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Abstract

Background This systematic review aims to assess the antibacterial efficacy of Quaternary Ammonium Compounds
(QAGCs) against Enterococcus faecalis (E. faecalis) as a root canal irrigant for endodontic infections.

Materials and methods A comprehensive literature search was conducted utilizing the databases PubMed, Scopus,
Cochrane library and Google Scholar for papers from January 2000 up until January 2024. The research question was
formulated using the PICO (Population, Intervention, Control and Outcomes) framework. This review focused on the
efficacy of QACs (intervention) against £. faecalis (population) and compare it with NaOCl (comparator 1) and CHX
(comparator 2) for antibacterial activity by using findings of colony forming unit (CFU) and confocal laser microscopy
(CLSM) (outcomes). A methodological quality assessment was conducted using a scoring methodology provided

by Quin tool to evaluate the studies, and the risk of bias was examined. A systematic screening of the selected
publications was performed based on predefined inclusion criteria to identify studies eligible for meta-analysis.

Results Nine research studies papers included varied in their design and had a low to medium risk of bias. The
findings demonstrated a decrease in the number of E. faecalis bacteria following the inclusion of QACs, leading
to improved disinfection and efficacy in combating root canal infections. Furthermore, the meta-analysis findings
indicated that there was no statistically significant distinction (p>0.05) in the efficacy of QACs [Quaternary
ammonium silane (K21) and Benzalkonium chloride (BAK)] when compared to commercially available NaOC|,
however these QACs showed high efficacy against E. faecalis.

Conclusion This review found QACs to be promising alternatives to NaOCl and CHX for E. faecalis elimination, though
no significant difference was observed in meta-analysis due to study heterogeneity. Standardized in vivo studies are
needed for validation.
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Introduction

Bacteria present in the oral niches can infiltrate the root
canal system leading to inflammation of the dental pulp
and the periapical tissues. Endodontic infections may be
caused by microflora that is well adapted to the specific
ecosystem of low oxygen potential and limited nutri-
tional availability. Microbial communities within the root
canals are observed as biofilms that are attached to sur-
faces [1]. The occurrence of these intricate biofilms was
recorded in 70% of the cases [2], and they were found to
be firmly connected to the dentin of the root canal wall,
spreading into recesses, isthmus and lateral canals. Root
canals harbor various microorganisms, including E. fae-
calis, Fusobacterium nucleatum, Porphyromonas gin-
givalis, Treponema pallidum, and other species [3]. The
pathogenic microflora is linked to intense inflammatory
responses when present in necrotic pulp, leading to pain,

abscess formation, and cellulitis. Resilient bacteria like E.
faecalis are capable of surviving in challenging conditions
and have the ability to withstand antibacterial substances
[4].The success of root canal therapy relies mostly on the
effectiveness of chemo-mechanical preparation in elimi-
nating both biofilm-embedded and planktonic bacteria,
as well as removing necrotic pulp and toxins generated by
microorganisms to facilitate periapical healing [5]. Intra-
canal medicaments have mostly contributed to root canal
disinfection by significantly reducing bacterial counts
within the root canal system following chemo-mechani-
cal techniques [6]. E. faecalis exhibits a significant level of
resistance and plays a crucial role in secondary infections
of root canal treated teeth, resulting in a high incidence
of treatment failure. It is a predominant microorganism
found in persistent intraradicular infections, as opposed
to initial chronic periapical periodontitis. E. faecalis
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demonstrates resilience in very alkaline environments
and in the presence of antibacterial substances. The anti-
bacterial medication should be able to eliminate E. fae-
calis biofilms within the root canal system E. faecalis [7].
It is crucial to examine various compositions that have
minimal harmful effects on periapical tissues and signifi-
cant antibacterial capabilities. Commonly used antibac-
terial endodontic irrigants like NaOCl and CHX have
also been studied in treatment of endodontic infections.
NaOClI has the potential to cause irritation and cytotoxic
effects on periapical tissues [8]. Furthermore, it does not
eliminate the smear layer, necessitating its use in con-
junction with appropriate chelators for that specific pur-
pose [9]. Though it has tissue-dissolving and antibacterial
qualities, NaOCIl can alter dentin structure, induce aller-
gic reaction, and not clear biofilms [10]. It has also been
observed that CHX has a harmful effect on dentin sub-
strates, even when in contact for a brief period of time
[11]. CHX exhibits limited solvent capacity and has been
demonstrated to exert an adverse impact on collagen
fibers inside dentin, hence compromising the mechani-
cal characteristics of dentin and potentially resulting in
the debilitation of tooth structure [12]' [13]. CHX forms
harmful precipitates like para-chloroaniline when used
along with NaOCIl which may obstruct dentinal tubules
and present possible health hazards [14]. Bacteria
develop intricate biofilms and adhere to the tooth surface
through exopolysaccharides. The bacteria persist in end-
odontic infections due to an adaptive mechanism inside
the environment [15]. These drawbacks highlight a novel
biocompatible irrigant with improved antibacterial and
tissue-healing properties. Because of its broad spectrum,
low cytotoxicity, and ability to attach onto the dentin sur-
face, QAC can be a promising antibacterial irrigant.
QAG s are utilized as antibacterial agents in endodon-
tics, demonstrating their promise as novel bioactive bio-
materials. These compounds demonstrate a high level
of growth inhibition against a wide range of microbes,
equivalent to commonly used antibiotics [16]. QACs are
surfactants that have both acidic and basic properties.
They typically consist of a molecule with one positively
charged nitrogen atom and at least one hydrophobic
group attached to it [17]. The most frequently utilized
QAC:s for treating endodontic infections as intracanal
medicaments include Cetrimide (CTR) [18, 19], Benzal-
konium Chloride (BAK) [20], Quaternary ammonium
compounds such as dimethylaminododecyl methacrylate
(DMADDM) and dimethylaminohexadecyl methacrylate
(DMAHDM) [21], as well as a new class of Organosilane
quaternary ammoniums known as Quaternary ammo-
nium silane (K21) codenamed as K21 [22, 23] (KHG
FiteBac® Technology, GA, USA). The lipophilicity of qua-
ternary ammonium biocides (QACs) is closely linked
to their antibacterial activity. The hydrophobicity of the
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n-alkyl chain determines the antibacterial properties of
QAC:s against specific bacterial species. The potent anti-
bacterial activity of QACs is due to its lipophilic alkyl
chain, which can infiltrate the bacterial cell membrane.
K21, containing positive nitrogen atoms, specifically tar-
gets membrane lipids, resulting in its lipophilic effects
[24] [25]. Results from studies comparing various irrig-
ants for the purpose of eradicating E. faecalis colonies in
root canal systems need to be analyzed. To the author’s
knowledge, no systematic review has been published that
that describes the antibacterial effectiveness of different
QACs compared to NaOCl and CHX against E. faeca-
lis in endodontic infection. E. faecalis. It also provides
information on several QACs and identifies the one with
the greatest potential to be employed as an efficient end-
odontic irrigant.

Materials and methods
Study design
The systematic review adhered to the PRISMA Guide-
lines by Page et al,, 2021 [26]' and the protocol was reg-
istered in PROSPERO on 6 January 2023 (registration
number: CRD42023389258). The present systematic
review of research studies adheres to the principles set
forth by the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) (Fig. 1) [27]. The
PICO approach used for the review was as follows:
Population (P)=Enterococcus faecalis was used
as a test bacterium to evaluate antibacterial effect.
Intervention(I) = Quaternary ammonium compounds
that were used in selected studies as root canal irrigants.
Comparator(s)/control (C)=NaOCl and OR CHX were
used as comparative groups as root canal irrigants. Out-
come (O) =CLSM or CFU were used for measure of anti-
bacterial activity.

Research question

A research question was formulated following the
PRISMA standards. The question in focus was “Does
Quaternary Ammonium Compounds (intervention)
exhibit antibacterial effect (outcome) against E. faecalis
(population) compared to sodium hypochlorite (com-
parator 1) or chlorhexidine (comparator 2) irrigating
solutions?”

Eligibility standards

Inclusion criteria Included (a) original articles, (b) stud-
ies published in English language only, (c) in vitro / ex
vivo / in vivo studies using microbiological assessment
as a part of study, (d) quaternary ammonium compound
studies reporting E. faecalis as a strain for microbiologi-
cal assessment with quaternary ammonium application,
(e) NaOCl or CHX or their combination with either or
with QAC studies reporting E. faecalis as a strain for
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[ Identification of studies via databases and registers ]

Records identified from
Databases:
PubMed (n = 290)
Scopus (n = 89)
Google Scholar (n = 238)
Cochrane Library(n=658)
Total (n=1273)

Identification

Records removed before the
screening:

Duplicate records removed (n
=361)

Records marked as ineligible
by author because of review
article (n = 49)

A 4

Abstract screened
(n = 865)

the objectives and inclusion
criteria)
(n=2832)

Records excluded (Did not meet

A 4

Reports sought for retrieval.

access to the article

Reports not retrieved (did not get

(n=79)

(n=33)
I

Reports assessed for eligibility.
(n=28)

Screening

\4

Studies included in qualitative
review.
(n=09)

Included

Reports excluded:
Reason 1 (n = 7 control group used in the study
except Sodium hypochlorite or Chlorhexidine)
Reason 2 (n = 3) bacteria included in the study
except for E. faecalis
Reason 3 (n =5) Full text was not recovered
Reason 4(n= 4) published in different languages

Fig. 1 PRISMA Flowchart of the Study. PRISMA 2020 flow diagram for new systematic reviews which included searches of databases and registers only.
From: Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting sys-

tematic reviews. BMJ 2021;372: n71. https://doi.org/10.1136/bmj. n71

microbiological assessment, (f) Quaternary ammonium
compound used as irrigant or solution for root canal
treatment.

Exclusion criteria included (a) systematic review and
review papers, (b) case reports, (c) commentaries, (d)
interviews, (e) updates, (f) any intervention except qua-
ternary ammonium compounds and NaOCI or CHX for
E. faecalis elimination, (g) Quaternary ammonium com-
pound used as sealer or adhesive.

Any disputes regarding these criteria were resolved
through consultation with a third-party impartial
reviewer.

Information sources and search strategy

To meet the pre-determined inclusion and exclusion cri-
teria, all the titles and abstracts of all the acquired stud-
ies were reviewed and screened by two independent
reviewers. The databases that were searched for were
“PubMed’, “Scopus”, “Cochrane library” and “Google
Scholar” to search papers addressing research questions.
Table 1 depicts the search strategy used for the study.
The search started on 10 January and was performed for
papers published between 2000 and 2024. An organized
and valid practice was implemented to search the litera-
ture to detect the appropriate papers as per the criteria.
Papers with available full text available were considered
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for further review and analysis. Hand-searching of the
papers was also done from the reference lists that could
have been skipped during the initial search according to
inclusion criteria. The studies were explored using a pre-
determined search technique. We started with PubMed
and modified our search method for the other databases.
The following terms were utilized in the search strat-
egy: “quaternary ammonium,” “quaternary ammonium
salt, “endodontic,” “endodontic irrigant, “root canal,’
“root canal irrigant,” “biofilm,” “bacteria,” “Enterococ-
cus faecalis,” “sodium hypochlorite,” and “chlorhexidine”
Subject header truncations (*) or Boolean operators
("AND’, “OR’, and “NOT”), depending on the require-
ments of the relevant databases, were used to imple-
ment the search. After identifying the studies that were
relevant to the study topic, two separate authors (RAB
and SUM) reviewed the titles and abstracts of the articles
that were found through the literature search. Assisting
the third author (UMD) in addressing selection proto-
col biases and inconsistencies was also a priority. A sub-
sequent round of study selection was finalized by two
writers (RAB and SUM). To include studies that met the
research objectives, they read each whole publication and
assessed it according to the qualifying criteria. An addi-
tional author from UMD conducted separate database
searches prior to the research analysis to avoid exclud-
ing the most recent pertinent study. Because there was
no logistical support to retrieve and translate the articles
published in languages other than English, the literature
search had to be limited to English. Inter-reviewer reli-
ability was assessed during both the study selection and
data extraction phases.

The PRISMA flow chart as shown in Fig. 1 delineates
the procedural overview of article screening, spanning
from the inception of the review to the comprehensive
paper assessment stage.

Data assortment

After retrieving all search results by filtering the titles,
duplicates were removed using Mendeley Desktop

Table 1 Search strategy

Page 5 of 20

version 1.19.8. The process of abstract screening was
carried out, followed by a thorough reading of the
entire document. The reviewers conducted a thorough
review of the papers chosen for full text. Any differences
regarding the selected papers were managed through
discussion.

Search items (Data Extraction)

Formulated data extraction parameters were utilized
to obtain data from the selected studies. Data extrac-
tion from these studies included author, year of study,
type of ammonium Salt, type of intervention, data on
test group (type of ammonium compound) and control
groups (NaOCl and CHX), sample size, model bacteria
(with strain information), method of antibacterial mea-
sure, outcome of study and statistical power calculation.
The antibacterial measurement was done by CFU and
or CLSM. The entire data extracted from the selected
papers is appended in Table 2.

Criteria for Meta-Analysis

For meta-analysis, CLSM was used as method of
outcome measurement. The rationale for including
CLSM-based research in the meta-analysis was to
uphold methodological consistency and ensure data
compatibility for quantitative synthesis. Although
CFU is a commonly utilized approach, its reporting in
various studies was markedly inconsistent, some pre-
sented bacteria count as percentages, some utilized
raw CFU values, and a few of them provided statistical
presentations without standard deviation or mean val-
ues. These differences impeded the correct extraction
or conversion of CFU data into a standardized effect
size (standardized mean difference) appropriate for
meta-analytic comparison. Conversely, CLSM-based
investigations consistently documented quantita-
tive and comparable parameters, including mean and
standard deviation for live/dead bacterial fluorescence
ratios. This consistency facilitated accurate effect size
computation and minimized the potential for bias or

Date Database Search strategy Number
of papers
22323  PubMed (((((((((Quaternary ammonium [Mesh Major Topic]) OR (quaternary ammonium salt [Mesh Major Topicl)) 290
AND (endodontic [Other term])) AND (root canal irrigants[Title/Abstract])) AND (Biofilm[Other Term])) OR
(Bacteria[Other Term])) OR (Enterococcus faecalis[Other Term])) AND (NaOCI[Other Term])) OR (CHX[Other
Term]))
15323 Scopus ("Quaternary ammonium”) AND (“endodontic treatment” OR “root canal irrigants”) AND (“Biofilm” OR “Bacteria” 89
OR"Enterococcus faecalis”) AND("NaOC|” OR “CHX")
20.2.23  Google “Quaternary ammonium” AND “root canal irrigants” OR “Biofilm” OR “Bacteria” OR “Enterococcus faecalis” AND 238
Scholar “NaOC|"OR"CHX"
26423  Cochrane (Quaternary ammonium NEXT (compound” OR salts”)) AND (“‘endodontic”) OR (“irrigant”) OR (“root-canal”) 658
Library OR (“irrigant”) OR (“root canal sealer”) AND (“Enterococcus faecalis”) OR (“Enterococcus”) OR (“biofilm”) OR

("antibacterial”)




Page 6 of 20

(2025) 25:1301

Bapat et al. BMC Oral Health

9¢'0F 0/ -|0luoD
66'0F0°€ -[DOBN %9
8TOFCLY
“XHD+[D0€N %9
LLOF YT -LDI%S €
YPrOFE-LTN%T
|w/Nn4D bo

L'TF €6 — |03U0D
99F £'67 — [DOBN%9

(50°0 > d) abues Junod
QU3 Ul Jejiuis a1am sdnoib
(FFOF9°€) LTI%C pue
(66'0F0°€) sdnoib a|buls

LZFIEE  [DOBN%Y U} ‘Aj[ednsiiels [uljes
“XHD+IDOBN%9  "uoneddinw Auojod [eiq SRR
CEFECEL-IDI%SE  -0Iw Ia3ealb bupedipul :3dnolg
YSFETT-LDI%C  UNnod Jaybiy A|geispisuod pue Lo
elI210Rg AAIT e peY (9E'0F ¢0/) sdnoib (sinoy %¢ :Q dnoin
'/F /976G |0nuo) |0J]UOD) 'SUBWIDAAS |7y Ul awi 2Insodxa LT %SE
CEFC0LDOBN%O  %G'E UM alam sbuipeal snsian ajdules D dnoin
99+F¥99 Jui/N4D ueaw 3samol - /n4D Boj) Ananoe (ozL=u) XHD %
“XHD+120BN%9 3y 'sdnoib [DOBN pue  [ensideqnuy)n4D SIgjow pliy3 +DOEN
EYFLO8-LDI%SE  XHD+IDOBN ueyl sanjea  pue (dodsoidiw le|ngipuew 99 :g dnoio
k4] SSFLLL-LTI%C eli93oeq pesp uesw Buluuedsuase|  wiyolq (16T uewny 208N 0c0z e
elL1oeg pesq 1ayby pey sdnoib gy [e20JUOD) WSTD  DDLV) SipIard g paieix3 99y dnoin uebu] Ul ¢ let e poced L
(13y30b0) (yoeoadde
as /uesiyy ainseaw (uonew.ojul Jonyuo) Ki1anipep bniQq)
uone[ndjed |eud)deque uless Yyym) $3zIS pueisad]) uonedidde/uon uoneddde wnjuowwe OoN
JEN| Jamod |ednsnpers Apn3s jJo awodnQ JO POYIS|\ elIdIdR] [9POIN s|dwes sdnoip  -udAsd3u| jo adA| JLENT] Jo adAL loymny s

S3IPN1S P123|2S JO 3|ge) UO[DRIIXD _le( T 3lqel



Page 7 of 20

(2025) 25:1301

Bapat et al. BMC Oral Health

‘AlPAIDadsal

‘uonebil
punosel}n
pue [enuew
LZOF1L86 Yi0q 1o}
|0J3U0D Qul[es pasn
6E£9FEET 4 pue’3'yyy
(1uosesn) | 7y 3y ‘uonebLUl
%Z FDOEN punosel}n
LT6+9€S 104 LT %C
(lenuew) Lz pue |DOBeN
%C FID0EN 99 pasn ‘g
¥SS+69G1L ‘4unoj ayy
(o1uosesn|n) ‘uonebii
XHD % +1D0BN [enuew 104
T1'8+8.6T LT % pue
(lenuew) [DO®BN %9
XHD % +1D0BN pasn ‘D ‘piiyy
©1I910e( DAl QU3 ‘uonebLUIl
6/ €+S/6 ‘QUIU-AlUSM)  punosesyn
(d1uosesn) | 7y 012U0 10} XHD %C
9%C FDOBN -Kyusmy wioyy  pue |DOeN
TELLFYOV6 obeurbul 99 pasn‘g
(lenuew) L7y -buessienpiA  ‘puodas ayy
%C +1D0EN -lpur oy ‘uonebull
'SY9F L L'P8 (dluosely P21293]|02 [enuew 1oy
-IN) XHD %Z FDOEN 'sdnoib Jayio 2I9M Y129} XHD %C
TUSFTLT69 XHD 03 pasedwod dnoib| ¢y lousyueps  pue |DOEN
%C FIDOBN -[enuepy 9%C +[DOBN %9 YHM  (BUS1DRG SAIT pUE  W|YOIQ (71767  -1004-9|buls %9 pasn
[ev] elIa1deg pea PUNO} 2I9M BLIDIDRG Al Pea( JO 9% URIA) JDLY) SIjp230y) ‘AYyeay ‘v ‘dnoib 6107 e
gS+Uuesyy o uondNpaIIsaydly 2y L WSTD Ej Aybi3 sy 8y uebpl| ulw g leY 19 pooeq T
(41330603 (yoeoadde
as /uesiyy ainseaw (uonew.ojul Joyuo) K1aniep bniq)
uolje|ndjed |eu91deqIUR ulea)s yum) $3zI§ pueisa]) uonedydde/uon uonedidde wnjuowwe ON
19y Jamod |ecnspers Apnas jo awodinQ JO POYIS|\ EeLId)OE] [DPOI 9|dwes sdnoin  -usaid)u| jo adAL Joawiy jo adA) loyny s

(penunuod) zajqey



Page 8 of 20

(2025) 25:1301

Bapat et al. BMC Oral Health

'S10243 |ela1oeqnue

Bunse| 1o1ealb pey pue GEE) D)
%01 -41D  '9AIID3YD SI0W 194eS 2I19M jusuewsad 9%z’ 0+XHD
%C°0+XHD %C 91eU0dN|6 XHD % pue ulw g panowai %C
61] %S| -XHD%Z  UIpIX2119D 'UoAN|os [DOEN Ja1je es1oeq CLT6T DDIY  Alysay ‘@i9id XH2%Z €00¢ e
%9 -IDOBN %ST'S 9%5¢'S e 0} pasedwod JOUIMOIDON  ulells sypdapyy  -Wod AIXIS DOBN %SC'S Juebi] IV ¥l wbeoup g
‘ujgolq
SU} 9A0WJ 0} 3|ge 2I9M
d1D+D0OBN pue [DOeN |03U05
6/ -|01u0D AJUO 1223U0D 1031Ip JO XINO
SG-XIND  UlW g pue | Ja)y 'pa1sal 410 %C0
TP-Y1D %70 2I9M ey} SUOIRDOSSE pue Y1
T 41D swuebuliayljo jje ul sy ‘PasN M %7 0+XHD
%T0+XHD % -ap) 7 dluopjue(d jsuiebe 3001 Jospoul %C
= XHD %C UoIoe Sem 313y ‘suon [JVER) XHD %C
0-41> -N|OS [DOBN pue XHD 0} wiyolq  2uinog =yj H1D
%C0+[D0BN %SC YLD Buippe Aq pasueyus pue duopueld Qg 'pay %C0+ID0EN 710¢
(81] 0-1D0BN %S'C 10U sem Wwiyolq sujebe (uoneoyidde ‘TLT6C DLy -Padsiousst %S°C Ul ¢ 832 vD 0}
L-w N4D 01607 uesy uollde [eURDegIUB BYL  UIW | JSYe) N4D  Ulelissypdapy  dzis djduwies  |DOEN %S'T Juebu| pue uiw | 41D -UswidseN 'y
(500>d)
sdnoib 1z) %1 Pue %50
3y woly Apuesyiubis paisy
-JIp y10q ‘19ramoy ‘sdnoib
XHD %C +D0BN %9 pue
XHD %¢ 2y} Usamisq
1a1p Apuedyiubis Jou pip
SIUNOD []92 pes( ‘slagquinu
1195 peap 1saybiy ay1 payl
L'y +291 -XHD -qIyxd 17y %1 dnoio 's1eak
%C+D0BN %9 “(S0°0>d) eu1deg s|geIA Loz
80+ 10l -XHD %C paseaIdap Sem alay} pabe syuan
TT+9S1 -DOBN %9 ‘L 2yl JO UolleuadU0d -ed woy
660+8°€-1TN%L Pa5e3IoUl YU "XHD%C panowal
YC+6'6-121 %S0 pue [DOBN%9 241 ueyy SIoMm U}e9} XHD %¢
eUSIORg BAIT  13YBIY SeM I-1 7 %50 JO Iou1ue pa XHD
8'/+¥98-DOBN %9  Adedyys [eusideqiiue syl -001-3|bUIs 96 +|DOBN
L'6+C96 -1t %l ‘PO [eIqOIDIW padNpal  (eLS1DB] 9AI] pue Snope> 99 [DOBN %9
[Cd  LULL+106-101 %S0 3121 %S0 1DOBN pue  pesaqJo % UBS)  W|Yoiq (Z1Z6C -uou Gg| /121 %L Lzoe
els1oeg pesdg |03u0> 0} patedio) ST DDIV) sljp2a0j g JoRIolY  3/1TM %S0 uebi] Ul ¢ Lo lepooeg ¢
(41330603 (yoeoadde
as/ uespyy aJnseaw (uonewuoyul Jo1u0d Kian1ap Q)
uolje|ndjed |eu91deqIUR ulea)s yum) $3zI§ pueisa]) uonedydde/uon uonedidde wnjuowwe ON
19y 1amod |ednsnels Apnas jo awodinQ JO POYIS|\ EeLId)OE] [DPOI s|dwes sdnoin  -usaid)u| jo adAL Joawiy jo adA) loyiny s

(penunuod) zajqey



Page 9 of 20

(2025) 25:1301

Bapat et al. BMC Oral Health

swiyolq
pue djuopjue|d
‘0Lz DOLY)

IIpUN|SaeU Y/
pue’(9sey
XHD DDLY) sn|
UBYY DAY 3IdM  |DOBN %S57°S 03 ANAIOE |8 -lydopoe
SINVO 'SPUNoOduod  -1J91DBQIIUe Ul IB[IUIS 9I9M (€ev61
U3 ||e 40} JuSWIIeR)}  PUB XHD 9% Uey} Adedya (e|qelieAe  DDIY) syjpap) g (WaHYWa
(1] ulw € Jaye boj / Jo 1918316 Pa1qIYXe %1 JO 10U San|eA) |ed (85501 DDLY)  pauonusaly  DOeN ‘pue Ul 0L pue  pue NAAywa)
UOIDNPaI B SBM U9y UOIIRIIUSDUOD B 1B SNV -0Juod ‘N4D lluopiob g 10N XHD 'SWYOD syuebi Ul G ‘i € SWYO 6l0z1emil g
'S9INgN}
[eUIIUDP Ul elI3310Bq Bul||iy B SRl-E]
pUE ‘UO11PZIUO|OD WNL |Aoopexay
-3)0eq bunigiyul 'sy0|q -oujweAyawip
Boje:1D0eN SUlIUSP Ul paqiosqge -WAHvVWQJ pue
60|S NAHYING a1am WJHVYWQ pue ‘suwjyolq |013U0D o1e|Aideyiaw
Bols :waavwa NQQvYWQ spunoduiod lipunjsoeu [DOBN %SC'S |A5apopou
(500>d ) uonela  |eusideqiue syl (500 >d) SDAWOUNDY XHD %7 -lweAyiaw
-9p piepueiS+sn4D N4D ur suondnpas boj 9 pue snjiydopioe  siospul [es} WAHVYING -Ip-Wdavind
uesaw ul pajuasald 1N0ge Yum ‘AyAide SNJ|IDBQOIRT  -U3D SUlAOq jw/brl ¢ /¢ -(SIWYO) Syes
[a S13Nsal 9y |elIS1oRgIIUR 159BUOIS (Ui o (E€¥61 DDLVY) [SEIBIEIING] Waavywa Ul Q| wnjuoulwe
Jw/sn4D607  ay3 pey dnoib DOEN 9y L 1948) N4D 'Siipoap) 3 Auam | Jw/br 0og syuebi pue uiw ¢ Aieulsienb ozoz uemi 7
VSTNSL=R=IE
-2eqgiue ul (1000 > d) XHD (9=u)
pue |DOEN pue (100> d) (-D) |043u0>
|D0BN PuUe Xvg-saN EIMEIEIN
U99M}3Q PUNO) Sem aduUd (9=u) (+D)
-1oJIp [e211sieIs Y 'XHD o |013U0D °Al}
PYIOM UDIYM "Hyg Yum -150d '(0¢=u)
s)o|doipoueu uey} [ela} XHD (0 =U)
-DBgIIUe 2I0W Sem |[DOEN DOEN
UOp 10N -D “(A]aA1309dsal ‘1169 ‘(loz=u) |013U0D
0+100—+D  PUe %8/ '89) SOl Je[iis MVE-SAN  DARDAN ‘|os}
C9¢l'0+¥1°59 -XHD pey sdnoib xHD pue suewny  -U0S 9ARISOd (Mvg-SaN)
99010+ €T L6 -1DOBN  MVG-SAN SIYM (%£T16) (9 Ones 9OUd wolj Yiea) XHD %¢ M8 YUM pspeo)
[0zl 95600+8/£'89 Ofjel 93uadsaion|) pal -SaI0N|4 PaY)  WIYolq ¢lz'er  100k-3|buls IDOBN %S s}o|dospouen Jo ‘(vg) °puUolyD ceoe e
-SAN-Mvg  ueaw Jarealb e pey [DOEN WSTD  DDLV sljp290) '3 ¢/ 4O |10} VY Ave Aians@g brig Ui e winiuoyjezuag 19 W ISIAOlY 9
(41330603 (yoeoadde
as /uesyy 2inseaw (uonew.ojul Joyuo) K1aniep bniq)
uolje|ndjed |eu91deqIUR ulea)s yum) $3zI§ pueisa]) uonedydde/uon uonedidde wnjuowwe ON
JEX| Jamod |eonsiels Apnas jo awodinQ JO POYla|\ eudldRq [9pOoIy 9|dweg sdnoin  -usaid)u| jo adAL Joawiy jo adA) oyiny s

(penunuod) zajqey



Bapat et al. BMC Oral Health (2025) 25:1301 Page 10 of 20

heterogeneity in the pooled analysis. Consequently,
CLSM was used as the sole outcome measure to main-
tain the internal validity and statistical integrity of
meta-analysis. NaOCl was used as comparative group
in the selected studies to assess antibacterial efficacy
in comparison to QACs. A random-effects model was
used to present the data, and a 95% confidence inter-
val (CI) was obtained for the pooled estimate of stud-
ies that used ammonium compounds as irrigants. The
present inquiry was believed to be better suited to the
meta-random-effects analysis method. The average
and standard deviation of the number of dead bacte-
ria after being treated with ammonium compound and
NaOCIl were detected by CLSM. For metal analysis, the
study’s sample size was retrieved. Researchers agreed
that the random-effect model was the best choice
when there was an increased variation in the studies
included in the analysis. The percentages of Cochran’s
Q test (x2) and the I2 statistic were utilized to ascer-
tain the link between study and estimate heterogene-
ity. The result is deemed statistically significant if the
p-value is less than 0.05. To examine the antibacte-
rial effect of adding an ammonium compound to the
overnight culture of E. faecalis, the combined results
of the investigation were presented using a forest plot
(Fig. 2). The number of dead bacteria was measured
with CLSM after adding ammonium compound. This
transition was recorded in 95% confidence interval
(CI). The analysis was performed by using Revman,
Cochrane’s Review Manager 5.4.1 software, USA.

In Fig. 2, bacterial inhibition caused using NaOCI was
considered as the control group, and bacterial inhibition
caused by adding ammonium compound was considered
as the test group. From the result of Daood et al., 2020
and Daood et al,, 2021, it was shown that K21 has better
results in bacterial inhibition compared to incorporating
NaOCIL On the other hand, Alovisi et al., 2022 confirmed
that NaOCl exhibited better antibacterial activity com-
pared to BAK ammonium salt.

e
(30]

Statistical power

calculation

Mean /SD
Kill percentage

mean + standard
deviation*
2.5% NaOCl- 100

0.2% CTR- 100

CHX after only one minute

been incubated for three
of contact time.

Outcome of study
When tested against £.
faecalis biofilms that had
weeks, the antimicrobial
activity testing revealed
that NaOCl and CTR were
far more effective than

antibacterial

measure
application)

E. faecalis ATCC ~ CFU (after 1 min

Model bacteria Method of
(with strain

information)

29,212 biofilm
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non-carious,
unrestored
freshly
extracted
human
molars
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Eighty

together)
0.2% CTR
2.5% NaOCl,
2% CHX,
17% EDTA,

7% maleic
acid (MA),
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(Test and
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tion / application
(Drug delivery
approach)

Type of Interven-
Irrigant

Synthesis of findings The statistical technique known
as inverse variance approach was employed to generate
the meta-analysis results, which were accompanied by a
95% confidence interval (CI). The calculations of a meta-
analysis, statistical heterogeneity, p values, z values, and
subgroup analysis using a forest plot were validated using
Cochrane Review Manager 5.4.1.

application

Time of
1 min

Reporting biases

Two autonomous authors assessed the operational qual-
ity of chosen studies using a quality evaluation form
used by the Cochrane Collaboration. This tool evalu-
ated the following factors: randomization, allocation

Type of
ammonium
CTR

Baca et al.

Table 2 (continued)
Author
2011

Sr.
No
9
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Ammonium salt NaOCl Mean Difference Mean Difference
Studyor Subgroup Mean  SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% Cl
Daoodetal2020 703 33 § 867 43 5 334% -1640[21.15,-11.65 2020 +
Daood et al 2021 864 78 10 962 91 10 330% -9.80[17.23,-237) 2021 -+
AovisiMetal2022 912 01 20 687 01 20 33.7% 2250(2244,2256) 2022 u
Total (95% C1) 35 35 100.0% -1.13[-30.87,28.61)

Heterogeneity. Tau®= 684.19; Ch*= 330.07, df= 2 (P < 0.00001); F= 99%
Testfor overall effect Z=0.07 (P=0.94)

N B 0 B
Ammonium sait NaOCl

=+

Fig. 2 Forest plot of antibacterial effect against £. faecalis of ammonium salt (K21 and BAK) and NaOCI. Meta-analysis evaluated the antibacterial effect

between irrigant groups for its efficacy against E. faecalis

concealment, extent of follow-up, blinding procedure,
publication of only specific outcomes, and other sources
of bias [28]. We have identified substantial concerns con-
cerning bias, including a fundamental discrepancy in fac-
tors directly related to the consequences, which were not
focused on the other areas covered by the QUIN Tool
and the information provided in Tables 3 and 4 [29]. The
QUIN tool offers a method to assess the potential for bias
in in-vitro studies, enabling researchers to assess the reli-
ability of study results. This tool assessed a total of twelve
criteria. Each criterion was assigned a score based on its
level of specification: properly specified =2 points, inad-
equately specified =1 point, not specified =0 points, and
not applicable criteria were excluded from the calcula-
tion. The scores were subsequently aggregated to obtain
a cumulative score for the in-vitro investigation. The rat-
ings received were categorized as high risk of bias (50%),
medium risk of bias (50-70%), or low risk of bias (>70%).
This was computed using the subsequent mathematical
equation:

¥¥nal score = (Total score x 100) / (2 x number of criteria applicable)

The study findings, which encompassed the methodol-
ogy, sample size, interventions, and outcomes, were doc-
umented independently by two authors (RAB and SUM)
on a data extraction sheet. Discrepancies were resolved
through deliberation and consensus with a third author
(UMD), in addition to a thorough examination of the trial
report. Two independent reviewers screened the titles,
abstracts, and full texts, and any disagreements were
resolved through discussion or consultation with a third
reviewer. To evaluate the level of agreement, Cohen’s
kappa (k) statistics were calculated, yielding a value of
(k=0.71), indicates substantial agreement. This measure
ensured consistency and minimized potential bias in
study inclusion and data collection.

Results

Study selection

Three electronic databases, “Scopus” (89 papers),
“PubMed” (290 papers), “Cochrane library” (658) and
“Google Scholar” (238 papers), were searched using a
multi-step search approach.

A total of ten papers were selected for final analysis.
Initially, a total of 1273 papers were retrieved across
all four databases. Following the elimination of dupli-
cates, papers marked by author as ineligible, 865 papers
remained for examination. Subsequently, 832 papers
were excluded due to their failure to meet the stipulated
inclusion criteria, resulting in 33 papers undergoing full-
text assessment. Of these, 5 papers could not be accessed,
and full texts could not be retrieved. Ultimately, 28
papers were subjected to appropriateness evaluation, of
which a portion was not included in the qualitative anal-
ysis; specifically, 19 papers were excluded. Among the
excluded studies, 7 utilized control groups differing from
NaOCI or CHX, 3 studies involved bacteria other than
E. faecalis, and 5 studies showed incomplete outcomes,
and 4 studies were published in languages other than
English. The qualitative analysis encompassed a total of 9
papers, of which 3 were deemed suitable for inclusion in
the meta-analysis. The study conducted by Daood et al.
(2019) utilizing a mixture of NaOCI within both case and
control groups was excluded from the meta-analysis due
to this particular methodology. Furthermore, six addi-
tional studies were omitted from the meta-analysis due to
variations in their antibacterial measurement methods,
specifically relying on CFU, alongside the absence of con-
sistent documentation regarding the time required for
bacterial eradication across all studies.

Analysis of data extraction table of selected studies

In this review, selected studies showed that four QACs
(test group) were identified as root canal irrigants includ-
ing QAMS, BAK, CTR and K21 as described in Table 2.
These were compared to CHX and NaOCI (control
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Table 3 Quin tool assessment of selected studies

Criteria for Quin Tool Assessment

Pre-

Statistical

Blinding

Method of  Outcome

Measuring
outcome

Operator Randomization

details

Detailed

Details

Detailed

explanation of  explanation

sample size

Clearly stated aims/  Detailed

objectives

Author

Sr.

senta-

analysis

assessor
details

explanation of
methodology

of com-

of sampling  parison

technique

No

tion of
results

group

calculation

NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA

Alovisi M et al, 2022 2

2
2
2
2
2
2
2

2.

Daood et al, 2019

(2025) 25:1301

3.

Daood et al,, 2020

Daood et al,, 2021
Tiwari et al,, 2020

4.

5.

Tiwari et al, 2019

6.

7.

Bacaetal, 2011

8.

Nascimento CA,, et

al.2014

NA

NA

NA

Oncagetal,2003 2

9.
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Table 4 Quin tool evaluation of risk of bias

Sr.No Author Total Final Risk of
Score Score Bias
1. Oncag et al. 2003 12 66.6 Medium
Nascimento CA et al. 11 61.1 Medium
2014
3. Bacaetal. 2011 17 944 Low
4, Daood et al. 2019 16 88.8 Low
5. Tiwari et al. 2019 12 66.6 Medium
6. Daood et al. 2020 14 77.7 Low
7. Tiwari et al. 2020 12 66.6 Medium
8. Daood et al. 2021 14 77.7 Low
9. Alovisi M et al. 2022 14 77.7 Low

groups) for their antibacterial activity against E. faeca-
lis. Tiwari et al., 2019 and 2020 investigated potential of
QAMS, Oncag et al., 2003, Baca et al., 2011 and Nasci-
mento CA et al.,, 2014 evaluated effect of CTR, Alovisi et
al., 2022 studied effect of BAK, while Daood et al., 2019,
2020 and 2021 explored antibacterial effect of K21.

Baca et al., 2011, Nascimento CA et al.,, 2014, Tiwari et
al., 2019 and Tiwari et al., 2020, Daood et al., 2020 applied
CFU to measure antibacterial activity whereas Alovisi
et al., 2022, Daood et al., 2019, Daood et al., 2020 and
Daood et al., 2021 used CLSM to measure the antibacte-
rial activity. Most of the studies used the same strain of E.
faecalis (ATCC 29212) except study by Tiwari et al., 2019
and 2020 which used E. faecalis strain (ATCC 19433).

All the studies used dentin as a primary substrate to
allow E. faecalis biofilm formation. The source dentin
was human permanent teeth, however two of the stud-
ies (Nascimento et al., 2014 and Tiwari et al., 2020) used
bovine teeth to allow E. faecalis biofilm formation.

Application time of irrigation varied across studies
with Daood et al.,, 2019, 2020, 2021, Alovisi et al., 2022
applied for 2 min, Baca et al., 2011 and Nascimento CA
et al., 2014 applied for 1 min, Tiwari et al., 2019 and 2020,
Nascimento CA et al,, 2014 applied for 3 min, Oncag et
al., 2023 and Tiwari et al., 2019 applied for 5 min, Tiwari
et al., 2019 and 2020 applied for 10 min. For concentra-
tion of irrigants in control group, all the studies used 2%
concentration of CHX.

Most of the studies used NaOCIl concentration in range
of 5.25% or 6%, except for Baca et al.,, 2011 and Nasci-
mento CA et al., 2014 that used 2.5% NaOCI. The con-
centration of test irrigants varied (information provided
in Table 2) in all the studies depending on their manufac-
turing protocol [18-23, 30].

Risk of Bias in the included studies

All the included studies were evaluated for their risk
of bias using the QUIN tool (2022) [29] as depicted in
Tables 3 and 4. Out of the 9 studies included, 5 (55.5%)
presented low risk of bias, the remaining 4 (44.4%)
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presented medium risk of bias. None of the studies pre-
sented a high risk of bias. All the research studies explic-
itly stated their objectives. The studies included detailed
descriptions of test groups, control groups, method-
ological techniques, the statistical presentation, and the
outcome of the data. Two studies lacked details regard-
ing sample size calculation and the method used to mea-
sure outcomes. Six research studies failed to describe
the methods used for sequence generation and alloca-
tion concealment. The study did not require informa-
tion regarding the number of operators, their training
and calibration, and the blinding of operators. After the
QUIN tool assessment, 3 studies showed a low risk of
bias, which we chose for meta-analysis.

Synthesis of meta-analysis

Meta-analysis was conducted with three studies. The
meta-analysis evaluated the antibacterial effect of root
canal irrigants with and without the use of ammonium
compound. We selected three studies because these stud-
ies that exhibited similar research criteria and applied
CLSM method for investigating bacterial death using
ammonium compounds as irrigants in the test group and
NaOCl as control group. The ammonium compounds
that were considered as per studies were BAK and K21
[22].

The meta-analysis results indicated a substantial level
of heterogeneity (I*=99%) among studies assessing the
effect of two different intervention groups on bacterial
inhibition. The Chi-squared test further confirms this
heterogeneity, showing a significant difference between
the effect sizes of the studies (Chi®=330.07, p <0.00001).
Despite this significant variation, the overall effect size
of the interventions on bacterial inhibition is very small
(2=0.09, p=0.94), suggesting that the difference between
the two intervention groups is not statistically signifi-
cant. Additionally, the Tau® value of 684.19 indicates
considerable between-study variance beyond chance.
Taking together, while there is substantial variability in
the effects observed across studies, the meta-analysis
does not demonstrate a significant difference between
the two intervention groups (QACs and NaOCl) in terms
of their impact on bacterial inhibition.

Discussion

For efficient dentin disinfection and prevention of root
canal infection recurrence, it is necessary that root canal
irrigating solutions have sustained antibacterial effec-
tiveness. Quats (Quaternary Alkyl Compounds) are a
group of chemicals with two fundamental components:
a nitrogen atom in the center and four clusters of atoms
connected to the nitrogen atom. They exhibit specific
physical and chemical characteristics that influence their
behavior and toxicity [31]. In this review, as per selection
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criteria, four QACs were tested for their efficacy against
E. faecalis compared to NaOCl and CHX as control
groups.

Critical analysis of studies on CTR

CTR, a QAC composed of tetradonium bromide, cetri-
monium bromide, and laurtrimonium bromide, is widely
used as an antiseptic and disinfectant due to its cationic
nature and propensity to break cellular membranes [32].
Oncag et al,2003 evaluated the antibacterial effects of
three concentrations of CHX and NaOCl on human
teeth. The in vitro study found that a solution contain-
ing 2% CHX and Cetrexidin (0.2% gluconate + 0.2% CTR)
was more effective than 5.25% NaOCI The study con-
cluded that Cetrexidin and 2% CHX outperformed the
NaOCl solution in terms of efficacy, duration of antibac-
terial effects, and safety [19]. These results were in accor-
dance with Turkun et al.,, 1999 [33] and D’Arcangelo et
al.,1999 [34]. Turkun et al., 1999 showed that Cetrexidin
exhibited superior antibacterial action compared to 0.2%
CHX alone. It is due to lowering of surface tension by
CTR that enables better wettability, contact and penetra-
tion of CHX within dentin tubules for enhanced antibac-
terial action. Baca et al., 2011 tested various solutions on
dentin blocks for antibacterial efficacy and residual anti-
bacterial activity against E. faecalis biofilms. The 3-week
E. faecalis biofilm was effectively eradicated using 2.5%
NaOCI alone or in combinations, and the same result
was observed with 0.2% CTR. However, for residual anti-
bacterial activity, results showed that solutions with 2.5%
NaOCI had the lowest residual activity (18.10%), while
solutions with 2% CHX and 0.2% CTR showed total E.
faecalis biofilm suppression (100%). The study concluded
that 0.2% CTR was the most effective irrigating solution
[30]. Weber et al., 2003 also showed that NaOCI exhib-
ited very few residual antibacterial activities. This could
be due to presence of high surface tension and free chlo-
rine ions that prevents complete penetration of NaOCI
solution inside the dentin tubules [35, 36]. The buffer
capability of dentin also inactivates NaOCl hampering its
penetration action [37]. Superior results of CTR are due
to its cationic nature like CHX, in interacting with dentin
and exhibiting enhanced action. It also reduces the sur-
face tension, increasing its penetration within the dentin
tubules and anatomic variations in the root canal system
(38, 39].

In their study, Nascimento CA et al., 2014 exam-
ined the efficacy of NaOCI and CHX, both alone and
in combination with CTR and QMix, against both E.
faecalis planktonic and biofilm forms. After a dura-
tion of one minute, CHX showed effectiveness that was
similar to CHX + CTR and QMix, as well as NaOCI and
NaOCIl+CTR. Nevertheless, there was no noticeable
distinction between CTR and QMix in relation to the
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efficacy of biofilm removal [18]. The investigation deter-
mined that the addition of CTR did not augment the
antibacterial efficacy of CHX and NaOCI against biofilm
which contradicts findings of research done by Baca et
al,2011 One of the factors to be considered is the type
of samples used to grow bacteria. Baca et al., 2011 and
Oncag et al., 2003 used teeth of human origin while Nas-
cimento CA et al,, 2014 used teeth of bovine origin. The
findings of study by Nascimento CA et al., 2014 could be
affected by inactivation of CHX, CTR irrigants by bovine
dentin components [18]. The content and structure of
human and bovine dentin can affect root canal irrigants’
antibacterial capabilities and penetration into dentinal
tubules. Thus, dentin type can affect research results and
interpretation of root canal irrigants’ efficacy in end-
odontics against bacterial infections. However, consider-
ing the findings of study by Oncag and Baca et al., use of
CTR as a quaternary ammonium compound can be used
in combination with CHX to enhance elimination of E.
faecalis from dentinal tubules. Further in vivo RCT stud-
ies should be conducted to validate these in vitro results
for clinical application.

Critical analysis of studies on K21

K21 is silane modified QAC containing four alkyl or aryl
groups, a chloride or bromide anionic ion, and a posi-
tively charged nitrogen. K21 links nitrogen to carbon-
containing lipophilic chain of 18 carbon atoms. The
18-carbon alkyl chain SiQAC is K21. Propyl and trialk-
oxysilyl groups bind nitrogen and silicon to SIQAC silane
forming a three-dimensional organic silicate network
[40] [41].

The findings from the studies by Daood et al. in 2019,
2020, and 2021 suggest that the combination of K21 and
NaOCl or CHX as root canal irrigants exhibits strong
antibacterial efficacy against E. faecalis. In the study
from Daood et al., 2019, CLSM analysis showed that the
2% K21 and 6% NaOCI group had the highest bacterial
reduction compared to the control and CHX group. This
can be attributed to the contact killing of bacteria by K21,
which causes leaking of the cytoplasmic content due to
its alkyl chain [42]. In the study from 2020, the effect of
different concentrations of K21, NaOCl, NaOCl+ CHX,
and saline against E. faecalis was investigated. CLSM
analysis showed that the 3.5% K21 group exhibited the
highest bacterial reduction compared to the 6% NaOCl
group, while the NaOCl+ CHX group showed a green
zone indicating live bacteria. The CFU results also
showed a comparable reduction between 2% K21 and
3.5% K21. The sol-gel based K21 was found to have sus-
tained antibacterial action due to its ability to fully con-
dense when in contact with dentinal fluid and moisture,
preventing leaching out of the dentin surface [23]. The
research conducted by Daood et al., 2021 found that both
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0.5% K21 and 1% K21 were effective in reducing bacte-
rial growth when compared to saline, 6% NaOC], and 2%
CHX. This indicates that K21 has a significant impact on
bacterial reduction. The study by Kok et al. in 2021 also
supported the prolonged antibacterial effect of 2% K21
compared to 2% CHX against E. faecalis. The K21 irri-
gant outperformed 6% NaOCI alone, 6% NaOCI, and
2% CHX in terms of antibacterial activity. Daood et al’s
2021 research found that 0.5% and 1% K21 significantly
reduced bacterial growth compared to saline, NaOClI,
and CHX. K21’s hydrophobic tail penetrates bacterial cell
membrane, causing membrane integrity breach and cell
death [22].

K21 is a promising antibacterial biomaterial in end-
odontics, effectively decreasing E. faecalis biofilm. A con-
centration of 0.5-1% eliminates most bacterial cells. The
crust formed after K21 irrigation shows organic activity
and prolonged contact killing, limiting bacteria regrowth.
K21 enhances stability through siloxane bridges and apa-
tite crystallites, blocking dentinal tubules and preventing
bacterial invasion [40]. A 0.5-1% K21 can be proposed
to be used as an antibacterial irrigant during endodontic
therapy.

Critical analysis of studies on QAMS and BAK

QAMS (DMADDM and DMAHDM) were assessed as a
novel disinfectant for elimination of endodontic bacteria.
Tiwari et al., 2019 [43] and 2020 [21] showed that when
comparing the DMADDM and DMAHDM compounds
to CHX or NaO(], it was found that at a lower concen-
tration (1% = 10,000 pg/mL), the novel compounds were
just as effective as 2% CHX and 5.25% NaOCI in both
killing E. faecalis and destroying their biofilm. CHX binds
to bacteria’s cell wall, causing membrane disruption [44].
Bacteria resistance against CHX and cross resistance to
DMADDM may share a common mechanism for cell
lysis [45]. QAMs form free volume in cell membranes,
causing imbalance and intracellular pressure. One of
the limitations of DMADDM and DMAHDM is that
they can only partially inactivate antibacterial effects by
dentine, dentine matrix, and dead bacteria, but can be
absorbed in dentine blocks. Hence, more research needs
to be done to assess the potential of these monomers as
root canal irrigants.

BAK is a QAC used as a disinfectant and antibacte-
rial agent, composed of a benzyl group, nitrogen atoms,
methyl and alkyl groups, with its biocidal activity influ-
enced by its chemical chain length. Alovisi et al., 2022
examined the antibacterial effectiveness and penetration
of chitosan nanodroplets containing BAK for endodon-
tic disinfection. Three experimental groups were tested
utilizing Enterococcus faecalis-infected human single-
root teeth: NDs-BAK, NaOC], and CHX. Confocal laser
scanning microscopy showed that NDs-BAK and CHX
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had similar antibacterial effects and infiltrated dentinal
tubules. NaOCI had the strongest antibacterial action,
although NDs-BAK performed similarly to CHX, sug-
gesting it could disinfect root canals [20].

Critical analysis of effect of irrigants on E. faecalis
elimination from root canals

This systematic review and meta-analysis demonstrated
the efficacy of QACs as antibacterial agents against
Enterococcus faecalis in endodontic infections. The
meta-analysis did not reveal a statistically significant
difference between QACs and sodium hypochlorite
(NaOCl); however, the qualitative synthesis indicates
that specific QACs, notably K21 and CTR demonstrated
encouraging antibacterial characteristics. A comprehen-
sive analysis of the results revealed that although QACs
provide benefits like prolonged antibacterial efficacy and
diminished cytotoxicity at lower concentrations, their
effectiveness is contingent upon factors such as concen-
tration, formulation, contact duration, and the charac-
teristics of the biofilm model. K21 consistently showed
superior bacterial reduction and biofilm eradication
owing to its capacity to break cell membranes through its
lipophilic tail and form a persistent organosiloxane net-
work upon condensation under humid conditions. These
attributes facilitate enhanced infiltration and sustained
antibacterial efficacy within dentinal tubules. Research
conducted by Daood et al.,, 2020 and Daood et al., 2021
indicated that K21 at concentrations of 0.5-1% surpassed
6% NaOCl and 2% CHX in diminishing E. faecalis, while
exhibiting enhanced biocompatibility [22, 23]. In con-
trast, Alovisi et al., 2022 found that BAK performed simi-
larly to CHX but was less effective than NaOCI, possibly
due to differences in biofilm penetration or chemical
interactions with dentin [20].

Factors such as biofilm maturity, dentin substrate
(human vs. bovine), and exposure time significantly influ-
enced irrigant efficacy. For example, Nascimento et al.,
2014 observed that CTR did not enhance the antibacte-
rial effect of CHX or NaOCI, contradicting earlier find-
ings by Baca et al.,, 2011 [18, 30]. This inconsistency may
be due to differences in biofilm models or the inactivation
of irrigants by bovine dentin components. Additionally,
the limited number of studies available for meta-analysis
(n=3) restricted the generalizability of the pooled results,
emphasizing the need for more high-quality, standard-
ized in vitro and in vivo studies. In a study by Nasci-
mento et al., 2014, the duration of application of irrigant
was a critical factor. The biofilm elimination by NaOClI
was more pronounced after 1 min compared to other
irrigants in comparison to application after 3 min. CHX
could not eliminate biofilm completely after 3 min. This
observation aligned with Ariaz-Moliz et al., 2010 who
examined CHX at 4% concentrations for 2 min [46]. Also,
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although NaOCI showed better antibacterial efficacy as
per findings by Alovisi et al., but its toxic effects on api-
cal and periodontal tissues pose a risk during root canal
treatment [47]. Swallowing it accidentally can lead to
pharyngeal oedema and esophageal burns [48].

The effectiveness of CTR-based irrigants like Cetrexi-
din had variable results. Oncag et al., 2003 indicated that
a combination of 0.2% CTR and 2% CHX was more effi-
cacious than 5.25% NaOClI in eliminating E. faecalis in
human teeth [19]. Baca et al., 2011 demonstrated that
0.2% CTR exhibited 100% residual antibacterial activity,
exceeding that of CHX and NaOCI [30]. Nascimento et
al., 2014 discovered that CTR did not improve the effec-
tiveness of CHX or NaOCI against biofilms cultivated
on bovine dentin, a substrate that may inactivate these
agents, thereby elucidating the inconsistency [18].

QAMS (e.g., DMADDM and DMAHDM) were equiva-
lent to NaOCl and CHX at 1% concentrations, but their
dentinal interactions and ability to retain antibacterial
activity in complex biofilms need further investigation.
Similar to CHX, BAK encapsulated in chitosan nano-
droplets showed efficacy and tubule penetration in E.
faecalis-infected root canals. However, NaOCl has higher
bacterial lethality, raising questions about efficacy-
cytotoxicity balance [21]. Due to its strong resistance,
E. faecalis are frequently examined in both planktonic
and biofilm states. The development of its extracellular
matrix is affected by strain origin, environmental fac-
tors, and biofilm architecture. In failed root canal cases,
diverse virulence gene profiles and drug resistance are
noted among Enterococcus species. Consequently, the
utilization of clinical root canal strains is advised for
more pertinent in vitro research [49].

The meta-analysis demonstrated significant heteroge-
neity exceeding what would be expected by chance. The
exceptionally high I* score (99%) signified that the major-
ity of variability in study outcomes arouse from signifi-
cant differences in technique, intervention regimens, and
outcome measurements, rather than random error. This
substantially compromises the integrity and clarity of the
pooled results. Although the overall analysis revealed
no statistically significant difference across the interven-
tion groups, the marked heterogeneity demanded careful
interpretation and highlighted the necessity for addi-
tional standardized research in this domain. The meta-
analysis revealed substantial between-study variance
(Tau® = 684.19) and a highly significant Chi-squared test
for heterogeneity (Chi* = 330.07, p <0.00001), indicating
that the variation in effect estimates was predominantly
attributable to differences among studies rather than
sampling error. Despite this variability, the pooled effect
size for bacterial inhibition between quaternary QACs
and NaOCl revealed no statistically significant difference
(Z=0.09, p=0.94), indicating negligible overall efficacy
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variations. Nonetheless, due to the significant clinical and
methodological discrepancies amongst research studies,
these results should be considered with caution. The vari-
ances of specific QAC types, bacterial strains tested, irri-
gant concentrations and formulations, exposure times,
and outcome measures likely influenced the differential
antimicrobial efficacy. This indicated that although the
meta-analysis offered an aggregated effect estimate, it
may not precisely represent the effectiveness of individ-
ual QACs in distinct situations. To enhance comprehen-
sion of these varied impacts and reduce heterogeneity,
subsequent analyses should include subgroup or sensitiv-
ity analyses classified by bacterial species, exposure fac-
tors, or QAC type.

Research on alternative irrigants used on elimination of E.
faecalis from root canals

In addition to the QACs investigated, literature has con-
sistently pursued the development of alternative mol-
ecules with the aim of eradicating E. faecalis from the
endodontic system. Puleio et al., 2024 assessed the anti-
bacterial efficacy of a Human Milk Oligosaccharide
(HMO) solution including 2’-fucosyllactose and lacto-N-
neotetraose against E. faecalis in root canals. The HMO
solution exhibited negligible bactericidal action, as the
majority of samples remained turbid, signifying bacte-
rial persistence, in contrast to the markedly more effica-
cious NaOCl group. The temporary bacteriostatic action
exhibited no duration nor dose dependence. The study
indicated that, under present circumstances, HMOs
were ineffective against E. faecalis and suggested future
research employing broader HMO combinations, quanti-
tative assays, and multispecies models to investigate their
potential in endodontics [50].

Recent developments in endodontic disinfection have
investigated many innovative biomaterials and tech-
niques to efficiently eradicate E. faecalis, a potent patho-
gen linked in root canal failures. Comparatively to triple
antibiotic paste and calcium hydroxide, studies have indi-
cated that amoxicillin-clavulanate paste (ACP) exhibited
better antibacterial efficacy [51]. Furthermore display-
ing improved bacterial eradication in a short exposure
time was graphene oxide combined with double antibi-
otic paste (metronidazole and ciprofloxacin) [52]. Espe-
cially at higher light intensities, photodynamic treatment
(PDT), utilizing methylene blue or photosensitizers like
toluidine blue and phycocyanin operated by diode or Er:
YAG lasers, greatly reduced bacterial count [53]. Activa-
tion of 2% chlorhexidine with Er, Cr: YSGG laser dem-
onstrated more successful than traditional approaches in
hard-to-reach isthmus locations [54].

Novel techniques, including nanosilica-mediated anti-
biotic administration and lipopeptide biosurfactants,
have demonstrated efficacy in eliminating E. faecalis
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biofilms. The use of silica nanoparticles with doxycycline,
metronidazole, and ciprofloxacin markedly improved
antibacterial effectiveness. Moreover, lipopeptide bio-
surfactant (LB) exhibited potent antibacterial properties,
particularly in conjunction with NaOCI, hence augment-
ing its efficacy. These methodologies underscore the
capacity of innovative drugs to enhance E.faecalis biofilm
breakdown and facilitate sustained efficacy in root canal
therapy [55, 56].

CFU data was excluded from Meta-Analysis because
of their inconsistent reporting formats (raw counts, log-
transformed values, and percentage reductions), which
made reliable standardization impossible. Missing base-
line values and statistical information made it impossible
to convert the data accurately, making it a limitation to
report these results narratively, which could not have
maintained the integrity of the analysis.

Limitations of this review

This review is constrained by several important limita-
tions. All the included studies were conducted in vitro,
which may not fully replicate the complex biological
environment in vivo, thus limiting the clinical applicabil-
ity of the findings. The heterogeneity among studies in
terms of bacterial strains, irrigant concentrations, and
exposure durations makes it difficult to draw definitive
conclusions. The use of different bacterial strains, which
may possess varying virulence factors and resistance
mechanisms, further complicates the comparability of
results. Moreover, methodological differences, such as
varying sample types (human versus bovine dentin), irri-
gation protocols, and outcome measurement techniques,
contribute to the inconsistency across studies.

Variations in dentin substrate are crucial since bovine
dentin differs in tube density, mineral composition, and
permeability from human dentin, which could influence
irrigant flow and antibacterial efficiency. Studies utilizing
bovine dentin, for example, may show decreased efficacy
due to lower permeability or different dentin—irrigant
interactions, hence perhaps under valuating the clini-
cal performance of irrigants such as QACs. Moreover,
strain-specific diversity of E. faecalis might produce vari-
ous patterns of resistance. While clinical isolates from
persistent infections may express enhanced E. faecalis
biofilm development, extracellular polymeric substance
(EPS) production, and resistance gene expression, labora-
tory strains often show uniform virulence and sensitivity.
All of which could change the observed efficacy of irrig-
ants. This may account for discrepancies among studies
using different isolates. Exposure time is also a crucial
determinant of efficacy. Among these were studies doc-
umenting varying exposure times between one and ten
minutes. Shorter contact times could not allow enough
penetration or interaction with biofilm components,



Bapat et al. BMC Oral Health (2025) 25:1301

thereby underestimating the entire antibacterial ability of
an irrigant.

Despite the evaluation of research quality by the QUIN
rating system, it is crucial to critically examine method-
ological shortcomings that may have affected the results
of this meta-analysis. A significant issue noted in multiple
included studies was the absence of blinding in outcome
evaluation. In CLSM evaluations, the lack of blinded
image analysis may result in detection bias, as the opera-
tor’s interpretation of live/dead fluorescence might be
subjective. Furthermore, none of the studies stated indi-
cated conducting a sample size calculation, which raises
concerns about the sufficiency of statistical power and
the risk of Type II errors, perhaps leading to an under-
estimation of treatment effects. These factors may lead
to heterogeneity in the reported outcomes and affect the
robustness of the aggregated effect estimates, despite the
use of a random-effects model to address variability. Rec-
ognizing these limitations is essential for contextualizing
the findings and emphasizes the necessity for more care-
fully constructed future studies with suitable blinding
and predetermined sample size calculations to enhance
the knowledge base in this field.

The meta-analysis’s inclusion criterion limited it to
studies using CLSM for bacterial inhibition, exclud-
ing many studies using CFU measurement. This limi-
tation may have limited the scope of the evidence.
However, CFU-based findings were integrated into the
narrative synthesis to enhance the review’s interpretive
significance.

A significant drawback of this meta-analysis is the
inability to conduct subgroup or sensitivity analyses
based on the concentrations of QACs. Although fluctua-
tions in QAC concentration are acknowledged to sub-
stantially influence antibiotic activity, only three research
studies met the inclusion criteria for quantitative syn-
thesis. Performing subgroup analysis with a constrained
dataset would lack adequate statistical power and may
produce incorrect or misleading outcomes. Thus, the
possible impact of concentration-dependent effects was
not included in the present meta-analysis. To enhance
the interpretability and therapeutic significance of future
findings, we advise that subsequent research incorporate
a more extensive dataset, facilitating subgroup analysis
to assess the influence of QAC concentration and other
moderating variables on antibacterial activity.

These limitations underscore the need for future stan-
dardized protocols to provide more reliable and clinically
relevant evidence on the efficacy of QACs as endodontic
irrigants.
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Research implications

The study highlights the importance of standardizing
study design, including the choice of preparation tech-
nique, tooth type, sample size, and method of drug deliv-
ery, to ensure consistent results. The review suggests that
different strains of E. faecalis may exhibit varying viru-
lence, resistance genes, and responses to irrigants, high-
lighting the need to consider strain-specific factors in
research.

Clinical implications

QAC:s, with special mention of K21, can be incorporated
into endodontic procedures at various essential phases
of treatment. Clinically, they can be efficiently utilized
during intermediate irrigation phases, particularly after
mechanical instrumentation, to disrupt E. faecalis bio-
films and diminish microbial burden inside the canal
system. Their capacity to adhere to dentin and deliver
sustained antibacterial efficacy renders them ideal for
final irrigation methods, where enduring antibacterial
sealing is crucial to avert reinfection. They are beneficial
in scenarios with anatomical complexities, such as isth-
muses, lateral canals, and dentinal tubules, as their low
surface tension and deep penetration abilities facilitate
more effective disinfection in areas difficult to reach with
traditional irrigants.

Update on cytotoxicity of quaternary ammonium
compounds

Evaluating the cytotoxicity of QACs is essential prior to
its clinical use, given that its biocompatibility is highly
reliant on concentration. Despite the inherent limitations
of in vitro cell culture models, they offer critical insights
into the impact of QACs on cell viability before in vivo
testing. Initial studies, including those by Ruiz Oropeza
etal, 2011 and Iwata et al., 2015, recorded skin responses
and contact dermatitis linked to QACs, underscoring
possible hazards [57, 58]. Li et al., 2016 revealed that
QACs copolymers (PMT-5% and PMT-10%) exhibited
much lower cytotoxicity to three human cell lines than
the monomeric QACs agent DTPAC, with relatively high
cell viability noted even at dosages effective against E. coli
and S. aureus [59]. Daood et al., 2017 demonstrated that
2%K21 preserved higher cell viability (55.1%) in human
dental pulp cells (hDPCs) than 2% CHX (19.3%), whereas
deionized water acted as a non-toxic control (80.2%) [60].
In a further investigation, Daood et al. 2019 indicated
that mouse fibroblasts exhibited greater survivability
with 2% K21 compared to 5% or 10% K21 or 2% CHX, so
affirming that cytotoxicity escalates with concentration
[42]. Fan et al., 2020 corroborated these findings by dem-
onstrating that K21 demonstrated little cytotoxicity and
superior cell compatibility compared to 2% CHX [61].
Recent findings by Daood et al., 2021 shown that lower
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doses of 0.5% and 1% K21 yielded significantly greater
cell viability than 2% CHX, 6% NaOC], or their combina-
tion [22]. These results highlight the necessity of choos-
ing optimal QACs doses that attain antibacterial activity
(MIC and MBC) while maintaining biocompatibility for
safe therapeutic application.

Conclusion

The findings of this study indicate that QACs exhibited
promising antibacterial effects, comparable to or exceed-
ing that of NaOCl and CHX in some studies. Notably,
K21 showed sustained antibacterial activity and pro-
longed contact killing due to its sol-gel properties, while
BAK and CTR demonstrated good penetration into den-
tinal tubules with comparable efficacy to CHX. Addi-
tional validation via randomized clinical trials and animal
studies is necessary to ascertain the safety, effectiveness,
and regeneration capacity of K21. Subsequent investiga-
tions ought to concentrate on their efficacy in polymi-
crobial biofilms, interactions with pharmaceuticals and
sealants, and influence periapical healing to facilitate
their clinical incorporation.

Due to the significant heterogeneity seen in the meta-
analysis, it is recommended that future investigations
implement standardized protocols for bacterial strains,
dentin substrates, exposure durations, and irrigant doses.
This standardization would improve the comparability of
results across research and bolster the general reliability
and statistical power of forthcoming meta-analyses.

However, despite these positive outcomes, the meta-
analysis revealed no statistically significant difference
between the antibacterial efficacy of QACs and NaOC],
emphasizing the substantial heterogeneity in study
designs, bacterial strains, exposure times, and irrigant
concentrations among the included studies. Such vari-
ability complicates the interpretation and generalization
of results.
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