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Abstract

The effect of immobilized TiQ photocatalyst on the growth &scherichia coli was investigated with acoustic wave impedance (AWI)
analysis technique for the first time. The motional resistance variati®)(curves under different growth conditions were obtained and
compared. By fittingAR; versus time curves toward the impedance response model, three growth kinetic paraietgrargd) for
different growth situations were gained. The results showed the lag lijveas prolonged, and the maximum specific growth ratg)(
and the asymptoted] were decreased in the presence of UV light and;Tp@otocatalyst. In addition, the quantificational relationships
between the growth parameters and Aif®sage were also investigated, which reflect the inhibitory effect of Tit@ler a certain light
intensity on the growth oE. coli. The three kinetic growth parameters («m and) obtained from the impedance response model are
close to those obtained from the Gompertz popular growth model. These results showed that the AWI analysis technique adapts to study
the effect of TiQ photocatalyst on the growth of bacteria on the qualitative and quantificational level.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Acoustic wave impedance analysis (AWI) is another kind
of piezoelectric sensing technique. It can provide multidi-
In 1985, Matsunaga et al. reported for the first time the an- mensional and real-time information to reflect some physi-
tibacterial effect of TiQ photocatalytic reactiond]. Since cal and chemical properties of the investigated system. It can
then, the biological effect of Tigphotocatalyst has attracted be analyzed according to the Butterworth—Van Dyke (BVD)
increasing attention worldwide. So far, research work on the equivalent electrical circuit modeF{g. 19, composed of
photobiological action of Ti@ has been intensively con- a motional arm and a static arm in parallel. The motional
ducted on a wide spectrum of organisms including viruses, arm contains three equivalent circuit elements in series, i.e.
bacteria, fungi, algae and cancer cgR2s9]. However, all motional resistanceR;), motional inductancel() and mo-
these reports have focused their interests only upon the studytional capacitanced), while the static arm only contains
of antibacterial results. As to the photocatalytic inhibitory the static capacitanceC§). All of these parameters have
effect of TiO; on the growth of bacteria, i.e. effect on the distinct physical meaning40-14] AWI analysis technique
growth kinetic parameters, we are not aware of any pub- has been successfully applied to many fields, such as the
lished studies. But to study the response of bacteria te TiO study of DNA—platinum-based drug interaction mechanism
photocatalytic reactions in more detail and understand the[15], the determination o&-amylase[16] and rheumatoid
biological effect of TiQ photocatalyst on bacteria further, factor[17], and monitoring of mutagenic proceids].
investigating the effect of Ti@photocatalytic reactions on In this paper, we toolEscherichia coli as model bacte-
the growth kinetic parameters of bacteria and describing theria and the effect of immobilized Ti©photocatalyst on the
effect quantitatively is significant. This paper is aimed at growth of E. coli was studied by AWI analysis technique
performing this aspect of work. for the first time. The study was based on the following
fact: the physical and chemical properties of culture sys-
"+ Corresponding author. Tek:86-731-8713591; tem yvould F:hange due to the .growth ief cpli in cu_lturg
fax: +86-731-8824704. medium, this causes the variations of equivalent circuit pa-
E-mail address: hantaov@hotmail.com (W. Wei). rameters of piezoelectric quartz crystal (PQC) accordingly.
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Fig. 1. (a) Electrical equivalent circuit for the PQC sensBg: is the static capacitance, aid, C; and R; are the motional inductance, motional
capacitance and motional resistance, respectively. (b) Schematic diagram of the experimental setup: (1) personal computer; (2) HP4192AceF impedan
analyzer; (3) PQC sensor; (4) quartz crystal; (5) gold electrode; (6) the detection cell withpfigocatalyst immobilized on the inside surface; (7)
thermostatic bath; (8) UV light.

The changing process of equivalent circuit parameters couldjing, China). The gold-coated quartz crystal was first washed
reflect the growth process &. coli. Thus, by monitoring with acetone and then sterilized by autoclaving at 421
the different changing process of impedance parameters infor 15 min before use.

the absence/presence of UV-activated Ji@e could in- The experimental setup employed in this study is shown
vestigate the inhibitory effect of TiOphotocatalyst on the in Fig. 1h It consists of an AWI analysis system, a 6 W
growth of bacteria. ultraviolet lamp and a thermostatic jacket. The AWI analy-

sis system comprises a HP4192A LF impedance analyzer,
which one side connected to the terminal contacting liquid

2. Materials and methods of PQC, and the other side connected with a personal com-
puter in which a user program was written in Visual Basic
2.1. Reagents 6.0 to control the analyzer and to acquire admittance data.

The equivalent circuit parameters were obtained at a time
Nanosized TiQ power (primary anatase, 30 nm mean par- interval of ca. 2 min and displayed in the Visual Basic form
ticle size, 40 /g surface area) was purchased from Cen- during experiments. The peak wavelength of the ultravio-
tral South University (Changsha, China). All chemicals used let lamp is 356 nm and the light intensity was measured by
were analytical reagent grade. Double-distilled and sterilized a UV power meter (Photoelectric Instrument Company of
water was used throughout. The composition of the culture Beijing Normal University). The incident UV light intensity
medium forE. coli was as follows: beef extract, 3g; peptone, was approximately 4QW/cn?.
10g; sodium chloride, 5 g; distilled water, 1000 ml. The pH
value of medium was adjust to 7.2 by 0.1 mol/l NaOH. The 2.4. Immobilization of TiO, photocatalyst
medium was sterilized by autoclaving at X1 for 15 min.
The immobilization of TiQ was similar to the procedures
2.2. Bacterial culture described by Huassain et f19] with modifications. Requi-
site amount of nanosized Tivas weighed and dispersed
E. coli (DH 5a) was obtained from the College of Life in 5ml of double-distilled water. The suspension was sub-
Science of Hunan University (Changsha, China). Four loops sequently homogenized by sonication for 15 min, and then
of E. coli on slant agar were inoculated into a 50 ml sterilized 0.5 ml of the solution was introduced into the detection cell
conical glass flasks containing 25 ml of medium and were to cover uniformly the internal wall of the detection cell. Fi-
cultured aerobically at 37C for about 18 h. The culture nally, the suspension was evaporated to dryness under vac-
gave an approximate concentration o8 % 10° cells/ml uum with warm air blow around the external surface of the
determined by the PPC method. detection cell. The detection cell was sterilized in an oven
at 450°C for 2 h before use.
2.3. Materials and instrumentation
2.5. Procedures
The AT-cut 9 MHz piezoelectric quartz crystals (12.5mm
in diameter) with a gold electrode (6 mm in diameter) on  Fifteen microliters of stoclE. coli cells suspension and
each side were purchased from National 707 Factory (Bei- 15 ml sterilized medium were added to detection cell and
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mixed thoroughly. Then the PQC sensor was immersed. The 30 [
detection cell was stuffed with a rubber plug and placed in I ol
a thermostatic jacket at 370.1°C. Meanwhile, the ultravi- é- 10l
olet lamp was turned on and the variation of the impedance <
parameters was monitored by AWI analysis system. The 0r
culture system was stirred slightly at a time interval of ca. iy, 10 N
15min. +-200 XL
.
—-400
_ , - -600
3. Results and discussion " 1.0
2 s5r
3.1. Response theory of the AWl analysis S‘ 0.0
. S
When the PQC sensor was used in gas, Sauerbrey equation -5 RN B E—
[20] displays a linear relationship between the mass change 0 2 4 6 8 10 12
(Am) of the PQC and the frequency shitkfy): Time/h
Afm=— 2fO2 A_m (1) Fig. 2. Time courses of simultaneous responseA®f;, Af and ACy
m= (PQMQ)l/Z A during the normal growth of. coil without TiO, and UV light. The

initial cell concentration of the detection system i8 8 10° cells/ml and
wherefy is the fundamental resonant frequency of PRg, the volume of the medium is 15ml.
and uqg are the density and the shear modulus of quartz
crystal, respectively, and is the area of the quartz plate.

In the liquid, the physical and chemical properties of the
solution can also cause the frequency to chdagg It can
be expressed as follows:

5h to form the first plateau, then increases continuously
for about 3h and finally reaches a stable level to form the
second plateau. The total signal sizeAdR; is about 3(2.
The result reflects the variation of the viscosity—density of

£ o) Y2 culture system during the growth & coli. In addition, it
- ) can be noted that the shape/iR; response curve is similar

to the theoretical growth curve of bacteria. The first plateau

wherep andn. are the viscosity and density of the liquid, phase corresponds to the lag phase of the growth of bacteria,

Afp =0 P
(mpQu)*/?

respectively. the quickly increasing phase corresponds to the exponential
Therefore, the total frequency shifkf) is the sum ofAf, growth phase and the second plateau phase corresponds to

and Af : bacterial growth saturation phase.

Af = Afm+ AfL 3) It also can be seen froffig. 2that Af decreased for about

664 Hz andAR; increased for about 3. The ratio of Af
In the AWI analysis, the motional resistand® ) is related and ARy is 22.1 Hzf£2. The value is larger than 9.45 Hz/

linearly to the pyn)Y? of the liquid [10]: and indicates that the decreasd ofiginates not only from
@rfopLn)Y/2A the increase in viscogity—density of the culture system, but
Ri= ———%—— 4) also from the adsorption of the culture components onto the
K gold electrode of the PQC sensor. HowevaR; still re-

wherex represents the electromechanical coupling factor. flects well the variation in viscosity—density of culture sys-
If Afis dominated by the net changes in the viscosity and tem according tdeq. (4) So the change oAR; was used
density of liquid, as for a presently used 9 MHz piezoelectric to analyze the effect of Ti©photocatalyst on the growth of
quartz crystal, the slope @ff versusAR; is calculated to be  bacteria.
9.45 Hz£2 according to Calvo et a[21]. As for a practical It can also be found thatCp keeps a constant value
system, the ratio ofAf versusAR; is often greater than  basically during the normal growth process. This result
9.45 Hz£2, because measured value &f may contain the  showed that the dielectric constant of the quartz almost has
contributions from other factors, such as mass absorption. no change.

3.2. Typical response curves during the normal growth 3.3. ARj response curves during the growth of E. coli in
process the presence of TiO, photocatalyst

The typical response curves of impedance parametds ( The effect of TiQ photocatalyst under UV light on the
ARy, ACp) during the normal growth oE. coli without growth of E. coli was investigated and the response curve of
TiO, and UV light are shown irFig. 2 It can be seen ARy isshown inFig. 3c Inthe presence of illuminated TiQ
that AR; almost keeps a constant value during the initial ARj curve displays similar changing trend. The first plateau
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lasts ca. 8 h, and then after a rapid increas&iy for about the variation rate of the viscosity—density is decreased and

9 h, the second plateau appears. The total signal siadRpf caused the smaller slope afR; curves.

is about 142. But by comparison with curve (a) obtained Since AR; response curve is similar to the theoretical

from the normal growth condition, we could find the differ- growth curve of bacteria, the above results showed that the

ence between these two curves from following aspects. First,lag time is prolonged, and the maximum number of bacteria

the lasting time of the first plateau is different, the continu- and the growth rate are reduced due to Jhotocatalytic

ance of this phase in curve (c) is much longer than that in reactions. In short, the growth &f coli was inhibited in the

curve (a). It is because that the viable cell concentration is presence of Ti@ photocatalyst.

less than that in the normal growth case due to the photo- To investigate the effect of immobilized TiOon the

catalytic reactions of Ti@ and the surviving bacteria need medium, we also carried out the experiment only with the

a period time to regain the growth capability. So the time of fresh medium without bacteria under the same experimental

E. coli getting into the exponential phase is prolonged and conditions and the result is shownhig. 3d It can be seen

then the lasting time of the first plateau is longer. Secondly, thattheAR; response curve keeps a beeline basically. Thatis

the signal size oAR; is different, smallerARyax value is to say, the viscosity—density of the solution dose not change

obtained in curve (c). It may be that the amountEofcoli obviously within 20 h in the presence of UV-activated 7iO

getting into the exponential phase is smaller than that in nor- Therefore, curve (c) dose not include the effect of Jih

mal growth condition, thus the variation of viscosity—density the medium.

is less than that of normal growth; hence th&myax value Control experiments were run with UV light only. The

is smaller. Thirdly, the slope oAR; curve in the great in- AR; response curve iBig. 3h It suggests that the growth

creasing phase is different. It can be seen fiieign 3 that of E. coli was still inhibited under only light irradiation

ARy increases slower in curve (c). There are two possible condition. But the inhibitory effect of UV light was much

reasons, the first reason is that photocatalytic action of TiO less than that of Ti@photocatalyst under UV light with the

influences a specific biochemical step that is vital for bac- same light intensity.

terial propagation, and thus cellular metabolism and growth

mechanism is influenced. So the growth rate is slower than3 4, Effect of TiO, dosage on the photocatalytic

the normal growth rate. The second reason is that the nutri-inhipitory activity

ment in the medium is decomposed by Fighotocatalytic

reagtions and_lead to the decrease of the_amount of available \jnder the same experimental conditions, the influence of

nutriment during the growth of Fhe bacteria. It also can slow TiO, dose on the\R; response curves was examinEidy. 4

down the growth rate of bacteria. Due to these two reasons,contains the relevant data. It can be noticed from this figure

that the slope ofAR; curve in the great increasing phase

35 and the single size oAR; are decreased, but the lasting

time of the first plateau is increased with an increase inTiO
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Fig. 3. AR; response curves during the growth®fcoli under different 0 5 10 15 20 25 30
experimental conditions. The initial cell concentration of the detection
system is 3B x 10° cells/ml and the volume of the medium is 15ml. Time /h
The incident UV light intensity was approximately g@v/cr?. (a) Cell
+ medium without TiQ and UV light; (b) cell+ medium with UV light; Fig. 4. Influence of TiQ dose on theAR; response curves: (a) 0.0 mg;

(c) cell + medium with TiG (1.0mg) and UV light; (d) only medium (b) 0.5mg; (c) 1.0mg; (d) 1.5mg; (e) 2.0mg; (f) 2.5mg; (g) 5.0mg. The
with TiO2 (1.0mg) and UV light. other experimental conditions are same agig. 3.
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dose. The result showed that the growtlEotoli was inhib-
ited due to the effect of Ti@photocatalytic reactions, and
the photocatalytic inhibitory effect was stronger when larger
dose of TiQ was used. It could be noticed thaR; response
nearly did not change within 24 h when high dosage of;TiO

pem /7
O=NWH
T T

414
was used, which indicatds coli was inactivated totally and . 442
did not grow again when a high dosage of 7i®as used. 410 €
Jg <
-6

3.5. AWM response model and the kinetic parameters of
bacterial growth estimation

In general, a typical bacterial growth curve can be de-
scribed by Gompertz modg2]:

A
oN A O ©
T

In (Nﬁo) =A expi—exp[“Tme(A -1+ 1]} (5) mrijo,/ mg

Fig. 5. Relationship betweeh, uyn, A and TiQ; dosage, respectively.

wheret is the culture timeA with no dimension,um, in - 2 C0 "
The samples are the experimental data. The line is the fitting data.

h=1 andax in h are the asymptote, maximum specific growth

rate and lag time, respectively; each of them has its specific

biological meanings. Each changes with the change of thewhere AR represents the fitted valug\Rexp is the exper-

growth situation of bacteria. imental response value amnds the number of the response
To examine the relationship betweeR; response and  signal points.

In(N/No), the cell concentration was determined by PPC By fitting the experimentally obtained values aR; in

method during the AWI analysis. The results showed that Figs. 3 and 4o the derived model, the fitted kinetic param-

there is a linear relationship betwearR; and In(\/No): eters andy, were obtained and shown fable 1 Compared
N with the kinetic parameters obtained from the normal growth
AR1 =kIn <—> (6) case, the lag time\] is prolonged, and the maximum spe-
No cific growth rate tm) and the asymptotedj are decreased
wherek is a coefficient in. in the presence of UV light and TiOphotocatalyst. Since

which reflecting the relationship betweaR; and the bac- teria. The change in the three parameters shows that the

terial growth kinetic parameters can be obtained as follows: 9rowth of E. cali is inhibited by the photocatalytic activity
" of TiO, and the inhibitory effect is more serious with an in-

ARy = A/ exp{_exp[le@ —H+ 1]} (7)  crease in Ti@ dose. The satisfactory value gfin all cases

A shows that the\R; versus time curves can be used to reflect
By taking A', A, um and A as estimation parameters, the the growth situations ok. coli in the presence/absence of
non-linear fitting program embedded in Sigmaplot Scientific UV light and TiQ, and this impedance response model can
Graphing Software version 2.0. is used to obtained the fitted "€a@sonably describe the kinetic characteristic in the growth

values and the quality of the fitting can be evaluated by the Process. .
relative sum of the residual squag)(defined as: To investigate the effect of Tidosage on the photocat-
alytic inhibitory activity in more detail, the curves af um
21 (ARfit — A Rexp)? andA versus TiQ dose were plotted, respectively. The re-

= 8 .
o > 1 (ARexp)? ® sults are shown iifrig. 5.
Table 1
Results obtained by fitting thAR; response values iRigs. 3 and 4to Eq. (7)
Experiment A “m A A k (o
Without TiO; and UV light 30.1396 3.0469 5.0243 7.5888 3.9716 6:210°°
With UV light only 27.9983 2.4945 5.7083 6.9905 4.0052 583075
With illuminated TiG; (0.5mg) 22.3821 1.5315 7.0273 5.5360 4.0430 04074
With illuminated TiG; (1.0 mg) 13.8042 0.7797 8.7526 3.4793 3.9775 262074
With illuminated Ti&; (1.5mg) 9.8803 0.3041 10.2078 2.4716 3.9976 48804
With illuminated TiG; (2.0 mg) 6.0669 0.1816 12.4272 1.5249 3.9786 243073

With illuminated Ti&; (2.5mg) 3.8413 0.1038 13.2641 0.9660 3.9761 55403
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Table 2
Bacterial kinetic growth parameters obtained from two models
Experiment A Mm A

Proposed Gompertz Proposed Gompertz Proposed Gompertz
Without TiO; and UV light 7.5888 7.6275 3.0469 3.1104 5.0243 5.0671
With UV light only 6.9905 7.0765 2.4945 2.5015 5.7083 5.5522
With illuminated TiQ; (0.5mg) 5.5360 5.6443 1.5315 1.6089 7.0273 7.1233
With illuminated Ti&; (1.0mg) 3.4793 3.3757 0.7797 0.7113 8.7526 8.8416
With illuminated TiQ (1.5mg) 2.4716 2.5627 0.3041 0.3539 10.2078 10.3174
With illuminated Ti&; (2.0mg) 1.5249 1.2516 0.1816 0.1307 12.4272 12.8045
With illuminated Ti& (2.5mg) 0.9660 1.1508 0.1038 0.0829 13.2641 13.5899

From Fig. 5, it can be seen that there is a linear rela- By fitting the experimentally obtained values of cell con-
tionship between. and TiG, dosage, while an exponential centration to the Gompertz model, the bacterial growth pa-
relationship exists betweeny,, A and TiG, dosage, respec- rameters were obtained and compared with those obtained
tively. The regression equations were obtained as follows: from the impedance response modible 2contains the

relevant data. One can seen that the parameters of bacterial
% =5.60+3.17m (r=0992 ©) growth obtained from these two models are close, which in-
pm = 2.55¢ 1-20m (gr = 4.03x 107%) (10) dicates that AWI technique can be used to study the effect

of TiO2 on the growth of bacteria.
A=725e073" (4, =384x 1073 (11)

wheremis the dosage of Ti@in mg.
From Egs. (7) and (9)—-(11)a quantitative equation re-
flecting the relationship betweeAR; response and Ti®

4. Conclusion

dosage was derived as follows: In this study, AWI analysis technique has been adopted
successfully to study the effect of immobilized BiPhoto-
AR1=7.25 exp{—0.73m catalyst on the growth d. coli. The present work extended

—0.47m previous work by others in two ways. First, the growth pro-
exple (1.96+111m —03%) + 1)) (12) cess is monitored in real time by AWI technique. So far, the
We calculated the value df in all cases and the results antibacterial effect of Ti@ has been investigated mainly by
are shown inTable 1 One can see that the value lofvas microbial methods (such as PPC method). These methods
approximately 4, so we takénas 42 and therkq. (12)can are not only cumbersome and time-consuming, but also can-

be expressed as: not provide the process information in real time. Whereas,
in our work, AWI analysis technique combined the micro-
ARy =29.00exd—0.73n bial growth with the change of the physical-chemical prop-

—exp[e 04" (1.96 4+ 11.1m — 0.35) + 1]}  (13) erties in the culture system during the growth process and
was used to monitor the growth process of bacteria (nhot

This equation quantificationally reflects the photocatalytic only just adapt tcE. coli) in the presence of UV-activated
inhibitory effect of TiG; on the growth oE. coli. Infact, we  TiO, in real time. Secondly, the present work studied the
can obtain different quantitative relationships corresponding inhibitory effect of TiQ, on the growth of bacteria in more
to different type of TiQ and different light intensity by AWI  detail. Three growth kinetic parameters § andum) under
technique. And with these relationships, we can quantifica- different growth conditions have been investigated by fit-
tionally know the impact of TiQ on the growth of bacteria  ting the experimental data towards the impedance response
and predict the growth trend under the given Fi@bsage  model, The results showed the lag timg is prolonged, and
or light intensity, which is useful for the optimal use of the  the maximum specific growth ratg.§) and the asymptote
TiO2 photocatalyst and the rational design of Fighotocat- (A) are decreased in the presence of UV light and;Tpdo-
alytic reactors. So the AWI analysis technique can be usedtocatalyst. Besides, we also discussed the inhibitory effect
to investigate the inhibitory effect of TigOunder different  of TiO, under the experimental conditions on the quantifi-

conditions on the qualitative and quantificational level. cational level. Compared with the microbial methods, AWI
analysis technique not only can provide real-time growth
3.6. Comparison of AM technique with the traditional process information in the presence of UV-activatedTiO
PPC method but also can study the inhibitory effect of Ti®@n the bac-
terial growth on the qualitative and quantificational level.
In this study, the growth situations Bf coli under differ- Therefore, this work not only examined the effect of 7iO

ent culture conditions were also examined by PPC method.on bacterial growth in more detail, but also provided a new
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method (AWI analysis technique) for studying the biologi-
cal effects of TiQ photocatalytic reactions.
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