 2050.2 In addition
to the misuse and overuse of antibiotics in humans, antibiotic
resistance can occur naturally, through hereditary changes in
bacterial strains, or via the transfer of resistant genes between
bacteria.3*

Cefotaxime (CTX) is a member of the third-generation
cephalosporin group of antibiotics with greater activity against

both gram-negative and gram-positive bacteria than the first
and second generations.® It exhibits activity by preventing
the biosynthesis of peptidoglycan, which is involved in the
formation of the bacterial cell wall.® The Food and Drug
Administration has approved its use for infants, children,
and adults with various microbial infections, including those
affecting the central nervous system, lower respiratory tract,
bone and joint, genitourinary, and skin systems.”® Specifically,
the World Health Organization has offered it as an essential
medicine for treating life-threatening meningitis.” However,
extended-spectrum [-lactamase has been reported as a
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resistance mechanism of bacteria against third-generation
cephalosporins (e.g., CTX).

Using nanomaterials as drug delivery systems (DDSs) to
combat antibacterial resistance has been of growing interest."
A number of strategies based on nanomaterials, including
nanoparticles and nanosystems based on metals and carbon,
have been preferred to overcome the challenges of current
antibiotic therapies' due to their large surface area, enhanced
intracellular  penetration, and multidrug combination.”®
Furthermore, surface modification of nanosystems enables
them to target the infected site, thereby enhancing cell
internalization and minimizing systemic exposure.*

Metal-organic  frameworks (MOFs) are highly porous
coordination systems comprising metal-ion nodes and organic
ligands® Their high surface-to-volume ratio, greater drug
loading (DL) capacity, tunable surfaces, and biocompatible
properties make them attractive DDSs.”® Recently, MOFs have
been applied in the literature for advanced antibacterial therapy,
and this success can be attributed to different strategies.
The MOF structure can consist of different metal ions, such
as zinc, silver, iron, and copper. Therefore, bacterial growth
can be prevented due to the antibacterial properties of these
ions.” Furthermore, organic ligands, such as porphyrins, show
photocatalytic activity with the help of light, thus facilitating
the death of bacteria by forming reactive oxygen species.
Lastly, MOFs can load cargo with many antibacterial activities,
including drugs and antimicrobial peptides, which are triggers
to kill bacteria.’®

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs
composed of tetrahedrally coordinated metal ions linked by
imidazolate ligands. This results in the formation of zeolite-
like structures. ZIF-8, constructed from zinc ions (Zn?%)
and 2-methylimidazolate linkers, is one of the most widely
investigated ZIF materials due to its high porosity, structural
stability, and pH-responsive degradation behavior, which render
it attractive for drug delivery applications.” For instance, Costa
et al.2 combined ZIFs and zinc oxide (ZnO) nanoparticles to
increase ciprofloxacin activity and provide its controlled release.
The DL process was conducted following the incorporation
of ZnO with ZIF-8. The resultant complex (CIP-ZnO@ZIF-8)
demonstrated significantly elevated activity, exhibiting 10- and
200-fold higher activity against the Staphylococcus aureus strain
and Pseudomonas aeruginosa, respectively.

Tannic acid (TA) is a natural secondary compound found in
numerous plants and has various pharmacological activities,
including anti-tumor, anti-diabetes, anti-obesity, and anti-
myocardial ischemia.?® Recently, TA has been encapsulated
in different nanoscale DDSs to increase its antimicrobial (e.g.,
antiviral, antibacterial, and antifungal) and anti-inflammatory
activities.?

In 2008, the Environmental Protection Agency approved copper
(Cu?* ions) as the pioneer metallic antimicrobial agent, which
can kill bacteria at a rate of 99.9%.22 Copper ions (Cu) penetrate
the bacterial cell membrane, enter the cell via transport proteins
following membrane rupture, and bind to essential components

such as DNA and proteins. This results in cell death and
antibacterial activity.?

The current study aimed to investigate the efficacy of ZIF-8
(ZIF-8@TA@Cu@CTX), a TA- and Cu-functionalized material,
in enhancing the antibacterial activity and controlling the
release of CTX. For this purpose, ZIF-8 was synthesized by a
one-pot method and functionalized with TA and Cu, which may
contribute to a reduction in the dose of CTX due to their inherent
antibacterial properties. The synthesis of ZIF-8 was confirmed
by X-ray diffraction, thermogravimetric analysis, and scanning
electron microscopy, and the structure of its derivatives was
verified by Fourier Transform Infrared (FT-IR) analysis. ZIF-8,
ZIF-8@TA, ZIF-8@TA@Cu, ZIF-8@TAQ@CTX, and ZIF-8@TA@Cu@
CTX were subjected to in vitro antibacterial tests to investigate
and compare their antibacterial activity. Finally, the in vitro drug
release behavior in the dissolution media, namely acetate buffer
(pH 5.0) and phosphate buffer (pH 7.4), was evaluated.

MATERIALS AND METHODS

Materials

Zinc nitrate hexahydrate [Zn(NO,),.6H,0l, 2-methylimidazole
(2-Melm), TA, and copper (I) sulfate pentahydrate (CuSO,5H,0)
were obtained from Sigma-Aldrich. Methanol (MeOH) and
dimethyl sulfoxide (DMSO) were obtained from MERCK
Millipore, Germany. A Sartorius Arium Pro purification system
was used to supply ultrapure water.

Synthesis of the ZIF-8

ZIF-8 was produced according to the ratio reported by Ozsoy
et al®** 135 g of Zn(NO,),-6H,0 and 0.75 g of 2-Melm were
dissolved in 30 mL of MeOH separately. The latter solution was
added dropwise to the zinc nitrate solution, and the mixture
was stirred for 1 h. Finally, ZIF-8 complexes were obtained by
washing with MeOH after for centrifugation at 4000 rpm for 15
minutes, and this procedure was performed three times.

Modification of ZIF-8 using TA and Cu

TA and copper sulfate solutions were prepared separately to
modify the ZIF-8 surface; 0.5 g of TA was dissolved in deionized
distilled water (DDW), and 0.2 g of ZIF-8 was dispersed in
MeOH. TA solution was added dropwise to the ZIF-8 dispersion
to form ZIF-8@TA, and stirring was continued for 2 h. The
mixture was centrifuged at 4000 rpm for 15 min and washed
with MeOH to obtain the final product (ZIF-8@TA). This process
was repeated three times. ZIF-8@TA was dispersed in MeOH,
and copper sulfate solution (0.2 g in DDW) was added dropwise
to synthesize ZIF-8@TA@Cu. The same centrifugation and
washing procedures described above were applied.

Synthesis of ZIF-8@TA@CTX and ZIF-8@TA@QCu@CTX

The drug-to-delivery system ratio was adjusted to 1:2.5.2 The
CTX solution in DMSO was added dropwise to the ZIF-8@TA and
ZIF-8@TA@Cu dispersions separately for each dispersion. The
necessary steps to obtain the final products were performed
following a 1-day stirring period at room temperature, as
mentioned above.
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DLC and EC of ZIF-8@TA@QCu@CTX

The amount of CTX loaded into the designed DDSs was
determined using the standard curve at 260 nm ultraviolet-
visible (UV-Vis) spectroscopy.® Equations (1) and (2) were used
to calculate the CTX loading capacity (%) and EE (%).%

Amount of drug in carrier (mg)

DL capacity (%) =

X 100 m

Amount of carrier (mg)

Amount of drug in carrier (mg)

Encapsulation efficiency (%) = X 100 )

Amount of drug added initially

In vitro dissolution rate studies from designed DDS

To evaluate the drug release behavior of the designed ZIF-8@
TA@Cu@CTX, in vitro dissolution rate studies were conducted
in two distinct media (acetate, pH 5.0, and phosphate buffer,
pH 7.4). ZIF-8@TA@Cu@CTX was selected as a representative
formulation for dissolution kinetics studies because the
incorporation of Cu? was anticipated a priori to have the
greatest impact on both the coordination environment and
release behavior. A specific quantity of sample used in drug
release studies was dispersed individually in 10 mL of pH 5.0
and pH 7.4 buffers via sonication and subsequently sealed within
dialysis bags. These bags were then immersed individually in 50
mL of the corresponding pH buffer and agitated at 37 °C using
a magnetic stirrer set to 200 rpm for a duration of 48 hours. At
periodic intervals, 1 mL of the sample was taken for analysis and
replaced with a fresh buffer solution to ensure the maintenance
of sink conditions. The drug amounts in the samples collected
from the release medium were determined using UV-Vis at
260 nm wavelength. Following the determination of the drug's
release at the point of interest, numerous mathematical models,
such as zero-order, first-order, Higuchi, and Korsmeyer-Peppas
have been used to evaluate the release profiles. The equations
for each model are given below. The parameter k represents
each model’s rate constant, n indicates the release exponent,
and Q represents the amount of drug dissolved at time 1.

Q= ko't

Q= Qo-(1- ek 1)
Qe =ku-Vt

Qi =k-tn

3

Characterization studies

To identify the functional groups and determine the structural
characterization of the ZIF-8, ZIF-8@TA, ZIF-8@TA@Cu, ZIF-
8@TA@CTX, and ZIF-8@TA@Cu@CTX samples, FT-IR analysis
was conducted on a Perkin Elmer instrument in the range of
4000-400 cm™. Characteristic peaks were evaluated from the
obtained spectra, and the chemical structure was confirmed.

The zeta potential, particle size, and polydispersity index
(PDD) of rehydrated samples were measured using a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK). Zeta potential
measurements were performed after rehydration in buffer
solutions at a defined concentration, whereas particle size
measurements were conducted following rehydration in
deionized water.?

Minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC)

This assay involves determining the antimicrobial susceptibility
spectrum of compounds according to the resistance of gram-
positive and gram-negative bacteria using the Clinical and
Laboratory Standards Institute (CLSID broth microdilution
method. The MIC is the lowest concentration of molecules
that completely inhibits visible growth. The antimicrobial
properties of the solvents were assessed to serve as a control,
and the results of the tests were evaluated in accordance with
established protocols.?® Bacterial inocula were prepared from
overnight cultures to achieve concentrations of 1 x 108 colony
forming units (CFU)/mL. Mueller-Hinton broth (Oxoid) was
used to determine the MIC, while tryptic soy agar (TSA, Difco
Laboratories) was used to evaluate the MBC value.

The MBC refers to the lowest concentration of antimicrobial
agents required to attain a 99.9% reduction in the initial
inoculum, as quantified by CFU counts. 10 pyL samples were
extracted from each well of the microplate and transferred to
TSA-containing Petri dishes. After a 24-h incubation period at
37 °C, the colonies were inspected to ascertain the presence of
MBC.?” The positive control wells contained bacteria without
any drugs, and the negative control wells contained only the
media and were used to confirm the sterility of the medium. The
tests were performed using standard antibacterial agents, such
as meropenem and ciprofloxacin, as controls.?®

Statistical analysis

The data obtained from the in vitro dissolution studies were
statistically analyzed through non-linear regression using the
GraphPad Prism 9.0 statistical program. The microbiological
results were interpreted in accordance with the sensitivity
limits established by recognized authorities, such as the CLSI
or the European Committee on Antimicrobial Susceptibility
Testing. Because MIC is not a continuous variable, statistical
analysis is not required for MIC testing. All characterization
tests except for FT-IR analysis were performed in triplicate
(n = 3). Standard deviations presented where applicable. In
the antimicrobial tests, standard deviations were not reported
when identical concentration values were obtained across
replicates. This information has been clarified in the revised
manuscript.

RESULTS

ZIF-8 was synthesized via coordination polymerization and
modified with TA and Cu, respectively. After these modifications,
CTX was separately loaded on ZIF-8@TA and ZIF-8@TA@Cu
to evaluate their antimicrobial activity as DDSs, as shown in
Figure 1.

In the ZIF-8 spectrum (Figure 2), the first stretching peak at
3200 cm™was due to the N-H bond, and the other small peaks
at 3100 and 2800 cm™ could be attributed to the imidazole ring
and methyl group, respectively.*® The peaks at 1450 and 1560
cm™ were determined to be due to the C=N stretching modes
from 2-Melm, whereas the peak at 1380 cm™ was attributed to
the entire ring stretching. The stretching peak that appeared
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at 1000 cm™ was due to C-N bond of imidazole, and the peaks
ranging from 1100 to 900 cm™ could be related to the in-plane
bending of the ring. The peak observed at 420 cm™ confirmed
the formation of the ZIF-8 structure due to the Zn-N bond
formed as a result of the reaction between 2-Melm and Zn
atoms.? In the TA spectrum, a broad band ranging from 3500-
3200 cm™ was attributed to the stretching vibration of O-H
groups, while the peaks at 2900-2800 cm™ were associated
with C-H stretching vibrations of CH, and CH,, respectively. The
stretching vibrations of C=0 from the carbonyl group located
at 1700 cm”, which confirms aromatic ester moieties.® The
ZIF-8@TA spectrum show broad O-H (<3300 cm™) and C-O
(=1210/1040 cm™) bands characteristic of TA. The C=0 band of
TA was weaker and shifted ~20 cm™ downwards relative to TA,
and a shift of around 4 cm™ was observed in the Zn-N band.
These findings indicate that the phenolic groups were bound
via Zn*2 surface coordination/H-bonding. The appearance of
B-lactam C=0 (~1700 cm™), amide | (~1600 cm™ and amide Il
(~1560 cm™) bands specific to CTX in the spectrum of ZIF-8@
TA@CTX, the displacement of C-0 bands of TA (=1210/1040 cm-
") and the preservation of ZIF-8 backbone bands (and ~420 cm-
) indicate that CTX was successfully immobilized on ZIF-8@TA.
The spectrum of ZIF-8@TA@Cu showed a decrease in the width
of the TA O-H band and a downward shift of the C-O bands
(=1210/1040 cm™ by =12 cm™, as well as the appearance of a
new, weak Cu-O band around 615 cm™ and the preservation
of the ZIF-8 skeleton bands (e.g. =420 cm™), indicate that Cu?
is coordinatively bound to the surface via TA. Similar to ZIF-
8@TAQ@CTX, characteristic peaks belonging to CTX were also
observed in the ZIF-8@TA@Cu@CTX spectrum.

The surface charges of ZIF-8 and its derivatives were examined
by zeta potential measurement, as shown in Figure 3. ZIF-8
exhibited a negative surface charge in acetate buffer (pH 5.0)
and phosphate buffer (pH 7.4), in line with the literature.?® The
analysis of particle size and PDI performed on rehydrated
formulations revealed hydrodynamic diameters in the micron
range (2380 + 209 nm and PDI: 0.24 + 0.04 for ZIF-8@TA@
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Figure 3. Zeta potential of ZIF-8 MOF and its derivatives in aqueous buffer
solutions.

CTX, cefotaxime; MOF, metal-organic frameworks; TA, tannic acid; ZIF, zeolitic
imidazolate framework; CU, copper ion.

CTX and 3223 + 293 nm and PDI: 0.36 + 0.09 for ZIF-8@TA@
Cu@CTX). Secondary aggregates may influence mass transfer
and biological interactions, as suggested by micron-scale
hydrodynamic diameters.

Loading capacity and encapsulation efficacy of CTX

CTX loading in ZIF-8 MOFs was measured using an indirect
method. The EE and DLC were determined using a standard
curve with the range of 3.96-23.76 ug/mL, as illustrated in
Figure 4. The limit of detection and limit of quantification of the
method were 1.10 and 3.33 pg/mL, respectively. The DLC and EE
were detected as 39.50 + 1.19% and 98.75 + 2.96% for ZIF-8@
TA@CTX, respectively, while they were 40.75 + 1.22% and 97.75
+ 2.93% for ZIF-8@TA@Cu@CTX, respectively (Figure 5).

Determination of MIC and MBC

The in vitro antimicrobial activity of the DDSs against
five gram-negative bacteria and four gram-positive
bacteria determined by the dilution technique using CLSI
recommendations. Table 1 presents the results of the
antimicrobial experiments for all samples.

The test cultures, Pseudomonas aeruginosa American Type
Culture Collection (ATCC) 27853 and Escherichia coli ATCC 25922,
demonstrated resistance to all synthesized ZIF-8 MOFs. Among
the DDSs tested, only ZIF-8@TA@Cu showed antimicrobial
activity against both Proteus vulgaris ATCC 13315 and methicillin-
resistant S. aureus (MRSA) ATCC 43300 with MIC values of
1250 pg/mL and 312.5 pg/mL, respectively. ZIF-8@TA@Cu@CTX
had the lowest MIC activity with 312.5 pg/mL against Klebsiella
pneumoniae ATCC 4352 among gram-negative bacteria.

All DDSs except for ZIF-8 showed good activity against S.
aureus, with an MIC value of 39.06 (DDSs except for ZIF-8 and
last one in Table 1) and 19.53 g/mL (for ZIF-8@TA@Cu@CTX)
19.53 ug/mL. Besides, ZIF-8@TA@CTX, and ZIF-8@TA@Cu@
CTX had the same inhibitory activity against Staphylococcus
epidermidis ATCC 12228 with an MIC value of 19.53 ug/mL.
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Figure 4. Standard curve of CTX for EE and DL evaluation.
CTX, cefotaxime; DL, drug loading; EE, encapsulation efficiency.
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Figure 5. Concentration of DL and EE for CTX.

CTX, cefotaxime; DL, drug loading; EE, encapsulation efficiency; CU, copper ion.

The MBC values of the DDSs were found against S. aureus
ATCC, S. epidermidis ATCC 12228, and Enterococcus faecalis
ATCC 29212 among Gram-positive bacteria, and ZIF-8, ZIF-8@
TA, and ZIF-8@TA@CuU@CTX exhibited the lowest MBC values
against S. epidermidis ATCC 12228 (Table 2).

The drug release profile of ZIF-8@TA@QCu@CTX in acetate (pH
5.0) and phosphate buffer (pH 7.4) solutions at 37 + 0.5° C is
shown in Figure 6. The quantity of drug released was calculated
based on the analytical curve. Within the first six hours, CTX
release from ZIF-8@TA@Cu@CTX was observed to be 25.78
+ 0.77% in a pH 5.0 acetate buffer, while the cumulative
drug release was determined to be 71.64 + 2.15% in a pH 7.4
phosphate buffer. Following a 48-hour period, the percentage
of drug release was 62.83 + 1.89% at pH 5.0 and 83.19 + 2.50%
at pH 7.4.

The release pattern data were processed using GraphPad
Prism software to analyze the mechanism of drug release
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kinetics. The parameters of each model are shown in Table 3.
The in vitro dissolution rate results were best fitted Korsmeyer-
Peppas kinetics model (Figure 7), which yielded the highest R?
value in both dissolution media.

DISCUSSION

Recently, there has been a mounting interest in the use
of MOF-based DDSs as a means of combating antibiotic
resistance. ZIF-8 offers a highly porous delivery system and
has antibacterial and anti-inflammatory properties due to the
presence of Zn*2 ions in its composition.*® For example, Costa
et al.2 combined ZnO nanoparticles with ZIF-8 and loaded them
with the antibiotic ciprofloxacin to increase their antimicrobial
activity through synergistic efficacy. They concluded that the
combination of CIP and ZnO@ZIF-8 reduced the amount of CIP
required to achieve an MIC similar to that of pure ciprofloxacin.?
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Figure 6. Cumulative release of CTX from ZIF-8@TA@Cu@CTX in acetate
(pH 5.0) and phosphate buffer (pH 7.4) solutions.

CTX, cefotaxime; TA, tannic acid; ZIF, zeolitic imidazolate framework; CU, copper ion.

Table 1. MIC (mg/L) of synthesized DDSs against gram-negative and gram-positive bacteria.
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Table 3. Drug release kinetic model parameters for ZIF-8@TA@Cu@CTX.

Zero order First order Higuchi Korsmeyer-Peppas
Sample name
R? K, R? K, R? K, R? n
pH 5.0 0.848 1.083 0.749 -0.024 0.895 10.31 0.908 0.472
pH 7.4 0.446 32.49 0.366 -0.019 0.580 15.98 0.729 0.614
CTX, cefotaxime; TA, tannic acid; ZIF, zeolitic imidazolate framework; CU, copper ion.
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Figure 7. Korsmeyer-Peppas kinetics model fitting curves of DDS in acetate (pH 5.0) and phosphate buffer (pH 7.4) solutions.

CTX, cefotaxime; DDS, drug delivery system.

In this study, ZIF-8 MOF was successfully synthesized and
modified with TA and Cu by incorporating antimicrobial CTX.
As seen in Figure 2 the formation of ZIF-8 MOF, surface
modifications, and DL were confirmed by the functional groups
and stretching vibrations in the 4000-400 cm™ spectra. This
was further validated using zeta potential measurements. The
difference in surface charge illustrated that the compounds
(e.g., TA and Cu ions) were successfully loaded on the ZIF-8
MOF surface (Figure 3). The absolute potential increased when
TA was bonded to the ZIF-8 surface due to the -OH moieties,
whereas it decreased when Cu ions were attached due to their
positive charge.

Owing to the large cages of ZIF-8 MOFs,? the DLC values
(39.50% for ZIF-8@TAQ@CTX and 40.75% for ZIF-8@TA@Cu@
CTX) were quite consistent with the literature.

It was initially anticipated that CTX release would be higher
under acidic conditions (pH 5.0 acetate buffer), considering
the pH-sensitive nature of ZIF-8 and the protonation-induced
weakening of coordination between imidazole ligands and Zn?*
ions. Therefore, acidic environments are commonly associated
with ZIF-8 degradation and drug release.’® However, the
experimentally observed higher drug release at pH 7.4 phosphate
buffer can be explained by the specific role of phosphate ions
present in the dissolution medium. As previously reported
by Veldsquez-Hernandez et al.,®® phosphate species exhibit a
strong affinity toward Lewis acidic metal centers such as Zn#,
effectively competing with imidazole ligands and accelerating
framework decomposition in PBSs. This ligand-exchange
process leads to ZIF-8 structural disruption and promotes rapid

drug liberation, accompanied by the formation of insoluble zinc
phosphate species.*® Accordingly, the pronounced burst release
observed in the pH 7.4 medium during the initial hours can be
attributed to phosphate-induced ZIF-8 degradation rather than
to pH effects alone. In contrast, no abrupt framework collapse
was observed under acidic but phosphate-free conditions (pH
5.0 acetate buffer), resulting in a more gradual and sustained
release profile extending up to 48 h.

In addition to chemical and buffer-dependent factors, the
particle size may contribute to the observed release behavior.
Measurements of the rehydrated formulations revealed
hydrodynamic diameters in the micron range, indicating the
formation of secondary aggregates upon re-dispersion. Such
aggregation, which can be promoted by multidentate interactions
of TA and further enhanced by Cu?*-mediated interparticle
bridging, may reduce the available effective surface area for
mass transfer.!®® Moreover, micron-scale hydrodynamic sizes
can limit immediate particle-bacteria contact, which has been
reported to contribute to sustained drug release behavior and
to restrict the apparent enhancement of antimicrobial potency
observed in MIC and MBC assays for nanoparticle-based
antibiotic delivery systems.*"®

Overall, these findings indicate that drug release from ZIF-8-
based DDSs is governed not only by pH sensitivity but also by
buffer composition and the rehydrated system'’s physical state.
While the faster release observed at pH 7.4 may be attributed
to phosphate-induced framework destabilization, the sustained
release under mildly acidic, phosphate-free conditions could
result from controlled framework degradation combined with
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diffusion through the MOF structure. In addition, the micron-
scale hydrodynamic sizes observed after rehydration may
contribute to prolonged release by limiting the effective surface
area and mass transfer. Taken together, these characteristics
support the potential applicability of ZIF-8-based DDSs
for infection-associated environments, which are often
characterized by local acidosis.*

As given in the Korsmeyer-Peppas equation, n denotes the
release exponent, where if n <0.45, the release is controlled
by Fickian diffusion. Values ranging from 0.45 to 0.89 indicate
a non-Fickian diffusion process, whereas values greater than
0.89 correspond to case-ll transport or zero-order (swelling-
driven) release.’ nis a useful indicator to determine the release
mechanism. The release exponent increased from 0.472 at pH
5.0 to 0.614 at pH 7.4 when the Korsmeyer-Peppas model was
applied to the initial release region of <60%. The value at pH
5.0 indicates a diffusion-dominated early release with minor
deviations from ideal Fickian behavior, possibly resulting
from drug desorption from the ZIF-8 cages and subsequent
CTX diffusion through the MOF structure. Conversely, higher
n values at pH 7.4 indicate anomalous transport, which
is consistent with the contribution of phosphate-induced
framework destabilization in addition to diffusion.* Therefore,
it appears that the early release of CTX in phosphate buffer is
governed by coupled diffusion and matrix disruption processes,
whereas a more diffusion-controlled profile is maintained
under acidic, phosphate-free conditions.

The CTX release profile revealed a pronounced initial release,
particularly at physiological pH, followed by a sustained release
phase. Although such release behavior could be expected to
support antibacterial activity, the MIC or MBC values of the
CTX-loaded DDSs were not lower than those of free CTX. This
outcome suggests that antibacterial performance is influenced
by factors beyond the overall amount of drug released.*? Despite
the inherent antibacterial properties of TA and Cu? ions,
their incorporation into ZIF-8 predominantly results in their
coordination or surface association, thereby constraining their
direct and independent interaction with bacterial cells under
MIC and MBC testing conditions. Although CTX was released
in substantial amounts as detected by the analytical method,
transient interactions with Zn2*/Cu?* ions and TA may reduce
the fraction of freely available and biologically active drug
during early exposure.® In parallel, non-covalent interactions
between CTX and polyphenolic compounds, such as TA, may
transiently influence the fraction of pharmacologically active
drugs during early exposure.

Furthermore, the local microenvironment generated during the
partial degradation of the ZIF-8 framework, including transient
metal ion release and local coordination effects, may influence
the immediate availability of CTX for bacterial targets rather
than causing chemical degradation of the drug. Such effects
are of particular relevance to B-lactam antibiotics, whose
antibacterial activity depends on the freely accessible fraction
of the drug during early exposure rather than on the total drug
concentration.*

The findings of this study indicate that the ZIF-8-based DDS
is not primarily designed to surpass free CTX in short-term
in vitro assays, but rather to provide controlled delivery and
prolonged local exposure. Therefore, the observed antibacterial
behavior reflects the balance between release kinetics, drug-
carrier interactions, and microenvironmental factors, rather
than an unexpected loss of antimicrobial efficacy. It is also
important to note that the MIC and MBC assays are based on
short-term exposure and, therefore, may not fully capture the
potential benefits of SR formulations, especially in the context
of localized infection.

From a clinical perspective, the ZIF-8-based DDS was not
primarily intended to reduce the systemic dose of CTX but rather
to modulate its local availability through controlled release. This
approach may be of particular relevance in cases of localized
infections, where prolonged exposure at the infection site
could enhance antibacterial efficacy. With regard to safety
considerations, Cu?* ions were incorporated into the DDS in a
coordinated state within the ZIF-8 framework, which may limit
the immediate availability of free Cu?* ions under physiological
conditions. However, further detailed in vivo investigations are
required to comprehensively evaluate copper biodistribution,
toxicity, and clearance. In conclusion, while the present study
provides proof-of-concept in vitro findings, further in vivo
studies are required to more accurately assess the system'’s
translational potential.

CONCLUSION

In this study, a ZIF-8-based MOF DDS was successfully
synthesized and further modified with TA and Cu ions. The
high porous nature of the ZIF-8 framework enabled efficient DL
and EE of CTX. Although the TA- and Cu-modified ZIF-8 DDSs
did not enhance the antimicrobial potency of CTX in terms of
MIC and MBC values compared to free drug, they preserved
bactericidal activity under sustained exposure conditions.

Drug release studies revealed biphasic behavior, which is
governed by pH and buffer composition. Phosphate-induced
framework destabilization led to accelerated release at pH 7.4,
whereas a more gradual, sustained release profile was observed
in an acetate buffer at pH 5.0. The prolonged release of CTX for up
to 48 h under mildly acidic conditions without abrupt framework
collapse suggests that ZIF-8-based maintain controlled local
drug availability in microbial infection-relevant environments.

TA and Cu modification primarily contribute to the observed
release behavior and carrier characteristics by modulating
the coordination environment and surface interactions within
the ZIF-8 framework, rather than directly enhancing the
antimicrobial potency. Therefore, the ZIF-8 MOF system
represents a promising platform for controlled and localized
antibiotic delivery, particularly for applications where prolonged
exposure at infection sites is desirable, while acknowledging
that further in vivo investigations are required to assess
translational potential and safety.
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ABSTRACT

Objectives: Osteoporosis (OP) is a major public health issue among postmenopausal women. Despite its high prevalence, awareness and
screening practices remain insufficient. This study aims to evaluate OP-related risk factors and awareness levels among postmenopausal
women.

Materials and Methods: This prospective study was conducted between August 2023 and April 2024 among patients admitted to the general
internal medicine outpatient clinic of a tertiary care hospital. Participants were categorized into two groups: patients with OP and patients
without OP (non-OP). OP awareness was assessed using the OP awareness scale.

Results: The study included 206 participants: 101 in the OP group and 105 in the non-OP group. Evaluation of risk factors (n = 20) showed no
significant difference (SD) in the mean number of risk factors between the groups [OP: 7.29 (1.77), non-OP: 6.71 (1.94), p > 0.05]. Both groups
demonstrated inadequate physical activity and dietary habits. The OP group demonstrated a higher prevalence of glucocorticoid use, while the
non-OP group exhibited a higher prevalence of vitamin D deficiency (p < 0.01) and type 2 diabetes (p = 0.02). About 35% of the non-OP group
have not undergone bone-mineral-density measurements within the last 2 years, and 11% of these individuals were identified as high risk for
major osteoporotic fracture within a 10-year timeframe. There was no SD in OP awareness between the groups [mean (SD) scores: OP 6118
(16.02) and non-0P 61.32 (14.39); p = 0.44]. Conversely, risk of OP was positively correlated with patient age (p = 0.004), lower awareness
score in the protective behavior subdomain (p = 0.02), and lower body mass index (p < 0.001).

Conclusion: OP prevention and its management require patient-specific strategies that include educational interventions to increase awareness
and routine screening for risk factors among postmenopausal women. Pharmacists are well-positioned to identify patients’ health-related
and educational needs.

Keywords: Osteoporosis, awareness, risk factors, postmenopausal, clinical pharmacist

INTRODUCTION

Osteoporosis (OP) is a silent yet pervasive condition
that disproportionately affects women, particularly in the
postmenopausal period, due to the decline in circulating
estrogen levels, a hormone crucial for bone density
maintenance.! Recognized as a pressing public health concern,
OP leads to the gradual deterioration of bone health and a
heightened risk of fractures, often remaining undetected until

such fractures occur.?® The risk is especially pronounced
among postmenopausal women, whose vulnerability is linked
to hormonal changes following menopause.* While primary
OP is often associated with aging and menopause and is
therefore commonly observed in postmenopausal women and
older adults of all genders, secondary OP transcends age and
gender categories. Characterized by low bone mineral density
(BMD), secondary OP increases the risk of fragility fractures
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due to various underlying diseases or medication use.>® The
differentiation between primary and secondary OP not only
reflects biomedical classification but also prompts critical
analysis of the ways in which gendered expectations and
medical discourse impact bone health and aging experiences.
As have been highlighted, a biomedical perspective on women's
health in later life frequently ignores the sociocultural aspects
of aging femininity and physical vulnerability.” Therefore, an
approach to understanding OP must take into account both
biological mechanisms and the gendered narratives surrounding
aging, fragility, and the female body.

Despite its high prevalence, OP remains underrecognized,
particularly among postmenopausal women. Many continue
to underestimate the significance of preventive measures,
remaining unaware of the potential for fractures and other
complications associated with progressive bone loss.® While
BMD measurement is a key clinical tool in assessing fracture
risk,” recent guidelines emphasize that clinical decisions
should not rely solely on BMD; rather, a comprehensive
evaluation of fracture risk factors is essential!®" This includes
attention to comorbidities, medication use, and lifestyle-
related contributors, factors often shaped by socioeconomic
status, gendered caregiving roles, and limited access to health
education.”?

Enhancing early awareness, well before a fracture occurs,
is thus critical in managing OP effectively!?™ Importantly,
knowledge-building interventions must go beyond generic
public health messaging to account for how gender, age, and
structural inequalities overlap in shaping women's access to
information and care. Empowering women with knowledge
about OP through culturally and socially sensitive education
strategies may enable more proactive approaches to bone
health, such as weight-bearing physical activity and adequate
intake of calcium and vitamin D.“

Against this backdrop, the present study aims to evaluate
OP-related risk factors and awareness levels among
postmenopausal women attending a general internal medicine
outpatient clinic.

MATERIALS AND METHODS

This prospective study was conducted between August 2023
and April 2024, targeting postmenopausal women aged 45-64
years (considered a vulnerable group regarding OP prevention)
who attended the general internal medicine outpatient clinic
of a tertiary care hospital. Women diagnosed with OP prior
to menopause or falling outside the specified age range were
excluded. Participants were included after providing written
informed consent, and ethical approval was obtained from
the Hacettepe University Health Sciences Research Ethics
Committee (approval number: 2023/04-35; dated 12.09.2023).

The study population consists of postmenopausal women
who were admitted to the general internal medicine outpatient
clinic at the Hacettepe University Hospital. Since the study was
observational in nature, no additional sample size calculation was
performed for any assumption. All patients who met the inclusion

criteria during the study period constituted the study sample. The
power analysis was performed at the end of the study.

OP risk factors were assessed using a combination of the
eleven parameters defined by the World Health Organization-
endorsed FRAX tool and nine additional factors identified
through a review of recent literature. In line with Fracture Risk
Assessment Tool (FRAX) criteria, the study defined ‘advanced
age’ as 55-64 years. The FRAX algorithm was used to estimate
the 10-year probability of a major osteoporotic fracture (MOF)
in women without a prior diagnosis of OP. When the estimated
MOF risk was 210% and no BMD test had been performed
within the last two years, physicians were informed to facilitate
appropriate clinical follow-up.

To evaluate participants’ awareness of OP, the validated Turkish
version of the OP awareness scale (OAS) was administered.™
The scale comprises 27 items across five subdomains: bone
physiology, protective behaviors, risk factors, exercise, and
general characteristics of the disease. Scores range from 27
to 108, with higher scores reflecting greater awareness. In
addition to the scale, participants responded to 12 questions
designed by the research team to assess knowledge of OP-
related risks. These questions aimed to capture not only clinical
knowledge but also contextual and experiential dimensions of
women's understanding of and relationship to their bone health.

Statistical analysis

The data were presented as means and standard deviations
or as medians and minimum-maximum values for numerical
variables, and as numbers and percentages for categorical
variables. The normality assumption was examined by the
Shapiro-Wilk test. For group comparisons, a significance test
for the difference between two means was performed when
parametric test assumptions were met; when they were not,
the Mann-Whitney U test was used. The relationship between
numerical variables was analyzed using the Pearson correlation
test. The significance level was set at p < 0.05. All analyses
were performed using IBM SPSS v.23.

A post-hoc power analysis was performed using G*Power 3.1
to evaluate the adequacy of the sample size for two separately
defined sets of OP risk factors. Among the eleven FRAX-based
risk factors, the mean number was 3.73 [significant difference
(SD) = 1.06] in the OP group and 2.80 (SD = 116) in the non-OP
group, yielding a Cohen’s d of 0.84. With sample sizes of 101
and 105, respectively, and o = 0.05 (two-tailed), the achieved
statistical power was 1-f = 1.00. For the nine literature-based
additional risk factors, the mean was 3.56 (SD = 1.35) in the OP
group and 2.80 (SD = 1.58) in the non-OP group, corresponding
to a Cohen’s d of 0.52 and an achieved power of 1-p = 0.96.
Both analyses confirm that the study was sufficiently powered
to detect clinically meaningful differences in the burden of OP
risk factors between groups.

RESULTS

A total of 206 postmenopausal women were included in the
study, of whom 101 were diagnosed with OP and 105 were not.
The mean age was slightly higher in women with OP [58.78
(SD: 3.95) years] than in those without OP [57.33 (SD = 4.23)
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years], although the difference was not statistically significant
(p =0.26) (Table 1). The prevalence of chronic diseases differed
between the groups: hypertension was more common among
women with OP (42.6%), while type 2 diabetes was most
frequent among those without OP (46.7%).

Patterns of medication use reflect both clinical need and broader

gendered dynamics in aging. Vitamin D3 supplements were the
most frequently used medications in the OP group (55.4%),

followed by cardiovascular medications (47.5%) and thyroid
medications (33.7%). In contrast, women without OP were most
commonly prescribed cardiovascular drugs (50.5%), antidiabetic
drugs (44.8%), and dyslipidemia-related drugs (36.2%).
Unsurprisingly, use of vitamin D3 and calcium was significantly
higher in the OP group (p < 0.001 and p = 0.02, respectively),
while use of antidiabetic medication was more common in the
non-OP group (p = 0.003). Of the women diagnosed with OP,

Table 1. Characteristics of the participants.

With OP Without OP

(n =101 (n = 105) P

n (%)
Age (years) mean (SD) 58.78 (3.95) 57.33(4.23) 0.26
Age of menopause (years) mean (SD) 46.3 (5.02) 47.28 (4.98) 0.68
Early menopause (45 years) 25 (24.8) 26 (24.8) 0.9
Age of menarche (years) mean (SD) 1315 (1.33) 13.06 (1.71) 0.05
Duration of breastfeeding (years) mean (SD) 3.22(2.29) 3.02 (2.35) 0.91
Duration of OP (months) mean (SD) 40.24 (4091 - N/A
Number of drugs used per day mean (SD) 4.69 (3.32) 4.48 (3.54) 0.60
Body mass index (kg/m?)
{18.5 2(2) 0 (0
18.6-24.9 32 (31N 12 (11.4)

<0.001

25-29.9 36 (35.6) 37(35.2)
230 (obese) 31(30.7 56 (53.3)
Level of education
No formal education 22 8 (7.6)
Primary school 60 (59.4) 61(58.1)
High school 24 (23.8) 21(20.0) 02
University 15 (14.9) 15(14.3)
Number of births
None 8 (7.9 5(4.8)
1-3 73(72.3) 82 (78.1) 0.53
>3 20 (19.8) 18 (17N
Number of comorbid diseases, mean (SD) 3.47 (1.50) 291 (1L7TH 0.31
Comorbidities
Type Il diabetes 33327 49 (46.7) 0.04
Hypertension 43 (42.6) 47 (44.8) 0.75
Hypothyroidism 32 (31N 28 (26.7) 0.42
Hyperlipidemia 30 (29.7) 40 (38.1) 0.2
Asthma 8 (7.9 15 (14.2) 0.14
Coronary artery disease 6 (5.9) 9 (8.6) 0.46
Alkaline phosphatase, median (IQR) 70 (28) 77 (26.5) 0.01

SD, standard deviation; IQR, interquartile range; OP, osteoporosis; N/A, not applicable.
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57 were receiving pharmacological treatment: of these, 40.5%
were prescribed bisphosphonates, 5.9% were prescribed a
bisphosphonate-calcium combination, 6.9% were prescribed
calcium carbonate alone, 2% were prescribed denosumab,
and 1% were prescribed a denosumab-calcium combination.
All women who were taking at least one medication received
counselling by a clinical pharmacist, reflecting the study's
emphasis on comprehensive pharmaceutical care.

Biochemical parameters (albumin, calcium, phosphorus,
thyroid stimulating hormone, glomerular filtration rate, and
creatinine) did not differ significantly between the two groups
(p > 0.05). However, median alkaline phosphatase levels were
significantly higher in women without OP (p = 0.01), a finding
that warrants further investigation. Among women without OP,
65% (n = 68) had undergone BMD testing within the past two
years (Table 2).7

Evaluation of risk factors showed that the OP group had
averages of 3.73 (SD = 1.06) out of 11 FRAX risk factors and
3.56 (SD =1.35) out of 9 additional literature-based risk factors.
In the non-OP group, the averages were 2.8 (SD = 116) and
3.9 (SD = 1.58), respectively. When considering all 20 risk
factors, the OP group had a mean of 7.29 (SD = 1.77), and the
non-OP group had a mean of 6.71 (SD = 1.94); this difference
was not statistically significant (p > 0.05). Glucocorticoid use
was notably higher among women with OP, while vitamin D
deficiency (p < 0.01) and type 2 diabetes (p = 0.02) were more
prevalent among women without OP (Table 3).

Interestingly, post-hoc power analysis (two-tailed independent
samples t-test, a = 0.05, observed effect size d = 0.009)
indicated that the statistical power for detecting this difference
was negligible (1-p < 0.06), and overall OAS did not differ
significantly between the groups (Table 4). This near-zero
effect size indicates that the lack of a statistically SD (SD) in OP
awareness between groups constitutes a substantive finding,
suggesting that an OP diagnosis does not meaningfully improve
awareness. However, when participants were stratified by
educational background, participants with at least a high school
education scored significantly higher on the OAS (p < 0.01),
highlighting the role of educational inequality in shaping health
literacy among women.

A weak but statistically significant negative correlation between
the total number of OP risk factors and OAS scores (Table 5)
suggests that higher risk does not necessarily translate into
higher awareness. Logistic regression analysis revealed three
variables associated with increased risk of OP: increasing age
[odds ratio (OR): 117, 95% confidence interval (C1): 1.053-1.306, p
= 0.004], lower scores in the “protective behaviors” subdomain
of the OAS (OR: 0.85, 95% ClI: 0.729-0.981, p = 0.02), and lower
body mass index (BMI) values (OR: 0.81, 95% Cl: 0.729-0.891,
p <0.00M.

Regarding the total patient population (n = 206), it is evident
that patients are not cognizant that certain medications
(e.g., proton pump inhibitors, antidepressants, antiepileptics,
hormonal agents, and drugs for thyroid diseases), certain
clinical conditions (e.g., gastrointestinal system disorders,
rheumatological and endocrine disorders), and reproductive and
hormonal factors in women (e.g., vitamin D deficiency, duration
of lactation >1 year, >3 pregnancies, and late menarche) can
increase the risk of developing OP (Figure 1).

A significant discrepancy was identified when comparing
patients’ (group of OP versus non-OP) responses to questions
assessing their knowledge of OP risk factors. The only SD was
found in responses to the question, “Some stomach-protecting
medications may increase the risk of OP” (p = 0.03). No SD was
found in responses to the other questions. In the Kruskal-Wallis
analysis conducted to ascertain the relationship between the
number of risk factors present in patients and their responses
to questions related to risk factors, a SD was identified
between the responses to the question “Vitamin D deficiency
can increase the risk of OP” and the number of risk factors
identified in patients (p < 0.001). Patients who responded “I
don't know” to this question had a significantly higher number
of identified risk factors than those who responded “I know” (p
<.0.00D.

DISCUSSION

Despite the high prevalence of OP among postmenopausal
women, this study highlights a persistent gap in both the
comprehensive assessment of OP risk factors and the
awareness of the condition among affected populations. It
is noteworthy that the comparable number of risk factors

Table 2. 10-year probability of fracture (%) in patients without osteoporosis (n = 105).

BMD measurements performed within the last 2 years

Yes (n = 68) No (n = 37)
Median (minimum-maximum)
MOF 43(2.5-12D 3.9 (2.5-15)
Hip fracture 0.55 (0-6.5) 0.5(0.1-19)
Patients at risk according to the MOF-FRAX score;?
Low-risk, <10% (to be monitored by BMD) 67 (98.5) 33(89.2)
High-risk, 210% (to be treated) 101.5) 4(10.8)

“The cut-off value was accepted as 10% from Kanis et al.” 2008. BMD, bone mineral density; MOF, major osteoporotic fracture.
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and similar levels of awareness between women with and
without OP indicate a potential communication failure between
healthcare providers and patients. This emphasises a need for
an established pathway that can be facilitated by a pharmacist
to ensure ongoing patient care between primary and secondary
carel®

This communication gap likely reflects intersecting barriers
related to patients’ health literacy, physicians’ screening
practices, and broader structural factors within healthcare

systems. Existing literature suggests that overcoming these
barriers demands proactive risk assessment, adherence to
guideline-recommended BMD screenings, and importantly,
multidisciplinary interventions, including pharmacist-led
education for both clinicians and patients.*?' The finding that
over a third of women without OP either lacked recent BMD
measurements or had no BMD measurements underscores
inequities in access to healthcare and highlights the need
for community-based awareness campaigns tailored to the
sociocultural realities of women in this demographic.

Table 3. Presence of OP risk factors among the participants.

OP group Non-OP group

(n =101 (n =105)
Risk factors n (%) p
Included in the FRAX
Advancing age (55-64 years) 85 (84.2) 78 (74.2) 0.05
Body mass index (<20 kg/m?) 5(4.9) 0 -
Gender (female) 101 (100) 105 (100) -
Current smoker 19 (18.8) 21 (20) 0.86
Glucocorticoid use 18 (17.8) 7(6.7) 0.01
Previous fracture 12 (11.9) 0 -
Family history of hip fracture 10 (99 13 (12.4) 0.57
Rheumatoid arthritis 769 4(3.8) 0.31
Secondary OP
[early menopause (45 years) and chronic liver disease] 212610y 2150 0.87
Alcohol use 0 0 -
BMD 95 (93.1) 40 (381 <0.01
Additional/other risk factors
Inadequate physical activity (less than 3 x 30 min/week) 58 (57.4) 57 (54.2) 0.65
Lack of healthy eating habits
(less than 2 portion of milk or diary products/day) 55 (54.4) 68 (64 013
Vitamin D deficiency (<20 ng/mL) 11(10.9) 34 (32.4) 0.01
Comorbid diseases 48 (47.5) 58 (55.2) 0.26
Type 2 diabetes 32 (31.7) 49 (46.7) 0.02
SLE/AS 2 6 0.16
IBS/Crohn’s/Celiac 1 2 0.58
CKD 1 2 0.58
COPD - 2 -
Other medicines 53 (52.5) 55 (52.4) 0.55
Proton pump inhibitor 25 (24.8) 22 (21 0.51
Levothyroxine 11(10.9) 15 (14.3) 0.46
Selective serotonin reuptake inhibitor 32 (31.7) 31(295) 0.73
Late (215 years) menarche 14 (13.8) 19 (181D 0.4
Number of pregnancies (>3) 20 (19.8) 19 (18.) 0.75
Long term (31 year) lactation 76 (75.2) 75 (1.4 0.53
Bilateral oophorectomy/hysterectomy 25 (24.8) 25(23.8) 0.87

BMD, bone mineral density; OP, osteoporosis; COPD, chronic obstructive pulmonary disease; CK, creatine kinase.
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In this study, we found that 35.2% of women without OP had
not undergone a BMD measurement within the past two years
or had never been screened during their lifetime. Previous
research similarly reports OP screening rates ranging between
20% and 44% among women.??? While clinical guidelines
recommend regular BMD assessments for postmenopausal
women aged 65 and over, as well as for younger women
presenting risk factors,?? significant disparities in access
to healthcare services, limited awareness of OP risk factors,
and variations in physicians’ screening practices contribute to
inconsistent screening uptake. Therefore, this study identified
and characterized the OP risk profiles and awareness gaps
in this pre-guideline window where opportunities for early
prevention are frequently missed. These disparities often
overlap with broader structural inequalities related to gender,
socioeconomic status, and healthcare accessibility. Hence,
the findings underscore the need for community-based
awareness initiatives that are culturally sensitive and tailored
to the specific needs and barriers of diverse groups of women.
Additionally, a comprehensive evaluation of all OP risk factors
in the population is essential to ensure early detection and
equitable preventive care.

Menopause heralds a complex metabolic transition, increasing
risks not only for OP but also for comorbid conditions such
as diabetes and cardiovascular disease, conditions that
disproportionately affect women.?® The differential prevalence

of comorbidities and associated medication use observed
between the groups further underscores how medical risk
factors are shaped by lifestyle, social roles, and healthcare
experiences.

Bone loss accelerates during the menopausal transition, with
an estimated annual decline of 2% that begins 1 to 3 years
prior to menopause and continues for 5 to 10 years. This
process culminates in a significant reduction of BMD by
about 10-12% in the spine and hip regions.?* The prevalence
of comorbidities such as diabetes and hypertension in both
study groups suggests a complex interplay between metabolic
health and bone integrity during midlife. While obesity is
often conceptualized as a risk factor for various metabolic
conditions, the present study's finding that women with OP
tend to have lower BMIs aligns with emerging evidence on the
protective role of adipose-derived estrogen in bone health.?"2®
Conversely, vitamin D deficiency and type 2 diabetes, more
prevalent in the non-osteoporotic group, highlight the
complex and sometimes paradoxical nature of risk profiles in
postmenopausal women.

OAS may help identify patients with insufficient knowledge
who could benefit from targeted educational interventions.
In clinical practice, these scores may support healthcare
professionals in prioritizing patient counseling and improving
OP prevention strategies. The wide range in OP awareness

Table 4. OAS scores.

OP group Non-OP group p

Subdomains Mean (+SD)

Bone physiology 13.50 (4.33) 13.7 (4.26) 0.52
Protective behaviors 15.66 (4.6) 15.7 (4.28) 0.48
Risk factors 8.86 (3.44) 8.9 (3.28) 0.65
Exercise 8.46 (3.71) 8.53(3.38) 0.8
Characteristics of OP 14.72 (3.49) 14.34 (3.36) 0.77
OAS total score 6118 (16.02) 61.32 (14.39) 0.44

OAS, Osteoporosis Awareness Scale; SD, standard deviation; OP, osteoporosis.

Table 5. The relationship between the OAS score and the number of risk factors.

OAS subgroups OAS total
score

Bone physiology R

Protet.ttlve Risk factors Exercise Characteristics OP

behaviors
Number of FRAX risks " 0.030 0.072 0.052 0.076 0105 0.076
(=1 P 0665 0.304 0.458 0.276 0132 0.276
Number of other risks | 0272 -0.292 -0195 -0.238 -0.327 -0.329
(=9 P <0.001 <0.001 0.005 €0.001 €0.001 <0.001
Total number of risks T -0195 -0.184 -0.20 -0138 -0190 -0.21
(n=20) P 0002 0.005 0.08 0.048 0.006 0.002

OAS, Osteoporosis Awareness Scale; OP, osteoporosis.
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Figure 1. Patients indicated as “l don't know at all” about OP risk factors.

OP, osteoporosis.

around the world, from as low as 8% to nearly 70% in different
countries,”® highlights the need for educational interventions
that are culturally sensitive and tailored to specific contexts.
While numerous studies have employed various questionnaires
and scales to assess OP awareness and knowledge,'22329-32
there remains a paucity of research specifically comparing
the levels of OP-related knowledge between postmenopausal
women with and without the condition. This study emphasizes
that women’s knowledge of OP and its associated risks is linked
to women's educational level, which is particularly important at
earlier ages to increase awareness and promote self-care.

Study results confirm the impact of aging as a non-modifiable
but critical risk factor, while emphasizing modifiable factors
such as awareness of protective behaviors and BMI. This
highlights the potential for targeted cognitive-behavioral and
lifestyle interventions to mitigate OP risks.”334 Consistent
with previous research, higher OP knowledge or awareness
correlates with engagement in protective behaviors, including
calcium and vitamin D supplementation, regular exercise, and
sufficient consumption of dairy products.®*¢*" Nutrition plays a
critical protective role; conversely, low BMI contributes to muscle
weakness, reduced BMD, and decreased estrogen production
from adipose tissue, all of which increase the risk of OP.27:2837-40

Study limitations

The study has inevitable limitations, such as being conducted
at a single center and having a relatively small sample size.
However, this study has focused on a comprehensive
assessment of risk factors among postmenopausal women,
including medical, pharmacological, and lifestyle factors.

CONCLUSION

The postmenopausal period is characterized by accelerated
bone loss, which is further exacerbated by risk factors deeply

linked with social, behavioral, and structural determinants of
health. This study highlights a critical need for comprehensive
assessment of both biological risk factors and OP awareness
among postmenopausal women. Effective management of
bone health should include not only clinical measures but also
culturally modified education and equitable access to screening
and preventive services.

Fostering greater awareness and empowering women with
knowledge tailored to their experiences and socio-cultural
contexts can contribute to reduced fracture risk and improved
quality of life.
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AB ST R A C T |

Objectives: To evaluate the operational feasibility of pharmacist-led ambulatory blood pressure monitoring (ABPM) in community pharmacy
practice.

Materials and Methods: This operational-feasibility case series recruited eligible participants from four community pharmacies located in
three geographical districts in Malta over a three-month recruitment period. Process feasibility included recruitment uptake and participant
acceptability. Management feasibility included the completion of a valid 24-hour ABPM recording and successful tracking of post-referral
outcomes. Pragmatic post-hoc benchmarks were applied: uptake of at least 60%, completion of valid recordings of at least 80%, and post-
referral outcome tracking of at least 80%. Exact 95% confidence intervals (Cls) were calculated using the Clopper-Pearson method

Results: Ten of 20 invited participants consented, corresponding to an uptake rate of 50% (95% Cl, 27.2-72.8%). Valid 24-hour ABPM
recordings meeting the pre-defined recording quality criteria were obtained for 9 of the 10 participants, corresponding to a completion rate of
90% (95% CI 55.5-99.7). 4 participants were referred for physician review, and post-referral outcomes were obtained for all 4 participants,
corresponding to a tracking rate of 100% (95% Cl 39.8-100.0). Three of the 4 referred participants reported an intensification of their
antihypertensive treatment.

Conclusion: Pharmacist-led ABPM in community pharmacies demonstrated operational feasibility regarding completion of valid recordings and
post-referral tracking, although uptake requires improvement. Participant-reported treatment changes should be interpreted as exploratory
signals, and larger implementation studies are warranted.

Keywords: Blood pressure monitoring, ambulatory, community pharmacy services, hypertension, pharmacists

INTRODUCTION

Ambulatory blood pressure monitoring (ABPM) provides
repeated blood pressure (BP) measurements over 24 hours
in the patient's usual environment and vyields 24-hour,
daytime and night-time values. ABPM is particularly useful
for identifying clinically important phenotypes that cannot be
reliably characterised by office BP alone, such as white-coat
hypertension, masked hypertension, nocturnal hypertension,
and abnormal dipping patterns!” Compared with office BP,

ambulatory BP correlates more strongly with hypertension-
mediated target organ damage and predicts cardiovascular
eventsmorereliably, makingitanimportant out-of-office method
for confirming diagnosis and refining risk stratification."34®

Current guidance emphasises that ABPM and home BP
monitoring (HBPM) are complementary. HBPM is valuable for
longer-term follow-up and self-management, whereas ABPM
is preferable when confirmation of diagnosis, assessment of
apparent resistant hypertension, evaluation of nocturnal BP
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or clarification of discrepant office readings is required."“#?
Although ABPM is well-established for diagnosis and treatment
optimisation in specialist care, access in primary care and
community pharmacy settings is variable!®? Community
pharmacists are accessible healthcare professionals and may
be well-placed to support out-of-office BP monitoring services,
particularly when embedded within clear referral pathways. The
aim was to evaluate the operational feasibility of pharmacist-
led ABPM in community pharmacy practice.

MATERIALS AND METHODS

Study design and setting

This was an operational feasibility case series with follow-
up. Eligible participants were recruited from four community
pharmacies, selected by convenience sampling, located across
three geographical districts in Malta.® The study evaluated the
practical delivery of a pharmacist-led ABPM service and was
not designed to test clinical efficacy. Relevant STROBE items
were used to guide the reporting of observational data.

Ethical considerations

Approval was obtained from the University of Malta, Faculty of
Medicine and Surgery Research Ethics Committee (approval
number: MED-2023-00210, dated 19.09.2023). All participants
provided written informed consent.

Sample size considerations

A formal sample size calculation was not performed because
the study was designed to explore operational feasibility rather
than to test a clinical hypothesis. The sample comprised
all eligible patients identified during a fixed three-month
recruitment period. Exact 95% confidence intervals (Cls)
were reported to quantify the uncertainty associated with the
resulting small sample.

Eligibility and recruitment

Participants were eligible if they had been diagnosed with
hypertension within the previous two months, had experienced
a change in antihypertensive medication or dose within that
period, or had self-reported non-adherence to antihypertensive
therapy. Over the three-month study period, 20 participants
met at least one inclusion criterion and were invited to undergo
24-hour ABPM.

Feasibility domains and post-hoc progression benchmarks
Feasibility outcomes were organised into three domains.
The process domain included uptake, reasons for declining
ABPM, and participant-reported tolerability. The management
domain included the successful completion of a valid 24-
hour ABPM recording and the documentation of post-referral
outcomes. The referral domain included potentially abnormal
ABPM patterns prompting physician review, and participant-
reported actions following that review. Formal progression
criteria were not specified in the original approved protocol.
To support transparent interpretation and planning of a
subsequent implementation study, the following pragmatic
post-hoc benchmarks were applied: uptake by at least 60%

of invited eligible individuals, completion of a valid 24-hour
ABPM recording by at least 80% of consented participants,
and documentation of post-referral outcomes by at least 80%
of referred participants. The uptake benchmark represented
participation of a majority of invited individuals, whereas
the completion and tracking benchmarks represented high
operational reliability among individuals entering the service
pathway. Failure to meet a benchmark was interpreted as
indicating an aspect of the service that required modification
before larger-scale implementation.

ABPM device and monitoring procedure

Participants attended two appointments with the pharmacist
researcher (MV), with the second appointment scheduled 24
hours after the first. At the first appointment, an appropriately
sized cuff was fitted to the non-dominant upper arm. BP was
initially measured using a calibrated oscillometric upper-arm
monitor (A&D® UA-651), followed by fitting GIMA® 24 hours
ABPM + pulse rate monitor. The ABPM recording was initiated
following confirmation that the readings obtained during
fitting were comparable. The ABPM device recorded BP every
30 minutes between 06:00 and 22:00 (daytime) and hourly
between 22:00 and 06:00 (nighttime). Participants received
verbal instructions from the pharmacist-researcher regarding
device handling and activities during the monitoring period. At
the second appointment, the ABPM device was removed, and
the data were downloaded to generate an individual ABPM
report. A recording was considered satisfactory if the minimum
criteria for valid readings were met, namely: at least 20 daytime
measurements and at least 7 night time measurements.

Device validation and interpretation

The GIMA® 24-hour ABPM monitor used in this study was
not listed on the STRIDE BP (an international initiative for the
validation of blood pressure measuring devices) registry of
validated devices. No published validation data were identified
for the specific model used, and it was not possible to confirm
whether the device shared its internal measurement algorithm
or component design with a validated device from the original
equipment manufacturer. Accordingly, the study was framed
as an exploratory case series assessing service feasibility.
The pharmacist researcher used ABPM outputs to identify
potentially abnormal patterns warranting physician review.
The physician was responsible for diagnosis and treatment
decisions.

Referral workflow and follow-up

The referral process was structured but pragmatic. The
pharmacist researcher reviewed the ABPM report, explained
the findings to the participant, and provided a printed copy.
Participants with potentially abnormal findings were given a
written referral note and advised to consult their physician.
The pharmacist-researcher did not diagnose hypertension
phenotypes, alter medications, or prescribe treatment. The
pharmacist-researcher conducted follow-up after the physician
consultation to document the participant-reported outcome.
Physician actions were not independently verified.
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Statistical analysis

Data analysis was descriptive and focused on participant-level
and service-process outcomes. Uptake was calculated as the
number of individuals who consented divided by the number
of individuals invited. Recording completion was calculated
as the number who obtained a valid 24-hour recording
divided by the number who consented. Referral tracking was
calculated as the number of referred participants for whom a
post-referral outcome was documented, divided by the total
number of referred participants. Two-sided exact 95% Cls for
the primary feasibility proportions were calculated using the
Clopper-Pearson method. No hypothesis testing, inferential
comparisons, or p-values were performed. Participant
ABPM findings, referral decisions, and reported post-referral
outcomes were presented descriptively. Box-and-whisker plots
were used as a visual summary of the distributions of daytime
and nighttime systolic and diastolic BP readings. Analyses
were undertaken using IBM SPSS Statistics version 29.

RESULTS

Recruitment and recording completion

Of the 20 eligible individuals invited to participate, 10 consented,
corresponding to an uptake rate of 50% (95% Cl: 27.2-72.8).
The post-hoc uptake benchmark of at least 60% was not met.
Among the 10 individuals who declined, 6 perceived ABPM as
burdensome, and 4 felt embarrassed about being seen wearing
the device. One participant experienced cuff air leakage,
resulting in a device error after 18 hours and yielding only 19
valid daytime readings; hence, this recording was considered
invalid. Nine of the 10 consented participants completed valid
24-hour ABPM recordings, corresponding to a completion rate
of 90% (95% CI 55.5-99.7).The post-hoc completion benchmark
of at least 80% was met.

Participant characteristics

Among the 9 participants with valid recordings, 6 were male
and 3 were female. The mean age was 57 years, ranging
from 35 to 72 years. The d uration of hypertension was
less than 1 year (n = 4), 1to 5 years (n = 1), 6 to 10 years (n
= 3), and 11 to 20 years (n = 1). Seven participants reported
no comorbidities; 2 had hypercholesterolaemia, 1 had
hypothyroidism, and 1 had depression. 5 participants were
receiving antihypertensive monotherapy, and 4 were receiving
dual therapy. Antihypertensive medications included thiazide
diuretics (n = 4), angiotensin-converting enzyme inhibitors (n =
3), angiotensin Il receptor blockers (n = 3), and calcium channel
blockers (n = 3).

Tolerability, referral and follow-up

ABPM was reported to be well tolerated by 5 participants.
Two participants reported mild bruising, and 2 reported sleep
disturbances. The pharmacist researcher’s review of the ABPM
reports resulted in 4 participants being referred for review by
a physician. Participant 1 had normal daytime BP but elevated
nocturnal readings. Participants 2 and 4 had elevated BP

throughout the 24-hour monitoring period, whereas participant
6 had normal systolic BP but elevated diastolic BP readings
(Figure 1. A post-referral outcome was documented for all
4 referred participants, corresponding to a tracking rate of
100% (95% CI 39.8-100.0). The post-hoc referral-tracking
benchmark of at least 80% was met. Three of the 4 referred
participants reported intensification of antihypertensive
treatment. Participants 1 and 4 reported initiating an additional
antihypertensive medication, while participant 2 reported a
dose increase. Participant 6 reported no change in treatment,
but stated that the physician had advised stress reduction.
These physician actions were participant-reported and were
not independently verified. Participants’ profiles and referral
outcomes are presented in Table 1.

DISCUSSION

This operational feasibility case series suggests that
pharmacist-led ABPM can be delivered in community pharmacy
practice, although feasibility varies across the evaluated
domains. Valid recordings were obtained for 90% of consented
participants, exceeding the post-hoc completion benchmark
of 80%, thereby supporting the feasibility of device fitting,
participant instruction, 24-hour monitoring, device removal, and
report generation. Post-referral outcomes were documented
for all referred participants, thereby exceeding the 80%
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Figure 1. Descriptive distributions of daytime and night-time systolic and
diastolic blood pressure readings among the 9 participants with valid
24-hour ABPM recordings. Box-and-whisker plots display the median,
interquartile range and outlying values.

ABPM, ambulatory blood pressure monitoring.
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Table 1. Individual participant profile and referral outcome for valid 24-hour ABPM recordings (n = 9).

Participant Age/sex and eligibility ~ Antihypertensive ABPM values :’ehsaerar:::esrt Referral and physician
ID criterion therapy interpretation outcome
Female/72 years, 24-hpur mean BP: 131/77 mmHg; Norrpal Referred; participant
. L daytime mean BP: 129/78 daytime BP S
1 change in medication/ Dual thera mmHe: with elevated reported initiation of
dose within previous Py . g,‘ additional antihypertensive
WO months night-time mean BP: nocturnal medication
138/72 mmHg readings
Male/52 vears 24-hour mean BP: 137/93 mmHg;
dia nosisyof ' daytime mean BP: 138/94 Elevated BP Referred; participant
2 h gertension within Monotherapy mmHg; throughout 24-  reported antihypertensive
P . night-time mean BP: hour period dose increase
previous two months 131/88 mmHg
Female/67 vears 24-hour mean BP: 130/73 mmHg;
ol years, | daytime mean BP: 138/94 No abnormal .
change in medication/ . No physician referral
3 dose within previous Dual therapy mmHg; referral trigger required
two months P night-time mean BP: reported g
122/63 mmHg
24-hour mean BP: 149/80 mmHg; -
Male/694 years, daytime mean BP: 150/82 Elevated BP Referred,.pgn.'tlgpant
diagnosis of reported initiation of
. . Monotherapy mmHg; throughout 24- o ) .
4 hypertension within . . ) additional antihypertensive
previous two months night-time mean BP: hour period medication
141/71 mmHg
Female/67 vears 24-hour mean BP: 121/72 mmHg;
. of years, daytime mean BP: 123/75 No abnormal .
diagnosis of . No physician referral
5 hvbertension within Monotherapy mmHg; referral trigger required
pZSVious two months night-time mean BP: reported g
112/60 mmHg
Male/36 years, 24—hpur mean BP: 125/86 mmHg; Normgl Referred:
. i daytime mean BP: 127/87 systolic BP o
diagnosis of . participant reported no
6 . . Monotherapy mmHg; with elevated
hypertension within . . . . treatment change and
) t th night-time mean BP: diastolic dvice 1o red i
previous two months 114/81 mmHg readings advice to reduce stress
24-hour mean BP: 114/65 mmHg;
Male/é‘? years, change daytime mean BP: 116/66 No abnormal .
in medication/dose . No physician referral
7 within previous two Dual therapy mmHg; referral trigger required
monthsp night-time mean BP: reported g
107/61 mmHg
24-hour mean BP: 120/74 mmHg;
Male/4f+ years, change daytime mean BP: 124/77 No abnormal .
in medication/dose . No physician referral
8 Within previous two Dual therapy mmHg; referral trigger required
monthsp night-time mean BP: reported g
104/61 mmHg
24-hour mean BP: 125/79 mmHg;
Male/3§ years, daytime mean BP: 130/83 No abnormal .
diagnosis of . No physician referral
9 hvbertension within Monotherapy mmHg; referral trigger required
yp night-time mean BP: reported g

previous two months

105/65 mmHg

ABPM, ambulatory blood pressure monitoring; BP, blood pressure.
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tracking benchmark. Participant uptake was 50%, below the
60% benchmark, indicating that recruitment and acceptability
require modification before larger-scale implementation.

Among participants who completed monitoring, ABPM was
generally tolerated consistent with previous reports,®' although
mild bruising and sleep disturbance were reported. Half of
the eligible individuals nevertheless declined participation
because they perceived monitoring as burdensome or felt
uncomfortable being seen wearing the device. These findings
are consistent with patient-reported concerns described in
previous qualitative research and suggest that uptake may be
improved through clearer pre-test counselling, reassurance
about the purpose and temporary nature of ABPM, discussion
of possible discomfort or sleep disturbance, and practical
guidance regarding clothing and daily activities during the
monitoring period."'®

Four participants were referred because of potentially abnormal
BP patterns, including nocturnal hypertension, sustained
24-hour hypertension, and isolated diastolic elevation, of
whom three subsequently reported an intensification of
antihypertensive treatment. These observations suggest that
pharmacist-led ABPM may generate actionable information that
prompts medical reassessment. However, the small sample
size, self-reported follow-up, and the use of an ABPM device
that has not been confirmed as validated limit the strength of
clinical inferences.

The measurement validity of the ABPM device has implications
for the operational performance of the referral pathway. The
specific GIMA® model was not listed on the STRIDE BP
registry of validated devices, and no published validation study
or confirmed equivalence to a validated original equipment
manufacturer device was identified. Measurement uncertainty
could result in over-referral, generating avoidable consultations
and additional workload for primary care physicians, or under-
referral, failing to identify individuals requiring medical review.

Study limitations

This study involved a small convenience sample recruited
from four community pharmacies, resulting in wide Cls and
limited generalisability. The progression benchmarks were
introduced post-hoc to support interpretation and future
planning, and were not prospectively established. The ABPM
device was not confirmed to be validated, which may have
affected the identification of potentially abnormal patterns and
the resulting referral decisions. Physician actions reported by
participants were not independently verified. Subsequent BP
control, persistence of treatment changes, and cardiovascular
outcomes were not assessed. In addition, the referral pathway
relied on written documentation and patient-mediated
physician follow-up rather than direct or integrated electronic
communication.

Implications for future research

Future implementation studies should use validated ABPM
devices and prospectively specified progression criteria.
Recruitment and counselling procedures should be refined

to address perceived burden, embarrassment, possible sleep
disturbance, and practical concerns that are associated with
wearing the device. Larger studies should evaluate patient
and healthcare professional experiences, pharmacist training
requirements, recording quality, referral appropriateness,
clinical effectiveness, and cost-effectiveness. Referral
pathways should facilitate direct and secure communication
between pharmacists and physicians, and physician actions
and subsequent BP outcomes should be independently verified.
Integrated models combining ABPM for diagnostic clarification
with HBPM for longer-term follow-up may also warrant
evaluation.

CONCLUSION

Pharmacist-led ABPM in community pharmacies demonstrated
operational feasibility with respect to valid recording
completion and post-referral tracking, although uptake requires
improvement. Participant-reported treatment changes should
be interpreted as exploratory signals, and larger implementation
studies are warranted.
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