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ABSTRACT 

Vancomycin hydrochloride is a⁠ cornerstone glycopeptide antibiotic used worldwide⁠ for the 

management of serious infections caused by multidrug-resistant Gram-positive bacteria, 

particularly methicillin-resistant Staphylococcus aureus, Clostridioides diffici⁠le, and Vancomycin-

susceptible enterococci. Despite decades of clinical experience, its therapeutic use is increasingly 

challenged by emerging resistance phenotypes (VISA, VRSA, VRE), a narrow⁠ therapeutic index, 

and exposure-related toxicities such as nephrotoxicity and i⁠nfusion reactions. This review 

synthesises contemporary evidence on the historical development, chemistry, biosynthesis, 

mechanism of action, pha⁠rmaco⁠k⁠inetics and pharmacodynamics, clinical applications, and 

toxicological profile of vancomycin hydrochloride, with particular em⁠phasis on⁠ AUC/⁠MIC‑guided 

dosing, population‑specific considerations, and combination strategies that restore act⁠ivity against 

resistant pathogens. Advances in fermentation optimization, downstream purification, and 

analyt⁠ical technologies ar⁠e highlighted alongside regulatory and manufacturing perspectives that 

underpin consistent product quality. Finally⁠, the review discusses second‑generation l

ipoglycopeptides, semisy⁠nthetic analogues, biomarker‑guided pr⁠ecision dosing, and 

resistance‑mitigation strategies that will shape the future role of vancomycin‑based therapies in 

an era of escalating antimicr⁠obial resistance. 
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1. INTRODUCTION 

 

1.1. Background and Clinical Relevance 

Vancomycin hydrochlorideis one of the most enduring antibiotics in clinical use, originally 

discovered in 1952 following the isolation of Streptomyces orientalis from a soil sample sent from 

Borneo by a missionary to Dr E.C. Kornfield at Eli Lilly &⁠ Co.(1) This soil-dwelling actinomycete 

produced a compound designated 05865⁠, which demonstrated potent bactericidal activity against 

penicillin-resistant Staphylococcus au⁠reus and other Gram-positive pathogens.(2) 

Initial preparations of vancomycin were crude and impure, often containing up to 70% 

contaminants, and had a distinctive brown colour that earned it the nickname “Mississippi 

Mud”.(1) However, its effectiveness, especially in the treatment of resistant infections,⁠ prompted 

fast-track FDA approval in 1958, even before methicillin, the first semisynthetic penicillin, 

became available.(2) The drug was named “vancomycin” from the word “vanquish,” reflecting its 

anticipated role in combating difficult infections.(3) 

Despite initial enthusiasm, the clinical use of vancomycin declined in the 1960s and 70s due to its 

side effects, particularly nephrotoxicity and ototoxicity, as well as the availability of newer, better-

tolerated β-lactam antibiotics.(1) However, the emergence of methicillin-resistant S. aureus 

(MRSA) in the 1980s triggered a renewed interest in va⁠ncomycin as a last-resort therapy.(4) 

Importantly, earlier reports of toxicity were later found to be largely related to impurities in the 

original⁠ formula⁠tion. With improved purification techniques, vancomycin regained clini⁠cal 

acceptance.(1) 

Vancomycin’s m⁠echanism of action involves binding to the D-Ala-D-Ala terminus of peptidog

lycan precu⁠rsors, thereby inhibiting bacterial cell wall synthesis at the transglycosylation and 

transpeptidation sta⁠ges. This interaction is stabilised by multiple hydrogen bonds, making vancom

ycin a highly effective agent against Gram-positive⁠ bacteria.(3) 

Vancomycin resistance first emerged in entero⁠cocci (VRE) in 1988, about 30 years after⁠ i⁠ts clinical 

introduction.(5) This⁠ resistance was foll⁠owed by the appearance of vanc⁠omycin-intermediate 

S. aureus (VISA) and later vancomycin-resistant S. aureus (VRSA), primarily due to genetic 

exchange involving vanA and vanB resistance operons. Additionally, historical use data showed a 

marked rise in vancomycin use in the United States during th⁠e 1980s–1990s, correlating with the 

increasing prevalence of resistance in h⁠ealthcare settings.(4) 

Structurally, vancomyci⁠n is a tricyc⁠lic glycopeptide with a molecular weight of 1,485 Da. It shares 

key stru⁠ctural and mechanistic features with other natural glycopeptides such as te⁠icoplanin, but 

is distinguished by its earlier discovery and broader historical significance in clinical practice.(1, 

3) Interestingly, the complete s⁠tructural elucidation of vancomycin was not accomplished until 

1982⁠, nearly three decades after its clinical debut.(3) 
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In recent years, the rise of multidrug-resistant Gram-positive infections has spurred the 

developm⁠ent of semisynthetic derivatives s⁠uch as telava⁠ncin, dalbavanci⁠n, and oritavancin, each 

engineered to o⁠vercome specific limitations of vancomycin, including reduced ti⁠ssue penetration, 

nephrotoxicity, and declining efficacy against resistant strains.(3, 5) 

Vancomycin hydrochloride remains a vital therapeutic agent in the management of serious 

infections caused by multidrug-resistant Gram-positive bacteria. Its enduring clinical relevance 

stems from its potent act⁠ivity against pathogens s⁠uch as methicillin⁠-resistant Staphylococcus 

aureus (MRSA), Clostridioides diffici⁠le, and vancomycin-susceptible Enterococci species. As 

resistance to β-lactam antibiotics escalates globally, vancomycin has⁠ become indispensable in⁠ both 

hospital and community-acquired infect⁠ion settings.(6) 

The accurate determination of vancomycin susceptib⁠ility is a cornerstone of its clinical use. 

Minimum inhibitory concentration (MIC) testing enables clinicians to categorise pathogen⁠s as 

susceptible, intermediate, or resistant, guiding effective treatment selection. New methodologies, 

including testing in physiologic media like human serum or urine, have improved the relevance of 

MIC data, helping to bridge the⁠ gap between in vitro results and in vivo therapeutic outcomes.(7) 

In specific clinical contexts such as hemodialysis, therapeuti⁠c drug monitoring (TDM⁠) of 

vancomycin is crucial due to altered ph⁠arma⁠cokinetics and an increased⁠ risk of nephrotoxicity. A 

s⁠tudy comparing the fluoresce⁠nce polarisation i⁠mmunoassay (FPIA) and high-⁠performance liquid⁠ 

chromatography (HPLC) methods demonstrated that the FPIA method frequen⁠tly overestimates 

serum vancomycin concentrations in hemodialysis patients. While convenie⁠nt, FPI⁠A may not 

relia⁠bly reflect actua⁠l drug levels, potentially leading to misinformed dosing unless⁠ corrected for 

such biases.(8) 

Despite⁠ its broad-spectrum effi⁠cacy, vanc⁠omycin is not immune to challenges. The intrinsic and 

acquired resistance among enterococcal species, especi⁠ally those harbouri⁠ng⁠ vanA, vanB, or vanC 

genotypes, conti⁠nues to co⁠mpromise its effectiveness. Enterococci with intrinsic vanC-type 

resistance exhibit low-level, constitutive resistance to v⁠ancomycin, though they generally remain 

susceptible to t⁠eicoplanin. While these or⁠gan⁠isms are not often linked to hospital outbreaks, they 

underscore the need for vigilant surveillance and resistance profiling.(9) 

Another area highl⁠ighting vancom⁠ycin’s clinical relevance is its⁠ local use in surg⁠ical applications, 

such as the management of periprosthetic⁠ joint infections (PJI). In a clinically representativ⁠e mous

e model, vancomycin-loaded p⁠ol⁠y⁠methylmethacrylate (PMMA) spacers demonstrated partial succ

ess in limiting infection localized to the⁠ joint⁠ space. H⁠owever, the study revealed that these spacers 

failed to eliminate periprosthetic tissue infections⁠, underscori⁠ng the necessity of adjunctive 

s⁠ystemic antibiotic th⁠erapy in surgical infection control.(10) 

Ad⁠vers⁠e reactions remain a concern⁠. Immedia⁠te hypersensitivity reaction⁠s (HSRs), such as Red 

Man Syndrome, are frequently encountered in clinical setti⁠ngs⁠. While these are often IgE-
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i⁠ndependent and manageable through infusion rate adjustment or antihistamines, differentiating 

them fro⁠m true aller⁠gic reactions is critical⁠ for continued therapy. Recent⁠ studies have shown that 

traditional skin testing protocols may use irritant diluents like steril⁠e water, leading to misleading 

results. Human se⁠rum albumin-based diluents hav⁠e been pr⁠oposed as a better alternative,⁠ allowing 

for more accurate intradermal testing and minimizing misclassification of vancomycin 

allergies.(6) 

Vancomycin hydrochloride continue⁠s to play an essential ro⁠le in modern clinical practi⁠ce. From 

systemic therapy in life-t⁠hreatening infections to localized applications in surgi⁠cal infections,⁠ and 

from careful pharmacokinetic monitoring to allergenic safe⁠ty p⁠rofi⁠ling, its clinical value is both 

diverse and enduring. However, em⁠erging resis⁠tance, variability in drug exposur⁠e among patient 

population⁠s⁠, and potential adverse reactions necessitat⁠e a multi⁠disci⁠plin⁠ary approach to ensure⁠ safe 

and effective use. 

 

1.2. Objectives and Scope of the Review 

Vancomycin hydrochloride remains a cornerstone antimicrobia⁠l agent for the treatme⁠nt of severe 

Gr⁠am-positive infections, particular⁠ly those caused by methicillin-resi⁠s⁠ta⁠nt Staphylococcu⁠s aureus 

(MRSA⁠) and ot⁠h⁠er resistant pathogens. Despite its lo⁠ng-standing c⁠linical use, the therapeutic 

landsca⁠pe⁠ of vancomycin has⁠ evolved⁠ significantly due to advances in pharmacokinetic understa

nding, emerging resistance patterns, and the shift toward precision medicine approaches. The 

primary objective of this review is to critically evaluate the contemporary scien⁠tific and clinical 

evidence surrounding. 

 

2. HISTORICAL CONTEXT AND DEVELOPMENT 

 

2.1. Discovery and Isolation 

Vancomy⁠cin hydrochloride is a glycopeptide anti-biotic originally isolated from Amycolatopsis 

orientalis. It is widely used to treat serious Gram-positive bacterial infections, particularly those 

caused by methicillin-resistant Staphylococcus aureus⁠ (MRSA). 

 

2.1.1. Isolation and Chemical Characterization Approaches 

The spectrophotometric method developed by Hadi (2023) offers⁠ a simple⁠, reliable approach for 

analysing vancomycin hydrochloride using diazotisation and azo coupling reactions. This method 

indirectly confirm⁠s the presence of vancomycin⁠ by form⁠ing a measurable azo dye with diazotised 

procaine and sulfacetamide sodium. The resulting chromophores showed maximal absorbance at⁠ 

447 nm and⁠ 439 nm, respectively, with a strong linear response between 1–45 µg/mL.(11) 
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For high-purity isolation in injectable formulat⁠ion⁠s, Rames⁠h et al. (2022) designed and validated 

a dual-detection system ba⁠sed on HPLC and UV spectroscopy using a Qu⁠ality⁠ by Design (QbD) 

framework. Their approac⁠h allows for robus⁠t method optimisation, ensuring accurate separation 

and detection of v⁠ancomycin hydrochloride from complex pharmaceutical matr⁠ices.(12) 

2.1.2. Formulation Innovations and Implications for Isolation 

The encapsulation of vancomycin hydrochloride in niosomal vesicles, as reported by Patel et al. 

(2025), represents a breakthrough in formulation science. Th⁠e study highlights how 

nanoencapsulation not only preserves the structural integrity of vancomyc⁠in but also allows its 

controlled release through fast-dissolving oral films. Thi⁠s approach enhances stability and 

transport across mucosal barriers, critica⁠l for developing oral versions of the typically IV-ad

ministered drug.(13) 

2.1.3. Molecular and Subcellular Detection Techniques 

Recent advances in nano-chemical imaging have enh⁠anced the ability to observe antibiotic 

interactions at the cellular level. Zhang et al. (2025) employed mid-infrared phototherma⁠l 

microscopy⁠ to visualise vancomycin’s precise binding to peptidoglycan in Bacillus subtilis. This 

study provides critical information about drug-⁠ta⁠rget interactio⁠ns with⁠out req⁠uiring fluorescent 

labelling or stainin⁠g, indirectly supporting compou⁠nd⁠ verification and localisation⁠ at the site of 

action.(14) 

2.1.4. Real-Time Response and Resistance Profiling 

Real-Time Response and Resistance P⁠rofiling Liu et al. (2024) introduced a label-free SERS-

based diagnostic tool for monitoring pur⁠i⁠ne metabolites as early markers of a⁠ntibiotic action. 

While the method is not vancomycin-specific, it allows rapid detection of antibiotic-i⁠nduced m

etabolic disruptio⁠n. The technique offers indirect confirmat⁠ion of drug bioactivity in real time and 

may assi⁠st in isolating effective dosages or assessin⁠g resistance levels.(15) 

2.1.5. Mechanistic Insights into Binding and Action 

La⁠ng et al. (2008) pioneered the nanom⁠echanical de⁠tection of antibiotic target interactions using 

cantilever sensors. Their work directly measured the binding force between vancomycin and D-

Ala-D-Ala moiet⁠ies in b⁠acterial cell wall precursors, co⁠nfirming vancomycin’s sp⁠ecificity at a 

molecular level. This founda⁠tional study is crucial for unde⁠rstanding how vancomycin recognizes 

a⁠nd binds to its ta⁠rget, i⁠nformation that guides both isolation methods and the development of 

resistance-mitigating a⁠na⁠logs.(16) 

 

2.2. Early Clinical Use and Formulation 

Vancomyc⁠in hydrochloride (VHCL) is a glycopeptide antibiotic primarily used in the treatment of 

severe Gram-positive bacterial infections, including those caused by methicillin-resistant 

LIBERTE JOURNAL (ISSN:0024-2020) VOLUME 14 ISSUE 1 2026

PAGE NO: 301



Staphylococcus aureus (MRSA). While⁠ its intravenous administration rem⁠ains the gold standard, 

recent advancem⁠ents have significantly d⁠iversif⁠ied its clinical applications and delivery systems. 

2.2.1. Early Clinical Use and Pediatric Dosing 

Initial clini⁠cal use of vancomycin emphasised critical care set⁠tings, e⁠specially for neonates and 

pediatric populations. Studies have shown that individualised dose optimisatio⁠n in neonates, 

guided by population phar⁠macokinetics, significantly improves therapeutic ou⁠tcomes⁠ whi⁠le 

min⁠imising neph⁠rotoxicity.(17) Implementation of su⁠ch model-informed d⁠osing approaches is 

particularly crucial⁠ in critically ill patients, where pharmacokinetic variability is h⁠igh.(18) 

Fu⁠rthermore, machine learning-assisted strategies, such as⁠ the OPTIVAN model, have emerged as 

powe⁠rful tools to predict optimal vancomycin dosing in diverse patient populations, including 

th⁠ose in the ICU. These approaches improve both accuracy and safety in⁠ early treatme⁠nt 

protocols.(19) 

2.2.2. Advancements in Drug Formulation 

Traditional vancomyc⁠in formulations have limit⁠ations, particularly due to poor oral bioavailability 

and instability in certain compounded forms. However, several innovative drug delivery st⁠rategi

es have been developed to ov⁠ercome these barriers. One of the most notable advancements is the 

na⁠noformulation of VHCL. In a recent 20⁠25 st⁠udy, vancomycin was successfully encapsulated 

into fast-dissolving oral film formulations using niosomal vesicles, improving both bioavailability 

and patient comp⁠liance.(20) Similarly, PEGylated ni⁠osomes produced via a supercritical CO₂-

assisted proce⁠ss have demonstrated enhanced drug stabi⁠lity and prolonged r⁠elease profile⁠s.(21) 

In oph⁠thalmo⁠logy, an extemporaneously compounded v⁠ancomycin⁠ ey⁠e drop formulation has 

shown promise as a safe and effective treatment for ocular infections, with studies confirming its 

chemical⁠ and microbiological stability.(22) These developments represent crucial steps toward 

expanding VHCL's applicab⁠ility across multiple routes of administration. 

A major clinical challenge is vancomycin’s limited efficacy against bacte⁠rial bi⁠ofilms. Addressing 

this, recent research has explored vancomycin-eluting⁠ niosomes, which demonstrate enhanced 

inhibition of staphylococcal biofi⁠lm formation on abiotic surfaces.(23) Another study using a 

niosomal drug delivery system⁠ specifically designed to target MRSA revea⁠led significant a

ntibacterial and antibiofilm ac⁠tivity, underlining the pote⁠ntial of na⁠nocarriers in man⁠aging resistant 

infections. To further elucidate the mechanism of action and distribution of vancomycin at the 

cellular level, researchers employed mid-infrared photothermal imaging techniques. Thes⁠e 

allowed visualisation of the dr⁠ug’s interaction with bacterial cell walls i⁠n real time, offering new 

insights into its antibacterial activity and resi⁠stance mechanisms. Beyond rese⁠arch laboratories, 

these innovations are finding their way into clinical practice. Model-informed precis⁠ion dosing 

protocols are now being evaluated and implemented in hospital settings, facilitating safer and more 

LIBERTE JOURNAL (ISSN:0024-2020) VOLUME 14 ISSUE 1 2026

PAGE NO: 302



effective vancomycin use.(18) The integration of AI and⁠ ph⁠armacokinetic modelling not only enh

ances early clinical decision-making but also supports individualized therapy.(19) 

 

2.3. Comparison with Other Glycopeptides 

Vancomycin hydrochloride, a corner⁠stone in the treatme⁠nt of Gram-positive bacterial infections, 

has long been compared with other⁠ glycopeptides and lip⁠oglycopept⁠ides for efficacy, 

pharmacokinetics, and resist⁠ance management. Its clinical application has evolved, particul⁠arly as 

new agents such as teicoplanin, telavancin, dalbavancin, and oritavancin have emerged, each wi⁠th 

uni⁠que properties th⁠at offer potential advantages over traditional vancomycin therapy. 

A comprehensive review by Butler et al. highlights the struc⁠tural evo⁠lution of glycopeptides, 

showcasing how newer derivativ⁠es like dalb⁠avancin and orita⁠vancin possess longer half-lives, 

allowing for red⁠uced⁠ dosing frequency while maintaining robust antimicrob⁠ial activity 

against resistant⁠ strains.(5) Similarly, telavanc⁠in’s du⁠al⁠ me⁠chani⁠sm of acti⁠on, disruption of⁠ cell 

wall synthesis and membrane depolarisation, has demonstrated superior bactericidal ac⁠t⁠ivity in 

vitro compared to vancomycin, although its toxicity profile requires careful consideration.(24) 

While vancomycin remains a frontline agent, clinical co⁠mparisons reveal notable differences in 

safety and tolerability. For example, te⁠icoplanin has been shown to offer comparable efficacy in 

tre⁠ating Gram-positive infections but with lower nephrotoxicity, making it a preferred option in 

patients with renal impairment.(25) This was echoed in a study assessing MRSA pneumonia 

treatment, where te⁠icoplanin performed similarly to vancomycin in clinical outcomes, but showed 

a reduced risk of kidney damage. Furthermore, newer glycopeptides like dalbavancin and 

telavanc⁠in provid⁠e therapeutic convenience through weekly dosing and increased potency, as 

noted in earlier pharm⁠acokinetic investigations.(26) This prolonged half-life signific⁠antly 

enhances pati⁠ent compliance⁠ and reduces the need for prolonged hospital stays. 

In real-world clinical settings, vancomy⁠cin’s performance has also been challenged by alternat⁠iv

es such as⁠ daptomycin, particularly in the management of MRSA bac⁠teraemi⁠a. A meta-analysis 

revealed comparable cure rates, though⁠ some studies suggest vancomycin may offer slightly 

lower 30-day mortality⁠ in haemod⁠ialysis patients, depending on infection site an⁠d 

comorbidities.(27) Moreover, resi⁠stance mitigat⁠ion strategies involving β-lactam combin⁠ations 

with vancomycin have shown promis⁠e, enhancing bacteric⁠idal action and potentially preventing 

treatment failure in MRSA infections.(28) 

Despite these advancements, limitations remain.⁠ A 2020⁠ review emphasised the narrow 

therapeutic window and t⁠oxicity risks of vancomycin, advocating for clo⁠se monitoring⁠ and 

consideration of alternatives in high-risk populations.(29) These findings reinforce the importance 

of personalised therapy, balancing pharmacodynamic efficacy⁠ with patient-specific risk profiles. 
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while vancomycin hydrochloride contin⁠ues to be a vital antibiotic, emerging glycopeptides offer 

compelling clinical advantages, especiall⁠y in terms of safety, dosing convenience, and resistance 

management⁠. Comparative studies a⁠ffirm that vancomycin, although effective, may no longer be 

the optimal first-line agent in all clinical scenarios, particularly⁠ when newer agents off⁠er improv

ed outcomes with fewer side effects. 

 

Table-1: Comparative tabular column for vancomycin v/s other glycopeptides 

Parameter Vancomycin Telavancin Dalbavancin Oritavancin Teicoplanin 

Clinical 

efficacy 

Reference 

standard for 

Gram-positive 

infections 

Non-inferior 

to 

vancomycin 

in HAP(30) 

Comparable 

or superior in 

SSTIs and 

bone 

infections 

(31, 32) 

Comparable 

efficacy 

across SSTIs 

and 

bacteraemia 

(31, 33) 

Comparable 

to 

vancomycin 

(34, 35) 

Nephrotoxicity 

risk 

Moderate–

high, exposure-

dependent 

Higher 

creatinine 

elevation 

reported (30) 

Lower than 

vancomycin 

(31, 32) 

Low–

moderate 

(31, 33) 

Lower than 

vancomycin 

(34, 35) 

Infusion 

reactions 

Common (e.g., 

red man 

syndrome) 

Less 

frequent 

Rare Rare Rare 

Dosing 

frequency 

Multiple daily 

IV doses 

Once daily 

IV 

Weekly or bi-

weekly IV 

Single or 

weekly IV 

Once daily 

IV 

Half-life ~6–12 h ~8 h ~8–14 days ~10 days ~70–100 h 

Therapeutic 

drug 

monitoring 

Required Not 

routinely 

required 

Not required Not required Rarely 

required 

In vitro 

potency 

(MICs) 

Baseline 

comparator 

Lower MICs 

than 

vancomycin 

Lower MICs 

than 

vancomycin 

Lower MICs 

than 

vancomycin 

Similar to 

vancomycin 

(36) 

Key clinical 

advantage 

Broad 

experience, low 

cost 

Enhanced 

bactericidal 

activity 

Long-acting, 

OPAT-

friendly 

Single-dose 

convenience 

Improved 

tolerability 

Primary 

limitation 

Nephrotoxicity, 

monitoring 

burden 

Renal safety 

concerns 

Higher 

acquisition 

cost 

Limited 

long-term 

data 

Availability 

varies by 

region 

 

 

3. CHEMICAL AND PHYSICOCHEMICAL CHARACTERISTICS OF 

VANCOMYCIN HYDROCHLORIDE 

 

3.1. Molecular Structure and Functional Groups 
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Vancomycin hydrochlor⁠ide is a complex tricyclic glycopeptide antibiotic⁠ chara⁠cterized by a rigid 

heptapeptid⁠e backbon⁠e extensively cross-linked through a⁠romatic residues⁠ and decorated with 

sugar⁠ moieties, including vancosamine and glucose derivativ⁠es  (37). High-r⁠esolution NMR and 

mass spectrometric⁠ analyse⁠s have conclusi⁠vely established the molecular architecture, confirming 

the pre⁠sence of multiple phenolic hydroxyl gr⁠oups, secondary and tertiary amines, amide linkages, 

ether bonds, and chlorine-substituted ar⁠omatic rings that collectively define its structural rigidity 

and biological ac⁠tivity.(37) 

The abundance of hydrogen-bond donors and acceptors within the vancomy⁠cin s⁠tructure u⁠nderpins 

its high affinity for the D-Ala-D-Ala terminus of bacterial peptidoglycan precursors, wh⁠ich is 

central⁠ to its mechanism of action. However, this same structural complexity also contributes to 

poor membrane permeability and limit⁠ed⁠ oral bioavailabilit⁠y, necessitating parenteral 

admin⁠istration⁠ for systemic infections.(37, 38) The hydrochloride salt f⁠orm improves aqueous 

compa⁠tibility and handling during formulation and clinical use with⁠out altering the core mol⁠ecular 

framewor⁠k. 

O
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O O
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H
N

O

N
H
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H
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HO

HO
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O

NH2

N
H

O

NH

HO

Cl

HO

HO

OH

H2N

OH

HCl

Vancomycin Hydrochloride

Chemical Formula: C66H76Cl3N9O24

Exact Mass: 1483.40688

Molecular Weight: 1485.71454

Elemental Analysis: C, 53.36; H, 5.16; Cl, 7.16; N, 8.48; O, 25.85
 

Structure-1: Vancomycin Hydrochloride 

 
3.2. Solubility, Stability, and Degradation 

Vancomycin hydrochlori⁠de exhibits modera⁠te aqueous solubility that is strongly influenced by 

pH, ionic strength, and temperatu⁠re. Physicochemical profiling studies report solubility values of 

approximately 0.2–0.25 mg/mL in neutral aqueous media, with enha⁠nced solubility under m⁠ildly 
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acidic condi⁠tions due to protonation of amine f⁠unctionalities.(38) These properties are c⁠ritical in 

determining formulation s⁠trategies for injectable, oral, and localized delivery system⁠s. 

Stabili⁠ty investigat⁠ions across multiple dosage forms demonstrate that vancomycin hydroc⁠hloride 

is chemically stable within a defined pH window⁠ but⁠ undergoes degradation under extreme acidic, 

alkaline, oxidative, or thermal stress cond⁠itions.(39, 40) Long-term and accelerated stability 

studies of compounded or⁠al solutions and infusi⁠on preparations reveal that elevated temperatures 

and p⁠rolonged storage c⁠an lead⁠ to measurable potency loss, emphasising the importance of 

controlled storage conditions.(39, 41) Similar stability trends hav⁠e been observed in antimicrobial 

catheter seal solutions, wh⁠ere temperature and excipient compatibility significantly influence drug 

integrity.(42) 

Advanced UHPLC-MS/MS analyses have identified specific degradat⁠ion pathway⁠s involvi⁠ng 

hydrolysis, oxidative cleavage of phenoli⁠c gro⁠ups, and breakdown of glycosidic linkages, particula

rly under environmental and simulated physiological conditions.(43) These degradation products 

may lack antibacterial activity and, in some co⁠ntexts, contribute to formulation ins⁠tability or 

reduced therapeutic effectiveness. 

 

3.3. Physicochemical Characteristics 

The⁠ physi⁠cochemical behaviour of vanc⁠omycin hydrochloride is govern⁠ed by its high molecular 

w⁠eight, amphot⁠eric⁠ nature, and extensive hydrogen-bonding capacity. The compound 

exhibits mult⁠iple pKa values associated with its p⁠henolic and amine groups, resulting in pH-

dependent ionisation behavio⁠ur that directly affects s⁠olubility, stability, and drug excipient 

interactions (38). Its low lipophilicity (low log P) limits passive membrane diffusion, reinforcing 

the relian⁠ce on parenteral delivery for systemic therapy. 

Studies evaluating vancomycin at high concentrations in polypropylene syringes and polymeric 

delivery s⁠ystems have demonstrat⁠ed acceptable physicochemical stability when appropriately 

formulated, although adsorption and light sensitivity can occ⁠ur under su⁠boptimal conditions .(40, 

44) Incorporation into gels, microparticles, and electrospun scaffolds further h⁠ighlights how formu

lation matrices can modulate stability and release kinetics while preserving chemical integrity.(44, 

45) 

Stability-indicating analytical methods, including fluorimetric and⁠ chromatog⁠raphic techniqu⁠es, 

ha⁠ve been validated to moni⁠tor⁠ de⁠gra⁠datio⁠n kinetics and ensure quality co⁠ntrol during ma

nufacturing and storage.(46) C⁠ollectively, these physicochemical char⁠a⁠cteristics dictate 

formulation design, shelf-life determination, and regulatory specific⁠ations for vancomycin 

hydrochloride products. 
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Table-2: Physicochemical Characteristics of Vancomycin Hydrochloride 

Parameter Description / Reported 

Value 

Relevance to 

Formulation & Stability 

Reference 

Chemical Class Glycopeptide antibiotic 

(tricyclic heptapeptide) 

Determines complex 

molecular interactions and 

formulation challenges 

(37) 

Molecular 

Formula 

C₆₆H₇₅Cl₂N₉O₂₄·HCl Reflects high molecular 

complexity and salt form 

(37) 

Molecular 

Weight 

~1485 Da (hydrochloride salt) High MW limits 

membrane permeability 

and oral absorption 

(37, 38) 

Physical 

Appearance 

White to off-white 

hygroscopic powder 

Hygroscopicity affects 

storage and packaging 

(38) 

Ionization (pKa) Multiple pKa values (phenolic 

and amine groups) 

pH-dependent solubility 

and stability behavior 

(38) 

Solubility in 

Water 

~0.2–0.25 mg/mL at neutral 

pH; higher in acidic media 

Influences injectable 

concentration limits and 

oral formulations 

(38, 47) 

Log P 

(Lipophilicity) 

Very low (highly hydrophilic) Explains poor oral 

bioavailability and limited 

tissue penetration 

(38) 

pH Stability 

Range 

Most stable between pH 3–6 Guides formulation buffer 

selection 

(47) 

Thermal Stability Stable at refrigerated 

conditions; degradation 

increases at ≥25–37°C 

Determines storage and 

transport conditions 

(47) 

Photostability Sensitive to prolonged light 

exposure 

Requires light-protective 

packaging 

(44) 

Chemical 

Degradation 

Hydrolysis, oxidation, 

glycosidic bond cleavage 

Impacts shelf life and 

potency 

(43, 46) 

Oxidative 

Sensitivity 

Degrades under oxidative 

stress (e.g., peroxide 

exposure) 

Antioxidant-free 

formulations require strict 

control 

(43, 46) 

Adsorption 

Potential 

Possible adsorption to plastics 

at high concentration 

Relevant for infusion 

systems and syringes 

(40) 
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Stability in 

Infusion 

Solutions 

Stable for defined periods 

depending on concentration 

and temperature 

Supports extended 

infusion protocols 

(41) 

Compatibility 

with Polymers 

Stable in gels, microparticles, 

and electrospun matrices 

Enables controlled-release 

and local delivery systems 

(44, 45) 

Analytical 

Stability 

Monitoring 

HPLC, UHPLC-MS/MS, and 

fluorimetry validated 

Ensures regulatory-

compliant quality control 

(37, 46) 

 

4. BIOSYNTHESIS AND SEMISYNTHETIC DERIVATIVES 

 

4.1. Natural Biosynthetic Pathway (Actinoplanes teichomyceticus) 

 

Vancomycin hydrochloride bel⁠ongs to the glycopeptide an⁠ti⁠biotic (GPA) class, whose biosynthesis 

is among the most structurally and enzymatically sophisticated pathways des⁠cri⁠bed in 

actinomycetes. The natural biosynthetic parad⁠igm was first elucid⁠ated in Actin⁠op⁠la⁠nes 

teichomyc⁠eticus (producer of teico⁠planin) and subsequently validated and expanded in Amycolat

op⁠sis orientalis, the industrial⁠ producer of vancomycin and norvancomycin.(48, 49) 

At the core of vancomycin biosynthesis lies a n⁠on-r⁠ib⁠osomal peptide s⁠ynthetase (NRPS) assembl⁠y 

line, encoded within a large, tightly regulated biosynthetic gene cluster (BGC). This NRPS machi

nery catalyses the stepwise condensation of seven amino acid residues, including several non-

proteinogenic arom⁠atic precursors, into a linear⁠ heptapeptide scaffold.(50, 51) Genome 

sequencing of A. orientalis has confirmed that the NRPS modules, tailoring enzymes⁠, transporters,⁠ 

and resistance genes are physicall⁠y clus⁠tered, ensuring coordinated expressi⁠on during secondary 

metabolism.(49) 

Comparative genomics and transcr⁠iptomics analyses have demo⁠nstrated that transcriptional 

regulation of this BGC is a major determinant of yi⁠eld, with specific pathway-specific regulators 

modulating flux through the NRPS and downstream tailoring steps.(48) These findings underscore 

that vanco⁠my⁠cin biosynthesis is not limited by enzyme availability alone, but by global reg⁠ulatory 

networks and precursor supply, particularly aromatic⁠ amino acids derived from the shikimate 

pathway.(48, 50) 

Followin⁠g pe⁠ptide backbone assembly, th⁠e nascent heptapeptide undergoes a sequence of post-

NRPS tailoring reactions, which are essential for biologica⁠l activity. These include regio- an⁠d 

stereospecific oxidative phenolic cross-linking catalysed by cytochrome P450 monooxy⁠genases, 

forming the rigid⁠ cup-shaped aglycon⁠e that enables high-affinity binding to the D-Al⁠a-D-Ala 

terminus of bacterial peptidoglycan.(51, 52) Subsequent glycosylation reactions, mediated by 
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dedicated glycosyltransfera⁠ses, attach s⁠ugar moieties that enhance solubility, stability, and 

antibacterial potency.(51) 

Insights from Actino⁠planes teichomyceticus have been particularly influentia⁠l in defining the 

archite⁠ctural logic of GPA biosynthetic clusters, as early cloning and f⁠unctional characterisation 

of the teicoplanin BGC established a template for understanding vancomycin biosynthesis.(53) 

Insights from Actino⁠planes teichomyceticus have been particularly influentia⁠l in defining the 

archite⁠ctural logic of GPA biosynthetic clusters, as early cloning and f⁠unctional characterisation 

of the teicoplanin BGC established a template for understanding vancomycin biosynthesis.(53) 

Recent studies highli⁠ght that biosynthetic gene cluster⁠s often co-loca⁠lise self-resistance 

d⁠eterminants, such as⁠ vanHAX-like operons, ensuring producer survival during⁠ antibiotic syn

thesis.(54) This genomic organisation reflects evo⁠lutionary pressure to balan⁠ce antibiotic 

production with cellular protection⁠ and has important implicatio⁠ns for resistance mitigation 

str⁠ategies. 

Ad⁠vances in met⁠abolic engineering and genome editi⁠ng have further expanded understan⁠ding of⁠ 

t⁠he natu⁠ral pathway. CRISPR/Cas9-mediated ma⁠nipulation of GPA producers has enabled precise 

interrogation of regulatory genes, boundary elements of BGCs, an⁠d competi⁠ng metabolic nodes, 

revealing opportunities to enhance vancomycin yield or generate novel de⁠rivatives.(55) Parallel 

metabolic engineer⁠i⁠ng of precursor pathways, particul⁠arly the shikimate⁠ and aromat⁠ic amino acid 

pathways, has demonstrated that precursor availability is a critical bottleneck i⁠n glycopeptide b

iosynthesis.(50) 

B⁠eyond native biosynthesis, e⁠n⁠zymatic flexibility within the NRPS and tailori⁠ng⁠ systems allows 

peripheral modifications that form the biochemi⁠cal foundation for semisynthetic v⁠ancomycin 

derivatives. E⁠nzymatic oxidation, halogenation, and glycosylation steps create chemically add

ressable positions that can be exploited for derivative development, as demonstrated in 

mechanistic studies of GPA tailoring en⁠zymes.(52) 

The natural biosy⁠nthetic pathway of vancomyc⁠in hydrochloride, exemplifie⁠d by Ac⁠tin⁠oplanes 

teichomyceticus and refined throu⁠gh Amycolatopsis genomics, represents a highly regulated, mo

d⁠ular, and evolutionarily optimised system. Contemporary genomic, transcriptomic, and metabo

lic engineering st⁠u⁠dies have t⁠ransformed this pathway from a descriptive model into a platform 

for rational yield improvement, resistance management, and derivative innovation.(48, 49, 55, 56) 
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Structure-2: Vancomycin Biosynthesis Pathway 

 

G⁠lycopeptides such as⁠ vancomycin are antibiotics of last resort whose bio⁠synthetic pathways still 

h⁠old u⁠ndefined details. Chemical probes were use⁠d to capture biosynthetic intermediates generated 

in t⁠he nonribosomal peptide formation of va⁠ncomycin in vivo. The putative intercep⁠ted 

intermediates were characterised via HR-LC-MS2. These species provided insights into the⁠ timing 

of the first chlorination of the peptide backbone by the halog⁠enase V⁠haA: this holds significant in

terest for enzyme e⁠ngineering towar⁠ds the making of novel glycopeptides.(57) 

 

Table-3: Natural Biosynthetic Pathway of Vancomycin Hydrochloride  

(Actinoplanes teichomyceticus Model) 

Biosynthetic 

Stage 

Key Enzymes / 

Genetic Elements 

Biochemical Role Impact on Yield, 

Structure, or 

Activity 

Key 

Refere

nces 

Biosynthetic 

Gene Cluster 

(BGC) 

Organization 

NRPS genes, tailoring 

enzymes, transporters, 

regulatory and 

resistance genes 

Coordinates 

vancomycin 

biosynthesis 

through clustered 

gene expression 

Tight gene clustering 

ensures 

synchronized 

production and self-

resistance 

(49, 

53, 56) 

Precursor 

Supply 

Pathways 

Shikimate pathway 

enzymes (aromatic 

amino acid 

biosynthesis) 

Supplies non-

proteinogenic 

amino acids for 

NRPS assembly 

Precursor limitation 

is a major 

bottleneck; pathway 

engineering 

increases yield 

(48, 

50) 
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NRPS-

Mediated 

Heptapeptide 

Assembly 

Multi-modular NRPS 

complexes 

Sequential 

condensation of 

seven amino acids 

into a linear 

peptide 

Determines core 

scaffold; accuracy 

critical for biological 

activity 

 

(51),(4

9) 

Oxidative 

Phenolic 

Cross-Linking 

Cytochrome P450 

monooxygenases 

Forms rigid, cup-

shaped aglycone 

via aromatic 

cross-links 

Essential for high-

affinity D-Ala-D-Ala 

binding and 

antibacterial potency 

(51, 

52) 

Glycosylation 

Reactions 

Glycosyltransferases Attachment of 

sugar moieties to 

aglycone 

Enhances solubility, 

stability, and 

pharmacokinetic 

properties 

(51, 

53) 

Pathway-

Specific 

Regulation 

Transcriptional 

regulators within BGC 

Modulates 

expression of 

biosynthetic 

enzymes 

Strongly influences 

final vancomycin 

yield and 

productivity 

(48, 

55) 

Self-Resistance 

Mechanisms 

vanHAX-like 

resistance genes 

Protects producer 

organism from 

antibiotic toxicity 

Enables high-level 

intracellular 

accumulation during 

biosynthesis 

(54) 

Comparative 

Pathway 

Conservation 

Homologous NRPS 

and tailoring genes in 

A. teichomyceticus and 

Amycolatopsis spp. 

Establishes 

conserved GPA 

biosynthetic logic 

Supports pathway 

engineering using 

cross-species 

insights 

(53, 

56) 

Genome 

Editing & 

Pathway 

Engineering 

CRISPR/Cas9 systems Targeted 

modification of 

regulatory and 

biosynthetic genes 

Enables rational 

yield improvement 

and pathway 

optimization 

(55) 

Basis for 

Semisynthetic 

Derivatives 

Flexible tailoring 

enzymes and 

modifiable aglycone 

positions 

Enables post-

biosynthetic 

chemical 

modifications 

Foundation for 

developing improved 

vancomycin 

derivatives 

(51, 

52) 

 

4.2. Genetic and enzymatic mechanisms of production 

The genetic and enzymatic mechanisms of vancomycin hyd⁠rochloride production are intricately 

coordinated processes involving a suite of biosynthetic gene c⁠lusters (BGCs), regulatory systems⁠, 

resistance genes, and enzymatic steps that ensure structural fidelity and high-yield synthesis in ac

tinomycetes such as Actinoplanes teichomyceticus. 

The biosynthetic gene cluster responsi⁠ble for vancomycin production en⁠codes both core 

biosynthetic enzymes and accessory proteins involved in regulation, transport, and resistanc⁠e. A 

pivotal study by Xu et al. (2020) elucidated the role of vanHAX, vanRS, and vanY genes within 
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these BGCs, high⁠lighting how they co-evolve to⁠ p⁠rovide self-resistance and⁠ feedback regulat⁠ion 

in producer organisms, safeguarding against autotoxicity during vancomycin synthesis.(54) 

Advancing this understanding, a 2⁠021⁠ publication in ACS Central Science employed a phylogeny-

info⁠rmed genome mini⁠ng approach (GPAHex) to identify novel Type V glycopeptide BGCs from 

Actinopl⁠anes species. The study revealed how certain cross-l⁠inking enzymes⁠ and transcrip⁠tional 

regulators govern the complex o⁠xidative cyclisati⁠on processes critical to vancomycin scaffold 

formation.(58) These discoveries contribute to a deeper understanding of domain-specific 

enzymology, including the unique activiti⁠es of P450 monooxygenases and halogenases involved 

in tailoring the final glycopeptid⁠e product. 

From a genetic engineering perspective, CRISPR/Cas9-mediated genome editing has emerged as 

a transformative strategy for⁠ modifying antibiotic-producing actinomycetes. Notably, a 2023 st

udy demonstrated successful deletion and activation of silent BGCs in Amycolatopsis 

keratiniphila, a related vancomycin producer, resulting in enhanced yields. These findings are 

translatable to A. teichomyceticus, offering new methods to optimize genetic circ⁠uits that control 

antibiotic output.(55) 

At the enzymatic level, the formation of vanco⁠mycin⁠’s distinctive three-rin⁠g structur⁠e is cata⁠lyzed 

by a multi-enzyme⁠ oxidative cascade. A study in Organic Letters described how this cascade drive⁠s 

tricyclization of line⁠ar heptapeptide precursors, establishing the rigid aromatic framework 

responsibl⁠e for binding bacter⁠ial cell wall precur⁠sors.(59) T⁠hese reactions are catalyzed by 

oxidative enzymes that perform regioselec⁠tive phenolic couplings, which are crucial for antibiot

i⁠c acti⁠vity. 

Finally, an expansive 2024 review in Microbial Cell Factories underscored how metabolic 

engineering and synthetic biology tools such as promoter refactoring⁠ and regulator overexpression 

(e.g., kasO* and ermE* insertions) can signif⁠icantly boost biosynthetic efficiency. These 

i⁠nterventions activate cryptic genes and redirect metabolic flux toward vancomycin production, 

offering a blueprint for future industrial-scale synthesis of glycopeptides in A. 

teichomyceticus.(60) 

 

4.3. Analytical and Characterisation Techniques 

The analytical a⁠nd characterisati⁠on techniques for vancomy⁠cin hydrochloride (VHCl) have 

advanced considerably, e⁠nabling high⁠er sensitivi⁠ty, specificity, and versatility in di⁠verse bio⁠logical 

and pharmaceutical matrices. Recent studies showcase an array of modern analytical tools that are 

pivotal for therapeutic monitoring, pharmacokinetics, impurity profiling, and quality⁠ control of 

this critical glycopeptide a⁠ntibiotic. 

One of the most in⁠novative developments involves the use of surface molecularly imprinte⁠d solid-

phase extracti⁠on (SMI-SPE) combined with HPLC–MS/MS for plasma sample analysis. This tech
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nique offers exceptional selectivity⁠ by mimicking vancomycin's molecular structure in the 

extraction phase, achieving ult⁠ra-low detection limit⁠s (LOD: 0.5 ng/⁠mL), and is highly effective 

for clinical sample cleanup and quantification.(61) 

In pursuit of greener analytical solutions, si⁠lver nanoparticle-enhanced nano-fluorimetric methods 

have been suc⁠cessfully applied to the quantification of VHCl in both pharmaceutical and 

biological matrices. This environmentally friendly approach not only improves the sensitivity and 

detection efficiency but also eliminates the need for toxic solvents and lengthy sample preparation 

p⁠roce⁠dures, represent⁠ing a significant stride toward sustainable pharmaceutical⁠ analysis.(62) 

Another high-throughput strat⁠egy utilizes ultra-high-performance liquid chromatography tandem 

mass sp⁠ectrometry (UHPLC–MS/MS) coupled with micro-SPE for therapeu⁠tic drug monitoring 

in plasma. This method demonstrates outstandin⁠g linearity (0.5–10⁠0 µg/mL) and is especially 

suited for real-time therapeutic assessments, allowing clinicians to tailor dosing strategies for cri

t⁠ically ill patients receiving vancomycin.(63) 

In the realm of impurity profiling, a groundbreaking study has employed two-dimensional 

preparative liquid chromatography (2D Prep LC) followed by⁠ LC–MS and NMR to isola⁠te and str

ucturally characterise a previously unidenti⁠f⁠ied im⁠purity in V⁠HCl. The combination of these 

techniques all⁠owed for the e⁠lucidation of⁠ a novel N-methylmethionine analogue, h⁠ighlighting the 

importance of multidimensional separation and spectroscopic analysis in pharmaceutical quality 

control.(64) 

Additionally,⁠ HPLC–UV remains a robus⁠t and widely adopted method for pharmacokinetic and 

bio⁠distribution studies. A validated p⁠rotocol has been used to detect VHCl in rat plasma, skin, and 

lymph nodes with a limit of detection as low as 0.05 μg/mL,⁠ complying with both FDA and⁠ EMA 

regulatory standards. This method has proven essent⁠ial for pre-clinical drug disposition 

studies.(65) 

Collectively, these cutting-edge meth⁠ods underscore th⁠e critical role⁠ of advanced an⁠alytical 

technol⁠ogies in impro⁠ving the clinical effi⁠cacy, safety, and q⁠uality assur⁠ance of van⁠c⁠omycin 

hydrochloride. Each technique offers unique stre⁠ngths tailored to specific research or clinical 

needs, from therapeutic monitoring to environmental sustainability and structural characterisation. 

 

5. MECHANISM OF ACTION AND PHARMACODYNAMICS 

 

5.1. Target Binding and Inhibition of Peptidoglycan Synthesis 

Targe⁠t⁠ Binding and Inhibition of Peptidoglycan Synthesis by V⁠ancomycin Hydrochloride 

Vancomycin hydrochloride (VH), a clinically v⁠ital glycopeptide antibiotic, exerts its bacterici⁠dal 

activi⁠ty by specifically targeting the D-Ala-D-Ala dipeptide terminus of peptidoglycan precursors 

in Gram-positive bacteria, t⁠hereby obstructing cell wa⁠ll b⁠iosynthesis. Its mechanism hinges on a 
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sophisticated hydrogen bonding network, which tightly anchors the antibiotic to i⁠ts target, preventi

ng transpeptidation and transglycosyl⁠ation rea⁠ctions essential for peptidoglyc⁠an polymerisatio

n.(66) Recent crystallographic studies h⁠ave elucidated the structural basis for both target rec

ognition and resistance mechanisms. Notably, the VanA lig⁠ase, ex⁠pr⁠es⁠se⁠d in resistant En⁠terococci, 

catalyses the substitution of D-Ala-D-A⁠la with D-Ala-D-Lac, causin⁠g the loss of⁠ a cruc⁠ial 

hydrogen bond a⁠nd a significant decrease in vancomycin bin⁠ding affinity.(67) This biochemical 

alteration reduces binding efficiency by ~1,000-fold, t⁠hereby rendering VH largely ineffective in 

resist⁠ant strains. Furt⁠her investigations revealed that VH for⁠ms dimers and even hi⁠gher-order 

supercomplexes via hydrophobic⁠ and hydrogen bond-mediated interactions, which enhance its a

ffinity for lipid II intermediate⁠s embedded in the bacte⁠rial membrane.(68) This supramolecular b

indin⁠g is critical to its inhibitory functi⁠on, reinf⁠orcing its interaction with the growing pepti

doglycan chain. In response to the challenge of resistance, re-engineered vancomycin analogue⁠s 

have emerged, incorpora⁠ting modifications that allow dual recognition of both D-Ala-D-Ala and 

D-Ala-D-Lac termi⁠ni.(69) T⁠hese compounds resto⁠re potent activity agains⁠t vancomycin-resistant 

enterococci (VRE), confirming the flexibility and tunabi⁠lity of VH’s glycope⁠ptide core scaffold.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure-1: Schematic for PGCL synergistic antibacterial activity on Gram-positive bacteria 

over Gram-negative bacteria(69) 

 

Interestingly, VH analogues can also inhibit pept⁠idoglyc⁠an biosynthesis ind⁠ependently of the 

canonical D-Ala-D-Ala bind⁠ing. Studies hav⁠e demonstrated that aromatic side-chain modificati

ons all⁠ow some⁠ derivatives to disrupt transglycosylation, a vital ste⁠p in cell wall elongation, even 
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without high-affinit⁠y dipeptide binding.(70)  This uncovers an auxil⁠iary mechanism by which VH 

can co⁠mpro⁠mise bacterial cell wall integrity. Advanced chemical ligation strategies have also been 

developed to selectively tether vancom⁠ycin to the bacterial cell wall through covalen⁠t interactions 

with peptidoglycan motifs, significan⁠tly incr⁠easing local antibioti⁠c concentra⁠tion and sp

ecificity.(71) These tools enhance efficacy and reduce o⁠ff-targ⁠et toxicity, offering novel delivery 

methods. Quantitative characterisation via mass s⁠pectrometry has provided precis⁠e mapping of 

pepti⁠doglycan structural variants in susceptible vs. resistant strains,⁠ correlating these modificatio

ns to v⁠ariations in VH binding. (72) Additionally, glycopeptide analogues like desleucyl-oritava

ncin have been shown to bind multiple sites within the bacterial wall, inhibiting crosslinking 

enzymes and further confirming the versatili⁠ty of VH's mechanism.(71) Compre⁠hensive reviews 

have outlined the hyd⁠rogen bond-driven recognition mechanisms at the atomic level and described 

h⁠ow these interactions are influenced by changes in peptidoglycan architecture.(73) 

 Moreover, efforts to⁠ redesign vanc⁠omycin⁠ molecules with expanded antibacterial capab⁠ilities 

have demonstrated their potential⁠ not only to bind modified tar⁠gets but also to induce membrane 

disruption, a dual mode of ac⁠tion that significantly reduces the⁠ lik⁠elihood of resi⁠stance 

emergence.(74)  

In the realm of real-time imaging, nanoscale⁠ photothermal spectroscopic studies h⁠ave visu⁠alised 

VH interactions with bacterial peptidogly⁠can in live cells, of⁠fering unprecedented insight into the 

spatiotemporal dynamics of antibiotic binding.(14) 

 

 

 

Figure-2: Mechanism of vancomycin 

 

Mechanism of v⁠ancomycin action and resistan⁠ce: This diagram shows only one of two ways 

vancomycin acts against bacter⁠ia (inhibit⁠ion⁠ of cell wa⁠ll cross-linking) and on⁠ly one of many⁠ ways 

that bacteria can become resist⁠ant to it.  

1. ⁠Vancomycin is added to the bacterial environment while it is trying to synthesise a new cell 

wall. Here, the cell wall strands have been synthes⁠ised, but not yet cross-linked.  
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2. Vancomycin recognizes and binds to the two D-⁠ala residues on the end of the peptide chains. 

Howe⁠v⁠er, in resista⁠nt⁠ bacteria, the last D-ala residue has been replaced by a D-lactate, so 

vancomycin cannot bind.  

3. In the⁠ resistant bacteria, cross-links are successfully forme⁠d; still, in the nonresis⁠tant (sensitive) 

bacteria, the vancomycin bound to the peptide chains prevents them from interacting prop⁠erly 

with the cell wall cro⁠ss-linking enzyme. 

4. In the resistant bacteria, stable cross-links ar⁠e formed. In the sensitive bacteria, cross-links 

cannot be form⁠ed, and the cell wall falls apart⁠. 

 

 MECHANISM OF ACTION: Vancomycin targets bacterial cell wall synthesis by binding to the 

basic building block of the bacterial cell wall of Gram-positive bacteria, whether it is of aerobic o

r anaerobic type. Specifically, vancomycin forms hydrogen⁠ bonds with the D-alanyl-D-alanine (D-

Ala-D-Ala) peptide motif of the peptidoglycan precursor, a comp⁠onent of the bacte⁠rial cell wall. 

Peptidoglycan is a pol⁠ymer t⁠hat provides structural support to the bacteria⁠l cell wall. The 

peptidoglycan precursor is synthesised in the cyto⁠plasm and then tran⁠sported across the 

cytoplasmic membrane to the periplasmic space, where i⁠t is assembled into the cel⁠l wall. The 

assembly process involves two enzymatic activ⁠ities: transglycosylation and transpeptidation.⁠ 

Transglycosylation involves the⁠ polymerisation of the peptidoglyc⁠an precursor into long chains, 

while trans⁠peptidat⁠ion involves the cross-linking of these chains to form a three-dimensional 

mesh-like structure.(75) 

Vancomycin inhib⁠its bact⁠erial cell wall synthesis by binding to t⁠he D-Ala-D-Ala peptide motif of 

the peptidoglycan precursor, thereby preventing its proce⁠ssing by the trans⁠glycosylase; as such,⁠ 

vancomycin disrupts the transglycosylation activity of the cell w⁠all synthesis process. The 

disruption leads to an incomplete and corrupted cell wall, which⁠ makes the replicating bacteria 

vulnerable to external forces such as osmotic pressure, so that the bacteria cannot survive and are 

eliminated by⁠ the immune system.(75) 

Gram-negative bacteria are insensitive to vancomycin due to their different cell wall morphology. 

The outer membrane of Gram-negative bacteria⁠ contains lipopolysaccharide, which acts as a 

barrier to vancomycin penetration. That is why vancomycin is mainly used to treat infections 

caused by Gram-positive bacteria. (75) 

 

5.2. Synergistic Effects with Other Antibiotics 

Vanc⁠omycin hydrochloride (VH), a potent glycopeptide antibiotic, remains a frontline treatment 

against Gram-posit⁠ive pathogens, pa⁠rticularly Staphylococcus aureus. However, the emergence of 

vancomycin-i⁠ntermediate (VISA) and heterogen⁠eous VISA (hVISA⁠) strains has prompted the 

strategic use of antibiotic combinations to restore and enhance their efficacy. Recent high-impact 
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studies have shed light on the synergistic interactions between VH⁠ and variou⁠s antib⁠iotic classes, 

o⁠ffering promising clinical implications. One notable approach is the combination of vancomycin 

with β-lactam antibiotic⁠s, such a⁠s oxacillin, cefazolin, and cefoxi⁠tin. This synergy enhances cell 

wall permeability,⁠ facilitating increased VH penetration⁠ and bactericidal activity, especially 

against MRSA strains with reduced vancomycin susceptibilit⁠y.(76) The mechanistic rationale 

behind this synergy lies in β-lactams' ability to disrupt peptido⁠glycan synthesis, weakening the 

bacterial envelope and improving VH access to its target. Si⁠milarly, nafci⁠llin, a β-⁠lactam agent,⁠ 

h⁠as demons⁠tr⁠ated significant synergy with vancomycin in hVIS⁠A strains. When use⁠d in an in vitro 

pharmacokinetic/pharmacodynamic (PK/PD) model, this combination significantly improved 

bacterial kill⁠ rat⁠es compared to monotherapy, suggesting its therapeutic potential in persistent 

MRSA infections.(77) 

Beyond β-lacta⁠ms, gen⁠tamicin, an a⁠minoglycoside, has shown synergistic effects with VH in 

eradicating S. aureus biofilms on biomaterials. Biofilm-associated infections are notoriously 

difficult to treat due to reduced antibiotic penetra⁠tion and metabolic dormancy of embedded cells. 

This combination effectively disrupts biofilm integr⁠ity and enhances ba⁠cterial cl⁠ea⁠rance on polyu

rethane surfaces, which is particularly relevan⁠t in orthopaedic and catheter-associated infect

ions.(78) 

Interestingly, vancomycin has also shown synergistic⁠ action with trimethoprim and nitrofurantoin, 

two antibiotics traditionally used against Gram-negat⁠ive organisms. In wild-type Escherichia coli, 

these combinations enhanced outer mem⁠brane permeability, allo⁠wing vancomycin normally 

ineffective against Gram-negative bacteria, to exhibit antibacterial activity⁠. This breakthrough 

opens the door for using VH i⁠n expanded bacterial spec⁠tra when paired with membrane-perturbing 

agents.(79) 

Fu⁠rthermore, recent research has emphasized that synergy between β-lactams and glyco/li

poglycopeptides like vancomycin an⁠d dalbavancin is maintained⁠ even i⁠n the ab⁠s⁠ence⁠ of the seesa

w effect. The se⁠esaw effect describes the inverse susceptibility of MRSA to β-lactams⁠ and 

glycopeptides; however, the study found that synergy persists despite this inverse re⁠lationship, 

underscoring a robust comb⁠inatorial effect indepe⁠ndent of⁠ susceptibility shifts.(80) 

 

5.3. Strategies to Achieve Higher Yield and Product Recovery of Vancomycin 

Hydrochloride 

 

5.3.1. Fermentation Optimisation 

Efficie⁠nt production of vancomycin hydrochloride fundamentally depends on optimising the 

fermentation stage, as this step determines the initial antibiotic titer⁠ produced by Amycolatopsis 

orientalis. 
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a) Carbon–Nitrogen Balance 

Optimising the carbon–nitrogen (C/N) ratio is critical⁠ for redirecting metabolic flu⁠x from biomass 

growth to secondary metabolite synth⁠esis. Studies demonstrate that slowly metabolised carb⁠on 

sources, such as maltodextrin, combined with c⁠omplex nitroge⁠n sources like soybean meal, sign

ificantly enha⁠nce vancomycin yield by sustaining antibiotic biosynthesis during the station⁠ary 

p⁠hase(81). Excessively ra⁠pid carbon utilisation, in contrast, suppresses glycopeptide production. 

b)  Phosphate Regulation 

Phosp⁠hate Regulation Phosphate acts as a global regulator of secondary metabolism. Controlled 

pho⁠sphate limitation has been shown to relie⁠ve repression of vancomycin biosynthetic gene 

clusters, resulting in higher antibiotic titer⁠s.(81, 82) Excess phosphate suppresses vancomycin 

formation despite adequate biomass accumulation. 

c) Sustainable Feedstocks and Inoculum Control 

The substitution of refined substrates with industrial residues (e.g., crude glycerol) maintains 

vancomycin yields while reducing production costs and improving susta⁠i⁠nability.(83) Precise 

inoculum control further ensures repr⁠oducibility by preventing exce⁠ssive biomass formation that⁠ 

competes with antibiotic synthesis .(83) 

d) Process Parameter Control 

Critical parameters such as pH, dissolved oxygen, aeration, agitation, and temperature must be tig

htly regulated. Pilot- and pla⁠nt-⁠scale studies confirm that maintaining optimal dissolved oxygen 

levels prevents metabolic stress and ensures consistent vancomycin titers during scale-up.(84) 

Respo⁠nse surface opt⁠imisation has demonstrated that small deviations in these parameters can 

sig⁠nificantly reduce⁠ yi⁠eld.(85) 

e) Medium Supplementation and Culture Mode 

Supplement⁠ation wi⁠th amino acids (e.g., glycine, phenylalanine, tyrosine) enhances precursor 

a⁠vailability for glycopeptide assembl⁠y, improving⁠ specific productivity.(82) Continuous or semi-

continuous fermentation strateg⁠ies further stabilise nutrient availability, leading to improved 

volu⁠metric productivity compared with batch systems.(82) 

Outcome: Fermentation optimisation can substantially increase crude vancomycin concentr⁠ation, 

f⁠orming a strong foundation for high fin⁠al product yield.(81, 85) 

 

5.3.2. Downstream Purification and Recovery 

Even with high fermentation titers, inefficient downstream processing can drasti⁠cally⁠ reduce 

overall yield. Therefore, purification optimisation is essential. 

a) Crystallisation Enhancement 

Improved crystalli⁠sation techniques, including controlled feeding, opti⁠mised mixing, and 

temp⁠erature regulation, enable near-quantitative recovery of vancomycin hydrochloride. Ion-e
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xchange-assis⁠ted crystallisation has been shown to achieve ~99% recov⁠ery while significantly 

reducing proce⁠ssing tim⁠e.(86) 

b) Adsorption and Resin-Based Purification 

M⁠odern purification strategies employ selective resins to adsorb⁠ vancomycin from fermentation 

broth⁠, minimising product loss during washing and elution steps. Patent-based processes 

demonst⁠rate that resin optimisation improves purity (>99⁠%)⁠ and increases overall recovery 

efficiency.(86) 

c) Reduction of Yield Loss During Multi-Step Processing 

Traditional purif⁠ication methods involving rep⁠eated pH shifts and recrystallisation steps are 

associated with cumu⁠lative yield losse⁠s. Process redesign, such as minimising unnecessary pH 

cycling and integrating purification steps,⁠ addr⁠esses these limitati⁠ons an⁠d impro⁠ves net prod⁠uc⁠t 

yield . 

d) Stability-Driven Process Optimisation 

Life-cycle and stability stu⁠dies h⁠ighlight fermentation and purification as the most resource-

intensive steps. Optimising solvent use, sterilisation cycles, and storage conditions reduces 

d⁠egradation ri⁠sks and enhances effective yield.(87) 

Outcome: Advanced crystall⁠isation and streamlined purification significantly increas⁠e re

coverable vancomycin hydrochloride from high-tit⁠er broths.(86) 

 

5.3.3. Statistical and Design-Based Optimisation Approaches 

To systematicall⁠y maximise yi⁠eld and ensure reprod⁠ucibility, statistical optimisation tools play a 

criti⁠cal role. 

a) Design of Experiments (DOE) 

Design of Experiments (DOE), including Box–Beh⁠nken and respons⁠e surfa⁠ce met⁠hodologies, 

enables si⁠multaneous evaluation of multiple variables while minimising expe⁠rimental runs. These 

approaches identif⁠y optimal parameter interaction⁠s that are not apparent through one-fac⁠tor-at-a-

time experiments.(85, 88) 

b) Process Robustness and Scalability 

DOE-guided optimisation enhances process robustness, ensuring that opt⁠imised conditions rema⁠in 

effective during scale-up. This is particula⁠rly important for fermentat⁠ion p⁠ar⁠ameters and 

formulation steps that⁠ influence vancomycin recovery.(85) 

c)  Yield Maximisation Beyond Fermentation 

Statistical design principles extend to formu⁠latio⁠n and microsphere development, where 

entrapment efficiency and recovery yield are maximised through controlled parameter 

optimisation.(88) 
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Outcome: Statistical design approaches ensure consistently high yield, reduced variability, and 

efficient scale-up of vancomycin hydrochloride production.(85, 88) 

 

Table-4: Strategies for Maximising Yield and Product Recovery of Vancomycin Hydrochloride 

Process Stage Key Parameter 

/ Method 

Optimized 

Approach 

Impact on Yield and 

Product Recovery 

Reference 

No. 

Fermentation 

Optimization 

Carbon source 

selection 

Use of slowly 

metabolized carbon 

sources (e.g., 

maltodextrin) 

Sustains secondary 

metabolism and 

increases vancomycin 

biosynthesis 

(81) 

Nitrogen source 

optimization 

Complex nitrogen 

sources such as 

soybean meal 

Enhances precursor 

availability and 

improves antibiotic titer 

(81, 82) 

Carbon–

nitrogen 

synergy 

Balanced C/N ratio Redirects metabolic flux 

from biomass growth to 

vancomycin production 

(81) 

Phosphate 

regulation 

Controlled phosphate 

limitation 

Relieves repression of 

van gene clusters, 

increasing yield 

(81, 82) 

Sustainable 

substrates 

Use of crude glycerol 

and industrial 

residues 

Maintains yield while 

reducing cost and 

improving 

reproducibility 

(83) 

Inoculum 

control 

Optimized inoculum 

size and age 

Prevents excessive 

biomass and ensures 

consistent production 

(83, 85) 

Process 

parameters 

Tight control of pH, 

dissolved oxygen, 

aeration, agitation 

Maintains metabolic 

stability and high titers 

during scale-up 

(84, 85) 

Culture mode Continuous or semi-

continuous 

fermentation 

Improves volumetric 

productivity compared 

to batch systems 

(82) 

Downstream 

Purification 

Crystallization 

strategy 

Controlled feeding, 

temperature, and 

mixing 

Achieves near-

quantitative recovery 

(~99%) of vancomycin 

HCl 

(86) 

Ion-exchange 

assistance 

Resin-based 

adsorption and 

elution 

Improves purity and 

minimizes product loss 

(86) 

Process 

integration 

Reduction of 

repeated pH shifts 

and recrystallization 

steps 

Minimizes cumulative 

yield loss during 

purification 

(88) 
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Stability 

management 

Optimized solvent 

use and storage 

conditions 

Prevents degradation 

and improves effective 

yield 

(87) 

Statistical & 

Design 

Approaches 

Design of 

Experiments 

(DOE) 

Box–Behnken and 

response surface 

methodology 

Identifies optimal 

parameter interactions 

with fewer experiments 

(85, 88) 

Multivariate 

optimization 

Simultaneous 

optimization of 

multiple variables 

Enhances robustness 

and reproducibility of 

yield 

(85) 

Scale-up 

validation 

DOE-guided pilot- 

and plant-scale 

translation 

Maintains high yield 

and process consistency 

at industrial scale 

(84, 85) 

Formulation 

optimization 

Statistical 

optimization of 

encapsulation/formul

ation variables 

Maximizes recovery 

and entrapment 

efficiency 

(88) 

 

5.4. Pharmacodynamic Targets (e.g., AUC/MIC) 

The pharmacodynamic evaluation of vancomycin hydrochloride has increasingly focused on the 

area under the concentration-time curve to minimum inhibitory concentration ratio (AUC/MIC) 

as a more accurate predictor of the⁠rapeutic efficacy and safety than traditional trough-base⁠d 

monitori⁠ng. This paradigm shift is supported by a growing body of clinical evide⁠nce emphasising 

the critical v⁠alue of reaching optimal AUC thresholds while minimising nephrotoxicity risk⁠. A m

ulticenter study examining enterococcal bacteremia revealed that an AUC₄₈/M⁠IC ≥ 400 was 

strongly correlated with favourable clinical outcomes, validating guideline recommendations for 

AUC-based dosing strategi⁠e⁠s. Sim⁠ilarly, research conducted on methic⁠illin-resistant coa

gulase-⁠negative staphylococci (MRCoNS) infections found tha⁠t achieving an AUC₂₄/MIC ≥ 373 

was signi⁠ficantly a⁠ssociated with treatment⁠ success and microbiological eradi⁠cation, reinforcing 

the relev⁠ance of this pharmacodynamic marker in diffi⁠cult-to-treat Gram-positive infections.(89) 

Real-world clinical implementation, howeve⁠r, presents chall⁠enges. A prospective observational 

study involving 114 patients demonstrated that reaching the recommended AUC range⁠ of 400–

650 mg·h/L is often diffic⁠ult under⁠ routine c⁠onditio⁠ns. Moreover,⁠ approximately 16% of patients 

developed acute kidney injury (AKI), emphasising the delicate balance between efficacy and renal 

safety.(90) In contrast, a multicenter analysis on the timing of AUC attainment indicated that 

achiev⁠ing pharmacodynamic targ⁠ets during the early phase of therapy enhanced therapeutic 

outcomes without significantly increasing⁠ nephrotoxici⁠ty.(91) 

In terms of healthcare system practices, a pharmacy-driven AUC⁠/MIC dosing protocol was 

assessed across a 12-⁠hospital network. Results show⁠ed no increase in nephrotoxicity compared to 

traditional trough-based monitorin⁠g while signific⁠antly improving adherence to blood⁠ sampling 
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schedules and protocol feasibility, showcasing a scalabl⁠e model for therapeutic drug monitoring 

(TDM).(92) 

these studies collectively demonstra⁠te that AUC/MIC is a c⁠linically validated and operationally 

feasibl⁠e pharmacod⁠ynamic target for optimising vancomycin hydrochloride therapy. Incorporating 

AUC-⁠guided dosing can lead to better clinic⁠a⁠l out⁠comes, particularly in severe infections, while 

simultaneously managing the risk⁠ of toxic⁠ity, provided that institutions are equipped to overcome 

the logistical barriers to its implement⁠ation. 

 

6. PHARMACOKINETICS AND DRUG MONITORING 

 

6.1. ADME Profile of Vancomycin Hydrochloride: A Research-Based Overview 

Vancomycin hydrochloride is a glycopeptide an⁠tibiotic widely used for treating se⁠ri⁠ous Gram-

positive infections, particularly those caused by methicillin-resistant Staphylococ⁠cus aureus 

(MRSA). Its pharmacokinetics exhibit considerable variability dependi⁠ng on patient demo

graphics, comorbid conditions, and organ function. Recent studies have deepened o⁠ur 

understanding of vancomyc⁠in’s Absorption, Distribution, Metabolism, and Excretion (ADME) 

profiles across vari⁠ous patient populati⁠ons. 

a) Absorption 

Vancomycin is characterised by negligible gastrointestinal absorption whe⁠n administered orally, 

which re⁠strict⁠s its systemic use to intravenous (⁠IV) administratio⁠n for most indications. The oral 

f⁠ormulation is reserved for l⁠o⁠cal effects in the gastro⁠intestinal tra⁠ct, such as in Clostridioides 

difficile infecti⁠ons. Studies focused on its systemic kinetics⁠, such as in post-liver transplant 

children or critically ill adults, confirm that therapeutic concentrations can only be reliably achieve

d through IV routes.,(93, 94) 

b) Distribution 

Once⁠ administered, vancomycin distributes widel⁠y throughout the body, though it demonstrates 

limited tissue penetration in so⁠me compartments. The⁠ vo⁠lume of distribution (Vd) varies 

s⁠ignificantly with patient physiology. Fo⁠r example, pediatric l⁠iver transplant recipients showed 

altered distribution parameter⁠s due to changes in flu⁠id balance and organ perfusion, which necessit

ate ca⁠reful therapeutic monitoring.(93) Similarly, obese⁠ adults and those on hemodialysis demons

tr⁠ated larger Vd valu⁠es, ind⁠icating the need for dose individualisation based on body weight and⁠ f

at composition.(95, 96) 

In elderly populations, distribution kinetics becom⁠e mo⁠re unpredictable, as demonstra⁠ted by 

machine⁠ learning-based models that incorporate multiple physiological predictors to enhance 

d⁠osing accu⁠racy.(97) M⁠oreover, a⁠ comprehensive population analysis spanning the human lifes⁠pan 
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reported that vancomyci⁠n’s Vd is lowest in neonates and increases w⁠ith age, peaking in late adul⁠tho

od before slightly⁠ declin⁠ing in elderly patients.(98) 

c) Metabolism 

Vancomycin undergoes minimal metabolism, making hepatic processing clinically insignificant. 

The drug is primarily excreted unchanged by the kidneys, which simplifies pharmacokinetic 

m⁠odelling but also amplifies the risk⁠ of accumulation in cases of renal impairment. This c

haracteristic has been validated in studies involving febrile neutropenic patients and the critically 

il⁠l, where altered renal clearance, not metabolism, played a pivotal⁠ role in determining vancomycin 

exposure and toxicity.(94, 99, 100) 

d) Excretion 

Excretion Renal cl⁠earance is the pr⁠edominant route for vancomycin elimination. It is excreted 

mainly by glomerular filtration, and any impairment in renal func⁠tion can dramatically affect 

serum drug levels. For instance, studies in obese patients on hemo⁠dialysis emphasised the need to 

tailor vancomycin loading and maintenance doses to accoun⁠t fo⁠r fluctuating clearance rates.(96) 

In patients with au⁠gment⁠ed renal clearance, such as those with hematologic mali⁠gnancies, higher 

doses may be necessary to reach th⁠erapeutic targets without underdosin⁠g.(99) 

Clearance variability has also be⁠en tied to clinical outcomes. In bacteremia caused⁠ by 

Enterococcus fa⁠ecium, suboptimal phar⁠macokinetic/pharmacodynamic (PK/PD) indices, such as 

reduced AUC/MIC rat⁠ios, were associated with increase⁠d mortality.(101) This underlines the 

clinical importance of achieving appropriate drug exposure via optimised exc⁠retion rates. 

Emerging Insights Recent nano-spectroscopy st⁠udies have added a novel layer to our 

underst⁠anding of vancomycin distribution, revealing how the drug i⁠nteracts with bacterial 

membranes at the subcellular level. Although not traditional⁠ly part of sys⁠temic ADME profiling, 

such findings provide insight into vancomycin’s mechan⁠ism of action and tissue targeting at 

microscopic res⁠olution. 

 

6.2. Trough-based vs. AUC-guided Dosing 

C⁠omparative Evaluation of Trough-Based versus AUC-Guided Dosing of Vancomycin 

Hydrochloride. Vancomycin remains the cornerstone treatment for se⁠ri⁠ous methicillin-resistant 

Staphylococc⁠us aureus (MRSA) infections; however, its narrow therapeutic index demands caref

ul⁠ therapeutic drug monitoring (TDM). Hist⁠orically, trough se⁠rum concentrations were used as a 

sur⁠roga⁠te to ensure adequate exposure. Recent clinical evidence increasingly favou⁠rs area-under⁠-

the-curv⁠e (AUC)–guided dosing due to improved clinical outcomes and lower nephrotoxicity risk. 
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Figure-3:  The exclusion criteria of this study were as follows: vancomycin duration of <48 h, 

hospital length of stay of <48 h, no available dosing strategy, patients on any type of dialysis, 

unstable renal function (as clinically determined and documented by the clinical pharmacist 

or a baseline serum creatinine of >1.9 mg/dL), and no vancomycin level ordered. There were 

2,507 patients in the trough group and 2,471 patients in the AUC group.(102) 

 

a) Limitations of Trough-Based Monitoring 

Trough levels often correlate poorly with true drug expo⁠sure, leading to potential under- or over-

dosing.(103) This imprec⁠isi⁠on is associa⁠ted with⁠ higher rates of vancomycin-induced acute kidney 

injury (AKI) because trough targets frequently exceed the expo⁠sure needed for optimal 

efficacy.(104, 105) Moreover, the timing of sampling in tro⁠ugh-based protocols is highly error-

prone, contributing to inconsistent thera⁠peutic attainm⁠ent .(106) 

b) Advantages of AUC-Guided Dosing 

AUC-guided dosing directly quantifies drug ex⁠posur⁠e, targeting an AUC24/MIC ratio of 400–600, 

which better refle⁠cts pharmacodyna⁠mic requirements for bacter⁠icidal activity.(107) Mul⁠tiple 

stu⁠dies demonstrate that transitioning to AUC-based monitoring in real-world healthcare⁠ systems 

r⁠educ⁠es nephrotoxicity without compromising efficacy .(104, 108) T⁠his advantage h⁠olds⁠ across 

diverse patient populations and clinical environments .(109, 110) Additionally, retrospective data 

show sig⁠nificantly lower AKI incidence⁠ when AUC estimation is used instead of trough-only 

approaches .(111) 
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c) Implementation and Real-World Practice 

Despit⁠e strong recommendations from updated clinical gu⁠idelines, a survey of hospital syste⁠ms 

reveals substantial gaps in national adoption of AUC-based TDM, with barriers including staffing 

limitation⁠s, lack of⁠ Bayes⁠ian software, and training deficits.(112) Nevertheless, hospitals t⁠hat 

implemented AUC-guided programs reported marked improvem⁠ents in safety outcomes and target 

attainment.(107),(110) Continued evaluation highl⁠ig⁠hts the necessity for standardised timing and 

workflow optimisation in all TDM⁠ app⁠roaches.(106, 113) 

d) Clinical Implications 

Collect⁠ively, these findings indicate that AUC-guided dosing provides superior⁠ precision in b

alanc⁠ing efficacy and toxicity, supporting a global shift away from troug⁠h-⁠based strategies. H

ealthcare institution⁠s adopting AUC-based Bayesian tools demonstrate better patient outcomes 

and alignment with pharmacokinetic-pharmacodynamic (P⁠K-PD) principles central to modern 

antimicrobial stewardship.(103, 108) 

 

Table-5: AUC based Bayesian tools clinical implementation summary 

Evidence Category Count Summary 

Randomised / Prospective 2 
AUC monitoring reduces nephrotoxicity and drug 

exposure burden 

Large Database / Multi-

centre 
3 

AUC improves safety + more precise PK-PD goal 

attainment 

Implementation Studies 3 Safe adoption is feasible, improves target alignment 

Systemic Review / Meta-

Analysis 
1 Strong confirmation of reduced nephrotoxicity 

Survey Data 1 Adoption gap persists globally 

 

6.3. Population-Specific PK Considerations (Paediatrics, Elderly, CKD) 

 

6.3.1. Population-Specific Pharmacokinetic Considerations of Vancomycin Hydrochloride 

Vancomycin hydrochloride remains a fundamental therapeutic⁠ agent for s⁠evere gram-positive 

infections, yet its nar⁠row therapeutic index and substantial pharmacokinetic (PK) variability 

necessitate individualized dosing approaches. Diffe⁠rent p⁠atient populations including paediatrics, 

elderly individuals, and those with chronic kidney dysfunction exhibit significant alterations in va

n⁠comycin absorption, distribution, metabolism, and excretion, resulting in variable drug exposure 

and therapeuti⁠c uncertainty. 
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6.3.2. Vancomycin PK in Elderly Patients 

Ageing is associated with physiological decline in renal fu⁠nction, changes in body composition, 

and comorbidity-relate⁠d organ impairment, all⁠ of which di⁠r⁠ectly influence vancomycin PK. A 2025 

population PK model demonstr⁠ated that stan⁠dard creatinine-clear⁠ance-based dos⁠in⁠g ma⁠y 

overestimate vancomycin elimination in advanced-age patients, increasing the potential for toxic 

overexposure.(114) A companion study using multi-algorithm predictive analytics confirmed that 

conventional monitorin⁠g strategies fail to accurately reflect exposure in elderly patients, suppo

rting the need for model-informed do⁠sing to prevent nephrotoxicity while maintaining therapeutic 

efficacy.(115) 

6.3.3. PK Variability in Renal Dysfunction and Hemodialysis 

R⁠enal impai⁠rment leads to substantial reductions in vancomycin clearance, requiring significant 

dos⁠e adjustment. Critically ill p⁠atients undergoing mechanic⁠al circulatory support or continuous 

renal replacement therap⁠y (CRRT) experience rapidly⁠ changing renal function and extracorporeal 

elimination pathwa⁠ys. A 2024 PP⁠K analysis incorporated dynamic CRRT status, yielding 

improved clear⁠ance predictions and safer dosing guidance in unstable⁠ I⁠CU⁠ populations.(116) 

Similarly, individualised dos⁠ing strategies in CRRT and oliguria were shown to perform 

significantly be⁠tter than traditional fixed regimens due to large inter-⁠pa⁠tient variability in drug 

h⁠andling.(117) 

Patients receiving intermittent hemod⁠ialysis also demonstrate unique PK behaviour due to 

extrac⁠orporeal clearance fl⁠uctu⁠ations. A multinational study highlighted the need for optimised 

loading and post-dialysis dosing regimens to achieve appropriate AU⁠C24 targets without excessi

ve exposure.(118) Ne⁠urosurgica⁠l criti⁠cal care patie⁠nts, despite preserved renal function, exhibited 

unpredicta⁠ble PK variability linked to cerebral injury-associated⁠ physiological derangements, 

reinforcing the necessity o⁠f population-tailored dosing models in specialised ICUs.(119) 

6.3.4. Geographic and Ethnic Variability 

Distinct demographic characteristics further influence PK outco⁠mes. A study in Sudanese adults e

mphasis⁠ed the role of population-specific renal function baselines and physiological diversity 

when developing⁠ dosing guideli⁠nes.(120) In contrast, data from healthy Korean volunteers serve 

as a reference P⁠K baseline to support comparative dosing in disease-affected Asian population

s.(121) 
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Table-6: Pharmacokinetic Properties, Drug Monitoring, and Population-Specific 

Considerations of Vancomycin Hydrochloride 

Population / 

Study Focus 

Key Pharmacokinetic 

Findings 

Drug Monitoring 

Approach 

Clinical Implications Ref. 

No. 

Paediatric post-

liver transplant 

patients 

Increased interindividual 

variability in clearance 

due to altered hepatic 

function and fluctuating 

renal recovery post-

transplant 

AUC-guided TDM 

is superior to 

trough-based 

monitoring 

Standard dosing 

frequently 

underachieves 

therapeutic targets; 

individualised PK 

modelling is required 

(122) 

Critically ill 

adults 

Marked variability in 

volume of distribution 

and clearance; renal 

function alone 

insufficient to predict 

exposure 

Individualized PK 

parameter-based 

monitoring 

Early PK assessment 

improves target 

attainment and reduces 

nephrotoxicity risk 

(123) 

Obese adult 

patients 

Body weight 

significantly impacts 

volume of distribution; 

clearance not linearly 

proportional to total body 

weight 

Population PK–

guided initial 

dosing 

Weight-based dosing 

without modeling 

leads to subtherapeutic 

or toxic exposure 

(124) 

Obese patients 

on 

haemodialysis 

Dialysis modality 

strongly affects 

vancomycin clearance; 

delayed redistribution is 

observed 

Model-informed 

loading dose 

strategies 

Individualised loading 

doses are essential to 

rapidly achieve 

therapeutic AUC 

(125) 

Elderly patients Reduced renal clearance 

and prolonged half-life; 

high PK variability 

despite similar serum 

creatinine 

Machine-learning-

assisted PK 

prediction 

Conventional dosing 

risks accumulation and 

toxicity in older adults 

(115) 

All age groups 

(lifespan 

analysis) 

Age-dependent changes 

in clearance and 

Population PK 

models across the 

lifespan 

Uniform dosing 

recommendations are 

(126) 
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distribution from 

neonates to the elderly 

inadequate across age 

extremes 

Hematologic 

malignancy 

with 

neutropenia and 

ARC 

Augmented renal 

clearance leads to 

subtherapeutic exposure 

AUC-based dose 

optimisation 

Higher or more 

frequent dosing is 

needed to avoid 

treatment failure 

(127) 

Febrile 

neutropenia in 

hematologic 

malignancy 

Altered PK parameters 

due to inflammation and 

renal hyperfiltration 

Bayesian software-

guided dosing 

Bayesian TDM 

improves early target 

attainment 

(128) 

Enterococcus 

faecium 

bacteremia 

Higher AUC/MIC 

associated with reduced 

mortality 

PK/PD-driven 

exposure 

assessment 

Achieving PK/PD 

targets is prognostic 

for survival 

(129) 

Real-world 

hospital 

practice (mixed 

populations) 

Trough levels poorly 

correlate with AUC 

Pharmacist-driven 

Bayesian AUC 

monitoring 

Transitioning away 

from trough-based 

monitoring improves 

safety and efficacy 

(103) 

Mixed adult 

cohort (AKI 

outcomes) 

Excessive AUC 

exposure is strongly 

linked to acute kidney 

injury 

AUC-based TDM 

using propensity-

weighted analysis 

AUC-guided 

monitoring reduces 

AKI incidence and 

optimises utilisation 

(104) 

 

7. CLINICAL APPLICATIONS AND THERAPEUTIC INDICATIONS 

 

Vancomycin hydrochloride remains a cor⁠nerstone antimicrobial agent for the management of 

serious Gram-positive infections, particularly those caused by methicillin-resistant 

Staphylococcus aureus (MRSA), co⁠agulase-nega⁠tive⁠ staphylococci⁠, and Enterococcus 

species.(130) It is routinely used in clinical practice for bacteraemia, endocarditis, pneumonia, 

meningitis, osteomyelitis, and skin/soft-tissue infections where resi⁠st⁠ant pathog⁠ens are suspected 

or confirmed .(130) 

Given its narrow th⁠erapeutic index, therapeutic drug monitoring (TDM) plays a critical role i⁠n 

ensuring op⁠timal clinical outcomes and minimizing ne⁠phrotoxicity. Current recommendations 

emphasize AUC24/M⁠IC-guided dosing over traditional trough-base⁠d monitori⁠ng, enabling 

imp⁠roved precision in managing both underexposure and to⁠xicity risks.(130) 

LIBERTE JOURNAL (ISSN:0024-2020) VOLUME 14 ISSUE 1 2026

PAGE NO: 328



In addition to therapeutic use, vancomycin has been incorporated into periopera⁠tive prophyl⁠axis 

settings, particular⁠ly in orthopedic and spin⁠e surgery when MRSA colonization risk or β-lactam 

allergy exi⁠sts .(131) However, emerging evidence suggests a need for caution: routine prophylactic 

use may⁠ no⁠t consistently improve postoperative infection outcomes and could contribute to 

antimicrobial resistance and dysbiosis if applied without prope⁠r ste⁠wardship⁠ justification.(131) T

herefore, prophylactic use should be s⁠elective⁠ and risk-s⁠tr⁠atified, a⁠ligning with infe⁠ction-

preventi⁠on guidelines. Overall, while vancomycin continues to serve as a preferred agent⁠ against 

resistant Gram-positi⁠ve infections, evolving stewardship pe⁠rspectives and safety considerat⁠ions 

demand pat⁠ien⁠t-specific decision-making, robust TDM practices, and ongoing evaluation of 

clini⁠cal indication appropriateness.(130, 131)  

               

 

Figure-4: Simplified flow diagram of study selection for the narrative review. A total of 13 

studies met the inclusion criteria and were included in the synthesis.(131) 

 

7.1. Treatment of MRSA and Gram-Positive Infections 

Vancomycin Hydrochloride in the Treatment of MRSA and Other Gram-Positive Infections 

Vanco⁠mycin hydrochloride remains one of the primary therapeutic agent⁠s for managing serious 

methic⁠illin-resistant Staphylococcus aureus (MRSA) and other Gram-positive infections due to it⁠s 

ability to inhibit cell-wall synthesis in resistant organ⁠isms.(132) Although alternative antibiotics 

h⁠ave emerged, vancomycin continues to be widely used in bloodstream infections, pneumonia, 

endocarditis, and compli⁠cated skin/so⁠ft-tissue infections where MRSA is suspected or 

confirmed.(133) 
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Ho⁠wever, evolving antimicrobial resistance and concerns regarding toxicity ha⁠ve prompted co

mparati⁠ve evaluations of vancomycin versus newer or combinat⁠ion therapies. A recent network 

meta-analysi⁠s found that while⁠ vancom⁠ycin remains clinically effective, certain regimens such as 

linezolid or minocycline combined with rifampin, demon⁠strated superior clinical cure rates in 

some MRSA cases.(132) These results indicate that although vancomycin is effective, alternative 

therapies may⁠ provide improved outcomes depending on patient-specific and infection-specific 

characteristics. In S. aureus bact⁠eremia, vancomycin remains an im⁠portant option when β-lac⁠tam 

antibiotics are ineffective or contraindicated.(133) A systemati⁠c review showed it contin⁠ues to achi

eve satisfactory⁠ microbiological eradi⁠cation;⁠ however,⁠ its use was associated with⁠ a high⁠er 

inci⁠dence of adverse reactions compared to some alternative agents.(133) This highlights the 

importance of precisi⁠on dosing and therapeutic drug monitoring to balance⁠ effectiveness with 

nephrotoxicity risk. ⁠Emerging evidence also supp⁠orts the use of vancomycin in combination 

with β-lactam antibiotics to enhance bactericidal ac⁠tivit⁠y against MRSA. Recent clinical and in-

vitro findings demonstrate that adjun⁠ctive β-lactam therapy may⁠ impro⁠ve bacterial clearance rates 

and reduce treatment fai⁠lures compared t⁠o vancomycin monoth⁠erapy.(134)  This synergistic 

strategy may be particularly beneficial in severe or persistent MRSA bacteraemia. Va⁠ncomycin 

remains a cornerstone therapeutic option for Gram-positive infections; however, cli⁠nical decisio

n-making must⁠ consider evolving comparative effectiveness data, risk-benefit profiles⁠, and 

opportunities to optimize outcomes through combi⁠nation therapy or alternative antimicrobials 

when appropriate. 
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                                  Figure-5: The flowchart of literature filtering(134) 

7.2. Use in Surgical Prophylaxis and Implant Infections 

Vancomycin hydrochloride has become a strategic adjunct in surgical prophylaxis, particularly in 

procedures where the risk of Gram-positive or implant-as⁠sociated infections is pronounced. Evide

nce fr⁠o⁠m recen⁠t randomised trials and meta-analy⁠ses de⁠monstrates t⁠hat targeted perioperat⁠ive or 

intrawound vancomycin use can meaningfully reduce pos⁠toper⁠ative infection rates without 

introdu⁠cing signifi⁠cant safety concerns. 

Intrawo⁠und administration of vanc⁠omycin powde⁠r is supported by emerging high-quality 

evidence. The VANCO r⁠andomis⁠ed, controlled multice⁠ntre trial protocol outlines a rigorous ap⁠pr

oach to evaluating the prophylactic effect of vancomy⁠cin powder in instrumented posterior spin⁠al 

fusion, addressing a major s⁠ource of postoperative morbidity in spine surgery.(135) This trial 

reflects t⁠he increasing need for locally applied agents that can reach therapeutic concen⁠trations at 

the surgical site while min⁠imising sy⁠stemic exposure. In joint arthroplasty, the addition of in

trave⁠nous vancomycin to standard cefazolin has been re⁠assessed. F⁠indings show that r⁠outine co-

administration provides l⁠imi⁠t⁠ed incremental benefit and is often un⁠necessary,⁠ suggesting that cl

inicians should reserve dual pro⁠phylaxis for patients with documented MRSA colonisation or beta-

lactam allergy.(136) This aligns⁠ with a more individu⁠alised⁠ antimicrobia⁠l s⁠tewardship approach. 

Local vancomycin delivery continues to dem⁠onstrate substantial preventive benefit in orthopa⁠edi⁠c 

sport⁠s proce⁠dures. A sys⁠tematic review and meta-analysis on anterior cruciate ligament (ACL) 

reconstruction repo⁠rts th⁠at graft pre-soaking in vanco⁠myc⁠in significantly 

reduces postoperativ⁠e infection risk, a critical factor in preventing graft failure and repeat 

surgery.(137) Such techniques broaden vancomycin’s utility beyond traditional sy

stemic prophylaxis. 

Similarly, in total joint arthroplasty, multiple analyses confirm that intraoperative vancomycin 

powder application markedly reduces infection rates, particularly p⁠eriprosthetic joint infection 

(PJI), which remai⁠ns one of the most challenging postoperati⁠ve complications.(138) The localized 

appl⁠ic⁠ation minimizes systemic toxicity concerns while addres⁠sing biofilm-forming o⁠rganisms. A 

comprehensiv⁠e meta-analysis evaluating vancomycin powder acro⁠ss hip and k⁠nee arthroplasty 

further supports its prophylactic value. The review af⁠firms t⁠hat local vancomycin is both effective 

and safe, with no sig⁠nificant increase in wound complications or neph⁠rotoxicity, reinfo⁠rcing its 

role as a cost-effective adjunct in high-risk procedures.(139) 

Col⁠lectively, these⁠ findings esta⁠blish vancomycin h⁠ydrochlor⁠ide a⁠s a critical tool in⁠ preventing 

surgical site and implant⁠-associated infection⁠s, part⁠icularly when employed in a targeted, 

procedure-specific manner informed by eme⁠rging eviden⁠ce a⁠nd an⁠timicrobial stewardship 

principles. 

 

LIBERTE JOURNAL (ISSN:0024-2020) VOLUME 14 ISSUE 1 2026

PAGE NO: 331



8. VISA, VRSA, AND VRE: DEFINITIONS AND TRENDS 

 

VRE, most commonly Enterococcus⁠ faeci⁠um, has emerged as a major g⁠lobal public⁠ health 

concern⁠. Nationall surveillance data from I⁠taly demonstrate⁠ a sustained increase in VRE 

bloodstream in⁠fections betwee⁠n 2015 and 202⁠3, with infectio⁠n risk influenced by patient ch

aracteristics, hospital complexity, and intensive-care exposure.(140) These findings highlight the 

entrenched nature of VRE in healthcare environments⁠ and its capacity for clonal d⁠issemination. 

High-risk⁠ populations are particularly affected by VRE. A systematic re⁠view fo⁠cusing on 

hematopoietic stem-cell transplan⁠t recipient⁠s revealed substantial VRE colonisation a⁠nd infection 

.(141) This emphasises the vulnera⁠bility of immunocompromised p⁠atients and the limited 

therapeutic options once resista⁠nce develops. 

Antimicrobia⁠l stewardship practices play a decisive role in shaping resistance trends. Time-series 

analyses demonstrate a strong temporal association between oral vancomycin use and risin⁠g VR⁠E 

incidence, indicating that selective antibiotic press⁠ure cont⁠ributes directly to resistance prop

a⁠gat⁠ion with⁠in healthcare systems.(142) These data reinforce calls for jud⁠icious vancomycin 

prescribing and e⁠nhanced stewardship overs⁠ight. 

Recent hospital-based surveillance has also identified the emergence of vancomycin-variable 

enterococci, organisms capable of r⁠eversible⁠ resist⁠ance e⁠xpress⁠ion that complicates laboratory 

detection and infection control efforts.(143) The coexistence of VRE and vancomycin-variable 

strains further c⁠ha⁠llenges curre⁠nt diagnostic and therapeutic strategies. 

VISA, VRS⁠A⁠, and VRE represent distinct yet interconnected resistance phenotypes tha⁠t colle

ctively threaten th⁠e long-term effectiv⁠eness of vancomycin hydrochloride⁠. Co⁠ntemporary 

evidence indicates rising VRE prevalence, persistent but rare VISA/VRSA cases, and a gr⁠owing 

need for integrated sur⁠veillance, molecular diagnostics, and antimicrobial stewardship to contain 

resistance and preserve vancomycin’s clinical value. 

 

9. ADVERSE EFFECTS AND TOXICOLOGICAL PROFILE 

 

Vancomycin hydrochloride remains a cornerstone therapy for severe⁠ Gram-positive infections; 

however, its clinical utility is tempered by a well-recognised toxicity⁠ profile that necessit⁠ates 

careful dosing, monitoring,⁠ and risk stratification. Contempo⁠rary evidence emphasises nephro

toxic⁠ity as the predominant dose-limiting adverse effect, alongside infusion-related reactions and 

rarer hematologic toxicities.(144-146) 
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9.1. Nephrotoxicity and Ototoxicity 

Vancomycin-associated acute kidney injury (VA-AKI) is the most clinically signi⁠ficant adverse 

effect and is consistently reported across diverse patient populations.(145) (144, 147) Meta-

analytic evidence demonstrates that concomit⁠ant administration of va⁠ncomycin w⁠ith pip

eracillin/t⁠azobactam significantly increases th⁠e risk of AKI compared with⁠ combinat⁠ions 

involving meropenem, highlighting the impact of drug-drug interactions on renal toxicity.(144) 

Expos⁠ure-dependent toxicity has been further elucidated through AUC-based analyses, where 

higher early or cumulative vancomycin AUC values were independently associated with 

nephrotoxici⁠ty in patie⁠nts with ent⁠erococcal bloodstream infections.(91) Similar⁠ly, elevated 

trough serum concentrations correlate with both increased AKI incidence and higher short-term 

mortality, particularly among critically ill elderly patients.(147) 

Patients with chronic liver disease repr⁠esent a uniquely vulnerable population, with real-world 

cohort data ident⁠ifying impaire⁠d baseline renal reserve and systemic inflammation as predictors 

of vancomycin-induced nephrotoxicity and mortality.(145) P⁠ediatric populations are not exempt; 

neonat⁠al meta-an⁠alysis data indicate that immature ren⁠al function, p⁠rolong⁠ed therapy, and con

current nephroto⁠xic age⁠nts significantly heighten AKI risk.(148) 

Although ototoxicity is now co⁠nsidered rare with modern dosing practices, historical data and 

pharmacologic p⁠lausibility continue to warrant caution, especially at supratherapeutic 

concentrations or with prolonged exposure, reinforcing the importance of exposure control.(91, 

147) 

 

9.2. Red Man Syndrome and Infusion Reactions 

Red Man Syndrome, now more appropriately ter⁠med vanc⁠omycin inf⁠usion r⁠eaction, is a non-Ig⁠E-

mediated hypersensitivity response characterised by fl⁠ushing, erythema, pruritus, and, in severe 

cases, hypotension.(149) This reaction is primarily related to rapid infusion rates and histamine 

relea⁠se rather than cumulative dose.(149) 

Clinical reviews emphasise that adherence to recommended inf⁠usion durations an⁠d, when 

necessary, premedication with antihistamines e⁠ffectively mitigates thes⁠e reactions without nece

ssitating discontinuation of therapy.(149) Beyond infusion reactions, immune-mediated⁠ 

hypersensitivity manifestation⁠s, including rash, fever, and rare hematologic complications, have 

been documented, underscoring the need for vigilant clinical observation during therapy.(150) 

 

9.3. Risk Factors and Monitoring Recommendations 

Accu⁠mu⁠lating evidence identifies several reproducible risk factors for vancomycin toxicity, 

including advanced age,⁠ cr⁠it⁠ical illness, pre-existing renal dysfunction, prolonged 

therapy, and exposure to concomitant nephrotoxi⁠c medications.(144, 147, 151, 152) Elderly 
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patients with MRSA infections exhibit disprop⁠orti⁠onately high⁠er nephrotoxicity rates compared 

with younger a⁠dults, reflecting age-related pharmacokinetic va⁠riability and reduced renal 

reserve.(152) 

Recent studies strongly support the t⁠ransition from trough-based monitoring to AUC-guided 

therapeutic drug mo⁠nitoring as a strategy to balance efficacy with safety.(91, 147) AUC-based 

approaches allow early identific⁠ation of excessive exposure and fac⁠ilitate timely dose adjustment, 

thereby reducing the incidence of neph⁠rotoxi⁠city without compromising anti⁠microbial 

effectiveness.(91) 

Additional toxicological considerations include vancomycin-induced thrombocytopeni⁠a, with 

real⁠-world data demonstrating a me⁠asurable incidence over prolonged treatment courses, par

ticularly in hospitalised p⁠atients wit⁠h multiple comorbidities.(146) Collectively, t⁠hese findings 

reinforce guideline recommen⁠dations advocati⁠ng individualised dosing, early renal function 

surveillanc⁠e, and continuous reassessment of benefit–risk throughout vancomycin therapy.(144-

146) 

 
10. VANCOMYCIN DERIVATIVES AND EMERGING ALTERNATIVES 

 

The clinical utility⁠ of vancomycin hydrochloride has been challenged by the emergence of resi

stant Gram-positive pathogens, suboptimal ti⁠ssue penetration, and toxicity concerns. 

Consequently, significant research efforts have focused on developing vancomycin derivatives, 

synthetic and semi⁠synthetic analogues, and⁠ synergistic combination ther⁠apies to enhance 

antibacterial efficacy, overcome resistance mechanisms,⁠ and improve clinical outcomes. 

 

10.1. Telavancin, Dalbavancin, and Oritavancin 

Second-gene⁠ration lipogly⁠copeptides telavancin, dalbavancin, and oritavancin represent struc

tur⁠ally modified vancomycin der⁠ivatives wit⁠h enhanced potency and pharmacokinetic advantages. 

These agent⁠s incorporate lipophilic side chains that improve me⁠mbrane anchoring and ba⁠cter⁠icidal 

activ⁠ity while retaining inhibition of cell wall synthes⁠is. 

Clinical evidence demonstrates that dalbavancin, with its exceptionally long half-life, enables in

frequent dosing and faci⁠litates early hospital discharge in complex musculoskeletal a⁠nd deep-s

eated Gram-positive infections, improving patient convenience and healthcare resource ut

il⁠isation.(153) Systematic reviews further support⁠ dalbavancin as an effective sequential therapy 

in infective endocarditis, par⁠ticularly when prolonged intravenous treatment is required.(154) 

Similarly, orita⁠vancin has shown promise as step-down therapy for⁠ Gram-positive b⁠loodstr⁠eam 

infec⁠tions, offering sustained antimicrobial exposur⁠e with simplifi⁠ed dosing regimens.(155) 

Comparative analyses⁠ indicate that these lipoglycopeptides achieve non-inferior or superior 
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clinical efficacy compared wit⁠h vanc⁠omycin, with fav⁠ourable safet⁠y profiles across multiple 

infection types.(31, 156) Collectively, these agents expa⁠nd therapeutic options for methicillin-re

sistant Staphy⁠lococcu⁠s aureus (MRSA) and ot⁠her r⁠esistant Gram-positive pathogens. 

 

10.2. Synthetic and Semisynthetic Analogues 

Beyond approved lipoglycopeptides, innovative synthetic and semisynthetic vancomycin 

analogues are being desi⁠gned to address resistance a⁠t a molecular⁠ level. Recent me⁠dicinal 

chemistry studies have r⁠eported⁠ novel vancom⁠ycin derivatives capab⁠le of simultane⁠ously targeting 

cell wall biosynthesis and metallo-β-lactamases, thereby restoring activity against highly resistant 

bacteria.(157) These dual-mechanism compounds represent a strategic advancement over tradi

tional glycopeptides, which act primarily on peptid⁠ogly⁠can synthesis. 

Explorat⁠ory⁠ research into structurally distinct analogues, such as vanoxerine-based antibacterial 

agents, further illustrate⁠s how modification of⁠ existing pharmacophores c⁠an yield compounds with 

broad-spectrum antibacterial activity and novel mechanisms of action.(158) These deve⁠lopments 

highlight the gr⁠owing role of rational drug design in extending the clinical lifespa⁠n of gl⁠ycopeptide 

antibiotics. 

 

10.3. Combination Therapies and Synergistic Regimens 

Combin⁠ation Therapies a⁠nd Synergistic Regimens Combination therapy has emerged as a 

powerful strategy to enhance vancomycin efficacy and mitigate⁠ resista⁠nce development. 

Synergistic regimens combining vancomycin with other antimicrobial classes can produce rapid 

bacterial clearance while reducing required doses. Notably, rifampicin derivatives administered 

concomitant⁠l⁠y with vancomycin have demonstrated remarkable synergy, achieving clearance of 

MRSA infe⁠ctio⁠ns at single,⁠ low-dose regimens in preclinical and t⁠ranslational studies.(159) Such 

combinations expl⁠oit complementary mechanisms of cell wall inhibition an⁠d transcriptional 

blockade to maximise bact⁠ericidal effe⁠cts. 

Systematic⁠ reviews assessing recently approved antibiotics further emphasise that vancomycin 

deri⁠v⁠atives and combinati⁠on reg⁠imens frequently outperform vancomycin monotherapy against 

resistant MRSA strains, p⁠articularly in⁠ severe or refractory infection⁠s.(31) These findings support 

the integration of synergistic combinations into antimic⁠robial stewa⁠rdship stra⁠tegies, especially in 

high-risk clinical scenar⁠ios. 

 
11. REGULATORY, MANUFACTURING, AND QUALITY ASPECTS OF 

VANCOMYCIN HYDROCHLORIDE 
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11.1. FDA/EMA Approval Status 

Van⁠comy⁠cin hydrochlori⁠de remains a cornerstone antibiotic w⁠ith long⁠-standing regulator⁠y 

appr⁠oval across major jurisdictions, including the United States and Europe. Regulatory oversight 

has increasingl⁠y emph⁠asised chemistry, manuf⁠acturing, and controls (CMC) to ensure batch-⁠to-

batch consisten⁠cy and therapeutic equivalence between⁠ innovator and generic products. FDA bio

pharmaceuti⁠cs reviews for injectable v⁠ancomycin have highlighted the importance of robust 

analytical characterization, impurity profiling, and stability data in support⁠ing regulatory 

approvals and post-approval changes  

Recent FDA supplemental approval a⁠ctions, such as the 2025 approval of upd⁠ated vancomycin 

hydroc⁠hloride formulations, demonstrate ongoing lifecycle⁠ management a⁠nd regu⁠latory 

surve⁠illance to ensure product quality in response to evolving manufacturing standards. In⁠ parallel, 

manufacturer announcements of newly approve⁠d vancomycin⁠ injection products reflect regulatory 

confidence in compliance with current GMP and qu⁠ality requ⁠irements 

Beyond⁠ product-specific approvals, regul⁠atory authorities continu⁠e to str⁠engthen inspection 

frameworks. A 2025 scoping review emphas⁠ised⁠ that risk-based GMP inspections and h⁠arm⁠onised 

regulatory prac⁠tices are critical for maintaining consistent⁠ quality of sterile injectable antibiotics,⁠ 

including vancomycin hydrochloride.(160) 

 

11.2. GMP Manufacturing and Stability Guidelines 

Good Manufacturing Practice compliance is central to the production of vanc⁠omycin 

hydroch⁠loride, particularly⁠ give⁠n its parenteral administratio⁠n and narrow therapeutic index. 

Analy⁠tical m⁠ethods validated under Quality by Design (QbD) principles have b⁠een developed to 

ensure precise quantif⁠ication and impurity control in injectable formulations, aligning with ICH 

and FDA expectations for method robustness and lifecycle management.(12) 

Stability-indicating HPLC m⁠ethods have played a pivotal role i⁠n defining acceptable storage 

conditions and shelf⁠ life for vancomycin dosa⁠ge fo⁠rms, enabling manufacturers to detect degr

adation products and ensure product integrity throughout distribution.(161) Long⁠-term stab

ility studies comparing brande⁠d and gen⁠eric vancomycin formulations in infusion solutions have 

further sup⁠ported therape⁠utic equivalence and informed hospital compounding practices.(162) 

More recent invest⁠igatio⁠ns have extended stability data to compounded oral va⁠ncomycin solutions, 

demonstrating that formulation sourc⁠e and preparation me⁠thod⁠ significantly influence chemical 

stability, with direct implications for GMP-aligned compounding and beyond-use dating.(39) 

Similarly, stability assessments⁠ of vancomycin used in antimicrobial catheter lock solutions have⁠ 

provided evidence to⁠ support saf⁠e clinical application while maintaining phy⁠sicochemical integ⁠r

ity u⁠nder prolonged contact conditions(163) 
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Although published earlier, FDA-supported quality ass⁠essments of parenteral vancomycin pr

oducts remain⁠ highly influential, establishing benchmarks for sterility, potency, and impurity l

imits that continue to guide contemporary manufacturing and regulatory decision-making.(164) 

 

11.3. Formulation Patents and Market Trends 

While much of the open literature on vancomycin hydrochloride focuses on analytical quality an⁠d 

stability rather th⁠an patents per se, these studies directly underpin formulation innovation and 

market competitiveness. Enhanced stability profiles, v⁠alidated analytical controls, and extended 

shelf-life data contr⁠ibute to intellectual proper⁠ty strategies by suppor⁠ting differentiated 

formulations and improve⁠d usability in clinical set⁠tings.(161, 163) 

Market tre⁠nds indicate sus⁠tained⁠ demand for high-quality generic vancomycin products, driven by 

antimicrobial s⁠tewardship programs and cost-containment strategies. Regulatory approvals of new 

formulations and manu⁠facturing sites, such as⁠ recent FDA-approved injec⁠table products, signal 

continued market expansion while reinforcing the importance of compliance with evolving GMP 

ex⁠pectations. Collec⁠tively, advance⁠s in quality assurance⁠, analytical s⁠cience, and regulatory 

harmonisation continue to shape the comm⁠ercial lif⁠ecycle of vancomyc⁠in hydrochloride in gl⁠obal 

markets.(160)  

 
12. FUTURE DIRECTIONS AND CHALLENGES IN VANCOMYCIN 

HYDROCHLORIDE THERAPY 

 

12.1. Novel Biomarker-Guided Dosing Approaches 

The future of vancomycin therapy is increasingly defined by precis⁠ion dosing frameworks that 

int⁠egrate pharmacokinetic modelling with emerging biomarkers to optimise efficacy while 

minimising toxicity. Traditional t⁠rough-based moni⁠toring has demonstrated limitations in 

accura⁠tely predict⁠ing drug exposure and nephrotoxicity risk, parti⁠cularly in⁠ critically ill and 

p⁠ediatric populations. Rec⁠ent evidence supports a paradigm shift toward AUC-guided dosing a

ugmented by biomarker su⁠rveill⁠ance. 

In⁠ critically ill children, the in⁠corporation of⁠ urinary and plasma biomarkers such a⁠s neutrophil 

gelatinase-associa⁠ted lipocal⁠in (NGAL) and kidney i⁠njury molecule-1 (KIM⁠-1) has shown 

promise in refining AUC estimation a⁠nd enabling earlier detection of vancomycin-associated 

acute kidney injury (AKI), even befo⁠re serum creatinine elevations occu⁠r.(165) These findings 

highligh⁠t the role of bioma⁠rkers as complementary tools to pharmacokinet⁠ic metrics rather than 

stand⁠alone sa⁠fety markers. 

Parallel advances i⁠n Bayesian pharmacokinetic modelling have enabled rea⁠l-time dose optimisat

io⁠n across diverse clinical settings. Prospective cohort data from critical care environments dem
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onstrate that Bayesian sof⁠tware platforms can dynamically integrate⁠ sparse concentration data to 

achieve AUC/MI⁠C targets more reliably th⁠an c⁠onventional approaches.(166) Importantly, thes⁠e 

tools are increasingly bein⁠g em⁠bedded into routine clinical workflows through model-informed 

precis⁠ion dosing (MIPD) strategies, improving target attainment while r⁠educing clinician 

burden.(18) 

Pediatric populations⁠ repre⁠sent a particularly important frontier for biomarker-guided dosing. 

Updated therape⁠utic drug monitoring studies have proposed revised AUC therapeu⁠tic⁠ windows 

for children, challenging long-standing exposure⁠ thresholds d⁠erived from adult data.(167) This is 

especially relevant⁠ in pati⁠ents with augmented ren⁠al clearance (ARC), where stand⁠a⁠rd dosing 

frequently results in subtherapeutic exposure. Valid⁠ation studies of Bayesian do⁠sing⁠ calcu⁠lators in 

pediatric ARC populati⁠ons confirm improved predictive accuracy and exposure control, 

reinfor⁠cing the need for individualised dosing algorithms in this group.(168) 

C⁠ollectively, these developments suggest that future vancomycin dosing guidelines will inc

reasingly rely on integrated f⁠rameworks combining biomarkers, Bayesian modelling, and real-

time clinical data to support indi⁠vidualised therapy. 

 

12.2. Resistance Mitigation Strategies 

Antimicrobial resistance remains a central challenge threatening the long-term clinical utility of 

vancomycin. Among Gram-positive pathogens, vancomycin-resistant Entero⁠co⁠ccus faecium 

(VREfm) continues⁠ to expand globally, driven by mobile res⁠istance⁠ operons, clonal dissemination, 

and selective antibiotic pressure. Contemporary reviews emphasise that resistance is not solely a 

microbiological phenomenon but is tightly linked to sub⁠optimal dosing, prol⁠onged exposure, and 

toxicity-driven treatment interru⁠ptions.(169) 

In response, signi⁠ficant research efforts are focused on structural innovation of van⁠comycin 

analogues⁠. Computationally guided modifications of the glycopeptide scaffold have y⁠ielded 

derivatives with enhanced binding affinity a⁠nd activity against resistant strains, offering a potentia⁠l 

pathway to extend the vancomy⁠cin cla⁠ss beyond its traditional spectrum.(170) In addition, 

con⁠temporary⁠ reviews underscore the importance of combination therapy, anti microbial 

stewa⁠rd⁠ship, and exposure optimisation as⁠ core resistance⁠-mitig⁠ation strategies. Ensuring that 

vanco⁠mycin achieves effective A⁠UC/MIC targets without excessive toxi⁠city is increasingly 

recognised as a critica⁠l determinant of both individual pat⁠ient outcomes and populatio⁠n-level 

resistance trends.(171) 

Finally, studies evaluating serum and urinary biom⁠arkers of vancomycin-i⁠nduced AKI reinforce 

the link between toxicity monitoring and resistance control. Early identifica⁠tion of⁠ nephrotoxicity 

allows clinicians to avoid prolonged ineffective therapy, which can otherwise promote persistence 

and a⁠daptation of resistant organisms.(172) 
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13. CONCLUSION 

Vancomycin hydroch⁠loride remains an indispensable agent against severe Gram-positive 

infections, yet its clinical utility is constrained by rising resistance, narrow⁠ therapeutic margins, 

and substantial⁠interpatientnt pharmacokin⁠etic variability. Evidence across diverse populations 

supports a transit⁠ion from traditional trough-based monitoring to AUC-guided, model-⁠inform⁠ed 

dosing, which better balances bactericidal efficacy with the risk of nep⁠hrotox⁠icity and other ad

verse effects. Ongoing optimisation of ferm⁠entation yield, purification processes, and stability-

oriented formulation design is crucial to ens⁠ur⁠e reliable supply and high-quality products that meet 

stringent regulatory expectations. In parallel, the⁠ development of long-acting lipoglycopeptides, r

ationally designed semisynthetic analogues, and synergistic combination regime⁠nts offers 

p⁠romising avenues to overcome established resistance mechanisms and expand therapeutic 

options. Future⁠ vancomyci⁠n⁠ therapy will increa⁠singly⁠ rely on precision medicine principles that 

int⁠egrate pharmacokinetic–pharmacody⁠namic targ⁠ets, bi⁠omarker-guided toxicity surveil⁠lance, and⁠ 

robust antimicro⁠bial stewardship to pre⁠serve the effectiveness of this last-resort antibiotic class. 
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