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Engineering drug delivery systems (DDS) aim to release bioactive cargo to a specific site within the human body safely
and efficiently. Hydrogels have been used as delivery matrices in different studies due to their biocompatibility,
biodegradability, and versatility in biomedical purposes. Microparticles have also been used as drug delivery systems for
similar reasons. The combination of microparticles and hydrogels in a composite system has been the topic of many
research works. These composite systems can be injected in loco as DDS. The hydrogel will serve as a barrier to protect
the particles and retard the release of any bioactive cargo within the particles. Additionally, these systems allow different
release profiles, where different loads can be released sequentially, thus allowing a synergistic treatment. The reported
advantages from several studies of these systems can be of great use in biomedicine for the development of more
effective DDS.
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| 1. Introduction

Drug delivery systems (DDS) can be defined as formulations that protect, transport, and release bioactive cargo, such as
drugs or other agents (e.g., growth factors), to the human body. The release needs to be within a specific site and/or with
a controllable and sustainable profile. Many types of bioactive agents have a fragile nature and can be rapidly cleared by
the body. Their encapsulation within a DDS will protect them in the in vivo environment and prevent rapid clearance. DDS
must also guarantee a sustainable release pattern that maintains therapeutic concentrations to the desired site. These
systems have been developed for several purposes, particularly for applications in biomedicine .

There are different types of administration, such as oral, inhalation, or injection. Different routes can be used for an
injection. This can be subcutaneous, intramuscular, intravenous, or intra-arterial . Intravenous administration of
pharmaceutical drugs has the downside of rapid clearance and general toxicity; for example, chemotherapeutic
treatments are known to cause serious side effects. Many studies have developed DDS that can increase targetability and
localized treatment. For example, different mechanisms are used to accumulate nanoparticles (either through active or
passive targeting) in the tumour area [l. To increase the treatment efficiency and reduce systemic toxicity, drugs must be
released in situ.

In situ (or in loco) injection of DDS has also been the topic of different studies. Injection of a DDS to a specific site within
the human body may offer some advantages. In loco, the system can directly release drugs/bioactive agents to the
surrounding tissues without affecting healthy tissues, preventing unwanted cytotoxicity. This localised delivery will also be
more effective because the drugs will be unloaded directly to the targeted site, acting more efficiently. This will avoid rapid
clearance and the need for repeated administrations. Thus, toxic side effects can be diminished, or even avoided 2. So,
the design of DDS that can be injected and remain in loco is of great importance.

Hydrogels are 3D structures of interconnected chains of hydrophilic polymers, thus being great candidates for in situ
injection. Water can penetrate through the hydrogel mesh pores and can be retained in large amounts. Hydrogels are also
biocompatible and biodegradable. They also exhibit flexibility similarly to natural tissues, thanks to their water content,
which is given by hydrophilic groups [,

Hydrogel's crosslinking can either be of physical or chemical nature. Physical cross-linking occurs with secondary forces,
for example, hydrogen bonds between chains, hydrophobic interactions, or electrostatic ionic forces. These can be
preceded by changes in pH, temperature, or ion presence. Physical crosslinking is reversible and non-toxic because it
does not use any toxic chemical crosslinkers. However, mechanical properties are limited by weak bonds. Chemically
crosslinked hydrogels have a matrix with covalently bonded chains, created, for example, by photo-crosslinking or Schiff’s
base reactions. Chemical crosslinking results in strong bonds that are not reversible and may impact some toxicity to the
hydrogel (8],



Hydrogels’ response to exterior stimuli is an important characteristic, especially in the so-called “smart hydrogels”. These
react to external stimuli that will cause physical and/or chemical structural changes. For example, hydrogels can contract
or swell with different pHs. In a drug loading scenario, these stimuli can be important to the cargo release. By controlling
and adapting hydrogels’ characteristics, such as pore structure or crosslinking density, it is possible to control the
unloading of bioactive agents from the hydrogel’s structure. Additionally, hydrogels can be injected in vivo and, due to their
flexible nature, they will adjust their dimensions to the site. Thus, hydrogels are ideal materials to develop DDS .

Microparticles have also been used as DDS [&l. These can carry the cargo within their structure and can be tailored in a
multitude of different ways. However, certain considerations must be accounted for; the difference between microsphere
and microcapsule must be made (Figure 1). The former consists of a matrix where the drugs are dispersed
homogenously. The latter is a shell layer that surrounds a reservoir core, which is where the cargo is held. In the literature,
these two names are sometimes confused, and it is important to separate the two since they have different release
profiles. Commonly, in microspheres, the permeation of water and the erosion of the polymeric matrix are important
factors that will determine the release profile . In microcapsules, the surface layer diffusion determines the release, and
its rapid degradation might lead to a rapid release. There are other morphologies of microparticles, but these two are the
most common (&,
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Figure 1. Schematic representation of microparticles (upper left), hydrogels (upper right), and the microparticles in
hydrogel system (down).

The combination of microparticles and hydrogels as a composite system for bioactive cargo delivery has been the focus of
different studies (Figure 1) 1911 This system will have advantages when compared to hydrogels or microparticles alone.
The hydrogel will serve as a protective barrier and a carrier for drugs/bioactive agents and microparticles. Additionally, the
hydrogel will serve as a double barrier for drugs/bioactive agents that are encapsulated within the particles. This will
guarantee a more prolonged life of the system with a more sustainable release. Drug loading to the particles and/or to the
hydrogel may allow a sequential release pattern.

This review will focus on in situ injectable composite DDS for biomedical applications based on a combination of
microparticles and hydrogels. Herein will be described the reported advantages of this composite system (Figure 2)
compared to microparticles and hydrogels alone, their design, and a compilation of recent studies that use this type of
systems. This article will not focus on hydrogels and microparticles alone since several reviews analyse each component
in more detail [BII12l, For the same reason, this article will not focus on the combination of hydrogels and nanoparticles; this
combination can be found in some interesting review papers L34 The focus of this review article is the combination of
microparticles (at the micrometre scale) in hydrogels.
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Figure 2. Advantages of microparticles in hydrogel systems for application as DDS.

| 2. Fields of Application

The microparticles in hydrogel system has been used in different fields of biomedicine. The following chapter will focus on
recent studies that used this type of composite system.

2.1. Cancer Treatment

Modern medicine has multiple cancer treatments available, including surgery, radiation therapy, immunotherapy, hormonal
therapy and, most frequently, chemotherapy. Chemotherapy is the most-used therapy and consists of the application of
cytotoxic drugs that can kill cancer cells, examples of which are doxorubicin (DOX), 5-fluorouracil (5FU), methotrexate
(MTX) and paclitaxel. Unfortunately, direct application of drugs intravenously spreads these drugs throughout the body,
leading to systemic toxicity and adverse side effects on the patient. Moreover, only a fraction of the administered drugs
will reach the tumour site, and rapid clearance of the drugs will occur. Thus, to maintain therapeutic levels, higher doses
and more administrations are required, exacerbating the problems. For example, chemotherapy is likely to attack hair
follicles, leading to hair loss, and damaging blood-forming cells in the bone marrow, leading to anaemia and a weaker
immune system, causing the patient to be more prone to other diseases and infections 12! Furthermore, multi-drug
resistance (MDR) is a significant problem in cancer management, with many of the initially responsive tumours developing
resistance to multiple anticancer agents, giving rise to relapse 8. In response to these issues, the composite system
discussed here may provide a more controlled and enhanced therapeutic option. The microparticles in hydrogel system
will be restrained to the tumorous area, allowing in situ drug delivery (Table 1). With this system, there is no need for high
drug concentrations and repeated doses, reducing the side effects of chemotherapy. Moreover, this system can serve as a
prevention system; after an operation, the cavity left by the tumour can be filled with this composite system to prevent
tumour reoccurrence.

Table 1. Microparticles in hydrogel system used for cancer treatments.
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Microparticles Hydrogels Bioactive Cargo Observations Ref.
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but had no effect in the initial release.

2.2. Cardiovascular Diseases

Cardiovascular diseases are the most common causes of death globally, according to the World Health Organization 241,
Among them, myocardial infarction, more commonly known as a heart attack, occurs when areas of the heart are
deprived of enough oxygen, generally due to the occlusion of a coronary artery, leading to a very significant cell loss.
Developing new treatments that can promote angiogenesis and inhibit inflammatory responses to restore the structure
and myocardium functions is critical. The composite system can serve as an excellent system for the treatment of these
diseases (Table 2).

Table 2. Microparticles in hydrogel systems for cardiovascular diseases treatment.

Microparticles Hydrogels Bioactive Observations Ref.
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2.3. Spinal Diseases

Spinal diseases affect our backbone, giving rise to many types of illnesses, from degenerative to traumatic, associated
with this vital part of the human body. Microparticles in hydrogel systems have been studied as possible therapeutic tools
to deal with those illnesses (Table 3). The composite system can be used as bioactive agent delivery structures and as
scaffolds that can promote cell growth and regeneration of damaged tissue.

Table 3. Micropatrticles in hydrogel systems for spinal cord diseases treatment.

Microparticles Hydrogels Bioactive Cargo Observations Ref.
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Microparticles Hydrogels Bioactive Cargo Observations Ref.
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2.4. Cartilage

Cartilage is a poorly vascularized tissue and has limited regenerative properties, meaning that cell migration and

proliferation to damaged sites for regeneration are limited. Different strategies that focus on cartilage regeneration have
been developed to cultivate and deliver cells and/or growth factors to the damaged areas that can then proliferate and

differentiate to chondrocytes [B8B7 Microparticles in hydrogel systems can be an option to deliver cells, with Hydrogels

offering a good proliferation structure and microparticles delivering the bioactive agents that can promote cell proliferation
and chondrogenesis for cartilage regeneration (Table 4).

Table 4. Microparticles in hydrogel systems for cartilage defects treatment.

Microparticles  Hydrogels Bioactive Cargo Observations Ref.
Melatonin conjugated with chitosan.
Oxidized alginate Tripolyphosphate was used to develop
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Chitosan . .
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2.5. Bone

Bone tissue engineering aims to promote natural bone regeneration. The delivery of bioactive agents that can promote

bone formation is an extremely important research area. Microparticles in hydrogels systems have been used as a DDS of

these agents for bone therapy, and herein some recent works are presented (Table 5).

Table 5. Micropatrticles in hydrogel system for bone diseases treatment.

Microparticles Hydrogels Bioactive Cargo Observations Ref.
Hydroxyapatite Alginate Strontium Strontium presence increased the bone [42]

formation. Only local delivery occurred.




Microparticles Hydrogels Bioactive Cargo Observations Ref.
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nanoparticles

alginate

hydrochloride

release and antibacterial properties were
observed.

2.6. Skin

As previously stated, wound healing is divided into four stages. After the trauma happens, the first phase is the
haemostasis stage. This consists of blood vessel constriction and the promotion of platelet action to control bleeding. The
inflammatory phase occurs after trauma and aims to clean the wound and eliminate foreign agents (bacteria, viruses,
etc.). Thirdly, new tissue begins to be built with granulation tissue and angiogenesis at the proliferative stage. Lastly, the
maturation stage evolves wound contraction through the action of myofibroblasts and reinforcement of the structure.
Collagen type Il will be replaced with collagen type |, the main component of the dermis. The composite systems can be
injected into the damaged areas to accelerate the occurrences at each stage. Additionally, the hydrogel would adapt to the
damaged area, providing a scaffold for more rapid wound closure 24! (Table 6).

Table 6. Microparticles in hydrogel system for skin treatment.



Microparticles Hydrogels Bioactive Cargo Observations Ref.
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Platelet-derived Promotion of granulation formation and collagen
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growth factor receptor
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Application for rejuvenation of aged skin.
Hydroxyapatite Hyaluronic acid None Viscosity and storage modulus increased with (58]
hydroxyapatite microparticles presence.

PDLLA Collagen Fibroblasts Porous PDLLA microspheres served as scaffolds [59]

for cell adhesion

| 3. Conclusions

The micropatrticles in hydrogel system is an ideal DDS that allows a more controlled release of bioactive agents and can

be used in many different fields in biomedicine. This combination of microparticles with hydrogels might seem a relatively

straightforward process; however, it creates a multipurpose system. It will be more durable when compared with

microparticles or hydrogels alone, permitting more prolonged releases. Thus, it is important to determine the complete
biodegradability of the system and its components. Additionally, different release patterns of bioactive agents are possible

with this combination, allowing more complex treatments. The addition of microparticles will change the hydrogel matrix’s

properties, such as the decrease in the gelation temperature in thermoresponsive hydrogels. Of course, the stability of the
system is an important goal to achieve, and it is important to optimize and adjust the system to the desired treatment. In

sum, the injectable microparticles in hydrogel system is an ideal DDS that can be developed to serve different purposes

within the human body.

References

1. Benoit, D.S.W.; Overby, C.T.; Sims, K.R., Jr.; Ackun-Farmmer, M.A. 2.5.12—Drug delivery systems. In Biomaterials
Science, 4th ed.; Wagner, W.R., Sakiyama-Elbert, S.E., Zhang, G., Yaszemski, M.J., Eds.; Academic Press:

Cambridge, UK, 2020; pp. 1237-1266.

. Jain, K.K. An overview of drug delivery systems. In Drug Delivery Systems. Methods in Molecular Biology; Humana:
New York, NY, USA, 2021; Volume 2059, pp. 1-51.

. Karlsson, J.; Vaughan, H.J.; Green, J.J. Biodegradable polymeric nanoparticles for therapeutic cancer treatments.
Annu. Rev. Chem. Biomol. Eng. 2018, 9, 105-127.

. Packhaeuser, C.; Schnieders, J.; Oster, C.; Kissel, T. In Situ forming parenteral drug delivery systems: An overview.
Eur. J. Pharm. Biopharm. 2004, 58, 445-455.

. Dutta, K.; Das, R.; Ling, J.; Monibas, R.M.; Carballo-Jane, E.; Kekec, A.; Feng, D.D.; Lin, S.; Mu, J.; Saklatvala, R.; et
al. In Situ forming injectable thermoresponsive hydrogels for controlled delivery of biomacromolecules. ACS Omega
2020, 5, 17531-17542.

. Redaelli, F.; Sorbona, M.; Rossi, F. Synthesis and processing of hydrogels for medical applications. In Bioresorbable
Polymers for Biomedical Applications; Perale, G., Hilborn, J., Eds.; Elsevier: Amsterdam, The Netherlands, 2016; pp.
205-228.

. Bahram, M.; Mohseni, N.; Moghtader, M. An introduction to hydrogels and some recent applications. In Emerging
Concepts in Analysis and Applications of Hydrogels; Majee, S.B., Ed.; IntechOpen: London, UK, 2016; pp. 9-38.

. Lengyel, M.; Kéllai-Szab6, N.; Antal, V.; Laki, A.J.; Antal, I. Microparticles, microspheres, and microcapsules for
advanced drug delivery. Sci. Pharm. 2019, 87, 20.



10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Kim, K.K.; Pack, D.W. Microspheres for drug delivery. In BioMEMS and Biomedical Nanotechnology I: Biological and

Biomedical Nanotechnology; Ferrari, M., Lee, A.P., Lee, L.J., Eds.; Springer: Boston, MA, USA, 2006; Volume 1, pp.
19-50.

Delgado, B.; Carrélo, H.; Loureiro, M.V.; Marques, A.C.; Borges, J.P.; Cidade, M.T. Injectable hydrogels with two
different rates of drug release based on pluronic/water system filled with poly (e-caprolactone) microcapsules. J. Mater.
Sci. 2021, 56, 13416-13428.

Cidade, M.; Ramos, D.J.; Santos, J.; Carrelo, H.; Calero, N.; Borges, J.P. Injectable hydrogels based on pluronic/water
systems filled with alginate microparticles for biomedical applications. Material 2019, 12, 1083.

Li, J.; Mooney, D.J. Designing hydrogels for controlled drug delivery. Nat. Rev. Mater. 2016, 1, 16071.

Mitragotri, S.; Burke, P.A.; Langer, R. Overcoming the challenges in administering biopharmaceuticals: Formulation and
delivery strategies. Nat. Rev. Drug Discov. 2014, 13, 655-672.

Zheng, Y.; Cheng, Y.; Chen, J.; Ding, J.; Li, M.; Li, C.; Wang, J.-C.; Chen, X. Injectable hydrogel-microsphere construct
with sequential degradation for locally synergistic chemotherapy. ACS Appl. Mater. Interfaces 2017, 9, 3487-3496.

American Cancer Society. Available online: www.cancer.org (accessed on 17 June 2021).

Wind, N.S.; Holen, |. Multidrug resistance in breast cancer: From In Vitro models to clinical studies. Int. J. Breast
Cancer 2011, 2011, 967419.

Liu, L.; Wu, Q.; Ma, X.; Xiong, D.; Gong, C.; Qian, Z.; Zhao, X.; Wei, Y. Camptothecine encapsulated composite drug
delivery system for colorectal peritoneal carcinomatosis therapy: Biodegradable microsphere in thermosensitive
hydrogel. Colloids Surf. B Biointerfaces 2013, 106, 93-101.

Davoodi, P.; Ng, W.C.; Yan, W.C.; Srinivasan, M.P.; Wang, C.-H. Double-walled microparticles-embedded self-cross-
linked, injectable, and antibacterial hydrogel for controlled and sustained release of chemotherapeutic agents. ACS
Appl. Mater. Interfaces 2016, 8, 22785-22800.

Luo, J.; Wu, Z,; Lu, Y,; Xiong, K.; Wen, Q.; Zhao, L.; Wang, B.; Gui, Y.; Fu, S. Intraperitoneal administration of
biocompatible hyaluronic acid hydrogel containing multi-chemotherapeutic agents for treatment of colorectal peritoneal
carcinomatosis. Int. J. Biol. Macromol. 2020, 152, 718-726.

Pawar, V.; Borse, V.; Thakkar, R.; Srivastava, R.; Pawar, V.B.V. Dual-purpose injectable doxorubicin conjugated
alginate gel containing polycaprolactone microparticles for anti-cancer and anti-inflammatory therapy. Curr. Drug Deliv.
2018, 15, 716-726.

Zhu, C.; Ding, Z.; Lu, Q.; Lu, G.; Xiao, L.; Zhang, X.; Dong, X.; Ru, C.; Kaplan, D.L. Injectable silk—vaterite composite
hydrogels with tunable sustained drug release capacity. ACS Biomater. Sci. Eng. 2019, 5, 6602—6609.

Ozeki, T.; Kaneko, D.; Hashizawa, K.; Imai, Y.; Tagami, T.; Okada, H. Improvement of survival in C6 rat glioma model
by a sustained drug release from localized PLGA microspheres in a thermoreversible hydrogel. Int. J. Pharm. 2012,
427, 299-304.

Chen, X.; Fan, M.; Tan, H.; Ren, B.; Yuan, G.; Jia, Y.; Li, J.; Xiong, D.; Xing, X.; Niu, X.; et al. Magnetic and self-healing
chitosan-alginate hydrogel encapsulated gelatin microspheres via. covalent cross-linking for drug delivery. Mater. Sci.
Eng. C 2019, 101, 619-629.

World Health Organization. Available online: www.who.int (accessed on 12 July 2021).

Feng, J.; Wu, Y.; Chen, W.; Li, J.; Wang, X.; Chen, Y.; Yu, Y.; Shen, Z.; Zhang, Y. Sustained release of bioactive IGF-1
from a silk fibroin microsphere-based injectable alginate hydrogel for the treatment of myocardial infarction. J. Mater.
Chem. B 2020, 8, 308-315.

Zhao, C.; Tian, S.; Liu, Q.; Xiu, K.; Lei, I.; Wang, Z.; Ma, P.X. Biodegradable nanofibrous temperature-responsive
gelling microspheres for heart regeneration. Adv. Funct. Mater. 2020, 30, 2000776.

Wu, Y.; Chang, T.; Chen, W.; Wang, X.; Li, J.; Chen, Y.; Yu, Y.; Shen, Z.; Yu, Q.; Zhang, Y. Release of VEGF and BMP9
from injectable alginate based composite hydrogel for treatment of myocardial infarction. Bioact. Mater. 2021, 6, 520—
528.

Ciocci, M.; Cacciotti, I.; Seliktar, D.; Melino, S. Injectable silk fibroin hydrogels functionalized with microspheres as adult
stem cells-carrier systems. Int. J. Biol. Macromol. 2018, 108, 960—971.

Nelson, D.M.; Hashizume, R.; Yoshizumi, T.; Blakney, A.K.; Ma, Z.; Wagner, W.R. Intramyocardial injection of a
synthetic hydrogel with delivery of bFGF and IGF1 in a rat model of ischemic cardiomyopathy. Biomacromolecules
2014, 15, 1-11.

Lyu, Y.; Xie, J.; Liu, Y.; Xiao, M.; Li, Y.; Yang, J.; Yang, J.; Liu, W. Injectable hyaluronic acid hydrogel loaded with
functionalized human mesenchymal stem cell aggregates for repairing infarcted myocardium. ACS Biomater. Sci. Eng.



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

2020, 6, 6926—6937.

Huang, F.; Chen, T.; Chang, J.; Zhang, C.; Liao, F.; Wu, L.; Wang, W.; Yin, Z. A conductive dual-network hydrogel
composed of oxidized dextran and hyaluronic-hydrazide as BDNF delivery systems for potential spinal cord injury
repair. Int. J. Biol. Macromol. 2021, 167, 434—-445.

Tsaryk, R.; Gloria, A.; Russo, T.; Anspach, L.; De Santis, R.; Ghanaati, S.; Unger, R.E.; Ambrosio, L.; Kirkpatrick, C.J.
Collagen-low molecular weight hyaluronic acid semi-interpenetrating network loaded with gelatin microspheres for cell
and growth factor delivery for nucleus pulposus regeneration. Acta Biomater. 2015, 20, 10-21.

Loepfe, M.; Duss, A.; Zafeiropoulou, K.-A.; Bjérgvinsdéttir, O.; D’'Este, M.; Eglin, D.; Fortunato, G.; Klasen, J.;
Ferguson, S.J.; Wuertz-Kozak, K.; et al. Electrospray-based microencapsulation of epigallocatechin 3-gallate for local
delivery into the intervertebral disc. Pharmaceutics 2019, 11, 435.

Nazemi, Z.; Nourbakhsh, M.S.; Kiani, S.; Heydari, Y.; Ashtiani, M.K.; Daemi, H.; Baharvand, H. Co-delivery of
minocycline and paclitaxel from injectable hydrogel for treatment of spinal cord injury. J. Control. Release 2020, 321,
145-158.

Khaing, Z.; Agrawal, N.K.; Park, J.H.; Xin, S.; Plumton, G.C.; Lee, K.H.; Huang, Y.-J.; Niemerski, A.L.; Schmidt, C.E.;
Grau, J.W. Localized and sustained release of brain-derived neurotrophic factor from injectable hydrogel/microparticle
composites fosters spinal learning after spinal cord injury. J. Mater. Chem. B 2016, 4, 7560-7571.

Segundo, F.S.; S4, M.J.C.D.; Souza, R.L.D. Cartilage tissue engineering and regeneration. In Cartilage Tissue
Engineering and Regeneration Techniques; Nikolopoulos, D.D., Ed.; IntechOpen: London, UK, 2019; pp. 1-14.

Naghi Zadeh, Z.; Karkhaneh, A.; Nokhbatolfoghahaei, H.; Farzad-Mohajeri, S.; Rezai-Rad, M.; Dehghan, M.M.;
Aminishakib, P.; Khojasteh, A. Cartilage regeneration with dual-drug-releasing injectable hydrogel/microparticle system:
In Vitro and In Vivo study. J. Cell. Physiol. 2021, 236, 2194-2204.

Bolandi, B.; Imani, R.; Bonakdar, S.; Fakhrzadeh, H. Chondrogenic stimulation in mesenchymal stem cells using
scaffold-based sustained release of platelet-rich plasma. J. Appl. Polym. Sci. 2021, 138, 50075.

Asgari, N.; Bagheri, F.; Eslaminejad, M.B.; Ghanian, M.H.; Sayahpour, F.A.; Ghafari, A.M. Dual functional construct
containing kartogenin releasing microtissues and curcumin for cartilage regeneration. Stem Cell Res. Ther. 2020, 11,
289.

Chen, H.; He, D.; Zhu, Y.; Yu, W.; Ramalingam, M.; Wu, Z. In Situ osteochondral regeneration by controlled release of
stromal cell-derived factor-1 chemokine from injectable biomaterials: A preclinical evaluation in animal model. J.
Biomater. Tissue Eng. 2019, 9, 958-967.

Liao, J.; Wang, B.; Huang, Y.; Qu, Y.; Peng, J.; Qian, Z. Injectable alginate hydrogel cross-linked by calcium gluconate-
loaded porous microspheres for cartilage tissue engineering. ACS Omega 2017, 2, 443-454.

Lourenco, A.H.; Neves, N.; Machado, C.; Sousa, S.R.; Lamghari, M.; Barrias, C.; Cabral, A.T.; Barbosa, M.; Ribeiro,
C.C. Injectable hybrid system for strontium local delivery promotes bone regeneration in a rat critical-sized defect
model. Sci. Rep. 2017, 7, 5098.

Zhao, Y.; Cui, Z.; Liu, B.; Xiang, J.; Qiu, D.; Tian, Y.; Qu, X.; Yang, Z. An injectable strong hydrogel for bone
reconstruction. Adv. Health Mater. 2019, 8, 1900709.

Gaihre, B.; Unagolla, J.M.; Liu, J.; Ebraheim, N.A.; Jayasuriya, A.C. Thermoresponsive injectable microparticle—gel
composites with recombinant BMP-9 and VEGF enhance bone formation in rats. ACS Biomater. Sci. Eng. 2019, 5,
4587-4600.

Dashtimoghadam, E.; Fahimipour, F.; Tongas, N.; Tayebi, L. Microfluidic fabrication of microcarriers with sequential
delivery of VEGF and BMP-2 for bone regeneration. Sci. Rep. 2020, 10, 11764.

Wang, T.; Guo, S.; Zhang, H.; Chen, Y.; Cali, Y. Injectable hydrogel delivering bone morphogenetic protein-2, vascular
endothelial growth factor, and adipose-derived stem cells for vascularized bone tissue engineering. J. Drug Deliv. Sci.
Technol. 2020, 57, 101637.

Liao, H.T.; Tsai, M.-J.; Brahmayya, M.; Chen, J.-P. Bone regeneration using adipose-derived stem cells in injectable
thermo-gelling hydrogel scaffold containing platelet-rich plasma and biphasic calcium phosphate. Int. J. Mol. Sci. 2018,
19, 2537.

Min, Q.; Liu, J.; Yu, X.; Zhang, Y.; Wu, J.; Wan, Y. Sequential delivery of dual growth factors from injectable chitosan-
based composite hydrogels. Mar. Drugs 2019, 17, 365.

Garcia-Garcia, P.; Reyes, R.; Segredo-Morales, E.; Pérez-Herrero, E.; Delgado, A.; Evora, C. PLGA-BMP-2 and PLA-
17B-estradiol microspheres reinforcing a composite hydrogel for bone regeneration in osteoporosis. Pharmaceutics
2019, 11, 648.



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Segredo-Morales, E.; Garcia-Garcia, P.; Reyes, R.; Perez-Herrero, E.; Delgado, A.; Evora, C. Bone regeneration in
osteoporosis by delivery BMP-2 and PRGF from tetronic—alginate composite thermogel. Int. J. Pharm. 2018, 543, 160—
168.

Gong, Y.; Zhang, Y.; Cao, Z.; Ye, F.; Lin, Z.; Li, Y. Development of CaCO3 microsphere-based composite hydrogel for
dual delivery of growth factor and Ca to enhance bone regeneration. Biomater. Sci. 2019, 7, 3614-3626.

Vo, T.N.; Shah, S.R.; Lu, S.; Tatara, A.M.; Lee, E.J.; Roh, T.T.; Tabata, Y.; Mikos, A.G. Injectable dual-gelling cell-laden
composite hydrogels for bone tissue engineering. Biomaterials 2016, 83, 1-11.

Ren, B.; Chen, X.; Du, S.; Ma, Y.; Chen, H.; Yuan, G.; Li, J.; Xiong, D.; Tan, H.; Ling, Z.; et al. Injectable polysaccharide
hydrogel embedded with hydroxyapatite and calcium carbonate for drug delivery and bone tissue engineering. Int. J.
Biol. Macromol. 2018, 118, 1257-1266.

Xing, L.; Sun, J.; Tan, H.; Yuan, G.; Li, J.; Jia, Y.; Xiong, D.; Chen, G.; Lai, J.; Ling, Z.; et al. Covalently polysaccharide-
based alginate/chitosan hydrogel embedded alginate microspheres for BSA encapsulation and soft tissue engineering.
Int. J. Biol. Macromol. 2019, 127, 340-348.

Ma, Z.; Song, W.; He, Y.; Li, H. Multilayer injectable hydrogel system sequentially delivers bioactive substances for
each wound healing stage. ACS Appl. Mater. Interfaces 2020, 12, 29787-29806.

Chen, M.; Tian, J.; Liu, Y.; Cao, H.; Li, R.; Wang, J.; Wu, J.; Zhang, Q. Dynamic covalent constructed self-healing
hydrogel for sequential delivery of antibacterial agent and growth factor in wound healing. Chem. Eng. J. 2019, 373,
413-424.

Xu, K.; An, N.; Zhang, H.; Zhang, Q.; Zhang, K.; Hu, X.; Wu, Y.; Wu, F.; Xiao, J.; Zhang, H.; et al. Sustained-release of
PDGF from PLGA microsphere embedded thermo-sensitive hydrogel promoting wound healing by inhibiting autophagy.
J. Drug Deliv. Sci. Technol. 2020, 55, 101405.

Ghorbani, F.; Zamanian, A.; Behnamghader, A.; Joupari, M.D. Bioactive and biostable hyaluronic acid-pullulan dermal
hydrogels incorporated with biomimetic hydroxyapatite spheres. Mater. Sci. Eng. C 2020, 112, 110906.

Ding, Q.; Zha, R.; He, X.; Sun, A.; Shi, K.; Qu, Y.; Qian, Z. A novel injectable fibroblasts-porous PDLLA
microspheres/collagen gel composite for soft-tissue augmentation. Prog. Nat. Sci. 2020, 30, 651-660.

Retrieved from https://encyclopedia.pub/entry/history/show/33919



