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SUMMARY 

Several a,/3-unsaturated and aromatic aldehydes were evaluated for antimicrobial activity using Mycobacterium bovis as the test strain. Activity of most of 
the compounds was determined in the presence and absence of 2% glutaraldehyde. Several compounds highly active against this organism, e.g. 2-pentenal, 
benzaldehyde, and o-phthalaldehyde showed rapid kill of >105 CFU m1-1 in 5 rain. Activity of a,/3-unsaturated compounds substituted in the /31 position 
showed increasing activity with increasing chain length. Of the aromatic aldehydes tested, benzaldehyde and p-dimethylamino benzatdehyde showed little 
activity alone, but when combined with 2% glutaraldehyde showed increased activity. Substituents added to the benzaldehyde ring (nitro, chloro, methyl, and 
methoxy) all detracted from the synergism, but still showed increased activity over the activity of 2% glutaraldehyde. The same affect was noted with 
disubstituted benzaldehyde compounds but not with substituted o-phthalaldehyde (2-formylformaldehyde). 

INTRODUCTION 

Aldehydes have biological activity which includes inhi- 
bition of metabolism in both eucaryotic [28,29] and procary- 
otic organisms [7,14,20,22,23], antitumor effects [30], cell 
division [12], and static and cidal activity against various 
bacteria [2,4,26], fungi [1,10,11,13], and viruses [3,18,27], 
Several aldehydes occur naturally and have antimicrobial 
activities that provide protective mechanisms. For example; 
trans-2-hexenal, a fungicide, occurs naturally in the damaged 
leaves of Gingko biloba protecting the leaves from infection 
by fungi [19]. Citral and other terpene aldehydes found in 
grasses inhibit the growth of microbes in the stomachs of 
ruminants, thereby hindering complete utilization of ingested 
food [24]. 

Several factors influence the activity of aldehydes, such 
as carbon chain length, substituent groups, and degree of 
bond saturation. These factors affect the reactivity of the 
carbonyl carbon with sulfhydryl and amino groups, thereby 
affecting reaction with proteins and nucleic acids. Damage 
or rearrangement of these molecules can be the cause of 
the effects mentioned above, a,/3-Unsaturated aldehydes 
react primarily with sulfydryl groups (primarily on proteins) 
forming a saturated aldehyde with a thioether linkage. The 
reactivity of the carbonyl group of the c~,/3-unsaturated 
aldehyde is affected by substituent groups on the carbon 
chain. The activity of aromatic aldehydes is also related to 
the reactivity of the carbonyl carbon(s), as demonstrated by 
the fact that while benzaldehyde is an active antimicrobial, 
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benzyl alcohol and benzoic acid are not. The reactivity is 
also affected by substituent groups on the aromatic ring 
[28]. 

Glutaraldehyde (GA) is one of the most biologically 
active alkyl aldehydes in terms of its ability to kill bacteria, 
fungi, and viruses [5,16]; however, it does not possess the 
rapid mycobactericidal activity required by users of liquid 
disinfectants [9]. Extended exposure time above that effective 
for other vegetative cells is required for complete kill of 
->105 CFU Mycobacterium bovis BCG. This is true for 
Mycobacterium tuberculosis, and most of the atypical myco- 
bacteria. It has been demonstrated with Mycobacterium 
cheloniae, that a barrier to aqueous solutions exists [17] and 
lack of penetration of aqueous antimicrobials into the cell 
may account for their reduced activity. 

In this paper we report  the mycobactericidal activity of 
c,,/3-unsaturated aldehydes and aromatic aldehydes for their 
activity in the presence and absence of GA.  Mycobactericidal 
activity is examined as a measure of activity since mycobac- 
teria appear to be the most difficult of the vegetative 
organisms to inactivate with GA. Any increased activity 
provided by the added compounds can easily be discerned. 

MATERIALS AND METHODS 

Mycobacterial assays 
Mycobacterium bovis ATCC 35743 was grown according 

to a previously published method [2]. Cells were stored in 
2-ml aliquots at - 7 0  ~ until used. Frozen cultures were 
thawed at room temperature, diluted with saline containing 
0.05% Tween 80 (Difco, Detroit,  MI, USA) to a titer of 
approximately 105 CFU m1-1. One milliliter of the cell 
suspension was added to 9 ml of the test solution at 20 ~ 
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and aliquots removed at time intervals, diluted in an equal 
volume of neutralizer, serially diluted in saline and collected 
on 0.45-txm pore size membrane filters (MilIipore Corp., 
Medford, MA, USA) which were placed onto Middlebrook 
7H10 (Difco) with O A D C  (oleic acid-albumin-dextrose- 
catalase) enrichment (Difco) agar plates. Duplicate samples 
were plated and incubated for 21 days at 37 ~ and counted 
using a binocular microscope. Data were plotted as survivors 
(S/So, where S is the number of organisms at any given time 
point and So is the number of organisms at zero time). 

Test solutions 
G A  solutions were prepared at a 2% concentration at a 

pH of 7.5. a,[3-Unsaturated and aromatic aldehydes were 
added to the G A  at the same molar concentration or to the 
limit of their solubility. 

Neutralizer 
Neutralization of aldehydes was accomplished with sodium 

bisulfite at a concentration 2.2 times the concentration 
of the total aldehyde concentration in the test solution. 
Antimicrobial activity of the neutralizer was assessed by the 
addition of equal volumes of neutralizer and test solution 
and spiking the mixture with 106 CFU m1-1 M. bovis and 
incubating it under the test conditions and plating for 
survivors up to an hour. 

RESULTS 

c~, [3- Unsaturated aldehydes 
The structures of the compounds studied are shown in 

Table 1. Table 2 shows the relative activities of c~,[3- 
unsaturated monoaldehydes when combined with 2% G A  
solution. 2-Propenal had the greatest enhancement of activity 
against M. bovis BCG. This compound has no substituents 
on the carbon backbone. All other substituted compounds, 
except 2-hexenal, showed less activity, but still showed 
enhanced activity over 2% GA. Substitution in both [3- 
positions (3-methyl-2-butenal) or in the a- and one of the 
[3-positions (2-methyl-2-butenal), resulted in reduced activity 
relative to that of 2-propenal. 2-Hexenal and 3-phenyl-2- 
propenal are two compounds in this series that had low 

TABLE 1 

Structure of cr,/3-unsaturated aldehydes studied 

2-propenal HzC=CH--CHO 
3-methyl-2-butenal CH3 

I 
H3C--C~ C--CHO 

2-methyl-2-butenal CH3 
I 

H3C CH=C--CHO 
trans-2-hexenal H3C--CHz--CHz--CH~-~- CH--CHO 
2-pentenal H3C--CHz-- -CH~CH~HO 
2-butenal H3C~CH~CH--CHO 
3-phenyl-2-propenal ~)  - -CH=CH--CHO 
2,4-hexadienal HaC--CH~ CH--CH=CH--CHO 

TABLE 2 

Effect of a,/3-unsaturated monoaldehydes on mycobactericidal 
activity of alkaline 2% glutaraldehyde solutions a 

2% Glutaraldehyde + monoaldehyde Time for total kill at 
(% w/w b) 20 ~ (rain) 

None (2.0% GA) >90 
2-propenal (0.19) 5-10 
2-methyl-2-propenal (0.23) 30 
2-butenal (0.23) 30 
2-methyl-2-butenal (0.28) 60-70 
3-methyl-2-butenal (0.28) 40-45 
2-pentenal (0.28) 30 
2-hexenal (0.33) 10 
3-phenyl-2-propenal (0.10 c) 20 
2,4-hexadienal (0.32) 20 

aTest solutions were buffered with 0.6% dipotassium hydrogen 
phosphate. The pH of the test solutions was adjusted to 8.0 with 
1NH3PO4. 
bEquivalent to 3.33 mmol of monoaldehyde per 100 g of solution, 
except as noted. 
CSolubility limit, equivalent to 0.77 mmol per 100 g of solution. 

toxicity (as indicated by their widespread use in the food/ 
flavor industry) and good activity enhancement. The most 
active compound, 2-propenal, is a highly toxic compound 
not likely to be used in products having the potential to 
come into contact with humans. 

Of the series of 2-alkenal compounds in which an 
alkyl group is substituted in one [3-position, the activity 
enhancement follows the order: 

2-Hexenal > 2-Pentenal > 2-Butenal 

81 = CH3CH2CH2 CH3CH2 CH3 

The longer the alkyl chain, the greater is the activity 
(substituents greater than four carbons are not water soluble). 
The activity of several of the a,[3-unsaturated monoaldehydes 
in the presence and absence of 2% G A  is shown in Fig. 1. 
The data indicate enhanced activity of the combination over 
the activity of the 2% GA or monoaldehyde alone. 2-Butenal 
and trans-2-hexenal showed activity at low concentrations 
(<0.5%).  2-Propenal (0.19%) achieved complete kill of 105 
CFU m1-1 M. boris in -<2 min. Neutralization controls 
indicate complete neutralization of the antimicrobial activity. 

Aromatic aldehydes 
A series of studies was done looking at the effect of 

mycobactericidal activity of aromatic aldehydes (structures 
shown in Table 3) in combination with GA.  Table 4 shows 
increased activity with the addition of 0.3% benzaldehyde 
(BA) to solutions of 0.5 to 2.0% GA.  Complete kill of 
>105 CFU m1-1 was achieved in <20 min even with the 
lowest level of glutaraldehyde tested, whereas 2% and 3% 
G A  alone require >60 min for complete kill of the same 
test population. 

Several monosubstituted BA compounds (Table 5) were 
evaluated in combination with 2% glutaraldehyde. Substitu- 
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Fig. 1. Mycobactericidal activity of 2-butenal ( ~ 0 ~ ) ,  trans-2- 
hexenal ( - -&--) ,  glutaraldehyde (--M)---), GA + 2-butenal 
( - -A- - ) ,  GA + trans-2-hexenal (--[3--), GA + 2-propenal 

(--II--) .  2-propenal alone produced complete kill in <2 min. 

ents may also be present in the 2 (ortho-) and 3 (meta-) 
positions of BA with retention of good mycobactericidal 
activity enhancement. Although none had the enhancement 
effect of benzaldehyde, all provided enhancement that 
increased the activity over that of 2% glutaraldehyde. 
The activity of two representative aromatic aldehydes, 
benzaldehyde and p-dimethylamino benzaldehyde in the 
presence and absence of 2% G A  are shown in Fig. 2. 
Neither showed activity alone, however, each increased the 
mycobactericidal activity of 2% GA.  

The disubstituted BA compounds, 4-hydroxy-3-methoxy-, 
3-hydroxy-4-methoxy-, 3,4-dioxymethylene-, 3,4,-dihydroxy-, 
and 3,4-dimethoxy-, were evaluated for activity when added 
to 2% G A  at concentrations -<0.55% . All resulted in 
enhancement activity and 3,4-dioxymethylene benzaldehyde 
had the greatest affect (Table 6). The aromatic dialdehyde, 2- 
formylbenzaldehyde (o-phthalaldehyde, OPA) was evaluated 
for activity when added to 2% GA.  The activity of this 
combination was due largely to OPA as shown in Fig 3. These 
data indicate that OPA rapidly inactivates l0 s CFU ml 1 M. 
bovis in less than 10 rain at all three concentrations tested 
with complete kill in less than 5 min at 20 ~ with 0.45% 
OPA. 

Several monosubstituted OPA compounds (4-methoxy-, 
4-hydroxy-, 4-chloro-, and 4-carboxy-OPA) were compared 
to OPA for mycobactericidal activity in the absence of 2% 

TABLE 3 

Structure of aromatic aldehydes evaluated 
B A 

C " ~ ~  CHO 
D 
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Compound Substituent groups 

A B C 

Benzaldehyde H H 
2-Hydroxybenzaldehyde OH H 
3-Hydroxybenzaldehyde H OH 
4-Hydroxybenzaldehyde H H 
4-Methoxybenzaldehyde H H 
4-Methylbenzaldehyde H H 
4-Chlorobenzaldehyde H H 
4-Nitrobenzaldehyde H H 

p-Dimethylaminobenzaldehyde H H 

4-Hydroxy-3-Methoxybenzaldehyde H O C H  3 

3-Hydroxy-4-Methoxybenzaldehyde H OH 
3,4-Dioxymethylenebenzaldehyde H O C H  3 

3,4-Dihydroxybenzaldehyde H OH 
3,4-Dimethoxybenzaldehyde H OCH3 
2-Formylbenzaldehyde CHO H 
4-Methoxy-2-Formylbenzaldehyde ClIO H 
4-Hydroxy-2-Formylbenzaldehyde CHO H 
4-Chloro-2-Formylbenzaldehyde CHO H 
4-Carboxy-2-Formylbenzaldehyde CHO H 
3-Carboxy-4-Methoxy-5-Methyl-2- CHO COOH 
Formylbenzaldehyde 

H 
H 
H 
OH 
O C H  3 

CH3 
C1 
N O  3 

CH3 
J 

N 
CH3 

OH 
O C H  3 

OCH3 
OH 
O C H  3 

H 

OCH3 
OH 
C1 
COOH 
O C H  3 

(D-CH~) 

TABLE 4 

Effect of glutaraldehyde concentration on mycobactericidal activity 
of benzaldehyde a 

Concentration 

Glutaraldehyde Benzaldehyde 
% (w/w) % (w/w) 

Time for total kill 
at 20 ~ (min) 

2.0 - -  >90 
3.0 - -  75 
2.0 0.30 10 
1.0 0.30 15 
0.5 0.30 20 

aSee footnote a, Table 2. 

G A  (data not shown). The activity of 0.13% 4-methoxy- 
OPA was somewhat greater than that of an equimolar 
solution of OPA, while the 4-chloro compound had similar 
activity. However, the 4-hydroxy- derivative had less activity 
than OPA, and 4-carboxy-OPA had no substantial activity 
as did the trisubstituted OPA compound 3-carboxy-4- 
methoxy-5-methyl-OPA. 
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TABLE 5 

Effect of monosubstituted benzaldehydes on 
activity of 2% alkaline glutaraldehyde solution a 

mycobactericidal 

Monoaldehyde (%w/w b) Time for total 
kill at 20 ~ 
(min) 

Benzaldehyde (0.30 ~) 
2-Hydroxybenzaldehyde (0.41) 
(salicylaldehyde) 
3-Hydroxybenzaldehyde (0.41) 
4-Hydroxybenzaldehyde (0.41) 
4-Methoxybenzaldebyde (0.45) 
(p-Anisaldebyde) 
4-Methylbenzaldehyde (0.18 d) 
(p-Tolualdehyde) 
4-Chlorobenzaldehyde (0.06 ~ 
4-Nitrobenzaldehyde (0.06 t) 

10 
20 

20 
30 
2O 

20 

20 
30 

"See footnote a, Table 2. 
bSee footnote b, Table 2. 
CSolubility limit equivalent to 2.83 mmol per 100 g of solution. 
%olubility limit equivalent to 1.50 mmol per 100 g of solution. 
eSolubility limit equivalent to 0.43 mmol per 100 g of solution. 
fSolubility limit equivalent to 0.40 mmol per 100 g of solution. 

TABLE 6 

Effect of disubstituted benzaldehydes on mycobactericidal activity 
of 2% alkaline glutaraldehyde" 

Monoaldehyde (%w/w b) Time for total 
kill at 20 ~ 
(min) 

Benzaldehyde (0.30 ~) 10 
4-Hydroxy-3-Methoxybenzaldehyde (0.51) 30-35 

(Vanillin) 
3-Hydroxy-4-Methoxybenzaldehyde (0.20) 35-40 

(Isovanillin) 
3,4-Dioxymethylenebenzaldehyde (0.30 ~) 20 

(Piperonal) 
3,4-Dibydroxybenzaldehyde (0.46) 70-90 
3,4-Dimethoxybenzaldehyde (0.55) 35 

(Veratraldehyde) 

aSee footnote a, Table 2. 
bSee footnote b, Table 2. 
cSee footnote c, Table 5. 
%olubility limit equivalent to 1.31 mmoI per 100 g of solution. 
~Solubility limit equivalent to 2.00 mmol per 100 g of solution. 
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Fig. 2. Mycobactericidal activity of p-dimethyl amino benzaldehyde 
(~C~--), benzaldehyde ( - - I~ - ) ,  GA ( - -A- - ) ,  GA + p-DMB 

( - -A- - ) ,  and GA + benzaldehyde (--D--) .  
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Fig. 3. Mycobactericidal activity of o-phthalaldebyde, 0.1% 
( - -A- - ) ,  0.2% ( - -&-- ) ,  and 0.45% ( ~ O - - )  compared to 2% 

glutaraldehyde ( ~ ) .  
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DISCUSSION 

Glutaraldehyde has been used in disinfectant formulations 
since the original description of the antimicrobial properties 
of GA by Pepper and Chandler [25]. The excellent biocidal 
properties have been documented regardless of the formu- 
lation although alkaline glutaraldehyde is a better sporicide 
than acid or neutral GA [15,21]. This pH dependence does 
not exist with other bacteria including mycobacteria. 

The mycobactericidal properties of glutaraldehyde are 
less than its activity against other Gram-positive and Gram- 
negative bacteria. This is a concern for healthcare workers 
since GA has been the chemical of choice for disinfection 
of critical equipment. Cole et al. [8] showed that regardless 
of the claim on glutaraldehyde formulations, the reality of 
the situation requires that at least a 30-min soak of medical 
equipment is necessary for mycobactericidal activity whereas 
most vegetative organisms are eradicated in 10 min or less. 

An alternative to GA as a disinfectant is desired because 
of the intermediate mycobactericidal activity, toxicity, and 
irritation potential, a,fi-Unsaturated and aromatic aldehydes 
have been used in the flavor and food industry and therefore 
have been identified as safe for use in products that contact 
humans. An examination of their antimicrobial properties 
indicates that several may have excellent activity while others 
have none. In combination with GA, many of these additives 
can substantially increase the mycobactericidal activity of 
the formulation. Their activity appears to be related to the 
substituent groups on the molecule. 

a,fi-Unsaturated aldehydes show increased activity with 
increased chain length of the substituent group on the 131 
position, probably due to increased hydrophobicity and 
better penetrability of the molecule through the lipid matrix 
of the cell wall-membrane of mycobacteria. Disubstitution, 
whether in the a, /31 o r  /~1, fi2 positions reduced the 
enhancement effect of the aldehyde significantly. This may 
be due to steric hindrance in the formation of the 1,4 
addition product with amine or sulfhydryl groups, significantly 
reducing the antimicrobial activity of the aldehyde. 

With the aromatic aldehydes, it is evident that either 
electron releasing (methoxy, methyl, chloro) or electron 
withdrawing (nitro) substituents in the 4 (para-) position of 
BA results in increased mycobactericidal activity. 4-Hydroxy 
BA showed the least amount of activity enhancement, which 
may reflect a pH dependency. Burton et al. [6] showed that 
the antimicrobial activity of substituted benzaldehydes was 
directly related to the partition coefficient of the aldehyde 
in hydrocarbon solvent. This indicated that activity may be 
related to its ability to penetrate the lipid cell wall-membrane 
complex. This is of particular relevance with the highly lipid 
cell wall-membrane complex of mycobacteria which possesses 
a barrier to aqueous solutes [17] lending support to the 
hypothesis that more hydrophobic chemicals are more likely 
to penetrate mycobacterial cells. Although penetration of 
the compound into the cell plays an important role in 
antimicrobial activity, the activity of the benzaldehyde 
compounds is directly related to the reactivity of the 
formyl group. While benzaldehyde is active at fairly low 

concentrations, benzoic acid and salicylic acid at concen- 
trations as high as 10% in a 2% GA formulation show little 

or no activity enhancement over the activity of GA. This is 
supported by the work of Burton et al. [6] in which benzyl 
alcohol and benzoic acid were shown to be relatively inactive 
when compared to benzaldehyde. 
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