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ABSTRACT 

Wound healing is a complex, spatiotemporally regulated biological continuum governed by four overlapping 

phases: haemostasis, inflammation, proliferation, and remodelling, each orchestrated by distinct cellular 

programs, growth factor gradients, and extracellular matrix (ECM) remodelling cascades. The persistent 

limitations of conventional wound management, including antimicrobial resistance, biofilm formation, high 

treatment costs, and narrow molecular targeting, underscore the urgent need for biologically compatible 

alternatives. Polyherbal formulations (PHFs), which combine two or more medicinal plants in defined proportions, 

exploit phytochemical synergy to simultaneously modulate haemostasis, inflammation, angiogenesis, collagen 

synthesis, and tissue remodelling, and offer inherent multi-target pharmacological advantages over single-agent 

therapies. In vivo parameters are employed to assess PHFs in wound healing, integrating macroscopic indices, 

histopathological assessment, and biochemical biomarkers (hydroxyproline, hexosamine, SOD, CAT, GSH, 

MDA, NO, MPO), and molecular pathway analyses (NF-κB, Nrf2, TGF-β1, VEGF, MAPK, PI3K/Akt). A 

structured comparison of seven experimental wound models is provided, along with evaluation frameworks for 

each parameter class. Emerging nanoherbal delivery systems, electrospun scaffolds, smart hydrogels, and AI-

assisted phytochemical screening are enabling technologies for translational advancement. A standardised 

interdisciplinary evaluation strategy that integrates classical wound metrics with advanced molecular biomarkers 

is essential to accelerate the regulatory acceptance and clinical translation of polyherbal wound therapeutics.  
Keywords: Polyherbal formulations; wound healing; In-vivo evaluation; wound contraction; hydroxyproline; 

NF-κB; TGF-β1; phytomedicine; excision wound model; collagen synthesis. 
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1. INTRODUCTION 

Wound healing is one of the most evolutionarily 

conserved and complex physiological processes in 

humans. Once the integrity of the tissue is disrupted 

(by trauma, surgery, infection, or metabolic 

disease), the organism triggers a carefully 

orchestrated sequence of cellular and molecular 

responses to restore functional capacity and 

anatomical continuity. Although biomedical science 

has made tremendous strides, non-healing and 

chronic wounds remain a problem in modern 

medicine and are becoming a growing health threat 

worldwide. The burden of wound care is enormous, 

from an epidemiological standpoint. In the United 

States alone, an estimated 6.5 million patients suffer 

from chronic wounds every year, with more than 

USD 25 billion in direct healthcare costs being spent 

each year on these wounds [1]. Skin Wound Care. 

The global wound care market is projected to grow, 

driven by conditions such as diabetes mellitus and 

peripheral vascular disease. The World Health 

Organization (WHO) estimates that diabetes 

mellitus affects over 537 million adults globally, and 

a diabetic foot ulcer is likely to develop in 15–25% 

of these during their lifetime, with up to 20% of 

these cases eventually leading to amputation [2]. 

Traditional wound care techniques include 

debridement, moist wound care, antimicrobials, 

growth factors, negative pressure wound therapy, 

and skin grafting. Although both methods have 

advantages,  several   challenges   remain: 

antimicrobial resistance, high treatment costs, 

delayed healing in immunocompromised patients, 

biofilm formation, and side effects of synthetic 

pharmaceuticals [3]. For centuries, medicinal plants 

have been the foundation of wound care in various 

traditional healing practices. Hundreds of botanicals 

have been documented in Ayurveda, Traditional 

Chinese Medicine (TCM), Unani, and other 

ethnobotanical traditions, each with empirically 

demonstrated wound-healing properties [4]. All 

these plants have been scientifically validated and 

found to contain  a wealth of bioactive 

phytoconstituents that can modulate distinct yet 

related components of the wound repair continuum, 

including flavonoids, terpenoids, tannins, alkaloids, 

phenolic acids, saponins, and polysaccharides [5]. 

The idea of polyherbal formulations (PHFs), which 

are combinations of two or more medicinal plants in 

specific proportions, is scientifically interesting and 

a more practical option for wound management. 

PHFs  exploit  phytochemical  synergy to 

simultaneously   modulate   haemostasis, 

inflammation, proliferation, and tissue remodelling, 

thereby mimicking the multifactorial pharmacologic 

needs of each phase of wound healing [6]. This 
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multi-target action reduces the risk of therapeutic 

resistance, increases efficacy at lower individual-

plant doses, and generally improves the safety 

profile compared to isolated phytoconstituents or 

synthetic drugs [6]. In vivo evaluation of PHFs is a 

crucial step in the drug development process. 

Animal wound models are physiologically relevant 

and cannot be replicated in cell culture or ex vivo 

systems, enabling the study of wound-healing events 

using macroscopic, histological, biochemical, and 

increasingly sophisticated molecular methods [7]. 

Table 1. Medicinal Plants Commonly Used in 

Polyherbal Wound Healing Formulations 

 

  acid, 

saponins 

epithelializa 

tion↑, 

antifungal 

 

Tridax 

procumbe 

ns 

(Asterace 

ae) 

Aerial 

parts 

Luteolin, 

quercetin, 

kaempferol, 

flavones 

Hemostasis 

↑, 

antimicrobia 

l, wound 

contraction↑ 

, anti-

inflammator 

y 

 

[15] 

Berberis 

aristata 

(Berberid 

aceae) 

Root/ 

bark 

Berberine, 

oxyberberine 

, berbamine 

NF-κB↓, IL-

6↓, TNF-α↓, 

antimicrobia 

l, collagen 

synthesis↑ 

 

[16] 

Glycyrrhi 

za glabra 

(Fabaceae) 

Root Glycyrrhizin 

, glabridin, 

liquiritin 

Anti-

inflammator 

y, Nrf2↑, 

antimicrobia 

l, fibroblast 

proliferation 

↑ 

 

[17] 

Withania 

somnifera 

(Solanace 

ae) 

Root Withanolide 

s, withaferin 

A 

Adaptogenic 

, anti-

inflammator 

y, collagen 

synthesis↑, 

immunomo 

dulatory 

 

[16] 

Eclipta 

alba 

(Asterace 

ae) 

Whol 

e 

plant 

Wedelolacto 

ne, ecliptine, 

coumestans 

Hemostasis 

↑, anti-

inflammator 

y, wound 

contraction↑ 

 

[18] 

Methodology 

Systematic electronic databases including PubMed, 

Scopus, Web of Science, Google Scholar, were 

explored with a strategy to gather experimental, 

mechanistic effects of gut microbiota on different 

endocrine-axis accompanying conceptually relevant 

peer-reviewed articles published primarily from 

2000 - 2025. Keywords used were -: Polyherbal 

formulations; wound healing; In-vivo evaluation; 

wound contraction; hydroxyproline; NF-κB; TGF-

β1; phytomedicine; excision wound model; collagen 

synthesis. The eligible studies included original 

research studies, high impact reviews published in 

the English language that had evidence of gut-

microbiota biological effects or mechanistic 

relevance to gut-endocrine axis. 

2. BIOLOGY OF WOUND HEALING 

Wound healing is a dynamic, spatiotemporally 

regulated continuum of overlapping cellular 

programs, growth factor gradients, cytokine 

signalling networks, and remodelling cascades of 

ECM molecules, spanning four interdependent 

phases [19]. 

Plant 

(Family) 

Part 

Used 

Key 

Phytochemi 

cals 

Pharmacol 

ogical 

Activity 

Refer 

ence 

Centella 

asiatica 

(Apiaceae) 

Aerial 

parts 

Asiaticoside, 

madecassosi 

de, asiatic 

acid 

Collagen 

synthesis↑, 

fibroblast 

proliferation 

↑, TGF-β1↑, 

anti-

inflammator 

y 

 

[8] 

Curcuma 

longa 

(Zingiber 

aceae) 

Rhizo 

me 

Curcumin, 

demethoxyc 

urcumin 

NF-κB↓, 

COX-2↓, 

antioxidant, 

angiogenesi 

s↑, 

antimicrobia 

l 

 

[9] 

Aloe vera 

(Asphodel 

aceae) 

Gel/le 

af 

Acemannan, 

aloin, 

polysacchari 

des 

Re-

epithelializa 

tion↑, anti-

inflammator 

y, 

immunomo 

dulatory 

 

[10] 

Terminali 

a chebula 

(Combret 

aceae) 

Fruit Chebulagic 

acid, ellagic 

acid, gallic 

acid, tannins 

Antioxidant, 

antimicrobia 

l, collagen 

maturation↑, 

epithelializa 

tion↑ 

 

[11] 

Azadirach 

ta indica 

(Meliacea 

e) 

Leaf/ 

bark 

Nimbidin, 

nimbolide, 

quercetin 

Antimicrobi 

al, anti-

inflammator 

y, wound 

contraction↑ 

 

 

[12] 

Ocimum 

sanctum 

(Lamiacea 

e) 

Leave 

s 

Eugenol, 

ursolic acid, 

rosmarinic 

acid, 

apigenin 

COX 

inhibition, 

antimicrobia 

l, 

angiogenesi 

s↑, 

antioxidant 

 

[13] 

Calendula 

officinalis 

(Asterace 

ae) 

Flowe 

rs 

Isorhamnetin 

, quercetin, 

oleanolic 

Anti-

inflammator 

y, collagen 

deposition↑, 

 

[14] 
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2.1 Hemostasis 

Hemostasis (0-6 hours) helps to stop bleeding and 

creates a temporary ECM framework [20]. Primary 

plug formation begins with platelet adhesion via 

vWF-glycoprotein Ib-IX-V interactions, and 

activation of the extrinsic coagulation pathway leads 

to thrombin generation and the formation of a stable 

fibrin clot. The fibrin-platelet matrix stores PDGF, 

TGF-β, VEGF, and EGF, which orchestrate 

subsequent inflammatory recruitment [21]. 

2.2 Inflammatory Phase 

The inflammatory phase (0–72 h) is characterised by 

the sequential infiltration of neutrophils and 

macrophages, which is mediated by complement 

fragments, DAMPs (HMGB1), and PAMPs [22]. 

Neutrophils perform debridement using matrix 

metalloproteinases (MMPs), reactive oxygen 

species (ROS), and antimicrobial peptides. 

Activation of the NF-κB pathway by TLR–DAMP 

interactions promotes transcription of TNF-α, IL-1β, 

IL-6, iNOS, and COX-2. The shift from M1 to M2 

macrophages is a key step in the transition to repair, 

with M2 macrophages secreting TGF-β, IL-10, and 

VEGF, which recruit fibroblasts and promote 

angiogenesis [23]. 

2.3 Proliferative Phase 

During the proliferation phase (days 2–21), 

keratinocytes migrate toward the centre in response 

to EGF, KGF, and HGF [24] via the MAPK/ERK 

and PI3K/Akt pathways [25]. PDGF stimulates the 

recruitment of fibroblasts, and TGF-β1 stimulates 

collagen synthesis and induces the differentiation of 

fibroblasts into myofibroblasts (α-SMA expression). 

VEGF stimulates angiogenesis via VEGFR-2, 

PI3K/Akt, and eNOS pathways, which are crucial 

for granulation tissue oxygenation [26]. 

2.4 Remodelling Phase 

During remodelling (3 weeks to 2 years), the 

MMP/TIMP regulatory axis is responsible for 

replacing type III collagen with type I collagen. 

Lysyl oxidase (LOX) cross-links mature collagen 

fibers, and healed tissue will have approximately 

80% of the original tensile strength [27]. 

Hypertrophic scarring results from the failure of 

myofibroblast apoptosis, driven by the lack of 

regulation of TGF-β1-Smad2/3 signaling. 

 

 

Fig 1: Schematic representation of the four overlapping 

phases of wound healing—hemostasis, inflammation, 

proliferation, and remodelling—highlighting key cellular 

events, molecular mediators, macrophage polarisation, 

angiogenesis, extracellular matrix (ECM) deposition, and 

collagen remodelling during tissue repair. 
 

Table 2. Phases of Wound Healing: Cellular Events, 

Biomarkers, Molecular Mediators, and Therapeutic Targets 

Phase Dur 

atio 

n 

Key 

Cells 

Cellula r 

Events 

Mole 

cular 

Medi 

ators 

Bioma 

rkers 

Ther 

apeu 

tic 

Targ 

ets 

Refe 

renc 

es 

Hemo 0–6 Platele Vasoco vW PT, Coag  

stasis h ts, nstricti F, aPTT, ulatio [28] 
  endoth on, TX fibrino n  

  elial platelet A2, gen casca  

  cells aggrega thro  de,  

   tion, mbi  PDG  

   fibrin n,  F  

   clot, fibri    

   growth n,    

   factor PD    

   release GF,    

    TGF    

    -β,    

    EGF    

Infla Hou Neutro Phagoc TNF MPO, NF-  

mmat rs–3 phils, ytosis, -α, CRP, κB, [29] 

ion day M1 ROS IL- IL-6, COX  

 s macro product 1β, TNF-α, -2,  

  phages ion, IL- MDA iNOS  

  , mast cytokin 6,  , IL-  

  cells e NF-  1β  

   secretio κB,    

   n, ROS    

   DAMP ,    

   s MM    

   signalin P-8,    

   g     
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    iNO 

S 
   

Prolif Day Fibrob Re- TGF Hydro TGF-  

eratio 2– lasts, epitheli -β1, xyproli β1, [30] 

n 21 myofi 
brobla 

alizatio 
n, 

VE 
GF, 

ne, 
VEGF, 

VEG 
F, 

 

  sts, fibropla FGF α- EGF  

  keratin sia, -2, SMA, R,  

  ocytes, granula KG Ki-67, PI3K  

  endoth tion F, type III /Akt,  

  elial tissue, EGF collage MAP  

  cells, angioge , IL- n K/ER  

  M2 nesis, 10,  K  

  macro collage α-    

  phages n SM    

   synthes A    

   is     

Remo 3 Fibrob Collage MM Tensio MMP  

deling wks lasts, n I P- metry, /TIM [31] 
 –2 myofi replace 1/2, collage P  

 yrs brobla s III, TIM n I/III balan  

  sts cross- P- ratio, ce,  

  (apopt linking, 1/2, MMP LOX,  

  osis), MMP LO activity TGF-  

  endoth remode X,  β1/3  

  elial ling, TGF  ratio  

  cells myofib -β3,    

   roblast Sma    

   apoptos d7,    

   is Fas    

    L    

3. RATIONALE AND DESIGN OF 

POLYHERBAL FORMULATIONS FOR 

WOUND HEALING. 

Classical Ayurvedic medicine has been used for 

centuries, and the principle of ‘yogavahi” (botanical 

combinations) predates the modern concept of 

polypharmacology [32]. This empiricism is 

confirmed by modern molecular pharmacology: 

phytochemical mixtures can simultaneously 

modulate NF-κB, MAPK, PI3K/Akt, TGF-β, and 

Nrf2 pathways [33–35]. There is also 

pharmacokinetic synergy, as curcumin absorption is 

improved by up to 2000% when combined with 

piperine from Piper nigrum, which inhibits intestinal 

glucuronidation [36]. Curcumin and quercetin target 

hub proteins (TNF, AKT1, IL-6, VEGFA, EGFR) 

involved in wound healing [37, 38]. Topical dosage 

forms, such as ointments, gels, creams, hydrogels, 

films, and nano-engineered systems, are widely used 

in wound care in PHF because they allow for direct 

application to the wound microenvironment and 

optimal moisture. The major dosage forms and their 

clinical uses are summarised in Table 3. 

Table 3. Polyherbal Dosage Forms for Wound 

Healing: Advantages, Limitations, and Applications 

Dosa 

ge 

Form 

Base/Matri 

x 

Advanta 

ges 

Limita 

tions 

Wound 

Applica 

tion 

Refe 

renc 

e 

Oint 

ment 

Petrolatum/l 

anolin 

Occlusiv 

e 

moisture 

retention 

, 

extended 

release, 

cost-

effective 

Too 

occlusi 

ve for 

exudati 

ve 

wound 

s; 

macera 

tion 
risk 

Dry/chr 

onic 

ulcers, 

pressure 

injuries 

 

[10] 

Hydr 

ogel 

Carbopol, 

HPMC, 

alginate 

Moist 

environ 

ment, 

cooling, 

transpare 

nt 

(allows 

monitori 

ng), 

autolytic 

debride 

ment 

Limite 

d 

strengt 

h; 

freque 

nt 

change 

s; peri-

wound 

macera 

tion 

Burns, 

donor 

sites, 

diabetic 

ulcers 

 

[18] 

Film HPMC/PVA 

/gelatin 

Transpar 

ent, 

flexible, 

controlle 

d 

release, 

gas 

exchang 

e 

Fragile 

, 

limited 

drug 

loading 

, 

unsuita 

ble for 

exudin 

g 

wound 

s 

Donor 

sites, 

minor 

surgical 

wounds 

 

[39] 

Nano 

herba 

l gel 

Nanoparticl 

e-embedded 

gel 

Enhance 

d 

penetrati 

on, 

improve 

d 

bioavaila 

bility, 

sustained 

release 

Compl 

ex 

formul 

ation, 

stabilit 

y 

concer 

ns, 

regulat 

ory 

ambigu 

ity 

Biofilm 

- 

infected 

wounds, 

deep 

injuries 

 

[14] 

Smar 

t 

hydro 

gel 

pH/thermo-

responsive 

polymers 

On-

demand 

release 

triggered 

by 

wound 

microen 

vironme 

nt 

signals 

Compl 

ex 

synthes 

is, 

limited 

In-

vivoval 

idation 
, high 
cost 

Infected 

/diabeti 

c 

chronic 

wounds 

 

[16] 

3D- 

print 

ed 

Alginate/gel 

atin/chitosan 

bioinks 

Patient-

specific 

geometr 
y, 

High 

cost, 

bioink 
optimi 

Large 

tissue 

defects, 
reconstr 

 

[40] 
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scaffo 

ld 

 precise 

drug 

localizati 

on, cell 

co- 

delivery 

zation 

require 

d, 

limited 

clinical 

studies 

uctive 

wounds 

 

4. IN-VIVO WOUND MODELS: PRINCIPLES 

AND COMPARATIVE EVALUATION 

A wound model should be reproducible, ethically 

acceptable, technically feasible, and physiologically 

relevant to human wound conditions. There is no 

single model that meets all the requirements; often, 

a combination of models is used [41]. 

4.1 Excision Wound Model 

A standardised full-thickness circular cut (2 cm) on 

the dorsal region of the rat can be used for 

simultaneous macroscopic, histological, and 

biochemical evaluations. Photographic planimetry 

was performed every day to measure wound 

contraction, and biopsies were taken at days 4, 8, 12, 

16, and 21 to obtain temporal data. This is ideal for 

topical PHF gels, ointments, and creams [18]. 

4.2 Incision Wound Model 

Two parallel paravertebral incisions (6 cm in length) 

were sutured and tested on day 10 using a 

tensiometer for breaking strength. This model was 

specifically designed to assess ECM quality and 

collagen cross-linking maturity, which are important 

when using PHFs derived from collagen-modulating 

plants, such as Centella asiatica [42]. 

4.3 Dead Space (Granuloma) Model 

Dry granuloma weight and hydroxyproline content 

are direct biochemical markers of collagen synthesis 

and can be quantified by implanting a subcutaneous 

cotton pellet (10 ± 1 mg), which is particularly well 

suited for systemic PHF preparations (oral or 

parenteral) [42]. 

4.4 Diabetic Wound Model 

STZ-induced diabetes (55–65 mg/kg i.p., with blood 

glucose ≥250 mg/dL) and excision wound 

generation mimic the impaired angiogenesis, 

chronic inflammation, and impaired fibroblast 

function observed in patients with diabetic foot 

ulcers, whereas the db/db and ob/ob genetic models 

provide complementary phenotypes [43]. 

4.5 Infected Wound Model 

Standardised S. aureus/MRSA suspensions (10⁷–10⁸ 

CFU/mL) applied topically to fresh excision wounds 

allow direct assessment of the PHF's antimicrobial 

and antibiofilm activity via serial colony-forming 

unit (CFU) counts and confocal laser scanning 

microscopy (CLSM) [44, 45]. 

Table 4. Comparative Analysis of In-vivo Wound 

Models Employed in Polyherbal Formulation 

Evaluation 

Wou A Woun Key Prima Adva Limit Refe 

nd ni d Param ry ntages ations renc 

Mod m Induc eters Endp   es 

el al tion  oints    

Exci Ra 2 cm Wound Day Simpl Rat  

sion t, biopsy contrac 21 e, pannic [46] 
 m punch, tion %, wound reprod ulus  

 ou full- epitheli closur ucible, carnos  

 se, thickn alizatio e, multi- us  

 ra ess n H&E param inflate  

 bb excisi period, histolo eter, s  

 it on histopat gy, widely contra  

   hology, collag validat ction  

   hydrox en ed vs.  

   yprolin quanti  huma  

   e, ficatio  ns  

   VEGF n    

Incis Ra 6 cm Breakin Day Quanti Requi  

ion t, paralle g 10 tative res [47] 
 m l strengt tensile mecha specia  

 ou incisio h strengt nical lized  

 se ns, (tensio h endpoi equip  

  suture meter),  nt ment;  

  d wound   limits  

   index,   histol  

   Masson   ogical  

   's   sampli  

   collage   ng  

   n     

   alignm     

   ent     

Dea Ra Cotton Granul Granu Direct No  

d t pellet oma loma ly epider [48] 

Spac  (10 dry weight quanti mal  

e  mg) weight, at day fies comp  

  s.c. hydrox 7/10 collag onent;  

  implan yprolin  en no  

  tation e,  synthe contra  

   hexosa  sis; ction  

   mine,  suits measu  

   hexuro  syste remen  

   nic acid  mic t  

     PHF   

Bur Ra Brass Eschar Day Clinic Varia  

n t, rod separati 14 ally ble [45] 
 ra 100°C on, eschar releva injury  

 bb /10 s wound score, nt; depth;  

 it or contrac bacteri tests analge  

  scald tion, al antimi sic  

  80°C/ bacteria count, crobia compl  

  10 s l collag l + exity  

   coloniz en anti-   

   ation, densit inflam   

   cytokin y mator   

   es  y   

     activit   

     y   

Diab ST STZ Wound Day Most STZ  

etic Z 65 closure 28 clinica toxicit [6] 
 rat mg/kg vs. wound lly y  

 , i.p. + non- area, transla limits  

 db excisi diabetic angiog table; durati  

 /d on , VEGF enesis tests on;  

 b punch IHC, score, multip geneti  
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 m 

ou 

se 

 AGE 

deposit 

s, 

M1/M2 

ratio 

VEGF 

expres 

sion 

le 

dysfun 

ctional 

pathw 
ays 

c 

model 

s 

expen 
sive 

 

Infec Ra Excisi CFU/c Day 7 Evalu Biosaf  

ted t, on + m², bacteri ates ety [49] 
 m S. wound al antimi requir  

 ou aureus pH, count, crobia ement  

 se /MRS biofilm biofil l PHF s;  

  A 10⁸ density m compo variab  

  CFU (CLSM score nent le  

  topical ),  directl infecti  

   cytokin  y on  

   es   establi  

      shmen  

      t  

Isch Ra Bipedi Laser Day Evalu Techn  

emic t cle Dopple 14 ates ically [50] 
  flap / r perfus pro- deman  

  femor perfusi ion angiog ding;  

  al on, ratio, enic requir  

  artery micro- collate activit es  

  ligatio CT ral y; perfus  

  n angiogr vessel releva ion  

   aphy, densit nt for imagi  

   necroti y PAD/ ng  

   c  pressu equip  

   area%,  re ment  

   VEGF  injurie   

     s   

5. IN-VIVO EVALUATION PARAMETERS: 

A COMPREHENSIVE ANALYTICAL 

FRAMEWORK 

The PHF assessment framework is broad and covers 

many levels of biology, ranging from macroscopic 

wound contraction to modulation of molecular 

pathways. Each cardinal evaluation parameter is 

discussed in detail in the following sections. 

5.1 Macroscopic Evaluation Parameters 

Wound Contraction 

Wound area reduction due to contraction 

(myofibroblasts) [51] was determined by digital 

planimetric analysis (ImageJ) of standardised 

photographs. It is typically calculated as a 

percentage of initial wound area. The Wound 

Healing Index (WHI) is a metric that can represent 

overall healing efficiency. 

Epithelialization Period and Granulation Tissue 

Epithelialisation is the process of wound closure by 

the formation of  new epithelial tissue. 

Vascularisation and maturity of the granulation 

tissue were scored semi-quantitatively (0–4 scale). 

Thermal imaging and chromametry can be used to 

objectively evaluate tissue  hyperaemia  and 

vascularity [52]. 

Tensile strength and breaking strength 

In incision models, the mechanical property of 

breaking strength (g/mm ²) obtained from a 

universal testing machine is a direct mechanical 

measure of the maturity of the collagen cross-links 

and the quality of the ECM, which is correlated with 

the histological collagen score [53]. 

Table 5. Macroscopic Evaluation Parameters: 

Methods, Formulas, Reference Values, and 

Interpretation 

Parame 

ter 

Assess 

ment 

Metho 

d 

Formul 

a / Unit 

Refe 

renc 

e 

Ran 

ge 

(Rat 

s) 

PHF 

Positiv 

e 

Respo 

nse 

Limit 

ations 

Refe 

renc 

es 

Wound Digital [(A₀−Aₙ Day PHF > Photo  

Contrac planim )/A₀]×1 14: control graph [54] 

tion % etry 00 (%) 70– indicat er  

 (Image  85% es variab  

 J);  (vehi enhanc ility;  

 calibrat  cle); ed 2D  

 ion  Day myofib ignore  

 grid  21: roblast s  

 photog  >95 activit woun  

 raphy  % y d  

     depth  

Epitheli Daily Days to 18– Reduct Subje  

alizatio clinical complet 22 ion of ctive; [55] 

n inspect e days 4–7 eschar  

Period ion + closure (vehi days = may  

 histolo  cle); clinical obscu  

 gical  12– ly re  

 confir  16 signifi early  

 mation  days cant; epithe  

   (stan correla lium  

   dard tes   
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5.2 Histopathological Evaluation Parameters 

The gold standard for assessing wound healing is 

histopathological examination at the cellular level 

[56]. The wound tissue was formalin-fixed, paraffin-

embedded (FFPE), and cut into 4–5-µm sections. 

Objectivity is achieved through blind, semi-

quantitative scoring by a qualified histopathologist 

using standard criteria 

Haematoxylin and Eosin (H&E) Staining 

H&E staining allows the quantification of 

inflammatory cell infiltration, fibroblast density, 

epidermal continuity, dermal appendage 

preservation, and neovascularization. Each 

parameter was scored on an ordinal scale (0–4), 

which allowed for statistical comparisons between 

groups. 

Masson's Trichrome and Picrosirius Red 

Masson's trichrome (collagen=blue) allows 

quantitative collagen area fraction analysis and 

provides information on the organisation of the 

collagen fibres: parallel bundles (mature scar) and 

disorganised thin fibres (immature ECM) [58]. 

Under polarised light, Picrosirius is red and can 

distinguish between collagen type I (orange-red, 

mature) and type III (green, immature) [59]. 

Collagen I/III ratio, measured by digital image 

analysis, is a good indicator of the progression of the 

remodelling phase [60]. 

Table 6. Histopathological Scoring System for 

Wound Healing Evaluation 
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5.3 Biochemical Evaluation Parameters 

Wound tissue  homogenates  were analysed 

biochemically for quantitative molecular evidence 

of macroscopic and histological healing responses. 

Collagen Markers: Hydroxyproline, Hexosamine 

and Hexuronic Acid: Hydroxyproline is a key 

biochemical index of collagen metabolism and can 

be quantified using the colorimetric method of 

Woessner after acid hydrolysis (absorbance at 550–

560 nm) [72]. Hexosamine (measured using the 

Elson-Morgan reaction) is related  to  the 

glycosaminoglycan/proteoglycan   content and 

hydration capacity of the ECM [73]. Hyaluronic 

acid and chondroitin sulfate contents were measured 

using hexuronic acid (Bitter-Muir carbazole 

method), which provides information on the 

compositional maturation of the temporal ECM 

[74]. 

Antioxidant Panel: SOD, CAT, GSH and MDA 

The combined values of SOD (NBT reduction 

assay), CAT (UV absorbance at 240 nm), and GSH 

(Ellman's DTNB method) represent the endogenous 

antioxidant capacity, which is important for PHFs 

containing flavonoids and terpenoids. Lipid 

peroxidation was quantified using MDA/TBARS 

(TBA assay at 532 nm), providing direct 

biochemical evidence of antioxidant protective 

action in the presence of PHF [75]. 

Inflammatory Markers: Nitric Oxide (NO) and 

Myeloperoxidase (MPO) 

NO has two roles: Physiological NO (cGMP-VEGF 

pathway) and Excessive NO (iNOS-derived 

peroxynitrite). Nitrite was measured at 540 nm using 

the Griess reagent assay. Normalised MPO (days 7–

10) is a specific marker of neutrophil infiltration 

quantified by TMB oxidation (460 nm) and 

represents PHF-facilitated inflammation resolution 

[76]. 

Table 7. Biochemical Biomarkers: Biological 

Roles, Assay Methods, Reference Ranges, and 

PHF Interpretation 
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minimum of three biological replicates is the 

accepted standard [86, 87]. 

Protein expression (Western Blotting, ELISA, IHC). 

Western blotting was used to quantify the total and 

phosphorylated amounts of NF-κB p65, IκBα, Nrf2, 

HO-1, p-Akt (Ser473), p-MAPK, p-Smad2/3, 

VEGF, and α-SMA. ELISA was used to quantify 

cytokines (TNF-α, IL-1β, IL-6, IL-10, TGF-β1, and 

VEGF) in wound exudates or tissue lysates in a 

high-throughput manner. Immunohistochemistry 

(IHC) on FFPE sections allowed for protein 

quantification and spatial localisation (VEGF in 

endothelial cells, α-SMA in myofibroblasts, CD68 

in macrophages, and Ki-67 in proliferating 

keratinocytes), and digital analysis (QuPath, 

HALO) allowed for quantification of the H-score 

[88]. 

Key Signalling Pathway Analysis 

NF-κB status was evaluated based on the nuclear 

translocation of the p65 subunit (IHC or 

nuclear/cytoplasmic fractionation western blot) and 

the stability of IκBα, as well as the expression of NF-

κB target genes [89]. Nrf2 activity was measured by 

western blotting for nuclear accumulation and 

quantification of target genes (HO-1, NQO1, 

GCLC) that are regulated by the ARE [90]. 

Evaluation of TGF-β1/Smad signalling was 

performed by western blotting for phospho-Smad2/3 

and by measuring COL1A1/COL3A1 gene expression 

[91]. The VEGF angiogenic axis was confirmed 

using VEGF ELISA, VEGFR-2 phosphorylation, 

and CD31 microvessel density [92]. A dual 

pharmacological profile of NF-κB (anti-

inflammatory) and Nrf2 (antioxidant) activation is 

characteristic of certain PHFs, such as curcumin, 

quercetin, and kaempferol Furthermore, systemic 

assessments of granulation tissues rely on the 

standardized quantification of cellular populations, 

including myofibroblasts and macrophages, which 

correlate directly with the modulation of these 

signaling cascades [93]. 

 

 

 

 

 

 

 

 

 

 

5.4 Molecular Evaluation Parameters 

Gene Expression Analysis (RT-qPCR) 

RT-qPCR enables the precise quantification of 

mRNA transcripts for TGF-β1, VEGF, IL-1β, TNF-

α, iNOS, α-SMA, COL1A1, COL3A1, MMP-1/9, 

TIMP-1, HO-1, NQO1, and GCLC [86]. ΔΔCt 

analysis normalised to GAPDH/β-actin with a 
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illustrating the coordinated modulation of 
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inflammatory, antioxidant, angiogenic, and 

regenerative pathways by polyherbal formulation 

(PHF) phytoconstituents during wound healing. The 

figure highlights NF-κB, Nrf2/Keap1, TGF-β/Smad, 

VEGF/PI3K/Akt, and MAPK signaling crosstalk 

leading to inflammation resolution, oxidative stress 

suppression, angiogenesis, extracellular matrix 

(ECM) remodeling, and accelerated wound closure. 

Table 8. Molecular Markers and Signaling 

Pathways in PHF Wound Healing Evaluation 
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6. PHARMACOLOGICAL MECHANISMS OF 

POLYHERBAL FORMULATIONS IN WOUND 

HEALING. 

6.1 Antioxidant Mechanisms 

Flavonoids, phenolic acids, and tannins exhibit 

direct free radical scavenging activity through 

HAT/SET mechanisms. The antioxidant activities of 

curcumin, withanolides, and sulforaphane analogues 

are sustained, as they activate Nrf2 by modifying the 

cysteine residues (C151, C273, C288) of Keap1, 

leading to Nrf2 nuclear translocation and ARE-

dependent upregulation of HO-1, NQO1, GCLC, 

and ferritin [101]. 

6.3 Antimicrobial and Antibiofilm Mechanisms. 

Tannins (Terminalia, Punica) act as antibacterial 

agents and protein coagulants. Phenolics (eugenol, 

carvacrol, thymol) insert into the hydrophobic part 

of the membrane and cause leakage of potassium 

ions. Alkaloids (berberine) intercalate with DNA 

and  inhibit topoisomerase.  Lipophilic  PHF 

components  can pass through biofilm 

exopolysaccharide matrices, which is an advantage 

over conventional antibiotics that are 1000-fold 

resisted by biofilm communities [102]. 

6.4 Angiogenesis Promotion 

PHF phytoconstituents induce neovascularization 

by upregulating VEGF-A through PHD stabilisation 

of HIF-1α (via quercetin inhibition of PHD), 

activation of VEGFR-2 (via scopoletin), and 

activation of eNOS (via PI3K/Akt-Ser1177) (via 

resveratrol). Endothelial tube formation is 

stimulated by the activation of integrin αvβ3, which 

is stimulated by saponin-rich plants (Centella 

asiatica and Astragalus membranaceus) [103]. 

6.5 Collagen Synthesis and ECM Remodeling 

Asiaticoside and madecassoside (Centella asiatica) 

are activators of Smad2/3 and direct transcription 

factors that  upregulate COL1A1/COL3A1 . 

Acemannan (Aloe vera)  activates fibroblast 

proliferation through the mannose receptor. The 

cofactor for collagen cross-linking is ascorbic acid, 

which is a component of several PHFs. EGCG 

chelates Zn²⁺, which is required for the activity of 

MMP-1 and MMP-9; EGCG flavonoids increase 

TIMP-1 levels, thereby preventing the over-activity 

of matrix-degrading proteases [104]. 

7. Advanced and emerging approaches in 

polyherbal wound healing 

The combination of nanotechnology, 

bioengineering, and artificial intelligence with 

traditional phytomedicine has overcome the long-

standing limitations of PHF, including poor 

bioavailability, formulation instability, and 

inconsistent release profiles (Bonifácio et al., 2014). 

The topical bioavailability of PHF phytoconstituents 

is significantly enhanced by nanoencapsulation in 

PLGA, chitosan, or lipid nanoparticles, which can 

permeate the stratum corneum barrier and provide 

sustained controlled release (e.g., curcumin-loaded 

PLGA nanoparticles have 15-fold higher wound 

tissue distribution compared to free curcumin 

suspension) [105]. Phytosome complexes 

(phosphatidylcholine-polyphenol) significantly 

increase the permeability of the membrane of 

hydrophilic polyphenols (Bhattacharya, 2009). 

Nanofibres (100–2000 nm in diameter) electrospun 

from polymers, such as PCL, PLGA, gelatin, and 

chitosan, closely resemble the architecture of native 

ECM collagen fibres and allow for controlled 

release of phytochemicals (Zahedi et al., 2010). 

Smart hydrogels that release 

antimicrobial/antioxidant PHFs on demand in 

response to wound microenvironmental signals 

[106] (acidic pH of infected wounds and high ROS) 

have been developed. Patient-specific wound 

treatment geometries and the co-delivery of cells 

and herbal actives are possible using 3D bioprinting 

[107] with bioinks containing herbs. AI/machine 

learning methods have been used to predict wound 

healing bioactivity based on databases of 

phytochemicals, predict ADMET parameters, and 

facilitate the rational design of PHFs by network 

pharmacology. 
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8. LIMITATIONS OF CURRENT PHF WOUND 

HEALING 

There are a number of common methodological 

shortcomings. Insufficient statistical power: 

Usually, the number of animals in each study arm 

(4–6) is insufficient to detprimarily by contraction, 

whereas in humans, it heals predominantly by re-

epithelialization; the panniculus carnosus represents 

a significant difference in healing mechanisms; 

porcine models offer significantly improved 

translational fidelityng rates; in rats, the skin heals 

by contraction by 70–80%, whereas in humans, it 

heals by contraction by 40–60%; the panniculus 

carnosus represents a significant difference; porcine 

models offer significantly improved translational 

fidelity [112, 113]. Third, there is a gap in molecular 

validation: a significant number of published studies 

are limited to basic and macroscopic histological 

information, without any evidence of a mechanistic 

pathway, and provide a literature with good 

outcomes but lacking mechanistic lack of adequate 

controls: individual plant extract groups lity to 

assess synergistic versus additive PHF effects, 

which is the major theoretical basis for the 

polyherbal approach. Lastly, only a few PHFs have 

moved to clinical evaluation after 30 years of 

preclinical data, due to limited pharmacokinetic 

data, lack of safety data in target populations, and 

the lack of clarity in the regulatory pathway [114]. 

9. FUTURE PERSPECTIVES 

Precision phytomedicine, in which the composition 

of the PHF is optimised for each wound phenotype 

by profiling the wound microenvironment through 
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biosensing of cytokines, metabolomics, and 

sequencing of the microbiome, has the most near-

term clinical impact. A diabetic wound that is 

VEGF-deficient is treated with an angiogenesis-

stimulating, antioxidant-rich formulation of PHF, 

whereas an infected wound with biofilm-derived 

inflammation is treated with an antimicrobial, NF-

κB-inhibiting formulation of PHF [115]. The 

rational assembly of PHFs with pre-specified 

molecular target profiles is significantly reduced 

through the use of AI-guided PHF design, which 

combines molecular docking, ADMET prediction, 

and generative AI molecular design. Mechanistic 

clarity will be reinforced in regulatory evidence 

dossiers by systems pharmacology approaches 

[116]. The wound microbiome is becoming an 

important factor in wound healing. Future PHFs 

could be used to alter the microbiome composition, 

favouring S. epidermidis and Lactobacillus species 

and inhibiting pathogenic species, thus creating a 

new paradigm in wound therapy targeting the 

microbiome. The use of stem cell-integrated PHF 

systems with the pro-healing molecular milieu 

developed by PHF phytochemicals is a powerful 

approach for full-thickness wound repair [117]. 

10. CONCLUSION 

PHFs have strong therapeutic potential for wound 

healing. The outcomes are indicative of coordinated 

interactions of multi-component phytochemical 

profiles with complex molecular machinery of 

wound repair, and are consistently observed in 

PHFs, indicative of coordinated interactions of 

multi-component phytochemical profiles with 

complex molecular machinery of wound repair, and 

are consistently observed in PHFs. No single 

evaluation parameter reflects the therapeutic aspect 

of PHF activity. Macroscopic wound contraction, 

myofibroblasts, histopathology, biochemical 

quantification (hydroxyproline, antioxidant 

enzymes, and MPO) is the quantitative molecular 

scaffold, and pathway-level molecular analysis. The 

pharmacological signatures of PHF wound healing 

are suppression of NF-κB, activation of Nrf2, 

stimulation of fibroplasia by TGF-β1/Smad2/3, 

stimulation of angiogenesis by VEGF-PI3K/Akt, 

and rebalancing of MMP/TIMP, provide a 

scientifically credible and pharmacologically 

actionable mechanism. To realise the potential, a 

standardised, context-specific evaluation framework 

that combines classical metrics with advanced 

molecular biomarkers, a new reporting guideline 

(ARRIVE 2.0), and the development of 

internationally harmonised regulatory protocols for 

PHF evaluation are needed. Precision 

phytomedicine, AI-assisted design, smart 

biomaterial delivery, and wound microbiome 

modulation are scientifically sound and clinically 

promising concepts that make polyherbal wound 

therapeutics an unmissable opportunity for serious 

international collaboration to develop the 

formulations. 
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