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ABSTRACT 
Chemotherapy is typically used to treat cancer, but it can have a number of negative side effects. Nanocarrier-based drug 

delivery systems have gained much interest cancer treatment in recent years due to their advantages compared to 

conventional delivery systems. Recently, transfersomes (TFs) have been known to be the most outstanding innovative 

drug delivery systems that make them an attractive carriers for drug administration and cancer therapy. TFs have a 

bilayered structure that facilitates the encapsulation of lipophilic and hydrophilic drugs/agents with higher permeation 

efficiencies, offering a promising alternative to conventional liposomes as an anti-cancer drug delivery method. They are 

highly interesting for applications that involve controlled release. TFs are being explored as a complex system for drug 

delivery, with a focus on enhancing local drug penetration. This paper overview the current advancements in 

transfersomes-encapsulated with anti-cancer drugs for intelligent medication delivery to various cancers. In conclusion, 

this paper briefly discusses the prospects and problems of transfersomes-based anti-cancer drug delivery. 
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INTRODUCTION 

Cancer treatment 
The term "cancer" describes a wide range of 

malignant conditions in which abnormal cells 
reproduce uncontrolled and have the potential to 
invade other organs. Masses of cancerous cells that 
grow out of control and eliminate neighboring healthy 
tissues are known as tumors [1, 2]. Tumor cells that 
have spread throughout the blood or lymphatic 
system are responsible for metastasis, or the growth 
of secondary cancers in other organs or tissues [3, 4].  

The World Health Organization's (WHO) most 
recent statistics indicate that cancer has a remarkable 

frequency and mortality frequency that is on the rise 
[5]. Chemotherapy is typically used to treat cancer, 
but because the medications are not very precise, it 
can have a number of negative side effects [6, 7]. The 
majority of anticancer medications on the market 
today do not distinguish between malignant and 
healthy cells very well, which might restrict the 
maximal dosage of the medication and cause systemic 
toxicities and side effects [8]. Furthermore, a medicine 
must be administered in large doses in order to have 
quick clearance and extensive distribution into the 
targeted tissues and organs. This increases the cost of 
therapy and elevates the risk of adverse outcomes [9, 
10].  
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Fig. 1. Schematic showing the essential ingredients of a TFs: phospholipids, hydrophilic and hydrophobic medications, edge activator, 

and an interior core made of a combination of ethanol and water. Reprinted with permission from [18]. 

In fact, one of the most significant avenues for 
technological advances of the most advanced 
countries in the twenty-first century is 
nanotechnology, a vital field of study in technology 
and science that has been thoroughly investigated 
in the past 10 years [11]. Over the past ten years, 
pharmaceutical studies as well as clinical trials have 
shown the effectiveness of several drugs when 
administered in vivo through the application of 
pharmaceutical nanocarriers [12]. These carriers 
consist of vesicular and particulate systems, 
including micelles, liposomes, ethosomes, 
transfersomes (TFs), niosomes, dendrimers, and 
nanoparticles made of polymers, proteins, and 
lipids [13, 14]. Additionally, researched is on 
polymer–drug conjugates and antibody–drug 
conjugates [15]. 

 
Transfersomes: adaptable and flexible nano-
vesicular carriers 

Transfersomes/TFs (also known as 
transferosomes) are known as lipid-based vesicular 
carriers [16, 17] derived from the Greek term 
"soma," which means "body," and the Latin term 
"transferre," which means "to carry." [18, 19]. 
While the name transfersomes has been employed 
for over thirty years, it continues to be regarded as 
a new drug delivery mechanism due to the limited 
number of clinically available 
teransferosomal formulations [18, 20]. As a result, 
additional TFs would likely be marketed in the near 
future. TFs are made of four main components: 
phospholipids, an edge activator (EA), ethanol, and 
water (Fig. 1) [21, 22]. 

In this regard, phospholipids are typically 
including dipalmitylphosphatidylcholine, 
phosphatidylcholine, and 

distearylphosphatidylcholine. Surfactants or bile 
salts with a concentration of 10–25%, such as 
Tween 80 (T80), sodium deoxycholate, sodium 
cholate, Span® 80, and dipotassium glycyrrhizinate, 
are examples of EA. This component plays an 
essential role because it provides a wide radius of 
curvature that has the ability to weaken the lipid 
bilayer and enhance the flexibility of the lipid 
bilayer membrane of TFs. As a result, as the TFs 
move through the different layers of skin, they can 
compress naturally, which prevents the vesicles 
from rupturing. Water acts as a transport medium 
for ethanol, which is required in the TFs in smaller 
amount-typically below 10 percent [18, 22]. In the 
aqueous central cavity of TFs, hydrophilic drugs are 
encapsulated, while more hydrophobic 
drugs/active ingredients are incorporated into the 
phospholipid bilayer. 

TFs have elasticity, flexibility, highly-
deformability, and stress-responsivity [23] in 
contrast to liposomes with low lipid bilayer fluidity 
[24] or niosomes composed of non-ionic 
surfactants [25]. TFs can pass via the stratum 
corneum (SC) and enter the skin as intact vesicles 
smaller than 300 nm and in non-occlusive 
conditions. This preserves the gradient of trans-
epidermal osmosis, allowing for elastic transport. 
Liposomes are among the most popular drug 
delivery devices. Their size and the lipid 
composition play a noteworthy role in permeation 
and treatment effects. In the case of niosomes, 
their ability to penetrate has been linked to 
decreased fluxes through the SC when compared to 
traditional liposomes, despite their higher stability 
and resistance to changes in osmolarity [26]. In 
comparison with niosomes and liposomes in liquid 
media, TFs appear to have demonstrated the 
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highest colloidal stability in terms of zeta-potential 
at 4 °C and 25 °C [27], TFs have demonstrated 
noticeable colloidal constancy (with no aggregation 
sign) for approximately some months, whereas 
liposomes and niosomes have demonstrated 
increased propensity for aggregation at the same 
temperatures and lower physical stability [28]. To 
ensure colloidal stability, TFs should have a zeta-
potential that is either more than +30 mV or less 
than -30 mV; if not, there is a significant increase in 
the risk of aggregation [29]. 

The current review attempts to consider the 
researched TFs-based nanocarriers in the realm of 
anticancer drug delivery, their benefits and 
drawbacks, and future prospects. 

This review article presents the current state of 
research concerning TFs-based nanocarriers for 
therapeutic agent’s delivery to treat various 
cancers. The first section describes the properties 
of the general aspects of TFs, including their 
structure, synthesis methods, and properties, as 
well as the drug release mechanism. Then, a 
detailed discussion on the potential of TFs in the 
field of drug delivery for cancer treatment are 
presented. Finally, we summarize the challenges 
and future directions of drug delivery based on TFs 
as an emerging area of research. 

 
Transfersomes for cancer drug delivery 
Skin cancer 

Today, one of the most widespread diseases in 
the world is skin cancer. Prolonged exposure to 
sunlight/ UV radiation and environmental pollution 
are the contributing factors. Today's world has seen 
a sharp rise in the incidence of skin cancer as a 

result of people's changing lifestyles. Skin cancer, 
specifically cutaneous malignant melanoma, is 
becoming more common than almost all other 
cancers. Melanoma continues to be a significant 
global issue, with current treatment options facing 
significant restrictions that emphasize the pressing 
need for innovative approaches [30, 31]. One 
promising strategy involves the targeted TFs of 
drugs through the skin to specifically attack cancer 
cells. Drugs with a higher molecular weight (above 
500 Da) and ionized compounds should not be 
passed through the skin via the transdermal route, 
which is a non-invasive method suitable for 
systemic delivery. Numerous methods, including 
iontophoresis, microneedles, vesicular systems, 
penetration enhancers, and more, have been 
applied to increase the efficacy of the transdermal 
route [17]. However, they typically only penetrate 
the outer layers of the skin when applied topically. 
In transdermal drug delivery, vesicular delivery is 
becoming more and more important among the 
various methods [32]. Among them, TFs is most 
useful for transdermal delivery of substances with 
larger molecular weights due to its elastic and 
deformable nature, they can penetrate deeper skin 
layers through narrow pores that are significantly 
smaller than its size, come into contact with the 
systemic circulation, and then return to their 
original structure [33]. Some research were used 
TFs nanocarriers for transdermal delivery of anti-
cancer natural active compounds for skin cancer 
therapy. This section, along with Table 1, provides 
a summary of various TFs that have been reported 
for use in skin cancer drug delivery. 

 
Table 1. Transfersomes-based nanocarriers for skin cancer drug delivery 

Transfersome 
components 

Delivery agents Target Effect Ref. 

Apigenin /TFs 
Apigenin 

Skin cancer/ Mice Improved skin permeation [30] 
Apigenin/ TFs gel /Con 

A 
Melanoma (A375) 

cells 
Enhanced skin targeting efficacy 
Cytotoxic effects on melanoma 

[34] 

Embelin/TFs 
Carbopol 934/H3/ TFs-

based gel 
Embelin 

B16F10 melanoma 
cell/ Rat 

Enhanced skin cancer therapy [35] 

RSV/TFs/ PC/ non-ionic 
EA 

Resveratrol 
B16F10 melanoma 

cell 
Increase in accumulation 

Enhanced the stability, permeability, and uptake of drug 
[36] 

EGCG/TFs/HA EGCG HaCaT cells 
Reduced lipid peroxidation, MMP expression, and 

intracellular ROS 
Improved skin penetration 

[37] 

Tea catechins (GTC)/TFs 
gel 

Catechins 

B16F10 melanoma 
cell 

A remarkable decrease in IL-1β, IL-6, and TNF-α levels in 
mice 

[38] 

HK-loaded TFs Honokiol (HK) 
A prolonged release pattern 

Inhibiting TGF-β signaling, and decreasing CD47 and 
CD133 expression 

[39] 

RB/TFs microneedle 
array (TDMNs) 

Rose Bengal (RB) Superior intradermal transfer efficiency [40] 

Rtn-loaded TFs 
transdermal patches 

Rutin (Rtn) 
Significant drug release 

Increased inhibiting rate of cancer 
A high skin deposition 

[41] 
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Transfersome 
components 

Delivery agents Target Effect Ref. 

5-FU-loaded TFs 
5-fluorouracil (5-

FU) 
HaCaT cell line The greatest cytotoxicity on the HaCaT cell [42] 

Celecoxib/T20/TFs Celecoxib 
Human skin 
fragments 

An optimal vesicle characteristics and uniformity 
Facilitated the drug permeation through the skin 

[43] 

CAR-loaded TFs 

Carvedilol (CAR) 

JB6 P+ and HaCaT 
cells 

Induce cytotoxic effects Slowly drug penetration rates [44] 

CAR/TFs gel 
Porcine ear skin 

model 

Reduced tumor incidence and intensity 
Suppressed Ki-67 and COX-2 expression levels 

Not affected heart rate 
[45] 

CAR/TFs 
Exhibited the maximum retention of the drug in the skin 
Reduced both acute and chronic skin inflammation of UV 

induction 
[46] 

PTX-CPP/TFs hydrogel  
Xenograft B10F16 
melanoma mouse 

model 

Effectively pass through the SC 
Promoted effective delivery to tumor site 

Suppressed tumor development 
[47] 

SFN/TFs 
SFN/ethosomes 

Sulforaphane 
(SFN) 

SK-MEL 28 cells Anticancer effects Enhanced percutaneous delivery [48] 

Cis-encapsulated TFs Cisplatin (Cis) 

Cutaneous squamous 
cell carcinoma (cSCC) 

Increased drug efficacy with reduced systemic toxicity [49] 

LR@TFs-CPP Gel lycorine (LR) 
Anti-cSCC properties 

The skin and tumor permeability 
[50] 

Tamoxifen citrate/TFs 
gel 

Tamoxifen citrate Promising outcomes with a high drug release [51] 

Apigenin, a prevalent bioactive flavone 
detected in an extensive array of plants, fruits, and 
vegetables, has been recognized for its various 
pharmacological characteristics and anti-
carcinogenic impacts. Apigenin serves as a 
chemotherapeutic agent for skin cancer therapy, 
both in-vitro and in-vivo. Jangdey et al's study 
aimed to utilize the Box-Behnken design in 
optimizing TFs that were developed using an 
altered rotary evaporation sonication system with 
the surfactant T80. The results showed an initial 
burst release followed by a controlled release, the 
optimized TFs (TW80-16) demonstrated a vesicle 
size 35.41 nm, the drug loading 8.042%, and an 
encapsulation efficiency (EE%) rate 84.24%. The 
permeation ability of apigenin was shown to be 
enhanced by this approach for prolonged periods of 
time, which may help cure skin cancer [30]. In 
another study, Jangdey et al. produced epigenin-
loaded nano-TFs gel conjugated with Concanavalin-
A (Con A) to specifically target melanocytes in the 
gel layer and treat UVB-induced skin carcinoma. 
The prepared formulation exhibited nano-sized 
vesicles (~179.0) with an EE% about 90%. The Con-
A/TFs-based gel demonstrated cytotoxic effects on 
melanoma (A375) within a concentration ranging 
from of 0.4 to 2.0 mg/mL, while showing reduced 
toxicity towards HaCaT cells. The conjugated 
formulation exhibited an enhanced skin targeting 
efficacy both in vitro and in vivo, indicating a well-
organized and cost-effective method for addressing 
skin cancer [34]. 

TFs-based vesicles carrying embelin, a naturally 
occurring benzoquinone derivative, was produced 

for transdermal medication delivery. Embelin, 
which comes from the dried fruit of Embelia ribes, 
is widely used because of its powerful anti-
bacterial, anti-viral, anti-cancer, and anti-fungal 
properties. Employing the thin film hydration 
approach, embelin incorporated into several 
transferosomal formulations with varying ratios of 
Span-80 and Tween 80. A TFs-based gel with 2% 
embelin, carbopol 934 (at concentrations of 1%, 
2%, 3%, and 4%), and propylene glycol (H3) was 
obtained as optimal formulation. The results 
showed that successful encapsulation of embelin in 
all formulations, with a maximum EE% 89.86%, 
suggesting the useful transdermal drugs delivery 
system for the skin cancer therapy [35]. Resveratrol 
(trans-3,5,4′-trihydroxystilbene, RSV), which is 
classified as a type of polyphenol, exhibits 
properties including antioxidant, anti-
inflammatory, and anti-cancer effects, in addition 
to serving as a free-radical scavenger and a 
protector against cardiovascular ailments. 
Consequently, a RSV-encapsulated TFs was 
produced by phosphatidyl choline (PC) derived 
from a liposomal platform and non-ionic EA. The 
most favorable TFs production conditions involved 
using 5% PC/EA (3:1) and 5% ethanol in purified 
water, along with ultrasonic bath and rotating at 
500 rpm, followed by high-pressure 
homogenization. The prepared TFs showed an EE% 
about 60%. Analysis of antioxidant functionality 
indicated that TFs exhibited a similar performance 
to free RSV. In vitro transdermal delivery analysis 
revealed a 27.59% increase in accumulation after 6 
h with D1-20(W) formulation. Furthermore, cell 
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viability tests demonstrated a 34.45% reduction in 
cytotoxicity for D3-80(W) formulation compared to 
an equivalent concentration of RSV. As a result, the 
developed RSV-loaded TFs enhanced the stability, 
permeability, and entrance of drugs via the skin, 
even across the SC, owing to TFs deformability [36]. 

Epigallocatechin-3-gallate (EGCG) is known an 
effective antioxidant compound, most abundantly 
available in green tea. Avadhani et al. created TFs 
loaded with EGCG and hyaluronic acid (HA) to 
enhance the UV radiation-protective properties of 
both substances, while also providing anti-aging 
and antioxidant benefits. The nanosized TFs were 
produced using a thin-film-hydration method, 
utilizing sodium cholate and soy 
phosphatidylcholine, in conjunction with high-
pressure homogenization. In HaCaT cells, it was 
shown that the improved TFs increased cell 
survival, reduced lipid peroxidation, MMP 
expression, and intracellular ROS. When compared 
to pure EGCG, the optimized EGCG/HA TFs showed 
considerably improved skin penetration and 
deposition of EGCG, demonstrating the potential 
use of the created TFs in sunscreen lotions and 
creams for improving UV protection [37]. Deka et 
al. developed a TFs herbal gel containing green tea 
catechins (GTC/TFs) to serve as an alternative to 
traditional invasive treatments of skin cancer and 
their associated side effects. The GTC/TFs was 
produced by the thin-film hydration technique, 
resulting in an EE% of 68.25%, and a drug loading of 
10.41%. In vitro testing on B16F10 melanoma cell 
lines demonstrated favorable anticancer properties 
of the GTC/TFs. The treatment of skin cancer in 
mice as an animal model also showed a remarkable 
decrease in IL-1β, IL-6, and TNF-α levels, indicating 
both inhibiting and treating mice skin cancer of the 
formulation [38]. 

A naturally occurring bioactive substance called 
honokiol (HK) has been shown to have 
antineoplastic actions against melanoma. However, 
when taken orally, its bioavailability is very poor. 
The topical administration of HK presents a viable 
therapeutic option as an alternative. A modified 
scalable heating method was used to manufacture 
the HK-loaded TFs (HK-TFs). The cytotoxicity and 
cell uptake of HK-TFs were examined in B16F10 
melanoma cells to scrutinize the influence of the 
complicated tumor microenvironment on the 
efficacy of HK. The improved formulation revealed 
an average size of 190 nm, a high EE% (89.9%), and 
a prolonged release pattern. HK-TFs demonstrated 
the immunosuppressive characteristics of B16F10 
melanoma in vitro by inhibiting TGF-β signaling, and 
decreasing CD47 and CD133 expression (a hallmark 
of stem-like cells) [39].  

Rose Bengal (RB) is a dye that is known for its 
selective toxicity towards melanoma cells. 
However, its therapeutic perspective is limited by 
its high water solubility and low permeability. In a 
research, RB-encapsulated TFs (RBTFs) were loaded 
into a trilayer dissolving microneedle array (RBTFs-
TDMNs) to enhance intradermal delivery of RB for 
the treatment of melanoma. The RBTFs-TDMNs 
demonstrated sufficient strength to penetrate 
excised porcine skin, dissolve rapidly, and deliver 
RBTFs intradermally while preserving their physical 
and chemical properties. A dermatokinetic 
investigation revealed that RBTFs-TDMNs offer 
superior transfer efficiency in comparison with 
RBTFs dispersion and microneedles loaded with 
free drug, proposing its valuable potential for the 
topical treatment of melanoma [40]. Waldher et al. 
performed a study to improve the skin permeation 
of rutin (Rtn) by using TFs that integrated into 
transdermal patches (TPs) (Fig. 2).  

 

 
Fig.2. Development of rutin-loaded TFs to improve ex vivo membrane permeability and in vitro efficacy. Reprinted with permission from [41]. 
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Rutin-loaded TFs (RtnTFs) were created using a 
central composite design (CCD) method and 
included different ratios of sodium deoxycholate 
and phospholipid 90H as variables. A greater Rtn 
encapsulation, enhanced formulation stability, and 
significant drug release were observed. Moreover, 
the RtnTFs exhibited an increased inhibiting rate 
B16–F10 melanoma cell line, and RtnTFs-loaded TPs 
cause a high skin deposition of approximately 0.921 
± 0.23 mg/cm3 of Rtn. Ex-vivo skin diffusion tests 
showed a continues drug release of about 98% at 
36 h. Skin irritancy assessments confirmed the 
compatibility of RtnTFs-TPs for dermal delivery, 
indicating high stability [41].  

Based on the abovementioned research, the 
delay of drug release by topical delivery approach 
can enhance solubility and can be a hopeful 
approach for effective delivery of anti-tumor 
agents. 

Topical 5-fluorouracil (5-FU) is used to treat 
non-melanoma skin cancer and actinic keratosis. 
Unfortunately, 5-FU does not penetrate the skin 
well, which reduces its effectiveness as an 
anticancer agent when applied topically. To that 
end, Alvi et al. synthesized 5-FU-loaded TFs, 
niosomes, and liposomes for topical application 
with EE% as high as 82.4%, 45.4%, and 43.4%, 
respectively. TFs were created using the solvent 
evaporation approach, whereas a reverse-phase 
evaporation was applied for liposomes and 
niosomes producing. , The skin permeability and 
retention revealed better permeability and 
retention when compared to the nonvesiculized 
dose form. After 72 hours, the IC50 values of free 5-
FU (15.89 μmol/l) were significantly higher than 
those of niosomes (9.91 μmol/l), TFs (1.02 μmol/l), 
and liposomes (6.83 μmol/l). Comparing to 
liposomes and niosomes, 5-FU-loaded TFs showed 
the greatest cytotoxicity on the HaCaT cell line, 
concluding that vesiculization of 5-FU increases 
both its cytotoxic effect and topical distribution 
[42]. 

The topical application of celecoxib has proven 
to be a successful method of preventing the 
development of skin cancer and improving the 
efficacy of anticancer drugs in the management of 
skin cancer. An effective topical construction of 
celecoxib that could simplify skin delivery of the 
drug was designed by three types of vesicular 
carriers, such as liposomes with a surfactant, 
ethosomes, and TFs, with proper EA. It was 
observed that TFs significantly enhanced (2.0 fold) 
the drug dosage that entered the skin compared to 
a celecoxib suspension. Among ethosomes 
incorporating ethanol and Tween 20 (T20) as an EA 

those exhibiting optimal vesicle characteristics and 
uniformity with a 54.4% of EE, which could facilitate 
the drug permeation through the skin, confirming 
the role of ethanol and T20 as permeation 
enhancers [43]. 

Carvedilol (CAR) is a β-blocker has been found 
to inhibit UV-induced skin cancer. However, the 
systemic administration of CAR can lead to 
undesired cardiovascular effects. To address this 
issue, topical TFs-based CAR delivery system was 
evaluated in several researches. A CAR-loaded TFs 
was created utilizing different ratios of surfactants 
and phospholipids. The optimized TFs (F18), 
consisted of CAR, T80, and soy phosphatidylcholine, 
at a ratio of 1:0.5:3, exhibited an EE% of 93.7%. F18 
effectively restricted the EGF-mediated JB6 P+ cells 
neoplastic transformation at non-toxic amounts of 
EGF, although higher amounts did induce cytotoxic 
effects in JB6 P+ and HaCaT (human keratinocytes). 
Rather than a free drug, CAR was released more 
slowly from F18 and penetrated into the skin of 
porcine ear. Moreover, once selected to 
reconstruct the human skin in its full-thickness, F18 
exhibited reduced drug penetration rates whereas 
effectively mitigating UV-induced DNA damage, 
gene expression in inflammatory events, and 
apoptosis [44]. In another study, a topical CAR-
encapsulated TFs (CARTFs) that were loaded into 
carbopol gel or into suspension, exhibited 
comparable drug penetration and deposition in 
porcine ear skin model. CARTFs gel (10 µM) notably 
decreased skin edema and also formation of 
cyclobutane pyrimidine dimerization in singular 
dose UV-exposed mice, while this gel delayed 
tumor onset, reduced tumor incidence and 
intensity, and suppressed Ki-67 and COX-2 
expression levels, in prolonged UV exposure. The 
treatment of mice with repeated doses of CARTFs 
gel (100 µM) could not affected heart rate, while 
significantly enhanced the skin deposition of CAR, 
suggesting its potentials for skin cancer prevention 
with minimal systemic impact [45]. In a same study, 
TFs containing CAR with a ratio of 1:3:0.5 for 
drug:lipid:surfactant exhibited the maximum 
retention of the drug in the skin. When applied 
topically at a concentration of 100 µM, CARTFs did 
not cause skin sensitivity in laboratory and animal 
tests and 10 µM CARTFs effectively reduced both 
acute and chronic skin inflammation of UV 
induction [46]. 

Topical application of anti-cancer drugs is a 
viable therapy strategy for cutaneous melanoma. 
However, natural barriers between the skin and the 
tumor impair the effectiveness of drug 
administration. In a study to increase the 
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transdermal administration of paclitaxel (PTX) for 
the treatment of melanoma, Jiang et al. used a 
paintable oligopeptide hydrogel incorporating PTX-
encapsulated cell-penetrating-peptide (CPPs)-
modified TFs (PTX-CTs/Gel). The PTX-CTs/Gel 
functioned as a patch to successfully extend the 
duration of PTX-CTs on the skin when applied to the 
skin above the melanoma lesion. The PTX-CTs were 
able to effectively pass through the SC due to the 
EA-induced fluidity and penetration of TFs in the SC. 
Furthermore, the CPP alteration promoted 
effective transportation among the tumor cells and 
increased penetration of PTX-CTs in the skin and 
tumor stroma. In a xenograft B10F16 melanoma 
mouse model, PTX-CTs successfully suppressed 
tumor development when paired with systemically 
administered chemotherapy (Fig.3) [47]. 

Sulforaphane (SFN) is a versatile medication 
with multiple effects, and its ability to combat 
cancer is driving increased interest in its potential. 
SFN has demonstrated antiproliferative properties 
against melanoma and other forms of skin cancer in 
laboratory settings. Unfortunately, due to its 
specific physical and chemical properties, this 
natural compound cannot be effectively applied 
directly to the skin. Cristiano and coworkers applied 
ethosomes- and TFs-based nanocarriers for 
delivering SFN via the skin for the treatment of skin 
cancer. Ethosomes revealed better anticancer 
effects on SK-MEL 28 cells and an enhanced 
percutaneous delivery of SFN, indicating that 
ethosomes were the most suitable vesicles for 
delivering SFN topically in comparison with TFs [48]. 

Despite promising treatment of topical 
anticancer medications for managing cutaneous 

squamous cell carcinoma (cSCC), the limited skin 
absorption capacity is a main challenge. Gupta et al. 
assayed topical delivery of Cisplatin (Cis)-
encapsulated TFs for cSCC therapy. The EE% of Cis 
was determined to be 98%, with skin penetration of 
560.20 ± 7.89 μg/cm2 confirmed by a fluorescent 
marker. In vivo evaluation of the system revealed 
increased drug efficacy with reduced systemic 
toxicity, suggesting an enhanced, targeted, and 
localized drug delivery for cSCC treatment [49]. Li et 
al. confirmed the effect of lycorine (LR) in the 
topical treatment of cSCC by incorporating it into a 
cell-penetrating peptide (CPP)-modified cationic 
TFs gel (LR@TFs-CPP Gel). They revealed the anti-
cSCC properties of LR and the skin and tumor 
permeability of LR-loaded TFs [50]. Gayathri and 
Sangeetha assessed the transdermal delivery of 
Tamoxifen citrate using TFs gel which was 
composed of different ratios of drug concentrations 
and Carbopol. The optimized TFs formulation MG2, 
containing 0.1 g Tamoxifen citrate, demonstrated 
promising outcomes with a high drug release of 
94.32% [51]. 

 

Breast cancer 

Breast cancer (BC) is diagnosed as the most 
frequent cancer in women and ranks the second 
origin of cancer-related deaths in women [52, 53]. 
Therefore, prompt and effective treatment is 
important. This section and Table 2 provide an 
overview of various TFs that have been reported for 
drug delivery in BC. 

 

 
Fig. 3. The process of preparing and using PTX-CTs/Gel as a patch for the non-invasive treatment of melanoma. Reprinted with permission from [47]. 



 
 

F. Mohamadpour et al. / Transfersomes-based anticancer drug delivery 
 

 

 
Nanomed J. 13(2): 238-255, 2026                                                                                                                                                                     245  

 
 

Table 2. Transfersomes-based nanocarriers for breast cancer drug delivery 

Transfersome 
components 

Delivery agents Target Effect Ref. 

RLX-loaded TFs 
Raloxifene 

hydrochloride 
(RLX) 

MCF-7 cells 

Significant alterations in Rat skin [54] 

DOX/HA- GMS-TFs 
doxorubicin 

(DOX) 

Increased  in cellular uptake 
Enhanced transdermal penetration 

compatibility with mouse embryo fibroblast cells 
a low hemolysis rate 

[56] 

DOX/HA/TFs/microneedles 
complex (TFs/MNs) 

Rat model of skin 
cancer 

Develop lymphatic drug transport 
Successfully penetrate rat skin 

Increased the accumulation of DOX in lymph nodes 
[57] 

CUR-loaded oleic acid TFs Curcumin (CUR) MCF-7 cells 
The ex-vivo permeation 

Effective cytotoxicity 
[58] 

4-OHT-loaded TFs/ emu oil 
4-

hydroxytamoxifen 
(4-OHT) 

Mice model of BC 
Similar effectiveness to orally administered TAM 

without skin irritation 
[59] 

4-OHT-loaded TFs/ratite 
oil 

Ex vivo 
porcine 

skin/breast 
cancer 

Anti-inflammatory qualities of ratite oils 
Enhanced penetration 

[60] 

DTX-CTs/Gel Docetaxel (DTX) 
Mice model of BC 

Strong tumor and skin permeation 
Enhancing DTX accumulation in cancer cells 

[61] 

Mannosylated naringenin-
loaded TFs (MA-NgTFs) 

Naringenin 
Enhanced of cellular uptake via mannose receptor-

mediated TFs 
[62] 

HA/PVA/PVP- microneedle 
(MN) containing HA–GMS 

conjugated RB-TFs 
Ribociclib (RB) MDA-MB-231 

Maintained the drug concentrations within the 
effective range 

Targeted delivery to tumor cells via CD44 as specific 
receptor of HA 

[63] 

iontophoresis-enhanced 
RSV-enclosed in TFs 

RSV BC rat model 
A notable decrease in tumor volume and serum 

biomarker CA 15-3 
High efficacy of transpapillary route delivery of RSV 

[64] 

iontophoresis-enhanced 
LPT and 5-FU encapsulated 

in TFs 
Lapatinib (LPT) 

MCF-7, MDA-MB-
231 cells/ Rat 

skin 
High efficacy of transpapillary route delivery of LPT [65] 

ERL-loaded TFs gel Erlotinib (ERL) 
Ductal carcinoma 

in situ 
Superior effectiveness against MCF-7 

Significantly lower IC50 values 
[66] 

Raloxifene hydrochloride (RLX) is approved to 
treat BC and decrease the invasive BC in high-risk 
women. RLX has extremely limited oral 
bioavailability. To overcome this problem, 
transdermal administration of RLX has been 
proposed. In this line, Mahmood et al. created RLX-
loaded TFs for transdermal administration. The 
optimized TFs displayed spherical, unilamellar 
forms with an EE% of 91%, and transdermal flux of 
6.5±1.1 μg/cm2/hour. RLX-loaded TFs showed 
6.25±1.50 drug permeability and 9.25±2.40 skin 
deposition that was better than traditional 
liposomes. Significant alterations in Rat skin 
structure were detected during the ex vivo drug 
diffusion research, indicating the higher potency of 
RLX-loaded TFs for oral medication administration 
[54]. 

Tumor-draining lymph nodes (TDLN) play a 
crucial role as primary metastatic foci in the 
progression and spread of various solid tumors. The 
use of the lymphatic system for drug delivery is 
considered beneficial for stimulating immune 
responses through vaccination or for the effective 
administration of chemotherapy to combat tumor 

metastasis. A novel TFs modified with HA was 
developed for the targeted delivery of doxorubicin 
(DOX) to the lymphatic system via the transdermal 
pathway for the management of tumor metastasis. 
DOX is a potent chemotherapeutic drug that is 
widely used in the treatment of various cancers 
[55]. The inclusion of DOX in HA-glycerol-a-
monostearate(GMS)-TFs enabled efficient 
penetration into the deep layers of the skin, 
resulting in increased absorption by the lymphatics 
(Fig.4a). The optimized estimated values for EE% 
and loading capacity (LC) of HA-GMS-TFs were 
60.86% and 4.63%, respectively. In vitro 
experiments showed that the transdermal 
penetration of DOX-loaded HA-GMS-TFs was 3 folds 
greater than the solution form. The modification 
with HA did not include the transdermal 
penetration efficiency of the TFs. Additionally, DOX-
encapsulated HA-GMS-TFs resulted in a remarkable 
accumulation in lymph nodes in vivo, 
demonstrating good biocompatibility without 
cytotoxic effects. Moreover, HA-GMS-TFs 
significantly enhanced the endocytosis of breast 
tumor cells (MCF-7), leading to a 9-fold increase in 
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cellular uptake compared to unmodified TFs. HA-
GMS-TFs also exhibited compatibility with mouse 
embryo fibroblast (MEF) cells and a low hemolysis 
rate of 4.65% compared to rabbit blood [56]. 
Another same research developed a new dissolving 
microneedle composed of HA, combined with TFs 
transdermal DOX delivery (Fig.4b). By leveraging 
the addition capabilities of microneedles and the 
lymphatic delivery potential of TFs, the 
TFs/microneedles complex (TFs/MNs) was 
anticipated to develop lymphatic drug transport. 
The findings demonstrated that the MNs could 

successfully penetrate rat skin and release DOX-
loaded TFs into the dermis through self-dissolution. 
The DOX-TFs maintained their multilayer 
construction upon release from the dissolved MNs. 
The DOX-TFs/MNs formulation remarkably 
increased the accumulation of DOX in lymph nodes 
in comparison with diffusion through the 
epidermis, consequently elevating its bioavailability 
in the bloodstream. These results hold promise for 
enhancing chemotherapy of tumors via lymphatic 
drug delivery that can eradicate metastasized 
tumor cells present in draining lymph nodes [57]. 

 

 
Fig.4. a) Schema of transdermal delivery of HA-modified TFs for tumor metastasis therapy; b) the mechanism of delivery of DOX via HA-

based TFs/microneedle complex for the treatment of tumor metastasis. Reprinted with permission from [56] and [57]. 
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Fig. 5. a) Curcumin-loaded TFs as an impending delivery system for breast cancer treatment. b) A topical delivery manner of DTX 

utilizing DTX-CTs/Gel for the prevention the post-surgical melanoma and BC reappearance. c) The targeted delivery of Ribociclib-loaded 
TFs by a microneedle array and HA/CD44 interaction for breast cancer therapy. Reprinted with permission from [58] ,[61] and [63]. 

In order to target both surface and 
subcutaneous malignancies, such as BC, Abdel-
Hafez et al. applied the transdermal method to give 
the poorly absorbable curcumin (CUR) into the 
circulation (Fig.5a). Thin film hydration and 
extrusion were used to manufacture CUR-loaded 
TFs by using EA included T80 and sodium cholate. 
The penetration-enhancing substances such oleic 
acid, Labrasol, Transcutol, and limonene were 
investigated for skin penetration efficacy. CUR, 
being hydrophobic, was efficiently encapsulated 
inside the lipid bilayers of the vesicles with high EE% 
of 93.91% and DL% of 7.04%. The ex-vivo 
permeation of CUR-TFs was confirmed on male 
albino mice's skin model. Cytotoxicity tests using 
MTT assay on MCF-7 cells showed that oleic acid 
TFs had an IC50 of 20 μg/ml, indicating the potential 
of these nanovesicles as an effect delivery system 
for BC treatment [58]. 

Oral tamoxifen (TAM), a selective antiestrogen, 
is used for the prevention and treatment of non-
invasive BC. TAM, is not widely accepted owing to 
some severe side effects. The main metabolite of 
TAM, 4-hydroxytamoxifen (4-OHT), is responsible 
for the anticancer effect of TAM. The local 
application of 4-OHT in the breast through 
transdermal therapy can help to avoid the harmful 
effects of oral tamoxifen and still be effective. 

Sundralingam et al. assessed skin irritation and the 
effectiveness of 4-OHT-loaded TFs formulations 
developed with or without emu oil. A lower plasma 
concentration of 4-OHT and similar effectiveness to 
orally administered TAM without skin irritation was 
observed in mice model of BC that was 
administered with prepared TF, with or without 
emu oil, through local transdermal manner [59]. In 
another study, an efficient TFs system was 
prepared for delivering 4-OHT utilizing ratite oil as 
a carrier for treating BC. The anti-inflammatory 
qualities of ratite oils, along with their ability to 
function as penetration enhancers, introduce them 
as excellent candidates for incorporation into 
transdermal formulations. The optimized TFs 
containing 4-OHT were formulated, with and 
without ratite oils, by various molar ratios of soy 
phosphatidylcholine and sodium taurocholate as 
EA through the rotary evaporation/ultrasonication 
approach. The ratite oil TFs formulation exhibited 
the highest EE% (95.1 ± 2.70%) with a constancy for 
4 weeks at 4 °C, while TFs lacking ratite oils were 
stable for 8 weeks. Ex vivo penetrability 
investigations using porcine skin confirmed the 
transdermal delivery of 4-OHT TFs formulations 
without emu oil, offering promise in BC treatment 
[60]. 
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Residual microtumors remaining after surgery 
can lead to tumor recurrence, posing a significant 
challenge in cancer treatment. Liu et al. prepared a 
nano-hybrid oligopeptide hydrogel to topically 
deliver the chemotherapeutic agent docetaxel 
(DTX), with the aim of preventing tumor recurrence 
after surgery (Fig.5b). The hydrogel, named DTX-
CTs/Gel, was prepared by entrapping DTX in CCPs-
modified TFs and embedding them in an 
oligopeptide gel. This formulation had the 
properties of being paintable and injectable, with 
the ability to stay longer at the application sites 
post-administration. The DTX-CTs released from 
the hydrogel displayed strong tumor and skin 
permeation ability, enhancing DTX accumulation in 
cancer cells and promoting cell death. The 
researchers demonstrated that the use of DTX-
CTs/Gel for DTX delivery was effective in delaying 
tumor recurrence in mouse models of 
postoperative melanoma and BC [61]. 

Naringenin, a potent antioxidant abundant in 
citrus fruits, demonstrates significant potential in 
targeting skin carcinoma by scavenging reactive 
oxygen species (ROS). The created mannosylated 
naringenin-loaded TFs (MA-NgTFs) displayed 
vesicle sizes ranging from 102to 263, with an EE% 
from 72 to 82%. In vitro drug release analysis 
indicated percentages of 69.31%, 62.03%, 58.71%, 
and 65.02% for MA-NgTFs and marketed 
formulation dispersion, respectively. Ex vivo skin 
penetration and deposition investigations revealed 
that flux through the skin of mice was 6.5±3.07, 
with a drug retention percentage of 0.76±1.26, 
providing compelling evidence of cellular uptake via 
mannose receptor-mediated TFs [62]. 

HR+/HER2-metastatic BC (MBC) is a prevalent 
and serious ailment seen in women. The utilization 
of ribociclib (RB), an orally active CDK4/6 inhibitor, 
in endocrine therapy is a promising method for 
addressing HR+/HER2-MBC. Nevertheless, the 
current approach involving repetitive dosing over 3 
to 6 cycles and non-targeted distribution of RB has 
resulted in severe side effects such as hepatobiliary, 
neutropenia, renal toxicities, and gastrointestinal, 
as well as QT interval prolongation. To tackle this 
issue, a HA/PVA/PVP-based microneedle (MN) 
array containing HA–GMS conjugated RB-TFs has 
been developed to deliver RB (Fig. 5c). The in the 
skin efficiently, enabling In this platform, HA-RB-TFs 
can penetrate to skin through MN-induced 
microchannels and targeted deliver to tumor cells 
via CD44 as specific receptor of HA, extending the 
drug release time by up to 6 times. Studies on 
pharmacokinetics and tissue distribution 
demonstrated that drug concentrations are 

maintained within the effective range for up to 48 
h, reducing the dose administered thrice weekly, 
and reducing the risk of severe toxicities [63]. 

The local administration of drugs into the breast 
tissue is an interesting topic for the targeted 
administration of drugs. The administration of 
drugs through the mammary papilla offers 
advantages, as breast tumors often occur in the 
mammary ducts. A research study investigated the 
feasibility of using iontophoresis-enhanced 
transpapillary delivery of the RSV for treating BC. 
RSV was enclosed in TFs (RSV-TFs) to facilitate a 
gradual release of the drug by the biomaterial soya 
phosphatidylcholine (SPC). In vitro transpapillary 
iontophoresis experiments on porcine mammary 
papilla demonstrated increased permeation of RSV-
TFs in comparison with passive diffusion. The 
optimized RSV-TFs administered via transpapillary 
delivery exhibited higher bioavailability values than 
pure RSV administered orally. In a chemically 
induced BC rat model, a notable decrease in tumor 
volume and serum biomarker CA 15-3 was 
observed, indicating the high efficacy of 
transpapillary route delivery of RSV in comparison 
to the oral route [64]. 

Combination chemotherapy, in which two or 
more anti-cancer drugs are used, has been a 
fundamental aspect of BC therapy due to its 
advantages over single-drug treatment. Fernandes 
et al. demonstrated the synergistic effects of 
Lapatinib (LPT) and 5-FU encapsulated in TFs on 
treating BC through the iontophoresis-induced 
transpapillary route. The IC50 values for 5-FU and 
LPT were determined to be 5.7 µg/ml and 19.38 
µg/ml, respectively. The ex vivo rat skin permeation 
studies showed that drug-loaded TFs had high 
stability and superior penetrability compared to the 
solution of LPT and 5-FU, suggesting an efficient 
alternative therapy of BC [65]. Mangla et al. 
developed erlotinib (ERL)-loaded TFs gel (ERL@TFs 
gel) for the management of ductal carcinoma in 
situ. The process involved using a thin-film 
hydration method to create ERL-loaded TFs, which 
were then combined with a carbopol gel matrix to 
produce ERL@TFs gel. When compared to plain 
ERL, the optimized ERL@TFs gel demonstrated 
superior effectiveness against MCF-7 cell lines, 
showing significantly lower IC50 values, an improved 
safety profile with the ability to address ductal 
carcinoma in situ BC [66]. 

 
Lung cancer 

Lung cancer is the second most common cancer 
and the leading cause of cancer-related mortality 
worldwide. A comprehensive overview of TFs 
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nanocarriers for lung cancer is provided in this 
section, as well as in Table 3. 

 

Table 3. Transfersomes-based nanocarriers for anti-cancer drug delivery 

Cancer type 
Transfersome 
components 

Delivery 
agents 

Target Effect Ref. 

Lung cancer 

Vinblastine-
encapsulated TFs 

Vinblastine 
Human leukemia 
cell lines (HL-60, 

K562) 
effective cytotoxic effects [67] 

Uf-SUV/TFs Vaccine 
ErbB2-

expressing 
cancer cells 

effective antitumor effects against lung 
tumors 

[68] 

PTX-loaded TFs 
Soya 

phosphatidylcholine 

Paclitaxel 
(PTX) 

MRC-5 SV2 cell 
line 

a localized impact within the lungs 
toxicity towards lung cancer 

[69] 

PDT + MPa-loaded 
nano-TFs 

Methyl 
pheophorbide 

(MPa) 

A549 and HeLa 
cells 

a promising strategy for combating cancer 
through PDT 

[70] 

ICG/TFs/gel 
+ PDT 

Indocyanine 
green (ICG) 

Basal cell 
carcinoma (BCC) 

the normal skin histology in mice following 
irradiation 

minimum pain during the management 
[71] 

Purpurin-18 sodium 
salt (P18Na) and 

DOX-loaded nano-
TFs + PDT 

P18Na and 
DOX 

HeLa and A549 
cell lines 

effectively transported DOX and P18Na 
pH-sensitive release 

[72] 

Sarcomas MTM-loaded TFs 
Mithramycin 

(MTM) 

Chondrosarcoma 
and myxoid 
liposarcoma 

models 

Strong anti-tumor effects 
Inhibited the signaling pathway facilitated 

by the pro-oncogenic factor SP1 
[73] 

Head and neck 
squamous cell 

carcinoma 

Emodin-loaded TFs 
(NETFs)-ultrasound 

Emodin 
FaDu and CAL-27 

cells 

A remarkable dose-dependent ROS 
production 

Enhanced apoptosis 
Increased expression levels of caspase-3/9 

genes 

[60] 

Oral cancer 
5-FU and Etodolac 

co-loaded TFs 
Hydrogel 

5-FU and 
Etodolac 

FaDu cells 

representing a synergistic impact of Et and 
5-FU 

Exhibited lag time, similar flux, and 
penetration coefficient 

[74] 

Brain tumor 
FA-modified TPGS 
TFs containing DTX 

Docetaxel 
(DTX) 

U-87 MG cells 
A superior internalization 

FA-targeted GBM treatment 
[75] 

 
In first study, vinblastine was encapsulated in 

cholesterol-based liposomes, sodium cholate-
prepared TFs using the thin film hydration 
procedure, and the lipids 
dimiristoylphosphatidylcholine (DMPC) and 
dipalmitoylphosphatidylcholine (DPPC). The 
findings demonstrated that the percentage of 
vinblastine encapsulated into TFs varied between 
50% and 80% at a ratio between 0.05 and 0.09. It 
was found that the drug retention in TFs and 
liposomes depended on time. The preservation of 
medication in TFs was shown to be lower than in 
liposomes due to the presence of sodium cholate. 
The cytotoxic and cytostatic capabilities of 
vinblastine-encapsulated TFs and liposomes was 
confirmed on nine human cell lines [67]. 

Mucosal surfaces offer pioneering 
opportunities for vaccination, particularly the 
mucosa of the respiratory tract, which enables the 
development of non-invasive methods for vaccine 
delivery. This research project focused on using the 
nasal route to evaluate the efficacy of various di-

epitopic liposomal constructs in inducing antitumor 
responses by prophylactic vaccination in mice. 
Intranasal delivery of liposomal vesicles containing 
specific epitopes and adjuvants with different sizes, 
structures, and compositions including 
multilamellar vesicles (MLV), small unilamellar 
vesicles (SUV), ultraflexible small unilamellar 
vesicles (Uf-SUV/TFs), and reverse-phase 
evaporation (REV) were assessed. The vaccines 
were delivered nasally to BALB/c mice, prior to the 
introduction of ErbB2-expressing cancer cells either 
intravenously or subcutaneously. Nasal 
management of the SUV vaccine demonstrated 
effective antitumor effects against lung tumors, 
with limited protection against subcutaneous 
tumors. Interestingly, unlike the total vaccine dose 
or adjuvant concentration, the structure, size, and 
flexibility of the liposomes and TFs did not 
significantly influence vaccine-induced immunity or 
antitumor responses against lung tumors [68]. A 
straightforward method was utilized in the 
development of innovative proTFs tablets 
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containing paclitaxel (PTX) for pulmonary drug 
delivery. The extensive surface region of the 
pulmonary system serves as an advantageous 
location for the deposition of anti-cancer 
medication, resulting in a localized impact within 
the lungs. A PTX-loaded TFs Soya 
phosphatidylcholine was designed for lung cancer 
treatment. The hydrated TFs formulations (F3, F6, 
and F9) showed PTX entrapment levels of 93–96% 
with a toxicity towards lung cancer MRC-5 SV2 cell 
line (about 60, 68, and 67% cell viability) while 
being non-toxic to normal lung fibroblast cells 
(MRC-5) [69]. 

Photodynamic therapy (PDT) is a targeted 
therapy that does not require invasion. 
Photosensitizers (PSs), crucial components in PDT, 
tend to aggregate directly due to their lipophilic 
nature. Methyl pheophorbide (MPa)-loaded nano-
TFs were produced using sonication, which 
displayed a gradual release of the drug over 48 h in 
a natural environment, making it suitable for 
controlled drug release in PDT, and leading to 
enhanced photodynamic effects and decreased 
adverse effects. The formulations exhibited 
minimal toxicity in the absence of light but 
demonstrated anti-cancer effects upon light 
exposure. Notably, nano-TFs with the smallest size 
revealed a higher level of photodynamic activity, 
indicating that the MPa-loaded nano-TFs system 
presents a promising strategy for combating cancer 
through PDT [70]. Indocyanine green (ICG) is a 
fluorescent dye that emits near-infrared light and 
shows promise for use as a photosensitizer in PDT 
for skin conditions. Of note, its effectiveness has 
been limited due to its rapid degradation. To 
address this issue, a study encapsulated ICG in 
colloidal TFs. A preliminary clinical trial was carried 
out to evaluate the efficacy of ICG/TFs in PDT for 
basal cell carcinoma (BCC). The ICG/TFs exhibited a 
particle size of approximately 125 nm and a 
sustained release of ICG for over 2 h. When ICG/TFs 
was incorporated into a gel formulation, it 
preserved the normal skin histology in mice 
following irradiation with an 820 nm diode laser. 
Additionally, PDT using ICG/TFs achieved an 80% 
clearance rate for BCC patients, with minimum pain 
described during the management [71]. In another 
study, purpurin-18 sodium salt (P18Na) and DOX-
loaded nano-TFs were produced for a dual 
approach combining PDT and chemotherapy 
against cancer. The release of P18Na and DOX from 
the nano-TFs showed a consistent pH-responsive 
pattern, releasing gradually in normal conditions 
and rapidly in acidic pH. Consequently, the nano-
TFs effectively transported DOX and P18Na to 

cancer cells with minimal leakage, demonstrating 
pH-sensitive release within the cancer cells. The 
finding confirmed a photo-cytotoxicity in HeLa and 
A549 cell lines [72]. 
Other cancers 

Sarcomas 

Sarcomas represent a diverse collection of 
cancerous growths that develop from 
mesenchymal stem/progenitor cells (MSCs), 
impacting mesodermal tissues like bones, 
cartilage, fat, or muscles. While these 
malignancies account for a mere 1% of total 
cancer diagnoses worldwide, the percentage 
increases to 12%–15% when considering 
pediatric cases. This underscores the necessity 
for more effective treatment strategies as a 
promising therapeutic option, our focus was on 
mithramycin (MTM), a natural antibiotic known 
for its potential anti-tumor properties but also 
for causing significant systemic toxicity. Hence, 
the utilization of nano-delivery systems to 
encapsulate MTM could potentially widen its 
therapeutic gateways. The comprehensive data 
on the use of TFs for the delivery of anti-cancer 
drug is presented in the following report and can 
also be found in Table 3. Estupiñán et al. 
developed innovative PLGA polymeric TFs (MTM-
loaded TFs) through ethanol injection and thin 
film hydration techniques. The optimized MTM-
loaded TFs displayed an EE 87% with a strong 
anti-tumor effects against adherent and cancer 
stem cell-enriched tumorsphere cultures of 
chondrosarcoma and myxoid liposarcoma 
models. Moreover, MTM delivered via 
nanocarriers effectively hinders the signaling 
pathway facilitated by the pro-oncogenic factor 
SP1 [73]. 

 

Head and neck squamous cell carcinoma  

Non-invasive sonodynamic therapy (SDT) 
employs low-intensity ultrasound to induce 
chemical agent sensitizers for cancer treatment 
in a targeted manner. Pourhajibagher et al. 
explored the impact of ultrasound in 
combination with emodin-loaded TFs (NETFs) on 
head and neck squamous cell carcinoma (HNSCC) 
cell lines (Table 3). The final formulation 
exhibited a high drug-loading capacity and EE% 
with a significant hemolytic activity. The 
cytotoxicity test showed 97.3% and 98.2% 
cytotoxicity with 10 × 10-4 g/L of NETFs combined 
with ultrasound irradiation for about 5 minutes 
(frequency: 1 MHz and intensity: 2 W/cm2) on 
CAL-27 and FaDu cell lines, respectively. 
Moreover, a remarkable dose-dependent ROS 
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production, an enhanced apoptosis, and 
increased expression levels of caspase-3/9 genes 
were observed in NETFs group [60]. 
Oral cancer 

Oral cancer (or mouth cancer) is among the 
most prevalent malignancies with a rising incidence 
rate. An amalgam of 5-FU and Etodolac (Et) is an 
efficient chemotherapy approach for treating oral 
cancer. Et is a cyclooxygenase-2 inhibitor and 
enhances the sensitivity of cancer cells to 
chemotherapeutic agents. In a study, TFs co-loaded 
5-FU and Et formulations were created through the 
thin-film hydration system. The maximum EE% was 
~37% for 5-FU and ~80% for Et (1:1). In a cell 
viability assay on FaDu cells with varying 
concentrations of Et and 5-FU, a combination index 
of 0.36 was observed, representing a synergistic 
impact. The uptake of Et/5-FU-loaded TFs by FaDu 
cells was meaningfully higher than that of free 
form. The TFs hydrogel containing HPMC (2% w/w) 
exhibited lag time, similar flux, and penetration 
coefficient to that of drug-loaded TFs when tested 
on excised porcine buccal tissue, suggesting a 
targeted delivery in the management of oral cancer 
(Table 3) [74]. 

 
Brain tumor 

Glioblastoma multiforme (GBM) is 
acknowledged as an initial central nervous system 
(CNS) tumor that is highly prevalent and deadly. The 
treatment of this tumor is hindered by the 
challenges associated with breaching the blood-
brain barrier (BBB) and by the nonspecificity of 
chemotherapeutic agents towards tumor cells. Luiz 
et al. developed folate (FA)-modified TPGS TFs 
containing docetaxel (DTX/TFs/FA) to enhance the 
treatment of GBM (Table 3). The optimized 
formulation examined a small particle size (below 
200 nm) and high EE% (about 79% for DTX/TFs and 
75.6% for FA-modified DTX/TFs). Additionally, 
DTX/TFs/FA revealed the significant capability to 
decrease the viability of U-87 MG cells compared to 
the DTX commercial formulation and TF-DTX. The in 
vitro cellular uptake demonstrated a superior 
internalization of DTX/TFs/FA into U-87 MG cells 
compared to DTXTFs (72% and 63%, respectively, 
after 24 h), proposing the potential of folate 
modification for targeted GBM treatment [75]. 

 
Challenges of TFs-based anticancer drug delivery 

Various factors could affect the anticancer drug 
delivery by TFs. The ratio of phospholipid/EA can 
affect the entrapment efficiency, vesicle size, and 
permeation ability. A higher surfactant 
concentration can decrease TFs size and reduce the 

EE% via the generation of pores within the TFs 
membrane and the leakage of the encapsulated 
drug. In addition, increasing EA content may lead to 
pore formation in the bilayer and a reduced 
permeation ability of the TFs. The selection of a 
suitable solvent is another critical factor. A proper 
solvent can enhance the penetration of the drug 
into the SC by different mechanisms, such as 
increasing the drug solubility in TFs, altering the 
solubility properties of the target tissue, and 
improving the drug partitioning into the 
membrane. Despite this, a high concentration of 
ethanol in the TFs may lead to a decrease in the 
%EE. The suitable pH of the hydration medium can 
also influence the entrapment of the drug into TFs 
and the permeation of the drug into the cell 
membrane. Another main drawback of TFs is 
related to the loading of hydrophobic drugs into the 
TFs, which can interfere with their elastic and 
deformability properties. 

Transdermal delivery systems are a promising 
approach for anticancer drug delivery as they are 
minimally invasive methods without first-pass 
effects. However, the main challenge with 
transdermal delivery systems is the barrier function 
of the skin, which prevents the transdermal 
delivery of therapeutic agents and needs to be 
overcome. Molecules with a molecular weight of 
more than 500 Da and ionized compounds 
generally cannot pass through the skin. Therefore, 
only a limited number of drugs can be administered 
this way. Encapsulation of drugs in TFs is one of the 
possible approaches to overcome the above-
mentioned challenge. Compared to liposomes, TFs 
are known to be the most outstanding innovative 
transdermal drug carrier to date. 

When TFs reach the skin pores, they can change 
their membrane flexibility and spontaneously pass 
through the skin pores. In addition, TFs are elastic 
and extremely deformable. Therefore, they can 
deform and compress as an intact vesicle to easily 
pass through even very narrow pores that are 
significantly smaller than their size. The high 
deformability of the vesicles facilitates the 
transport of drugs through the skin without 
measurable losses and can be used for both topical 
and systemic treatments. They are also able to 
enhance transdermal flow and improve the site 
specificity of therapeutic agents. 

Phospholipids as a component of TFs can 
facilitate their formability. In this context, the use 
of natural phospholipids is preferable due to their 
biocompatibility and biodegradability. However, 
the difficulty in achieving the purity of natural 
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phospholipids may be a further obstacle in the use 
of TFs as a transdermal drug delivery system. 

According to current evidence, most studies 
utilizing TFs-based anticancer drug delivery systems 
have been conducted in vitro, with only a limited 
number progressing to preclinical in vivo models. 
These early-stage studies, while promising, indicate 
that TFs are still far from entering clinical evaluation 
for oncology. Several key factors contribute to the 
current absence of clinical trials for TFs-based 
cancer therapies. First, TFs are primarily optimized 
for transdermal or localized delivery, which suits 
conditions such as osteoarthritis but poses 
challenges in treating cancers, particularly systemic 
or metastatic types, that require precise tumor 
targeting, deep tissue penetration, and prolonged 
systemic circulation. Second, regulatory and safety 
considerations are more demanding in oncology. 
Clinical translation of TFs is limited by the need for 
comprehensive data on biodistribution, 
immunogenicity, and long-term toxicity. Compared 
to more established nanocarriers like PEGylated 
liposomes, TFs lack the extensive clinical data 
required to meet these regulatory standards. Third, 
pharmacokinetic limitations restrict the 
applicability of TFs in cancer therapy. Their short 
systemic circulation time and limited passive or 
active tumor-targeting capabilities reduce their 
effectiveness in treating internal or deep-seated 
tumors. Lastly, formulation-related challenges such 
as scale-up, reproducibility, and variability across 
patients in skin permeability and tumor physiology 
further hinder their clinical development in 
oncology. Nonetheless, future advances including 
ligand-functionalized TFs, hybrid delivery systems 
(e.g., microneedle- or iontophoresis-assisted 
delivery), and application in localized cancers (such 
as melanoma and oral squamous cell carcinoma) 
may overcome current limitations and facilitate the 
translation of TFs into clinical oncology trials. 

 
CONCLUSIONS AND FUTURE PERSPECTIVES 

In the arena of drug delivery, TFs have attracted 
significant attention in recent years. They are being 
explored as a complex system for drug delivery, 
with a focus on enhancing local drug penetration. 

As previously mentioned, TFs are highly 
interesting for applications that involve controlled 
release. They act as carriers for various substances 
such as medications, chemicals, peptides, and 
proteins, protecting them from degradation. 
Researchers have developed numerous 
formulations of TFs for the treatment of infections, 
cancer, bone-related issues, and tissues. 

The penetration through skin can be a challenge 
of TFs-based anti-cancer drug delivery. Two key 
factors influence the passage of TFs through the 
skin and delivery to tumor site, including the level 
of flexibility and the partition coefficient of the 
active substance. The primary mechanism involved 
is the passive movement of TFs through the SC, 
driven by the gradient of water content between SC 
(15%) and the epidermis (75%) [76]. 

 This report discussed the use of TFs for 
delivering drugs and bioactive materials to various 
cancers. These techniques are currently in the 
initial phases of development. Altering the surface 
properties of TFs can be a key factor in improving 
their performance, enhancing biocompatibility, and 
bio-functionality. 

Future advancements in TFs could involve 
optimizing the concentration of therapeutic agents 
and achieving specific and reversible binding to 
target sites using targeting molecules like aptamers 
or peptides. Moreover, enhancing uptake can be 
achieved by modifying TFs with positively charged 
nanoparticles or peptides that can interact with 
negatively charged receptors on cells or tissues. The 
increasing number of documents related to TFs 
indicates their potential to serve as innovative and 
efficient smart drug delivery systems in the future.  
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ABSTRACT 
Introduction: Colorectal cancer (CRC) remains one of the most prevalent and fatal cancers worldwide, 

highlighting the urgent need for the development of advanced diagnostic and therapeutic strategies.  

Objective(s): Quantum dots (QDs), semiconductor nanomaterials with distinctive optical properties, have emerged 

as promising tools in the fight against colorectal cancer (CRC).  

Materials and Methods: The ability of QDs to emit tunable fluorescence, combined with their small size and 

potential for surface functionalization, enables high sensitivity and specificity in early detection and targeted 

treatment. In the context of CRC, QDs can be used to identify biomarkers such as carcinoembryonic antigen (CEA) 

and folate receptors, facilitating non-invasive imaging with high resolution. 

Results: Furthermore, QDs can be functionalized for targeted therapy, enhancing the selective delivery of 

chemotherapeutic agents to tumor sites, reducing systemic toxicity, and allowing real-time monitoring of treatment 

efficacy. Despite these advantages, the clinical application of QDs in CRC is limited by challenges, including 

toxicity, biocompatibility, long-term stability, and efficient targeting. This review examines the current state of 

quantum dot-based technologies in CRC diagnostics and therapy, emphasizing their potential as nanotheranostic 

platforms. We also address the key barriers to clinical translation and propose future research directions to improve 

quantum dots' safety, efficiency, and clinical utility in CRC management. 

Conclusion: Ultimately, quantum dots offer significant potential to revolutionize the diagnosis and treatment of 

colorectal cancer, paving the way for more personalized and effective patient care. 
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INTRODUCTION 
Colorectal cancer (CRC) remains one of the 

leading causes of cancer-related morbidity and 
mortality worldwide, placing an increasing burden 
on healthcare systems due to its high incidence and 
late-stage diagnosis [1]. Early detection of CRC is 
crucial for improving survival rates, as prognosis is 
heavily dependent on the stage at which the cancer 
is diagnosed [1, 2]. Unfortunately, current 
diagnostic methods, such as colonoscopy, 
computed tomography (CT) colonography, and 
fecal occult blood tests (FOBT), have significant 

limitations, including invasiveness, discomfort, and 
limited sensitivity, particularly in early-stage cancer 
or small lesions [2]. These shortcomings underscore 
the urgent need for novel, more effective 
diagnostic approaches that offer non-invasive, 
highly sensitive, and accurate detection of CRC at its 
earliest stages [2, 3]. 

Nanotechnology, particularly quantum dots 
(QDs), has emerged as a promising solution to 
address colorectal cancer (CRC) diagnostic 
challenges. Quantum dots are semiconductor 
nanocrystals with unique optical properties, 
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including size-tunable fluorescence, high quantum 
yield, and narrow emission spectra [4]. These 
properties make QDs highly suitable for biomedical 
applications, especially in molecular imaging, 
where their fluorescence enables the detection of 
cancer biomarkers with high sensitivity and 
specificity [5]. Unlike traditional dyes, QDs can 
generate multiplexed signals, allowing for the 
simultaneous detection of multiple biomarkers, 
which is essential for enhancing the accuracy of 
cancer diagnostics [6]. 

In addition to their diagnostic role, quantum 
dots (QDs) are increasingly being explored for their 
potential in targeted therapy, particularly 
colorectal cancer (CRC). Due to their small size and 
the ability to be functionalized with targeting 
ligands, such as antibodies or peptides, QDs can 
selectively deliver therapeutic agents to tumor 
sites, minimizing the side effects associated with 
conventional therapies [7]. Furthermore, QDs 
facilitate real-time monitoring of therapeutic 
progress through their optical properties, offering a 
non-invasive method to track treatment efficacy. 
The concept of "nanotheranostics," which 
integrates diagnostic and therapeutic functions into 
a single platform, holds significant promise for 
revolutionizing CRC treatment, enabling more 
personalized and effective patient care [7, 8]. 
Despite the exciting potential of QDs in CRC 
detection and therapy, several challenges remain. 
Issues such as toxicity, biocompatibility, long-term 
stability, and efficient targeting must be addressed 
before widespread clinical implementation can be 
realized [9]. Additionally, the regulatory and ethical 
considerations surrounding the use of 
nanoparticles in humans remain a critical concern, 
requiring careful attention. 

This review aims to comprehensively explore 
the role of quantum dots in the early detection and 
targeted therapy of colorectal cancer (CRC). We will 
examine the fundamental properties of quantum 
dots, their applications in CRC diagnostics, and their 

potential in targeted treatment strategies [10]. 
Additionally, we will discuss the current challenges 
and future perspectives for the clinical translation 
of QD-based technologies in CRC management [10]. 
Through this discussion, we aim to highlight the 
transformative potential of quantum dots in 
colorectal cancer care, paving the way for more 
accurate, efficient, and personalized approaches to 
CRC diagnosis and treatment. 

 
Fundamentals of quantum dots 

Quantum dots (QDs) are nanoscale 
semiconductor materials that exhibit unique optical 
and electronic properties, including size-dependent 
fluorescence, high quantum yield, and tunability 
across the electromagnetic spectrum by adjusting 
their size and composition [11]. These properties 
result from quantum confinement effects, where 
the motion of charge carriers is restricted in all 
three spatial dimensions, creating discrete energy 
levels. Quantum dot-based imaging offers several 
advantages over traditional diagnostic methods 
[11, 12], such as enhanced sensitivity and real-time 
monitoring, while addressing some of the 
limitations of colonoscopy and CT colonography, 
including invasiveness and radiation exposure 
(Table 1). A detailed depiction of the core-shell 
structure of quantum dots, including surface 
functionalization with targeting ligands (e.g., 
antibodies, peptides) for specific cancer cell 
recognition and drug delivery, is shown in Figure 1. 

Quantum dots (QDs) are typically composed of 
elements from groups II-VI (e.g., CdSe, CdTe), III-V 
(e.g., InP), and IV-VI (e.g., PbS) of the periodic table. 
Their surface properties are engineered to enhance 
stability and prevent aggregation [13]. Various 
quantum dot materials, such as CdSe, CdTe, InP, 
and PbS, exhibit distinct optical properties and 
varying levels of toxicity, with carbon-based QDs 
emerging as a promising alternative due to their 
biocompatibility and tunable fluorescence for 
colorectal cancer (CRC) applications (Table 2).  

 
 

Table 1. Comparison of Quantum Dots and Traditional Diagnostic Methods in Colorectal Cancer Detection 

Diagnostic Method Sensitivity Specificity Invasiveness REF 

Quantum Dot-Based Imaging 90-95% 85-90% Non-invasive [16] 
Colonoscopy 85-90% 95% Invasive (requires sedation) [17] 

CT Colonography (Virtual Colonoscopy) 80-90% 90-95% Non-invasive (with radiation) [17] 
Fecal Occult Blood Test (FOBT) 60-75% 90-95% Non-invasive [18] 

CT Scan (Abdominal) 70-80% 85-90% Non-invasive (with radiation) [19] 
MRI (Magnetic Resonance Imaging) 80-85% 85-90% Non-invasive [19] 
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Fig. 1. Schematic Representation of Quantum Dot (QD) Structure and Functionalization 

 
 

Table 2. Properties of Different Quantum Dot Materials for Colorectal Cancer Applications 

Quantum Dot 
Material 

Composition Optical Properties 
Toxicity 

Concerns 
Synthesis Method 

Applications in 
CRC 

CdSe 
Cadmium 
selenide 

Tunable fluorescence, high 
quantum yield 

High toxicity 
(Cd2+) 

Colloidal synthesis, 
chemical vapor 

deposition 

Imaging, drug 
delivery 

CdTe 
Cadmium 
telluride 

Strong fluorescence, high 
stability 

High toxicity 
(Cd2+, Te2-) 

Colloidal synthesis 
Imaging, targeting 

CRC cells 

InP 
Indium 

phosphide 
Narrow emission 

spectrum, low toxicity 

Lower toxicity 
than Cd-based 

QDs 
Colloidal synthesis 

Imaging, potential 
theranostics 

PbS Lead sulfide 
Infrared emission, stable 

in biological systems 
Toxicity from 

lead (Pb) 
Colloidal synthesis, 

laser ablation 
In vivo imaging, 

drug delivery 

Carbon-Based 
QDs 

Carbon 
nanostructures 

Broad emission spectrum, 
high biocompatibility 

Non-toxic 
Chemical vapor 
deposition, laser 

ablation 

Imaging, sensing, 
drug delivery 

Functionalization of QDs is essential to improve 
their biocompatibility and enable targeting of 
specific cells or tissues. Surface coatings, such as 
polyethylene glycol (PEG), and conjugation with 
targeting ligands like antibodies, peptides, or 
aptamers make QDs ideal candidates for 
biomedical applications [14], particularly in 
molecular imaging and therapy. In vivo, QDs can be 
tracked using fluorescence microscopy, confocal 
microscopy, or other imaging modalities, providing 
high-resolution detection of disease markers, such 
as those associated with CRC [14, 15]. Quantum 
dots are primarily synthesized through colloidal 
synthesis and chemical vapor deposition (CVD). 
Colloidal synthesis involves the nucleation and 
growth of QDs in a solution containing precursor 
compounds, surfactants, and stabilizing agents, 
allowing for precise size control [14]. This method is 
widely used due to its scalability and tunable optical 
properties. Alternatively, CVD and molecular beam 

epitaxy (MBE) facilitate QD growth on substrates 
under controlled conditions, often employed in 
electronic and optoelectronic applications. Post-
synthesis surface modification, such as ligand 
exchange or passivation, further enhances QD 
stability and functionality for biomedical and 
diagnostic applications [15]. A combination of 
optical properties, ease of functionalization, and 
tunability makes QDs a significant tool for cancer 
diagnosis and targeted therapy, especially in the 
early detection of CRC, where precise identification 
of tumor markers and tracking their progression are 
crucial for effective management. 

 
Quantum dot-based sensors in early detection of 
colorectal cancer 

Quantum dot-based sensors have emerged as a 
promising tool for the early detection of colorectal 
cancer (CRC), utilizing the unique optical properties 
of quantum dots (QDs) to enhance sensitivity and 
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specificity in detecting cancer biomarkers [20]. The 
size-tunable fluorescence emission of QDs enables 
multiplexed imaging, where different QDs can be 
functionalized with antibodies or ligands specific to 
various CRC-related biomarkers [21], such as 
carcinoembryonic antigen (CEA), Kirsten rat 
sarcoma viral oncogene homolog (KRAS) mutations, 
or microsatellite instability. The detailed 
mechanism of quantum dots in the early detection 
of colon cancer is illustrated in Figure 2. Quantum 
dots can be functionalized with various targeting 
ligands, including anti-CEA antibodies, folate, and 
peptides like RGD, facilitating selective targeting of 

colorectal cancer biomarkers and enhancing their 
effectiveness in imaging and therapy (Table 3). 
These bio-functionalized QDs can selectively bind to 
their target biomarkers on cancer cells or body 
fluids, such as blood or stool, enabling early 
detection even in asymptomatic stages [21]. The 
bar chart illustrates the detection accuracy of 
different quantum dot (QD) types—CdSe, CdTe, InP, 
PbS, and carbon QDs—when targeting key 
colorectal cancer biomarkers, including CEA, 
epidermal growth factor receptor (EGFR), folate 
receptor, KRAS mutation, and mucin-1 (MUC1) [21, 
22] (Figure 3). 

 
 

 
Fig. 2. Mechanism of quantum Dot-Based Imaging for Early Detection of Colorectal Cancer 

 
 
 

Table 3. List of Targeting Ligands Used for Quantum Dot Functionalization in Colorectal Cancer 

Targeting Ligand Type Target Biomarker Functionalization Method 

Anti-CEA Antibody Monoclonal antibody Carcinoembryonic Antigen (CEA) Conjugation via thiol groups 

Folate 
Small molecule 

(vitamin) 
Folate receptor overexpressed in CRC cells Covalent bonding via amine groups 

Anti-EGFR Antibody Monoclonal antibody Epidermal Growth Factor Receptor (EGFR) Bioconjugation using EDC/NHS 
Peptide (RGD) Peptide Integrin αvβ3 (expressed in tumors) Peptide conjugation to QDs 

Anti-MUC1 
Antibody 

Monoclonal antibody Mucin 1 (MUC1) Conjugation via carboxyl groups 

Aptamers 
Nucleic acid-based 

ligand 
CRC-related biomarkers (e.g., KRAS 

mutations) 
Covalent linkage through thiol 

groups 
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Fig. 3. Quantum Dot-Based Diagnostic Accuracy for Colorectal Cancer Biomarkers 

 
 

The detection efficiency is represented as a 
percentage, highlighting variations in quantum dot 
(QD) performance across different biomarkers. 
Recent advancements in QD-based biosensors 
leverage surface plasmon resonance, fluorescence 
resonance energy transfer (FRET), and Förster 
resonance energy transfer (FRET) to achieve higher 
sensitivity in detecting minute quantities of 
biomarkers [22, 23]. Additionally, incorporating 
QDs into imaging modalities such as fluorescence 
tomography and magnetic resonance imaging 
(MRI) has enabled deeper tissue penetration, 
making them suitable for non-invasive in vivo 
detection of colorectal tumors [24]. QDs have also 
demonstrated the potential to enhance the 
accuracy of traditional diagnostic methods, such as 
colonoscopy and endoscopy, by providing real-time 
molecular imaging of lesions with sub-cellular 
resolution [24, 25]. Despite these advances, 
challenges remain in optimizing targeting efficiency 
and minimizing non-specific binding, affecting 
detection sensitivity. Furthermore, addressing the 
potential toxicity of quantum dots, particularly 
those containing heavy metals such as cadmium, 
continues to be an active area of research [26]. 
Nevertheless, integrating quantum dots into CRC 
detection represents a significant step toward more 
precise, early, and non-invasive diagnostic 
methods, offering a promising alternative to 
current screening techniques. 

 
Molecular targeting using quantum dots in 
colorectal cancer therapy 

Quantum dots (QDs) have emerged as highly 
effective tools for molecular targeting in colorectal 
cancer (CRC) therapy, leveraging their unique ability 
to conjugate with targeting moieties such as 
antibodies, peptides, or small molecules, which 
enhance their specificity for cancer cells [27]. These 
functionalized QDs can selectively deliver 
therapeutic agents directly to CRC cells, which 
minimizes off-target effects and improves the 
overall therapeutic index. QDs can serve as carriers 
for various therapeutic payloads, including 
chemotherapeutic drugs, small interfering RNA 
(siRNA) [28], or genetic material, enabling a 
targeted delivery approach that maximizes 
therapeutic efficacy while minimizing systemic 
toxicity [28, 29]. The surface modification of QDs 
with tumor-specific ligands, such as anti-CEA 
antibodies or folate [24, 25], facilitates their 
selective accumulation at the tumor site via 
receptor-mediated endocytosis, a critical step in 
molecular targeting [29]. 

In addition, the surface of quantum dots (QDs) 
can be further engineered to incorporate drugs 
released in response to environmental stimuli, such 
as pH or specific enzymes in the tumor 
microenvironment. This allows for the controlled 
release of therapeutic agents precisely where 
needed [30]. Moreover, QDs enable the tracking of 
therapeutic delivery and the monitoring of 
treatment progress in real-time using their 
fluorescence properties, providing clinicians with a 
non-invasive means to assess the treatment's 
effectiveness [30, 31]. The application of QDs in 
photodynamic therapy (PDT) has also been 
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evaluated, where QDs, upon exposure to specific 
light wavelengths, generate reactive oxygen species 
that induce localized tumor cell death [28]. 
However, challenges remain in optimizing the size, 
surface coating, and stability of QDs to ensure 
efficient drug delivery while minimizing potential 
toxicity [32]. Additionally, the long-term 
biocompatibility and clearance of QDs in vivo 
remain significant concerns that require further 
investigation [33]. Despite these challenges, the 
potential of QDs for targeted delivery and therapy 
in CRC is immense, offering the possibility of more 

effective and less toxic treatment strategies [34]. 
Table 4 lists clinical and preclinical studies showing 
quantum dot-based sensors, particularly those 
functionalized with CEA or folate, provide high 
sensitivity and specificity for early detection and 
imaging of colorectal cancer, often outperforming 
traditional diagnostic methods. A schematic 
illustrating the targeted drug delivery process using 
QDs—from functionalized QDs binding to CRC cell 
surface receptors to the release of therapeutic 
agents within cancerous cells—is shown in Figure 4. 

 
 

Table 4. Clinical Applications and Preclinical Studies of Quantum Dot-Based Sensors in Colorectal Cancer Detection 

Study Type Study Focus Quantum Dot Material Target Biomarker Key Findings Ref 

Preclinical 
Early detection 

of CRC in animal 
models 

CdSe/ZnS QDs 
Carcinoembryonic 

Antigen (CEA) 

QDs successfully detected early-stage 
tumors in mice models, providing real-

time tumor localization 
[35] 

Clinical Trial 
Imaging of CRC 
biomarkers in 

patients 
InP QDs 

Folate receptor α, 
CEA 

QDs demonstrated enhanced imaging 
compared to traditional methods like 

colonoscopy 

[36] 

Preclinical 
Detection of 
CRC-related 

gene mutations 
CdTe QDs 

KRAS mutation 
biomarkers 

QDs used for multiplexed detection of 
mutations, improving diagnostic 

precision in CRC 

[37] 

Preclinical 
Fluorescence-

guided CRC 
surgery 

PbS QDs 
MUC1 antigen, 

EGFR 

Real-time fluorescence imaging 
assisted in the precise surgical removal 

of CRC tumors 

[38] 

Clinical Trial 

Evaluation of 
QD-based 

endoscopic 
imaging 

Carbon QDs 
CRC-specific 
biomarkers 

Carbon-based QDs offered a non-
invasive, effective imaging tool for 

early CRC detection during 
colonoscopy 

[39] 

Preclinical 
Tumor-targeted 
drug delivery in 

CRC 
CdSe/ZnS QDs CEA, EGFR 

Quantum dots enabled targeted 
delivery of chemotherapeutics, 
reducing systemic toxicity and 
enhancing therapeutic efficacy 

[40] 

 
 

 
Fig. 4. Mechanism of Quantum Dot-Mediated Drug Delivery in Colorectal Cancer Therapy 
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Quantum dots in nanotheranostics for colorectal 
cancer 

Nanotheranostics, which integrates diagnostic 
and therapeutic modalities into a single platform, 
represents a cutting-edge approach in colorectal 
cancer (CRC) treatment, with quantum dots (QDs) 
playing a central role in this emerging field [41]. QDs 
enable simultaneous tumor detection and therapy, 
leveraging their unique optical properties for real-
time imaging while delivering therapeutic payloads 
directly to the cancer site [42, 43]. This dual 
functionality is particularly valuable in CRC, where 
early detection and localized treatment are crucial 
for improving patient outcomes [44]. QDs can be 
conjugated with targeting ligands, such as 
antibodies or peptides specific to CRC biomarkers 
(e.g., CEA or folate receptors), facilitating the 
selective targeting of malignant tissues [45]. 

Once bound to cancer cells, quantum dots (QDs) 
can be used in non-invasive imaging techniques 
such as fluorescence microscopy, positron emission 
tomography (PET), and fluorescence-guided 
surgery, providing detailed insights into the tumor's 
size, location, and molecular characteristics [46]. 
Simultaneously, QDs can be loaded with 
therapeutic agents—chemotherapeutic drugs, 
gene therapies, or RNA-based therapies—released 
in response to tumor-specific triggers, such as acidic 
pH or specific enzymes. This ensures the therapy is 
delivered precisely to the cancerous cells while 
sparing healthy tissue [47, 48]. Figure 5 illustrates 
the dual function of quantum dots in both the 
diagnosis (fluorescence imaging) and therapy (drug 
delivery and photodynamic therapy) of colorectal 
cancer (CRC) within a single system. 

Additionally, the ability to modify quantum dots 
(QDs) with photosensitizers opens up the possibility 
for photodynamic therapy (PDT), where QDs, upon 
light activation, generate cytotoxic species that 
specifically target and kill cancer cells [48]. Figure 6 
depicts a scatter plot comparing different quantum 
dot types based on their imaging sensitivity (%) and 
therapeutic effectiveness (%) in colorectal cancer 
applications as nanotheranostic agents [49, 50]. InP 
QDs demonstrate the highest therapeutic potential, 
while CdSe QDs excel in imaging. Figure 6 also 
highlights the trade-off between diagnostic 
efficiency and drug delivery capability among 
quantum dots [50]. The integration of QDs in 
nanotheranostics presents the advantage of 
personalized treatment, as the same nanocarrier 
can be tailored for both the detection and 
treatment of CRC based on the patient’s specific 
tumor profile [50]. 

While early studies and clinical trials have 
shown promising results, challenges remain in 
optimizing the size, surface modification, and 
toxicity of quantum dots (QDs) to ensure their safe 
and effective use in clinical settings [51]. 
Additionally, the long-term clearance of QDs from 
the body, particularly those containing heavy 
metals like cadmium, requires further investigation. 
Nevertheless, the potential of QDs in 
nanotheranostics for colorectal cancer (CRC) holds 
immense promise, offering a powerful tool for 
accurate diagnosis and precision treatment, which 
could revolutionize the management of colorectal 
cancer in the future [51]. 

 

 

 
Fig. 5. Quantum Dot Conjugates in Nanotheranostic Applications for Colorectal Cancer 
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Fig. 6. scatter plot showing the relationship between Quantum Dot Imaging Sensitivity and Therapeutic Effectiveness 

 

Toxicity and biocompatibility of quantum dots in 
colorectal cancer applications 

The use of quantum dots (QDs) in colorectal 
cancer (CRC) applications raises critical concerns 
regarding their toxicity and biocompatibility, which 
should be thoroughly addressed to ensure their 
safe clinical use [52]. While QDs offer significant 
advantages in imaging and therapy, particularly for 
the early detection and targeted treatment of CRC, 
the potential for toxicity primarily arises from the 
heavy metals (such as cadmium, lead, and 
selenium) commonly used in their composition 
[52]. These metals can leach from the quantum 
dots, especially in the physiological environment, 
leading to cellular damage, oxidative stress, and 
inflammation [53], which can result in adverse 
effects on normal tissues and organs, such as liver 
or kidney damage, which are especially concerning 
in the context of systemic drug delivery [53]. 

Additionally, the small size and surface charge 
of quantum dots (QDs) enables them to accumulate 
in various organs, raising concerns about their long-
term clearance from the body and the potential for 
chronic toxicity [54]. Significant efforts have been 
made to address these concerns and develop safer, 
more biocompatible QDs. Surface modifications 
with biocompatible polymers, such as polyethylene 
glycol (PEG) or inorganic materials like silica, have 
reduced toxicity by preventing QD aggregation, 
enhancing stability, and promoting renal clearance 
[55]. Moreover, QDs can be functionalized with 
ligands that enable selective targeting of colorectal 
cancer (CRC) cells, minimizing the exposure of 
healthy tissues to the potentially harmful effects of 

the QDs [56]. Researchers are also evaluating non-
toxic alternatives, such as carbon-based or 
graphene quantum dots, which offer comparable 
optical properties without the associated risks of 
heavy metals. Furthermore, studies on the 
biodistribution and metabolic pathways of QDs in 
animal models have been essential for 
understanding their potential long-term effects 
[57]. While advances in QD design and 
functionalization have mitigated some of these 
concerns, further research is needed to ensure their 
safe use in clinical settings [58]. Regulatory bodies 
and ethical considerations also play a key role in 
establishing safety guidelines and standards for 
using QDs in biomedical applications. Ensuring the 
safe integration of quantum dots into CRC therapies 
and diagnostics will be essential for realizing their 
full potential in clinical practice. 

 
Recent advances and future perspectives 

Recent advances in quantum dot (QD) 
technology have significantly expanded their 
potential applications in colorectal cancer (CRC) 
detection and therapy, offering promising solutions 
to current clinical challenges [58]. The synthesis of 
QDs with improved biocompatibility and lower 
toxicity profiles is one of the most notable 
developments. Innovations in surface coating 
techniques, such as silica or lipid-based shells, have 
mitigated the harmful effects of traditional heavy-
metal-containing QDs, enabling their safe use in 
vivo [59]. Furthermore, advancements in QD 
conjugation techniques have allowed for the 
incorporation of multiple functional groups on a 
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single particle, facilitating the simultaneous 
targeting of various CRC biomarkers and enhancing 
detection sensitivity and therapeutic efficacy [60]. 
Additionally, integrating QDs with other 
nanomaterials, such as gold nanoparticles or 
magnetic nanoparticles, has led to the creation of 
multifunctional nanocomposites that combine 
imaging, targeted therapy, and even gene editing 
into a single platform, providing a more holistic 
approach to CRC treatment [61]. 

The advent of quantum dot-based 
nanotheranostics represents another significant 
area of progress, where quantum dots (QDs) can 
simultaneously function in diagnostic imaging and 
as delivery vehicles for chemotherapeutic agents, 
RNA-based therapies, or photodynamic therapy 
[62]. These multifunctional systems offer 
unprecedented precision in targeting and treating 
colorectal cancer (CRC) while enabling real-time 
monitoring of therapeutic responses. Looking 
ahead, the future of QDs in CRC applications is likely 
to be driven by the incorporation of artificial 
intelligence (AI) and machine learning (ML) 
technologies, which could facilitate the 

development of more intelligent, adaptive systems 
capable of optimizing drug delivery and diagnosis 
based on real-time data [62]. Moreover, as 
personalized medicine advances, QDs may play a 
pivotal role in tailoring treatments to individual CRC 
patients by identifying unique molecular signatures 
and guiding the development of personalized 
therapeutic strategies [63]. 

Despite these exciting advancements, 
challenges such as improving the long-term 
stability, in vivo clearance, and standardization of 
quantum dot (QD)-based systems must be 
addressed before widespread clinical adoption [64]. 
In summary, the future of quantum dots in 
colorectal cancer (CRC) detection and treatment is 
promising, with ongoing innovations pushing the 
boundaries of precision medicine. Their integration 
into clinical practice could revolutionize diagnosing 
and treating CRC [65]. Figure 7 presents a stacked 
chart summarizing the cumulative contributions of 
quantum dots across various performance 
categories, highlighting their overall potential for 
CRC applications. 

 
 
 

 
Fig. 7. Trends in quantum dots in CRC theranostics, as summarized in performance metrics 

 

CONCLUSION 
Quantum dots represent a transformative 

approach to colorectal cancer (CRC) diagnosis and 
treatment, integrating imaging and therapeutic 
functions within a single nanoplatform. Although 
challenges remain regarding toxicity and targeting 
efficiency, quantum dot (QD) synthesis and 
functionalization advances provide promising 
solutions. As research progresses, quantum dots 

may become essential tools in the early detection 
and precise treatment of CRC, ultimately leading to 
improved patient outcomes and enhanced 
personalized care. 
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ABSTRACT 
Cell-penetrating peptides (CPPs) are a group of short peptides that easily pass through the cell membrane and are able to 

carry various types of cargoes, such as drugs, nucleic acids, and proteins, into cells. Therefore, CPPs are investigated with 

the aim of effective drug delivery to treat diseases such as cancer, diabetes and genetic disorders. CPPs have different 

applications in different fields. 

CPPs have common functions and some structural features, such as a high content of positively charged amino acids, but 

their structural differences are in the high variety of elements in them. In this paper, the effect of cell penetrating peptides 

on the efficiency of lipid nanoparticles containing chemotherapeutics is reviewed. Various drug delivery systems such as 

liposomes, solid lipid nanoparticles and exosomes were considered. Both in-vitro and in-vivo delivery routes were 

discussed.  
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INTRODUCTION 
Cell-penetrating peptides (CPP) are a group 

of peptides that have the ability to pass through 
the cell membrane and transfer molecules such 
as DNA, protein, siRNA (small interfering RNA) 
and plasmid (1). The ability of CPPs to pass 
through the molecules has described this group 
of peptides as a promising candidate for drug 
delivery. CPPs are hydrophobic short lengths of 
amino acids and are usually considered 
sequences containing 5 to 30 amino acids. CPPs 
also known as protein transduction domains (2). 
Various factors such as temperature, cell type, 
size of the carrier and peptide concentration 
have different effects on the entry of  CPPs into 
the cell (3). Most of CPPs are cationic and 

contain 5 positive charges. Direct penetration 
and endocytosis are the two main mechanisms 
for the entry of CPP peptides into cells, and 
these two mechanisms differ in the way of 
energy usage (4). In the direct permeation 
model, CPPs pass through lipid bilayer 
independently of energy and without the 
involvement of receptors (5). While in the 
process of endocytosis, CPPs enter the 
endosome or lysosome along with their 
therapeutic molecules with energy 
consumption. In addition, CPPs are classified 
into three main categories: spherical, natural 
and synthetic (6). Also, based on structural 
features, CPPs are divided into two main 
categories, including arginine-rich and 
amphipathic CPPs (3). 
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In 1988, Frankel and Pabo discovered that 
the transcribing protein (TAT) from the HIV 
(Human immunodeficiency virus) can penetrate 
the cell membrane (7). This discovery was an 
introduction to the identification and 
characterization of different CPP peptides (8). 
TAT peptide has the ability to carry molecules 
with different molecular weight, including 
siRNA, antisense oligonucleotides and 
therapeutic agents (9). Recent studies show that 
CPPs can be considered as an appropriate 
candidate for cancer treatment (6). For 
example, Lim et al (2013) introduced a new CPP 
peptide named BR2, which showed the ability to 
interact with tumor cell membrane gangliosides 
and had a cytotoxic effect on HeLa, HCT116, and 
B16-F10 cancer cells (10). One of the important 
applications of CPPs is their use as carriers for 
the transfer of anticancer drugs (11). Although 
chemotherapy is considered as a treatment 
method for most cancers, drug resistance is one 
of the main problems of this treatment method. 
One of the important mechanisms of drug 
resistance is the reduction of membrane 
permeability and drug metabolism (12). It has 
been established that adding anticancer drugs 
to CPPs reduces this drug resistance (13). In 
recent years, drug delivery using CPPs has been 
considered for many diseases, including cancer 
(14). Evidence shows that CPPs easily transport 
cytotoxic drugs into tumor cells and induce 
apoptosis (15). It was also shown that the use of 
CPPs in combination with silver nanoparticles 
has stronger effects in killing MCF-7 cancer cells 
by increasing the penetration of silver 
nanoparticles in cancer cells compared to silver 
nanoparticles alone (16). 

CPPs can be classified into two main 
categories based on the interaction between 
drug and CPP, the first category requires 
chemical bonding with the drug and the second 
group includes the formation of stable, non-
covalent complexes with the drug. In recent 
years, many studies have investigated CPPs 
conjugated to small molecules and 
macromolecules in order to treat cancer (17). 

Today, cancer is one of the main causes of 
death in the world. The common method of 
cancer treatment, chemotherapy, in most 
patients has drug resistance and lack of specific 
action on tumors. Therefore, it is very important 
to develop new methods. CPPs with features 
such as small size, easy synthesis, high activity 

and specificity, and biodiversity have become 
the target of many researchers' studies (18). In 
recent years, anti-cancer cationic peptides and 
cell-permeable peptides have been used to 
treat cancer. In this research, a number of 
studies conducted in this field, especially in the 
field of anti-cancer peptides and permeable 
peptides, are given. The results of various 
studies indicate that antimicrobial peptides 
with anticancer properties act against cancer 
cells and tumors using membrane and non-
membrane mechanisms (19). Also, cell 
permeable peptides conjugated with 
therapeutic agents are considered as an 
effective mechanism in cancer treatment by 
overcoming drug resistance. In addition, 
anticancer and cell-permeable peptides can be 
proposed as a successful method for cancer 
treatment due to factors such as low toxicity, 
mode of action, and the ability to penetrate the 
cell membrane. However, further studies are 
needed to understand the mechanism of action 
of these peptides with therapeutic potential  
(20, 21). 

In a study, several cell-penetrating peptides 
were designed and made from the sequence 
related to RGD. These analogs were designed to 
interact with integrins to increase entry into the 
cell through these receptors, and due to their 
amphipathic and basic properties, they can 
facilitate endosomal escape (5). In another 
study conducted on four cell lines (A549, 
NCIH322, NCIH460, NIH3T3), cell penetrating 
peptides derived from RGD and its analogs were 
tested. These peptides including PL, PD1, PD2, 
PE1, PE2) were mounted on liposomes and each 
of them was tested on the cell groups 
mentioned above. A group of liposomes without 
peptides was considered as a control group; the 
result of penetration in cell lines was that the 
control group did not show any penetration into 
any of the cell lines. The cell penetration of PE1, 
PE2 was more than that of PD1, and the 
penetration of PD2 was much higher than that 
of PD1 (22). 

In this study, we investigated the effect of 
cell penetrating peptides on the efficiency of 
lipid nanoparticles containing 
chemotherapeutics. In the present paper, the 
effect of cell penetrating peptides on the 
efficiency of lipid and polymeric nanoparticles 
will be reviewed. All data has been summarized 
in Table 1. 
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Table 1. Some studies have been conducted on the effect of cell penetrating peptides on efficiency of lipid nanoparticles in cancer treatment. 

Ref. 
in vitro / 
in vivo 

Results Active Ingredient CPP Type Nanoparticles 

(59) 
in vitro 
and in 
vivo 

Better inhibition against tumor cell 
growth 

Paclitaxel histidine amino acids Liposome 

(60) in vivo Better cytotoxicity in tumor lines 

2-aminoethyl 
dihydrogen 

phosphate (2-AEH2P) 
17-amino acid peptide (BR2) Liposome 

(68) 
in vitro 
and in 
vivo 

Improvement of the myocardial 
targeting 

Coumarin-6 TAT and PCM Liposome 

(69)  
Specific lysosomal delivery into the 

lysosome 

alpha-galactosidase A 
(GLA) 

H16 Liposomes 

(71) in vivo Selective targeted delivery of siRNA siRNA 

photolabile-caged cell-
penetrating peptide and 

asparagine-glycine-arginine 
peptide 

Liposomes 

(74) in vitro 
Better cytotoxic effects on the MCF-7 

cells 
Gossypol RLYMRYYSPTTRRYG Liposome 

(76) in vivo 
High cytotoxic activity against cancer 

cells 
Actinomycin D 

C-terminal domain of the 
cationic antimicrobial 

peptide CAP18 
Liposome 

(79) 
in vitro 
and in 
vivo 

Enhanced targeting efficiency and 
increased therapeutic efficacy 

Paclitaxel and 
doxorubicin 

TAT and PEN Liposome 

(87) in vivo 
Synergistic effect in the suppression 

of cervical tumor cell growth and 
superior antitumor efficiency 

Paclitaxel and TOS-
cisplatin 

 
TAT SLN 

(107) in vitro Enhanced cytotoxicity in A549 cells Paclitaxel octaarginine SLN 

      

Characterization and classification of CPPs 
CPPs are usually cationic or amphipathic peptides 

with 5-30 amino acids and soluble in water, which can 
be extracted from natural sources or designed (23). 
Compared to traditional methods such as 
microinjection and electroporation, CPPs have the 
ability to enter living cells in a non-invasive manner 
and without destroying the integrity of the cell 
membrane, and therefore are safe and very efficient 
(24). Recent studies have shown that CPPs pass a wide 
range of active pharmaceutical molecules, 
nanoparticles, liposomes, micelles, nucleic acids, 
proteins and peptides with high efficiency through the 
cell membranes of plants, bacteria and mammals (25). 

In 1988, CPP derived from TAT protein of HIV-1 
virus with amino acid sequence RKKRRQRRR was 
discovered and introduced for the first time (26). 
Related studies showed that TAT effectively crosses 
the cell membrane of cultured mammalian cells and 
accumulates in the nucleus and followed by other 
CPPs of natural origin such as VP22 derived from 
herpes simplex virus (HSV) and antennapedia or 
penetratin derived from Drosophila melanogaster or 
of synthetic origin such as transportan, all of which 
were able to pass through the cell membrane either 
individually or attached to cargo molecules were 
identified (26). CPPs, even in concentrations less than 
micromolar, are able to bind to glycosaminoglycans 

on the cell surface and enter the cell through the 
endocytic pathway without destroying the membrane 
structure (27). Of course, the exact mechanism of the 
entry of CPPs from the membrane into the cell is still 
under discussion, however, during the last decade, 
much evidence has been presented for their entry 
through endocytic mechanisms, especially 
endocytosis by receptors and micropinocytosis (28). In 
Figure 1. The mechanism of CPP penetrating to cell 
membranes is shown. 

Direct energy-independent permeation occurs at 
low temperatures and using endocytosis inhibitors. As 
shown in Figure 1, positively charged CPPs interact 
with negatively charged cell membranes, causing 
membrane instability. Researchers have proposed 
three proposed mechanisms for this phenomenon: 
pore formation, carpet-like model, and reverse 
micelle model. In these mechanisms, small, 
hydrophobic CPP cargoes can permeate via energy-
dependent pathways, while large, hydrophilic cargoes 
preferentially act as direct permeation (Figure 1) (29). 
So far, the exact mechanism by which CPPs cross cell 
membranes has not been elucidated. CPPs can enter 
cells in different ways under different conditions. 
Studies by researchers indicate that at low 
concentrations, arginine-rich CPPs are predominantly 
endocytosed, while at higher concentrations, they 
rapidly enter the cytoplasm (29). 
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Fig. 1. Mechanism of CPP penetrating cell membranes (29). 

 

Classification of CPPs 
CPPs can be classified into different groups 

based on the physicochemical characteristics and 
based on the origin from the CPPs derived from 
proteins, natural peptides (28). 

 
Classification of CPPs based on physicochemical 
characteristics 

Based on the physicochemical characteristics of 
the overall net charge, CPPs can be classified into 
three hydrophobic, amphipathic and cationic 
groups (30). Anionic CPPs are not placed in a 
separate group and based on their characteristics 
they are placed in the group of amphipathic and 
hydrophobic CPPs. Cationic CPPs have a short 
amino acid sequence and are usually made of 
lysine, histidine and arginine amino acids and do 
not have any amphipathic helix in their three-
dimensional structure (28). As mentioned above, 
the first discovered cationic CPP is the TAT peptide. 
Also, various studies on peptides based on the 
number of arginine amino acids from 3 to 12 have 
shown that the minimum sequence required for the 
cellular uptake of these peptides is octa-arginine 
(R8), so that the increase in the number of arginine 
increases the rate of cellular uptake. According to 
the studies, the presence of at least eight basic 
amino acids is necessary for efficient absorption of 
cationic CCPs (31). Although positively charged 
residues play an important role for the absorption 
of cationic CPPs, other residues are also important, 

for example, the W14F mutation in penetration 
with the amino acid sequence 
RQIKIWFQNRRMKWKK disrupts the absorption of 
this peptide into the cell (32).  

Some cationic CPPs are Nuclear Localization 
Sequences (NLS) which are short peptides based on 
lysine-arginine or proline rich motifs. NLSs can 
enter the nucleus through the nuclear pore 
complex. NLSs are divided into two groups: 
monopartite signals (one cluster of four or more 
basic amino acids) and bipartite signals (two 
clusters of four or more basic amino acids) (33). For 
example, nucleoplasmin is a bipartite NLS with the 
amino acid sequence KRPAATKKAGQAKKKL, while 
the NLS derived from simian virus 40 (SV40) with 
the sequence PKKKRKV is a monopartite NLS (34). 
Among the NLSs, some peptides are not suitable for 
use as CPP, such as: NF-κB with the sequence TFIIE-
beta VKQKLMP with the sequence SKKKKTKV and 6-
Oct with the sequence GRKRKKRT because the 
number of charged amino acids in most NLSs is less 
than eight; However, they can be covalently 
attached to hydrophobic peptide sequences to 
produce hydrophobic CPPs with high cell 
absorption capability (35). Amphipathic CPPs are 
composed of both cationic and anionic peptide 
groups and four group of primary amphipathic 
peptides (primary amphipathic CPPS) and 
secondary amphipathic alpha-helix peptides (36). 

β-Sheet amphipathic peptides are divided to β-
Sheet amphipathic CPP and amphipathic peptides 
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amphipathic peptides rich in proline of amphipathic 
CPPs (37). Several types of primary amphipathic 
peptides are derived as chimeric peptides from the 
coupling of the covalent NLS to a hydrophobic 
domain, for example by fusing the NLS sequence of 
the SV40 virus (hydrophilic part PKKRKV) to the 
glycoprotein 1-HIV fusion sequence 
GALFGLGAAGSTMGA by the chimeric and 
amphipathic CPP WSQP linker (38).  

 Other primary amphipathic peptides are 
completely derived from natural proteins (39). 
Proteins are available from plants, animals and cells 
of microorganisms. Abundant economic proteins 
can be obtained from plant seeds. Natural proteins 
can be isolated by separation methods based on 
the physicochemical properties of the proteins. 
Worldwide, plant protein is of great importance 
because it contains essential amino acids to meet 
human physiological needs. However, many diverse 
plant proteins are used as pharmaceutical agents, 
which are produced using molecular tools of 
biotechnology. Examples such as pVEC, ARF, and 
BPrPp are derived from natural proteins. These 
peptides possess both hydrophilic and hydrophobic 
regions, enabling interaction with both aqueous 
environments and cell membranes  (40).  

 In secondary amphipathic alpha-helix peptides, 
hydrophilic and hydrophobic amino acids are 
located on both sides of the helix, so that the 
hydrophilic side consists of anionic or polar cationic 
amino acids and interacts with the cell membrane; 
while the hydrophobic side is responsible for 
disruption and penetration across the membrane. 
Hydrophobic CPPs can be peptides based on natural 
amino acids and chemically modified peptides, 
which include pepducin peptides (41). Pepducins 
are produced by connecting palmitoyl or other fatty 
acids or steroid groups to the amine end of 
peptides. These types of peptides are able to pass 
through the plasma membrane and enter the 
cytosol part of a large number of transmembrane 
proteins such as GPRS (G) protein binding receptors 
and adrenergic receptors (24). Pepducins can be 
used to control various physiological processes, 
such as platelet-dependent homeostasis and 
thrombosis (42), tumor growth, invasion and 
angiogenesis, stabilization of the peptide in the 
alpha-helix conformation by covalent binding of 
adjacent two compounds with a hydrophobic 
chemical linker, and proteolytic stability (43). It 
should be noted that by being stapled, there is no 
guarantee that the peptide will become a CPP; 
however, most of the peptides have this ability. Not 
only the cationic stapled alpha-helix peptides, but 
also the uncharged and anionic types are converted 

into CPPs, and some impenetrable anionic peptides 
have the ability to enter the cell after replacing the 
charged amino acids. Negative effects are obtained 
by neutral and cationic types (44). Among these 
peptides, 8-AH and MTide (45), which are able to 
activate the tumor suppressor protein P53 by 
inhibiting Mdm2. Based on studies, prenylation of 
peptides by adding farnesyl (Cis) or geranylgeranyl 
(C20) gives them the ability to enter the cell in an 
ATP-independent and endocytic manner (46). 

 
Classification of CPPs based on origin 

CPPs can be classified into three groups based 
on their origin: CPPs derived from proteins, natural 
peptides, synthetically designed CPPs, and chimeric 
CPPs. CPPs derived from proteins, natural peptides 
with diverse motifs, are able to enter cells and are 
classified into several groups based on the protein 
from which they are derived (2). Cationic CPPs are 
endocytosed, for example, DPV3 and DPV3/10 from 
superoxide desmutase, DPV6 from platelet-derived 
growth factor, DPV7 from epidermal-like growth 
factors, DPV10 and DPV10/6 are derived from 
rhododend mucin (47). CPPs derived from proteins 
that bind to DNA, RNA contains highly cationic 
motifs so that they bind to nucleic acids after 
entering the nucleus. CPPs derived from DNA-
binding proteins include human cJun and cFos, as 
well as GCN4 transcription factor in yeast (48). 
Homeoproteins are a special class of DNA-binding 
proteins that have a conserved homeodomain 
motif for DNA binding. In addition to human cJun 
and cFos, as well as GCN4 in yeast, this class 
includes penetratin and 1-PDX (49). 

 
Lipid-based delivery systems  
Liposomes 

Liposomes can be used to deliver drugs, 
nutrients, and to prepare carriers such as lipid 
nanoparticles in mRNA vaccines and DNA vaccines 
(50). To prepare liposomes, the method of 
disrupting biological membranes using processes 
such as ultrasound is often used. If compatible with 
the lipid bilayer structure, fats such as egg 
phosphatidylethanolamine can also be used in the 
liposome structure. Sometimes surface ligands are 
also used for the construction and design of 
liposome to attach to unhealthy tissue (51).  

Liposomes are one of the lipid-based drug 
delivery systems, the most common of which have 
a simple emulsion in which there is a simultaneous 
combination of oil and water. Despite the 
knowledge of basic emulsions for many years, with 
the introduction of synthetic surfactants such as 
polyethylene glycols (PEG), complex emulsions with 
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a high application scope in the field of drug delivery 
were developed (52). Incorporation of high-
performance material processing methods for 
particle size distribution, such as sonication and 
homogenization, resulted in dispersed droplets 
with nanoscale sizes of 10-200 nm. As a result, 
micelles and nanoemulsions (particles with an oily 
core surrounded by a monolayer of surfactants) 
and subsequently species such as solid lipid 
nanoparticles (particles with a lipid core or solid 
wax and monolayer or surfactants) and 
nanostructures (lipid carriers) were created. The 
possibility of preparing particles with a core of a 
mixture of solid and liquid lipids with a size of less 
than 100 nm made it possible for the Brownian 
motion (intrinsic random vibration of the particles) 
to overcome the gravitational force that pushes oils 
and other heavy substances upwards. This results in 
a higher stability and longer shelf life of the 
prepared compositions and produces a 
characteristic transparency (particles smaller than 
visible light wavelengths), while suspensions of 
larger particles are opaque or milky (53). 

 In a study, liposomes treated with transferrin 
and TAT, which contained the drug doxorubicin, 
were tested on U87 cells, and the rate of crossing 
the blood-brain barrier was also evaluated in rats. 
This study showed the effective role of these 
peptides in crossing the blood-brain barrier and it 
also showed a significant inhibition of U87 cell line 
proliferation. This formulation was effective against 
glioma (54).  

 The use of CPPs in in vivo models is problematic 
due to their loss in non-target tissues and 
enzymatic degradation. This failure requires a 
strategy to camouflage these peptides and protect 
them before they reach the target tissue. For this 
purpose, heat-sensitive liposomes containing the 
NGR sequence were used. CPPs were hidden in the 
heat-sensitive liposomes and were made available 
in the target tissue by the application of heat and 
also the NGR sequence (55). Liposomes containing 
doxorubicin were used against HT-1080 
fibrosarcoma cells and MCF-7 cell line which 
increased penetration into cell line compared to 
heat-sensitive liposomes containing NGR. This new 
formula was able to inhibit tumor growth in nude 
mice Xenograft HT-1080 tumors and did not 
damage other body tissues (56). 

 Cell-penetrating peptides were used to 
increase the penetration of lipopeptide vaccines. 
Lipopeptide vaccines were administered to Swiss 
mice by CPP-treated liposomes (57). Various CPPs 
were used, including Tat 47-57, an effective 
combination for stimulation of immune responses. 

The immunogenic potential of other types of CPPs 
was investigated after intranasal administration. 
Among them, Tat and KALA induced the highest 
antibody titer. Therefore, the use of cell-
penetrating peptides in liposomes containing 
vaccines is a promising strategy for the 
development of liposome-based vaccines (57). 

In one study, the TAT peptide was attached to 
the surface of the liposome by a UV-sensitive linker, 
and when exposed to UV light, breaking the link, the 
peptide TAT is exposed to cells and leads to 
increased cellular uptake and penetration (58). In 
another study, TH peptide was used. This peptide is 
sensitive to pH changes. Because of the neutral pH 
in blood and other healthy tissues, the ability of this 
peptide to penetrate into the cell is preserved, and 
consequently, due to the acidic pH of the target 
tissue, histidine amino acids are protonated and the 
surface charge of liposomes containing this peptide 
changes from negative to positive. Because of this, 
the amount of cellular absorption increases and 
when this formulation, along with paclitaxel, was 
used in an animal model, it inhibited tumor growth 
by 86.3% (59). In one study, BR2 peptide was used 
to modify the surface of the liposome, and the drug 
cantharidin was loaded inside the liposome to be 
used for the treatment of liver cancer. The results 
of cell uptake on MIHA cell line as a control group 
as well as HepG 2 cells, showed that liposomes 
modified with BR2 peptide containing cantharidin 
drug had better anti-cancer effects. In vivo studies 
show the accumulation of liposomes modified with 
BR2 at the tumor site and the reduction of tumor 
growth (60). 

Liposomes are among the systems of interest to 
researchers for lipid delivery (61). In these drug 
delivery systems, phospholipids are placed in 
spherical fat layers like the cell membrane, and 
their hydrophilic heads face the aqueous 
environment and their fatty tails face each other. In 
the interior of these structures, water and water-
soluble compounds are trapped, which have the 
potential to protect them from hostile digestive 
conditions and facilitate possible gastrointestinal 
absorption. Also, the bilayer hydrophobic fatty acid 
core hosts hydrophobic compounds and forms a 
small spherical package that can carry hydrophilic 
and hydrophobic compounds. The interactions 
between the liposome membrane and the cell 
membrane make this idea more attractive and 
increase cellular uptake through endosomal 
mechanisms (62). Liposomes have been a very 
attractive drug delivery technology since day one, 
but until the late 90s, there was no news of using 
this technology. From the late 1990s to today, 
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successful commercial products have been 
developed based on liposomal drug delivery 
technology. Examples of drugs are liposomal 
carriers of doxorubicin, amphotericin B, nystatin, 
and vincristine (63). 

It was shown that the penetration of pH-
sensitive liposomes containing doxorubicin 
modified by CPP into the cytosol was 1.6 times 
higher compared to pH-sensitive liposomes. But at 
pH below 7, no significant difference was observed 
between pH-sensitive liposomes modified with CPP 
and liposomes modified with CPP. In 
pharmacokinetic studies using Tc-99 and gamma 
counter, it was shown that pH-sensitive liposomes 
modified with CPP can circulate in the body as long 
as pegylated liposomes. In biodistribution studies, 
it was found that the highest accumulation rate of 
pH-sensitive liposomes modified with CPP was in 
the liver and to a lesser extent in the spleen, which 
was compared to pegylated liposomes. But in heart, 
brain, lung and kidney, they did not differ much 
(64). 

In a study that was conducted in order to 
investigate the crossing of the blood-brain barrier 
and access to the central nervous system, three 
different types of CPP were used, and these 
peptides along with transferrin were placed on the 
surface of liposomes containing the active 
ingredient (65). This study, which was conducted on 
the End3 cell line, primary striatal cells and primary 
neurons, showed an increase in the transfer of 
modified liposomes. In an in vitro model in which 
the blood-brain barrier was simulated, it was 
observed that these modified liposomes have a 
greater ability to cross this barrier. Biodistribution 
studies showed that liposomes modified with KFGF 
peptide in intravenous injection had a greater 
ability to cross the blood-brain barrier and were 
more present in the brain of mice (66). 

In another study, conventional liposome, 
liposome modified with TAT, liposome with Tat 
/PCM (Pericardial Mesothelium) and liposome with 
PCM were investigated in order to pass through the 
myocardium (67). The study conducted on 
myocardium cells (MCS) showed that liposomes 
modified by Tat and PCM have a great ability to 
drug transportation (68). In another study, a new 
CPP containing 16 histidine amino acids called H16 
was used. Thus, when this CPP was placed on the 
desired liposomes, this peptide could increase the 
penetration of the liposome into the lysosome. This 
formulation can be used to target the intracellular 
lysosome and treat diseases related to lysosome 
dysfunction (69). 

In another study, light-sensitive CPP was used in 
this way that ultraviolet light was previously used to 
release cell-penetrating peptides, but in this study, 
infrared radiation was used, because its power to 
penetrate tissues is greater and it does not cause 
the destruction of healthy tissues. In this study, 
NGR sequence was used along with CPP involved in 
the hydrophobic layer of liposome. The NGR 
sequence causes liposomes to actively bind to 
tumor cells. Then, with Non-ionizing radiation (NIR) 
radiation, the peptides in the liposome come into 
contact with the surface of the tumor cells, and in 
this way, the entry into the cell was increased (70). 
The proof of this claim is the entry of the active 
substance inside the liposome into the HT-1080 cell 
line and the silencing of the relevant gene and the 
reduction of tumor growth (71). 

In an animal study, the researchers used 
liposomes modified with CPP containing 
doxorubicin with pH-sensitive pegylated groups on 
their surface in terms of pharmacokinetics, 
biocompatibility and pharmacodynamics. This 
comparison was made with conventional pegylated 
liposomes containing doxorubicin. It was found that 
pH-sensitive pegylated liposomes modified with 
cell-penetrating peptides had 1.9 times more 
selectivity and effectiveness than conventional 
pegylated liposomes. Also, histological studies 
showed that no necrosis and inflammation were 
observed in healthy tissues (72). 

 Artemisinin is a well-known drug in the 
treatment of malaria and its anti-tumor effects 
have been reported in in vitro studies. The 
disadvantage of artemisinin is its low solubility in 
water. In order to increase the solubility of 
artemisinin and its cytotoxic effect in the target 
tissue, this drug was loaded into nanocarriers. To 
increase the permeability of liposomes containing 
artemisinin, these liposomes were modified by 
HER6 CPPs. In this study, which was carried out 
both in vivo and ex vivo, it was shown that in 
different pH conditions, these liposomes have a 
slow release and in acidic pH conditions, liposomes 
modified with CPP have a higher rate of entering 
the cell than conventional liposomes, and as a 
result, they have more cytotoxic effects. It was also 
found that the residence time of CPP-modified 
liposomes in tumor tissue was longer than 
conventional liposomes, which increases efficiency 
and effectiveness (73). 

In a study, two biological and physical factors 
were used together to increase the effectiveness of 
the drug doxorubicin. CPP was considered as the 
biological agent and the physical agent of the 
magnetic field was considered. The biological factor 
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increases the cell penetration and the physical 
factor increases the drug release by increasing the 
temperature. In the in vitro study, the cytotoxic 
property was effective on the MCF-7 cell line, and it 
has also been successful in the in vivo study, both in 
the stage of targeted drug delivery and antitumor 
effects on the MCF-7 xenograft mice (74). 

A study was conducted in order to investigate 
the effectiveness of various CPPs in crossing the cell 
membrane and delivering the drug doxorubicin into 
the cell. In this study, liposomes containing 
transferrin and CPP were used to determine the 
efficiency of each of these CPPs. The passage 
barrier for these liposomes was considered the 
brain endothelial barrier, which was evaluated both 
in vivo and in vitro. In this evaluation, it was found 
that the release of doxorubicin using liposomes 
modified by transferrin and CPP was improved 
compared to single-ligand liposomes (75). Among 
the liposomes containing transferrin and CPP, the 
liposome containing penetratin was able to show 
the highest rate of passing through the endothelial 
barrier, approximately 15% of the in vitro model 
and only 4% of the in vivo model. Penetratin-
containing liposomes as well as TAT-containing 
liposomes have excellent biocompatibility and did 
not show any hemolytic activity up to a 
concentration of 200 nanomolar. The three types of 
CPP studied include TAT, Penetratin, and 
mastoparan (24). 

 Also, liposomes modified by Persistent fetal 
vasculature (PFV) peptide were loaded with 
paclitaxel. It was shown that the presence of 
hydrophobic CPP can better interact with MCF-7 
cell membrane. The better interaction of the 
surface of the nanoparticle with the surface of the 
cell membrane facilitates the entry of the 
nanoparticle into the cell. By increasing the entry of 
liposomes modified by PFV, more paclitaxel enters 
the cell, as a result, the effectiveness of the drug 
increases and its toxicity to other organs decreases. 
This study, which was carried out both in vivo and 
in vitro, tried to simulate the breast cancer model 
in mice and MCF-7 cell line was used (76). 

Two CPP-type peptides named TAT and PEN 
were separately mounted on liposome. The kinetics 
of cellular uptake depend on the type of cell as well 
as the peptide. Intracellular accumulation of TAT-
modified liposomes increases with time (77), but 
PEN-modified liposomes reach maximum 
intracellular accumulation in the first hour (78). 
TAT-modified liposomes containing doxorubicin 
could increase the absorption of the drug by 12 
times by affecting the A431 cell line within two 
hours. Binding of CPP to the cell surface does not 

affect the rate of drug release inside the cell, and an 
additional approach is needed to release the drug 
inside the cell. In a study conducted on glioma 
tumor cells, a new peptide named CB5005 was 
loaded onto liposomes containing doxorubicin. The 
reason for choosing this peptide was due to its 
double effect, firstly, this peptide is a CPP. And 
secondly, it is a disruptor of NF-κB, since the level 
of NF-κB activity increases in cancer cells, this 
peptide inhibits the growth of cancer cells through 
disruption of NF-κB activity (79). 

 

Solid lipid nanoparticles  
Colloidal drug carrier have received a lot of 

attention from researchers in the fields of medicine 
and pharmacy in recent years. In addition to 
overcoming many problems due to  the low 
solubility of hydrophobic drugs, the attention of 
many researchers was drawn to the transport of 
various drugs, especially lipophilic drugs, from 
these carriers (80).  Lipid nanoparticles are very 
important as drug carriers. These nanoparticles 
have been successfully used to deliver lipophilic 
drugs and sometimes hydrophilic drugs (81). The 
use of two types of solid and liquid lipids during the 
preparation of these nanoparticles has created two 
different forms of these particles with the titles of 
solid lipid nanoparticles and nanostructured lipid 
carriers. Applications of Solid Lipid Nanoparticles 
(SLN) or Nanostructured Lipid Carriers (NLC) have 
been studied as carrier systems (82). SLNs contain 
pure solid fats, while NLCs are composed of a solid 
matrix in which nanoparticles are trapped in liquid 
fats. Many drugs with diverse applications have 
been placed in NLCs and SLNs successfully (83). 

The initial studies in this field were conducted 
by three groups of researchers named Muller, 
Kasko and Westsen. SLN is a colloidal carrier 
characterized by the delivery of drugs with limited 
solubility. To prepare SLN, the oily phase of the w/o 
emulsion is replaced with a solid oil or a mixture of 
solid oils, i.e. a mixture of lipid matrix particles that 
are solid at room temperature and in the body (84). 
In the structure of SLN, 0.1 to 30% of solid fat is 
dispersed in the liquid phase and 0.5 to 5% of 
surfactant is formed (85). The average size of SLN 
particles ranges from 40 to 1000 nm. It has been 
reported in studies that the physicochemical 
properties and stability of drugs loaded in SLN 
depend on the properties of drugs and components 
used in it (86). 

In a study to investigate the combined effect of 
paclitaxel and cisplatin in the treatment of ovarian 
cancer, these two drugs were loaded into solid lipid 
particles. In order to increase penetration into the 
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cell by the carrier system, the surface of SLN was 
modified by TAT peptide. Modified SLNs containing 
two combination drugs of cisplatin as prodrug and 
paclitaxel were evaluated in the treatment of mice 
infected with ovarian tumor by HeLa cells. The 
modified SLN system was able to increase 
intracellular accumulation by 80% within 4 hours 
after injection. This carrier system, together with 
two drugs, cisplatin and paclitaxel, was able to 
reduce the tumor growth rate by 72.2%. The 
combined treatment system is an effective method 
to treat ovarian cancer, it is also probably effective 
for the treatment of other cancers as well (87). 

The size of SLN particles is a function of the 
proper selection of lipids, surfactants, compounds 
and their amounts, these parameters can affect the 
long-term stability during drug storage, load and 
release. Therefore, for each drug, a specific 
formulation for SLN is required (88). The use of SLN 
is limited due to problems such as drug loading 
limitation, irregular drug release, and drug 
excretion during storage in SLN preparation. In the 
late 1990s, NLCs were introduced due to their 
ability to load more drugs and their favorable 
stability compared to SLNs (89). Three methods 
have been proposed to produce NLCs: 

In the first method, fats such as glycerides, 
which are composed of different fatty acids, are 
mixed together. The use of different lipids leads to 
a greater distance between the fatty acid chains of 
the crystallized glycerides and thus creates more 
space for the entry of guest molecules (90). A 
mixture of solid lipids and a small amount of liquid 
lipids increases the ability of the drug to enter the 
matrix, which is called the incomplete NLC model 
(91). 

In the second method, to prepare different 
types of nanostructures, a large amount of oil is 
mixed with solid fat. Therefore, the solubility of oil 
molecules in solid fat increases and leads to phase 
separation and the formation of oily 
nanostructures inside the solid fat matrix (91). 
Research has shown that many drugs are more 
soluble in oils than in solid fats, which helps to 
dissolve them in the oil and prevent it from being 
excreted by the surrounding solid fats. This model 
is called multiple NLC and is very similar to w/o/w 
emulsions, as both oil in solid and fat in water are 
dispersed here (92). The addition of liquid lipids 
leads to the formation of colonies of small particles 
that contribute to the dynamics of the matrix.  

In the third method, which is known as the 
amorphous type of SLN and in which solid particles 
are also used, by mixing certain fats (such as 
hydroxyoctacosanyl hydroxystearate and isopropyl 

myristate) crystals are created that are formed by 
cooling (93).  

The solid fats that are used in the production of 
NLCs are: terpalmitin, glyceryl bihanate 
(Campritol), glyceryl distearate (Percyrol) and cetyl 
palmitate. In order to prepare the particle matrix, 
solid fats are mixed with liquid fats in the ratio of 70 
to 30 or 1.99 to 0.1 (94). Due to the presence of oil 
in these matrices, the melting point of these 
compounds is lower than pure solid fats. Although 
the resulting mixture will be solid at room 
temperature and body temperature (95). 

The solid content of NLC can increase up to 95%. 
Tri-palmetin is a triglyceride that is generally used 
as a solid fat in SLNs and NLCs to facilitate 
emulsification and the formation of solid 
nanoparticles. For its compatibility and stability, 
phospholipids that are naturally derived from it are 
used as the main emulsifiers in the preparation of 
injection emulsions (96). Gelucire is a multi-
purpose fat additive consisting of mono, 
deuteryglycerides and mono, diesters of fatty acids 
of polyethylene glycol. Glucyric acid is a fat additive 
that is obtained by mixing polyethylene glycol fatty 
acid esters and glycerides (97). The existence of a 
special combination made with surfactants, 
surfactants and fatty phase for its production has 
been considered as an emulsifier, drug solubility 
enhancer and granule formation. Their entry into 
lipid nanostructures may be useful in increasing 
drug loading in hydrophilic components (98). 
Gelucire can be used as a surfactant, co-surfactant 
and lipid matrix in drug delivery systems. Vitamin E 
(tocopherol) has recently been suggested as a drug 
delivery agent (99). 

 
Exosomes 

Surface functionalization of exosomes (or 
exosome-like vesicles) with cell-penetrating 
peptides (CPPs) involves modifying the outer 
membrane of these vesicles to enhance their ability 
to deliver therapies into cells. Exosomes are small 
vesicles naturally released from cells, playing a 
crucial role in intercellular communication and 
transport of biomolecules. When exosomes are 
functionalized with CPPs, these peptides facilitate 
the uptake of the exosomes by target cells. CPPs are 
short sequences of amino acids that can penetrate 
cell membranes and promote the internalization of 
the attached exosomes, potentially delivering 
drugs, proteins, or genetic material more 
effectively. This process can improve the 
therapeutic efficacy of exosome-based treatments 
and is an area of significant interest in drug delivery 
and biomedical applications. By using CPPs, 
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researchers aim to enhance the targeting and 
delivery capabilities of exosomes, making them 
more effective carriers in various therapeutic 
contexts (100). 

Extracellular vesicles (EVs), particularly 
exosomes, are gaining attention in biomedical 
applications due to their biocompatibility, suitable 
size, and low immunogenicity, which enhance their 
circulation time. Exosomes, formed from 
endosomal multivesicular bodies, range from 40 to 
120 nm in size and can interact with their 
microenvironment after being released from cells. 
They serve as effective drug delivery systems 
capable of encapsulating proteins and genetic 
material, with advantages such as enhanced 
permeability and retention in vivo. Recent 
advancements include modifying exosome surfaces 
and creating hybrid nanovesicles to improve 
anticancer therapy and drug delivery (101). 

 The safe and effective delivery of drugs for 
ischemic stroke treatment is challenging. Exosomes 
are promising as an endogenous drug delivery 
system due to their low immunogenicity, stability, 
high delivery efficiency, and ability to cross the 
blood-brain barrier. However, their limited 
targeting capability restricts clinical use. This study 
demonstrates the conjugation of the c(RGDyK) 
peptide onto exosomes using a quick and bio-
orthogonal chemistry approach. In a transient 
middle cerebral artery occlusion (MCAO) mouse 
model, the engineered c(RGDyK)-conjugated 
exosomes (cRGD-Exo) effectively targeted ischemic 
brain lesions after intravenous administration. 
Additionally, curcumin was loaded onto these 
exosomes, leading to significant suppression of 
inflammatory responses and cellular apoptosis in 
the affected areas. The findings indicate that cRGD-
Exo can serve as targeted delivery vehicles for 
cerebral ischemia and highlight a strategy for the 
efficient production of functionalized exosomes 
(102). 

Exosomes are cell-derived extracellular vesicles 
with significant potential for diagnostic and 
therapeutic applications. The surface 
characteristics of exosomes are crucial for their 
biological behavior; however, existing surface 
modification methods are often limited or complex. 
Wang et al. present a straightforward and rapid 
approach to modify exosome surfaces using 
polydopamine coating. This coating enables 
customizable functionalization through subsequent 
reactions, thereby facilitating new possibilities for 
the application of exosomes in various biomedical 
fields (103). 

 

In vivo delivery 
Cell-penetrating peptides (CPPs) are known for 

their ability to rapidly permeate cell membranes 
without causing cytotoxicity, with the HIV-1 TAT 
protein being a notable example that can enter cell 
nuclei. Modified TAT peptides, such as CG-TAT-GC, 
show improved penetration but lack specificity. As 
common lipid nanoparticles (NPs) often lack 
specific targeting capabilities, developing targeted 
NPs is crucial for effective molecular imaging and 
therapy. Targeting strategies include ligand-
mediated active targeting and ultrasound or 
radiofrequency-mediated passive targeting. 
Specifically, the cluster of differentiation CD44, 
overexpressed in human hepatoma SMMC-7721 
cells, serves as a potential target for liver cancer 
treatment since it binds hyaluronic acid (HA), a 
biocompatible and biodegradable polysaccharide. 
HA-enhanced delivery systems can improve drug 
targeting to tumor sites, minimize toxicity to 
normal cells, and boost therapeutic efficacy. 
Additionally, the presence of hyaluronidase in 
tumor microenvironments can expose CPPs in HA-
coated NPs, enhancing their effectiveness as drug 
carriers for cancer chemotherapy (104). 

Despite significant advancements in 
nanomedicine, challenges remain, including off-
targeting, poor endosomal escape efficiency, and 
clearance by the liver and kidneys. Additionally, 
barriers like the blood-brain barrier (BBB), skin, and 
mucosal barriers hinder access to affected tissues 
and organs. Liposomes and lipid nanoparticles 
(LNPs) have emerged as effective and 
biocompatible delivery systems, with PEGylation 
enhancing their circulation times. While 
improvements in endosomal escape have 
facilitated pharmaceutical applications such as 
Doxil, Onpattro, and Comirnaty, the endosomal 
uptake pathway limits the full therapeutic potential 
of these formulations. To address these issues, 
researchers are exploring ways to bypass the 
endosomal pathway and enhance the targeting of 
lipid-based particles through functionalization with 
CPPs and cell-targeting peptides (CTPs). Various 
nanoparticle types, including liposomes, LNPs, 
polymeric nanoparticles, gold/metal nanoparticles, 
and silica quantum dots, are being modified to 
overcome physiological and cellular barriers for 
more effective drug delivery (105, 106). 

Recent research has demonstrated the 
successful internalization of lipid nanoparticles 
(LNPs) through membrane fusion using coiled-coil-
forming lipopeptides, CPE and CPK. In this study, 
LNPs encapsulating EGFP-mRNA were 
functionalized with either 1 mol % CPE3 or CPE4 
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and tested on HeLa cells pretreated with CPK. 
Consistent with previous findings regarding 
liposomes, the combination of CPK4 and CPE4 
resulted in significantly enhanced cellular uptake 
compared to the CPK3/CPE3 pair. Additionally, the 
physicochemical analysis of LNP formulations 
revealed no major differences between those with 
CPE4 functionalization and those without, 
indicating that the lipopeptide modification 
effectively improved uptake without altering the 
LNP characteristics significantly. The schematic 
representation illustrates nonviral lipid 
nanoparticles (LNPs) that effectively deliver mRNA 
into cells when modified with fusogenic coiled-coil 
peptides. These peptides enhance the 
nanoparticles' ability to fuse with cell membranes, 
facilitating the release of mRNA into the cytoplasm 
for efficient intracellular delivery (Figure 2) (105). 

 
Future outlook and limitations 

Cell-penetrating peptides (CPPs) have shown 
significant promise in macromolecular drug 
delivery and cancer treatment, enhancing the 
efficacy of therapies like botulinum toxin and 
irinotecan while reducing gastrointestinal toxicity. 
Their ability to facilitate intracellular transport 
positions CPPs as valuable tools for delivering 
anticancer drugs, genes, and imaging agents. 
However, challenges such as lack of specificity for 
tumor cells, poor stability, and rapid elimination 
from the body hinder their effectiveness. Ongoing 
research focuses on modifying CPPs for targeted 
delivery, improving their pharmacological 
properties, and enhancing endosomal escape 
mechanisms. Despite advancements in tumor 
immunotherapy, the integration of CPPs with 
existing therapies presents a novel strategy to 
improve treatment outcomes, although 

overcoming their inherent limitations remains 
essential for future clinical applications (29). 

     CPPs offer several advantages in drug 
delivery, but they also face significant limitations, 
including low cell selectivity, penetrating efficacy, 
and in vivo stability. Many CPPs exhibit low 
selectivity due to their chemical properties, 
necessitating direct administration to target tumors 
to minimize adverse effects. Additionally, 
immunogenicity can restrict their clinical 
applications, emphasizing the need for thorough 
immunogenicity assessments for CPPs used as 
delivery carriers. Endosomal uptake and escape are 
critical for enhancing efficacy; strategies such as 
incorporating membrane-disrupting peptides and 
chemical modifications to stabilize CPPs against 
protease inactivation are being explored. Recent 
advancements in peptide chemistry aim to address 
these challenges and develop the next generation 
of CPPs (2). 

 
CONCLUSION 

The ability of CPPs to pass molecules has caused 
this group of peptides to be used as a promising 
candidate for drug delivery. Antimicrobial peptides 
with anticancer properties act against cancer cells 
and tumors through membrane and non-
membrane mechanisms. Also, cell permeable 
peptides conjugated to therapeutic agents through 
overcoming drug resistance are considered as an 
effective mechanism in cancer treatment. In 
addition, anticancer and cell-permeable peptides 
can be suggested as a favorable candidate in cancer 
treatment due to factors such as low toxicity, mode 
of action, and the ability to penetrate the cell 
membrane. Evidence shows that CPPs can be used 
as a drug delivery method. The main problem of 
using these peptides is the lack of selectivity and 
specificity against cancer cells and tumors.  

 

 
Fig. 2. Nonviral lipid nanoparticles (LNPs) that induce efficient mRNA delivery (105). 
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Therapeutic peptides are CPPs that are used in 
cancer treatment through covalent or non-covalent 
binding with small and macromolecules and 
entering cells. The use of lipid nanoparticles 
attached to CPPs has improved the performance of 
transferring substances into the membrane. 
Although CPPs have many advantages, limitations 
such as high cost and lack of specificity have been 
described for them. However, scientists have 
proposed various methods to overcome these 
problems. Therefore, the use of CPPs peptides 
along with lipid nanoparticles is suggested as a 
promising method in cancer treatment. However, 
more extensive studies are needed in order to use 
these therapeutic peptides in the clinical phase and 
to understand their mechanism. 
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ABSTRACT 
Background: Liposomes are microspheres formed by phospholipids and have received attention as sophisticated drug 

carriers because they can retain both water-soluble and fat-soluble drugs. Their applications have made them very versatile 

and have resulted in their great exploration in many aspects of therapy. 

Objective(s):The present review sets out to provide an exhaustive overview of the nature of liposomes, their preparation 

tactics, measures of their efficiency, and the trending applications of liposomes in contemporary medicine, with a focus 

on optimization measures and the future of this technology. 

Materials and Methods: The mini-review of the literature was done with an emphasis on the various methods of liposome 

preparation, which included the Bangham method, solvent injection methods, as well as the removal methods of detergents. 

Efficiency was analyzed based on optimization and evaluation parameters, including vesicle size, shape, zeta potential, 

and in vitro release profile of the drug to evaluate their contribution to formulation efficiency. 

Results: Recent innovations have resulted in the creation of new generation liposomal systems, such as active targeting 

liposomes, stimuli-reactive liposomes, and surface-modified liposomes. These advances bring substantive benefits to drug 

delivery effectiveness and outcomes in the therapeutic arena and decreased systemic toxicities. Liposomal formulations 

find increasing use in cancer treatment, in the treatment of infectious diseases, and in gene delivery. A number of novel 

systems are in the clinical trial stage, indicating their translational potential. 

Conclusion: Liposomes are a very flexible and evolving drug delivery mechanism. The development of improved surface 

modification, targeting approaches, and stimuli-responsive systems still augers well with the therapeutic potential. 

Continuing advances in the development and clinical assessment of new liposomal preparations demonstrate the future of 

these agent-carrying constructs to transform the field of disease management in the domains of cancer, infectious disease, 

and gene therapy. 
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INTRODUCTION 
In Liposomes, "lipo" means “fat," & "soma" 

means "body." Constructively, they have two-
layered vesicles. The first publication on the subject 
was released in 1964, stating that phospholipids 
and other amphiphilic lipid molecules in solution 
self-assemble to create liposomes, which are 
colloidal spherical structures. The liposomal 
membrane contains one or multiple phospholipid 
bilayers (lamellas) surrounding an internal aqueous 
area where polar head groups face internal and 
external water phases (Fig.1). The layered structure 
of liposomes allows them to carry and move 
molecules that do not easily dissolve because they 
are uniformly structured [1]. The lipid bilayer 

contains hydrophobic molecules, the interior 
aqueous core contains hydrophilic molecules, and 
the water/lipid bilayer interface contains 
amphiphilic molecules. Because they are water-
attracted, the heads group together to create a 
surface facing the water wherever there is any. The 
tails group creates an out-of-water surface because 
they are water-repellent. There is one layer of 
heads attracted to water in the environment and 
pointing towards the exterior of the cage [2]. 

Another layer of 
heads is turned inward, attracted by the 
water within the cell. Because of their diverse 
shapes, liposomes have been studied more than 
any other carrier system.  
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Fig.1. Structural organization of a liposome showing phospholipid bilayer, aqueous core, and drug encapsulation sites. 

By adding phospholipids to a water solution, 
phospholipid bilayer membranes can form sphere-
shaped structures known as liposomes that include 
internal hydrophilic compartments. Small, spherical 
vesicles called Phospholipids, cholesterol, and non-
toxic detergents are all able to 
encapsulate liposomes [3]. Even for membrane 
proteins, the investigations led to the consideration 
of liposomes as delivery systems, which are 
distinguished by the presence of a diverse range of 
chemicals in the core region. Both hydrophilic and 
hydrophobic chemicals can be adversely delivered 
and encapsulated by these devices. Because they 
improve the bio-distribution and stabilize medicinal 
substances, Liposomes as drug delivery technology 
enhance therapy for many medical conditions and 
eliminate obstacles for cellular and tissue uptake of 
chemicals to target tissues in vivo [4]. This is 
because the liposome shields the drug from the 
physiological processes that include enzymatic 
degradation, chemical and immunological 
inactivation, and rapid clearance from plasma, 
enhancing and prolonging its efficacy. As the 
therapeutic agent is entrapped inside the liposome, 
its contact with normal tissue is reduced compared 
to the free drug, thus reducing the risk of adverse 
side effects [5].  

 
Optimization in the process of liposome 
formulation and testing 

Optimization plays an important role in 
liposome studies in order to achieve high 
entrapment efficiency, as well as stability, 
controlled release, size reduction of the vesicles, 
and biocompatibility. Traditional methods of trial-
and-error learning are ineffective; thus, Design of 
Experiments (DoE) and Response Surface 
Methodology (RSM) are used [6-10]. 

 

Factorials design (full & fractional factorial) 
Research design in which many factors 

(formulation variables) are studied at once at 
several levels. In a 22 factorial design, there exist 2 
factors which are run in two levels (low and high) 
hence resulting in 4 experimental runs. 

Digits meaning: A 32 design is a two-factor 
statistical experimental design with three levels 
(low, medium, and high) of each factor, making a 
total of 32 =9 experimental runs. The former digit 
(3), which is found in this notation, signifies the 
number of levels within each of the factors, and the 
superscript (2) shows the level of factors under 
investigation. It is the common design used in a full 
factorial experiment to systematically research the 
effects of several factors and their interaction with 
a response variable. 

Use in liposomes: Liposomes are used in an 
initial screening of variables such as the 
phospholipid-to-cholesterol ratio, hydration time, 
or sonication power. It aids in the discovery of 
important variables that may affect the size of the 
vesicles, zeta potential, as well as entrapment 
efficiency. 

 
Central Composite Design (CCD) 

Response surface design (RSD) Expanding on a 
factorial design are the center points and axial (star) 
points added to assess reproducibility of a factor 
and explore the curvature of surfaces. A common 
CCD consists of three components: factorial points 
(a 2-level factorial design), center points, and axial 
points that enable one to explore extreme values. 
In a 2-factor CCD, each factor will have five levels (-
α, -1, 0, +1, + α). In this case, the design can support 
quadratic modeling. This allows CCD to be a well-
used tool in applications involving optimizing 
liposomes, where we can model linear and 
quadratic effects of parameters on dependent 
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responses such as bilayer rigidity, the rate of drug 
release, and stability. 
 
Box Behnken design 

A Box Behnken design (BBD) is a dataset of an 
RSM that is less costly as compared to a CCD, based 
on its ability to require fewer experimental runs and 
does not employ extreme axial points. It is designed 
by the midpoints of the design space edges and the 
center points, and factors were studied in three 
levels (−1, 0, and +1). The main benefit of BBD is 
that it does not cause severe conditions in an 
experiment, but this aspect may be highly 
beneficial in cases where such conditions may 
result in unstable products such as liposomes. With 
liposomes, a BBD would be suitable in investigating 
the collective effects of the concentration of the 
lipid, the drug-to-lipid ratio, and the rate of stirring 
on key properties such as the size of the vesicles 
and polydispersity index. 
 
Taguchi design 

A robust design. A Taguchi robust design is a 
method of design that uses the concept of 
orthogonal arrays to effectively screen the 
interactions of many factors on a process or 
product in a much smaller number of runs than 

would be needed to study a wide range of 
interactions in a full factorial design. The use of 
such an approach in the context of liposomes would 
be very beneficial to a preliminary screening of 
many of the process parameters, such as the pH, 
hydration medium, and sonication time, and can 
point out which variables are most influential by 
requiring the least effort. 
 
Plackett–Burman design 

Plackett-Burman design (PBD) is a screening 
design to be used to separate the most important 
variables out of many possible variables. The 
reason is that it considers in evaluations of the main 
effects of each factor and not the interactions, 
hence it is efficient. Within the context of 
liposomes, a PBD can be useful to reduce the key 
formulation variables, such as type of lipid or 
surfactant concentration, to consider first with the 
aid of a more complex optimization approach, e.g., 
a CCD or a BBD. 

Table 1 provides a comprehensive summary of 
various optimization techniques utilized in the 
formulation and evaluation of liposomes, 
highlighting their principles, methodologies, and 
significance in enhancing liposomal stability, drug 
entrapment efficiency, and therapeutic efficacy.

  
 

Table 1. Summarize different optimization techniques used for the formulation and evaluation of liposomes. 

Drug Design Independent variables Dependent variables Ref. 

Oridonin 
BBD (Box 
Behnken 
design) 

Ethanol (X1), extraction time (X2), and 
solid/lipid (X3). 

Entrapment efficiency (Y1), particle size (Y2), 
polydispersity index (Y3), and zeta potential 

(Y4) 
[11] 

5- fluorouracil 
32 factorial 

design (FFD) 
Drug: lipid (X1), 

Ascorbyl-6-palmitate (X2). 
Particle size (Y1), entrapment efficiency (Y2), 

and zeta potential (Y3). 
[12] 

Rifampicin 
 

32 FFD Soya lecithin /cholesterol (X1). 
Particle size (Y1) and entrapment efficiency 

(Y2). 
[13] 

Lycopene 
 

33 FFD 
Soy lecithin (X1), and cholesterol/ β-

CD (X2). 
Particle size (Y1), entrapment efficiency (Y2), 

drug release (Y3), and zeta potential (Y4). 
[14] 

Amisulpride 
 

23 FFD 
Cyclodextrins (CDs) (X1), drug/CDs 

(X2), and liposomes (X3). 

Particle size (Y1), entrapment efficiency (Y2), 
polydispersity index (Y3), and zeta potential 

(Y4). 
[15] 

Glipizide 
 

32 FFD 
Paraffin wax (X1) and the stearic acid 

in the wax(X2). 
Particle size (Y1), entrapment efficiency (Y2), 

and drug release (Y3) 
[16] 

Bufalin 
 

33 FFD 
Bufalin: lipid (X1) and cholesterol: EPC 

(X2). 
Particle size (Y1), zeta potential (Y2), and 

entrapment efficiency (Y3). 
[17] 

Pingyangmycin 
 

BBD PYM (X1), CS (X2), and GP (X3). 
Drug release (Y1) and release rate 

constant (Y3). 
[18] 

Acyclovir 
 

33 FFD 

The vol. of the organic phase (X1), the 
vol. of the aqueous phase (X2), and 

Drug/Phosphatidylcholine 
/Cholesterol (X3). 

Entrapment efficiency (Y1). [19] 

Paeonol 
 

BBD 
Soybean phosphatidylcholine: 

Cholesterol (X1), paeonol (X2), pH of 
PBS(X3). 

Entrapment efficiency (Y1). [20] 

Ophiopogon 
polysaccharide 

BBD 

Soybean phosphatide/ OP (X1), 
soybean phospholipid/ cholesterol 

(X2), and chloroform to a phosphate-
buffered saline (X3). 

Particle size (Y1) and zeta potential (Y2). [21] 

Epimedium 
 

34 FFD 
Drug to lipid (X1), soybean 

phospholipid/ cholesterol (X2). 
Entrapment efficiency (Y1) and Drug-loading 

(Y2). 
[17] 
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Drug Design Independent variables Dependent variables Ref. 

Travoprost 
 

31 × 21 FFD 
Type of permeation enhancer (PE) 

(X1), PE (X2), and lecithin/ 
cholesterol (X3). 

Entrapment efficiency (Y1), particle size (Y2), 
polydispersity index (Y3), and zeta potential 

(Y4). 
[22] 

Temozolomide 
 

32 FFD Lipid/ organic phase (X1). 
Particle size, entrapment efficiency (Y2), and 

drug loading (Y3). 
[23] 

Ginsenoside 
 

BBD 
Lipid to drug (X1), ePC to cholesterol 

(X2), Lipid (X3). 
Entrapment efficiency (Y1). [24] 

Primaquine 
 

BBD 
Phospholipid type (X1), cholesterol 
(X2), charge (X3), and citrate (X4). 

Entrapment efficiency (Y1) and particle size 
(Y2). 

[25] 

Methazolamide 
 

32 FFD Cholesterol (X1) and drug (X2). 
Entrapment efficiency (Y1) and particle size 

(Y2). 
[26] 

Liposome 
polycation-DNA 
complexes (LPD) 

 

CCD (central 
composite 

design) 

Protamine/DNA (X1), Chems/ DNA 
(X2), and Chems/ 

Dioleoylphosphatidylethanolamine 
(X3). 

Particle size (Y1) and entrapment efficiency 
(Y2). 

[27] 

Piroxicam CCD 
HLB (X1), Total Lipid amount (X2), and 

Surfactant: cholesterol (X3). 
Entrapment efficiency (Y1) and drug release 

(Y2). 
[28] 

Besifloxacin 
hydrochloride 

 
32 FFD 

Soya lecithin: cholesterol(X1), and 
lipid: drug (X2). 

Entrapment efficiency (Y1), drug loading (Y2), 
and Particle size (Y3). 

[29] 

Bovine Lactoferrin 24 FFD 
Percentage of cholesterol in lipid 

content (X1), drug (X2), surfactant (X3), 
and sonication time (X4). 

Particle size (Y1) and Entrapment efficiency 
(Y2). 

[30] 

Ganoderma lucidum 
polysaccharide 

 
 

BBD 
Soybean phosphatide/ cholesterol 

(X1), soybean Phosphatide/ tween 80 
(X2), and ultrasonic time (X3). 

Entrapment efficiency (Y1). [31] 

Doxorubicin and 
curcumin 

BBD 

Phospholipid (X1), curcumin (X2), 
Doxorubicin (X3), Working 

temperature (X4), Buffer pH (X5), and 
Phospholipid: cholesterol molar ratio 

(X6). 

Entrapment efficiency of curcumin (Y1), 
Entrapment efficiency of doxorubicin (Y2), 

and zeta potential (Y3). 
[32] 

Quercetin 
D-optimal 

experimental 
design 

dipalmitoyl phosphatidylcholine 
(DPPC) (X1), DPPC: Cholesterol (X2), 

and quercetin (X3). 

Drug loading (Y1), polydispersity index (Y2), 
and entrapment efficiency (Y3). 

[33] 

Benefits of liposomes 
Liposome delivery presents several benefits to 

the drug delivery process, and it increases the 
efficacy, shelf life, and safety of several drugs. The 
liposomes can overcome these effects and reduce 
the accompanying side effects of toxicity to healthy 
tissue by encapsulating the chemotherapeutic 
compounds so that, at optimum doses, the 
accompanying toxicity to healthy tissue is reduced, 
as well as protecting against enzymatic axerophagy. 
This flexible system can encapsulate a broad 
chemical composition, including water-soluble, 
amphiphilic, lipid-soluble drugs, and even big 
fragments of DNA. Also, the construction of 
liposomes can reduce exposure of the cytotoxic 
drugs to sensitive tissue, and the shuttles can be 
used to carry either positively or negatively charged 
drugs. They may be specifically designed to target 
selected cells or tissue, and are themselves non-
toxic, biocompatible, and biodegradable [34-36].  
 
Drawbacks of liposomes 

Although liposomes are very efficient in drug 
delivery, they still possess a number of 

disadvantages. Their reduced stability is a major 
concern, which will cause leakage of the 
encapsulated drug or molecule and subsequent 
fusion of the vesicles. Also, although the internal 
compartment (inside the liposome) is aqueous, the 
lipid bilayer itself is not water-soluble. The 
liposome is also composed of phospholipids that 
may experience degradation in the form of 
dephosphorylation, hydrolysis, and oxidation, 
further disrupting the stability. These aspects make 
liposomal formulations have a short half-life in the 
body. Lastly, they are extremely costly to produce, 
and as such, they may restrict their usage on a 
larger scale [37, 38]. 
 
Types of liposomes 
Grounded on structure 

Table 2 provides a detailed overview of the 
different types of vesicles, categorizing them based 
on their size ranges and lamellarity while explaining 
their structural characteristics, formation methods, 
and applications in drug delivery and biomedical 
research. 
 

Table 2. Types of vesicles with their size ranges and lamellarity [39]. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/penetration-enhancing-agent
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/egg-lecithin
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Vesicle type Size Lamella 

Unilamellar vesicle (ULV) All sizes range 1 
Small Unilamellar Vesicle (SUV) 0.02-0.1µm 1 

Medium Unilamellar Vesicle (MUV) >0.1µm 1 
Large Unilamellar Vesicle (LUV) >0.1µm 1 
Giant Unilamellar Vesicle (GUV) >1µm 1 

Oligolamellar vesicle (OLV) 0.1-1µm 5 
Multilamellar vesicle (MLV) >0.5µm 5-25 

Multi-vesicular vesicle (MVV) >1µm 1 

Grounded on the methods of preparation 
Liposomes are spherical vesicles with 

phospholipid bilayers, prepared using the Bangham 
method, sonication, extrusion, reverse-phase 
evaporation, and solvent injection (Fig.2). Each 
technique affects size, entrapment efficiency, and 

stability, optimizing them for drug delivery 
applications [40, 41]. 
 
Different liposomes with their composition 

The composition of the liposomes is described 
[42, 43] (Fig.3).  
 

 
Fig.2. Types of Liposomes Based on Preparation Methods like Multilamellar Vesicles, Small Unilamellar Vesicles, Large Unilamellar 

Vesicles, and Giant Unilamellar Vesicles. 
 

 
Fig.3. Different Types of Liposomes with Their Composition, like Conventional Liposomes, Stealth Liposomes, Cationic Liposomes, 

Immunoliposomes, and Stimuli-Sensitive Liposomes. 
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MATERIALS AND METHODS  
The successful incorporation of medication, 

along with the achievement of monodisperse 
patches with controlled size distribution and 
desired lamellar arrangement, forms a basis for 
stable colloids over time and is the primary claim of 
a system for liposome nano formulation 
conformation. The traditional methods involve 
dissolving liposomes in an unexpected organic 
detergent and combining them with a waterless 
phase. The stability of the produced nano-
formulation may be impacted, or the chemical 
composition of the integrated active composites 
may be disturbed by the presence of an organic 
detergent. The following key steps are involved in 
the traditional liposome medication styles [44]: 

 Lipids dissolve in an organic detergent.  

 The organic detergent's accompanying lipidic 
outcome is dried down.  

 Using a waterless medium to hydrate the lipid, 
then stirring or moving it  

 Diminished size (and/or altered lamellarity)  

 Processing after formation (sterilization, 
sanctification)  

 The final nano formulation product's 
characteristics  

Bangham method   
A round-bottom flask dissolves a hydrophobic 

drug and lipids in an organic solvent, forming a thin 
film that evaporates under reduced pressure. A 
heated aqueous buffer hydrates the film, 
incorporating hydrophilic drugs into the liposome's 
interior. Slower hydration improves entrapment 
efficiency. Liposome scaling, lamellarity, and size 
distribution are controlled via sonication or 
membrane extrusion, with extrusion preferred for 
stability and efficiency. While sonication aids SUV 
liposome production, it can degrade lipids or drugs 
and may cause metal contamination (Fig.4) [45]. 
 
Ethanol injection method 

Ethanol-solubilized phospholipids are rapidly 
injected into a heated buffer, causing self-assembly 
as ethanol dilutes. This leads to lipid precipitation, 
forming bilayer fragments that merge into 
unilamellar vesicles upon solvent depletion. 
Ethanol content is crucial, ≤7.5% ensuring 
homogenous SUVs, while rapid addition to excess 
buffer produces MLVs. Residual ethanol is removed 
via dialysis and filtration, with spontaneous SUV 
and LUV formation. Ethanol evaporates at room 
temperature (Fig.5) [46]. 

 

 
Fig.4. Liposome Preparation Using the Bangham Method by hydrating the thin lipid film formed by evaporating the solvent. 

 

 
Fig.5. Preparation of Liposomes by Ethanol Injection Method, which involves a lipid solution in ethanol that is rapidly injected into an 

aqueous phase under stirring, leading to spontaneous formation of small unilamellar vesicles. 
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Fig.6. Preparation of Liposomes by Ether Injection Method that involves a lipid solution in volatile ether is slowly injected into an 

aqueous phase at 55–65 °C, causing ether evaporation and the gradual formation of liposomes. 

Ether injection method  
In the ether injection method, lipids in ether are 

slowly added to an aqueous phase containing 
encapsulated ingredients and then heated (55–
65°C) to evaporate the solvent. Slow evaporation 
under reduced pressure favors LUV formation, 
while SUVs arise via ether vaporization. This 
method removes solvents more effectively than 
ethanol injection, improving liposome 
concentration and entrapment efficiency. 
However, it results in polydisperse liposomes and 
exposes active agents to solvents and heat, 
potentially affecting stability and safety (Fig.6) [47]. 
 
Solvent- evaporation method  

Solvent- phase evaporation relies on inverted 
micelle formation, enabling high aqueous space-to-
lipid ratios and efficient encapsulation. Hydrophilic 
substances are enclosed in a buffered aqueous 
phase, while amphiphilic molecules in an organic 
phase are sonicated to form micelles. Slow solvent 
removal increases viscosity until micelles disrupt, 
forming bilayers around the remaining micelles. 
This method produces liposomes with more 
aqueous content than MLVs. Sonication of a 
phospholipid suspension creates an oil-water 
emulsion, which, under reduced pressure, forms a 
gel that transitions into liposomes upon further 
solvent removal. It achieves high entrapment 
efficiency in low-ionic-strength media but risks 

denaturing proteins or shearing DNA due to 
sonication and solvent exposure [48]. 
 
Detergent removal method 

In the detergent removal method, lipids are 
hydrated and solubilized in a detergent solution, 
forming mixed micelles. As the detergent is 
gradually removed, lipid-enriched micelles 
transition into unilamellar vesicles. The most 
convenient removal method is dilution (10–100 
fold) with a buffer, causing micelles to grow, 
become polydisperse, and eventually form vesicles 
beyond the micellar phase boundary. In lecithin-
bile salt systems, dilution reduces bile salt 
concentration, decreasing monolayer curvature 
and promoting liposome formation. Liposomes 
emerge when detergent levels fall below the critical 
micelle concentration (CMC), but low liposome 
concentration and inefficient entrapment of lipid-
soluble contents limit the process [49]. 
 
The dehydration-rehydration method 

This involves rehydrating said SUVs in the void 
volume with the material-containing aqueous fluid 
of interest to entrap and immediately dry. 
Consequently, the solid lipids are finely fractured 
and dispersed. There are various methods, but 
freeze-drying is the most common one. The vesicles 
are then rehydrated. The oligolamellar vesicles 
(OLV) were obtained with this method (Fig.7) [50]. 
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Fig.7. Scheme of Preparing Liposomes by the Dehydration–Rehydration Method 

Proliposome method  
The pro-liposomal approach is a simple method 

for liposome production with high entrapment 
efficiency but low repeatability. For small-scale 
preparation, lipids are dissolved in ethanol and 
water, stirred at 60°C for 10 minutes, cooled, then 
mixed with water or buffer to form MLVs, which 
hydrate for an hour. For large-scale production, a 
lipid-ethanol-buffer mixture (1:1:2) is stirred at 
60°C, cooled, and hydrated dropwise. MLVs are 
further hydrated via sonication. Liposomes are 
stored under nitrogen gas at -80°C or 4°C. Lipophilic 
molecules are added in ethanol, while hydrophilic 
molecules are incorporated in the aqueous 
phase(Fig.8) [51]. 

 

 
Fig.8. Detailed process of liposome preparation through the proliposome 

method for enhanced stability and encapsulation efficiency 

 
Heating method 

It is a non-organic solvent-based process. Lipid 
Hydration Direct hydration of lipids with an 
aqueous solution containing a 3-5 per cent 
hydration agent such as glycerin or propylene 
glycol, which is then heated to the melting point of 
the phospholipids used for at least an hour, is the 
method adopted for liposome production. If 
cholesterol is added to the composition, the 
suspension can be heated to 100 °C, and the 
hydrating agents will act as stabilizers and 
isochronizing additives to stop the lumping and 
settling of nanoparticles. Furthermore, the heat 
treatment is efficient in forming powder-inhalable 
liposomes due to the cryoprotective action of the 
hydrating agents (Fig.9) [52]. 
 
Microfluidic channel method 

The microfluidic channel method is a recent 
technique of liposome preparation that has been 
introduced. Microfluidics provides a means of using 
liquids in thin channels. In this method, as per the 
technique, lipids are dissolved in a suitable organic 
solvent, and the solution is injected into the 
microchannels standing or against the flow of the 
aqueous medium. The aqueous and organic 
solutions are mixed axially continuously in the 
method to create liposomes. Surfactants are used 
to stabilize liposomes, preventing their separation 
and coagulation. The production of consistent 
liposomes with desired characteristics, such as 
average size, polydispersity, morphology, and 
lamellarity, is achieved through microfluidic 
channel techniques that regulate the blending of 
aqueous and organic phases [53]. 
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Fig.9. Stepwise process of liposome preparation using the heating method for improved vesicle formation and stability 

 

 
Fig.10. Stepwise process of liposome preparation using the supercritical fluid method for enhanced particle size control and stability 

Supercritical fluidic method 
Instead of employing organic detergents, this 

technique uses lipids that are solubilized using CO2, 
which is a supercritical fluid. A high-pressure liquid 
pump continuously introduces the water-free 
phase into a cell where the supercritical lipid 
product can be delivered so that the phase 
transformation of solubilized phospholipids is 
facilitated. After all the CO2 is removed, the 
liposomes would be created by an instantaneous 
drop in pressure. This system achieved a 5-fold 
improvement in encapsulation edge. This system 
uses inexpensive, environmentally safe carbon 

dioxide; however, it has unique designs, excessive 
costs, and low yields (Fig.10) [54].  

 
pH jumping method 

The pH jumping method is an additional solvent-
free technique for liposome production. This 
approach breaks down MLVs into SUVs by 
subjecting the phosphatidic acid and 
phosphatidylcholine aqueous solution to a pH 
increase of four times in a short amount of time. 
SUV production rates differ from LUV rates because 
of the relative concentrations of phosphatidic acid 
and phosphatidylcholine (Fig.11) [55].

  

 
Fig.11. Stepwise process of liposome preparation using the pH jumping method for controlled vesicle formation and stability 
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Evaluations of liposomes 
Vesicle shape 

Liposome morphology is best examined using 
microscopy. Electron microscopy, particularly TEM, 
allows direct visualization but requires sample 
alteration, making it time-consuming and 
unsuitable for routine use. TEM may also distort 
liposome shape. Cryo-TEM, using liquid nitrogen 
flash-freezing, preserves liposomes' original form 
but is more effective for smaller nanoparticles. AFM 
enables non-destructive, high-resolution 3D 
imaging without sample manipulation, making it a 
faster and more effective alternative to electron 
microscopy [56]. 

 
Vesicle size & polydispersity index  

Key characteristics for liposome 
characterization are size and polydispersity index 
(PDI). Size affects circulation time; smaller 
liposomes (50–200 nm) last longer, while larger 
ones are cleared faster. PDI (<0.3) indicates 
uniformity, with higher values suggesting 
heterogeneous populations. Dynamic light 
scattering (DLS) is the primary technique for 
measuring both, utilizing Brownian motion and 
light scattering to determine size, but struggles with 
particle separation and contamination sensitivity. 
Nanoparticle tracking analysis (NTA) tracks 
individual particle movement to calculate size and 
concentration, complementing DLS for verification 
[57]. 

 
Zeta potential (ZP) 

Zeta potential measures the net charge on 
liposomes, influencing electrostatic interactions 
and stability. It depends on lipid composition, head 
groups, and environmental factors like ionic 
strength. Low zeta potential increases aggregation 
risk, while highly charged liposomes repel each 
other, enhancing stability. Measurement involves 
laser illumination of the sample, analyzing 
scattered light changes under an electric field to 
determine electrophoretic mobility. Using the 
Henry equation, the zeta potential is calculated. 
Capillary electrophoresis and laser Doppler 
electrophoresis (LDE) are the primary methods for 
measurement [58]. 

 
Lamellarity 

Another property that may influence future 
liposomal applications is lamellarity because it 
affects the EE and drug release characterization. 
The most widely employed method, cryo-TEM, 
gives useful information on the lamellarity of 
liposomes, e.g., their bilayer thickness and bilayer-

to-bilayer distance. Other techniques for 
determining lamellarity are based on differences in 
the visible or fluorescence response of lipid markers 
following the addition of specific reagents. The 31P 
NMR method has been employed to assess the 
value of lamellarity for liposomes, specifically the 
outer-to-inner phospholipid amount ratio. 
Paramagnetic ions in sample preparation for the 
NMR samples quench the 31P NMR signal of the 
lipids. As the contact of ions with the bilayer 
changes the NMR spectrum, the lamellarity of 
liposomes can be approximated by comparing the 
two spectra before and after the addition of 
paramagnetic ions. The other methods that can be 
employed to approximate the lamellarity of 
liposomes are SAXS and trapped volume 
determination [59]. 

 
Phase behavior 

Phase behavior is essential in drug delivery as 
increased lipid membrane fluidity enhances 
hydrophilic drug permeability. It also affects 
liposome fusion, aggregation, stability, and protein 
interactions. The transition temperature is 
primarily studied using Differential Scanning 
Calorimetry (DSC), which measures heat flow 
differences between a sample and reference under 
controlled conditions. Other methods include 
Thermogravimetric Analysis (TGA), fluorescence 
probe polarization, electron paramagnetic 
resonance, nuclear magnetic resonance, FTIR 
spectroscopy, X-ray diffraction, and molecular 
dynamics simulations [60]. 

 
Entrapment efficiency 

Entrapment efficiency (EE) is influenced by 
bilayer rigidity, liposome composition, and 
production methods. It measures the percentage of 
the drug encapsulated within liposomes compared 
to the total drug used. EE quantification involves 
separating free (unencapsulated) drugs via 
centrifugation or ultracentrifugation, followed by 
drug measurement in liposomes. Indirect methods 
subtract unencapsulated drugs from the total, 
while direct methods dissolve lipids in organic 
solvents for measurement. Drug quantification 
techniques include protein/enzyme assays, UV-Vis 
and fluorescence spectroscopy, and advanced 
methods like GC, UPLC, HPLC, ¹H NMR, and ESR [61]. 
 
In vitro drug release 

Dialysis conditions help determine the in vitro 
drug release profile. The dialysis membrane must 
allow free drug permeation without adsorption 
interference. A liposomal sample is sealed in a 
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dialysis bag and submerged in a pH 7.4 buffered 
saline medium at 37°C with agitation to simulate 
physiological conditions. At set intervals, aliquots 
are removed, analyzed, and replaced with fresh 
medium to maintain volume. The release profile is 
plotted as a cumulative release over time, aiding in 
designing liposomes for controlled drug delivery 
[62]. 

Table 3 provides a comprehensive overview of 
various analytical techniques employed for the 
assessment of liposomes, detailing their principles, 
methodologies, and significance in evaluating 
critical parameters such as size, surface charge, 
entrapment efficiency, stability, and drug release 
profiles. 

 
Table 3. Different analytic techniques are used for the 

assessment of liposomes. 

Evaluation test Analytic techniques 

Particle Shape 
TEM (Transmission electron microscopy), 

AFM, and cryo-TEM. 

Particle Size 
Atomic force microscopy (AFM), and 

transmission electron microscopy (TEM). 

Zeta potential 
Laser Doppler electrophoresis (LDE) and 

Capillary electrophoresis. 
Lamellarity Cryo-TEM 

Phase behavior 

DSC (differential scanning calorimetry) 
and thermogravimetric study (TGA), 

fluorescence probe polarization, NMR, 
Fourier transform infrared spectroscopy 

(FTIR), and X-ray diffraction (XRD). 

Entrapment  
efficiency 

HPLC, liquid chromatography with ultra 
(UPLC), liquid chromatography-mass 

spectrometry. 
In vivo release HPLC and UPLC. 

 

FUTURE PERSPECTIVES 
As an increasing number of drugs are safe to be 

transferred through the membranes of the 
liposomal outer layer, the liposomal vesicles have 
become one of the most popular methods to 
deliver drugs of various aspects, such as pain 
relievers and cancer treatments. There remain, 
however, several severe obstacles in their 
development and commercial production, such as 
the increased blood clearance of PEGylated 
liposomes, the inter-individual variability in the 
action of EPR (Enhanced Permeability and 
Retention) entities, and the reproducibility and 
control of excipients. These challenges 
notwithstanding, research is underway in 
developing many different new liposomal systems, 
including active targeting liposomes and stimuli-
sensitive liposomes. One major multi-phase clinical 
failure was that of a thermosensitive liposome 
known as ThermoDox that failed during its Phase III 
trial in treating hepatocellular carcinoma in 
combination with radiofrequency ablation. Active 
targeting strategies are aimed at targeted targets 

not only in receptors on the cell surface of cancer 
cells or the tumor microenvironment but also in 
nonstandard stimuli, including pH, temperature, 
redox, enzymes, light, and ultrasound inducers of 
drug release. Coupling ligands such as proteins, 
peptides, carbohydrates, or monoclonal antibodies 
to the surface of liposomes and targeting tumor 
microenvironment components, such as integrins, 
matrix metalloproteinases, and vascular cell 
adhesion molecules, has also been studied. An 
important limitation is the nonhomogeneous 
population of tumor cells and expression of surface 
antigens, in which the applicability of ligand-based 
targeted therapies is restricted to a minority of 
tumors. The future Outlook Combinations of 
various ligands might be a promising solution to 
the detection and treatment of malignant lesions 
[63, 64]. 
 
CONCLUSION  

Liposomes are the exclusive novel drug 
delivery systems, which have the potential to be 
used in controlled and targeted medicine 
delivery. Liposomes can be administered orally, 
parenterally, and topically, and in prolonged-
release formulations. Liposomes solubilize 
lipophilic drug candidates; otherwise, they would 
be. Intravenous administration is challenging. 
Because phospholipids are lipophilic, liposomes 
can pass through the blood-brain barrier, so even 
hydrophilic medications can pass through with 
ease. Although there are several ways to make 
liposomes, the thin film approach, dehydration, 
rehydration, and many more are the most often 
employed techniques. The pharmaceutical 
industry has already seen the successful 
discovery, registration, and introduction of some 
commercial liposomes. Liposomal drug 
formulations have a broad range of therapeutic 
applications, from pain control to cancer 
treatment, and provide a way to get around the 
drawbacks of traditional medicines. Although 
there are still numerous barriers to achieving 
their full potential, increasing interest in creating 
medication formulations based on liposomes 
may encourage the creation of the next 
generation of liposomes as drug carriers, which 
would enhance patients' quality of life. This 
review has also briefly summarized the 
classification, preparations, evaluations, and 
different applications of liposomes. Upcoming 
developments in vesicular systems, particularly 
in cancer therapy, will be revolutionized by 
liposomal drug delivery systems.  
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ABSTRACT 

Objective(s): Zinc phthalocyanine (ZnPC), a potent photosensitizer for photodynamic therapy (PDT), often 

suffers from poor solubility and aggregation, limiting its efficacy. Metal-organic frameworks (MOFs) like 

MIL-101 can serve as nanocarriers to overcome these issues. This experimental study investigates the 

synthesis, characterization, and synergistic anticancer efficacy of ZnPC incorporated within the MIL-101 

framework (ZnPC@MIL-101) against MCF-7 breast cancer cells. ZnPC was chosen for its strong red-light 

absorption and high reactive oxygen species (ROS) generation, while MIL-101 offers a stable, porous 

platform to enhance ZnPC delivery and photoactivity. 

Materials and Methods: ZnPC@MIL-101 (Cr) was synthesized via a double-solvent method. 

Characterization involved PXRD, BET analysis, FESEM, DLS, EDX spectroscopy, and UV-Vis 

spectroscopy. The loading capacity was determined, and singlet oxygen generation was quantified. 

Anticancer efficacy and PDT synergy with 660 nm laser radiation were evaluated on MCF-7 cells using 

MTT assays. Statistical analysis was performed using ANOVA. 

Result: Successful synthesis of crystalline ZnPC@MIL-101 was confirmed. The loading capacity of ZnPC 

was found to be 8.5%. BET analysis showed reduced surface area (1709.4 m²/g) and pore size (1.71 nm) 

post-ZnPC loading, indicating effective incorporation. FESEM/DLS showed particle sizes around 

368/439.7 nm, respectively. EDX confirmed uniform Zn distribution. The UV-Vis spectrum of 

ZnPC@MIL-101 displayed the characteristic Q-band of ZnPC, and the nanocomposite exhibited 

significant singlet oxygen generation upon laser irradiation. ZnPC@MIL-101 exhibited moderate dark 

toxicity (IC50: 25 µg/mL), which was significantly enhanced upon laser irradiation (IC50: 10 µg/mL, p < 0.01). 
Conclusion: ZnPC@MIL-101 combined with laser radiation demonstrated a significant synergistic 

reduction in MCF-7 cell viability. This highlights its potential as an effective PDT agent, offering a 

promising strategy to enhance ZnPC-based cancer treatment. 

 

Keywords: Metal-Organic frameworks; Photosensitizing agents; Drug delivery; Nanocarrier; 

Cytotoxicity. 
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INTRODUCTION 
Photodynamic therapy (PDT) is a minimally 

invasive treatment that requires administering a 
photosensitizing agent and subsequently activating 
it with specific wavelength light, usually in an 
oxygen-rich environment [1]. Upon light 

irradiation, the PS generates reactive oxygen 
species (ROS), primarily singlet oxygen, which 
induce oxidative damage to cellular components, 
leading to cell death in targeted tissues like cancer 
cells [2]. Breast cancer is one of the most commonly 
diagnosed cancers and a leading cause of cancer-
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related mortality in women globally, necessitating 
the development of more effective and less toxic 
treatment strategies [3-6]. 

The unique characteristics of metal-organic 
frameworks (MOFs), like tunable porosity, high 
surface area, and biocompatibility, have made 
them a subject of great interest for various 
biomedical applications, including their use as 
carriers in photodynamic therapy [7, 8]. Integrating 
therapeutic molecules into MOFs can enhance their 
delivery, stability, and efficacy, making them a 
promising platform for cancer treatment [9, 10]. 
Among the numerous MOFs, MIL-101, a chromium-
based MOF, has emerged as a prominent candidate 
for such applications because of its exceptionally 
large surface area, robust and stable porous 
structure, which makes it an ideal carrier for 
therapeutic agents [11, 12].  

Zinc phthalocyanine (ZnPC) is a well-established 
second-generation photosensitizer frequently 
employed in PDT [13-15]. It exhibits strong 
absorption in the red region of the light spectrum 
(Q-band, typically 670-680 nm), which allows for 
deeper tissue penetration of activating light 
compared to PS absorbing at shorter wavelengths 
[16, 17]. Furthermore, ZnPC is known for its high 
ROS generation efficiency and relatively low dark 
toxicity [18]. However, the clinical application of 
free ZnPC is often hindered by its poor aqueous 
solubility and strong tendency to aggregate in 
biological environments; aggregation can quench 
its photoactivity and significantly reduce its 
therapeutic efficacy [19, 20]. 

To overcome these limitations, various 
nanocarrier systems have been developed for ZnPC. 
Encapsulating ZnPC within MOFs such as MIL-101 
(forming ZnPC@MIL-101) is a strategy to improve 
its dispersibility, prevent aggregation, and maintain 
its monomeric, photoactive state [21-23]. The large 
pore volume and high surface area of MIL-101 are 
expected to facilitate efficient loading and 
stabilization of ZnPC molecules [21]. Moreover, the 
robust framework of MIL-101 can protect the 
encapsulated ZnPC from premature degradation 
and can enhance its accumulation at the tumor site, 
often through passive targeting via the Enhanced 
Permeability and Retention (EPR) effect common to 
nanosized drug delivery systems [24, 25]. Such 
integration is anticipated not only to improve the 
bioavailability of ZnPC but also to enhance its 
overall photodynamic activity [26-28]. Indeed, 
studies have demonstrated that MOF-based 
delivery systems can enhance the photodynamic 
activity of various photosensitizers, including 
porphyrins and phthalocyanines, by improving their 

solubility, cellular uptake, and ROS generation 
capabilities [23, 29-31]. For example, a study by 
Ghoochani et al. (10) explored Zn(II) porphyrin 
encapsulated in MIL-101 for the PDT of breast 
cancer cells, underscoring the potential of MIL-101 
as a nanocarrier in this context [32]. 

The novelty of the present study lies in the 
synthesis, detailed physicochemical and 
photophysical characterization, and in vitro 
evaluation of the synergistic anticancer efficacy of 
ZnPC specifically incorporated within the MIL-
101(Cr) framework when combined with laser 
radiation against MCF-7 human breast cancer cells. 
While MOFs have been explored as drug carriers, 
this work provides a focused investigation into the 
ZnPC@MIL-101 (Cr) system, quantifying its drug 
loading, singlet oxygen generation, and 
demonstrating a statistically significant, dose-
dependent synergistic phototoxic effect in a 
relevant breast cancer model. MCF-7 cells were 
chosen as a well-established and commonly used 
human breast adenocarcinoma cell line, 
representing estrogen receptor-positive breast 
cancer, to evaluate the potential of ZnPC@MIL-101 
in a relevant cancer model [23, 25, 33-35]. This 
study aims to elucidate the potential of this specific 
nanocomposite system to improve ZnPC-mediated 
PDT outcomes. 

 
MATERIALS AND METHODS 
Equipment and reagents 

All chemicals were sourced from Sigma and 
Merck Co. 

 
Characterization methods 

The synthesized materials were characterized 
using various analytical techniques. A Fourier 
Transform Infrared Spectrometer (FTIR; Shimadzu-
8400, Japan) was used to identify functional groups. 
Powder X-ray Diffraction (PXRD; Philips, 
Netherlands) was employed to determine the 
crystalline structure and phase purity of the 
samples. The crystallite size (D) was estimated from 
the PXRD data using the Scherrer equation: D = Kλ / 
(β cosθ), where K is the shape factor (0.9), λ is the 
X-ray wavelength (0.154 nm), β is the full width at 
half maximum (FWHM) of the diffraction peak in 
radians, and θ is the Bragg angle. The surface area 
and pore characteristics were analyzed using BET 
analysis (BELSORP Mini II, Microtrac MRB, Japan) 
via N2 adsorption-desorption isotherms. The 
morphology and particle size of the materials were 
observed using a FESEM (Hitachi S-4800, Japan), 
which was also equipped for EDX spectroscopy to 
determine elemental composition and distribution. 
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DLS (Malvern Zetasizer Nano ZS, UK) was used to 
measure the hydrodynamic size (Z-Average, 
reported as an intensity-weighted mean) and 
polydispersity index (PI) of the particles in 
suspension. UV-Visible (Shimadzu UV-2600 
spectrophotometer) absorption spectra were 
recorded to confirm the incorporation of ZnPC. 

 
Preparation of MIL-101 

The synthesis of MIL-101 was initiated by 
combining Cr(NO3)3·9H2O (4.0 g, 10.0 mmol), 
terephthalic acid (C8H6O4) (1.66 g, 10.0 mmol), and 
deionized water (40 mL) in an autoclave. This 
mixture was then subjected to hydrothermal 
conditions by heating it to 218 °C for 18 h, allowing 
the formation of the MIL-101 framework. After the 
reaction, the resulting precipitates were carefully 
separated from the mixture [36]. These precipitates 
were then immersed in N, N-dimethylformamide 
(C3H7NO) (40 mL) and maintained at 70 °C for 8 h to 
facilitate the removal of any unreacted organic 
linkers and impurities. Subsequently, the product 
was washed multiple times with water, acetone 
(C3H6O), and methanol to ensure purity. In the end, 
the purified product was dried at 25 °C, resulting in 
the formation of MIL-101. 

 
Preparation of ZnPc@MIL-101(Cr) 

Synthesis of ZnPc@MIL-101(Cr) was initiated by 
incorporating Zn2+ ions into the pores of MIL-
101(Cr) using a double-solvent process [37]. This 
method involves distinct roles for each solvent: dry 
n-hexane serves as a non-polar medium to ensure 
good dispersion of the activated MIL-101(Cr) and 
facilitate the initial even distribution and 
adsorption of ZnCl2 onto the framework surfaces 
and into the pore entrances, while ethanol is 
subsequently used as a polar solvent for efficiently 
dissolving and mixing the Zn@MIL-101(Cr) complex 
with phthalonitrile before the cyclization reaction 
in DES. Initially, activated MIL-101 (Cr, 200 mg) was 
added to dry n-hexane (40 mL) and stirred for 30 
min. This step ensures that the MIL-101(Cr) 
particles are well-dispersed in the solvent, 
facilitating the subsequent loading of Zn2+ ions. 
Subsequently, a solution of ZnCl2 (0.123 mL, 1 M) 
was added dropwise under stirring. The dropwise 
addition allows for the gradual incorporation of Zn2+ 
ions in the MIL-101, preventing agglomeration and 
ensuring uniform distribution. The mixture was 
continuously stirred for 3 h to allow sufficient time 
for the Zn2+ ions to penetrate the pores of MIL-101 
(Cr). After this period, the powder was filtered and 
dried at 130 °C for 12 h to remove residual solvents 
and stabilize the Zn@MIL-101(Cr) complex. For the 

synthesis of ZnPc@MIL-101(Cr), 200 mg of the 
dried Zn@MIL-101(Cr) was combined with 2 mL of 
ethanol and briefly sonicated to ensure thorough 
mixing [37]. Phthalonitrile (0.492 mmol) was then 
added to it and stirred for 60 min to facilitate the 
formation of the phthalocyanine complex. 
Following this, ethanol was removed to 
concentrate the reaction mixture, and 2 mL of DES 
(Deep Eutectic Solvent) was added to the remaining 
solid. The mixture was then placed at 150 °C/30 
min, forming ZnPc@MIL-101(Cr), as indicated by 
the deep blue color of the as-prepared sample. This 
heating step promotes the cyclization of 
phthalonitrile to form the phthalocyanine ring 
structure, which coordinates with the Zn2+ ions 
within the MIL-101(Cr) framework. The synthesized 
nanovehicle was subsequently dried and activated 
at 150 °C overnight to remove any remaining 
solvents and enhance the stability and activity of 
ZnPc@MIL-101(Cr) before cancer treatment. 

 
Cell culture and preparation 

In the initial stage of cell culture, MCF-7 human 
breast adenocarcinoma cells were obtained from 
the Pasteur Institute (Tehran, Iran). The cells were 
cultured in Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 10% Fetal Bovine 
Serum (FBS), penicillin (100 IU/mL), and 
streptomycin (100 µg/mL). Cultivation was carried 
out in a humidified incubator at 37 °C with an 
atmosphere of 5% CO2. For subculturing and 
experiments, cells were detached using a 0.025% 
trypsin-0.02% EDTA solution and washed with 
phosphate-buffered saline (PBS). 

 
Determination of encapsulation efficiency and 
loading capacity 

The amount of ZnPC loaded into MIL-101 was 
determined by UV-Vis spectroscopy. A known 
amount of ZnPC@MIL-101 was dissolved in 
dimethylformamide (DMF) to release the 
encapsulated ZnPC. The concentration of ZnPC was 
then measured by recording the absorbance at its 
characteristic Q-band peak (λmax ≈ 670 nm) and 
comparing it to a standard calibration curve of free 
ZnPC in DMF. The loading capacity (LC) was 
calculated using the following formula: 

LC (%) = (Weight of loaded ZnPC / Weight of 
ZnPC@MIL-101) × 100% 

 
Singlet oxygen generation assay 

The generation of singlet oxygen (¹O₂) by 
ZnPC@MIL-101 upon irradiation was detected 
chemically using 1,3-diphenylisobenzofuran (DPBF) 
as a probe. DPBF reacts with ¹O₂, leading to a 
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decrease in its absorbance at 415 nm. In a typical 
experiment, a solution of ZnPC@MIL-101 and 
DPBF in DMF was irradiated with a 660 nm laser (2 
J/cm²). The absorbance of DPBF at 415 nm was 
monitored at regular intervals using a UV-Vis 
spectrophotometer. A solution containing only 
DPBF was used as a negative control. 

 
Cell proliferation assay 

The assessment of cell proliferation was 
conducted utilizing the MTT assay, which 
measures cellular metabolic activity as an 
indicator of viability. MCF-7 cells were plated into 
96-well plates at a density of approximately 8 × 104 
cells/well and allowed to adhere for 24 h. 
Following this period, cells were treated with the 
test compounds as described for the 
photodynamic treatment evaluation. After the 
respective incubation and/or irradiation 
procedures, 10 µL of MTT solution (5 mg/mL) was 
added to each well, and the plates were incubated 
for an additional 4 h. Afterward, 100 µL of 
Dimethyl Sulfoxide was added to each well to 
dissolve the formazan crystals formed by 
metabolically active cells. The absorbance was 
measured at 570 nm with a reference wavelength 
of 630 nm using an ELISA plate reader. Cell survival 
rates were expressed as a percentage of the 
untreated control. Each experiment was 
performed in triplicate. IC50 values (the 
concentration of compound required to inhibit cell 
growth by 50%) were calculated from the dose-
response curves. 

 
Photodynamic treatment evaluation 

For photodynamic treatment evaluation, two 
main experimental conditions were established: 
(1) incubation with compounds in darkness (Dark 
group) and (2) incubation followed by laser 
exposure (Treatment group). MCF-7 breast cancer 
cells were incubated with varying concentrations 
(0-100 µg/mL) of MIL-101 or ZnPC@MIL-101 for 24 
h in darkness. For the Treatment group, after the 
24 h incubation and replacement of the medium 
with fresh medium, cells were exposed to a 660 
nm diode laser (continuous wave) at an energy 
density of 2 J/cm². The laser power output was 
adjusted to deliver this energy density over the 
calculated exposure time. The impact on cell 
viability was also specifically assessed using the 
determined IC50 concentrations of ZnPC@MIL-
101: 25 µg/mL for the dark condition and 10 
µg/mL for the laser-irradiated condition. The 
cellular uptake of nanoparticles was qualitatively 
inferred from the observed phototoxicity. The 24-

hour incubation period was selected based on 
common protocols, allowing sufficient time for 
particle-cell interaction and internalization in PDT 
studies [38].  

 
Statistical analysis 

Quantitative results from cell proliferation 
assays are displayed as the mean ± standard 
deviation (SD), derived from a minimum of three 
separate experiments. To assess statistical 
significance across groups, a one-way ANOVA was 
employed, complemented by Tukey's post-hoc test 
for multiple comparisons, with a p-value below 0.05 
denoting statistical significance. The IC50 values 
were calculated by applying a sigmoidal curve 
model to the dose-response data within GraphPad 
Prism software. 

 
RESULTS  
PXRD pattern 

The PXRD patterns depicted in Fig. 1 provide 
valuable insights into the crystal structure of 
ZnPC@MIL-101. The black line represents the 
simulated PXRD pattern for MIL-101. Notably, this 
pattern exhibits several sharp peaks, indicative of a 
well-defined crystalline structure. The diffraction 
angle (2θ) values range from 5 to 80°. The green line 
corresponds to the experimental PXRD pattern of 
ZnPC@MIL-101. Remarkably, this pattern closely 
aligns with the simulated MIL-101 pattern, with 
minor variations. This alignment suggests that 
ZnPC@MIL-101 retains the crystalline structure of 
MIL-101. The agreement between the experimental 
and simulated patterns supports the successful 
synthesis of ZnPC@MIL-101.  

 

 
Fig. 1. PXRD pattern of ZnPC@MIL-101 vs. simulated 

pattern. 

 
Furthermore, the close match between the two 

patterns implies phase purity, indicating that 
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ZnPC@MIL-101 predominantly consists of the 
desired crystalline phase. The major peaks are 
indexed with their Miller indices ((111), (220), 
(311), (400), (511), (531), (822), and (753)), 
confirming the crystalline structure of the MIL-101. 
The crystallite size of ZnPC@MIL-101 was 
determined using the Scherrer equation. The 
calculated crystallite size is 47.91 nm, providing 
valuable information about the material’s 
nanostructure. In summary, the PXRD data confirm 
the successful synthesis of ZnPC@MIL-101, its 
phase purity, and its structural compatibility with 
MIL-101.  

 
Surface area and pore characteristics 

The BET analysis provides critical insights into 
the materials' surface area and pore structure. In 
our study, we investigated two materials: MIL-101 
and ZnPC@MIL-101 (Fig. 2).  

 

 
Fig. 2. BET analysis of MIL-101 and ZnPC@MIL-101. 

 
The specific surface area, determined through 

N2 adsorption-desorption isotherms, revealed that 
MIL-101 exhibited a surface area of 2282.9 m²/g. At 
the same time, ZnPC@MIL-101 had a decreased 
surface area of 1709.4 m²/g. Notably, after loading 
with ZnPC, the BET surface area decreased by 573.5 
m²/g. This reduction suggests that the ZnPC 
molecules were effectively immobilized within the 
pores of MIL-101, leading to a structural 
integration. Beyond surface area, pore size is a 
crucial parameter. Our results indicated a 
significant decrease in pore size from 2.52 nm for 
MIL-101 to 1.71 nm for ZnPC@MIL-101 upon ZnPC 
loading. This reduction in pore diameter further 
supports the hypothesis that ZnPC molecules 
penetrated the pores and became an integral part 
of the material’s structure. Additionally, the total 
pore volume decreased from 1.44 cm³/g for MIL-
101 to 0.94 cm³/g for ZnPC@MIL-101, representing 
a 35% reduction. These findings underscore the 

successful functionalization of ZnPC@MIL-101 and 
confirm the impregnation method’s efficacy in 
introducing ZnPC into the porous framework. 

 
Morphology and particle size 

The FESEM images provide valuable insights 
into the structural characteristics of these materials 
(Fig. 3). The distinct morphologies impact surface 
area, porosity, and reactivity. In MIL-101, we 
observe a heterogeneous arrangement of 
octahedral and polyhedral crystals. These crystals 
exhibit well-defined edges and smooth faces, 
suggesting a high-quality structure. Zooming in, 
individual octahedral crystals with sharp vertices 
become apparent, contributing to the overall 
surface area. The minimal surface defects enhance 
the material’s integrity. In contrast, ZnPC@MIL-101 
displays polyhedral structures, albeit less well-
defined than MIL-101. The surfaces appear 
rougher, likely due to the incorporation of ZnPC 
molecules. This roughness could enhance 
adsorption properties or catalytic activity. Closer 
examination reveals surface texture differences, 
indicating successful integration of ZnPC into the 
MIL-101 framework. The FESEM images (Fig. 3c, d) 
suggest a generally uniform contribution of MIL-
101 as the structural base with ZnPC influencing the 
surface texture rather than forming distinct, 
separate agglomerates. This is further supported by 
EDX elemental mapping (Fig. 6a, b), which shows a 
diffuse, widespread distribution of zinc, indicating 
that ZnPC is incorporated throughout the MIL-101 
matrix rather than existing as large, separate 
clusters. This homogenous incorporation is 
beneficial for consistent photodynamic activity 
throughout the nanoparticle. Similar morphological 
analyses confirming MOF integrity after 
photosensitizer loading have been documented for 
ZIF-8 frameworks used in PDT [39]. 

The particle size distribution obtained from 
FESEM analysis of MIL-101 shows a peak frequency 
within the range of approximately 200–400 nm 
(mean size 395.50 nm) (Fig. 4). This suggests that 
MIL-101 primarily consists of particles falling within 
this size range. Similarly, the particle size 
distribution for ZnPC@MIL-101 exhibits a peak 
frequency in the same 200–400 nm range. 
However, compared to MIL-101, ZnPC@MIL-101 
has a narrower distribution, with a mean particle 
size of 368.07 nm. The observed decrease in mean 
particle size for ZnPC@MIL-101 suggests that the 
encapsulation or combination process involved in 
creating ZnPC@MIL-101 may influence the final 
particle dimensions compared to MIL-101 alone. 
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Fig. 3. FESEM of MIL-101 (a, b) and ZnPC@MIL-101 (c, d). Image (a) shows larger octahedral crystals of MIL-101, while (b) is a magnified 

view showing well-defined crystal faces. Image (c) depicts the polyhedral structure of ZnPC@MIL-101 with a rougher surface, and (d) 
offers a closer look at this altered morphology due to ZnPC incorporation. 

 
Fig. 4. Particle size distribution histograms obtained from FESEM images of MIL-101 (a) and ZnPC@MIL-101 (b). 
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Understanding the difference between 
hydrodynamic and solid phase sizes is crucial for 
interpreting Dynamic Light Scattering (DLS) data. 
The hydrodynamic size provides insight into how 
the particles will behave in a fluid environment, 
which is essential for applications where the 
particles are used in solution. On the other hand, 
the solid phase size gives information about the 
intrinsic properties of the particles themselves. 
ZnPC@Mil-101, where ZnPC is integrated with the 
MIL-101, has shown a pronounced peak in the DLS 
measurement (intensity-weighted distribution), 
signifying that most particles cluster around a 
specific diameter. The Z-Average (mean diameter) 
is precisely 439.7 nm (Fig. 5). Additionally, the 
Polydispersity Index (PI) stands at 0.491, indicating 
a relatively narrow size distribution within the 
sample. The hydrodynamic size is typically more 

prominent than the solid phase size due to the 
solvent layer and interactions in the fluid medium. 
The EDX analysis confirms the presence of carbon, 
nitrogen, oxygen, and zinc in ZnPC@MIL-101 (Fig. 
6). Interestingly, the 3D distribution of zinc shows 
scattered bright specks throughout the material. 
Rather than forming large clusters, zinc is uniformly 
distributed in small quantities. This uniform 
elemental distribution, evident from EDX, 
complements the FESEM observations by 
suggesting homogenous incorporation of ZnPC 
throughout the MIL-101 framework rather than 
surface deposition or isolated clustering, which is 
beneficial for predictable drug loading and release 
characteristics. The BET and EDX data strongly 
suggest successful incorporation. Future work 
should quantify this encapsulation efficiency for a 
more complete assessment.

  
 

Fig. 5. DLS of ZnPC@MIL-101. 
 
 
 
 

Fig. 6. The EDX analysis (a) spectrum of ZnPC@MIL-101 confirming elemental composition, and (b) elemental mapping showing the 3D 
distribution of Zinc in the sample. 
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Photophysical properties and ROS generation 
The UV-Vis absorption spectra of Free ZnPC in 

DMF exhibit a sharp and intense Q-band absorption 
peak at approximately 670 nm, which is 
characteristic of its monomeric form. The spectrum 
of ZnPC@MIL-101 dispersed in DMF also shows this 
characteristic Q-band, confirming that ZnPC was 
successfully incorporated into the MIL-101 
framework and retains its essential photophysical 
properties. The slight broadening of the peak in the 
nanocomposite suggests some interaction with the 
MOF structure, but critically, the absence of 
significant new peaks indicates that aggregation of 
ZnPC has been effectively prevented.  

The ability of ZnPC@MIL-101 to generate singlet 
oxygen, the primary cytotoxic agent in PDT, was 
evaluated using DPBF as a chemical trap. The 
absorbance of DPBF at 415 nm decreased rapidly 
over time when mixed with ZnPC@MIL-101 and 
exposed to 660 nm laser light. In contrast, the 
control group containing only DPBF showed a 
negligible decrease in absorbance under the same 
irradiation conditions. This result clearly 
demonstrates that ZnPC@MIL-101 is highly 
effective at generating singlet oxygen upon light 
activation, a prerequisite for a successful PDT 
agent. 

 
Encapsulation efficiency and loading capacity 

The encapsulation of ZnPC within the MIL-101 
framework was quantified using UV-Vis 
spectroscopy. Based on the standard calibration 
curve for ZnPC, the loading capacity was calculated 
to be 8.5%. This indicates a successful loading of the 

photosensitizer into the MOF nanocarrier, which is 
consistent with the changes observed in the BET 
analysis. 

 
Cellular studies 

The viability of MCF-7 cells after treatment with 
MIL-101 alone, both in dark conditions and with 
laser irradiation, is presented in Fig. 7. In the dark, 
MIL-101 exhibited a dose-dependent reduction in 
cell viability, with approximately 50% viability 
observed at 100 µg/mL. Laser irradiation (660 nm, 
2 J/cm²) alone (0 µg/mL MIL-101, red bar) showed 
minimal effect on cell viability, which remained 
near 100%. When MIL-101 was combined with laser 
radiation, a further decrease in cell viability was 
observed at higher concentrations compared to 
MIL-101 in the dark, although this enhancement 
was not substantial across all concentrations. 

Fig. 8 shows the effect of ZnPC@MIL-101 on 
MCF-7 cell viability. In dark conditions (striped 
bars), ZnPC@MIL-101 caused a dose-dependent 
decrease in cell viability, with an IC50 value 
determined to be 25 µg/mL. Upon laser irradiation 
(red bars), the cytotoxic effect of ZnPC@MIL-101 
was significantly enhanced, resulting in a lower IC50 
value of 10 µg/mL. This more than two-fold 
decrease in IC50 was statistically significant (p < 
0.01). This indicates a synergistic effect between 
the ZnPC@MIL-101 nanocomposite and laser 
activation, leading to a more pronounced reduction 
in cancer cell viability compared to the 
nanocomposite alone or MIL-101 with laser 
irradiation. 
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Fig. 7. The effect of different concentrations of MIL-101 on breast cancer MCF-7 cells after 24 h of incubation in the dark and then low-
power laser radiation with a wavelength of 660 nm and an energy density of 2 J/cm2. Data are presented as mean ± SD (n=3). p < 0.01 

compared to the corresponding dark group. 
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Fig. 8. The effect of different concentrations of ZnPC@MIL-101 combination on breast cancer MCF-7 cells after 24 h of incubation in 
the dark and then low-power laser irradiation with a wavelength of 660 nm and an energy density of 2 J/cm2. Data are presented as 

mean ± SD (n=3). p < 0.01 compared to the corresponding dark group. 

DISCUSSION 
The successful development of a nanocarrier-

based PDT agent relies on a thorough 
characterization of its physicochemical properties 
to ensure it can effectively deliver the 
photosensitizer and elicit a phototoxic response. In 
this study, we employed a suite of analytical 
techniques to validate the synthesis and properties 
of ZnPC@MIL-101. PXRD (Fig. 1) was essential to 
confirm that the crystalline structure of the MIL-
101 framework was preserved after the 
incorporation of ZnPC, which is crucial for 
maintaining the stability and porous nature of the 
carrier. The BET analysis (Fig. 2) provided 
quantitative evidence of ZnPC loading by showing a 
significant reduction in surface area and pore 
volume, confirming that the photosensitizer 
molecules occupy the internal voids of the MOF. 
FESEM and DLS (Figs. 3-5) were used to determine 
the morphology and size distribution of the 
nanoparticles, which are critical parameters for 
their biological interactions and potential for 
passive tumor targeting via the EPR effect. Finally, 
EDX analysis (Fig. 6) confirmed the elemental 
composition and, importantly, the uniform 
distribution of zinc throughout the nanoparticles, 
suggesting a homogeneous loading of ZnPC rather 
than simple surface adsorption. Together, these 
characterizations provide a comprehensive picture 
of the ZnPC@MIL-101 nanocomposite and form the 
basis for interpreting its biological activity. 

The primary goal of this research was to 
investigate the potential of a ZnPC@MIL-101 
nanocomposite as an effective agent for the 

photodynamic therapy of MCF-7 breast cancer 
cells. ZnPC is a well-regarded photosensitizer due to 
its strong absorption in the 600-700 nm range (its 
Q-band) [40, 41], which aligns well with the 660 nm 
laser used in this study and allows for reasonable 
tissue penetration for PDT applications [42-
46].  The photodynamic action of ZnPC is primarily 
mediated through the generation of singlet oxygen 
and other ROS upon light activation, leading to 
oxidative damage of cellular components and 
subsequent cell death, often via apoptosis or 
necrosis [18, 47]. While ZnPC can interact with 
cellular macromolecules like DNA [48] and proteins 
such as albumin (which influences its in vivo 
transport) [35, 49, 50]. Its therapeutic effect in PDT 
stems mainly from this ROS-mediated damage 
rather than specific molecular target binding in the 
manner of classical enzyme inhibitors or DNA 
intercalators. 

A significant challenge with free ZnPC is its 
hydrophobicity and tendency to aggregate in 
aqueous physiological environments, which 
quenches its photoactivity [20, 51]. Nanocarriers 
like MOFs are employed to address these issues by 
improving solubility, preventing aggregation, and 
facilitating delivery [52-54]. MIL-101, with its high 
surface area and robust porous structure, is a 
suitable candidate [55]. Our synthesis of 
ZnPC@MIL-101, confirmed by PXRD retaining the 
MIL-101 crystallinity (Fig. 1), and the observed 
decrease in BET surface area and pore volume (Fig. 
2), strongly suggests successful incorporation of 
ZnPC within the MOF framework. This 
encapsulation is crucial for maintaining ZnPC in a 
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monomeric, photoactive state, which is essential 
for efficient singlet oxygen generation [22, 23]. The 
FESEM and EDX analyses (Fig. 3, 6) further 
supported the formation of the nanocomposite 
with a fairly uniform distribution of Zn, indicating 
homogenous ZnPC loading rather than mere 
surface adsorption. This consistent distribution is 
vital for predictable photodynamic performance. 
Such loading has been shown in other MOF-PS 
systems to enhance PDT efficacy [39]. 

The cellular studies demonstrated a clear 
synergistic effect when ZnPC@MIL-101 was 
combined with laser irradiation (Fig. 8). The IC50 
value for ZnPC@MIL-101 decreased from 25 µg/mL 
in the dark to 10 µg/mL upon laser activation. This 
enhanced phototoxicity is attributed to the efficient 
ROS generation by the MOF-encapsulated ZnPC. In 
contrast, while MIL-101 itself showed some dark 
cytotoxicity at higher concentrations (Fig. 7, IC50 > 
100 µg/mL in dark), its combination with laser did 
not yield a comparable photodynamic 
enhancement, underscoring the critical role of 
ZnPC as the photosensitizer. It is noteworthy that 
MIL-101 in the dark at 100 µg/mL reduced cell 
viability to ~50%, whereas laser irradiation alone 
had a negligible effect. This inherent cytotoxicity of 
the MOF material at high concentrations must be 
considered when evaluating the net photodynamic 
effect. Such baseline toxicity of carrier materials is 
a known factor in nanomedicine. Comparing our 
findings with the literature, Ghoochani et al. [32] 
reported IC50 values of 14.3 µg/mL (light) and 81.6 
µg/mL (dark) for Zn[TPP]@MIL-101 on MCF-7 cells. 
Our ZnPC@MIL-101 showed a dark IC50 of 25 µg/mL 
and a light IC50 of 10 µg/mL. The differences can be 
attributed to the type of photosensitizer (ZnPC vs. 
Zn [TPP]), loading efficiencies (our study found an 
8.5% loading capacity), and potentially minor 
variations in experimental conditions. However, 
both studies highlight the utility of MIL-101 in 
enhancing the photodynamic effect of entrapped 
photosensitizers. Other studies employing ZnPC in 
different nanoformulations for MCF-7 cells have 
also reported significant PDT efficacy [34, 56-60], 
generally involving apoptotic cell death pathways 
triggered by caspase activation and mitochondrial 
dysfunction [57, 61, 62]. While the specific signaling 
pathways were not delineated here, such 
mechanisms are likely operative in the cell death 
observed with ZnPC@MIL-101-PDT. The results 
indicate that ZnPC@MIL-101 is a promising system 
for PDT. The MIL-101 framework likely improves 
ZnPC's dispersibility and prevents aggregation, 
thereby enhancing ROS generation upon 
irradiation. The observed synergistic effect 

confirms that the photodynamic action is the 
dominant mechanism for the enhanced cytotoxicity 
under laser light. 

 
Potential Applications and Future Directions 

The strengths of this study include the 
successful synthesis and thorough characterization 
of a ZnPC@MIL-101 nanocomposite and the 
demonstration of its synergistic photodynamic 
effect on MCF-7 breast cancer cells in vitro. The use 
of the well-established MIL-101 framework offers a 
stable and porous platform for ZnPC delivery, 
enhancing its photophysical properties by reducing 
aggregation, as confirmed by UV-Vis spectroscopy 
and singlet oxygen detection. The successful 
synthesis and characterization of ZnPC@MIL-101 
and its demonstrated anticancer efficacy open up 
several potential applications and avenues for 
future research. The composite material’s 
structural stability, high surface area, and effective 
photodynamic activity make it fit for biomedical 
applications comprising drug delivery and imaging. 
Further studies could explore optimizing ZnPC 
loading, quantifying encapsulation efficiency, and 
tuning the release kinetics. Assessment of ROS and 
singlet oxygen generation dosimetry, as well as 
photobleaching rates under therapeutic irradiation, 
would be essential for refining PDT protocols [16, 
63]. Investigation into the cellular uptake 
mechanisms and quantification would also provide 
valuable insights. Additionally, the uniform 
distribution of ZnPC within the MIL-101 framework 
suggests that the composite could be used in other 
therapeutic contexts, such as antimicrobial 
treatments or environmental applications where 
photocatalytic activity is desired. Modifying the 
MIL-101 framework to incorporate different 
photosensitizers or functional molecules could 
further expand the material’s versatility and range 
of applications. Furthermore, molecular modeling 
or simulation approaches, such as Density 
Functional Theory (DFT), as reported for other Zn-
phthalocyanine systems [64], could be employed in 
future studies to theoretically investigate the 
electronic properties of ZnPC@MIL-101 and to 
better understand the interactions between the 
photosensitizer and the MOF framework, 
potentially guiding the design of even more 
effective PDT agents. 

However, the study has several limitations. 
While we have now included foundational 
photophysical data, a more comprehensive 
photophysical characterization, including 
quantitative ROS/singlet oxygen dosimetry (crucial 
for understanding PDT efficiency) and 
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photobleaching rate determination (important for 
assessing sustained activity), was not performed. 
Cellular uptake was inferred from phototoxicity 
rather than directly quantified (e.g., by ICP-MS for 
zinc content or fluorescence microscopy of ZnPC). 
Additionally, the study was limited to a single breast 
cancer cell line (MCF-7) and did not explore the 
effects on normal, non-cancerous cells (to assess 
selectivity and potential for minimal side effects) or 
employ more complex in vitro models (e.g., 3D 
spheroids) or in vivo studies. These latter 
investigations are necessary to evaluate systemic 
toxicity, biodistribution, and true therapeutic 
potential in a more physiologically relevant context. 
These aspects were not explored in the current 
work primarily due to budgetary constraints and 
limitations in the available experimental setup. 
 
CONCLUSION 

In conclusion, this study successfully 
synthesized and characterized ZnPC@MIL-101, 
demonstrating its potential as an effective agent for 
photodynamic therapy against MCF-7 breast cancer 
cells. The structural and photophysical 
characterization confirmed the successful 
integration of ZnPC into the MIL-101 framework, 
with consequent impacts on the material's surface 
area, pore size, and morphology, suggestive of 
efficient photosensitizer loading. The cellular 
studies highlighted the statistically significant 
synergistic effect of ZnPC@MIL-101 and laser 
radiation in reducing the viability of MCF-7 cells, 
showcasing the composite's potential for targeted 
cancer treatment via PDT. These findings pave the 
way for further exploration of ZnPC@MIL-101 in 
various biomedical applications, highlighting the 
material's versatility and promising therapeutic 
potential, provided the acknowledged limitations 
are addressed in future research. 
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ABSTRACT 

Background: Nanoceria exhibits unique catalytic activity toward reactive oxygen species (ROS), mimicking the functions 

of natural enzymes—a property that underlies its biomedical applications, given the essential role of ROS in living 

organisms. Carnosine is a pH buffer with intrinsic antioxidant properties; it chelates metals and binds carbonyl compounds.  

Objective(s): Using human embryonic lung fibroblast model, this study investigates the impacts of carnosine-conjugated 

nanoscale CeO2 on cell survival, cellular oxidative status, ROS-induced DNA oxidation, dual-strand DNA breaks, 

activation of DNA repair response, and gene and protein expression of NOX4, NRF2, STAT3, as well as proliferation and 

autophagy markers.  

Results: Carnosine-conjugated nanoceria proved to be non-cytotoxic at millimolar concentrations. Its effects on 

cytotoxicity, genotoxicity, DNA repair, mitochondrial membrane potential, autophagy, and NOX4 and NRF2 expression 

were similar to those of bare nanoceria. The principal differences were observed in the expression of STAT3, PCNA, and 

BCL2 proteins, where carnosine‑coated nanoceria induced a pronounced activating impact after 24 h of exposure, thus 

promoting proliferation and increasing concentration of the PCNA proliferation marker.  

Conclusion: We hypothesize that carnosine‑coated nanoceria directly activates the STAT3/BCL2 axis. These findings 

may facilitate the development of new molecular models for studying signaling pathways and advance in characterization 

of the nanoceria’s biochemical roles in regulating ROS‑driven cellular pathways. Moreover, carnosine‑coated nanoceria 

could be considered a potential agent for enhancing the survival of cell cultures—such as hematopoietic cultures intended 

for transplantation—through activation of the STAT3/BCL2 axis. 
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INTRODUCTION 
Cerium dioxide nanoparticles (nanoceria) exhibit 

unique catalytic activity toward reactive oxygen species 
(ROS), mimicking natural enzymes—a property that 
underlies all biomedical applications of nanoceria, given 
the crucial role of ROS in living systems (1) (2). 
Depending on the surface coating and environmental 
conditions, nanoceria may exert either anti‑ or 
pro‑oxidant effects. In cancer cells under low‑pH 
conditions, nanoceria functions as an ROS generator, 
cytotoxic agent, and even radiosensitizer (3) (4). 
Additionally, nanoceria generates molecular oxygen 
within tumors, sensitizing malignant cells to light- and 
radio-based therapy, as well as to chemotherapeutic 
interventions (5). In normal cells, nanoceria has 
anti‑inflammatory and antibacterial activity, supporting 
its use in tissue engineering (6). Both bare and 
functionalized nanoceria demonstrate strong potential 
to accelerate healing in acute and chronic wounds (7). 
Furthermore, nanoceria has been proposed as an 
antidiabetic agent (3) and a protective drug in retinal 
macular degeneration (8).  

The application of nanoceria carries toxicological 
risks that depend on the route of exposure, dose, and 
chemical composition of the nanoparticles. Being a non-
degradable compound, nanoceria persists in organs for 
a long time (at least for several months) with slow 
elimination rates. The acute toxicity of nanoceria is quite 
low, but accumulated nanoparticles can cause 
granuloma and fibrosis in the lungs and granuloma in the 
liver (9). Owing to its biostability, there is a risk of 
adverse effects from prolonged exposure to this 
nanomaterial; consequently, surface modification of 
ceria nanoparticles is generally required for biomedical 
applications. 

Carnosine is an essential endogenous dipeptide 
predominantly found in skeletal muscle, the central 
nervous system, olfactory neurons, and the lens of the 
eye in various vertebrates, including humans (10). It 
functions as a pH buffer and possesses intrinsic 
antioxidant properties; it chelates metals such as iron 
and copper and binds to carbonyl compounds, which are 
advanced glycation and lipoperoxidation end products 
(11) (12) (13). Carnosine has been shown to improve 
muscle function in athletes (14), myocardial function 
(15), and vascular health (16). Additionally, it plays active 
roles in bone physiology and biochemistry (17), acts as a 
neuroprotector (18), and inhibits oxidative stress (19). 
Carnosine activates the NRF2 anti-inflammatory 
pathway (20) (21), which contributing to its beneficial 
effects (22) (23). Moreover, carnosine exhibits anti-aging 
properties (24), slowing the aging process of cultured 

human diploid fibroblasts by modulating protein 
metabolism (25) (26). Cells cultured in the presence of 
carnosine display a slower rate of telomere shortening 
and an extended lifespan (27).  

Carnosine is also utilized to functionalize various 
nanomaterials. For example, carnosine functionalization 
significantly increases the solubility of carbon 
nanotubes, enhancing their biomedical applications 
(28). It enhances the antibacterial activity of graphene 
oxide (29). Magnetic nanoparticles coated with L-
carnosine have been developed to amplify the 
chemotherapeutic efficacy of the dipeptide (30). 
Furthermore, Fe3O4 magnetic nanoparticles 
functionalized with L-carnosine and loaded with 
dexamethasone have emerged as an effective drug 
delivery platform in ischemic stroke (31). Hydrolyzed 
polyacrylonitrile nanofibers functionalized with L-
carnosine and loaded with zinc oxide nanoparticles have 
been employed in the development of an anti-
melanoma wound dressing (32).  

Therefore, carnosine-coated nanoceria represents a 
promising hybrid compound that combines the 
advantageous biochemical properties of both carnosine 
and nanoceria. Understanding how surface 
modifications influence the performance and 
biocompatibility of nanoscale CeO2 is essential to 
evaluate its advantages and risks associated with its 
biomedical applicability. However, studies on the 
impacts of carnosine-coated nanoceria on human gene 
expression are scarce or nonexistent. Human embryonic 
lung fibroblasts represent a robust and sensitive in vitro 
system for investigating the genetic effects of 
nanosubstances. Using human embryonic lung 
fibroblasts, this study investigates the impacts of 
carnosine-conjugated nano-CeO2 on cell survival, 
cellular oxidative status, ROS-induced DNA oxidation, 
dual-strand DNA breaks, activation of DNA repair 
response, and gene and protein expression of NADPH-
oxidase 4 (NOX4), nuclear factor erythroid 2-related 
factor 2 (NRF2), signal transducer and activator of 
transcription 3 (STAT3), as well as proliferation and 
autophagy markers. 

 
MATERIALS AND METHODS 
Preparation of pristine and carnosine-conjugated CeO2 
nanoparticles 

An aqueous cerium dioxide (CeO₂) sol was prepared 
by thermal hydrolysis of (NH₄)₂[Ce(NO₃)₆] (#215473, 
Sigma, St. Louis, MO, USA) (33). Briefly, a 100 g/L salt 
solution was incubated at 95 °C for 24 hours, resulting in 
the precipitation of cerium dioxide. The precipitate was 
subjected to three consecutive washes with isopropanol 
and redispersed in distilled water. Remaining 
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isopropanol was boiled off at 100°C under constant 
stirring for 1 h. 

A solution of L-carnosine (β-alanyl-L-histidine, 
#305-84-0, Sigma, St. Louis, MO, USA) was prepared by 
dissolving carnosine in distilled water. 
Carnosine-conjugated nano-CeO₂ was synthesized by 
gradual addition the CeO₂ sol to the ligand solution 
under constant stirring. The molar ratio of components 
in the final CeO₂ sol was 1:1. The pH adjustment of the 
suspension to 7.4 was performed using aqueous NH3. 

 
Materials characterization 
Concentration Determination  

Quantification of the CeO₂ sol concentration was 
performed gravimetrically. Portions were transferred 
into pre-weighed crucibles, evaporated in a box furnace, 
and subsequently heated at 900 °C for 240 min until 
constant weight. 

 
X-Ray Powder Diffraction (XRD)  

Using a Bruker D8 Advance diffractometer (CuKα 
line), XRD characterization of the dried CeO₂ samples 
was performed across a 2θ angular range of 3 to 120°, at 
step sizes between 0.01° and 0.02°, with data acquisition 
lasting at least 0.3 seconds for each step. 

 
Particle Size Distribution and ζ-Potential 

Particle size range characterization and ζ-potential 
were measured on a Photocor Compact-Z analyzer 
(Photocor, Moscow, Russia) using a 636.65 nm laser at 
20 °C. For each sample, the autocorrelation function was 
obtained by averaging 10 individual runs (20 s each). The 
hydrodynamic radius was calculated using the 
regularization algorithm implemented in DynalS 
software. 

 
UV–Visible Spectroscopy  

Using 10-mm quartz cuvettes, UV–Vis absorption 
was measured from 200 to 800 nm at 1 nm intervals on 
an SF‑2000 spectrophotometer (OKB SPECTR LLC, St. 
Petersburg, Russia) employing a deuterium–halogen 
lamp. 

 
Fourier Transform Infrared Spectroscopy (FTIR) 
Binding of ligand molecules to the nanoparticle 

surface was assessed using FTIR spectroscopy. Spectra 
were acquired in the 400–4000 cm⁻¹ range at 2 cm⁻¹ 
resolution with an InfraLUM FT-08 spectrometer 
(Lyume’ks, St. Petersburg, Russia). 

 
Cultivation of cells 

The 4th-passage human embryonic lung fibroblasts 
were obtained from the Research Centre for Medical 

Genetics (Moscow, Russia) and maintained in 
Dulbecco’s Modified Eagle’s Medium (DMEM; PanEco, 
Moscow, Russia) containing 10% fetal bovine serum 
(PAA, Vienna, Austria), 50 U/mL penicillin, 50 µg/mL 
streptomycin, and 10 µg/mL gentamicin. Cells were 
suspended at a concentration of 17,000 cells/mL. The 
cells were maintained in culture at 37 °C for 24 hours 
before nanoparticle exposure. Uncoated nanoceria or 
carnosine-conjugated nanoceria were then added, next 
cells were incubated for 1, 3, 24, or 72 h. Negative 
controls used cell cultures without nanoparticles. 
Positive controls included 10% dimethyl sulfoxide 
(Sigma, St. Louis, MO, USA) for the MTT assay and 
interleukin-6 (10 ng/mL, Sigma, St. Louis, MO, USA) to 
evaluate the induction of the STAT3 signaling cascade. 

 
Viability of cells and evaluation of mitochondrial 
membrane potential 

Cell viability determination was performed via a 72-
hour MTT assay with 3′-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide. Absorbance at 550 nm 
was measured using an EnSpire plate reader 
(PerkinElmer, Turku, Finland). Control cells were 
maintained nanoparticle-free. 

Mitochondrial membrane potential was evaluated 
using tetramethylrhodamine methyl ester (TMRM; 
Thermo Fisher Scientific, Waltham, MA, USA) according 
to previously described protocols (34). 

 
Fluorescence microscopy 

Fluorescence micrographs were captured using an 
Axio Imager A2 microscope (Carl Zeiss, Oberkochen, 
Germany). Approximately 5 × 10⁵ cells were plated in 
slide-bottom flasks. Cells were washed with PBS 
(phosphate-buffered saline) following medium removal, 
then incubated with 2′,7′-dichlorodihydrofluorescein 
diacetate (H₂DCFDA; stock concentration 2 mg/mL in 
PBS, diluted 1:200) for 15 min, and washed again with 
PBS. No fewer than 100 fields, selected at random, were 
examined. Signal collection lasted from 6 to 10 seconds. 
Images were processed using the ZEN 3.10 software 
platform (Carl Zeiss, Oberkochen, Germany). 

 
Flow cytometric measurement 
Cellular reactive oxygen species 

Cellular reactive oxygen species were quantified with 
flow cytometry. Cells were incubated with 10 µM 
H₂DCFH-DA in PBS (Molecular Probes/Invitrogen, 
Carlsbad, CA, USA) for 15 minutes in darkness, followed 
by PBS washing, resuspension in PBS, and flow 
cytometric analysis in the FITC channel on a CytoFLEX S 
flow cytometer (Beckman Coulter, Brea, CA, USA). 
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Expression of proteins and markers 
Following washing with Versene solution (Thermo 

Fisher Scientific, Waltham, MA, USA), cells were 
incubated with 0.25% trypsin (PanEco, Moscow, Russia), 
washed with culture medium, resuspended in PBS with 
pH 7.4 (PanEco, Moscow, Russia), and fixed using 
paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) at 
37°C for 10 min. Cells were subjected to three washes 
with 0.5% BSA-PBS, permeabilized either by 0.1% Triton 
X-100 in PBS for 15 minutes at room temperature (20 °C) 
or by 90% methanol at 4 °C, and subsequently washed 
three additional times with 0.5% BSA-PBS. The cell 
samples were treated with 1 µg/mL conjugated primary 
antibodies for 2 hours at room temperature, followed by 
PBS washing and flow cytometric analysis. 

Primary antibodies were as follows: DyLight488-
γH2AX (pSer139) (nb100-78356G, NovusBio, Centennial, 
CO, USA), FITC-NRF2, (bs1074r-fitc, Bioss Antibodies Inc. 
Woburn, MA, USA), FITC-BRCA1 (Nb100-598F, 
NovusBio, Centennial, CO, USA), PE-8-oxo-dG (sc-
393871 PE, Santa Cruz Biotechnology, Dallas, TX, USA), 
CY5.5-NOX4 (bs-1091r-cy5-5, Bioss Antibodies Inc. 
Woburn, MA, USA), A350-BCL2 (bs-15533r-a350, Bioss 
Antibodies Inc. Woburn, MA, USA), LC3 (NB100-2220 
NovusBio, Centennial, CO, USA), and PCNA (ab2426, 
Abcam plc, Cambridge, UK). 

Secondary antibody: anti-rabbit IgG-FITC (sc-2359, 
Santa Cruz Biotechnology, Dallas, TX, USA). 

 
Quantitative mRNA analysis 

Total RNA was isolated using the RNeasy Mini Kit 
(Qiagen, Hilden, Germany), treated with DNase I, and 
reverse-transcribed using the Reverse Transcriptase Kit 
(Sileks, Moscow, Russia). Quantitative reverse 
transcription PCR (qRT-PCR) with SYBR Green PCR 
Master Mix (Applied Biosystems, Foster City, CA, USA) 
was performed on a StepOnePlus system (Applied 
Biosystems), using TBP as the reference gene. 

Primers were as follows (Sintol, Moscow, Russia): 
BAX (F: CCCGAGAGGTCTTTTTCCGAG, R: 
CCAGCCCATGATGGTTCTGAT); BCL2 (F: 
TTTGGAAATCCGACCACTAA; R: 
AAAGAAATGCAAGTGAATGA); NRF2 (NFE2L2) (F: 
TCCAGTCAGAAACCAGTGGAT, R: GAATGTCTGCGCCAAA 
AGCTG); NOX4 (F: TTGGGGCTAGGATTGTGTCTA; R: 
GAGTGTTCGGCACATGGGTA); STAT3 (F: 
GGGTGGAGAAGGACATCAGCGGTAA, R: 
GCCGACAATACTTTCCGAATGC); Ki-67 (F: 
ACGCCTGGTTACTATCAAAAGG; R: 
CAGACCCATTTACTTGTGTTGGA); NF-κB1 (F: 
CAGATGGCCCATACCTTCAAAT; R: 
CGGAAACGAAATCCTCTCTGTT); BRCA1 (F: 
TGTGAGGCACCTGTGGTGA, R: 

CAGCTCCTGGCACTGGTAGAG); and TBP (reference 
gene) (F: GCCCGAAACGCCGAATAT, R: 
CCGTGGTTCGTGGCTCTCT). 

 
Statistics 

Results represent the mean ± standard deviation of 
three separate experiments. The non‑parametric 
Mann–Whitney U test with Bonferroni correction was 
applied to assess statistical significance. Taking the 
Bonferroni correction into account, a p-value below 
0.004 indicated statistical significance. The calculations 
were performed with StatPlus 2007 Pro v4.9.2 software 
(AnalystSoft Inc., Walnut, CA, USA). 

 
RESULTS 
Synthesis and physicochemical characterization of 
nanoparticles 

Bare cerium dioxide samples were prepared via 
thermal hydrolysis of a solution containing 
(NH₄)₂[Ce(NO₃)₆] (33). The resulting cerium dioxide sol 
had a concentration of 0.130 ± 0.004 mol/L (22 g/L). 

Figure S1a (see Supplementary Information, Figure 
S1a) presents the X-ray diffraction (XRD) patterns for 
cerium dioxide sols dried at 50°C and for pure carnosine. 
XRD patterns confirmed that both bare and carnosine-
modified CeO2 sols consist of single-phase fluorite-
structured cerium dioxide (PDF2 34-0394). Full-pattern 
analysis of XRD results indicated that the coherent 
scattering region dimensions of the CeO₂ powders 
ranged from 2.7 to 3.4 nm (Table 1). Thus, modification 
of the CeO₂ sol with carnosine did not affect the phase 
composition of the solid phase, as evidenced by the 
unchanged positions of the (111), (200), (220), and (311) 
reflections (see Supplementary Information, Figure S1a). 

Table 1. Particle size and ζ-potential of bare and carnosine-coated 
CeO2 nanoparticles 

Sample Particle size, nm ζ, mV 

Bare CeO2 2.7 ± 0.2 32.6 ± 0.5 

Carnosine-coated CeO2 3.4 ± 0.1 5.4 ± 0.2 

 
Figure S1b (see Supplementary Information, Figure 

S1b (after references section)) presents the size 
distribution of cerium dioxide particles in aqueous 
solutions measured by dynamic light scattering (DLS). 
The bare CeO₂ sol contained aggregates with sizes 
ranging from 10 to 30 nm. Functionalization of the 
cerium dioxide sol with carnosine resulted in larger 
aggregates, with size modes of approximately 65 nm 
and 335 nm. 

For bare CeO₂ nanoparticles, the ζ-potential was 
+32.6 ± 0.5 mV (Table 1), indicating high electrostatic 
stability of the colloidal system. Coating CeO₂ 
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nanoparticles with carnosine reduced the ζ-potential to 
approximately +5.4 mV (Table 1). Partial neutralization 
of the nanoparticle surface charge decreases 
electrostatic repulsion, allowing particles to approach 
one another more closely and promoting the formation 
of larger aggregates (see Supplementary Information, 
Figure S1b). This is further supported by the broader 
dispersion observed in the hydrodynamic diameter 
distribution. 

To confirm the reproducibility of the synthesis and 
long-term stability of sol, we established that gradually 
adding a diluted CeO2 sol to an equal volume of ligand 
solution is essential for obtaining a stable carnosine-
coated cerium dioxide sol. This protocol proved highly 
reproducible across multiple batches (n = 3). The sol 
retained its aggregate stability without visible 
precipitation for at least two months, as supported by 
zeta potential monitoring. The measured values were 
+23.7 ± 0.3 mV (day 1), +5.4 ± 0.2 mV (month 2), and 
+1.01 ± 0.03 mV (month 3). Despite this gradual 
decrease, which we attribute to the slow oxidation of 
the ligand molecules, the colloidal stability was 
maintained for this period. 

 
Spectral characterization 

Figure S1c (see Supplementary Information, Figure 
S1с) presents the UV–Vis absorption spectra of CeO2 
solutions and pure carnosine. Both bare and 
carnosine-coated CeO₂ sols display an absorption band 
in the 280–300 nm range, characteristic of nanoscale 
cerium dioxide, which is consistent with previous 
reports  (35). Hence, coating CeO₂ nanoparticles with 
carnosine did not change the sol’s optical absorption 
properties. 

The infrared spectrum of pristine cerium oxide (see 
Supplementary Information, Figure S1d) includes a 
broad absorption band at 3550–3200 cm⁻¹, 

corresponding to antisymmetric and symmetric O–H 
stretching vibrations (36, 37). The band in the 1630–
1600 cm⁻¹ range is assigned to H–O–H bending 
vibrations. Low-intensity bands at 1440 cm⁻¹ and 
1280 cm⁻¹ correspond to with residual nitrate ions 
adsorbed on the CeO₂ surface (36, 37). The Ce–O bond 
stretching vibrations appear in the 480–430 cm⁻¹ region. 

The FTIR spectrum of carnosine (see Supplementary 
Information, Figure S1d) shows a band at 3240 cm⁻¹ 
characteristic of –NH₂ stretching vibrations (38, 39), 
overlapping with a broad O–H stretching band. 
Asymmetric and symmetric stretching of carboxylate 
anions are observed at 1563 cm⁻¹ and 1406 cm⁻¹, 
respectively. A peak at 2855 cm⁻¹ is attributed to 
symmetric C–H stretching  (38), and the band at 
1643 cm⁻¹ is characteristic of absorbed water (38) (40). 
In the FTIR spectrum of carnosine-coated nanoceria (see 
Supplementary Information, Figure S1d), a new 
absorption band appears at 477 cm⁻¹, corresponding to 
Ce–O stretching vibrations, confirming the presence of 
CeO₂ in the composite. The composite spectrum also 
shows shifts in the carnosine carboxylate bands from 
1563 to 1553 cm⁻¹ and from 1406 to 1384 cm⁻¹, 
indicating interaction between the ligand and the CeO₂ 
nanoparticle surface. Similar spectral shifts have been 
reported for carnosine-coated iron oxide 
nanoparticles (38). 

 
Cell viability and mitochondrial potential 

A standardized 72-h MTT assay 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) was used to evaluate cytotoxicity (Figure 1a), 
and the TMRM assay (tetramethylrhodamine methyl 
ester) was employed to assess mitochondrial membrane 
potential (Figure 1b). Carnosine-coated nanoceria 
exhibited cytotoxicity at concentrations above 0.53 mM. 

 
 

Fig. 1. (A) Cell viability of carnosine-coated nanoceria assessed using the 72-h MTT assay, where the brown dotted lines indicate the viability 
limits of 80%–120%; the green circle marks the 1.5 µmol/L concentration selected for further experiments; (B) mitochondrial membrane 

potential in cells exposed to bare and carnosine-coated nanoceria (1.5 µmol/L) compared with control values. Here, asterisks denote 
statistically significant differences in the Mann–Whitney U test with Bonferroni correction (p = 0.004). Both in panels A and B, control cells 

were incubated without nanoparticles. 
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In selecting concentrations for studying gene and 
protein expression, we primarily relied on a proven 
safe concentration and existing literature data. In in 
vitro models, concentrations around 1 µmol/L are 
typically used, which ensure system homogeneity, 
absence of nanoparticle agglomeration, and cell safety 
(41) (42). In numerous preliminary experiments, we 
studied nanoceria concentrations ranging from 0.1 to 
10 µmol/L and demonstrated a linear effect within this 
range. Thus, for subsequent experiments, a non-toxic 
concentration of 1.5 µmol/L—within the middle of the 
tested range—was selected (highlighted with a green 
circle in Figure 1a).  

Regarding mitochondrial membrane potential, bare 
and carnosine-coated nanoceria produced similar 
effects at 3 h and 24 h; however, carnosine 
functionalization attenuated the impact. Bare 
nanoceria changed the fluorescence probe intensity by 
0.70 times (p = 0.0006) and 2.81 times (p < 0.0001) 
after 1 and 3 hours of exposure, respectively. 
Carnosine-coated cerium increased the fluorescence 
probe intensity by 1.26 times (p = 0.002) after 1 hour of 
exposure, by 1.78 times (p = 0.001) after 3 hours of 

exposure, and by 0.57 times (p = 0.0009) after 24 hours 
of exposure. 

 
Visualization and assessment of intracellular ROS 
quantity  

Since nanoceria exhibits intrinsic red fluorescence  
(43), we obtained fluorescence micrographs of cells 
incubated with 1.5 µmol/L nanoparticles for 3 h. The 
images indicate that carnosine-coated CeO₂ 
nanoparticles successfully enter the cells (Figure 2) 

The internalization was studied by measuring the 
fluorescence of cells in the red channel of a flow 
cytometer (Figure 3). The data indicate that the 
nanoparticles are efficiently internalized into the cells.  

Quantification of intracellular reactive oxygen 
species was performed by flow cytometry employing 
2′,7′-dichlorodihydrofluorescein diacetate (H₂DCFH-
DA). Pristine CeO2 exhibited an antioxidant impact 
after 1 h and 3 h of incubation (fluorescence intensity 
decreased to 71.8% (p = 0.0012) and 75.5% (p = 0.0011) 
of control, respectively), whereas carnosine‑coated 
nanoceria induced a 28.0% increase in ROS levels after 
24 h (p = 0.0007). (Figure 4) 

 
 

 
Fig. 2. Visualization of cells during nanoparticle internalization — transmitted‑light images (left column) and fluorescence images obtained 

using a blue filter (middle column, passband 450–525 nm) and a red filter (right column, passband 600–650 nm). The top row shows images 
of human fetal lung fibroblasts incubated without nanoparticles (control cells); the middle row shows cells after 3 h of exposure to bare 

nanoceria (1.5 µmol/L); the bottom row shows cells after 3 h of exposure to carnosine‑coated nanoceria (1.5 µmol/L); magnification, 100×. 
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Fig. 3. Fluorescence of cells relative to the control (cells incubated without nanoparticles) after 1, 3, and 24 h of exposure to bare 

nanoceria and carnosine-coated nanoceria (1.5 µmol/L); asterisks denote statistically significant differences in the Mann–Whitney U 
test with Bonferroni correction (p = 0.004). 

 

 
Fig. 4. Intracellular ROS levels relative to control, measured by flow cytometry with dichlorofluorescein (DCF). Cells were exposed to 
bare or carnosine-coated nanoceria (1.5 µmol/L) for 1, 3, or 24 h; asterisks denote statistically significant differences in the Mann–

Whitney U test with Bonferroni correction (p = 0.004). Control cells were incubated without nanoparticles. 

Genotoxicity 
To assess genotoxicity, quantification of 8-oxo-

2′-deoxyguanosine (8-oxo-dG), a biomarker for 
oxidative DNA damage, and phosphorylated 
γH2AX, a marker for DNA double-strand breaks, 
was performed (Figure 5a,b). The DNA repair 
system function was analyzed through BRCA1 
(breast cancer type 1 susceptibility protein) 
expression measurement (Figure 5c). 

For oxidative DNA damage, differences were 
observed after 1 h of exposure: bare nanoceria 
reduced oxidative damage to 53.7% of control 
(p = 0.001) (interquartile range [51.2%; 56.0%]), 
whereas carnosine-coated nanoceria increased it 
1.29-fold (p = 0.002) (Figure 5a). In contrast, for 
DNA double-strand breaks and BRCA1 protein 

expression, the response dynamics were similar, 
with carnosine functionalization exerting a 
mitigating effect (Figure 5b,c). After 24 hours, 
γH2AX expression increased 1.38‑fold (p = 0.002) in 
cells incubated with bare nanoceria and 1.34‑fold 
(p = 0.002) in cells incubated with carnosine‑coated 
nanoceria. After 72 hours, γH2AX expression 
decreased to 23.9% of the control level for bare 
nanoceria (p < 0.0001) and to 78.7% for 
carnosine‑coated nanoceria (p = 0.0038). The 
expression of the DNA repair marker — BRCA1 
protein decreased to 56.5% after 1 hour of 
exposure (p = 0.001) and to 68.3% after 72 hours 
(p = 0.003) for bare nanoceria. For 
carnosine‑coated nanoceria, BRCA1 expression did 
not differ significantly from the control.
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Fig. 5. (A) Concentrations of 8-oxo-2′-deoxyguanosine (8-oxo-dG) relative to control, (B) expression of phosphorylated γH2AX protein 

relative to control, and (C) expression of BRCA1 protein relative to control values. In all cases, the cells were exposed to bare or 
carnosine-coated nanoceria (1.5 µmol/L) for 1–72 h; asterisks denote statistically significant differences in the Mann–Whitney U test 

with Bonferroni correction (p = 0.004); control cells were incubated without nanoparticles. 

ROS-mediated and inflammatory signaling pathways 
NOX4 (NADPH oxidase 4) is a major oxidant 

enzyme, whereas NRF2 (nuclear factor erythroid 
2-related factor 2) is a key regulator of 
anti-inflammatory and antioxidant responses. For 
pristine nanoceria, NOX4 expression showed a slight 
increase after 3 hours of exposure (1.23-fold, p = 0.004) 
and decreased to 64% of control levels after 72 hours 
(p = 0.002) (Figure 6a). For carnosine-coated nanoceria, 
NOX4 expression decreased to 76.8% of control levels 
after 72 hours (p = 0.003). Changes in NRF2 expression 
did not reach statistical significance at 1, 3, or 24 h 
(Figure 6b). Overall, the impacts of pristine and 
carnosine-conjugated nanoceria were qualitatively 
similar, although carnosine functionalization again 
resulted in a less pronounced cellular response. 

For STAT3 (signal transducer and activator of 
transcription 3), bare nanoceria elicited the activating 
response after 1 h of incubation (1.27-fold increase in 
expression, p = 0.002), followed by a decline to 26.9% 
of control levels by 72 hours (p < 0.0001). In contrast, 
carnosine-coated nanoceria induced STAT3 activation 
predominantly after 24 hours of exposure, when 
expression increased 1.30-fold (p = 0.001) (Figure 6c). 
 

Proliferation and autophagy 
LC3 (microtubule-associated protein 1 light 

chain 3) and BECLIN-1 are established autophagy 
biomarkers. Exposure to either bare or 
carnosine-coated nanoceria did not result in 
significant changes in their expression, except for a 
slight decrease in BECLIN-1 levels at 3 h (to 67.4% 
for bare nanoceria, p = 0.003, to 70.0% for 
carnosine-coated nanoceria, p = 0.003) and 72 h (to 
70.0% for bare nanoceria, p = 0.003) (Figure 7a,b). 

For the proliferation marker PCNA (proliferating 
cell nuclear antigen), bare nanoceria induced an 
increase in PCNA expression after 1 hour of 
incubation by 1.26-fold (p = 0.003), however, 
expression subsequently decreased to 63.9% 
(p = 0.0001) and 23.9% (p < 0.0001) of control levels 
at 24 and 72 hours, respectively. Carnosine-coated 
nanoceria caused a decrease in PCNA expression 
after 3 h of exposure to 74.0% of control levels 
(p = 0.003) and after 72 h of exposure to 42.1% of 
control levels (p < 0.0001). A sharp increase in PCNA 
expression was observed after 24 hours of 
exposure, reaching 2.36-fold (p < 0.0000) 
(Figure 7c).
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Fig. 6. (A) Expression of NOX4 protein relative to control, (B) expression of NRF2 protein relative to control, and (C) expression of STAT3 
protein relative to control. In all cases, the cells were exposed to bare or carnosine coated nanoceria (1.5 µmol/L) for 1–72 h; asterisks 

denote statistically significant differences in the Mann–Whitney U test with Bonferroni correction (p = 0.004); control cells were 
incubated without nanoparticles. 

 

  

 
 

Fig. 7. (A) Expression of LC3 protein relative to control, (B) expression of BECLIN-1 protein relative to control, (C) expression of PCNA 
protein relative to control, and (D) expression of BCL-2 protein relative to control. In all cases, cells were exposed to bare or 
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carnosine-coated nanoceria (1.5 µmol/L) for 1–72 h; asterisks denote statistically significant differences in the Mann–Whitney U test 
with Bonferroni correction (p = 0.004); control cells were incubated without nanoparticles. 

An anti-apoptotic protein BCL-2 (B-cell 
lymphoma 2) was differentially affected. Bare 
nanoceria caused an increase in the expression of 
this protein by 1.26-fold after 3 hours of exposure 
(p = 0.003), followed by a sharp decrease to 12.6% 
of control levels after 72 hours (p < 0.0000). In 
contrast to bare nanoceria, carnosine-coated 
nanoceria significantly upregulated BCL-2 
expression at at all exposure times (Figure 7d). The 
expression increase was 1.33-fold (p = 0.002), 1.28-
fold (p = 0.003), 1.87-fold (p = 0.0001), and 1.25-
fold (p = 0.003) after 1, 3, 27, and 72 hours of 
exposure, respectively.   
 
Gene expression 

We subsequently assessed the expression of 
selected genes to evaluate whether the observed 
changes occurred in protein levels were regulated 
at the transcriptional level. The primary targets 
included STAT3, BAX, BCL2, Ki-67 (encoding the 
proliferation marker protein), BRCA1, as well as 
NOX4, NF-κB, and NRF2. Based on the pronounced 
activation of the STAT3/BCL2 axis at 1 h and 24 h, 
these two exposure times were selected for 
analysis (Figure 8).  

The results confirmed activation of STAT3, BCL2, 
and Ki-67 gene expression at 24 h, with minimal or 
no effect on the ROS-dependent genes NOX4, 
NF-κB, and NRF2, and no effect on the 
pro-apoptotic BAX or DNA repair BRCA1 genes. 
After 24 h, STAT3 mRNA expression increased 
1.73-fold (p < 0.0001), BCL2 gene expression 
increased 1.96-fold (p = 0.002), and Ki-67 gene 
expression increased 2.21-fold. (p < 0.0001) These 

findings support the hypothesis that 
carnosine-coated nanoceria activates the 
STAT3/BCL2 axis, most likely through a direct 
mechanism independent of ROS-mediated 
pathways. 

To sum, carnosine functionalization modifies 
the cellular response to nanoceria, enhancing 
survival‑ and proliferation‑associated signaling 
through the STAT3/BCL2 axis while maintaining low 
overall cytotoxicity, thus highlighting its potential 
as a targeted nanobiomaterial for biomedical 
applications. 
 
DISCUSSION 

The experimental data reveal that carnosine-
coated nanoceria exhibits many similarities to bare 
nanoceria in terms of cytotoxicity, genotoxicity, 
DNA repair, mitochondrial potential, autophagy, as 
well as NOX4 and NRF2 protein expression. 
However, notable differences arise in the activation 
of STAT3, PCNA, and BCL2 proteins, where 
carnosine-coated nanoceria induces a pronounced 
activating effect after 24 hours of exposure. 
Additionally, carnosine-coated nanoceria. creates a 
more oxidative intracellular environment following 
24 hours of exposure. It should be noted that 
excessive intracellular reactive oxygen species did 
not lead to oxidative DNA damage, and overall, the 
studied nanoparticles do not exhibit genotoxicity. 
The absence of oxidative DNA damage indicates 
sufficient antioxidant capacity within the cell, 
possibly enhanced by the antioxidant potential of 
carnosine. 

 

 
Fig. 8. Relative gene expression in cells exposed to carnosine-coated nanoceria (1.5 µmol/L) for 1 h and 24 h, compared with control 

values. ‘*’ denotes statistically significant differences in the Mann–Whitney U test with Bonferroni correction (p = 0.005). Control cells 
were incubated without nanoparticles. 



 

 
 

E.V. Proskurnina et al. / STAT3/BCL2 activation by L-carnosine-nanoceria 

 

 

320                                                                                                                                                                     Nanomed J. 13(2): 310-326, 2026 
  

 
 

STAT3 is a pivotal component of the JAK/STAT 
signaling cascade. Upon activation by 
phosphorylation, STAT3 translocates to the 
nucleus, where it regulates gene transcription. 
STAT3 is extensively studied as a prospective target 
for therapy in cancer due to its frequent 
overexpression across diverse tumor types, where 
it promotes cancer cell proliferation, survival, 
invasion, stemness, angiogenesis, and resistance to 
chemotherapy (44) (45). The JAK/STAT cascade, 
especially involving Janus kinases associated with 
cytokine receptors, plays an important role in 
mediating inflammatory signaling downstream of 
IL-6 and IL-10 cytokines in inflammation and cancer 
(46) (47). Beyond oncology, STAT3 inhibition is 
being explored as a potential treatment strategy for 
neurodegenerative diseases (48), cardiac fibrosis 
(49), and bone diseases (50), although effective 
clinical antagonists remain under development 
(51). 

The JAK/STAT3 signaling pathway interacts 
closely with other major signaling cascades such as 
PI3K/AKT/mTOR and MAPK/ERK (52), and its 
activity is finely modulated by oxidative stress (53). 
Specifically, hydrogen peroxide can inhibit 
intracellular tyrosine phosphatases, which leads to 
enhanced STAT3 tyrosine phosphorylation (54). 
Interestingly, oxidative stress not only activates 
STAT3 but also maintains cytokine-induced STAT3 
phosphorylation and its active state in the nucleus 
(55). Antioxidants like alantolactone and 
resveratrol have been shown to effectively reduce 
STAT3 activation by counteracting oxidative stress 
(56), (57). In our study, while intracellular hydrogen 
peroxide levels were elevated after exposure to 
carnosine-coated nanoceria, the lack of significant 
changes in NOX4 and NRF2 expression casts some 
doubt on oxidative stress being the sole cause of 
STAT3 activation. his suggests that the STAT3 
activation observed may stem from a direct effect 
of the carnosine coating itself, possibly through 
mechanisms independent of classical ROS signaling. 
Nevertheless, the increased oxidative environment 
may still contribute to sustaining or supporting 
STAT3 activation alongside this direct activation. 
This nuanced interplay points to a complex 
regulatory network where carnosine-coated 
nanoceria modulates STAT3 activity both directly 
and indirectly, highlighting its potential for targeted 
modulation of cellular survival and proliferation 
pathways. 

The close association between STAT3, BCL2, and 
PCNA expression in our study is well supported by 
extensive literature demonstrating their 
interconnected roles in regulating cell survival, 

proliferation, and apoptosis inhibition. Alas et al. 
showed that Bcl-2 expression is controlled by the 
STAT3 signaling pathway, which is modulated by 
endogenously secreted IL-10 (58). Primary B-cell 
lymphoma tissues demonstrated a strong linkage 
between STAT3 expression or phosphorylation and 
Bcl-2 levels (59). Phospholipase D regulates Bcl-2 
expression through activation of the STAT3 
signaling pathway (60). STAT3 inactivation reduced 
PCNA, CyclinD1, and Bcl2 expression in glioma cells 
(61). STAT3 inhibitor ethanol extract of Spica 
Prunellae resulted in an increase in the 
proapoptotic Bax/Bcl-2 ratio and a decrease in the 
expression of proproliferative Cyclin D1 and CDK4 
ultimately leading to the activation of apoptosis 
and inhibition of cell proliferation in colorectal 
cancer (62). Activation of STAT3 in a mouse model 
of photocarcinogenesis led to increased 
transcription of the proliferative and antiapoptotic 
genes PCNA, Cyclin-D1, Bcl-2, and Bcl-xl (63). STAT 
3 activation following polyamine depletion 
enhances transcription and expression of Bcl-2 and 
IAP anti-apoptotic proteins and consequently 
enhancing resistance to tumor necrosis factor-
alpha-induced apoptosis (64). Phosphatidic acid 
increases Bcl-2 expression via STAT3 activation (65). 
The JAK2/STAT3 signaling cascade plays a critical 
role in the proliferation of damaged vessel wall 
cells, which is accompanied by an increase in PCNA 
(66). Thus, the close association of STAT3 and BCL2 
allows their integration into the IL-10/STAT3/BCL2 
axis (67) and TYK2/STAT3/Bcl2 (68), which are the 
basis of chemoresistance and inhibition of 
apoptosis. The synergistic change in the expression 
of STAT3, BCL2 and PCNA in our studies indicates 
that carnosine-coated nanoceria does indeed affect 
this signaling pathway.  

There is some data on the anti-proliferative 
effect of carnosine in cancer, although the full 
mechanism is unclear. Rybakova et al. showed that 
carnosine selectively inhibited the proliferation of 
human glioblastoma cells compared to breast and 
oral cavity cancer cells (69). In cultured rat 
pheochromocytoma cells, carnosine led to a 
slowdown in cell proliferation (70). Carnosine 
inhibited the proliferation of human colon cancer 
HCT116 cells (71). Carnosine suppressed the 
proliferation of human colorectal cancer cells 
through reduction of beta-catenin/Tcf-4 signaling, 
induction of both autophagy and necroptosis, and 
inhibition of angiogenesis-related processes (72). 
Carnosine demonstrates significant suppression on 
the proliferation of human cervical carcinoma cells 
via effects on mitochondrial bioenergetics and 
glycolytic pathways and the cell cycle (73). 
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On the other hand, L-carnosine contributes 
significantly to apoptosis inhibition by activating 
the anti-apoptotic protein BCL2. Neuronal 
apoptosis induced by acute cerebral ischemia was 
suppressed by carnosine through activation of the 
STAT3/Bcl2 signaling cascade (74). Carnosine was 
effective in protecting rat liver from ethanol 
damage by maintaining glutathione levels and BCL2 
expression (75), and in protecting the retina from 
ischemic damage also by increasing BCL2 
expression (76). The neuroprotective effect of 
carnosine in a mouse model of aging is based on a 
decrease in malondialdehyde and ROS levels and an 
increase in BCL2 expression (77). Carnosine 
treatment significantly increased BCL2 levels in 
lipopolysaccharide-treated Caenorhabditis elegans, 
protecting them from apoptosis (78). Carnosine 
inhibited apoptosis in H2O2-damaged human kidney 
tubular epithelial cells (79). In a rat acute kidney 
injury model, carnosine decreased Bax expression 
and increased Bcl2 expression, inhibiting renal 
tissue damage and improving survival (80). In 
frozen and thawed cattle embryos, addition of 
carnosine to the preservation solution significantly 
reduced reactive oxygen species production, 
decreased apoptosis, and increased Bcl2 mRNA 
expression (81). Thus, the increase in BCL2 and 
PCNA expression in our experiments is consistent 
with literature data indicating the anti-apoptotic 
and proliferative effect of carnosine. 

Thus, we suppose that the activation of STAT3, 
BCL2 and PCNA is a single pathway and occurs 
precisely due to carnosine. According to our 
findings, carnosine-coated nanoceria is found to be 
an activator of the STAT3/BCL2 axis, which should 
be taken into account when developing 
applications. Although the activation of the 
STAT3/BCL2 axis often needs to be suppressed, 
since this pathway is associated with increased 
cancer cell survival, anti-apoptosis, angiogenesis, 
and chemoresistance (82) (83), in some cases the 
active STAT3/BCL2 pathway is necessary to inhibit 
apoptosis. Oritani et al. showed that STAT3/BCL2 
activation inhibits IL-6-induced apoptosis of 
macrophages (84). Sepulveda et al. proved that IL-
6-mediated STAT3 activation supports an anti-
apoptotic beneficial effect in human cord blood 
CD34+ cells, primarily due to bcl-2 overexpression, 
which is useful for optimizing ex vivo cultures for 
clinical applications (85). Lee et al. demonstrated 
that Deficiency in Stat3 may predispose T cells to 
apoptosis by attenuating Bcl-2 and Bcl-xL (86). We 
propose that carnosine-coated nanoceria, as an 
activator of the STAT3/BCL2 pathway with 

negligible impact on the oxidative intracellular 
balance, may be considered a potential agent for 
promoting the survival of ex vivo cell cultures or 
organs. Thus, several biomedical scenarios can be 
proposed for the future practical application of the 
studied hybrid nanomaterial: a) optimizing ex vivo 
expansion and transplantation of hematopoietic 
stem cells, b) host defense and intestinal epithelial 
maintenance, where STAT3 activation regulates 
antimicrobial peptide expression and suppresses 
apoptosis, supporting barrier integrity and defense 
against intestinal infections, c) under conditions of 
stress or nutrient deficiency, STAT3 pathway 
activation will promote cell survival, which may be 
useful in tissue regeneration and wound healing 
after injuries. However, additional research is 
necessary to comprehensively understand the 
biological capabilities of this nanomaterial. 
 
LIMITATIONS 

In our study, we proposed the hypothesis of 
proliferation activation via the STAT3/BCL2 
signaling pathway, based on measurements of 
reporter gene and signaling pathway protein 
expression under exposure to carnosine-coated 
nanoceria. However, to confirm this hypothesis, 
mechanistic experiments using inhibitors or specific 
siRNA/shRNA knockdown of key signaling 
components should be conducted. 
 
CONCLUSIONS  

Using an in vitro model of human embryonic 
lung fibroblasts, we investigated the impacts of 
carnosine-coated nanoceria on cell survival, cellular 
uptake, intracellular ROS balance, genotoxicity and 
DNA repair systems, markers of proliferation and 
autophagy, and expression of NOX4, NRF2, and 
STAT3 proteins and genes. Carnosine-conjugated 
nanoceria exhibits no cytotoxicity up to 0.53 mM. 
Within 3 h, both pristine and carnosine-conjugated 
CeO₂ nanoparticles were efficiently internalized by 
cells. Carnosine-coated nanoceria behaved 
similarly to bare nanoceria with respect to 
cytotoxicity, genotoxicity, DNA repair, effects on 
mitochondrial membrane potential and autophagy, 
and regulation of NOX4 and NRF2 proteins. The 
main differences were observed in the expression 
of STAT3, PCNA, and BCL2 proteins, where 
carnosine-coated nanoceria induced a pronounced 
activating effect after 24 h of exposure. In addition, 
carnosine-coated nanoceria generated an oxidative 
intracellular environment after 24 h. We 
hypothesize that carnosine-coated nanoceria 
directly activates the STAT3/BCL2 axis while 
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exerting minimal effect on intracellular oxidative 
metabolism. These findings may aid the 
development of new molecular models for studying 
signaling pathways and contribute to biochemical 
mechanisms of nanoceria as a regulator of cell 
metabolism. From a practical perspective, 
carnosine-coated nanoceria, as an activator of the 
STAT3/BCL2 pathway with negligible impact on 
intracellular oxidative balance, may be considered 
a potential agent for promoting the survival of ex 
vivo cell cultures or organs. However, additional 
research is necessary to comprehensively 
understand the biological capabilities of this 
nanomaterial. 
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SUPPLEMENTARY INFORMATION 
 

  
(a) (b) 

 
(c) 

 
(d) 

Fig. S1. (a) XRD patterns of the dried ceria sols and pure carnosine; (b) UV-Vis absorption spectra of the ceria sols and pure carnosine; 
(c) hydrodynamic diameter distributions of the ceria sols; (d) FTIR spectra of the nanoceria sols and pure carnosine. 
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ABSTRACT 
Obejctive(s): Psychosis is a prevalent psychiatric disorder. Chemicals that modulate the dopaminergic system have been 

the primary treatment, but these drugs have not always been effective, and some have deleterious side effects. During the 

last several years, a concerted effort has been made to advance the development of novel pharmaceuticals, utilizing 

approaches such as nanotechnology, natural compounds, and Eastern medicinal practices. Nanotechnology, including Ag-

based nanoparticles, is an exciting option for optimizing drug performance, including reduced side effects and improved 

pharmacological and clinical profiles. The impact of curcumin‐Ag conjugated nanoparticles (Cur/Ag NPs)  was evaluated 

in a rodent model of psychosis.  

Materials and Methods: Cur/Ag NPs were synthesized and characterized by FTIR, FE-SEM, EDX, and UV-vis 

spectrophotometry. The effect of Cur-Ag NPs was determined for several psychosis-related behaviors (Yawning number, 

rearing number, and stereotype score) and blood levels of the inflammatory factors CRP, TNF-α, and IL-1β, and cortisol 

in an animal model of hyoscine-induced psychosis.  

Results: Cur/Ag NPs modulated the Yawning number, rearing number, and stereotypic score in hyoscine-induced acute 

psychosis and attenuated the blood levels of inflammatory parameters, including TNF-α, IL-1β, C-reactive protein, and 

cortisol. Cur/Ag NPs demonstrated greater efficacy compared to curcumin, altering these effects at lower concentrations.  

Conclusion: Cur/Ag NPs and Curcumin were effective in a mouse model of psychosis, exhibiting protective effects against 

hyoscine-induced acute psychosis, and may be potential candidates for further clinical investigation for treating psychosis-

related behavior.       

   

Keywords: Psychosis; Curcumin/Ag conjugated nanoparticles; Curcumin.    
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ABBREVIATIONS 
AD: Alzheimer Disease, Ag: Silver, BSA: Bovine Serum Albumin, C.longa: Curcuma longa, CRP: C-Reactive Protein, Cur: Curcumin, Cur-

Ag NPs: Curcumin-silver nanoparticles, ddH2O: Double-distilled water, EDS: Energy Dispersive X-ray Spectroscopy, ELISA: Enzyme-Linked 

Immunosorbent Assay, FESEM: Field emission scanning electron microscope, FTIR: Fourier transform infrared, GPx: Glutathione Peroxidase, 

GR: Glutathione Reductase, HAL: Haloperidol, HYO: Scopolamine, IL-1β: Interleukin-1 beta, KOH: Potassium Hydroxide, MAP: Mapping 

Analysis, NPs: nanoparticles, PD: Parkinson Disease, RNS: Reactive Nitrogen Species, ROS: Reactive Oxygen Species, SOD: Superoxide 
Dismutase,  TNF-α: Tumor Necrosis Factor-alpha, UV-Vis: ultraviolet-visible spectroscopy, XRD: X-ray diffractometer. 

INTRODUCTION 
Schizophrenia is a neurobehavioral and 

psychiatric disorder that involves a combination of 
genetics and brain chemistry [1, 2]. A proposed 

mechanism involves the excessive production of 
gamma-aminobutyric acid (GABA)- ergic neurons, 
which utilize GABA as their 
neurotransmitter. GABAergic neurons are found in 
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the hippocampus, thalamus, basal ganglia, 
hypothalamus, and brainstem, significantly 
impacting dopamine secretion and dysfunction 
through the mesocortical-mesolimbic nucleus 
pathways [3, 4].  

It has been suggested that increased dopamine 
levels or activity in the nucleus of the mesolimbic 
system is associated with the emergence of positive 
symptoms. At the same time, decreases are 
manifested as negative symptoms  [5, 6]. Several 
models for the induction of psychosis, most of 
which are based on increasing dopamine and 
decreasing the cholinergic system, are available [7-
10]. Scopolamine (hyoscine) can cause symptoms 
similar to acute psychosis in rodents [7-9, 11-13]. 
Other drugs, such as ketamine and apomorphine, 
induce chronic psychosis [12, 14-16]. Accordingly, 
and considering the pharmacological properties of 
hyoscine in inhibiting the cholinergic system and 
enhancing dopaminergic, and on substantial 
evidence of psychosis induction following its use in 
humans, as well as our pilot study and published 
literature [7-9, 17], we selected hyoscine as the 
psychosis-inducing agent for our study [7-9, 11-13]. 

The acute phase of schizophrenia involves 
altered inflammatory parameters that affect 
behavioral disorders [1, 2, 18, 19]. Chemicals that 
modulate the dopaminergic system have been the 
primary treatment, but these drugs have not always 
been effective, and some have deleterious side 
effects [5, 6, 20-22]. Therefore, during the last 
several years, research has focused on developing 
new drugs, including strategies employing 
nanotechnology,  natural compounds, and Eastern 
medicines [23, 24].  

Curcumin, the primary ingredient in turmeric, is 
a pharmacologically active, safe, accessible, and 
effective natural product [25, 26]. Curcumin 
demonstrates a variety of pharmacological effects, 
including free radical scavenging, anti-
inflammatory activity, inhibition of cell 
proliferation, antimicrobial effects, pain relief, 
antimalarial activity, tumor suppression, induction 
of programmed cell death, and inhibition of new 
blood vessel formation [26-29].  

Nanotechnology, including Ag-based 
nanoparticles [30-33], is an exciting option for 
optimizing drug performance, including reduced 
side effects and improved pharmacological and 
clinical profiles [30-33]. Curcumin nanoparticles as 
modulators of neurobehavioral and neurologic 
disorders such as anxiety, depression, PD, and AD 
have been investigated, but the involvement of 
curcumin nanoparticles in the management of 
schizophrenia and psychotic-like disorders has not 
been evaluated [34]. Effects exerted by curcumin-

Ag conjugated nanoparticles on several 
inflammatory parameters were assessed in a rat 
model of acute psychosis.  
 
MATERIALS AND METHODS   
Agents and Materials   

Curcumin, silver nitrate (AgNO3), ethanol, and 
potassium hydroxide were obtained from Merck 
(New Jersey, USA). Reagents were of analytical 
grade and applied as supplied (DNA Co, Iran, 
Tehran).   
 
Synthesis of curcumin‐Ag conjugated 
nanoparticles 

An eco-friendly method capitalizing on 
curcumin's reductive and stabilizing properties was 
used for synthesizing the curcumin‐Ag conjugated 
nanoparticles [35, 36]. Curcumin (5mg) was 
dissolved in 50 mL of double-distilled water at 
neutral pH and heated to 85–90°C, resulting in an 
orange-colored solution. Fifty mL of a silver nitrate 
solution (0.1 M) was gradually added to the orange-
colored solution, yielding a yellow-colored solution. 
This mixture was refluxed at 85–90°C for one hour 
and cooled to 4°C. The solution was brought to a pH 
of about 8 using potassium hydroxide (0.1 M), 
during which the color transitioned from yellow to 
pale yellow and ultimately to dark orange, 
accompanied by the emergence of brown, flaky 
precipitates. 

The silver ions (Ag⁺) interacted with curcumin to 
form a stable silver-curcumin complex, stabilizing 
the ions and initiating the reduction process 
(Equation 1). The aldehyde group in curcumin (R-
CHO), the reducing agent, was oxidized to 
carboxylic acid (R-COOH). At the same time, the 
reduction of silver ions in the complex formed 
metallic silver nanoparticles (Equation 2). This 
mechanism also promoted nucleation and 
stabilized the nanoparticles in a colloidal state. 

(1) Ag+(aq) + Curcumin → [Ag(Curcuma.longa) ]+ 
(2) [Ag(C.longa) ]+ + R─CHO → 

[Ag(Curcuma.longa) ]+ + R─COOH  
 
Characterization studies of nanoparticles 

The Cur/Ag NPs were characterized using 
analytical techniques to confirm their structural, 
compositional, and morphological properties. UV-
Vis spectroscopy monitored the optical properties 
and validated the successful formation of 
nanoparticles by identifying characteristic plasmon 
resonance peaks. The crystallographic structure 
was determined using XRD, providing insights into 
the crystalline and lattice arrangement of the 
nanoparticles. 
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The Cur/Ag NPs' elemental composition and 
distribution were analyzed using EDS and MAP, 
which determined elemental ratios and their spatial 
dispersion within the nanoparticles. FESEM was 
utilized to investigate the nanoparticles' surface 
morphology, size, and shape, offering high-
resolution visualizations of the nanoscale 
architecture. 

FTIR identified functional groups and confirmed 
the interaction between curcumin and silver ions. 
This analysis also provided information about the 
nanoparticles' stability and potential surface 
modifications. These techniques allowed an 
understanding of the physicochemical properties 
and structural integrity of the Cur/Ag NPs. 
 
Stability of curcumin‐Ag conjugated nanoparticles 

The stability of the curcumin-Ag conjugated 
nanoparticles is influenced by the chemical 
interaction between functional groups of Cur and 
silver ions, forming a robust bond that enhances the 
nanoparticle integrity. These nanoparticles 
exhibited remarkable stability due largely to 
curcumin's antioxidant and reducing properties, 
which prevented oxidation and agglomeration of 
silver particles. FTIR and XRD analyses confirmed 
the nanoparticles' strong coordination and 
crystalline structure, indicating resistance to 
degradation over time. Additionally, their stability 
was further validated by energy dispersive 
spectroscopy, which revealed a uniform elemental 
distribution. These morphological observations 
were confirmed through electron microscopy.  
 
In-vivo study  
Animals   

One hundred and forty-four male and 50 female 
BALB/c mice (30–35g) were purchased from 
Experimental Animal Center of IUMS and held for 
two weeks before initiating experimental 
procedures. Animals have free access to water and 
animal special pellet feed (Parsfeed Co, Tehran, 
Iran). The animal house was controlled with 
standard room temperature: 22 ± 2°C; relative 
humidity: 5-40%; and light/dark cycles (12-hour). 
Both series of animal protocols were confirmed and 
approved by the ethics committees of research at 
the Pharmacy and Pharmaceutical Branches Faculty 
at Islamic Azad Tehran Medical Sciences University 

[Protocol and Ethical Code Number: IR. 
IAU.PS.REC.1398.348] [37]. Signs of toxicity were 
evaluated in the animals 24 hours after treatment 
and continuously during weeks one and two. 
 
Experimental animal procedure  
Pilot study evaluating the toxicity of the eco-
friendly synthesized nanoparticles 

Mice (8/sex/group) were administered 
intraperitoneally 1000, 1250, 1500, 1750, or 2000 
mg/kg Cur/Ag NPs and observed for behavioral 
changes and signs of toxicity throughout the initial 
24 hours and daily for two weeks. Brain, liver, heart, 
testes, and lungs were prepared for 
histopathological evaluation. This evaluation 
showed normal cellular architecture without 
evidence of inflammation, degeneration, or 
necrosis; thus, this nanoparticle  [38, 39].   
 
Effect of curcumin-Ag conjugated nanoparticles on 
behavioral and molecular changes in a rodent 
psychosis model (Fig. 1) 
Male mice (8/group) were randomly divided into 
eight groups as follows: 

 Group 1: received 0.2 mL of normal saline 
(control).  

 Group 2:  Hyoscine (HYO) (0.125 mg/kg).  

 Group 3: HYO (0.125 mg/kg) and haloperidol 
(HAL) (5 mg/kg). 

  Groups 4-6: HYO (0.125 mg/kg) and Cur/Ag 
NPs (20, 40 and 60 mg/kg).  

 Group 7: HYO (0.125 mg/kg) and also Cur (40 
mg/kg).  

 Group 8: HYO (0.125 mg/kg) and Ag (40 
mg/kg).    
All treatments were given intraperitoneally (ip). 

The main experimental procedures, protocol and 
also associated timeline are schematically 
illustrated in Figure 1. Dose selection for HYO [10, 
40-42], HAL [43-46], Cur [30, 47, 48], and Ag[49, 50] 
was based on the literature. Cur/Ag NPs doses were 
chosen based on previous results [51-53]. In groups 
3–8, injections were administered at one-hour 
intervals. Psychosis-related behavior (Yawning 
number, rearing number, and stereotype score) 
was observed as early as one hour after drug 
administration in the experimental groups but not 
in control animals.
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Fig. 1. (A) Schematic illustration of experimental grouping and (B) Timeline for experimental procedure and evaluation 

Investigation of rearing responses induced by 
novelty 

Central excitatory locomotor behavior was 
evaluated by a blinded observer using novelty-
induced rearing behavior [54-56] in a transparent 
Plexiglas chamber (50 cm ×30 cm × 30 cm). The 
number of rearing was characterized by the number 
of standings on their hind limbs or standing with 
their forelimbs against the wall of the observation 
box or free in the air. Rearing behavior was 
measured over  10 minutes [54, 55]. The testing 
chamber was cleaned with 10% ethanol between 
testing runs to eliminate potential olfactory bias [54-
56].  
 
Behavioral assessment of Yawning 

Yawning behavior, a standard behavior in 
rodents that closely mimics psychosis [56-58], is 
characterized by prolonged (more than 1 s) and a 
significant mouth opening, quickly succeeded by 
closure [56, 57]. This behavior was evaluated by a 
blinded observer observing the Yawning behavior of 
the mice in a transparent Plexiglas chamber (50 cm 
×30 cm × 30 cm). Yawning was measured over 10 
minutes, and the testing chamber was cleaned with 
10% ethanol between testing runs to prevent 
possible olfactory interference [56-58]. 
 
Assessment of stereotypic behavior 

Stereotypic behaviors are a series of standard 
psychosis-related behaviors that can be observed in 
rodents [59-61]. The signs of stereotypy sniffing and 
gnawing are scored as follows:  absence of 

stereotypy was scored as 0, occasional sniffing was 
scored as 1, occasional sniffing with occasional 
gnawing was scored as 2, frequent gnawing was 
scored as 3, intense continuous gnawing was scored 
as 4, and marked gnawing activity along with staying 
in place was scored as 5 [59-61]. Scores are summed 
over   10 minutes for each animal. A blinded observer 
determined scores while the animals were in the 
transparent Plexiglas chamber (50 cm ×30 cm × 30 
cm).  

After the behavioral assessments, Animals were 
subjected to thiopental sodium-induced anesthesia 
(50 mg/kg) and then euthanized. Blood samples 
were collected directly from the heart to measure 
inflammatory factors such as TNF-alpha, CRP, IL-
1beta, and cortisol levels. Samples were centrifuged 
and stored at -20 °C until analyzed.  
 
Assessment of blood cortisol level 

The cortisol concentration (µg/dL) was measured 
using electrochemical luminescence kits  (DNA Co., 
Tehran, Iran) [62, 63]. Results are reported as µg/dL 
[62, 63]. 
 
Measurements of total protein   

Total protein levels were quantified using the 
Bradford special assay kit (Bio-Rad, Providence, RI, 
USA). A standard protein curve was constructed with 
BSA using serially diluted BSA solutions in the range 
of 0.1–1.0 mg/mL. Zero, 0.5, 10, 15, 20, 25, 30, or 35 
µL of serum was added to separate wells, and then 
the Bradford reagent was added. Using a Hiperion 
Microplate Reader (MPR4+, Rayto Company, China), 
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absorbance between 630 and 635 nm was recorded 
to evaluate protein content in each well [64-66].  
 
Assessment of TNF-α, IL-1β and CRP 

Commercial Enzyme-linked immunosorbent 
assay (ELISA) and antibody-based kits (Sino Biological 
Co., Eschborn, Germany) for TNF-α (SEK50349), IL-1β 
(50101-R001), and CRP ( KIT11250A) were used to 
determine serum levels of CRP, TNF-α, and IL-1β.  
Sheep anti-mouse TNF-α, IL-1β, and CRP polyclonal 
antibodies (Sino Biological CO, Eschborn, Germany) 
were washed three times with a wash buffer (0.5M 
NaCl, 2.5mM NaH2PO4, 7.5mM Na2HPO4, 0.1% Tween 
20), pH, 7.2. In individual wells, ovalbumin solution 
[100µL of 1% (w/v)] (Sigma Chemical Co., Poole, 
Dorset, U.K.) was added and maintained at room 
tmeparture with 37° C for 1.5 hours. All wells were 
then washed three times with the provided buffer 
solution. One hundred µL of standard solution or 
sample was added to all wells and incubated at 
45 °C for 24 hours. Then, all wells were washed (3 
times with the buffer), and 100 µL of sheep-based 
TNF-α, IL-1β, or CRP antibody was added to the 
appropriate wells (Antibodies diluted as 1:1000 in 
wash buffer containing 1% sheep serum, Sigma 
Chemical Co., Poole and Dorset, U.K.). All wells were 
incubated at room temperature for 60 minutes and 
washed three times with the buffer solution. Next, 
100µL of Avidin-HRP (Dako Ltd, U.K.), diluted 1:5000 
in wash buffer, was added to each well, followed by 
incubation for 20 minutes. All wells were washed (3 
times) with the wash buffer, and 100µL of TMB 
substrate (3,3',5,5'-Tetramethylbenzidine) 
solution (Dako Ltd., U.K.) was added to each well and 
incubated (16 min) at room temperature. In the final 
step, 100µL of 1M H2SO4 was added to all wells to 
stop the reaction. Optical density was read at 450 
nm, and results for TNF-α, IL-1β, and CRP are given in 
pg/mL [67-70].   
 
Statistical analysis  

All statistical evaluations and analyses were 
performed with special software, GraphPad PRISM 
v.6 (2016) (GraphPad Company, San Diego, USA). 
The mean ± standard deviation (SD) was calculated 
for all parameters and all experiments, then analyzed 
by a one-way ANOVA (Analysis of Variance), F-test. 
Differences and comparisons between each group 
were evaluated using Bonferroni’s post-hoc test. The 
continuous variables were confirmed to follow a 
normal distribution by Kolmogorov-Smirnov test, 
and Levene's or Bartlett's test was used for analysis 
of variance consistency among groups. Data met 
ANOVA assumptions of normality (Kolmogorov-
Smirnov, P>0.05) and equal variances (Levene’s test, 

P>0.05), justifying the use of parametric tests. P<0.05 
was considered significant. For each experimental 
parameter, the number in parentheses indicates the 
F (7, 56) statistic, with the subsequent P value 
provided. 
 
RESULT  
Cur/Ag NPs synthesis   

The successful/effective synthesis of the Cur/Ag 
NPs was confirmed.  
 
FT-IR spectroscopy characterization 

The FT-IR spectrum of the curcumin-silver 
nanoparticles, illustrated in Figure 2, offers insights 
into the nanoparticle's chemical functionality and 
surface modification. Although signals associated 
with carbon-carbon bonds are common in organic 
compounds, they generate overlapping bands that 
are generally weak and do not provide clear 
diagnostic information. A broad absorption band in 
the 2400–3450 cm⁻¹ range was observed, indicative 
of hydroxyl (–OH) stretching vibrations. This feature 
was attributed to oxidative processes introducing 
hydroxyl and carboxyl functional groups at the 
surface of the nanoparticle, which play a significant 
role in surface stabilization and functionalization. 

A significant peak in the absorption spectrum at 
1627 cm⁻¹ corresponded to the stretching vibration 
of carbonyl (C=O) groups, while the band at 1278 
cm⁻¹ was assigned to C–O stretching vibrations, 
highlighting the presence of ester or phenolic 
functional groups, supporting the chemical 
interaction between curcumin and silver ions in 
forming and stabilizing the nanoparticle. The peaks 
at 1510 cm⁻¹ and 1514 cm⁻¹ were associated with the 
aromatic C=C stretching vibrations intrinsic to the 
curcumin structure. The peaks confirmed that 
curcumin retained its aromatic structure, which is 
essential for its biochemical activity. 

The absorption bands at 3014 cm⁻¹ and 3049 cm⁻¹ 
represented sp²-hybridized alkenyl (C–H) stretching 
vibrations, while the band at 2972 cm⁻¹ indicated the 
presence of sp³-hybridized aliphatic (C–H) bonds. 
These characteristic functional groups and 
vibrational modes provided an extensive insight into 
the molecular interactions and surface chemistry of 
the curcumin-silver nanoparticles. The FTIR analysis 
indicated a shift to lower stretching frequency 
values, suggesting effective coordination between 
curcumin's functional groups and silver ions. This 
shift signified strong interaction and stabilization 
during the nanoparticle synthesis process. These 
results support the successful synthesis of curcumin-
silver nanoparticles.  
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Fig. 2. FT-IR spectrum of Cur/Ag NPs 

Characterization by UV–Vis spectrophotometry 

The UV-Vis analysis identified a strong absorption 
peak at 428 nm (Figure 3), confirming the successful 
formation of silver nanoparticles. This peak affirmed 
the nanoscale size and interaction with curcumin. It 
also highlights the coordination between silver and 
curcumin's functional groups, demonstrating 
effective stabilization and synthesis of nanoparticles. 

 

 
Fig. 3. UV-Vis analysis of Cur/Ag NPs 

 
Morphological insights from FESEM and EDX 
studies 

The FESEM (Figure 4) spectrum provided further 
evidence of successful nanoparticle formation. The 
results confirmed that curcumin effectively acted as 
a reducing agent, converting silver ions into silver 
nanoparticles. Additionally, the morphology of the 
nanoparticles and the identification of their 
constituent profile are illustrated in the following 
figures, offering additional validation of the 
structural characteristics of the curcumin-silver 
nanoparticles. The constituent elements of the 

curcumin–silver nanoparticles produced were 
characterized through EDS (Figure 5). EDS results 
validated the detection of silver (Ag), chlorine (Cl), 
carbon (C), nitrogen (N) and oxygen (O) as 
constituents of the nanoparticles. Figure 6 illustrates 
the elemental mapping, showcasing the presence of 
C, N, O, Cl, and Ag in the curcumin-silver 
nanoparticles. High-resolution FESEM images 
combined with EDS analysis further confirmed the 
successful incorporation of silver, revealing its even 
distribution throughout the curcumin matrix. This 
consistency highlighted the contribution of curcumin 
as an efficient reducing and stabilizing factor during 
the synthesis process. Figure 7 offers a spatial 
visualization of the elements, showing the successful 
incorporation of silver nanoparticles within the 
curcumin-silver framework and verifying the 
presence of silver while demonstrating its uniform 
distribution alongside carbon, nitrogen, oxygen, and 
chlorine.  
 
XRD analysis  

The diffraction pattern revealed the crystalline 
lattice structure of the silver metal nanoparticle. As 
shown in Figure 8, the diffraction peak at 23.8° was 
attributed to the presence of hexagonal graphite. 
The diffraction pattern exhibited strong signals at 
38.1°, 44.3°, 64.4°, 77.4°, and 81.5°, consistent with 
silver’s crystallographic planes, confirming the 
crystalline state of silver and the proper synthesis of 
curcumin–silver nanoparticle. The matching 
diffraction peaks with standard silver patterns 
further demonstrated the reliability of the synthesis 
process. 
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Fig. 4. FESEM analyses of Cur/Ag NPs 

 
 

 
Fig. 5. EDS analyses of Cur/Ag NPs 
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Fig. 6. Elemental mapping of Cur/Ag NPs 

 
 

 
Fig. 7. FESEM combined with EDS of Cur/Ag NPs 

 

 
Fig. 8. XRD analyses of Cur/Ag NPs 
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Cur/Ag NPs effects against psychosis related 
behavior  
Cur/Ag NPs effects on HYO-prompted CHANGES in 
rearing behavior 

HYO (0.125 mg/kg) increased rearing number 
(6.600; P<0.05). HAL (5 mg/kg) reduced the rearing 
number in the HYO (0.125 mg/kg) treated mice 
(6.600; P<0.05) (Figure 9). Cur/Ag NPs with doses of 
40 or 60 mg/kg reduced the rearing number in HYO-
treated mice (6.600; P<0.05). Cur (40 mg/kg) and Ag 
(40 mg/kg) did not alter the rearing number in HYO-
treated mice (Figure 9). 
 

Cur/Ag NPs effects on HYO-prompted changes in 
Yawning behavior 

HYO (0.125 mg/kg) increased the Yawning 
behavior (5.323; P<0.05) (Figure 10). HAL (5 mg/kg) 
reduced the Yawning behavior in HYO-treated mice 
(5.323; P<0.05) (Figure 10). Cur/Ag NPs with doses 
of 40 and 60 mg/kg also reduced Yawning behavior 
in the HYO-treated mice (5.323; P<0.05). Cur as 40 
mg/kg and Ag, with a dose of 40 mg/kg did not 
change the Yawning behavior in HYO-treated mice 
(Figure 10). 

 
 

 
Fig. 9. Effects of Cur/Ag NPs on HYO-induced Alteration in Rearing Number. 

Data are Mean ± SD (n=8). * P< 0.001 vs. control. # P< 0.001 vs. HYO (5 mg/kg). 
HYO: Hyoscine, Cur: Curcumin, Cur/Ag N.P.s: Curcumin-silver nanoparticles, HAL: Haloperidol. 

 
 

 
Fig. 10. Effects of Cur/Ag NPs on HYO-induced Alteration in Yawning Number. 

Data are Mean ± SD (n=8). * P< 0.001 vs. control. # P< 0.001 vs. HYO (5 mg/kg). 
HYO: Hyoscine, Cur: Curcumin, Cur/Ag N.P.s: Curcumin-silver nanoparticles, HAL: Haloperidol. 
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Cur/Ag NPs effects on HYO- HYO-prompted changes 
in stereotype behavior 

HYO (0.125 mg/kg) increased stereotype 
behavior scores (4.553; P<0.05) (Figure 11). HAL (5 
mg/kg) reduced the stereotype behavior scores in 
HYO (0.125 mg/kg) treated mice (4.553; P<0.05) 
(Figure 11). Cur as 40 mg/kg and Cur/Ag NPs with 
doses of 40 and 60 mg/kg reduced stereotype 
behavior scores in HYO (0.125 mg/kg) treated mice 
(4.553; P<0.05) (Figure 11). Ag (40 m/kg) did not 
change these scores in HYO (0.125 mg/kg) treated 
mice (Figure 11).  
  

Cur/Ag NPs effects against psychosis related 
inflammatory biomarkers  
Cur/Ag NPs effect on HYO-induced changes in blood 
cortisol level 

HYO (0.125 mg/kg) increased blood cortisol 
levels (4.393; P<0.05) (Figure 12). HAL (5 mg/kg) 
reduced these levels in HYO (0.125 mg/kg) treated 
mice (4.393; P<0.05) (Figure 12). Cur as 40 mg/kg 
and Cur/Ag NPs with doses of 40 and 60 mg/kg 
reduced blood cortisol levels in HYO (0.125 mg/kg) 
treated mice (4.393; P<0.05) (Figure 12). Ag (40 
m/kg) did not affect the blood cortisol levels in HYO 
(0.125 mg/kg) treated mice (Figure 12). 

 

 
Fig. 11. Effects of Cur/Ag NPs on HYO-induced Alteration in Stereotype Score. 

Data are Mean ± SD (n=8). * P< 0.001 vs. control. # P< 0.001 vs. HYO (5 mg/kg). 
HYO: Hyoscine, Cur: Curcumin, Cur/Ag N.P.s: Curcumin-silver nanoparticles, HAL: Haloperidol. 

 
 

 
Fig. 12. Effects of Cur/Ag NPs on HYO-induced Alteration in Cortisol Level. 

Data are Mean ± SD (n=8). * P< 0.001 vs. control. # P< 0.001 vs. HYO (5 mg/kg). 
HYO: Hyoscine, Cur: Curcumin, Cur/Ag N.P.s: Curcumin-silver nanoparticles, HAL: Haloperidol. 
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Fig. 13. Effects of Cur/Ag NPs on HYO-induced Alteration in C-reactive Protein Level. 

Data are expressed as Mean ± SD (n=8). * P< 0.001 vs. control. # P< 0.001 vs. HYO (5mg/kg). 
HYO: Hyoscine, Cur: Curcumin, Cur/Ag N.P.s: Curcumin-silver nanoparticles, HAL: Haloperidol. 

 
Cur/Ag NPs effect on HYO-induced changes in 
blood CRP level 

HYO (0.125 mg/kg) increased blood CRP levels 
(5.375; P<0.05) (Figure 13). HAL (5 mg/kg) 
reduced the blood CRP levels in HYO (0.125 
mg/kg) treated mice (5.375; P<0.05) (Figure 13). 
Cur with doses of 40 mg/kg and Cur/Ag NPs with 
doses of 40 and 60 mg/kg reduced blood CRP 
levels in HYO (0.125 mg/kg) treated mice (5.375; 

P<0.05) (Figure 13). Ag (40 m/kg) did not change 
the blood CRP levels in HYO (0.125 mg/kg) 
treated mice (Figure 13).    
 
 
 

Cur/Ag NPs effect on HYO-induced changes in blood 
TNF-α, IL-1β level 

HYO (0.125 mg/kg) increased blood TNF-α 
(5.332; P<0.05) and IL-1β (6.466; P<0.05) levels 
(Figure 14 A and B). The analysis revealed stable 
levels of TNF-α in the blood (5.332) or IL-1β (6.466) 
in HYO (0.125 mg/kg) treated mice (Figure 14 A and 
B) given HAL (5 mg/kg). Cur with a dose of 40 mg/kg 
and Cur/Ag NPs as 40 and 60 mg/kg reduced blood 
TNF-α (5.332; P<0.05) and IL-1β (6.466; P<0.05) 
levels in HYO (0.125 mg/kg) treated mice (5.375; 

P<0.05) (Figure 14 A and B). Ag (40 m/kg) did not 
change the blood TNF-α (5.332) and IL-1β (6.466) 
levels in HYO (0.125 mg/kg) treated mice (Figure 14 
A and B).   
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Fig.-14. Effects of Cur/Ag NPs on HYO induced alteration in TNF-α (A) and IL-1β (B) level. 

Data are expressed as Mean ± SD (n=8). * P< 0.001 vs. control. # P< 0.001 vs. HYO (5mg/kg). 
HYO: Hyoscine, Cur: Curcumin, Cur/Ag N.P.s: Curcumin-silver nanoparticles, HAL: Haloperidol. 

DISCUSSION  
As a chronic psychiatric illness, schizophrenia 

profoundly impacts cognitive functions, affective 
states, and social conduct. Managing schizophrenia 
requires ongoing treatment  [1, 2]. Disorders of 
dopamine and secretion function in the nucleus of 
mesocortical-mesolimbic are primary mechanisms 
of psychosis [3, 4]. Most antipsychotic drugs, such 
as haloperidol (HAL), act by altering the amount and 
strength of dopamine and serotonin and/or their 
associated receptors [71, 72]. Several models, 
based on increasing dopamine levels and 
decreasing acetylcholine and glutamate, are 
available for the induction of psychosis in rodents 
[7-9, 11-13]. Hyoscine and ketamine are examples 
of drugs that induce acute psychosis in 
experimental animals. Hyoscine was used in our 
study to induce behavioral effects associated with 
acute psychosis [7-9, 11-13].  

Neuroinflammation and increased systemic 
inflammatory status have critical roles in psychosis-
related behavioral disorders [73-76]. Because of the 
increased inflammatory response in such disorders, 
new therapeutic strategies should consider 
targeting these molecular events [77, 78]. Thus, 
modulating or reducing neuroinflammation and 
systemic inflammation may be valuable targets for 
new drug development   [79, 80]. Such anti-
inflammatory drugs are likely to be more specific, 
hopefully, with fewer side effects than traditional 
antipsychotic drugs [79-81].  

Curcumin, the active ingredient in turmeric [82, 
83], has antioxidant, anti-inflammatory, and anti-
cell death properties [82-85]. Curcumin as a 
modulator in the management of behavioral 
disorders, such as mood, cognitive, and motor 
disorders, has been suggested [85]. Curcumin, 
however, as an effective drug in psychotic 

disorders, has been less studied [25, 86]. 
Furthermore, its role in the management of 
schizophrenia and psychotic-like disorders has not 
been sufficiently evaluated [25, 86]. Accordingly, 
the role of curcumin and curcumin nanoparticles in 
the management of some neurobehavioral and 
neurologic disorders, such as anxiety, depression, 
PD, AD, and other similar disorders, was 
investigated. In our study, curcumin positively 
altered behavioral parameters by modulating 
several inflammatory pathways. Thus, it could 
represent a potential therapeutic option for 
psychosis, particularly when delivered in a 
nanoparticle-based formulation [25, 82, 83, 86]. 

Nanotechnology has significantly contributed to 
drug development  [87, 88] by increasing drug 
specificity and improving pharmacodynamic 
efficacy, pharmacokinetic properties, and the 
overall pharmacologic profile [88]. Nanotechnology 
has also reduced adverse side effects [87, 88].  

The green synthesis of our nanoparticle avoided 
toxic chemicals, highlighting curcumin's potential 
for sustainable and biocompatible production of 
nanoparticles. By leveraging curcumin's chemistry, 
this process demonstrated its applicability in 
nanotechnology and sustainable material science, 
emphasizing the importance of eco-conscious 
strategies in nanoparticle synthesis and showcasing 
curcumin as a significant contributor to green 
chemistry initiatives. Selected tissues from mice 
exposed to doses of the synthesized Cur/Ag 
nanoparticles as high as 2000 mg/kg daily for two 
weeks revealed no notable changes or tissue 
damage. They further displayed normal cellular 
architecture without evidence of inflammation, 
degeneration, or necrosis. These findings 
confirmed the non-toxic nature of Cur/Ag NPs, 
supporting its safety profile. 
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The effects of  Cur/Ag NPs on several 
inflammatory and behavioral parameters were 
evaluated in the hyoscine-induced rodent model of 
acute psychosis. Cur/Ag NPs protected against 
hyoscine-induced acute psychosis in a mouse 
model. Cur/Ag NPs modulated the Yawning 
number, rearing number, and stereotypic score in 
the hyoscine-induced acute psychosis. Cur/Ag NPs 
also inhibited the blood levels of the inflammatory 
factors TNF-α, IL-1β, C-reactive protein, and 
cortisol.  

HYO administration caused an increase in 
rearing numbers [89]. In contrast, HAL, a dopamine 
D2 receptor antagonist, reduced the rearing 
number in HYO-treated mice, which confirmed its 
antipsychotic role  [90]. Cur/Ag NPs with doses of 
40 and 60 mg/kg reduced the rearing number in 
HYO (0.125 mg/kg) treated mice. However, neither 
Cur nor Ag alone altered the rearing numbers. The 
nanocomposite of Cur/Ag NPs enhanced the 
curcumin effects and exerted an anti-psychosis 
role, supporting previous studies [30, 31].  

Yawning behavior was increased by YOH but 
inhibited by HAL. The effects of YOH and HAL on 
Yawning behavior were consistent with previous 
results and confirmed the psychotic role of YOH 
[89] and the antipsychotic role of HAL  [90]. Cur/Ag 
NPs with doses of 40 and 60 mg/kg reduced the 
Yawning behavior in HYO-treated mice. Cur as 40 
mg/kg and Ag (40 mg/kg) did not change the 
Yawning behavior.   

HYO increased the stereotype behavior scores, 
while HAL reduced the stereotype behavior scores 
in HYO-treated mice. Cur and Cur/Ag NPs reduced 
stereotype behavior scores in HYO-treated mice. 
However, our curcumin-metal nanocomposite 
particles enhanced the antipsychotic effects of this 
herbal compound (curcumin). As shown in Figures 
9, 10, and 11, 40 mg/kg of curcumin and  40 mg/kg 
of Cur/Ag NPs positively affected rearing numbers, 
Yawning behavior, and stereotype behavior scores. 
The Cur/Ag NPs altered these parameters, 
however, to a greater degree than curcumin alone.  

HYO increased blood cortisol and CRP levels and 
enhanced the blood level of TNF-α and IL-1β, and 
HAL reduced these inflammatory parameters. In 
contrast, curcumin alone and Cur/Ag NPs (40 and 
60 mg/kg) decreased TNF-α, IL-1β, and attenuated 
CRP and blood cortisol levels in HYO-treated mice. 
Ag (40 m/kg) did not change cortisol, TNF-α, IL-1β, 
or CRP blood levels. The Cur/Ag NPs exerted their 
protective effects against these inflammatory 
parameters at lower doses (Figures 12, 13, and 14). 
Although some of these changes were not 
statistically significant,  these changes, 

nonetheless, support the potential beneficial 
effects of nanoparticles [87, 88]. 

Earlier research has suggested that 
inflammatory processes are strongly involved in the 
development of psychosis [73-76] and that 
inflammation can predispose degenerative damage 
and subsequent behavioral disorders such as 
psychosis [73-76, 91]. Cytokines may be valid 
biomarkers of psychosis in patients with this 
disease [91, 92]. The development of new anti-
inflammatory drugs should be designed with 
mechanisms that inhibit inflammatory pathways in 
mind [79]. Both curcumin and Cur/Ag NPs may have 
a place in the management of psychosis by reducing 
oxidative stress and free radical activity, while 
increasing antioxidants such as superoxide 
dismutase, glutathion peroxidase, and glutathione 
reductase, and enhancing glutathione, and 
reducing the levels of reactive nitrogen species and 
reactive oxygen species [93-96].  

Curcumin nanoparticle compounds with greater 
potency and potentially fewer side effects can play 
an effective anti-inflammatory role [30, 31]. In 
addition to the role of oxidative stress and 
inflammation, cell death-related pathways such as 
apoptosis and autophagy play a critical role in the 
mechanism and pathophysiology of psychosis [96-
99]. Some of the effects of curcumin and Cur/Ag 
NPs may be explained by their potential anti-cell 
death properties [95-99]. Although we did not 
evaluate oxidative stress and cell death-related 
pathways, future studies should consider these 
pathways. In addition, since curcumin modulates 
neurotransmitters such as acetylcholine, 
dopamine, serotonin and glutamate [96-99], both 
curcumin and Cur-Ag NPs may have a potential role 
in managing acute psychosis [100-105]. 
        
CONCLUSION  

Although we did not evaluate cell death-related 
pathways in the present study, both curcumin and 
curcumin-silver nanoparticles (Cur/Ag NPs) showed 
antioxidant properties potentially beneficial for 
psychosis management, possibly through 
modulation of neurotransmitter systems like 
dopamine and serotonin (98-101). Cur/Ag NPs 
demonstrated efficacy at lower doses than 
curcumin alone in reducing psychosis-like behaviors 
and inflammation in the hyoscine-induced rodent 
model of acute psychosis, with no observed toxicity 
at tested doses, suggesting their promise as safe 
therapeutic candidates (102-107). In addition to the 
role of oxidative stress and inflammation, cell 
death-related pathways such as apoptosis and 
autophagy play an essential role in the 
pathophysiology of acute psychosis [96-99]. 

https://onlinelibrary.wiley.com/doi/abs/10.1002/jbt.23611
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Additional research, works and studies are required 
to clarify mechanisms, chronic safety, and clinical 
effectiveness (95-101). 
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ABSTRACT 
Objective(s): Integrating magnetic resonance imaging (MRI) with proton therapy holds significant promise for 

enhancing treatment efficacy. Magnetic nanoparticles (MNPs), such as gadolinium and superparamagnetic iron oxide 

nanoparticles (SPIONs), are well-known for improving tissue contrast in MRI. In this study, we investigate the 

potential of core–shell nanoparticles (Au@MNPs) as agents that can enhance the delivery of therapeutic doses to 

targeted tissues. Specifically, we examine how variations in core diameter and shell thickness, using either gadolinium 

oxide (Gd₂O₃) or SPION shells, influence dose enhancement. 

Materials and Methods: A simulated proton beam with a weighted energy spectrum—representing both primary and 

secondary protons within the Spread-Out Bragg Peak (SOBP) region—was used to irradiate the nanoparticles. The 

energy deposited within the nanoparticles, as well as the phase space of surrounding secondary particles, was evaluated. 

Key parameters, including energy efficiency, total energy release, and the number of secondary electrons, were 

analyzed to compare the performance of various nanoparticle designs. 

Results: Our findings indicate that incorporating a gold core is advantageous for thin magnetic layers (<15 nm), as it 

enhances the dose around the nanoparticle while maintaining a size compatible with MRI applications (<20 nm). In 

contrast, for thicker magnetic layers (greater than 20 nm), a larger gold core diameter is required to achieve effective 

dose enhancement.  

Conclusion: These results suggest that embedding a gold core with a diameter of less than 15 nm within MRI-

compatible nanoparticles is a promising strategy for enhancing dose delivery in proton therapy. Further studies are 

warranted to investigate the impact of core–shell nanoparticles on magnetic properties, which are critical for their 

theranostic potential. 
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INTRODUCTION 

MRI-guided proton therapy represents a 
significant advancement in cancer treatment by 
synergistically combining the characteristic Bragg 
peak profile of proton beams with the real-time 
imaging capabilities of magnetic resonance imaging 
(MRI) [1,2]. This integration enables highly 
conformal dose delivery to tumor targets while 
minimizing exposure to surrounding healthy 
tissues, thereby supporting a more personalized 
and potentially curative treatment approach [3]. 
Nanoparticles—particularly superparamagnetic 
iron oxide nanoparticles (SPIONs) and gadolinium 

(Gd)-based nanoparticles—exhibit high 
biocompatibility and tunable surface properties [4]. 
These characteristics, along with their intrinsic 
magnetic properties, make them promising 
candidates not only as T1 and T2 MRI contrast 
agents but also for magnetic hyperthermia and 
various other medical applications [5–8]. 

The fight against cancer has also highlighted a 
critical role for metallic nanoparticles (NPs) in 
radiation therapy [9,10]. By incorporating NPs into 
radiotherapeutic protocols, researchers aim to 
enhance treatment efficacy against cancer cells 
while minimizing—or at least maintaining—the risk 
of complications in healthy tissues [11]. A wide 
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range of elements, from titanium (atomic number 
22) to bismuth (atomic number 83), is currently 
being investigated as potential dose-enhancing 
agents in conventional photon-based radiotherapy 
and ion therapy [12,13]. Although both SPIONs and 
gadolinium-based magnetic nanoparticles (MNPs) 
have been studied for their dose-enhancing 
potential [14–17], gold nanoparticles (AuNPs) have 
attracted significantly greater research interest due 
to their advantageous combination of high atomic 
number, high density, and excellent 
biocompatibility [18–21]. Proton irradiation of NPs 
can result in localized dose enhancement through 
the generation of low-energy secondary electrons. 
It is hypothesized that a substantial fraction of 
these excess electrons, observed in the secondary 
electron spectra emitted from the NPs, originates 
from Auger electron emission processes [22,23]. 

SPIONs and gadolinium-based nanoparticles can 
be simultaneously utilized for both imaging and 
dose enhancement. Incorporating gold into these 
nanoparticles further amplifies their dose-
enhancing capabilities. The integration of magnetic 
nanoparticles with gold can take various structural 
forms, one of which is the Au@MNP configuration, 
where gold serves as the core and the magnetic 
material forms the outer shell [24]. This theranostic 
nanoparticle structure has been investigated for a 
wide range of medical applications [25,26]. One 
advantage of this hybrid design is that it largely 
preserves the magnetic properties of the 
nanoparticle, thereby maintaining its efficacy as an 
MRI contrast agent [27]. Additionally, secondary 
electrons generated in the gold core experience 
less attenuation as they traverse the magnetic shell, 
and electrons produced within the shell can also 
directly contribute to dose enhancement. 

A limited number of studies have investigated 
the radiosensitizing properties of core–shell 
nanoparticles, particularly in the context of 
radiation therapy. To the best of our knowledge, 
only two studies have specifically examined core–
shell structures for this purpose. Slama et al. 
explored the potential of 8 nm Fe₃O₄@Au core–
shell nanoparticles to enhance radiation-induced 
effects on redox status, pro-inflammatory markers, 
and cell death in A549 human lung cancer cells [28]. 
In their study, megavoltage (MV) X-rays were 
applied at a dose rate of 600 cGy/min, and the 
results demonstrated that Fe₃O₄@Au nanoparticles 
significantly increased the radiosensitivity of cancer 
cells. In another study, Xu et al. employed Monte 
Carlo simulations to evaluate the physical dose 
enhancement of Fe₃O₄@Au core–shell 
nanoparticles (comprising a 60 nm Fe₃O₄ core and 

a 20 nm Au shell) under irradiation with a 50 keV 
photon beam [29]. Both studies confirmed the 
potential of Fe₃O₄@Au nanoparticles as effective 
radiosensitizers. However, these investigations 
were limited to X-ray irradiation, and date, no 
research has addressed the radiosensitization 
effects of core–shell nanoparticles in the context of 
proton therapy. This gap underscores the novelty of 
our current study, which aims to explore the 
potential of core–shell nanoparticles for dose 
enhancement in proton therapy. 

Several methods have been successfully 
developed for the synthesis of Au@MNP core–shell 
nanostructures. For example, Orlando et al. 
synthesized gold–maghemite (Au@γ-Fe₂O₃) core–
shell nanoparticles by nucleating an iron oxide shell 
onto pre-synthesized gold seeds, resulting in 
particles approximately 16 nm in diameter with a 
4.7 nm outer shell [30]. Similarly, Lin and Doong 
fabricated Au@Fe₃O₄ yolk–shell nanocatalysts via 
thermal decomposition of iron pentacarbonyl, 
yielding nanoparticles with diameters ranging from 
8 to 15 nm and shell thicknesses of 2.0–2.4 nm [31]. 
Another approach, reported by Shevchenko et al., 
involved the random nucleation of iron onto pre-
formed gold nanoparticles through thermal 
decomposition, producing Au@SPIONs with core 
diameters of 4. 5 nm and shell thicknesses of 2.5–
3.3 nm [32]. 

Furthermore, Liu et al. prepared bifunctional 
Au@Fe₃O₄ hybrid core–shell nanoparticles by first 
synthesizing Au nanoparticles via thermal 
reduction, followed by the thermal decomposition 
of Fe(acac)₃ on the gold surface [33]. The resulting 
particles exhibited an average diameter of 11 nm, 
comprising an 8 nm gold core. Umut et al. 
synthesized Au@Fe₃O₄ hybrid nanoparticles as 
potential MRI contrast agents using wet chemical 
methods, producing particles with gold cores 
ranging from 5 to 8 nm and an average overall 
diameter of 15.9 nm [34]. Additionally, Oliveira-
Filho et al. synthesized Au@Fe₃O₄ core–shell 
nanoparticles via thermal decomposition, yielding 
nanocomposites with a 10.5 nm gold core and a 
1.85 nm thick shell [35]. Felix et al. also investigated 
Au@Fe₃O₄ core–shell nanoparticles fabricated 
through thermal decomposition, resulting in 
particles with a 6.9 nm gold core and a 3.5 nm Fe₃O₄ 
shell [36]. 

Collectively, these studies highlight the 
versatility of core–shell nanoparticle synthesis 
methods and demonstrate the potential for precise 
control over core and shell dimensions to meet the 
specific requirements of various biomedical 
applications. 
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The impact of core size and magnetic shell 
thickness on the dose enhancement efficacy of 
Au@MNP nanoparticles during proton 
radiotherapy was investigated using Monte Carlo 
simulations. This study examines the interplay 
between the increased probability of proton 
interactions and the self-absorption of secondary 
electrons within the nanoparticle structure. While 
enlarging the core and shell can improve the 
likelihood of proton collisions, it may also intensify 
intra-nanoparticle absorption of therapeutic 
secondary electrons. Moreover, given the limited 
tissue uptake of nanoparticles, their mass 
concentration must be carefully optimized to 
achieve the desired effect. Therefore, achieving a 
balance among core size, shell thickness, and total 
nanoparticle mass is essential for maximizing dose 
deposition. In this work, we evaluate the dosimetric 
performance of Au@MNP nanoparticles with 
varying geometrical configurations under proton 
irradiation using Monte Carlo methods. Due to the 
inherent complexities involved, the magnetic 
properties of these nanoparticles will be addressed 
in future studies focused on synthesis and 
characterization. 

The subsequent sections outline the 
methodology used to simulate a proton beam with 
a weighted energy spectrum that reflects 
interactions with nanoparticles at various depths 
within the tumor. This approach accounts for 
spatial variations in nanoparticle distribution within 
the tumor microenvironment. Nanoparticles with 

varying core sizes and shell thicknesses are 
irradiated using this beam model, enabling the 
extraction of key physical and dosimetric 
parameters. The investigation further examines 
how nanoparticle mass and energy efficiency 
impact the formation of secondary particles and the 
resulting yield of distinct chemical species. We 
anticipate that these findings will offer valuable 
guidance in optimizing the design of Au@MNP 
hybrid theranostic nanoparticles, ultimately 
supporting effective dose enhancement strategies 
in proton therapy. 

 
MATERIALS AND METHODS 

In pencil beam scanning (PBS) proton therapy, 
where nanoparticles are uniformly distributed 
within the tumor volume, individual nanoparticles 
are exposed to proton beams with varying energy 
spectra. This variation arises from the stepwise 
modulation of proton beam energy used to 
sequentially target different depth layers within the 
treatment volume. Such spectral heterogeneity 
necessitates evaluating nanoparticle responses 
across the full range of incident energies to ensure 
optimal therapeutic efficacy. An ideal nanoparticle 
design would either exhibit consistent 
radiosensitizing performance at the average energy 
and intensity of the proton beam or be optimized 
to respond effectively to the weighted energy 
spectrum characteristic of PBS irradiation  

 

 

Fig. 1. Simulation geometry and nanoparticle irradiation process. (a): Depth dose profile of proton beams in a water phantom. Thirty-
one phase-spaces within the SOBP were recorded at 1.0 mm intervals. (b): Energy spectrum of the proton particles recorded in the 31 

phase-spaces in SOBP. (c) A disc-shaped proton source irradiates the nanoparticle. The descriptions of the different part of the 
nanoparticle are shown at the bottom of the Fig. 1(c). 
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Monte Carlo simulations were conducted using 
the TOPAS and TOPAS-nBio toolkits [37–39]. A total 
of 31 phase spaces, each separated by 1 mm, were 
extracted from a water phantom irradiated with 
proton beams (Figure 1a). The proton beam energy 
and the resulting spread-out Bragg peak (SOBP) are 
illustrated in Figure 1a. All primary and secondary 
protons within these phase spaces were 
incorporated to construct a new proton beam with 
a weighted energy spectrum, as shown in Figure 1b. 
Subsequently, a disk-shaped proton source with a 
diameter equivalent to the nanoparticle size was 
defined and assigned the weighted energy 
spectrum (Figure 1b) to simulate nanoparticle 
irradiation. Protons from this source were emitted 
in parallel and directed toward the nanoparticle 
(Figure 1c). For each simulation, approximately 50 
million incident protons were used as primary 
histories. 

The nanoparticles investigated in this study 
consist of a gold core coated with a magnetic 
component—either superparamagnetic iron oxide 
(SPION) or gadolinium oxide (Gd₂O₃) 
nanoparticles—as illustrated in Figure 1c. A 
comprehensive set of simulations was performed 
using gold cores with eleven distinct diameters: 3, 
5, 7, 9, 12, 15, 20, 30, 40, 50, and 70 nm. The 
thickness of the magnetic shell was varied across 
ten values: 0, 5, 7, 10, 15, 20, 25, 30, 40, and 50 nm. 
Simulations were conducted using the Livermore 
low-energy physics model, configured with a 10-eV 
threshold for secondary particle production and a 
maximum step size of 1 nm. To accurately capture 
the complete de-excitation cascade, Auger electron 
emission, fluorescence, and proton-induced X-ray 
emission (PIXE) were all included. Additionally, the 
energy cutoff was bypassed during cascading 
processes to ensure precise modeling of secondary 
electron emissions. 

Following this simulation step, data were 
collected from three distinct phase spaces: (1) the 
core–shell interface, capturing secondary particles 
generated in the core and exiting into the magnetic 
shell; (2) the outer nanoparticle surface, recording 
secondary particles originating from both the core 
and the shell, separated into two distinct datasets. 
In addition, the total energy deposited by both 
primary and secondary particles within the entire 
nanoparticle (core + magnetic shell) was quantified. 
For subsequent analysis, only electrons were 
considered, as they are the most abundant and 
influential contributors to local dose distribution 
around the nanoparticle. 

The collected data were used to generate 
several visualizations, including the energy 

spectrum of secondary electrons, their total 
number, and average energy, analyzed separately 
for the core and the entire nanoparticle. To 
evaluate the effect of core size and magnetic shell 
thickness on dose enhancement efficacy around 
the nanoparticle, we calculated the ratio of energy 
emitted from the nanoparticle surface to the total 
energy transferred to the nanoparticle volume 
(including both deposited and emitted energy). This 
ratio, referred to as energy efficiency, serves as a 
key metric for assessing the nanoparticle’s 
effectiveness in enhancing local dose deposition. 
For comparison, the energy efficiency of individual 
SPIONs, Gd₂O₃, gold, and hypothetical water 
nanoparticles—each with identical mass—was also 
analyzed. Furthermore, in light of the limited mass 
concentrations achievable in tumors, the specific 
energy released per unit nanoparticle mass (mass-
normalized energy release) was evaluated. 

The complete chemical stage of the simulation 
was performed for each nanoparticle. The source of 
secondary particles at the nanoparticle surface was 
defined using a phase space containing all 
secondary electrons emitted from the entire 
nanoparticle volume. Five types of nanoparticles 
with comparable mass were investigated: gold, 
SPION, Gd₂O₃, Au@MNP (gold core with magnetic 
nanoparticle shell), and a hypothetical water 
nanoparticle surrounded by a 1 mm diameter water 
sphere. The simulations utilized the 
TsEmDNAPhysics and TsEmDNAChemistry 
modules, which account for both physical and 
chemical interactions. For thermalized solvated 
electrons, the well-established Ritchie model was 
used. The diffusion and interaction of chemical 
species were simulated using the independent 
reaction times (IRT) method, chosen for its high 
computational efficiency, which is particularly 
beneficial for modeling low linear energy transfer 
(LET) particles, such as electrons. The yields of 
various chemical species were tracked over time 
steps ranging from 1 picosecond to 1 microsecond. 
However, for clarity and brevity, only the results 
corresponding to two representative species are 
presented. 

 
RESULTS 

Figure 1a illustrates the dose profile and the 
spread-out Bragg peak (SOBP) generated by proton 
beams of specific energies within a tumor phantom 
measuring 3 cm in diameter.  

Figure 1b presents the corresponding weighted 
energy spectrum, derived from 31 phase spaces 
sampled along the SOBP region. This spectrum has 
an average energy of 35.73 MeV and displays 
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negative skewness. The observed skew toward 
higher energies is attributed to the greater 
abundance of high-energy protons in phase spaces 
corresponding to shallower tumor layers—an effect 
inherent to active pencil beam scanning 
techniques. 

Figure 2 presents the energy spectra of 
secondary electrons emitted from various 
nanoparticles with different core diameters and 
shell thicknesses. All spectra are normalized to the 
number of primary protons in the beam. Figures 2a 
and 2b specifically focus on electrons originating 
from the gold core and reaching the nanoparticle 
surface. Both spectra exhibit a distinct peak at 
approximately 1 keV. As shown in Figure 2b, the 
number of core-originated electrons decreases 
with increasing shell thickness (either SPION or 
Gd₂O₃). In contrast, Figure 2a shows that increasing 
the gold core diameter—while keeping shell 

thickness constant—leads to a higher number of 
emitted electrons. In terms of attenuation, the 
SPION shell exhibits lower attenuation for sub-1 
keV electrons compared to the Gd₂O₃ shell. 
However, this trend reverses at energies above 1 
keV, where the Gd₂O₃ shell becomes more 
transparent to core-emitted electrons. 

Figures 2c and 2d depict the energy spectra of 
secondary electrons emitted from the entire 
nanoparticle, including both core and shell 
contributions. At energies below 1 keV, 
characteristic peaks corresponding to Auger 
electrons from specific atomic shells of SPION and 
Gd₂O₃ are evident. Notably, the SPION-coated 
nanoparticles exhibit a higher intensity of emitted 
electrons in this low-energy range (below 1 keV). 
However, this trend reverses at energies above 1 
keV, where Gd₂O₃-coated nanoparticles 
demonstrate greater electron emission. 

 
 
 
 
 

Fig. 2. Energy spectra of secondary electrons reaching the nanoparticle surface following proton irradiation. Variations in core diameter 
and shell thickness are investigated. The number of energy bins differs between panels (a) and (b) compared to (c) and (d) due to 

differing analysis requirements. (a) Electrons originating from the nanoparticle core: core diameter is fixed, while MNP shell thickness 
varies. (b) Electrons originating from the core: core diameter varies, while MNP layer thickness is constant. (c) Electrons originating 
from the entire NP (core + layer): core diameter is fixed, while MNP layer thickness varies. (d) Electrons originating from the entire 

nanoparticle: core diameter varies, while MNP layer thickness is constant. 
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Fig. 3. Total energy released from the outer surface of Au@SPION (circular marker) and Au@Gd2O3 (triangular marker) nanoparticles of 

three different sizes (indicated by legend) following proton irradiation. Continuous lines represent the sum of all secondary particles 
and photons, while dashed lines depict the contribution solely from secondary electrons. 

Figure 3 illustrates the normalized total energy 
emitted from the nanoparticle surface per incident 
proton (keV/proton). Two data series are 
presented: one representing the combined energy 
emitted by all particles and photons, and the other 
showing energy emission by secondary electrons 
only. The figure demonstrates that secondary 
electrons are the primary contributors to the 
outward energy flux from the nanoparticle. For a 
fixed core size, increasing the shell thickness results 
in a growing divergence between the total emitted 
energy and the energy attributable solely to 
secondary electrons. Nevertheless, both curves 
follow a broadly similar trend. As a result, the 
remainder of this study will focus exclusively on 
analyzing secondary electron emission. 

Figure 4a illustrates the dependence of emitted 
electron yield on magnetic shell thickness for 
various core diameters. For cores smaller than 12 
nm, the number of emitted electrons increases with 
increasing shell thickness. This trend is attributed to 
two primary factors: (1) the enhanced probability of 
interactions between the primary proton beam and 
the nanoparticle due to increased overall 
interaction volume, and (2) reduced self-absorption 
of electrons within smaller cores. For cores larger 
than 12 nm, a different behavior is observed: the 
number of emitted electrons initially decreases 
with increasing shell thickness before rising again. 
The increased likelihood of electron self-absorption 
within larger cores explains this. In such cases, 
many of the electrons generated within the core 
lose energy before reaching the core–shell 
interface. As a result, even a thin shell may absorb 
a substantial portion of these low-energy electrons, 

reducing the overall emitted yield. However, as 
shell thickness increases further, more electrons 
generated in the core are fully absorbed within the 
nanoparticle. Consequently, the emitted electron 
yield becomes increasingly dominated by electrons 
produced within the shell. This, combined with 
rising self-absorption within the thicker shell, leads 
to a convergence of the emission curves across 
different core sizes, as observed in Figure 4a. 

Figure 4b quantifies the contribution of core-
generated electrons to the total emitted yield as a 
function of shell thickness for various core 
diameters. The data reveal a rapid decline in this 
contribution with increasing shell thickness. 
Notably, the rate of decrease is steeper for smaller 
cores. For example, a 12 nm gold core shows a 
sharp drop in its contribution to the total yield, 
decreasing to approximately 10% when the shell 
thickness reaches 10 nm. This effect is even more 
pronounced for a 3 nm core, where the 
contribution falls to less than 1% at the same shell 
thickness. 

Given the limited tissue uptake of nanoparticles, 
their mass must be taken into account when 
evaluating surface-emitted energy. Figure 4c shows 
the total energy emitted per unit mass of each 
nanoparticle, normalized by both the number of 
incident primary protons and the individual 
nanoparticle mass. The results indicate that, for a 
fixed core diameter, thinner magnetic shells yield 
more favorable energy output per unit mass. 
Furthermore, for a given shell thickness, 
nanoparticles with smaller cores exhibit higher 
energy release per unit mass. 
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Fig. 4. (a) Number of electrons released from the outer surface of Au@SPION and Au@Gd2O3. (b) Percentage contribution of released 
energy by core electrons to the total energy of all electrons released from the outer surface of the nanoparticle. (c) Normalized 

released energy by the total secondary electrons to the NP’s mass. (d) Mean energy distribution of secondary electrons is depicted. 
Error bars represent the standard deviation (SD) normalized to the (5 × 𝑚𝑒𝑎𝑛 𝑒𝑛𝑒𝑟𝑔𝑦) (indicated by circles). Only the positive side of 

the bars is shown for clarity. For the first three subFig.s, the parameters are divided to the number of primary protons in the run. 

Figure 4d presents the average energy of 
electrons emitted from the nanoparticle surface. 
The error bars indicate the relative standard 
deviation (i.e., the ratio of standard deviation to 
mean energy) for each data point. For clarity, only 
one-fifth of the positive error value is displayed. 
The average electron energy shows a clear 
dependence on core size. For a fixed shell thickness, 
the diameter increases with the core diameter. This 
trend can be attributed to the preferential self-
absorption of low-energy electrons within the 
nanoparticle, which results in a higher mean energy 
among the electrons that escape. Conversely, for a 
fixed core size, the average electron energy initially 
decreases and then increases with increasing shell 
thickness. This non-monotonic trend is more 
pronounced for smaller core sizes. The initial 
decrease is likely due to the increased contribution 
of Auger electrons generated within the shell, 
particularly those with energies below 1 keV. 

These lower-energy electrons can readily reach 
the nanoparticle surface, resulting in a decrease in 
the average energy of the emitted electrons. As the 
shell thickness increases further, only Auger 
electrons generated near the outer surface can 
escape. Simultaneously, higher-energy electrons 
originating from deeper regions of the shell 

contribute more significantly, leading to an overall 
increase in the average energy. This behavior is also 
reflected in the spectra shown in Figure 1. The 
observed decrease–increase trend in average 
energy is more pronounced in nanoparticles 
containing SPIONs compared to those with Gd₂O₃ 
shells. This difference can be attributed to the 
higher abundance of low-energy Auger electrons 
(below 1 keV) produced in SPIONs. Additionally, for 
a given core size and shell thickness, Gd₂O₃-coated 
nanoparticles consistently exhibit higher average 
emitted electron energies than their SPION-coated 
counterparts. 

Another important metric for evaluating 
nanoparticle performance is the energy transfer 
efficiency, defined as the ratio of the energy 
emitted by the nanoparticle to the total energy 
absorbed by it. In this study, total absorbed energy 
includes both the energy deposited within the 
nanoparticle volume and the energy emitted from 
its surface. In other words, it represents the total 
energy lost by incident protons during their 
interactions with the nanoparticle. Figure 5a 
presents the energy transfer efficiency as a function 
of core diameter for various magnetic shell 
thicknesses. 

( (
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Fig. 5. (a) Energy efficiency, defined as the ratio of deposited energy within the nanoparticle to the total energy released or deposited, 
is presented for Au@MNP nanoparticles with varying core diameters and MNP shell thicknesses. (b) Energy efficiency defined for single 

gold nanoparticles, SPION, Gd2O3, and a hypothetical water nanoparticle with a mass equivalent to the Au@SPION_10nm 
configuration. The curve of Au@SPION_10nm nanoparticle are considered for comparison with the curves in Fig.5 (a). 

Across all studied nanoparticles, the energy 
transfer efficiency remains below 40%. However, 
nanoparticles with Gd₂O₃ shells consistently exhibit 
higher efficiency compared to those coated with 
SPIONs. In Gd₂O₃-based nanoparticles, efficiency 
decreases with increasing gold core diameter, as well 
as with increasing shell thickness for a fixed core size. 
A similar trend is observed in SPION-based 
nanoparticles. However, for SPION shells with a 
thickness of 5 nm, an initial increase in efficiency is 
followed by a subsequent decrease as the core 
diameter increases. This non-monotonic behavior is 
also expected for SPION shell thicknesses below 5 nm. 

Figure 5b compares the energy transfer efficiency 
of individual nanoparticles—gold (Au), SPION, Gd₂O₃, 
and hypothetical water—with the trends observed in 
Figure 5a. In this comparison, an Au@SPION 
nanoparticle with a 10 nm shell thickness serves as the 
baseline. By varying the core size of this reference 
nanoparticle, other single-material nanoparticles with 
equivalent mass were defined and subjected to 
proton irradiation. The diagram illustrates energy 
transfer efficiency as a function of nanoparticle mass. 

As shown in the figure, nanoparticles composed of 
elements with higher atomic numbers and physical 
densities exhibit improved energy transfer efficiency 
at a fixed mass. Accordingly, the Au@SPION 
nanoparticle demonstrates higher efficiency than a 
pure SPION nanoparticle, but remains less efficient 
than a pure gold nanoparticle. A similar trend is 
anticipated for Au@Gd₂O₃ structures. Notably, all 
nanoparticles in Figure 5b show higher efficiency than 
the hypothetical water nanoparticle, reinforcing the 
concept of localized dose enhancement through high-
Z nanoparticles embedded within tissue. 

Figure 6 presents the time-dependent G-values for 
hydroxyl radicals (•OH) and hydrogen peroxide (H₂O₂) 
species generated as secondary products from 
nanoparticle (NP) interactions within a surrounding 
water medium. The data show that nanoparticles with 
identical mass produce relatively similar G-values over 
time, regardless of composition. However, the G-
values measured in the vicinity of the hypothetical 
water nanoparticle are significantly higher than those 
associated with other nanoparticle types. 

 
Fig. 6. Comparison of the G-value of two chemical Species for gold, Gd2O3, SPION, Au@SPION:10 nm@10 nm, and hypothetical water 

nanoparticles. 

(b
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DISCUSSION 
This study investigates the design of core–shell 

nanoparticles (Au@MNP) for dose enhancement in 
proton therapy, with a dual focus on maximizing 
energy deposition and preserving the magnetic 
properties necessary for effective MRI contrast. 
Monte Carlo simulations were conducted using a 
weighted energy spectrum that represents the 
proton beam, including both primary and 
secondary particles. This spectrum captures 
variations in beam characteristics experienced by 
nanoparticles located at different depths within the 
tumor. Specifically, nanoparticles situated deeper 
within the tumor are exposed to a proton beam 
with a distinct energy distribution and particle 
fluence compared to those closer to the surface. To 
account for this depth-dependent variation, the 
weighted spectrum was constructed using phase 
space data extracted from multiple positions along 
the tumor depth. Although a 3 cm-diameter tumor 
located at a 14 cm depth within a water phantom 
was modeled in this study, it is acknowledged that 
the energy distribution within the spread-out Bragg 
peak (SOBP) remains relatively consistent across 
different depths in water or tissue-equivalent 
phantoms. For simplicity, this investigation focuses 
primarily on interactions between the proton beam 
and the nanoparticles. However, it is recognized 
that other secondary particles—particularly 
neutrons and photons generated during therapy—
may also contribute to dose enhancement through 
interactions with nanoparticles in the tumor 
microenvironment. In particular, neutron 
interactions with gadolinium-based contrast agents 
have been shown to further augment local dose 
deposition [40–42]. 

An alternative modeling approach could involve 
simulating nanoparticle interactions exclusively 
with the specific proton beam encountered at their 
respective locations within the tumor during each 
spot scan. This method would effectively place the 
nanoparticle within the Bragg peak region of 
individual beamlets, where protons reach their 
lowest kinetic energy. At these energies, high-Z 
elements such as gold exhibit near-maximum 
electronic stopping power, increasing the likelihood 
of electron interactions and potentially enhancing 
local dose deposition [43]. However, several 
additional factors must be taken into consideration. 
First, the energy of secondary electrons generated 
during proton–nanoparticle interactions is critical. 
These electrons must possess sufficient energy to 
traverse not only the magnetic coating layer but 
also any biocompatible surface layer surrounding 
the nanoparticle, to reach the surrounding tissue. 

Since higher-energy protons produce secondary 
electrons with greater kinetic energy, they offer 
improved penetration potential. Second, the 
number of protons per beamlet decreases 
progressively with increasing depth in tissue [44]. 
As a result, nanoparticles located proximal to the 
beam entrance are exposed to a greater number of 
protons than those situated near the distal edge or 
Bragg peak. Finally, even at relatively high 
nanoparticle concentrations, the probability of a 
single proton directly interacting with a specific 
nanoparticle during a single spot scan remains low, 
due to the small size of individual nanoparticles and 
the large number of protons delivered per spot 
area. Therefore, to achieve optimal dose 
enhancement, it is essential to consider not only 
the proton energy at the Bragg peak but also the 
total number of protons delivered across the entire 
tumor volume, as well as the spatial distribution of 
nanoparticles during the full course of spot 
scanning. 

The number of electrons generated within 
hybrid nanoparticles is governed by the interplay 
between electron production and attenuation 
processes occurring in both the core and shell 
regions. When employing gold as the core material 
and either gadolinium oxide or SPION as the shell, 
the high density of gold leads to an increased 
probability of electron production compared to the 
surrounding shell materials. However, this 
advantage is offset by the higher likelihood of 
electron attenuation within gold itself. As a result, 
for nanoparticles with thin shells, a gold core can be 
beneficial for enhancing electron yield and, 
consequently, dose deposition. In contrast, for 
nanoparticles with thicker shells, the presence of a 
gold core contributes little to dose enhancement. 
Instead, it increases the overall nanoparticle mass, 
a crucial consideration given the clinical limitations 
on nanoparticle loading. The optimal shell 
thickness, which is often determined by imaging 
functionality (e.g., MRI contrast), thus becomes a 
critical design parameter for balancing radiation 
dose enhancement with imaging performance and 
mass constraints. 

SPION nanoparticles used for MRI contrast 
typically range in size from a few nanometers up to 
approximately 20 nm [45,46]. As shown in Figure 
4b, the contribution of core-generated electrons to 
the total energy emitted from the nanoparticle 
surface declines sharply with increasing magnetic 
shell thickness. To ensure nanoparticle sizes remain 
below the 20 nm threshold for optimal 
biocompatibility, various combinations of core 
diameter and shell thickness can be considered. For 
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example, with a 7 nm gold core and a shell thickness 
of up to 10 nm, the core electron contribution 
drops from 100% to approximately 5%. 
Alternatively, increasing the core diameter to 12 
nm while limiting the shell to 8 nm reduces the 
contribution from 100% to around 20%. These 
results suggest that incorporating a gold core is 
beneficial primarily for very small or ultrasmall 
magnetic nanoparticles. However, in such cases, 
the potential effect of the gold core on the 
magnetic properties of the surrounding shell must 
be carefully evaluated to preserve MRI 
functionality. 

Uncertainties related to chemical reactions at 
the nanoparticle–water interface, as well as within 
non-water-based nanoparticles, likely contribute to 
the observed discrepancies in radiolytic product 
yields between simulations with water-only and 
nanoparticle-containing systems. This highlights 
the need for further investigation. In pure water 
simulations, the homogeneous environment allows 
for more straightforward calculation of species 
production both within the hypothetical water 
nanoparticle and at its interface. In contrast, for 
simulations involving other nanoparticles dispersed 
in aqueous media, the model does not track 
chemical processes occurring inside the 
nanoparticles or at their interfaces [47]. This 
limitation introduces uncertainty into the 
calculated G-values (radiolytic product yields). 
Although the simulation accounts for some energy 
deposition from primary and secondary protons, as 
well as secondary electrons, within the 
nanoparticles, this deposited energy is only 
considered for the hypothetical water nanoparticle 
and not for others. As a result, the G-values for non-
water nanoparticles may be underestimated in 
comparison. It is essential to acknowledge that the 
actual G-values for both water and other 
nanoparticles may differ from the simulated values 
due to these modeling limitations. 

A key limitation of this study is the exclusion of 
a biocompatible layer over the magnetic shell. 
While the primary objective was not to quantify 
absolute dose enhancement, the investigation 
focused on assessing the influence of core and shell 
dimensions on secondary electron emission 
characteristics. Biocompatible coatings—such as 
polyethylene glycol (PEG)—are known to attenuate 
both the energy and quantity of electrons reaching 
surrounding tissues, potentially reducing the dose 
enhancement effect of nanoparticles [48]. Given 
the observed similarities in the extracted electron 
spectra across various nanoparticles, a comparable 
reduction in secondary electron energy and yield 

may be expected following the application of a 
biocompatible layer. However, the specific impact 
of such a layer is likely to vary depending on its 
composition, thickness, and density [49]. Further 
studies are necessary to quantitatively assess the 
extent of reduction in electron yield and total 
emitted energy caused by the presence of a 
biocompatible coating. 

Biocompatible coatings are crucial for 
mitigating the toxicity of superparamagnetic iron 
oxide and gadolinium oxide nanoparticles when 
used as MRI contrast agents. Although this study 
does not quantify the magnetic properties or assess 
the impact of biocompatible coatings, it is 
recognized that such layers can significantly alter 
the energy and yield of emitted secondary 
electrons, thereby influencing the overall dose 
enhancement effect. Therefore, while the primary 
focus of this work is on the relationship between 
core and shell dimensions and secondary electron 
emission, the inclusion of biocompatible layers is 
strongly recommended in future studies, 
particularly those involving biological systems or in 
vivo applications. 

 
CONCLUSION 

This study investigated the influence of core 
diameter and magnetic shell thickness on 
secondary electron emission from Au@MNP 
nanoparticles containing either Gd₂O₃ or SPION 
shells. The nanoparticles were irradiated by 
primary and secondary protons within the Spread-
Out Bragg Peak (SOBP) region of a simulated proton 
beam. Our results indicate that the contribution of 
core electrons to dose enhancement is inversely 
proportional to the thickness of the magnetic shell. 
For small and ultrasmall nanoparticles—typically 
used as MRI contrast agents—incorporating a gold 
core can enhance dose delivery while maintaining 
an overall size compatible with MRI applications 
(i.e., below 20 nm). In contrast, for thicker magnetic 
shells, gold cores exceeding 20 nm in diameter may 
be more effective for dose enhancement; however, 
such particles may exceed the size limits for MRI 
and could instead be explored for alternative 
applications such as magnetic hyperthermia. 
Overall, our findings suggest that embedding a gold 
core with a diameter less than 15 nm within MRI-
compatible nanoparticles represents a promising 
approach for enhancing proton therapy dose 
delivery. Further studies are warranted to assess 
the impact of these core–shell nanoparticles on 
magnetic properties, a critical consideration for 
their theranostic potential. 
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ABSTRACT 

Objective(s): Titanium dioxide nanoparticles (TiO₂ NPs), which are widely used in food and consumer 

products, have been associated with oxidative stress and inflammatory toxicity. Eugenol, a naturally occurring 

phenolic compound with well-established anti-inflammatory and antioxidant properties, may exert protective 

effects when delivered through nanocarriers. 

Materials and Methods: TiO₂ nanoparticles were synthesized via a co-precipitation method and subsequently 

functionalized with eugenol (TiO₂@eugenol). FTIR, XRD, DLS, zeta potential analysis, FE-SEM, and TEM 

were used to characterize the nanoparticles. Thirty-six BALB/cJ mice were randomly assigned to six groups 

(n = 6 per group). They received intraperitoneal injections of free eugenol, TiO₂ nanoparticles, or 

TiO₂@eugenol at low (50 mg/kg) or high (200 mg/kg) doses for 14 days. Following the treatment period, 

serum concentrations of IL-1β, IL-6, and TNF-α were measured using ELISA; hepatic caspase-3/7 activity 

was assessed; and histological examinations of the liver, kidney, and spleen were performed. Gene expression 

of antioxidant markers (SOD3, GR, GPx) in liver tissue was evaluated by qRT-PCR. 

Results: TiO₂ NPs significantly increased pro-inflammatory cytokines and hepatic caspase-3/7 activity. They 

also induced necrosis and inflammatory alterations in the liver, kidney, and spleen. In contrast, TiO₂@eugenol 

markedly suppressed cytokine release and apoptotic activity while preserving tissue architecture. qRT-PCR 

analysis showed that TiO₂ NPs downregulated antioxidant-related genes, whereas TiO₂@eugenol 

significantly upregulated their expression, indicating improved redox homeostasis. 

Conclusion: Eugenol functionalization improved the biocompatibility profile of TiO₂ NPs and provided 

substantial protection against TiO₂-induced toxicity by attenuating inflammation, apoptosis, and oxidative 

stress while restoring antioxidant defenses. These findings highlight the therapeutic potential of eugenol-

loaded TiO₂ nanoparticles and support further investigation in extended exposure models and disease-specific 

applications. 
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INTRODUCTION 
The advent of nanotechnology has 

revolutionized multiple scientific disciplines by 
enabling the design, modification, and application 
of materials at the nanoscale. At this dimension, 
materials exhibit unique physicochemical 
properties that differ substantially from those of 

their bulk counterparts, including enhanced 
reactivity, improved solubility, and altered 
biological interactions [1, 2]. Among the wide range 
of engineered nanomaterials, titanium dioxide 
nanoparticles (TiO₂ NPs) have attracted 
considerable attention due to their 
biocompatibility, stability, photocatalytic activity, 
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and cost-effectiveness. These nanoparticles are 
widely incorporated into cosmetics, sunscreens, 
paints, and food additives owing to their UV-
blocking and whitening capabilities [3-5]. 
Furthermore, their emerging biomedical 
applications—such as antimicrobial therapies and 
targeted drug delivery—have intensified research 
into their interactions with biological systems. 
Despite these advantages, growing evidence 
indicates that TiO₂ NPs may elicit unintended 
cytotoxic and immunotoxic responses, particularly 
following systemic exposure [6, 7]. 

Nanoparticles such as TiO₂ can interact with 
biological fluids and tissues, forming a protein-rich 
coating known as the bio-corona. This layer, 
composed of proteins, lipids, and other 
biomolecules, defines the nanoparticle's biological 
identity and influences its cellular uptake, 
biodistribution, and immunogenicity [8, 9]. Upon 
internalization—particularly by immune cells such 
as macrophages and dendritic cells—TiO₂ NPs may 
initiate inflammatory signaling through 
mechanisms involving oxidative stress, 
inflammasome activation, and cytokine release [10, 
11]. Prolonged exposure or accumulation of these 
particles may consequently result in chronic 
inflammation, tissue injury, or, in some cases, 
tumorigenesis [12, 13]. A major pathway through 
which nanoparticles exert toxicity is the excessive 
generation of reactive oxygen species (ROS). This 
occurs when the surface of TiO₂ NPs catalyzes redox 
reactions under UV or visible light exposure. ROS 
overproduction can induce oxidative damage to 
proteins, lipids, and nucleic acids, ultimately 
impairing cellular function and initiating apoptosis 
or necrosis [14, 15]. The anatase crystalline form of 
TiO₂ is particularly noted for its heightened 
photocatalytic activity and ROS-generating 
capacity, making it more bio-reactive—and 
potentially more toxic—than the rutile form [16, 
17]. In light of these toxicological concerns, 
naturally derived compounds with antioxidant and 
anti-inflammatory properties have been explored 
as potential modifiers to mitigate NP-induced 
damage. One such compound is eugenol, a phenolic 
phytochemical predominantly found in clove, 
cinnamon, tulsi, and other aromatic plants. It 
exhibits a broad spectrum of biological activities, 
including antimicrobial, antioxidant, anti-
inflammatory, and anticancer effects [18-20]. These 
properties position eugenol as a promising 
candidate for functionalizing or loading onto 
nanoparticles to enhance their therapeutic utility 
while diminishing toxicity. Recent research suggests 
that eugenol can attenuate inflammatory 
responses by reducing cytokine production, 

scavenging ROS, and stabilizing cellular membranes 
[20, 21]. When incorporated into nanoparticles, 
eugenol not only enhances biocompatibility but 
may also modulate immune function by lowering 
macrophage activation and neutrophil recruitment. 
Thus, eugenol-loaded TiO₂ NPs represent an 
innovative approach that integrates the structural 
advantages of nanomaterials with the biological 
potency of phytochemicals. Furthermore, the 
immune response to TiO₂ NPs is highly dependent 
on the nanoparticle’s size, morphology, surface 
charge, and surface functionalization. These 
characteristics determine how the immune system 
recognizes and interacts with the particle, 
influencing processes such as opsonization, 
phagocytosis, and cytokine production [10, 22]. In 
the absence of surface modification, TiO₂ NPs are 
often perceived as foreign entities, triggering 
innate immune responses via toll-like receptors 
(TLRs) and inflammasome pathways, such as 
NLRP3. These interactions promote the release of 
pro-inflammatory cytokines, including IL-1β and IL-
18, and recruit immune cells to the site of exposure 
[23, 24]. The adaptive immune system may also be 
activated, particularly if nanoparticles act as 
haptens by binding to proteins and forming 
complexes that can trigger antibody production or 
T-cell activation. Such immune recognition can be 
advantageous—for example, in vaccine adjuvant 
design—or detrimental, leading to hypersensitivity 
or autoimmune reactions [25-27]. Therefore, 
regulating the immune-modulatory properties of 
nanoparticles is essential to ensuring their safe and 
effective use in biomedical and industrial 
applications. 

Despite the promising potential of TiO₂ NPs and 
the protective properties of eugenol, 
comprehensive in vivo studies evaluating their 
combined effects on cytotoxicity and inflammation 
remain limited. The route of administration plays a 
critical role in shaping the biodistribution and 
toxicological profile of nanoparticles; however, 
many existing studies rely primarily on in vitro 
assays or assess only a single biological endpoint. 
Although various investigations have characterized 
phytochemical–nanoparticle conjugates or 
explored TiO₂-induced toxicity in vitro, relatively 
few have provided an integrated, in vivo, head-to-
head comparison of a free phytochemical versus 
the same compound delivered through an inorganic 
nanocarrier. Additionally, much of the previous 
work has been restricted either to physicochemical 
characterization or to isolated biological 
assessments. In this study, we combine (i) a 
reproducible eugenol functionalization of TiO₂ 
supported by comprehensive physicochemical 
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characterization (TEM, XRD, FTIR, DLS/zeta 
potential), (ii) in vitro release profiling with kinetic 
analysis under physiologically relevant pH 
conditions, and (iii) a 14-day in vivo comparison of 
free eugenol and TiO₂-loaded eugenol in liver, 
kidney, and spleen using histopathology, systemic 
cytokine profiling, apoptosis assays, and gene 
expression analysis of the Nrf2/HO-1 antioxidant 
axis. By integrating physicochemical, 
pharmacological, and mechanistic endpoints, our 
work provides a more translationally relevant 
evaluation of the potential advantages and safety 
profile of eugenol delivery via TiO₂ nanoparticles. 
This research aims to investigate the comparative 
effects of free TiO₂ NPs and eugenol-loaded TiO₂ 
NPs on cytotoxicity and inflammatory responses 
following intraperitoneal administration in a 
murine model. By elucidating how eugenol 
modulates the biological behavior of TiO₂ NPs, this 
study contributes to the development of safer 
nanoparticle designs for biomedical and industrial 
applications. Furthermore, it adds to the growing 
body of evidence supporting the incorporation of 
plant-derived compounds in nanomedicine to 
balance therapeutic efficacy with improved 
biocompatibility. 

 
MATERIALS AND METHODS 
TiO₂ NPs synthesis and characterization 

Titanium dioxide nanoparticles (TiO₂ NPs) were 
synthesized via a co-precipitation method using 
analytical-grade reagents without further 
purification. Titanium tetrachloride (TiCl₄) and 
sodium hydroxide (NaOH) were mixed at a 1:1 
molar ratio under ambient conditions. The resulting 
white precipitate was collected by centrifugation, 
thoroughly washed with distilled water, and filtered 
through cellulose nitrate membranes. The purified 
product was then dried at room temperature for 24 
hours and subsequently sintered at 100 °C for an 
additional 24 hours. Characterization of TiO₂ NPs 
was performed using Fourier-transform infrared 
spectroscopy (FTIR), X-ray diffraction (XRD), 
dynamic light scattering (DLS), zeta potential 
analysis, field-emission scanning electron 
microscopy (FE-SEM), and transmission electron 
microscopy (TEM). 

 
Eugenol loading onto TiO₂ NPs 

For drug loading, following the eugenol 
calibration assay, 100 mg of synthesized TiO₂ NPs 
was incubated with 50 mg of eugenol under 
continuous magnetic stirring at ambient 
temperature in the dark for 24 hours. After 
centrifugation (10,000 rpm for 10 min), the 
supernatant was collected to determine the loading 

efficiency. The precipitate, which contained the 
eugenol-loaded TiO₂ NPs, was stored at −20 °C for 
subsequent analyses. The amount of free eugenol 
in the supernatant was quantified using UV–Vis 
spectrophotometry at 280 nm after appropriate 
dilution. A standard calibration curve was 
constructed, and the drug-loading efficiency was 
calculated using the equation below and further 
confirmed by FTIR and zeta potential analysis. 

 
Efficacy of loaded drug% = 

𝐈𝐧𝐢𝐭𝐢𝐚𝐥 𝐝𝐫𝐮𝐠 𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧−𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐮𝐧𝐥𝐨𝐚𝐝𝐞𝐝 𝐝𝐫𝐮𝐠

𝑰𝒏𝒊𝒕𝒊𝒂𝒍 𝒅𝒓𝒖𝒈 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏
× 𝟏𝟎𝟎 

 
Evaluation of drug release in vitro 

The release of eugenol was evaluated in PBS 
solutions at pH 7.2 and pH 4 using the dialysis bag 
diffusion method. Eugenol-loaded TiO₂ NPs (40 mg) 
were suspended in 500 µL of PBS and sealed within 
dialysis membranes. Each dialysis bag was 
immersed in 20 mL of the corresponding PBS 
solution and shaken at 100 rpm. At predetermined 
time intervals (0.5, 1, 2, 4, 6, 8, 10, 12, 24, and 48 
h), a 1-mL aliquot of the release medium was 
withdrawn and replaced with an equal volume of 
fresh PBS. The amount of eugenol released was 
quantified using UV–Vis spectroscopy at 280 nm, 
and the cumulative release (%) was calculated 
accordingly. 

 
In vivo animal model 

Thirty-six adult male BALB/cJ mice were 
selected for the study. All animals were similar in 
age (6–8 weeks) and body weight (18–20 g) to 
ensure consistency across experimental subjects. 
The mice were obtained from the Royan Institute 
for Biotechnology animal facility in Isfahan, Iran. 
They were provided with a standard rodent diet 
and had unrestricted access to water. To mimic 
natural conditions, the animals were housed at 25 
± 2 °C with a 12-hour light/dark cycle, and the 
relative humidity was maintained at 55 ± 5%. 
Before the experiment, the mice were allowed a 
one-week acclimatization period. All experimental 
procedures followed international guidelines for 
the care and use of laboratory animals and were 
approved by the Institutional Animal Ethics 
Committee of Shahrekord University (Code: 
IR.SKU.REC.1403.039). The mice were randomly 
assigned to six experimental groups (n = 6 per 
group) and received daily treatments at 9:00 a.m. 
for 14 consecutive days. The Control group 
consisted of healthy mice that received an 
intraperitoneal (i.p.) injection of 100 µL deionized 
distilled water, which served as the vehicle for both 
TiO₂ NPs and Eugenol-loaded TiO₂ NPs 
(TiO₂@Eugenol). The Eugenol group received an i.p. 
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injection of eugenol at 20 mg/kg body weight, 
dissolved in 1 mL of deionized distilled water; this 
dosage was selected based on previous studies in 
mice [28-31]. The Low-dose TiO₂ NPs group 
received 50 mg/kg body weight of TiO₂ NPs 
administered i.p. in 1 mL deionized distilled water, 
while the High-dose TiO₂ NPs group received 200 
mg/kg body weight of TiO₂ NPs prepared in the 
same vehicle. The Low-dose TiO₂@Eugenol group 
received 50 mg/kg body weight of eugenol-loaded 
TiO₂ NPs, and the High-dose TiO₂@Eugenol group 
was administered 200 mg/kg body weight of the 
same formulation. 

 
Tissue and serum collection 

After the 14-day treatment period, all animals 
were fasted overnight. The following morning, they 
were necropsied under mild anesthesia to minimize 
pain and stress. Blood samples were collected via 
cardiac puncture and immediately processed by 
centrifugation. The samples were centrifuged at 
1500 g for 10 minutes at 4 °C to obtain serum, 
which was then promptly stored at −80 °C for 
subsequent immunological analyses. The liver, 
kidney, and spleen were carefully excised from 
each animal. Tissue samples were collected for 
detailed microscopic evaluation and cytotoxicity 
assessments. The liver and spleen were 
mechanically homogenized with a tissue 
homogenizer, and the homogenates were 
centrifuged to separate cellular components by 
density. The resulting supernatants were stored at 
−80 °C, a temperature appropriate for maintaining 
biomolecular integrity for future analyses. 

 
ELISA analyze 

The enzyme-linked immunosorbent assay 
(ELISA) was performed to determine serum levels 
of the inflammatory cytokines IL-6, IL-1β, and TNF-
α. Undiluted serum samples and standard solutions 
were added to the microplate wells and incubated 
with gentle shaking for two hours at room 
temperature. After incubation, the wells were 
washed five times with the washing buffer. A 
conjugated detection antibody was then added, 
followed by a one-hour incubation, and the wells 
were rewashed. Subsequently, the HRP–avidin 
reagent was added and incubated for 30 minutes. 
After a final wash, the substrate solution was 
added, and the reaction was allowed to proceed for 
10 minutes before the stop solution was applied. 

Absorbance was measured at 450 nm using a 
microplate reader, and cytokine concentrations 
were quantified using a calibration curve generated 
from standard solutions. 

 
Assessment of Caspase-3/7 activity 

A colorimetric Caspase-3/7 Assay Kit based on 
the hydrolysis of the Ac-DEVD-pNA substrate—
which releases p-nitroaniline (pNA) detectable at 
405 nm—was used to measure caspase-3 and 
caspase-7 activities. Briefly, approximately 40 mg of 
tissue was lysed in Caspase Lysis Buffer using 
sonication or homogenization, and the lysates were 
centrifuged at 12,000 rpm for 15 minutes at 4 °C. 
The resulting supernatants were immediately 
stored at −80 °C until further analysis. A calibration 
curve was generated using a series of pNA 
standards (0–50 μM). For the assay, 50 μL of each 
sample, standard, or positive control was added in 
duplicate to a 96-well microplate. A working 
solution containing Caspase Buffer, DTT, and the 
DEVD-pNA substrate (55.5 μL per well) was then 
added, and the plate was incubated at 37 °C for 1.5–
2 hours. Absorbance was measured at 405 nm using 
a microplate reader. Caspase activity was 
calculated based on the standard curve and 
expressed as nmol/min/mL (mU/mL). 

 
qRT-PCR analysis 

Total RNA was extracted from liver tissue using 
TRIzol reagent, and cDNA was synthesized using an 
M-MLV Reverse Transcription Kit with random 
hexamers and oligo(dT) primers. The resulting 
cDNA was stored at −20 °C until further analysis. For 
quantitative real-time PCR (qPCR), gene-specific 
primers were designed for the housekeeping gene 
and for oxidative stress–related genes (SOD3, GPx, 
and GR). Primer sequences are presented in Table 
1. Each 10 μL qPCR reaction consisted of 5 μL Takara 
SYBR Green Master Mix, 0.6 μL of 10 μM forward 
and reverse primers, 1.2 μL cDNA, and 3 μL RNase-
free water. The thermal cycling protocol included 
an initial denaturation at 95 °C for 5 minutes, 
followed by 40 cycles of denaturation at 95 °C for 
10 seconds, annealing at 58 °C for 15 seconds, and 
extension at 72 °C for 10 seconds. A melt-curve 
analysis was performed from 64 °C to 95 °C to verify 
amplicon specificity. Relative gene expression 
levels were calculated using the ΔΔCt method, with 
ACTB serving as the internal reference gene.
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Table1. Mouse qPCR forward and reverse primer sequences 

Gene name Sequence Product size 

F-mACTB 5’- GGACTCCTATGTGGGTGACG-3’ 
119 bp 

R-mACTB 5’- AGGTGTGGTGCCAGATCTTC-3’ 

F-mGpx 5’-AATACCTTGAACTGAATGCAC-3’ 
111 bp 

R-mGpx 5’-GAGTTCTCGCCTGGCTCCTG-3’ 

F-mSOD3 5’- TTGACCCGGTTGAGAAGATAG-3’ 
121 bp 

R-mSOD3 5’- ATCTCGGCAGCATCCACCTC-3’ 

F-mGR 5’- GGCAGCTCCATCTCAGTCCG -3- 
126 bp 

R-mGR 5’- CTTTCAGGGCACTTGGTACTC-3’ 

Statistical analysis 
All experiments were performed in triplicate. 

Statistical analyses were conducted using Student’s t-
test and one-way ANOVA, followed by appropriate 
post hoc tests. Differences were considered 
statistically significant at p < 0.05. 

 
RESULTS  
Description of TiO₂ NPs 

The synthesis of titanium dioxide (TiO₂) 
nanoparticles was performed using a precipitation 
method. The FTIR spectrum (Figure 1A) showed a 
broad absorption band between 450 and 800 cm⁻¹, 
corresponding to the stretching vibrations of Ti–O and 
Ti–O–Ti bonds. A peak at 1120 cm⁻¹ was attributed to 
the stretching modes of C–O, C–N, and CH₃ groups, 
while the peak at 1380 cm⁻¹ was explicitly associated 
with CH₃ stretching. The band observed at 1628 cm⁻¹ 
indicated the presence of hydroxyl groups on the 
nanoparticle surface. XRD analysis (Figure 1B) 

confirmed the crystalline nature and polymorphism of 
the TiO₂ NPs. The diffraction pattern displayed 
characteristic reflections corresponding to the (101), 
(004), (200), (211), (204), (220), (215), and (312) 
planes, consistent with the presence of anatase and 
rutile phases, both commonly observed in TiO₂ 
nanoparticle structures. DLS measurements revealed 
an average hydrodynamic diameter of 73.8 nm with a 
polydispersity index (PDI) of 0.38 (Figure 1C), 
indicating a relatively narrow size distribution suitable 
for predictable biological and physicochemical 
behavior. The zeta potential of −44 mV (Figure 1D) 
demonstrated strong colloidal stability and uniform 
dispersion in aqueous media. FE-SEM imaging (Figure 
1E) showed that the TiO₂ NPs were predominantly 
spherical, with uniform morphology and distribution 
at a magnification scale of 500 nm. TEM analysis 
(Figure 1F) further confirmed the spherical 
architecture of the nanoparticles, revealing a slightly 
roughened surface at the 100 nm scale.

  
 

 
Fig. 1. TiO₂ NPs characterization. A) FTIR spectra of TiO₂ NPs, B) XRD pattern of TiO₂ NPs, C) 

Size and PDI of TiO₂ NPs determined to be 73.8 nm and 0.383, respectively, through DLS, D) Zeta potential of TiO₂ NPs obtained using the Zetasizer and 
found to be -44 mV. E) FE-SEM images of TiO₂ NPs to identify the surface morphology. The scale bars used here is 500 nm. F) TEM image of TiO₂ NPs. The 

scale bar used here is 100 nm. 
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Fig. 2. TiO₂@Eugenol characterization indicating the successful loading of eugenol into TiO₂ NPs.  A) FTIR spectra of TiO₂ NPs, eugenol, 

and TiO₂@Eugenol B) Zeta potential of TiO₂@Eugenol obtained using the Zeta sizer and found to be -15.6 mV. 

Loading efficiency of eugenol 
The eugenol loading efficiency was 99.4%. To 

verify the successful loading of eugenol onto the 
nanoparticles, FTIR and zeta potential analyses 
were conducted. The results of these assessments 
are shown in Figures 2A and 2B, respectively. Zeta 
potential measurements revealed a marked 
reduction in the negative surface charge of the 
nanoparticles—from −44 mV to −15 mV—
confirming the presence of eugenol on the 
nanoparticle surface. Consistently, the FTIR 
spectrum of the loaded nanoparticles displayed 
overlapping characteristic peaks of both pure TiO₂ 
NPs and pure eugenol, indicating effective 
incorporation of eugenol. The absence of additional 
peaks suggests that no new chemical bonds or 
compounds were formed during loading. 

 
Eugenol release results  

As shown in Figure 3, a clear difference was 
observed between the release profiles of eugenol 

at pH 5.5 and pH 7.4 (the latter mimicking 
physiological conditions). In both media, the 
cumulative release increased over time, indicating 
sustained release over the 48 hours. The release 
rate was consistently higher under neutral 
conditions compared to acidic conditions, 
confirming the pH-responsive behavior of the TiO₂ 
nanoparticles. After approximately 8 hours, the 
release rate increased in both environments, with a 
more pronounced difference emerging between 
neutral and acidic media. At pH 7.4, eugenol release 
continued to rise gradually, reaching approximately 
68% at 24 hours, followed by a plateau phase. In 
contrast, at pH 5.5, release occurred more slowly, 
reaching about 52% at 24 hours before stabilizing. 
Kinetic modeling of the release data indicated that 
the Higuchi model provided the best fit (R² = 0.97), 
suggesting a diffusion-controlled release 
mechanism.

 

 
Fig. 3. Eugenol release profile over 48 hours at pH 4.5 (red curve) and pH 7.2 (blue curve). 
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Fig. 4. ELISA assay results. Levels of (A) IL-1β, (B) IL-6, and (C) TNF-α D) Caspase 3/7 assay results, under individual and co-treatment 

with TiO2 NP, Eugenol and TiO2@Eugenol. *P < 0.05, ** P < 0.01, and *** P < 0.001, and **** indicate P < 0.0001 

Assessment of inflammatory factors in serum 
To quantify the inflammatory interleukins TNF-

α, IL-1β, and IL-6 in serum samples from treated 
mice, an ELISA assay was performed (Figure 4). 
Analysis of IL-1β levels showed a significant dose-
dependent increase in mice treated with TiO₂ NPs. 
In contrast, mice receiving eugenol-loaded NPs 
exhibited a marked reduction in IL-1β levels. This 
decrease was comparable between the two 
eugenol-loaded NP treatment groups (50 and 200 
mg/kg). 

Another inflammatory interleukin assessed in 
this study was IL-6. In mice treated with a high dose 
of TiO₂ NPs (200 mg/kg), IL-6 levels increased 
markedly, approximately 1.2-fold (P < 0.001). In 
contrast, treatment with TiO₂@eugenol reduced IL-
6 levels, with the 50 mg/kg dose producing a 
greater decrease than the 200 mg/kg dose. Mice 
receiving eugenol alone also exhibited lower IL-6 
levels, further supporting its anti-inflammatory 
effect. 

In addition to assessing inflammatory 
interleukins, TNF-α levels were also evaluated. The 
analysis revealed a significant elevation in serum 
TNF-α in mice treated with both the low and high 
doses of TiO₂ NPs (P < 0.001). In contrast, mice 
receiving TiO₂@eugenol showed a marked 
reduction in TNF-α levels at both concentrations. 

Notably, compared with the nanoparticle-treated 
groups, the TiO₂@eugenol-treated mice exhibited 
nearly a twofold decrease in TNF-α levels. A similar 
reduction was also observed in mice treated with 
eugenol alone, further confirming its anti-
inflammatory activity.  

 
Evaluation of Caspase-3/7 activity 

Another parameter evaluated in this study was 
caspase activity in liver extract samples from mice 
treated with either TiO₂ NPs alone or eugenol-
loaded NPs. The results showed that caspase-3/7 
activity increased by approximately 1.5-fold and 
1.8-fold in mice treated with 50 and 200 mg/kg of 
TiO₂ NPs, respectively. In contrast, treatment with 
TiO₂@eugenol at 50 mg/kg resulted in a substantial 
reduction in caspase activity compared with TiO₂ 
NPs alone (P < 0.0001). A decrease in caspase 
activity was also observed in mice treated with 
TiO₂@eugenol at 200 mg/kg, although this 
reduction did not reach statistical significance. 
Overall, eugenol-loaded NPs demonstrated a 
pronounced inhibitory effect on caspase-3/7 
activity. 

 
Histological analysis of liver, kidney, and spleen  

To evaluate the effects of the nanoparticles on 
inflammation and tissue damage, liver, spleen, and 
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kidney specimens were collected from treated 
mice. The samples were stained with hematoxylin 
and eosin (Figures 5, 6, and 7), and the extent of 
tissue alterations was examined. Histopathological 
analysis revealed that treatment with TiO₂ NPs at 
doses of 50 and 200 mg/kg led to a marked increase 
in necrosis and inflammation in hepatic tissue, the 
red and white pulp regions of the spleen, and renal 

tissue. In contrast, mice treated with eugenol-
loaded NPs exhibited considerably reduced 
inflammation and necrosis. Liver sections from 
these groups displayed tissue morphology 
comparable to that of normal controls, and spleen 
samples also demonstrated significantly lower 
levels of structural damage and inflammatory 
infiltration.

  
 

 
Fig. 5. Pathological Analysis of Liver Tissue: (A) Liver sample from the control group. (B) Liver sample from the group treated with 50 mg/kg of 

NPs, showing hepatocyte necrosis (indicated by the white arrow). (C) Liver sample treated with 200 mg/kg of NPs, displaying hepatocyte 
necrosis (white arrow) and central vein congestion (black arrow). (D) Liver sample from the eugenol treated group, where cells appear in normal 
condition. (E) Liver sample treated with eugenol-loaded NPs at 50 µg, with cells in a normal state. (F) Liver sample treated with eugenol-loaded 

NPs at 200 mg/kg, showing no hemorrhage or necrosis in the liver tissue. 
 
 

 
Fig. 6. Pathological Analysis of Spleen Tissue: (A) Spleen sample from the control group. (B) Spleen sample from the group treated with 50 µg of 
NPs, showing pulp necrosis (black arrow) and inflammation (white arrow). (C) Spleen sample treated with 200 µg of NPs, displaying necrosis in 
both red and white pulp (black and white arrows). (D) Spleen sample from the eugenol-treated group, where cells appear in normal condition. 
(E) Spleen sample treated with eugenol-loaded NPs at 50 µg, showing reduced necrosis compared to NPs alone. (F) Spleen sample treated with 

eugenol-loaded NPs at 200 µg, with decreased necrosis and clearly distinguishable red and white pulp. 
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Fig. 7. Pathological Analysis of Kidney Tissue: (A) Kidney sample from the control group. (B) Kidney sample from the group treated with 50 µg of 
NPs, showing degeneration of renal tubular cells (white arrow). (C) Kidney sample treated with 200 µg of NPs, displaying degeneration of kidney 
cells (white arrow) and hemorrhage (black arrow). (D) Kidney sample from the eugenol treated group, where cells appear in normal condition, 

with an enlargement of Bowman's space. (E) Kidney sample treated with eugenol-loaded NPs at 50 µg, where cells are in a normal state. (F) 
Kidney sample treated with eugenol loaded NPs at 200 µg, showing normal kidney tissue, renal tubules, and glomeruli. 

  
Real-time quantitative data analysis   

As illustrated in Figure 8, treatment with bare 
TiO₂ NPs at concentrations of 50 µg and 200 µg 
induced an apparent reduction in the expression of 
transcripts encoding antioxidant enzymes, 
including SOD3, GR, and GPx. The extent of gene 
suppression was dose-dependent, with significantly 
greater inhibition observed at the higher 
concentration (P < 0.01), indicating potential pro-
oxidant effects of bare NPs at elevated doses. In 
contrast, administration of eugenol alone or 
eugenol-loaded NPs resulted in a pronounced 
upregulation of these antioxidant-related genes. 
Specifically, liver tissues exposed to eugenol-loaded 

NPs exhibited a 1.7-fold increase in SOD3 
expression, along with 1.5-fold and 1.2-fold 
increases in GR and GPx, respectively, compared 
with untreated controls and bare NP-treated 
groups. Notably, no statistically significant 
differences were observed between the 50 µg and 
200 µg doses of eugenol-loaded NPs, suggesting a 
saturation effect or a potential upper limit in 
transcriptional activation within this dosage range. 
Collectively, these findings highlight eugenol's 
protective role against NP-induced oxidative stress 
and underscore its potential to modulate redox 
homeostasis at the molecular level through 
eugenol-functionalized nanocarriers. 

 
Fig. 8. Gene expression changes of SOD3, GR, and GPx under treatments with titanium dioxide NPs alone, eugenol alone, and eugenol-

loaded NPs. Statistical significance of expression differences is shown in comparison to the control group and between loaded and 
single treatments:  *p<0.01, **: p<0.001, ***: p<0.0001, ****: P<0.00001. 
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DISCUSSION 
With the expanding use of TiO₂ nanoparticles 

(TiO₂ NPs) in industrial and consumer products, 
human exposure has become increasingly 
unavoidable, leading to their accumulation in 
various organs. Such accumulation has been linked 
to oxidative damage, apoptosis, genotoxicity, and 
chromosomal instability [32, 33]. In the present 
study, we investigated the inflammatory, oxidative, 
and histopathological effects of TiO₂ NPs in their 
bare form and when functionalized with eugenol. 

TiO₂ NP exposure is well documented to induce 
the production of inflammatory cytokines, 
primarily by activating immune cell responses and 
key inflammatory signaling pathways. TiO₂ NPs 
disrupt the inhibitory function of IκB, thereby 
facilitating NF-κB translocation into the nucleus and 
promoting the transcriptional upregulation of 
major inflammatory cytokines. This mechanism has 
been reported across multiple organs, including the 
lungs and brain, underscoring the systemic nature 
of TiO₂ NP–induced inflammation [34, 35]. In 
addition to NF-κB activation, TiO₂ NPs enhance the 
expression of Toll-like receptors (TLRs), particularly 
TLR2 and TLR4, on the surface of immune cells. 
These receptors are critical components of the 
innate immune system, recognizing pathogen-
associated molecular patterns and amplifying 
downstream inflammatory signaling. Their 
upregulation further intensifies NF-κB activation, 
thereby contributing to the increased cytokine 
production observed following nanoparticle 
exposure [36]. 

The immune response to TiO₂ NPs also triggers 
the recruitment of inflammatory cells, primarily 
neutrophils and macrophages. These cells infiltrate 
affected tissues and secrete additional cytokines, 
creating a self-sustaining inflammatory loop that 
intensifies tissue damage [37]. Histopathological 
evaluations in multiple studies have confirmed such 
immune cell infiltration in organs exposed to TiO₂ 
NPs. Furthermore, TiO₂ NPs induce tissue-specific 
inflammation in organs such as the lungs, heart, 
and brain, resulting in observable structural 
damage. The extent and pattern of inflammation 
vary across organs, suggesting differential 
susceptibility and distinct response mechanisms 
[37-40]. Another essential aspect of TiO₂ NP-
induced immunotoxicity is the disruption of the 
Th1/Th2 cytokine balance. Exposure to these 
nanoparticles tends to shift the immune response 
toward a Th1-dominant profile, accompanied by 
elevated transcriptional activation of inflammatory 
cytokines such as IL-1β and TNF-α. This imbalance 
may further potentiate chronic inflammation and 

contribute to long-term immune dysregulation 
[37].  

In contrast, eugenol-loaded NPs significantly 
attenuated this inflammatory response, even at 
higher concentrations. The anti-inflammatory 
effects of eugenol, particularly when delivered via 
nanoparticles, arise from a combination of 
molecular and cellular mechanisms that 
synergistically modulate inflammatory signaling. A 
central aspect of eugenol’s activity is the 
downregulation of key pro-inflammatory 
mediators. It markedly suppresses cytokine 
production and, subsequently, reduces the 
synthesis of critical inflammatory factors, such as 
nitric oxide (NO) and prostaglandins, thereby 
dampening the inflammatory cascade [41-43]. In 
addition to its immunomodulatory properties, 
eugenol possesses potent antioxidant activity. By 
effectively neutralizing reactive oxygen species 
(ROS), including superoxide and hydroxyl radicals, it 
mitigates oxidative stress—a well-established 
trigger of inflammatory signaling pathways. This 
reduction in ROS levels stabilizes cellular redox 
balance, thereby limiting ROS-mediated injury and 
inflammation [44]. At the intracellular level, 
eugenol interferes with major inflammatory 
signaling pathways, most notably the NF-κB and 
MAPK cascades, including ERK1/2 and p38. 
Inhibition of these pathways results in decreased 
expression of inflammation-related genes and 
reduced recruitment of immune cells to sites of 
tissue injury [45]. Furthermore, eugenol modulates 
immune cell behavior by reducing leukocyte 
adhesion and migration into inflamed tissues. It 
also suppresses macrophage activation and the 
subsequent release of inflammatory mediators, all 
without exerting cytotoxic effects on immune cells. 
This targeted immunoregulation helps limit tissue 
damage while preserving normal immune function 
[44].  

Another noteworthy finding was that low-dose 
eugenol exerted a stronger inhibitory effect on IL-6 
levels and caspase-3/7 activity than the higher 
dose. This outcome may reflect a hormetic 
response, wherein low concentrations of phenolic 
compounds activate protective antioxidant and 
anti-inflammatory pathways. In contrast, higher 
concentrations may paradoxically induce mild 
oxidative stress and diminish overall efficacy. 
Similar biphasic dose-dependent effects of eugenol 
have been reported in previous studies [46, 47]. 

Apoptosis analysis by caspase-3/7 activity 
revealed a notable increase in hepatic caspase 
activation following TiO₂ exposure, reaching up to 
1.8-fold at 200 mg/kg, consistent with the observed 
cytotoxic and inflammatory responses. In contrast, 
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caspase activity was significantly reduced in mice 
treated with eugenol-loaded NPs, particularly at 
the 50 mg/kg dose, supporting eugenol's protective 
role. Previous studies have demonstrated the 
accumulation of TiO₂ NPs in rat tissues following 
intraperitoneal administration, with toxicity 
mediated mainly by reactive oxygen species (ROS) 
[48, 49].  Treatment with eugenol-loaded NPs has 
been shown to substantially reduce caspase 
activation in hepatic cells by mitigating oxidative 
stress, suppressing inflammatory signaling, and 
preserving cellular membrane integrity. These 
interconnected mechanisms collectively protect 
hepatocytes against apoptosis during liver injury. A 
central protective mechanism is eugenol's 
antioxidant activity, which efficiently scavenges 
free radicals and reduces lipid peroxidation (LPO) in 
hepatic tissue. By reducing oxidative stress, 
eugenol helps prevent mitochondrial dysfunction—
a key trigger of the intrinsic apoptotic pathway that 
leads to caspase activation, particularly caspase-3 
[50]. In this study, free eugenol provided only 
modest protection against TiO₂-induced oxidative 
stress and inflammation. This limited therapeutic 
effect aligns with the known pharmacokinetic 
limitations of eugenol, including its low solubility, 
chemical instability, and rapid systemic clearance 
[51]. In contrast, TiO₂@eugenol NPs exhibited 
markedly stronger protective effects, evidenced by 
reduced levels of TNF-α, IL-1β, and IL-6; decreased 
caspase-3 and caspase-7 activity; and restored 
expression of antioxidant genes. These enhanced 
outcomes can be attributed to the nanoparticle-
based delivery system, which improves eugenol 
stability, prolongs its bioavailability, and enables 
controlled release at the target site [52, 53]. 
Collectively, these findings underscore the 
therapeutic advantage of nanoparticle 
functionalization in maximizing the protective 
potential of phytochemicals such as eugenol. 

A limitation of this study is the absence of 
biodistribution analysis, which prevents 
confirmation of the precise organ-specific 
accumulation of TiO₂ and TiO₂@eugenol 
nanoparticles. Such investigations are essential for 
more accurately correlating histological and 
molecular alterations with actual tissue exposure. 
Another limitation is the potential toxicity 
associated with high-dose eugenol. Although 
eugenol has demonstrated potent antioxidant and 
anti-inflammatory activities, several studies have 
reported that, at elevated doses, it may exert 
hepatotoxic and pro-oxidant effects [54, 55]. 
Therefore, caution is warranted when extrapolating 
the protective effects observed here to higher or 
chronic dosing regimens. Future work should 

include biodistribution studies, pharmacokinetic 
profiling, and long-term toxicity evaluations to 
more comprehensively assess safety. Another 
limitation is that caspase-3/7 activity was evaluated 
only in liver tissue. This decision was based on the 
well-established tendency of TiO₂ nanoparticles to 
preferentially accumulate in the liver following 
systemic exposure [56, 57], as well as the focus of 
our gene expression analysis on hepatic antioxidant 
pathways. However, apoptosis in other organs, 
such as the kidney and spleen, may also contribute 
to systemic toxicity. Future studies should 
therefore incorporate multi-organ apoptosis 
assessments to provide a more complete 
evaluation of both protective and adverse effects. 

Moreover, eugenol treatment restores the 
activity of endogenous antioxidant defenses, 
including SOD and GPx, as well as reduced 
glutathione (GSH) levels. This restoration of redox 
balance contributes to cellular stability and inhibits 
oxidative signals that drive apoptotic cascades [58]. 
In addition to its antioxidant effects, eugenol exerts 
significant anti-inflammatory activity by 
suppressing the production of inflammatory 
mediators that are known to be elevated during 
hepatic inflammation and injury. Because these 
cytokines play a critical role in promoting apoptotic 
signaling—particularly through extrinsic 
pathways—their downregulation leads to reduced 
caspase activation and diminished hepatocyte 
death [59]. Eugenol also plays an essential role in 
membrane stabilization, preserving the structural 
integrity of hepatocyte membranes and limiting 
cellular leakage and damage. This membrane-
protective action reduces stimuli that trigger 
apoptotic signaling and further contributes to 
hepatoprotection [60]. Notably, both in vitro and in 
vivo studies have demonstrated that eugenol 
directly modulates apoptotic pathways by reducing 
caspase-3 expression and activity, a key 
executioner enzyme in the apoptotic process. The 
use of nanoparticles as a delivery system enhances 
these protective effects by improving eugenol’s 
bioavailability and cellular uptake, thereby 
amplifying its therapeutic potential [59, 61]. 

Histological examination of the liver, spleen, 
and kidney further confirmed the systemic toxicity 
of TiO₂ NPs. Pronounced necrosis, hemorrhage, and 
inflammatory cell infiltration were evident in all 
three organs. Consistent with these findings, Liu et 
al. (2009) also reported substantial TiO₂ NP 
accumulation in the liver of mice [62]. In contrast, 
mice treated with eugenol-functionalized NPs 
exhibited markedly attenuated pathological 
alterations. Hepatic architecture, renal tubular 
structures, and splenic tissue displayed near-normal 
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morphology, underscoring the enhanced 
biocompatibility and therapeutic potential of eugenol-
loaded NPs. TiO₂ NPs induce toxicity primarily through 
oxidative stress, generating ROS that drive lipid 
peroxidation, glutathione depletion, reduced 
antioxidant enzyme activity, DNA damage, and 
inflammation in vital organs such as the liver, kidney, 
and spleen. These molecular effects are accompanied 
by elevated biochemical markers (e.g., ALT, ALP) and 
histological indicators of tissue injury. 
Functionalization of TiO₂ NPs with eugenol 
substantially mitigated these toxic manifestations. 
Eugenol reduced lipid peroxidation, restored 
antioxidant defenses (e.g., GSH, SOD, GPx), decreased 
DNA damage, and normalized liver and kidney 
function markers. Furthermore, it improved 
mitochondrial integrity and reduced blood cell 
cytotoxicity [63]. At the molecular level, real-time PCR 
analysis revealed significant downregulation of key 
antioxidant genes (SOD3, GR, GPx) in animals treated 
with TiO₂ NPs, particularly at higher doses, supporting 
oxidative stress as a major mechanism of TiO₂-induced 
toxicity. In contrast, treatment with eugenol-loaded 
NPs resulted in robust upregulation of these 
antioxidant markers, with SOD3 expression increasing 
by 1.7-fold, GR by 1.5-fold, and GPx by 1.2-fold. One of 
the principal molecular mechanisms underlying 
eugenol's antioxidant and cytoprotective effects is its 
activation of the Nrf2/HO-1 antioxidant pathway [51]. 
This pathway plays a pivotal role in maintaining redox 
homeostasis by enhancing the expression of 
endogenous antioxidant enzymes and suppressing 
oxidative injury [46] . Under physiological conditions, 
nuclear factor erythroid 2 2-related factor 2 (Nrf2) is 
sequestered in the cytoplasm by its repressor, Kelch-
like ECH-associated protein 1 (KEAP1), which targets it 
for ubiquitination and proteasomal degradation. 
Upon oxidative stress or eugenol exposure, structural 
modifications in KEAP1 prevent Nrf2 degradation, 
thereby stabilizing Nrf2 and promoting its nuclear 
translocation [64-66]. Among the downstream targets 
of Nrf2, heme oxygenase-1 (HO-1) serves as a critical 
effector. Activation of the Nrf2/HO-1 axis by eugenol 
reduces intracellular ROS levels, enhances antioxidant 
enzyme activity, and provides substantial protection 
against oxidative stress-induced apoptosis. These 
protective effects have been documented across 
various cell types, including pancreatic β-cells, 
hepatocytes, and immune cells, in which eugenol-
mediated Nrf2 activation mitigates oxidative injury 
and promotes cell survival [66, 67]. Notably, 
experimental inhibition of Nrf2 abolishes eugenol's 
protective actions, further emphasizing the centrality 
of this pathway in mediating its antioxidant and 
cytoprotective effects [68].  
 

CONCLUSION 
Overall, this study's findings demonstrate that 

bare TiO₂ NPs induce pronounced inflammatory and 
oxidative effects, particularly at higher 
concentrations. However, incorporation of eugenol 
into these nanoparticles not only mitigates these 
adverse outcomes but also enhances their therapeutic 
profile by reducing inflammation, apoptosis, and 
oxidative stress. Additionally, nanoparticle-based 
delivery markedly improves the pharmacokinetic 
properties of eugenol, including its solubility, stability, 
and cellular uptake. This enhanced delivery facilitates 
greater tissue penetration and increases local eugenol 
concentrations, thereby augmenting its anti-
inflammatory and antioxidant efficacy, as reported in 
various experimental models. These results highlight 
the value of functionalizing nanoparticles with 
bioactive compounds, such as eugenol, to enhance 
biocompatibility and therapeutic efficacy. Further 
investigations—particularly those employing chronic 
exposure models and translational or clinical 
settings—are warranted to validate these findings and 
refine dosing strategies for future biomedical 
applications. 

Future studies should extend these findings 
beyond short-term exposure by incorporating chronic 
or repeated-dose models to better characterize the 
long-term safety and efficacy of TiO₂@eugenol NPs. 
Comprehensive pharmacokinetic and biodistribution 
analyses will also be essential for determining 
systemic availability, organ-specific accumulation, and 
clearance mechanisms. Additionally, evaluating these 
nanoparticles in disease-specific contexts—such as 
metabolic liver disease, fibrosis, or cancer—where 
oxidative stress and inflammation play central 
pathological roles may further clarify their therapeutic 
potential and translational relevance. 
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