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Abstract: Targeted therapy for infantile hemangiomas (IHs) has been extensively studied as they can concentrate drugs, increase
therapeutic efficacy and reduce drug dosage. Meanwhile, they can extend drug release times, enhance drug stability, decrease dosing
frequency, and improve patient compliance. Moreover, carriers made from biocompatible materials reduced drug immunogenicity,
minimizing adverse reactions. However, current targeted formulations still face numerous challenges such as the non-absolute safety of
carrier materials; the need to further increase drug loading capacity; the limitation of animal hemangioma models in fully replicating
the biological properties of human infantile hemangiomas; the establishment of models for deep-seated hemangiomas with high
incidence rates; and the development of more specific targets or markers. In this review, we provided a brief overview of the
characteristics of IHs and summarized the past decade’s advances, advantages, and targeting strategies of targeted drug delivery
systems for [Hs and discussed their applications in the treatment of IHs. Furthermore, the goal is to provide a reference for further
research and application in this field.
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Introduction

IHs are benign tumors characterized by abnormal proliferation of endothelial cells and extensive vascular growth within the
hemangioma in infants and young children." The global incidence of IHs is approximately 4% to 10%.> Most IHs do not
require special treatment and resolve with infant growth, but 10% to 15% of patients will have high-risk complications, such as
possible malformations, major structural obstructions, persistent ulcers, organ dysfunction, disfigurement, and even life-
threatening conditions.”* IHs with high-risk complications not only affect the external appearance, anatomical structures, and
physiological functions of the body but also impose significant psychological stress and may lead to psychological disorders in
affected patients. Therefore, active intervention is required, and the earlier the better, to intervene at the source and prevent
irreversible physical and psychological damage to infants and young children.

Currently, the primary treatment modality for IHs is pharmacotherapy, with secondary treatment options including
non-pharmacological approaches such as laser therapy, surgical excision, and cryotherapy.”® However, laser therapy can
easily cause pigmentation, blistering, and even tissue necrosis. The timing of surgical excision is crucial, as the scars
produced by surgery ares usually suboptimal in children over 1.5 years old.” Additionally, the abundant and intricate
vasculatures surrounding the hemangioma result in a high risk of bleeding during surgery. Also, cryotherapy has a narrow
range of indications. The B-receptor blocker propranolol is the only drug approved by the United States Food and Drug
Administration (FDA) for the treatment of IHs.® The oral liquid formulation of propranolol suitable for pediatric patients
is currently available on the market. Meanwhile, safer B-receptor blockers, such as Nadolol and Atenolol, are currently
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undergoing clinical trials.”' However, the B-receptor blockers may have adverse effects including sleep disturbances,
hypoglycemia, hypotension, bradycardia, and bronchospasm."'™'* These adverse effects could potentially cause second-
ary harm to infants and young children. Therefore, close monitoring of the patient’s blood pressure and heart rate is
necessary during clinical use.

To overcome these challenges, researchers are continuously exploring new drug delivery methods and materials to
safely and efficiently deliver drugs to the targeted areas. Targeted drug delivery systems have always been a research
hotspot in the field of biomedicine. They are the novel drug delivery systems that use special carriers or drug delivery
technologies to selectively concentrate drugs at the site of lesions, organs, cells, or intracellular structures through local
administration or systemic circulation.'* These systems offer advantages such as good biocompatibility, low toxicity,
controlling in vivo release and easily crossing various biological barriers.'* In recent years, they have been mainly
introduced into passive and active targeting therapeutic systems, which have found extensive applications in the delivery
of drugs, genes, and vaccines.'>'” Various targeted drug carriers, including liposomes,'® micelles,'” nanoemulsions,*
dendrimers,?' metal nanoparticles,”” and microspheres,”> have been applied in various cancer treatments, such as breast
cancer, liver cancer, and prostate cancer, showing excellent anti-tumor effects and low toxicity.* Although targeted
formulations of propranolol and other targeted drugs for [Hs have not yet been marketed, it is encouraging that there have
been numerous reports on the basic research of targeted therapy for infantile hemangiomas. Therefore, we provided
a brief overview of the characteristics of IHs and reviewed the development, advantages, and application of targeting
strategies for targeted agents in [Hs over the past decade. The intention is to provide valuable insights and references for
further research in this field.

Overview of IHs

The pathogenesis of IHs is considered to be multifactorial. The primary risk factors include female, Caucasians,
premature infants with low birth weights, multiple gestation pregnancy, older maternal age, and so on.”>° It is currently
believed that IHs may develop from intrinsic endothelial progenitor cells (EPCs) or angioblasts of placental origin.
Additionally, the growth of IHs is influenced by both intrinsic factors (angiogenesis and angiogenic factors) and external
factors (tissue hypoxia and developmental field disruption).”” IHs are categorized based on soft tissue depth into
superficial (“strawberry” type), deep (“cavernous” type), and mixed types, and based on anatomical appearance into
localized, multifocal, or segmental.’*’ The histological characteristics of proliferative-phase IHs are quite typical. They
consist of clusters of plump endothelial cells and pericytes, forming capillaries with small round lumens. Over time, the
basement membrane becomes increasingly multilayered, and the proliferating capillaries are arranged within lobules,
separated by thin fibrous septa or normal intervening tissue (as shown in Figure 1).*® Most IHs can be clinically
diagnosed by clinicians based on medical history and physical examination. In very few uncertain cases, ultrasound
examination may be required for further confirmation (as shown in Figure 2).° Currently, treatment strategies of IHs can
be divided into two types: systemic treatment and local treatment. Each patient is individually evaluated according to the
type of IHs, local or regional involvement, and his or her own functional status to determine the appropriate treatment.?

According to the guidelines from the American Academy of Pediatrics,™*’

the B-receptor blocker propranolol is the first-
line drug for IHs. For children with B-receptor blockers intolerance, glucocorticoids, vincristine, interferon-o, and
imiquimod are also clinical options, but their utility may be limited by their safety. Surgical resection and laser therapy
are also recommended by the guidelines, but their use is limited by strict indications and adverse reactions. Therefore, the
development of targeted drug delivery systems for IHs, which can passively or actively target hemangioma cells, while

overcoming the limitations of current treatment modalities, would be desirable.

Development of Drug Delivery Systems for Targeted Therapy of IHs Over
the Past Decade

Traditional drugs for the treatment of IHs have the disadvantages of short half-life, poor bioavailability, poor
patient compliance, and adverse drug reaction. With the continuous development of pharmaceutics and materials
science, a variety of new types of carriers have been reported for the treatment of IHs in the past decade. They can
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Figure | The pathological imaging of IHs of proliferative phase.
Notes: Used with permission of Elsevier Science & Technology Journals, from North PE. Surg Pathol Clin. 2010;3(3):455-494; Copyright © 2010 Elsevier Inc;*® permission
conveyed through Copyright Clearance Center, Inc.

improve drug efficacy by delivering higher drug concentrations to the lesion, thereby reducing drug side effects. In
2013, researchers prepared urea liposomes by reverse phase evaporation method, and further generated urea
immunoliposomes by coupling urea liposomes with vascular endothelial growth factor receptor-2 (VEGFR2)
monoclonal antibody to preliminarily explore their effects on hemangioma vascular endothelial cells (HVECs).?
In 2015, it was reported that glucose transporter protein 1 (GLUTI1), a surface-specific antibody of IHs, was
conjugated to Fe;0, nanoparticles to differentiate IHs from vascular malformations.*® In 2017, there were multiple
reports of the common drugs loaded on PLGA nanoparticles for targeted therapy of IHs.>' >* As shown in Figure 3,
Table 1, the exploration of targeted agents for the treatment of IHs has increased significantly over the past 10
years.

Advantages of the Targeted Treatment of IHs

Locating Concentration to Increase the Therapeutic Effect of the Drug

The drugs commonly used to treat IHs are not targeted and can easily cause many toxic side effects. The most commonly
used clinical drug is propranolol hydrochloride, often prepared as conventional formulations such as oral tablets or liquid
preparations, which can easily lead to adverse reactions such as dizziness, bradycardia, hypotension, and
bronchospasm.'**° Although topically applied propranolol can avoid some adverse reactions, ordinary topical emulsions
or gels have poor transdermal efficacy and cannot ensure prolonged retention of the drug in the different layers of the
skin (stratum corneum, epidermis, dermis).’® Topical targeted formulations have opened new perspectives in the
treatment of IHs.>'** Rawia M. Khalil et al used a nano-gel prepared by loading propranolol into phospholipid/chitosan.
When applied topically to the surface of vascular hemangiomas in rats, drug deposition in the skin was found to be 1.56—
1.91 times higher than that of the drug solution alone. This takes advantage of the sufficiently small size of the
nanoparticles, allowing full contact with the skin surface. It is selectively located in different layers of the skin (stratum
corneum, epidermis, dermis). In addition, the positively charged nature of the carriers, phospholipid/chitosan nanove-
sicles, allows them to adhere to the negatively charged skin, enhancing drug deposition and accumulation. This allows
the drug to localize and concentrate at the lesion site, enhancing its targeting ability.*' Guan et al prepared propranolol
hydrochloride (PRO) liposome gel by exploiting the properties of liposomes with a lipid bilayer structure similar to that
of the skin. Tissue distribution studies showed that PRO liposome gel significantly increased the drug concentration in

the skin by about 74 times compared with PRO gel.>*
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Infantile hemangiomas

Usually begins to develop significantly at 1 - 3 months and is fully developed

by 5 months. :
~

Soft-tissue depth: Anatomic appearance:
Superficial: red with little or no evidence of a subcutaneous Localized: well-defined focal lesions (appearing to arise from a central point);
component (formerly called "strawberry" hemangiomas); Segmental: IH involving an anatomic region that is often plaque-like and
Deep: blue and located below the skin surface (formerly called often measuring at >5 cm in diameter;
"cavernous" hemangiomas); Indeterminate (undetermined): neither clearly localized or segmental (often
Combined (mixed): both superficial and deep components are called partial segmental);
present. Multifocal: multiple discrete IHs at disparate sites.

\ J
| |
I
Certain

\
YES NO, and 25 cutaneous IHs, or associated anatomic

abnormalities are suspected

High-risk assessment:

(1) life-threatening complications, Ultrasonography
(2) functional impairment or ulceration,

(8) structural anomalies (eg, in PHACE syndrome or LUMBAR syndrome),

(4) permanent disfigurement .
‘ MRI/Biopsy

Consider early treatment or need for further evaluation of IHs: X e .
NO, Hemangioma Specialist Consultation

Figure 2 The diagnostic workflow for IHs.

Prolonging the Drug Release Time, Reducing Administration Frequency, and Improving

Patient Compliance

In addition to the inherent nature of the drugs, poor treatment outcomes for IHs can also be attributed to challenges with
patient compliance. Due to the unique nature of infants and young children, the doses may not be correct when taking
traditional oral preparations, and they are susceptible to choking or even suffocation. In addition, frequent administration
can lead to resistance and poor compliance, resulting in suboptimal treatment outcomes. Loading drugs into polymeric
materials in targeted formulations can achieve slow and sustained release, leading to a controlled release effect and
reducing the frequency of administration.'* Poly (lactic-co-glycolic acid) (PLGA) has a certain rigidity and can
effectively prolong drug release time. And it has been widely used in various drug delivery systems.>>* Existing
studies have reported that loading drugs into lipid-based PLGA microspheres can achieve drug release for up to 40 days,
thereby significantly inhibiting the growth of IHs.* Similarly, Li et al demonstrated that rapamycin-encapsulated
exosome-mimetic nanoparticles-in-PLGA microspheres (RNM) could achieve a release time of up to 40 days in PBS
at different pH levels (as shown in Figure 4).*° Therefore, using polymeric materials as drug carriers to prepare targeted
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Urea liposome with a Glucose transporter protein 1 (GLUT1) Emulsion urea-loaded Lecithin/Chitosan Nanoparticles Engineered exosomes for targeted
vascular endothelial growth antibody-conjugated Fe;0, NPs liposomes-in-microspheres loaded with propranolol delivery of miR-187-3p
factor receptor
2013 2015 2018 2020 2022
2014 2017 2019 2021

& o

@ »

Porphyrin-based organic PVA coated mesoporous silica Poly(lactic-coglycolic acid)
nanoconstruct with drugs and Propranolol-loaded nanoparticles nanoparticles loaded with Nano-Delivery propranolol
therapeutic radio-metals with VEGFR antibody propranolol

Figure 3 A variety of representative targeted agents used in the last decade for targeted delivery of drugs for the treatment of IHs.

formulations for sustained drug release not only reduces the frequency of drug administration but also significantly

improves patient compliance.

Good Biocompatibility and Enhancing Drug Effectiveness

Biocompatibility and in vivo degradability of polymeric carriers are also key concerns.”> When targeted formulations
enter the body, they must evade clearance by the body’s reticuloendothelial system (RES),’® perform specific functions,
target lesions, avoid drug effects at other sites, and reduce side effects. Cell cytotoxicity tests have shown that blank
nanoparticles and microspheres do not exhibit significant toxicity, confirming the excellent biocompatibility of the
nanoparticles and microspheres in hemangioma stem cells (HemSCs), thereby reducing adverse reactions of the drug
in the circulation of the body.*> To bypass RES clearance, Zhu et al first loaded propranolol onto conventional
nanoparticle carriers to obtain propranolol-loaded nanoparticles (PNPs). Subsequently, the VEGFR antibody was used
as a targeting moiety to bind with nanoparticles to prepare PNP-VEGFR. In vitro cell experiments showed that in human
umbilical vein endothelial cells (HUVECS), the efficacy of PNP-VEGFR at 72 hours was 2.4 times and 3.8 times that of
PNPs and propranolol, respectively. At 120 hours, the efficacy was 2.9 times and 4.8 times that of PNPs and propranolol,
respectively. Similar results were obtained in Human hemangioma endothelial cells (HemECs). The efficacy of PNP-
VEGFR at 72 hours was 2.6 times and 4.1 times that of PNPs and propranolol, respectively. At 120 hours, the efficacy
was 2.4 times and 4.6 times, respectively. In conclusion, after combining nanoparticles with the VEGFR antibody, the
toxic effects induced by propranolol on HUVECs and HemECs were significantly increased, thereby enhancing the
efficacy of the drug.*
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Table | Summary of Targeted Agents for IHs in the Past Decade

evaporation

concentration of drugs in the tumor site; reduced the systemic side

effects of drugs and improved the therapeutic effect of drugs

Targeting Model Drug | Materials Preparation Methods Connecting Method of Main Effects Year®e
Strategy the Target Administration
Passive Propranolol Propranolol; Phosphatidyl The film dispersion - Transdermal Prolonged the drug release time; reduced administration frequency; 20153
targeted hydrochloride | ethanolamine (PE); Cholesterol method application improved patient compliance
agents
Propranolol Propranolol hydrochloride; PLGA-PEG | The film hydration - Intratumoral Sustained release; achieved superior therapeutic efficacy; reduced the 2017%
hydrochloride | -PLGA; PVA; DSPC; Cholesterol; method; Membrane injections frequency of administration
Chitosan extrusion; The modified
double emulsion method
Rapamycin Rapamycin; PLGA; DSPE; PEG2000; Nanoprecipitation - Intratumor Achieved local and sustained drug release; improved the effect of drug 2017
Soybean lecithin injections treatment; reduce the frequency of drug administration
Urea Urea; PLGA-PEG-PLGA; HSPC; The reverse evaporization - Intratumoral Reduced the frequency of drug administration; achieved sustained drug 2018%
Cholesterol; Chitosan method and vortex mixing injections release; enhanced the effect of drug therapy
Propranolol Propranolol hydrochloride; Physisorption - Intraperitoneal Enhanced the efficacy of drugs; reduced drug toxicity; reduced the 2019%
hydrochloride | Mesoporous silica; PVYA; MCM-41 injection number of doses administered
Propranolol Propranolol hydrochloride; Physisorption - Intratumoral Improved the bioavailability; improved the therapeutic efficacy and the 2020%
hydrochloride | Mesoporous silica; PVYA; MCM-41 injection safety
HIF-1a- HIF-10a-shRNA pDNA; Branched Synthesis conjugation and - Tumor Improved biocompatibility and efficient delivery; improve delivery 2020%
shRNA polyethylenimine; Triethylamine; HFAA | mixed incubation method subcutaneous efficiency and treatment effectiveness
pDNA injection
Propranolol Propranolol hydrochloride; Glycerol Remote drug loading - Transdermal Reduces drug toxicity; enhances stability; enhanced skin permeation; 2020
hydrochloride | monooleate (GMO); Phytantriol; method based on delivery enhanced antitumor effect
Pluronic FI27. a transmembrane pH
gradient process
Propranolol Propranolol hydrochloride; Lecithin; w/ol/w type double - Transdermal Located concentration to increase the therapeutic effect of the drug; 2021%!
hydrochloride | Chitosan emulsification method patch minimized systemic side effects
Propranolol Propranolol hydrochloride; PLGA; PVA | Double emulsion - Tail vein injection | Increased the stability of the drug and reduced the immunogenicity of the | 2021
hydrochloride emulsification solvent drug; prolonged the circulation time of drugs in the body; increased the
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Antibody- Urea Urea; Soybean phospholipid; Reverse phase evaporation | Anti-VEGFR2 | - Enhanced drug targeting; prolonged drug treatment 2013%
modified Cholesterol; Anti-VEGFR2
active
targeting - Fe304;1,2-distearoyl-sn-glycero High temperature heating, GLUTI Intravenous Location aggregation; enhanced drug targeting and therapeutic effect 2015%
agents -3-phosphoethanolamine-N-[methoxy mixing, solvent antibody injection
(polyethylene glycol)-2000] evaporation; Incubation
Propranolol Propranolol hydrochloride; PLGA-PEG | Double emulsion approach | Anti-VEGFR Intratumoral Provided targeted delivery and sustained release 2017%2
hydrochloride | -MAL; PVA; Anti-VEGFR Antibody Antibody injection
Sodium Sodium morrhuate; SPDP; Anti-human | Antibody-thiolated, Anti-VEGFR2 - Location concentration; Increased drug targeting; Increased the 2017%
morrhuate KDR monoclonal antibody; VEGFR2/ blowing film, hydration, /KDR therapeutic effect of drugs
KDR; Egg yolk phosphatidyl Choline; and filtration. antibody
Cholesterol
Rapamycin Rapamycin; PLGA; DSPE-PEG2000- One-step Anti-VEGFR2 | Intratumoral Facilitated targeted delivery and sustained release 2018%
Mal; Soybean lecithin; Anti-VEGFR2 nanoprecipitation antibody injections
antibody approach and incubated
Ligand- Propranolol Propranolol hydrochloride; PLGA (17 Double emulsion method Al5 (CDI33 Inrtratumoral Targeted delivery and sustained release 2017°
modified hydrochloride | kDa)-PEG (3.4kDa)-COOH; PVA; and an EDC/NHS aptamers) injection
active CD133 Aptamers (Al5) technique
targeting
agents
The bionic Rapamycin Rapamycin; Chitosan; PLGA-PEG- The extrusion-based - Intratumoral Extend the release time; the targeting activity; good biocompatibility and | 2022*
targeted PLGA; exosome method and the double injections enhanced drug effectiveness
agents emulsion approach
MiR-187-3p MiR-187-3p; hAMSC-exos Electroporation - - Good biocompatibility; increase the therapeutic effect of drugs 2022
Physical - Linear polyethylene glycol; Dendritic Self-assembly Copper-64— Tail vein Enhanced targeting and therapeutic efficacy 2014%
and oligomers of pyropheophorbide-a (Por, labeled injections 2016
chemical aporphyrin analogue); CA; PEG5k-
targeting Por4-CA4
agents

aro(q

a0

€€19

Abbreviations: PLGA-PEG-PLGA, poly(lactic-co-glycolic acid)-b-poly (ethylene glycol)-b-poly(lactic-co-glycolic acid; hAMSC-exos, human adipose mesenchymal stem cellderived exosomes; PLGA, Poly(lactic-co-glycolic acid; DSPE-
PEG2000-Mal, | ,2-distearoyl-sn-glycero-3- phosphoethanolamine-N-(maleimide (polyethylene glycol)-2000); SPDP, N-succinimidyl-3- (2-pyridyldithio)propionate; DSPC, Distearoyl-l-phosphatidylcholine; CA, cholic acid; GLUTI, Glucose
transporter protein |; PVA, polyvinyl alcohol; HSPC, Hydro soyphosphatidyl choline; HFAA, heptafluorobutyric anhydride.
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Figure 4 (A) The in vitro release profile of rapamycin in PBS. (B) The in vitro release profile of rapamycin in PBS with 10% FBS. (C) The in vitro release profile of
nanoparticles in PBS. (D) The in vitro release profile of nanoparticles in PBS with FBS.

Notes: Reproduced from Li H, Wang X, Guo X, Wan Q, Teng Y, Liu J. Development of rapamycin-encapsulated exosome-mimetic nanoparticles-in-PLGA microspheres for
treatment of hemangiomas. Biomed Pharmacother. 2022;148:112,737. Creative Commons.*®

Abbreviations: RN, rapamycin-encapsulated exosome-mimetic nanoparticles; RNM, rapamycin-encapsulated exosome-mimetic nanoparticles-in-poly (lactic-co-glycolic
acid) microspheres; FBS, fetal bovine serum; PBS, phosphate buffered saline.

Increasing the Stability of Drugs and Reducing the Immunogenicity of Drugs

To prevent drugs from entering the body directly and being affected by the body’s internal environment, researchers are
using nanocarriers to encapsulate drugs. The carrier itself can form an isolation space to protect the drug from premature
inactivation and degradation by the body’s factors and improve the stability of the drug in the body. The use of PLGA
nanoparticles as drug carriers has many advantages such as low toxicity, good stability, and sustained release. They can
also prevent enzyme-induced degradation to enhance the clinical efficacy of drugs, improve drug permeability to vascular
tumors, and prolong the retention time of drugs in the tumor.*?

In recent years, there have been increasing reports on the use of nucleic acid drugs for gene therapy in tumors.”’®
However, nucleic acids need to enter cells to exert their therapeutic effects, and cell entry is challenging because nucleic
acids are prone to degradation by nucleases during the delivery process, making it difficult to maintain a stable and intact
structure before entering cells. Therefore, in gene therapy, it is necessary to prepare safe and efficient delivery vehicles to
protect nucleic acids from degradation, increase the delivery efficiency of nucleic acids, and improve targeting to enrich
the functions of gene therapy. Guo et al used fluorine-modified novel cationic polymer FPEI to electrostatically compress
and condense HIF-1o shRNA pDNA into nano complexes. This process facilitated the escape of HIF-1a shRNA pDNA
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from endosomes, reduced its immunogenicity, completed the nucleic acid delivery process, and inhibited the expression
of HIF-1a protein in IHs, thereby achieving the therapeutic effect of inhibiting hemangioma growth.>

Targeting Strategy and Application of Targeted Agents in IHs

Passive Targeted Agents

Passive targeted agents are formulations that are designed based on the differential retention of particles by organs and
tissues, resulting in differential drug distribution in the body. The distribution primarily relies on factors such as the
particle size and surface charge.”® The structural basis of passive targeted agents is the Enhanced Permeability and
Retention (EPR) effect of tumor tissue. The EPR effect is attributed to the larger intercellular gaps in the endothelial cells
of tumor blood vessels compared to normal blood vessels. This allows drugs and particles with larger molecular weights
to permeate into the tumor tissue through these gaps.®®' Currently, an increasing number of polymeric materials, such as
nanoparticles, liposomes, micelles, polymeric nanoparticles, dendritic polymers and so on, are being developed as
targeted agents that utilize this effect for the targeted therapy of IHs.

Nanoparticles

Nanotechnology is currently a focus of attention for scientists both domestically and internationally. It has become a tool
for developing multifunctional drug delivery systems for various disease treatments and diagnostics.®®> Currently, there
are a plethora of reports on drug-loaded Nanoparticles for targeted treatment of vascular tumors. Liao et al used PLGA as
a drug carrier to load propranolol hydrochloride (PLGA-PP) and found that compared with free propranolol, the stability
of PLGA-PP in vivo was significantly improved and the circulation time in vivo was prolonged. It can not only reduce
the systemic side effects of PP but also increase the accumulation of PP in hemangioma due to the EPR effect. In
addition, the experiment showed that the mechanism of PLGA-PP in the treatment of hemangioma involves the
downregulation of the Id-1 gene, thereby inhibiting the colonization of HemECs and promoting its apoptosis effect.*?

To improve the transdermal delivery of propranolol hydrochloride (PRH), researchers loaded PRH into cubic liquid
crystal nanoparticles (PRH-CNPs) with a cubic structure similar to the cell membrane. Compared to the PRH solution,
PRH-CNPs showed significantly increased skin permeability and higher cytotoxicity against mouse hemangioendothe-
lioma (EOMA) cells.*’

In recent years, another novel type of nanoshell has also attracted the attention of researchers. Mesoporous silica
nanoparticles (MSN), due to their unique high pore volume, ordered channels, large surface area, and abundant surface
functional groups, are considered one of the most promising drug carriers.®*** Haiwei Wu et al used its high pore volume
and ordered channels as a carrier for propranolol to prepare mesoporous silica nanoparticles (PVA-MSN-PRN), which
have the advantages of good therapeutic effect, low toxicity, and low administration frequency. They can significantly
inhibit the proliferation of HemECs, promote HemECs apoptosis in vitro, and inhibit the growth of transplanted tumors
in vivo.>” Following that, the research team discovered that PVA-MSN-PRN could induce autophagy dysfunction with
excessive autophagosome accumulation to promote the therapeutic efficacy of PRN therapy.*®

Polyplexes

To maintain stability, high transfection efficiency and safety of gene delivery, the choice of gene carrier is particularly critical.
Gene vectors are usually divided into viral vectors and non-viral vectors. Due to the antigenicity and immunogenicity of viral
vectors, non-viral vectors are widely selected.®>©’ Polyethylenimine (PEI) is one of the most classic non-viral vectors, and
fluorination on polyethylenimine as a gene delivery vector has the advantages of stability, low toxicity, high efficiency and
good biocompatibility.® During the progression of hemangioma, the rapid proliferation of endothelial cells can lead to
hypoxia within the tumor, creating a hypoxic microenvironment.®” Hypoxia-inducible factor-1 alpha (HIF-10) is an important
cytokine that regulates the response of cells to hypoxia and plays an important role in tumor initiation, growth, and
angiogenesis.”® Research has shown that HIF-1a is highly expressed in HemECs and correlates with the expression levels
of VEGF, making it a potential therapeutic target for IHs.”'-”> The RNA interference (RNAi) technique can inhibit the
expression of target proteins and has higher specificity, safety and efficacy.”® The use of RNAi technology to transduce the
HIF-1a gene into HemECs provides a new approach for the treatment of hemangioma. Guo chose heptafluorobutyric
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anhydride (HFAA) to modify PEI, obtaining fluorinated low molecular weight PEI (FPEI). FPEI compacted HIF-1a -shRNA
pDNA through electrostatic interactions, forming structurally stable nanocomplexes, namely FPEI Polyplexes (as shown in
Figure 5). Thus, RNAI technology was successfully used to efficiently and stably deliver the HIF-1a gene into hemangiomas.
The polymeric nanoparticles exhibit low cytotoxicity and high serum stability both in vitro and in vivo. In addition, the cellular
endocytosis, transfection and silencing efficiencies were all satisfactory.>

Liposomes

Liposomes are primarily composed of phospholipids and cholesterol, and exhibit a structure similar to biological
membranes, often referred to as artificial biomembranes. Due to the presence of phospholipids and cholesterol as natural
components of cell membranes, liposomes are generally non-immunogenic and non-pyrogenic, and exhibit excellent
biocompatibility.”* Studies suggest that liposomes can enhance skin permeability, making them effective carriers for local
drug delivery.”” Researchers loaded propranolol into liposomes and added an appropriate amount of bioadhesive
carbomer to prepare a propranolol hydrochloride (PRO) liposomal gel for the treatment of IHs. A comparison between
PRO liposomal gel and PRO gel was conducted, and the in vivo skin deposition study showed that the maximum drug
concentration in the skin with PRO liposomes was 123.34 ng/g, significantly higher than that of PRO gel (75.65 ng/g).
The tissue distribution study showed that the PRO liposomal gel significantly improved drug distribution in the body,
resulting in a 74-fold relative increase in drug concentration in the skin compared to the PRO gel. Meanwhile, drug
concentrations in other tissues decreased, reducing adverse effects on organs, especially the heart. Therefore, liposomal
gel stands out as a promising carrier for transdermal drug delivery.>*

Hybrid Particles

With the deepening research and optimization of drug carriers, the development of hybrid carrier systems that can combine
different organic-organic and organic-inorganic materials can achieve superior drug loading characteristics, so they can play an
important role in various fields such as biomedical applications.”® They are optimized on the original carrier materials, which are
more economical, efficient and environmentally friendly. Due to the soft and fragile nature of liposomal membranes, the
cholesterol and phospholipids in the structure are easily exchanged with other membranes, resulting in instability and suboptimal

R FF LAY g AN
N CF. § JVF £ hole I
NH, HN N2 FFO OFF r ’o‘FFs Y RN i
H H H FJCVOJ%CF] f J ‘~" o »‘ O OO v
HNTNNSANASNANASN AL, EL_FF [ et =8 % (o E @ 0
H / . HFAA =4 ‘ PDNA O R R o
HNSN AN, FPEI 7205 AT 1
bPEI 1.8k At
ct . - . FPEI polyplex
£ froton L c . Injection
o 09, ~va sponge 9 040 Cellular O Y
‘946 s, - | mechanism P e ) uptake o5
o : o o
370 fop gl ) P — 2
-.O o ‘\. -
O ) o HIF-1ax I-{'em-angioma ﬁ.ﬂo!.:lel
O -+

RISC /

A ‘ ', - | Nuclear
> O o | uptake

<
p
'g — —_— — ﬂ
a
3 I
ShRNA = SiRNA " HIF-1a mRNA
Nucleus Tumor therapy

Cytoplasm

Figure 5 Schematic illustration showing the formation and intracellular process of fluorinated PEI (FPEI) polyplexes and their effects in tumor angiogenesis.

Notes: Used with permission from Guo X, Yuan Z, Xu Y, Wei M, Fang Z, Yuan WE. A fluorinated low-molecular-weight PEI/HIF-1a shRNA polyplex system for hemangioma
therapy. Biomater Sci. 2020;8(8):2129-2142; Copyright © 2020 Royal Society of Chemistry;*® permission conveyed through Copyright Clearance Center, Inc.
Abbreviation: HFAA, heptafluorobutyric anhydride.

6136 s International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Liang et al

sustained drug release. Biodegradable polymeric carriers, such as PLGA, offer structural rigidity, sustained release capabilities,
and superior drug loading capacity.”” In recent years, there have been an increasing number of reports on the hybridization of
liposomes and polymeric carriers. Compared to other carrier systems, the combination of liposomes and polymers offers several
advantages, such as structural reliability, storage stability, and controlled release capabilities.”*”® To mitigate the side effects and
high dosing frequency associated with propranolol therapy for [Hs, Guo et al encapsulated propranolol liposomes (PLs) within
liposomal microspheres composed of poly(lactic-co-glycolic acid)-polyethylene glycol-poly(lactic-co-glycolic acid) (PLGA-
PEG-PLGA) (as shown in Figure 6). PLGA-PEG-PLGA liposomal microspheres (PLIMs) provided sustained release of
propranolol for up to 40 days, significantly reducing the frequency of propranolol administration. PLIMs showed superior
therapeutic effects on hemangiomas compared to propranolol alone and PLs.*®> The following year, a similar method was
reported to encapsulate urea liposomes within microspheres made of PLGA-PEG-PLGA copolymers, resulting in urea liposomal
microspheres (ULIMs). ULIMs were introduced as a novel local controlled release system for the sustained release of urea. This
approach further improved the drug encapsulation efficiency, which reached up to approximately 51.5%. Sustained drug release
lasted for 40 days. ULIMs demonstrated superior therapeutic effects on [Hs compared to propranolol, urea, urea liposomes and
urea microspheres. Specifically, there were significant reductions in hemangioma weight, volume, and microvascular density. In
addition, ULIM demonstrated improved safety.*® The two formulations mentioned above both involve coating the surface of
liposomes with PLGA polymer to increase stability and prolong release, but the microsphere diameters formed in both cases
reach the micron range. To control particle size for better targeting effects, researchers have continued to refine their methods.

They found that using the nanoprecipitation method by dissolving rapamycin in PLGA solution (1 mg/mL), forming the polymer
first, and rapidly adding it to an aqueous lipid solution, rapamycin-loaded PLGA nanoparticles (Rapamycin-PLNPs) were
obtained with the particle size of only 129.1 nm and the encapsulation efficiency of 63.7%. These nanoparticles effectively

inhibited the proliferation of HemECs, reduced the expression of angiogenic factors in HemECs, and demonstrated superior
33

therapeutic effects on IHs compared to free rapamycin.
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Notes: Reproduced with permission from Guo X, Zhu X, Liu D, Gong Y, Sun J, Dong C. Continuous delivery of propranolol from liposomes-in-microspheres significantly
inhibits infantile hemangioma growth. Int | Nanomedicine. 2017;12:6923-6936.3°

Abbreviations: Chol, cholesterol; DSPC, distearoyl-L-phosphatidylcholine; MLL, multilamellar liposome; O, oil; PL, propranolol-loaded liposome; PLGA-PEG-PLGA, poly
(lactic-co-glycolic acid)-b-poly(ethyleneglycol)-b-poly(lactic-co-glycolic acid); PLIM, porpranolol-loaded liposomes-in-microsphere; PVA, poly (vinyl alcohol); ULL, unilamellar
liposome; W, water.
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Active Targeting Agents

Active targeting agents are drug formulations that combine with ligands or antibodies, taking advantage of the specific
binding between certain receptors or antigens in organs and tissues and their corresponding ligands or antibodies, to
achieve the purpose of active targeting. Active targeting agents overcome the drawbacks of passive targeting agents,
enhance the specificity of drug formulations, reduce drug toxicity, minimize side effects, and further improve the safety
and efficacy of drugs.®*®' There are also increasing reports of active targeting agents in the treatment of IHs, including
the use of receptor-ligand interactions, antigen-antibody binding, and biomimetic nanoparticles.

Ligand-Modified Active Targeting Agents

CD133 is a normal stem cell/progenitor cell and cancer stem cell surface marker.®? In IHs tissue, a population of
stem cells expressing CD133+ can be isolated. Injection of these ‘hemangioma stem cells’ into nude mice results in
the development of hemangioma-like lesions. Therefore, CD133+ stem cells are considered to be the origin of
IHs.""®* The researchers exploited the specificity of the aptamer A15 to selectively bind to HemSCs overexpressing
CD133 to prepare PP-PLGA nanoparticles containing a CD133 aptamer, termed PPN-CD133. PPN-CD133 exhib-
ited a suitable particle size of 143.7 nm. In vitro, uptake experiments demonstrated that PPN-CD133 could deliver
higher concentrations of propranolol to HemSCs via the CD133 aptamer compared to PPN. PPN-CD133 effectively
bound to CD133+ hemangioma stem cells and demonstrated superior inhibition of VEGF-A and bFGF mRNA and
protein expression in hemangiomas compared to propranolol and PPN. PPN-CD133 exhibited excellent therapeutic
effects on IHs, with no significant changes in mouse body weight during treatment, indicating its safety and
efficacy.”’

Antibody-Modified Active Targeting Agents

VEGEF is an endothelial cell growth factor composed of three tyrosine kinase receptors: VEGFR-1, VEGFR-2, and
VEGFR-3. VEGFR-2 is the critical receptor for the development of the blood vasculature. Alterations in the VEGF-2
signaling pathway within endothelial cells (EC) can lead to the formation of THs.** ®® In 2013, researchers developed an
immune liposome loaded with urea and combined with an anti-VEGFR antibody. In vitro experiments, it was observed
that urea-immune liposomes could significantly inhibit the proliferation of HVECs, showing both time- and dose-
dependency.”’ Because of its ability to disrupt endothelial cells and promote coagulation and thrombosis, sodium
morrhuate has been used to treat hemangiomas.®” Sodium morrhuate immunoliposomes were prepared by coupling
sodium morrhuate ordinary liposomes with anti-VEGFR2 /KDR antibody, which have an increased capacity to target
HECs and promote mitochondrial apoptosis.** Similarly, enhanced rapamycin delivery to hemangiomas by lipid polymer
nanoparticles conjugated with anti-VEGFR antibodies has been reported.**

Researchers have discovered that glucose transporter 1 (GLUT1) is continuously overexpressed in the endothelial
cells of hemangiomas and persists until regression, whereas it is not expressed in other benign vascular tumors and
vascular malformations. Therefore, Choi et al used GLUT! antibodies as the targeting component of iron oxide
nanoparticles (Fe;O4-NPs) for molecular MRI imaging in an animal model of hemangiomas, aiming to differentiate
between IHs and vascular malformations. Histological examination using GLUT1 antibody-Fe;04-NPs revealed Prussian
blue-stained nanoparticles in CD133-positive endothelial cells of hemangiomas. When treated with Fe;04-NPs without
coupled antibodies, Prussian blue-stained nanoparticles were found in macrophages rather than endothelial cells. The low
signal pixel percentages in mouse hemangiomas treated with Fe;O04-NPs and GLUT1-Fe;0,4-NPs were 8.3% and 56.6%,
respectively. The signal intensity produced by GLUT1-Fe;04-NPs MRI imaging was significantly lower than that of
Fe;04-NPs without coupled antibodies. This aids in more accurate differentiation and diagnosis of IHs and vascular
malformations through MRI.*°

The Bionic Targeted Agents

Biomimetic drug delivery systems deliver drugs through cells, cell membranes, or cell-produced drug-loaded exosome
vesicles or ordinary nanoparticles. By exploiting the intrinsic immunogenicity of cells and surface effectors such as
proteins, messenger RNA, or microRNA (miRNA) to mediate cell communication, evade phagocytosis by the reticu-
loendothelial system, and deliver drugs to target cells, biomimetic drug delivery systems demonstrate robust delivery and
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targeting capabilities.**™ Zheng et al isolated extracellular vesicles (EVs) from human adipose-derived mesenchymal
stem cells (hAMSCs), termed hAMSC-exos. Then, the tumor suppressor gene miR-187-3p was introduced into hAMSC-
exos by electroporation to obtain engineered exosomes E-exos. Experimental results showed that E-exos showed no
significant changes in morphology, particle size, or surface markers compared with hAMSC-exos. E-exos were efficiently
internalized by HemSCs. After internalization, E-exos suppressed the Notch signaling pathway through the inhibition of
miR-187-3p, thereby inhibiting the proliferation of HemSCs and providing a new research avenue for the treatment of
IHs.*® In the same year, based on the specific binding interaction between integrin a4f1 on the cell membrane of
macrophages and vascular cell adhesion molecule-1 (VCAM-1), which is highly expressed on endothelial cells,”
researchers co-incubated rapamycin with macrophage-derived exosomes and used extrusion to prepare drug-loaded
particles (RNs). These particles were then encapsulated with PLGA microspheres to obtain rapamycin-encapsulated
exosome-mimetic nanoparticles-in-PLGA microspheres (RNM). The results showed that RNM exhibited excellent
sustained release, with drug release lasting up to 40 days. RNM effectively inhibited the proliferation of HemSCs,
significantly suppressed apoptosis, and inhibited the expression of vascular growth factors, thereby achieving the
therapeutic goal for IHs.*

Physical and Chemical Targeting Agents

Photothermal therapy (PTT) and photodynamic therapy (PDT) are at the forefront of current cancer treatment. The basic
principle involves the use of photosensitizers that, when stimulated by light, generate heat and reactive oxygen species,
effectively damaging cancer cells.”’?* Yuanpei Li et al utilized the principles of photodynamic therapy, which used the
combination of a photosensitizer such as porphyrin with laser light, to develop a novel, locally active, non-toxic nano-
photothermal treatment system for the treatment of IHs.*” The nano-porphyrin accumulated at high levels in the vascular
hemangioma through enhanced permeability and retention effects, and exhibits cytotoxicity upon laser irradiation.
One day after treatment, the hemangioma began to regress, and by the 21st day, it was completely gone. The difference
in tumor volume between the treatment and control groups was significantly different at day 17 and day 21 (p < 0.05). By
activating porphyrin only within the hemangioma under laser irradiation, while remaining inactive in other organs,
systemic side effects of the treatment were avoided.*®

Summary and Outlook
In this study, we summarized various types of targeted formulations for IHs as the target site. Compared with traditional
therapeutic drugs, targeted formulations have several advantages: targeted carriers enable drug localization and concen-
tration, thereby enhancing therapeutic efficacy while reducing drug dosage; specific carrier materials can prolong drug
release, increase drug stability, reduce dosing frequency, and improve patient compliance; carriers made of biocompatible
materials reduce drug immunogenicity, thereby minimizing the occurrence of adverse reactions. An increasing number of
researchers are focusing on the design and development of targeted drug delivery systems for the treatment of vascular
tumors. While the proposed strategies for targeting IHs show promising applications, there are still several issues that
require further investigation, including the safety of carrier materials. Currently, targeted formulations are considered
relatively safe rather than completely non-toxic. Although existing biomaterials do not pose a significant risk to humans,
they can induce immune responses. To further increase drug loading and reduce dosing frequency, research efforts should
focus on optimizing formulations and delivery systems. In addition, the commonly used vascular tumor model involves
subcutaneous implantation of tumors in nude mice to establish a hemangioma model. However, this model may not fully
reflect the identical biological behavior seen in human infantile hemangiomas. Currently, there are no reports on the
establishment of deep vascular hemangioma models, despite the high incidence of deep vascular tumors. Suboptimal
therapeutic outcomes and side effects often result from a lack of specificity in treatment. Specificity in treatment depends
on the advancement of basic research. Combining the microenvironment of IHs with the study of specific proteins or
markers on the tumor surface could lead to the discovery of more specific and effective targets or markers.

The targeted agents and treatment strategies mentioned in this study are still in the preclinical stage. Although
numerable preclinical drugs have been researched and documented, Unfortunately, none of these agents has been used or
prepare to use in clinical trials. Faced with numerous challenges, the development of sustained, efficient drug delivery

International Journal of Nanomedicine 2024:19 hetps: 6139
Dove:


https://www.dovepress.com
https://www.dovepress.com

Liang et al Dove

systems that exert anti-tumor effects without toxic side effects has become a research hotspot. It is believed that with

a deeper understanding of the pathological mechanisms of IHs and the rapid development of targeted drug formulations,

these challenges are likely to be overcome in the future.”>** Targeted drug formulations for IHs are expected to have

broader prospects.
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