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Abstract

Alcohol based solutions are among the most convenient and wide spread aid in the prevention of nosocomial
infections. The current study followed the efficacy of several types and isomers of alcohols on different bacteri-
al species. Seven alcohols (ethyl, n-propyl, iso-propyl, n-butyl, iso-butyl, tert-butyl alcohol, and ethylene glycol)
were used to evaluate their minimal inhibitory and bactericidal effects by microdilution method on bacteria that
express many phenotypical characteristics. different cell-wall structure (Gram positive/negative bacteria), capsule
production (Klebsiella pneumoniae), antibiotic resistance (MRSA vs MSSA) or high environmental adaptability
(Pseudomonas aeruginosa). Results: The best inhibitory effect was noticed for n-propyl, followed by iso-propyl,
n-butyl, and iso-butyl alcohols with equal values. Ethylene glycol was the most inefficient alcohol on all bacteria.
In K. pneumoniae and P. aeruginosa, the bactericidal concentrations were higher than the inhibitory one, and to
a level similar to that encountered for most of the Gram-positive bacteria. Among Gram-positive cocci, E. faecalis
presented the lowest susceptibility to alcohols. Conclusions: All alcohols presented good effect on bacteria, even in
low concentrations. Compared to ethanol as standard, there are better alternatives that can be used as antimicrobi-
als, namely longer-chain alcohols such as propyl or butyric alcohols and their iso- isomers. Ethylene glycol should
be avoided, due to its toxicity hazard and low antimicrobial efficacy. Bacterial phenotype (highly adaptable bac-
teria, biofilm formation) and structure (cell wall structure, presence of capsule) may drastically affect the respon-
siveness to the antimicrobial activity of alcohols, leading to higher bactericidal than inhibitory concentrations.
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Introduction

Health care associated infections are nowa-
days of great interest for patients, medical staff,
insurance companies, and regulatory divisions.
Usually, healthcare personnel represent the
main route of nosocomial infection transmis-
sion, making antiseptics and disinfectants im-
perative to be used in hospitals and other health
care facilities. These biocides are used on topi-
cal or hard-surface applications and are part of
infection control and prevention of nosocomial
infections (1-3), but only if used in correspond-
ing concentrations end exposure time. There is
no doubt that a good hand hygiene reduces the
risk of cross-contaminations and the spread-
ing of nosocomial infections (4). Among the
disinfectants (e.g. aldehyde, halogen-releasing
agents, phenols), alcohols are the most used due
to their good effectiveness, low cost and avail-
ability, especially in less developed countries
(5.,6). Although several alcohols have been con-
sidered to have antimicrobial effects, only three
of them are widely used, namely ethyl alcohol
— ethanol, isopropyl alcohol — isopropanol (or
propan-2-ol), and n-propyl alcohol — n-propanol
(or propan-1-ol) (7).

Up to date alcohol based solutions with eth-
anol as the main ingredient are among the most
convenient and widespread aid in the prevention
of nosocomial infections (8). Better efficacy
has proven for either isopropyl alcohol alone or
mixed with ethanol in some formulation, used
especially in the USA, however, some contro-
versy still exists (9). Lately, 1-propanol was in-
troduced as a better alternative to ethanol as dis-
infectant formula in some European countries.

Most studies focused on the immediate ef-
fect of the alcohols on bacteria and the devel-
opment of new antibacterial compounds based
on alcohol (short exposure-high concentrations).
However, not much is known about the repeated

and prolonged exposure of bacteria to alcohol
solutions or about bacterial adaptability in such
conditions. Thus, the present study followed the
effects of bacteria exposure to alcohols using a
methodology that is based on quantitative anti-
microbial susceptibility testing (microdilution).
The specific aim was to study the efficacy of
small concentrations of several types and iso-
mers of alcohols on different bacterial species
and to compare the results with those for etha-
nol, considered as a standard.

Materials and methods

Alcohols

To determine the minimum inhibitory/bac-
tericidal concentrations on Gram-positive and
Gram-negative bacterial strains, seven alcohols
have been used: ethyl alcohol (EA), n-propyl
alcohol (nPA), iso-propyl alcohol (iPA), n-butyl
alcohol (nBA), iso-butyl alcohol (iBA), tert-bu-
tyl alcohol (1BA), and ethylene glycol (EG) (Ta-
ble 1). All the alcohols were of analytical grade
from Merck (Germany) or Sigma Aldrich and
were used without any further purification.

Bacterial strains

Gram-positive bacteria (methicillin sen-
sitive Staphylococcus aureus — MSSA ATCC
29213, methicillin resistant Staphylococcus au-
reus — MRSA ATCC 43300, Enterococcus fae-
calis ATCC 29212) and Gram-negative bacteria
(Escherichia coli ATCC 25922, Klebsiella pneu-
moniae ATCC 13883, Pseudomonas aeruginosa
ATCC 27853) used in this study were part of the
collection of the Department of Microbiology,
University of Medicine and Pharmacy of Tirgu
Mures. All bacterial strains were maintained in
Tryptic Soy Broth (TSB) medium with glycerin,
at -70°C. Forty-eight hours before the study, the
strains were revitalized on Columbia blood agar
and then repassed to obtain a fresh, pure culture.
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Table 1 — Structure of the used alcohols

Alcohol structure
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Ethylene glycol OH
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Determination of MIC

To determine the minimum inhibitory con-
centrations (MIC), 200 ul of each pure alcohol
were pipetted in the first well of rows A-H of a
96-well plate and then diluted with distilled ster-
ile water, using a multichannel pipette. The ini-
tial concentration (V/V) of each alcohol in wells
1-12 was 100%, 75%, 50%, 25%, 12.5%, 6.25%,
3.125%, 1.562%, 0.781%, 0.39%, 0.195% and
0.097%.

Microbial inoculum suspensions were pre-
pared from isolated colonies at 0.5 McFarland
standard turbidity in sterile saline solution,
which is roughly equivalent to 150 million
cells per mL (1.5x10% CFU/mL). From this, 10
pl were transferred to 9990 pl 2x concentrated
TSB culture medium; one hundred microliters

from each bacterial mix were transferred to their
corresponding 96-well plate using a multichan-
nel pipette, over the 100 ul of alcohol solutions.
Thus, the alcohol concentration (V/V) in the
final volume in wells 1-12 was 50%, 37.5%.
25%, 12.5%, 6.25%, 3.125%, 1.562%, 0.781%,
0.39%, 0.195%, 0.097%, and 0.048%, each well
containing approximatively 1.5x10° CFU.

One 96-well plate was prepared for each
bacterial strain. Two wells from each plate were
used for positive growth control (100 pl of each
bacterial inoculum mixed with 100 pl sterile wa-
ter) respectively negative growth control (100 pl
TSB 2x mixed with 100 ul sterile water).

All the plates were incubated at 37°C for 24h
in normal atmosphere. The MIC for each alcohol
was read in the first well of each row where no
bacterial growth was noted (clear culture medi-
um).

Determination of MBC

The minimum bactericidal concentrations
(MBC) of each alcohol was assessed by spot-in-
oculating five microliters on agar plate, from the
last three wells that showed no bacterial growth
after incubation. The MBC for each alcohol was
read in the first of the three spots where no bac-
terial colonies grew.

Results

We tested the inhibitory and bactericidal ef-
fects of seven alcohols on six bacterial strains
that are representative for the most common
pathogenic species: methicillin sensitive Staph-
ylococcus aureus, methicillin resistant Staphy-
lococcus aureus, Enterococcus faecalis, Esche-
richia coli, Klebsiella pneumoniae and Pseudo-
monas aeruginosa (Figure 1). We chose these
particular strains as they express many different
phenotypical characteristics: different cell-wall
structure (Gram positive/negative bacteria),
capsule production (K. pneumoniae), antibiotic
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1.A

1.B

Figure 1. Representative image for MIC (1.A) and MBC (1.B) determination in Pseudomonas aeruginosa.
(1.A): Position All-negative control; A12-positive control; MICs were read at positions B6 (EG), C7
(tBA), D7 (nBA), E7 (iBA), F7 (nPA), G7 (iPA), H7 (EA). (1.B): MBCs were read at positions >B5 (EG),
C5 (tBA), D5 (nBA), E5 (iBA), F5 (nPA), G5 (iPA), >H5 (EA).

resistance (MRSA vs MSSA) or high environ-
mental adaptability (P. aeruginosa).

All seven alcohols (EA, nPA, iPA, nBA,
iBA, BA and EG) presented good efficacy at
lower concentrations than those used in clinical
practice as antiseptics or disinfectants (Table 2).
Overall, the best inhibitory effect was noticed
for nPA, followed by iPA, nBA and iBA at equal
position. tBA presented approximately the same
efficacy as EA, though better against E. coli. EG
showed the worst efficacy on all bacteria.

All alcohols presented better efficacy on
Gram-negative bacteria than on the Gram-pos-
itive ones. Notably, the bactericidal and inhibi-
tory effect of all alcohols (except EG) was ex-
pressed at similar concentrations in E. coli, but
not in K. pneumoniae and P. aeruginosa, where
the MBC was approximatively four times higher
than MIC, and to a concentration level similar to
that encountered for most of the Gram-positive
bacteria. The highest difference between MIC
and MBC was present in P. aeruginosa, especial-

ly for EG and EA. Among Gram-positive cocci,
E. faecalis presented the lowest susceptibility to
alcohols.

Discussions

By searching the PubMed database for the
terms (“antibacterial” AND “alcohol”), more
than 37.000 results were displayed, starting from
1945, peaking in the 1970s and decreasing un-
til 2000s. Nowadays, the trend for publications
regarding the synthesis of new alcohol-based
compounds is increasing again. Many stud-
ies assessed the antibacterial effects of several
chemical agents, and their results regarding EA
effect was similar to ours (10,11). Nevertheless,
not many studies are performed on antimicrobi-
al effect of pure and common alcohols and their
isomers. Only a few books describe their action
mechanisms. It is claimed that short-chain alco-
hols with good water solubility are more suitable
as disinfectants, especially when diluted in wa-
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Table 2 — Heat map of inhibitory and bactericidal concentrations of the tested alcohols over the bacterial

strains
EA nPA iPA nBA iBA tBA EG
— MIC 6.25% 3.12% 6.25% 6.25% 6.25% 6.25% 12.5%
S MSSA
S MBC 25% 3.12% 6.25% 6.25% 6.25% 25% 12.5%
5]
= MIC 6.25% 6.25% 6.25% 6.25% 6.25% 12.5% 12.5%
‘2 MRSA
2 MBC 12.5% 6.25% 6.25% 6.25% 6.25% 12.5% 12.5%
§ P ; MIC 6.25% 6.25% 6.25% 6.25% 6.25% 6.25% 12.5%
E. faecalis
© MBC 25% 6.25% 6.25% 6.25% 6.25% 25% 37.5%
= ; MIC 6.25% 3.12% 3.12% 3.12% 3.12% 3.12% 6.25%
‘s E. coli
= MBC 6.25% 3.12% 3.12% 3.12% 3.12% 3.12% 12.5%
5]
= MIC 3.12% 3.12% 3.12% 3.12% 3.12% 3.12% 6.25%
8, K. pneumoniae
@ MBC 6.25% 6.25% 6.25% 6.25% 6.25% 6.25% 6.25%
§ MIC 1.56% 1.56% 1.56% 1.56% 1.56% 1.56% 3.12%
=~ P. aeruginosa
& MBC >12.5% 6.25% 6.25% 6.25% 6.25% 6.25% >12.5%

ter, and that the bactericidal effect is different
among isomers (the highest activity in n-prima-
ry, followed by iso-primary, then secondary and
tertiary) (12). Our results are concordant with
this hypothesis, nBA and iBA presenting better
effect than tBA on all bacteria, but nPA a better
effect than iPA on MSSA only.

Although several alcohols exhibit antimi-
crobial activity, only EA, iPA and nPA are used
extensively as disinfectant, with the latter two
especially in Europe. In general, alcohols show a
rapid activity against microorganisms but are not
sporicidal; they can inhibit spore germination,
but this effect is reversible when the alcohols are
evaporated (7).

In Gram-positive bacteria, we found no dif-
ferences between the MICs and MBCs of pri-
mary and iso-structures. Nevertheless, the MICs
were higher than in Gram-negative bacteria.
This can be explained by the specific cell wall
structure of the two bacterial classes (Figure 2).

The specific action mode of alcohols as dis-
infectants is not so well-understood (7). How-
ever, two different mechanisms were proposed:
dissolving the lipid membranes and denaturation
of proteins.

Biological action of alcohols is a combination
of those two different mechanisms (13) and arise
from a combination of alcohol-inducing changes
in the membrane lipid layer and a specific mem-
brane protein-alcohol interaction (Figure 3).
Based on the fact that alcohol efficacy increases
in the presence of water (the best efficacy being
noticed at a concentration of 60-90% expressed
in volume-to-volume ratio), the first mechanism
is thought to dissolve the lipid membrane due to
lipophilicity of alcohols, especially those with
long alkyl chain (12,14). Therefore, we expected
that nBA be the most effective of studied alco-
hols, followed by iBA and PA alcohols.

Alcohols usually alter the lipid composition
of cellular membranes, affecting their fluidity.
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Figure 2. (2.A) Gram-negative bacteria present an outer membrane consisting of lipopolysaccharides
pierced by porin structures and a thin peptidoglycan layer. (2.B) Gram-positive bacterial wall consists
mostly of peptidoglycan pierced by teichoic acid and lipoteichoic acid chains.

As the Gram-negative microorganisms present a
thick outer layer of lipopolysaccharide and the
inner phospholipidic membrane, it is expected
that the alcohols affect this bacterial class effi-
ciently and quickly (15,16). Interestingly, the
alcohols inhibited the growth of K. pneumoniae,
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a bacterium that is part of the same family as F.
coli, in a concentration of about 3% V/V, but the
bactericidal effect appeared at higher concen-
trations. The definitory structure for this bacte-
rial behavior is the polysaccharide capsule, on
which the alcohols exert a precipitation effect,
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Figure 3. (3.A) Disruption of Gram-negative bacterial outer membrane in presence of alcohols.
(3.B). Alteration of protein function by alcohols, resulting in peptidoglycan disarrangement in
Gram-positive bacteria.
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but the intensity of this effect is dependent on
the concentration of the alcohol (17). Moreover,
the capsule provides protection against desicca-
tion (18). Many highly adaptable Gram-negative
rods such as P. aeruginosa can also produce bio-
film-associated polysaccharides, becoming part
of the most prevalent non-sporulated bacilli in
hospital environment (19). As such, though EA
inhibited P. aeruginosa growth in low concen-
trations, it could not efficiently kill it. The same
is the case of EG, with the supplementary disad-
vantage of higher MIC and possible kidney, liver
or central nervous system toxicity if assimilated
(20).

The Gram-positive bacteria present a thick
peptidoglycan layer (16) that prevents alcohols
to express their lipolytic effect. Nevertheless, the
bactericidal effect of alcohols is present, but at
higher concentrations. The action mechanism
is also different, as the alcohols alter protein
function through direct protein interactions and
induce cell desiccation (13). These not so effi-
cient action mechanisms of the alcohols may
explain the higher but equal MIC and MBC on
Gram-positive bacteria. No significant or consis-
tent differences were observed between MSSA
and MRSA, but it is known that the effect of al-
cohols is assigned to specific protein regions of
the cell membrane, and is not at all similar to
that of the antibiotics that require very specific
targets (13,21). Bacteria present specific mech-
anisms for fighting against antibiotic substances
(enzyme production, decreased antibiotic pene-
tration and efflux, changes in target sites or glob-
al cell adaptations), but they also present high
adaptability to biocide substances, especially if
they are in low concentrations (impermeability
barrier, efflux pumps, degradation, modification
of target or metabolic alterations) (22,23). The
eternal fight between new antibiotics and anti-
biotic resistance is currently shadowing the sim-
plest and most common ways of bacterial per-
sistence in hospital environment due to improper

infection control. Alcohols and alcohol formu-
lations are largely used, but some formulations
may have better effect and may prevent bacterial
adaptation. We show that long-chain alcohols
are more efficient against both Gram-positive
and Gram-negative bacteria. The drawbacks of
long-chain alcohols are related to their smells
(powerful) as well as their oily-like consisten-
cy. Ethylene glycol should be avoided due to its
toxicity hazard and low antimicrobial efficacy.
Nevertheless, isopropanol exhibits better proper-
ties against bacteria and can be recommend to be
used as disinfectant in the detriment of ethanol,
the latter having also the disadvantage of high
flammability.

As a study limitation, we mention the rel-
atively small number of alcohols and bacterial
strains that have been used. Longer-chain alco-
hols are oily or solid, less soluble in water, mak-
ing them inadequate for antimicrobial suscepti-
bility testing by microdilution method. We also
considered using only prototype strains, which
are representative for most bacterial types.

Conclusions

All alcohols present good effect on bacteria,
even in low concentrations. Compared to ethanol
as standard, there are better alternatives that can
be used as antimicrobials, namely longer-chain
alcohols such as propyl or butyric alcohols and
their iso- isomers. Bacterial phenotype (highly
adaptable bacteria, biofilm formation) and struc-
ture (cell wall structure, presence of capsule)
may drastically affect the responsiveness to the
antimicrobial activity of alcohols, leading to
higher bactericidal than inhibitory concentra-
tions.
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EA —ethyl alcohol

EG — ethylene glycol

iBA — iso-butyl alcohol

iPA — iso-propyl alcohol

nBA — n-butyl alcohol

nPA — n-propyl alcohol

tBA — tert-butyl alcohol

MBC — minimum bactericidal concentration
MIC — minimum inhibitory concentration
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