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Abstract

Advances in biomaterial synthesis and fabrication, stem cell biology, bioimaging, microsurgery 

procedures, and microscale technologies have made minimally invasive therapeutics a viable tool 

in regenerative medicine. Therapeutics, herein defined as cells, biomaterials, biomolecules, and 

their combinations, can be delivered in a minimally invasive way to regenerate different tissues in 

the body, such as bone, cartilage, pancreas, cardiac, skeletal muscle, liver, skin, and neural tissues. 

Sophisticated methods of tracking, sensing, and stimulation of therapeutics in vivo using 

nanobiomaterials and soft bioelectronic devices provide great opportunities to further develop 

minimally invasive and regenerative therapeutics (MIRET). In general, minimally invasive 

delivery methods offer high yield with low risk of complications and reduced costs compared to 

conventional delivery methods. Here, we review minimally invasive approaches for delivering 

regenerative therapeutics into the body. The use of MIRET to treat different tissues and organs is 

described. Although some clinical trials have been done using MIRET, it is hoped that such 

therapeutics find wider applications to treat patients. Finally, we highlight some future perspective 

and challenges for this emerging field.
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1. Introduction

The world’s aging population is growing at a high rate. Currently, people aged 65 and older 

represent 8.5% of the world’s population and this is expected to reach 17% by 2050 [1]. In 

the US alone, the number of individuals older than 65 is estimated to be 83.7 million by 

2050. As the people’s age goes up, most of their organs naturally undergo reduced function 

or deterioration. In addition, different diseases or accidents can affect people’s life leading to 

tissue loss and organ failure. Different therapies have been proposed to address these 

problems with marginal success. For instance, the use of pharmacological therapies and 

drugs have not been efficient to treat some diseases, such as Alzheimer’s disease (AD) and 

ischemic heart conditions. Surgical treatment of vertebral fractures and use of bone cements 

have been associated with limited success. Joint replacement for osteoarthritis has been 

adopted; however, this treatment still suffers from complications. Organ transplantation has 

also been utilized to replace organs in end-stage failure; however, there is a shortage of 

organs available for the transplantation. In addition, immunosuppression is needed to prevent 

organ rejection, which is associated with complications, such as the development of 

infections and malignancies. Therefore, new therapeutic solutions are required to tackle 

these problems.

Different regenerative therapeutics have been explored to address the challenges associated 

with age-related, disease, and shortage conditions of tissues and organs (Figure 1). These 

regenerative therapeutics are based on using biomaterials, cells, bioactive molecules, or their 

combinations. However, invasive implantation of these therapeutics in the body is associated 

with various problems and risks. Minimally invasive procedures provide advantages for the 

delivery of regenerative therapeutics, such as reduced trauma, fast recovery, and reduced risk 

of complications. The combination of minimally invasive procedures and regenerative 

therapeutics has recently been introduced for treatment of different diseases, such as 

myocardial infarction (MI) [2], joint problems [3], and intervertebral disc (IVD) injuries [4]. 

The administration of therapeutics can be done using natural orifices, natural passages (e.g., 
intravascular), natural spaces (e.g., intraperitoneal), or tissue-specific routes (e.g., 
intrathecal, intraventricular, and intra-articular) (Figure 2). Minimally invasive and 

regenerative therapeutics (MIRET) can also be equipped with image-guided delivery, intra-

operative monitoring, and post-treatment tracking of cells or biomaterials. Taken together, 

the field of MIRET is emerging as a potentially powerful therapeutics modality.

In this review, we describe minimally invasive procedures for the delivery of regenerative 

therapeutics. Following that, applications of MIRET to treat different tissues and organs are 

discussed. Finally, challenges and future perspectives to further develop materials and 

technologies used in minimally invasive therapeutics are described.
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2. Technologies and materials in delivering and monitoring regenerative 

therapeutics

2.1. Needles

Needles have been utilized as medical tools for centuries. Needles are commonly used with 

a syringe to deliver a substance to the body through a sharp tip in a minimally invasive 

manner. Needles have been used for the delivery of various therapeutic agents including 

cells [5], genes [6], proteins [7], and peptides [8]. Cell delivery through needles at clinically 

relevant injection rates may cause cell damage because of cell membrane disruption [9]. 

Therefore, cell delivery using needles should be optimized to protect cells during the 

injection. Small-diameter needles apply destructive shear stress on cells. High pressure 

gradient during the injection and several shear and normal forces [10] may also injure cells. 

The pressures dropped from 178.65±12.16 kPa for Newtonian fluids (e.g., phosphate 

buffered saline (PBS)) to 406.72±19.66 kPa for viscoelastic gels [11]. On the other hand, 

cells in large-diameter needles may sediment after a while and this affects cell viability. 

Needles with a size of 16–22 G are generally considered suitable for cell delivery [12]. It was 

shown that curved needles featuring small-to-large gradient in length prevented the backflow 

and enhanced cell retention at the site of injection by 3-fold when they were used in the 

endocardial delivery system [13].

Needles have also been utilized to deliver cell-laden biomaterials into the body. Cells 

encapsulated in hydrogels showed higher viability after injection via needles compared to 

bare cells due to protective role of hydrogels as shown for different cells in 1 wt% alginate 
[14]. For injectable cell-containing biomaterials, shear-thinning behavior of biomaterials is 

crucial to maintain cell viability and function after passing through needles [11, 15]. Shear-

thinning of a material is defined as the material’s ability to decrease its viscosity with 

increasing shear [16]. Biomaterials that are shear-thinning are desirable as injectable cell-

laden biomaterials because these materials can be extruded upon shear application in needles 

and then rapidly recover their original strength upon cessation of mechanical load [17]. High 

viscosity of cell-laden biomaterials and improper fluid pumping through needles can cause 

needle clogging and uneven injection flow. The concentration of cell suspension and its 

volume are also important determinants of achieving optimal flow through needles [17]. 

Electrostatic interaction between needle and cell-laden biomaterial together with surface 

roughness of needles can induce cell adhesion to the needle. One attempt to solve these 

hurdles includes the use of protein coating on the internal needle surface [18].

2.2. Catheters

Catheters are thin and relatively flexible tubes inserted into a cavity, duct, or vessel in the 

body to drain the body’s fluids or to deliver therapeutic agents [19]. The word “catheter” has 

an ancient Greek origin “kathiénai”, which means “to send down” or “to thrust into” [20]. 

Catheters have been used over centuries. The invention of rubbers made a significant 

development in using catheters. The first Foley catheter made from latex was introduced in 

1930s [21] and since then it has widely been utilized in clinical settings. Today, catheters are 

mostly made of silicon, polyurethane, polyethylene, and thermoplastic elastomers based on 

their applications [22]. An ideal material for making catheters should have high resistance to 
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kinking, good structural integrity, suitable rigidity for easy insertion, low bacterial adhesion, 

low thrombogenicity, biocompatibility, long-term stability, minimal irritation, and inertness 

to therapeutics. Catheters represent an important tool in minimally invasive delivery 

procedures allowing quick recovery time after catheterization. They have widely been used 

for the delivery of stem cells (SCs) and hydrogel-based regenerative therapeutics [23].

Catheters with the aid of sensing technologies can be used for real-time sensing and 

monitoring of flow, temperature, pressure, and biomolecules in the body [24]. For example, 

Li et al. [25] fabricated flexible biosensors mounted on catheters (2 to 5 French) for 

monitoring the cardiovascular system . The flexible biosensors were easily rolled up around 

the catheters for potential clinical applications. Further integration of soft electronics and 

biorobotics into catheters for their remote control and maintenance would be helpful for 

successful use of catheters in delivering regenerative therapeutics. With the aid of imaging 

techniques (e.g., ultrasound), catheters can also be equipped for real-time imaging of the 

body. This capability allows guiding catheters precisely to the target site. For example, 

Nissen et al. [26] fabricated catheters (diameter 1.83 mm) capable of ultrasound imaging of 

blood vessels . The catheters were able to measure vessels with diameters higher than 5.7 

mm and cross-sectional areas more than 29.6 mm2. However, the navigation of catheters 

through complex routes and curvatures remains a limiting factor and warrants further 

development in the catheter design and fabrication. Moreover, the most important issue 

associated with the using catheters is infection. The use of antimicrobial-impregnated 

catheters is an effective method in preventing the infection [27]. However, these catheters are 

still at early stages of development.

2.3. Microrobot devices

Advances in robotics have revolutionized the ability of humans to interact with and 

manipulate the surroundings [28]. Robotic technologies have been utilized in medicine and 

significantly improved the healthcare. In particular, microrobots have found many 

biomedical applications particularly in minimally invasive diagnostic and therapeutic 

procedures [29]. Microrobots are in submillimeter sizes and they can be run using small-scale 

and off-board powering methods, such as bacterial actuators [30], piezoelectric actuators [31], 

and swimming tail actuators [32].

Microrobots can be employed for localized delivery of biological and chemical substances in 

a minimally invasive manner. Microrobots can also deliver various forms of energy, such as 

radiation and heat at target sites in the body. Therefore, potential applications of microrobots 

would be in targeted drug/gene delivery or in situ cancer treatment [33]. Information from 

specific locations in the body can also be obtained and transduced using microrobots in 

different ways, such as visible light, ultrasound, and radio [34].

Microrobots have shown a great promise to serve as smart cell/biomaterial delivery vehicles. 

For example, Kim et al. [35] fabricated magnetically manipulated microrobots using 

lithography and used them to transport human embryonic kidney cells. Srivastava et al. [36] 

introduced a dual-action microrobot called medibot capable of performing single-cell 

surgery and drug delivery in situ. Camptothecin was used as the drug model to deliver to 

HeLa cells and the drug-loaded cells were tracked over three days of culture. Microrobots 
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were utilized to precisely destruct cancer cells among living cells. Recently, biodegradable 

microrobots have been fabricated allowing safe removal of microrobots from the body [37]. 

However, there are still some challenges regarding broad use of microrobots in minimally 

invasive delivery of therapeutics. The size of developed microrobots is still large to access 

major parts of the body through the vascular network [38]. In addition, mechanical parts of 

microrobots are rigid and may harm cells and tissues in the body. It is hoped that the 

integration of advanced biomaterials, nanoscale technologies, and robotic science would 

lead to the development of advanced and highly capable microrobots for minimally invasive 

delivery of regenerative therapeutics [39].

2.4. Nanoparticles

As discussed by the National Research Council, image guidance has remarkably improved 

the targeting and monitoring of MIRET [40]. Nanoparticles (NPs) can be used as carriers or 

imaging probes for regenerative therapeutics [41, 42]. In particular, magnetic NPs (MNPs) 

combined with therapeutics can be guided to the target site using magnetic forces [42]. 

Magnetic resonance imaging (MRI) with the aid of MNPs can provide imaging guidance for 

minimally invasive procedures [40]. MRI provides great advantages for monitoring, guiding, 

and controlling minimally invasive and therapeutic interventions, which include excellent 

tissue discrimination, high indication of nerves and blood vessels, submillimeter resolution, 

multiplanar and three-dimensional (3D) image acquisition [40]. For example, Chertok et al. 
[43] used iron oxide NPs (12 mg Fe/kg) for minimally invasive delivery of drugs to brain 

tumors (i.e., orthotopic 9L-gliosarcomas). MRI (magnetic field density of 0.4 T for 30 min) 

was utilized for non-invasive monitoring of the NPs. The magnetic NPs were administered 

intravenously, which avoided the potential toxicity of NPs due to their accumulation. In 

another study, polyethylene glycol (PEG) was functionalized using iron oxide NP-reduced 

graphene oxide and used for image-guided photothermal therapy of tumors in a mouse 

model over seven days [44]. This nanocomposite material provided strong supermagnetic 

property and high physiological stability. An MRI-based trajectory guide system also 

enabled the delivery of viral vectors in gene therapy [45]. MRI has also been upgraded to an 

intraoperative and real-time (RT)-MRI targeting-guided delivery system [46]. This system 

provided valuable guidance, accurate targeting, monitoring, and visualization during an 

intracerebral cell delivery [46] (Figure 3A).

SC labeling and tracking can be performed using MRI with supermagnetic iron oxide NPs 

(SMIONs) [47], optical imaging with gold NPs [48], fluorescence imaging with quantum dots 
[49], polymeric NPs [50], and silica NPs [51]. These NPs with magnetic or optical properties 

enable real-time tracking of intracellular processes. Although these NPs have not been 

approved for SC tracking in clinical settings, advances in nanotechnology, bioimaging, and 

chemical functionalization would bring the molecular and cellular imaging closer to the 

clinic. Direct SC labeling can be accomplished for early SC detection with fluorescence, 

MRI, single photon emission computed tomography (SPECT), and position emission 

tomography (PET). Indirect SC labeling approaches include the use of reporter gene 

imaging with the aid of fluorescence, bioluminescence, SPECT, PET, and MRI imaging [52]. 

Near-infrared (NIR) fluorescence imaging is another technology for cell tracking by the aid 

of IR fluorescent protein/gene labeling [53]. The latter technique enabled the detection of 
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injected labeled mesenchymal SCs (MSCs) in mice [54]. Current limitations of these imaging 

technologies are stable labeling, in vivo biocompatibility, and long-term tracking 

performance. However, these technologies have provided great opportunities for further 

development of MIRET.

2.5. Electrosprayed and electrospun materials

Electrospraying, also known as electrohydrodynamic spraying is a technique in which an 

electrical force is used to atomize a liquid, producing highly-charged, non-aggregating small 

droplets [55]. The size of droplets may be as low as several nanometers. This technique has 

been used to produce a range of nanomaterials, including nanoparticles [56], nano-thin films, 

and MEMS (Microelectromechanical Systems). The applications of biomaterials produced 

through electrospraying encompass drug delivery [57], biofunctional films and patches [58], 

and the functionalization of biomedical scaffolds [59]. Another method to produce 

biomaterials for minimally invasive therapeutics is electrospinning in which thin fibers of a 

desirable polymeric material are produce via applying an electrical force to a viscous 

polymeric solution/melt under flow [60]. Electrospinning has found a wide range of 

applications in developing scaffolds for tissue engineering [61] and drug release [62], fibrous 

dressings, and medical textiles [63] [64] [65].

2.6. Implantable and degradable microfluidic devices

The administration of a certain chemical compound to human body for therapeutic purposes 

is achieved mainly by using conventional drug delivery preparations such as oral 

administration, inhalation or injection. However, these methods have their own limitations. 

Thus, implantable and degradable microfluidic devices can be very useful for use in 

minimally invasive drug delivery particularly for controlled profile release of drugs [66]. For 

example, Jeong et al. introduced ultrathin, flexible optofluidic neural probe systems using 

polydimethylsiloxane (PDMS)-based microfluidics allowing wireless control of 

pharmacological delivery and stimulating optically the deep brain of freely moving animals 
[67]. The PDMS probes could be long-term in vivo durable and biocompatible and 

potentially applicable for chronic implantation. In addition, degradable and flexible 

microfluidic probes have been investigated for minimizing tissue damage when implanted. 

For instance, bio-dissolvable polymers such as poly(lactide-co-glycolide) (PLGA) [68], silk 
[69], or maltose [70] have been employed for temporally stiffening probes, which eventually 

will enable minimally invasive and targeted drug delivery to end organs.

The technologies and materials discussed above have greatly helped in delivering and 

monitoring regenerative therapeutics, which are introduced into the body in a minimally 

invasive way. In what follows, we divided these therapeutics into three main categories (i.e., 
cells, biomolecules, and biomaterials) and discussed their applications to regenerate different 

tissues in the body.
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3. Applications of MIRET

3.1. Heart

The heart has a long waiting list in transplantation, which makes it as the third needed organ 

after the liver and kidney [71]. Heart diseases and failure are a leading cause of morbidity and 

mortality in the world. MIRET have been used for the treatment of various cardiac 

conditions including MI, cardiovascular diseases, and heart failure. Different regenerative 

therapeutics including cells, biomaterials, and their combinations have been used for heart 

regeneration and repair as described below.

3.1.1. Cells—Cell therapy has been investigated as a promising approach to restore 

cardiac function in patients with heart diseases or failure. This approach involves the 

transplantation of cardiac progenitor cells into the heart to enhance the regeneration process 
[72]. Cardiac progenitor cells can be delivered via transcardial injection, transepicardial 

infusion, and intracoronary endovascular infusion into the heart [73] (Figure 4). Despite 

initial enthusiasm with cell therapy products, their therapeutic efficacy in the clinic has been 

disappointing, mainly due to the loss of implanted cells and lack of adhesion to the host’ 

tissue. Major meta-analyses have reached contradictory results regarding the efficacy of cell 

therapy for the heart [74]. However, some clinical trials, such as intracoronary infusion of 

bone marrow-derived cells resulted in some improvement in the heart function [52]. The 

latter study included 3000 patients for phase III and suggested the suitability of these cells in 

decreasing the mortality in the patients.

Different SCs have been used in cardiac regeneration and repair. Cardiomyogenic potential 

of adipose tissue-derived SCs (ADSCs) was shown and reviewed elsewhere [75]. ADSCs can 

be differentiated into cardiac cells and used in cardiac cell therapy. Another type of SCs used 

in cardiac regeneration is cardiosphere-derived cells (CDCs) that was utilized in one clinical 

trial to treat ventricular dysfunction [76]. The cells were delivered via catheters to arteries in 

an infarcted site. The results of six-month follow-up confirmed the safety of the procedure. 

There was a significant reduction in the scar tissue mass in the CDC-treated group relative to 

the control group. Furthermore, viable heart mass and tissue contractility were significantly 

increased. The mass of the scar (inversely related to viable left ventricular mass) in the 

treated patients was decreased by 8.4 and 12.9 g after 6- and 9-month post-treatment. 

Achieving such a successful clinical translation may be limited by 1) poor cell engraftment 

and electromechanical coupling to the native tissue, 2) lack of accurate and safe in vivo cell 

monitoring, 3) inability to produce patient-specific, mature, and functional cardiomyocytes 

in large numbers, and 4) risk of arrhythmias. Transplanted cells may also have paracrine 

effect on tissue regeneration by positively influencing restorative processes in the native 

tissues, such as neovascularization, myocardial protection, cardiac remodeling, and cell 

differentiation.

3.1.2. Biomolecules—Cells secret biomolecules for certain activities, such as cellular 

adhesion, proliferation, and differentiation. These biomolecules have usually short half-life 

with local function [77]. In particular, biomolecules have been accepted as a regenerative 

therapy in heart regeneration. For instance, a cocktail of growth factors (basic fibroblast 
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growth factor (bFGF)-2 (2 µg), insulin-like growth factor-1 (IGF-1) (1 µg), hepatocyte 

growth factor (HGF) (2 µg), and stromal cell-derived factor-1α (0.6 µg)) was administered 

intraperitoneally to rats with some observed benefits in relation to cardiac function, infarct 

size, and vascularization [78]. However, new materials and technologies are needed to 

increase the half-life of growth factors and to preserve their bioactivity. Until then, the 

routine clinical use of biomolecules is largely hindered [79]. Recently, exosomes (EXs) were 

used in cardiac repair because of their cardioregenerative characteristic [80]. In particular, the 

EXs as secreted membrane vesicles provided key functions for intercellular and tissue-level 

communication. Currently, there is growing evidence from animal studies on the EX 

potential for the treatment of heart diseases [81]. EXs can potentially be utilized to stimulate 

the endogenous regenerative process of heart in a minimally invasive manner. For example, 

cardiac SC-derived EXs were injected into acute MI hearts of rodents and pigs, and reduced 

scar size and improved cardiac function were observed [82].

Minimally invasive delivery of biomolecules is also applicable for cardiac tissue 

regeneration in situ. For instance, Hu et al. [83] demonstrated that intramyocardial injection 

of embryonic transcription factor (T-box 18) in pig models was efficient to convert 

cardiomyocytes to pacemaker cells. The pacemaker cells were physiologically active 

indicating successful implantation of the gene therapy approach in vivo. The pacemaker 

cells were active from day 2 to day 14 post-implantation without using electronic 

pacemakers. Minimally invasive gene therapy approaches can also be extended to treat 

cardiovascular diseases [84]. For example, adeno-associated viral vectors have widely been 

used as a cardiotropic, efficient, and safe tool to genetically treat cardiovascular diseases [85]. 

In the first clinical trial, these vectors were delivered for nine patients using intracoronary 

injection in a relatively simple and minimally invasive way [86]. Although the number of 

patients in this study was small, early results showed no sign of safety risk (Several patients 

showed improvements in symptomatic, functional, and left ventricular function/remodeling 

parameters in 12-month follow-up.). The latter study opened up the way for more studies in 

clinically relevant gene therapy approaches for cardiovascular diseases.

3.1.3. Biomaterials—Biomaterials have been used for cardiac repair through direct 

injection into the heart at specific locations or serving as patches on the myocardium to 

provide mechanical support [87]. Hydrogels derived from decellularized extracellular matrix 

(ECM) were delivered through catheters and they enhanced endogenous cardiomyocytes and 

preserved the cardiac function in MI rat models [88]. Hydrogels have also been used to 

reverse fibrotic changes in the damaged heart [89]. Intra-myocardial injection of some 

biomaterials to treat heart failure has reached phase II clinical trials [90]. Recently, an 

injectable hyaluronic acid (HA) hydrogel was used for local and sustained delivery of micro-

RNA (miR-302/367) to enhance proliferation and function of cardiomyocytes after ischemic 

injury [91]. In particular, the gels decreased end-systolic (50%) and cardiac end-diastolic 

(39%), and increased fractional shortening (64%) and ejection fraction (32%) of the heart 

four weeks after the injection compared to controls. Injectable hydrogels as the cardiac 

patches were also shown to enhance cardiac endogenous capacity and function [92]. These 

injectable hydrogels include collagen, Matrigel®, fibrin, HA, alginate, chitosan, PEG-based 

materials, and acrylamides.
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Degradation times of injectable biomaterials differ according to several factors that include 

the type of the material, molecular weight [93], processing technique, crosslinking and 

environment. For example, photo crosslinking gelatin methacryloyl (GelMA) hydrogel with 

15% concentration was degraded over eight weeks when incubated in collagenase solution 
[94].

Biomaterials as structurally designed scaffolds have been utilized to provide mechanical 

support to infarcted tissues [95]. Moreover, the scaffolds have shown to increase angiogenesis 

by providing topographical cues and reduce cardiac dilation and fibrosis [96]. Another 

interesting application of scaffolds in cardiac regeneration is in situ tissue engineering by 

which the scaffolds induce the regeneration based on the host’s tissue response [97]. The 

natural immune response to the scaffolds can further be controlled through the integrin-

mediated interactions of scaffolds with the native tissues [98]. Minimally invasive approaches 

have been used to deliver scaffolds for in situ tissue engineering. For instance, engineered 

heart valves were implanted through catheters and showed rapid in vivo modeling and long-

term functionality (sufficient coaptation and leaflet motion with minor paravalvular leakage) 

in sheep models after 24 weeks [99]. The latter study may provide an alternative solution for 

currently used prosthetic devices, which require replacement and care on regular basis.

3.1.4. Combinatorial therapy—Combinatorial therapies in cardiac tissue regeneration 

aim to use the advantages of cells, biomolecules, and biomaterials in the regeneration 

process. Some combinatorial therapy studies have already reached to the clinic. For 

example, the efficacy of combined autologous cardiac SCs and bFGF for the treatment of 

ischemic cardiomyopathy and heart failure was evaluated in a clinical study called 

ALCADIA (Autologous Human Cardiac-Derived Stem Cell to Treat Ischemic 

Cardiomyopathy) [100]. The results showed that the cell therapy was safe and the bFGF had 

positive effects on the tissue recovery. Because of small size of the study, a solid conclusion 

on the efficacy of approach could not be derived. Biomaterials can also be utilized to induce 

proliferation and differentiation of transplanted cells [101]. For example, the use of 

poly(glycolide-co-caprolactone) scaffolds seeded with rat bone marrow-derived 

mononuclear cells promoted migration and differentiation of cardiomyocytes and 

neovascularization in a rat MI model [102]. The end diastolic left ventricular thickness in rats 

treated with the cell-laden scaffolds was 8.6±0.6 mm compared to the sham-operated group 

(11.1±0.5 mm). It is important to achieve the synchronous beating of transplanted 

biomaterial-cardiomyocyte patches with the host tissue [103]. Injectable biomaterials with 

clinically relevant sizes were recently developed using 3D printing and they were seeded 

with cardiomyocytes derived from human induced pluripotent stem cells (iPSCs). The cell-

laden biomaterial was used for the treatment of MI in mice and then in porcine model. 

Successful cell survival and engraftment and significant reduction in the infarct size were 

obtained [104]. Although, there are lots of benefits using embryonic stem cells or induced 

pluripotent stem cells for minimally invasive and regenerative therapeutics, one critical issue 

in the clinical application of these cells is the risk of teratoma formation [105]. Other patches 

were also produced using fibrin scaffolds and iPSC-derived cardiomyocytes, smooth muscle, 

and endothelial cells. The patches were then used for the treatment of MI in pigs leading to 

significant reduction in infarct size and improved cardiac function [106]. The engraftment 
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rate was 10.9±1.8% after four weeks of the implantation. The released EXs from cardiac 

patches provided cytoprotective characteristics for cells.

Sequential combinatory therapy is another approach which has been pursued to promote 

myocardial repair. In angiogenesis, early release of vascular endothelial growth factor 

(VEGF) is required to trigger neovessel formation. Subsequently, the addition of platelet-

derived growth factor (PDGF) BB stabilizes the neovessels. In an in vivo study on rat MI 

model, sequential delivery of VEGF and PDGF was accomplished by embedding VEGF in 

fibrin gel and PDGF in a heparin-based coacervate that is distributed in the same fibrin gel. 

The therapy was delivered by intramyocardial injection and resulted in improved cardiac 

function, angiogenesis and reduced fibrosis and inflammation compared to control groups 
[107]. Another example is the controlled and sequential delivery of IGF-1 and HGF was 

enabled by injectable affinity-binding alginate and used to treat MI in rats. This therapy can 

potentially induce endogenous regeneration of cardiac muscle [108].

Shape-memory biomaterials offer great potential to make minimally invasive scaffolds in 

cardiac tissue engineering. Such scaffolds can be structurally diminished for transplantation 

in a minimally invasive way and then return to their original shape at desired location upon 

applying external or internal stimuli. Recently, an elastomeric polymer was used to make 

flexible and shape-memory scaffolds for cardiac tissue regeneration [2]. Cardiac patches 

made of this scaffold (dimensions: 1 cm by 1 cm and thickness: 100 µm) were able to fold 

into small tubes and then recover their original shape upon releasing from the tubes (Figure 

5). It was shown that cardiac function was significantly improved in MI rats after six weeks 

following the use of these patches. Thoracoscopic delivery of patches with human SC-

derived cardiomyocytes on the epicardium of porcine models also led to the replacement of 

scar tissues and improvement in the cardiac function. The shape-memory property of 

scaffolds was due to their lattice structure. Therefore, other scaffold materials can be used to 

make such injectable and smart cardiac patches.

3.2. Spinal cord

The spinal cord is composed of a fragile, long, and tube-like structure that starts from the 

brain stem and goes down through the vertebral canal. The spinal cord consists of nerves 

that exchange messages between the brain and the rest of the body. Spinal cord injury (SCI) 

results from trauma to the spinal cord and it is associated with sudden loss of motor, sensory, 

and autonomic functions distal to the site of injury [109]. There are three million people 

affected by traumatic SCI worldwide and ~180,000 new cases are reported annually [110]. 

Due to the complex pathophysiology of spinal cord, various treatment methods resulted only 

in marginal success. Common regenerative therapies use cells, biomolecules, biomaterials or 

their combinations. The integration of minimally invasive approaches with these 

regenerative therapeutics may provide safe, efficient, and delicate treatments of SCI as 

discussed below.

3.2.1. Cells—Cell therapy has emerged as a potential approach to promote SCI repair. 

The purpose of using cells in the treatment of SCI is to: 1) provide trophic support [111], 2) 

make immunomodulation and neurotrophic protection [112], and 3) induce tissue 
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regeneration [113]. Neural stem cells, Schwann cells, olfactory ensheathing cells, MSCs, and 

oligodendrocyte precursor cells (OPCs) have been used in SCI cell therapy [114]. 

Interestingly, MSCs can release some soluble factors that can activate resident progenitor 

cells for spinal cord regeneration [115]. A clinical study documented that MSCs 

administrated through intravenous or intrathecal injection into 25 SCI patients partially 

restored the autonomic function of nerves within 12 months after the injection [116]. 

Therapeutic efficiency of MSCs, directly injected into the spinal cord was also shown in 28 

patients with chronic SCI [117]. The motor performance of the spinal cord was improved in 

some patients. Recently, there has been interest in dental pulp cells in SCI repair because 

they contain neural cells. These cells were able to induce functional recovery for the spinal 

cord in a rodent model [118]. Drug-loaded NPs were conjugated with cells to stimulate 

transplanted cells (~10-fold increase in the therapeutic efficiency of the cells) [119]. Hybrid 

cell-NPs can be delivered using a minimally invasive and single-stage process called 

electrospraying [120] by which the drug distribution and load efficiency can be precisely 

controlled.

In general, common problems of cell therapy for SCI treatment include, 1) cell migration 
[121], 2) dissemination [122], 3) uncontrolled proliferation [123], 4) aberrant axonal growth 

leading to allodynia [124], 5) formation of ectopic SC colonies [125], 6) differentiation into 

unwanted cells, such as astroglial cells [126] or neutrophils [126] leading to the failure of 

functional recovery, and 7) teratoma or tumor development [126]. Although some cell-based 

therapies to treat SCI, which include the use of MSCs [127] , CNS SCs [128], spinal cord-

derived neural stem cells (NSCs) [129], and OPCs [130] have reached clinical trials, efficacy 

and long-term outcome of the clinical trials have to be confirmed before moving to large-

scale clinical applications [114]. There is also little information regarding mechanisms by 

which cells induce repair and improve the function of the spinal cord [131]. In particular, 

minimally invasive approaches in SCI repair should be further developed and adapted for 

large-scale, accurate, and automated applications in the clinic.

3.2.2. Biomolecules—Biomolecules play a crucial role in mimicking the natural 

environment of neural system. Studies have shown that soluble factors derived from 

astrocytes, inflammatory, and ependymal cells have pro-regenerative characteristics 

including neuroregeneration and self-repair after SCI [132]. Therefore, manipulating the local 

microenvironment of these cells may stimulate self-repair of the spinal cord [133]. Some 

biomolecules have shown great promise in SCI treatment including anti-regeneration 

inhibitors such as Rho-associated protein kinase inhibitors (Rho-ROCKIs) [134] and 

granulocyte colony-stimulating factor [135]. In clinical trials, Rho-ROCKI in fibrin gel was 

delivered to the epidural space through intrathecal injection. The forty-eight patients with 

acute SCI treated with the Rho-ROCKI resulted in long-term improvement of motor 

function with no significant adverse effects [136]. The motor score was improved for treated 

patients to 27.3±13.3 compared to the baseline group (1.8±5.1) after one year of treatment. 

Following the latter study, a phase III clinical trial was initiated in 2016 [137]. A randomized 

design is required to demonstrate the efficacy of the latter clinical study. In another study, 

intrathecal injection of conditioned medium of bone marrow-derived mesenchymal stem 

cells (BMSCs) into SCI rat models was found to increase axonal regeneration and improved 
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locomotor recovery. The results were more effective than using individual growth factors 
[111]. Fractalkine (a chemokine to recruit reparative monocytes) was also used to regenerate 

nerves in rats [138]. The significant effect of fractalkine was confirmed using 

electrophysiological and histological analyses. Further advances in molecular and cellular 

biology would enable us to recognize more effective biomolecules in SCI repair [139].

3.2.3. Biomaterials—The role of biomaterials in SCI treatment may involve filling 

cavities resulting from SCI [140], bridging spinal cord cut-ends to guide axonal growth [141], 

and delivering therapeutic agents or cells [142] (Figure 6). The use of acellular biomaterials 

to treat SCI avoids complexities associated with cells [143]. These biomaterials include 

hydrogels [144], nanostructured composites [145], and nanofibers [146]. PEG hydrogels were 

found to promote and guide axonal regeneration and hence they were considered as 

promising biomaterials for SCI repair in a minimally invasive manner [147]. Polymeric 

nanocomposites (HA and methylcellulose) together PLGA NPs were injected into the 

intrathecal space of injured spinal cord in rats [148]. The PLGA NPs were utilized for 

sustained drug delivery to the SCI. The biomaterial showed no inflammatory response after 

28 days post-implantation. Nanofibers can be used for the treatment of SCI and recently it 

was demonstrated that nanofibers containing a laminin motif influenced neurogenesis both 

in vitro and in vivo [149]. A high laminin concentration (0.25 % w/v) provided higher cell 

viability that a low concentration (0.125 % w/v). Until now, biomaterials that reached 

clinical trials for SCI treatment were mostly utilized as drug delivery matrices where the 

implantation of biomaterials through intrathecal injection combined with surgical 

decompression is a commonly used technique in the clinic [150].

Electroconductive and magnetic NPs can be used to guide neurite growth in vitro and in vivo 
[151] and cellular organization and differentiation [152]. For example, rod-shaped SMION 

(0.0046 %v)-containing gels were shown to guide nerve extension parallel to aligned rods 

despite low gel concentration (3 %w/v) [153]. Gold NPs can be bonded to neurons for optical 

excitation [154]. This bioconjugation provides an exciting opportunity to monitor and 

stimulate neural cells in a non-invasive and remote manner. For instance, pulsed infrared 

light was used for neural stimulation by increasing the neural responsiveness using 

plasmonic gold nanorods [155]. The neural tissues were stimulated for up to 0.956 J/cm2 

without any significant thermal damage. Gold NPs can have additional therapeutic effects on 

neural growth and differentiation. For example, gold NPs incorporated into electrospun 

poly(ε-caprolactone) (PCL)/gelatin scaffolds enhanced axonal elongation and network 

formation of PC12 cells in vitro [156]. The efficiency and fate of NPs combined with 

biomaterials in SCI repair should be further investigated prior to their clinical applications.

3.2.4. Combinatorial therapy—SCI represents a complex problem because of multiple 

mechanisms of growth inhibition and degeneration after injury. Therefore, a combinatorial 

SCI repair utilizing cells, biomolecules, and biomaterials would be useful to tailor treatment 

strategy for a specific injury. Some combinatorial approaches have shown promising results 

in SCI treatment [157]. One of the most robust corticospinal axonal regeneration was reported 

to occur in severe SCI in rats treated with fibrin containing NSCs and growth factors [158]. 

The axons grew in large numbers at a rate of 1–2 mm per day. In another work, astrocytes 

Ashammakhi et al. Page 12

Adv Mater. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were transfected with plasmids encoding nerve growth factor (NGF) and encapsulated in 

collagen. The cell viability was more than 90% in the gels. After injecting the compound to 

rat dorsal root ganglia, a significant enhancement in the axonal growth was observed [159]. A 

recent work reported that an artificial neural network (a scaffold combined with Schwann 

cells and adult SCs) integrated with the host tissue and served as a neuronal relay for signal 

transfer in defected spine [160]. In general, biomaterials have been used to protect loaded 

cells from the local SCI environment, improve their survival, and maintain them in situ to 

have their therapeutic function [161, 162]. As a result, injected cells with biomaterials have 

more therapeutic effect than cells alone [161].

Different injectable cell-laden hydrogels have been proposed for SCI treatment including 

HA hydrogel and NSCs [163], self-assembling peptide gel and NSCs [164], polyurethane-

based gel and bone marrow stromal cells [165], laminin/collagen gel and Schwann cells [166], 

and Matrigel® and Schwann cells [167]. These therapeutics have shown promising results 

with respect to neurotrophic factor expression, optimized post-traumatic milieu, improved 

cell survival after implantation, neurite extension, SC differentiation to neurons, and directed 

linear axonal regeneration. A multitude of biomolecules can also be encapsulated in gels and 

released in a controllable manner to increase the regeneration of damaged spine cords [168]. 

Mechanical properties of hydrogels should be close to those of the native ECM of spinal 

cord to enhance axonal ingrowth. Injectable nanofibers with bone marrow-derived bioactive 

motifs and human endometrial-derived stromal cells were also used to induce neural 

regeneration in rats [169]. Higher axonal regeneration and myelination were demonstrated in 

the implanted group compared to the control group. In another work, embryonic stem cell-

derived OPCs with ciliary neurotrophic factor were injected into rats leading to significant 

improvement in locomotor function of the spinal cord [170]. The soluble factor enhanced the 

survival of cells over four times compared to control group. In a clinical study, BMSCs in 

chitosan-laminin scaffolds were injected into 14 patients with SCI. There was improvement 

in motor, sensory, and neurological functions of the spinal cord after the operation. However, 

the improvement was limited, not enabling patients to stand up and extend their knees while 

walking unaided [171]. The latter study confirmed that further investigations are required on 

combinatorial therapy in SCI repair prior to clinical trials.

3.3. Brain

Traumatic brain injury causes sudden damage to the brain and it is almost irreparable 

because neural tissues have poor regenerative capability [172]. Minimally invasive 

therapeutics have been used to regenerate the brain following stroke (hemorrhagic or 

ischemic [173]), trauma [174], Parkinson’s disease (PD) [175], AD [176], Huntington [177], and 

amyotrophic lateral sclerosis [178]. Conventional systemic administration is insufficient in 

the regenerative treatment of brain conditions [179], because of their poor penetrability of the 

blood brain barrier (BBB) and short plasma half-life, the risk of an off-target exposure in the 

brain and less control on effects of therapeutic agents [180]. MRI-guided focused ultrasound 

can be used in several indications including the disruption of BBB [181, 182]. Direct delivery 

of SCs to target area was performed by using MRI-guided focused ultrasound [181]. Direct 

delivery of injectable regenerative therapeutics to the lesion can be performed through 

intracerebral, endovascular (catheter) or ventricular delivery [183, 184].
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Ventricular system contains cerebrospinal fluid that enables growth factors and cells to be 

delivered to most of areas of the brain [185]. This route enables uneven distribution of 

administered drug with sharp concentration gradient. Hence, drug delivery systems targeting 

specific regions of the brain are pursued [186]. In clinical trials, mostly stem cells are 

transplanted through custom‐designed cannula needles, syringes, or catheters in the presence 

of MRI‐guided delivery to the target tissue [187]. Development of image-guided brain 

surgeries has provided controlled delivery of therapeutics [188]. In an in vivo study, 

prelabeled NSCs with superparamagnetic iron oxide and RT-MRI were used to guide the 

injection cannula to the putamen and monitor the delivery [187]. Needle blockage due to 

precipitation and aggregation of cells in cannulas and infusion lines can be avoided with the 

use of intraoperative RT-IMRI [46].

Microdevices have also been utilized for remote delivery of therapeutics. These devices are 

capable of regulating therapeutic concentrations in the brain [189]. For instance, a novel 

miniaturized system was recently developed for drug delivery to the brain [190] (Figure 3B). 

This implantable and remotely controllable device was successfully tested in small and large 

animals. The drugs were delivered at flow rates of up to 10 µl/hr through the device. Such 

advanced systems would be useful to deliver therapeutics in a minimally invasive and 

precise manner. Different MIRET for brain repair are discussed below.

3.3.1. Cells—Cell therapy has widely been used to regenerate neural tissues in the brain. 

Some cell therapy approaches have reached clinical trials. For instance, prelabeled NSCs 

with SMIONs were injected to the putamen and the delivery was monitored using RT-MRI 
[187]. Allogeneic BMSCs (delivered intravenously and intrathecally to the brain) are in phase 

I and II clinical trials for treatment of PD [191, 192]. A phase I clinical trial for patients with 

AD using human umbilical cord blood-derived MSCs was recently completed and the safety 

and efficacy of cell therapy was confirmed [193]. Autologous bone marrow mononuclear 

cells were also applied intrathecally in a phase I clinical trial to treat traumatic brain injury 
[194]. Safety and clinical efficiency of modified BMSCs for stroke treatment were proven in 

phases I and II clinical studies [195]. The use of human NSCs for PD’s patients is in clinical 

trials to evaluate their safety and efficiency [196, 197]. Intracerebral transplantation of NSCs 

to treat ischemic stroke is in a phase I clinical trial [198]. Intracerebral microinjection of 

NSC-derived neurons has also been used to treat PD in phases I and II clinical trials [199]. 

These procedures have shown great promise to be included into the mainstream of clinical 

practice in near future.

3.3.2. Biomolecules—Biomolecules have extensively been explored for brain repair. 

The regeneration capability of biomolecules is mainly based on endogenously stimulating 

repair mechanisms and targeting inhibitory factors [200]. The biomolecules can be delivered 

in a minimally invasive way using microneedles and catheters. For example, glial cell line-

derived neurotrophic factor was directly delivered into the putamen of five PD’s patients 

using catheters in a phase I clinical trial [184]. There were no significant side effects after one 

year of treatment. Moreover, improvements in the off-medication motor sub-score and 

activities of daily living sub-score were observed (39% and 61%, respectively). A carrier-

mediated transport and receptor-mediated transcytosis system enabled the transport of 
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neurotherapeutic agents [201]. Focused ultrasound also helped to improve the accuracy of 

biomolecule delivery [202]. EXs represent another class of biomolecules were also used to 

deliver short interfering RNA to the mouse’s brain [203]. Dendritic cells were used for the 

EX production. The therapeutic efficiency of EXs was measured using mRNA and protein 

knockdown of beta-secretase 1 (BACE1, 60% and 62%, respectively), a therapeutic target in 

AD. In another work, EXs derived from MSCs (100 µg EXs injected through the tail vein) 

were shown to improve the recovery of traumatic brain injury in rats after 35 days [204]. A 

systemic injection of EXs also led to recovery after traumatic brain injury in rats [205]. EXs 

promoted the neurovascular remodeling and increased neuroinflammation in the injured 

brain at 14–35 days post injection.

3.3.3. Biomaterials—The most commonly used biomaterials in brain tissue repair are 

hydrogels. Hydrogels can be utilized as injectable materials with in situ solidification after 

their injection [206]. For example, self-assembled nanopeptide hydrogels with tunable 

mechanical properties facilitated angiogenesis and neurogenesis after they were injected into 

brain lesions in zebrafish [207]. Moreover, hydrogels have been used to release biomolecules 

that favor cellular ingrowth, angiogenesis, and axonogenesis [208]. For instance, an injectable 

gelatin-hydroxylphenylpropionic acid (gelatin -HPA) hydrogel was used for lesion filling to 

improve endogenous regenerative responses. Dextran sulfate/chitosan polyelectrolyte 

complex NPs (PCNs) were synthesized to encapsulate stromal cell-derived factor-1 for 

sustained release over four weeks. The gelatin-HPA/SDF-1[α]-PCN matrix provided tunable 

gelation and in situ covalent crosslinking after injection into brain lesions in a rat model of 

intracerebral hemorrhage and the results showed tissue recovery [209]. The matrix also 

persisted for a minimum of two weeks after injection. With incubating gelatin-HPA hydrogel 

in PBS containing type I collagenase, hydrogels performed lower degradation rate with 

higher crosslinking degrees. A thermosensitive and injectable hydrogel was also developed 

to deliver activin B into the striatum of a PD’s mouse model [210]. The results showed 

significant improvement in the brain function over five weeks. One challenge associated 

with these hydrogels is the lack of controllable on/off dosing that may prevent them from 

real-time interaction with neural network activity. This may be addressed by using a layer-

by-layer constructed hydrogel [211] or injectable bioelectronics [212] by which the delivery 

procedure is managed using different doses of biomolecules in the hydrogel layers or using 

the electronic system.

3.3.4. Combinatorial therapy—Combinatorial therapy has been used in brain tissue 

engineering and repair to enhance the efficiency or function of individual therapies [213]. For 

example, injectable hydrogels made of hydrazone crosslinked HA-polyvinyl alcohol (PVA) 

and alginate-PVA with mechanical properties close to those of the brain were successfully 

developed and used for 3D neural cell culture [214]. The mechanical properties of hydrogels 

were a key factor to significantly enhance the therapeutic efficiency of cells. A combination 

of gingival SC-derived neuronal cells and 3D bioconjugated and injectable hydrogels was 

developed to support cell survival and proliferation [215]. Another interesting class of 

combinatorial therapies is self-healing and injectable polysaccharide-based hydrogels that 

were used for NSC delivery to treat neurological diseases. These hydrogels supported 

proliferation of NSCs and also favored their neuronal differentiation (Figure 7A) [216]. The 

Ashammakhi et al. Page 15

Adv Mater. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hydrogels at the density of 0.02 g/mL supported the cell growth and differentiation for up to 

nine days in culture. Cells cultured on electrospun fibers were also utilized to treat brain 

defects. For example, electrospun tyrosine-derived polycarbonate was seeded with neuronal 

cells and then injected into the brain tissue of mice (Figure 7B). The survival and 

engraftment of neurons into the striatum after transplantation were increased (~3.5-fold and 

~38-fold improvements in proliferation and function in vitro and in survival in vivo after, 

respectively). Moreover, the fibers supported neurite outgrowth and survival ex vivo [217]. 

Brain tissue regeneration can also be achieved with the combination of hydrogels, SCs, and 

growth factors [210]. In one study, collagen-based hydrogels loaded with glial cell-derived 

neurotrophic factor (GDNF) were used for intra-striatal transplantation in a PD’s rat model. 

The results demonstrated enhancement in the survival and function of encapsulated 

dopaminergic neurons and an increase in their capacity for striatal re-innervation [218].

3.4. Bone

Although bone grafts have widely been used in the clinic to augment bone regeneration and 

repair, engineered bone tissues may provide a better solution because of facile fabrication, 

wide accessibility, and the use of patients’ own cells that eliminates the organ rejection [219]. 

MIRET can benefit bone regeneration in different aspects. One important area of interest is 

the treatment of vertebral compression fractures and associated kyphosis (forward bending) 

back deformity. For this purpose, various injectable therapeutics have been investigated 

including biomaterials (such as bone cement, osteoconductive ceramic biomaterials, and 

more recently hydrogels) and SCs for bone regeneration [220–222]. Regenerative procedures 

in craniomaxillofacial (CMF) surgery and dentistry (e.g., periodontal regeneration [223, 224]) 

can also benefit from the application of MIRET. In particular, such therapeutics can be used 

to reconstruct the complex CMF skeleton for which pre-manufactured implants are not 

always suitable to fit desired shape and to provide appropriate contour. In this section, we 

will discuss applications of MIRET in bone regeneration and repair.

3.4.1. Biomaterials—Biomaterials have widely been utilized in bone tissue engineering. 

For example, injectable biomaterials were used in percutaneous vertebroplasty and 

kyphoplasty to treat vertebral compression fractures in which the biomaterial was injected 

via cannula under guided real-time X-ray fluoroscopy [225, 226]. Although this method 

relieved the pain and restored the kyphotic angle [226], cement leakage [225], exothermic 

reaction in polymethylmethacrylate (PMMA) (injectable biomaterial) curing, 

cardiopulmonary toxicity, and low bioactivity and mechanical properties of PMMA were 

major concerns. Other biomaterials including carbonated apatite, bioactive PMMA, and 

calcium phosphate have been investigated to enhance compressive strength and bioactivity 

of injectable PMMA [227]. A recent study introduced bioactive, glass-based, and injectable 

bone cement [228]. Compared to conventional cement made of PMMA and calcium 

phosphate cement (CPC), this bioactive cement led to improved bone regeneration in 

critical-sized bone defects in a rabbit model. Other bone cements were also developed 

including magnesium phosphates; however, they suffer from insufficient degradation, failure 

to heal large defects, and lack of injectability. Thus, they were combined with other 

osteoconductive yet flexible and biodegradable bone cements, such as hybrid HA and fibrin 

gels [221]. Magnesium ammonium phosphate hexahydrate (struvite) implants with different 
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porosities were also found to increase new bone formation in both unloaded and loaded bone 

defects [229].

Some biomaterials, such as calcium sulfate cement (CSC) have been clinically used for 

vertebroplasty of compression fractures. However, radiological examination showed disc 

vacuum formation. There was also cement leakage, non-uniformity, and rapid CSC 

resorption [230]. Therefore, more studies are needed to assess long-term effects of injected 

material on adjacent vertebrae [231]. It was reported that chitosan (reinforcing agent) and 

mannitol (pore-forming agent) added into the CPC composite increased flexural strength and 

porosity of the material to support osteoblast viability and proliferation in vitro [232]. 

Processing parameters of injectable CPCs can also be adjusted to achieve high injectability, 

macroporosity, and strength [233]. An injectable and thermoresponsive methylcellulose 

hydrogel containing calcium phosphate NPs was also studied and the results showed an 

improved bone regeneration in vivo [234]. In another in vitro study, silica nanopowder was 

incorporated into chitosan-tripolyphosphate microparticles and it was shown that adding 

silica to the microparticles enhanced osteoblast growth and proliferation [235]. Microparticles 

suspended in PBS solution containing lysozymes with pH 5.1 degraded in 15 weeks and the 

degradation rate was slower in physiological pH [236].

3.4.2. Combinatorial therapy—Some minimally invasive therapeutics for bone 

regeneration comprise of a combination of biomaterials with cells. The development of 

injectable SC-containing biomaterials has been attracted much attention as a minimally 

invasive and regenerative therapy to treat bone defects [237]. In one study, human BMSCs 

were encapsulated in fibrin/alginate hydrogels and the mixture was used as an injectable 

bone therapy [237] which induced osseous bridge with high new bone area fraction in an in 
vivo study with rats. MSCs encapsulated in alginate/fibrin microbeads were also used as 

injectable matrices for bone tissue regeneration [238]. In another study, biofunctionalized 

macroporous CPCs with human iPSCs, BMSCs, and umbilical cord MSCs were utilized to 

treat critical-size rat cranial bone defects and a robust bone regeneration was observed [239]. 

The cell viability was ~90% on the CPC scaffolds. The fractions of bone area were 

30.4±5.8% and 11.0±6.3% for treated and control animals, respectively. IPSC-derived 

osteogenic cells were also encapsulated in alginate/fibrin microbeads and then dispersed in 

CPC and implanted in rats. After injection, high cell viability inside the microbeads, bone 

regeneration, and scaffold resorption were observed [220]. The fractions of new bone were 

35.7±5.1% and 18.3±3.2% for treated animals with MSCs and gels and MSCs only, 

respectively.

Sequential delivery was also applied to improve the bone regeneration. In tissue repair 

process, macrophages exhibit a pro-inflammatory phenotype (M1) and initiate angiogenesis 

at early stages and perform a pro-healing phenotype (M2) for vessel maturation at later 

sequence. A sequential delivery was proposed by physically adsorbing interferon-gamma 

(IFNg) onto the scaffolds for short release to promote the M1 phenotype; and, attaching 

interleukin-4 (IL4) to the scaffolds via biotin-streptavidin binding for sustained release 

(released over six days) to promote the M2 phenotype. Bone scaffold was implanted 

subcutaneously on Murine model showing better vascularization in scaffolds releasing IFNg 

compared to controls, improving angiogenesis and healing [240].
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The combination of biomaterials and biomolecules has been reported as a minimally 

invasive therapy in bone regeneration. For example, the regeneration capability of injectable 

biomaterials (e.g., calcium phosphate/gelatin composite microparticles) with transforming 

growth factor-β1 was investigated in rabbit femoral defects. It was found that the growth 

factor resulted in no benefit in terms of mechanical strength. However, the growth factor led 

to significant increase in bone response and composite degradation 12 weeks after the 

implantation [222]. Injectable HA-based hydrogels containing hydroxyapatite (HAp) NPs and 

bone morphogenetic protein-2 (BMP2) were also shown to make bone formation in rat 

models [241]. In combined biomolecule-biomaterial therapy, it is important to select proper 

biomaterial carrier to ensure controlled release of loaded biomolecule and to avoid 

complications [242]. In a clinical trial, a platelet-rich fibrin implant was delivered using 

catheters for bone regeneration in a minimally invasive manner. Six out of eleven patients 

who received the dental implants showed positive results [223].

Some studies have combined cells, biomolecules, biomaterials and proposed them as a 

minimally invasive and regenerative therapy in bone regeneration. In one study, bone 

formation was observed in rats when a combined therapy of brin glue, biodegradable 

tricalcium phosphate, and MSCs was used [243]. In another study, a composite of nano-HAp 

and platelet-rich fibrin granules encapsulating MSCs was used for the treatment of rabbit 

calvarial large bone defects and enhanced bone regeneration was reported [244].

3.5. Cartilage

Articular cartilage has limited self-regenerative capacity after injury. The gold standard in 

articular cartilage repair is to perforate the subchondral bone plate [245], facilitating BMSC 

migration to the lesion, and potentially improving cartilage regeneration. However, this 

strategy was not able to provide a reliable and long-term treatment for cartilage 

microfractures [246]. Large variations in clinical outcome and doubts about the effectiveness 

of conventional cartilage repair methods have been reported [247]. Novel MIRET may 

provide effective therapeutic strategy for cartilage repair as described below.

3.5.1. Cells—A common cell therapy method for cartilage repair is the use of autologous 

chondrocyte implantation [248, 249, 250], which is based on chondrocyte expansion in vitro 
[251]. However, rapid cell proliferation may result in the formation of fibrocartilage with 

inferior mechanical properties [191, 252]. A current trend in healing injured cartilage is mainly 

focused on regenerative potential of SCs, which can be stimulated to differentiate to 

chondrocytes [245]. For instance, intra-articular injection of MSCs as a minimally invasive 

and regenerative approach has been used in cartilage repair. Intra-articular injection of 

human MSC-derived EXs also resulted in regeneration of osteochondral defects in rat 

models [253]. The animals were treated with 100 µg EXs for a period of 12 weeks. 

Immunohistochemistry and histological analyses and scoring at six and 12 weeks post-

surgery confirmed positive effect of EXs on the regeneration process. For accurate SC 

delivery and preventing extra-articular and off-target injections, online monitoring has been 

conducted using anatomical landmark-guided delivery, fluoroscopically guided techniques, 

and ultrasound [248].
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Some clinical trials are still going on in cartilage repair using minimally invasive SC therapy. 

For instance, ADSCs were injected into knees of 18 patients and followed up for six months. 

A dose-escalation trial was conducted in the first phase of the study to assess the clinical 

efficacy. Interestingly, the group injected with the lowest dose of ADSCs had a statistically 

significant improvement in the cartilage repair [254]. In another study, six patients with eight 

arthritic knees suffering from pain were injected with adipose-derived stromal vascular cells 

and followed up for 12 months. This minimally invasive and regenerative procedure was 

found to be safe and led to lower pain without any sign of infection or other adverse effects. 

All patients gained full function and showed significant improvement compared to the 

baseline [250]. A longer follow-up trial, up to five years, was reported using BMSCs injected 

intra-articularly in four patients. Walking time, stair climbing, gelling pain, patella crepitus, 

flexion contracture, and pain visual analogue score were improved within six months 

followed by a gradual deterioration. After five years, all SC-treated patients had better 

performance than the baseline [251]. In another work, larger trial groups (30 patients) with 

knee osteoarthritis were treated with similar intra-articular injection of allogeneic BMSCs 

and followed up for 12 months [255]. Significant improvement was observed in the cell-

treated patients. Earlier studies have also focused on using ADSCs [256], allogeneic BMSCs 
[196], BMSCs [257], autologous peripheral blood progenitors [258], and infrapatellar fat pad-

derived MSCs [259].

3.5.2. Biomolecules—Key biomolecules in cartilage regeneration include the MSC 

secretome, such as cytokines, growth factors, and ECM molecules, which have been isolated 

as membranes vesicles (EXs) with diameters ~ 50–100 nm. EX-based therapy has recently 

emerged as an effective method in treating a variety of cartilage-related diseases [260]. EXs 

may be considered as vehicles containing a broad range of biomolecules, which have been 

used as a minimally-invasive therapy for cartilage repair and regeneration [261]. Cosenza et 
al. [262] showed that the direct intra-articular injection of EXs derived from mouse bone 

marrow MSC was equally effective as MSC injection in preventing the development of 

collagenase-mediated OA in mice. Interestingly, in an immunocompetent rat model, MSC-

derived EXs (from human embryonic stem cells) enhanced the repair of critical-sized 

osteochondral defects in the femoral groove when they underwent intra-articular injections 

on a weekly basis [263].

3.5.3. Combinatorial therapy—Biomaterials have been combined with cells in 

cartilage repair. Biomaterials for cartilage repair provide not only mechanical support for 

cartilage defects but also induce growth, spreading, and differentiation of cells [264]. To 

develop an injectable scaffold for the treatment of cartilage, the use of MSCs with PLGA 

was evaluated in vitro and in the subcutis of nude mice [265]. The majority of the cells were 

alive for up to 21 days. The cells in the PLGA secreted 2.36±0.422 µg/mL and 8.47±0.871 

µg/mL of glycosaminoglycan at days 7 and 21 of culture, respectively. Hydrogels can also 

be employed with varying zonal structures for the treatment of osteochondral defects [266]. 

For the treatment of chondral and osteochondral defects, accurate size and shape of defects 

can only be defined after debridement. Thus, methods such as in situ 3D bioprinting or 

hydrogel application in a minimally invasive way are the most suited procedures to provide 

custom-tailored treatments. For instance, intra-articular injection of SC-derived EXs with a 
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hydrogel glue used as a tissue patch for articular cartilage repair [267]. The tissue patch 

demonstrated ease of handling, biocompatibility, and most importantly integration to the 

native tissue.

3.6. Intervertebral disc

The IVDs link the vertebral bodies together. The IVD is responsible for weight bearing, 

motion, and flexibility of the spine. Degenerative or injured IVDs cause back pain and may 

need surgical interventions to treat them [268]. The use of MIRET has avoided major surgical 

interventions as explained in the following sections.

3.6.1. Cells—IVD injuries can be repaired using minimally invasive cell therapy under 

imaging guidance. For example, BMSCs were injected into the IVD nucleus pulposus of 10 

patients with lumbar IVD degeneration and intact annulus fibrosus. The patients’ conditions 

were improved after the treatment [269]. Another study using injectable MSCs confirmed 

short-term preservation of injected cells within the IVDs [270]. Other cell types including 

autologous nucleus pulposus cells (NPCs), disc chondrocytes, auricular cartilage-derived 

chondrocytes, allogeneic NPCs, and xenogeneic NPCs have also been used for IVD 

treatment [271]. In general, complications associated with cell-based therapies include low 

cell viability and cell leakage. Some cell-based clinical studies have shown promising 

outcomes [272]. For example, autologous bone marrow concentrated cells were injected into 

the intradiscal space of 26 patients. The patients who were injected with more colony-

forming units of marrow aspirate had substantially more pain relief [273]. Phase I and II 

clinical trials using intradiscal injection of allogenic MSCs in saline were completed [273]. In 

the phase I clinical trial, one-year follow-up showed significant relief of pain and disability 

and profound improvement in the disc quality of patients. The following treatment with 

single intradiscal injection of allogeneic mesenchymal precursors (phase II clinical trial) 

provided a promising outcome (in terms of pain and function) after 36 months [274]. In 

another study, autologous MSCs were percutaneously injected into patients with 

degenerative IVD. Most of them experienced pain relief and improvement in disability and 

disc hydration [269]. Similar results were observed with the use of autologous disc-derived 

chondrocytes [275].

3.6.2. Biomolecules—Bioactive molecules are typically used in an early degenerative 

disc to repair the disturbed homeostasis [276]. In vivo studies using bioactive factors, such as 

growth and differentiation factor 5 (GDF-5), osteogenic protein 1 (OP-1, homologous to 

BMP-7) have shown promising outcome [277]. Besides individual growth factors, the 

injection of platelet-rich plasma (PRP) as a therapeutic cocktail of many biomolecules, such 

as growth factors from the platelet cytoplasm-originated α-granules have been effective in 

the IVD regeneration [278]. The use of PRP has shown promises in hindering the 

degeneration of IVD in preclinical studies. Autologous PRP injection in rabbits with IVD 

degeneration restored disc height and signal intensity [279]. Intradiscal PRP injection into the 

center of the nucleus pulposus with the aid of fluoroscopic guidance was employed in a 

clinical trial on 14 patients with discogenic low back pain. During 10 months follow up, 

mean T2 values did not notably change and the pain scores profoundly decreased at one 

month and sustained over follow up period [280]. Other clinical studies also performed 
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promising potentials for using PRP [281]; however, more studies are needed to optimize the 

therapeutic effect of this treatment including randomized controlled clinical studies [282]. 

Injection of growth factors can be also used for IVD degeneration. The safety and 

tolerability of intradiscal recombinant human growth and differentiation factor-5 for the 

treatment of early stage lumbar disc degeneration was evaluated in phases I and II clinical 

trial [283]. Other biomolecules such as PDGF, IGF-1, bFGF, BMP and beta transforming 

growth factors were employed for in vivo studies on different animal models to slow down 

discal degenerative process [284].

3.6.3. Biomaterials—Biomaterials have been developed to treat IVD disorders in a 

minimally invasive manner. For instance, an injectable implant composed of hydrolyzed 

polyacrylonitrile was implanted into degenerative discs [285]. In general, injectable 

biomaterials reduce procedural complexities in IVD treatment and offer in situ fixation and 

filling of disc defects [286]. In a clinical study, a hydrogel (silk and elastin) was injected into 

the nucleus void in patients suffering from disc herniation. After two years, it was found that 

the pain was relieved and the implant was stable. The safety of the injection and pressurized 

discal fill with a vented needle was confirmed and this strategy seemed to work better than 

microdiscectomy alone[287].

An injectable and cross-linkable hydrogel comprising silk fibroin and polyurethane with 

cyclic stability, strong axial compressive modulus, and fatigue-resistive properties was 

developed for nucleus replacement and its biocompatibility was confirmed in rabbits [288]. 

Future hydrogels should mimic biological and physical properties of the native nucleus 

pulposus to promote IVD regeneration.

3.6.4. Combinatorial therapy—Cell-biomaterial therapeutic strategies have shown 

promising results in IVD repair. The use of biomaterials prevents off-target cell escape in 

regenerative therapies [288, 289]. Fibrin was investigated for minimally invasive delivery of 

cells and it showed poor mechanical properties and leakage [290]. However, the use of PLGA 

with cells was found to enhance cell proliferation in a canine model [291]. Bioadhesives can 

reduce the risk of sliding in implanted gels. Clinical trials using MSCs or ADSCs suspended 

in PRP for treating degenerative disc diseases are ongoing [285]. In a clinical study, juvenile 

chondrocytes with fibrin carrier were percutaneously injected into 15 patients for the 

treatment of lumbar spondylosis. Ten patients had significant improvement, and eight out of 

nine patients with the posterior annular tears had significant resolution [292].

3.7. Skeletal muscle

Skeletal muscle tissues are comprised of muscle fiber bundles that are formed by cylindrical, 

long, and multinucleated cellular structures called myotubes [293]. Skeletal muscle tissues 

have a robust regenerative capacity; however, they lose their functionality under 

compromised conditions, such as tumor ablation, traumatic injury, and muscular dystrophy 
[294]. Skeletal muscle tissue engineering strategies using cells, soluble factors, and 

biomaterials have shown great promise in muscle tissue repair and recovery [295]. Electrical 

and mechanical stimulation have also improved the maturation of engineered muscle tissues 
[296]. There are some studies on using MIRET in skeletal muscle tissue regeneration. For 
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example, Kim et al.[297] used collagen-based hydrogels with neonatal rat myoblasts as a 

regenerative therapy to treat post-glossectomy defects in rats. The animals that received the 

cell-laden hydrogel injections had a significant increase in the muscle weight and volume 

compared to control animals without any injection. Some evidence of neurotization and 

neovascularization were also reported in the injected group. Nakamura et al. [298]. used 

MSC-derived EXs to accelerate skeletal muscle regeneration. The EXs promoted 

angiogenesis and myogenesis in vitro and muscle regeneration in a mouse injury model. In 

another study, Wang et al.[299] reported that an injectable and shape-memory alginate 

scaffold was able to regenerate injured tibialis anterior muscles in mice. Growth factors and 

myoblasts were then added to the injected hydrogel in situ. In our recent study, Salehi et al. 
[300] showed that ultrathin PLGA nanoribbons can be used in minimally invasive delivery of 

skeletal muscle cells by using needles, and the differentiation of embedded myoblasts into 

myotubes was demonstrated. The cells were aligned (>74%), maintained their viability 

(>80%), and produced long myotubes (> 400 µm in length) on the nanoribbons. These 

studies demonstrate great promise of MIRET in skeletal muscle tissue regeneration for pre-

clinical and clinical applications.

3.8. Abdominal organs

3.8.1. Pancreas—The pancreas is an important organ, which has two main functions of 

regulating blood sugar (endocrine function) and digesting food (exocrine function) [301]. 

When pancreas fails (e.g., in diabetic patients), control of blood sugar is lost and treatment is 

needed. Although pancreatic islet transplantation is a common treatment for type I diabetes, 

maintaining the blood sugar level remains a challenge and administration of an 

immunosuppressant is required [302]. Therefore, research has been focused on SCs as a 

source for β-cells [303]. The SC therapy is not yet approved for wide application in the clinic; 

however, more than 100 clinical trials around the world have been reported, mostly in phase 

II. Although different SC types have been investigated, the most clinical trials have used 

MSCs. Intravenously delivered autologous MSCs in 20 patients preserved β-cell function 

after one year without adverse effects [233, 304]. However, half of patients treated with 

hematopoietic SCs showed an adverse immunological response after four years [305]. Islet 

transplantation has also been carried out by implantation into the omentum [241, 306] or to the 

gastrointestinal mucosa [307] in a minimally invasive approach using laparoscopy.

Biomaterials have been used to protect β-cells from harsh native microenvironment and to 

deliver them in a facile way. Cell microencapsulation in alginate was recently proposed as an 

effective approach to overcome the host’s immune response. Human SC-derived β-cells in 

the hydrogel were implanted intraperitoneally in mice without accompanying 

immunosuppression to correct blood sugar [308]. More recently, nylon helical threads were 

developed to deliver large number of cells. The threads were covered with an adherent islet-

containing alginate. The threads were implanted under mice renal capsule and proved to be 

capable of correcting induced diabetes in immuno-competent mice [309]. The thread 

scalability and retrievability using laparoscopic procedure were also demonstrated in dogs. 

This device can be used as an off-the-shelf product and cell encapsulation in the threads can 

be performed in the clinic. Similarly, β-cells loaded in collagen fibers were shown to secret 

insulin. The β-cell-laden fibers implanted in the renal subcapsular space of diabetic mice led 
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to normalization of blood glucose and the hyperglycemia returned after their removal 

(Figure 8A, 8B) [310, 311].

3.8.2. Urinary bladder—The urinary bladder is a muscular organ with hallow-like 

structure, which stores and evacuates urine. Bladder malfunction can occur in diverse 

conditions, such as SCI, neurogenic bladder injury, chronic and infection inflammation, and 

exstrophy [312]. Significant reduction in bladder capacity and compliance need to be 

augmented using surgical procedures [313]. MIRET have been used in urinary bladder 

augmentation in pre-clinical and clinical studies. For instance, Calvano et al. [314] employed 

laparoscopic augmentation cystoplasty as a minimally invasive approach for ureteral 

reconstruction in porcine models using a collagen-based biomaterial. All implanted animals 

survived 7 weeks after the implantation and the ureter function was recovered. Shalhav et al. 
[315] also utilized a minimally invasive laparoscopic technique to replace ureter and to 

deliver a biodegradable graft in a large animal model. Farahat et el. [316] used endoscopic 

urethroplasty to deliver an intestinal submucosal patch to treat urethral strictures in 10 

patients. The patches were introduced using silicon catheters. Three months follow-up 

confirmed that the most cases recovered the functionality of urethra. Interestingly, the 

MIRET reduced time and complexity of normal endoscopic surgery. Endoscopic 

urethroplasty was also employed for treatment of iatrogenic and inflammatory strictures of 

the bulbar urethra in 9 patients [317]. MIRET have also been utilized to treat neurogenic 

bladder in some clinical trials [318]. However, more clinical trials are required to improve the 

efficiency and safety of MIRET in the clinic.

3.8.3. Liver—The liver plays an essential role in the body with multiple functions 

including the synthesis of cholesterol, triglycerides, proteins, glycogen, blood clotting 

factors, and bile production [319]. Liver tissue regeneration is a well-orchestrated and 

complex procedure. There are currently different cell types that can be used for liver 

regeneration, including xenogeneic cells and SC-derived hepatocytes. Liver progenitor cells 

were utilized in several clinical trials, but there are still challenges to be addressed before 

they can be used as a widespread clinical therapy [320]. In particular, safety, tumorigenicity, 

and xenozoonosis of xenogeneic cells are still a major concern. Hepatocytes delivered in a 

minimally invasive manner suffer from limited engraftment and lack of long-term efficacy 
[321]. In mice, human iPSC-derived hepatic cells were shown to repopulate cirrhotic liver 

and function [322]. An important potential source for hepatocytes can also be the discarded 

marginal livers [323]. However, clinical safety and efficacy of these cells need further 

investigation.

Engineered liver tissues can also be implanted in a minimally invasive way. In one work, 

engineered nucleating seeds of liver (6 mm diameter) were fabricated from hepatocytes, 

endothelial cells, and fibroblasts in fibrin and were shown to grow and expand by up to 50-

fold in 11 weeks upon implantation in the mesentery of nude mice with induced liver injury 
[324]. They were able to perform liver function, including drug metabolism. Hepatic buds can 

also be produced by mixing human-iPSC-derived cells, BMSCs, and human umbilical vein 

endothelial cells (HUVECs) [325]. However, the risk of tumorigenicity is a concern. 

Hepatocyte-laden fibers were also developed using hepatocyte-laden alginate and chitosan/
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alginate [326] or hepatocyte- and fibroblast-laden alginate [327] for minimally invasive 

delivery of hepatic constructs. The alginate removal resulted in scaffold-free micro-

organoids (1 mm long and ~50 mm diameter) with high cell viability of ~80% over 30 days 

(Figure 8B). Significantly enhanced liver function was observed for up to 90 days compared 

to monolayer culture and single cell type cultivation in hydrogel fibers [327]. Hepatic cell- 

and fibroblast-laden fibers were also shown to result in albumin production two times more 

than hepatocyte-fiber monocultures [328].

3.9. Eye

The eye is a delicate organ and its proper function is required for visualization. MIRET have 

been used to regenerate lens and retina tissues. For example, Lin et al. [329] used a minimally 

invasive capsulorhexis surgery recruiting stem cells to regenerate lens in vivo. Jafar 

Mazumder et al. [330] synthesized thermogelling and cell-adhesive HA/poly(N-

isopropylacrylamide) biomaterials as potential MIRET in retinal repair. The cells were 

suspended in the biomaterial and injected into the subretinal space as a potential treatment 

for retinal diseases, such as diabetic retinopathy or age-related macular degeneration. 

Successful grafting of cell-laden biomaterial was shown with minimal host response. A 

widely used non-invasive therapy for eye treatment is photodynamic therapy (PDT) using 

light and photosensitizing material [331]. PDT is a treatment modality by which exogenous 

photosensitizers are activated in target cells using laser light. This photoactivation induces 

singlet oxygen or other reactive oxygen species in the cells leading to cell necrosis and/or 

apoptosis [332]. Chan et al. used PDT to treat acute central serous chorioretinopathy in 

patients in a one-year and randomized clinical trial [333]. Forty-three patients received 

indocyanine green angiography-guided PDT with verteporfin and twenty-one patients 

received placebo. The verteporfin-treated patients were subjected to PDT for 10 min using 

laser after the drug infusion. The results showed that the PDT with verteporfin is a more 

effective therapy in treating central serous chorioretinopathy compared to placebo. PDT has 

also been proposed as a cost-effective approach to treat age-related macular degeneration 
[334]. Taken together, further works need to be done to reveal potential applications of 

MIRET in eye regeneration and repair.

3.10. Skin

The skin covers the outermost surface of the body and it serves as a protective barrier. 

Regenerative skin therapeutics can usually be applied on top of skin lesion in a non-invasive 

manner [32]. The use of skin grafts as drug development models have comprehensively been 

discussed elsewhere [32]. There are some skin-related therapeutics, which require to cross the 

skin in a minimally invasive manner. For instance, microneedles have been recently 

developed and proposed for the treatment of chronic wounds [335]. In addition to increased 

drug dosage passed through the stratum corneum [336, 337], the use of microneedles is 

associated with minimal tissue damage and rapid healing [338]. Skin regeneration (especially 

in compromised wounds) can be promoted with drugs and growth factors delivered by 

microneedles [339]. Microneedles were also successfully used to deliver triamcinolone 

acetonide for the treatment of alopecia areata [340]. Steroids, minoxidil and PRP were 

administered via microneedles leading to stimulated hair follicle growth [341]. Microneedles 

have also been used for skin rejuvenation in which repeatedly puncturing the skin stimulates 
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natural skin healing via the production of new collagen and elastin [335]. A clinical trial 

reported that significantly increased level of collagen and tropoelastin from baseline was 

obtained after six microneedling sessions resulting in skin tightening [342]. In a recent 

review, results of various clinical studies of microneedle application in skin regeneration 

were discussed [338]. In one clinical study, microneedle arrays (150-μm long with a tip radius 

of 1-μm) were used and shown to be painless, causing no skin damage or irritation [343]. 

Microneedles were also considered to be useful in transdermal drug delivery [337]. Recently, 

wearable thread-based patches using thermoresponsive hydrogels were developed for 

transdermal drug delivery [344, 345] (Figure 9). The threads were connected to a 

microcontroller that wirelessly communicated with a mobile phone for remotely controlled 

drug release upon heating [344].

PDT can also be used to deliver drugs to skin. For instance, Rossetti et al. used PDT to 

deliver a phthalocyanine derivative (i.e., zinc phthalocyanine tetrasulfonate) to skin [346]. 

This method can be explored for drug delivery for skin regenerative purposes.

MIRET can also be used to treat skin diseases, such as skin-related fistulas, skin cancer, 

acne, and skin ulcers. For instance, human-derived MSCs were shown to be efficacious and 

safe to treat perianal fistulas [347]. Note that antibacterial photodynamic inactivation is a 

common technique to treat acne and skin ulcers [348]; however, regenerative approaches are 

still a viable option. A multitude of scaffolds have been fabricated and commercialized for 

skin tissue regeneration [349]. Stem cells, growth factors, and drugs have also been 

incorporated into these scaffolds to further enhance the regeneration process. Moreover, 

biofabrication technologies have been utilized to include topographical cues in the scaffolds 

mimicking the structure of native skin tissues [350]. For instance, nanofiber scaffolds were 

fabricated using electrospinning technique and showed improved skin regenerative 

capability compared to scaffolds without any topographical cues. In particular, adhesion, 

proliferation, and migration of fibroblasts were increased on the electrospun nanofibers [351].

Sequential drug delivery system can be used for the treatment non-healing infected wounds. 

In a study, vancomycin (antibacterial) was linked to the injectable chitosan/HA hydrogel for 

first stage release, and VEGF were encapsulated into PLGA microspheres for subsequent 

delivery. Independent profile release of vancomycin (pH-dependent) and VEGF (depends on 

the pore size of PLGA microspheres) led to inhibition of bacteria growth and acceleration in 

vein endothelial cell proliferation in vitro and in vivo [352].

4. Current challenges and future perspectives

MIRET have already showed great applications in regeneration of different tissues and 

organs in the body. Progress in MIRET owes to great advances made in the fields of 

synthesis and fabrication of biomaterials, stem cell biology, microfabrication technologies, 

biosensors, monitoring, and delivery tools. These fields have significantly developed in 

recent years and that can benefit regenerative therapeutics to be delivered in a safe, 

controllable, and minimally invasive way. Scientific discussion and collaboration among 

experts in the aforementioned fields would be helpful to enhance the efficiency and 

widespread applications of MIRET. Proper integration of various technologies and 
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biomaterials is a key factor for successful implantation of MIRET in the future (Figure 10). 

3D printing technologies have recently been introduced into the biomedical field [353]. A 3D 

bioprinted GelMA hydrogel that embeds hiPSCs derived hepatic cells with HUVECs and 

ADSCs in a hexagonal system was developed and showed enhanced phenotype and function 

over weeks of culture as compared to 2D monolayer culture and a 3D hepatic progenitor 

cell-only model [354]. Combining advanced regenerative strategies and tools such as 3D 

bioprinting will enable to achieve better outcome and may help to reduce the need for 

transplantation. Vascularity of constructed tissue and its integration into the body upon 

subsequent implantation remains a big challenge which can be facilitated using bioprinting 

of endothelial cells, smooth muscle cells/stem cells with hollow fibers in dynamic 

microfluidic systems. MIRET can largely use the advantages of these technologies to 

fabricate clinically relevant and custom-designed structures of biomaterials or cell-laden 

constructs. Recently, a handheld device was developed for 3D bioprinting of cell-laden 

hydrogels in a direct-write and manual fashion [355]. Such devices can be helpful in 

minimally invasive implantation of regenerative therapeutics. To this end, printing nozzles 

should be minimized and be flexible to directly print biomaterials or cell-laden structures in 
vivo. The printed structures will harness the natural microenvironment in the body to 

continue their growth or maturation in situ. In particular, hydrogels with self-healing and 

shear thinning properties [356] are suitable candidates for 3D bioprinting of complex tissues 

at high resolution in the body.

The use of smart scaffolds with the ability to curve, fold, or roll-up in a dynamic and 

controllable manner will be useful for four-dimensional (4D) biofabrication of novel 

regenerative therapeutics that can be implanted in minimally invasive way (Figure 11A) 
[357]. Examples include the self-folding of PEG with different molecular weights and 

concentrations (Figure 11B) [358] and cellular origami [359]. These materials can be 

engineered to respond to stimuli in a controllable and minimally invasive manner in various 

tissue regeneration applications. For instance, it is feasible to develop a cellularized, 

multifunctional, and endovascular shape-memory polymer that can be folded and used for 

the treatment of diseased tubular structures. Smart scaffolds can also be designed and 

fabricated to release drugs and growth factors. For example, stimuli-responsive polymers 

may enable on-demand release in response to changes in pH, O2 level, and temperature [360]. 

The combination of stimuli-responsive materials in making MIRET may benefit the efficacy 

and function of regenerative therapeutics. A combined stimuli-responsive strategy (internal 

or external) may help in overcoming problems with using one method in particular, such as 

premature or burst release of biomolecules.

Biosensors have been utilized to monitor regenerative therapeutics in specific parts of the 

body [361]. For example, wireless and bioresorbable sensors were developed and implanted 

into deep areas of the brain [362] (Figure 3C). The sensors were capable of measuring 

intracranial pressure and temperature in mice. This sensor was dissolved within 30 hours. In 
vitro tests revealed the sensor adaptability to measure fluid flow, motion, pH or thermal 

characteristics with possible extensions to measure biomolecular-binding events in the deep 

brain. Biosensors can also be used to monitor the behavior and function of implanted cells in 
vivo and thereby to reveal the molecular mechanism of cell behavior and function, which 

requires their superior stability, high selectivity, and conjugation to cell biomarkers [363]. The 
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use of flexible, biodegradable, and injectable siosensors will enable long-term monitoring of 

MIRET in dedicated organs, such as heart and brain [364]. Wearable wireless devices can 

also be used to amplify signals from biosensors for precision drug delivery [365].

Although some MIRET have reached clinical trials (Table 1), these therapeutics are not a 

major part of routine clinical therapy despite encouraging results in many studies. More and 

large-scale clinical trials are needed to prove the safety and efficacy of MIRET. These 

clinical trials will pave the way for regulatory approval and commercialization of 

therapeutics. To this end, procedures should be developed for large-scale production, 

preservation, and transport of regenerative therapeutics. Proper training of technicians, 

nurses, and doctors in clinics is important to successfully deliver regenerative therapeutics in 

a minimally invasive manner. We hope that these therapeutics would find wide applications 

in the clinic in the near future.

5. Conclusions

MIRET have been evolved as a distinct entity as a result of interplay and alliance of different 

research fields, including biomaterial synthesis and fabrication, stem cell biology, 

microsurgery procedures, bioimaging, and microscale technologies. Nowadays, cells, 

biomaterials, biomolecules, and their combinations can be delivered in a minimally invasive 

way to regenerate different tissues and organs in the body with high yield and low risk, 

complications, and cost. Advanced approaches of monitoring, delivery, and stimulation of 

administered therapeutics in vivo using nanobiomaterials and soft bioelectronic devices 

provide great opportunities to further develop MIRET. Although some clinical studies have 

been done using MIRET, it is envisioned that such therapeutics would find wider 

applications as an efficient and translational therapy in the clinic.
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Figure 1. Applications of minimally invasive therapeutics to regenerate different parts of the 
body.
(A) Different MIRET including (i) acellular biomaterials, (ii) biomaterial-based cell 

delivery, and (iii) biomaterial-free cell delivery. (B) Biomaterial-free cell delivery 

approaches to regenerate different parts of the body. A and B are reproduced with 

permission from [376].
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Figure 2. Minimally invasive approaches to deliver regenerative therapeutics into the (i) brain, 
(ii) heart, (iii) liver, (iv) IVD, and (v) knee joint.
Minimally invasive and regenerative therapy can be achieved using direct injection, 

endoscope, or catheter. Redrawn and modified from [377].
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Figure 3. Minimally invasive and remotely controllable delivery of drugs to the brain.
(A) (i) Photograph of the device base with remote introducer and guiding insert. (ii) 

Placement of the base on the skull was guided by a cone of projection using MRI. (iii) 

Surgical demonstration of device application on the primate’s skull using laser calibration 

rod inserted in the stem. Three self-tapping screws were used to secure the base in the place. 

Reproduced with permission from [46]. (B) (i) Main components of miniaturized drug 

delivery system (S-MiNDS) with enlarged components (tungsten (W) electrode and 

polyimide (PI) template) and borosilicate (BS) aligner tip that aligns with the key device 

components following arrow direction. (ii) S-MiNDS images with the fluidic channels and 

electrical connection. (iii, iv) Scanning electron microscopy (SEM) images of the tip of the 

device including magnified image of BS aligner tip in red rectangular and W electrode in the 

yellow rectangular. Reproduced with permission from [190]. (C) (i) Bioresorbable sensors 

integrated with dissolvable metal connects and biodegradable wires. Inset: optical 

micrograph of serpentine silicon nano-membrane of the sensing parts. Temperature sensor is 

not on the air cavity while the pressure sensor is on the edge of air cavity. (ii) Biodegradable 

sensors intracranially implanted in rat and connected to an external wireless data-

transmission unit. (iii) Demonstration of an implanted bioresorbable sensor in the rat. A thin 

film of PLGA with 80-μm thickness and a dissolvable surgical glue were used to seal the 
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craniectomy. (iv) A sutured mouse and (v) a freely moving mouse with implanted biosensor. 

Reproduced with permission from [362].
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Figure 4. Dual-antibody-conjugated SMIONs for targeted cell delivery to the injured 
myocardium.
(A, B) Schematics and timeline of the delivery of NPs and cells with and without conjugated 

antibody. (C) Fluorescent imaging of rat’s organs 24 hrs after cell injection, showing the 

effect of incorporating antibodies in magnetic NPs on decreasing off-target cell distribution. 

Rats which received the dual-antibody-conjugated magnetic NPs have more targeted 

accumulation in their organs compared to those injected with regular magnetic NPs. (D) The 

whole heart section imaging (trichrome staining) four weeks after reperfusion showed a 

prominent depletion of scar size (blue) and significant increase in viable (red) tissues in 

animals, which received dual-antibody-conjugated SMIONs compared to control sample and 

regular magnetic NPs. (E) Echocardiography results four weeks after reperfusion confirmed 

that left ventricular ejection fraction in the targeted-NP group was significantly improved 

compared to the control and regular NPs groups. (F) Confocal microscopic images: NP-

targeted cell therapies can greatly improve the angiogenesis compared to the control and 

regular NP groups. Blue denotes DAPI for cell nuclei and green represents alpha smooth 

muscle actin (α-SMA) for smooth muscle cells. Reproduced with permission from [378].
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Figure 5. Shape-memory scaffolds for minimally invasive delivery of cardiac patches.
(A) An illustration demonstrating shape-memory scaffold for delivering cardiomyocytes to 

the epicardium using thoracoscopy. The cardiac patch is first loaded into the throacoscope. 

Then, upon releasing it recovered its shape and extended out to sit on the heart. (B) 
Photographs showing fluorescence images of live (green) and dead (red) neonatal rat 

cardiomyocytes on the patch before and after injection. Pictures were reproduced with 

permission from [2].
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Figure 6. Different biomaterial designs to promote recovery after SCI.
Tubular scaffolds are beneficial for resection or full transection in injuries. Injuries can also 

be occupied with fibers or pores for cell growth. Hydrogels with drugs or cells can fill the 

defect area. Soft hydrogels can be intrathecally injected as MIRET.
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Figure 7. Injectable cell-laden hydrogels in brain repair.
(A) Injectable self-healing hydrogels made of N-carboxyethyl chitosan (CEC) and oxidized 

sodium alginate (OSA) carrying NSCs for transplantation. The cell-laden hydrogels were 

cultured in DF-12 medium at 37 ºC. and then injected using needles into the lesion cavity. 

Reproduced with permission from [216]. (B) Electrospun scaffolds support induced neuronal 

cells (iNs) outgrowth and survival in vivo and ex vivo. (i, ii) The scaffolds seeded with the 

iNs were injected into the mouse striatum and onto the mouse pup brain slices. Compared to 

only green fluorescent protein-labelled iNs (iii), transplanted scaffold-supported iNs (iv) 

significantly enhanced the neurite length when injected onto the mouse brain slices ex vivo 
(n=8 brain slices for each transplantation mode). Reproduced with permission form [217].
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Figure 8. Fabrication and implantation of microfibers for minimally invasive delivery of 
therapeutics.
(A) (i) Fiber fabrication using microfluidic system. The fibers were continuously extruded, 

gelated, and collected on the rotating spool. (ii) Schematic of silk-spinning by spiders. 

Proteins are produced by the silk gland, and in the spinning duct, protein solutions are 

solidified while spider’s valve controls the flow. (iii) Schematic of producing multiple 

twisted fibers. The bottom is fluorescence image of twisted fibers stained with red, green, 

and blue. (iv) Schematic of periodically mixed coded fiber comprised of hepatocytes, 

Ashammakhi et al. Page 52

Adv Mater. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



fibroblasts or parallel hepatocytes and fibroblasts. The inset shows the optical image of cells 

in a periodically coded fiber of which micrographs of embedded cells in three parts of the 

fiber are shown. (v) Schematic of fiber that was periodically coded with fMLP to mediate 

neutrophil migration. The fluorescence micrograph reveals the boundary between two parts 

of a fiber (neutrophil is green and fMLP is red). (vi) Schematic illustration of neuron 

aligning on grooved fiber. (vii, x) Fluorescence micrographs of neurons on grooved fibers 

(green is neurofilament and blue is cell nucleus). Fluorescence micrographs show a serially 

coded fiber and its magnified image. (viii, xi) Micrographs of tapered fiber having grooved 

surface. (ix, xii) Light microscopy and SEM images of air bubbles coded fiber. Scale-bars: 

iii: 500 μm, iv: 1 mm, vi: 50 μm, vii, viii, x: 300 μm, ix: 1 mm, xi: 5 μm and xii: 50 μm). 

Reproduced with permission from [311]. (B) Cell-laden meter-long microfibers implanted 

under the renal capsule. (i) A double coaxial microfluidic device was used to form long cell-

containing core-shell microfibers in which the core contains cells in the gelated ECM-

protein and second layer is alginate gelated in second connectors of microfluidic system 

with coflowing calcium solution. The cells in the gelated ECM protein migrate and form a 

long cellular microfiber with cell-to-cell contacts. The Ca-alginate shell can be selectively 

dissolved using an enzymatic reaction. (ii) Images show 20 cm-long primary islet cell 

microfibers injecting with a microcatheter into the subrenal capsular space of a mouse 

during (left) and after (right) the implantation. Scale bars: 2 mm. Reproduced with 

permission from [328].
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Figure 9. Multifunctional thread-based dressing for transdermal drug delivery.
(A) Thermo-responsive particles were included in hydrogels and coated on flexible thread-

based heater. Individual coated threads were woven together into fabrics and connected to a 

flexible microcontroller that individually powered them up and wirelessly communicated 

with mobile phone. Upon heating, thermos-responsive particles activated and drug was 

released. Reproduced with permission from [344]. (B) Drug delivery system as a bandage 

integrating heater and electronics. (i) The integrated flexible heater raised the temperature to 

release the payload of nanocarriers embedded in the nanofibers of the mesh. (ii) A typical 

wearable bandage with the miniaturized electronics. Reproduced with permission from [345].
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Figure 10. Evolution of personalized and regenerative therapy.
(A) An illustration showing important advances made in different MIRET disciplines with 

future outlook. (B) Schematic showing the evolution of using cells, biomaterials, and other 

elements in regenerative therapy. More possibilities will be brought up in the future by 

integrating more technologies and multimodal MIRET.
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Figure 11. Four-dimensional (4D) biofabrication and implantation of cell-laden biomaterials.
(A) (i) 4D bioprinting of cell-laden self-folding hydrogel-based tubes using methacrylated 

alginate (AA-MA) or HA-MA on different substrates (glass or polystyrene (PS)). Green 

light (530 nm) was used for mild drying of structures. Instant folding into tubes was 

obtained upon immersion of crosslinked films in water, phosphate-buffered saline (PBS), or 

cell culture media. (ii) The tube responsiveness (cartoons (upper panel) and representative 

photographs (lower panel)) in water (1), same tube immersed in CaCl2 solution (2), which 

led to an additional crosslinking of alginate with Ca2+ ions and complete unfolding of the 

tube, and folded tube immersed in EDTA solution (3), where ethylenediaminetetraacetic acid 

(EDTA) bound the Ca2+ ions from the alginate, leading to refolding of the film into a tube 
[379]. (B) (i) Schematic of multi-walled PEG hydrogel tube encapsulating growth factors in 

uniaxial direction in low expansion layer providing sustained release of agents for improving 

neovascularization. (ii) Vascular endothelial growth factor (VEGF)-releasing multi-walled 

hydrogel tube to enhance vascularization (ii). (iii) Optical images of self-folding process for 

a bi-layered PEG hydrogel band (1 mm width and 20 mm length) on chicken chorioallantoic 

membrane (CAM). (iv) Optical images of vascular networks from top-view and microscopic 

histological cross-sections of CAMs that were stained with a marker for α-SMA. All 

hydrogel shapes were loaded with 60 ng of VEGF. Concentrations of VEGF for tube, ring, 

disk and strips hydrogels were 7.5, 7.5, 5.0 and 15.0 μg ml−1, respectively. Reproduced with 

permission from [358].
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Table 1.

Examples of clinical trials of MIRET are presented showing the type of MIRET therapy, indication (disease/

condition), phase of the trial and outcome. Various types of MERITs were provided, including the use of 

intracoronary cardiosphere-derived cells (CDCs), intramyocardial injection of different types of biomaterials 

such as hyaluronan (HA), poly ethylene glycol (PEG)-based materials for the treatment of myocardial 

infarction (MI), the use of mesenchymal stem cells (MSCs) and human central nervous system (CNS) stem 

cells, or Rho-associated protein kinase inhibitor (Rho-ROCKI) for the treatment of spinal cord injury (SCI), 

bone marrow derived MSCs (BMSCs), for the treatment of Parkinson’s disease (PD), and adipose tissue 

derived stromal cells (ADSCs) for the treatment of osteoarthritis or Intradiscal injection of recombinant human 

growth and differentiation factor-5 (rhGDF-5) for the treatment of degenerative intervertebral disc.

No. MIRET Disease/condition Clinical trial 
stage

Outcome Ref.

1 Intracoronary infusion of bone 
marrow-derived cells

MI Phase III Some improvement in the heart function [366]

2 Intracoronary CDCs MI Phase I Reduction in scar mass, increases in viable 
heart mass and regional contractility, and 
regional systolic wall thickening

[367]

3 Intra-myocardial injection of 
some biomaterials, including 
hydrogels include collagen, 
Matrigel®, fibrin, HA, alginate, 
chitosan, PEG-based materials, 
and acrylamides.

MI Phase II Results depended on the case. Some 
cardiac function improvement was 
achieved.

[90]

4 MSCs SCI Phase I and II Ongoing [127]

5 Human CNS stem cell 
transplantation

SCI Phase II Terminated [128]

6 Human spinal cord-derived 
neural stem cell transplantation

Chronic SCI Phase I Not reported [129]

7 Rho-ROCKI in fibrin gel 
delivered to the epidural space 
through intrathecal injection

SCI Phases I and II The forty-eight patients with acute SCI 
treated with the Rho-ROCKI resulted in 
long-term improvement of motor function 
with no significant adverse effects. 
Following the latter study, a phase III 
clinical trial was initiated in 2016.

[136, 137]

8 Allogeneic BMSCs (delivered 
intravenously and intrathecally 
to the brain)

PD Phase I and II Treatment of PD [368]

9 Human umbilical cord blood-
derived MSCs

AD Phase I The safety and efficacy of cell therapy was 
confirmed

[369]

10 Autologous bone marrow 
mononuclear cells applied 
intrathecally

Traumatic brain 
injury

Phase I Not reported [370]

11 BMSCs Stroke Phases I and II Significant improvement from baseline 
(mean) was reported for: (1) European 
Stroke Scale, (2) National Institutes of 
Health Stroke Scale, (3) Fugl-Meyer total 
score, and (4) Fugl-Meyer motor function 
total score

[195]

12 Human neural stem cell delivery PD Phases II and III Not reported [371]

13 Intracerebral transplantation of 
neural stem cells

Ischemic stroke Phase I Not reported [372]

14 Transplantation of neural stem 
cell-derived neurons

PD Phases I and II Not reported [373]
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No. MIRET Disease/condition Clinical trial 
stage

Outcome Ref.

15 Direct brain infusion of glial cell 
line-derived neurotrophic factor

PD Phase I Improvement in the off-medication motor 
sub-score as well as in the activities of 
daily living sub-score

[184]

16 Platelet-rich fibrin dental 
implant for guided bone 
regeneration

Partially or 
completely 
edentulous healthy 
adults

Not indicated Successful clinical application with no 
significant adverse events

[223]

17 ADSCs Severe osteoarthritis 
of the knee

Phase I The group injected with the lowest dose of 
cells had a statistically significant 
improvement in the cartilage repair.

[254]

18 ADSCs Osteoarthritis in the 
human knee joint

Phase I All patients gained full function and 
showed significant improvement compared 
to the baseline.

[250]

19 MSCs Knee osteoarthritis Phase I After five years, all SC-treated patients had 
better performance than the baseline.

[251]

20 Intra-articular injection of 
allogeneic BMSCs

Knee osteoarthritis Phases I and II Significant improvement was observed in 
the cell-treated patients.

[255]

21 Intradiscal injection of allogenic 
MSCs in saline

Degenerative disc 
disease

Phases I and II Significant relief of pain and disability and 
profound improvement in the disc quality 
of patients.

[374]

22 Intradiscal injection of 
allogeneic mesenchymal 
precursors

Degenerative disc 
disease

Phase II Promising outcome (in terms of pain and 
function) after 36 months

[274]

23 Percutaneously injection of 
MSCs

Degenerative disc 
disease

Phase I Improvement in disability and disc 
hydration

[269, 275]

24 Allogeneic chondrocytes Lumbar spondylosis 
with mechanical 
low-back pain

Phase I Ten patients had significant improvement, 
and eight out of nine patients with the 
posterior annular tears had significant 
resolution.

[292]

25 Autologous MSCs Type 1 Diabetes Not indicated Preserved β-cell function after one year 
without adverse effects.

[304, 375]

26 Autologous nonmyeloablative 
hematopoietic stem cell 
transplantation

Type 1 Diabetes Not indicated Half of patients treated showed adverse 
immunological response after four years

[305]

27 Various regenerative medicine 
strategies

Neurogenic bladder Not indicated Clinical improvement based on 
urodynamics studies

[318]

28 Liver progenitor cell therapy Various types of 
liver damage

Not indicated Safety, tumorigenicity, and xenozoonosis of 
xenogeneic cells are still a major concern.

[320]

29 Microneedling for facial 
rejuvenation

Facial issues Not indicated Significant increase in the level of collagen 
and tropoelastin

[342]

30 Intradiscal rhGDF-5 Degenerative disc 
disease

Phases I and II Not reported [283]
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