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PREFACE

Dear Readers,

The scientific community welcomes with great enthusiasm and curiosity the 
new discoveries honored by the Nobel Committee. In medicine, the ground-
breaking work of Mary E. Brunkow, Fred Ramsdell and Shimon Sakaguchi 
has the potential to revolutionize the treatment of autoimmune and cancer 
diseases and to significantly influence the development of transplantology. In 
chemistry, the pioneering achievements of Susumu Kitagawa, Richard Rob-
son and Omar M. Yaghi may provide invaluable contributions to the design 
of new drug carriers based on materials with exceptionally large specific sur-
face areas. Both of these research areas clearly relate to the chemistry of polymeric protein structures as well 
as to polymer chemistry. Our authors likewise contribute to this growing field, presenting studies on polymer 
structures relevant to medicine and pharmacy. Their research encompasses the use of polymers in pharmaceu-
tical dosage forms such as metronidazole tablets, topical creams and ointments, and ophthalmic preparations. 
Two noteworthy articles in this issue are devoted to polymeric materials applied in dentistry. Also significant 
are two articles that examine the stability of polymeric substances relevant to medicine and pharmacology. 
The first analyzes the impact of ethylene oxide sterilization on the properties of polymeric materials of crucial 
importance in medical applications, while the second focuses on photodynamic therapy. Equally compelling is 
the article exploring the potential use of plant viruses as innovative drug carriers.

An important milestone for our journal was the conference held on December 4–5, 2025, at Wrocław Medical 
University under the patronage of Polimery w Medycynie – Polymers in Medicine. The event, entitled “Pharma-
ceutical Sciences – Physical Chemistry and Biophysics for Pharmacy 2025,” led to an increase in submissions 
and further strengthened the journal’s position in the scientific community. I would like to take this opportu-
nity to remind our readers that the highly regarded CiteScore achieved by Polimery w Medycynie – Polymers in 
Medicine (currently 3.5) should encourage researchers from around the world to contribute their work to our 
journal – we warmly invite you to submit your manuscripts!

The world of science continues its creative and constructive work despite a growing sense of global uncertainty, 
ongoing armed conflicts and potential threats to international security. We all hope for effective, just and peace-
ful solutions to the challenges the world has faced over the past year. As the holiday season approaches and we 
prepare to welcome the new year 2026, may this time offer moments of rest – and perhaps also the opportu-
nity to explore the articles presented in this issue of Polimery w Medycynie – Polymers in Medicine.

I extend my warmest wishes to all our readers and to the entire Editorial Team of Polimery w Medycynie – Poly-
mers in Medicine for a prosperous New Year 2026 and a peaceful holiday season. All the best!

Prof. Witold Musiał, PhD, DSc
Editor-in-Chief 

Polimery w Medycynie – Polymers in Medicine



WSTĘP

Drodzy Czytelnicy,

świat nauki z radością i zaciekawieniem przyjmuje nowe odkrycia nagradzane 
przez Komitet Noblowski. W świecie medycyny odkrycia Mary E. Brunkow, 
Freda Ramsdella i Shimona Sakaguchiego mogą zrewolucjonizować terapię 
chorób autoimmunologicznych i nowotworowych oraz wpłynąć na rozwój 
transplantologii. W obszarze chemii pionierskie prace Susumu Kitagawy, 
Richarda Robsona i Omara M. Yaghiego są ważne dla tworzenia nowych 
nośników leków opartych o materiały o olbrzymiej powierzchni właściwej. 
Oba te kierunki badań są wyraźnie związane z chemią polimerowych struk-
tur białkowych i chemią polimerów. Również nasi autorzy włączają się w nurt badań nad strukturami polime-
rowymi istotnymi z punktu widzenia medycyny i farmacji – tematy badawcze obejmują zastosowanie polimerów 
w takich postaciach leku, jak tabletki z metronidazolem, kremy i maści stosowane na skórę oraz leki do oczu. 
Dwa ważne artykuły poświęcono materiałom polimerowym stosowanym w stomatologii. Warto też zwrócić 
uwagę na dwa inne artykuły poruszające tematykę stabilności substancji polimerowych istotnych dla medycyny 
i farmakologii. Pierwszy z nich omawia wpływ sterylizacji tlenkiem etylenu na właściwości materiałów polim-
erowych o istotnym znaczeniu w medycynie, a drugi skupia się na terapii fotodynamicznej. Równie ciekawie 
prezentuje się artykuł nt. potencjalnego wykorzystaniu wirusów roślinnych jako nośników leków. 

Ważnym wydarzeniem w życiu naszego czasopisma była konferencja zorganizowana w dniach 4–5 grudnia 
2025 w Uniwersytecie Medycznym we Wrocławiu pod patronatem naszego wydawnictwa pt. „Nauki Farma-
ceutyczne – Chemia Fizyczna i Biofizyka dla Farmacji 2025”, która zaowocowała zgłoszeniem szeregu nowych 
artykułów i przyczyniła się do umocnienia pozycji Polimerów w Medycynie – Polymers in Medicine. Przypom-
inam Państwu przy okazji, że istotny parametr CiteScore, wynoszący dla naszego czasopisma 3,5, powinien 
zachęcać naukowców z całego świata do składania prac do naszego czasopisma – serdecznie zapraszamy!

Świat nauki nie zaprzestaje twórczej, konstruktywnej pracy mimo poczucia nadchodzących zmian, tlących się 
konfliktów zbrojnych oraz potencjalnych zagrożeń globalnego bezpieczeństwa. Wszyscy chyba mamy nadzieję 
na skuteczne, sprawiedliwe i pokojowe rozwiązanie problemów towarzyszących nam na całym świecie w mija-
jącym roku. Zaczynamy już okres świąteczny, a wkrótce przywitamy nowy rok 2026. Niech ten świąteczny czas 
będzie okazją do odpoczynku, ale może i lektury artykułów zawartych w niniejszym wydaniu Polimerów w Medy-
cynie – Polymers in Medicine. Naszym Czytelnikom, a także zespołowi redakcyjnemu składam serdecznie życze-
nia wszelkiej pomyślności w Nowym Roku 2026 oraz spokojnego okresu świątecznego. Wszystkiego dobrego!

Prof. dr hab. Witold Musiał
Redaktor Naczelny 

Polimery w Medycynie – Polymers in Medicine
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Abstract
Background. Ethylene oxide (EO) sterilization is the most used sterilization method for disposable medical 
devices. Its popularity is based on the fact that it can be executed on industrial scale on full pallets of packed 
products and the fact that many materials are compatible with this sterilization technique.

Objectives. This article describes an introduction to EO as a sterilization technique and further studies on 
the compatibility of medical grade plastics with EO sterilization.

Materials and methods. Fourteen different healthcare polymer grades have been exposed to EO. This 
includes frequently used polyethylenes, polypropylenes, polyesters, and polycarbonates. Their mechanical 
and optical properties before and after exposure with EO were determined.

Results. After both the statistical analysis and a comparison with the accuracy of the measurement system, 
it can be concluded that all tested polymers retained their mechanical properties as measured by tensile and 
Izod impact testing after 1 sterilization cycle. Optical measurements showed that only 2 of the polymer grades 
had a minor discoloration, while all other materials had a very limited color change.

Conclusions. It has been shown that all families of plastics typically used in disposable medical products can 
be sterilized with EO without significant change in properties as determined on standardized test specimen.

Key words: infection control, sterilization, polymers, plastics, ethylene oxide
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Highlights

•	 Ethylene oxide (EO) sterilization effectively preserves the mechanical properties and performance of medical-grade 
polymers.
•	 Common polymers such as polyethylenes, polypropylenes, polyesters, and polycarbonates show excellent compat-
ibility with EO sterilization.
•	 Minimal color change or discoloration occurs in most polymer materials after a single EO sterilization cycle.
•	 EO sterilization ensures safe and reliable processing of disposable medical devices without degrading polymer 
structure or integrity.

Background

Treating patients in a hospital requires sterile medical de-
vices. Care must be taken to ensure that their health benefits 
from treatment and does not deteriorate due to the infa-
mous “hospital-acquired infections”. Patients are vulnerable 
human beings who can easily contract infections, especially 
when their natural barrier, i.e., the skin, is open or damaged 
through surgery or wounds. Every tool used under these 
circumstances must be sterile. Devices may be reusable 
(cleaned and sterilized) or single-use (pre-sterilized and 
discarded). Sterilization is defined as the process that elimi-
nates microbial life, including transmissible agents such 
as fungi, bacteria, viruses, and spores, from a surface, fluid 
or any material that will come into contact with a patient.1–3 
Sterilization can be performed using various methods, each 
with its own advantages and disadvantages. The most com-
mon terminal techniques are listed in Table 1. Terminal 
sterilization refers to the process in which the sterilizing step 
is applied after the production and packaging of the devices 
or drug formulation. The packaging maintains the product’s 
sterility until use once the sterilization process is complete. 
Material compatibility with sterilization techniques has 
been widely discussed in journal publications, books and 
industrial guidelines.1,4–6

For each technique, typical application areas are indi-
cated in Table 1. The industrial space refers to large-scale 
production environments, such as those for medical de-
vices or pharmaceutical formulations. The professional 
space includes dedicated sterilization departments in hos-
pitals or external sterilization service providers. The gen-
eral space refers to local medical practices, dental offices 
and similar settings. While the location and scale of steril-
ization are not necessarily critical, it is within the industrial 
application space that single-use devices, primarily com-
posed of plastics, are sterilized. Here, approx. 45% of ster-
ilization is performed using radiation techniques and 50% 
using ethylene oxide (EO).7–9 For this reason, it is of para-
mount importance to establish material compatibility with 
these sterilization methods. The professional and general 
application areas mainly involve reusable tools, which are 
typically manufactured from metal or, in some cases, from 
high-end engineering plastics.

Radiation techniques are widely used, with gamma ster-
ilization being the most common method today. It is esti-
mated that around 40% of all single-use medical devices 
are sterilized by gamma radiation.8 The advantage of this 
method is that it can be applied under ambient conditions 
and to full pallets of products in their primary and sec-
ondary packaging as the final step before shipment. This 

Table 1. Overview of most common sterilization techniques

Sterilization technique Mechanism
Application space

industrial professional general

Ethylene oxide gas   –

Hydrogen peroxide gas –  

Ozone gas –  

Gamma radiation  – –

Electron beam radiation  – –

X-ray radiation  – –

UV-C radiation –  

Dry heat temperature 150–180°C   

Autoclaving temperature 100–140°C   

Disinfectant (wipes) chemical –  
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technique is typically performed at dedicated facilities, 
as it requires a cobalt-60 (⁶⁰Co) radioactive source, which 
necessitates specific permits, expertise and safety mea-
sures. Plastics show variable compatibility with gamma 
radiation.4

Most materials retain their performance but may exhibit 
a color change. A few, however, can deteriorate and lose 
functionality. Notably, polypropylene (PP) requires specific 
stabilization, as it is highly sensitive to radiation. Electron 
beam and X-ray sterilization are alternative applications 
of ionizing radiation and have effects on materials similar 
to those of gamma radiation.5 UVC radiation is commonly 
used for water and air disinfection but gained prominence 
in medical applications during the COVID-19 pandemic.6

Temperature-based sterilization can be performed using 
either dry heat or steam exposure. The excellent heat trans-
fer properties of steam allow for shorter sterilization cycles 
at lower temperatures compared with dry heat. However, 
both heat and humidity can significantly influence mate-
rial properties. The advantage of these techniques is their 
wide availability and compatibility with most metals, ce-
ramics and glass, making them the preferred methods 
in doctors’ offices, hospital sterilization departments and 
sterilization service facilities.

Chemical disinfection is not strictly a sterilization tech-
nique but is related in that it aims to disinfect surfaces 
by eliminating or reducing the microbial load. A variety 
of chemical wipes are used to clean stationary surfaces 
and equipment in medical environments. Material com-
patibility varies greatly and depends on the specific chemi-
cals used. 

In gas-based sterilization, EO is the only method used 
on an industrial scale for single-use devices. Its use in ster-
ilizing single-use medical devices is roughly comparable 
to that of gamma radiation, accounting for an estimated 
40–50%.8,9 The use of other gases is increasing, but their 
application remains relatively limited. Hydrogen peroxide, 
in vapor or plasma form,10,11 and ozone12 can oxidize or-
ganic molecules and attack DNA, proteins and other mi-
crobial components, thereby preventing their transmission 
and replication. These gases can be generated in situ, offer-
ing logistical advantages and leaving no residues on steril-
ized devices.

Objectives

This article briefly discusses the fundamentals of EO 
sterilization. For more detailed information, several com-
prehensive review papers are available.7,13 In addition, 
the effects of EO on commonly used plastics are examined.

Materials and methods

Outline

Ethylene oxide readily alkylates polar groups such as hy-
droxyl and carboxyl groups. The reaction is exothermic 
and occurs rapidly at ambient temperatures. This reactiv-
ity gives EO its sterilizing capability: When polar groups 
in proteins and DNA are alkylated, the microbes carry-
ing them are rendered nonviable and unable to replicate 
or multiply. However, this strong sterilizing action also 
makes EO gas toxic. It must be handled under strictly 
controlled conditions with extreme care. Another associ-
ated risk of EO is its flammability. Despite these hazards, 
the use of EO for sterilization offers many advantages. 
Unlike gamma radiation, it does not require the han-
dling of dangerous or highly regulated radioactive iso-
topes. It can also be applied to temperature- and radia-
tion-sensitive devices. Most materials are reported to be 
compatible with EO sterilization. The Advancing Safety 
in Health Technology (AAMI) Technical Information Re-
port: Compatibility of Materials Subject to Sterilization 
lists many material classes and provides an initial indi-
cation of their compatibility. In the section covering EO, 
only acrylics received a rating lower than “excellent”.4 All 
terminal sterilization techniques are applied to packaged 
products. In the case of EO sterilization, the gas must be 
able to enter and exit the packaging easily to achieve an ac-
ceptable sterilization cycle duration. A practical solution 
is to use packaging that is at least partially made of perme-
able materials such as paper or nonwoven plastic fabrics. 
These materials must meet strict pore size specifications 
to ensure that gases can penetrate efficiently while pre-
venting microbial passage. Otherwise, sterility cannot be 
maintained during transport and storage.

A typical EO sterilization cycle proceeds as follows14:
–	The load to be sterilized is placed in an airtight steriliza-
tion chamber.
–	Air is removed using a vacuum and replaced with an in-
ert gas such as nitrogen.
–	A humidification step is carried out by injecting steam.
–	EO is then introduced into the chamber. Typical concentra-
tions are within the range of 450–1200 mg/L, at temperatures 
between 37°C and 63°C and relative humidity of 40–80%, for 
a duration of 1–6 h. Higher concentrations may cause dif-
ficulties in removing residual EO from the product, while 
lower concentrations may result in incomplete sterilization.

The products are degassed using alternating vacuum 
and nitrogen cycles. To further reduce residual EO lev-
els, the  sterilized items may be stored in  an  aeration 
chamber for 8 h up to 1 week. Sterilization efficiency de-
pends on careful control of EO concentration, humidity, 
temperature, and exposure time. For each product and 
packaging combination, the speed and depth of the vac-
uum must be optimized. When the secondary packaging 
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is also compatible with the process, sterilization can be 
applied to full pallets or containers. Figure 1 shows ex-
amples of gas-permeable packaging. The packaging con-
sists of 2 parts: 1) a transparent polyethylene film, and 
2) a white, opaque, gas-permeable layer made of either 
paper or nonwoven fabric. DuPont’s Tyvek®, a nonwoven 
material made from HDPE fibers, is frequently used for this 
purpose.15 The 2nd part allows air, water vapor and EO gas 
to pass in and out of the package during the various stages 
of the sterilization cycle without causing damage. Addi-
tionally, the pore sizes in this layer must be small enough 
to prevent the entry of microbes, viruses, spores, and bac-
teria after sterilization. The shelf life of sterilized products 
typically ranges from 3 to 5 years, requiring the packag-
ing to maintain its integrity throughout this period.16 One 
disadvantage specific to EO sterilization is the presence 
of undesirable residual chemicals in sterilized products.17,18 
These products may contain traces of EO, ethylene glycol 
(EG), and ethylene chlorohydrin (ECH).17 All 3 substances 
are toxic, and EO additionally possesses carcinogenic prop-
erties. Ethylene glycol forms through the reaction of EO 
with water (humidity), while ECH is produced when EO 
comes into contact with free chloride ions, such as those 
present in polyvinyl chloride. Patients may develop aller-
gic reactions upon exposure to these residues, particularly 
with repeated use.19,20 For patients with chronic conditions 
requiring regular treatment, such as those undergoing 
dialysis, EO-sterilized devices are typically avoided, and 

radiation-sterilized consumables are preferred. Because 
of these disadvantages, as well as the dangers and environ-
mental impact of EO emissions, the U.S. Food and Drug 
Administration (FDA) has launched a program to support 
reducing EO concentrations and exploring alternative ster-
ilization methods.21 Nevertheless, EO sterilization remains 
indispensable due to its large-scale applicability and broad 
material compatibility. With approx. 20 billion medical de-
vices sterilized annually by EO in the USA alone, concerns 
have arisen that facility closures driven by environmental 
regulations could significantly impact the availability of es-
sential medical devices.2

Methods

The plastic materials were molded according to ISO 
294-1:2017 using an Engel 90t injection molding machine 
to produce tensile bars with ISO 527/1A dimensions and 
impact bars measuring 80  ×  10  ×  4  mm. Samples for 
color measurements were also prepared to evaluate color 
changes following EO sterilization. The materials were 
sterilized with EO in accordance with the ISO 11135:2014 
standard testing method, and the samples were packed 
in open plastic bags.

Tensile properties were measured at a crosshead speed 
of 50 mm/min following ISO 527-1:2019, while impact 
strength was determined according to ISO 180:2023. Color 
measurements were performed using a Konica Minolta 

Fig. 1. Several examples of packaging compatible with EO sterilization
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CM-5 spectrophotometer (Konica Minolta Co., Ltd, Tokyo, 
Japan) in accordance with ASTM E313-96, employing il-
luminant D65 in the CIELAB color space.

The 3 coordinates represent color positions along the fol-
lowing axes: L* (lightness, 0 = black, 100 = white), a* (nega-
tive = green, positive = red) and b* (negative = blue, posi-
tive = yellow). The Yellowness Index (YI) is a calculated 
parameter used to describe shifts in color toward the yel-
low spectrum.

Materials

Dedicated healthcare grades from SABIC’s portfolio were 
tested. These materials are manufactured under Good 
Manufacturing Practice (GMP) to meet the stringent qual-
ity standards of the medical industry. The selected mate-
rials are used in a wide range of applications, including 
drug delivery devices (e.g., inhalers, injection pens, insulin 
pumps), diagnostic devices (e.g., glucose monitors, wear-
ables), syringes, ampoules (e.g., for eye drops), primary 
pharmaceutical packaging, tubes, intravenous (IV) bags, 
and blood filters, among others. Although SABIC does 
not supply materials for implant applications, other HDPE 
grades are known to be used in that field, e.g., as bone 
replacement materials.22 Many of these applications can 
employ EO for sterilization purposes. The following mate-
rials were used: PCG07 low-density polyethylene (LDPE), 
PCG453 and PCG863 high-density polyethylene (HDPE), 
PCGR40 polypropylene random copolymer with ethylene 
(PP r), 58MNK10 polypropylene impact copolymer with 
ethylene (PP icp), PCGH19 polypropylene homopolymer 
(PP h), CYCOLAC™ HMG94MD and HMG47MD acry-
lonitrile–butadiene–styrene copolymers (ABS), VALOX™ 
HX325HP and HX312C polybutylene terephthalate (PBT) 
polyesters, LEXAN™ HP2REU and HP4REU polycarbon-
ate (PC), CYCOLOY™ HC1204HF PC/ABS blend, and XY-
LEX™ HX7509HP blend of PC and polycyclohexylenedi-
methylene terephthalate glycol-modified (PCTG) polyester. 
All materials were processed according to their respective 
datasheet recommendations, including temperature set-
tings and pre-drying conditions.

Statistical analyses

Statistical analyses were performed using Minitab® 
v. 17.1.0 (Minitab Inc., State College, USA). Mechanical 
testing was typically conducted on 5 samples for each ma-
terial before and after EO exposure. The 5 individual mea-
surements were used to calculate an average value, which 
served as the single data point for each impact or tensile 
test. In the subsequent statistical analyses, the individual 
measurements and their results were evaluated. For all da-
tasets (n = 5), normality tests were performed. The Ander-
son–Darling, Ryan–Joiner, and Kolmogorov–Smirnov tests 
generally yielded consistent outcomes. When normality 
was confirmed, an F-test was used to compare variances 

between 2 datasets collected before and after EO exposure. 
A two-sample t-test was performed on the same 2 datasets 
to test the null hypothesis that their means were equal. 
When equal variances were confirmed, the “assume equal 
variances” option was applied for the t-test. These analy-
ses were conducted for all impact and tensile test results. 
For tensile elongation at break, an error occurred dur-
ing some tests, causing the procedure to stop once 100% 
elongation was reached. This affected several unexposed 
samples. For these cases, a comparison was made between 
the 5 post-exposure measurements and the average value 
of unexposed samples obtained from historical data, us-
ing a one-sample t-test. Table 3 indicates which samples 
this applies to. Further details on hypothesis testing can 
be found in standard references on process improvement 
methodologies.23

Results and Discussion

Mechanical properties

The data obtained before and after EO exposure were 
first compared statistically using the approach described 
in the Materials section. This process eliminated most ap-
parent differences. Average values for impact and tensile 
properties are presented in Tables 2 and 3. Differences 
between the 2 datasets are reported only when the sta-
tistical analysis (two-sample t-test) indicated significance 
at the 95% confidence level (p < 0.05). It should be noted 
that statistically significant differences do not necessar-
ily correspond to the numerically largest absolute or rela-
tive changes. For all datasets comparing results before and 
after EO exposure, where statistical analysis confirmed 
significance, the practical significance of each difference 
was evaluated. This was done by comparing the magni-
tude of the change to the long-term standard deviation 
(SD) of a repeatedly measured Statistical Quality Control 
(SQC) sample. Table 4 presents the values obtained for 
a LEXAN™ PC sample measured over a 9-month period. 
The variation observed represents the inherent variability 
of the measurement system itself over that timeframe, inde-
pendent of any sample variation. It is important to note that 
the SQC data were obtained in accordance with the rel-
evant ISO test protocols, meaning that 5 measurements 
were taken to produce 1 average value, representing a single 
data point. The averages and standard deviations (SDs) pre-
sented in Table 4 are based on 36 such data points. In con-
trast, the statistical analyses in this report used individual 
measurements rather than averages of 5. One could argue 
that either the absolute or relative value of the SQC SD 
should be considered when comparing observed differences 
between samples to measurement variation across differ-
ent material types. In any case, the differences observed 
in the notched Izod impact results are not practically rel-
evant. For unnotched Izod impact, the values for the PP 



H. de Brouwer, M. Maqsood. Ethylene oxide sterilization of plastics84

Table 2. Statistical comparison of Izod impact energy before and after ethylene oxide (EO) exposure

Grade Polymer
Notched impact [kJ/m2] Unnotched [kJ/m2]

before after Δ*) before after Δ*)

PCG07 LDPE 39 35 – 33 30 –

PCG453 HDPE 10 10 –0.3 85 60 –

PCG863 HDPE 7 7 – 86 99 –

PCGR40 PP r 3 4 0.6 102 94 –8

58MNK10 PP icp 12 12 – 110 107 –

PCGH19 PP h 2 2 – 60 60 –

HMG94MD ABS 19 18 – 86 77 –

HMG47MD ABS 23 23 – 155 166 –

HX325HP PBT 4 4 – 144 143 –

HX312C PBT 3 4 – 125 113 –12

HC1204HF PC/ABS 49 47 – 166 171 –

HX7509HP PC/PCTG 11 n.a. n.a. 170 165 –

HP2REU PC 38† 33† – 176 169 –

HP4REU PC 74† 53† – 174 177 –

* Delta values are given only for datasets that show a statistically significant difference (p < 0.05); † broad distribution due to material ductile-brittle 
transition. PCG07 – low-density polyethylene (LDPE); PCG453 and PCG863 – high-density polyethylene (HDPE); PCGR40 – polypropylene random 
copolymer with ethylene (PP r); 58MNK10 – polypropylene impact copolymer with ethylene (PP icp); PCGH19 – polypropylene homopolymer (PP h); 
CYCOLAC™ HMG94MD and HMG47MD – acrylonitrile–butadiene–styrene copolymers (ABS); VALOX™ HX325HP and HX312C – polybutylene terephthalate 
(PBT) polyesters; LEXAN™ – HP2REU and HP4REU polycarbonate (PC); CYCOLOY™ – HC1204HF PC/ ABS blend; XYLEX™ HX7509HP – blend of PC and 
polycyclohexylenedimethylene terephthalate glycol-modified (PCTG) polyester.

Table 3. Tensile properties before and after sterilization with ethylene oxide (EO)

Grade Polymer
Chord modulus 

[MPa]
Stress@Yield

[MPa]
Strain@Yield

[%]
Stress@Break

[MPa]
Strain@Break

[%]

before after Δ*) before after Δ*) before after Δ*) before after Δ*) before after Δ*)

PCG07 LDPE 141 135 – 9 9 −0.2 84.1 77.4 −6.6 8 8 – 96 90 –

PCG453 HDPE 896 822 −74 22 22 −0.5 10.4 10.8 0.4 13 15 – 578‡ 782‡ –

PCG863 HDPE 1208 1137 −71 27 26 −1.0 8.7 8.9 0.3 13 11 – 275 647 –

PCGR40 PP r 1220 1231 – 30 29 −0.7 12.3 12.3 16 15 −1 97 96 –

58MNK10 PP icp 1484 1427 – 25 25 −0.5 4.4 4.4 0.1 18 19 – 91† 306 –

PCGH19 PP h 1722 1652 −70 37 36 −0.9 7.7 7.7 27 29 2 18 17 –

HMG94MD ABS 2381 2430 – 46 46 −0.2 2.3 2.3 0.0 34 34 – 33 34 –

HMG47MD ABS 2272 2362 89 48 47 −0.7 2.6 2.5 −0.1 33 34 – 18 15 –

HX325HP PBT 2664 2691 – 58 58 0.6 10.3 9.2 −1.1 21 20 – 64 54 –

HX312C PBT 2501 2559 – 56 57 0.7 3.8 4.0 0.2 51 49 – 12 15 –

HC1204HF PC/ABS 2282 2270 – 55 55 −0.4 5.0 4.8 −0.2 51 52 – 107† 96 –

HX7509HP PC/PCTG 2271 2238 – 60 59 −0.6 5.9 5.6 −0.3 56 59 – 99† 115 –

HP2REU PC 2415 2444 – 64 64 −0.6 6.1 5.9 −0.2 62 66 4 114† 112 –

HP4REU PC 2455 2452 – 64 63 −0.6 6.1 5.9 −0.1 63 63 – 94 97 –

* Delta values are given only for datasets that show a statistically significant difference (p < 0.05); † average of historical data. Value used as target value for 
1 sample t-test; ‡ too few datapoints to determine statistical significance of difference. PCG07 – low-density polyethylene (LDPE); PCG453 and PCG863 – 
high-density polyethylene (HDPE); PCGR40 – polypropylene random copolymer with ethylene (PP r); 58MNK10 – polypropylene impact copolymer with 
ethylene (PP icp); PCGH19 – polypropylene homopolymer (PP h); CYCOLAC™ HMG94MD and HMG47MD – acrylonitrile–butadiene–styrene copolymers 
(ABS); VALOX™ HX325HP and HX312C – polybutylene terephthalate (PBT) polyesters; LEXAN™ – HP2REU and HP4REU polycarbonate (PC); CYCOLOY™ – 
HC1204HF PC/ABS blend; XYLEX™ HX7509HP – blend of PC and polycyclohexylenedimethylene terephthalate glycol-modified (PCTG) polyester.
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impact copolymer decreased by 8 kJ/m², while those for 
one of the PBT materials (HX312C) decreased by 12 kJ/m². 
The relative difference was below 10% in both cases and 
less than 3 times the relative SD of the SQC measure-
ments. However, the absolute difference exceeded 3 times 
the SD. A few values for modulus and most values for stress 
and strain at the yield point showed statistically signifi-
cant changes following sterilization, but the magnitude 
of these changes was limited – less than 3 times the SQC 
SD. The strain at break was not recorded for the SQC ma-
terial due to the high variability between measurements. 
In the literature, stress at yield and strain at break are com-
monly used to assess the compatibility of materials with 
sterilization techniques or chemical exposure. Although 
strain at break is highly sensitive to small material changes, 
it also exhibits relatively high variability (SD), often render-
ing observed differences statistically insignificant. Based 
on the data showing statistical differences, all tested ma-
terials can be classified as “compatible.”

Color retention

Color differences before and after EO sterilization 
of plastic parts were compared. Unpigmented or natu-
ral polymers are typically either colorless (transparent) 
or opaque (white). The development of yellowness in an un-
pigmented polymer or plastic part often indicates degrada-
tion. High temperatures or exposure to UV light or chemi-
cals can cause chemical or physical changes in the polymer, 
resulting in yellow discoloration. During the polymer com-
pounding process, yellowing may also occur due to factors 
such as photo-oxidation and thermal degradation.

A change in  the  Yellowness Index (ΔYI) can serve 
as a quality control specification when manufacturing un-
pigmented plastic parts, such as blow-molded bottles or ex-
truded sheets. Table 5 presents the color measurements for 
the materials investigated. Five measurements were taken 
for each sample, and the averages were recorded both be-
fore and after EO sterilization. Delta values are reported 

Table 4. 2024 Statistical quality control data of a LEXAN polycarbonate material

Statistic Izod impact strength
[kJ/m2]

Chord modulus
[MPa]

Stress@Yield
[MPa]

Strain@Yield
[%]

Strain@Break
[%]

Average value 23.0 2428 48.5 2.77 23.9

Standard deviation 0.81 33 0.50 0.04 1.12

Relative standard deviation 3.5% 1.4% 1.0% 1.5% 4.7%

Table 5. Color data before and after ethylene oxide (EO) exposure

Grade Polymer
L* a* b* YI†)

before after Δ*) before after Δ*) before after Δ*) before after Δ*)

PCG07 LDPE 85.7 85.5 – 1.6 1.6 – 4.6 4.5 – 10.8 10.7 –

PCG453 HDPE 79.4 79.2 −0.2 1.6 1.6 −0.1 6.2 6.4 0.2 15.0 15.4 0.4

PCG863 HDPE 75.4 75.6 – 0.7 0.5 −0.2 10.5 11.1 0.6 23.7 24.7 1.1

PCGR40 PP r 91.0 90.8 −0.2 0.9 0.9 – 1.3 1.4 – 3.2 3.4 –

58MNK10 PP icp 77.5 77.3 −0.2 0.8 0.7 −0.1 4.7 4.9 – 11.3 11.5 –

PCGH19 PP h 94.2 93.8 – 0.8 0.8 – 4.4 4.6 – 9.0 9.3 –

HMG94MD ABS 64.0 63.9 – 1.6 1.8 0.2 26.4 27.4 1.0 59.8 61.9 2.1

HMG47MD ABS 62.5 62.2 −0.3 2.7 3.1 0.4 31.3 32.4 1.1 70.3 72.6 2.3

HX325HP PBT 35.9 36.2 – 3.1 3.0 −0.1 21.7 21.8 – 74.9 74.7 –

HX312C PBT 44.9 45.3 0.4 3.8 3.7 −0.1 21.9 21.8 −0.1 67.7 66.9 -0.8

HC1204HF PC/ABS 60.8 61.2 – 2.2 2.2 – 31.6 31.6 – 71.5 71.1 –

HX7509HP PC/PCTG 95.1 95.1 – 0.0 0.0 – 0.3 0.3 – 0.6 0.6 –

HP2REU PC 95.5 95.5 – 0.1 0.1 – −0.2 -0.2 – −0.4 −0.4 –

HP4REU PC 86.9 87.4 0.5 1.3 1.3 – 4.4 4.5 – 10.1 10.3 –

* Delta values are given only for datasets that show a statistically significant difference (p < 0.05); † Yellowness index. PCG07 – low-density polyethylene 
(LDPE); PCG453 and PCG863 – high-density polyethylene (HDPE); PCGR40 – polypropylene random copolymer with ethylene (PP r); 58MNK10 – 
polypropylene impact copolymer with ethylene (PP icp); PCGH19 – polypropylene homopolymer (PP h); CYCOLAC™ HMG94MD and HMG47MD – 
acrylonitrile–butadiene–styrene copolymers (ABS); VALOX™ HX325HP and HX312C – polybutylene terephthalate (PBT) polyesters; LEXAN™ – HP2REU and 
HP4REU polycarbonate (PC); CYCOLOY™ – HC1204HF PC/ABS blend; XYLEX™ HX7509HP – blend of PC and polycyclohexylenedimethylene terephthalate 
glycol-modified (PCTG) polyester. 
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only for datasets in which the difference between “before” 
and “after” values was statistically significant (p < 0.05). 
As shown in Table 5, most samples exhibited similar YI 
values before and after sterilization, with only minor dif-
ferences, except for 3 materials – 1 HDPE (PCG863) and 
the 2 ABS samples. The ΔYI for these 3 materials were 
greater than those of the others, indicating an increase 
in yellowness following EO sterilization. All other sam-
ples maintained their YI values after sterilization. Photo-
graphs of the parts before and after sterilization, provided 
in the supplementary information, confirm the absence 
of visible changes in appearance. The supplementary mate-
rial also includes Fourier transform infrared spectroscopy 
(FTIR) spectra for the 3 samples with statistically signifi-
cant ΔYI values, showing no detectable chemical changes 
or signs of molecular degradation.

Limitations

The conclusions of this study should be interpreted with 
the usual caution. The results are based on a single set of ex-
periments and have not been replicated over time. Although 
the experimental conditions reflect typical real-life applica-
tions, variations in molding or sterilization parameters may 
yield different outcomes. Therefore, it is essential that users 
of these materials conduct their own evaluation to confirm 
the suitability of the material for the intended application.

Conclusions

Ethylene oxide remains the most widely used steriliza-
tion technique for single-use medical devices due to its 
large-scale applicability and broad material compatibility. 
This study confirms the general statements from the litera-
ture, demonstrating that EO sterilization is indeed compat-
ible with a wide range of medical-grade plastics.4

The study focused on material stability parameters most 
relevant to end-use applications: tensile strength, impact 
resistance, and color retention. Based on statistical eval-
uations and comparisons with long-term measurement 
variation, only minimal changes were observed as a re-
sult of the sterilization process. The variations detected 
were minor, and according to commonly applied criteria 
(<10% change), all tested plastics can be classified as com-
patible with a single cycle of EO sterilization..

Supplementary data

The supplementary materials are available at https://
doi.org/10.5281/zenodo.15681248. The package includes 
the following files:

20250611 EO full data.csv : The full dataset of measure-
ments both mechanical and optical

Supplementary Fig. 1. Photographs of samples 1–7 before 
and after EO sterilization.

Supplementary Fig. 2. Photographs of samples 8–14 be-
fore and after EO sterilization.

Supplementary Fig. 3. Comparison of ATR FTIR spectra 
of PCG863 HDPE before and after EO sterilization.

Supplementary Fig. 4. Comparison of ATR FTIR spec-
tra of HMG94MD ABS before and after EO sterilization.

Supplementary Fig. 5. Comparison of ATR FTIR spec-
tra of HMG47MD ABS before and after EO sterilization.
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Abstract
Background. Dental sealants are used to caulk fissures and pits in order to prevent caries development 
both in deciduous and permanent dentition. Loss of sealant integrity leads to the formation of marginal gaps, 
consequently increasing the risk of caries.

Objectives. This study aimed to compare the physicochemical and clinically relevant properties of 3 com-
mercially available resin-based pit and fissure sealants: Arkona Fissure Sealant (AFS; Arkona, Nasutów, Poland), 
Flow-Color (FC; Arkona, Nasutów, Poland) and Flow-It ALC (FIA; Pentron, Orange, USA).

Materials and methods. After polymerization in dedicated molds, the materials were characterized using 
attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR), surface free energy (SFE) 
measurements and micromechanical testing to evaluate structural and mechanical properties. Scanning 
electron microscopy (SEM) coupled with energy-dispersive spectroscopy (EDS) was employed to visualize 
sample morphology and determine elemental composition. An in vitro fluoride release study was conducted 
in artificial saliva at varying pH values (4.5, 5.5, 7.0, 7.5), with deionized water as a reference. Measurements 
were recorded at 1, 3, 24, 48, 72, and 96 h, and then weekly for up to 7 weeks.

Results. AFS exhibited the highest values of SFE (38.4 mJ/m2), Vickers hardness (51.93 HV) and indentation 
modulus (11.93 kN/mm2). All sealants demonstrated cumulative fluoride release over the incubation period, 
with the highest release observed for AFS in artificial saliva at pH = 7.5 (0.772 ppm). FTIR spectra of all 
materials confirmed the presence of polymer backbones as declared by the manufacturers.

Conclusions. Presented findings provide insight into material-dependent properties influencing adhesion, 
mechanical performance and ion release of resin-based dental sealants. Among the tested materials, AFS 
exhibited the most favorable overall profile, combining high filler content, optimized particle architecture, 
superior mechanical strength, elevated surface energy, and sustained fluoride release, which together support 
robust adhesion, resistance to occlusal forces and effective caries prevention.

https://www.doi.org/10.17219/pim/210966
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Abstract (in Polish)
Wprowadzenie. Laki stomatologiczne są przeznaczone do uszczelniania bruzd i szczelin zębów w celu zapobiegania rozwojowi próchnicy zarówno w uzębieniu 
mlecznym, jak i stałym. Zmiany strukturalne zaaplikowanego laku prowadzą do utraty szczelności brzeżnej, co w konsekwencji zwiększa ryzyko rozwoju próchnicy.

Cel pracy. Celem badania była charakterystyka oraz porównanie właściwości fizykochemicznych, mechanicznych oraz adhezyjnych trzech komercyjnie dostępnych 
laków szczelinowych z matrycą polimerową: Arkona Fissure Sealant (AFS; Arkona, Nasutów, Polska), Flow-Color (FC; Arkona, Nasutów, Polska) oraz Flow-It ALC (FIA; 
Pentron, Orange, CA, USA).

Materiał i metody. Po fotopolimeryzacji materiałów w dedykowanych formach materiały poddano analizie za pomocą spektroskopii w podczerwieni (ATR-FTIR), 
pomiarom energii swobodnej powierzchni (SFE) oraz ewaluacji właściwości strukturalnych i mikromechanicznych. Morfologia próbek i ich morfologię oraz skład 
pierwiastkowy określono za pomocą elektronowej mikroskopii skaningowej (SEM) sprzężonej z dyspersyjną spektroskopią rentgenowską (EDS). Wyniki badania in vitro 
uwalniania fluoru przeprowadzono w sztucznej ślinie o różnych wartościach pH (4.5; 5.5; 7.0; 7.5) oraz w wodzie dejonizowanej jako próbie kontrolnej, z pomiarami 
wykonywanymi po 1, 3, 24, 48, 72, 96 godzinach oraz co tydzień do 7 tygodnia.

Wyniki. Wśród badanych materiałów AFS wykazał najwyższą wartość energii swobodnej powierzchni (38.4 mJ/m²), twardości Vickersa (51.93 HV) oraz modułu 
indentacji (11.93 kN/mm²). Wszystkie laki wykazały kumulatywne uwalnianie fluoru w trakcie inkubacji, przy czym najwyższe stężenie fluoru odnotowano dla AFS 
w sztucznej ślinie o pH 7.5 (0.772 ppm). Widma FTIR wszystkich materiałów potwierdziły obecność łańcuchów polimerowych zgodnie z deklaracjami producentów.

Wnioski. Przedstawione wyniki dostarczają wiedzy na temat właściwości wpływających na adhezję, właściwości mechanicznych oraz uwalniania jonów fluorkowych 
w lakach szczelinowych opartych na matrycach polimerowych. Spośród badanych materiałów AFS wykazał najbardziej korzystny profil, łącząc wysoką zawartość 
wypełniacza, morfologię powierzchni, wysoką wytrzymałość mechaniczną, podwyższoną energię powierzchniową oraz wysokie kumulatywne uwalnianie fluoru, 
co wspiera trwałą adhezję, odporność na siły okluzyjne oraz potencjalnie najskuteczniejszą profilaktykę próchnicy.

Key words: physico-chemical properties, caries prevention, fluoride release, dental fissure sealant, adhesion to dental tissues

Słowa kluczowe: właściwości fizykochemiczne, uwalnianie fluoru, stomatologiczny lak szczelinowy, prewencja próchnicy, adhezja do szkliwa

Highlights
•	� Arkona Fissure Sealant (AFS shows superior performance): Comparative analysis of 3 resin-based sealants identi-

fied AFS as the top performer, with the highest surface free energy, Vickers hardness, and fluoride release — mak-
ing it highly effective for potential caries prevention.

•	� Fluoride release depends on pH and composition: All tested sealants demonstrated cumulative fluoride release, 
with AFS achieving the highest levels at pH 7.5, confirming the role of pH-sensitive release in long-term caries 
protection.

•	� Mechanical strength supports AFS longevity: Higher indentation modulus and surface hardness in AFS indicate 
stronger resistance to masticatory forces, ensuring extended durability in both primary and permanent teeth.

•	� Advanced material testing validates structural integrity: ATR-FTIR, SEM-EDS, and micromechanical analysis con-
firmed robust polymer networks and optimized filler architecture, with AFS demonstrating superior adhesion for 
clinical use.

Background

Dental caries is a widespread, chronic, non-communi-
cable microbial disease that can affect individuals at any 
age, resulting from a complex, multifactorial process that 
leads to the demineralization of dental tissues.1,2 In the span 
of 20 years, it has affected approx. 2.4 billion individuals 
worldwide.3 Therefore, effective preventive strategies are 
essential, with fluoride-based interventions being the cor-
nerstone of modern caries management. Fluoride exerts 
its anticaries effects through multiple mechanisms, in-
cluding the inhibition of demineralization, promotion 

of enamel remineralization and suppression of bacterial  
metabolism.4

Fluoride is capable of affecting dental health in pre-
eruptive, posteruptive, systemic and topical mechanisms.5 
On a structural level, it modifies the enamel surface by con-
verting hydroxyapatite crystals into more chemically stable 
fluorapatite, enhancing resistance to acid attack and main-
taining a protective barrier against cariogenic challenges.6

A variety of fluoride-containing products are available 
for caries prevention, including toothpastes, mouth rinses, 
gels, and sealants. Clinical evidence indicates that both fluo-
ride varnishes and fluoride-containing fissure sealants are 
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effective caries-preventive measures.7 However, the long-
term clinical performance of fissure sealants is critically 
dependent on their ability to form a durable bond with den-
tal tissues. Adhesion to enamel and dentin is influenced 
by a complex interplay of material properties, including 
surface energy, wettability, microstructural homogeneity, 
and chemical composition.

Variations in these physico-chemical characteristics 
can affect a material’s ability to penetrate fissures, adapt 
to the tooth surface, and withstand mechanical and chem-
ical challenges in the oral environment. Furthermore, 
the chemical constituents of the sealant, including mono-
mer composition, filler type and fluoride content, may mod-
ulate both the initial bonding efficiency and the sustained 
release of protective ions, thereby influencing the material’s 
anticariogenic potential.

Dental sealants are employed to caulk occlusal fissures, 
pits and foramina caeca to prevent caries development 
both in deciduous and permanent dentition. Nevertheless, 
their use is contraindicated in patients with known aller-
gies or hypersensitivities to any component of the sealant 
material.4 Sealing is a painless procedure which may be 
carried out by professional dentists or dental hygienists. 
Dental sealants are divided into glass ionomer and resin-
based materials. Among resin-based materials, ultraviolet-
activated, auto-polymerized and light-cured formulations 
may be outlined.8 Materials for sealing pits and fissures 
are distributed under the name of dental sealants or com-
posite or glass-ionomer materials with sealing indications. 
A systematic review by Azarpazhooh et al.8 indicates that 
resin-based sealants should be preferred by clinicians due 
to their better retention.

The  effectiveness of  fissure sealants depends not 
only on the intrinsic properties of the material but also 
on the method of application.9 Critical physico-chemical 
features include the ability to penetrate fissures and ad-
here strongly to enamel, while mechanical properties such 
as microhardness and wear resistance further determine 
long-term performance.10,11 Among these factors, one 
of the most decisive for clinical success is the maintenance 
of marginal integrity throughout the service life of the seal-
ant. Loss of marginal integrity leads to gap formation, pro-
viding niches for bacterial colonization and consequently 
increasing the risk of secondary caries.12

Furthermore, the efficacy of sealing is also dependent 
on anatomical factors. The morphology of occlusal fis-
sures, pits and foramina caeca is a key factor in the reten-
tion rate of dental sealants. The geometry of fissures influ-
ences both the penetration and retention of the material.13 
Finally, thinner enamel layer and wider dentinal tubules 
facilitate rapid progression of carious lesions, directly con-
tributing to the accelerated development of the disease.14

A major mechanism underlying the loss of sealant integ-
rity is polymerization shrinkage. During the curing pro-
cess, monomers are converted into a cross-linked polymer 

network, which is accompanied by a reduction in material 
volume.15 When the contraction forces exceed the adhesive 
strength to enamel, micro-separation may occur at the in-
terface between the sealant and the tooth surface. The re-
sulting microgaps create favorable conditions for bacterial 
penetration, thereby facilitating the initiation and progres-
sion of carious lesions in the compromised area.16

Despite the proven effectiveness of fissure sealants in car-
ies prevention, certain limitations remain regarding their 
long-term application. The most prominent challenge 
is the loss of marginal integrity at the material–enamel 
interface, which contributes to gap formation and reduces 
the durability of the protective barrier. For this reason, on-
going research is focused on identifying material and ap-
plication strategies that can minimize shrinkage effects, 
improve adhesion, and ensure a stable and effective seal 
over time.

Objectives

The objective of this study was to make a comparison 
between the physicochemical and clinical-relevant prop-
erties of 3 commercially available resin-based pit and fis-
sure sealants. The following resin-based sealants were ex-
amined: Arkona Fissure Sealant (AFS; Arkona, Nasutów, 
Poland), Flow-Color (FC; Arkona), and Flow-It ALC (FIA; 
Pentron, Orange, USA).

Materials and methods

In the present study, 3 commercially available compos-
ite resin-based materials for pit and fissure sealing (AFS, 
FC and FIA) were selected and subjected to a comprehen-
sive experimental evaluation. The assessment included 
physico-chemical characterization by attenuated total re-
flectance Fourier-transform infrared spectroscopy (ATR-
FTIR) and water contact angle (WCA) measurements, 
as well as the determination of mechanical and physical 
properties relevant to clinical performance. In addition, 
the fluoride release potential of the tested materials was 
investigated in order to assess their anticariogenic capac-
ity. A detailed overview of the materials, including their 
composition and manufacturer-reported characteristics, 
is provided in Table 1, while their macroscopic appearance 
is illustrated in Fig. 1.

Specimen preparation and experimental 
design

Since fissure sealants are originally liquid polymeric ma-
terials, polymerized specimens were prepared for the ex-
perimental procedures. Two main groups of cylindrical 
samples were fabricated to assess the physico-chemical, 
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mechanical and functional properties of  the  tested  
materials.

The 1st group consisted of cylinders with a diameter 
of 12 mm and a height of 5 mm, dedicated to physico-
chemical analyses. The 2nd group comprised smaller spec-
imens (5 mm in diameter and 2 mm in height), prepared 
in dedicated polytetrafluoroethylene (PTFE) molds,20 spe-
cifically designed for the evaluation of fluoride ion release. 
All specimens were produced under identical conditions 
and light-cured strictly according to the manufacturers’ 
instructions: AFS and FIA for 10 s, and FC for 30 s, using 
an LED curing lamp Elipar II (3M ESPE, St. Paul, USA).

For physico-chemical characterization, due to the re-
quirement of flat and parallel surfaces, each polymer-
ized specimen was subsequently embedded in heat-curing 
acrylic resin (Duracryl® Plus). The embedded samples were 

sectioned using a precision metallographic cutter (STRU-
ERS® Accutom-5) and carefully polished to obtain repro-
ducible, smooth surfaces suitable for measurement. These 
prepared specimens were then subjected to a set of anal-
yses, including microhardness testing, surface morphol-
ogy evaluation using scanning electron microscopy (SEM) 
coupled with energy-dispersive X-ray spectroscopy (EDS), 
Fourier-transform infrared spectroscopy (FTIR), and de-
termination of contact angle and surface free energy.

In order to  investigate the adhesion of  fissure seal-
ants to dental tissues, extracted premolars were included 
in the study. The teeth were prepared in accordance with 
clinical recommendations, and sealants were applied 
to the pits and fissures of the occlusal surfaces of the pre-
molar’s crowns (Fig. 2). Following polymerization, the sealed 
teeth were subjected to advanced imaging and character-
ization techniques, including micro-computed tomogra-
phy (micro-CT) and SEM, to visualize and evaluate the in-
terfacial adaptation and integrity of the material–tooth  
interface.

ATR-FTIR

The ATR-FTIR analysis was performed on cured sealant 
samples. Spectra were acquired using a Nicolet iZ10 in-
frared spectrometer (Thermo Fisher Scientific, Waltham, 
USA) equipped with an ATR accessory. The measure-
ments spanned a spectral range of 4000–550 cm−1, with 
a resolution of 4 cm−1, and each spectrum was averaged 
over 32 scans.

Scanning electron microscopy

The surface morphology of the tested fissure sealants was 
examined using a SEM (Phenom ProX; Thermo Fisher Sci-
entific Observations were carried out under high-vacuum 
conditions at various magnifications, which enabled a de-
tailed assessment of both surface topography and the ho-
mogeneity of the investigated materials. The evaluation 
focused on the presence of morphological features such 
as pores, cracks, material discontinuities, and the quality 

Table 1. Comparative characterization and chemical composition of the investigated commercial fissure sealants, including resin matrix formulation 
as declared by the manufacturers

Study material Producer Chemical composition Reference

AFS  
Arkona Fissure 

Sealant

Arkona, Nasutów, Poland Bisphenol A diglycide ether dimethacrylate, urethane dimethacrylate, triethylene 
glycol dimethacrylate, barium-aluminum-silicon glass, barium-aluminum-boron-

fluorine glass, pyrogenic silica, titanium dioxide, photoinitiators, inhibitors, catalysts, 
stabilizers, pigments

17

FC
Flow-Color

Arkona, Nasutów, Poland Dimethacrylate resins: Bis-GMA, TEGDMA, UDMA, Bis-EMA, Mineral fillers, Al-Ba-B-Si 
glass, Ba-Al-B-F-Si glass, pyrogenic silica, pigments

18

FIA 
Flow-It ALC

Pentron, Orange, USA Filler, 2,2’-ethylenedioxy dimethanol dimethacrylate, Poly(oxy-1,2-ethanediyl), Bis 
(1,2,2,6,6-pentamethyl-4-piperidyl) sebacate

19

AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color (Arkona); FIA – Flow-It ALC (Pentron, Orange, USA).

Fig. 1. Comparative images of the investigated commercial fissure 
sealants in their original syringes/tubes: A. AFS; B. FC; C. FIA, as used for 
the experimental measurements

AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color 
(Arkona); FIA – Flow-It ALC (Pentron, Orange, USA).
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of adhesion between the sealant and the underlying sub-
strate. To complement the structural observations, an el-
emental composition analysis was performed using EDS. 
This approach allowed for the identification and qualita-
tive assessment of the main chemical elements present 
on the surface of the fissure sealants, thereby providing 
additional insight into the material characteristics relevant 
to their clinical performance.

Surface wettability analysis

To quantitatively characterize the wettability of the in-
vestigated sealants, contact angle measurements and sub-
sequent determination of surface free energy (SFE) were 
performed, providing insight into the hydrophilic or hydro-
phobic character of the tested materials. The method relied 
on the analysis of the shape of a liquid droplet deposited 
on the sample surface under controlled conditions. Mea-
surements were conducted using an optical contact angle 
goniometer (Surftense Universal; OEG GmbH, Frankfurt 
am Main, Germany). The surface free energy was calcu-
lated using the Owens–Wendt approach,21 which is based 
on contact angle values obtained for at least 2 probe liquids 
of known surface tension parameters. The surface energy 
components of the different liquids used in this study are 
summarized in Table 2.

This method allows the decomposition of SFE into its 
dispersive and polar components, thereby enabling a com-
prehensive assessment of the surface characteristics and 
their potential influence on adhesive interactions. For each 
specimen, 5 independent measurements were performed 
using 2 probe liquids: distilled water (polar liquid) and 
diiodomethane (non-polar liquid, purity 99%). A single 
droplet of 0.80 ±0.01 μL of the respective liquid was care-
fully dispensed onto the polished specimen surface for 
each measurement, and the contact angle was recorded 
within 1 s after droplet deposition to minimize the effects 
of evaporation or spreading.

Microhardness testing

Hardness is one of the fundamental parameters of dental 
materials, reflecting their resistance to localized deforma-
tion and surface wear. Microhardness and reduced elastic 
modulus were evaluated using instrumented indentation 
in accordance with ISO 14577, employing a Berkovich in-
denter (65.3° apex angle, <150 nm tip radius) mounted 
on a MicroCombi Tester (CSM Instruments SA, Peseux, 
Switzerland). The measurements were carried out under 
a load of 400 mN, and data acquisition was performed fol-
lowing the Oliver–Pharr method. This approach enabled 
not only the determination of Vickers hardness values, 
but also provided detailed insight into the mechanical re-
sponse of the material during deformation. In this proce-
dure, after reaching the maximum load, the indenter was 
held in contact with the specimen for a defined dwell time, 
producing a characteristic load–displacement curve.23 
From this curve, a comprehensive set of mechanical pa-
rameters was derived, including Vickers hardness (HV), in-
strumented hardness (HIT), reduced modulus of elasticity 
(Er), instrumented modulus of elasticity (EIT), work ratio 
(ηIT) and indentation depth (hr) and at peak load. A mini-
mum of 5 indentations (n = 5) were performed per area. 
All measurements were conducted at room temperature 
(~22°C) and relative humidity of 40–50%.

Fluoride release

Fluoride ion release was evaluated using an  Orion 
9609 ion-selective electrode (Thermo Fisher Scientific) 
connected to a CPI-551 pH/ion meter (Elmetron, Zabrze, 
Poland). Prior to each measurement, the system was cali-
brated with standard fluoride solutions to ensure accuracy 

Fig. 2. Lateral and occlusal views of premolars with fissure sealants 
(AFS, FC and FIA) applied, showing the filling of cuspal grooves. Images 
obtained using stereomicroscopy (Discovery V.20; Carl Zeiss AG, Jena, 
Germany) and micro-computed tomography (micro-CT) (SkyScan 1172; 
Bruker)

AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color 
(Arkona); FIA – Flow-It ALC (Pentron, Orange, USA).

Table 2. Reference values of surface energy components used liquids, 
including total surface energy (γL), dispersive component (γL

d), and polar 
component (γL

p)22

Liquid γL [mJ/m²] γL
d [mJ/m²] γL

p [mJ/m²]

Water 72.8 21.8 51.0

Diiodomethane 50.8 50.4 0.4
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and reproducibility. The electrode setup was subsequently 
employed to monitor fluoride ion leaching from the sealant 
matrices under different experimental conditions. Fluoride 
release was assessed at the following time intervals: 3, 24, 
48, 72, 96, and 168 h, with 4 independent replicates per ma-
terial. The release was determined in both deionized water 
and artificial saliva solutions at different pH values (4.5, 5.5, 
7.0, and 7.5). The artificial saliva formulation, based on pre-
viously reported protocols,24,25 did not contain calcium ions 
in order to avoid precipitation phenomena. It was prepared 
in deionized water and consisted of the following compo-
nents: 0.4 g/L sodium chloride (NaCl), 0.4 g/L potassium 
chloride (KCl), 0.005 g/L sodium bisulfate (Na₂S·9H₂O), 
0.78 g/L sodium dihydrogen phosphate (NaH₂PO₄·2H₂O), 
and 1.0 g/L urea. All reagents were supplied by Chempur 
(Piekary Śląskie, Poland). The initial burst release (IBR) was 
defined as the fraction of the cumulative fluoride released 
within the first 24 h relative to the total cumulative fluo-
ride release index (CFRI) after 7 weeks. The half-release 
time (t1/2) was determined as the time range at which 50% 
of the total fluoride release had occurred.

Adhesion to dental tissues

To evaluate the adhesion of fissure sealants to dental 
tissues, extracted premolars were employed. The occlu-
sal fissures of the teeth were sealed following standard 
clinical protocols using the tested materials. The prepared 
specimens were subsequently analyzed using micro-CT 
(1172 SkyScan;   Bruker, Kontich, Belgium) to assess inter-
facial adaptation. Scanning parameters were set at 95 kV 
and 100 μA, with a rotation step of 0.21° over a full 360° 
rotation, using a 0.5 mm Al filter and an exposure time 
of 2,000 ms per projection.

Additionally, SEM was performed to evaluate marginal 
sealing and identify potential micro-gaps at the enamel–
sealant interface. This dual approach allowed for com-
prehensive visualization of both the internal interfacial 
integrity and the surface morphology at high resolution.

Statistical analyses

All obtained data were subjected to statistical analysis 
using OriginPro 2025 (OriginLab Corporation, Northamp-
ton, USA) and Microsoft Excel 2013 (Microsoft Corpora-
tion, Redmond, USA). For each parameter, including me-
chanical properties, surface characteristics and fluoride 
release, mean values and standard deviations (SDs) were 
calculated to summarize the central tendency and vari-
ability of the data. The distribution of the datasets was 
evaluated, and because some datasets deviated from nor-
mality (p < 0.05), nonparametric statistical testing was per-
formed. Statistical significance was assessed at a thresh-
old of p < 0.05 using the Mann–Whitney U post hoc test. 
For cumulative fluoride release data, error values were 
calculated as the square root of the sum of the squares 

of the individual SDs, assuming that errors at each time 
point were independent. This approach allowed for a re-
liable assessment of differences between materials while 
accounting for variability across measurements.

Results

Morphological and physico-chemical 
characterization

Surface investigations of the sealants were conducted us-
ing SEM equipped with EDS, as well as ATR-FTIR.

Scanning electron microscopy observations performed 
at magnifications of ×280 and ×5,000 revealed that the an-
alyzed surfaces were smooth and continuous, without 
the presence of microcracks within the polymerized mate-
rial. At higher magnification (×5,000), particularly in AFS 
and FC sealants, the structure appeared fine-crystalline, 
containing particles of approx. 0.5–1 μm in size. Spectro-
scopic analysis identified these particles as silicate phases. 
The presence of silicon and aluminum in the sealants 
is most likely derived from silica (SiO₂), which is a com-
monly applied inorganic filler in dental composite.26 In ad-
dition, AFS and FC materials demonstrated minor amounts 
of titanium and barium, suggesting the incorporation 
of additives aimed at enhancing radiopacity of the den-
tal materials. In contrast, FIA sealant exhibited the high-
est carbon content (42.9%) and simultaneously the lowest 
oxygen content (48.8%), with significantly lower silicon 
content (6.87%) compared to the other tested materials 
(Fig. 3). The more diversified elemental composition ob-
served in AFS and FC relative to FIA may account for dif-
ferences in their physico-chemical performance.

All evaluated fissure sealants contained various meth-
acrylate derivatives forming their resin matrix (Table 1). 
The primary differences among the materials relate to their 
filler type and additional components, which are respon-
sible for variations in clinical performance. FTIR spectra 
of all specimens (Fig. 4) exhibited a characteristic band 
at ~1,700 cm–1, corresponding to the C=O stretching vi-
bration of the methacrylate carbonyl group. Minor shifts 
in this band reflect the use of different methacrylate deriv-
atives. The spectral region between 2,750 and 3,000 cm–1 

displayed overlapping C–H stretching vibrations from al-
kane and aldehyde groups, confirming the aliphatic nature 
of the polymer matrix.

The fingerprint region below 1,500 cm–1 is distinct for 
each sealant and depends on the specific composition and 
relative amounts of fillers and additives. Due to the com-
plexity of the formulations, a detailed quantitative analy-
sis of all peaks was not performed.
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Fig. 3. Comparative morphological scanning electron microscopy (SEM) images and corresponding energy-dispersive spectroscopy (EDS) spectra 
of the investigated fissure sealants. Micrographs were acquired at magnifications of ×280 (left column) and ×5000 (middle row) for AFS, FC, and FIA 
materials, illustrating surface topography and filler distribution. The right column presents representative EDS spectra confirming elemental composition

AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color (Arkona); FIA – Flow-It ALC (Pentron, Orange, USA).

Fig. 4. Attenuated total reflectance Fourier-transform infrared spectroscopy 
(ATR-FTIR) spectra of AFS, FC, and FIA fissure sealants, showing characteristic 
absorption bands of methacrylate-based resin matrices. The ~1700 cm–1 band 
corresponds to C=O stretching vibrations, while the 2750–3000 cm–1 region 
indicates overlapping C–H stretching from aliphatic groups. The fingerprint 
region (<1500 cm–1) reflects variations in filler and additive composition

AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color 
(Arkona); FIA – Flow-It ALC (Pentron, Orange, USA).

Surface wettability and surface free 
energy

Contact angle measurements provided valuable infor-
mation regarding the hydrophilicity of the tested fissure 
sealants (Table 3). According to standard interpretation, 
a contact angle below 90° indicates a hydrophilic surface 
with affinity for water, whereas a contact angle above 90° 
suggests a hydrophobic surface that tends to repel water. 
Based on the measured contact angles, the surface free en-
ergy components were calculated using the Owens–Wendt 
method,21 including the dispersive component (γS

d), polar 
component (γS

p) and total surface free energy (γS).
AFS sealant exhibited the lowest contact angles, indi-

cating relatively higher wettability. In contrast, FC and 
FIA showed higher contact angles, particularly with dis-
tilled water, suggesting a larger contribution of the dis-
persive component and consequently lower hydrophilic-
ity. Analysis of the surface energy components confirmed 
these observations. The total surface energy of AFS was 
the highest at 55.1 mJ/m², while FC showed the lowest 
value of 50.7 mJ/m². The higher wettability and adhesive 
potential of AFS may be important for interactions with 



A. Piszko et al. Clinical properties of resin dental sealants96

dental tissues. Differences between FC and FIA were less 
pronounced, but may reflect variations in the surface struc-
ture of the tested materials. The FIA sealant exhibited 
the highest polar ratio (Ps) values, which are associated 
with its fine-crystalline and homogeneous structure. This 
finding also indicates that FIA possesses the greatest abil-
ity to attract polar molecules, such as water.

Mechanical properties

The mechanical performance of 3 commercially avail-
able fissure sealants (AFS, FC and FIA) was evaluated us-
ing instrumented indentation tests (Table 4). Parameters 
assessed included indentation depth (hr), Martens hard-
ness (HM and HIT), indentation modulus (EIT), and work 
ratio (ηIT). These tests allowed quantification of each seal-
ant’s resistance to mechanical deformation and its elastic 
response under load.

The mechanical and indentation tests showed clear 
differences among the 3 fissure sealants. AFS exhibited 
the lowest indentation depth 5.14 µm and the highest 
hardness (HM: 396.74 N/mm²; HIT = 545.55 N/mm²), in-
dentation modulus (EIT = 11.93 kN/mm²) and work ra-
tio (ηIT = 37.44%), indicating superior mechanical resis-
tance. FC showed intermediate values across all parameters 
(h = 7.78 µm; HM = 183.05 N/mm²; HIT = 246.50 N/mm²; 
EIT = 5.97 kN/mm²; ηIT = 30.69%), while FIA presented 
the highest indentation depth (hr = 10.00 µm) and the low-
est hardness and modulus values (HM = 111.32 N/mm²; 
HIT = 149.70 N/mm²; EIT = 3.83 kN/mm²; ηIT = 29.46%), 
indicating the weakest mechanical performance. In our 
study, mechanical characterization was carried out using 
both traditional indentation (yielding HV and HIT values) 
and instrumented indentation testing, which additionally 

provided Martens hardness (HM). Unlike conventional 
Vickers hardness, HM is derived from the continuous 
recording of applied force and indentation depth, mak-
ing it less sensitive to the selected test load and thereby 
more reproducible. For dental materials with a composite 
structure of resin matrix and inorganic fillers, HM offers 
a more comprehensive assessment of mechanical perfor-
mance, as it accounts for both elastic and plastic responses  
of the material.

Statistical analysis (Mann–Whitney test) confirmed 
that most differences between sealant types were signifi-
cant (p < 0.05), with superscript letters in Table 4 denot-
ing pairwise significant differences. Overall, these results 
suggest that AFS has the highest mechanical resistance, 
FC is intermediate, and FIA shows the lowest mechanical 
performance among the tested fissure sealants.

Fluoride release

The release of fluoride was evaluated in artificial saliva 
(pH = 4.5, 5.5, 7.0, 7.5) and deionized water for all the seal-
ants that were analyzed. The evaluation was conducted 
over a period of 3, 24, 48, 72, 96 h, and then once a week for 
a period of 7 weeks. The values of the CFRI are presented 
in Fig. 5 for the artificial saliva solution and in Fig. 6 for 
the deionized water.

The cumulative fluoride release index (CFRI) value dem-
onstrated an upward trend over time for every solution and 
every evaluated sealant. Results indicate highest fluoride 
release in the 1st week of incubation. After 7 weeks of in-
cubation, AFS possessed the highest CFRI in artificial sa-
liva with pH = 7.5 (0.772 ppm) and pH = 7.0 (0.516 ppm). 
The pH of 5.5 highest CFRI value was comparable for 
AFS (0.373 ppm) and FC (0.378 ppm). As per artificial saliva 

Table 3. Mean contact angle values (for water and diiodomethane) and calculated surface energy components (γS
d – dispersive component, γS

p – polar 
component, γS – total surface energy) for the 3 tested fissure sealants (AFS, FC, FIA)

Sample
Contact angle [°] Surface energy [mJ/m²]

Polar ratio (PS)
water diiodomethane γS γS

p γS
d

AFS 57.7 ±3.8b 42.3 ±1.8b 55.1 ±1.9 14.2 ±2.3a,b 38.4 ±0.9b 0.269 ±0.03a,b

FC 63.9 ±6.9 38.0 ±3.5 50.7 ±4.6 10.2 ±3.1a 40.5 ±1.7 0.198 ±0.04a

FIA 62.8 ±2.7,b 35.6 ±2.7b 52.0 ±1.8 10.3 ±1.3b 41.7 ±1.2b 0.198 ±0.02b

Superscript letters (a,b,c) indicate statistically significant differences between groups (p < 0.05, Mann–Whitney U test); a – relation AFS/FC;  
b – relation AFS/FIA; c – relation FC/FIA; AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color (Arkona); FIA – Flow-It ALC (Pentron, 
Orange, USA).

Table 4. Mechanical and indentation properties of fissure sealants specimens used in dentistry. Values are presented as mean ± standard deviation (SD) 

Sample hr [µm] HV HM [N/mm2] HIT [N/mm2] EIT [kN/mm2] ηIT [%]

AFS 5.14 ±0.1a,b,c 51.93 ±1.66a,b 396.74 ±9.5a,b,c 545.55 ±16.6a,b,c 11.93 ±0.6a,b,c 37.44 ±2.1a,b

FC 7.78 ±0.5a,b,c 23.27 ±2.88a 183.05 ±21.0a,b,c 246.50 ±30.0a,b,c 5.97 ±0.7a,b,c 30.69 ±0.8a,b

FIA 10.00 ±0.1a,b,c 14.07 ±0.38b 111.32 ±6.1a,b,c 149.70 ±3.1a,b,c 3.83 ±0.7a,b,c 29.46 ±4.2a,b

FS – fissure sealants; Superscript letters (a,b,c) indicate statistically significant differences between groups (p < 0.05, Mann–Whitney test);  
a – relation AFS/FC; b – relation AFS/FIA; c – relation FC/FIA; hr – indentation depth; HM and HIT – Martens hardness; EIT – indentation modulus;  
ηIT – work ratio; AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color (Arkona); FIA – Flow-It ALC (Pentron, Orange, USA).
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Fig. 5. CFRI of AFS, FC and FIA in artificial saliva in pH = 4.5 (A), 5.5 (B), 7.0 (C) and 7.5 (D) in measurement points ranging from 3 h to 7 weeks. Results are 
presented as cumulative medians with MAD as a measure of dispersion

AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color (Arkona); FIA – Flow-It ALC (Pentron, Orange, USA).

Fig. 6. Cumulative fluoride release index (CFRI) of AFS, FC and FIA 
in deionized water in measurement points ranging from 3 h to 7 weeks. 
Results are presented as cumulative medians with median absolute 
deviation (MAD) as a measure of dispersion

AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color 
(Arkona); FIA – Flow-It ALC (Pentron, Orange, USA).

with pH = 4.5 and deionized water, highest CFRI was as-
sessed for FIA – 0.408 ppm and 0.651 ppm, respectively.

Fluoride release rate (FRR) profiles were derived from 
the 1st derivative of the CFRI with respect to time for all 
tested solutions and materials (Fig. 7). For the purpose 
of comparative evaluation, the following parameters were 
extracted: IBR, maximum FRR, time at maximum FRR, 
t1/2, and cumulative release values at 7 weeks (Table 5).

The IBR after 24 h exhibited variation across evaluated 
solutions and sample types (AFS, FC, FIA), ranging from 
8.2% to 17.9%. The maximum FRR observed ranged from 
0.0010 to 0.0025 ppm/h, with the time to reach maximum 
release occurring primarily at either 3 h or 72 h. The t1/2 oc-
curred at 96–168 h, 1–2 and 1–3 weeks’ time ranges, while 
the CFRI at 7 weeks ranged between 0.308 and 0.772 ppm.

Specifically, in artificial saliva with a pH of 7.5, the IBR 
values were lowest (8.2–9.5%), with maximum release mostly 
occurring after 3 h, and a half-life of 2–3 weeks for AFS 
and FC, and 96–168 h for FIA. The CFRI values after 7 weeks 
were the highest, reaching 0.772 ppm for AFS. In artificial 
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Fig. 7. Derivative of cumulative fluoride release index (CFRI) over time, showing the fluoride release r ate (FRR) in each time interval for AFS (A), FC (B),  
and FIA (C) in all evaluated solutions. Artificial saliva is denoted as A.S.

AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color (Arkona); FIA – Flow-It ALC (Pentron, Orange, USA).

Table 5. Initial burst release (IBR), maximum fluoride release rate (FRR), time at maximum release, t1/2 and cumulative fluoride release index (CFRI) at 7 weeks 
for the 3 tested fissure sealants (AFS, FC, FIA) in all evaluated solutions. Artificial saliva is denoted as A.S.

Parameter IBR [%] Maximum FRR [ppm/h] Time at maximum FRR 
[h] t1/2 CFRI at 7 weeks [ppm]

Solution AFS FC FIA AFS FC FIA AFS FC FIA AFS FC FIA AFS FC FIA

A.S. 
(pH = 7.5)

8.6 8.2 9.5 0.0022 0.0017 0.0021 3 3 72 2–3 
weeks

2–3 
weeks

96–
168 h

0.772 0.685 0.514

A.S. 
(pH = 7.0)

12.3 16.3 13.1 0.0024 0.0021 0.0020 72 72 72 96–
168 h

96–
168 h

96–
168 h

0.516 0.480 0.393

A.S. 
(pH = 5.5)

16.5 11.6 12.3 0.0017 0.0021 0.0010 24 72 24 96–
168 h

96–
168h

1–2 
weeks

0.373 0.379 0.321

A.S. 
(pH = 4.5)

14.3 16.9 17.9 0.0016 0.0013 0.0013 3 72 72 1–2 
weeks

1–2 
weeks

1–2 
weeks

0.365 0.308 0.409

Deionized 
water

17.2 16.9 14.0 0.0025 0.0022 0.0021 3 3 3 96–
168 h

96–
168 h

2–3 
weeks

0.481 0.390 0.652

 AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color (Arkona); FIA – Flow-It ALC (Pentron, Orange, USA).

saliva with pH = 7.0, the IBR increased to 12.3–16.3%, with 
maximal release at 72 h and a half-life of 96–168 h. How-
ever, the maximum CFRI decreased. At lower pH values 
(5.5 and 4.5), the IBR remained elevated (11.6–17.9%) with 
variable timing of maximum release and shorter half-lives, 
mostly between 1 and 2 weeks. In deionized water, the IBR 

was in the upper range (14.0–17.2%), with a rapid maximum 
FRR at 3 h, while the half-lives were similar to those at higher 
pH values. Overall, the results demonstrate that the IBR, re-
lease kinetics, and half-life are influenced by both the pH 
and the surrounding medium. The highest initial burst and 
highest FRR were observed in artificial saliva and deionized 
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water at lower pH values, while cumulative release after 
7 weeks tended to decline under these conditions.

Adhesion of fissure sealants to enamel 
surfaces

Polymerization shrinkage represents a critical limitation 
of dental restorative materials, as it can induce microcracks 
and interfacial gaps due to both intrinsic polymeriza-
tion and thermal stresses. The material’s microstructure, 
in combination with its elastic properties, facilitates opti-
mal adaptation and intimate contact with the enamel sur-
face, promoting effective adhesion. Figures 8–10 present 

micro-computed tomography (micro-CT) reconstruc-
tions alongside SEM images of premolars filled with AFS, 
FC and FIA sealants. Sagittal and frontal cross-sections 
reveal the internal structure of the materials, while mag-
nified views highlight the interface between the sealant 
and enamel. Examination of these sections clearly dem-
onstrates the presence of cracks, pores and marginal gaps, 
which arise from polymerization-induced shrinkage and 
thermal stresses.

Figure 11 provides a top-down view of the sealant–enamel 
interface, showing an overlay-type connection character-
ized by structural discontinuities. These discontinuities 
are likely associated with local variations in wear proper-
ties. Given the higher stiffness and hardness of enamel rel-
ative to the sealant, the resin layer is expected to undergo 
initial wear during occlusal loading. From a mechanical 
perspective, the formation of such an interface, particularly 
during polymerization, can create localized stress concen-
trations, potentially promoting crack initiation associated 
with shrinkage.27 Effective adaptation to the enamel sur-
face in pit and fissure sealants also relies on micromechan-
ical interlocking with acid-etched enamel, which creates 

Fig. 8. Examples of sagittal and frontal cross-sections of a premolar filled 
with AFS fissure sealant, obtained using micro-computed tomography 
(micro-CT). Magnified views show the sealant–enamel interface in selected 
regions, captured with a scanning electron microscope. Additional labels 
in the images: S (red) – fissure sealant; E (black) – enamel; D (white) – dentin

AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland).

Fig. 9. Examples of sagittal and frontal cross-sections of a premolar 
tooth filled with FC fissure sealant, obtained via micro-computed 
tomography, along with magnified views of sealant–enamel adhesion 
in selected regions of the preparation, captured using a scanning electron 
microscope. Additional labels in the images: S (red) – fissure sealant; 
E (black) – enamel; D (white) – dentin

FC – Flow-Color (Arkona, Nasutów, Poland).

Fig. 10. Examples of cross-sections (sagittal and frontal) of a premolar 
tooth filled with FIA fissure sealant obtained using a micro-computed 
tomography (micro-CT), and enlargements of areas of sealant adhesion 
to enamel in selected locations of the preparation obtained using 
a scanning electronmicroscope

FIA – Flow-It ALC (Pentron, Orange, USA).

Fig. 11. Comparison of top views of the fissure sealant–enamel interface, 
images acquired using a scanning electron microscope (SEM; ×250 
magnification)

AFS – Arkona Fissure Sealant (Arkona, Nasutów, Poland); FC – Flow-Color 
(Arkona, Nasutów, Poland); FIA – Flow-It ALC (Pentron, Orange, USA).
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microscopic porosities on the tooth surface. The resin pen-
etrates these micropores, forming a stable physical bond be-
tween the enamel and the sealant.26 This micromechanical 
connection is crucial for enhancing sealant retention and 
minimizing microleakage.

According to the manufacturer, the polymerization 
shrinkage of AFS ranges from 3% to 7%. In contrast, flow-
able materials,28 despite their higher viscosity and flow-
ability, may exhibit polymerization shrinkage 1–2% greater 
than conventional Bis-GMA-based dental resins.29 This 
increased shrinkage contributes to wider interfacial gaps, 
which can act as microleakage pathways.

These microenvironments facilitate the accumulation 
of microorganisms, particularly in areas that are difficult 
to clean, potentially leading to subsurface carious lesions 
beneath the sealant. Such findings underscore the influ-
ence of the material’s elastic properties, filler content and 
microstructure on its ability to adapt to enamel surfaces 
and achieve effective adhesion. Consequently, the formation 
of interfacial gaps not only compromises marginal integrity 
but also increases the risk of secondary caries, underscor-
ing the importance of optimizing material composition, 
filler architecture and application techniques to minimize 
polymerization shrinkage, thermal stress and related clini-
cal complications.

Discussion

The present study provides a comprehensive evaluation 
of the physico-chemical, morphological, mechanical, and 
fluoride-release properties of 3 commercially available 
dental sealants (AFS, FC, FIA), highlighting how these 
characteristics directly influence clinical performance. 
The long-term effectiveness of pit and fissure sealants 
is strongly determined by their surface properties, me-
chanical behavior and fluoride release, which collectively 
govern adhesion, retention and caries-preventive potential.

The quality of marginal sealing is critically influenced 
by both intrinsic material properties and enamel preparation 
methods. Polymerization shrinkage, for instance, plays a ma-
jor role in marginal adaptation. Kucukyilmaz et al.30 reported 
that sealants with higher filler content, such as Helioseal F, 
exhibited lower volumetric shrinkage (~3.3%), whereas ma-
terials with lower filler load, such as Teethmate F-1, reached 
~7.4%. These findings emphasize the importance of filler 
fraction in minimizing interfacial gaps and preserving 
long-term adhesion. Surface conditioning is equally crucial; 
Amend et al.28 demonstrated that enamel etching with 37% 
phosphoric acid or using Clearfil SE Bond produced tighter 
marginal sealing and lower microleakage than self-etching 
primer systems, as confirmed by dye penetration and SEM 
imaging. Procedural variations also affect sealant reten-
tion. Chaitra et al.31 compared conventional preparation, 
enameloplasty, and fissurotomy, showing that enameloplasty 
significantly reduced microleakage and generated longer 

resin tags (~12 µm vs ~6 µm for other methods). Adhesive 
performance under suboptimal conditions is another deter-
minant; Memarpour et al.32 observed that saliva contamina-
tion disrupted mechanical interlocking and increased gaps 
at the enamel–sealant interface, highlighting the importance 
of contamination-free application or corrective adhesive 
protocols. Together, these studies support our observation 
that AFS systems, by design, provide superior adhesion  
and marginal sealing.

Excessive polymerization shrinkage and thermal stresses 
are well-known contributors to interfacial gap formation.33 
Our study, employing high-resolution micro-CT combined 
with SEM, allowed detailed visualization of cracks and in-
terfacial gaps induced by polymerization. These defects are 
not merely structural artifacts; they may serve as pathways 
for microleakage, facilitating microbial infiltration into 
the fissure system. Once microorganisms penetrate these 
gaps, they can proliferate, forming biofilms that are diffi-
cult to remove during routine oral hygiene. Such coloniza-
tion compromises sealant integrity and increases the risk 
of secondary caries, underscoring the clinical importance 
of minimizing shrinkage and thermal stress through ma-
terial selection and optimized application techniques. Cor-
relating micro-CT and SEM data enabled precise mapping 
of the spatial distribution and dimensions of these defects, 
providing mechanistic insight into how polymerization-re-
lated stresses translate into functional vulnerabilities. There-
fore, the internal structure and filler architecture of sealants 
appear to be key determinants in mitigating such effects.

Elemental analysis using EDS revealed that AFS and FC 
contained higher concentrations of silicon and aluminum, 
indicative of a greater inorganic filler content. Scanning 
electron microscopy imaging confirmed a granular, rough 
surface morphology with visible filler agglomerates for these 
materials, correlating with enhanced mechanical proper-
ties, potentially increasing susceptibility to biofilm forma-
tion.34,35 FIA, in contrast, exhibited fewer inorganic com-
ponents, lacked detectable aluminum and titanium, and 
presented a smoother, more homogeneous surface with 
loosely packed filler particles and void spaces. These mor-
phological characteristics explain the lower mechanical re-
sistance and higher indenter penetration observed for FIA.

The mechanical performance of resin composites is largely 
dictated by filler content, size and geometry.36 Early studies 
by Li et al.37 established that both filler fraction and particle 
size critically determine hardness, elastic modulus and wear 
resistance, with higher loadings and smaller particles con-
ferring superior properties. Subsequent investigations con-
firmed that filler geometry further modulates mechanical 
behavior. Turssi et al.38 demonstrated that particle shape and 
dispersion significantly affect wear resistance and monomer 
conversion, impacting long-term stability. At the nanoscale, 
El-Safty et al.39 showed that incorporation of nanosized 
fillers enhances hardness and modulus relative to bulk-fill 
composites. Rodríguez et al.36 and Okamoto et al.40 fur-
ther confirmed that well-dispersed small fillers improve 
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microstructure and mechanical strength, whereas oversized 
or agglomerated particles reduce these benefits. These find-
ings provide a mechanistic rationale for AFS formulations, 
which employ controlled filler architectures to optimize 
hardness, stiffness and wear resistance. Mechanical testing 
confirmed the observed compositional and morphological 
trends. AFS demonstrated the highest hardness and stiff-
ness (HV = 51.9; HM = 396.74 N/mm²), indicating superior 
resistance to deformation and wear. FC showed intermediate 
values (HV = 42.7; HM = 183.05 N/mm²), whereas FIA was 
the softest and weakest (HV = 28.3; HM = 111.32 N/mm²), 
consistent with its higher organic matrix fraction. These 
findings highlight the strong interplay between filler com-
position, surface morphology and mechanical behavior 
in determining overall sealant performance. Literature 
reports hardness values for commercial sealants rang-
ing within 19–99 HV4 and 21–75 HV,41 placing our mea-
surements within expected ranges. In our study, indenta-
tion tests were performed using both traditional methods 
(yielding HV and HIT values) and instrumented indentation  
testing, which additionally provided Martens hardness 
(HM) and work ratio (ηIT).

Martens hardness, based on the continuous recording 
of force and penetration depth, is less sensitive to the choice 
of test load and captures both elastic and plastic contri-
butions to material deformation, offering a more reliable 
characterization of composite materials than conventional 
Vickers hardness.42 Work ratio (ηIT), in turn, quantifies 
the proportion of elastic to total work during indenta-
tion, thereby reflecting the material’s resilience and ability 
to recover from occlusal stresses.43 Notably, AFS exhibited 
the highest ηIT values among the tested sealants, confirm-
ing its superior elastic recovery and mechanical durability 
compared with FC and FIA.

Surface energy and wettability are critical determinants 
of adhesion in restorative dentistry, governing the ability 
of materials to form intimate contact with etched enamel 
and dentin. Experimental evidence demonstrates that de-
creased contact angles, e.g., from 58.8° ±4.1° to 49.1° ±5.7° 
upon exposure to acidic media, enhance wettability and 
adhesive potential.44 Materials with critical surface energy 
above 40 mJ/m², such as acrylic resins, generally exhibit 
strong adhesion, whereas BIS-GMA–based composites with 
lower energies show inferior bonding. High-energy substrates 
favor lower contact angles, promoting stronger adhesion 
through thermodynamically favorable interactions as de-
scribed by the Young–Dupre equation.45 Optimal adhesion 
requires that the adhesive’s surface tension be lower than 
the substrate’s surface energy to achieve effective bonding.

Our measurements revealed moderate hydrophilicity 
for all tested sealants, with water contact angles of 57.7° 
(AFS), 63.9° (FC) and 60.5° (FIA). Angles below 90° in-
dicate hydrophilicity, enhancing wetting and adhesion 
in moist environments.46 FC was the most hydrophilic, 
potentially improving its ability to seal pits and fissures 
in clinical conditions. Conversely, AFS and FIA, being 

relatively more hydrophobic, may resist moisture contami-
nation during application, supporting long-term durabil-
ity. Total surface free energy ranged from 50.7 mJ/m² (FC) 
to 55.1 mJ/m² (AFS), with the polar component highest for 
AFS (γSp = 14.2 mJ/m²), indicating superior potential for 
adhesion to enamel surfaces. Elevated surface energy and 
polar fraction facilitate intimate contact with hydrophilic 
tooth structures, improving wetting, retention and adhe-
sive performance.

Fluoride release was evaluated in deionized water and 
artificial saliva at pH 4.5, 5.5, 7.0, and 7.5. AFS released 
the highest amounts under neutral and basic conditions 
(CFRI = 0.772 ppm at pH 7.5), whereas FIA released more 
in acidic conditions (pH 4.5) and deionized water. The ini-
tial burst release ranged within 8.2–17.9%, with maximum 
release times between 3–72 h and half-life values of 4–7 days 
to 2–3 weeks. Over 1,200 h, all materials acted as fluo-
ride reservoirs, supporting remineralization and caries 
prevention. Differences in fluoride kinetics reflect varia-
tions in composition, filler type and excipients, consistent 
with previous studies.20,47,48 Tailored compositions, such 
as in AFS, provide prolonged fluoride availability under 
varying pH, enhancing anti-caries efficacy.

It has been reported that excipients in dentifrice can 
significantly influence the retention of fluoride in the oral 
cavity.49,50 This concept may also extend to dental sealants, 
where the composition and excipients of the material could 
impact fluoride release and retention, thereby influencing 
their caries-preventive efficacy.

Clinical evidence corroborates these material character-
istics. Systematic reviews report that resin-based sealants 
reduce caries incidence by 11–51% over 24 months, with 
benefits persisting up to 48 months.51 Hydrophilic seal-
ants show superior short-term retention (odds ratio (OR) = 
3.00 at 3 months; OR = 2.00 at 12 months), while long-term 
caries prevention is comparable to hydrophobic systems. 
Auto- and light-cured resin sealants achieve the highest 
long-term retention (up to 70% at 5 years), whereas glass 
ionomer and primer-modified sealants show lower reten-
tion (14–43% at 2–3 years). Performance is generally con-
sistent across tooth types, though premolars may have 
slightly better outcomes. Comparisons of resin-based seal-
ants and flowable composites indicate similar retention, 
though long-term data are limited.

In summary, the combination of higher filler content, 
optimized particle architecture, superior mechanical prop-
erties, favorable surface energy, and controlled fluoride re-
lease renders AFS a particularly promising sealant system. 
It exhibits the most favorable overall profile, with high me-
chanical strength, surface energy, polar fraction, and sus-
tained fluoride release, supporting adhesion, wetting and 
resistance to occlusal forces. Moderate hydrophilicity en-
sures effective wetting in clinical conditions, while relative 
hydrophobicity during application reduces moisture sensi-
tivity, promoting long-term retention.35 FC demonstrates 
intermediate performance, whereas FIA is mechanically 
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weaker, but exhibits higher fluoride release under acidic 
conditions.

Strategies to enhance the performance of resin-based pit 
and fissure sealants focus on optimizing filler content and 
incorporating bioactive or appropriately selected nanofill-
ers,52,53 which can simultaneously improve mechanical, 
surface and antibacterial properties, as well as enhance 
physico-mechanical characteristics, thereby increasing 
their effectiveness in preventing dental caries.

Overall, these findings emphasize the importance of in-
tegrating physico-chemical, morphological, mechanical, 
and bioactive assessments when selecting pit and fissure 
sealants. AFS demonstrates superior clinical potential and 
longevity compared with FC and FIA, providing a mecha-
nistic and clinical rationale for its preferential use in pre-
ventive dentistry.

Limitation

It is imperative that long-term in vitro studies are neces-
sary to comprehensively evaluate the clinical performance 
of the tested sealants. Furthermore, it is imperative to take 
into account the feedback provided by clinicians to opti-
mize the application procedures and its conditions. This 
will ensure that the prevention of caries is improved and 
that the sealant is retained in the long term.

Conclusions

The present study provides a comprehensive evaluation 
of the physico-chemical, morphological, mechanical, and 
fluoride-release properties of 3 commercially available 
dental sealants (AFS, FC, FIA), highlighting their direct 
impact on clinical performance. Among the tested materi-
als, AFS exhibited the most favorable overall profile, com-
bining high filler content, optimized particle architecture, 
superior mechanical strength, elevated surface energy, and 
sustained fluoride release, which together support robust 
adhesion, resistance to occlusal forces, and effective caries 
prevention. Its moderate hydrophilicity ensures efficient 
wetting and retention in moist clinical conditions, enhanc-
ing short-term performance, while its mechanical robust-
ness and surface energetics, comparable to high-durability 
auto- and light-cured resin systems, indicate potential for 
superior long-term retention. AFS demonstrated superior 
effectiveness during evaluation, supporting its universal ap-
plicability in clinical practice, and its retention properties 
are comparable to flowable composites while providing ad-
ditional advantages, such as improved hydrophilicity. Over-
all, these findings underscore the mechanistic and clinical 
rationale for the adhesive superiority, functional reliabil-
ity, and long-term durability of AFS sealants, making them 
a particularly promising choice for preventive dentistry.
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Abstract
Background. Polymethyl methacrylate (PMMA) is widely used as a denture base material despite its 
limitations, which include low transverse strength, impact resistance, surface hardness, and relatively high-
water solubility and sorption. To enhance its mechanical and physical properties, PMMA has been modified 
by incorporating various metal powder fillers, such as aluminum and copper – despite their tendency to cause 
discoloration. These modifications aim to improve the overall quality and durability of dental prostheses.

Objectives. To evaluate the influence of incorporating microform propolis powder (known for its antifungal 
and antimicrobial properties and its rich composition of functional groups) into acrylic denture base material, 
and to assess its effect on selected physical and mechanical properties of the material.

Materials and methods. A total of 128 specimens were prepared to evaluate various mechanical properties. 
Four groups were tested: 1 control group containing acrylic resin without propolis, and 3 experimental groups 
with propolis powder added at concentrations of 1.0%, 2.0% and 3.0% by weight. Each group consisted 
of 8 specimens for each mechanical test. All specimens were cured using the conventional heat-curing method. 
The mechanical properties evaluated included transverse strength, impact strength, surface hardness, and 
surface roughness. The data were statistically analyzed using the IBM SPSS software.

Results. The group with 1.0% propolis addition showed the highest mean values in all tested mechanical 
properties: transverse strength (90.50 N/mm²), impact strength (10.45 kJ/m²) and surface hardness (84.39). 
These values were significantly higher than those of the control group, with statistical analysis revealing highly 
significant differences between groups (p < 0.05) using ANOVA. Regarding surface roughness, the 1.0% 
propolis group also recorded the lowest mean value (1.03 µm), compared to the control group (2.14 µm), 
with all experimental groups showing significantly reduced roughness.

Conclusions. The incorporation of 1.0% microform propolis powder into PMMA denture base material 
significantly improved its mechanical and surface properties. These promising results suggest that further 
studies are warranted – either to explore additional properties or to test different propolis concentrations, 
potentially combined with coupling agents such as silane to enhance bonding and performance.

Key words: mechanical properties, polymethyl methacrylate, propolis
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Highlights

•	� Incorporating 1.0% propolis powder into PMMA 
significantly improved transverse strength, impact 
resistance, and surface hardness.

•	� Surface roughness was lowest in the 1.0% propo-
lis group, indicating a smoother finish compared 
to control and higher concentrations.

•	� Propolis is a natural, color-neutral additive that 
enhances mechanical properties without affecting 
the appearance of the denture base.

•	� Results suggest 1.0% propolis is the optimal con-
centration for enhancing mechanical and surface 
properties of denture base materials.

Introduction

Poly (methyl methacrylate) (PMMA) has been widely used 
for dental prostheses due to its advantageous properties. 
However, it fails to meet several mechanical demands, such 
as exhibiting low transverse strength, low impact strength, 
low surface hardness and high water solubility and sorption.1 
Efforts to enhance PMMA include adding metal powder fill-
ers like aluminum and copper, which improve properties but 
result in unacceptable color.2 Another approach involves rein-
forcing PMMA with fibers such as nylon, carbon and glass.3

Propolis, a natural resin collected by bees from plant 
exudates and shoots, has been used in traditional medicine 
since ancient times.4 In dentistry, propolis exhibits anti-in-
flammatory, antibacterial, antifungal, hemostatic, and tissue-
rearrangement properties.5 Propolis, at a 76% concentration, 
added to silicone soft liners for hot-cured denture base 
material, effectively inhibits Candida albicans growth and 
enhances tensile strength.6 Research by Tobaldini-Valerio 
et al. demonstrated propolis’s antifungal impact on Can-
dida albicans,7 preventing biofilm growth and eliminating 
mature biofilms. Candida albicans biofilms can reduce 
the mechanical properties of soft denture liners with heat-
polymerized acrylic resin.8

Objectives

This study aims to investigate the effect of propolis 
micropowder on the mechanical and physical properties 
of PMMA denture base material at various concentrations, 
as well as its antifungal activity.

Materials and methods

The influence of propolis on heat-cured acrylic resin 
was analyzed by incorporating it into the acrylic powder 
at concentrations of 1%, 2% and 3%, while a propolis-free 
formulation served as the control. The additive, sieved 

to a fine 25-micron particle size, was mixed into the resin. 
Each concentration group consisted of 8 specimens, re-
sulting in 32 samples per tested property. Altogether, 
128 specimens were prepared and assessed to determine 
their mechanical characteristics.

Mold preparation

Molds were created using computer-measured plastic 
pattern blocks cut to precise dimensions. For transverse 
strength, hardness and surface roughness tests, specimens 
of 65 × 10 × 2.5 mm were manufactured. For impact strength 
tests, specimens of 80 × 10 × 4 mm were prepared.

The dental flask’s lower half was filled with prepared stone 
slurry mixed according to the ratio. Plastic specimens were 
submerged in the slurry, which was allowed to set for  1 h 
before being coated with separating media (alginate solu-
tion). The typical curing process followed, including invest-
ing, removing the plastic mold and packing. Acrylic’s power 
liquid (P/L) ratio was 2.5 g: 1.0 mL w/v per manufacturer’s 
instructions. The mixture was left at room temperature in a 
covered jar for 45 s after mixing with the monomer; then, 
the appropriate amount of polymer and propolis was added. 
Once the dough stage was reached, each flask was filled with 
resin. The 2 halves of the flask were then joined and placed 
in a press (HYDROFIX press; BEGO, Bremen, Germany) 
with slow pressure application to allow the dough to flow 
evenly throughout the mold space. The press was then 
turned off after 5 min. The flasks were clamped and placed 
in a curing bath at 70°C for 30 min, then raised to 100°C 
for 2 h. After cooling, the flasks were opened, and acrylic 
specimens were carefully extracted, finished and polished. 
Only roughness test specimens were left unpolished.

Mechanical testing

Transverse strength was tested using an Instron universal 
testing machine (WDW-200 E; Instron, Norwood, USA; 
Fig. 1) Specimens were placed on a bending fixture with 
2 parallel supports spaced 50 mm apart. The load was applied 
at a crosshead speed of 2 mm/min until fracture occurred.

Transverse strength (TS) was calculated using the fol-
lowing equation:

where L is the maximum load in newtons, W is the sup-
porting width in mm, b is the width of the test specimen 
in mm, and h is the height of the test specimen in mm.

Impact strength was measured using the Charpy impact 
test for unnotched specimens. Specimens were struck 
by a free-swinging pendulum of 2 J, and impact energy was 
indicated by scale readings in joules. Impact strength (IS) 
was calculated using the equation:

   

where e is energy in joules, d is depth in mm and b is width 
in mm.
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Surface hardness was measured using a Shore D durometer 
(Time Group Inc., Beijing, China), equipped with a 0.8 mm 
diameter spring-loaded indenter and a digital scale ranging 
from 0 to 100 units. The usual procedure is to press down 
swiftly and forcefully on the intender and then record the read-
ing. Each specimen underwent 3 readings, 1 in the middle and 
1 at each end, and the mean of the 3 readings was analyzed.

Specimens with dimensions of 65 × 10 × 2.5 ±0.1 mm 
were prepared. The effect of propolis particles on the sur-
face microgeometry was assessed using a profilometer 
equipped with a sharp diamond-tipped stylus. This ana-
lyzer records the peaks and valleys that define the surface 
profile. The unpolished specimen was placed on a stable 
stage, and the test area was divided into 4 sections. The pro-
filometer was moved across each section, and the average 
of the 4 readings was calculated.

Data analysis

Descriptive statistics, including mean and standard devia-
tion (SD) values for each group, were processed using IBM 
SPSS v. 22 (IBM Corp., Armonk, USA). A one-way analysis 
of variance (ANOVA) test was conducted to determine 

the significance of propolis concentrations on the mechani-
cal properties of heat-polymerized acrylic resin denture 
base material, with results from the least significant differ-
ence (LSD) analysis providing insights into the differences 
between the groups for each test.

Results

The  following tables summarize the  results of the 
4 groups, defined by propolis concentration.

Transverse strength test

The highest mean transverse strength was observed 
in the group with 1% propolis (90.5 N/mm2), which de-
creased as the propolis percentage increased (Table 1, 
Fig. 2). The ANOVA test results indicated highly significant 
differences between the groups (Table 2).

Surface roughness test

Experimental groups exhibited lower surface roughness 
values compared to the control group, which had a high 

Fig. 1. Instron testing machine and the sample used

Table 1. Descriptive statistics of transverse strength test (N/mm2) 
of all groups

Groups n Mean SD Minimum Maximum

Control 
PMMA

8 76.299 2.787 72.51 79.38

1% propolis 8 90.5 5.382 84.21 97.27

2% propolis 8 73.539 9.138 52.37 79.69

3% propolis 8 68.136 1.142 66.55 69.92

SD – standard deviation; PMMA – polymethyl methacrylate.

Fig. 2. Mean transverse strength test of specimens as a function of 
propolis addition percentage

PMMA – polymethyl methacrylate.

Transverse Strength

Mean

100
80
60
40
20

0

control PMMA 2.00% propolis1.00% propolis 3.00% propolis

Table 2. Analysis of variance (ANOVA) test results of transverse strength test groups

ANOVA test Sum of squares df Mean square F Sig.

Transverse strength (N/mm2) 
* propolis %

between groups (combined) 2185.856 3 728.619 23.981 0.000

within groups 850.746 28 30.384 – –

df – degrees of freedom.
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value of 2.138 μm. The lowest surface roughness was found 
in the 1.0 wt% propolis samples (1.027 μm) (Table 3, Fig. 3). 
The ANOVA test results revealed highly significant dif-
ferences between the groups (Table 4).

Impact strength test

The highest mean impact strength was observed in 
the 1.0 wt% propolis group (10.454 KJ/m2), with values de-
creasing but remaining close to the control group (Table 5, 
Fig. 4). The ANOVA test results indicated highly significant 
differences between the groups (Table 6).

Indentation hardness test

Surface hardness increased in the 1.0 wt% propolis group 
(84.538) and decreased with higher propolis percentages 
(Table 7, Fig. 5). The ANOVA test results showed highly 
significant differences between the groups (Table 8).

Least significant test

The results from the LSD analysis provide insights into 
the differences between the groups for each test. Here’s 
what it implies:

Transverse strength test

•	 Significant differences:
.	 Control PMMA vs 1% propolis;
.	 Control PMMA vs 3% propolis;
.	 1% propolis vs 2% propolis;
.	 1% propolis vs 3% propolis.

•	 Nonsignificant differences:
.	 Control PMMA vs 2% propolis;
.	 2% propolis vs 3% propolis.
Implication: The addition of 1% propolis significantly 

increases the transverse strength compared to the control 
and other concentrations. However, 2% and 3% propolis  
do not show significant differences from each other or  
the control.

Surface roughness test

•	 Significant differences:
.	� Control PMMA vs all propolis concentrations (1%,  

2%, 3%)
.	 1% propolis vs 2% propolis
.	 1% propolis vs 3% propolis

•	 Nonsignificant differences:
.	 2% propolis vs 3% propolis
Implication: All concentrations of propolis significantly 

reduce surface roughness compared to the control. The 1% 
propolis concentration shows the most significant reduc-
tion, while 2% and 3% propolis do not differ significantly 
from each other.

Impact strength test

•	 Significant differences:
.	 Control PMMA vs 1% propolis;
.	 Control PMMA vs 3% propolis;
.	 1% propolis vs 2% propolis;
.	 1% propolis vs 3% propolis;
.	 2% propolis vs 3% propolis.

•	 Nonsignificant differences:
.	 Control PMMA vs 2% propolis.
Implication: The 1% propolis concentration significantly 

increases impact strength compared to the control and 
other concentrations. The 3% propolis concentration signifi-
cantly decreases impact strength compared to the control 
and other concentrations.

Indentation hardness test

•	 Significant differences:
.	� Control PMMA vs all propolis concentrations (1%, 2%, 

3%);
.	 1% propolis vs 2% propolis;
.	 1% propolis vs 3% propolis.

•	 Nonsignificant differences:
.	 2% propolis vs 3% propolis
Implication: The addition of 1% propolis significantly 

increases indentation hardness compared to the control 
and other concentrations. The 2% and 3% propolis con-
centrations significantly decrease indentation hardness 
compared to the control.

Overall implications

•	� 1% propolis: Generally, improves transverse strength, 
reduces surface roughness, increases impact strength, 
and increases indentation hardness.

•	� 2% propolis: Does not significantly differ from the control 
in most tests, except for surface roughness.

•	� 3% propolis: Generally, decreases transverse strength 
and impact strength, while reducing surface roughness 
and indentation hardness.
These results suggest that the optimal concentration 

of propolis for improving material properties varies de-
pending on the specific property being tested.

Discussion

Propolis is a natural substance known for its wide range 
of biological activities, including antioxidant, antibacterial, 
antifungal, anti-inflammatory, antiviral, and anticancer 
effects.9–11 It is collected by bees from plant sources such 
as leaves and buds and mixed with pollen and wax to form 
a resinous material.12,13 Chemically, propolis is complex, 
containing over 300 compounds such as phenolic acids, 
flavonoids, terpenes, amino acids, and various aromatic and 
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Table 3. Surface roughness [μm] test descriptive statistics 

Groups n Mean SD Minimum Maximum

Control 
PMMA

8 2.138 0.351 1.799 2.798

1% propolis 8 1.027 0.292 0.692 1.489

2% propolis 8 1.53 0.313 1.054 2.104

3% propolis 8 1.557 0.34 0.948 2.015

SD – standard deviation; PMMA – polymethyl methacrylate.

Table 4. Analysis of variance (ANOVA) test results of surface roughness test

ANOVA test Sum of squares df Mean square F Sig.

Surface roughness [μm] 
* propolis %

between groups (combined) 4.946 3 1.649 15.634 0.000

within groups 2.953 28 0.105 – –

df – degrees of freedom.

Table 5. Impact strength test (Kj/m2) test descriptive statistics

Groups n Mean SD Minimum Maximum

Control 
PMMA

8 9.588 0.791 8.05 10.50

1% propolis 8 10.454 0.75 9.35 11.47

2% propolis 8 9.109 0.546 8.10 9.62

3% propolis 8 8.22 0.664 7.22 8.92

SD – standard deviation; PMMA – polymethyl methacrylate.

Table 6. Analysis of variance (ANOVA) test results of impact strength test

ANOVA test Sum of squares df Mean square F Significance

Impact strength (Kj/m2) 
* propolis %

between groups (combined) 20.876 3 6.959 14.438 0.000

within groups 13.495 28 0.482 – –

df – degrees of freedom.

Table 7. Indentation hardness test (No.) descriptive statistics 

Groups n Mean SD Minimum Maximum

Control 
PMMA

8 83.575 1.406 81.20 85.40

1% propolis 8 84.538 0.472 83.80 85.20

2% propolis 8 81.262 0.63682 80.60 82.60

3% propolis 8 80.562 0.45336 80.00 81.30

SD – standard deviation.; PMMA – polymethyl methacrylate.

Table 8. Analysis of variance (ANOVA) indentation hardness test results of indentation hardness

ANOVA test Sum of squares df Mean square F Significance

Hardness (No.)  
* propolis %

between groups (combined) 84.731 3 28.244 40.202 0.000

within groups 19.671 28 0.703 – –

df – degrees of freedom

Fig 3. Mean of surface roughness test of specimens as a function 
of propolis addition percentage

PMMA – polymethyl methacrylate.

Surface Roughness
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Fig 4. Mean of impact strength test of specimens as a function of 
propolis addition percentage

PMMA – polymethyl methacrylate.

Impact Strength
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12

Fig. 5. Mean of indentation hardness test of specimens as a function of 
propolis addition percentage

PMMA – polymethyl methacrylate.
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fatty substances.14–16 This variability in composition can 
make standardization and quality control challenging.17–19

Typically, propolis consists of about 50% resin and veg-
etable balsam, 30% wax, 10% essential and aromatic oils, 
5% pollen, and other minor components, including organic 
debris.20 In this study, propolis was chosen for its antifun-
gal properties and its neutral color, which does not alter 
the appearance of the denture base material. Its phenolic-
rich composition21 was incorporated into acrylic resin 
to explore its therapeutic potential and assess its influence 
on mechanical properties at different concentrations.22

The results showed that the highest transverse strength 
was achieved with 1% propolis. At higher concentrations, 
strength decreased compared to the control, with statis-
tically significant differences confirmed with ANOVA. 
The reduction in strength at higher levels may be related 
to the wax content in propolis,20 which could interfere 
with the resin matrix. In contrast, the 1% concentration 
may benefit from aromatic functional groups that enhance 
bonding within the polymer. The absence of coupling 
agents like silane, which typically improve adhesion, may 
also have contributed to the observed trends.

Surface roughness was lowest in the 1% propolis group, 
and all tested concentrations showed values below that 
of the control. These differences were statistically sig-
nificant. A smoother surface is advantageous as it reduces 
bacterial adhesion and the risk of oral infections, consis-
tent with findings by de Foggi et al.23 This application 
of propolis appears to be novel, and the presence of wax 
and resinous components may have influenced the surface 
characteristics.

Propolis also offers several pharmacological benefits, 
including wound healing, anesthetic, hemostatic, anti-
cariogenic, anti-inflammatory, and antibiotic effects,24–26 
and is considered non-cytotoxic to humans.21 The increase 
in impact strength observed at 1% propolis suggests good 
dispersion and compatibility with the resin. Its plasticizing 
effect may contribute to improved flexibility, and the pres-
ence of functional groups could facilitate bonding with 
the polymer matrix.

Surface hardness increased slightly at 1% propolis but de-
clined at higher concentrations. These differences were also 
statistically significant. The decrease in hardness at higher 
levels may be due to the absence of hard fillers in propolis 
and the influence of phenolic and antioxidant compounds, 
which can affect the structural integrity of the polymer.27

A study by Al-Khalifa et al.28 reported similar findings, 
where 2.5% propolis in PMMA reduced C. albicans counts 
and increased surface roughness, while higher concentra-
tions led to decreased hardness. These results support 
the current findings and highlight the potential of propo-
lis as a bioactive additive. Incorporating 1% propolis into 
heat-cured acrylic resin appears to enhance transverse and 
impact strength, improve surface hardness, and reduce 
roughness, suggesting potential benefits for the perfor-
mance and longevity of denture base materials.

Limitations

One challenge we encountered was related to the color 
of the material. Increasing the additive concentration beyond 
the level we used could affect the esthetic quality, making 
it less similar to the natural color of gum tissue. For this rea-
son, we limited the concentration to 3% to maintain acceptable 
aesthetic properties. Additionally, since the material contains 
several active chemical groups, it is not yet clear which specific 
reactions are responsible for the results we observed. Further 
investigations are needed to identify the primary chemical 
reactions responsible for the observed effects.

Conclusions

This study highlights the significant potential of propolis 
as a new source of bioactive compounds and its ability to im-
prove the mechanical properties of heat-cured acrylic resin 
denture bases. Incorporating 1% propolis powder may en-
hance the transverse and impact strength, as well as the hard-
ness, while decreasing surface roughness. These improve-
ments suggest that propolis incorporation could enhance  
the stability and shelf-life of commercial acrylic materials.

Use of AI and AI-assisted technologies

Not applicable.
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Abstract
Background. The polymer matrix of Klebsiella pneumoniae biofilm contributes to its resistance to a broad 
spectrum of antibiotics and poses a significant public health threat.

Objectives. The present study aims to use hydrogen peroxide (H2O2) sub-minimum inhibitory concentrations 
(sub-MICs) to improve cefotaxime efficiency against cefotaxime-resistant K. pneumoniae (CRKP) by disrupting 
the biofilm polymer matrix.

Objectives. The present study aims to determine whether sub-MICs of hydrogen peroxide (H2O2) can 
enhance the efficacy of cefotaxime against CRKP by disrupting the biofilm polymer matrix.

Materials and methods. Klebsiella pneumoniae was isolated from 140 burn wound samples. The effect 
of cefotaxime and sub-MICs of H2O2 on biofilm formation by pretreated K. pneumoniae was evaluated. A scan-
ning electron microscope (SEM) was used to examine the effect of H2O2 sub-MICs on the biofilm matrix. 
The synergistic effect of H2O2 sub-MICs on the susceptibility of CRKP to cefotaxime and on the structure 
of the biofilm polymer matrix was also assessed.

Results. A moderately high incidence of wound infections caused by CRKP was observed. A statistically 
significant negative correlation was found between biofilm formation and bacterial susceptibility to cefo-
taxime (r = –0.501, p = 0.024). Treatment with various sub-MICs of H2O2 and cefotaxime reduced biofilm 
formation on polystyrene surfaces by the K. pneumoniae Kp10 isolate. Specifically, exposure to H2O2 at 1/8 
MIC induced the formation of pores and channels within the biofilm matrix, resulting in a looser biofilm 
structure. A synergistic effect (fractional inhibitory concentration (FIC) index ≤ 0.5) was observed, where 
sub-MICs of H2O2 decreased the MIC of cefotaxime against Kp10 from 1,000 µg/mL to 250 µg/mL at ½ and 
¼ MIC of H2O2, and produced a strong additive effect with a reduction to 500 µg/mL at other sub-MICs. 
The combination of H2O2 sub-MICs and cefotaxime was more effective in reducing biofilm formation than 
either agent used alone.

Conclusions. Sub-minimum inhibitory concentrations of H2O2 exhibited synergistic to strongly additive 
effects in enhancing the antibacterial activity of cefotaxime against CRKP and in reducing biofilm formation 
by the K. pneumoniae Kp10 isolate. This effect appears to be mediated by disruption of the biofilm polymer 
matrix, which may contribute to improved infection control.

Key words: biofilm polymer, cefotaxime, scanning electron microscope, sub-MICs, synergy
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Highlights
•	� Hydrogen peroxide enhances antibiotic efficacy by disrupting the biofilm matrix of cefotaxime-resistant Klebsiella 

pneumoniae at sub-minimum inhibitory concentrations (sub-MICs).
•	� Synergistic antimicrobial effect: hydrogen peroxide reduced the cefotaxime MIC from 1,000 µg/mL to 250 µg/mL 

in K. pneumoniae antibiotic-resistant isolates.
•	� Scanning electron microscopy analysis revealed hydrogen peroxide-induced pores and channels that weakened 

biofilm integrity and decreased biofilm formation.
•	� Combined hydrogen peroxide and cefotaxime therapy demonstrated significantly stronger biofilm inhibition than 

either treatment alone, suggesting a promising approach against antibiotic-resistant K. pneumoniae infections.

Background 

The polymer matrix of bacterial biofilms is a highly orga-
nized extracellular environment composed of macromol-
ecules such as polysaccharides, proteins, nucleic acids, and 
lipids. This matrix is fundamental to the biofilm’s archi-
tecture and plays a key role in protecting bacterial cells.1 
The polymer matrix also contributes to the persistence 
of bacterial populations and their protection against exter-
nal environmental factors, including antibiotics.2 In clini-
cal settings, the biofilm polymer matrix acts as a physical 
barrier that limits antibiotic penetration into bacterial 
cells, promotes chronic infection and significantly contrib-
utes to antibiotic resistance, particularly in Gram-negative 
bacteria such as Klebsiella pneumoniae.3,4 The microen-
vironment within the deeper layers of the biofilm matrix 
is characterized by nutrient deprivation, hypoxia and al-
tered pH, leading to metabolic adaptations in bacterial 
populations and the induction of a persistent state that 
further enhances antibiotic resistance.5

Klebsiella pneumoniae is an opportunistic pathogen 
responsible for a wide range of healthcare-associated in-
fections, including pneumonia, urinary tract infections, 
wound infections, and, in some cases, sepsis. A major 
virulence factor of K. pneumoniae is its ability to form 
extensive polymeric biofilm masses on both biotic and 
abiotic surfaces.6 This species exhibits resistance to a broad 
spectrum of antibiotics through multiple mechanisms, 
including β-lactamase production, efflux pump activity 
and biofilm formation, making such infections particu-
larly difficult to treat.7 It can colonize medical devices 
such as urinary catheters, endotracheal tubes and central 
venous catheters,8 as well as hospital surfaces including 
bed rails, door handles and surgical instruments.9 Klebsi-
ella pneumoniae also forms biofilms on plastic and metal 
surfaces such as polyvinyl chloride (PVC), stainless steel 
and polystyrene.10 Furthermore, it adheres to epithelial 
tissues, including the urinary tract epithelium.11 On these 
surfaces, K. pneumoniae exhibits increased tolerance to an-
tibiotics, largely mediated by its dense polymeric matrix, 
which restricts antibiotic diffusion.12 The rising incidence 
of  multidrug-resistant (MDR) K.  pneumoniae strains 

in recent years underscores the urgent need for alterna-
tive therapeutic strategies aimed at enhancing antibiotic 
efficacy through biofilm modulation.13

One promising strategy involves the use of sub-minimum 
inhibitory concentrations (sub-MICs) of non-antibiotic agents 
to weaken the biofilm matrix and enhance antibiotic penetra-
tion into embedded bacteria. Hydrogen peroxide (H2O2), a re-
active oxygen species (ROS) naturally produced by immune 
cells, has a well-documented impact on biofilm architec-
ture.14 While the bactericidal effects of high concentrations 
of H2O2 are well established, the influence of sub-MIC levels 
of H2O2 on the polymeric biofilm matrix of K. pneumoniae 
remains poorly characterized in the literature.

This study focuses on the effects of sub-MICs of H₂O₂ 
on the biofilm polymer matrix of K. pneumoniae and its 
potential influence on antibiotic interaction. Investigating 
biofilm modulation through oxidative stress may provide 
a better understanding of approaches to improve the ef-
fectiveness of existing antibiotics.

Previous studies have shown that hydroxyl radical forma-
tion induced by bactericidal antibiotics represents the final 
stage of an oxidative damage pathway leading to bacterial 
cell death.15 In combination with antibiotics, H2O2 has 
demonstrated the potential to reverse antibiotic resistance 
by disrupting bacterial defense mechanisms, thereby en-
hancing antibiotic efficacy. A previous study by Alkawareek 
et al. reported the synergistic antibacterial effect of silver 
nanoparticles and H2O2 against Staphylococcus and Escher- 
ichia coli. However, no prior research has investigated 
the synergistic effect of sub-MICs of H2O2 on the suscep-
tibility of K. pneumoniae to antibiotics.16

Objectives 

The objective of this study is to investigate the effects 
of sub-MIC concentrations of H₂O₂ on the structure and 
density of the biofilm polymer matrix in K. pneumoniae 
and to evaluate how these changes may influence the ac-
tivity of cefotaxime. 
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Materials and methods 

Isolation and identification of bacteria

Infected wound samples were collected aseptically 
from 140 inpatients with burn wound infections admitted 
to the Burns and Wounds Department at Baghdad Teach-
ing Hospital (Baghdad, Iraq). Prior to sample collection, 
necrotic tissue and any residual ointments were carefully 
removed by a trained technician. None of the patients had 
received antibiotic treatment for at least 72 h before sam-
pling, and all provided informed consent to participate 
in the study. Wound swabs were cultured on MacConkey 
agar (HiMedia, Mumbai, India) and incubated at 37°C for 
24 h. Large, mucoid, pink colonies (lactose-fermenting) 
were collected and subjected to Gram staining, followed 
by  standard biochemical tests, including oxidase, in-
dole, urease, and citrate utilization assays. Identification 
of K. pneumoniae isolates was confirmed using the VITEK 
instrument (VITEK® DensiCHEK™; BioMérieux, Marcy-
l’Étoile, France) and fluorescence system (bioMérieux) 
with the ID-GNB card. The bacterial isolates were pre-
served in 20% glycerol nutrient broth at −20 °C and subcul-
tured weekly on nutrient agar.17 The study was approved 
by the Human Ethics Committee of the Department of Bi-
ology, College of Science, University of Baghdad, Iraq (ap-
proval No. CSEC/1124/0113, issued on November 27, 2023).

Kirby-Bauer method

The Kirby–Bauer disk diffusion method was used to iden-
tify cefotaxime-resistant K. pneumoniae (CRKP). A bacte-
rial suspension adjusted to the turbidity of a 0.5 McFarland 
standard was spread onto Mueller–Hinton agar (MHA; 
HiMedia). Cefotaxime disks (30 µg; Bioanalyse, Ankara, 
Turkey) were placed on the MHA plates and incubated 
at  37°C for 24  h. Following incubation, the  diameters 
of the inhibition zones around the cefotaxime disks were 
measured and interpreted according to the Clinical and 
Laboratory Standards Institute (CLSI) breakpoint guide-
lines to classify isolates as susceptible (S), intermediate (I) 
or resistant (R) to cefotaxime.18

Minimum inhibitory concentration

The microdilution method described by Al-Mutalib and 
Zgair was used to determine the MICs of cefotaxime (Ad-
vaCare Pharma, Durham, USA) and H2O2 (Merck Mil-
lipore, St. Louis, USA) against the CRKP isolate (Kp10). 
The minimum inhibitory concentration (MIC) was defined 
as the lowest concentration of the antimicrobial agent that 
completely inhibited visible bacterial growth.19,20

Biofilm formation

The microdilution method combined with a spectro-
photometric assay using crystal violet was employed to as-
sess biofilm formation in 20 K. pneumoniae isolates.15–17 
The method has been described in detail in previous stud-
ies.19–21 Briefly, 100 µL of sterile tryptic soy broth (TSB; 
HiMedia) was added to the wells of a flat-bottom polysty-
rene tissue culture plate. Then, 5 µL of CRKP suspension 
(0.1 OD₆₀₀ of an overnight bacterial culture, washed 3 times 
with sterile TSB) was added to each well, and the plates 
were incubated at 37°C for 24 h. After incubation, the TSB 
was discarded and the plates were washed 3 times with 
distilled water. The plates were then air-dried and stained 
with 100 µL of 0.4% Hucker crystal violet for 15 min, fol-
lowed by 5 washes with distilled water. After drying, 100 µL 
of anhydrous ethanol was added to each well to solubilize 
the bound dye. The absorbance was measured at 570 nm 
using a microplate reader (BioTek 800 TS; BioTek, Win-
ooski, USA). The experiment was repeated 3 times.

Effect of sub-MICs on biofilm formation

In  this experiment, the effect of different sub-MICs 
of H₂O₂ or cefotaxime on biofilm formation by the CRKP 
isolate that exhibited the highest biofilm-producing ca-
pacity was evaluated. A similar biofilm formation assay 
was performed with slight modifications. Instead of using 
TSB alone, serial dilutions of sub-MICs of H₂O₂ or ce-
fotaxime were prepared in TSB and added to the wells 
of a flat-bottom polystyrene microtiter plate. The plates 
were incubated at 37°C for 24 h and washed 3 times with 
distilled water. The wells were then stained with crystal 
violet, and after air drying, anhydrous ethanol was added 
to each well to solubilize the bound dye. The absorbance 
was measured at 570 nm using a microplate reader (BioTek 
800 TS). The experiment was repeated 3 times.21

Scanning electron microscopy

The procedure described by Gomes and Mergulhão was 
followed to examine the biofilm of the CRKP isolate Kp10 
using scanning electron microscopy (SEM) after treatment 
with a sub-MIC of cefotaxime.²² Briefly, biofilm smears were 
prepared on sterile glass slides and treated with 1⁄8 MIC of ce-
fotaxime to evaluate the effect of the sub-MIC on the biofilm 
polymer matrix. After staining, the slides were examined 
under a scanning electron microscope (Apreo 2 ChemiSEM; 
Thermo Fisher Scientific, Waltham, USA).

Effect of sub-MICs of H2O2  
on cefotaxime MICs

The two-dimensional microdilution method (checker-
board assay) using a 96-well U-shaped polystyrene microti-
ter plate was employed to evaluate the effect of different 
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sub-MICs of H2O2 on the susceptibility of K. pneumoniae 
(CRKP isolate exhibiting the  highest biofilm-forming 
ability) to cefotaxime, expressed in terms of MIC values. 
Briefly, 100 µL of sterile MHA was added to each well. 
A horizontal twofold serial dilution of cefotaxime, ranging 
from 2,000 μg/mL to 1.95 µg/mL, was prepared and ap-
plied across all wells in each row of the plate (wells 1–11). 
A vertical twofold serial dilution of hydrogen peroxide 
(H₂O₂; 30% stock solution: Merck Millipore) ranging from 
1/160 to 1/10,240 was prepared in rows A–G of the microtiter 
plate. Subsequently, 5 µL of K. pneumoniae suspension 
(optical density (OD) of 0.1 at 600 nm) was added to each 
well. The plates were gently shaken and incubated at 37°C 
for 24 h.

The lowest antibiotic concentrations that completely 
inhibited bacterial growth were recorded as  the MIC. 
Row H served as the first control, representing the MIC 
of cefotaxime in the absence of H2O2. Rows A–G demon-
strated the effect of different H2O2 dilutions (sub-MICs) 
on the MIC of cefotaxime. Several control groups were 
included: 1) wells containing different H2O2 dilutions (sub-
MICs in MHA) with the K. pneumoniae Kp10 isolate, 2) 
wells containing only MHA and bacteria, 3) wells contain-
ing only MHA, and 4) wells containing different cefotax-
ime dilutions (in MHA). The experiment was performed 
in triplicate. The fractional inhibitory concentration (FIC) 
index was calculated using the following equation:

Effect of combination of sub-MICs of H2O2 
and cefotaxime on biofilm formation

A similar procedure was followed to evaluate the ef-
fect of H2O2 on MICs of cefotaxime against the CRKP 
isolate exhibiting the highest level of biofilm formation, 
with minor modifications. Tryptic soy broth was used 

instead of MHA, and a 96-well flat-bottom polystyrene 
microtiter plate was used instead of a U-shaped plate. Fol-
lowing incubation, the plates were air-dried and stained 
with 100 µL of 0.4% Hucker crystal violet for 15 min, then 
washed 5 times with distilled water. After drying, 100 µL 
of anhydrous ethanol was added to each well to solubilize 
the bound dye. The absorbance was measured at 570 nm 
using a microplate reader (BioTek 800 TS). The experiment 
was performed in triplicate.19–21

Statistical analyses

Statistical analyses were performed and graphs were gen-
erated using Origin software v. 8.6 (OriginLab, Northamp-
ton, USA). Data are presented as means ± standard error 
(SE). Differences between groups were assessed using Stu-
dent’s t-test and one-way analysis of variance (ANOVA). 
Correlations were evaluated using Pearson’s correla-
tion coefficient. A p < 0.05 was considered statistically  
significant.

Results 

Bacterial isolates

Twenty isolates of K. pneumoniae were obtained from 
140 infected wound swabs collected from inpatients with 
severe wound infections. The bacterial species were identi-
fied using microscopic and biochemical tests, and further 
confirmed with the VITEK 2 system (bioMérieux). The in-
cidence rate of wound infections caused by K. pneumoniae 
was 14.28%.

Antibiotic susceptibility and biofilm 
formation

The Kirby–Bauer disk diffusion method was used to de-
termine the susceptibility of K. pneumoniae isolates to ce-
fotaxime, thereby identifying CRKP, cefotaxime-susceptible 
(CSKP) and intermediate isolates. As shown in Table 1, 
13 isolates were resistant to cefotaxime, 6 were suscep-
tible and 1 exhibited intermediate susceptibility. Among 
the tested isolates, Kp10 produced the highest level of biofilm 
formation, followed by Kp1, whereas Kp18 showed the lowest 
biofilm formation on polystyrene microtiter plates.

The Kp10 isolate (CRKP), which produced the most ro-
bust biofilm and exhibited the smallest zone of inhibition 
in the cefotaxime disk diffusion assay, was selected for further 
experiments. In this study, the MIC of cefotaxime against 
Kp10 was 1,000 µg/mL, while the MIC of hydrogen peroxide 
(H2O2) was 0.046% (equivalent to 0.468 mg/mL), correspond-
ing to a 1⁄640 dilution of the 30% H2O2 stock solution.

Figure 1 illustrates the relationship between biofilm for-
mation and the inhibition zone diameter of cefotaxime 
against 20 clinical isolates of K. pneumoniae. A statistically 



Polim Med. 2025;55(2):113–122 117

Table 1. The diameter of the inhibitory zone of 20 isolates of Klebsiella pneumoniae and their corresponding levels of biofilm formation. The Clinical and 
Laboratory Standards Institute (CLSI) guidelines were followed to determine the cefotaxime breakpoints

Isolate No. Klebsiella pneumoniae Cefotaxime diameter 
of inhibitory zone Interpretation Biofilm formation OD570nm

1 Kp1 17.5 ±1.2 R 0.24 ±0.013

2 Kp2 30 ±1.4 S 0.204 ±0.08

3 Kp3 27.1 ±1.05 S 0.124 ±0.04

4 Kp4 22.3 ±1.1 R 0.17 ±0.09

5 Kp5 22.2 ±1.5 R 0.13 ±0.008

6 Kp6 18.9 ±1.4 R 0.16 ±0.02

7 Kp7 10 ±1.14 R 0.19 ±0.06

8 Kp8 23.1 ±1.1 I 0.112 ±0.049

9 Kp9 28.1 ±2.9 S 0.08 ±0.0014

10 Kp10 9 ±0.9 R 0.323 ±0.0169

11 Kp11 19.1 ±1.5 R 0.14 ±0.007

12 Kp12 29 ±0.9 S 0.191 ±0.005

13 Kp13 8.3 ±0.7 R 0.218 ±0.03

14 Kp14 28.4 ±2.9 S 0.101 ±0.0096

15 Kp15 16.7 ±3.9 R 0.179 ±0.09

16 Kp16 20.15 ±2.7 R 0.145 ±0.0056

17 Kp17 17.2 ±1.3 R 0.183 ±0.01

18 Kp18 33.6 ±3.1 S 0.06 ±0.001

19 Kp19 17 ±1.24 R 0.179 ±0.006

20 Kp20 19.2 ±2.7 R 0.143 ±0.006

S (sensitive): ≥26 mm; I (intermediate): 23–25 mm and R (resistant): ≤22 mm. Optical density (OD) ≤ 0.1: weak biofilm producer, 0.1 < OD ≤ 0.2: moderate 
biofilm producer, and OD > 0.2: strong biofilm producer.

significant negative correlation was observed between bio-
film formation and the susceptibility of K. pneumoniae 
to cefotaxime, as indicated by the inhibition zone diameter 
(r = –0.501, p < 0.05).

Effect of sub-MICs of cefotaxime or H2O2 
on biofilm formation

The effect of sub-MICs of H2O2 and cefotaxime on bio-
film formation by the K. pneumoniae Kp10 isolate was 
evaluated. The results showed that both cefotaxime and 
H₂O₂ significantly reduced biofilm formation at higher 
sub-MIC levels (½ to 1⁄16 MIC) (p < 0.05). The reduction 
was minimal at lower sub-MICs (1⁄32 and 1⁄64 MIC) com-
pared with the control (biofilm formation of Kp10 without 
treatment). At ½, 1⁄8, 1⁄16, 1⁄32, and 1⁄64 MIC, cefotaxime ap-
peared to be more effective than H2O2 in reducing biofilm 
formation; however, no statistically significant differences 
were observed between the effects of H2O2 and cefotaxime 
at corresponding sub-MIC levels (p > 0.05).

Furthermore, at  1⁄32 and 1⁄64 MIC, neither treatment 
showed a significant effect on biofilm formation compared 
with the control levels (Fig. 2). The results demonstrated 
that both cefotaxime and H2O2 reduced biofilm forma-
tion by K. pneumoniae Kp10 in a concentration-dependent 

manner at sub-MIC levels. The most pronounced effects 
were observed at ½ to 1⁄8 MIC, with cefotaxime exhibiting 
slightly greater biofilm inhibition than H2O2. These find-
ings support the potential anti-biofilm activity of both 
agents at sub-MIC levels.

Fig. 1. Correlation between biofilm formation, measured by crystal violet 
absorbance at 570 nm, and the inhibition zone diameter of cefotaxime 
against 20 Klebsiella pneumoniae isolates (measured in millimeters)

r – Pearson correlation coefficient; p < 0.05.
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Effect of sub-MIC H2O2 on the biofilm 
polymer structure

To examine the effect of sub-MICs of H2O2 on the poly-
mer structure of the biofilm, smears of K. pneumoniae 
(Kp10) biofilm were prepared under 1⁄8 MIC H2O2 stress 
(Fig. 3). The SEM images revealed a disrupted and po-
rous biofilm architecture, indicating that sub-MIC levels 
of H2O2 (1⁄8 MIC) compromise the integrity of the biofilm 
matrix. Arrows in the images highlight distinct pores and 
cavities, suggesting disruption and partial degradation 
of the exopolysaccharide (EPS), a key component respon-
sible for the structural stability of the biofilm polymer 
matrix.

Figure 3A shows the biofilm surface exhibiting numerous 
perforations and EPS regions. Some bacterial cells appear 
embedded within or surrounded by partially degraded 
matrix material. The presence of pores indicates a loss 

of structural compactness and possible formation of wa-
ter channels resulting from oxidative stress. Figure 3B, 
which depicts the biofilm under the same stress conditions 
at lower magnification, provides a broader view of the over-
all biofilm structure. Similar to Fig. 3A, pores and surface 
irregularities are evident. The matrix appears less dense 
and loosely organized, with fragmented regions and dis-
rupted continuity.

The SEM images confirm that H2O2 at 1⁄8 MIC induces 
structural weakening of the biofilm matrix without com-
plete eradication. The formation of pores likely increases 
biofilm permeability, facilitates greater penetration of an-
timicrobial agents and reduces the mechanical stability 
of the biofilm. Thus, the SEM observations demonstrate 
that pretreatment with 1⁄8 MIC H2O2 leads to marked poros-
ity and disruption of the K. pneumoniae biofilm EPS matrix.

Effect of H₂O₂ on cefotaxime MICs

The effect of various sub-MICs of H2O2 on the suscep-
tibility of the K. pneumoniae isolate Kp10 to cefotaxime 
is presented in Table 2. The results show that all tested 
sub-MICs of H2O2 reduced the cefotaxime MIC requi
red to completely inhibit Kp10 growth compared with 
the control (cefotaxime MIC without H2O2). The great-
est reduction was observed at ½ and ¼ MIC of H2O2, 
which decreased the cefotaxime MIC from 1,000 µg/mL 
to 250 µg/mL. Furthermore, sub-MICs of H2O2 at 1⁄8, 1⁄16, 
1⁄32, and 1⁄64 lowered the cefotaxime MIC against Kp10 from 
1,000 µg/mL to 500 µg/mL.

This study presents a novel observation that the anti-bio-
film agent H2O2 enhances the susceptibility of the K. pneu-
moniae isolate Kp10 to cefotaxime. However, Kp10 remains 
classified as resistant to cefotaxime, as the MIC values re-
main above the susceptibility threshold defined by the CLSI 
guidelines for K. pneumoniae. The FIC index was calculated 
to determine the nature of the interaction between H2O2 
and cefotaxime. The FIC indices for combinations of ce-
fotaxime with ½, ¼, 1⁄8, 1⁄16, 1⁄32, and 1⁄64 MIC of H2O2 were 
0.5, 0.5, 0.625, 0.526, 0.514, and 0.515, respectively. These 
results indicate a low synergistic effect at ½ and ¼ MIC lev-
els and a strong additive effect at 1⁄8, 1⁄16, 1⁄32, and 1⁄64 MIC 
levels of H2O2 on the cefotaxime MIC. Overall, the present 
study demonstrates that sub-MIC levels of H2O2 exhibit 
an additive to mildly synergistic effect on the susceptibility 
of K. pneumoniae Kp10 to cefotaxime.

Effect of combination of H₂O₂ and 
cefotaxime on biofilm formation

Table 3 illustrates the effect of sub-MICs of H2O2 and ce-
fotaxime on biofilm formation by the K. pneumoniae Kp10 
isolate. The results show that the greatest inhibition of bio-
film formation occurred when Kp10 was simultaneously 
exposed to higher sub-MICs of H2O2 (½ and ¼ MIC) and 
cefotaxime (½ and ¼ MIC), producing results comparable 

Fig. 3. Scanning electron microscopy (SEM) images of the Klebsiella 
pneumoniae Kp10 biofilm after treatment with 1/8 minimum inhibitory 
concentration (MIC) of hydrogen peroxide (H₂O₂). Arrows indicate pores 
formed within the biofilm polymer matrix

1st control – biofilm formation of Kp10 under the stress of different 
concentrations of cefotaxime; 2nd control – biofilm formation of Kp10 
under the stress of different percentages of H2O2; 3rd control – biofilm 
formation of Kp10 without stress of both agents.

Fig. 2. Effect of sub-minimum inhibitory concentrations (sub-MICs; 
½ MIC, ¼ MIC, 1⁄8 MIC, 1⁄16 MIC, and 1⁄32 MIC) of cefotaxime (black bars) 
and hydrogen peroxide (H₂O₂; white bars) on biofilm formation 
by Klebsiella pneumoniae Kp10. Results are presented as mean ± standard 
deviation (SD). Asterisks indicate a statistically significant difference 
(p < 0.05) compared with the control (biofilm level measured as optical 
density (OD) at 570 nm without exposure to H₂O₂ or cefotaxime)
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Table 2. Checkboard assay: combined effect of cefotaxime and H2O2 on Klebsiella pneumoniae Kp10 growth

H2O2 (%)
Cefotaxime concentration [µg/mL] 2nd control

no cefotaxime2000 1000 500 250 125 62.5 31.25 15.63 7.8 3.9 1.95

0.187 − − − − − − − − − − − −

0.093 − − − − − − − − − − − −

0.046 (MIC) − − − − − − − − − − − −

0.023 (½) − − − FIC: 0.5 + + + + + + + +

0.011 (¼) − − − FIC: 0.5 + + + + + + + +

0.0058 (1⁄8) − − FIC: 0.63 + + + + + + + + +

0.0029 (1/16) − − FIC: 0.56 + + + + + + + + +

0.0014 (1/32) − − FIC: 
0.514

+ + + + + + + + +

0.0007 (1/64) − − FIC: 
0.515

+ + + + + + + + +

1st control (0) − − + + + + + + + + + +

1st control – biofilm formation of Kp10 under the stress of different concentrations of cefotaxime; 2nd control – biofilm formation of Kp10 under the stress 
of different percentages of H2O2; 3rd control – biofilm formation of Kp10 without stress of both agents; MIC – minimum inhibitory concentration;  
FIC – fractional inhibitory concentration.

to those observed in MIC wells. In contrast, minimal inhi-
bition of biofilm formation was observed when Kp10 was 
exposed to the lowest sub-MIC levels of both cefotaxime 
and H2O2 (1/64 MIC).

The results were compared with control 1, control 2 
and control 3. This study is the first to demonstrate that 
the combined effect of sub-MICs of cefotaxime and H2O2 

significantly reduced biofilm formation in the K. pneu-
moniae Kp10 isolate compared with exposure to sub-MICs 
of either agent alone (controls 1 and 2; p < 0.05). This ob-
servation provides insight into a potential mechanism 
by which sub-MIC levels of H2O2 and cefotaxime enhance 
the susceptibility of Kp10 to cefotaxime.

Discussion 

The principal structural component of the biofilm bio-
mass is its polymeric matrix, which is primarily composed 
of EPS, proteins and extracellular DNA. This matrix pro-
vides both mechanical stability and protective shielding 
against antibiotics.1 It functions as a physical and bio-
chemical barrier, limiting antibiotic diffusion and facilitat-
ing horizontal gene transfer, thereby enhancing bacterial 
resistance to antimicrobial agents.3,4,22 In K. pneumoniae, 
the capsular polysaccharide contributes significantly to 
antibiotic resistance and plays a crucial role in biofilm  
formation.23

Table 3. Biofilm formation in terms of optical density at 570 nm of Klebsiella pneumoniae Kp10 isolate incubated for 18 h at 37°C under stress of H2O2, 
cefotaxime, and a combination of H2O2 and cefotaxime

H2O (%)
Concentrations of cefotaxime [µg/mL]

2nd control
only H2O22000 1000 500 

(½ MIC)
250 

(¼ MIC)
125 

(1⁄8 MIC)
62.5 

(1⁄16 MIC)
31.2 

(1⁄32 MIC)
15.6 

(1⁄64 MIC)
7.8 

(1⁄128 MIC)
3.9 

(1⁄256 MIC)
1.95 

(1⁄512 MIC)

0.187 0.04 0.039 0.04 0.041 0.041 0.043 0.042 0.041 0.037 0.043 0.041 0.04

0.093 0.039 0.037 0.042 0.038 0.037 0.042 0.041 0.039 0.038 0.037 0.042 0.035

0.046 (MIC) 0.041 0.038 0.043 0.037 0.041 0.044 0.042 0.043 0.039 0.038 0.041 0.037

0.023 (½ MIC) 0.042 0.041 0.041 0.05 0.089 0.088 0.09 0.11 0.13 0.12 0.15 0.14

0.011 (¼ MIC) 0.04 0.04 0.04 0.048 0.096 0.12 0.1 0.13 0.15 0.148 0.16 0.18

0.0058 (1⁄8 MIC) 0.039 0.042 0.044 0.078 0.1 0.11 0.14 0.13 0.16 0.16 0.165 0.17

0.0029 (1⁄16 MIC) 0.037 0.04 0.06 0.09 0.13 0.12 0.12 0.135 0.17 0.156 0.21 0.2

0.0014 (1⁄32 MIC) 0.0384 0.039 0.052 0.1 0.14 0.15 0.2 0.22 0.23 0.24 0.25 0.26

0.0007 (1⁄64 MIC) 0.043 0.042 0.057 0.11 0.154 0.146 0.25 0.24 0.23 0.234 0.26 0.28

1st control 0.041 0.039 0.15 0.14 0.2 0.22 0.28 0.29 0.31 0.32 0.325
0.34 

3rd control

1st control – biofilm formation of Kp10 under the stress of different concentrations of cefotaxime; 2nd control – biofilm formation of Kp10 under the stress of 
different percentages of H2O2; 3rd control – biofilm formation of Kp10 without stress of both agents; MIC – minimum inhibitory concentration.
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In K. pneumoniae, the biofilm polymer represents a sig-
nificant clinical challenge, particularly in nosocomial in-
fections and chronic conditions where antibiotic therapy 
often fails.2 The emergence and spread of multidrug-resis-
tant (MDR) and extensively drug-resistant (XDR) K. pneu-
moniae strains have markedly increased morbidity and 
mortality among infected patients.²

In the present study, we demonstrated that exposure 
of K. pneumoniae biofilms to sub-MICs of H2O2 resulted 
in a marked reduction in the production of the biofilm poly-
mer matrix. Scanning electron microscopy revealed that 
exposure to sub-MIC levels of H2O2 induced the formation 
of distinct pores within the biofilm structure, potentially 
facilitating antibiotic penetration. This effect significantly 
enhanced the antibacterial activity of cefotaxime, a third-
generation cephalosporin. The primary finding of this 
study is that sub-MICs of H2O2 can disrupt the synthesis 
or stability of the extracellular biofilm polymer matrix. 
Our results indicate a significant decrease in total biofilm 
biomass and polymeric content following H₂O₂ exposure, 
as evidenced by reduced crystal violet staining intensity and 
diminished carbohydrate content within the EPS fraction.

This finding is consistent with previous reports indicat-
ing that oxidative stress can interfere with biofilm regula-
tory pathways,24 including quorum sensing and cyclic di-
GMP signaling, both of which play central roles in biofilm 
matrix production and maintenance.25 It is plausible that 
H2O2 alters redox-sensitive regulatory networks in K. pneu-
moniae, leading to the downregulation of matrix-associ-
ated genes such as mrkA (fimbriae-related), wza (capsular 
polysaccharide export) and other genes involved in EPS 
biosynthesis.26

Previous studies have shown that sub-MICs of anti
biotics such as rifampicin, ceftriaxone and ofloxacin can 
reduce biofilm formation, which is particularly relevant 
to  the  present study.19–21 However, other reports have 
indicated that sub-MIC levels of certain antibiotics may 
instead induce biofilm formation,27 highlighting the need 
for further investigation to  clarify this phenomenon. 
While previous research has examined the bactericidal 
and anti-biofilm effects of H2O2 against various bacterial 
isolates,28,29 no prior studies have specifically investigated 
the impact of sub-MIC levels of H2O2 on the antibiotic 
susceptibility of pathogenic bacteria. Therefore, the pres-
ent study fills an important knowledge gap in this critical 
area of research.

The disruption of the solidity and integrity of the biofilm 
polymer matrix facilitates antibiotic penetration through 
the bacterial membrane, ultimately increasing antibiotic 
efficacy. Under normal conditions, the polysaccharide 
meshwork of the biofilm can markedly hinder the diffu-
sion of β-lactam antibiotics such as cefotaxime, thereby 
reducing their local concentration and allowing bacteria 
embedded in deeper biofilm layers to survive.30

However, when the biofilm polymer matrix is weakened 
by H2O2 pretreatment, a marked increase in antibiotic 

susceptibility can be observed, as evidenced by reduced 
viable cell counts and enhanced killing kinetics.31 This 
mechanism may help restore the bactericidal activity of ce-
fotaxime.31 Importantly, these findings do not reflect a di-
rect synergistic interaction between hydrogen peroxide 
and cefotaxime in planktonic cells, but rather a biofilm-
specific phenomenon, further confirming the critical role 
of  the  biofilm polymer matrix in  antibiotic tolerance. 
This observation aligns well with the results obtained 
in the present study.

The present study also supports the hypothesis that 
the biofilm polymer matrix plays an active role in the dy-
namic and metabolic response of K. pneumoniae to envi-
ronmental stress, such as exposure to H2O2. Thus, sub-
MICs of H2O2 may trigger oxidative stress responses that 
redirect bacterial energy and resources from polysaccha-
ride synthesis toward essential survival processes, includ-
ing macromolecular repair pathways.32 This shift reduces 
the production of the biofilm polymer matrix, thereby 
increasing bacterial susceptibility to antibiotics.

Thus, the present study supports an innovative strategy 
for the treatment of wound infections caused by broad-
spectrum resistant bacteria through the use of anti-biofilm 
agents, such as enzymes or oxidative compounds like H2O2 

(at low concentrations). This approach offers a comple-
mentary therapeutic avenue by weakening the protective 
biofilm barrier and enabling existing antibiotics to act 
more effectively. However, it  is  important to note that 
the clinical application of H2O2 should be approached 
with caution, given its potential cytotoxic effects at higher 
concentrations.

While sub-MICs of H2O2 were effective in vitro, their 
in vivo application must take into account host tissue com-
patibility, potential cytotoxicity and the risk of selecting for 
bacterial strains resistant to oxidative stress, as multiple 
physiological mechanisms may interfere with antimicrobial 
efficacy.33 In the present study, the concentrations of H2O2 

used ranged from ½ to 1/64 MIC, corresponding to 0.023% 
to 0.000719%. According to previous reports, these con-
centrations are considered safe for topical use, as studies 
have demonstrated that 0.5% H2O2 can be safely applied 
to the skin,34 and others have shown that 0.3%, 1% and 
even 3% H2O2 solutions are safe when used topically.35–37

Several nanotechnology-based delivery systems, such 
as H2O2-loaded nanocarriers, have been developed to en-
able controlled release and reduce toxicity, thereby making 
H₂O₂ safer for in vivo applications.38 Based on the pres-
ent findings, it can be proposed that low concentrations 
of H2O2 be used in combination with antibiotics such 
as cefotaxime for the topical treatment of wound infec-
tions (e.g., skin injuries), rather than for systemic in vivo 
administration, due to potential toxicity-related compli-
cations. However, further research is required to validate 
this approach and assess its clinical efficacy and safety.
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Limitations of the study

The present data focused on enhancing cefotaxime ef-
ficacy against a single clinical isolate of K. pneumoniae. 
The wider perspective may be developed in further studies, 
including investigations of multiple isolates, additional an-
tibiotics and in vivo models to assess clinical applicability. 
Thus, the data present our perspective on sub-MIC H₂O₂ 
effects; however, in the future, the interactions between 
oxidative stress, biofilm dynamics and antibiotic efficacy 
may be studied and analyzed in more detail.

Conclusions

The present study demonstrated that sub-MICs of H₂O₂ 
effectively disrupt the biofilm polymer matrix of K. pneu-
moniae by inducing pore formation within the biofilm struc-
ture. These concentrations significantly enhanced the effi-
cacy of cefotaxime by reducing its MIC values. The findings 
underscore the critical role of the biofilm matrix in antibiotic 
tolerance and support the concept of combining matrix-tar-
geting agents with conventional antibiotics as a promising 
therapeutic strategy against biofilm-associated infections. 
By weakening the physical barrier of the biofilm, it may be 
possible to overcome one of the major challenges in the treat-
ment of persistent bacterial infections.
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Abstract
Background. Natural gums offer environmentally friendly, biodegradable and non-toxic alternatives to syn-
thetic binders in pharmaceutical formulations. Cocoa pod gum (CPG), derived from cocoa pod husk (CPH), 
presents a sustainable and underexplored source for pharmaceutical application.

Objectives. This study investigates the potential of CPG as a natural binder in metronidazole tablet for-
mulations, evaluating its physicochemical and compressional properties, mechanical strength, drug release 
behavior, and compatibility with the active pharmaceutical ingredient.

Materials and methods. The CPG was extracted from CPH and characterized alongside xanthan gum 
(XNG), a standard natural binder. Physicochemical analyses included pH, flow properties, viscosity, particle 
size, crystallinity, and thermal behavior. Compaction behavior was assessed using Heckel and Kawakita 
equations. Metronidazole tablets were formulated with varying concentrations (10–20% w/w) of both 
gums and evaluated for hardness, friability, disintegration time, and in vitro drug release. Compatibility was 
examined using Fourier transform infrared spectroscopy (FTIR).

Results. Cocoa pod gum demonstrated better flow properties and swelling capacity, while XNG showed 
higher viscosity and plastic deformation, yield pressure (Py) and PK values. Tablets formulated with XNG had 
greater hardness and slower disintegration, resulting in more delayed drug release. Cocoa pod gum-based 
tablets disintegrated faster and showed rapid drug release, making them more suitable for immediate 
release formulations. Fourier transform infrared spectroscopy confirmed no drug-excipient incompatibilities.

Conclusions. Cocoa pod gum exhibits promising binder properties comparable to XNG and may serve 
as a cost-effective, sustainable and biocompatible alternative to conventional excipients in tablet formulations.

Key words: drug release, cocoa pod gum, natural binder, tablet formulation, compaction behavior
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Highlights
•	� Cocoa pod gum (CPG) offers a biodegradable and sustainable alternative to synthetic binders in pharmaceutical 

tablets.
•	� CPG-based metronidazole tablets show faster disintegration and drug release, ideal for immediate release 

formulations.
•	� Compared to xanthan gum, CPG demonstrates superior flow properties and swelling capacity with no drug 

incompatibility.
•	� CPG is a cost-effective, eco-friendly binder with physicochemical properties suitable for tablet formulation.

Background

Natural gums and mucilages are biopolymers that pro-
vide eco-friendly, biocompatible, biodegradable, and cost-
effective alternatives to synthetic excipients in pharma-
ceutical formulations.1–3 These plant-derived polymers 
serve multiple functional roles – including binders, disin-
tegrants, stabilizers, and release modifiers – across vari-
ous dosage forms.1,4

Unlike synthetic polymers, which may have challenges 
regarding toxicity, biocompatibility, biodegradability, and 
environmental concerns, natural gums are non-toxic and 
non-irritant, making them ideal for sustainable drug de-
livery systems.2,4 The polysaccharide structures of nat-
ural gums allow for chemical modifications to enhance 
their performance in  modified drug delivery systems 
applications.5–7

Agricultural by-products are increasingly explored 
as sustainable sources of functional polymers.8–10 The large 
quantities of agro-industrial waste generated worldwide 
contribute substantially to environmental pollution and 
greenhouse gas emissions.11 Valorizing such waste through 
its conversion into useful bioproducts not only mitigates 
environmental impacts but also enhances its economic 
value.

Cocoa pod husk (CPH), a major by-product of Theo-
broma cacao, is rich in polysaccharides and represents 
a promising raw material for gum extraction.12,13 Cocoa 
pod gum (CPG), derived from CPH, has demonstrated po-
tential as a binder in tablet formulations, offering an in-
novative and sustainable approach to excipient develop-
ment.14 Metronidazole is a widely used nitroimidazole 
antimicrobial that is effective against anaerobic bacteria 
and protozoa. It is commonly formulated in tablet dosage 
forms, where the binder plays a crucial role in ensuring 
adequate mechanical strength, disintegration, and disso-
lution efficiency.

Objectives

Traditional binders such as starch and synthetic poly-
mers have long been used in tablet formulations; however, 

they may pose challenges related to cost, potential toxic-
ity and limited sustainability.4 Consequently, the search 
for novel, plant-based binders has become increasingly 
important. Cocoa pod gum represents a promising alter-
native, offering a sustainable, eco-friendly and cost-effec-
tive option compared with conventional synthetic poly-
mers. The present study explores the applicability of CPG 
as a binding agent in metronidazole tablet formulations. 
The study aims to evaluate the compressional behavior, 
mechanical properties, drug release profile, and compat-
ibility of CPG with metronidazole, using xanthan gum 
(XNG) as a standard binder for comparison.

Materials and methods

The materials used in this study included metronidazole 
(a gift from Exus Pharmaceuticals, Ejirin, Nigeria), xan-
than gum (Jungbunzlauer, Germany), lactose monohydrate 
(Ind-Swift Labs Ltd., Parwanoo, India), corn starch (S.D. 
Fine Chemicals, Mumbai, India), magnesium stearate (Loba 
Chemie Ltd., Mumbai, India), and CPH (locally sourced). 
All other solvents and reagents used were of analytical grade.

Collection and extraction of cocoa pod 
gum from Theobroma cacao

Dried CPHs were locally sourced in Ago-Iwoye, Nigeria. 
The husks were sun-dried for approx. 2 weeks, ground into 
a fine powder, sieved and further dried in a hot-air oven. 
Briefly, 500 g of CPH powder were subjected to aqueous 
extraction by boiling in 3 L of distilled water at 80°C for 
2 h with continuous stirring. The resulting mixture was fil-
tered through white muslin cloth, and the filtrate was treated 
with acetone in a 3 : 1 (v/v) ratio to precipitate the gum. 
The precipitate was collected by filtration and dried in a des-
iccator. The dried product, referred to as CPG, was then 
ground and passed through a fine sieve.

Phytochemical screening

Cocoa pod husk and the CPG were subjected to phy-
tochemical screening using well-established procedures 
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to detect the major classes of secondary metabolites.14 
The frothing test was used for the detection of saponins, 
while Molisch’s test confirmed the presence of carbohy-
drates. Alkaloids were identified using Mayer’s, Dragen-
dorff ’s and Wagner’s reagents. Proteins were detected 
by the Biuret and Ninhydrin tests. Additional phytochemi-
cal constituents screened included lignin, tannins, flavo-
noids, and triterpenoids.

Physicochemical properties

pH determination

A dispersion of each gum was prepared by dissolving 
1 g of CPG or XNG in 50 mL of distilled water and al-
lowed to stand. The supernatant pH was then measured 
with a Jenway pH meter model 3510 (Jenway, Great Dun-
mow, UK). Each measurement was performed 3 times, and 
the mean value was calculated.

Density and flow properties determination

The bulk density, tapped density and true density of both 
gums were determined using standard procedures as de-
scribed by Adeleye et al.14 Flow properties – including 
the angle of repose, Hausner’s ratio and Carr’s index – were 
also evaluated following the methods outlined in the same 
reference.14

Mean particle size distribution determination

The mean particle size distribution of each gum was 
determined by sieving 20 g of sample through a series 
of  sieves arranged in  descending mesh sizes (1.0  mm 
to 90 µm). The sieve stack was mounted on a mechanical 
shaker (Endecotts, London, UK) and operated for 15 min 
at room temperature to facilitate particle separation ac-
cording to size. The material retained on each sieve was 
weighed, the percentage retained was calculated, and these 
values were used to compute the mean particle size for 
each gum.15

Moisture content

The loss on drying method was employed to determine 
the moisture content. A 5 g portion of gum was weighed 
and placed into a pre-tarred glass petri dish and dried 
in an oven at 105°C to constant weight. The percentage 
of moisture loss was calculated by subtracting the weight 
after drying from the initial weight, divided by the weight 
after drying and multiplying by 100.

Swelling capacity

Three grams each of gum were transferred into sepa-
rate 50 mL measuring cylinders, followed by the addition 
of 20 mL of distilled water. The cylinder was agitated at 10-
min intervals for 1 h at room temperature, then it was left 
undisturbed at room temperature for 5 h. Swelling capacity 
(%) was calculated as the difference between the hydrated 
and initial tapped volumes of the gum, divided by the ini-
tial tapped volume and multiplied by 100.

Viscosity of gum

The viscosity of each gum was determined using 2% w/v 
aqueous dispersions, which were allowed to hydrate for 
2 h before measurement. Viscosity was measured at room 
temperature using a Brookfield DV-II+ Pro viscometer 
(AMETEK Brookfield, Middleboro, USA) fitted with spin-
dle No. 2, operating at a shear rate of 50 rpm.

Physicochemical characterizations 
of the gums

The physicochemical characteristics of the gums were 
evaluated using scanning electron microscopy (SEM), 
Fourier-transform infrared (FTIR) spectroscopy, X-ray 
diffraction (XRD), and differential scanning calorime-
try (DSC), following the procedures described by Adeleye 
et al.14 Scanning electron microscopy was employed to ex-
amine the shape and surface morphology of the gums. 
A focused electron beam was directed onto the sample 
surface to obtain high-resolution images at various mag-
nifications. Fourier-transform infrared spectroscopy 
was performed using an FTIR spectrophotometer, with 
the samples prepared as potassium bromide (KBr) pellets. 
The crystallinity of the gum samples was determined us-
ing XRD to evaluate their amorphous or crystalline na-
ture. The thermal behavior of  the gums was analyzed 
using DSC, which measures differences in heat flow as-
sociated with physical and chemical transitions within  
the samples.

Preparation of gum compacts

Tablet compression was carried out using a  Carver 
hydraulic manual hand press (Model C; Carver Inc., 
Menomonee Falls, USA). Briefly, 500 mg portions of CPG 
and XNG powders were individually compressed into 
tablets using a 10 mm diameter die fitted with flat-faced 
punches. A 1% w/v solution of magnesium stearate in eth-
anol was applied to the die surfaces as a lubricant prior 
to compression.

Tablets were compressed at 6 different pressure values – 
28.82, 56.64, 84.96, 113.28, 141.60, and 169.92 MPa – with 
a dwell time of 30 s. After ejection, the tablets were stored 
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over silica gel for 24 h to allow for elastic recovery. Tablet 
weight, thickness and diameter were then measured using 
standard procedures.

Compaction properties

Heckel plot

The Heckel equation, proposed by Heckel,16 is commonly 
used to study the compaction behavior of powders. It re-
lates the relative density of a powder bed (D) to the applied 
compression pressure (P).

The Heckel equation is expressed as:

where: D – relative density of the compact at pressure P, 
K – slope of the linear portion of the plot and A – inter-
cept of the extrapolated linear region. The reciprocal slope 
K = mean yield pressure (Py) of the material. The intercept 
A is related to the original compact volume and reflects 
2 stages of consolidation – densification due to the initial 
relative density of the powder and densification by particle 
rearrangement before deformation.

The relative density of powder bed at the onset of plastic 
deformation (DA) is calculated using

The relative density (D0) –  the density at zero pres-
sure – describes the initial rearrangement phase of den-
sification immediately after die filling, before compres-
sion. While the relative density of powder at low pressure 
(DB) describes the extent of particle rearrangement at low 
pressures during initial stages of compression before plas-
tic deformation is defined as

Kawakita equation

The Kawakita equation describes the relationship be-
tween the volume reduction of a powder bed and the ap-
plied pressure during compression.17 It is expressed as 
follows:

The equation can be simplified to yield:

where: C – degree of volume reduction, V0 – initial volume 
of the powder bed, VP – volume under applied pressure P, 
and a and b are constants characteristic of the powder 
material. A plot of P/C vs P is used to obtain the con-
stants a and b. Constant “a” is the minimum porosity before 

pressure is applied, while the reciprocal of the constant “b” 
is designated as PK, which represents the pressure required 
to reduce the powder bed volume by 50%.

Determination of mechanical properties 
of compact

Tablet hardness test

Tablet hardness was determined using a  Monsanto 
hardness tester (Campbell Electronics, Mumbai, India). 
Each tablet was placed between the spindle and the anvil 
of the tester, and the knob was gently turned until the tab-
let was held firmly in position. The pointer was then set 
to 0, and pressure was gradually applied until the tablet 
fractured diametrically. The pressure at the point of frac-
ture was recorded as the hardness value. This procedure 
was repeated 3 times for each tablet batch.

Tablet friability test

Tablet friability was determined using a Veego tablet fri-
ability apparatus (Veego Scientific Devices, Mumbai, In-
dia). Ten tablets were collectively weighed (W₁) and placed 
in the friabilator, which was operated at 25 rpm for 4 min. 
The tablets were then removed, dedusted and reweighed 
(W₂). The percentage friability was calculated using the fol-
lowing equation:

This determination was carried out in triplicate, and the 
mean value was recorded..

Formulation of metronidazole tablet

Briefly, 200 mg of metronidazole powder was blended 
with 5 different concentrations (10.0% w/w, 12.5% w/w, 
15.0% w/w, 17.5% w/w, and 20.0% w/w) of CPG and XNG, 
respectively, to yield a total of 10 formulations, as pre-
sented in Table 1. Each formulation also contained 50 mg 
of corn starch as a disintegrant, and the total tablet weight 
was adjusted to 100% using lactose monohydrate as a filler. 
The powder blend was mixed in a planetary mixer for 
5 min. Then, 400 mg of the blend from each formulation 
batch was directly compressed using a Carver hydraulic 
manual hand press (Model 38510E; Carver Inc.) fitted with 
flat-faced 10 mm diameter punches. A 1% w/v solution 
of magnesium stearate in ethanol was applied to the die 
surfaces as a lubricant prior to compression. Tablets were 
compressed at a pressure of 113.28 MPa with a dwell time 
of 30 s.
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Table 1. Tablet formulation composition

Ingredients MCP1 MCP2 MCP3 MCP4 MCP5 MXN1 MXN2 MXN3 MXN4 MXN5

Metronidazole 
(% w/w)

50.0 50. 0 50.0 50.0 50.0 50.0 50.0 50.0 50.0 50.0

Cocoa pod gum 
(% w/w)

10.0 12.5 15.0 17.5 20.0 – – – – –

Xanthan gum 
(% w/w)

– – – – – 10.0 12.5 15.0 17.5 20.0

Corn starch  
(% w/w)

12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5

Lactose  
(% w/w)

27.5 25.0 22.5 20.0 17.5 27.5 25.0 22.5 20.0 17.5

MCP1, MCP2, MCP3, MCP4 and MCP5 – metronidazole tablets containing 10.0% w/w, 12.5% w/w, 15.0% w/w, 17.5% w/w, and 20.0% w/w cocoa pod gum, 
respectively; MXN1, MXN2, MXN3, MXN4 and MXN5 – metronidazole tablets containing 10.0% w/w, 12.5% w/w, 15.0% w/w, 17.5% w/w, and 20.0% w/w 
xanthan gum, respectively.

Metronidazole tablet evaluation

Tablet hardness and friability were determined following 
the procedure used for evaluating the mechanical proper-
ties of compacts.

Assessment of disintegration time  
of metronidazole tablet

The disintegration test was performed using a DBK tab-
let disintegration apparatus (DBK Instruments, Mum-
bai, India), with distilled water maintained at 37 ±0.5°C 
as  the  disintegration medium. The  time required for 
each tablet to completely disintegrate and pass through 
the mesh was recorded. All measurements were carried 
out in triplicate, and the mean disintegration time was 
calculated.

Calibration curve of metronidazole

A calibration curve for metronidazole was constructed 
by preparing standard solutions in 0.1 N hydrochloric 
acid (HCl) at concentrations ranging from 1 to 6 µg/mL. 
The absorbance of each solution was measured at 278 nm 
using a Jenway UV-7305 UV–Visible spectrophotometer 
(Jenway), and the resulting data were used to generate a lin-
ear equation.

Dissolution profile of metronidazole tablet

Drug release was evaluated using a USP rotating bas-
ket dissolution apparatus (Biobase Model BK-RC1; Bio-
base Biodustry Co., Ltd., Jinan, China) operated at 50 rpm 
in 900 mL of 0.1 N hydrochloric acid (HCl) as the dissolu-
tion medium, maintained at 37 ±0.5°C. At predetermined 
time intervals, 5 mL samples were withdrawn and imme-
diately replaced with an equal volume of fresh dissolution 
medium. The withdrawn samples were analyzed spec-
trophotometrically at 278 nm using a Jenway UV-7305 

UV–Visible spectrophotometer (Jenway). All tests were 
performed in triplicate, and the mean values ± standard 
deviation (SD) were recorded. The percentage of drug re-
leased at each time point was calculated from the calibra-
tion curve (Fig. 1).

Statistical analyses

All statistical analyses were performed using Microsoft 
Excel 2013 (Microsoft Corp., Redmond, USA) and Graph-
Pad Prism v. 5.01 (GraphPad Software, San Diego, USA). 
Results are expressed as mean ± SD from at least 3 repli-
cates for each analysis. Student’s t-test and one-way analy-
sis of variance (ANOVA) were employed to evaluate signifi-
cant differences among the tablet formulations. A p < 0.05 
was considered statistically significant in all cases.

Results

Physicochemical properties the gums

The physicochemical properties of CPG and XNG, includ-
ing color, odor, particle size, true and bulk densities, and flow 
indices (Hausner’s ratio, Carr’s index, and angle of repose), 

Fig. 1. Calibration curve of metronidazole at 278 nm
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are summarized in Table 2. Additional parameters evalu-
ated included swelling capacity, moisture content, viscos-
ity, pH, and crystallinity index to assess their suitability for 
tablet formulation.

Cocoa pod gum appeared as  a  dark brown powder 
with a characteristic coffee-like odor, whereas XNG was 
white and odorless. The mean particle diameter of CPG 
(118.61  μm) was larger than that of  XNG (83.08  μm). 
Regarding densities, the true density of XNG (1.352 g/
cm³) was higher than that of CPG (1.198 g/cm³). The bulk 
and tapped densities of both gums were relatively similar; 
however, XNG exhibited a slightly higher tapped density 
(0.769 g/cm³) compared with CPG (0.690 g/cm³).

Regarding flow properties, XNG exhibited a higher Haus-
ner’s ratio (1.44) and compressibility index (30.66%) com-
pared with CPG, which showed a Hausner’s ratio of 1.30 
and a compressibility index of 23.20%. The angle of repose 
was significantly higher for XNG (23.96°) than for CPG 
(20.53°) (p < 0.001), indicating poorer flowability of XNG. 
In contrast, CPG exhibited a significantly higher moisture 
content (18.20%) compared with XNG (11.20%) (p < 0.001).

A similar trend was observed for swelling capacity, where 
CPG demonstrated a significantly greater swelling capacity 
(60.45%) compared with XNG (51.53%) (p < 0.001). The pH 
values of both gums were near neutral, with CPG exhibit-
ing a pH of 7.2 and XNG a pH of 6.8, indicating good com-
patibility for oral formulations. Interestingly, CPG showed 
a markedly higher crystallinity index (84.14%) than XNG 
(44.74%).

Phytochemical properties of the gums

The  phytochemical constituents of  CPH and CPG 
were evaluated, and the results are presented in Table 3. 
The CPH extract contained a wide range of phytochemi-
cals, including saponins, tannins, alkaloids, carbohydrates, 
flavonoids, proteins, lignin, and triterpenoids, whereas 
these constituents were absent in the purified gum (CPG).

Compressional properties of the gums

The  compressional behavior of  CPG and XNG was 
evaluated using the Heckel and Kawakita equations, and 
the results are presented in Table 4. The Heckel model de-
scribes the relationship between applied compression pres-
sure and powder bed porosity, providing parameters such 
as the mean yield pressure (Pγ) and initial relative density 
(D₀). Xanthan gum exhibited a lower Pγ value (74.41 MPa) 
compared with CPG (138.52 MPa), indicating that XNG 
deforms more readily under pressure. In contrast, CPG 
showed a higher D₀ (0.445) than XNG (0.394).

The Kawakita model, which assesses volume reduction 
under pressure, provided values for total compressibility 
(a) and PK (pressure to reduce volume by 50%). Xanthan 
gum demonstrated a higher Di (0.420) than CPG (0.388), 
with a lower PK value (6.57) compared to CPG (7.88).

Table 2. Physicochemical properties of the gums

Parameters CPG XNG

Color dark brown white

Odor coffee odorless

Mean particle diameter [μm] 118.61 83.08

True density [g/cm3] 1.198 ±0.21 1.352 ±0.09

Bulk density [g/cm3] 0.534 ±0.11 0.533 ±0.21

Tapped density [g/cm3] 0.690 ±0.15 0.769 ±0.18

Hausner’s ratio 1.30 1.44

Carr’s index [%] 23.20 30.66

Angle of repose [°] 20.53 ±0.63 23.96 ±0.52

Moisture content [%] 18.20 ±0.41 11.20 ±0.48

Swelling capacity [%] 60.45 ±0.05 51.53 ±0.01

Viscosity [cP] 870 3,620

pH 7.2 ±0.37 6.8 ±0.18

Crystallinity index [%] 84.14 44.74

CPG – cocoa pod gum; XNG – xanthan gum.

Table 3. Phytochemical screening of CPH and CPG

Constituent CPH CPG

Saponin + −

Tannins + −

Alkaloids + −

Carbohydrate + −

Flavonoids + −

Protein + −

Lignin + −

Triterpenoids + −

+ present; − absent; CPG – cocoa pod gum; CPH – cocoa pod husk.

Table 4. Heckel’s and Kawakita’s plots parameters

Sample 
Heckel Kawakita

DA DB D0 Py Di(1-a) PK

CPG 0.752 0.307 0.445 138.52 0.388 7.88

XNG 0.763 0.369 0.394 74.41 0.420 6.57

CPG – cocoa pod gum; XNG – xanthan gum, DA – relative density of 
powder bed at the onset of plastic deformation, DB – relative density of 
powder at low pressure, D0 – relative density of powder at zero pressure, 
Py – mean yield pressure, Di – initial relative density, PK – pressure 
required to reduce powder bed by 50%

Mechanical properties of compacts

The results of hardness and percentage friability of tab-
lets compressed at varying pressures (28.82–169.92 MPa) 
are presented in Table 5. Both gums exhibited increased 
hardness and reduced friability with increasing compres-
sion pressure. However, XNG produced tablets with sig-
nificantly higher hardness and lower friability than those 
formulated with CPG at all pressure levels (p < 0.001).
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SEM analysis of the gums

The scanning electron micrographs of CPG and XNG 
are shown in Fig. 2. The surface morphology of CPG dis-
played irregular, coarse and aggregated particles with 
rough surfaces and non-uniform edges, whereas XNG ex-
hibited a finer and more fibrous morphology characterized 
by fragmented and elongated particles.

FTIR spectroscopy of the gums

The FTIR spectra of CPG and XNG are shown in Fig. 3. 
Both gums exhibited characteristic absorption bands typi-
cal of polysaccharides, including a broad O–H stretching 
vibration in the region of 3,750–3,925 cm–1 and a distinct 
C–H or secondary O–H stretching band around 2,645–
2,650 cm–1. No new peaks or significant peak shifts were 
observed in either spectrum. However, CPG displayed con-
sistently higher peak intensities across all major absorp-
tion regions.

XRD analysis of the gums

The structural characteristics of CPG and XNG were 
further examined using XRD, and the resulting diffracto-
grams are presented in Fig. 4. The XRD patterns of both 
gums revealed distinct diffraction profiles, reflecting 
differences in their molecular organization and degree 

Table 5. Percent friability and hardness of compact

Sample 
code 

Applied pressure 
[MPa] Friability [%] Crushing 

strength [N]

CPG 28.82 
56.64 
84.96 

113.28 
141.60 
169.92

0.51 ±0.03 
0.36 ±0.01 
0.28 ±0.04 
0.15 ±0.06 
0.09 ±0.04 
0.00 ±0.03

95.50 ±0.20 
108.83 ±0.16 
125.80 ±0.38 
182.85 ±0.28 
196.17 ±0.12 
211.90 ±0.31

XNG 28.82 
56.64 
84.96 

113.28 
141.60 
169.92

0.18 ±0.12 
0.14 ±0.02 
0.08 ±0.05 
0.02 ±0.01 
0.00 ±0.15 
0.00 ±0.10

109.83 ±0.17 
171.30 ±0.53 
213.00 ±0.25 
299.50 ±0.32 
374.00 ±0.44 
345.30 ±0.20

CPG – cocoa pod gum; XNG – xanthan gum.

Fig. 2. Scanning electron micrographs of cocoa pod gum and xanthan gum

cocoa pod gum xanthan gum

Fig. 3. Fourier transform infrared spectroscopy (FTIR) of cocoa pod gum (A) and xanthan gum (B)
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of crystallinity. Cocoa pod gum displayed a sharp and well-
defined diffraction peak at 2θ ≈ 26.7°, indicating a higher 
level of crystallinity, whereas XNG showed a broad peak 
with maximum intensity in the 2θ region of 16–22°, char-
acteristic of amorphous materials.

Thermal analysis of the gums

The thermal behavior of the isolated gums was analyzed 
using DSC to evaluate their thermal stability, and the re-
sulting thermograms are presented in Fig. 5. Cocoa pod 
gum exhibited a broad endothermic transition with an on-
set temperature of 30.16°C, a peak at 115.86°C, and an end-
set at 145.32°C. In contrast, XNG displayed a thermal tran-
sition beginning at 73.09°C, peaking at 81.00°C and ending 
at 243.65°C.

Compatibility studies

To ensure the safe and effective use of CPG as a binder 
in metronidazole tablet formulations, drug–excipient com-
patibility studies were performed using FTIR spectroscopy 
to evaluate potential interactions between metronidazole 
and CPG. The FTIR spectra of pure metronidazole, CPG 
and their physical mixture are presented in Fig. 6.

Mechanical properties and disintegration 
time of metronidazole tablet formulations

The  mechanical properties (hardness and friability) 
and disintegration times of  metronidazole tablets for-
mulated with CPG and XNG as binders are presented 
in Table 6. A statistically significant progressive increase 
in tablet hardness (p < 0.001) was observed with increasing 
binder concentration for both formulations. Tablet hard-
ness ranged from 3.82 kgf (MCP1) to 6.05 kgf (MCP5) for 
the CPG-based tablets and from 5.08 kgf (MXN1) to 8.17 kgf 
(MXN5) for the XNG-based tablets. A corresponding de-
crease in friability was observed with increasing binder Fig. 6. Drug-excipient compatibility
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Fig. 5. Differential scanning calorimetry (DSC) thermograms of cocoa pod gum (A) and xanthan gum (B)
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Table 6. Mechanical properties and disintegration time of metronidazole 
tablet formulations

Formulation Hardness [kgf] Friability [%] Disintegration 
time [min]

MCP1 3.82 ±1.32 2.32 ±0.04 4.54 ±0.82

MCP2 4.65 ±0.71 1.95 ±0.12 5.33 ±0.68

MCP3 5.12 ±1.05 1.01 ±0.26 6.82 ±0.22

MCP4 5.28 ±1.52 0.86 ±0.08 7.37 ±1.04

MCP5 6.05 ±0.77 0.81 ±0.10 9.42 ±0.28

MXN1 5.08 ±0.26 1.09 ±0.02 6.81 ±0.39

MXN2 5.67 ±0.50 0.86 ±0.21 8.34 ±0.63

MXN3 6.52 ±0.41 0.69 ±0.45 11.51 ±0.92

MXN4 7.24 ±0.63 0.52 ±0.05 12.34 ±0.23

MXN5 8.17 ±1.21 0.35 ±0.01 15.86 ±0.67

MCP1, MCP2, MCP3, MCP4 and MCP5 – metronidazole tablets containing 
10.0%w/w, 12.5%w/w, 15.0%w/w, 17.5%w/w and 20.0%w/w cocoa pod gum 
respectively; MXN1, MXN2, MXN3, MXN4 and MXN5 – metronidazole tablets 
containing 10.0% w/w, 12.5% w/w, 15.0% w/w, 17.5% w/w and 20.0% w/w 
xanthan gum respectively. 

concentration, ranging from 2.32% to 0.81% for the CPG 
formulations (MCP1–MCP5) and from 1.09% to 0.35% for 
the XNG formulations (MXN1–MXN5). Tablets contain-
ing xanthan gum exhibited significantly lower friability 
(p < 0.003) compared with those containing CPG. Disin-
tegration time increased with higher binder concentration, 
ranging from 4.54 min (MCP1) to 9.42 min (MCP5) for 
the CPG tablets, and from 6.81 min (MXN1) to 15.86 min 
(MXN5) for the XNG tablets. Xanthan gum-based tab-
lets exhibited significantly longer disintegration times 
(p < 0.001) compared with CPG-based tablets at corre-
sponding binder concentrations. However, all formulations 
generally complied with the United States Pharmacopeia 
(USP) disintegration limit of not more than 15 min, except 
for MXN5, which marginally exceeded this specification.

In vitro drug release profiles 
of metronidazole tablet formulations

The in vitro release profiles of metronidazole tablet for-
mulations containing CPG and XNG as binders are shown 
in Fig. 7. Drug release was monitored over a 60-min pe-
riod to evaluate the effect of binder type and concentration 
on the release profile. All formulations exhibited a time-
dependent release pattern, with the percentage of drug re-
leased increasing progressively with time.

Cocoa pod gum formulations demonstrated faster drug 
release, achieving more than 85% release within 30 min 
across all batches and reaching up to 99.4% at 60 min. In con-
trast, XNG formulations exhibited a slower release profile, 
with cumulative drug release ranging from 79.1% to 92.8% 
at 60 min, and only the lower-concentration batches achiev-
ing ≥85% release within the first 30 min. Tablets formulated 
with lower binder concentrations exhibited faster drug re-
lease, whereas those containing higher binder levels showed 

a more sustained release profile. In general, CPG formula-
tions complied with the USP dissolution requirement of not 
less than 85% drug release within 30 min. By contrast, for-
mulations containing higher concentrations of XNG dis-
played a slower release profile, with partial deviation from 
the USP specification for immediate-release tablets.

Discussion

The  physicochemical properties of  CPG and XNG, 
as presented in Table 2, are essential for evaluating their 
suitability and acceptability as pharmaceutical excipi-
ents – particularly with respect to appearance, flow be-
havior, swelling capacity, viscosity, and structural integ-
rity. The observed physicochemical characteristics of both 
gums indicate distinct differences that may influence their 
functional performance in pharmaceutical formulations.

Cocoa pod gum exhibited a darker color and a character-
istic coffee-like odor, whereas XNG was white and odorless, 
reflecting differences in their botanical source and purity 
profiles. The mean particle size of CPG was larger than 
that of XNG, which may influence powder flow and com-
pressibility. According to standard pharmacopeial clas-
sification, angle of repose values below 30° indicate good 
flow, values above 40° suggest irregular flow, and those 
exceeding 50° denote poor flow.

Similarly, a Carr’s index of 5–15% indicates excellent 
flow, 16–18% good, 19–25% fair, 26–35% poor, and values 
above 40% denote cohesive powders with very poor flow. 
Similarly, Hausner’s ratio values below 1.25 reflect good 
flow, whereas values above 1.25 indicate poor flow charac-
teristics. The flowability indicators, including Carr’s index 
and Hausner’s ratio, suggested better flow for CPG com-
pared with XNG, a trend further supported by the lower 
angle of repose observed for CPG.

Specifically, the angle of repose was significantly higher 
for XNG (23.96°) than for CPG (20.53°) (p < 0.001), al-
though both values fall within the range indicative of good 
flow. However, XNG exhibited a  higher Carr’s index 
(30.66%) and Hausner’s ratio (1.44), corresponding to poor 

Fig. 7. Drug release profiles of metronidazole
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flow, compared with CPG, which showed a Carr’s index 
of 23.20% (fair flow) and a Hausner’s ratio of 1.30 (poor 
flow). These differences may influence blend uniformity 
and tablet die filling during formulation. Xanthan gum 
exhibited markedly higher viscosity than CPG, suggest-
ing superior gelling and thickening properties. The crys-
tallinity index of XNG was lower than that of CPG, indi-
cating its predominantly amorphous nature. This lower 
degree of crystallinity contributes to the higher viscos-
ity of XNG, as previously reported by Yahoum et al.18 and 
supported by additional findings.19 Phytochemical screen-
ing was conducted to determine the presence of bioac-
tive compounds that may influence the functional and 
therapeutic properties of the materials. Cocoa pod husk 
contains a wide range of phytochemicals, whereas these 
constituents are absent in CPG, as presented in Table 3. 
This confirms that the purification process effectively re-
moved the bioactive components, yielding a chemically 
inert polysaccharide matrix desirable for pharmaceutical 
use, as it enhances the biocompatibility, chemical stability 
and safety of the gum in drug formulations, minimizing 
the risk of drug–excipient interactions.

The compressional behavior of CPG and XNG as phar-
maceutical excipients was evaluated using the Heckel and 
Kawakita equations, which provide insight into the mech-
anism of powder densification under applied pressure – 
an important factor that determines the tabletability and 
compaction ability of powders during direct compression. 
These models enable a comparative assessment of the com-
pressibility and deformation characteristics of the gums, 
supporting their potential use as functional tablet bind-
ers or matrix-forming agents. The Py value obtained from 
the Heckel analysis was significantly lower for XNG than 
for CPG, indicating that XNG undergoes plastic deforma-
tion more readily under applied pressure. Similarly, the PK 
value obtained from the Kawakita analysis, which represents 
the pressure required to achieve a 50% volume reduction, 
was lower for XNG than for CPG. This further confirms that 
XNG exhibits greater plasticity and better packing ability, 
making it more favorable for direct compression processes. 
The mechanical strength of compacts prepared using both 
gums, as evaluated by crushing strength and friability, re-
vealed significant differences in compaction behavior and 
binding efficiency across increasing compression pressures. 
Hardness provides a measure of the mechanical integrity 
of a tablet, while friability assesses its tendency to crumble 
under abrasion.20 For both gums, an increase in applied 
pressure led to a corresponding increase in hardness and 
a decrease in friability, demonstrating improved compact 
consolidation and mechanical resistance to abrasion.

However, XNG produced compacts with higher hardness 
at all pressure levels compared to CPG. This suggests that 
XNG exhibits greater plastic deformation and interparticle 
bonding,21 which aligns with its lower Py and PK values 
observed in the Heckel and Kawakita analyses. These find-
ings are consistent with literature reports indicating that 

XNG imparts excellent mechanical strength to materi-
als.22 The large, aggregated structures with rough surfaces 
and non-uniform edges observed in CPG suggest a limited 
surface area, which may contribute to slower hydration 
rates and prolonged swelling in aqueous environments. 
In contrast, the finer, more fibrous morphology of XNG, 
characterized by fragmented and elongated particles, indi-
cates greater surface area exposure, potentially facilitating 
faster water uptake and more rapid hydration dynamics.

Fourier transform infrared spectroscopy was used 
to identify and compare the functional groups present 
in CPG and XNG. The spectra provided insight into their 
compatibility and chemical composition. Both gums ex-
hibited characteristic polysaccharide functional groups 
typically associated with natural gums.23,24 However, CPG 
showed higher peak intensities across all major regions, im-
plying a greater concentration of active functional groups 
that may influence its performance as a pharmaceutical 
excipient. Cocoa pod gum exhibits greater thermal sensi-
tivity and is more suitable for low-temperature processing; 
therefore, its use requires careful handling to prevent deg-
radation. In contrast, XNG demonstrates higher thermal 
stability, making it ideal for thermally intensive applica-
tions. The potential physicochemical interactions between 
metronidazole and CPG, evaluated with FTIR, confirmed 
the absence of new absorption bands or significant peak 
shifts, indicating that metronidazole and XNG are chemi-
cally compatible.

The mechanical properties of tablet formulations are im-
portant factors in determining their ability to withstand 
stresses during manufacturing, packaging, transporta-
tion, and administration without compromising tablet in-
tegrity.25 As shown in Table 6, increasing the concentra-
tions of both CPG and XNG led to greater tablet hardness 
and reduced friability, indicating enhanced mechanical 
strength and cohesive integrity. This trend is consistent 
with the expected behavior of binders, where higher poly-
mer content promotes interparticulate bonding, adhesion 
and cohesion during compression, resulting in stronger 
tablets. It also aligns with the results of the mechanical 
strength of compacts reported in Table 5.25,26 The differ-
ences observed in the mechanical properties of these gums 
may be attributed to the inherent physicochemical charac-
teristics and smaller particle size of XNG, which facilitate 
more efficient particle packing and binding during com-
pression. Literature indicates that smaller particle sizes en-
hance interparticulate contact, promoting stronger bond-
ing and increased tensile strength in tablets.27 Moreover, 
the prolonged disintegration time observed in XNG-based 
tablets could be a direct consequence of stronger inter-
particulate bonding. This is further supported by the Py 
and PK values obtained in this study, which align with 
the superior compressional behavior and binding effi-
ciency of XNG. The in vitro drug release study of metro-
nidazole tablets was conducted to evaluate the influence 
of binder type and concentration on the drug’s release 
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profile. The results revealed that drug release was both 
time- and concentration-dependent, with the percentage 
of drug released increasing over time but decreasing with 
increasing binder concentration. Tablets formulated with 
XNG exhibited a more pronounced retardation in drug 
release compared with those containing CPG. This ob-
servation may be attributed to the higher viscosity and 
mechanical strength of XNG, as evidenced by the data 
presented in Tables 2 and 6.

The elevated viscosity of XNG contributes to the for-
mation of a dense hydration layer and gel matrix upon 
contact with the dissolution medium, thereby extending 
the diffusional path length and impeding drug diffusion 
through the gel layer.28 Furthermore, the enhanced me-
chanical strength resulting from XNG’s plastic deforma-
tion characteristics produces tablets with greater compact 
density and lower porosity. This structural compactness 
limits the penetration of the dissolution medium, reduces 
surface area exposure, and ultimately delays the drug dis-
solution process.29

Conclusions

The study demonstrates that both CPG and XNG are 
effective natural binders in metronidazole tablet formula-
tions. An increase in binder concentration resulted in im-
proved mechanical properties and slower disintegration 
and drug release. Xanthan gum produced compacts with 
higher hardness and slower drug release, attributed to its 
higher viscosity, greater plastic deformation capacity, and 
stronger interparticulate bonding. On the other hand, CPG 
produced tablets with faster disintegration and higher drug 
release, indicating its potential suitability for immediate-
release formulations. Fourier transform infrared spec-
troscopy results confirmed no incompatibility between 
the gums and metronidazole. These findings affirm the ap-
plicability of CPG as a promising, sustainable and biocom-
patible alternative to conventional binders.
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Abstract
Polymeric surfactants play an important role in the research and development of drugs applied topically 
to the skin and mucous membranes. Their versatile properties include the ability to lower surface tension, 
thereby favorably contributing to the energetic balance of the emulsification process during the preparation 
of various dosage forms. In addition, they offer important structural advantages that enhance the stability 
of the resulting pharmaceutical or cosmetic products through electrostatic repulsion and steric effects. 
The influence of viscosity and density should also be taken into account when polymeric surfactants are 
considered as additives, as these are crucial components of various drug formulations. Emulsions used 
in ointments and creams are among the most relevant dosage forms affected by surface and interfacial 
tension phenomena. However, other dosage forms also require the use of surfactants, which may belong 
to the group of polymeric compounds.

Streszczenie
Polimerowe surfaktanty odgrywają ważną rolę w badaniach i rozwoju leków stosowanych miejscowo na 
skórę i błony śluzowe. Ich wszechstronne właściwości obejmują obniżanie napięcia powierzchniowego, 
a tym samym korzystnie wpływają na równowagę energetyczną procesu emulsyfikacji podczas przy-
gotowywania różnych form leków. Z drugiej strony polimerowe surfaktanty posiadają ważne i cenne zalety 
strukturalne, które zwiększają stabilność otrzymanego produktu farmaceutycznego lub kosmetycznego 
poprzez odpychanie elektrostatyczne, a także efekty steryczne. Należy również wziąć pod uwagę wpływ 
lepkości i gęstości, gdyż polimerowe surfaktanty są uważane za dodatki, które są kluczowymi składnikami 
różnych form leków. Emulsje stosowane jako maści i kremy są najbardziej interesującymi formami leków, 
na które może wpływać zjawiska napięcia granicznego powierzchni. Jednak również inne formy leków 
wymagają stosowania surfaktantów, które mogą pochodzić z grupy polimerów.

Key words: surface tension, van der Waals forces, polymeric surfactants, steric effect, electrostatic repulsion

Słowa kluczowe: napięcie powierzchniowe, surfaktanty polimerowe, efekt steryczny, odpychanie elek-
trostatyczne, siły van der Waalsa
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Introduction: General remarks 
on surfactants

The skin is a complex, predominantly lipophilic barrier 
to substances with prophylactic and therapeutic effects. 
Moreover, when targeting the deeper layers of the skin 
or subcutaneous tissue, the thickness and diffusion re-
sistance of the hydrophilic layers also play an important 
role. Therefore, surfactants, by reducing surface tension 
at interfaces, can positively influence both the skin–blood 
barrier and the ointment base–skin interface. As chemi-
cal compounds that lower surface tension, surfactants 
play a crucial role in the formulation of numerous drug 
products, particularly those in which the modification 
of surface tension at the phase boundary is a key factor. 
A good example of such formulations are emulsions (Fig. 1), 
in which reducing surface tension at the phase bound-
ary decreases the energy required to achieve the desired 
level of dispersion. Lowering surface tension is also im-
portant for maintaining the emulsion as a stable disper-
sion over time and for ensuring a favorable re-dispersion 
profile when low energy is applied – e.g., by simply shak-
ing the container before use. The essence of the func-
tional definition of surfactants lies in their ability to re-
duce surface tension –  a  property first observed and 
applied in research by early 20th-century scientists such 
as  Szyszkowski and Langmuir, building upon Gibbs’  
foundational work.1–3

Objectives

In this review, the authors aim to present the fundamen-
tal mechanisms and examples of the application of poly-
meric surfactants as components of pharmaceutical and 
cosmetic preparations intended for topical use on the skin. 
Selected equations that may facilitate understanding of for-
mulation processes and the stability of pharmaceutical 
emulsions are also included.

Mechanisms of action 
of surfactants

A surfactant, by positioning itself at the interface be-
tween 2 phases, hydrophilic and hydrophobic, reduces 
the cohesive forces between the molecules of these phases 
and lowers the energy required to disperse one phase 
within the other. The orientation of the corresponding 
structural groups of the amphiphilic surfactant molecule 
within the hydrophilic or hydrophobic phase also serves 
to stabilize the droplets of the dispersed phase.

Both electrostatic effects, arising from the electric charges 
of the surfactant’s functional groups, and steric effects, re-
sulting from the spatial arrangement of these groups within 
the dispersed and dispersing phases, contribute to  this 

stabilization. The mechanisms through which surfactants 
interact to stabilize emulsions are schematically illustrated 
in Fig. 2.

A key aspect in considering systems containing surfac-
tants at interfaces is the relationship between surface ten-
sion and the degree of surfactant coverage at the interface.4,5 
Within an emulsion droplet, there is a certain pressure, 
called capillary pressure, described by the Laplace equa-
tion, in which the pressure difference between the interior 
of the emulsion droplet and the continuous phase (ΔP) de-
pends on the surface tension (γ) and the radius of the dis-
persed particle (r). A decrease in surface tension positively 
influences the size of the formed emulsion droplets (Eq. (1)).

  Eq. (1)

The illustrative equation (Eq. (2)) demonstrates the ef-
fect of reducing the surface tension (γ) on the surface area 
(A) obtained using a specific energy input (E) to produce 
an emulsion.6,7

  Eq. (2)

However, surfactants with a macromolecular structure 
can also interact with the environment through polymer 
chains anchored in the dispersed phase. It is easy to infer 
that the structure of these chains, along with their size 
and amphiphilic properties, can significantly influence 
the stability of the resulting emulsions. In the simplest 

Fig. 1. Schematic representation of a surfactant-stabilized oil-in-water 
emulsion
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terms, this occurs through their effect on parameters such 
as particle radius (r), medium viscosity (η), and the den-
sities of the continuous and dispersed phases (ϱ_c, ϱ_d), 
as described by Stokes’ equation, which defines the sedi-
mentation velocity (u) of dispersed particles under gravi-
tational acceleration (g), as shown in Eq. (3).8

ϱ ϱ
  Eq. (3)

Other factors also influence the stability of these dis-
persions, as described by the Derjaguin–Landau–Verwey–
Overbeek (DLVO) theory.9,10 Furthermore, 2 well-known 
phenomena – the Ostwald effect and the Marangoni ef-
fect – also impact the stability of pharmaceutical emul-
sions, including those intended for topical application.11–14

The Ostwald effect involves the growth of larger emul-
sion droplets at the expense of smaller surrounding drop-
lets. In this phenomenon (Eq. (4)), the basic relationship 
between the radius of particles dispersed over time (r(t)) 
and the initial radius (r(o)), as described by Lifshitz and 
Slyozov for solid particles, depends on the surface tension 
(γ), the solubility of the dispersed particle material (css), 
its molar volume (Vm), and the diffusion coefficient (D), 
with the universal gas constant (R) and absolute tempera-
ture (T) appearing in the equation.15

γ   Eq. (4)

The Marangoni effect can contribute to emulsion sta-
bilization; however, an inappropriately selected surfactant 
or changes in temperature can alter the Marangoni force, 
as described in Eq. 5 (FM). This force arises from local dif-
ferences in concentration (dC) and temperature (dT) across 
different regions (dx) of the stabilized emulsion particle 
surface.16 The resulting flow of the surrounding medium 
between emulsion particles influences the tendency of op-
posing surfaces to aggregate.

  Eq. (5)

Adsorption at the phase boundary

In  studies of  adsorbate adsorption on  an  adsorbent, 
a key concept is the degree of interfacial surface coverage 
by the adsorbate (θ). By lowering surface tension, the surfac-
tant accumulates at the interface. This process is interpreted 
as adsorption and is described by Eq. (6), which introduces 
the concepts of surface excess (Γ) and maximum surface ex-
cess (Γ_∞). The ratio of these 2 quantities represents the de-
gree of surfactant coverage at the phase boundary.

  Eq. (6)

In isotherm equations and the corresponding surface ten-
sion equations, the concept of the minimum surface area 
per molecule – or per mole of molecules – accumulated 
at the surface (ω) is often used instead of the maximum 

surface excess. The latter is therefore the inverse of the max-
imum surface excess.17 Adsorption at the interface can be 
described by the Gibbs isotherm (Eq. (7)), which relates 
the surfactant concentration (C) to the surface tension 
of the solution (γ) and the surface excess (Γ).

  Eq. (7)

In the case of the Langmuir isotherm (Eq. (8)), the sur-
face excess equation takes a slightly different form, incor-
porating a characteristic adsorption constant of the sur-
factant at the interface (K).

  Eq. (8)

In some cases, strong lateral interactions affect the be-
havior described by the previously mentioned equations. 
The Frumkin isotherm (Eq. (9)) accounts for the influence 
of these interactions, represented by the lateral interaction 
coefficient (a).18,19

  Eq. (9)

The influence of surfactants 
on surface tension at the phase 
boundary

With surfactant adsorption at the interface, the inter-
actions between solvent molecules at the solution surface 
are reduced, resulting in a decrease in surface tension. 
In studies using a Langmuir balance, authors often employ 
Eq. (10) for the equilibrium surface pressure (Π), defined 
as the difference between the surface tension of the pure 
solvent (γ0) and that of the solution (γ).20,21

  Eq. (10)

When lateral interactions are taken into account, 
the Frumkin isotherm (Eq. (11)) yields the corresponding 
expression for surface pressure.22

  Eq. (11)

Surface tension is explicitly expressed in the Gibbs iso-
therm equation. Other equations, such as the Langmuir 
and Frumkin isotherms, use the relationship described 
by the Gibbs isotherm, allowing surface tension to be de-
termined from these respective models. The Szyszkowski 
equation (Eq. (12)), derived from the Langmuir isotherm, 
is among the most widely used in studies examining the ef-
fects of various substances on the surface tension of their 
solutions. It includes system-specific constants (a, b), which 
can be further interpreted.23–25

  Eq. (12)

By expanding the equation to include the adsorption 
constant (K), surfactant concentration (C) and saturated 
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surface excess (Γs) (Eq. (13)), a slightly modified but prac-
tically useful form is obtained.26

  Eq. (13)

A modification of this equation, sometimes presented 
alongside the concept of the Langmuir–Szyszkowski dis-
tribution coefficient (Eq. (14)), can be used to examine 
changes in surface pressure (Πt) in relation to variations 
in surface excess over time (Γt).27

  Eq. (14)

Determining surface tension according to the Frumkin 
isotherm requires using an equation that incorporates 
lateral interactions between surfactant molecules, repre-
sented by the coefficient (A). Similar to the Szyszkowski 
equation, Eq. (15) also includes system-specific constants 
(af and bf).28

  Eq. (15)

In mathematical modeling of interfacial phenomena, 
the effect of surfactant concentration on surface tension 
reduction is analyzed, allowing prediction of the formation 
and stabilization of emulsion-type dispersions.29 In both 
the Gibbs isotherm (Eq. (7)) and the Szyszkowski equation, 
derived from the Langmuir isotherm (Eq. (13)), the term 
n appears in the expressions.

This term represents the number of species contribut-
ing to surface activity, which may arise from dissociation, 
even though the Langmuir isotherm describes a mono-
layer.30,31 The equation linking the Langmuir isotherm 
to changes in surface tension, as described above, is some-
times referred to as the Langmuir–Szyszkowski equation 
(Eq. (13)).32 In cases where adsorption and surface ten-
sion changes involve multicomponent mixtures, the Butler 
equation – a modification of the Szyszkowski equation – 
can be applied.33

The influence of surfactants 
on the interactions between 
emulsion particles

According to the generally accepted theory developed 
in the 2nd half of the 20th century, particles of the dis-
persed phase are subject to mutual interactions that depend 
on various factors. These interactions can lead to particle 
approach, aggregation and flocculation, which may ulti-
mately result in the breakdown of the system, such as emul-
sion separation or suspension sedimentation.34 This theory 
has broader applications, as it can also be used to describe 
interactions not only among inanimate particles but also 
in the context of microorganisms.35

The  general consideration of  particle interactions 
(Eq. (16)) includes the van der Waals attractive energy (Ea), 

repulsive energy due to the electric double layer (Er) and 
steric repulsion (Es).

  Eq. (16)

Emulsion particles attract one another, with van der 
Waals forces playing the primary role in these interac-
tions. These forces include dispersion forces – namely, 
London forces, dipole–dipole forces and induced dipole–
dipole forces. According to the DLVO theory, the energy 
of these interactions governs the approach of emulsion 
droplets, which can ultimately lead to system destabiliza-
tion. The van der Waals attractive energy (Ea) is approxi-
mately proportional to the square of the number of mol-
ecules packed into 1 cm3 of the system (q) and the mutual 
interaction energy of 2 such molecules separated by 1 cm 
in vacuum (β), expressed as the Hamaker–London con-
stant (A), as described in Eq. (17). The separation distance 
in the denominator (H) represents the difference between 
the distance between the centers of 2 emulsion particles 
(R) and twice the particle radius (a).36

  Eq. (17)

The subsequent terms of the equation provide informa-
tion on factors contributing to the stability of the dispersed 
system. An approximate solution of the equation (Eq. (18)) 
– for the electrostatic repulsion energy of the electric double 
layer according to the Debye–Hückel approximation (Er) for 
spherical particles – describes the influence of the continu-
ous phase properties, including its permittivity in the me-
dium (ε) and in vacuum (ε0), the ionic strength represented 
by the inverse Debye length (κ) and the electric potential 
at the surface of the emulsion particles (Ψ0). This formula-
tion allows estimation of the influence of the surface poten-
tial, in particular, on the stability of a liquid dispersion.37

  Eq. (18)

In addition to the attraction resulting from van der Waals 
forces (Ea) and electrostatic repulsion (Er), the stability 
of the dispersion system is also influenced by the steric 
factor (Es), which arises from the spatial configuration 
of  the surface of a dispersed particle within a specific 
dispersing phase. This factor is sometimes interpreted 
as the enthalpic stabilization term (ΔG).

The approximate formula for this term (Eq. (19)) deter-
mines the repulsive potential based on the concentration 
of adsorbed surfactant in the adsorbed layer (C), the vol-
ume fraction of the solvent (v1), the density of the adsorbed 
material (ρ), the entropic factor (ψ), the enthalpic factor (χ), 
the thickness of the adsorbed layer (δ), the distance be-
tween the surfaces of emulsion particles (H0), and the ra-
dius of the dispersed particles (a).38,39

  

Eq. (19)
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According to Lazaridis et al. (Eq. (20)), steric repulsion 
(Es) should be interpreted as the sum of terms arising 
from entropy changes due to the configuration of polymer 
chains – also referred to as volumetric confinement (EVR) 
– and from the enthalpy changes of overlapping polymer 
surfactant regions, which contribute to system stabiliza-
tion (EH).40 This energy is related to the enthalpy of mix-
ing, i.e., the mutual interactions of polymer chains stabi-
lizing the dispersed particles.

The 1st term, entropic in nature, is based on the cross-sec-
tional area of the interacting layer between 2 particles (Si), 
the fraction of interface coverage by surfactant (θ), the num-
ber of adsorbed molecules per unit area (Ns), the length 
of polymer chains (δ), and the distance between particle 
surfaces (h). It is further corrected by the ratio of the vol-
ume fraction of the adsorbed surfactant (ϕ) to the high-den-
sity fraction occurring at the contact point of the polymer 
shells (ϕ*), multiplied by Boltzmann’s constant (kB).

The 2nd term, enthalpic, is based on the volume of the in-
teracting layer between 2 particles (Vi), the surfactant 
weight concentration in the adsorbed layer (Ci), and a co-
efficient derived from Flory and Krigbaum theory (B). This 
term is also adjusted to account for the relevant volume 
fractions of the adsorbed surfactant (ϕ, ϕ*).

δ   

Eq. (20)
In addition, the energy associated with elastic repul-

sive forces (Ee) and the energy resulting from the disso-
lution of surfactant molecules in the continuous and dis-
persed phases (Ed), which leads to differences in osmotic 
pressure, are also distinguished.41 The formula for the en-
ergy of elastic repulsive forces (Ee), described as Eq. (21), 
takes into account parameters such as the minimum dis-
tance between particles (h0), the contour length of poly-
mer chains surrounding the stabilized emulsion particle 
(i.e., the thickness of the stabilizing barrier, le), the total 
number of attached chains per unit area (ν), and the ra-
dius of a spherical particle (r).42

  Eq. (21)

The influence of osmotic pressure on the repulsive po-
tential can be expressed, i.a., by Eq. (22), in which the os-
motic pressure between the surfaces of macromolecules 
(Π) increases to a maximum value (Π0). This pressure de-
pends on the ratio of the distance between the surfaces 
(h) to the minimum separation distance (λ), which may 
be determined, e.g., by the gyration radius.43

  Eq. (22)

General overview of polymeric 
surfactants

Among amphiphilic chemical compounds used in pharma-
ceutical formulations, macromolecular compounds – poly-
mers containing both hydrophilic and lipophilic components 
– deserve special attention. The combination of amphiphi-
lic properties with features inherent to the macromolecu-
lar structure significantly enhances their potential applica-
tions in semi-solid drug forms, such as ointments, creams 
and hydrophilic gels. Numerous methods exist for the sys-
tematic classification of polymers affecting surface tension. 
One approach considers the structure of the polymer chain, 
including the arrangement of interwoven hydrophilic and 
lipophilic segments and the presence or absence of branch-
ing in the main linear chain. Table 144–68 presents an exam-
ple of the systematic classification of polymeric surfactants.

One of the oldest and most widely used groups of poly-
mers influencing phase-boundary properties in dispersed 
systems are amphiphilic polymers – homopolymers and 
copolymers obtained through random polymerization. 
These polymers are characterized by the random distri-
bution of hydrophobic and hydrophilic groups.69 Among 
them, nonionic polymers can form weak micelles but pri-
marily adsorb at interfaces. Adsorption at the interface 
alters the interactions between molecules in both phases. 
These polymers find applications in cosmetics as hydro-
philic coatings and emulsion stabilizers.70

Ionic polymers of this type contain hydrophilic ionic 
groups, such as carboxyl or sulfonic groups, along with cor-
responding randomly distributed hydrophobic segments. 
In the presence of oppositely charged ions or other sur-
factants, these polymers can form aggregates. They reduce 
surface tension through electrostatic interactions and are 
used as thickening agents, emulsion stabilizers and drug 
carriers, e.g., to control the release of active substances 
from formulations.71

Amphiphilic block copolymers are a particularly inter-
esting and widely used class of polymers.72 In these poly-
mers, hydrophilic and hydrophobic segments are system-
atically arranged in blocks, with a defined content of mer 
units in each segment, as illustrated by poloxamers. Block 
copolymers form micelles in aqueous solutions and stabilize 
oil-in-water emulsions by forming a hydrophobic core sur-
rounded by a hydrophilic shell. Their applications include 
drug carriers, bases for dermatological and cosmetic creams 
and gels, solubilizers, and stabilizers of emulsions and foams.

Polymers with comb-like side chains possess charac-
teristic long hydrophobic side chains that adsorb at in-
terfaces and reduce surface tension. These polymers sta-
bilize emulsions in practice via steric effects and surface 
tension reduction.73

Advances in polymer synthesis have enabled the pro-
duction of hyperbranched and dendrimeric polymer sur-
factants.74,75 These macromolecules form aggregates and 
encapsulate hydrophobic molecules within a three-dimen-
sional branched structure, facilitating the solubilization 
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Table 1. Examples of amphiphilic block copolymers that affect surface tension and can be used as polymeric surfactants

Polymer surfactant group Examples Reference

Amphiphilic polymers – homopolymers  
and copolymers

non-ionic

polyoxazolines (POx) 44

polyethylene glycol (PEG) 45

polyvinyl pyrrolidone (PVP) 46

polyacrylamide (PAM) 47

ionic

polyacrylates (PAA-Na) 48

polystyrene sulfonates (PSS) 49

modified polysaccharides 50,51

Amphiphilic block copolymers

poloxamers 52

PEG-PLA copolymers 53,54

PEG-PCL copolymers 55

PEG-PGA copolymers 56

PEG-PHPMA copolymers 57

Polymers with combing side chains

poly(acrylic acid) with alkyl chains (PAA-Cn) 58

polyoxazolines with alkyl groups (POx-Cn) 59

alkyl-modified cellulose (eg. cetylcellulose) 60

polysiloxanes with PEG and alkyl groups (PDMS-g-PEG-Cn) 61,62

Hyperbranched and dendrimeric polymeric surfactants

polyamidoamine dendrimers (PAMAM) 63,64

pyperbranched polyesters (Boltorn) 65,66

dendrimers poly(propyleneimine) (PPI) 67

PEG dendrimers (PEG-Dendr) 68

of hydrophobic substances. A hydrophobic, nonpolar mol-
ecule is surrounded by branched hydrophobic fragments 
of the macromolecule, allowing the creation of diverse 
nanostructures and drug carriers, and effective solubili-
zation of hydrophobic compounds.

Selected examples of polymeric 
surfactants

The use of an appropriate surfactant or surfactant mix-
ture is particularly important for the efficacy of topically 
administered drugs and has been the subject of detailed 
research for many years.76 Table 277–96 presents examples 
of applications of polymeric surfactants in selected formu-
lations with therapeutic, prophylactic or cosmetic effects.

Among polymeric emulsifiers commonly used in topi-
cal preparations, poloxamer 407 and poloxamer 188 are 
noteworthy. Poloxamer 407 is a block copolymer consisting 
of 3 sequential blocks – hydrophilic, lipophilic and hydro-
philic – with the hydrophilic blocks composed of 101 mer 
units and the lipophilic block containing 56 mer units. Its 
molar mass is approx. 12,600 g/mol. Poloxamer 188 con-
tains 75, 30 and 75 corresponding mer units in its hydro-
philic–lipophilic–hydrophilic blocks, with a molar mass 
of approx. 8,400 g/mol.

Alternatives to conventional block copolymers contain-
ing oxyethylene and oxypropylene groups include polymers 
with sequences based on polyoxybutylene, polyoxyethylene 

and polyoxybutylene units, proposed for applications such 
as anticancer drug carriers.97,98 As shown in Table 2, many 
applications of polymeric surfactants involve the produc-
tion of emulsions or nanoemulsions.

The potential of PEG-400 as a co-surfactant in micro-
emulsions for drug delivery was evaluated using carvedilol 
as a model compound. The authors suggest that such sys-
tems may be applied to enhance various drug delivery 
routes.99 Polyvinylpyrrolidone (PVP) has also been suc-
cessfully used in systems requiring surface tension reduc-
tion, such as self-emulsifying systems for enhanced deliv-
ery of cyclosporine A.100

Poloxamers and poloxamine surfactants are frequently 
considered suitable for designing transdermal drug deliv-
ery systems, with their activity appearing to be reversible 
– an important advantage over traditional surfactants, 
which may irreversibly alter the structure of the skin lay-
ers.101 Among polysiloxane surfactants, solvation activity 
has been exploited, with nystatin used as a model drug 
to demonstrate the beneficial effects of these polymeric 
surfactants.102

Polymeric surfactants also play a significant role in cos-
metic science, improving the design of numerous cosme-
ceutical products through film formation, modification 
of viscous properties, thickening, and stabilization or desta-
bilization of foams.103 Another notable application of poly-
meric surfactants is the stabilization of liposomal structures. 
They can be applied as ready-to-use materials or may un-
dergo polymerization during the application process.104,105
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Table 2. Selected examples of the use of polymeric surfactants in the production of drugs and other preparations used topically

Evaluated type of composition Medicinal/active substance Surfactant Reference

Aggregates 17-beta-estradiol poloxamer 407 77

Emulsion green tea extract cetyl PEG/PPG-10/1 dimethicone 78

Emulsion model emulsion poloxamer 407 79

Emulsion α-hydroxy acids PEG 55 PGO and PEG 80 SL 80

Film ketoprofen polyoxyethylene-20 oleyl ether 81

Foam silver sulfadiazine polyethylene glycol 82

Hydrogel miconazole poloxamer 407, poloxamer 188 83

Hydrogel (+)-l-ascorbic acid polymer surfactant PMDP (NIPA-PMDP gel) 84

Micelar solution bisabolol poloxamer 407 85

Multiple emulsion model emulsion poloxamer 407 86

Nanoemulsion rapanea ferruginea extract PEG-40 hydrogenated castor oil 87

Nanoemulsion itraconazole pectin 88

Nanoemulsion tocopherol poloxamer 188 89

Nanoemulsion minoxidil poloxamer 188 90

Nanoemulsion piperine poloxamer 188 91

Nanoemulsion piroxicam poloxamer 188 92

Nanoparticles terbinafine polyvinyl alcohol 93

Nanospheres lidocaine dextran derivatives containing various grafted hydrophobic group 94

Nanostructures griseofulvin or fluconazole poly(butylene oxide)-poly(ethylene oxide)-poly(butylene oxide) 95

Solution griseofulvin poloxamer 407 96

Limitations of the study

Polymeric surfactants are widely used in dermatological 
drug formulations, but their impact on rheology cannot be 
neglected. Both the impact on rheological parameters and 
the chemical nature of their functional groups in selected 
cases can complicate their use in topically administered 
drug formulations. In the case rheological complications, 
an unfavorable increase or decrease in the formulation’s vis-
cosity cannot be ruled out, even during use. On the other 
hand, surfactant functional groups can interact physically 
or chemically with their counterparts in the molecules 
of other excipients, as well as in the molecules of the drug. 
Consequently, in some cases, a modification of the biologi-
cal activity of the formulation can be expected. The limi-
tations mentioned above are eliminated through careful 
analysis and selection of formulation components, as well 
as proper technological procedures.

Conclusions

The production of nanostructures, nanoparticles and 
nanospheres represents another important area of appli-
cation for polymeric surfactants. Many researchers em-
phasize their potential to form specific aggregates that can 
function as independent drug delivery systems. In addition, 
polymeric surfactants are used in advanced formulations 
such as films, foams, multiple emulsions, and hydrogels. 

In some cases, their primary role lies in the ability to cre-
ate a stable solution, a micellar drug solution or a complex 
of various substances.

Use of AI and AI-assisted technologies

Not applicable.
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Abstract
Photodynamic therapy (PDT) remains a developing modality in cancer treatment. It is a minimally invasive 
approach that employs a photosensitizing drug, activated by light, to induce localized cytotoxic effects. Initially 
introduced in oncology, PDT has proven effective for cancers such as skin malignancies and head and neck 
tumors, while sparing surrounding healthy tissue. Beyond oncology, its use has expanded to dermatology, 
ophthalmology and dentistry, and it shows promise in the management of chronic inflammatory conditions, 
pediatric nephrology and emerging applications in cardiovascular and neurodegenerative diseases. Despite 
persistent challenges such as limited light penetration, advances in photosensitizers and integration with tech-
nologies including immunotherapy and polymeric nanocarriers underscore PDT’s potential as a versatile tool 
in precision medicine. Recent studies suggest that PDT can also modulate the tumor microenvironment (TME) 
and stimulate anti-tumor immune responses, thereby enhancing its therapeutic impact. Consequently, 
it is increasingly being investigated in combination with other treatment modalities to overcome resistance 
and improve patient outcomes.

Key words: photodynamic therapy, polymers, photosensitizing effect
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Highlights

•	� Photodynamic therapy (PDT) provides targeted, minimally invasive cancer treatment, achieving tumor control 
while sparing surrounding healthy tissues.

•	� Applications of PDT extend beyond oncology, with growing evidence supporting its use in dermatology, ophthal-
mology and neurodegenerative disorders.

•	� Next-generation photosensitizers and nanocarriers improve PDT efficacy, enabling deeper light penetration and 
advancing its role in precision medicine.

•	� PDT reshapes the tumor microenvironment and enhances immune response, increasing effectiveness when com-
bined with immunotherapies and other treatment modalities.

Introduction

Photodynamic therapy (PDT) is a contemporary, local-
ized approach for treating tumors and precancerous con-
ditions. The technique selectively targets diseased tissues 
while sparing adjacent healthy structures, often resulting 
in superior cosmetic outcomes compared with conventional 
therapies. It involves administering a photosensitizer that 
preferentially accumulates in tumor cells; upon activation 
by light, it triggers cytotoxic reactions that lead to cell death. 
A major advantage of PDT is its selectivity: photosensitizers 
accumulate preferentially in tumor cells, thereby increasing 
safety for patients.1,2 In clinical practice, PDT is primarily 
employed in dermatology,3 urology,4 ophthalmology,5 and 
gynecology,6 for both oncological and non-oncological 
conditions. Its applications in cardiology, neurosurgery and 
orthopedics are less frequent. It is also used in the man-
agement of age-related macular degeneration (AMD) and 
other ocular diseases.7 Research into its potential for treat-
ing coronary diseases, leukemias and transplant rejection 
prevention is ongoing. The forgotten approach of PDT, 
i.e., photodynamic antimicrobial chemotherapy (PACT), 
has been intensively developed in recent years.8 Similarly 
to PDT, PACT involves phototoxic reactions activated 
by visible or ultraviolet light, activating photosensitizers, 
primarily porphyrin-based. It is often recently used to neu-
tralize viruses, drug-resistant bacteria, yeasts, and para-
sites. Moreover, PACT is successfully applied in dentistry, 
e.g., in treating caries and gingivitis, as well as for plaque 
removal. Thus, PDT procedures find a broad application 
in various neoplastic and non-neoplastic diseases, with 
relatively good patient comfort.

In recent years, the versatility and precision of PDT have 
attracted growing interest in the context of personalized 
medicine. Ongoing research explores the combination 
of PDT with nanotechnology and immunotherapy, enhanc-
ing both its specificity and therapeutic efficacy. Moreover, 
new generations of photosensitizers are being developed 
to optimize light absorption, improve tumor selectivity 
and reduce systemic toxicity. These advances could help 
overcome current limitations, such as poor light penetra-
tion into deep tissues. As such, PDT continues to evolve 

as a promising, multi-faceted modality in modern clinical 
practice, with the potential to reshape treatment paradigms 
across diverse medical disciplines.

Photosensitizers

Photosensitizers are dyes that initiate physicochemical 
reactions when exposed to light of a specific wavelength. 
In PDT, the radiation used falls within the visible spec-
trum (400–700 nm). Tissue penetration depends on both 
wavelength and energy, increasing with longer wavelengths 
at a constant intensity. Blue and green light, with shorter 
wavelengths, penetrate up to approx. 2 mm, whereas red 
light (>600 nm) can reach depths beyond 3.5 mm.9,10 How-
ever, light energy decreases substantially in deeper tissue 
layers, limiting the photodynamic effect. For this reason, 
photosensitizers that absorb light at longer wavelengths are 
preferred to improve penetration into deeper structures. 
Most currently available photosensitizers absorb at approx. 
630–650 nm, a range often referred to as the “therapeutic 
window.” Natural pigments such as hemoglobin also ab-
sorb light and thereby restrict penetration. To be effective, 
an ideal photosensitizer must satisfy several criteria9,11,12:
•	 Retention in tissue for at least several hours;
•	� An absorption spectrum distinct from naturally occur-

ring pigments in the body;
•	 Minimal side effects;
•	� High efficiency in generating singlet oxygen or radical 

oxygen species.
Hematoporphyrin derivatives (HpDs) are the most widely 

used first-generation photosensitizers and only partially 
fulfill the criteria for an ideal agent. Hematoporphyrin, 
first described by Lipson et al. in 1961, was the earliest 
photosensitizer applied in PDT and later received U.S. Food 
and Drug Administration (FDA) approval. When admin-
istered intravenously at a dose of 2 mg/kg body weight, 
HpD accumulates in tumor tissue within 48–72 h but 
persists in the body for 6–8 weeks, leading to prolonged 
photosensitivity. Hematoporphyrin derivatives are acti-
vated by red light at 630 ±3 nm.13 The purified form of this 
compound was commercialized as Photofrin and has been 
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widely used in clinical practice (https://photofrin.com/).13 
Other groups of photosensitizing agents include cyanines 
and phthalocyanines,14,15 chlorins16 and bacteriochlorins, 
as well as naturally derived compounds such as curcumin, 
hypericin and riboflavin.9

Procedure and basic mechanisms 
of PDT

Photodynamic therapy involves several stages: photosen-
sitizer administration, cellular accumulation, irradiation, 
induction of cytotoxic reactions, and subsequent wound 
formation. The first step is administration, during which 
the patient receives a photosensitizer that penetrates tumor 
cells. Over the next several hours, the photosensitizer ac-
cumulates selectively within tumor cells, preparing the tis-
sue for light activation. The tumor site is then irradiated 
with light at a wavelength corresponding to the absorp-
tion spectrum of the photosensitizer, typically applied for 
about 10 min per site. This irradiation triggers cytotoxic 
reactions in which reactive oxygen species (ROS) and free 
radicals are generated within tumor cells. The treatment 
is followed by localized wound formation and subsequent 
healing, with the affected area typically resolving over 
several weeks and leaving minimal scarring.2

Photodynamic reactions can proceed through distinct 
mechanisms, and 3 principal pathways of PDT-induced 
effects on tumor tissue have been described. In the Type 
I mechanism, photosensitizers react with acceptor mol-
ecules to generate radical species. In the Type II mecha-
nism, triplet-state photosensitizers interact directly with 
molecular oxygen, producing singlet oxygen.17 The Type III 
mechanism is associated with stimulation of the immune 
response against cancer cells.18 Following PDT, tumor 
cells may undergo cell death – through apoptosis, necrosis 
or other regulated pathways – triggered by photodamage 
to intracellular compartments such as mitochondria, lyso
somes or the endoplasmic reticulum.19

Clinical applications of PDT

Photodynamic therapy has evolved into a versatile treat-
ment modality with applications extending well beyond its 
original focus on oncology. Its expanding clinical utility – 
from inflammatory conditions to pediatric nephrology – 
offers an increasingly attractive area of investigation for 
both clinicians and researchers. Recent advances in PDT 
have focused on improving photosensitizer delivery and 
combining the technique with chemotherapeutics, anti
bodies or other adjuvant agents.6,20 Importantly, PDT can 
be applied in 2 main directions: the treatment of oncological 
and non-oncological diseases.

Oncological applications

Photodynamic therapy is well established in the treatment 
of a variety of cancers, including skin malignancies (e.g., 
basal cell carcinoma (BCC), squamous cell carcinoma (SCC) 
and actinic keratosis), as well as head and neck cancers, 
esophageal cancer, bladder cancer, and lung cancer.13,17 
In oncological protocols, PDT primarily employs broad-
spectrum red light, with typical therapeutic doses ranging 
within 100–150 J/cm2 at an intensity of 100–200 mW/cm2.19 
The mechanisms of PDT involve the selective accumulation 
of photosensitizers in malignant tissues, followed by light 
activation that triggers cytotoxic reactions leading to cell 
death, vascular damage and local inflammation, while spar-
ing surrounding healthy tissue. This selectivity not only 
reduces treatment-related morbidity but also improves 
cosmetic outcomes, reinforcing confidence in PDT’s clini-
cal efficacy.19 Selectivity can be further enhanced through 
the use of nanocarriers to optimize photosensitizer delivery 
or by conjugating photosensitizers with antibodies that target 
specific cell populations.17,18

Non-oncological dermatological and 
inflammatory conditions

In dermatology, PDT has been employed to manage21,22:
•	� Psoriasis: PDT modulates immune responses and reduces 

keratinocyte proliferation.23

•	� Acne vulgaris: PDT with 5-aminolaevulinic acid (ALA) 
or methyl aminolevulinate targets sebaceous glands and 
reduces Cutibacterium acnes load.24

•	� Vitiligo: PDT procedure promotes melanocyte regenera-
tion through photomodulation.25

•	� Chronic ulcers: photodynamic therapy enhances wound 
healing by reducing microbial load and stimulating 
angiogenesis.

•	� Recurrent palmar and plantar warts caused by human 
papillomavirus (HPV) infection.26

It is also used in several non-oncological disorders, with 
lower PDT doses in the range of 10–40 J/cm2 and intensity 
of 50–70 mW/cm2.21 Similar PDT doses have shown promise 
in treating inflammatory diseases due to their ability to re-
duce pro-inflammatory cytokines and modulate immune 
responses.27 This procedure can be effectively used in:
•	� Rheumatoid arthritis: Experimental studies suggest 

that PDT can reduce joint inflammation and synovial 
hyperplasia.

•	� Periodontitis and gingivitis, where this method is applied 
in dental settings: PDT targets biofilms and resistant 
bacteria, improving oral health outcomes.

•	� Inflammatory bowel disease (IBD): Early-stage research 
indicates its potential in managing localized intestinal 
inflammation.
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Applications in pediatric diseases

In pediatrics, PDT is emerging as a potential therapeutic 
approach to address conditions involving inflammation, 
infections or dental disorders28:
•	� Nephrology and urinary tract infections (UTIs): PDT can 

serve as an adjunct to antibiotics, targeting multidrug-
resistant bacterial strains and reducing recurrent infec-
tions in children.29,30

•	� Renal fibrosis: Studies indicate that PDT may inhibit 
fibroblast proliferation and collagen deposition, which 
are central to chronic kidney disease (CKD) progression. 
The potential of PDT in managing CKD offers a ray 
of hope for future therapeutic approaches.30

•	� Dentistry: PDT’s immunomodulatory effects could po-
tentially attenuate systemic inflammation associated 
with glomerular diseases.31

Ophthalmological disorders

Photodynamic therapy, as a highly precise technique, 
has also found important applications in ophthalmology, 
where it is commonly employed for5,7:
•	� Age-related macular degeneration: PDT slows the pro-

gression of neovascularization and is primarily indicated 
for the wet form of the disease, which is characterized 
by abnormal blood vessel growth and may lead to vision 
loss.

•	� Non-AMD choroidal neovascularization: PDT is also 
used to manage neovascularization unrelated to AMD.

•	� Central serous chorioretinopathy (CSCR): PDT reduces 
retinal detachment and fluid accumulation.

•	� Choroidal hemangioma: PDT with verteporfin has been 
applied as a targeted treatment option.

•	� Diabetic retinopathy: PDT minimizes angiogenesis and 
preserves visual acuity.
Photodynamic therapy is widely used in ophthalmology, 

most commonly with verteporfin as the photosensitizer. 
It selectively targets choroidal vascular abnormalities, 
inducing occlusion of affected vessels. Initially, it was ex-
tensively applied at full-dose verteporfin for the treatment 
of neovascular age-related macular degeneration (nAMD). 
However, when vascular endothelial growth factor (VEGF) 
receptor inhibitors were detected, the clinical approach 
has shifted toward other chorioretinal disorders, includ-
ing central serous chorioretinopathy, polypoidal choroidal 
vasculopathy and choroidal hemangioma.32

Emerging applications in cardiovascular 
and neurological diseases

Research on PDT is also expanding into novel fields. 
In atherosclerosis, photodynamic activation of porphyrins 
has been investigated for targeting atherosclerotic plaques 
and improving vascular health.33,34 In neurodegenera-
tive diseases, PDT-mediated clearance of amyloid plaques 

is being explored as a potential therapeutic approach for 
Alzheimer’s disease.35

It was noted that cardiovascular disorders are among 
the leading causes of death worldwide. Photodynamic 
therapy can be used to treat atherosclerotic cardiovascu-
lar disease (ACD), and the photosensitizing agent should 
have a specific affinity for macrophages, which are cru-
cial in the development of atherosclerosis.33 Available 
studies indicate that PDT using indocyanine green (ICG) 
is a promising approach for the prevention of restenosis36 
and the treatment of atherosclerosis.37

Photodynamic therapy has also shown potential in 
the field of neurodegenerative diseases. Studies have dem-
onstrated that nano-photosensitizers, such as core–shell 
azobenzene–spiropyran structures on gold nanoparticles, 
can inhibit tau protein aggregation in neural cells and 
promote dendritic growth in neuronal cells.38

Advantages of PDT in multisystem 
diseases

The localized action of PDT, which spares surrounding 
healthy tissues and produces minimal systemic effects, 
makes it particularly suitable for delicate pediatric popu-
lations and chronic inflammatory conditions. Further-
more, its adaptability to different photosensitizers and light 
sources broadens its potential for application across diverse 
pathologies. Table 121–24,30,32,34,39–47 provides a structured 
overview of PDT applications and their clinical relevance. 
Porfimer sodium, a first-generation photosensitizer, is ex-
tensively used in oncology. In contrast, ALA and methyl 
aminolevulinate (MAL), both second-generation photo-
sensitizers, are more commonly applied in dermatology.39 
Verteporfin is predominantly used in ophthalmology for 
conditions such as AMD.5 Additionally, emerging appli-
cations in inflammatory and pediatric conditions remain 
under experimental investigation, with ongoing efforts 
focused on developing optimized photosensitizers.

Photodynamic procedures with polymeric 
nanocarriers

Recently, PDT protocols have preferably used encapsu-
lated photosensitizers to target cancer cells more precisely.47 
One of the most applied types is polymeric nanocarriers,48 
such as PEGylated micelles (PEG – polyethylene glycol 
micelles), poly(lactic-co-glycolic acid) (PLGA) or chitosan 
nanoparticles, dendrimers, and stimuli-responsive poly-
merosomes, which are increasingly explored to overcome 
the pharmacokinetic and selectivity barriers that still 
limit classical PDT.49 When we encapsulate hydropho-
bic photosensitizers, these biodegradable carriers protect 
them from early degradation, prolong systemic circula-
tion, and favor passive accumulation within cancer tissue 
by the enhanced-permeation-and-retention effect, and 
simultaneously enhancing photo-dependent cytotoxicity. 
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Table 1. Diseases treated with photodynamic therapy (PDT) and commonly used photosensitizers

Disease/condition Clinical application Photosensitizers Light wavelength Reference

Oncological applications

Skin cancers (BCC, SCC)
treatment of localized tumors with 

excellent cosmetic outcomes
Photofrin, Metvixia (MAL), ALA 630–650 nm (red light)

21, 22, 39

Head and neck cancers ablation of tumors in hard-to-reach areas Photofrin 630 nm 40

Esophageal cancer
localized destruction of malignant 

tissues
Photofrin 630 nm

41

Lung cancer
treatment of early-stage or non-

resectable tumors
Photofrin 630 nm

42, 43

Non-oncological applications

Psoriasis
modulation of immune response and 

keratinocyte proliferation
MAL, ALA 630–650 nm

23

Acne vulgaris
targeting sebaceous glands and 

Cutibacterium acnes
ALA 400–450 nm (blue light)

24

Age-related macular degeneration neovascularization inhibition Verteporfin 689 nm (infrared) 34

Central serous chorioretinopathy fluid accumulation reduction Verteporfin 689 nm (infrared) 32

Periodontitis and gingivitis
bacterial biofilm reduction in dental 

applications
Toluidine blue, Methylene blue 630–700 nm

44

Inflammatory conditions

Rheumatoid arthritis reducing joint inflammation
photosensitizers under 

development
experimental range

45

IBD
reducing localized intestinal 

inflammation
photosensitizers under 

development
experimental range

46

Pediatric nephrology

Urinary tract infection targeting multidrug-resistant bacteria
photosensitizers under 

development
experimental range

47

Renal fibrosis mitigation of fibroblast proliferation
photosensitizers under 

development
experimental range

30

UTIs – urinary tract infections; IBD – inflammatory bowel disease; BCC – basal cell carcinoma; SCC – squamous cell carcinoma;  
MAL – methyl aminolevulinate; ALA – aminolevulinic acid.

Available studies highlight additional advantages when 
nanocarrier surfaces are functionalized with antibodies, 
peptides or small-molecule ligands that actively direct 
the photosensitizer toward overexpressed cancer bio-
markers.50 At the same time, pH-, redox- or light-cleav-
able polymer shells allow on-demand release precisely 
at the tumor target site. Beyond effective drug transport, 
polymeric platforms provide space to co-load oxygen car-
riers, immune adjuvants or chemotherapeutics, creating 
multifunctional “all-in-one” nanoreactors that synergize 
PDT with diagnostics, immuno- or chemotherapy.51,52 
Early pre-clinical studies already report superior tumor 
regression and reduced skin phototoxicity compared with 
free photosensitizers, underlining the clinical promise 
of polymer-based nanotechnology in both oncological and 
inflammatory indications.

Limitations

Despite its wide-ranging clinical potential, PDT is lim-
ited by shallow light penetration, lack of standardized 
treatment protocols and the prolonged photosensitivity 

caused by  some photosensitizers. Additionally, many 
of  its emerging applications remain experimental and 
require further clinical validation to confirm their safety  
and efficacy.

Conclusions

Photodynamic therapy has evolved into a highly versatile 
and innovative treatment modality, extending beyond its 
oncological origins. This technique utilizes the selec-
tive activation of photosensitizers through light exposure 
to induce cytotoxic effects, exhibiting significant efficacy 
in targeting malignancies while preserving adjacent healthy 
tissue. Over time, the selectivity and minimally invasive 
characteristics of PDT have established it as a valuable 
asset in various clinical fields.

Initially a foundational approach in the management 
of conditions such as skin cancers, head and neck tumors 
and internal organ malignancies, PDT has broadened its 
applications to include dermatological conditions, such 
as acne and psoriasis, as well as ophthalmological disorders, 
particularly AMD and diabetic retinopathy. Additionally, 
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its immunomodulatory properties facilitate the treatment 
of chronic inflammatory diseases, including rheumatoid 
arthritis, periodontitis and IBD. There is emerging potential 
for PDT in pediatric nephrology, addressing UTIs, alleviat-
ing inflammation in nephrotic syndrome and mitigating 
renal fibrosis.

Recent research also highlights the promise of PDT 
in treating cardiovascular diseases, particularly athero-
sclerosis, and neurodegenerative conditions, including 
Alzheimer’s disease, thereby expanding its clinical applica-
tions. The localized application of PDT minimizes collateral 
damage to healthy tissues, enhancing its value in sensitive 
areas such as the eyes or specific areas in pediatric disorders. 
Its low systemic toxicity ensures patient safety, while its 
adaptability allows for integration across diverse medical 
disciplines ranging from oncology to dentistry.

However, PDT is not without challenges. Limited light 
penetration restricts its efficacy to surface or near-surface 
lesions, necessitating the development of advanced pho-
tosensitizers with improved selectivity and deeper tissue 
penetration. Additionally, standardized treatment pro-
tocols are required to optimize outcomes across a wide 
range of diseases. Future research should prioritize next-
generation photosensitizers and explore combinations 
with other therapies, such as immunotherapy or nano-
technology, to overcome current limitations and extend  
PDT’s potential.

In conclusion, PDT represents a cutting-edge, mini-
mally invasive treatment that connects traditional methods 
and modern precision medicine. Its success in oncology and 
other fields has paved the way for diverse applications, 
including inflammation management and pediatric ne-
phrology, underscoring its multidisciplinary potential. 
With advancements in photosensitizer technology and 
light delivery systems, PDT is poised to play an increas-
ingly significant role in medical practice. By addressing 
its current challenges and fostering interdisciplinary col-
laborations, PDT holds the promise of unlocking new 
therapeutic possibilities and improving patient outcomes 
across a wide spectrum of diseases.
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Abstract
For several decades, conventional treatments for chronic and degenerative diseases have been constrained 
by technological limitations, particularly those related to the physicochemical properties, stability and bio-
availability of therapeutic molecules, as well as the efficiency of their delivery systems. Medical polymers are 
widely used in drug delivery to enhance the solubility, stability and controlled release of therapeutic agents, 
and they can be engineered into nanoparticles (NPs) derived from either natural or synthetic materials. Toward 
the end of the 20th century, the use of plant viral capsids as supramolecular structures for the packaging and 
controlled release of therapeutic compounds emerged, introducing a versatile, sustainable and cost-effective 
strategy that has progressively gained scientific and clinical relevance. Capsid proteins (CPs) derived from 
plant viruses can act as nanocages for drug encapsulation and delivery, and they can be surface-modified 
or functionalized with a wide range of biomolecules, including peptides, carbohydrates, functional groups, 
proteins, and oligonucleotides, through either chemical conjugation or genetic engineering approaches. This 
review explores the historical development, current biomedical applications, inherent challenges, and future 
prospects of plant-derived virus-like particles (pVLPs).
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Highlights

•	� Plant-derived virus-like particles (pVLPs) provide a sustainable and multifunctional nanoplatform for drug delivery, 
enhancing drug solubility, bioavailability and controlled therapeutic release.

•	� Plant virus capsid proteins act as natural nanocages that enable efficient drug encapsulation, surface modification 
and targeted delivery through chemical or genetic engineering.

•	� pVLPs integrate biotechnology and materials science, offering a biocompatible, cost-effective and eco-friendly 
alternative to synthetic polymer nanoparticles (NPs) in nanomedicine.

•	� This review article explores the development, biomedical applications, challenges and future prospects of plant 
virus-based nanostructures in controlled drug delivery and therapeutic innovation.

Introduction

One of the main challenges in the therapeutic manage-
ment of a wide range of human diseases is maintaining 
the structural integrity and biological activity of drugs 
while ensuring their specific, efficient and controlled deliv-
ery to target cells and tissues. Nanomedicine, an emerging 
interdisciplinary field, focuses on the design and devel-
opment of  nanoscale structures for therapeutic, diag-
nostic and theranostic applications, thereby enhancing 
the stability, efficacy and overall performance of thera-
peutic agents. These nanostructures, commonly referred 
to as nanoparticles (NPs), are typically produced through 
chemical or physical synthesis methods that require con-
siderable technical expertise, specialized equipment and 
high-purity chemical reagents. Consequently, their pro-
duction is often associated with high costs and substan-
tial generation of hazardous waste.1 In contrast, naturally 
derived NPs are assembled from polymers of biomolecules 
such as sugars, lipids, nucleic acids, and proteins, offer-
ing lower production costs and greater environmental  
sustainability.

Among these, virus-like particles (VLPs) are noninfec-
tious, protein-based supramolecular structures that can be 
produced in various organisms or host cells.2,3 Virus-like 
particles produced in plants (pVLPs) provide safe and cost-
effective platforms for biomedical applications. In contrast 
to the production of animal pathogenic viruses, the genera-
tion of plant pathogenic viruses for pVLP production does 
not require high-level biosafety facilities or specialized 
containment measures and, in most cases, is exempt from 
strict bioethical regulations.

Moreover, large-scale production in plants is relatively 
simple, scalable and economically viable, supported by well-
established agroinfiltration and transgenic expression 
strategies. These advantages make pVLPs highly attractive 
candidates for the development of vaccines, drug delivery 
systems and diagnostic tools, combining biosafety, high 
yield and structural fidelity.3 Since the beginning of the 21st 
century, pVLPs have attracted growing interest as drug 
delivery systems due to their biocompatibility, monodis-
persity and ability to encapsulate or display therapeutic 

molecules. Numerous comprehensive reviews have been 
published, showcasing the broad range of  applications 
for pVLPs.2–7 However, these studies have not addressed 
the historical challenges and development of these supra-
molecular structures in nanomedicine. The present review 
aims to highlight the historical evolution of pVLPs as nano-
carriers of bioactive molecules.

Materials and methods

The literature analyzed for this work was retrieved from 
the PubMed, Google Scholar, Web of Science, and Scopus 
databases. To maximize the scope of relevant sources, 
no temporal restrictions were applied to the articles and 
studies reviewed. The search strategy included terms such 
as “plant virus,” “virus-like particle,” “plant virus-like par-
ticle,” “plant virus capsid,” and “plant virus protein nano-
cages.” Nevertheless, the most significant contributions 
considered in this review are derived from original studies 
published from the 20th century to the present.

A total of 111 references were selected after applying 
inclusion criteria that considered only peer-reviewed pub-
lications presenting relevant and original contributions 
(excluding replications of previous studies or works with 
minor variations). The selected articles were carefully 
evaluated and mapped along a timeline, with 11 identified 
as representative historical milestones. In addition, other 
selected works were analyzed in relation to key concepts 
that have guided the evolution of medical perspectives, 
as well as current applications and future prospects.

Early development of the concept 
of viruses as potentially 
therapeutic tools

With the advancement of medical knowledge during 
the 18th and 19th century, bacteria, fungi, protozoa, and vi-
ruses were exclusively considered infectious agents capable 
of affecting both animals and plants. This view persisted for 
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almost 3 centuries, until the introduction of concepts such 
as microbiota – though mentioned since the 20th century, 
it was widely popularized in the 21st century – which rede-
fines the relationships between host and pathogen. It is now 
recognized that some microorganisms that are pathogenic 
to certain species can be harmless, or even beneficial, to oth-
ers, establishing cooperative consortia resulting from long 
evolution process.8,9 During the past century this new para-
digm allowed for a revival and expansion of Félix d’Herelle’s 
vision, who in  the early 20th century proposed the use 
of bacteriophages (viruses that infect bacteria) as specific 
antimicrobial therapeutic agents, without affecting human 
health.10,11 Although his proposals initially did not suc-
ceed, by the end of the last century and up to the present 
day, phage therapy has a broad research focus12 resulting 
in the commercial use of phages approved by the U.S. Food 
and Drug Administration (FDA) in 2006.13 With this new 
approach, the idea of using viruses as polymeric systems for 
therapeutic purposes has increased in recent years.

Another important concept that contributed to the de-
velopment of VLPs for drug delivery was the use of viral 
particles in vaccine generation. From the smallpox vac-
cine developed by Edward Jenner in the late 18th century 
to the end of the 20th century, viruses were utilized in vac-
cine production, broadening the understanding of viral 
particles as therapeutic tools.14

By the 1980s, novel strategies emerged based on the en-
capsulation of genetic material and the use of VLPs for 
vaccine development, establishing one of the earliest prec-
edents for employing viruses as carriers of therapeutic 
agents.15,16 In particular, plant pathogenic viruses have 
demonstrated remarkable potential in biomedical applica-
tions, and with ongoing advances in nanotechnology and 
molecular biology, their capacity for therapeutic delivery 
continues to expand.3,10,17,18

What is nanotechnology and 
where was it born?

Although it is difficult to precisely define the boundaries 
of the “nano” classification, the term “nano” is generally 
used to describe structures or molecules ranging in size 
from 1 to 200 nanometers (nm), whereas nanotechnol-
ogy refers to the application of such materials in various 
scientific and industrial contexts. Nanoscience, in turn, 
focuses on the study, design and generation of structures 
at the nanoscale.1,19–21

When these findings are applied to address specific 
problems, the field of nanotechnology emerges. The term 
‘nanotechnology’ was first introduced in 1959 by physicist 
Richard Feynman during the annual meeting of the Ameri-
can Physical Society.22 However, it was in 1974 that Norio 
Taniguchi formally defined it as a set of tools and tech-
niques for the separation, consolidation and formation 
of materials at the atomic or molecular level.23

Building on these principles, nanotechnology has ad-
vanced toward the development of nanostructures through 
2 main approaches: the “top-down” and “bottom-up” meth-
ods, each with distinct implications for quality, precision 
and production costs. Although historical records indicate 
the use of NPs as early as the 4th century in the Roman 
Empire, true mastery of nanotechnology – including its 
synthesis, modeling, modification, and application – has 
emerged only within the past few decades.

A major turning point was the development of the scan-
ning tunneling microscopy (STM), a technique that en-
abled the visualization and manipulation of individual at-
oms. In 1983, the STM was used to reconstruct the surface 
of silicon (111)-7×7, and in 1990, a team led by Don Eigler 
at IBM manipulated 35 xenon atoms on a nickel surface 
to form the company’s logo.

These milestones demonstrated, for the  first time, 
the ability to control matter at the atomic level, sparking 
global scientific interest in the manipulation of NPs.24–26 
Both nanoscience and nanotechnology are relatively recent 
disciplines, as work at the nanoscale requires techniques 
that have only become available in the past few decades. 
Both fields are expanding rapidly and have revealed enor-
mous potential for the development of future technological 
applications.5,27

Bio-nanomedicine

Initially, nanotechnology focused on addressing chal-
lenges in the chemical sciences, such as the development 
of new materials for industrial applications. However, its 
uses and applications soon expanded across multiple disci-
plines. In particular, nanomaterials began to offer solutions 
to long-standing problems in medicine, serving as strat-
egies for the transport of poorly soluble drugs and for 
targeted delivery to hard-to-reach sites such as the brain 
and tumors.5,25,28

From the applications of classical nanotechnology across 
various scientific fields, modern nanotechnology emerged, 
integrating principles from chemistry, electronics, physics, 
and biology.29–34 In the biological sciences, advances in bio-
materials and biomolecular research have been particu-
larly beneficial, enabling the development of biologically 
derived NPs with strong potential for medical and thera-
peutic applications.19 One of the most important properties 
of biomaterials is their biocompatibility, i.e., their ability 
to avoid activating the immune system, which makes many 
nanosystems ideal for therapeutic applications.35–39 This 
is particularly relevant for NPs that structurally resemble 
viruses.18,40–42

The term ‘nanomedicine’ was first coined in the 1990s 
by Eric Drexler and collaborators in the book Unbound-
ing the Future: The Nanotechnology Revolution,43 and was 
later formally defined in 1999 in the book Nanomedicine.44 
Since then, the discipline was consolidated as a science 
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with the incorporation of nanomaterials into therapeutic 
strategies.

Despite its relatively recent origin, nanomedicine has un-
dergone rapid expansion driven by technological advances. 
One of its most promising branches is bionanomedicine, 
which applies nanotechnological methods and biomateri-
als for the diagnosis, monitoring and treatment of diseases 
at the cellular level. This approach focuses on the inter
action and modification of biomolecules such as extracel-
lular vesicles, proteins, mRNA, and viral particles.1,41,45–47

Virus-like particles

Virus-like particles are natural nanosystems derived 
from native viral structures that lack infectious capability. 
These NPs can be produced using a variety of methods 
and expression systems, including cultivation in plant, 
mammalian, insect, or bacterial hosts. They can also be 
generated recombinantly through genetic engineering and 
molecular biology techniques (Fig. 1).

The capsid proteins (CPs) that make up the VLPs are 
quite resilient, measuring only a few nanometers, have 
the ability to self-assemble and are biocompatible. The self-
assembly capability of the CP allows for the trapping and 
transport of drugs in VLPs to prevent premature degra-
dation and facilitate their delivery while improving bio-
availability in the system.6,48,49 Since the early 21st century, 
a wide variety of drugs and other therapeutic agents have 
been encapsulated using the proteins that form the capsid 
of viruses as nanocages.50–53

One of the first viral particle systems for the delivery 
of molecules was developed by Zhou et al. using papilloma
virus to activate the immune response against tumor mod-
els with defined epitopes.51 Subsequently, Braun et al. used 
polyoma VP1 to encapsulate oligonucleotides and DNA 
plasmids,54 and in 2000, a system based on the capsid 

of the papillomavirus was used to transport epitopes and 
activate the cytotoxic response of T lymphocytes, induc-
ing an  improvement in  the  immune response against 
the  tumor.55 In  the  following years, VLPs began to be 
used for the packaging of therapeutic molecules target-
ing cancer by various research groups with distinct ap-
proaches, primarily focusing on disease contexts in which 
dosage, solubility and specificity represented the greatest 
challenges.2,6,7,30,56–58

The loading of VLPs can occur through electrochemi-
cal processes that promote the assembly of the CP around 
the therapeutic cargo or through pH-induced pore open-
ing, which allows the cargo to be adsorbed. However, one 
limitation of VLPs is that the cargo must be compatible 
with the electrostatic charge and internal cavity diameter 
of the particle, restricting the number and size of mol-
ecules that can be encapsulated.59–61

Virus-like particles based on plant 
viruses

Currently, much of the research on VLPs focuses on ob-
taining capsids from plant pathogenic viruses, as their 
manipulation and inoculation are simpler than those 
of animal viruses and they do not pose biological risks. 
Plant viruses generally exhibit 2 main structural types: 
rod-like forms, such as the tobacco mosaic virus (TMV), 
and icosahedral forms, such as the cowpea chlorotic mottle 
virus (CCMV) of the Bromovirus genus – both of which 
are widely used as nanocarriers (Fig. 2). Regardless of their 
structure, viruses possess functional groups on their sur-
faces that can be used to anchor molecules such as antibod-
ies or peptides, thereby improving targeting and enhancing 
therapeutic efficacy.59,60,62,63

Plant virus-like particle platforms for drug delivery 
emerged in the early 21st century, with several key studies 

Fig. 1. Graphical representation of the production host systems for virus-
like particles (VLPs).
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Fig. 2. Main structural types of plant virus-like particles (pVLPs) commonly 
used for pVLP production. A. Cylindrical or filamentous structure; 
B. Icosahedral structure
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demonstrating the ability of these viruses to transport 
cargos other than their genetic material and, subsequently, 
to deliver poorly water-soluble chemotherapeutic agents 
such as doxorubicin (Table 1).15,17,29,42,50,59,60,62,64–80 How-
ever, one of the main advantages of using plant viruses 
as nanocarriers resulted in relatively simple production, 
low resource demand, high yield of virus per gram of in-
fected leaf, and rapid purification of these.3,18

These characteristics, combined with the ease of pro-
duction, storage and manipulation of this type of virus, 
are rarely found in other types of infectious viruses for 
humans, giving pVLPs an almost unbeatable advantage 
as biomaterials.

Encapsulation techniques

There are 2 main methods for loading the internal cavity 
of a VLP with cargo: reassembly of the CP around a nega-
tively charged core, or infusion through pore opening. 
To induce pore expansion, the native virus and the cargo 
are incubated together under mildly alkaline condi-
tions.42,59,65,81 Under acidic conditions, VLPs maintain 
their native conformation, whereas under alkaline pH 
conditions, their pores open, allowing the entry of cargo 
molecules in contact with them (Fig. 3A).82–84 However, 
it should be clarified that this method is limited by the pore 
size of the virus, so larger particles than that size will not be 
able to enter the internal cavity of the virus; for those pur-
poses, encapsulation protocols through CP self-assembly 

Table 1. Biomedical applications of plant virus-like particles (pVLPs) as nanocarrier systems

pVLP platform Cargo Application Reference

Tobacco mosaic virus (TMV) epitope vaccine generation Haynes et al., 198615

Papaya mosaic virus (PapMV) epitope vaccine generation /
Immunomodulation

Lacasse et al., 200817

Brome mosaic virus (BMV) and
cowpea chlorotic mottle cirus (CCMV)

chemotherapeutic drugs cancer Tejeda-Rodríguez et al., 
201929

Hibiscus chlorotic ringspot virus (HCRV) polyacids exploratory / possible drug delivery Ren et al., 200642

Physalis mottle virus (PhMV) several fluorescent agents  
and chemotherapeutic drugs

theranostic for cancer Masarapu et al., 201750

Brome mosaic virus (BMV) metallic nanoparticles exploratory Xie et al., 202159

Cowpea chlorotic mottle virus (CCMV) RNA exploratory / gene therapy Cadena-Nava et al., 201260

Cowpea chlorotic mottle virus (CCMV) RNA and ssRNA exploratory / gene therapy Comas-Garcia et al., 
201262

Brome mosaic
virus (BMV)

metallic nanoparticles imagining Dragnea et al., 200364

Red clover necrotic mosaic virus (RCNMV) chemotherapeutic drugs cancer therapy Cao et al., 201465

Cowpea chlorotic mottle virus (CCMV) anionic polymer exploratory / general drug delivery Douglas and Young, 
199866

Johnson grass chlorotic stripe mosaic virus 
(JgCSMV)

chemotherapeutic drugs cancer therapy Alemzadeh et al., 201967

Tomato bushy stunt virus (TBSV) peptide cancer therapy Marchetti et al., 202368

Bamboo mosaic virus (BaMV) fluorescent antibody imagining Kuo et al., 201869

Potato virus X (PVX) tumor antigen immunomodulation / cancer 
vaccine generation

Jobsri et al., 201570

Cowpea mosaic virus (CPMV) protein immunomodulation / cancer 
therapy

Chatterji et al., 200471

Cowpea mosaic virus Capsid carbohydrates immunomodulation / cancer 
therapy

Miermont et al., 200872

CPMV, PVX, TMV, and BMV several fluorescent agents imagining Wen et al., 201273

Cowpea mosaic virus (CPMV) fluorescent agent and antibodies imagining Sapsford et al, 200674

Tobacco mosaic virus (TMV) antibodies, peptides and several 
therapeutic molecules

exploratory/ general drug delivery / 
vaccine generation

Kriwaczek et al., 197875

Tobacco mosaic virus (TMV) peptides vaccine generation Fearney et al., 197176

Physalis mottle virus (PhMV) chemotherapeutic drugs cancer therapy Hu and Steinmetz, 202077

Tobacco mosaic virus (TMV) fluorescent agent imagining Qiu et al., 202278

Tobacco mosaic virus (TMV) peptides vaccine generation Sugiyama et al.,199579

Cowpea chlorotic mottle virus (CCMV) peptides cancer therapy Wu et al., 201780



M. Naranjo, K. Akimita. Historic use of plant virus-like particles158

Fig. 3. Loading methods in virus-like particles (VLPs). A. Schematic representation of diffusion through pore apertures; B. Schematic representation 
of loading via the disassembly–reassembly method
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are suggested. The self-assembly capability of viruses was 
first explored in 1955 through successful reconstruction 
of TMV in vitro.85 By the end of the 1960s, the assem-
bly mechanisms of TMV were well known,86,87 and dur-
ing the following decade, the self-assembly mechanisms 
of icosahedral plant viruses were studied and described.63 
The reconstruction of the particles is first achieved by pu-
rifying the CP, generally subjecting the viruses to high ionic 
strength conditions, resulting in the disassembly of the vi-
rions into proteins and nucleic acids. At that point, the pro-
teins are recovered and the nucleic acids are removed. 
The protein must be purified before attempting to assem-
ble the cargo. To achieve assembly, the CP is incubated 
in cycles with the cargo under high ionic strength condi-
tions, followed by incubation or dialysis against an acidic 
pH buffer solution (Fig. 3B). These changes in electrostatic 
forces promote the binding of positively charged amino 
residues inside the capsid to the core, which must have 

a negative electrostatic charge.53,60,64,66 Since then, this 
field of research has developed significantly.

Recently, a strategy based in the infusion using metal 
ions and pH-dependent reversible mechanisms has been 
developed.65,67 This approach relies on the opening of cap-
sid pores induced by abrupt pH changes: At acidic values, 
the particles retain their native conformation, whereas 
under basic conditions, the pores open and permit the in-
corporation of molecules of interest.

Structural modifications

Almost half of the virus families have icosahedral ge-
ometry, with CPs that facilitate assembly and disassembly 
to introduce the cargo. The proteins that form the surface, 
called “coat proteins”, contain lysine, cysteine and aspar-
tic/glutamic acid residues that can be modified or used 
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as an anchoring platform for other molecules. The main 
types of functionalization are based on the conjugation 
of  biomolecules (bioconjugation) such as  antibodies, 
peptides, oligonucleotides, or carbohydrates68–72; how-
ever, fuctionalization can be also achieved with organic 
and inorganic molecules, such as drugs (Fig. 4), various 
chemical agents, such as N-hydroxysuccinimide (NHS), 
polyethylene glycol (PEG), biotin, or carbodiimide, as well 
as through genetic modification methods.71,73,74

The first approach of the conjugation of a VLPs was made 
by Frank et al. in 1971; They conjugated a decapeptide 
representing a fraction of the TMV CP to a succinylated 
bovine serum albumin and observed an immunization 
effect in rabbits. Years before, Kriwaczek et al. conjugated 
molecules of α-melanotropin to TMV virus like particles, 
creating the first conjugated plant VLP.75,76 First spherical 
fitovirus to be functionalized was the CCMV, by Wang 
et  al.3,88 Hydrazone conjugation is  a  relatively recent 
chemoselective strategy that enables the sequential and 
controlled introduction of multiple peptides by regulat-
ing the reaction conditions. This technique demonstrates 
high chemoselectivity, with the resulting products exhib-
iting absorbance around 350 nm. The method is based 
on  the  reaction between a  terminal hydrazine group 
on the substrate and benzaldehyde-functionalized VLPs. 
Hydrazone chemistry is particularly valuable for conju-
gating VLPs with ligands that are unstable under click 
chemistry conditions.10,77,78

Biomedical applications

The  use of  VLPs has considerably expanded across 
the  spectrum of biological and medical sciences, hav-
ing outstanding applications for both areas. With VLPs, 

it is possible to perform gene therapy, diagnostic utility 
testing, targeted delivery systems, and vaccine develop-
ment.2,5,6,89–91 These applications have supported the de-
velopment of  therapeutic strategies for the  treatment 
of cancer, neuropathological disorders and other diseases 
of genetic origin.

Targeted delivery

The proper administration of therapeutic drugs has 2 
challenges: correct dose delivery and the reduction of side 
effects through targeted delivery.27,48,92 The ideal drug dose 
is determined by balancing bioavailability and concentra-
tion to achieve therapeutic efficacy. However, this bal-
ance is often disrupted by physiological processes that 
degrade the active compound before it reaches its target 
site. To compensate, drug concentrations are frequently 
increased, which can lead to adverse side effects resulting 
from excessive exposure of healthy tissues to the drug.93–95 
As other NPs, the application of VLPs ensures the integrity 
of the dose until it is delivered specifically. It is achieved 
through bioconjugation techniques, but in contrast with 
other NPs, the VLPs and pVLPs exhibit chemical groups 
allowing to be conjugated with molecules of different na-
tures that respond to indicated situations without previous 
modifications; e.g., in conjugation with antibodies, the par-
ticle recognizes a receptor on the cell and triggers a re-
sponse. Other molecules such as peptides, carbohydrates 
and nucleic acids are also used to direct therapy to specific 
cells and they can be anchored directly to the VLP or pVLP 
on the surface.6,96 Meanwhile, other classes of NPs, such 
as metallic NPs or mesoporous silica NPs, require the ad-
dition of chemical groups to which other molecules can 
be anchored through chemical modifications performed 

Fig. 4. Surface modifications in virus-like particles (VLPs): methods and potential applications
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either during or after synthesis. Similarly, various mecha-
nisms employ strategies that exploit disease-specific con-
ditions – e.g., the acidic environment of the tumor mi-
croenvironment (TME), where pH changes are utilized 
to  trigger the  release of  chemotherapeutic agents.97–99 
Other NPs have exhibited toxic effects and failed to in-
duce the desired pro-inflammatory response. These side 
effects are associated with factors such as surface charge 
and size polydispersity of the NPs.100 Monodispersity has 
been identified as an important characteristic for efficient 
cellular uptake.101 Through evolutionary processes, viruses 
achieved monodisperse size – a feature that can be ex-
ploited to minimize unwanted activation of the inflamma-
tory response. Consequently, VLPs and pVLPs can function 
as targeted delivery systems that help reduce undesirable 
toxic or proinflammatory effects.3,18,102

Immunomodulation

The  immunomodulatory activity of  VLPs is  related 
to the mimicry they can have with wild viruses. Like a wild 
virus, VLPs are capable of activating the immune response 
at the humoral or  innate level. The size and structure 
of VLPs alert antigen-presenting dendritic cells, which 
will subsequently initiate the action chain of the adaptive 
response, but they can also be recognized by toll-like recep-
tors (TLR) of the innate system.103 Some clinical studies 
have used viral particles from pathogenic viruses such 
as influenza and have reported the induction of an effective 
immune response (both humoral and cellular), which has 
allowed the development of vaccines, findings in immu-
notherapy and the fight against immunodeficiency.103–105 
Through recombinant DNA and genetic engineering 
methods, chimeric VLPs can be synthesized that express 
short sequences of peptides or proteins, which allows for 
the maintenance of peptide integrity and achieving opti-
mal therapeutic activity.68,79 This strategy has been used 
both for vaccine development and recruitment of immune 
system cells in tumors.

Vaccine production

There is  a  wide variety of  approved vaccines based 
on VLPs, and many more are in development or clinical 
trial phases. Some of the VLP-based vaccines on the mar-
ket include CervarixVR (HPV), Gardasil, Gardasil 9, and 
Merck and Co., Inc.’s Recombivax HBVR.106 The immune 
response to these vaccines focuses on the recombination 
of the particle with specific antigens that generate immu-
nity, the delivery of RNA transcripts that will be translated 
to produce the immunogenic response, or the delivery 
of specific antigens.56,107,108 The transport of specific epi-
topes in VLPs for vaccines has demonstrated the ability 
to generate memory in immunity, leaving the immune 

system prepared for an infection event, in addition to being 
able to fully transport the epitopes.7,58 Complementarily, 
VLPs offer a solid and well-designed alternative platform 
for the development of cancer vaccines. Various working 
groups have created cancer vaccines using VLPs for dif-
ferent types of cancer.51,52,99 In addition to strategies that 
display epitopes on the surface of the VLP, other strategies 
use VLPs to transport mRNA transcripts to induce im-
munity against certain types of cancer.58 Vaccines based 
on pVLPs began to be developed in the previous century. 
The first pVLP vaccine candidates were generated using 
TMV as a platform.15,76 Plant viruses such as TMV and 
CCMV have shown promising characteristics for vaccine 
development, including biocompatibility, efficient and se-
lective immune activation, and well-described genetic and 
phenotypic profiles that make them highly amenable to 
modification. Additionally, the production costs of these 
vaccine platforms are comparatively low. Despite having 
great utility and good results in this field, the greatest ben-
efit that VLPs provide to vaccine development is the broad 
potential for improvement they present.

Discussion

Historically, viruses have been regarded as agents of dis-
ease and epidemics, a perception that has long shaped 
the public consciousness. However, with the technological 
and scientific advances of the contemporary era, it is now 
recognized that viruses can also function as bio-nanopar-
ticles (bio-NPs) with a wide range of biotechnological and 
medical applications (Fig. 5).

The self-assembly capability allows for effective encap-
sulation of therapeutic and theranostic molecules, such 
as antigens, fluorescent markers, metals, and drugs, facili-
tating targeted delivery to tissues or organs.66,95,98,109 Given 
their capacities, CP proteins can be used, designed and 
modified to produce natural, safe, stable and biodegradable 
nanocages for therapeutic purposes.

On the other hand, VLPs have also positioned themselves 
in the fields of vaccine generation. Compared to traditional 
vaccines, which are often produced from an attenuated 
or inactivated viral strain, genome-free VLPs allow for 
the transport of RNA transcripts or isolated antigens that 
enable the activation of the immune response, offering 
innovative alternatives that are safe.7,72,106,107 The variety 
of VLPs makes them structurally attractive and function-
ally diverse, allowing them to be designed to carry anti-
genic molecules to specific target tissues. Nevertheless, 
most of commercial VLP based vaccines use mammalian 
viruses as platform.106 Consequently, the production meth-
ods, storage and transportation requires more resources, 
and bioethical considerations that significantly influence 
the costs and availability of these vaccines. In contrast, 
plant viruses can be easily propagated, facilitating the 
large-scale production of p-VLPs and potentially reducing 
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Fig. 5. Historical milestones in the development and application of plant virus-like particles (pVLPs)
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costs. Furthermore, viruses such as TMV and its mutants 
exhibit significant temperature resistance,110,111 eliminat-
ing the need for preserving a cold chain.

Although the development of VLPs is relatively recent, it 
has been demonstrated that they have enormous potential 
to resolve therapeutic problems.3,6,49

Limitations

This study provides a comprehensive analysis of key 
works that have contributed to the development of pVLPs 
for biomedical applications, from their initial conceptual-
ization in the past century till now. It is important to em-
phasize that although some of the studies discussed here 
describe the physicochemical properties of pVLPs and fun-
damental proof-of-concept experiments (e.g., CP reassem-
bly and NP encapsidation), the primary focus was on those 
that demonstrated biotherapeutic applications or repre-
sented pioneering exploratory efforts that have driven 
the advancement of pVLPs in biomedical research.

Conclusions

This work has explored the  development of  pVLPs 
as nanocarriers in the emerging era of nanomedicine, en-
compassing their use in the delivery of novel therapeu-
tic agents, antigen presentation, and the enhancement 

of existing drugs through improved bioavailability, solu-
bility and stability.

The comprehensive compilation of the most relevant 
findings and historical studies is important for understand-
ing the development of pVLPs, as well as recent advances 
that demonstrate their current applications, relevance 
and future potential. Furthermore, this review highlights 
the inherent advantages of pVLP production methods and 
the mechanisms by which drug loading is achieved, provid-
ing an overview of their therapeutic promise.

Finally, new technologies and methodologies may further 
enhance pVLP production, loading strategies and biomedi-
cal applications. Future studies should also focus on evalu-
ating key characteristics such as structural integrity, safety 
and potential toxicity during the preclinical stage.

Use of AI and AI-assisted technologies

Not applicable.
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Abstract
Due to physiological and anatomical barriers, optometrists and drug delivery specialists have long faced 
challenges in administering medications to the eyes. These ocular barriers – both permanent and temporary – 
limit the entry of foreign substances and reduce the effective absorption of therapeutic agents. Polymeric 
nanoparticles (NPs) provide advantages such as selective tissue targeting, improved drug bioavailability, 
stability, and controlled drug release. Their ability to overcome barriers like the precorneal film, cornea and 
intra-retinal regions depends on properties such as interfacial ligands, mucoadhesion, hydrophobicity, par-
ticle size, and surface charge. Careful design tailored to specific ocular tissues and diseases is essential. This 
study aims to explore the potential applications of polymeric NPs across various pharmaceutical categories 
in the treatment of ocular conditions.

Key words: stability, polymeric nanoparticles, ophthalmic application, challenges for vision
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Introduction

Due to its complex anatomy and strong defense mecha-
nisms against external substances, including therapeutic 
agents, the eye presents a significant challenge in drug 
delivery and medical treatment. While traditional topical 
formulations are commonly used for the anterior segment 
of the eye, the majority of the drug dose is lost due to ocular 
defense mechanisms. To improve drug retention, efforts 
have been made to minimize local and systemic side effects 
while enhancing therapeutic efficacy. For diseases affect-
ing the posterior segment of the eye, intravitreal therapy 
or systemic administration of intravitreal implants and 
injections is often required. Developing ocular drug deliv-
ery methods that enhance therapeutic efficacy and enable 
targeted tissue absorption is essential. Since the cornea and 
conjunctiva are sensitive to penetration enhancers, care-
ful selection of such agents and the design of compatible 
drug formulations are critical components of an effective 
delivery strategy.1

According to  their intended purpose, nanoparticles 
(NPs) might or might not contain a therapeutic molecule. 
Drugs can be dissolved, adsorbed, entrapped, or chemically 
linked within nanoscale frameworks, resulting in various 
structures such as NPs, nanospheres or nanocapsules. All 
these terms share a common feature: they refer to NPs that 
encapsulate or carry drugs. Polymeric NPs offer remark-
able flexibility as a drug delivery technology due to their 
ability to deliver medication to specific tissues or intracel-
lular compartments by overcoming physiological barri-
ers through both passive and ligand-mediated targeting 
mechanisms. When properly formulated, polymeric NPs 
require less frequent administration, exhibit prolonged 
retention in the extraocular area and can be as easy to use 
as topical solutions, while offering the added benefit of im-
proved patient compliance.2–4 To improve drug delivery 
and reduce harmful side effects, NPs have been extensively 
studied for their ability to carry a wide range of both small 
and large molecular entities, including drugs, peptides, 
amino acids, vaccines, and genetic material. Two funda-
mental requirements for polymeric NPs are that the poly-
mers used in their fabrication must be both biocompatible 
and biodegradable, as the NPs remain within target cells 
and circulate for extended periods. A variety of polymers 
meeting these criteria have been employed, and evaluat-
ing their suitability, based on the resulting NP properties, 
represents a compelling area of research in the develop-
ment of an optimal therapeutic platform for the treatment 
of various ocular conditions.5

Anatomy of the eye

The human eye is an extremely complex and delicate 
organ, composed of both anterior and posterior segments. 
The  anterior segment includes the  tear film, cornea, 

aqueous humor, pupil, lens, and ciliary body. The poste-
rior segment consists of the vitreous humor, retina, optic 
nerve, and supporting structures. It should be noted that 
some elements, such as the conjunctiva and cornea, span 
both regions and play key roles in ocular protection and 
vision. The volume and composition of the tear film are 
regulated by the orbital glands and epithelial secretions. 
The cornea plays a crucial role in focusing light enter-
ing the visual field. It is composed of 3 distinct layers: 
the epithelium, stroma and endothelium. The corneal 
epithelium consists of 4–7 layers. The stroma is a dense 
layer composed primarily of water. The epithelium plays 
an  important role in  maintaining corneal transpar-
ency. The pigmented part of the eye is called the iris and 
it regulates the amount of light that enters the eye and 
reaches the retina. The structure of the ciliary body con-
sists of ciliary muscles, stroma and both pigmented and 
non-pigmented epithelial layers.6 Interaction between 
the anterior and posterior segments of the eye is facilitated 
by the capillary network within the ciliary body. The vit-
reous humor is a transparent, gel-like connective tissue 
located between the retina and the lens. It contains no 
blood vessels and is composed primarily of water (99.9%), 
along with hyaluronic acid (HA), collagen and electrolytes.7 
Conjunctiva is the fragile, translucent membrane covering 
the surface of the eye. The eyelids protect the anterior part 
of the sclera. The choroid is a vascular membrane located 
between the sclera and the retina. The retina is an ex-
tremely delicate structure composed of glial and neural 
tissues. It generates electric impulses, which are transmit-
ted to the brain via the optic nerve.8–12

Barriers to ocular drug delivery

Ocular drug delivery is difficult due to various barriers 
that limit drug efficacy and absorption. These barriers 
include anatomical, physiological and metabolic factors.

Pre-corneal barriers

Capacity of the cul-de-sac

The human eye’s conjunctival cul-de-sac is a small ana-
tomical space with an approximate volume of 20–30 μL. 
It is formed where the bulbar and palpebral conjunctivae 
meet, including a deeper depression beneath the upper eye-
lid. When the lower eyelid returns to its normal position, 
the capacity of this space is reduced by approx. 70–80%.13 
Inflammation and allergic reactions of the eye can further 
reduce the capacity of the conjunctival cul-de-sac. Since 
a drug’s residence time and concentration are closely cor-
related with its therapeutic efficacy, the limited capacity 
of the cul-de-sac may lead to a decrease in intraocular 
drug concentration, ultimately reducing the treatment’s 
effectiveness (Fig. 1).
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Fig. 1. Schematic representation of different barriers in ocular drug delivery system

O
cu

la
r b

ar
rie

rs

Precorneal

Capacity 
of cul-de-sac

Physiological
condition

Low capacity

Movement of eyelid
Pathological

condition
Loss from

lacrimal fluid

Corneal

Epithelium Prevent  hydrophilic
drug

Inflammation

Allergy

Stroma Prevent lipophilic
drugs

Blood-ocular
barrier

Blood-aqueous
barrier Anterior portion

Only small
and lipophilic drug

Rapid elimination

Blood-retinal barrier Posterior portion

Drug loss in lacrimal fluid

The  management of  ocular fluid drainage is  one 
of the key challenges in the precorneal area. Drug loss 
from the lacrimal fluid can occur due to non-productive 
absorption through the conjunctiva, excessive lacrimation 
and nasolacrimal drainage. In addition, protein binding 
and metabolic processes within the ocular environment 
may further hinder drug uptake and reduce therapeutic 
efficacy.14 The continuous replenishment of lacrimal fluid 
plays a vital role in keeping the eyes hydrated and protect-
ing them from dust or pathogens that could reach deeper 
ocular structures. To ensure therapeutic efficacy, it is es-
sential to prolong the residence time of the administered 
formulation. Various strategies can be employed to en-
hance retention time on the ocular surface.15

Corneal barriers

The cornea functions as a robust barrier, protecting 
the eye from various physiological and chemical insults. 
While the lens plays a key role in focusing light and filter-
ing ultraviolet (UV) radiation, it is not involved in barrier 
functions at the ocular surface. It also plays a crucial role 
in focusing light onto the retina. The lens is composed 
of 3 parts: epithelium, stroma (cortex) and endothelium. 
The epithelium consists of tightly packed cells arranged 
in 5–7 layers. The stroma is a dense layer composed pri-
marily of water. Lipophilic drugs penetrate more readily 
through the corneal epithelium, while hydrophilic drugs 

diffuse more efficiently through the stroma. The endothe-
lium plays a key role in maintaining corneal transparency 
and facilitates the selective entry of hydrophilic drugs and 
macromolecules into the aqueous humor. Drug molecular 
weight, charge, degree of ionization, and hydrophobicity 
significantly influence corneal penetration. These factors 
collectively determine the rate-limiting step in the passage 
of drugs from the lacrimal fluid into the aqueous humor.16

Blood–retinal barriers

These barriers prevent foreign pathogens from enter-
ing the  bloodstream. They are classified into 2 main 
types: blood–retinal barrier (BRB) and blood–aqueous 
barrier (BAB). The BAB, located in the anterior segment 
of the eye, restricts the entry of various substances into 
the intraocular environment. The BRB facilitates the pas-
sage of small, hydrophobic drugs. The clearance of medica-
tions from the anterior segment occurs more rapidly for 
such compounds than for larger, hydrophilic molecules. 
The BRB is located in the posterior segment of the eye 
and is formed by pigmented epithelial cells and vascular 
endothelial cells of the retina. It prevents from the entry 
of harmful substances, water and plasma components into  
the retinal tissue.17



P.K. Pawar et al. Nanoparticles for ophthalmic complication168

Ocular diseases

Over 1 billion people worldwide suffer from vision im-
pairment, with 36 million being blind. Anatomical barri-
ers and frequent intravitreal injections make ocular drug 
delivery complex. Other factors, such as  the  need for 
intravitreal injections, further impede effective medica-
tion delivery to the inner structures of the eye. Therefore, 
addressing these challenges is crucial for effective treat-
ment.18 A promising strategy to enhance intraocular drug 
distribution involves the use of polymeric NPs with tai-
lored surface properties and variable diameters, enabling 
targeted delivery to specific ocular tissues. These NPs may 
offer controlled release profiles, reducing the frequency 
of drug administration required.19

Glaucoma

Glaucoma, characterized by  progressive vision loss, 
is the 2nd leading cause of blindness worldwide after cat-
aracts. It is estimated that by 2040, the global number 
of glaucoma patients may reach 111.8 million. A key fea-
ture of glaucoma is elevated intraocular pressure (IOP).20 
Given that glaucoma is a complex disease, the primary goal 
of current treatment is to slow or prevent further vision 
loss caused by IOP.21 In glaucoma management, brimoni-
dine tartrate-loaded chitosan NPs, formulated using so-
dium tripolyphosphate, may help reduce dosing frequency 
and provide sustained drug release.22 For the treatment 
of glaucoma, researchers developed HA-enhanced chitosan 
NPs loaded with hydroxychloroquine (DH) and timolol 
maleate (TM). Hyaluronic acid improves mucoadhesion, 
allowing the NPs to deliver the drugs locally and in a sus-
tained manner to ocular tissues. The chitosan–HA NPs 
demonstrated a significant reduction in IOP, suggesting 
that HA may enhance both the efficacy and mucoadhesive 
properties of chitosan NPs.23 Radwan et al. suggested that 
chitosan-coated bovine serum albumin NPs (CS-BSA-NPs) 
may serve as an effective platform for the topical deliv-
ery of tetrandrine (TET) in the treatment of glaucoma.24 
Shahab et al. aimed to develop chitosan-coated polycap-
rolactone (PCL) NPs loaded with dorzolamide to enhance 
ocular drug delivery. The NPs are optimized using a single-
step emulsification method, guided by a 3-factor, 3-level 
Box–Behnken design. The optimized dorzolamide-loaded 
chitosan NPs showed a strong correlation between inde-
pendent and dependent response variables. They exhibited 
biphasic release behavior and showed a 3.7-fold increase 
in mucoadhesion compared to the control formulation. 
Additionally, the  NPs were found to  be non-irritating 
and safe for ocular administration, indicating their safety 
and potential to enhance therapeutic efficacy.25 Dubey et 
al. developed brinzolamide nanocapsules for glaucoma 
prevention using chitosan–pectin polymers. These nano-
capsules offer improved bioavailability and better cor-
neal penetration compared to conventional eye drops.26 

A recent study presented a safe, well-tolerated and neu-
roprotective topical formulation of poly(lactic-co-glycolic 
acid)–polyethylene glycol (PLGA–PEG) NPs loaded with 
memantine for glaucoma treatment. The  formulation, 
containing 4 mg/mL of memantine, significantly reduced 
retinal ganglion cell damage in a murine model of ocu-
lar hypertension. Memantine-loaded NPs (MEM-NPs) 
were well tolerated in both in vivo and in vitro settings.27 
Another study developed nanoparticulate systems (NCs) 
containing acetazolamide (AZM) aimed at reducing IOP. 
The formulations had high encapsulation efficiency. They 
improved drug permeation, reduced IOP significantly and 
provided prolonged therapeutic effects.28 Warsi et al. evalu-
ated the encapsulation efficiency of dorzolamide-loaded 
PLGA NPs formulated with 2 different emulsifiers and 
vitamin E TPGS. The results showed that the NPs had high 
encapsulation efficiency, improved corneal permeability 
and were non-irritating. Additionally, drug concentra-
tion in ocular tissues was elevated. The formulation also 
showed therapeutic efficacy, with a significant reduction 
in IOP following a single topical administration.29

Uveitis

Autoimmune uveitis is an ocular disorder that affects 
the posterior segment of the eye. Studies have shown that 
NP-based drug delivery methods can offer more effective 
treatment with fewer adverse effects in managing immu-
nological autoimmune uveitis.30 Research on posterior 
segment disorders has explored the use of intravitreal in-
jections of PLGA NPs loaded with dexamethasone (DEX). 
These systems have demonstrated the ability to sustain 
therapeutic DEX concentrations over an extended period 
and distribute the drug throughout various ocular layers.31 
Sakai et al. examined the therapeutic potential of beta-
methasone phosphate (BP) encapsulated in biocompatible 
and biodegradable NPs composed of poly(lactic acid) (PLA) 
homopolymers or PEG-block-PLA copolymers, referred 
to as stealth nanosteroids. This NP-based delivery system 
reduced pro-inflammatory cytokine levels in the retinas 
of rats with experimental autoimmune uveitis (EAU) and 
significantly lowered their clinical scores. These findings 
suggest that NP-mediated delivery may represent a prom-
ising strategy for managing intraocular inflammation.32

Cataract

Cataracts are one of the leading causes of visual im-
pairment worldwide, accounting for approx. 40–60% 
of global blindness according to the National Program 
for Control of Blindness and Visual Impairment. A cataract 
is the opacification or progressive clouding of the ocular 
lens. Identified risk factors include prolonged exposure 
to UV radiation, diabetes, poor nutrition, genetic predispo-
sition, and smoking.33 Pranoprofen (PF) is an effective anti-
inflammatory agent commonly used in the management 
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of blurred vision and during cataract surgery. The drug was 
formulated using PLGA NPs and evaluated for cytotoxic-
ity, in vivo ocular penetration, ophthalmic tolerability, 
and anti-inflammatory efficacy. In vivo ocular penetra-
tion in New Zealand rabbits demonstrated comparable 
absorption levels across formulations, with PF-F2NPs 
showing the highest quantitative pupillometry (QP) value 
and a significant reduction in ocular edema. The PF-F1NPs 
formulation was well tolerated and non-irritating to ocular 
tissues, whereas PF-F2NPs exhibited higher Quick Re-
sponse (QR) values (quantities of PF retained in the cornea) 
compared to other tested formulations.34

Fungal keratitis

Fungal keratitis is a serious ocular condition that primar-
ily affects the cornea. It is caused by various fungal species, 
including Candida albicans, Candida glabrata, Candida 
tropicalis, Candida krusei, and Candida parapsilosis. My-
cotic inflammation accounts for up to 40% of all cases 
of corneal inflammation in low-income countries.35 Risk 
factors for fungal keratitis include ocular conditions such 
as trauma, contact lens use, topical corticosteroid applica-
tion, and previous corneal surgery, as well as systemic con-
ditions like leprosy.36 Researchers developed voriconazole-
loaded chitosan NPs using the ionic gelation method with 
sodium tripolyphosphate to establish an effective topical 
ocular delivery method. The NPs were characterized using 
X-ray diffraction (XRD), differential scanning calorimetry 
(DSC), scanning electron microscopy (SEM), and Fourier 
transform infrared spectroscopy (FTIR). A Box–Behnken 
design was employed and the formulation showed high 
drug loading capacity, absence of a burst release effect and 
sustained drug release over 48 h, making it a promising 
strategy for ocular antifungal therapy.37

Diabetic retinopathy

Diabetic retinopathy (DR) is one of the leading causes 
of vision loss and blindness worldwide and represents a per-
manent complication of diabetes. In severe cases, patients 
may experience progressive symptoms such as floaters, 
blurred or distorted vision and partial or complete vision 
loss due to  retinal detachment. Clinically, timely laser 
therapy can improve ocular circulation, prevent vitreous 
hemorrhage and inhibit the formation of abnormal retinal 
blood vessels. Additionally, intravitreal anti-VEGF (vas-
cular endothelial growth factor) injections are commonly 
required to reduce retinal inflammation and improve visual 
outcomes.38 Unfortunately, some individuals respond effec-
tively to intravitreal injections and repeated delivery may 
destroy optical cells.39 Vitrectomy is commonly required 
in situations of vitreous hemorrhage or proliferative vitreo-
retinopathy. Many medications have poor ocular absorp-
tion, and the potential side effects or hazards associated 
with invasive treatments make there a rising need for novel 

drug delivery systems. These innovative techniques provide 
intriguing alternatives for the effective treatment of DR.40

Liu et al. investigated the effects of an intravitreal injection 
of bevacizumab-chitosan NPs on the expression of VEGF 
messenger ribonucleic acid (mRNA) and VEGF protein in-
side diabetic rat’s corneas. The findings showed that beva-
cizumab could be continuously released from chitosan NPs 
and that this replacement was efficient in preventing choroi-
dal neovascularization.41 Furthermore, the anti-VEGF agent-
containing NPs significantly reduced VEGF expression and 
had a long-lasting effect. Triamcinolone acetonide-loaded 
NPs were used in a mouse study for DR, with a PCL core and 
a hydrophilic poloxamer 188 shells made from PLGA and 
chitosan NPs.42 Interleukin 12-encapsulated cytokines have 
been shown to prevent angiogenic tumors. Despite a mod-
erate encapsulation efficiency of 34.7%, the formulation 
demonstrated prolonged drug release as well as a greater 
ability to reduce VEGF-A and matrix metalloproteinase 
9 (MMP-9) production in mouse endothelial cells and DR 
mouse cornea. Increased retinal thickness and decreased 
new blood vessels following therapy show that the specific 
dosage significantly reduced retinal loss in DR rats.43

Age-related macular degeneration

Age-related macular degeneration (AMD) was the lead-
ing cause of visual loss in developed countries. People 
over the age of 50 are more likely to experience this dis-
ease, which accounts for around 8.7% of global blindness. 
In  2020, around 196  million people will be impacted 
by AMD.44 Growing older, smoking, bad eating habits, 
hypertension, and physical inactivity are all risk factors. 
Although there are currently no therapies for AMD, appro-
priate care can slow its progression. Age-related macular 
degeneration is categorized as either dehydrated (atro-
phic or non-exudative) or wet (neovascular). The retinal 
epithelium shows unequal angiogenesis (the development 
of new blood vessels).45 Varshochian et al. produced albu-
min-PLGA NPs to contain bevacizumab. The resultant 
NPs produced a bevacizumab formulation that allowed 
for extended release, with a vitreous concentration more 
than 500 ng mL−1 in a rabbit model for about 8 weeks.46

Dry eyes

Dry keratoconjunctivitis, or  dry eye disease (DED), 
is a multifactorial ocular surface disease. Tear film in-
stability, hypertonicity and inflammation are its distin-
guishing features. Dry eye disease has a substantial impact 
on a patient’s quality of life, can cause mental health issues 
and imposes a significant financial cost on society. Dry 
eye disease is typically diagnosed and treated in 2 ways: 
aqueous tear-deficient dry eye and evaporative dry eye 
type. Artificial tears, local secretagogues, corticosteroids, 
and immunosuppressants are common pharmacological 
therapies, although they can have negative side effects 
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such as glaucoma, high IOP, poor patient adherence, and 
eye pain. Finding novel medication delivery strategies 
is critical for overcoming ocular obstacles and improv-
ing drug absorption.47 Dry eye disease complicates prob-
lems by increasing tear membrane osmolarity and causing 
ocular surface irritation. Traditional corticosteroids may 
increase IOP. Tet-ATS@PLGA is a novel nanomedicine 
with excellent biocompatibility, long-term release and 
anti-inflammatory effects. Following 2 weeks of treatment, 
the nanomedicine considerably lowers tear production 
and tear film breakdown times in a dry eye illness model. 
Li et al. demonstrated that apoptosis of  inflammatory 
corneal epithelial cells inhibits the release of inflamma-
tory mediators, thereby preventing DED formation and 
enhancing tear production.48 Poly(lactic-co-glycolic acid) 
NPs for ocular administration of cyclosporine A (CsA) 
to treat dry eye condition. The NPs were created using 
a solvent evaporation approach and their characteristics 
were evaluated using probe sonication. Wagh and Apar 
identified a 2-phase drug release mechanism, character-
ized by an initial rapid release followed by a sustained 
release. Enhancing the surface properties of NPs may im-
prove drug absorption and retention in the eye, supporting 
the use of topical CsA as a safe and effective treatment for 
severe dry eye conditions.49

Retinoblastoma

The malignant tumor known as retinoblastoma usu-
ally affects youngsters under the age of 5. Untreated reti-
noblastoma leads to blindness and death (99%). It occurs 
in around one out of every 20,000 live births.50 It occurs 

at an equal rate in both genders. The cause is a mutation 
in the cancer suppressor gene RB1, which encodes the reti-
nal tumor protein. Bilateral (40%) or unilateral (60%) retinal 
tumor protein might be used. Radiation, cryotherapy, sys-
temic chemotherapy, and surgery are all options for treat-
ing retinoblastomas. Current research suggests the release 
of compensatory proangiogenic factors in response to anti-
angiogenic therapies used for retinoblastoma treatment. A 
critical aspect in the treatment of retinoblastoma involves 
targeting the angiogenic phase, during which the tumor 
establishes new blood vessels essential for its growth and 
progression.51 Poly-lactic-co-glycolic acid NPs coated with 
curcumin or nutlin-3a are a unique approach to overcome 
the drug resistance of Y79 cells. Nutlin-3a is a potent medi-
cine that acts as an antagonist of the murine double minute 
(MDM2), effectively inhibiting the interaction between 
p53 and MDM2. However, it acts as a substrate for Pgp 
and MRP-1, 2 multidrug-resistant proteins. It has relatively 
limited clinical use. Curcumin, a recognized regulator 
of multidrug resistance (MDR) proteins, may boost the an-
ticancer activity of nutlin-3a in drug-resistant Y79 cells. 
The co-administration of folic acid functionalized targeted 
delivery system was discovered to improve its anticancer 
effects. The experiments on apoptosis, cell cycle analysis 
and in vitro cellular cytotoxicity confirmed the increased 
effectiveness of the folic acid functionalized NPs.52

The most popular and straightforward method of admin-
istering drugs to the eyes is the topical one (Table 153–58). 
It offers the advantages of 1) being comparatively nonin-
vasive; 2) reducing the drug’s systemic adverse effects; and 
3) being reasonably simple for patients to administer when 
compared to systemic administration. Ophthalmic solutions 

Table 1. Comparison of several ocular medication administration routes

Reference Delivery routes Advantages Disadvantage Disease cured

53

topical
self-administration,

noninvasive, high patient compliance
corneal barrier, dilution and efflux, 

limited bioavailability,  
excessive dosage

conjunctivitis, keratitis, uveitis, 
episcleritis, scleritis, blepharitis

54 sub-conjunctival 
and transscleral 
administration

anterior and posterior drug 
administration, suitable for depot 

development

subconjunctival hemorrhage is more 
harmful due to increased choroidal 

and conjunctival circulation

glaucoma,
AMD cytomegalovirus

retinitis
55 intracameral 

administration
directly deliver to the posterior 

segment; most efficient treatment for 
posterior segment

toxic endothelial cell death and toxic 
anterior segment syndrome

anesthesia, inflammation, 
endophthalmitis, pupil dilation

56 intravitreal injection direct delivery to the vitreous humor 
and retina, BRB avoidance, high 
bioavailability and acute dosing

poor patient compliance, 
invasiveness, medication toxicity, 

retinal detachment, cataract 
endophthalmitis, hemorrhage

AMD, central/branched retinal vein 
occlusion, diabetic macular edema, 

cytomegalovirus retinitis

57 retrobulbar 
injection

selective delivery to both anterior 
and posterior segments, avoidance 
of corneal and conjunctival barriers, 

long duration of action, a site for 
depot formulations

poor patient compliance, 
invasiveness, drug deposition, 

complications such as discomfort, 
hemorrhages, infection, scarring, 
eyeball or optic nerve damage

anesthesia

58 systemic 
administration

high patient compliance blood–ocular barrier, low 
bioavailability, systemic toxicity 

caused by high dosing

scleritis, episcleritis, cytomegalovirus 
retinitis

AMD – age-related macular degeneration; BRB – blood–retinal barrier.
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are therefore the first choice for treating a variety of eye con-
ditions, including glaucoma, DED, infection, inflammation, 
and allergies. Roughly 95% of the currently available products 
in the global market for ocular medications are thought to be 
topical ophthalmic solutions.59 Subconjunctival administra-
tion is a minimally invasive and effective method for deliv-
ering drugs to the anterior eye chamber, avoiding corneal 
and BAB. However, it may result in drug loss due to drain-
age. Transscleral administration is simpler, less invasive and 
more suitable for patients, as it bypasses anterior obstacles 
and can deliver antioxidants, neuroprotective agents or anti-
angiogenic agents to targeted retina sites.60 Intracameral 
administration injects drugs directly into the eye’s anterior 
chamber, avoiding adverse effects and first-pass metabolism. 
It is used for prophylactic antibiotics or anesthetics in eye 
surgeries. However, it requires reorganization, dilution of 
the injected drug solution, sterility, special preparations, 
and appropriate concentrations and doses, which can lead 
to corneal endothelial cell toxicity and toxic anterior segment 
syndrome.53 Intravitreal injections are a preferred method 
for treating eyeball diseases due to quick removal of free 
drugs. Frequent injections can cause side effects like reti-
nal detachment and eyeball infection. The optimal protocol 
is a one-time injection without retracting the needle. Recent 
studies explore alternatives like NPs, implants, hydrogels, 
and minimally invasive techniques.54 Amphotericin B and 
chlorpromazine-loaded retrobulbar injections showed effec-
tive concentrations of both active pharmaceutical ingredients 
(APIs).55 Systemic administration is a drug delivery method 
for treating eye diseases like endophthalmitis, elevated IOP 
and uveitis, but frequent administration may cause side ef-
fects and poor patient compliance.56

Restrictions to use eye drops

Less than 5% of the amount of drugs applied topically pen-
etrate the cornea and reach the ocular tissues, with a large 
percentage of the supplied dosage often being extensively 
absorbed by the nasal capillary channel and palpebral con-
junctiva. Although many drugs have a short half-life and 
enter the systemic circulation quickly, ophthalmic solutions 
are extensively utilized because they are inexpensive, simple 
to create and manufacture, or have positive patient approval. 
Hypertension, bronchial asthma and tachycardia are exam-
ples of systemic adverse effects that could occur. Timolol eye 
drop has been shown to have such detrimental side effects.57

Colloidal system as a modified formulation 
for eye drops

The typical eye drops solution faces 3 major challenges: 
restricted bioavailability, non-targeted pharmacological ef-
fects and enzyme inactivation. Over the past 2 decades, 
substantial research has concentrated on colloidal carri-
ers, including compact NPs, biodegradable polymeric NPs 

and liposomes, to overcome these limitations.58 While they 
provided some benefits for extended drug delivery, alterna-
tive ophthalmic distribution methods such as ophthalmic 
inserts and in situ gelling techniques failed to address the is-
sues of blurred vision as well as the 4 main challenges previ-
ously identified: visual disturbances, eyelid adhesion, poor 
systemic absorption, and insufficient patient compliance. 
Liquid eye drops confront various obstacles including sedi-
ment formation, settling, lack of homogeneity, and resuspen-
sion difficulties. Particles larger than 1,000 nm can cluster 
and cause ocular irritation. Glaucoma, DR, macular de-
generation, and squamous cell carcinoma (SCC) all require 
continuous care.61 It is impossible to maintain therapeutic 
concentration with a single eye drop for a lengthy period 
of time. The conventional replacement ophthalmic implant 
provide regular drug delivery but have limitations: They 
are challenging to implement, particularly in the elderly 
and people who are visually impaired, and are often used 
incorrectly; moreover, they can be released from the eye and 
patient adherence is poor. The main challenges of ocular 
formulations are: pain and eyesight impairment, insertion 
difficulty, and potential elimination during the conclusion 
of their effective lives.62 The development of biodegradable 
and bio-erodible polymers, especially through aqueous-
dependent colloidal nanotechniques, offers new potential 
for ocular medication delivery. Pharmaceutical scientists 
are increasingly interested in studying gene and protein 
alterations in eye drops, as well as medications containing 
NPs. These NPs may effectively target ocular tissues, are 
cost-effective and have great therapeutic efficiency.63

There are 2 ways to administer polymeric NPs: topi-
cally and intravenously. The injectable route is an invasive 
method for delivering therapeutic substances to ocular tis-
sues since it contains colloidal drug-loaded NPs in a liquid 
medium with a viscosity similar to eye drop.64 Further-
more, it extends the residence period on the ocular surface 
and improves penetration, making medication administra-
tion via ocular barriers easier. Biodegradable polymers’ 
mucous adhesive characteristics lower the volume of fluid 
that drains from the outer layer of the eye by reacting with 
the existing mucus, therefore improving drug absorption 
and prolonging contact duration.65

Polymeric nanoparticles

Polymeric NPs are small, robust, colloidal molecules that 
range in size from 1 nm to 1,000 nm. Nanotechnologies 
create this innovative type of material to improve drug 
delivery and other therapeutic uses. Polymeric NPs could 
be modified for better selective distribution at the point 
of action or drugs bioavailability. They are widely used 
in drug delivery due to their high loading capacity, biode-
gradability and biocompatibility.66,67

Polymeric NPs are often used as drug delivery systems; 
they can transport both natural and synthetic molecules 
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like as proteins, peptides, growth hormones, and phar-
maceuticals. There are 2 types of NPs that have distinct 
structures: nanospheres and nanocapsules. Medications 
can be absorbed onto the surface of nanospheres or kept 
inside their dense polymeric matrix. The drug, genetic ma-
terial and other components are integrated into the nano-
capsules’ liquid/solid core, which is protected by a unique 
polymeric membrane.68

Types of polymeric nanoparticles

There are 2 types of polymeric NPs usually employed 
to create NPs: synthetic and natural. Polymeric NPs in ocu-
lar drug delivery systems are made from a variety of poly-
mers (Table 2 69–73).

According to Kalam et al., tedizolid phosphate (TZP) can 
be administered ocularly using noninvasive chitosan NPs 

Table 2. Various polymers used in the polymeric nanoparticles (NPs) in ocular drug delivery system

Reference Polymer Abbreviations IUPAC name Nature Structure Molecular 
formula

Molecular weight 
(Dalton/g/mol) Charge Role of polymer

69 chitosan CS 5-amino-6-[(2R,4R,6S)-5-amino-6-[(2R)-5-amino-4,6-
dihydroxy-2-(hydroxymethyl)oxan-3-yl]oxy-4-hydroxy-

2-(hydroxymethyl)oxan-3-yl]oxy-2-(hydroxymethyl)
oxane-3,4-diol

natural C12H24N2O9 3800–20,000 DA positively 
charged

stabilizing NPs, improving ocular 
retention and inhibiting aggregation

70 poly (lactic-co-glycolic acid) PLGA 2- hydroxyactic acid synthetic (C3H6O3) 
n.(C2H4O3) n

38,000–54,000 DA negatively
charged

drug penetration via ocular barriers is 
facilitated by PLGA NPs

71 poly(ethyl acrylate-co-methyl 
methacrylate-co-trimethylammonioethyl 

methacrylate chloride

Eudragit RL-100 N,N-dimethylmethanamine;2-methylprop-2-enoic acid synthetic C₂₂H₃₉CIN₂O₄ 32000 g/mol positively 
charged

Eudragit RL 100 NPs increase the 
duration of medication residence by 

adhere to the ocular mucosa

72 ammonio-methacrylate copolymer,  
type B

Eudragit RS-100 poly[(ethyl acrylate-co-methyl acrylate-co-methyl 
methacrylate)-co-[2-(trimethylammonio)ethyl 

methacrylate] chloride]

synthetic C19H34CINO6 407.9 g/mol positively 
charged

high permeability, facilitating drug 
release

73 ammonio-methacrylate copolymer,  
type A

Eudragit RLPO poly(ethyl acrylate-methyl acrylate-methyl methacrylate-
trimethylammonioethyl methacrylate chloride)

synthetic C22H39CIN2O4 32,000 g/mol positively 
charged

sustained release

CS – chitosan; PLGA – poly (lactic-co-glycolic acid).
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eliminated.75 Fenofibrate improves retinal degeneration 
and DR, although its solubility may limit therapy efficacy, 
as demonstrated by Khin et al. A water-soluble fenofibrate 
(FE)/cyclodextrin complex with increased solubility was 
developed employing polymers such as polyvinyl alcohol 
(PVA) and hydroxypropyl methylcellulose.76 Naproxen-Eu-
dragit RS100 NPs prepared using single emulsion technique 
showed lower crystallinity and slow drug release.77

(CSNPs) to treat Methicillin-resistant Staphylococcus au-
reus (MRSA) infections. The CSNPs demonstrated better 
drug loading and encapsulation and in rabbits, they caused 
no eye irritation indicating their potential for top-up applica-
tion.74 Polymeric NPs loaded with lutein have demonstrated 
long-term stability and sustained distribution within the 
ocular tissues. Swetledge et al. found that NPs were signifi-
cantly absorbed, particularly in the choroid, and then rapidly 

Table 2. Various polymers used in the polymeric nanoparticles (NPs) in ocular drug delivery system

Reference Polymer Abbreviations IUPAC name Nature Structure

69 chitosan CS 5-amino-6-[(2R,4R,6S)-5-amino-6-[(2R)-5-amino-4,6-
dihydroxy-2-(hydroxymethyl)oxan-3-yl]oxy-4-hydroxy-

2-(hydroxymethyl)oxan-3-yl]oxy-2-(hydroxymethyl)
oxane-3,4-diol

natural

70 poly (lactic-co-glycolic acid) PLGA 2- hydroxyactic acid synthetic

71 poly(ethyl acrylate-co-methyl 
methacrylate-co-trimethylammonioethyl 

methacrylate chloride

Eudragit RL-100 N,N-dimethylmethanamine;2-methylprop-2-enoic acid synthetic

72 ammonio-methacrylate copolymer,  
type B

Eudragit RS-100 poly[(ethyl acrylate-co-methyl acrylate-co-methyl 
methacrylate)-co-[2-(trimethylammonio)ethyl 

methacrylate] chloride]

synthetic

73 ammonio-methacrylate copolymer,  
type A

Eudragit RLPO poly(ethyl acrylate-methyl acrylate-methyl methacrylate-
trimethylammonioethyl methacrylate chloride)

synthetic

CS – chitosan; PLGA – poly (lactic-co-glycolic acid).

Molecular 
formula

C12H24N2O9

Molecular weight 
(Dalton/g/mol)

3800–20,000 DA

Charge

positively 

Role of polymer

stabilizing NPs, improving ocular 
charged retention and inhibiting aggregation

(C3H6O3) 38,000–54,000 DA negatively drug penetration via ocular barriers is 
n.(C2H4O3) n charged facilitated by PLGA NPs

C₂₂H₃₉CIN₂O₄ 32000 g/mol positively Eudragit RL 100 NPs increase the 
charged duration of medication residence by 

adhere to the ocular mucosa

C19H34CINO6 407.9 g/mol positively high permeability, facilitating drug 
charged release

C22H39CIN2O4 32,000 g/mol positively sustained release
charged
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Natural polymers

There are numerous plant and animal sources of natural 
polymers. In addition, the cost is reasonable. Natural poly-
mers are frequently biocompatible and nontoxic at a wide 
range of dosages. These can be synthesized using complex 
multi-step procedures or extracted from raw materials via 
laborious separation methods. Examples are albumin and 
chitosan.78,79

Synthetic polymers

Synthetic polymers are produced by  polymerization 
procedures involving numerous monomer units and are 
rare in nature. They are often created utilizing modern 
growth technologies using petroleum-based raw materi-
als. Due to their perfectly defined chemical structures, 
synthetic polymers allow for easier adjustment of their 
chemical and physical properties than natural polymers. 
Compared to organic materials, these artificial polymers 
offer greater control and versatility. Their tunability en-
ables precise management of API release and they can be 
made to have mechanical properties comparable to those 
of biological tissues. Examples are PLA, poly(caprolactone), 
poly(acrylic acid), poly(vinyl alcohol), poly(cyanoacrylates),  
and PLGA NPs.80,81

Methods of preparation to develop 
polymeric nanoparticles

The various methods used to prepare the polymeric NPs 
are presented in Fig. 2. The type of medication contained 
within the polymeric NPs influences the specific delivery 
technique.82 Typically, the 2 main strategies used involve 
the dispersion of existing polymers and the polymerization 
of monomers, which are both dual in nature.83 Biologi-
cal diluents are often used during the 1ststage of several 
polymer preparation techniques to aid the solubilization 
of the polymer.84 The usage of these diluents can raise 
concerns about toxicity and risks to the environment. 
Furthermore, the final product must accommodate sol-
vent residues. Monomer polymerization techniques make 
it possible to efficiently coat substances with polymeric 
NPs in a single reaction step. Regardless of the preparation 
process utilized, the end result is usually aqueous colloidal 
suspensions.85

Solvent evaporation

The primary method for producing polymeric NPs is sol-
vent evaporation from a pre-formed polymer. This pro-
cess generates nanospheres through an oil-in-water (o/w) 
emulsion. The organic phase is prepared by vigorously 
mixing or dissolving an active compound in an organic 
solvent. However, this can cause polymer degradation. 

Dichloromethane and chloroform were commonly used 
solvents in the past. Due to their toxicity, ethyl acetate has 
now become the preferred alternative.86 In the initial stage, 
biological diluents are often used to solubilize the prepared 
polymers.87 During the aqueous phase, the organic solution 
is mixed with a surfactant. This mixture is homogenized 
and ultrasonicated at high speeds to create suspended 
nanodroplets. As the polymer solution evaporates, NPs re-
main suspended in a stable emulsion. If the solvent is polar, 
evaporation occurs gradually under low pressure or with 
continuous magnetic stirring at room temperature. Once 
the solvent completely evaporates, NPs can be collected 
and purified by centrifugation. Freeze-drying is then used 
for long-term storage. This approach is effective and widely 
used for producing uniform polymeric nanospheres.88

Solvent diffusion

This approach combines an aqueous solution with a sur-
factant and a relatively water-miscible polymer solution 
containing a drug to form an oil-in-water (o/w) disper-
sion. To achieve kinetic equilibrium in a 2-stage process 
at room temperature, an organic solution – such as benzyl 
alcohol mixed with ethyl acetate – is used as the internal 
phase of a water-saturated colloid.89 Significant dilution 
enhances solvent diffusion from the dispersed droplets 
into the external aqueous phase, promoting the formation 
of suspended particles. This method is widely employed 
to produce nanospheres or nanocapsules. In some cases, 
the final step can be eliminated through simple filtration 
or evaporation. The resulting NPs typically range in size 
from 80 nm to 900 nm. Adjustments to process parameters 
allow for control over particle size within this range. Al-
though effective, this method may lead to partial diffusion 
of water-soluble drugs into the aqueous phase, potentially 
reducing drug encapsulation efficiency.69

Emulsification/reverse salting-out

Solvent diffusion techniques such as  emulsification 
or reverse salting-out are commonly used to produce poly-
meric nanospheres. The salting-out method facilitates NP 
formation by removing hydrophilic solvents from the aque-
ous phase. The key difference lies in how an oil-in-water 
(o/w) emulsion is created. A water-miscible polymer solvent 
– such as ethanol or acetone – is combined with a salting-
out agent and a colloidal stabilizer in the aqueous phase. 
Salting-out agents include electrolytes like magnesium 
chloride, calcium chloride and magnesium acetate (Mg 
(CH₃COO)₂), as well as non-electrolytes such as sucrose. 
Saturation of the aqueous medium reduces the miscibility 
between acetone and water. This enables the formation 
of 2 distinct solubility phases and supports o/w emulsion 
formation.70 At room temperature, continuous stirring pro-
motes stable emulsion development. Polymer precipitation 
occurs as the polymer diffuses from the organic solvent 
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Fig. 2. Techniques for manufacturing polymeric nanoparticles

Solvent evaporation technique used for preparation
of polymeric nanoparticles

Solvent diffusion technique used for preparation
of polymeric nanoparticles

Emulsification / Reverse salting out technique 
used for preparation of polymeric nanoparticles

Nanoprecipitation technique used for preparation
of polymeric nanoparticles
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into the outer aqueous phase. This leads to nanosphere 
formation.71 The resulting emulsion is then diluted with 
a defined amount of aqueous solution and deionized water. 
Filtration removes residual solvent and salting-out agents 
through cross-flow separation. Although this method sim-
plifies processing, complete water solubility of the organic 
solvent is not required. The technique yields nanospheres 
ranging from 170 nm to 900 nm. By adjusting polymer 
concentration, average particle size can be fine-tuned be-
tween 200 nm and 500 nm.72

Nanoprecipitation

This approach, also known as the solvent displacement 
technique, involves 2 miscible solvents. A soluble organic 
solvent – such as acetone or acetonitrile – is used to dis-
solve the polymer and form the organic phase. Evaporation 
effectively removes the solvent, as it does not mix with 
water.73,90–92 After solvent elimination, the polymer forms 
an interface in a lipophilic solution before being injected 
into the aqueous phase. This step is essential for NP forma-
tion. The polymer, dissolved in a moderately polar, water-
soluble solvent, is slowly added to an aqueous medium 
under agitation, typically dropwise.93

As  the polymer solution enters water, it  rapidly dif-
fuses and separates from water molecules. This promotes 
the immediate formation of NPs. Although the aqueous 
and organic phases typically interact simultaneously, pro-
cedural variations can still yield NPs.94

Surfactants play a crucial role in stabilizing the colloidal 
suspension during the process. Nanoparticles produced 
by the emulsification-solvent evaporation method often 
display uniform size and narrow size distribution com-
pared to other methods.95 Nanoprecipitation is a widely 
used method for producing nanospheres or nanocapsules, 
typically yielding polymeric NPs around 170 nm in di-
ameter. This method involves dissolving or dispersing 
the active compound within the polymeric solution to form 
nanospheres. To form nanocapsules, the drug is first dis-
solved in oil and then emulsified into the organic polymeric 
phase before the internal stage begins.96

Characterization of polymeric 
nanoparticles

The physical properties of polymeric NPs vary depending 
on their composition, concentration, size, shape, surface 
qualities, crystallinity, and dispersion stage. The physical 
properties of polymeric NPs vary with their composition, 
concentration, size, shape, surface characteristics, crystal-
linity, and dispersion state; therefore, their comprehensive 
characterization is essential. Typically, a variety of tech-
niques are employed to analyze these properties. One 
of the most frequently used by electron microscopy, elec-
trophoresis, chromatography, near-infrared spectroscopy, 

dynamic light scattering (DLS), or photon correlation spec-
troscopy (PCS) and electrophoresis.97,98 The examination 
of polymeric NPs is critical for finding difficulties with 
nanotoxicology and occupational exposure evaluation, 
both of which are required for regulating industrial pro-
cesses and identifying health and safety risks.99

Morphology

Scanning and transmission electron microscopy (SEM 
and TEM) are commonly used to analyze the form or size 
of polymeric NPs, frequently in conjunction with cryofrac-
ture procedures. Transmission electron microscopy can 
distinguish between nanocapsules and nanospheres, as 
well as determine the thickness of the nanocapsules wall. 
Atomic force microscopy provides significant informa-
tion on the surface morphology of NPs, revealing intricate 
topography, tiny cavities and pores.100,101

Particle size distribution

Polymeric NPs have an average size of 100–300 nm and 
a polydispersity of near 0. They can also be smaller than 
50 nm or between 60 nm and 70 nm.102 Size measure-
ments are performed utilizing techniques such as dynamic 
or static light scattering. Quantitative composition, oil type 
and medicine dosage all have an effect on NP size. The DLS 
and SLS measurements can yield information on particle 
size distribution and aggregation state.103

Chemical composition and crystal 
structure

Chemical composition refers to the atomic elements and 
compounds found in NPs, which can be determined using 
single-particle elemental analysis methods.104 Atomic ab-
sorption spectroscopy is a typical technique for measuring 
sample mass concentration by comparing the signal with 
calibration standards. Time-of-flight mass spectrometry 
is another method for determining the chemical com-
position of a single particle.105 Crystal structure can be 
elucidated using powder XRD.106

Molar mass distribution of polymer

Drug-polymer interactions and polymer degradation 
have an impact on ingredient formulation due to their 
polymeric molecular dispersion. Size-exclusion chroma-
tography and static light scattering are 2 regularly used 
techniques for this purpose.107

Surface area and chemistry

The surface area of NPs is critical for reactivity and ligand 
binding. Adsorption of inert gas is measured under vari-
ous pressure settings to form one layer.108 Nanoparticles 
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significantly affect solvent interactions due to the large 
number of atoms present on their surfaces. X-ray pho-
toelectron spectroscopy and secondary ion mass spec-
troscopy are used to study the surface chemistry of these 
NPs.109

Zeta potential

The zeta potential is a critical characteristic that affects 
the surface charge of NPs. It is determined using Doppler 
techniques and influenced by factors such as functional 
group dissociation, ionic species adsorption and solvation 
effects. Polymeric NPs, such as those derived from polox-
amers and other polymers, might influence zeta potential. 
A strong zeta potential is required to maintain the stability 
of colloidal suspensions.110

pH of suspensions

The stability of NP solutions can be better assessed 
through regular pH monitoring. Variations in pH may indi-
cate the degradation of polymers, as evidenced by the con-
dition of nanocapsules and nanospheres after 6 months 
of  preservation.111 This decrease in  stability is  related 
to carboxylic group ionization, hydrophobicity alterations 
and zeta potential changes, emphasizing the importance 
of pH monitoring in maintaining formulation integrity.112

Stability of polymeric NPs suspensions

During long-term storage, polymeric nanosuspensions 
are converted into colloidal suspensions due to slow depo-
sition and Brownian motion.113 Adsorption of active com-
pounds and surfactants is one of the factors that influences 
their stability. Physicochemical factors such as particle size, 
zeta potential, polymer mass distribution, drug content, 
and pH can be used to assess their stability. However, in-
dustrial applications of polymeric NPs may be limited due 
to extended storage durations and low physicochemical 
stability.114 To delay these concerns, drying methods like 
lyophilization or spray drying are recommended. Lyophili-
zation removes water through sublimation, and spray dry-
ing facilitates the quick drying of droplets.115

Determination of the drug association

Nanoparticles’ small size makes it difficult to distin-
guish between free and bound drug fractions, complicat-
ing the measurement of drug association with them. Drug 
concentration is measured using ultracentrifugation and 
ultrafiltration-centrifugation techniques.116 Several factors 
influence the dose of pharmaceuticals in nanostructured 
systems, including the drug’s physicochemical qualities, 
pH levels, polymer surface features, formulation order, oil 
type, and surfactants adsorbed onto the polymeric surface. 
Improving the surface characteristics of particles can result 

in various levels of drug association, which is critical for 
extending the drug’s effects.117 Drug adsorption isotherms 
on NP surfaces give information about drug distribution 
and association capacity. Detecting drug association mode 
is difficult since current techniques only evaluate the con-
centration of medicine coupled with NPs. Additional ap-
proaches include XRD or infrared spectroscopy.118

Pharmaceutical in vitro release kinetics

Drug release from polymeric NPs is determined by fac-
tors like desorption, matrix erosion, diffusion, or a com-
bination of these mechanisms. Low-pressure filtration 
and ultrafiltration-centrifugation are 2 methods used 
to explain drug release from NPs. Drug release kinetics 
in nanospheres are typically exponential, whereas medica-
tion in nanocapsules has zero order kinetics when released 
via the polymeric membrane.119

In vitro and vivo toxicological studies

The use of NPs for drug delivery has several advantages, 
including increased stability and the capacity to encase 
active molecules. Nonetheless, the potential for nanotox-
icity remains a major concern to be addressed.120 Studies 
have shown that non-biodegradable and reversible polymer 
nanocarriers can be employed efficiently for ocular medi-
cation delivery. Biomimetic technology is used to develop 
more effective nanocarriers. Biodegradable synthetic poly-
mers are widely used in medical applications. Examples in-
clude PLA and PLGA. These polymers are safe, biocompat-
ible and show low immunogenicity and toxicity. Polymeric 
NPs, which are known for their high drug encapsulation 
efficiency and ease of manufacture, are widely employed 
in tissue engineering, drug delivery, biological sensors, and 
the development of biomimetic materials. Their possible 
applications are influenced by size, surface charge, hydro-
philicity, hydrophobicity, and polymer type.121 

The cytotoxicity of NPs is tested in vitro using colori-
metric analysis. Jain and Thareja focused on PLGA NPs 
containing triterpenoids with possible anticancer capabili-
ties and compares their effects on HepG2, Caco-2 and Y-79 
cells. When the NPs were loaded with both natural and 
synthesized mixtures of oleanolic and ursolic acids, cell 
viability increased considerably.122 Polyethylene glycol was 
added to the surface of dexibuprofen-loaded PLGA NPs 
to help them stay in the ocular mucosa longer. These nano-
spheres are less toxic to cells than free dexibuprofen and 
have been shown to be non-irritating in both in vitro and 
in vivo studies. Pranoprofen, another nonsteroidal anti-in-
flammatory drug (NSAID), has been improved by coating 
with PLGA nanospheres, which are non-cytotoxic to Y-79 
cell lines. The use of polystyrene NPs in topical applica-
tions has shown that they accumulate at follicular aper-
tures, resulting in excellent drug delivery with minimal 
toxicity. The discussion also covers biomimetic tactics like 
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cell membrane camouflage and functionalization. A new 
pH-responsive copolymer has been designed to produce 
biocompatible and biodegradable NPs for chemothera-
peutic drug delivery. These nanosystems, known for their 
powerful anticancer properties, have been examined both 
in vitro and in vivo. They have a crosslinked bovine serum 
albumin shell that does not harm normal tissues.123

Applications of polymeric 
nanoparticles in ocular delivery

Polymeric NPs have gained significant interest in ocular 
medicine for their ability to provide regulated drug release, 
improved biodegradability and drug bioavailability. The use 
of these NPs in ocular therapeutics efficiently resolves dif-
ficulties such as quick drug clearance through tears and re-
stricted drug absorption in ocular tissues. The following are 

Table 3. Collective information of polymeric nanoparticles (NPs) used in ophthalmic application

Reference Name of category Name of API Structure Dosage form Polymer used Method of preparations Surfactant used Particle size Zeta potential Significance
124 antibacterial ciprofloxacin polymeric NPs PLA nanoprecipitation PVA 438–458 nm −17 mV preventing bacterial invasion

125 antibacterial gemifloxacin polymeric NPs chitosan ionic gelation Tween 20 158.4 nm −15 mV enhancement of precorneal retention

126 antibacterial moxifloxacin HCl polymeric NPs Eudragit® 
RL 100 and 

Kollidon® SR

spray-drying Span 60 400–450 nm −18 mV enhancement of corneal permeability

127 antibacterial moxifloxacin HCl polymeric NPs PLGA double emulsion (w/o/w) solvent 
evaporation

PVA,
Tween 20

167.4–622.4 nm 10–40 mV enhancement of bioavailability

128 antibacterial levofloxacin polymeric NPs chitosan–PLGA single emulsion solvent 
evaporation

PVA 169.968 ±15.23 
nm and 0.13 

±0.03 nm

49.54 ±2.43% and 11.29 
±2.13% mV

extended release

129 antibacterial gatifloxacin polymeric NPs Eudragit RL 
and RS

nanoprecipitation and double 
emulsion

Tween 80
PVA

410 nm 
and 68 nm

33 mV increased bioavailability
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Fig. 3. Applications of polymeric nanoparticles in ocular delivery

Table 3. Collective information of polymeric nanoparticles (NPs) used in ophthalmic application

Reference Name of category Name of API Structure Dosage form Polymer used Method of preparations Surfactant used Particle size Zeta potential Significance

nanoprecipitation PVA 438–458 nm −17 mV preventing bacterial invasion

ionic gelation Tween 20 158.4 nm −15 mV enhancement of precorneal retention

spray-drying Span 60 400–450 nm −18 mV enhancement of corneal permeability

double emulsion (w/o/w) solvent PVA, 167.4–622.4 nm 10–40 mV enhancement of bioavailability
evaporation Tween 20

single emulsion solvent PVA 169.968 ±15.23 49.54 ±2.43% and 11.29 extended release
evaporation nm and 0.13 ±2.13% mV

±0.03 nm

nanoprecipitation and double Tween 80 410 nm 33 mV increased bioavailability
emulsion PVA and 68 nm

124 antibacterial ciprofloxacin polymeric NPs PLA

125 antibacterial gemifloxacin polymeric NPs chitosan

126 antibacterial moxifloxacin HCl polymeric NPs Eudragit® 
RL 100 and 

Kollidon® SR

127 antibacterial moxifloxacin HCl polymeric NPs PLGA

128 antibacterial levofloxacin polymeric NPs chitosan–PLGA

129 antibacterial gatifloxacin polymeric NPs Eudragit RL 
and RS
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Reference Name of category Name of API Structure Dosage form Polymer used Method of preparations Surfactant used Particle size Zeta potential Significance
130 antibacterial levofloxacin nanosuspension PLGA nanoprecipitation PVA 190–195 nm −25 mV prolonged retention

131 antibacterial sparfloxacin nanosuspension PLGA nanoprecipitation PVA 180–190 nm –22 mV appropriate particle size

132 antibacterial moxifloxacin polymeric NPs chitosan 
dextran sulfate

ionic gelation PVA 279.18 ±15.63 nm +31.23 ±1.32 mV prolonged release profile

133 antibacterial moxifloxacin
Hcl

polymeric NPs Eudragit RL 
100

solvent displacement PVA below 200 nm 10–40 mV good ocular retention property

134 antifungal voriconazole polymeric NPs PLGA-PEG emulsion/evaporation PVA 361 ±68 nm 26.0 ±1.9 mV effective at inhibiting the Candida 
albicans

135 antifungal voriconazole polymeric NPs chitosan ionic gelation Tween 20, Tween 80.
sodium lauryl sulfate

160–500 nm 38–45 mV sustains drug release

136 antifungal fluconazole polymeric NPs alginate/
chitosan

ionotropic pre-gelation PVA <390 nm −20 mV controlled drug release

137 antifungal natamycin polymeric NPs chitosan ionic gelation Tween-80 (v/v) 444:7 ±2:4 nm 22.6 mV potent ability to inhibit fungi

138 antifungal terconazole polymeric NPs Eudragit RLPO® nanoprecipitation poloxamer 188 49.41–78.72 nm (≥21.47) mV enhancing ocular antimycotic activity

139 antifungal amphotericin B polymeric NPs lecithin/
chitosan

ionic gelation Tween 80 161.9–230.5 nm 26.6–38.3 mV better bioavailability

Table 3. Collective information of polymeric nanoparticles (NPs) used in ophthalmic application
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Reference Name of category Name of API Structure Dosage form Polymer used Method of preparations Surfactant used Particle size Zeta potential Significance

nanoprecipitation PVA 190–195 nm −25 mV prolonged retention

nanoprecipitation PVA 180–190 nm –22 mV appropriate particle size

ionic gelation PVA 279.18 ±15.63 nm +31.23 ±1.32 mV prolonged release profile

solvent displacement PVA below 200 nm 10–40 mV good ocular retention property

emulsion/evaporation PVA 361 ±68 nm 26.0 ±1.9 mV effective at inhibiting the Candida 
albicans

ionic gelation Tween 20, Tween 80. 160–500 nm 38–45 mV sustains drug release
sodium lauryl sulfate

ionotropic pre-gelation PVA <390 nm −20 mV controlled drug release

ionic gelation Tween-80 (v/v) 444:7 ±2:4 nm 22.6 mV potent ability to inhibit fungi

nanoprecipitation poloxamer 188 49.41–78.72 nm (≥21.47) mV enhancing ocular antimycotic activity

ionic gelation Tween 80 161.9–230.5 nm 26.6–38.3 mV better bioavailability

130 antibacterial levofloxacin nanosuspension PLGA

131 antibacterial sparfloxacin nanosuspension PLGA

132 antibacterial moxifloxacin polymeric NPs chitosan 
dextran sulfate

133 antibacterial moxifloxacin
Hcl

polymeric NPs Eudragit RL 
100

134 antifungal voriconazole polymeric NPs PLGA-PEG

135 antifungal voriconazole polymeric NPs chitosan

136 antifungal fluconazole polymeric NPs alginate/
chitosan

137 antifungal natamycin polymeric NPs chitosan

138 antifungal terconazole polymeric NPs Eudragit RLPO®

139 antifungal amphotericin B polymeric NPs lecithin/
chitosan
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Reference Name of category Name of API Structure Dosage form Polymer used Method of preparations Surfactant used Particle size Zeta potential Significance
140 non-steroidal  

anti-inflammatory 
drugs

dexibuprofen polymeric NPs PLGA solvent displacement Tween 80®,
PVA

below 200 nm −15 mV higher availability

141 non-steroidal  
anti-inflammatory 

drugs

aceclofenac polymeric 
nanosuspensions

Eudragit RS 
100

nanoprecipitation Tween 238.9 ±8 nm 40.3 ±3.8 mV better patient safety

142 non-steroidal  
anti-inflammatory 

drugs

pranoprofen polymeric NPs PLGA solvent displacement PVA 350 nm –7.41 mV and –8.5 mV maximum encapsulation capacity

143 non-steroidal  
anti-inflammatory 

drugs

diclofenac 
sodium

polymeric NPs chitosan ionic gelation Tween 80 130–190 nm 4–9 mV increases bioavailability

144 non-steroidal  
anti-inflammatory 

drugs

aceclofenac polymeric NPs Eudragit RL 
100-

nanoprecipitation Tween 80 134.97 nm 30.5 mV improves patient compliance

145 non-steroidal  
anti-inflammatory 

drugs

diclofenac 
sodium

nanosuspension Eudragit S100 nanoprecipitation poloxamer 188 172 nm –23.7 mV and –6.07 mV higher efficacy

146 anti-inflammatory 
drugs

triamcinolone 
acetonide

polymeric NPs PLGA–chitosan emulsion-evaporation PVA 195 nm −22.5 mV better penetration

147 anti-inflammatory 
drugs

atorvastatin 
calcium

polymeric NPs PLGA-CS single emulsion
and solvent evaporation

PVA, Pluronic®F127 192.0±21.6 nm 17.4±5.62 mV sustained action

148 steroidal  
anti-inflammatory 

drugs

fluorometholone polymeric NPs PEG-PLGA nanoprecipitation PVA 0.112 ±0.007 nm −8.32 ±0.65 mV better patient compliance

149 steroidal  
anti-inflammatory 

drugs

fluorometholone polymeric NPs PLGA solvent displacement poloxamer 188 below 200 nm −30 mV higher
permeability at corneal level

150 steroidal  
anti-inflammatory 

drugs

triamcinolone 
acetonide

polymeric NPs PLGA emulsification/solvent diffusion PVA 195 nm −16.1 mV better patient compliance

151 steroidal  
anti-inflammatory 

drugs

pilocarpine HCl polymeric NPs gelatine desolvation PVA 110–220 nm −6.2 mV sustained action

Table 3. Collective information of polymeric nanoparticles (NPs) used in ophthalmic application
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Reference Name of category Name of API Structure Dosage form Polymer used Method of preparations Surfactant used Particle size Zeta potential Significance

solvent displacement Tween 80®,
PVA

below 200 nm −15 mV higher availability

nanoprecipitation Tween 238.9 ±8 nm 40.3 ±3.8 mV better patient safety

solvent displacement PVA 350 nm –7.41 mV and –8.5 mV maximum encapsulation capacity

ionic gelation Tween 80 130–190 nm 4–9 mV increases bioavailability

nanoprecipitation Tween 80 134.97 nm 30.5 mV improves patient compliance

nanoprecipitation poloxamer 188 172 nm –23.7 mV and –6.07 mV higher efficacy

emulsion-evaporation PVA 195 nm −22.5 mV better penetration

single emulsion
and solvent evaporation

PVA, Pluronic®F127 192.0±21.6 nm 17.4±5.62 mV sustained action

nanoprecipitation PVA 0.112 ±0.007 nm −8.32 ±0.65 mV better patient compliance

solvent displacement poloxamer 188 below 200 nm −30 mV higher
permeability at corneal level

emulsification/solvent diffusion PVA 195 nm −16.1 mV better patient compliance

desolvation PVA 110–220 nm −6.2 mV sustained action

140 non-steroidal  
anti-inflammatory 

drugs

dexibuprofen polymeric NPs PLGA

141 non-steroidal  
anti-inflammatory 

drugs

aceclofenac polymeric 
nanosuspensions

Eudragit RS 
100

142 non-steroidal  
anti-inflammatory 

drugs

pranoprofen polymeric NPs PLGA

143 non-steroidal  
anti-inflammatory 

drugs

diclofenac 
sodium

polymeric NPs chitosan

144 non-steroidal  
anti-inflammatory 

drugs

aceclofenac polymeric NPs Eudragit RL 
100-

145 non-steroidal  
anti-inflammatory 

drugs

diclofenac 
sodium

nanosuspension Eudragit S100

146 anti-inflammatory 
drugs

triamcinolone 
acetonide

polymeric NPs PLGA–chitosan

147 anti-inflammatory 
drugs

atorvastatin 
calcium

polymeric NPs PLGA-CS

148 steroidal  
anti-inflammatory 

drugs

fluorometholone polymeric NPs PEG-PLGA

149 steroidal  
anti-inflammatory 

drugs

fluorometholone polymeric NPs PLGA

150 steroidal  
anti-inflammatory 

drugs

triamcinolone 
acetonide

polymeric NPs PLGA

151 steroidal  
anti-inflammatory 

drugs

pilocarpine HCl polymeric NPs gelatine
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Reference Name of category Name of API Structure Dosage form Polymer used Method of preparations Surfactant used Particle size Zeta potential Significance
152 antibiotics vancomycin polymeric NPs HA emulsification and solvent 

evaporation
poloxamer 407 154 ±3 nm 26.4 ±3.3 mV better penetration

153 antibiotics daptomycin polymeric NPs chitosan,
sodium 
alginate

ionotropic
pre-gelation

Tween 80 393.0 ±31.3 nm from −25.18 ±0.64 to 
−19.69 ±1.34 mV

maximum residence time

154 antibiotics amikacin
sulphate

polymeric NPs/
nanosuspension

Eudragit 
RS100, 

Eudragit RL100

w/o/w emulsification solvent
evaporation

PVA 149 ±16.2nm 25.69 ±1.4 mV maximum penetration

155 antibiotics doxycycline polymeric NPs gellan gum emulsion cross-linking PVA 383 ±4.2 nm −22.6mV sustained action

156 antibiotics clarithromycin polymeric NPs PLGA nano-precipitation PVA 80.2
±4.0 189 nm

−14.26
±1.92 mV

for better absorption

157 antioxidant rosmarinic acid polymeric NPs chitosan ionic
gelation

Pluronic F68 200–300 nm 28.2 ±2.2 mV higher retention

158 antioxidant lutein polymeric NPs PLGA emulsion
evaporation

PVA,Tween-80 210.6 ±3.3 nm 6.7 ±0.3 mV maximum photostability

159 antiviral acyclovir
nanospheres

PLA solvent
deposition

Brij 96, Pluronic F68, 
3Triton X100, or

Tween 80

200 nm from −31.1 mV to −14.7 mV better compliance

160 immunosuppressant cyclosporin A polymeric NPs chitosan ionic gelation Pluronic F68 293 nm 37 mV longer extraocular release

Table 3. Collective information of polymeric nanoparticles (NPs) used in ophthalmic application
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Reference Name of category Name of API Structure Dosage form Polymer used Method of preparations Surfactant used Particle size Zeta potential Significance

emulsification and solvent 
evaporation

poloxamer 407 154 ±3 nm 26.4 ±3.3 mV better penetration

ionotropic
pre-gelation

Tween 80 393.0 ±31.3 nm from −25.18 ±0.64 to 
−19.69 ±1.34 mV

maximum residence time

w/o/w emulsification solvent
evaporation

PVA 149 ±16.2nm 25.69 ±1.4 mV maximum penetration

emulsion cross-linking PVA 383 ±4.2 nm −22.6mV sustained action

nano-precipitation PVA 80.2 −14.26 for better absorption
±4.0 189 nm ±1.92 mV

ionic
gelation

Pluronic F68 200–300 nm 28.2 ±2.2 mV higher retention

emulsion
evaporation

PVA,Tween-80 210.6 ±3.3 nm 6.7 ±0.3 mV maximum photostability

solvent
deposition

Brij 96, Pluronic F68, 
3Triton X100, or

Tween 80

200 nm from −31.1 mV to −14.7 mV better compliance

ionic gelation Pluronic F68 293 nm 37 mV longer extraocular release

152 antibiotics vancomycin polymeric NPs HA

153 antibiotics daptomycin polymeric NPs chitosan,
sodium 
alginate

154 antibiotics amikacin
sulphate

polymeric NPs/
nanosuspension

Eudragit 
RS100, 

Eudragit RL100

155 antibiotics doxycycline polymeric NPs gellan gum

156 antibiotics clarithromycin polymeric NPs PLGA

157 antioxidant rosmarinic acid polymeric NPs chitosan

158 antioxidant lutein polymeric NPs PLGA

159 antiviral acyclovir
nanospheres

PLA

160 immunosuppressant cyclosporin A polymeric NPs chitosan
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Reference Name of category Name of API Structure Dosage form Polymer used Method of preparations Surfactant used Particle size Zeta potential Significance
161 dual dosage form sertaconazole solid dispersion PLGA nanoprecipitation Tween 80 305.9 ±4.36 nm 22.57 ±0.23 mV higher dissolution profile

162 dual dosage form fluconazole gel sodium 
alginate

antisolvent precipitation 
nanonization

sodium lauryl sulfate, 
Pluronic F-127

352 ±6.1 nm −18.3 mV higher corneal permeation

163 dual dosage form norfloxacin hydrogels PLGA double-emulsion/solvent 
evaporation

Tween 80 392.02 nm and 
190.51 nm

30.43 mV and −33.62 mV prolonged drug release

164 dual dosage form ofloxacin in situ gel PCL emulsion solvent evaporation Kolliphor P188 195.4 ±11.80 nm 55.4 ±3.07 mV high penetration and absorption

165 dual dosage form fluconazole hydrogel poly 
(caprolactone)

solvent evaporation Tween®
80 and polyvinyl 

alcohol

145 nm 28.23 mV higher antifungal
activity

166 dual dosage form fluoromethalone in situ gel PLGA solvent displacement poloxamer 407 150.8 ±0.7 nm −27.9 ±0.3 mV high corneal residence

167 dual dosage form vancomycin gel Eudragit® 
RS100

double emulsion (W/O/O), solvent 
evaporation

Span®80 155 nm from −43 mV to
+55 mV

smart carrier

168 dual dosage form levofloxacin in situ gel chitosan ionotropic gelation pluronic F-127 223.65 ±5.13 nm ±30 mV non-irritant

PVA – polyvinyl alcohol; HCL – hydrochloride; PLGA – poly(lactic-co-glycolic) acid; PEG – polyethylene glycol; CS – chitosan;  
HCE – human corneasl epithelial; HA – hyaluronic acid; PCL – polycaprolactone.

Table 3. Collective information of polymeric nanoparticles (NPs) used in ophthalmic application
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Reference Name of category Name of API Structure Dosage form Polymer used Method of preparations Surfactant used Particle size Zeta potential Significance

nanoprecipitation Tween 80 305.9 ±4.36 nm 22.57 ±0.23 mV higher dissolution profile

antisolvent precipitation 
nanonization

sodium lauryl sulfate, 
Pluronic F-127

352 ±6.1 nm −18.3 mV higher corneal permeation

double-emulsion/solvent Tween 80 392.02 nm and 30.43 mV and −33.62 mV prolonged drug release
evaporation 190.51 nm

emulsion solvent evaporation Kolliphor P188 195.4 ±11.80 nm 55.4 ±3.07 mV high penetration and absorption

solvent evaporation Tween®
80 and polyvinyl 

alcohol

145 nm 28.23 mV higher antifungal
activity

solvent displacement poloxamer 407 150.8 ±0.7 nm −27.9 ±0.3 mV high corneal residence

double emulsion (W/O/O), solvent 
evaporation

Span®80 155 nm from −43 mV to
+55 mV

smart carrier

ionotropic gelation pluronic F-127 223.65 ±5.13 nm ±30 mV non-irritant

161 dual dosage form sertaconazole solid dispersion PLGA

162 dual dosage form fluconazole gel sodium 
alginate

163 dual dosage form norfloxacin hydrogels PLGA

164 dual dosage form ofloxacin in situ gel PCL

165 dual dosage form fluconazole hydrogel poly 
(caprolactone)

166 dual dosage form fluoromethalone in situ gel PLGA

167 dual dosage form vancomycin gel Eudragit® 
RS100

168 dual dosage form levofloxacin in situ gel chitosan

PVA – polyvinyl alcohol; HCL – hydrochloride; PLGA – poly(lactic-co-glycolic) acid; PEG – polyethylene glycol; CS – chitosan;  
HCE – human corneasl epithelial; HA – hyaluronic acid; PCL – polycaprolactone.
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some notable applications of polymeric NPs in eye therapy 
(Fig. 3, Table 3124–168).169,170

Antibacterial

A new treatment for bacterial keratitis, a condition that 
can cause to blindness and vision loss, has been devel-
oped using ciprofloxacin in conjunction with a mixture 
of glycol chitosan and PLA. The NPs obtained by Padaga 
et al. showed a significant antibacterial response against 
Pseudomonas aeruginosa and were effective in inhibiting 
bacterial quorum sensing. In vivo research demonstrated 
good ocular retention and a reduction in bacterial loads.171 

Gemifloxacin (GM) has a longer residence time than 
the free drug in deep tissues and on the ocular surface. 
Eight types of GM NPs were created using the precipitation 
method triggered by sodium tripolyphosphate to produce 
chitosan polymer. The formulated NPs had an average 
entrapment efficiency of 46.6% and a cumulative release 
of 74.9%. Studies in rabbits showed a significant increase 
in GM concentration, improved trans corneal penetration 
and increased antibacterial effectiveness.172 Moxifloxacin 
(MOX) hydrochloride is used to treat ocular infections, 
such as bacterial conjunctivitis. This drug is a fluoroqui-
nolone antibiotic. It works by eliminating the microorgan-
isms that cause conjunctivitis. Kırımlıoğlu et al. aimed 
to improve ocular absorption by increasing the carrier’s 
interaction time with the ophthalmic membrane. Moxi-
floxacin hydrochloride was integrated into cationic Eu-
dragit® RS 100 NPs via spray-drying technique. The for-
mulations were characterized, and MOX was quantified 
using high-performance liquid chromatography (HPLC) 
analysis. The cytotoxicity tests found no negative effects 
after 24 h.173 

Khan et al. investigated a NP-based approach to en-
hance ocular retention and drug bioavailability for the 
prolonged delivery of moxifloxacin (MOX). By utilizing 
PLGA matrix-forming polymers, the NPs were optimized 
for size, stability and polydispersity index. They found that 
the NPs exhibited high initial release rate and a prolonged 
drug release through diffusion, with a low clearance rate 
and elevated maximum plasma concentration (Cmax), area 
under the curve (AUC) and mean residence time (MRT) 
in comparison to commercial eye drops. These results 
suggest that PLGA NPs significantly improve the bioavail-
ability of MOX hydrochloride.174 

Conjunctivitis is a common infection of the ocular surface 
that is normally treated with eye drops. Unfortunately, these 
drops may lose up to 95% of their medicament. A promising 
novel treatment uses PLGA NPs coated with chitosan and 
containing levofloxacin efficiently treat bacterial conjuncti-
vitis. These NPs were evaluated concerning their size, drug 
absorption rates, entrapment efficiency, drug release profiles, 
ex vivo permeation, ophthalmic compatibility, antibacterial 
capabilities, and assessments utilizing binocular laser mi-
croscopy and gamma scintillation. The adjusted formulation 

demonstrated increased penetration, considerable antibacte-
rial activity and an extended corneal residence duration.175 

Gatifloxacin’s ocular bioavailability was improved by em-
bedding it in cationic polymeric NPs. The optimized for-
mulation had a  drug loading of  46%, acceptable levels 
of cytotoxicity and a sustained release rate. The underly-
ing hypothesis is that these NPs increase GM’s residence 
time.176 

To overcome the challenges associated with drug deliv-
ery to the ocular region, the team developed and evaluated 
levofloxacin-encapsulated PLGA NPs, focusing on various 
characteristics such as ex vivo trans corneal permeabil-
ity, zeta potential, in vitro drug release, and particle size. 
The NPs achieved a drug entrapment efficiency of nearly 
85%, with an average particle size ranging from 190 nm 
to 195 nm. Furthermore, they demonstrated non-irritating 
characteristics, achieving an average score of 0.33 over 
a 24-h period in the hen's egg test-chorioallantoic mem-
brane (HET-CAM).177 Drugs with low ocular bioavailabil-
ity, in contrast to conventional eye drops, face physiological 
barriers within the eye. To enhance ocular effectiveness, 
researchers are creating PLGA NPs to improve the dis-
tribution of sparfloxacin in the eye. These NPs exhibit 
a zeta potential of −22 mV and an average particle size 
ranging from 180 nm to 190 nm, making them suitable 
for ocular applications. Gupta et al. demonstrated signifi-
cant retention in the precorneal area, remaining in the eye 
for a longer duration compared to standard commercial 
formulations.178 

Moxifloxacin, a fourth-generation fluoroquinolone an-
tibiotic, is commonly employed in the treatment of ocular 
infections such as keratitis and conjunctivitis. Its efficacy 
against Gram-negative bacteria is similar to that of cipro-
floxacin and ofloxacin, while also demonstrating superior 
penetration into inflamed ocular tissues. Researchers have 
created nanoformulations encapsulating MOX to enhance 
ocular absorption, minimize side effects and improve pa-
tient adherence.179

Antifungal

Polymeric NPs are a viable approach for improving an-
tifungal drug delivery in ocular applications, overcoming 
problems in getting antifungal medicines to the eye.

Cyclosporine A is used as an immunosuppressive, anti-
viral and anti-inflammatory medication to treat dry eye. 
Experimental results show that CsA can increase the anti-
fungal activities of azoles, including voriconazole, by kill-
ing both planktonic cells and biofilms. Research of PLGA 
NPs discovered that voriconazole-loaded PLGA NPs did 
not significantly improve antifungal efficacy. However, 
PLGA NPs loaded with voriconazole and CsA displayed 
higher antifungal activity.180 

Voriconazole, a triazole antifungal, is used to treat partic-
ular fungal infections and severe fungal illnesses. Moham-
madzadeh et al. produced voriconazole-loaded chitosan 
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NPs utilizing ionic gelation and sodium tripolyphosphate 
to create a topical ocular delivery system. The NPs were 
investigated using XRD, DSC, SEM, and FTIR. A Box–
Behnken design was devised, and the formulation showed 
substantial drug loading, no burst effect and a 48-h sus-
tained drug release time, making it useful for eye delivery.181

Fluconazole’s efficiency in treating infections can be 
enhanced by generating fluconazole-loaded polymeric NPs 
using a variety of polymers and processes. The NPs were 
created utilizing a twofold emulsion/solvent evaporation 
technique and ionotropic pre-gelation procedures. NP4 
was chosen for in vitro release testing against a C. albicans 
resistant strain. This formulation displayed an initial fast 
release followed by a sustained release profile over a full 
day, resulting in a 20-fold reduction in fluconazole’s mini-
mum inhibitory concentration (MIC). As a result, fluco-
nazole’s antifungal potency against C. albicans increased 
significantly.182 

To improve the antifungal properties of chitosan, em-
phasizing its potential for treating eye illnesses, these 
NPs were combined with sodium tripolyphosphate (CTS) 
and natamycin (NAT) to increase their inhibitory effects 
on C. albicans. The results suggested that NAT-NPs had 
a  higher inhibitory concentration (IC50) and a  wider 
area of inhibition against C. albicans than natamycin.183 
To improve the ocular distribution and antifungal activity 
of terconazole (TCZ) by creating cationic polymeric NPs 
containing TCZ. The NPs were evaluated using a variety 
of methodologies, including FTIR, entrapment efficiency 
testing and X-ray powder diffraction. They demonstrated 
prolonged antifungal activity for up to 24 h and were more 
effective against C. albicans than regular TCZ. Mohsen 
proposed that cationic polymeric NPs may be an efficient 
drug delivery strategy to increase the ocular antifungal 
effects of TCZ.184 

Keratitis caused by fungi is the leading cause of blindness 
worldwide. Amphotericin-B is the primary treatment for 
fungal infections, although its low precorneal retention 
reduces its efficacy. To overcome this issue, Chhonker et al. 
developed lecithin/chitosan NPs that encapsulate ampho-
tericin-B for long-term ocular administration. These NPs 
have enhanced antifungal activity against Aspergillus fu-
migatus and C. albicans, as well as higher bioavailability 
and precorneal residence duration.185

Non-steroidal anti-inflammatorys

Ocular inflammation is a common problem in ophthal-
mology and it is frequently treated with NSAIDS such 
as  ibuprofen. However, these medicines have very low 
absorption in ocular tissues, with fewer than 5% being 
efficacious. Biodegradable polymeric PLGA NPs offer 
a viable alternative to traditional eye drops, with the goal 
of  reducing side effects and increasing bioavailability. 

Solvent displacement procedures were used in conjunc-
tion with surfactants to create dexibuprofen-encapsulated 
formulations.186 

Aceclofenac is a NSAID that can be used to treat ocular 
inflammation. It acts by inhibiting cyclooxygenase (COX) 
enzymes, which are involved in the formation of prosta-
glandins, a chemical messenger that contributes to inflam-
mation and pain. The purpose of the study by Katara and 
Majumdar was to develop aceclofenac NPs using the direct 
precipitation method. These spherical NPs were shown 
to be suitable for intraocular delivery. They showed Higu-
chi square root release kinetics and a prolonged in vitro 
drug release profile, achieving a twofold increase in pene-
tration compared to an aceclofenac water-based solution.187 

Pranoprofen is an anti-inflammatory drug made of PLGA 
NPs that protects against strabismus and cataract surgery. 
It has been evaluated for cytotoxicity, corneal absorption, 
ocular compatibility and therapeutic efficacy, with no 
symptoms of toxicity.188 Diclofenac sodium is a NSAID 
that is used topically to the eye to relieve inflammation, 
irritation and light sensitivity, especially following cata-
ract extraction or refractive surgery. It works by inhibiting 
the production of specific chemicals that cause inflamma-
tion and pain. The goal of the study by Asasutjarit et al. was 
to improve the ocular bioavailability of diclofenac sodium 
(DC) by developing diclofenac sodium-trimethyl chitosan 
NPs (TMCNs) for use in ophthalmology. The ionic gelation 
process was used to generate DC-TMCNs with various 
compositions, enabling for evaluation of their physico-
chemical properties, drug release potential, risk of ocular 
irritation, and absorption in the eye. DC-TMCNs reached 
a zeta potential of +4 mV.124 

Aceclofenac is a NSAID that can be used to treat ocular 
inflammation. Katara et al. developed formulation of ace-
clofenac NPs using Eudragit RL 100 resulted in a sustained 
in vitro release pattern consistent with Higuchi square root 
kinetics. This NP formulation increased drug penetration 
in excised corneas. It decreased lid closure scores in rab-
bits with arachidonic acid-induced ocular inflammation. 
It also reduced polymorphonuclear leukocyte migration 
in these rabbits. The formulation remained stable for over 
2 years.125 

Using a goat cornea-based experimental model, Ahuja et 
al. investigated how medicinal components alter diclofenac 
absorption. The oil-in-water emulsion solvent evapora-
tion method was used to combine diclofenac sodium and 
Eudragit RS 100. These formulations exhibited a high zeta 
potential. They had an optimum particle size and efficient 
drug entrapment, and demonstrated a prolonged release 
of the medication in vitro without generating any discom-
fort in ocular tissues. The drug release mechanism was 
discovered as non-Fickian, with matrix diffusion control 
playing the key role.126
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Steroids anti-inflammatory drugs

Steroidal anti-inflammatory medicines, often known 
as corticosteroids, are used in ophthalmology to treat eye 
irritation. They function by lowering the immune response 
and inflammation, which can be helpful in situations like 
uveitis and following surgeries like cataract extraction. 
Xing et al. aimed to improve the design of chitosan (CHT)-
coated PLGA NPs containing triamcinolone acetonide 
(TA). The PLGA NPs infused with TA revealed potent 
anti-inflammatory activities, reduced levels of interleukin 
6 (IL-6), alleviated inflammatory symptoms in rabbits, and 
demonstrated better transparency in aqueous humor com-
pared to normal levels.127 The ocular anti-inflammatory 
drug atorvastatin calcium was integrated into a polymeric 
NP to improve surface properties and allow for longer 
release. Four formulations were examined to assess their 
ocular irritation and efficacy in resolving inflammation 
caused by prostaglandin E1 (PGE1).128 Nanoparticles made 
of PEG and PLGA, functionalized with cell-penetrating 
peptides and loaded with fluorometholone, have been 
developed for the treatment of eye irritation. These NPs 
revealed acceptable qualities for ocular administration and 
had anti-inflammatory effects in human corneal epithe-
lial cells and mouse eyes, potentially providing a unique 
technique for managing ocular inflammatory disorders.129 

Fluorometholone is an anti-inflammatory corticoste-
roid that is applied topically to the eyes to treat a variety 
of problems such as inflammation, allergies and postop-
erative recovery. It helps to minimize edema and redness 
in  the  eyes. Compared to  some other corticosteroids, 
it is usually thought to have a lesser risk of elevating IOP. 
Gonzalez-Pizarro et al. aimed to produce and improve 
PLA NPs containing fluorometholone for the treatment 
of ocular inflammation. The resultant NPs, with an aver-
age particle size of less than 200 nm and a negative surface 
charge of −30 mV, were found to be acceptable for ocular 
applications. They showed greater corneal penetration and 
higher anti-inflammatory effects than current commercial 
medications, implying that they could be used as an effec-
tive alternative to traditional topical therapy.130 To increase 
the efficacy of TA in the treatment of endotoxin-induced 
uveitis by using a modified emulsification/solvent diffusion 
approach, in vivo tests were conducted using PLGA NPs 
with a drug loading of 3.16%, and inflammatory parameters 
were measured in rabbit eyes. Furthermore, inflammatory 
mediators were assessed 3 h after injection.131 Gelatin NPs 
containing hydrocortisone or pilocarpine HCl were cre-
ated using the desolvation method. The pH affects particle 
size but does not modify their properties. Furthermore, 
a high level of pilocarpine HCl was successfully encapsu-
lated within both types A and B gelatin particles, resulting 
in the formation of a compound.132

Antibiotics

A new formulation of vancomycin (VCM)-loaded N, N-
dodecyl, methyl-polyethylenimine NPs integrated with 
HA, has been created to improve the treatment of bacte-
rial endophthalmitis. The NPs showed high bactericidal 
activity and ocular compatibility, with a zeta potential 
of +26.4 ±3.3 mV and a 93% encapsulation rate for VCM. 
They were discovered to be non-irritating and non-toxic 
to emerging retinal pigment epithelia-19 (ARPE-19) cells, 
indicating that their use coupled with HA may provide 
further therapeutic benefits.133 The use of mucous adhesive 
chitosan-loaded alginate (CS-ALG) NPs is a promising 
technique for providing daptomycin to the eye epithelium, 
potentially enhancing the treatment of bacterial Endo-
phthalmitis by boosting drug permeability and retention 
in the eye.134 In some studies on development of amikacin-
loaded polymeric NPs, effective distribution of amikacin 
was observed. Sharma et al. examined characteristics such 
particle size, zeta potential and antibacterial effectiveness 
against S. aureus. These NPs were used to create tear films 
and showed compatibility with the Korsmeyer–Peppas 
model.135 

Doxycycline is  a  tetracycline antibiotic. It  treats ill-
nesses through preventing the growth and spread of bac-
teria. Polymer-surfactant NPs containing doxycycline 
hydrochloride (DXY) were created to improve to improve 
the drug’s penetration and retention time in the eye. These 
NPs were analyzed for their antibacterial characteristics 
and potential to induce eye irritation, demonstrating their 
safety and effectiveness for sustained delivery of ocular 
medicine.136 Biodegradable NPs containing clarithromycin 
shown antibacterial activity against S. aureus. The NPs 
exhibited a constant size distribution and a spherical shape, 
indicating decreased drug crystallinity and the existence 
of noncovalent interactions.137

Antioxidants

Rosmarinic acid, a natural antioxidant found in plants 
such as rosemary, may provide significant benefits for eye 
health due to its antioxidant and anti-inflammatory effects. 
Chitosan NPs were used as natural carriers for rosmarinic 
acid, encapsulating extracts from Satureja montana and 
Salvia officinalis. Chitosan and sodium tripolyphosphate 
were combined in a 7:1 weight ratio at pH 5.8, resulting 
in NPs ranging in size from 200 nm to 300 nm. When de-
livered to human corneal cell lines and the retina pigment 
epithelium, the NPs showed no obvious cytotoxicity.138 
Lutein is a potent antioxidant and carotenoid that is es-
sential for ocular health, notably in protecting the macula. 
It can help reduce inflammation, combat oxidative stress 
and possibly prevent or slow AMD. Carter et al. exam-
ined the use of lutein-loaded polymeric NPs as therapeutic 
delivery vehicles for ocular illnesses, including their sta-
bility and distribution. Their findings suggest that there 
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is significant absorption in ocular tissues, with the choroid 
having the highest uptake.139

Antiviral drugs

Acyclovir-containing nanosphere colloidal solutions 
were investigated as possible ocular medication delivery 
vehicles. Pegylated 1,2-distearoyl-3-phosphatidyleth-
anolamine was added to PLA nanospheres. The ocular 
pharmacokinetics of acyclovir-loaded NPs were observed 
in vivo and compared to an aqueous suspension of the free 
medication. Giannavola et al. found that when the sur-
factant concentration grew, the average size and relative 
zeta potential of PLA nanospheres dropped. The PEG-
coated nanospheres performed better than standard PLA 
nanospheres.140

Immunosuppressant

The current options of extraocular disease treatment 
is limited because of the difficulties in providing medica-
tions without harming intraocular structures or resulting 
in systemic drug exposure. De Campos et al. investigated 
the potential of chitosan NPs in new drug delivery methods 
for the ophthalmic mucus. Cyclosporin A was chosen for 
the model chemical. The NPs demonstrated high loading 
and CsA interaction efficiency, resulting in fast release 
in vitro and steady release in vivo.141

Dual dosage form

Polymeric NPs (PLGA NPs) of sertaconazole (STZ) has 
been used as delivery vehicles to increase ocular availability 
for the treatment of fungal keratitis. The nanoprecipita-
tion process was employed to generate STZ-loaded PLGA 
NPs, which were then optimized using a 24-full factorial. 
The hydrodynamic size of PLGA NPs was increased by in-
corporating PEG 2000 in a solid dispersion containing 
sertaconazole. STZ-PEG2000-loaded PLGA NPs demon-
strated a 2.5 increase in permeability through rabbit cornea 
and a fourfold decrease in MIC value against C. albicans.142

Developed and analyzed an  improved formulation 
of fluconazole polymeric NPs, with a focus on its efficacy 
against a well-known C. albicans variety. These enhanced 
NPs were mixed into 2 different ophthalmic formulations. 
To assess the efficacy and safety of the produced product, 
Almehmady et al. looked into the ophthalmic formulations’ 
rheological features, in vitro drug release, stability, and 
ocular delivery.143 To improve norfloxacin (NFX) ocular 
absorption by creating hydrogels containing NFX-loaded 
NPs, they were created utilizing a double-emulsion/solvent 
evaporation technique with PLGA polymer. The selected 
NPs were spherical, had acceptable properties and showed 
promising antibacterial activity against P. aeruginosa. 
The hydrogels were thixotropic, pseudoplastic, spread-
able, transparent, and produced better drug penetration 

and long-term release. The G3 and G4 systems showed 
encouraging antibacterial activity.144

Salama et al. focused on how nanotechnology and bio-
adhesive gel can potentially be used to create an ocular 
drug delivery system that reduces eye irritation. They 
highlighted the impact of formulation factors on drug 
entrapment efficiency, particle size, and polydispersity 
index. The optimized formulation LPCL-NP2 encapsulates 
ofloxacin in a spherical shape and the drug’s amorphous 
form was confirmed with DSC analysis. The NP formula-
tion was tested on rabbits with Escherichia coli infection 
and showed remarkable antibacterial effectiveness and low 
bacterial growth.145 To increase fluconazole ocular pen-
etration by creating and characterizing NPs by antisolvent 
precipitation nanonization, various surfactant concentra-
tions were investigated and the ocular pharmacokinetics 
of a gel with a suitable drug NP composition was studied 
in rabbits. El Sayeh et al. found that NP formulations im-
proved ocular diffusion findings. Formula F3 had the high-
est ex vivo release rate (100% after 6 h) and a narrower 
particle range (352 ±6.1 nm), with a zeta potential charge 
of −18.3 mV. The ocular gel containing fluconazole NPs im-
proved ocular pharmacokinetic properties and increased 
medication corneal penetration.146 

Thermosensitive gels have been developed to enhance 
ophthalmic anti-inflammatory efficacy by transforming 
into gels at corneal temperature and allowing appropriate 
release of PLGA NPs encapsulated with fluorometholone. 
These gels prevent initial drug release bursts and increase 
precorneal residence time, allowing for increased eye drop 
dosing. Gonzalez-Pizarro et al. showed that no formulation 
causes eye discomfort, indicating that they are effective for 
the acute and preventive control of ocular inflammatory 
disease.147

For improvement of ocular bioavailability, VCM-loaded 
polymeric nanoparticles were prepared and incorporated 
into chitosan-based gel by using double emulsion solvent 
evaporation technique. The Draize test confirmed that 
these formulations are non-irritating and suitable for ocu-
lar use. Microbiological susceptibility tests showed longer 
retention timeas and increased Cmax levels and AUC. Con-
sequently, VCM-loaded polymeric NPs are viable carri-
ers for improving the distribution of VCM in ophthalmic 
applications.148 

Levofloxacin, an antibacterial drug, was successfully 
encapsulated in chitosan NPs. Ameeduzzafar et al. used 
chitosan NPs to encapsulate levofloxacin, which proved 
to be an efficient treatment for eye infections. The NPs 
were created utilizing an ionic gelation process, which 
resulted in a high drug loading capacity and nanoscale 
particle size. The formulation was shown to be safe and 
non-irritating, with increased antibacterial activity against 
S. aureus and P. aeruginosa. The in situ gel approach for 
levofloxacin-coated chitosan NPs demonstrated beneficial 
outcomes.149
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Expert opinion

In recent years, ophthalmology has made significant 
progress in resolving critical issues related to drug deliv-
ery to ocular tissues. Traditional ophthalmic dosage forms 
such as eye drops, ointments and gels frequently have low 
bioavailability and short drug retention time on the ocu-
lar surface, necessitating repeated administration and de-
creasing patient compliance. In response to these limita-
tions, there has been a gradual shift to more modern drug 
delivery technologies, particularly colloidal formulations 
such as polymeric NPs. These nano-sized carriers have 
various advantages, including the capacity to encapsulate 
a wide range of medications, increased drug solubility and 
sustained and targeted delivery to ocular tissues. Despite 
these promising developments, employing polymeric NPs 
still faces a number of challenges, as evidenced by in vitro 
and in vivo studies, such as reproducibility, scalability and 
regulatory approval, which impede the seamless transition 
from laboratory research to clinical use. 

Nonetheless, polymeric NPs continue to pique interest due 
to their distinct and advantageous features. These systems 
are built from a variety of natural and synthetic polymers, 
each with a particular viscosity grade and molecular weight 
that can be tuned to accomplish unique drug release profiles 
and therapeutic goals. By addressing these features, we can 
design dosage forms that are safe, biocompatible and ex-
ceptionally effective at delivering drug over long periods. 
Polymeric NPs, which are specifically designed for regulated 
and prolonged drug release, have the potential to reduce dose 
frequency while improving treatment outcomes for a variety 
of ocular diseases such as glaucoma, conjunctivitis, uveitis, 
and retinal disorders. Extensive preclinical research has fo-
cused on refining formulation properties such as particle size, 
surface charge and hydrophilicity in order to improve tissue 
penetration, reduce ocular irritation and extend medication 
retention time in the eye. Polymeric NPs have strong potential 
for ocular drug delivery. Their small particle size facilitates 
penetration through ocular barriers, while their inherent 
biocompatibility minimizes toxicity and patient discomfort.

Conclusions

This review emphasizes the considerable and growing 
promise of polymeric NPs in both the diagnosis and treat-
ment of a wide range of ocular diseases. Over the years, 
polymeric NPs have emerged as innovative and highly 
versatile drug delivery systems that overcome many limi-
tations associated with conventional ocular formulations. 
Their ability to offer previously unrecognized capabilities 
such as precise targeting, sustained drug release and im-
proved therapeutic efficacy has created new opportunity 
for the management of challenging eye conditions. Poly-
meric NPs are particularly effective due to their small size, 

biocompatibility and the capacity to encapsulate a diverse 
range of therapeutic agents including hydrophilic and hy-
drophobic drugs by improving corneal permeability, pro-
longing residence time on the ocular surface and allowing 
for site-specific delivery. These nanocarriers significantly 
enhance drug bioavailability and therapeutic outcomes. 
In addition, polymeric NPs can be engineered to bypass 
ocular barriers and reach deeper tissues such as the poste-
rior segment of the eye, thereby offering potential solutions 
for treating retinal diseases. Importantly, their sustained-
release properties reduce the need for frequent administra-
tion, which not only improves patient compliance but also 
minimizes systemic side effects and toxicity. As a result, 
polymeric NPs represent a transformative advancement 
in ophthalmic drug delivery, offering a promising platform 
for developing next-generation therapies aimed at achiev-
ing long-term efficacy, safety and patient satisfaction.

Use of AI and AI-assisted technologies

Not applicable.
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