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Long-acting injections have outstanding contributions in prolonging the release period of drugs, reducing the
frequency of administration, and improving the compliance of patients. Various long-acting schemes have been
extensively studied, such as oil-based formulations, drug crystal suspensions, in situ forming implants, and
microspheres. Among them, microspheres can load drug molecules with different properties through a variety
of pathways, which have excellent prospects in drug delivery, especially as anticarcinogens. We have briefly
summarized common biodegradable carrier materials for microsphere injections and their utilization in
biological medicine, including natural, synthetic, and inorganic materials. Next, we have focused on deliberating
the application of biodegradable microsphere injections in cancer therapy through marketed microspheres,
Received 20th December 2023, clinical research, and experimental studies. At present, the use of microspheres in the treatment of cancers,
Accepted 22nd February 2024 such as prostate cancer, breast cancer, uterine fibroids, neuroendocrine neoplasm, and liver cancer, has been
DOI: 10.1039/d3ma01150j well-established. Finally, technical challenges and process difficulties in developing injectable microsphere
products and viable solutions are briefly discussed. Microspheres have shown enormous potential in delivering
rsc.li/materials-advances anticancer drugs, and we believe that more types of microspheres will be used for cancer therapy in the future.

1 Introduction

“College of Pharmacy, Shandong University of Traditional Chinese Medicine, Jinan Injections are Wldely used in clinical practice because of the
250355, China. E-mail: livjiyong@fudan.edu.cn; Fax: +86-21-64175590; advantages of rapid onset and reliable action, but their rapid

Tel: +86-21-64175590 degradation in vivo causes drug concentration to quickly drop
b i i i . e s s . . .
Department of Pharmacy, Fudan University Shanghai Cancer Center, Department below the threshold, requiring repeated injections to maintain the
of Oncology, Shanghai Medical College, Fudan University, Shanghai 200032, . . . .
therapeutic level. This can seriously affect the compliance of

China
+ These authors made equal contributions to this work. patients, espec1a11y in chronic dlseases; thus, more long—actlng

Our supervisor is Professor Jiyong Liu, current director of the
Department of Pharmacy and doctoral supervisor of Fudan
University Shanghai Cancer Center. Professor Liu is a Shanghai
Leading Talent and Shanghai Academic Research Leader. Our main
research directions are new drug delivery systems based on clinical
demand orientation and clinical pharmacy, novel anti-tumor nano
drug preparations and technologies, and clinical rational drug use.
As a project leader, Professor Liu has presided over 6 projects funded
by the National Natural Science Foundation of China and more
than 20 research projects at the provincial and ministerial levels. As
the main investigator, Professor Liu has won the second prize in the
National Science and Technology Progress Award and the first prize
in the Science and Technology Progress Award for Higher Education
Institutions of the Ministry of Education. We published a total of
156 research papers, including 77 SCI papers. In addition, Professor Liu has served as an associate editor of Cancer Screening and
Prevention and an associate editor of the Chinese edition of Nature Review Drug Discovery.

Jiyong Liu research group

3094 | Mater. Adv, 2024, 5, 3094-3112 © 2024 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0003-0444-957X
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma01150j&domain=pdf&date_stamp=2024-03-16
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma01150j
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005008

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 26 2024. Downloaded on 2/11/2025 02:24:13.

(cc)

Review

injections are urgently needed. Several types of long-acting injec-
tions have been used in clinical practice, such as oil-based long-
acting parenteral formulations, drug crystal suspensions with the
highest drug-loaded carrier system, in situ forming implants with
easy scale-up, and microspheres with low risk of mechanical tissue
irritation. The comparison of four popular long-acting injections is
shown in Table 1. Among them, we believe that long-acting micro-
sphere injections deserve more attention. Although microspheres
are expensive, they can maximize the release of active pharmaceu-
tical ingredients (APIs). Encapsulated APIs can be slowly released
along with the biodegradation of microsphere carriers to achieve
long-term and continuous treatment ranging from weeks to
months. The rate of API release is mainly determined by biode-
gradable carrier materials that have high biocompatibility and
safety. Biodegradable carrier materials can be slowly degraded via
normal metabolism; thus, they will not cause damage to the body.
Biodegradable microsphere injections can eliminate the peak and
trough phenomena of drug concentration produced by multiple
administrations and constantly release drugs to obtain the effective
concentration of stabilization for a long time. In addition, micro-
sphere preparations have an affinity for tissues and selectivity for
special sites, which enhances drug targeting and reduces toxic side
effects. Biodegradable microsphere injections could mainly load
small molecule drugs in the past but research has been extended
now to the delivery of nucleic acids, peptides, proteins, and other
drugs, including hydrophobic and hydrophilic drugs.

Microspheres were used in the 1990s and now have been
widely used in the treatment of a number of diseases (Table 2),
including digestive system diseases, metabolic diseases,” ner-
vous system diseases,® and cancer. For cancer, microspheres
have more applications, especially for delivering peptides. Micro-
sphere preparations of leuprolide, triptorelin, octreotide, lanreo-
tide and pasireotide have shown good efficacy in the treatment
of hormone-dependent tumors, including prostate cancer,
breast cancer, uterine fibroids, and neuroendocrine neoplasm.

This review presents the biodegradable carrier materials of
microsphere injections and their applications in drug delivery. The
specific application of microsphere injections in the delivery of
anticancer drugs was analyzed from marketed microspheres, clinical
research, and experimental studies, including common malignant
tumors such as prostate cancer, breast cancer, liver cancer, lung
cancer, glioblastoma multiform and pancreatic adenocarcinoma, as
well as some benign tumors such as neuroendocrine neoplasm and
uterine fibroids. The difficulties to be overcome in the preparation
and production of microsphere injections (such as initial burst
release, the stability of peptide and protein, and the expansion of
production) as well as possible solutions are discussed at the end. It
is hoped that this review can provide a reference to the researchers
who want to develop new drugs for microsphere injection.

2 Biodegradable carrier materials for
microsphere injections

The biodegradable carrier materials for preparing microsphere
injections are mainly polymer materials with good biocompatibility

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 1 The comparison of four popular long-acting injections

Cycle/

Representative

drug

months Safety  Ref.

Advantages Disadvantages

Release principle

Type

2 and 3

Faslodex® Lower

Some drugs are not suitable for

linking fatty acid chains.

Prodrug containing fatty acid chains is released Low cost

Oil-based long-

acting parenteral slowly by the gradual hydrolysis of ester bonds

formulations

or by the slow entry from adipose tissue into the

blood circulation.

2-4

Low

API particles have rough surfaces; Invega Hafyera ™

the size of API particles is not easy
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High drug load
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Table 2 Commercial availability of microsphere injections
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Formulations/
Trade name API Materials months Route Firm Indications
Lupron®Depot Leuprolide PLGA/ 1,3,4,6 LM Takeda, abbott Prostate cancer, breast cancer, uterine fibroid, etc.
PLA
Decapepty®Depot ~ Triptorelin PLGA/ 1,3,6 LM  Ferring Prostate cancer, breast cancer, endometriosis, pubertas
PLA praecox, etc.

Decapepty™SR Triptorelin PLGA 1,3,6 LM Ipsen Prostate cancer, breast cancer, endometriosis, pubertas

) praecox, etc.
Trelstar®™ Triptorelin PLGA 1,3,6 LM Debiopharm Prostate cancer, uterine fibroid, etc.
Sandostati® Octreotide PLGA 1 LM  Novartis Acromegaly, neuroendocrine neoplasm, carcinoid syn-

) drome, etc.

Somatuline®Depot Lanreotide PLGA 1 S.C Ipsen Acromegaly, neuroendocrine neoplasm, carcinoid syn-

) drome, etc.
SigniforLAR Pasireotide PLGA 1 LM  Novartis Acromegaly, hypophysoma, cushing’s syndrome, etc.
Plenaxis™ Abarelix CMC 1 LM  Praecis Prostate cancer
Nutropin®Depot ~ Somatropin ~ PLGA 1 S.C  Alkermes, Growth retardation

) genentech

RisperdalConsta™ Risperidone ~ PLGA 0.5 LM  Johnson Schizophrenia, bipolar disorder, schizophrenia, etc.
Bydureon™ Exenatide PLGA 0.25 S.C  AstraZeneca Diabetes
Vivitrol™ Naltrexone PLGA 1 LM  Alkermes, Cephalon Alcohol or opioid dependence
Zilretta®™ Triamcinolone PLGA 3 IAT FLXN Knee osteoarthritis

Data were obtained from Drugs@FDA search. Abbreviation: PLGA, poly(lactic-co-glycolic acid); PLA, polylactic acid; CMC, carboxymethyl cellulose;

1.M, intramuscular; S.C, subcutaneous; IAT, intra articular injection.

properties, including natural, synthetic, and inorganic. Synthetic
materials are the most used, and their structures are easily modified
and suitable for the preparation of multifunctional microspheres
with complex structures. Natural materials are widely available,
inexpensive, and most of them have adhesive properties, which
are suitable for the preparation of hydrogel microspheres. Many
researchers have applied it to embolization therapy and osteosar-
coma. The utilization of inorganic materials can enhance the
targeting and delivery efficiency of growth factors, making them

suitable for the preparation of composite microspheres with other
carrier materials. The characteristics and application examples of
biodegradable carrier materials for microsphere injections are
shown in Table 3.

2.1 Synthetic polymer carrier material

2.1.1 PLA. Polylactic acid (PLA) is a high molecular poly-
mer obtained by the polymerization of lactic acid fermented by
plant starch. In vivo, PLA is eventually hydrolyzed into CO, and

Table 3 Characteristics and application examples of biodegradable carrier materials for microsphere injections

Carrier material ~ Feature Application Biological function Ref.
PLA Sustained release, surface Malignant They can inhibit tumor growth and prolong the survival time of 7
modification melanoma tumor-bearing mouse, which has no obvious toxic and side effects
on major organs.
PLGA Sustained release, struc- Hepatocellular They are designed to participate in HCC immunoregulatory therapy 8
tural modification carcinoma and tumor starvation therapy. They can reverse the immunosup-
pressive tumor microenvironment, which can be combined with PD-
L1 checkpoint inhibition by co-delivery.
Gelatin Adhesiveness, cell delivery  Breast cancer The porous gelatin hydrogel microspheres exhibited increased cell 9
and culture embolization loading and viability, resulting in significant promotion of adipose
tissue formation and simultaneously inhibited tumor recurrence.
Alginate Adhesiveness, emboliza- Hepatocellular IDO1 inhibitor-loaded alginate microspheres have been shown to be 10
tion, pH-responsive, anio-  carcinoma effective in the treatment of HCC by radioactive seed implantation in
nic material mice and transarterial radiation therapy embolization in rabbits.
Chitosan Adhesiveness, pH- Colorectal They displayed enhanced cytotoxicity and proapoptotic activity 11
responsive, cationic carcinoma against HCT-116 colon cancer cells as well as improved the colon
material targeting efficiency.
Starch Embolization Hepatocellular Degradable starch microspheres provide relatively transient embo- 12
carcinoma lization before being degraded by serum amylases.
Fe;0, Magnetic targeting, mag- Laryngeal The Fe;0,4 can not only increase the stimulation of mechanical force 13
netic resonance imaging carcinoma to cells but also improve the photothermal conversion ability under
near-infrared light because of surface plasmon resonance.
CaCO, pH-responsive Cervical Because of the inherently good biocompatibility, pH sensitivity, and 14
carcinoma biodegradability of CaCO3, they can release the DOX in a controlled
and sustained manner in response to the weak acidic micro-
environment of cancer cells.
Calcium pH-responsive, promote Osteosarcoma They show excellent properties for promoting the osteogenic differ- 15
phosphate-based  bone defect repair entiation of human bone mesenchymal stem cell
biomaterials
3096 | Mater. Adv, 2024, 5, 3094-3112 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Modification and antitumor efficacy of pH-responsive PLA microspheres. (a) pH-sensitive DOX-loaded polymer microspheres prepared by the
double-emulsion method and intratumorally administrated for localized chemotherapy. (b) Synthesis of PLLA-DEGDVE (P-D) with pH-sensitive acetal
bonds (red color). (c) In vitro drug release of DOX-loaded microspheres (n = 3). (d) Relative tumor volume changes in cancer therapy (n = 12). Reproduced
from ref. 20 with permission from American Chemical Society, copyright 2018.

H,O0; thus, it is not toxic to humans. As early as the 1960s, PLA
was used in clinical practice as a surgical suture due to its good
biodegradable properties. PLA microspheres can not only pro-
long the duration of drug release but also significantly improve
the drug encapsulation efficiency. Compared with the micellar
group (about 200 h), the PLA microsphere group (about 750 h)
loaded with rapamycin for treating breast cancer shows a
significant improvement in drug release time, and the encap-
sulation efficiency is about 83%."°

Moreover, the PLA microsphere surface can be modified to
improve its performance.””*° For example, a study®® showed
that acidic-cleavable acetal bonds can be introduced into
the PLA microsphere skeleton to achieve pH-sensitivity and
targeting (Fig. 1). According to Fig. 1c, the modified PLA
microspheres have the most cumulative release under acidic
conditions. According to Fig. 1d, the modified PLA micro-
spheres were injected intratumorally into the mouse model of
breast cancer, and the tumor volume was significantly lower
than that in the control group measured after 21 days of
administration (3.4 V vs. 10.5 V, V is the average tumor volume
before treatment). The above results fully demonstrated that
the modified pH-sensitive PLA microspheres could improve the
anticancer effect. Neda Rostami et al.>" synthesized (PLA-PEG-
PLA) and (PEG-PLA-PEG) and showed by molecular dynamics
simulations and free energy analysis that PLA-PEG-PLA has a
higher tendency to interact with the cell membrane and more
negative free energy, indicating that PLA-PEG-PLA is a better
carrier for cell membrane penetration. Furthermore, PLA-PEG-
PLA exhibited higher drug loading and more controlled release
rates, leading to greater cell death in MCF-7 breast cancer cells,
probably because of the stronger hydrophobicity of PLA-PEG-
PLA than PEG-PLA-PEG.

© 2024 The Author(s). Published by the Royal Society of Chemistry

2.1.2 PLGA. PLGA is a polymeric compound obtained from
the two monomers of lactic acid and glycolic acid according to a
certain proportion.”> Unlike PLA aggregated by a monomer,
PLGA not only has the rigidity, hydrophobicity and slow degra-
dation of LA but also has the ductility, relative hydrophilicity,
and faster degradation of GA.*® The significant advantage of
PLGA as a microsphere carrier material is that it can modify the
polymer by adjusting the ratio of two monomers, polymer
molecular weight, concentration, and end groups during the
synthesis process, which can regulate the encapsulation effi-
ciency and drug release.>* There are many methods to prepare
PLGA microspheres, including emulsification, microfluidic,?®
electrospray®® and spray drying method.*”

The extensive application of PLGA in biomedical fields
includes drug delivery, tissue engineering, artificial catheter,
and wound suturing. More than 32 PLGA microspheres have been
approved by the FDA for small molecule drug delivery, and the
number of biological macromolecule drugs is also on the rise.”® In
the last decade, PLGA combined with nanotechnology have been
widely explored.”® Published articles have shown that PLGA
microspheres have become ideal materials for multiple drugs
due to their various advantages, including small molecule drugs,
vaccines,*® protein,®' metal,*> and magnetic nanoparticles.**

The main purpose of drug delivery with PLGA microsphere
is to prolong the duration of drug action. For example, Birgitta
et al.** prepared bupivacaine into PLGA microsphere injection
and achieved the sustained release of API in vivo. The results
showed that the analgesia time in the microsphere group was
significantly longer than that in the solution group, which
contributed to long-term postoperative analgesia.

In addition to long-acting, PLGA microspheres can also
improve the safety of drugs. The PLGA microspheres loaded

Mater. Adv.,, 2024, 5, 3094-3112 | 3097
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with arteannuin B can effectively inhibit the growth of the
tumor.*® The relative tumor proliferation rate is less than 40%,
and only weekly subcutaneous injection achieved the contin-
uous release of API for 21 days. Furthermore, the index of
organ, organ staining, and staining of tumor cells indicated
that this microsphere formulation was safer than cis-platinum
diamine-dichloride injection; thus, it might be the first micro-
sphere to deliver small molecule antitumor drugs.

2.2 Natural polymer carrier materials

2.2.1 Gelatin. Gelatin, which is produced by the degrada-
tion of collagen in connective tissues such as animal skin or
bone, does not express antigens in the body and is therefore
safe. The preparation methods of gelatin microspheres include
emulsification method,*® condensation method®” and spray
drying method.?® Gelatin microspheres can be used for tumor
embolization therapy,®® which can be injected into the desig-
nated blood vessels to block the nutrient supply of the tumor.

Gelatin has certain adhesive properties, which forms a clear
and transparent solution in hot water and becomes a gel after
cooling. Therefore, gelatin can be used to prepare biodegrad-
able hydrogel microspheres. For example, Kaili Chen et al.*°
have constructed a gelatin microsphere loaded with ebselen
liposomes with excellent viscosity and coupled to the polydo-
pamine layer (GM@PDA®@Lipo-Ebselen), which adheres tightly
to the target tissue even after 180° inversion and 360° rotation.
Yu et al.** prepared the gelatin microsphere carrying losartan
by the emulsification method and successfully demonstrated
that it could inhibit the synthesis of tumor collagen. Collagen
fibers in tumors can reduce the permeability of drugs to the
tumor tissue, which can hinder the anti-tumor effects of drugs.
The results provide important guidelines for a long-acting local
delivery system of collagen inhibitors.

2.2.2 Alginate. Alginate is a natural polyuronic acid in the
cytoderm of alga. Alginate microspheres not only have the
characteristics of good water-solubility, easy gel formation,
simple preparation, and low price, but also have high safety
because they can be degraded into simple sugars for reuse
in vivo. Alginate microspheres can be prepared by emulsifica-
tion, extrusion, spray drying and microfluidic technology,**
W/O single emulsification is the most generally used method.*?

Alginate microspheres have excellent pH sensitivity, which
can be targeted to the special microenvironment of tumors.
Studies designated that alginate microspheres showed the
pH-responsive swelling behavior at pH values of 2.0, 4.5, 7.4,
and 8.5, with percentages of 10.60%, 352.65%, 690.03%, and
1211.46%, respectively.’* The release rate of the microspheres
showed an increasing trend proportional to pH.

Alginate microspheres also have better therapeutic effects in
tumor embolization therapy. A vascular embolic agent made of
sodium alginate microspheres was approved by the China Food
and Drug Administration in 2019. This product is suitable for
interventional embolization therapy of various solid tumors,
and it is the only natural, degradable, safe, non-toxic, and
environment-friendly vascular embolization agent commer-
cially available in the world.

3098 | Mater. Adv., 2024, 5, 3094-3112
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In addition, the content of alginate could determine the size
of the microspheres. Jia Man et al.** used microfluidic methods
to prepare calcium alginate microspheres as histone deacety-
lase inhibitor carriers. The study showed that when the flow
rate ratio was fixed, the size of the CAM decreased as the
concentration of the alginate decreased.

2.2.3 Chitosan. Chitosan is a kind of natural polymer
polysaccharide extracted from marine crustaceans, which is
insoluble in water and most organic solvents.’® Due to the
positive charge of chitosan, chitosan microspheres can be
formed by ionic crosslinking.*”*® The advantages of chitosan
are its biological adhesion and strong permeability,*® which
can be used for embolization therapy. The injection of
311]abeled chitosan-collagen composite microspheres
through hepatic arteries into hepatocellular carcinoma rats
which effectively increased the overall survival of the interven-
ing sites from 19 days to 44 days.”®

It has been reported that chitosan microspheres can deliver
traditional Chinese medicine.>! They prepared chitosan micro-
spheres by the spray drying method using panax notoginseng,
Dangshen and atractylodes extracts as API. The release beha-
vior in vitro of API occurs in two phases, with 41% API being
released within the first hour to quickly reach the therapeutic
concentration and the remaining API being sustainedly
released within 12 hours to maintain the plasma concentration.

2.2.4 Starch. Starch microspheres can be made from nat-
ural starch under the action of initiator and crosslinker and are
safe carrier materials because they can be degraded by amylase
in vivo.>* Starch microspheres have a good slow-release effect.
Yashar Hassanpouraghdam et al. compared the release rate of
starch microspheres (St@5-Fu@GQDs@Bio-MOF) with that of
non-starch microspheres (5-Fu@GQDs@Bio-MOF) and found
that the release of API in starch microspheres was more
sustained. This behavior can be explained by the entrapping
of the API in the cross-linked starch gel-like network.>?

Degradable starch microspheres are often used in tumor
embolization therapy.”* Results from a European multicenter
survey>® showed that 121 patients with HCC had a median
survival time of 15.5 months, a median time to tumor progres-
sion of 9.5 months and a disease control rate of 83.2%. Starch
microsphere embolization is a good option when other stan-
dard treatments are ineffective.

2.3 Inorganic materials

2.3.1 Fe;0,. Fe;0, is usually combined with other polymer
carrier materials to make magnetic microspheres. Some
researchers have conducted detailed studies on the biodegrada-
tion process of Fe;04 nanoparticles in vivo.>® Partial results are
shown in Fig. 2, where Fe;O, nanoparticles are first adsorbed to
the cell membrane (Fig. 2a) and subsequently fused with lyso-
somes and then slowly degraded (Fig. 2c and d) by vesicular
transport (Fig. 2b). Finally, the Fe;O, nanoparticles clearly
segregate into membrane and protein-rich regions, suggesting
that their biotransformation occurs in these regions (Fig. 2e and
f). The remarkable feature of magnetic microspheres is targeting,
which can be enriched in target organs and tissues according to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM micrographs of the biodegradation process of FezO4 nanoparticles after entry into cancer cells. (a) After the incubation (without chase), the
nanotubes are still present on the plasma membrane or (b) already internalized into early endosomes with a clear background. (c) On increasing the
chase period, nanotubes are confined in the endosomes in the aggregated form and then (d) localize within heterolysosomes, which are electron dense

and are characterized by numerous multilamellar bodies and high-density

proteins. (e) and (f) Nanoparticles appear increasingly dispersed within the

lysosomes and therefore start degrading (N, nucleus; M, mitochondria; PM, plasma membrane). Reproduced from ref. 56 with permission from American

Chemical Society, copyright 2013.

the action of an external magnetic field. The work of Ayanaar
et al.>” described the formation of iron nanoparticles using an
extract of watermelon rind as a reductant/surfactant. They fabri-
cated multifunctional magnetically-targeted microspheres for can-
cer treatment using a double-emulsion (W;/O/W,) method with
Fe;0,@lecithin nanoparticles (Fe;0,@LEC NP) as the inner aqu-
eous phase (W;), curcumin (CUR), which an antioxidant drug and
PLGA as the middle oil phase (O), and PEG as the outer aqueous
phase (W,) (Fe;0,@LEC-CUR-PLGA-MMS). The cytotoxicity test
proved its cytotoxicity against A549 and HeLa S3 cells with ICs,
values after 24 h of 10 and 12 pg mL ™" and 10 and 20 pg mL ",
respectively. This study was a well-established evidence of the
important role of Fe;0, microspheres in the delivery of anticancer
drugs by magnetic targeting.

In the other study,”® bovine serum albumin (BSA) was
successfully loaded into the magnetic chitosan microsphere
through ion electrostatic adsorption, which obtained high drug
loading and drug release rates of 947.01 mg g ' and 87.8%,
respectively. At present, there is no protein-loaded microsphere
for sale, and a recombinant human growth hormone (rhGH)
microsphere has been withdrawn from the market due to
commercial problems. Thus, this study is a good example of
the feasibility of Fe;O, microspheres to load protein drugs.

2.3.2 CaCOs. CaCOj; is well known as the main component
of bone and is used as delivery carrier due to its good
bioactivity.>®* CaCO,; mainly exists in three crystal forms,
namely, calcite, vaterite, and aragonite, among which calcite is
the most stable, while vaterite is extremely unstable. Therefore,
we need to ensure the stability of CaCO; microspheres in the
preparation process, and gelatin can solve this problem
very well. Researchers added gelatin to the porous CaCO;

© 2024 The Author(s). Published by the Royal Society of Chemistry

microsphere loaded with doxorubicin (DOX), and then FTIR
absorption spectroscopy, differential scanning calorimetry and
X-ray diffraction analysis confirmed that all the vaterite in the
microspheres changed into a stable calcite.®®

CaCO; microspheres can target the tumor microenviron-
ment due to the pH sensitivity. Yan et al.®* showed that the final
cumulative release rate of DOX in the CaCO; microsphere was
95% at pH = 4.8, significantly higher than the 52% at pH = 7. A
study dedicated to the development of dual delivered micro-
spheres showed that CaCO; microspheres can also deliver growth
factors.®” CaCO, microspheres were first co-functionalized by
casein and heparin before loading with BMP-2 and finally injected
in the hydrogel form into the rabbit model of tibial fracture to
study the drug delivery capacity (Fig. 3). In this drug-delivery
system, the presence of CaCOj; significantly increased the tensile
strength. Casein has a strong affinity to calcium ions to stabilize
the structure of microspheres. Heparin can efficiently bind posi-
tively charged growth factors through negatively charged sulfate
groups, thereby improving the drug delivery ability. In vitro results
from Micro-CT analysis showed that more new generated bone
tissue was present at day 60 than at day 30, especially in the
FC-B group.

2.3.3 Calcium phosphate-based biomaterials.
phosphate-based biomaterials (CPBMs) mainly refer to com-
pounds containing calcium and phosphorus, including hydro-
xyapatite, tricalcium phosphate and bipolar calcium phosphate
(BCP). The latter is composed of the former two and exhibits
better biological activity and osteoconductivity; thus, BCP
is the most widely used. CPBMs can be used for bone repair
and bone regeneration in the later stage of bone cancer treat-
ment because of their excellent mobility and injectability.

Calcium
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Fig. 3 Application of CaCO3z microspheres in bone repair. (a) Application
of the BMP-2 loaded CaCOxs/fibrin-glue composite hydrogel to repair tibia
defects in rabbits. Casein and heparin co-functionalized CaCOs micro-
spheres were prepared; BMP-2 was loaded onto microspheres; the
CaCOs/fibrin-glue composite hydrogel was fabricated and can be injected
into defect sites; after implantation, cells migrated from the surrounding
tissues to repair bone defects. (b) Micro-CT analyses of bone tissues with
defects after implantation with CaCOs/fibrin-glue composite hydrogels
(FC-B and FC) for 30 and 60 days. The dotted red line/circles indicate the
defect area. Reproduced from ref. 62 with permission from the Royal
Society of Chemistry, copyright 2019.

Microspheres can fill into complex and irregular defective
bones and increase the synthesis of osteopontin and alkaline
phosphatase to enhance bone induction and bone formation.®®
It has been shown that composite porous microspheres pre-
pared from bidirectional calcium phosphate-collagen can be
used to deliver the growth factor.®* After injecting the micro-
sphere to the bone defect of the rabbit model for 8 weeks, the p-
CT imaging clearly showed that almost the entire defect part is
filled by the new bone. Quantitative analysis revealed that this
composite microsphere showed the highest coverage of the new
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bone of about 76% compared to the other groups. This study
demonstrated that BCP microspheres could be successfully
used for the delivery of bone morphogenic protein-2, which a
human growth factor.

2.4 Composite materials

When preparing the microsphere injections, there are many
alternative carrier materials. The most selected is the artificial
synthetic material PLA and PLGA. Because each carrier material
has its own limitations, many researchers now like to mix
various types of carrier materials. Composite microspheres
can make full use of the strengths of various carrier materials
and avoid shortcomings to achieve multi-functionalization.
Researchers have proposed that calcium alginate can signifi-
cantly reduce the problem of initial burst release of PLGA
microspheres.®® In another study, Chen et al designed a
hydrogel microsphere multifunctional drug delivery system
(DDS) loaded with tetracycline hydrochloride and flamazine
and using Fe;0,, hydroxyapatite, gelatin, chitosan, and hydro-
gel as carrier materials. In this injectable microsphere DDS,
Fe;0, plays the role of magnetic targeting, hydroxyapatite is
involved in bone conduction, gelatin provides better solubility,
and chitosan and hydrogel provide gelatinization. The combi-
nation of various carrier materials makes the delivery system
injectable, targeting and self-healing.®®

3 Application of microsphere
injections in anticancer drug delivery

3.1 Preclinical study on the application of microspheres in
cancer

3.1.1 Glioblastoma multiforme. Glioblastoma multiforme
(GMB) accounts for almost 80% of all malignant brain tumors,
which is the most aggressive primary brain tumor.®”” With the
extremely poor therapeutic prognosis and low survival rate of
GBM, one of the important reasons for this outcome may be the
presence of the blood brain barrier (BBB). An effective solution
is the targeted local injection of drug bearing microspheres,
which can not only avoid BBB but also achieve the long-term
continuous drug release to the brain tumor site. For example,
some researchers®® encapsulated vincristine (VCR) in magnetic
albumin (MAMbs) and then conjugated anti-CD133 monoclo-
nal antibody (“°***mAb) on the surface (“°***mAb/TMAMbs).
The results showed that this DDS could specifically bind to
CD133 on the cell membrane of U251 glioblastoma cells and
that VCR could exert a strong anti-tumor proliferation effect
after being delivered into the cancer cells (Fig. 4).

Mitoxantrone has a strong glioblastoma multiforme cells
activity in vitro, but the poor penetration of the central system
causes it to be limited. It can be wrapped into microspheres
and repeatedly injected into the tumor area to provide an
effective and sustained local drug concentration. The investi-
gators have experimentally demonstrated that this method can
significantly inhibit the growth of malignant glioblastoma.®’
The tumor volume was about 17 mm® after intratumoral

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Schematic illustration of the preparation and effect of “P***mAb/
TMAMbs for treating glioblastoma. (a) Process of preparation. (b) Mechan-
isms that act within cancer cells. (SPIO NPs: superparamagnetic iron oxide
nanoparticles; HSA: human serum albumin; MAMbs: magnetic albumin
microbeads; VCR: vincristine; CD133mAb: anti-CD133 monoclonal anti-
body). Reproduced from ref. 68 with permission from American Chemical
Society, copyright 2019.

injection a week, which was significantly lower than the
76 mm® found in the blank microsphere group. Later, research-
ers conducted more detailed studies on PLGA microspheres
loaded with imatinib mesylate and injected them subcuta-
neously into human (U87-MG) and murine (GL261) glioma
tumors, which reduced the tumor volume by 88% and 79%,
respectively. They also conducted a further study of the intra-
cranial injection of the drug-loaded microspheres, which
showed that a single injection reduced the tumor volume by
79%.”° This study further demonstrates the feasibility of using
microspheres to deliver antibrain tumor drugs. Another study
demonstrated that radioactive microspheres can also be used
to treat brain tumors. A case’' reported the study of the
treatment of canine pituitary tumor in the treatment of radio-
active Ho'®® microspheres. The results showed that the total
amount of tumor volume was reduced by 40% after treatment.
This is the first time that intracranial tumor treatment is
performed through the acupuncture injection of radioactive
microspheres.

3.1.2 Pancreatic adenocarcinoma. Since gemcitabine was
approved by the FDA in 1996, various chemotherapy regimens
have been proposed,”” but these regimens have problems of
rapid systemic clearance, chemoresistance and poor survival.”®
To address this issue, chemotherapeutic drugs can be encap-
sulated in microspheres and then be delivered to the desig-
nated parts.”* In recent years, studies have shown that drug-
loaded microspheres coupled to tumor antigen-related antibo-
dies can improve the targeting of the microsphere delivery
system, prevent the toxic effects of anticancer drugs on normal
cells, and improve the therapeutic index of tumors.””> For
example, the incorporation of anti-EGFR antibody and chitosan
antibody on gemcitabine chitosan microspheres can form a
nanoscale targeted microsphere delivery system for pancreatic
cancer.”® Compared with the control group, the attached anti-
body drug bearing microspheres group had a significant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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inhibitory on pancreatic cancer cells (SW1990), and the
inhibition rate was higher than 60%. This trial embodies the
potential of a multifunctional microsphere in the treatment of
pancreatic cancer. In this DDS, anti-EGFR antibodies can
deliver microspheres to the surface of pancreatic adenocarci-
noma cells because EGFR is highly expressed among pancreatic
cancer cells. The physiological pH of the human is above 7, and
chitosan is degraded at the pH below 6.5. Therefore, the drug
concentration in the tumor cells is very high and the impact on
normal cells is small, which will help reduce the side effects of
the drug. In addition, the cell membrane is negatively charged,
but the chitosan belt is positive, which helps the microspheres to
penetrate the cancer cell membrane and improve the efficacy.

Another study’”’ demonstrated the feasibility of micro-
spheres, which loaded immunotherapy agents for pancreatic
ductal adenocarcinoma. The experiments proved that the intra-
tumoral injection of the PLA microsphere encapsulated with
intratumoral interleukin-12 (IL-12) in KCKO tumor-bearing
mice after stereotactic body radiotherapy (SBRT) can effectively
modulate the tumor-draining lymph node (TDLN) cytokine
profile (by upregulating factors related to Th1l immune
responses), thus enhancing the antitumor effect through
immunotherapy.

3.1.3 Lung cancer. Lung cancer is currently the most
deadly cancer in the world, with about 18% cancer patients
dying from it.”® The drugs used to treat lung cancer are mainly
divided into targeted therapy, immunotherapy, and anti-
angiogenic therapy, and microspheres are mainly used for
targeted therapy. Several studies have shown that smaller
particle size microspheres can achieve passive lung targeting
by intravenous injection. For example, Monica et al.”® demon-
strated that the intravenous injection of 12 um PLGA micro-
sphere is suitable for lung targeting in passive and pulmonary
treatment. Another study®® also demonstrated the lung-targeting
ability of lysozyme-loaded PLGA microspheres (LyIR@MS) in the
methicillin-resistant Staphylococcus aureus (MRSA)-infected mice
(Fig. 5). Besides, the PLGA microspheres DDS may potentially
improve the efficacy of sophoradin to treat lung cancer.®’
Sophoradin-loaded PLGA microspheres prepared by emulsifica-
tion showed high drug levels (220.10 mg g™ ') in the lung after
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Fig. 5 Lung-targeting studies of microspheres. (a) The structure of
LylR@MS. (b) The action of LylR@MS. Reproduced from ref. 76 with
permission from American Chemical Society, copyright 2021.
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30 min, which was nearly 33 times higher than that in the
solution group (6.77 ug g~ ).

3.2 The application of commercially available microspheres
in cancer

3.2.1 Prostate cancer. Prostate cancer is a typical hormone-
dependent tumor, and its occurrence and development is closely
related to sex hormones.®” The main treatment methods for
prostate cancer are radiotherapy, chemotherapy and androgen
blocking therapy, and microspheres are mainly used for hor-
mone blocking therapy. Leuprolide acetate for depot suspension
(Lupron®Depot) was the first microsphere for prostate cancer.
It is a gonadotrophin-releasing hormone analogue (GnRHa)
(Fig. 6),% which can control hormone levels through negative
feedback regulatory mechanisms in vivo.** It uses PLGA as the
carrier material and adopts the traditional emulsion solvent
evaporation method to prepare and realize the continuous
release of leuprolide for a month, creating a precedent for such
medicines. It has now been developed in 4 dosage forms with a
single intramuscular injection every 1, 3, 4 and 6 months,
respectively. All of them inevitably have an initial burst of API
because the current 4 dosage forms are prepared by the conven-
tional emulsification method, which will lead to patients having
to take other drugs as adjuvant treatment and will increase
side effects. Recently, investigators have reported a new prepara-
tion method for leuprolide microspheres based on micro-
electromechanical systems and the IVL-DrugFluidic™ micro-
sphere technology of the microfluidic system.®> PLGA-based 1
month formulation and PLA 3-based formulation prepared
based on this technique was compared with commercially avail-
able microspheres. The results showed that the microspheres
produced by the IVL-DrugFluidic™ system have the advantages
of reducing the initial burst release, increasing the level of
testosterone inhibition, and stabilizing the concentrations of
API in the plasma.

GnRH agonists GnRH antagonists

Anterior
pituitary gland

Anterior
pituitary gland

Initial overstimulatior
receptors leads to ar
and testosterone

GnRG blockers have an
immediate onset of action,
Tesis  preventing gonadotrophin
release through receptor
blockade, leading to rapid
suppression of LH and

Chronic administration eventually
leads to suppression of LH, resulting
in suppression of testosterone

testosterone

-/ Prostate
gland

Fig. 6 Mechanism of the action of GnRH agonists and antagonists in the
hypothalamic—pituitary—gonadal axis of prostate cancer treatment.
Reproduced from ref. 84 with permission from John Wiley and Sons,
copyright 2020.
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Triptorelin pamoate for injectable suspension (Trelstar®) is
another microsphere formulation commonly used in the pal-
liative treatment of advanced prostate cancer, and now 1, 3, and
6 month formulations have been developed for patients
to choose instead of taking daily subcutaneous injections.®®
Compared to Lupron® Depot, Trelstar® showed a stronger
castration where triptorelin sustained-release microsphere kept
the level of testosterone below 20 ng dL ', whereas the level of
testosterone less than 50 ng dL~" (1.7 nmol L") has been
identified as the standard of castration threshold.®”

Recently, some researchers have combined microspheres
with immunotherapy and have also achieved good results.
Hydrogel microspheres covalently conjugated with IL-15 pre-
pared by John A Hangasky et al.®® showed potent and prolonged
antitumor activity when administered in combination with
other immunotherapeutic agents in a CD8+ T cell-driven bilat-
eral prostate cancer model.

3.2.2 Breast cancer. Global cancer data posted by the
International Agency for Research on Cancer (IARC) show that
female breast cancer became the largest cancer in the world in
2020.”® The systemic therapy of breast cancer has now initially
formed a mature system including chemotherapy, endocrine
therapy, targeted therapy, and immunotherapy. The FDA has
approved 24 drugs for the treatment of breast cancer between
1991 and 2021. Hormone-dependent breast cancer is common
in women, and GnRHa (leuprolide acetate and triptorelin
pamoate for injectable microsphere) have been approved for
the treatment of premenopausal breast cancer. The results of
several studies indicated the outstanding contribution of
GnRHa to endocrine adjuvant therapy in breast cancer.®**°
They can effectively reduce the sex hormone levels in patients
and promote the recovery of ovarian function.”!

A phase II randomized clinical trial indicated that GnRHa
worked best on premenopausal as well as postmenopausal
women with hormone receptor-positive, HER2-negative meta-
static breast cancer. Microspheres can also be used in combi-
nation therapy. Compared with capecitabine, the combination
treatment group with palbociclib plus exemestane with GnRHa
showed clinical benefits in the treatment of non-progressive
survival in the treatment of patients.”” (Median progression-
free survival: 14.2 months in the combination group and 1.17
months in the capecitabine group).

In addition, microspheres have been used in uterine fibroids.
As early as 1999, leuprorelin acetate microspheres were approved
by the FDA for the treatment of uterine fibroids as an important
measure of preoperative tumor reduction. It acts primarily by
hindering the extracellular matrix and TGF-B pathways.”® It
reduces the volume of uterine fibroids by inhibiting the estradiol
and progesterone signaling pathways, which is completely rever-
sible after treatment termination;>* thus, it is safe. Leuprolide is
considered the most effective drug in the treatment of uterine
fibroids so far.”® Several studies have shown that leuprolide has
good results in patients with uterine fibroids in anemia,”® redu-
cing inflammatory response and angiogenic,”” and inhibiting
tumor cell proliferation.”® But some researchers have pointed
out that they could lead to some side effects, such as hot flashes.”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.2.3 Neuroendocrine neoplasm. Neuroendocrine neoplasms
can be classified as functional and non-functional based on
whether hormones can be secreted and produce hormone-
related symptoms. Microsphere preparations currently available
for functional neuroendocrine neoplasms-related therapy include
octreotide, lanreotide, and pasireotide,'® all of which are soma-
tostatin analogue (SSA) and encapsulated in the PLGA skeleton.
They can reduce the levels of growth hormone in the body and
play an antiproliferative effects.'”’* Octreotide microspheres
and lanreotide microspheres belong to the first generation of first-
line therapeutic drugs, which has similar therapeutic effects, but
lanreotide has less side effects and is more convenient to use
(low volume prefilled syringes) than octreotide.'® Pasireotide
microspheres are the second generation of therapeutic agents
and are used for hormone-related symptoms, such as Cushing’s
syndrome resulting from adreno corticotropic hormone tumors
and pituitary neuroendocrine tumors. Studies showed that pasir-
eotide is better than octreotide and lanreotide.'*>"%

3.2.4 Liver cancer. Embolization therapy with micro-
spheres have been successfully applied in the treatment of liver
cancer.'?”'% According to the different treatment methods, it
is mainly divided into three types, namely, transarterial embo-
lization (TAE), TACE, and transarterial radioembolization
(TARE).'® The marketing of biodegradable embolic micro-
spheres for treating HCC is shown in Table 4."*°

TAE technology has been used in clinical practice since
1980s, which was initially mostly non-biodegradable micro-
spheres. Although they can well block the nutrient supply of
tumor cells, they are prepared from non-biodegradable materi-
als, which will cause non-target vascular obstruction in the
body for a long time. There are four biodegradable TAE micro-
spheres (including Embocept™, Spherex™, Gel-Bead® and
Occlusin500®) on the market, which can help to alleviate the
side effects of permanent embolized microspheres.

TACE is a technique for injecting microsphere embolic
agents loaded with compounds into an arterial catheter to
block the blood supply of cancer cells in the liver. Biodegrad-
able drug-eluting microspheres are used to temporarily occlude
blood vessels to allow repeated manipulation or effort to limit
the duration of tissue hypoxia.'™* BioPearl®™ is the first biode-
gradable drug-eluting microsphere that was introduced to the
European Union market in 2020. It can load the three different
chemotherapy drugs, DOX, idarubicin, and epirubicin, accord-
ing to the manufacturer’s information."** Due to the flexibility
and versatility of TACE, many investigators have proposed
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Control

DOX/HACE
MS

Fig. 7 Microspheres as TACE for liver cancer treatment. (a) The prepara-
tion and effect of DOX/HACE MS. (b) In vivo anticancer activities in the
McA-RH7777 tumor-implanted rat model. Serial MR images of liver tumors
in the control (sham operation), DOX MS, and DOX/HACE MS groups on
day O (pre-treatment status), 3, and 7 after IA administration. White
arrowheads in the MR images indicate liver tumor. The length of the scale
bar at the left side is 1 cm. Reproduced from ref. 110 with permission from
Drug Delivery, copyright 2018.

therapeutic strategies for combining first-line anticancer drugs
with TACE. For example, Song Yi Lee et al''* loaded DOX
encapsulated by hyaluronic acid-ceramide (HACE) into PLGA
microspheres (DOX/HACE MS) as TACE for liver cancer treat-
ment (Fig. 7). The antitumor efficacy assay in vivo showed that
the tumor volume of the DOX/HACE MS treatment group was
significantly lower than that of the control group at day 3 and 7,
which was only 7% of that of the control group at day 24. The
results of a phase IV trial involving 101 patients with advanced
liver cancer showed that the camrelizumab plus TACE plan was
effective and safe, indicating its potential as a promising

Table 4 Biodegradable microsphere embolisms marketed for the treatment of HCC

Type Trade name Material Size (um) Degradation time  Firm Ref.
TAE Embocept‘“\ Starch 50 35-40 min Pharmacept 109
Spherex® Starch 50 35-40 min Magle Life Sciences 109
Gel-Bead™ Gelatin 100-300, 300-500, 500-700, 700-1000  4-12 weeks Teleflex 109
Occlusin500"™ Collagen-coated PLGA  150-210 12-24 weeks IMBiotechnologies 109
TACE  BioPearl™ ~ nd. 200 n.d. Terumo 111
TARE  QuiremSpheres®  PLA 15-60 >1 year Terumo 112

The literature search was performed in PubMed, using as descriptors “microsphere” and ‘“Biodegradable”.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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treatment option for patients with advanced HCC."> HCC
patients with portal vein tumor thrombosis have a poor prog-
nosis; thus, most drugs for them are incurable. A phase IV trial
involving 32 patients with such disease suggested that the
treatment strategy for TACE with lenvatinib is safe, effective
and well tolerated."®

Injectable degradable microspheres for TARE Quirem-
Spheres®™, which is a PLA microsphere labeled by radioactive
Holmium-166, was marketed in 2015.""* Unlike the previously
marketed TheraSpheres® with a Y°° glass microsphere and
SIR-Spheres® with a Y°° resin microsphere, Ho**® can emit y
radiation (81 keV (6.7%)) while emitting 1.77 MeV (48.7%),
and 1.85 MeV (50.0%) B radiation. Moreover, it has paramag-
netic properties, which allows it to image by both SPECT
and MRI, thus having higher accuracy.''” The relatively short
half-life of Ho'®® in QuiremSpheres™ enables the delivery
of 90% of the radiation dose to the tumor site within 4 days,
ensuring a high dose rate delivery''® (Ho'®®: 26.8 h vs. Y°°:
64.1 h).

a Particle Size

N

Cumulative Drug
Release (%)

©

Particle Porosity

BRI i

View Article Online

Review

4 Difficulties and challenges in the
development of microspheres

Microsphere injections can be widely used in the treatment of
tumors and other diseases due to its strong syringeability (the
degree of difficulties in transferring the medicated liquid into a
syringe), injectability (the degree of difficulties in injecting the
medicated liquid from a syringe to the injection site) and
biodegradability. However, it is not difficult to see from the
data of less than 20 microsphere injections on the market in
the past 30 years that the development of this preparation still
faces many difficulties and challenges, for example, the initial
burst release of API, the stability of peptide and protein API
when microsphere is degraded, and the expansion of
production.

4.1 Initial burst release

The process of degradation and drug release in microspheres
can be summarized into 3 categories, including initial burst,
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Fig. 8 Burst release and resolutions of PLGA microspheres. (a) Factors affecting the initial burst release of the drug from PLGA microparticles. (b) Drug
release curves in vivo and in vitro for current and ideal formulations. (c) Strategies for suppressing initial drug burst from PLGA microparticles. Reproduced
from ref. 123 with permission from American Chemical Society, copyright 2020.
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diffusion and erosion'" (some researchers have divided it into
4 categories into four phases: monophasic, burst biphasic,
delayed biphasic, and triphasic). As shown in Fig. 8b, the ideal
release curve of the API should be close to zero-order release
in vitro. Unfortunately, most of the current formulations have
the behavior of initial burst release. Particle size, particle
porosity, polymer molecular weight, type of drug (hydrophobic
and hydrophilic, or small molecular entities and biopharma-
ceuticals), aqueous boundary layer (dissolution and diffusion)
may affect the release behavior of drug-loaded microspheres
(Fig. 8a)."*° Other reason for this may result from the adsorp-
tion of the API on the surface of the microspheres during the
preparation, which may lead to a local drug concentration
beyond the safety range.’”* Some possible solutions are pre-
sented from 5 aspects, including drug—polymer interaction
(such as linking the primary amino group of DOX to the
terminal hydroxyl group of PLGA by a slowly hydrolyzable
carbamate bond'*?), surface permeability (coating of the sur-
face of microspheres with grafted polymers, cross-linked poly-
mers or inorganic materials), monomer sequence distribution
(adjusting the arrangement order of GA and LA), the adjust-
ment of spatial distribution of encapsulated drugs and the
manufacturing process (such as spray-drying, microfluidics,
electrospray, phase separation)'*® (Fig. 8c). For example,
Richard Schutzman et al.'** showed that most of the micro-
spheres prepared by the spray drying method displayed lower
initial burst values than the commercially available Lupron
Depot®.

4.2 Stability

As shown in Table 1, the API of the microsphere injections used
in the tumor therapy were all peptides. It is known that
peptides and proteins are extremely unstable, and their activity
is often influenced by factors such as preparation, storage, and
environment in vivo.**® One of the most intractable questions is
how to address the effects of the complex environment in vivo
on peptides and proteins degradation. Although microspheres
can well wrap the peptides to prevent them from decomposi-
tion and denaturation, the surrounding environment will
change during the gradual degradation."”® The body tempera-
ture at a relative humidity 100% can degrade the exposed
peptides and proteins. The subacidity environment generated
by the degradation of microspheres can also pose a threat to the
stability of peptides. One possible approach is to prepare mixed
microspheres that neutralize the acid by interactions in the
carrier materials. Researchers connected the poly(cyclohexane-
1,4-diylacetonedimethylene ketal) (PCADK) to the rhGH-loaded
PLGA microspheres and demonstrated its effectiveness.'?” The
results of confocal imaging of the microclimate pH inside
microspheres showed that the internal environment of the
control group with PLA microspheres became more acidic over
time, while that of the experimental group with PCADK/PLGA
microspheres was neutral. This provides a good idea to address
the problem of in vivo stability of polypeptide and proteins.
Another viable option is to add stabilizers. Heejun Park et al.**®
investigated the effect of different additives (including

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carbohydrates: sucrose; amino acids: proline, lysine and phe-
nylalanine; surfactant: poloxamer 188, phospholipids and
DMPC, etc.) on the stability of polypeptide microspheres. The
experimental results show that different stabilizers can adjust
the stability of peptide microspheres from different aspects of
aqueous solutions, at water/DCM interfaces, and during freeze-
thawing and freeze-drying procedures.

4.3 Production

The production of microsphere injections is extremely complex,
and there have been cases of their withdrawal from the market
due to production problems. For example, Plenaxis®
(a gonadotropin-releasing factor antagonist, which is an inject-
able microsphere with abarelix as the API and carboxymethyl
cellulose (CMC) as the carrier material) is withdrawn from the
market due to severe allergic reactions and production difficul-
ties. A similar case is also the Nutropin ®Depot, which is a long-
acting human growth hormone. Nutropin®Depot was approved
by the FDA in 1999 for the growth problems caused by the lack
of growth hormone. Compared to the classic daily subcuta-
neous injection regimen, Nutropin®Depot only requires injec-
tions once a month and is loved by patients. However, the drug
left the market in 2004 due to the difficulties of production and
high production costs."?® Therefore, we should pay attention to
the factors affecting the industrial production of pharmaceu-
tical preparations in the research and development process.
There is no universal PLGA microsphere formulation, which
brings difficulties for qualitative and quantitative products.
Small changes in manufacturing methods and raw materials
can also lead to a great difference.**° In general, the develop-
ment of the PLGA microsphere process usually takes 5-10 years
from feasibility studies to the approval of new drug application.
It can be said that the development of microsphere prepara-
tions has not only cost a lot of time but also money. But its high
requirements of technology leading to non-replication and high
market value characteristics still attract researchers and busi-
nessmen. A great challenge in the production of microspheres
is sterility. Traditional terminal sterilization methods (such as
autoclaving, filtration, gamma radiation and ionizing radia-
tion) are not applicable because the microspheres contain
biodegradable materials or proteins or peptides."*’ Manufac-
turers can only set up many sterile clean rooms to ensure that
the entire preparation process is free from contamination,
which adds to the production burden.'*”> Morgan B. Giles
et al."** designed a simple, low-cost encapsulation process that
does not require organic solvents and allows simple and cost-
effective sterilization of blank microspheres prior to drug
loading. It’s an efficient organic-solvent-free remote encapsula-
tion based on the capacity of common uncapped PLGA to bind
and absorb into the polymer phase net positively charged
peptides from aqueous solution after short exposure at modest
temperature. According to the results of the animal experi-
ments in Fig. 9c, the plasma testosterone levels of the animals
with microspheres prepared by this method were not signifi-
cantly different from those of the commercial 1 month
Lupron® depot (p > 0.05). These results are helpful for the
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Fig. 9 Scanning electron micrography images of PLGA microspheres and
in vivo performance of remote-loaded microspheres compared to com-
mercial gold standard. Representative micrography images of (a) blank
PLGA microspheres and (b) the blank microspheres remote-loaded with
octreotide (n = 2 independent experiments). (c) In vivo plasma testoster-
one levels of male Sprague-Dawley rats administered 3 monthly doses of
remote-loaded leuprolide PLGA microspheres compared to equivalent 1
month Lupron®™ Depot administration (inset), NS. Dashed line indicates
castration level (0.5 ng mL™Y). Dotted line indicates analysis limit of
quantitation (0.1 ng mL™Y). Data are presented as mean values + SEM
(n = 6 rats). Arrow indicates days of dosing. Remote-loaded microspheres
were from 240 mg mL™! leuprolide in PLGA microspheres previously
exposed to gamma irradiation. Reproduced from ref. 133 with permission
from Nature Communications, copyright 2022.

Time (Days)

encapsulation and sterilization research in the production of
microspheres.

To accelerate the development of microspheres, Jiayin Deng
et al."** built a prediction model through machine learning
techniques. This model can help researchers to design and
screen the formulation of microspheres, saving not only the
cost but also time. Now, the manufacturing conditions of
microspheres have also improved with the development of
preparation technology, which has achieved in the manufactur-
ing technology platforms of microspheres production and
novel upstream and downstream facilities.">> Moreover, some
researchers have proposed developing long-acting injectable
PLGA/PLA-based microspheres through quality by design think-
ing and taking the approved Bydureon® as a typical example to
prove its feasibility."*® It is believed that with the deepening of
research and the improvement of production and preparation
technology, more microsphere injections will enter the market
and bring good news to patients suffering from pain.

3106 | Mater. Adv,, 2024, 5, 3094-3112

View Article Online

Review

5 Conclusions and discussion

From the listed data, clinical research and literature, the effect
of microsphere injections is outstanding in anticancer drug
delivery and has been clinically used in prostate cancer, breast
cancer, uterine fibroids, neuroendocrine tumor, and liver can-
cer. Studies showed that the microspheres also have a good
curative effect in other cancers, such as glioma, pancreatic
cancer, and osteosarcoma.

As a long-acting DDS, microspheres have numerous advan-
tages. In terms of drug encapsulation, microspheres can form a
variety of core-shell structures or porous structures to meet
different encapsulation requirements. In terms of controlled
drug release, the drug can be slowly released with the degrada-
tion of carrier materials to prolong the drug action time. In
terms of safety, biodegradable materials are highly biocompa-
tible and harmless to humans. At present, there are a very large
number of materials available for the preparation of micro-
spheres, which can meet various therapeutic needs. Natural
materials with certain adhesive properties such as starch,
gelatin, chitosan, and alginate can be used to prepare hydrogel
microspheres for injection into irregular structures. Alginate,
chitosan, CaCO; and calcium phosphate-based bio-materials
are pH-responsive and can be used for targeted therapy. Mag-
netic microspheres can be combined with physical therapy to
improve the treatment effect. PLGA and PLA are the most
frequently used carrier materials because they are synthetic,
controllable, and modifiable.

However, microspheres also have imitations, such as burst
release, stability, and production problems. The burst release
may lead to a surge of drug in the early stages of drug
administration. In addition to the preparation of core-shell
microspheres with different structures, the microsphere-hydro-
gel composite drug delivery system seems to be able to solve the
problem. For the stability of drugs, in addition to adding a
stabilizer, one can also modify the carrier materials and pre-
paration method of improvement. No generic long-acting
microsphere injections are currently available. Because of the
high complexity of the manufacturing process and the lack of
standards and guidelines, there are some difficulties in produc-
tion. Scientists are solving the problem from different angles,
including the improvement of the preparation process and the
update of the equipment. In addition, to better facilitate micro-
sphere development, scientists are also working to explore the
in vitro-in vivo correlation (IVIVC) of biodegradable micro-
sphere injections and develop modeling tools to facilitate the
development of universal injectable microspheres bioequiva-
lence guidelines. In my opinion, there are still many challenges
for long-acting injectable microspheres from the laboratory to
the production workshop. Relying on unilateral forces is far
from enough, and close cooperation between researchers, the
pharmaceutical industry and drug regulatory authorities is
needed to overcome these problems. With the promotion of
various aspects, it is believed that in the future, more long-
acting injectable microspheres will be applied to the treatment
of various cancers.
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