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Abstract 

Regenerative medicine aims to restore the function of diseased or damaged tissues and organs

by cell therapy, gene therapy, and tissue engineering, along with the adjunctive application of

bioactive molecules.  Traditional  bioactive molecules such as growth factors and cytokines

have  shown  great  potential  in  regulation  of  cellular  and  tissue  behavior,  but  have  the

disadvantages of limited source, high cost, short half-life and side effects. In recent years,

herbal compounds extracted from natural plants/herbs have gained increasing attention. This

is  not  only  because  herbal  compounds  are  easily  obtained,  inexpensive,  mostly  safe  and

reliable, but also owing to their excellent effects including anti-inflammatory, antibacterial,

antioxidative, proangiogenic behavior and abilty to promote stem cell differentiation. Such

effects also play important roles in the processes related to tissue regeneration.  Furthermore,

the moieties of the herbal compounds can form physical or chemical bonds with the scaffolds,

which contributes to improved mechanical strength and stability of the scaffolds. Thus, the

incorporation  of  herbal  compounds as  bioactive  molecules  in  biomaterials  is  a  promising

direction for future regenerative medicine applications.  Herein, an overview on the use of

bioactive herbal compounds combined with different biomaterial scaffolds for regenerative

medicine  application  is  presented.  We  firstly  introduce  the  classification,  structures  and

properties of different herbal bioactive components and then provide a comprehensive survey

on the use of bioactive herbal compounds to engineer scaffolds for tissue repir/regeneration of

skin,  cartilage,  bone,  neural,  and  heart  tissues.  Finally,  we  highlight  the  challenges  and

prospects for the future development of herbal scaffolds towards clinical translation. Overall,

it is believed that the combination of bioactive herbal compounds with biomaterials could be a

promising perspective for next generation of regenerative medicine. 
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1. Introduction 

      Tissue and organ dysfunction caused by trauma, diseases and aging is a great challenge

for  human’s  health  and  life  quality1.  Once  the  tissue  is  damaged,  the  microenviroment

surrounding the cells is also destroyed, which normally leads to highly disordered repair and

loss  of  function  of  the  tissue2.  Therefore,  one  of  the  key  considerations  for  tissue

repair/regeneration  is  to  construct  biomaterials  with  appropriate  bioactive  molecules  to

modulate  the  microenviroment,  cell  ingrowth  and  benefit  for  effective  tissue

repair/regeneration and functional recovery3. 



      To address this issue, enormous amounts of studies have focused on the delivery of

various  cytokines to endow the scaffolds with improved cell/tissue affinity and regenerative

ability4.  Cytokines  are a class of active proteins or peptides  that are produced  in living

organisms,  which  have  extensive  regulatory  effects  on  cell  growth,  cell  differentiation,

apoptosis, inflammation, wound healing, blood vessel formation and so on5. Such functions

are also important for the processes of tissue integration and functional restoration. Despite of

the significant evidence by in vivo and in vitro studies, the strategy for delivery of cytokines

have limitations such as the limited source, high production cost and short half-life6.

      Chinese herbs have been used in clinical practice for prevention and treatment of diseases

for thousands of years7. Especially, since Tu Youyou won the Nobel Prize due to the discovey

of  artemisinin  (an  active  compound  isolated  from  Artemisia  annu),  the  study  of  herbal

extracts/compounds  has  become  a  research  hotspot.  A  large  amount  of  studies  have

demonstrated the superior pharmacological effects of herbal extracts/compounds on various

diseases like dermatitis,  wound healing, osteoarthritis,  bone fracture, neurological diseases,

heart diseorders and so on8-10. These benefit effects can be attributed to the multiple effects of

herbal  extracts  such  as  anti-inflammation,  anti-bacterial,  antioxidation,  anti-tumor,

immunomodulation and pro-angiogenesis properties, which may also promote regeneration

during regenerative medicine applications11,12. At the same time, the herbal extracts have the

advantages  of  good  safety,  high  effectiveness  and  low  production  cost.  Therefore,  the

combination of bioactive herbal extracts/coumpounds with biomaterials has been considered

as a promising direction in the field of  regenerative medicine8,13.

      In this review, we provide a broad overview on the use of bioactive herbal compounds

combined  with  biomaterial  scaffolds  in  tissue  repair  and  regeneration  including  skin,

cartilage, bone, neural and heart tissues. Firstly, we start with the introduction of the herbal

bioactive compounds, focusing on their chemical structures and properties related to tissue

repair/ regeneration. Afterwards, we will focus on recent insights gained from various herbal

compounds combined with functional materials which are developed by different fabrication

methods  and  their  applications  in  regenerative  medicine.  Finally,  we  will  discuss  the



challenges and opportunities for use of bioactive herbal compounds in regenerative medicine

for clinal application in the future.

2. Bioactive herbal compounds: classification, structures and properties

      Herbal extracts represent a mixture of active ingredients obtained after extraction and

concentration using  modern technologies and are used in herbal medicine.  Indeed, various

crude herbal extracts have been employed previously to construct herbal scaffolds for tissue

repair  and regeneration  which is  reported elsewhere8,14.  Here,  we limit  our  review on the

engineering  of scaffolds by using various herbal  compounds of well-defined composition.

Phytochemicals  of  interest  can  be  classified  into  polyphenols,  saponins,  terpenoids,

anthraquinones, alkaloids and glycosides15,16. The chemical structures of the different herbal

compounds that have been used in tissue repair/regeneration were summarized in Figure 1.





Figure 1. The chemical structures of the various herbal coumpounds including polyphenols

(A), saponins (B), terpenoids (C), anthraquinones (D), alkaloids (E) and glycosides (F).

2.1 Polyphenols

       Polyphenols are phenolic compounds that carry one or more hydroxyl group and are

widely  used  in  herbal  medicines.  Examples  of  herbal  polyphenols  applied  in  tissue

regeneration  include  curcumin,  resveratrol,  quercetin,  icariin,  epigallocatechin-3-gallate

(EGCG), tannic  acid,  puerarin,  gallic  acid,  catechin,  naringin,  salvianolic  acid  A  and  B,

baicalin, chlorogenic acid and hydroxysafflor yellow A (Figure 1A).

      Polyphenols  have shown numerous biological  activities  and health  benefits  such as

excellent antioxidant, anti-inflammatory, and anti-microbial activities 17. It is known that free

radicals  such  as  reactive  oxygen  species  (ROS)  play  important  roles  in  alterations  of

macromolecular  and  cellular  elements  in  tissues  which  can  exacerbate  tissue  damage18.

Additionally,  tissue  damage  always  induces  inflammation.  A  moderate  inflammatory

response activates  the  body’s  defenses  against  microorganisms,  foreign  materials,  and

damaged  cells,  which  are  favorable  for  tissue  regeneration19.  However,  excessive

inflammatory responses upon tissue injury, especially in the case of bacterial infection, will

lead to further damage of the tissue and result in unpleasant outcomes for tissue repair20. The

hydroxyl groups in polyphenols serve as hydrogen donors to reduce oxygen from excited state

to a more stable trilinear state, leading to reduction of  oxygen radical production21. Besides,

polyphenols  can  inhibit  the  activity  of  free  radical-producing  enzymes  such  as

cyclooxygenase (COX), lipoxygenase (LOX) and NADPH oxidase (NOX) and up-regulate

endogenous antioxidant enzymes to reduce oxidative damage22. Additionally, polyphenols can

inhibit  macrophage  function  by  inhibition  of  enzymes  associated  with  pro-inflammatory

properties, such as cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS),

thereby  reducing  the  expression  of  pro-inflammatory  factors  tumor  necrosis  factor-alpha

(TNF-α), interleukin-1(IL-1) and IL-6 secreted by macrophages23. Furthermore, polyphenols

down-regulate  NF-κB  signalling  pathway,  modulate mitogen-activated  protein  kinase

(MAPK) and also suppress toll-like receptor (TLR) and pro-inflammatory genes' expression24.

Moreover,  polyphenols  exert  also  antibacterial  activities  which  might  be  related  to  its



inhibition of nucleic acid synthesis, inhibition of microbial energy metabolism and destruction

of  biofilm  function25.  Therefore,  the  herbal  polyphenols  have  been  considered  as  ideal

candidates for improving tissue regeneration outcomes. To date, a number of studies have

delivered different herbal polyphenols in both in vivo and in vitro experiments for different

tissue repair/regeneration applications including skin, cartilage, bone, neural, heart tissues and

so on. The detailed information of the findings will be provided in the next section.

2.2 Saponins

      Saponins  are  a  large  family  of  herbal  isolated  compounds  containing  a  steroid  or

triterpenoid  aglycone  linked  to  one  or  more  oligosaccharide  moieties  (Figure  1B).  For

instance, ginsenoside and astragaloside are two examples of herbal saponins that have been

used  for  tissue  regeneration.  For  example,  ginsenoside  Rg1,  ginsenoside  Rb1  and

astragaloside  IV  have  been  shown  to  possess  anti-inflammatory,  neuroprotective  and

cardioprotection  effects,  which  hold  great  therapeutic  potential  for  neural  regeneration  in

diseases like stroke, traumatic brain injury, Parkinson's disease, as well as myocardial repair

and regeneration26,27. The action mechanism of anti-inflammatory effects of ginsenoside was

attributed to the negative regulation of pro-inflammatory cytokine expressions (TNF-α, IL-1β,

and IL-6) and enzyme expressions (iNOS and COX-2), but also the anti-inflammation and

pro-healing  effects  derived  by  M2-polarized  macrophages28.  Astragaloside  IV  can

significantly increase the phosphorylation levels of JAK2 and STAT3, reduce the expression

levels  of  inflammatory  factors  such  as  IL-1β,  IL-6  and  TNF-α,  decrease  the  content  of

malonaldehyde  (MDA)  and  ROS,  and  increase  the  concentration  of  SOD,  thus  reducing

inflammation and oxidative stress29. In addition, ginsenoside Rb1, Rh3 and astragaloside IV

have also been reported to be helpful in healing of myocardial infarction30. Ginsenoside Rb1

prevents spinal cord ischemia-reperfusion injury (SciI) -induced apoptosis of rat spinal nerve

cells  by  down-regulating  Ask-1  phosphorylation,  caspase-3  levels  and  Bax/Bcl-2  ratio31.

Ginsenoside Rh3 inhibits Caspase-3 in myocardial tissue, up-regulates the expression of anti-

apoptotic protein Bal-2 and inhibits the expression of Bax protein in cardiomyocytes, thereby

reducing  the  apoptosis  of  cardiomyocytes,  and  improving  the  myocardial  ischemia

reperfusion32.  Astragaloside  IV  has  been  confirmed  to  promote  angiogenesis  and



cardioprotection after myocardial infarction partly through the activation of PTEN/PI3K/Akt

signalling pathway33
.

2.3 Terpenoids

      Terpenoids represent a large class of herbal compounds with a basic structure of isoprene

units such as ursolic acid and paeoniflorin (Figure 1C). Ursolic acid has been confirmed to

have several biological and pharmacological effects including anti-inflammatory, anti-cancer,

anti-tumor as well  as neuroprotective effects,  which are employed for neural regeneration

after sciatic nerve injury34. The anti-inflammatory mechanisms of ursolic acid mainly include

suppression  of  the  activities  of  lipoxygenase,  cyclooxygenase  and  phospholipase,  and

decrease  of  the  production  of  nitric  oxide  and reactive  oxygen species,  inhibition  of  the

activation of the signal pathway, downregulation of the expression of inflammatory factors, as

well as the inhibition of the activities of elastase and complement35. The anti-inflammatory

effects of paeoniflorin have been evident by many experimental models related to different

inflammatory disorders, such as rheumatoid arthritis, inflammatory bowel disease, psoriasis,

and asthma36. The mechanism of its anti-inflammatory activity is that paeoniflorin inhibits the

infiltration  of  neutrophils  and  macrophages,  reduces  the  number  of  F4/80+CD68+

macrophages and the production of related cytokines (TNF-α, IL-1β, IL-6, IL-12, IL-23, and

iNOS),  as  well  as  down-regulates  the  production  of  Th1/Th17  cell-related  cytokines37.

Moreover,  paeoniflorin  has  been  reported  to  be  promising  not  only  for  treatment  of

neurodegenerative  diseases  via  modulation  of  Ca2+ and  ROS  homeostasis,  but  also  for

promoting  diabetic  wound  repair  through  reducing  inflammation,  promoting  collagen

deposition and microvascular  formation38,  suggesting the great potential  of paeoniflorin in

various tissue regenerations. 

2.4 Anthraquinones 

      Anthraquinones are derived from anthracenes with two keto groups at positions 9 and 10

as seen in Figure 1D. The examples of herbal anthraquinones include emodin and shikonin.

Anthraquinones are also attracting much attention during medical applications due to their

good pharmacological activity39. Firstly, anthraquinones play antibacterial role by inhibiting



bacterial  respiration and metabolism,  destroying bacterial  cell  membrane and cell  wall,  as

well as affecting the synthesis of protein nucleic acid and other biological macromolecules40.

In addition, anthraquinones could inhibit activation of NF-κB and activator protein-1 (AP-1)

pathways by suppression of upstream signaling including IL-1 receptor-associated kinase 4

(IRAK1),  p38,  Src,  and  spleen  tyrosine  kinase  (Syk),  and  thus  exert  anti-inflammatory

activities  41.  Furthermore,  it  was  demonstrated  that  the  anthraquinones  possess  excellent

antioxidant  properties,  which  for  both  emodin  and  aloe-emodin  was  attributed  to  their

reducing and scavenging ability on hydroxyl radicals42. 

2.5 Alkaloids

      Alkaloids are a class of nitrogen-containing alkaline organic compounds with berberine as

an example (Figure 1E). For instance, berberine is the main active ingredient of the Chinese

medicine Huanglian, which has been widely known due to its excellent antibacterial,  anti-

fungal and antiviral properties, and thus are well suitable for infected diseases such as infected

wounds, gastrointestinal infections and conjunctivitis43.   The mechanism of its antibacterial

activity  is  due  to  the  inhibition  of  the  synthesis  of  bacterial  proteins  associated  with  the

growth of bacteria,  which ultimately induced cytoplasm pyknosis and bacterial  death44.  In

addition, the antifungal activity of berberine was reported to be related with mitochondrial

dysfunction45. Berberine stimulates formation of ROS in fungal mitochondria, followed by

production of oxidative stress and destruction of mitochondrial structure, leading to fungal

apoptosis through mitochondrial pathway45. In addition, berberine is commonly used in the

treatment  of  gastrointestinal  diseases  such as  enteritis,  which  is  attributed  to  the  reduced

levels of pro-inflammatory cytokines such as TNF, IFN-γ, KC and IL-17 in colon tissues46,47. 

2.6 Glycosides

      Glycosides represent a group of compounds formed by connecting a sugar or a glycolic

acid with another non-sugar substance through its terminal carbon atom (Figure 1F). They are

reported  to  play  several  known  functions,  including  anti-inflammatory,  antibacterial,

immunomodulatory  and  neural  protective  effects48.  For  instance,  salidroside,  a

phenylpropanoid  glycoside  derived  from  Rhodiola  rosea  L,  has  been  demonstrated  a



significant  role in neural  tissue engineering to promote nerve regeneration49.  Studies have

reported that salidroside reduces inflammation and neuronal damage after middle cerebral

artery  occlusion  (MCAO)  with  reperfusion by  selectively  inhibition  of  endothelial

complement activation, suggesting the protection potential of salidroside in cerebral ischemia-

reperfusion injury50.  

3. Application  of  bioactive  herbal  compounds  in  various  tissue  repair/regeneration

applications

        The combination of bioactive herbal compounds with biomaterial scaffolds can not only

integrate  the  advantages  of  both components,  but  also endow sustained  release  of  herbal

compounds and thus improve the bioavailability51. On the other hand, the incorporation of

herbal  compounds  can  improve  the  biocompatibility  and  pharmacological  effects  of  the

biomaterial  scaffolds.  Furthermore,  the  herbal  compounds  also  contribute  to  the

physiochemical  properties  of the biomaterials  including microstructure,  wetting properties,

mechanical strength, biodegradation behavior and so on52. Such physiochemical properties are

also of  particular importance since they can modulate the cellular and tissue behaviors during

tissue repair53,54. Therefore, the combination of bioactive herbal compounds with biomaterial

scaffolds can serve as a promising strategy for various tissue  repair/regeneration fields, to

create bioactive scaffolds with better regenerative capacities55,56.

Currently,  different  fabrication  techniques  have  been  developed  to  engineer  herbal

constructs  including  hydrogel  formation,  electrospinning,  drug  carrier  microsphere,

decellularized  scaffolds,  freeze-drying,  3D  printing  and  so  on57-60.  Hydrogels  are  three-

dimensional (3D) networks of hydrophilic polymers which can hold large amounts of water

and offer a stable and favourable environment for cell growth61. Additionally, hydrogels can

endow sustained release of the loaded pharmacologically active molecules which can improve

the retention time and thus exert a better treatment outcome for tissue repair and regeneration

62.  However, herbal compounds with poor solubility cannot be incorporated directly to the

hydrogel. In this respect, microspheres, micelles and nanoparticles can overcome this problem

and load the compounds at a high encapsulation efficiency, and at the same time, enhance the

drug durability and stability63-65. Thus, the lipophilic herbal compounds can be loaded into



microspheres,  micelles  and  nanoparticles firstly  and  incorporated  into  hydrogel66,67.

Electrospinning is a widely used method for fabrication of nanofibrous scaffolds mimicking

the nature structure of extracellular matrix (ECM), which has been also employed to construct

herb-containing  scaffolds.  Both  hydrophilic  and  lipophilic  herbal  compounds  can  be

incorporated to fibers by choosing different solvents or different electrospinning methods like

simple  blending,  coaxial  or  emulsion  electrospinning  for  skin  and  other  tissue  repair

applications68,69. In addition, decellularized scaffolds that are composed by a number of ECM

components  such  as  collagen,  elastin  and  glycoproteins,  can  endow  the  scaffolds  with

advantages  including  low  immunogenicity,  high  biocompatibility,  excellent  structural

functions as well as biological functions70. Therefore, the combination of herbal compounds

together with decellularized scaffolds has also been considered as a promising strategy for

applications in regenerative medicine. Besides, freeze-drying or lyophilization is a method to

produce  porous  scaffolds  through dehydration  of  mostly  heat-sensitive  materials,  through

which  the  herbal  compounds  can  also  be  incorporated71.  The  combination  of  different

bioactive  herbal  compounds  with biomaterials  through various  fabrication  techniques  and

their applications in tissue repair and regeneration is then reported herein.

3.1 Skin tissue regeneration and wound healing

Although skin has a quite high regeneration capacity, the repair efficiency was inhibited

particularly in the cases of large area of skin loss, severe trauma, as well as chronic wounds

such  as  diabetic  foot  ulcers,  venous  leg  ulcers,  and  pressure  ulcers72. The  conventional

methods to treat skin damage such as autologous/allograft split or full-thickness skin graft are

constrained by limited sources, infections and scar formation73. In this regard, development of

wound dressing from biomaterials has been emerged as a promising alternative approach to

treat various skin-related disorders74. The studies that combined different herbal compounds

with biomaterials for skin tissue repair/regeneration applications were summarized in Table 1.

3.1.1 Curcumin

 Curcumin  is  a  polyphenol  compound  isolated  from  turmeric  with  numerous

pharmacological effects such as anticoagulant, antioxidant, anti-cancer and anti-inflammatory



activities59.  It  has  been reported that  the  anti-inflammatory  and antioxidant  properties  are

accountable for the favorable effects  of curcumin on skin wound healing75.  Curcumin can

reduce  inflammation  through  inhibition  of  the  action  of  inflammatory  mediators  such  as

cyclooxygenase-2 (COX-2), interleukin-8 (IL-8), and tumor necrosis factor-alpha (TNF-α)60.

Additionally, curcumin can control the expression of the gene for nuclear transcription factor-

κB (NF-κB), which lowers the amounts of reactive oxygen species (ROS) and weakens the

oxidative stress response at damaged sites76. Despite of the multiple benificial activities, it has

the  limitations  of  poor  water  solubility,  rapid  drug  metabolism  and  unsatisfactory  drug

stability66.  In order to solve these problems, curcumin was loded into different macro- or

nanocarriers such as microspheres,  micelles  and nanoparticles,  which were then combined

with different dressing systems such as hydrogels, nanofibers, and decellularized scaffolds to

treat  damaged  skin,  illustrating  a  promising  therapeutic  strategy  for  skin  tissue

repair/regeneration 77-80. 

Various hydrogel systems have been applied for delivery of  curcumin to improve the

wound healing outcomes. For this purpose, curcumin nanoparticles (CNPs) were encapsulated

in gelatin microspheres (CNPs@GMs) and subsequently added to thermal-sensitive hydrogels

to explore the effects on chronic cutaneous wound repair81. The results illustruated that the

hydrogel system  can  respond to matrix  metalloproteinases (MMPs) and releases curcumin

specifically at non-healing wound sites to increase the drug effects,  resulting in improved

healing of diabetic wounds81 (Figure 2A).  Zhang et al. designed a hydrogel delivery system

based on glycosaminoglycans to regulate the wound microenvironment, where the curcumin

was  encapsulated  in  the  hydrogel  by  micellization  to  achieve  ROS scavenging  and anti-

inflammatory function82. In another study, curcumin nanoparticles were loaded in hydrogel，

which was found improved healing process on diabetic wounds, characterized by enhanced

re-epithelization,  intact  dermo-epidermal  junction,  reorganization  of  the  dermis  with

significantly increased collagen deposition and VEGF expression83. In addition, encapsulation

of nanotechnologically-modified curcumin and epidermal growth factor (EGF) into hydrogel

was shown to exhibit significantly antioxidant, anti-inflammatory and migration-promoting



effects  in  vitro,  as  well  as  improved  wound  healing  effects  in  terms  of  ideal  re-

epithelialization,  granulation  tissue  formation,  and  skin  appendage  regeneration  in  vivo84

(Figure  2B).  Such  hydrogel  systems  laden  with  curcumin  could  serves  as  drug  delivery

platforms  for  sustained  and  targeted  delivery  of  hydrophobic  compounds  for  skin

regenenration83-85. 

Besides, Yang et al.  applied electrostatic spinning technique to incorporate curcumin/

lithospermi  radix  extracts  with  a  bilayer  nanofiber  scaffold,  which  was  found  improved

wound healing speed in a rat model with diabete86. The results revealed that curcumin acted as

an anti-inflammatory agent by lowering the expression of interleukin-6 (IL-6) and tumour

necrosis  factor-α (TNF-α),  so as to accelarate  wound healing86. Besides,  silver@curcumin

nanoparticles  and  electrospun  chitosan  nanofiber  developed  by  Liu  et  al.  demonstrate

remarkable inhibition of bacteria  and promote wound healing and reduce scar formation87

(Figure 2C). In addition to the effects for accelerated wound closure, the regeneration of skin

appendages such as skin follicles and sebaceous glands can also be enhanced by curcumin-

loaded cellulose nanocrystal film88.

In addition, the combination of herbal compounds together with decellularized scaffolds

has also been considered as a promising strategy for applications in tissue engineering. For

instance,  in  a  study  by  Hemant  et  al,  the  goat  small  intestine  submucosa  (G-SIS)  was

decellularized,  followed  by  curcumin  incorparation89.  The  fabricated  curcumin-embedded

DG-SIS scaffolds demonstrated sustained release of curcumin and improved biodegradable,

biocompatible,  antibacterial  and free  radical  scavenging  capacities,  suggesting  a  potential

herbal construct for wound healing and skin tissue engineering89.  Singh et al.  fabricated a

nanoceria  laden  decellularized  extracellular  matrix-based  curcumin  releasing  nanoemulgel

system and the results showed the system allowed sustained release of curcumin with free

radical  scavenging  ability  and  antibacterial  properties  for  full-thickness  wound  healing90

(Figure 2D).

It's  also  worth  noting  that  curcumin  treatment  can  also  affect  the  physicochemical

properties of the nanofibrous scaffold91. For instance, the addition of curcumin resulted in

increase  in  the hydrophilicity  of  the nanofibers,  which is  favorable  for cell  adhesion and



proliferation92.  Additionally,  Jirofti  et  al.  reported  that  curcumin  could  enhance  the

mechanical properties of nanofibres, leading to a 2-3 fold increase in tensile strength, which

enabled improved adaptability to the contours of the wound93.

      Overall,  the  application  of  curcumin combined  with  different  biomaterial  scaffolds

provides a promising prospect to effectively promote wound healing and accelarate skin tissue

regeneration. 

Figure 2. Combined application of curcumin and different biomaterials to accelerate wound

healing and skin  tissue regeneration.  (A) Curcumin nanoparticles  (CNPs)  were  fabricated

using  the  solution  exchange  approach  firstly  and  then  loaded  into  gelatin  microspheres

(CNPs@GMs) using the emulsification procedure, followed by mixing with thermosensitive

hydrogel to fabricate the final CNPs@GMs/hydrogel for improving dermal wound healing

through matrix metalloproteinase-9 (MMP-9) mediated curcumin release81.  (B) Hyaluronic

acid (HA) and chitosan hydrogels (OHA-CMC) were prepared by Schiff base reaction and

then encapsulated with nanotech modified curcumin and epidermal growth factor (EGF) in

hydrogels to address the major issues in the various stages of diabetic wound healing84 (Figure

2B).  (C)  A composite  chitosan  electrospun nanofibrous  material  containing  curcumin@β-

cyclodextrin  nanoparticles  (Cur@β-CD/AgNPs)  made  of  silver  and  curcumin  showed



synergic effects on anti-bacterial and wound healing process87. (D) The decellularized ECM of

caprine  small  intestine  submucosa  (DG-SIS),  curcumin-encapsulated  eucalyptus  oil-based

nano emulsion (Ce), and nanoceria (NC) were combined together to create DG-SIS/Ce/NC

nanoemulgel system targeting for promotion of full-thickness wound healing90. Reproduced

with permission81,84,87,90. 

3.1.2 Tannic acid

Tannic acid is a polyphenolic compound isolated from a variety of plants and possesses

excellent pharmacological functions containing antibacterial, antiviral, anti-inflammation and

antioxidant properties94,95. Owing to beneficial therapeutic effects, tannic acid has been used

widely  in  the  treatment  of  bacterial  infections,  skin  herpes,  pharyngitis  and  many  other

diseases96.  The  combination  of  tannic  acid  as  a  functional  component  with  hydrogels  to

prepare  different  hydrogel  systems  has  been  confirmed  as  an  effective  avenue  for  skin

regeneration97. Notebly, due to the presence of hydroxyl and carboxyl groups, TA can act as a

natural  cross-linking agent for biomaterials  through hydrophobic interaction and hydrogen

bonding98,99.  As a result,  the biomaterials  are  endowed not only with the pharmacological

effects  of  TA,  but  also  improved  physiochemical  proprties  such as  enhanced  mechanical

strength, increased adherent capacity, as well as effects on the biodegradability, porosity and

morphology of biomaterial scaffolds99,100.

For  example,  a  bioactive  skin-mimicking  hydrogel  was  fabricated  through  the

combination of tannic acid (TA) and imidazolidinyl urea reinforced polyurethane (PMI) (TAP

hydrogel) 101.  The  TAP  hydrogel  was  shown  to  possess  excellent  mechanical  properties,

sufficient  adhesion,  outstanding  hemostatic  activity,  anti-inflammatory,  antibacterial,  and

antioxidant properties, which resulted in outstanding therapeutic efficiency with even infected

skin wounds on diabetic  mice101.  Besides,  the incorporation  of  iron ions/TA chelates  into

hydrogels can improve the performance in inflammation modulation, angiogenesis, and tissue

regeneration102. However, conventional metal-phenolic materials (MPNs) crosslinked only by

physical hydrogen or coordination bonds, exhibit poor solution stability103. Li et al. prepared

copper-coordinated  poly(tannic  acid)  nanoparticles  (Cu-PTA  NPs)  by  dual  cross-linking

methods of covalent  and coordination bonds,  showing  a long-lasting controlled  release of



tannic acid, and leading to excellent antimicrobial, antioxidant, and anti-inflammatory effects.

Additionally, plenty of other studies have confirmed the wound healing-promoting effects of

hydrogels  loaded  with  TA,  such  as  TA-modified  gelatin  (gel-TA)  hydrogel104,  TA-bound

sodium  alginate/poly(N-vinylcaprolactam)  (AG/PVCL)  hydrogel105,  TA-Fe(III)(TA-Fe)

nanoparticles-contained agarose (AG)-based hydrogel106 and so on. 

In addition to the hydrogel system, TA has been incorperated to electrospun nanofibers

for  wound treatment.  In  the  study by Albright  et  al.,  polypeptide-based block copolymer

micelles were deposited onto the surfaces of PCL/collagen nanofibers using TA as a binding

partner and this system suggested great promise as infection-mitigating skin graft for wound

healing107. 

3.1.3 Gallic acid

.       Gallic acid is one of the main active ingredients in several traditional Chinese medicines

such as gallnut, dogwood, peony bark, saxifraga stolonifera, and rheum palmatum. Its well-

known  pharmacological  activities  include  anti-inflammatory,  anti-cancer,  antioxidant  and

cardiovascular disease(CVD) preventing effects108. It was reported that gallic acid is a broad-

spectrum  inhibitor  of  NLRP3  inflammatory  vesicles  and  inhibits  NLRP3  inflammatory

vesicle  activation  by reducing mitochondrial  reactive  oxygen species  (mtROS) production

through  upregulation  of  Nrf2  expression109.  In  addition,  the  researchers  performed

intervention  studies  with  gallic  acid  and  monitored  alterations  in  DNA  stability  in

lymphocytes by single cell gel electrophoresis (SCGE) analysis. The results indicated that a

small amount of gallic acid could prevent oxidative DNA damage and reduce inflammation110.

Therefore, gallic acid has also been considered as one of the candidate herbal compounds for

skin repair/regeneration.

        In a recent study, gallic acid modified chitosan hydrogel (CS-GA) was prepared by glow

discharge  plasma  (GDEP)  technique,  which  was  shown  to  exhibit  excellent  antioxidant

properties,  high biocompatibility  and haemocompatibility,  as well  as fast  haemostasis  and

wound healing-promoting activities111. Similarly, the GA-HGC hydrogel formed by coupling

thermosensitive hexanoyl glycol chitosan (HGC) with gallic acid (GA) was demonstrated to



possess  good  self-healing  properties,  high  compressive  strength,  strong  tissue  adhesive

scapacity and suitable biodegradability112.  Besides, cryogels generated from chitosan (CS),

oxidized gallic acid (OGA), and heme (HE) showed excellent cytocompatibility and better

hemostatic properties than gauze and gelatin sponges113. In addition, nanocomposite scaffold

with  gallic  acid-loaded  chitosan  nanoparticle  was  synthesized  by ionic  gel  method  using

tripolyphosphate (TPP) as cross-linking agent. Results showed the nanocomposite scaffold

enhanced  re-epithelialization,  accelerated  fibroblast  migration,  angiogenesis,  hexosamine

synthesis, collagen deposition and promoted wound healing,  revealing a promising wound

dressing material for skin tissue regeneration114.

3.1.4 Quercetin

      Quercetin is a flavonoid extracted from many plants, which possesses a wide range of

pharmacological activities including anti-cancer, anti-inflammatory, antiviral properties and

so on115,116. Thus, it has also been discovered and applied widely in skin repair/regeneration.

Vedakumari  et  al.  constructed  a  new  quercetin-chitosan-fibrin  (Q-CF)  scaffold  through

imersion of chitosan-fibrin scaffold in quercetin, followed by homogenized and lyophilized117.

The results indicated that the Q-CF scadffold exhibited suitable mechanical strength, good

biocompatibility  and  bactericidal  activities  as  well  as  excellent  wound  healing-promoting

effects,  which can serve as a  promising wound dressing material117.  To combat  antibiotic

abuse,  Wang  et  al.  developed  a  non-antibiotic  wound  dressings  constructed  by  semi-

interpenetrating  network  (semi-IPN)  hydrogels  based  on  quaternized  chitosan  (QCS)  and

polyacrylamide  (PAM),  which  were  found  enhanced  antimicrobial  activity  against

Staphylococcus aureus and Escherichia coli after quercetin incorporation118. In another study,

inspired by ancient Chinese medicine for hair regeneration in burned skin, the researchers

fabricated PCL/gelatin electrospun fibrous membranes composed by quercetin-copper (Qu-

Cu) chelates, which were  found stimulated hair follicle regeneration and wound healing119.

Such fibrous membrane was found to promote wound healing and particularly stimulate the

regeneration  of skin accessory structures  such as sweat  glands and hair  follicles119.  These

findings  reveals  the  values  of  analysis  of  bioactive  components  in  ancient  Chinese



prescription  for  the  design  of  novel  bioactive  materials  in  tissue  repair/regeneration

applications.

3.1.5 Puerarin      

        Puerarin, a natural isoflavone, is the main active component of Pueraria lobata120. It has

been confirmed that puerarin attenuates  oxidative damage in vascular  endothelial  cells  by

improving  mitochondrial  respiratory  function  and  attenuates  inflammation  by  regulating

NLRP3  inflammatory  vesicle  activation121,122.  Zeng  et  al.  constructed  a  chitosan-based

hydrogel  containing  puerarin  (Chitosan@Puerarin  hydrogel)  to  accelerate  diabetic  wound

healing  through  inhibition  of  miR-29ab-mediated  inflammatory  axis,  evidenced  by  the

suppression  of  M1-polarization  and  pro-inflammatory  cytokine  production123.  Ou  et  al.

incorporated  puerarin  via  polydopamine  nanoparticles  into  polyethylene  glycol  diacrylate

(PEG-DA)  hydrogel.  This  hydrogel  was  found  to  accelerate  wound  healing  by  reducing

oxidative damage124. Likewise, polydopamine/puerarin (PDA/PUE) nanoparticles were doped

into polyethylene glycol diacrylate hybrid hydrogels (PEG-DA/PDA/PUE), and the hydrogels

exhibited  good  cell  proliferation  and  antioxidant  activities125.  Inspired  by  the  grinding

technique  of  traditional  Chinese  medicine,  Chen  et  al.  fabricated  Chinese-herb-based

(CS@PUE)  hydrogels  by  self-assembly  of  chitosan  (CS)  and  puerarin  (PUE)126.  The

CS@PUE hydrogels exhibited extraordinary antibacterial and wound closure rate in mouse

full-thickness  and  infected  full-thickness  wound  models126.  Notably,  different  amounts  of

PUE incorporation exerted a fine control on the hydrogel formation process, physicochemical

properties as well as biological activities126. This finding also reveals the importance of using

Chinese  herbal  components  to  construct  novel  bioactive  materials  for  tissue

repair/regeneration.

3.1.6 Berberine

        Berberine is a quaternary alkaloid extracted from the Chinese herb Huanglian, which has

been demonstrated to possess hypoglycemic, anti-tumor, anti-inflammatory and antibacterial

properties  that  are  well  suitable  for  skin-related  disorders  particularly  like  infected

wounds43,127. In a recent study, Li et al. constructed a temperature-sensitive in situ gel in which



berberine liposomes functioned as a barrier to bacterial toxins, resulting in a reduction in the

number of wound biofilms to promote healing of infected wounds128. Besides, berberine was

loaded into biologically active microalga spirulina to create a bioactive hydrogel129. Based on

this method, synergistic quorum sensing blockade and chemical-photodynamic therapy were

achieved  to  destroy  the  biofilm,  down-regulate  expression  of  virulence  factors,  which

accelerated the methicillin-resistant staphylococcus aureus (MRSA)-infected diabetic wound

healing129.  Additionally,  it  has  been  demonstrated  that  berberine-included  nano-hydrogels

increase the expression of VEGF, CD31 and SMA while decrease the expression of NF-κB,

TNF-α, and IL-6 by activating Sirt1, which promote wound healing in diabetic rats130

  3.1.7 Others

Aiaticoside  (derived  from  Apiaceae)  was  incorporated  into  polyvinyl

alcohol/polyethylene  glycol  (PVA/PEG)  hydrogel  and  the  resulting  hydrogel  effectively

accelerated  wound healing  in  terms of  epithelial  and granulation  formation  and moderate

collagen deposition131.  Besides, asiatic acid was combined with porous electrospun fibrous

scaffold  (AA-PL)  to  accelerate  epithelial  re-epithelialization  by  alleviating  high  oxidative

stress and inflammation in diabetic wounds132. Additionally, to overcome the low solubility of

astragaloside, it was firstly incorporated into solid lipid nanoparticles (SLNs) nanoparticles by

solvent evaporation method followed by loading of the nanoparticles into the carbomer gel to

prepare the astragaloside IV-loaded nanoparticle-enriched hydrogel. The resulting hydrogel

system was confirmed to have multiple beneficial  effects for wound healing including the

maintaining  of  type  III/type  I  collagen  ratio,  promotion  of  angiogenic  effects  as  well  as

inhibition of scarring complications133. In another study, hydroxy saffron yellow pigment A

(HSYA) was included to the hydrogel together with desferrioxamine (DFO) and was shown

to  promote  angiogenesis  and  upregulate  HIF-1α  secretion134.  Paeoniflorin  (PF),  a  major

bioactive  ingredient  extracted  from Paeonia  lactiflora  roots,  has  been  incorporated  into  a

hyaluronic acid (HA)-based hydrogel to form HA-PF135. It was found the HA-PF hydrogel

promoted macrophages shift from M1 (pro-inflammatory) to M2 (anti-inflammatory and pro-

healing) phenotype, thereby promoting diabetic wound healing135. Similarly, another micro-

environmentally responsive hydrogel loaded with Nano-ZnO and PF-encapsulated micelles



also showed significant promotion of wound healing in chronically infected diabetic wounds

through  sequential  haemostatic,  antibacterial  and  angiogenic  abilities136.  In  our  work,  a

hyaluronic acid-based self-healing hydrogel loaded with salvianolic acid B was fabricated to

accelerate diabetic wound healing via anti-inflammatory and pro-angiogenic properties137.

Altogether, these improvements suggest the great potential of combination of bioactive

herbal compounds with biomaterials for promoting skin regeneration under normal cutaneous

wounds as well as chronically infected wounds. However, the research done so far is limited

to  mouse  or  rat  models,  which  differ  significantly  from  human  skin.  Therefore,  further

exploration is needed to mature the use of biomaterials loaded with herbal compounds for

clinical applications.



 

Table 1. Application of bioactive herbal compounds together with biomaterials for skin tissue regeneration.

Herbal
bioactive

components
Sources Application method

Experimental models
Main effects Ref

In vivo In Vitro

Curcumin and
Shikonin

Curcuma
longa L. and

Arnebia

Bilayer

nanofibrous scaffolds

Chronic wounds
model in STZ-induced

diabetic rats 
L929 cells

Increase collagen synthesis and TGF-β
production, anti-inflammatory

86

Curcumin
Curcuma
longa L.

Cellulose nanocrystal film
Chronic wounds

model in STZ-induced
diabetic rats 

/
Improve the regeneration of hair follicles and

sebaceous glands
88

Curcumin
Curcuma
longa L.

Electrospun nanofibrous
mat

Chronic wounds
model in STZ-induced

diabetic rats 
/ Rapid wound healing efficacy 91

Curcumin
Curcuma
longa L.

Electrospun nanofibrous
membranes

/ Fibroblast cells
Antibacterial properties and induction of cell

growth, attachment, and proliferation
92

Curcumin
Curcuma
longa L.

Electrospun Nanofibers
Full-thickness wound
healing model in rats

HDFs

Faster wound-healing process, higher recovery

percentage (wound-healing rate), and
decreased risk of infection

93

Curcumin
Curcuma
longa L.

Nanoparticlesand
electrospun chitosan

nanofiber

Full-thickness wound
healing model in mice

Mouse erythrocyte

and L929 cells

Antibacterial action and accelerated wound
healing

87

Curcumin
Curcuma
longa L.

Hydrogel
Chronic wounds

model in STZ-induced
diabetic rats 

/

Complete re-epithelization, intact dermo-
epidermal junction, reorganization of the

dermis，increased collagen deposition and
VEGF and AQP3 expression

83
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Curcumin
Curcuma
longa L.

Hydrogel
Chronic wounds

model in STZ-induced
diabetic mice 

NIH-3T3 cells and
RAW 264.7 cells

Attenuated intracellular oxidative stress and
inflammation, and promoted cell migration

and downstream MMP9

84

Curcumin
Curcuma
longa L.

Gelatine microspheres
(GMs)、thermos-
sensitive hydrogel

Chronic wounds
model in STZ-induced

diabetic rats 
BJ and HaCat cells

Anti-oxidants and promotions of cell
migration.

81

Curcumin
Curcuma
longa L.

Extracellular Matrix-
Based Scaffolds

/
L929 fibroblast

cells

Inhibit bacterial

growth and scavenge the free radicals
89

Curcumin
Curcuma
longa L.

Extracellular matrix
nanoemulsion system
loaded with nanoceria

Full-thickness wound
healing study on

rabbit model
L929 cells

Scavenge ROS and antibacterial, promote
collagen synthesis and improve wound healing

rate

90

Tannic acid
Rhus

chinensis Mill.
Hydrogel

Chronic wounds
model in STZ-induced

diabetic mice
/

Antibacterial, anti-inflammatory, promote
collagen deposition and vascularization

101

Tannic acid
Rhus

chinensis Mill.
Enzyme catalysed

hydrogel

Tail amputation
model in rats and

wound healing model
in mice

3T3 cells Haemostasis and promotes wound adhesion 104

Tannic acid
Rhus

chinensis Mill.
Supramolecular hydrogel

Bleeding liver model
in rats and full-

thickness wound
healing model in rats

NIH 3T3 and
RAW

264.7

Antibacterial, anti-inflammatory, antioxidant,
enhanced ECM synthesis, collagen deposition

and granulation tissue thickening

105

Tannic acid
Rhus

chinensis Mill.
Electrospun nanofibers

Tail amputation
model in mice and

full-thickness wound
healing model in rats

Human fibroblasts
Antibacterial，stimulates cell migration and

differentiation
107

Gallic acid Rheumpalmat
um L.

Gallic acid-modified
chitosan-based (CS-GA)

Full-thickness wound
healing model in rats

L929 and Rat red
blood cells

Antibacterial, anti-inflammatory, antioxidant 111
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hydrogel
and bleeding liver

model in rats

Gallic acid
Rheumpalmat

um L.

Hydrogel liver trauma in mice
model and tail

amputation model in
mice and mice wound

infection model

HaCaT cells

Antibacterial, anti-inflammatory, promotes
collagen deposition and angiogenesis

138

Gallic acid
Rheumpalmat

um L.
Chitosan-based cryogel

Mice-tail amputation
model and mice
wound infection

model

C2C12 cells
Antibacterial, anti-inflammatory, homeostatic,

promotes vascularization of wounds
113

Gallic acid
Rheumpalmat

um L.

Gallic 

acid -hexanoyl glycol
chitosan (GA-HGC)

hydrogel

Full-thickness wound
healing model in mice

NIH-3T3 cells
Upregulation of growth factors and

recruitment of fibroblasts
112

Gallic acid
Rheumpalmat

um L.
Collagen-fibrin scaffold

Wound healing model
in rats

NIH/3T3 mouse
fibroblast cell

Accelerates angiogenesis, hexosamine
synthesis, collagen deposition and recruitment

of immune cells

114

Quercetin
Sophora

flavescens Ait.
Chitosan–fibrin composite

(CF) scaffolds
Wound healing model

in rats
NIH 3T3 cells

Promotes migration of fibroblasts and
epithelial cells to the wound site

117

Quercetin
Sophora

flavescens Ait.
Electrospun nanofibers

Deep second-degree
scald model in rats

HUVECs and
HDFs

Induce proliferation, migration and
differentiation of skin and hair follicle related

cells

119

Puerarin Kudzu root
Chitosan@Puerarin

hydrogel

Chronic wounds
model in STZ-induced

diabetic rats
RAW264.7

inhibition of inflammation and regulation of
miR- 29 expression

123

Puerarin Kudzu root Nanoparticle-incorporated Wound healing model hPDLSCs improve the activity of superoxide dismutase 124
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hybrid hydrogels in mice
and glutathione peroxidase and reduce the

levels of ROS and malondialdehyde

Puerarin Kudzu root
Nanoparticle-incorporated

hybrid hydrogels

Wound healing model
in rats

DPSCs and
periodontal

ligament stem
PDLSCs

Reduced ROS and increased activity of
superoxide dismutase (SOD) and glutathione

peroxidase (GPx) under oxidative stress
conditions

125

Puerarin Kudzu root
Chitosan@puerarin

(CS@PUE) hydrogels

Full-thickness wound
healing model and

infected full-thickness
wound healing model

L929 cells Antibacterial, anti-inflammatory 126

Berberine
Coptis

chinensis
Nano-colloids hydrogel

Chronic wounds
model in STZ-induced

diabetic rats 

HFF-1 and HaCaT
cells

Reducing inflammation and promoting
angiogenesis

130

Asiatic acid
Centella
asiatica

Electrospun fibrous
scaffold

Chronic wounds
model in STZ-induced

diabetic rats

HaCaTs and RAW
264.7

Reduces cellular oxidative stress damage,
down-regulates pro-inflammatory cytokines

and inhibits bacterial growth

132

Astragaloside Astragalus
Nanoparticle-enriched

hydrogel
Full-thickness wound
healing model in rats

immortalized
human fibroblast

line and
immortalized

keratinocyte line

Regulates the stages of re-epithelialization,
angiogenesis and extracellular matrix

remodelling, enhances the migration and
proliferation of keratinocytes, and inhibits scar

formation

133

Hydroxysaffl-
or yellow A

Carthamus
tinctorius L.

Hydroxysafflor yellow A/
deferoxamine

(HSYA/DFO) hydrogels

Chronic wounds
model in STZ-induced

diabetic rats

immortalized

human
keratinocytes line,
human fibroblast
cells, and human

umbilical vein

promote angio-

genesis and up-regulate HIF-1a secretion

134
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endothelial cells

Paeoniflorin Paeoniflorin
Hyaluronic acid-based

hydrogel

Chronic wounds
model in STZ-induced

diabetic rats

L929 cells and
HUVECs

Promote the conversion of macrophages from
M1 to M2 type

135

Paeoniflorin Paeoniflorin
Microenvironment-

Responsive hydrogel

Chronic wounds
model in STZ-induced

diabetic rats

L929 cells and
HUVECs

Haemostatic, antibacterial, and angiogenic 136

Salvianolic
acid B

Salvia
miltiorrhiza

Salvianolic acid B/
hyaluronic acid hydrogel

Chronic wounds
model in STZ-induced

diabetic rats
NIH/3T3 cells Anti-inflammatory and promote angiogenesis 137
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3.1 Bone and cartilage tissue regeneration

Large-volume bone defects and articular cartilage damage remain great challenges in the

fields  of  orthopaedic  medicine  due  to  the  unsatisfactory  outcomes  of  current  therapy139.

Biomaterials-based  approaches  to  enhance  bone  and  cartilage  regeneration  have  been

considered  as  promising  strategies140.  Thereupon,  the  incorporation  of  exogenous  growth

factors such as bone morphogenetic  proteins (BMPs) and transforming growth factor beta

(TGF-β) into scaffolds was found to effectively accelerate the healing process. However, their

clinical application was limited due to the high cost, low stability and high dose-induced side

effects141. Alternatively, herbal compounds are not only inexpensive and safety, but also can

effectively  promote  the  restoration  of  bone  and  cartilage  defects  owing  to  their  anti-

inflammation, antimicrobial, angiogenesis as well as enhanced osteogenic and chondrogenic

differentiation capacities142,143. Accordingly, a large number of bioactive herbal compounds

have been constructed into biomaterials targeting a better restoration of bone and cartilage.

The key findings are summarized in Figure 3 and Table 2.
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Figure 3. Combined application of bioactive herbal compounds and different biomaterials for

bone and cartilage tissue regeneration. (A) Schematic illustration of Icariin-loaded Poloxamer

407 and HA (PHa) hydrogels combined with bone marrow mesenchymal stem cells (BMSCs)

for cartilage protection and pain relief in osteoarthritis (OA)144.  (B) Histological analysis and

immunohistochemical  staining  showing  Icariin  (Ica)-conjugated  hyaluronic  acid/collagen

hydrogels  (Ica-HA/Col)  promote  the  osteochondral  restoration  in  a  rabbit  model  with

osteochondral  defect145.  (C)  Histological  and  immunohistochemical  staining  showing  the

thiolated  icariin  (Ica-SH)  functionalized  HA/Col  hydrogel  (HIC)  could  facilitate  cartilage

matrix secretion and further promote the cartilage formation146. (D) Icariin (ICA)-incorporated

porous microcarriers  combined with decellularized  extracellular  matrix  derived from bone

marrow  mesenchymal  stem  cells  promote  bone  regeneration  synergistically  through

recruitment  of  progenitor  and  stem  cells  as  well  as  enhancement  of  osteogenic

differentiation147 (E) The incorporation of epigallocatechin-3-gallate (EGCG) into HA/Gelatin

hybrid  hydrogel  (HTG-E)  reduces  inflammation  and  enhances  cartilage  regeneration  in

surgically induced OA model148.(F) The incorporation of salvianolic acid B (SB) into the silk

fibroin/graphene  oxide  (SF/GO)  scaffold  contributed  to  better  bone  regeneration  and

significantly  higher  bone  mineral  density  (BMD)149.  (G)  3D  printed  quercetin  (Qu)  and

polydopamine (PDA) modified poly(L-lactide) (PLLA) scaffolds could stimulate bone tissue

engineering illustrated by the increase of osteogenic-related genes and proteins expression150.

Reproduced with permission144-150.

3.2.1 Icariin

Herb  Epimedium  (HEP)  is  a  traditional  Chinese  herb  that  is  widely  used  to  treat

osteoporosis in China, Japan and Korea151. Icariin (Ica), the main component of Epimedium,

has  been  shown  to  promote  chondrogenesis  of  bone  marrow  mesenchymal  stem  cells

(BMSCs) in both 2D and 3D cell cultures152. Wang et al. cultured BMSCs in self-assembled

peptide nanofiber hydrogel scaffolds and the results suggested that Ica treatment promotes

chondrogenic differentiation of BMSCs153. Zhu et al. fabricated hydrogels containing Ica by in

situ  crosslinking  of  hyaluronic  acid  and  Poloxamer  407,  which  was  shown  to  promote

proliferation and chondrogenesis of BMSCs as well as prevention of cartilage destruction and

pain  relief  in  osteoarthritis  (OA)  model144 (Figure  3A).  Yang  et  al.  conjugated  Ica  to

hyaluronic  acid/collagen  (Ica-HA/Col)  hydrogel  to  promote  the  osteochondral  interface

restoration,  characterized  by upregulation  of  chondrogenic  genes,  as  well  as  calcium and

collagen  deposition145 (Figure  3B).  The  injectable  sulphated  epimedium  functionalized
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collagen/hyaluronic  acid  hydrogel  prepared  by  Liu  et  al.  can  stimulate  chondrocyte

proliferation and promote secretion of cartilage matrix, which has great potential in articular

cartilage repair146 (Figure 3C). 

Besides the promoting ability for cartilage repair, Ica has also been applied to promote

bone  regeneration.  Zhou  et  al. prepared  Ica-conjugated  poly(glycolide-co-caprolactone)

(PGCL)  porous  microcarriers,  followed  by  coating  with  BMSC-derived  decellularized

extracellular  matrix  (dECM)147 (Figure  3D).  It  was  reported  that  initially  released  Ica

regulated osteogenic ECM production in BMSCs, while in vivo results showed that Ica and

dECM exhibited  good synergy in  repairing rat  with calvarial  defects147.  In another  study,

researchers  loaded  Ica  into  3D-printed  reconstructed  rod,  which  was  shown  to  facilitate

osteogenesis and neovascularization, and finally increased the bone mass and bone density154.

Additionally,  Hu et al. prepared Ica-loaded nano-hydroxyapatite-enhanced hybrid scaffolds

(Ica-loaded  nHAP/CMCS/PLGA)  using  a  combination  of  organic  /inorganic  hybrid

technology and emulsion template method and used it to treat calvarial defects in rats155. It

was  found  that  the  incorporation  of  Ica  into  scaffolds  not  only  improved  the  in  vitro

bioactivity  and accelerated  the repair  capacity  in  vivo,  but  also improved the mechanical

properties of scaffolds155. In another study, Ica was added to a bioactive composite scaffold to

provide  structural  and  mechanical  support  as  well  as  to  facilitate  bone  regeneration156,

revealing that the incorporation of Ica to biomaterials is a promising potential strategy for

bone and cartilage tissue engineering and regeneration.

3.2.2 Berberine

In addition to the application in skin tissue repair/regeneration, berberine (Ber) also plays

an important role in bone and cartilage regeneration. For instance, Chen et al. fabricated an

interpenetrating  polymer  network  (IPN)  of  a  sodium  hyaluronate  and  sodium  alginate

(HA/SA) scaffold combined with Ber  to explore the effects  on osteochondral  repair.  The

results  showed  the  system could  activate  the  Wnt  signalling  pathway  to  partially  repair

subchondral  bone  and  protect  cartilage  from  degeneration  through  upregulation  of

autophagy157.  In  the  study  by  Ma  et  al.,  Ber/polycaprolactone/collagen  (Ber/PCL/COL)

scaffold  was  developed  by  electrospinning  technique,  which  was  shown  to  promote

osteogenic  differentiation  and  accelerate  bone  repair158.  Similarly, a  bilayer  membrane

composed of mineralized collagen (MC) and chitosan (CS) cast film was coated with Ber-

loaded PCL/PVP electrospun nanofiber to form Ber@PCL/PVP-MC/CS bilayer membrane159.

It was found enhanced attachment and proliferation of MC3T3-E1 cells in vitro and improved
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bone  regeneration  in  a  rat  model  with  femoral  bone  defect159.  Furthermore,  Chen et  al.

reported  a  Ber-encapsulated  poly(lactic-co-glycolic  acid)-hydroxyapatite  (PLGA/HA)

microspheres  which  could  promote  bone  regeneration  with  DOPA-IGF-1  via  the

IGF-1R/PI3K/AKT/mTOR  pathway,  suggesting  a  promising  system  for  cartilage  tissue

regeneration160.

Biomimetic  calcium  phosphate  (CaP)  ceramics  have  been  considered  as  ideal

biomaterials for bone tissue repair due to their good biocompatibility, osseointegration and

osteoconduction activities161. Thus, the systems by combination of bioactive compounds with

CaP ceramics  have also been developed for effective bone repair.  For instance,  Hu et al.

designed a Ber/nAg/SF biomimetic CaP scaffold by composition with Ber, Ag nanoparticles

(nAg), and silk fibroin (SF) and tested it with pre-osteoblast MC3T3-E1 cells in vitro. The

results  showed  that  the  scaffold  exhibited  enhanced  osteogenesis  and  antibacterial

functions162. Different from the scaffolds made by the sintering process mentioned above, Sun

et al. proposed a 3D printed degradable calcium phosphate scaffold with controlled release of

Ber, which was found to be beneficial for the adhesion and proliferation of MC3T3 cells and

showed promise for jaw repair163.

3.2.3 EGCG

Epigallocatechin-3-gallate  (EGCG),  which is  normally  extracted  from green tea,  is  a

polyphenolic bioactive compound with multiple pharmacological activities164. Firstly, EGCG

has been reported to promote the proliferation and osteogenic differentiation of several types

of stem cells165,166. In addition, EGCG could regulate inflammation and eliminate free radicals,

so that it can be used as an effective compound for treating osteoarthritis (OA)167. Jin et al.

prepared an EGCG-HA/Gelatin hybrid hydrogel and implanted it into mice with OA148. It was

proven that the hybrid hydrogel promoted chondrogenic regeneration in vitro and minimized

cartilage loss in surgically induced OA model148 (Figure 3E). In addition to hydrogel system,

EGCG was  incorporated  to  membranes.  Chu et  al.  reported  an  EGCG-modified  collagen

membrane with nano-hydroxyapatite (nano-HA) coating, and found the modified membrane

increased mechanical strength and promoted bone regeneration compared to the unmodified

collagen membrane168. Furthermore, the mechanism studies have shown that EGCG-modified

collagen membrane promoted bone regeneration in vivo by recruitment of M2 macrophages,

promotion  of  growth  factor  secretion  as  well  as  osteogenic  differentiation52.  Besides,

composite  sponges  have also been used as  biomaterials  for  bone regeneration.  Gao et  al.
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developed an EGCG-modified gelatin sponge, which was shown to enhance the bone-forming

ability in rats with calvarial defects169. 

3.2.4 Resveratrol

Resveratrol (RSV) is a natural polyphenol existing in various plants, including grapes,

berries  and  peanuts170.  In  addition  to  the  routine  functions  as  other  bioactive  herbal

compounds  such  as  anti-cancer,  antioxidant,  anti-inflammatory  properties,  RSV  can  also

stimulate  osteoblast  differentiation171.  Yu  et  al. prepared  RSV-PLA-gelatin  porous

nanoscaffolds  and  used  them  to  treat  rats  with  articular  cartilage  defects172.  The  results

showed that  the RSV-PLA-gelatin  porous scaffold promoted the repair  of cartilage  injury

probably  via  the  PI3K/AKT signalling  pathway172.  Wang  et  al. fabricated  and  implanted

collagen/RSV scaffold in rats with critical-size calvarial defects and found the collagen/RSV

scaffold accelerated wound closure and contraction more effectively than collagen scaffold173.

In  another  study,  Li  et  al. prepared  RSV/SIS scaffolds  by combination  of  acellular  small

intestinal submucosa (SIS) and RSV skull defects. Results showed that RSV functionalization

significantly  affected  the  osteogenic  properties  of  the  SIS  scaffolds  and  induced  more

vascular and new bone tissue formation in rats with skull defects174. 

3.2.5 Naringin

Naringin (Ng) is an active flavonoid extracted from Citrus fruit,  which has also been

included into biomaterials for bone and cartilage repair175. In order to reduce the burst release

of  naringin  (Ng),  Yang et  al. prepared  Ng-loaded microsphere/sucrose  acetate  isobutyrate

(Ng-m-SAIB)  depots  by  electrospray  technique  and  was  shown  to  enhance  osteogenic

differentiation in rats with calvarial defects176. In another study, a naringin-inlaid composite

silk  fibroin/hydroxyapatite  (Ng/SF/HAp)  scaffold  was  fabricated  based  on  salt-leaching

technology177.  The results  showed that  Ng facilitated  human umbilical  cord mesenchymal

stem  cells  (hUCMSCs)  ingrowth  into  the  SF/HAp  scaffold  and  promoted  osteogenic

differentiation177. Besides, Wu et al. reported a 3D printed mesoporous bioactive glass/sodium

alginate/gelatin scaffold loaded with Ng and calcitonin gene-related peptide can effectively

promote cell proliferation and osteogenesis-related gene expression178, suggesting a potential

method for bone tissue engineering. 

3.2.6 Others

Other  herbal  compounds  used  in  bone  and  cartilage  tissue  regeneration include

salvianolic  acid  B  (SAB),  catechin,  quercetin,  curcumin,  gallic  acid  and  so  on.  Ji  et  al.
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reported a SAB-loaded chitosan/hydroxyapatite (SAB-CS/HA) bone scaffold with controlled

release as well as osteogenic and angiogenic bioactivities179. Wang et al. constructed a silk

fibroin/graphene  oxide  (SF/GO) scaffold  loaded  with  SAB to  form SF/GO/SAB scaffold

which  was  shown  to  repair  bone  defects  by  promoting  osteogenic  differentiation  and

angiogenesis149 (Figure 3F). The  quercetin/polydopamine-poly(L-lactide) scaffold fabricated

by Chen et al. through 3D printing technology can continuously release quercetin, which can

promote the expression of genes and proteins related to osteogenesis150 (Figure 3G). Similarly,

catechin-conjugated  mesoporous  hydroxyapatite  nanoparticles  (Cat@MHAP)  were  proved

with  enhanced  antioxidant  and  osteogenic  properties180.  Quercetin-modified  electrospun

fibrous  scaffold181,  and  injectable  quercetin-loaded  hydrogel182 were  both  confirmed  to

enhance cartilage regeneration. Besides, an anti-inflammatory hydrogel that contained gelatin

methacryloyl (GelMA) loaded with curcumin (Cur) was fabricated to deliver microtissues,

which resulted in cartilage tissue regeneration that close to natural hyaline cartilage183. Gallic

acid has been inserted onto chitosan via free radical-mediated grafting and found to promote

osteogenesis through blocking the canonical Wnt/β-catenin signalling pathway184.

To  sum  up,  the  combination  of  bioactive  herbal  compounds  and  biomaterials  can

improve  the  release  profile  of  herbal  compounds,  and  on  this  basis,  the  drugs  can  be

maintained  at  an  appropriate  concentration  and  a  sustained  manner  to  promote  the

proliferation  and  osteogenic  differentiation  of  various  cells  with  osteogenic  potential185,

providing great potentials for bone and cartilage regeneration. 
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Table 2.  Application of biomaterials loaded with bioactive herbal compounds in bone and cartilage tissue regeneration
 

Herbal
bioactive

components
Sources Application method

Experimental model
Main effects Ref

In Vivo In Vitro

Icariin Epimedium
Self-assembling peptide

nanofiber hydrogel scaffold
/ Rat BMSCs

Promote chondrogenic differentiation of
BMSCs, and inhibit the side effect of

growth factor activity

153

Icariin Epimedium Hydrogel OA rat model
BMSCs and
chondrocytes

Inducing chondrogenic differentiation of
BMSCs

144

Icariin Epimedium
Ica conjugated hyaluronic

acid/collagen (Ica-HA/Col)
hydrogel

Rabbit cartilage
defect model

Rabbit
chondrocytes

Promoting restoring of osteochondral
defect.

145

Icariin Epimedium
Hyaluronic acid/collagen

hydrogel

Subcutaneous
transplantation
model of nude

mouse

Rabbit
chondrocytes

Promotes chondrocyte proliferation,
maintains chondrocyte phenotype and

promotes secretion of cartilage
extracellular matrix

146

Icariin Epimedium
Polyglycolide-co-caprolactone
(PGCL) porous microcarriers

Full-thickness
calvarial defect
model in rats

BMSCs
Promotes bone regeneration

synergistically with dECM derived from
BMSCs

147

Icariin Epimedium Ica-loaded nHAP/CMCS/PLGA
Rat calvarial critical

size defect model
Osteoblasts

Promotes adhesion, proliferation and
differentiation of osteoblasts

155

Icariin Epimedium PLGA/TCP/Ica scaffold SAON rabbit model
MC3T3-E1

cells

Enhances the mechanical properties of
new bone tissue and improves

angiogenesis

156

Berberine Coptis chinensis HA/SA IPN scaffold
Rat cartilage defect

model
BMSCs

Activation of the Wnt signaling pathway
partially repairs subchondral bone and
protects cartilage from degeneration
through upregulation of autophagy.

157
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Berberine Coptis chinensis BBR/PCL/COL scaffold
Rat calvarial bone

defect model
PDLSCs Accelerates bone defect repair 158

Berberine Coptis chinensis
BER@PCL/PVP-MC/CS

Bilayer Membrane
Rat femur defect

model
MC3T3-E1

cells
Induce bone regeneration 159

Berberine Coptis chinensis
BBR/nAg/SF biomimetic CaP

scaffolds
/

MC3T3-E1
cells

Enhances osteogenic and antibacterial
functions

162

Berberine Coptis chinensis
3D printed degradable calcium

phosphate scaffolds
/ MC3T3 cells

Facilitates the adhesion and proliferation
of MC3T3 cells

163

EGCG Green tea
EGCG-HA/Gelatin hybrid

hydrogel
Mouse OA model

OA
chondrocytes

Anti-inflammatory and promote cartilage
regeneration

148

EGCG Green tea
Nano-HA modified EGCG-

collagen membranes
Rat skull defect

model
/ Promote bone regeneration 168

EGCG Green tea
EGCG-modified collagen

membranes
Rat skull defect

model
M2

macrophages

Aggregates M2 macrophages, promotes
growth factor secretion and osteogenic

differentiation

52

EGCG Green tea vhEc-GS-β hydrogel
Rat skull defect

model
Rat osteoblast Enhanced osteogenesis 169

Resveratrol Grape
Resveratrol-PLA-gelatin porous

nanoscaffolds

Rat model of
articular cartilage

defect
BMSCs Promote cartilage repair 172

Resveratrol Grape RSV and collagen scaffolds
Rat critical size

skull defect model
Human adult

stem cells
Promote bone regeneration 173

Resveratrol Grape RSV/SIS scaffolds
Rat model of

articular cartilage
defect

hBMSCs
Promotes blood vessel and new bone

formation
174

Naringin Citrus fruit
Ng-microspheres and Ng-m-

SAIB depots
Rat skull defect

model
Osteoblasts Enhanced osteogenic differentiation 176

Naringin Citrus fruit Naringin/SF/HAp scaffolds
Rabbit distal

femoral bone defect
model

hUCMSCs
Promotes osteogenesis and blood vessel

formation
177

Naringin Citrus fruit

3D printing mesoporous
bioactive glass/sodium alginate/

gelatin sustained release
scaffolds

/ MG-63 cells
Effectively promotes cell proliferation and

the expression of osteogenesis-related
genes

178
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Salvianolic
acid B

Salvia
miltiorrhiza

Sal B-CS/HA scaffold
Rabbit radial defect

model
MC3T3 E1 Promotes vascular and bone formation 179

SF/GO/SB scaffold
Rat cranial

defect model
EA-hy9.26 Promotes vascular and bone formation 149

Catechin Tea Cat@MHAP / Saos-2
Enhances cell proliferation and osteogenic

differentiation
180

Quercetin
Sophora

flavescens Ait.
Qu/PD-PLLA scaffolds  / MC3T3-E1 

Promotes attachment and proliferation of
MC3T3-E1 cells and the expression of
osteogenic-related genes and proteins

150

Quercetin
Sophora

flavescens Ait.
PHBV-g-QUE fibrous scaffold Nude mice model

Rabbit
chondrocytes

Promotes maturation of new cartilage
tissue and cartilage regeneration

181

Quercetin
Sophora

flavescens Ait.
The Que-BG hydrogel

SD rat cartilage
defect model

RAW 264.7
cells

Promote cartilage formation and maintain
anti-inflammatory activity, promote

macrophage polarization to M2 type, and
effectively inhibit the degradation of ECM

182

Curcumin Curcuma longa L.

anti-inflammatory hydrogel that
contained gelatin methacryloyl
(GelMA) loaded with curcumin

(Cur)

Rabbit full-
thickness cartilage

defect model

MSCs Regulates the hypertrophic and
inflammatory environment at the defect

site

183

Gallic acid
Rheumpalmatum

L.
GAC / mBMMSCs

Promotes osteogenesis through canonical
Wnt/β-catenin signaling pathway

184
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3.2 Neural tissue regeneration 

Neural  damage  remains  one  of  major  factors  contributing  to  the  high  disability  and

mortality worldwide186.  Currently, there is no effective treatment for restoring the lost tissue

and function. The combined application of biomaterials and bioactive molecules, represents a

promising approach for regeneration following neural damage such as stroke, traumatic brain

injury (TBI), spinal cord injury (SCI), and peripheral nerve tissue injury187,188. The application

of  herbal  compounds  as  bioactive  molecules  together  with  biomaterials  has  also  been

confirmed to make contributes for neural repair and regeneration. Some key findings were

summarized in Figure 4 and Table 3.

Firstly,  we reviewed the  findings  combining  herbal  compounds  and biomaterials  for

treatment of central nervous system trauma. In a previous study, curcumin was combined with

autologous  nerve  stem/progenitor  cells  (NS/PCs)  and  found  to  reduce  the  lesion  size,

astrogliosis,  microglial  reaction  and  the  number  of  apoptotic  cells,  while  improve  the

neurological  status of injured animals  in rats  with brain injury189.  Besides,  the synergistic

effect of induced neural progenitor cells (iNPCs) and the nanoconjugated form of curcumin

was demonstrated190. When combined with PuraMatrix hydrogel, they exert anti-inflammatory

effects, not only reducing the extent of injury area, but also increasing neurite growth, thus

providing  a  more  promising  approach  for  the  treatment  of  acute  SCI190 (Figure  4A).  In

addition,  the study by Luo et al. revealed that Fmoc-grafted chitosan/ Fmoc peptide (FC/FI)

hybrid hydrogels could release curcumin slowly and continuously, which not only enhanced

Schwann cell (SC) migration and interacted with neurites in vitro, but also reassembled the

extracellular matrix, regulated local inflammatory responses, and promoted the regeneration

of myelin sheath and repair of spinal cord injury (SCI) in vivo191 (Figure 4B).

The combination of biomaterials and herb compounds is also effective in restoration of

peripheral nerve tissue. Jahromi et al. designed an artificial neural guidance conduit (NGC) as

a carrier to transplant allogeneic Schwann cells (SCs) and curcumin encapsulated chitosan

nanoparticles (nanocurcumin)192 (Figure 4C). It was found that the NGC/SCs/nanocurcumin

system  significantly  increased  the  number  of  sciatic  nerve  axons  and  promoted  nerve

regeneration, suggesting a promising strategy for improving nerve regeneration192. Quercetin,

another  herbal  compound  that  is  known to  have  anti-inflammatory,  antioxidant  and anti-

apoptotic effects, which can also promote nerve recovery193. Huang et al. reported hydrogels

with a sustained release of quercetin could significantly increase the number of motor and

functional  neurons,  improve  the  survival  rate  of  neurons in  injured  rat  model,  thereby
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promoting nerve regeneration and motor function recovery194. Moreover, the neuroprotective

effects of salidroside have also been demonstrated195. In the study by Liu et al., salidroside on

engineered  nerve  constructed  by  Schwann  cells  (SCs)  and  Poly  (lactic-co-glycolic  acid)

(PLGA) can dramatically enhance the proliferation and function of SCs through modulation

of  neurotrophic  factors  and  promote  nerve  regeneration  and  functional  improvements49

(Figure 4D).

Figure 4. Combined application of bioactive herbal compounds and different biomaterials for

neural tissue regeneration. (A) PuraMatrix™ peptide hydrogel (PM)-embedded iNPCs with

curcumin  (CURC)  placed  within  an  HA demilune  scaffold  containing  polypyrrole-coated

fibers (PPY) supported a significant increase in neuro-preservation and decrease in the injured

area. 190. (B)  The curcumin (Cur)-loaded hybrid fmoc-grafted chitosan (FC)/fmoc peptide (FI)

hydrogel  (FC/FI-Cur) showed controlled release of Cur and promoted the regeneration of

myelin  sheath  and  repair  of  spinal  cord  injury (SCI)191.  (C)  Poly-L-lactic  acid/multi-wall

carbonnanotube  neural  guidance  conduit  containing  Schwann  cells  (SCs)  and  curcumin

encapsulated  chitosan  nanoparticles  (nanocurcumin)  showed good cell  biocompatibility  in

vitro and enhanced sciatic nerve regeneration in a rat model with sciatic nerve injury 192. (D)
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Engineered  nerve  constructed  by  Schwann  cells  (SCs)  and  Poly  (lactic-co-glycolic  acid)

(PLGA) combined  with  salidroside  (SDS)  promoted  nerve  regeneration  and  recovery  of

sciatic nerve function49. Reproduced with permission 49,190-192.
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Table 3 Application of biomaterials loaded with bioactive herbal compounds in neural tissue regeneration.

Herbal
bioactive

components
Sources Application method

Experimental models
Main effects Ref.

In Vivo In Vitro

Curcumin Curcuma longa L. Nanoscale scaffold
Rat model of brain

injury
Nerve stem/progenitor

cells (NS/PCs)
Reduce the lesion extent and the

number of apoptotic cells
189

Curcumin Curcuma longa L.
Fmoc-grafted chitosan /
Fmoc peptide (FC/FI)

hybrid hydrogels

Rat model of spinal
cord injury (SCI)

Schwann cells

(SCs)

Enhance SCs migration，reassemble
the extracellular matrix and promote

myelin regeneration

191

Curcumin Curcuma longa L. PuraMatrix hydrogel Rat model of SCI
Induced neural
progenitor cells

(iNPCs)

Reduce the extent of injury area and
increase neurite growth

190

Curcumin Curcuma longa L.
Artificial neural guidance

conduit (NGC)
Rat model of sciatic

nerve injury
SCs

Increase the number of sciatic nerve
axons and promote nerve regeneration

192

Quercetin Sophora flavescens Ait. Hydrogels
Rat model of brachial

plexus injury
/

Increases the number and survival rate
of motor and functional neurons

194

Salidroside Rhodiola rosea
Poly lactic-co-glycolic
acid (PLGA) polymer

Rat model of sciatic
nerve injury

SCs
Enhance the proliferation and function

of SCs
49
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3.3 Myocardial repair

Myocardial infarction (MI) is another factor leading to morbidity and mortality which

poses  significant  therapeutic  challenges196.  The  main  obstacles  are  due  to  the  limited

regenerative capacity of the adult mammalian heart196. There, the overproduction of reactive

oxygen species (ROS) and excessive expression of hypoxia-inducible factor-1 alpha (HIF-1α)

following MI can further lead to disruption of cellular homeostasis, apoptosis of cardiac cells,

inflammatory cell infiltration, dilatation of ventricular and heart failure197. Current methods

for treating MI include the transplantation of stem cells, remodelling of fibroblasts, delivery

of  growth  factors  and  so  on198.  These  methods  are  benefit  for  myocardial  repair  but  the

efficiency is limited. In recent years, the bioactive components of TCM have been proved to

promote myocardial repair199. Thereupon, it was found the combination of TCM components

and biomaterials can improve the efficacy for treating MI, which were then summarized in

Figure 5 and Table 4.

Baicalin (BN) is one of the main bioactive components of Scutellaria baicalensis, a well-

known Chinese herbal medicine since ancient times200. Recent studies have shown that BN

can reduce MI by inhibiting apoptosis or by exerting its antioxidant properties201. Zhang et al.

loaded BN to polyethylene glycol (PEG) nanocarriers and injected it into rats with MI, which

significantly  reduced  the  infarct  area202. Furthermore,  the  researchers  developed  BN  and

puerarin (PU)  co-loaded  nanoparticulate  system  and  observed  significantly  improved

therapeutic  efficiency  compared  with  the  drug  solution  formulations203.  Their  studies

suggested  that  the  bioactive  TCM components-loaded  nanoparticulate  system  could  be  a

promising strategy for the treatment of MI.

  In addition to the nanoparticulate system, injecting hydrogels with delivery of bioactive

herbal components have been shown to promote cardiac repair after MI204-206. Hydrogels can

not only provide an extracellular matrix-like microenvironment for damaged cardiomyocytes,

stabilize the structures of ventricular, but also can enable the sustained release of drugs, so as

to improve the post-MI functions207,208. For instance, the excellent self-healing ability of SAB-

loaded EMP hydrogel allowed increased retention time of SAB in the beating ventricular wall

and thus can inhibit ventricular remodelling and promote angiogenesis for MI treatment in a

long-term manner204 (Figure 5A). In another study,  puerarin (PUE) combined with rat bone

marrow  mesenchymal  stem  cells  (rBMSCs)  were  embedded  in  highly  hydrophilic

polyzwitterionic microgels using a microfluidic system, and then injected into the infarcted
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areas  of  rat  MI model209 (Figure  5B).  The results  showed the  PUE-  and rBMSCs-loaded

microgels  maintained  the  stemness  of  rBMSCs  and  exerted  both  anti-inflammation  and

angiogenesis  effects,  which  synergistically  accelerated  the  highly  efficient  restoration  of

cardiac  function209.  Furthermore,  Liao  et  al.  prepared  an  injectable  hydrogel  system

EGCG@Rh-gel using epigalcatechin-3-galate (EGCG) and rhein-peptide hydrogel (Rh-gel)206

(Figure 5C). The abundant noncovalent interactions of π-π stacking and hydrogen bonding

between EGCG and Rh-gel enabled the EGCG@Rh-gel with good mechanical strength and

long-term sustained release of EGCG206. Thereupon, the EGCG@Rh-gel effectively blocked

ROS-inflammatory cycle by scavenging ROS and inhibiting TLR4, improved the survival rate

of neonatal  rat cardiomyocytes (NRCMs), reduced fibrosis, and thus promoted myocardial

repair  in  rat  model206.  Moreover, astragaloside  IV(AST)  was  firstly  fabricated  to  AST

nanoparticles  and  then  loaded  to  an  injectable  conductive  hydrogel205 (Figure  5D).  This

hydrogel system was found to inhibit left ventricular remodelling and myocardial dysfunction

effectively in rats with MI through upregulation of angiogenesis in infarct margin, decrease of

cell  apoptosis,  and  increase  the  expression  of  Connexm43  (Cx43)205.  Overall,  the  above

examples  using injectable  hydrogels with delivery of bioactive herbal  compounds provide

promising strategies for cardiac repair in myocardial disease.
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Table 4 Application of biomaterials loaded with bioactive herbal compounds in myocardial repair.

Herbal
bioactive

components
Sources Application method

Experimental models
Main effects Ref.

In Vivo In Vitro

Baicalin
Scutellaria
baicalensis

Polyethylene glycol
nanocarriers

Rat model of
myocardial infarction

(MI)
/ Reduce the infarct area 202

Baicalin; Puerarin
Scutellaria
baicalensis;
Kudzu root

Nano-particles Rat model of MI

Human
cardiomyocytes

(HCMs) and
HUVECs

Reduce the infarct area 203

Salvia acid B
Salvia

miltiorrhiza
Elastin-mimic peptide

hydrogel (EMH)
Rat model of MI HUVECs

Repair ischemic damage and
promote angiogenesis

204

Astragaloside IV
Astragalus

membranaceus
Composite hydrogel Rat model of MI /

Inhibit myocardial apoptosis,
reduce infarct size and promote

angiogenesis

205

EGCG Green tea Rhein-peptide hydrogel Rat model of MI
Neonatal rat

cardiomyocytes
(NRCMs)

Block ROS-inflammatory cycle,
improve the survival rate of
NRCMs and reduce fibrosis

206

Puerarin Kudzu root Microgel Rat model of MI
Rat bone marrow

mesenchymal stem
cells (rBMSCs)

Reduce inflammation and
promote angiogenesis

209
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Figure 5. Combined application of bioactive herbal compounds and different biomaterials for

myocardial  repair  and  regeneration.  (A)  The  self-healing  elastin-mimic  peptide  hydrogel

(EMH) allows for an increase in retention time of salvianolic acid B (SaB) in the beating

ventricular wall, which can then inhibit ventricular remodeling and promote angiogenesis for

myocardial infarction (MI) treatment204. (B) Puerarin-crosslinked hydrogel bearing rat bone

marrow mesenchymal stem cells (rBMSCs)-embedded polyzwitterionic microgels (HA-Tyr-

PUE@rBMSCs@microgels) can modulate microenvironment, reduce inflammation, maintain

of stemness of rBMSCs and increase paracrine effect on treatment of MI209. (C) An injectable

hydrogel system of EGCG@Rh-gel by co-assembling epigallocatechin-3-gallate (EGCG) and

the  rhein-peptide  hydrogel  (Rh-gel)  blocked  the  ROS-inflammation  cycle,  reduced  cell

apoptosis, improved cardiac function, and significantly reduced the formation of scarring after

cardiac  ischemia-reperfusion  (I/R)206.  (D) An  injectable  conductive  hydrogel  loaded  with
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Astragaloside IV nanoparticles (AST NPs) effectively inhibited left ventricular remodeling

and myocardial dysfunction through stimulating angiogenesis, promoting cell–cell signaling

transduction, and inhibiting cell apoptosis205. Reproduced with permission 204-206,209.

3.4 Other tissue regeneration applications

 In addition to the skin, bone, neural and cardiac repair/regeneration mentioned above, the

combination  of  herb  compounds  and  biomaterials  has  also  been  used  in  other  tissue

regeneration. Studies have shown that icariin loaded β-cyclodextrin sulfate can significantly

promote the proliferation and migration of endothelial progenitor cells, accelerate the speed of

vascular endothelialization, and effectively prevent thrombosis, demonstrating great potentials

in the treatment of cardiovascular diseases210. In the study by Wang et al., astragaloside IV

(AT)  and  ferulic  acid  (FA)  were  loaded  into  poly(ethylene  glycol)-poly(DL-lactide)

electrospun fiber scaffolds211. The results showed that AT and FA synergistically enhanced

the activities of endothelial cells and smooth muscle cells, remodeled the extracellular matrix

and significantly promoted angiogenesis, which provided clinical relevance for engineering of

blood vessel substitutes211. In recent years, salvianolic acid B (SAB), an active component

extracted  from  salvia  miltiorrhiza,  has  been  gradually  discovered  and  applied  in  tissue

regeneration  areas. It  was found that  the combination  of SAB and heparin in electrospun

artificial  vessels  promoted  the  proliferation  and  migration  of  human  umbilical  vein

endothelial  cells  (HUVECs)  and  reduced  oxidative  stress,  thereby  promoting  rapid

endothelialization of the artificial  vascular grafts212. Besides, SAB was incorporated into a

bioactive  composite  scaffold  consisting  of  poly  (lactic-co-glycolic  acid)  and  β-tricalcium

phosphate  (PLGA/β-TCP)  to  evaluate  the  effects  of  SAB-incorporated  scaffold  on  spinal

fusion  models213.  Results  showed  that  the  release  of  SAB  from  the  scaffold  promoted

osteogenesis and angiogenesis in a dose-dependent manner to enhance spinal fusion213.

4. Concluding remarks and future prospects 

      In conclusion, the combination of bioactive herbal compounds and biomaterials provides

a powerful strategy for tissue regeneration of skin, bone, cartilage, neural, heart, blood vessel

and other tissues. On one hand, the biomaterial scaffolds provide a carrier matrix for sustained

delivery and controlled release of the different herbal compounds to the damaged tissue sites.

On the other hand, the incorparation of bioactive herbal compounds endows herbal scaffolds

with beneficial effects such as  anti-inflammtatory, antioxidant, antibacterial, pro-angiogenic

as well as the stem cell differentiation promoting abilities, which improve the regenerative
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potential. Thereupon, physical or chemical bonds can be formed between the groups of herbal

compounds  (like  hydroxyl,  carboxyl)  and  scaffolds  (like  amino),  leading  to  enhanced

mechanical strengh and improved stabilty of the scaffolds. These avenues are of particular

attactive for material researchers working in the field of  tissue regeneration.  

      In spite of the great advancements achieved by in vitro and in vivo studies, there has been

no  herbal-constructed  scaffolds  applied  in  clinics  yet.  Given  that,  several  prospective

improvements must be considered for future clinical applications. Firstly, understanding the

precise targets and mechanism of different herbal compounds in various tissue regeneration is

of great importance to gain deeper theoretical knowledge. In addition, the stability and release

profile of the loaded herbal compounds should be well-controlled, to ensure the safety and

effectiveness in clinic applications. Furthermore, novel approaches toward the fabrication of

herbal-scaffolds  that  can  further  improve the bioavailability  of  the herbal  compounds  are

highly on demand. Moreover, more types of bioactive herbal compounds should be tested or

the ones that have been used in one tissue repair can be tested in other one in order to seek for

more potential and appropriate herbal compounds for various tissue regeneration applications.

Last but importantly, to overcome the shortcomings of single herbal component effect, the

combination of two or more herbal compounds with biomaterials  to meet the complicated

tissue regeneration application requirements is also worthy of consideration.
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