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potentiat tuture dlectiotrs fo' tfre bng*erE;iailable developxoeut aDd impleDeotatioD of cDs in otrtimi-

dobial i.ouovation!. c\rrt€lt cialle!8e6, ilcludiry tcalabitity' biocomp'tibiliq' turtain9 ity' 6nd re$lato'y

concerDs, a-re revie*ed, uroog *,ittt i*igl,t" oo io- addressing there-8ape could Pocition ct)s as sustaioable

altemativ€s to antibiotica i.o artimidobial technoloSy'

1. Introduction

The emertetrce of aotimicrobial-rcsistant dis€ases is coosidered a
najor concem to hu.Eranity s health t l. This challetrte is lartely driveD
by ttre rec1rrdtrt usate atrd €rploitatiotr of artibiotics, bo$ in thera-
peutic and agicultrral settings [ 1. At the lo€atioD of the bacrerial
sprcad and infections, baclerimr re{e.se6 substa,ltial quatrtities of
e).taceUular pol),Eeric substanced (EPS), facilitatitrg the fom&tioa of
biofilD$"<lmpleaa protective stsltctrrres ttrat can protect the bacte{ial
comnrudties aod preveDt drc etrtl)' of aatibacterial nredications such as

aatibiotics [ ]. Notabty, 80 % of hrEratr bacterial illoesses are thoqht to

be eoulgl€d with biofillls t il. The procefs of biofilm fomration is

highly iahicate and tfhtly cootrolled, invohitrS the pheoonreoa of
quorum seosing (QSI A ce[iensitydependeot cotBmlmicatiol medr-

adsm mediated by pheromoDes and biochemical compouds secreted

by eadr species of bact€tia fr[ction as a[toitrdtK€as.
Iuthanrore, the incrcased proximity a.Dd lisited trans?on of dnr8

molecu.les iNide the EPS matrix proDrotes biofilnrjependett diseases
and, as a re$rlt lhe fomratioD of olultidnrg-resistant (MDR) rFcies
because biofiIors shield oricroortanisms from therapeutics, atrtibiotics,
cnd sadtizioS ageats. ConsequeDdy, antibiotic6 ale i[effective in
treatist biofiIor-related illtresses due to the iDheretrt a-Dtibiotic rcsistarc€
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of biofiln-€DrHded bacterial patho8etrs[ ]. It also leads to 6re devel-

opm€ot of various challenges in formulatitrS antibacterial oredicatioa
atrd mitiSatiq antioicrobial retistaffe [ ]. Bioilm-associated diseases

osdy result itr ext€oded ilbesse6, leaditrS to proloated treaBr€[t dr-
rations, increased healthcare c!6ts, or eveo Sreater fatalities lr,ith
rcclr.rreot bacterial diseases [ ]. The oDSoitrA outbreaks of bacteria.l in-
fections eophasize the urtent treed to investi8ate potetrtial cnd itrvetr-
tiYe therape{tic strat ie6.

Accordtug to a World Health Oryanizatioo (WHo) estiDate, dm8-
teristatrt di$eases could rest t io the deatlE of 10 DillioD people
yeady dobally by 2050 and a.ffect rq) to 24 Drilliotr people into severe
iorpoverislEreDt bt 2030 due to antibiotic resista.Dce [ ]. These days,
the severe acute respiratory srrdrome (sARgCoV-2) caused corDnavi-
nls dtueas€ 2019 (COlrID-lg) poses a serious aod pe.sisteot risk to the
health of humans. Amoog the Brqtt fatal epidetrica ia the recorded

history ofhu.m:uity is the CO\IID-19 pstrdeEic [ ]. Naoos.ale rnateiials
with distioctive physical a dremicr.l dnracteristics ha!'e beetr exten-
sively eoployed to diaSnose illoesses caured by viruse5 with atrtibac-
tedal futrctiooalities I l.

h tratroteclrDology, qrl.ltrtuDr dots (QDr) have becoDe popular as
poletrtial ir$ovatoE, iotriSrdnt for tratrsfoiEilrS the developm@t of
aaoodrerapeutics [ ]- The l1ost conrnronly ernployed QDs are Carborl
Dots (CDSI which itrdude various oanopartides with differctrt ch€m-
ical and opticol dEaacGrirtics. CDs offer distitrctive electlodc a.Ed

photoelectric capabilities acquired ftom theL ilheretrt band tap,
exceptio&l Sraftiot capabitities, iftlqrensive srrlhesisexpe$es, and
dispersiotr characteJistics in several solveDts [ ]. IntroduciDt hetero-
atoms like S and N ioto the system orodified CD's electric coldrrcti\ity
ard optical charact€rictics.CDs are q{asi-sphercidal, carboFbased
fluoEscent tranoEatedals that are typica.lly 10 Dsr or strraller. They are
divided iDto four types: carbon quaotum dots (CQDS), grapheoe quatr-
tuD dots (GQDS), polymer dot6 (PDs), aEd carboDized pollmer dols
(CPDS), as inustrated in ,.

CQD! have crystallioe carbotr €orei with ilt€ose PL and can produce

ROS under li8ht, whici banDs bacterial cells [ ]. cQDs are titry gra-

phetre Fagl[elts ftat.ia-nte bactef,ial meobraDes atrd cause oxidative
stEss. PDs atrd CPDS produced ftoar polprer precursors proride flexible
srrface chemistry for fuDctio&lizatio& ivhich improves bacterial tar-
getirg and antibactedal efficacy. CDs have ultiple artibactedal ac-
tivities, i-trr'ohing nrenrbrane rupture, RoS forEation, itrterferiDs ivith
DNA atrd ploteitr sr'otheriq atrd biofilnl supptessio& all rvhile beirS low
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toxicity to l tDr..ln cells [ ]. CDs nlrfaces ca-o be ct$totrrized with
bioconrpatible polyme$ to iDcrease saJety and nedicatioD delivery.
Notably, Dary cDs cxeate Ros wheD activated by liSh! makiug theol
ex.€lletrt a8e{ts for phofodFanfc atrtibacteria.l the$py. CDs assist itr
overcorDint bactedal rsistaDce and offer proorisiog pl,adomrs for
adEitristed.o8 altimicaobial oedicatioDs, resultiot in better treatDneot

outco[r€5 with fewer side effects I l.
CDs are widely used itr bioche&ical sensors [ ], cell-based and

biototical ina6in6 t l, drw adnridstration [ ], eoeqy storaEe [ ],
setrsht I I aod aotiuicrobial ueattrre{t$ [ ] because of their cheor-
ically stabie nature tood optical chamcteristics, hith quantun yie-lds
(QYs), sittdncant water dissolution, enceptiotral bio-<parpatibility,
antimicrobial capabilitie. and lower toxicities [ , l. Furthernrore,
CDs ca! di6ftpr bacterial DNA ard eoz],trBtic frlDctiotrs, additr8 to their
broad atrtibacterial effectiveaess.

Fu-rtherEc,re, the sudace char:8e of cDs etrables elecEostatic io-
teractioor with oeSatively drarged bacterial oembraoes, lesultint in
menbratre breakdolrtr. CDs nray be readily tailored utiliziry sei'€f,al

active troups, coEprisias amitro (-NH2), ca6oxyl (-4OOH), epoxy, a.trd

h,'dro),yl (-oH) SroupE ind€petrdeot of dEir variatiotrs io col€ arlu-
tectuies [ , ]. CDs have effecti!'ely deaclivated oultiple nicrobial
species, with betrefits such as minimrmr iol'asiotr, lorv [trdesirable eJ-

fects, ease of bioimaSir8 arrd consistent applicability [ ]. These

chaiactedstics, combined rqith their sinple s,'nthesis fronr various
carbon-rich pre.ursors, place CDs as atr adaptable and efficietrt substi-
tute to taditioaal a[tibiotics, especially for focusing otr atrtimicrobial
rcsistance and allowiDs cuttiDt-edte applicatiotrr such ar anthricrobial
coatings, would dressitrts, atrd tarteted systeflrs for drug delivery. This
revierv will cov6 an overview of CDs aDd the differetrt processes

iovolved io their rylthefis of CDs, the aotibacterial acdvity aDd medr-
anisor of CDs, factors iDflue4citr8 the atrtibacteria.l activity of CDs, as

well as curent drallen8es, researdr 8+g ard future potentia.l for the
lotrg-term sustaitrable degelopDretrt a.od applicatioo of cDs itr aDtilli-
ctobial technologies.

2. Fabrication of CDs

There are two basic tedEiques fot fabricatisg CDs: (i) top{own atrd
(ii) bottom-up methodologies. .Iopdoirn procdures etrcompass arc
discharge, ablation by lase!, elecfiocheriJcal qdotiation, chemical
oxidatio& and ultrasooic passiratiotr, $'hereas bottoEup approachef
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coEprise coarb$tion,/themul proctsses, midowave pyrolysis, template
process atrd solvothemEyhydrothermal syathesis [ ] as shown in

. . Every techdque has bere6ts ard dmwback.

2.1. Toydofit techniques

Top-dowtr s)'nthesis stratedes are oitical for developin8 carboD dots
(CDs) with s?ecific &aracteristics for atrtibactedal applications. AmonS
these, the arc disdrarge apprcach stands out for producing highguality
CDs with tuable propertier tllal have showD temetrdous potential iD

tr€atiot oicrobial iofectiotrs, despite the fact that the process requires a
lot ofeDef,8,'aad tiorited yields [ ].

Iaser ablation, whidl etrrploys a hiSh-€trergy Iasel to treak dowa
carboo tarSets h liquid ardia, allows for the developtrrent of CDs ieith
ft[ctiotral surfaces that iDrgrove optical atrd altibacterial propertie6,

m.:king them ideal for applicatioD as antinricrobial coatiogs and wouad
drcssin8s, iD s?ite of the size and quatrtum ]ield cha-llenges [ , I.
EtectrodEDical exloliatiotr distitrguishes itelf by tercr'atiDt CDs ddrer
with oiJ-tetr-cootaidtrt fu.Dctiooal Sroups that proDrote solubility atrd
biocompatibilit,, flecessary for applicatioas slch as wormd healing
6tedlization, atrd atrtibactedal Nrfaces [.].1. Sitrila.ly, demical
oxidatiorl prcduce. CDs with hydrophilic sufaces by rsitrg powerftl
oxidiziDs dremicals, whidl improves their associatiotr wifi bioloSical
systems [ ]. This approadr is tlseful for larye-sca-te a.otibacterial CD

oranufacfurq b{t it deoands meticulou purificatioa to elsure safety

t , ,1. Fiaally, r.ltrasonic passivatioo employs N8h-frequenc,v vibra-
tioas to produce stable, fructiomlized CDs with loog-lasting antibac-
terial actility. This tecbnoloty elables 6calable production aDd surfac€
!$dificatioD" ollowinS for the cr€atioD of CDs that are useful ir disiD-
fectiotr, the prodoction of atrtibacterial coatiDts for healthcare equip
trl€[t and ivound tseatDEnt [ , ].

Bottom-up techdqu€s for CDs sFlhesis rely oD the corstructiotr of
carbotr oatrostructures ftolr molecular precursorc, whidr pro\ide va-ri-

able suface charactedstics and fulctioDal Eroups critical for antibac-
terial effectiveness. Anrotrtst theae, the coEbustiovthermol process

reqflires the high-teDper:ature detedoiatiotr of bioloSical pree[so$ i[
the preseace of orygeo, resultitrS ia CDs witi hiSh lumiDesceoce ard
srufac€ nroieties that prDmote Diciobial coatact. Despite the Deed for
hith teopeiatuieq this approadr produces biolodcally acti!'e CDs that

\l icrorr ar r
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are both cost-effectii'e and scalable for antibacter:ial rlre t , l. Mi-
crowave pyrolysis rapidly heats and caibonizes trahrEl precursors,
producinS Os with high Ql welldefiaed surface fu.odioDr, a.Dd tood
fluoresc€trce. Its low cotrsunrption of eaergy and coDpatibility widt
tre€o solr.eots orake it $ritable for biol ical applicatioos.

The high QY and surface coDolol acquircd throuth micowave syn-
thesis iornedialely imprcve the aDtibacerial Fopenies of the resdtaDt
CDs[., l. Iu the tenrplate-assisted process, CDs are produced within
orgadzed fra.oreworks, which allows for 8reater cotrtrol over their size

ald shape. After carbonizatioq tenrplate Ietlroval prodtrces hoorogelous
CDs with optiD\rn surface properties that allow for coltact with bac-
terial meubrares and enc.oumge the geaeratioa of ROS, $'hidr con-
tributes to effective artibacteria.l action. Horvever, this method s

rcalability i6 linited by its le!'el ofcomplo.iq a.Dd cost, as well as its low
lield and laborious purification process [ : ].

The solvotherrnalrtrydrcthermal approach is especialy protrlisitrg
for altibacterial applicatiotrs because it ca.D tetaia biooctive fiuctional
8roups (such as ory8en atrd N.colttaiDitrt Doieties) fronr platrt-based or
biomassierived precrrsors I l. These CDs hare high biological
conrpatibiliF/, water-sohrble trature, atrd low toxicit}', as well as poten(
atrtibacterial atrd antifiugal properties resultint lrom ROS prcdnctioD
and nrembrane rupture I l. The hydrotherauel nrethod, ir particul.ar, is
environmetrtall]' safe, inerpeDsive, aDd capable of making highly lunri-
Dorrs, nrotrodispeFe CDs appropriate for antibactedal drerapies, coat-
i!gs, and dnrt adoddstration [ , l. overall, CDs artibacte,rial
activity is closely related to dreir productiotr method. Tedniques like
ndcrorvave pJrolysis ald hydrothemral processiDt not only provide
environnrestal ard ecotrotric beDefits but also produce CDs with
improved surfoce Gactivity, structursl hom(Zeoeity, a.ud fiuctioaal
tersatility, a[ of which are treceasaiy for effective atrtibacterial actiotr.

3. Physical-chemical propertie6 of CDs

CDs have a rmique set of physicocieDrical features that trot oDly
deteffriBe their structuml a.od fttnctional activity but also support lheir
antibacterial potentia.l. CDs are oatroDat€f,ia.ls less thatr 10 trD i-o siz€,

courpoed of sp2/sp3 hybrid carbon scaffolds and toaded with nlrface
functiolal groups such as -OH, -COOH, and -NH2 that iDcrease rheir
solubility, reacdvity, and cootact with Eicrobial ,DeDbrooes as illus-
trated in [ , ]. Their architecnual clacaification itrto traphene.
based a.od anrorphous cDs eDables custorized optiod aDd cieDrical
firnaioas, which are fifther saeag*lened by eleBreotd dopirS (e.8., N,
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CARBON OOT DISK STRUCTURE

(b)

Fi8. 3. CDs arclitectue v{itl various surfaee-active SEups (CoprriSht s MDPI
2021. AI rthts €served, reprinted with permissioD t l.

s, P) to alter electrodc chaJacGristics. CDs absorb LII-vis owint to ,r -
,* and rr + ,r* electroDic ta[sitioos [ ]. This allows foa the fomratioD
of ROS duriag lght irradiatioa, which is aa important antibacteda.l

oEcharusm. Their PL prcperties, which indude high QY, adaptable

enrissioD, alld photostability, aid ia the real-tinre iaragiDg ald mod-
toriog of bacteria-t activities.

Hith QY atrd surface passivatiotr increase fluorescence efficacy,
facilitatiry idertification atrd obsen-atioE in nricrobiological experi-
ments [.] l. Furthemrore, CDs work as effective nanocarieff for anti-
biotics or metal ions, enhaacing medicatiotr stability, bioavailability,
ard coDbitratorial baciericidal actioL The utilization of several pre-
cu$ors, iDcluding anrine-r'rch conrpotmds, biolnass, and aEtibiotic
druts, allows for the production of CDs with cr$totr zed antibactedal
characteristics, broatd-spectrunr ef6cacy, a.od low cltotoxicity. Their
photothemlal conversiotr capaciq uder aear-iafrared light enables

targeted bacteria.l eliminatioa I I.
Moreover, the intinsic biocoapatibility of CD6, especia y those

made from biological wastg etrsrlles low cltotordcity while allowing for
biofiln petretrating atrd iflhaeellular activities. CDs size-deperldent

features, srrch as i[creased cellular absorptiotr contact with bacteial
membranes and alotrg with their chemical and therDral stabifity, orake
rircm ideal for drut adnidstration, photodynanric heahleot a[d
antintcrobial coatinSs [ ]. These associated physical and chemical
characteristics are critical to CDs perfomutrce as odtifaceted trano-

materials iD fi8htitrg bacterial infectiols, particularll i! photo-assisted

or environmeat-teE)oDsive antibacterial techniques.
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4, Antibacterial aetivity and Erechatrism of CDs

The developiEg risks associated with atrtibiotic resirt ncq caused by
bacteria s i,lcreased capacity to re6ist .tital drugs, pose a sigdficotrt
alobal health coDcem, trarsfominE DlaDy diseases Lrncotrup[ably t. ]1.

The increase of MDR pathoAens, alon8 wirh the delayed advancemelrt
and discoYery of itrno\atil'e @edicitres, exacerbates the probletrL Cur-
reot forecasts sr€gest that by 205q antibiotic rcsistarce might cause a
further 300 llrilliorr fatalitiej ard iacur a cost burdetr of $100 trillion
[, ). Thus highliShts the pressiag requiremetrt for trovel solutioas to
tac.lde MDR bacteria. The bacterial cell woll, a vital frmctional as well as

structural barrier, is a sitnificant focus for innovative attibacter:bl
strategies, such as advancinS the creation of new Bedicines and delivery
methods [ .. ,]. Suo et al. [ ] investiSated the biological coDpati-
bilii.,* ard cltotodc effects of surface.passivated CDs aad less reac-
tive chemicals, being the initial study to test the cltotoxicity of
PEclsooN-passivated CDs. The olrtcornes demonstmd relatively Iow
effects on hunran tumor cell lines (MCF-7, HT-29), eq.dvalent to
PEG150ON itself. While CDs have midmal intiasic todciB-, they ca! be

rcduced eveD nlore by nlodiryia8 their surface with bio-conpatible
pol,'mers such as polyeth]'leae Slycol or andno acids.

4,1. Mefianisns of @ttibacterial action

In spite of beint relatively ha.unless to tr1anlnralia.tr cell6, CDs exhibit
a variety of nntioricrobial actiotrs, ilcluditrs membune rupturg irrta-
cellular ROS productioa, itrterference with electuorl halsfer, intracel-
h aI penetratilg that affects DNA and protein synthesis, urd
suppre$sioE of biofiIor Bxo$1}r [. ]. Furdrern1ore, CDs are efficient drug
deli\-ery tiansport havitg the ability to eDcapsulate dnlss and itrclease
the effectivetress of therapy while preserviag their cheuical propeties
a.trd biolodcal conpatibility, whidr nukes rheDl intriSuir8 optioDs for
specialized aotibacterial therapeutics [: I. Aatimicrobial nredicatioos
include quinolones, sulfonanrides, atrtibiotics, atrd chenrical phama-
ceuticals. These DedicatioN are talen for e\tetrded periods, which in-
oeases bactelial rcsistance to aotibiotics atrd has a neSative inPact oo
health. As a resrlt, there is a critical need to discover altemative,
effective antibacterial a$[ts. Th q rvith the progress of oatrotech-
lology, CDs are prodrrced [ ]. The weak antibacterial actioa ilhibits
deyelopment afld multiplicatioq allowing the host's iDnate defenses to
cope with infected microortaDisnrs. The major atrtibacteial fimctiotr of
carboD qrunttllu dots is to destroy bacteria, resultint itr their elitrriDatio[
t,,. , 1.

4.2. Ros gateration a d ordative stress

Cellular da ate iorpedes cell developnent and destroys cells- CDs

have beeu show! to be trotrtoxic itr both in vitro aDd in vivo settin8s.

They exhibit a wide spectrum of UV to oear-IR lunrinescence li8ht,
demolstratiDt a sitnificaot photodyoa$ic iDlPact. Photo-excited CDs

produce Ros, which kill or inhibit Dicrobes. CDs destroy bacteria due to
oxidative danrate caused by ROS. Itr low coacentrations, ROS firlrctions
.rs a nessenter Drolecule iEside the cell. It has beeo observed tllat CDs

zlre connectd with ROS prodrctiofl, urhich inhibits the microbes rep.
resetrted in ., [ , ]. Oxid.ative stesses occur whetr the d rEe ofROS
fomlatioo su4rasses the bacteriunr's iDhereDt antioxidant defense. [t
cames oxidative hamr to the audeosides, lipids, and proteins, resultiDg
in cell desbuctioD and bacterial dearh mtes.

Heteroarto[rs itr CDs insease ROS prcductiotr due to itrcreased ftee
electloo itrclusiotr itr CDs. The iDdusioa of N heteloatonN irr CDs pro-
duces a positively char8ed goup aod improl'es lheir elechostatic
double-layer adhesiotr to the ne8atively charSed bad€f,ial s{rface,

I I. The method of
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ROS forrDtion oeates oxidative stress with the disruptiDg DNA/
RNA a-Dd iDduces the modification iE essetrtial tene expr€ssion i-o

additiotr to oxidati!'e hamr toward biooDlecules I l. When @s coore

into proxiarity to a bacterial cell withi! visible or atrlbietrt l-ight, they

Foduce ROS by activatiotr of the 01 io woter or aiq resultiDg io the
formation of individual 02 or OH ftee mdicals, whici destroy erseDtial
biomolecules atrd cause cell death [ ]. RoS is dainr€d to isduc€
mitodrondrial malftDcaioo, lipid petoxidatioa, iou"acellular protejD
deactivatioa, and cell menrbmoe breakdowD, subsequendy causinS
agoptosis or trecrosis, wNch eventually leads to celular death [ ].

Elham and mllea6ues strccessfirlly synthesized CDs from walnut oil
u,rio8 a hydrotherEal ptoceas. The produccd CDs are 12 !!1 io dimeD-
sion and have a high QY of arousd 54 9o. It has pH aDd photostability
wirh cltotoxicity aod apoptosis dEracteristics of CDs. It displayed
exceptiooal cyrotoxic ataiost MCF-7 and PC-s in coDparison to HT-29
hrEran canc$ ce-ll ljrcs, whidr rvere ae.essd using 6le MTT test.

Their cell Drorta-lity proess is controlled by the initiatiotr of caspases 3
and 9, as well as the mitodDtrdrial menbrane potential (MMP)- Their
cellular rptake is ass€ssed trsitr8 fluorefcetrce nicroscopy, CDs trave a
nrajor influeoce on caspase-3, no effect oD caspase-g, and dreir MMP
does rot sitnificandy change [ ].
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4.3. AntibactEriaL potuttiol of CDs

Shahshahaoipour et al. [ ] rwealed the fomratioo of CDs ftoro the
hentra plaDt (La*sofiia inqmb) employiog a hydrothemral tedEique
that lequired tro erdra reaSeDts. The @s, with a quasi-spheroidal
ftaDewortc aod diureosioas ranging ftotrr 3-7 onr, detrroostrated Sreat
solubility iD ethatrol ard wcte-r owiog to their active troups, flrch as OH,
COOtl, NH2, and carbooyl group (C=O). They displayed a zeta potetrtial
of -39 nlv, swgestins sup€riqr dis?ersion ald endurance in aqueous
fldds. TlEse cDs serve as biocompatible fluoref,ceot setrsors for nted!
ooExate detection while also exhibitint antimicrobial characteristics-

The andbactedal capacity was evalnted towards Staphllococals
a.aaa (Granr-positive) atrd EJchanahia .oh (Cra$-ne8ati!e), with
stiotrSer efEcieocy towards 8mo-oegati!'e bacteria at greater lel'els,
possibly oiliDt to variations in cell wall architecture and perneabilit, .

Arumrltam et al. [ ] hydrctheroally fabricated CDs ftoqr hrrn1edc
leal'es (CurrlfiIa longa) and iN_estiSated 6eir nntibacterial effectivercss
towards cram-tretative E. coli ard i?d,siella, as well as Grarn-positive
S. a.nens aod Stspuoroccus epidennidrr. The CDs, which had a trrea.tr

size of 2.6 unr and blue solution, demoastrated
high photostability acmss a involvin8 pH,

s{ t and rdtraviolet
at

Fig. 4. Antibactedal pmcess of CDs (coplri8ht e Else\ier 2024. A]I rights rEserve4 reprjuted with pemrissior) t 1
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E coli and s. urats alf€r I h. rudsielln pnewtonioe ald 3. epidentidx
deoaoded I trr&/El. for the eDtire eliDiDatioD 24 h later. The postrlated
process indudes the fomratioo of ROS as a r€flrlt of CDs-ftee electroos
iDteractitrg with dissolved 02. The CDs trqrative zeta potetrtial (-7 DrV)

is attributable to the existence of COOH and C:O Sroups. It perfom)s an
importa.trt rcle itr electlostatic associatioDs thtt assist itr kiliot bacteri4
dipole{ipole associatio[s, lotrdotr dispesioa force6 atrd Vatr d€{ Waals
forces. The study demoDstrated tlre effectiveoess of turDrericdsived
CDs as atrtibacterial ageDts.

4.4. Inftren e of posinvety chdrged $nfdces or elecdos@ri. inhraction

Positively charyed CDs successfully attacL oe8atively charAed bac-
teria, causint otembIale disflption and cytoplasoric leal6, whidr results
in the Eortality of bactsia [ ]. hvestitators eorployed biogedc
polyamitres to ceate extemely po$itively charted CDs [ . ]. Biry et al.
[ ] co,rstruc-led tregative, positivq a.Dd DeuEal CDs.'Itrey discovered
that positively and rctatir-ely drarged CDs caused 90EoE coli aortality
at 5OO !g,/El, wh€reas oeutral CDs had ro impact P6itively drarSed
CDq such as those geoented ftoD 6?€rDidiDe and loaded with N and P
(N, P-CDS), iarpair bacterial oresrbranes atrd mitochoD&ial activity
t l.

NqFtively dErged CDs inhibit tlre growth of b{ct€ria by itrtef,feriry
with E coli onrltiplicatioo atrd QS io & drreuJ [ ]. Res!'eratrol-derived
CDs dso iDhibit Ditodroudria.l activity itr catrceroos cells. While
euharciry the positive cfnqe of CDs ilrplove6 theiI atrtibacterial
properties, it also dinidslrcs biocoDpatibiliq', whidl pose6 a difficulty
t l.

4.5. InftM& of hydtophobie inta\lction

YaDt et al, [' I found *lat intoduciD8 quatema4. arrunotriun
compounds with longa alkyl chai.Dr to CDs imFov€6 tlEir a.otibactedal
properties by enablinS the to make cotrtact lvith positively dtarted
cells of bacteda via electostatic a.od hydrophobic DEchaaisos. It causes

daDage to the surface a[d rEduces Gram-positi!'e bacterial nEvival to
2o Vo at 2.5 !t/DJ-. Svitidova et al. [ ] improved CDs atrtibacterial
capability by addiry tehaalkylamDodum tloups, resultiat itr sittriE-
ca[t advatrtates for S. dueu.s (minimusr inhibitory cotrcetrtations (MlC)

3.1 p8/a ) ald E- coli (MIC 7.9 xAlu ). The equilibriuur of positi!'e
durge and hydrophobic properties is critical shortetred or toGloot
allyl chains di[inish effectivetress. Because of their positive charye
ad hy&ophobicity, allq-l-triphenylphosphoDium (TPPlaDetrded CDs

n)ay permeate cell aod nritodrotr&ial trretr}bratres, boostiqt oritoctron-
drial absorytiotr by huldreds of tiner owiag to the negative potential of
tlre mitochondria.l meorbraDe. Iu 6eBerr{ alteiiag CDs with hydrophobic
allyl chains itrcreas€a nrerrbftne perueatioq resr.rltiag in manbrane
rupture and iocaeased altibactedal activity.

4.6. Inf.uerce of Nrtitle shape o17d siza

Hrd et al. I I discover€d ttlat dre size of CDs affects their atrtibac-
terial effectireness. C6GCDS Seoerated fri) breakioS off the C,6l) cate
had substantial altibacterial actirity tolrards s. o reur, lowerint the
possibility of survival to 2.y.7 Vo at 2OO p&/rEl, comprisint antibiotic-
resistant 61mitrs. This octiotr was asdibed to a ctuvattue oratchiag
a.oroDg C$o-CDs a.od bacteriunr surfaces, o'tlidr disnpted the cell men!
brane. Otr the cootrary, the gnrphene oxide equivaletrts had Do altinri-
oobial acti\ity.

C6rrCDs had tro irupact olr Bacillur subtil*, E. cov, or Ps. ilomonas
ofilgiiara. CDs tiny size enables theor to pass throuth crell Deolbratres
atrd associate with DN& which ieodets tieE ideal for istrod(rciDg tru-
deic acids such as plasndds, Ionger deRNA, and riRNA into the cells of
admcls. ADitreactivated CDs attach to the oetati!'ely charted poly-
pho+hate backboDe of nudeic acids, shielding them from nudeases aod
itrcreasitrg ce-llular ab.orptio& tefl tilt in altercd teoe expressiotr [ l.
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CarCDs a.ud graphene qua.trhitrr dots (cQDs) are carbonaceous !.uro-
oratedals with diffeEtrt stmctur.l, optical, atrd furtioDal features. C.n-

CDs tenerated froEr firllexetre (C60) have rtrotr8 electrotr affi[ity, redo]r
activity, and distitrctive PI5 whidr nrak6 thetrr appropriate for photo-
catalysis, bactedcidal applications, atrd etrergy hari.'estiog t 1.

Corvers€ly, GQDS made ftoar Smphene or SrapheDe oxide have
coEtrollable fluoresc€oce, sitnificaDt quatrtum-coDiDed effects, afld
geat biologica.l coopatibility, rendeiog theor suitable for bioimadry,
drug adtlidstratioD, asd optoelectronics applications [ ]. \,tihile borh
oraterials show acceptable biocoopatibility follorvhS functioDalizatioD,
pristiae Iillereoes trray exhibit cytotoxic effects, whereas GQD5 are
geoera.lly less toxic. C6GCDS perfomt io electros{rii'eo applicatioDs,
but cQDs are nrorE adaptabte for medical aod optical applicatioN I l.

4.7. Oidalive datnlrge

Antioncrobi.d photodrla ic hactivatiotr (PDI) is an itrtituitrt
strategJ. dLlt eoploys light to pIodtrce ROS atrd photG€xrsitizerq
tesultiDg iD oxidative harm to bacteia [ ]- Cu!:Iert studjes have
i!\'estiSated carbon-based tratrotrEterials, flrah as CDs, as rrplac@Eut
photos€rlsitizers [ ., ]. Wheo erQos€d to Yisible or dayliSht photo-
excited CDs rclease ROS, which damaSe macrcmolecules ard cause cell
Drort lity [ , l. Chotrt et al- [ ] deDoosbated thar gmphene
CDs are phototoxic uporl bhre li8ht, loweriry the fllrvival of ce-lls by 20
Eo rvheD subjected to a 405 nlr laser.

Walia et a.l. [ ] .ieated CDs ftotrl carurydrater a.od niuogeD-ridl
materials trat specificaf! destoyed Ii. colt by produciot oxidative
stress, disnptiat membranes, aod destroying DNA. Meziani et al. [ ]
disco\,€rcd that ethylene-diorybisethylanriDe-actiyated CDs srgpre$€d
E coii proliferatiou under yisible ligh! wit! atr 80 % srpprE6siotr after 3
h ofirmdiatiotr. Ylr et al. [ ] dedonstrated that folic acidderived CDs
particularly athcked S. ourer6, FoducinS ROS that danraged bacterial
srperoxide disnutase, !€6ultio8 iD cellular death. CDs prodrred fioar
algiDitre atrd lysioe stDwed atrtibacterial activity towards both Grant-
positive atrd Cralr-neSatil.e bacteria (MlC 31-125 !9,/a ), witlr
itrqeased effectiv€ness in acidic circuostatr.es I l. Furthemrore,
Zhary et al. [ ] foutrd that red-etrritting CD6 Dright cause cell death via
oritocholdrioo-trrediated apoptosis routes, iDdicatias possibilitiea itr
bactericidal aod calcer therapy.

4,8. Photod@tal dErW

CDs ptay a[ inporta.Dt role h photothqE]rl treahrert by produciag
Ros a.Dd ioduciflt the nrechanical desmrction of bactedal De[rbratres
[ ]. Sattaralmady et al. [ ] rc\'ealed tbat CDs nade frotr asclrbic
acid and copper acetate hydmte EansforEr NIR (De6r-iD.frfied) litht itrto
heat causitrg the walls o, bacteria cell6 to be damaSed. It r€fllted iD a
substantial dedine iD colony-formiry lmits of S. oure!.r aad urethicillin-
rcsistant S. aureui (MRSA), i{ith a th.t€e-fold &op }r'hen combined with
radiatiou iD corupadson to CDs by itself. Despite [reir itegative zeta
potetrtia.l, CDs biDd to bacteria utiliziag van der waab force., resultinS
iD cell wall disiotegmtioD, eDh(trced p€rmeatioo of the trlefirbmtre, and
oxidative daDage. Lu et al. [ ] created a CDsdoped chitosan/Eatro-
hydroxyapatite scaffoldiry with potelt a.otibactedal propdties torvards
S. a rerls atrd E. coq \"rhich were firrther iDrproved (75 Yo to 99 r% iDhi-
bitiotr) b, NIR ladiation. Despite iotroducitr8 photocatalysts that ca.o

boost bactericida-t functionalit, , cDs are abo exce-[etrt photoseositizers,

boostioS loca.lized teorperature uDder NIR liSht and leading to iDproved
aotimicrobial capabiliq [ ].

4.9. Inpacting d1e @'chibcnne ond,Il./trtctionin9 of DNA/RNA corbon

CDs cflD pass throu8h bacterial lvalls atrd Dreorbmnes, adhere to DNA
a[d RNA lia troocor'rlelt associations, stnictural nlodifica-
tions ttLlt iohibit bacterisl tioos modiry
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RNA t l. Li et al. [ ] {6ed a.tr electochemical approach to oeote
low{oxicity, biod radable CDs from vitamin C, which had good a.uti-

microbial aDd atrtifuod properties. CDs at doses of 1OO !&/trll aad 3oo

r8lu effectively suppressed the developDr€ot of ser'€!'al strai$ by
d6trqiat bactqial x/als a-od pemrcatiDt cells. To iavestitate how CDs

int€ract with bacterial DNA and RNA, itrvesfiSators employed metltods
such as dymmic light scattefitr& circ1 ar dichroistrr .?ectloscopy, otrd
GE. The studie6 re\,'ealed that CDs etrhance the hydrodyDamic diatrret€r
of DNA and cha.Ee its arehitecture, evatually disintegnting bacterial
atrd fu.ogal teDetic trredrauisms, whidr i.E turD cause. celltrlar death.

4.1o. lnhibition of biofibn delylopnent

Atrtibacteiial rcthods oay oot ofteo eotail direct g-totoxicity, as

with bacteda-l biofilm developnretrt, itr rchidl lriclobes attach to $u-
face6 and buitd defeosive exti0c!-lhd.u Dratrices thot boo't their iD)nlr-
nity towards atrtibiotics otrd €xternal stress€s [ 1. CDs, iocludio8
those prcduced fir:)m lac&obacillui plantan n (CDS-LPI have b€eB

demofftrated to lioit ,'. coli adhereoce atrd biofilm developDrert
wittput inrpactiry rlrc progresior of bact€ria, probab\' r'ia cellfir
c.ommuDicatioD aod sttlir metabolistrr- Otller CDs, such as pol)-
ethyleDeidfne a.d citric .cid-based foroE, Ereatly iDhibit biofilm
developDrent ir both GaDr-positii'e (BdcilL1s .era$, S. o rds,
S. epiddnidis, Stepbco.cus Wogmes) and CrarD-neSative bacteria
(E. coli, Pmteus mirobilis, P aenginosa), alftowh pla!traodc gowth is
@toudred [ ].

Light-itritiated mA<Ds are ef6cieat towards platrkoric cells, but
they ha!'e little effect oo de!'eloped biofil$s as loDg as they are coupled
with chetrdcals ruch as EDTA tlut specifically tar8et biofilm hanework
t . I. Copper-doped CD6 (Cu-CDs) iBcrease catalltic functioo and

Foduce ROS, whidr iDhibirs the attachm€nt of bacteria and eliminates
biofihx [ ]. Notvrithstadiry t]rese ercouragiag l€5ults, Foblems
persist, itrduditrt rnL:nowo sp€cificit)' for so[re bacte.ial straios, urr-
certaitrties nitardins CDs reteotion and metabolism in mmm.l(, and
ioadequate direct compar:ability to tr.adirioml antibiotics [ ]. While
cDs h4ve eromrous possibilities for cotrtrollinS biofiln-asseiated ill-
ness€s, trrore study is r€quired to enhatrce thei, use a.trd overcoEre these
conshEitrts I l.

4.11. TW ond degee of cha$e on CDs

Bacterial cell or@rbra.Bes engaSe with CDs based oo the ctrarge they
carry and foror. Bina et al. [ ] discoveted that bacterial cell wall as-

sociatioas chatr8e between the fornmtioo of positive, netative and
treutrally charted CDs derived from spermine, candle soot, and tlucose.
Positively charted CDs are shown to be a.Dtibacterial, while Degatil-ely
dmrged and neutral CDs exhibit bactedostatic properties. Nevertheless,
they are seldom effective agai[st E coli. Ir1 addition, posirively dratSed
CDs geoerate lrore ROS than aegatively durged CDs, but neut'al CDs

tererate rcLatively litde ROS. NoDerheless, tro direct associatios be.
tlveetr surface drrrte atrd Ros prcdrction has beeo ideatified.

4.12. size ond shope of CDs

su et al. [ ] demonstrated how drc forrr iod source of oridn of
CDs affect thei! a.otibacterial propcrties. They discovered that Gqdots
had sizedepetrdeat atrtibacterial activity towad E coli.

B€rause of a salall ditr1elsioo of 15 trtr\ sDall-lateral-sized GGots
trlay easily pemreate the platma Er€orbrane, 8e&n'atiDt elevated lel_e-ls

of oxidative sEess and ruptures iD the otorbrane compar€d to larSe
lateral-sized GQdots of 50 trsr. ROS getreratioD caused by these G+
dotr has bee[ associated lvith membraae disitrteSratio, a[d oxidative
darate.
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4,13. Functiot&lized. Eroupi on Crr

FuDctioaalized CDs have showr treat promise iD use as aDtibacterid
agetrts due to their capability to sp€cifically target aDd distitrBuish be-
tween Gralr-posidve aDd Gram-Detative bacteria via various flrface
dta-oges. The fllctiotral 8roups of CDs have a coasiderable impact on
theit atrtibacterial activiq [ ] l. Amioe-.ctivated CDs aDeDded with
lauryl betairc tave Dultihuctiotral antibacterial dEracteristics, spe
ci6cally labeliog.nd elinnnatiagS. aulp']l while c.existeDc€ with cratrr-
rcgative bqctef,iun like g coli. Quatemized CDs, with a pocitive drarye
and orulticolored fluoresceoce, exhibit iocreared specficiry atrd atrti-
bacterial actility versus Gran-positive bacteri4 wirh a MIC of 8 trrg/Drl
for S. oui€trJ. Upon associatioD, these CDs rupture the Mcterial mem-
braoe, allowitrg flow otlt of conteots lvithi! dle cell [ ]. Additiouol
resea-rch has deopnso:ated the wid6 spectrunr a[tibacterial properties of
CDs produced flom diverse preerrsors. For exarnple, Li et al. [ ]
en+loyed vitar o C as a precursoi to crEatint CDs tfiat were effectir.e
towards S. anlalJ, B. rabtilir, atrd a4picillio-rcsistatt E coli.

Hou et al. [: . ] enployed ciprof,oxacio hydrccNoride to trrake CDs
that hod hither antibacterial actil,ity towards Gram-De8ative E coli tha.D

Grafl-positi!'e S. drr€ra. Gkewise, pedcilliD-bas€d CDs and F-CDS Dade
from letofloxacin hydrocbloride were djscovered to be e6cieat towards
both Granr-positive atrd Cram-neSative bacteda. Microscopy iodicates a
crystalli[e laftice fmmework itr I - CDs. Their titry 6ize 0.27 nm
diaueter) boGts their ability to fitht bacteria by interactitrS with bac-

terial DNA atrd daEla8itrg cell membra-ues [ ].
The study al6o foutrd drat sstall€r CDs have treate( aEtibacterial

capabilities due to iDrprol'ed cetlular assimitatioa atrd tuembrane
pemreotio[ F CDs exhibit promisirg atrtibacterial action by produc-
int ROS tttat hara1s bactelial celb devoid of litht exposue, tranrfor&iag
the into viable oa.oo atrtibiotics [ ]. Frrdrer itri'estigatioD has
look€d at lhe photod)'Datrric effects of citric-acid-based CDs in rhe
treamrent of S. @raa-iffected lesiotr-s in urice, revealing considerable
bacterial deqease- Supetationic CDs nrade ftom ryemridine powder
show s&otrt atrtibacterial activity, es?ecia.Uy atainst S. durc6 (MRSA).

P-doped CDs also showed coosiderable antibacterial activity, danagilt
bacterial ceU neDbrare! via elecaical associatio$ [ '1.

tntioately, CDs derived ftorD quatemary ar,rn1odum salt ard eth-
yleaediamine were discov€{ed to possess wide-raEtiry a[tibact€rial
properties toisards both Gram-positive atrd Gmm-Detative bacteria,
widr low cltotoic and the possibility for bioitm visualization and
eliminition. These results hiSHight the irti8uing possibility of CDs itr
Seoeratitrg Dovel atrtibactedal nredicines, porticularly for drut-leoistaot
diseases [ ]. GraD-positive and Cranr-oe8ati1€ bacteria, ia addition
to MDR patlroSens like MRSA, were aI ef6ciendy destroyed by th€ CDs,

as showD in . . The fomlation of CDs utilized a ralge of chemical
precurEors and medrodologies, lvith an suphasis otr their antibactedal
effectiveoess towards variorls mioobial s?ecies. CDs aie produced 1lsitrg

a variety ofproceduef, iDcludin8 electrothermal, hydrotherEEl (2OO "C

a.od 250 C), Dricrowavg pyrolysis, a.ud solvothernral approochec, eac-tr

piodtlcitrg CDs urih distiact bactericidal chamcteristics [ , ].
Ciprofloxacin and lerofloxacia-based CDs had ircreased efficacy to-
wards E co4 with lelofloxacin beiat efficacious towards P. aen-ginosa

atrd B. rurtili, denrotrsu'atitr8 widemlgint atrtibacterial properties.
vita.dn C-derived CDs are effective towatds S. ate s, B. srDtilir, a[d
E coii, iDdicatiDg rheir promise as a $rbstitute for ctotr!'entional atrtibi-
otics [ ].

Citric aci4 culcuolio, and the quaterDary aD[roniunr sa-lt of chitosatr
(used in combinatioo with ethyleaediamiue) aad spemidiae were all
employed to create CDs with actioD roward bio6h$ and antibiotic-
re3istant bacteda such as MRSA which is especially usefi.rl in tr€atiot
dlloDic itrfectioos [ ]. The addition of futrctional prccusors such as

curcuario a.od 2,3-epox,?ropyltrimethylanuonium drloride inrprro[es
the a-otibacterial propelties ratrse of CDs, S. orr?ur atrd

E coli t I, Itr s,,n'n'"ry, the bilit, of
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makint the$ ioterestitrg optioDs for fithtitrg bacterial ilhesses, paitic-
ularly those caused by resistatrt atrd biofi]m-formint straiDs. ,

suonrariz€s the various precurso!'s utilized to sytrthesize aotinriclobial
CD1 th& MIC values, aod dreir associated applicabilty.

5, Biocompatibility and toxicological studies of CDs

CDs are being recoSdzed as hiSh.ly iDhiguins oaDomaterials for
artibdct€f,ial applicatiotrs due to their hiSh biolo8ical conpatibility,
adaptable surface characteristics, a[d low toxicity. Their carbon-based
core compositioo and ability to passivate surfaces with biocompatible
coorpotmds (e.9., po\'ethylene Slycol, amioo acids) eoable s e io-
teractions with biolotica.l sfst@rs [ ]. Ser_eral shrdies har€ indicated
tllat CDs display low cytotoxiciq, iD !iro, ev@ at dosages effective te
wa s tracteriq atrd Sood bioconpatibility in ia-livo species, whidr

)'lr---Z\

indude zebraEsh embryos aIId mice [ ]- Moreover, CDs PL Datue
enables E1ckitr8 ald controlled activation for photodynaflic .rtrtibac-
tedal theiapy, wheE ROS can be Senerated iu a taryeted firaloer to kill
bacteria while mininrizing collateEl danraSe to host tissues [ 1.

Furthernrore, CDs PL nature eDables nrodtorilg and flonitorcd
activation for photodloamic artibacterial therapy, itr whidl ROS caD be

produced io a tarSeted mcnner to e-linriD,ate bacte-ria , +rile lioritiDt
collateral harrn to host tissues [ ]. Carbon dots offer a safer suhstitute
with far fewer risks of rystetrric toxicity atrd loDS acclltrlu.latios than
other naooDateria.ls, such as silve aanoparticles (AgNPs), ziDc oxide
(ZsO) nalopartides, and copper oxide (Cuo) Mtropartides [ ].
AgNPs aad rBet{rl oxides are excelleot aotibacterial ateots; howeve!,
they ftequeady exhibit dose-depetrdent rytotoxicity and possible Sere
toxic effects due to the unr%dated ions alld lo0t-temr

l'+

.\g:lin\I 1.r.,,1,. URSA.
snd t,iofilm of.t. a 
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( urcu lnin
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ri8, 5. origir ofcDs atrd widespectlun .ntibacterial actiou to$'ar& cran-pGitive ard Cra[l-oegatil'e bacteriat species (Cop!'ri8hr c American Chesical Soei€ty
(Acs) 2024. AI rithts resen'.d, reprintcd with per&iBioD) [ ].
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carl be tailor€d to nriDimize ROS fomratiotr itr trotr-aartet tissu€s.

E4erimental shdies have showD that these CDs bave effective bact6
dcidal effects otr both S. au.eu, and tebacycliqe-resistart E co4 with
sitDificant decreases itr colotry-fomling urlits followinS iisible li8ht
expo$re [ ]. Mechaoistic validatio! with scaveoters such as potas-

sirmr iodide cl!-6mred the qitical itr\'olvesr@t of photoSetrerated holes
and .OH iadica.ls ir tlre iDactiktioD of aricrobial cells. The photo-
catal)'tic proc€ss of metal-fr€e CDs uDd€r visible litht radiatioD eor-

pha.sizec their potetrtiol io ontibacterial atrd tunror tseahrent
applicatioos, ar illustrated irl

wlren expooed to visible litht, surface fimctioDal goups oa CDg sudr
as carboDyl and anride nroietig, ttlderweot a drcmical chatrge. leadiry
to the production of ROS, specifically hydroxyl radicals (.OH). This
proceds is tri88€ced b, fhe excited DovemeDt of electroos froDr the
llatence batrd (VB) to the conduction ba.qd (CB), rcsulting in elecuon-
hole pairs. Photoercited elecboos aod holes [ndergo redox reactions
with Boleculat oxySeu ald watq, rEsdtitrg in differcot ROS. These RoS
carse sit ficatrt oxidative stEss, which di$upts bacteial membmnes,

Ploteinq aod trudeic acids, resultiot itr eff€ctive antibiotic activit,. ID

hraror therapt, ROS ca[se oidative daDate to cancer cells, which
proDotes apoptosis atrd itrhibits tu[ror developmetrt.

luthef,Drorc, lhe cDs disptay tood biocoopatibility, showiBs low

cytotoxicity agaiDn Banrnraliajl cells iD the abseoce of litht, empha-
sizin8 dreir poteotiol for therapertic tsate [ ].cDs rcduc€d inhere,lt
toxicity and ircrea$ed biodegmdabiliq'Dake them ideal for biomedical
applicatioas such as i{ouDd dressitrgs, ad.aridst'ation of drugg aod
antibacterial caltioSs, all of which tequire loES-term biocoEpatibility.

6. Conclu6ion

CDs coDrtitute a potetrtial faarily of aanourateria.la with sEotr8 anti-
bacterial propeJties, providil8 a varieq of stateSies for corrbatiot
trti<fobic.l tbreati ivhile beitr8 teaerally ooatodc to lranrealian c€lls.
Their oultifiDctiotral feat{rea itrdrde nredradcal tupture of bacterial
nrnrbra.[eq itrtrac€-llular caeatioo of ROS, itrterferetrc€ with electroD
tra.nsport suppresrioo of proteio aod DNA syntheis, and biofilm for-
nurtiotr preveDtioo. These medmtrisns combhe to create CDs sEotrg and
adaptable atrtibacterial atots with geat pot$tial itr bionedical aF
plications like bioseosin8, biolotical ioaSh& drtlg delivery, a.od pho.
tocatalysis[ ].

CDs hare s€!€ral adva.Etatea, itrdudiDt iaepeDsive prodtctioo
co6ts, ease of synthesis, scalinS, nriDisx c)'totoxicir,", and su.rface cus-
toDization. Their chearicat stability nr.d(e

where they
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a

o HrO .oH
o H

H,o Visible light
NH

.oH

o Hzo OH .OH

b

CB
OH

.oH

VB

H 2o
Pig.6. Schcmatic Gpresentation of stflrctural alteraticos ofcDs upon lilible light radiation and phorocatalytic mehadsm o{ CD3 it aqueous solutioos (CoP}right e
Elsevier ?r23. AI1 riShts r€sei/cd, repri ed witl p€trrtrission) [ -].

HrO .oH

OH

iiprove dnr8 loading and disuibutiotr $trile maitrtaioing therapeutic
ef6cacy. Positive surface charges and hydrophobic chatrtes, such as

alliyl ciaitrs, improve their aotibacterial activig by allowiry electo-
static inteJactioN with Detatively charSed bacteiial oreurbra.oes and
proootiot orenrbraoe peletration t . J. Despite these pronrisinS

draracteristics, varioui hurdles aad research gaps Drust be solyed pdor
to CDs rcachitrt their lirll drerapeutic and e.oDomic potentia.l. A key
shortcoDrilg is aD iDsufficient uaderstatrdiDg of their antibacterial plo-
cesseg Dotably straitr-specific selection aDont bacteda with identical
Gram classificatioDs.

There is also an inadequate rEderstandiry of CD retention, meta-
boliso, aod ersetiotr i-o naDma.liatr rysteni, misint coDcems about
their lotrt-tertrr biocoDpatibitity and systeoric toxicir)'. 10 additiotr,
while some studier have reported enzynDtic destftctiotr of CDs itr vivo,
the particular biocnemical processes r$poosible for carboD core disio-
tegratioa are ioadequately uoexplored I l. Another sigrificatrt chal-
teoge is the lack of defined synthesis atrd draracteri?atiotr teduriques,
wlddr results in dir_ersity itr CD size, shape, surface chenishy, a-nd op
tical properties. These variatioDs orake it difficult to reprodrce a-od

coarpare results across itrvestitations. Fu-rtherDrorg few sfudies haye
CDs atrtibacteria.l potetrcy to maletrtiona.l antibi-

otics uDder stardardized cotrditioos, limithg a reliable assessureut of
their relative perforuratrce [ ].

Techdcal hurdles learaitr itr cotrtrolliog partide stupe ard obtaioiog
tmiforar heteroatom dopi-o& suci as oiEotetr iDctusioD, which is critical
for eDlra[citrt CD functiona.l cbamcteristics. Furthemrore, tmnsformitrt
efivirDrDretrtally frierdly syDthesis processes ftorl liaboratory to

industrial scale rearaios cha.lletrtiag, trecessitatint ritorous reactiotr
conditioo optimizatioo lld stingeot quality cootrol measutes. Eovi-
rctrrrretrlal cotrsiderations, suah as waste creatiotr atrd b,?roduct aratr-
agearetrtJ eorphasize the iorportatrce of lon6-term mlutiors for
valoriziog or safely dispositrS of s,.othesis residuer [ ]. Future
research shou.ld focus or developint ecotrof,icsly viable and scalable

FodrrctioE methodq inrprDvitrt control over physicodrcnrical qualitiB,
and compreheosi!'ely examinitrt CDs safety, bioconpatibitity, atrd
phanDacokitretics itr vivo. AddressiDg these shortcomitrgs will be critical
to hamessht the fi. 1 potdtial of CDs as next-teDeratiotr antibacterial
aSents alld oanocariers in atrtibactedal applicatioff [ ].
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