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Abstract — 108 microorganism types (79 types of fungi and 29 types of bacteria) were isolated from 25 automobiles
generating bad odor when the air conditioner was turned on, and 43 types of fungi and 23 types of bacteria were iden-
tified. The analysis of condensate generated by the air conditioners in the automobiles indicated pH 6.4~7.1, 12.5~34.2 mg/LL
carbon source, 0.9~18.6 mg/L nitrogen source, 0.5~27.8 mg/L ion contents, and 0.1~7.7 mg/L mineral contents. The
biofilms were formed by the mesophiles under the summer temperature/humidity condition (26 °C, 70% R.H.), and they
were regenerated when the environmental factors (nutritional contents and temperature/humidity) were appropriate even
after they were artificially removed. Although the antimicrobials removed 99.9% of planktonic cells within 15 minutes,
they were not effective in removing biofilm. Up to 1,950 ppmv of ethanol was observed in the automobile treated with
the antimicrobials. Although the figure is lower than the acute toxicity level when inhaled by humans, the health safety
of the chemical substances used in the antimicrobials needs to be reviewed.
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Table 1. Seasonal temperatures and relative humidity (2013).

Season Temperature (°C) Relative Humidity (%)
Spring 11 54
Summer 26 70
Fall 15 60
Winter 2 57
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Table 2. No. of microorganism colonies entering the automobiles through

the HVAC
Automobile No. of colonies (CFUs)
Model Mileage Fungi Bacteria
H-S(2002) 194600 3 1
K-K(2002) 185000 5 2
H-A(2002) 290000 4 2
H-S (2004) 121500 7 4
S-S(2004) 12500 2 0
K-S(2007) 145000 3 1
K-M(2007) 87200 2 1
K-S(2008) 50800 2 3
H-1(2008) 65200 4 1
K-F(2009) 72300 4 0
G-M(2009) 86300 3 2
H-S(2009) 75200 1 0
G-L(2010) 123000 2 0
H-T(2010) 63000 1 1
G-S(2011) 85200 3 0
K-S(2011) 32500 7 6
K-F(2011) 38500 4 1
K-F(2011) 91500 4 0
S-S(2011) 69300 3 1
S-R(2011) 48000 3 0
S-S(2012) 28200 4 1
G-M(2012) 38300 3 1
K-K(2013) 12000 2 0
K-C(2013) 25200 1 1
G-S(2014) 6000 2 0
Total 79 29
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Table 3. Identified microorganisms and their detection frequencies in the automobiles

Fungi isolated No. of automobiles

Bacteria isolated No. of automobiles

Acremonium implicatum 1 Arthrobacter oxydans 2
Alternaria alternate 1 Bacillus aryabhattai 1
Alternaria brassicae 2 Bacillus cereus 1
Aspergillus fumigates 2 Bacillus marisflavi 1
Aspergillus versicolor 5 Bacillus megaterium 2
Cercospora zebrine 1 Bacillus pumilus 1
Cladosporium sp. 1 Bacillus stratosphericus 1
Cladosporium cladosporioides 2 Brevibacterium frigoritolerans 1
Cladosporium silences 1 Methylobacterium aquaticum 4
Cladosporium tenuissimum 1 Micrococcus luteus 3
Corynespora sp. 1 Microbacterium testaceum 1
Fungal endophyte 2 Ornithinibacillus californiensis 1
Herbaspirillum sp. 5 Paenibacillus tundrae 1
Hypocreales sp. 1 Sporosarcina luteola 1
Irpex lacteus 1 Sporosarcina ureae 1
Lecanicillium sp. 1 Staphylococcus epidermidis 1
Leptosphaerulina chartarum 1

Oryza glumipatula 1

Penicillium herquei 1

Penicillium multicolor 1

Penicillium qii 4

Penicillium thomii 1

Penicillium vanoranjei 2

Simplicillium sp. 2

Torula caligans 1

Xylariales sp. 1

Total 43 23
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Table 4. Content analysis of condensate water and sterilized distilled water Unit: mg/LL
Carbon source Nitrogen source lons Minerals

Condensate ~ pH - - - - >
TOC NH;-N NO, NO; F Cl SO, Ca Cu Mg P Zn Al
cl 7.0 252 10.3 6.3 2.5 ND 0.7 0.7 0.2 ND ND ND ND ND
c2 6.6 21.0 12.1 8.1 4.0 ND 0.8 1.6 0.5 ND 0.1 ND 0.1 ND
c3 6.5 12.5 1.3 0.9 1.0 27.8 0.6 0.5 0.4 ND 0.1 ND ND 7.7
c4 6.4 322 6.2 4.8 2.5 1.1 0.8 2.1 0.3 ND 0.1 ND ND ND
c5 7.0 26.9 18.6 134 2.7 24 0.9 1.2 0.4 ND 0.1 0.1 0.2 ND
c6 6.8 19.3 53 35 2.1 1.1 1.0 1.0 0.7 ND 0.1 ND ND ND
c7 6.8 28.6 45 2.1 43 0.6 2.0 2.1 1.1 ND 0.2 ND ND ND
c8 7.1 342 14.7 12.3 33 ND 12 1.0 0.5 ND 0.2 ND ND ND
SDW 6.3 ND ND ND ND ND ND ND ND ND ND ND ND ND
Detection limit = 0.1 mg/L
ND = Not Detected
SDW: Sterilized distilled water
Bacteria SDW Condensate

B. megarterium

A. oxydans

M. luteus

M. aquaticum

Fig. 1. Impact of nutritional contents on formation of biofilms. s1~s4: The SEM image of aluminum surface inoculated with sterilized distilled
water as the medium. c1~c8: The SEM image of aluminum surface inoculated with condensate as the medium.

EAO]2(F) &2 0-27.8 mg/L Y ZE SHE L, ol
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ANo] S| miel ARshs 0w FgEt

]| ZAI R Z(CayS 02~1.1 mg/L, WHIHIZR(Mg)S 0~02 mglL,
S1(P)2 0~0.1 mg/L, °FA(Zn)2 0~02 mg/L, &F1F (AN 0~7.7
mg/L }$1Z =45} Ca, Mg, P 1A= Aol H 3k o)
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AR B EFmyH Adehd Aure] A" 5 gleel 9

1= At

35, GO BT BY U W2 A Et
A 7l e A Gt S FHE FIE Table 5o
ekt 38 359 FRAS 51 FEA A5, FEA A

Bacteria Spring

Summer Fall

Winter

(2)

B. megarterium

(d)

A. oxydans

M. luteus

M. aquaticum

Fig. 2. Impact of temperature/humidity on formation of biofilms. (a), (e), (i), (m): The SEM image of aluminum surface incubated in spring condi-
tions. (b), (f), (j), (n): The SEM image of aluminum surface incubated in summer conditions. (c), (g), (k), (0): The SEM image of alu-
minum surface incubated in fall conditions. (d), (h), (1), (p): The SEM image of aluminum surface incubated in winter conditions.
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Bacteria

Condensate

B. megarterium

(b)

A. oxydans

M. luteus

M. aquaticum

Fig. 3. Environmental factors causing regeneration of biofilms. (a), (c), (e), (g): The SEM image of the aluminum surface immersed in steril-
ized distilled water and incubated with summer conditions. (b), (d), (f), (h): The SEM image of the aluminum surface immersed in con-
densate and incubated with summer conditions SDW: Sterilized distilled water.

Table 5. Measurement of antibacterial activities of antimicrobials to tested bacteria culture Unit: cfu/mL
Contact time (min)
Bacteria Antimicrobials 5 15 30
Colony Reduction Colony Reduction Colony Reduction
. A <10 99.9% <10 99.9% <10 99.9%
B. megarterium 5 )
B 1.3 x 10 99.9% 1.3 x 10 99.9% <10 99.9%
A <10 99.9% <10 99.9% <10 99.9%
A. oxydans
B <10 99.9% <10 99.9% <10 99.9%
A 1.0 x 10? 99.9% <10 99.9% <10 99.9%
M. luteus 5 )
B 2.1x10 99.9% 1.3 x 10 99.9% <10 99.9%
. A 1.0 x 10° 99.8% <10 99.9% <10 99.9%
M. aquaticum
B <10 99.9% <10 99.9% <10 99.9%

9 Bof| )3k 7 S-S 99.8-99.9%% A E vt Sk 155 o]
A AEAZ A A A 2 Bell 98 o 7HAaES B 99.9%
i%ﬁﬂ%ﬁlﬁ}

3, AP AMEE FHAE BF 5 ki
S 2 glso] ERIE It Aol AREH stAe] T4 A
$0] A Bh= H|EL 5~60%E, Tt S-S T2 oeks
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of &gt A o7 AZHET}, ofehg&-S- A5 o] g A v =]
S Bl 207t A S 3 uA7| 3 A F2E gk sto]
S EEA AT G Qloh22].
Al E o] &gk AE k] A Z3E Fig. 40 YERSITE B.
megarterium, A. oxydans, 5 M. aquaticum®l| 213 F3 8 A=+
o] A7} EtAl A Y Bell 93l AlAE o] ZHEETH(Fig. 4(a),



Aol o A=ut A 24 737

Antimicrobials

B. megarterium (a)

06" 5 Owecks
e % care DM s
e vovac

(b)

A. oxydans (c)

MG 100 OET 5 O
W mew oATE M S
o

M. luteus (e)

(8

o
-
s

(h)

m Yo emie

Fig. 4. Effectiveness of antimicrobials on removing biofilms. (a), (c), (e), (g): The SEM image of the aluminum surface immersed in antimicro-
bial A for 15 min. (b), (d), (f), (h): The SEM image of the aluminum surface immersed in antimicrobial B for 15 min.

(©), (d), (). Brat Aol sl L7l Elol EAeh= 773
Algto] AFAE S, A A| Adel| 23]
o] Az o] ksl o] Aaute] ARTE A E Z o7 Helt, o}
ARk, AEEke] AF7 AIA " G lﬁ% w71l gef 28 °cell
A 547 A BRAE Allato] B thA] SajetaL AErte] dAd = A
o] ZRIHIT. F, APAHA] o2 A= o Altell 2laf gEHto]
A AgE = s & T AT

g, Ft Al gk AEEREe] Rhg-0 % Qlal AE T AR} A
o] 9= 11, BETte] o] FIeRE FAo] IR, %%31
O AEERZ AAHA A3ITHFig. 4(b), (), (D), (h)).

Ay =8k-2 Polysaccharides, Proteins, Glycoproteins, Glycolipids,
Extracellular DNA 52 % /g% o] Ql:=Hl, o] ¢ th3t EPS &

U7} elghzol] ofal] gl o] Alte] - AbE L AEHY] 3
S W3tA7) A o7 HoiZItH23,24].

Aoz, Aol AHE Al AES g3A7) AL 4

Euk ol o g AEFlo] ETS g4 0 g vy A|7]= oEks 2
sh= R ow shlEg.

8 et 2o st A o= s s v of
%7) wlizol BEete] H4S oAlshs Wk g et 1ol
QT 011:]_

Y] F4& A %’48}1 Fgs)o] & el A 7
B2} Sk 113 3 A FAl ol 2 T, £ o] H)E
b3k Zolch. sk g, 17}01 Aukd A3 Fai7k o) =
staL, FetAlel gt e 7= Al A 2 239E 7
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5ol A&
N H=a s A7 93l vlo] 2 =2 <& s Microcapsulation)el] T
A7}z =] 0] 251 QlTH25,26].

T /A Ale] xdel Fa38HA] LeteS
materials(Polyethylenglycol, Polyoxazoline, Polyvinylpyrrolidone ‘&)=
RS 7N sk Aotk H s e B L At 2d F2s
oAz Aol Bt s 7= 7Is A B Jeks Slolth
Yuan 5 [27] Z~H[QlE) A~ AE el 1322} F3 AARAE im
st % PEGE T3t @1\]*—01] Lysozymes AEAI17 E. Coli

S. aureus®] 3R T2 JASkAL FAlo AbEShs &7} 9,1%—%
K3k B3 Liu 528> A2 147]3e] Polydopamine .
2 FY3 F opulzle Z 2|7} o] E(Aminated polycarbonate,
APC)$} PEGE: Michael Z7ME8-22 =313}¢] PEG-APC hydrogelS
FA AT PEGE Alate] 329 F3H3 A8kl APCE A&
APESR= 01F 7155 ZHA = E. Coli, S. aureus 2 C. albicans®|
sl &4 o]lrkal Harstgitt.

ol

P ofele: Aol oleldt v sk Fit A
o]

T

Non-biofouling

3-6. &Al ME| = X2 U EetEEe| MR 2N
Gt AIE AMAE A o] whe} 2ol 2l et 3 A1 o slsHEAe]
AFEe S5 A3E Table 60 YEF I 374 A 9 BE
ﬂ\ﬂﬁ Ao A= o] & FrAl /92 ollekgo] AEEH T
2} SRR 2peke]l A2 g it sAlol 7|shE o] HEHA] 4k
i, *é%l« SN LI 2ol Fdo] gl st d S
HEHA sk
ﬂ#ﬂl AE ﬂﬂﬂ b UlellA] oflehs2] AEFE 24 ART A7
% 1,940 ppmv, 72A17F 7 2} F- 305 ppmv, 168 A7+ H 2} 177
ppmvE 3 =9It
A BE A2l g 215 UlollA] ellgh&o] A& 24 AI7F A7}
%299 ppmv, 72713 77} $HEl= ESHAIA] o]3)
o] AIFHINE B, FAlE A et F LAk ATto] A3
|

3%
o

ol sk shshEdo] X 2 fe)u Zlo] F1sigich. &
Aol Gttt ohe} A o] EElo] o), shekE
o) $FHeol <J5) F2Isk GafElo] 2L Bl et Qe
slsHE o) A U2 A%H 0% fU5E 2O Halth

o] 3}atE

EAE0) AFF U2 AEH 07 K99 A9, Aol tigk
AT A 3133l Hofof sttt sk Ak b R A eke]
Aok R AR (Material Safety Data Sheet)ol] 231 ogh2-2]
A=238- 57] 59 Al LCy; 20,000 ppmv 4 h Rat 3-8 2 = 2/TH29].
15, &b U] elleb&e] 2HRaFo] 4 Al 9533 Bk &9k
I5F, @Al Aol Yol S-S E3lato] o] T2 sheh=
o] HAE (%) = e o] Jlorm® atAlE Arket A}
8 A9 AR el f8ls = Qi

o], Al ZAlIA = ]

N

Q3 g8HEAe o

Table 6. Measurement of residual chemical substances in the auto-
mobiles Unit: ppmv

Antimicrobials
Chemicals A B
24 h 72h 168 h 24 h 72h 168 h
Ethanol 1,940 305 177 299 ND ND

Detection limit =1 ppmv
ND = Not Detected
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0.5~27.8 mg/L, MUIZE 0.1~7.7 mg/LE 4= ST},

AEE T2 Alrtel o o F3 &5 23126 °C, 70%
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