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Preventing microbial biofilms on 
catheter tubes using ultrasonic 
guided waves
Huanlei Wang1,2, Fengmeng Teng3, Xin Yang1, Xiasheng Guo1, Juan Tu1, Chunbing Zhang3 & 

Dong Zhang1,4

Biofilms on indwelling tubes and medical prosthetic devices are among the leading causes of antibiotic-
resistant bacterial infections. In this work, a new anti-biofilm catheter prototype was proposed. By 
combining an endotracheal tube (ET) with a group of ultrasonic guided wave (UGW) transducers, the 
general idea was to prevent bacteria aggregation with UGW vibrations. Based on quantitative analysis 
of UGW propagation, detailed approach was achieved through (a) selection of ultrasonic frequency, 
wave modes and vibration amplitude; and (b) adoption of wave coupling and 45° wave incidence 
technique. Performance of the proposed UGW-ET prototype was demonstrated via in vitro experiments, 
during which it deterred deposition of Pseudomonas aeruginosa (P. aeruginosa) biofilms successfully. 
With current configuration, UGW amplitudes ranged from 0.05–5 nm could be optimal to achieve 
biofilm prevention. This work sheds a light in the underlying mechanism of ultrasound-mediated biofilm 
prevention, and will inspire the development of new catheters of better antibacterial capability.

Indwelling devices are widely used in clinical treatments, like catheter lines, prosthetic devices, contact lenses, 
heart valve replacements, and other surgical implants, etc. Unfortunately, these devices are also breeding grounds 
for microbial bio�lms, which usually cause bacterial infections. In the development of ventilator-associated pneu-
monia, one of the culprits is the bio�lm on ETs1, 2, most commonly caused by aggregation of P. aeruginosa3. For 
patients with cystic �brosis or chronic bronchiectasis, P. aeruginosa bio�lms on catheters are also blamed for 
chronic infections4, 5. According to published reports, over 80% microbial infections in human bodies were con-
tributed by bio�lms, among which 65% cases were related to those on indwelling devices6–8. As a consequence, the 
mortality rate of patients undergoing long-term catheterization was signi�cantly increased9.

Once established, bio�lms could build up a protective growth mode, helping bacteria to resist antibiotics and 
immune systems9–14. For patients undergoing surgeries, antibiotics then cost over one-third of their expenses 
on average15. Abuse of antibiotics helps build up the vicious cycle of antibiotics resistance, which in turn makes 
treatments more di�cult16. Many e�orts have been made to develop chemical and mechanical approaches for 
bio�lm prevention. Catheters coated with speci�ed antimicrobial materials, including hydrogel, silver salts, silver 
nanoparticles and antimicrobials, etc., have been proven e�ective17–20. Nevertheless, bio�lms could still emerge, 
especially on catheters that remain inside bodies for relatively long periods, e.g., urinary catheters and endotra-
cheal tubes. What makes the situation even worse is, once bacteria start to aggregate on tube surfaces, the antimi-
crobial e�ect of above-mentioned approaches might be signi�cantly reduced21. �erefore, the problem of bio�lm 
prevention is far from been solved, and there is an urgent demand in developing more e�ective approaches.

Acoustic wave, bene�ting from its vibrational nature, possesses the potential in deterring bio�lm deposition. 
Previous studies show that ultrasound could help to decrease antibiotics-resistance of bio�lms9, 10, 22–25. According 
to Carmen et al., combination of ultrasound and antibiotics could reduce the generation of Escherichia coli bio-
�lms26. In their experiments 28.5-kHz ultrasound was used, working at an intensity of 500 mW/cm2 and a duty 
cycle of 33.3%. Hazan et al. chose a 100–300 kHz ultrasonic transducer operating at 300–800 nm amplitude, 
and spread surface acoustic waves (SAWs) into catheters, which in turn helped to diminish the development 
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of Escherichia coli bio�lm9. Kopel et al. then reported that, 100-kHz SAWs causing 0.2–2 nm catheter vibration 
could achieve the same goal as well10. It is also interesting that, 95–220 kHz SAWs of 0.4-W/cm2 intensity could 
enhance neutrophil killing of Staphylococcus epidermidis23. �us, ascribed to its advantages of being non-invasive, 
non-chemical, inexpensive and portable, ultrasound becomes very attractive and promising in developing anti-
bacterial catheters. However, up to date, the underlying mechanism through which ultrasonic waves could pre-
vent bio�lm formation is still unclear. It is here expected that, with full analysis/regulation of wave motions in 
catheters, capability of ultrasonic waves on bio�lm prevention could be highly elevated.

�e structure of a clinical catheter, which could be considered as a pipe with small branches, naturally sup-
ports propagation of UGWs27. Resulting from the wave re�ections and mode conversions at the boundaries of 
a solid pipe, UGWs exhibit distinctive characteristics such as dispersion and axis-symmetric/axis-asymmetric 
behaviours. Here a new anti-bio�lm catheter prototype was proposed, named as UGW-ET. By combining an ET 
with a group of UGW transducers, UGWs were excited and propagated along the ETs, stopping bacteria aggre-
gation on ETs’ surfaces. �e general protocol was based on theoretical analysis of UGW modes, mode/frequency 
selection, calibration of UGW vibration, as well as wave coupling techniques. In vitro experiments targeting P. 
aeruginosa (ATCC 27853) were carried out, bio�lm prevention capability of UGW-ET was evidenced through 
both bacteria counting and microscopic observations.

Results
UGW-ET prototype. �e design of the catheter prototype is illustrated in Fig. 1a. A 26-cm ET (ET-02S, 
Bever, Hangzhou, China), whose outer and inner diameters were respectively 10.4 mm and 7.0 mm, was used as 
the main body. �e upper end of the ET was coaxially inserted into a circular frame made of aluminium. Four pie-
zoelectric ceramic transducers (PZT), electronically connected in parallel, were equally-spaced in circumferential 
direction around the frame. �e piston transducers, with their nominal frequencies of 50 kHz and diameters 
of 38 mm, were carefully calibrated to guarantee nearly identical performances. A wedge made of acrylonitrile 
butadiene styrene (ABS) was used as the base of the transducer group. Hence, UGWs were guided into the tube 
at an angle of 45° rather than perpendicularly. �e reason to choose 45° was, most UGW modes consisted of 
vibration components in both axial and radial directions, while 45° incidence o�ered equal opportunities to excite 
vibrations in either direction28. Medical ultrasound coupling agent (AQUASONIC® 100, Parker, Fair�eld, NJ, 
USA) was used to facilitate wave transmission through all interfaces, helping to minimize wave re�ections. For 
in vitro experiments, the free end of the ET was sealed before dipped into a 50-mL Falcon test tube, as is depicted 
in Fig. 1b.

UGWs Propagation without wedge and coupling. To detect the radial vibrations on ET surfaces, a 
laser vibrometre based on heterodyne interference was used. Measurements were performed at six spatial points, 
locating at 0 (on transducer surface), 1, 5, 10, 15, and 20 cm away from the wedge, as marked out by red dots in 

Figure 1. (a) Schematic illustration of UGW-ET; (b) in vitro con�guration of UGW-ET.
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Fig. 1a. Ten replicated measurements were performed at each location, while 100 continued pulse sequences were 
acquired and averaged to reduce the signal-to-noise ratio (SNR) in each individual measurement.

For demonstration purpose, at �rst the 45° wedge and coupling medium were not applied, thus only nor-
mal incidence of the transducer was adopted to an ET. Representative motion displacements detected at the 
pre-selected positions are plotted in Fig. 2. It is observed that UGWs were successfully generated along the ET, 
and their dispersive behaviour could be identi�ed easily. As was expected, two longitudinal modes, L(0, 1) and 
L(0, 2), played the major roles in the recorded waveforms, with their propagation velocities di�ered from each 
other. Both wave packages tended to expand themselves when going away from the source, suggesting the UGW 
modes were still dispersive due to the limited bandwidth of the driving signal. Several small packages also existed, 
indicating more modes were actually present, although possessing very low energy.

Another concern that arises from Fig. 2 is that, UGW wave packages not only expanded, but also decayed 
quickly when travelling. In fact, signi�cant attenuation could impair wave transmission, playing a negative impact 
in device performance. To make a quantitative assessment, Fast Fourier Transform (FFT) was conducted on all 
recorded waveforms, from which the amplitudes of 50-kHz components were extracted. UGW attenuation as a 
function of propagation distance was then calculated and illustrated in Fig. 3 (black line). �e results show that, 
vibration amplitudes decreased rapidly as UGWs propagated ahead, especially within the �rst 5-cm area. �is 

Figure 2. Representative UGW displacements detected at the pre-selected locations. Incidence was applied 
perpendicularly to ET surface, no coupling medium was used, driving frequency was 50 kHz.

Figure 3. Attenuation of UGW displacement amplitudes as functions of propagation distance. Driving 
frequency was 50 kHz.
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propagation loss could be contributed by: a) air gaps at the interfaces; b) wave re�ections on boundaries; and c) 
damping of the ET material.

Improvements from wedge and coupling. Vibration amplitudes should be crucial for bio�lm preven-
tion, hence minimized UGW propagation loss was expected. By adopting the 45° wedge and coupling medium, 
comparisons were made among three excitation strategies, viz., normal incidence (excitation strategy A), normal 
incidence with coupling gel (excitation strategy B), and 45° incidence with coupling gel (excitation strategy C). 
As is shown in Fig. 3, application of coupling gel increased the wave amplitudes by 6–10 decibels. By combining 
the angled wedge and coupling gel, wave amplitudes were li�ed by 15–25 decibels, exceeding 5 nm at the end of 
the ET (20 cm). �erefore, excitation strategy C should be considerably helpful in facilitating UGW transmission.

In vitro results of reduced bacteria aggregation. Five groups of experiments were carried out at di�er-
ent UGW amplitudes. For each group, vibration amplitude was measured at 1 cm from the wedge, and the second 
plot in Fig. 2 represents the analogic waveform measured under excitation strategy A. �e amplitudes of the 
50-kHz components, denoted as D50-1, were then extracted from the recorded waveforms via FFT algorithm, and 
used as the indicator of each group. For individual groups (from group 1 to 5), D50-1 was 0 (sham group), 0.05 nm, 
0.5 nm, 5.0 nm and 50 nm, respectively.

A timeline was setup for a 24-hour experimental period, as is described in Fig. 4a. For each group, sixteen 
testing tubes were kept for P. aeruginosa (ATCC 27853) cultivation from time A (0 hour) to time B (12 hours). 
�en, three tubes were taken out from each group for bacteria counting. In addition, one tube out of the three 
was also used for microscopic check. UGW excitation was turned on immediately a�er time B for all groups 
except Group 1. �en, three samples were taken out from each group for bacteria counting at time C (15 hours), 
D (18 hours) and E (21 hours), respectively, with UGW kept working. At time F (24 hours), the last four tubes in 
each group were taken out for microscopic examination, a�er which three of them were used for bacteria count-
ing. To achieve bacteria counting, P. aeruginosa aggregated on each ET were dispersed into 2 mL phosphate bu�er 
saline (PBS), and the colony concentration was measured.

Results in Fig. 4 show that, the number of aggregated bacteria increased as the timeline progressed ahead 
in all groups, but the growth rate tended to decrease especially a�er time D (18 hours). With the application of 
UGWs, aggregation of bacteria on ET surfaces was signi�cantly inhibited, informing the dramatic reduction of 
bio�lms. �e statistical analysis results suggested signi�cantly better bio�lm suppression e�ect could be observed 
with enhanced UGW amplitude. However, elevating the vibration level to higher than 5 nm would not be nec-
essary, because no statistically signi�cant di�erence was observed between the last two groups, suggesting the 
anti-bacterial e�ect tended to saturate as D50-1 > 5 nm.

Microscopic proof of biofilm prevention. Figure 5 gives the microscopic pictures taken at time B 
(12 hours, one sample for each group) and time F (24 hours, three samples for each group). In the �rst column, P. 
aeruginosa bacteria are sparsely-distributed on ET surfaces for each group, hence bio�lms had not formed at time 
B. When the timeline approached 24 hours (time F), the three samples of Group 1 (sham group) showed massive 
bio�lm adherence on ET surfaces. By activating UGWs propagation, the situation was totally changed. For D50-1  
= 0.05 nm (Group 2), although bio�lms also deposited on ETs, they appeared less dense compared to Group 1. 
With D50-1 raised to 0.5 nm, bacteria aggregation only emerged at several localized areas (Group 3). By further 
increasing the vibration amplitude to 5 nm (Group 4), although the numbers of bacteria were higher than those 
of Group 1, bio�lms were completely absent.

Figure 4. (a) Timeline of the experiments. (b) Temporal variations of normalized bacteria concentrations for 
Groups 1–5, corresponding to D50-1 = 0 (sham group), 0.05 nm, 0.5 nm, 5 nm, and 50 nm, respectively. UGWs 
were turned on for Groups 2–5 between Time B (12 hours) and Time F (24 hours). Wedges (45°) and coupling 
gel were used, UGW frequency was 50 kHz. D50-1 was the FFT-extracted 50 kHz amplitude detected at 1 cm from 
the wedge. Signi�cant di�erences can be identi�ed between groups with a p-value less than 0.05 (*p < 0.05).
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In the microscopic results of both Group 4 and Group 5, bio�lm formations were inhibited e�ectively by 
UGW propagation. Comparison between these two groups again showed that, increasing UGW vibration to an 
excessively high level would not be much bene�cial, as is indicated by Fig. 4.

Figure 5. Microscopic images of bio�lms for Groups 1–5, corresponding to D50-1 = 0 (sham group), 0.05 nm, 
0.5 nm, 5 nm, and 50 nm, respectively. UGWs were turned on for Groups 2–5 between Time B (12 hours) and 
Time F (24 hours). Wedges (45°) and coupling gel were used, UGW frequency was 50 kHz. D50-1 was the FFT-
extracted 50 kHz amplitude detected at 1 cm from the wedge.
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Discussion
A substantial question underlying UGW-ET is why UGW was chosen for bio�lm prevention. In fact, UGW 
propagation is not optional but inevitable for ultrasound-mediated catheters, as guided modes always exist inside 
tubes following the nature of wave motion28, 29. �erefore, to achieve high-performance ultrasonic catheters, e�ec-
tive regulation of UGW vibration is necessary and important.

Although previous studies have speculated an interaction between bio�lm formation and ultrasonic vibration, 
the inherent mechanism is poorly understood30. Figures 4 and 5 indicate that, stopping bacteria from depositing 
is the key in UGW-assisted bio�lm prevention. It is therefore unsurprising that UGW-ET achieved better perfor-
mance when the vibration amplitude became higher. However, it could be a little confusing that di�erent vibra-
tion amplitudes work for di�erent studies, i.e., the current work used 0.05–50 nm, while those in previous studies 
spanned a wider range from 0.2 nm to 800 nm9, 10. Apart from other factors like frequency and con�guration, it is 
essential that vibrations be introduced into catheters with high e�ciency, a duty of physicists rather than bacte-
riologists. �e examples in Fig. 3 show that, 45° incidence combined with e�ective coupling did an excellent job 
in facilitating UGW generation. It should also be noted that, ultrasonic vibrations exceeding speci�ed thresholds 
might also cause thermal e�ects in human tissues. If ultrasonic catheters work at relatively high amplitudes31, 
potential damage could be imposed on patients.

Selection of working frequency is also critical, during which the inherent dispersive characteristics should be 
carefully examined. As is indicated in Fig. 6, both L(0,1) and L(0,2) modes should be weakly dispersive at 50 kHz. 
However, in Fig. 2 wave package expansions still emerged, though slightly. If UGWs worked at a strongly disper-
sive frequency, wave amplitudes could had decreased more harmfully due to wave expansion32, 33. For frequency 
selection, one should also keep away from the 20-kHz audible limit, since the noise from that could be clinically 
unacceptable.

An even more interesting question is how to quantify the impact of UGW on the bacteria reproducing, which 
has been observed with 70 kHz ultrasound for P. aeruginosa and 95–220 kHz for S. epidermidis13, 23. It is expected 
that, gene expression reprogramming and protein synthesis could be in�uenced, and cell-cell communications 
between microorganisms might be disrupted11, 22. Also, it could be very intriguing if UGW-ET could be com-
bined with other techniques, such as antibiotics. Interruption of bio�lm generation caused by UGWs could lead 
to the destruction of the protective growth mode of bacteria9, 10, 12, therefore antibiotics should work at higher 
e�ciency. Furthermore, combining UGW-ET with catheter-coating based biological/chemical technique is also 
promising and feasible. Since the prevalent anti-bacterial coatings are generally of nano/micrometre size17–20, 
their in�uence on physical parameters of catheter material and propagation characteristics of UGWs could be 
negligible. �erefore, changing the surface properties may lead to an adaptive response of the bacteria to attach 
in a di�erent manner or thrive via the expression of stress responses, which may in turn a�ect their response to 
the UGW treatment.

�e UGW-ET prototype is clinically applicable and compatible. Using UGWs rather than other wave types 
brings the advantage of long-range wave transmission. Since targeted sonication is unnecessary as is described 
in Fig. 1b, it is only required that part of a catheter remains outside the patient’s body for UGW generation. �is 
device also works for bent catheters. Bending pipes also support the transmission of UGWs, while mode disper-
sion and motion amplitude could be slightly in�uenced. For example, bending-caused transmission loss of L(0,2) 
mode would be less than 20%, which is valid for di�erent pipe thicknesses and bend radii34. It should also be 
noted that, the coupling gel applied in UGW-ET is originally designed for medical use. According to the product 
manual, it is completely aqueous, bacteriostatic, non-sensitizing and non-irritating. �is viscous gel medium 
has no harmful components such as formaldehydes or spermicides, it is sterilized and should be safe for clinical 
patients.

Future e�orts are needed to achieve UGW-ETs of better performance. For example, it is of great interest to 
check how axial and radial vibration components play their roles, and how acoustic emission parameters (e.g., 
frequency, waveform, pulse repetition frequency, pulse length, etc.) could be optimized. Other types of catheters 
could also be modi�ed with the current UGW-based technique.

Conclusion
One key factor to stop bio�lms on catheters is to prevent bacteria from depositing on catheter surfaces. By 
exploiting the vibrational nature of ultrasound, a UGW-ET prototype has been proposed and proven successful 
in preventing P. aeruginosa bio�lms. It is concluded that, UGW vibration could be better employed when its 

Figure 6. Group velocity dispersion curves of longitudinal UGW modes along the ET.
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inherent characteristics (e.g., dispersion and attenuation) are considered. Mode analysis and frequency selection 
are hence necessary and important, such that catheter vibration could be predictable and controllable. Also, an 
optimized performance of UGW-ET could not be realized unless UGW transmission loss could be minimized. 
To resist UGW attenuation, wave coupling technique should be applied properly, e.g., 45° incidence and coupling 
medium used in this work. Finally, quantitative relations between anti-bio�lm capability and UGW vibrations 
should be established, during which accurate motion calibration are needed. For preventing P. aeruginosa bio�lms 
on a so� polyvinyl chloride (PVC) ET, UGW vibration amplitudes ranged from 0.05–50 nm are suggested. �is 
work is helpful in understanding the physical mechanism of ultrasound-mediated anti-bio�lm e�ect, and will 
inspire the development of new indwelling tubes of anti-bacterial capability.

Methods
Material parameters of UGW-ET. According to the product manual, the ETs were made of so� PVC 
whose material parameters are: Young’s modulus E = 6 × 106 Pa, Poisson’s ratio σ = 0.47 and density ρ = 1290 kg/
m3. Lamé constants of so� PVC were calculated as: λ = Eσ/[(1 + σ)(1 − 2σ)] and µ = E/[2(1 + σ)]. �e coupling 
frame was made of aluminium, whose parameters are: density ρAL = 2700 kg/m3, longitudinal sound velocity 
cL,Al = 6226 m/s, and shear sound velocity cT,Al = 6226 m/s.

Dispersive nature of UGWs. �e ET was modelled as a circular pipe that supported three di�erent types of 
UGW modes, i.e., longitudinal modes L(0,m), torsional modes T(0,m), and �exural modes F(n,m), with n and m 
being positive integers. L and T modes were axis-symmetric while F modes were asymmetric. Except for T(0,1), 
all other modes exhibited velocity-dispersive characteristics which were related to the wave number k, the pipe 
thickness a, as well as the longitudinal and shear wave velocities λ µ ρ= +c ( 2 )/

L
 and µ ρ=c /

T
.

Two types of mode inhibition techniques were adopted to reduce the complexity of wave propagation. First, 
by selecting an axis-symmetrical excitation con�guration, F modes could be totally eliminated. However, due to 
the limitation of transducer fabrication, an ideal axis-symmetrical excitation was hard to achieve. �e solution 
was to use a number of identical transducers, which were located at the same axial coordinate of the ET, and were 
equally spaced in the circumferential direction29. Second, by con�ning the excitation of each transducer to the 
axial-radial plane, T modes also disappeared in the wave packages.

�en, propagating along the pipe were mainly L modes. A number of authors have reported the use of Lamb 
waves for inspection of pipes and tubes35, 36. When a pipe and a plate had the same thickness, the dispersive 
relation of L(0,1) and L(0,2) UGW modes respectively resembled those of A0 and S0 Lamb modes, while other 
UGW modes also had their Lamb analogies37. �e resemblance between UGW modes and Lamb modes could 
be concluded by comparing Fig. 6 in this work with Fig. 2b in ref. 37. It is particularly important that, around the 
weakly dispersive frequency (50 kHz in Fig. 6, 3200 kHz in ref. 37), the dispersive characteristics between UGW 
modes and Lamb modes were almost the same. �erefore, in this work dispersion relations of Lamb waves were 
used for UGW analysis,

= −

−

qa

pa

k pq

k q

tan( )

tan( )

4

( ) (1)

2

2 2 2

Here ω= −p c k/ L
2 2 2, ω= −q c k/ T

2 2 2, and a was the pipe thickness. �e group velocity (the speed at which 
UGWs propagated along the ET) dispersion curves based on Eq. (1) are presented in Fig. 6. Each curve tells how 
an individual mode travelled at di�erent speeds when changing the working frequency.

Frequency selection. According to Fig. 6, there existed six modes within the frequency range 0–200 kHz, 
i.e., L(0,m), m = 1~6. Each mode had a speci�ed cut-o� frequency. �e excitation frequency was selected by 
following two criteria: a) there existed less modes at the selected frequency, as too many modes would make data 
analysis much complicated; and b) UGW modes were weak dispersive at the selected frequency, since strong 
dispersion could lead to severe waveform distortion38. Based upon these, the working frequency was chosen as 
50 kHz, at which L(0,1) and L(0,2) modes were capable of propagating, both exhibiting weak dispersion.

UGW excitation. An arbitrary waveform generator was used to produce tone-burst signals of 50-kHz central 
frequency, 10% duty cycle, 100 Hz pulse repetition frequency (PRF), and up to 200 mV peak-to-peak ampli-
tudes (Vp-p). A�er being ampli�ed with an RF power ampli�er of 53-dB gain, the signals were used to drive the 
electrically-connected transducer group.

Bacteria cultivation. A strain of P. aeruginosa ATCC 27853 was purchased from American Type Culture 
Collection (ATCC, USA). Bacteria suspension was then obtained by overnight culturing of P. aeruginosa at 37 °C 
with 5% CO2 and 150 rpm shaking. �e culturing medium was prepared beforehand by dissolving 15 g powdered 
Tryptone soya broth (TSB; Oxiod, Hamshire, Britain) in 500 mL distilled water. To prepare testing samples, 4 mL 
of the culturing medium was added into each test tube, and sterilized through high pressure steam at 121 °C for 
15 minutes. Before UGW-ET was inserted into each tube, 10 µL bacterial suspension was added into it. Finally, all 
samples were put in a bacteria incubator (37 °C, 5% CO2) for experiments.

Bacteria counting and microscopic inspection. A�er samples were taken out from the incubator, 
one-time cleaning was gently performed for each test tube, during which 2-mL PBS was applied by pipetting. 
Bacteria counting was achieved through the following procedure: a) vibrating bio�lm o� from each ET along its 
20-cm length using a cell crusher, which worked at 20 kHz and 3-W output for two 30-second pulses; b) blending 
the bacteria from each sample into 2 mL PBS; and c) calculating bacterial colony concentration through turbidi-
metry, which was based on optical density measurements at a wavelength of 600 nm (OD600). �e concentration 
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values measured at time B (12 hours) were averaged for each group, and used as normalization standards for their 
following data. It should be noted that, vibration amplitude of the cell crusher probe should have been several 
orders higher than that of the UGW transducers. As a result, vibration on the ET surface induced by the probe 
should also be more intense than that caused by UGWs.

For microscopic observations, each sample was examined using an inverted microscope with 40X lens work-
ing in bright �eld mode, immediately a�er the PBS cleaning step.

Statistical analysis. One-way analysis of variance (ANOVA) was used to compare data among groups using 
Origin So�ware (OriginLab Co. Northampton, MA, USA). A p-value less than 0.05 was considered a statistically 
signi�cant di�erence. Data are presented as means ± standard deviation (s.d.).

References
 1. Tarquinio, K., Confreda, K., Shurko, J. & LaPlante, K. Activities of Tobramycin and Polymyxin E against Pseudomonas aeruginosa 

Bio�lm-Coated Medical Grade Endotracheal Tubes. Antimicrob Agents Ch 58, 1723–1729, doi:10.1128/AAC.01178-13 (2014).
 2. Gil-Perotin, S. et al. Implications of endotracheal tube bio�lm in ventilator-associated pneumonia response: a state of concept. Crit 

Care 16 (2012).
 3. Adair, C. G. et al. Implications of endotracheal tube bio�lm for ventilator-associated pneumonia. Intens Care Med 25, 1072–1076, 

doi:10.1007/s001340051014 (1999).
 4. Costerton, J. W., Stewart, P. S. & Greenberg, E. P. Bacterial biofilms: A common cause of persistent infections. Science 284, 

1318–1322, doi:10.1126/science.284.5418.1318 (1999).
 5. Haworth, C. S., Foweraker, J. E., Wilkinson, P., Kenyon, R. F. & Bilton, D. Inhaled Colistin in Patients with Bronchiectasis and 

Chronic Pseudomonas aeruginosa Infection. Am J Resp Crit Care 189, 975–982, doi:10.1164/rccm.201312-2208OC (2014).
 6. Musk, D. J. & Hergenrother, P. J. Chemical countermeasures for the control of bacterial bio�lms: E�ective compounds and promising 

targets. Curr Med Chem 13, 2163–2177, doi:10.2174/092986706777935212 (2006).
 7. Bryers, J. D. Medical bio�lms. Biotechnology and Bioengineering 100, 1–18, doi:10.1002/bit.21838 (2008).
 8. Donlan, R. M. Bio�lms on central venous catheters: Is eradication possible? Curr Top Microbiol 322, 133–161 (2008).
 9. Hazan, Z. et al. E�ective prevention of microbial bio�lm formation on medical devices by low-energy surface acoustic waves. 

Antimicrob Agents Ch 50, 4144–4152, doi:10.1128/AAC.00418-06 (2006).
 10. Kopel, M., Degtyar, E. & Banin, E. Surface acoustic waves increase the susceptibility of Pseudomonas aeruginosa bio�lms to 

antibiotic treatment. Biofouling 27, 701–710, doi:10.1080/08927014.2011.597051 (2011).
 11. Davies, D. Understanding bio�lm resistance to antibacterial agents. Nature Reviews Drug Discovery 2, 114–122, doi:10.1038/

nrd1008 (2003).
 12. del Pozo, J. L. & Patel, R. The challenge of treating biofilm-associated bacterial infection. Clin Pharmacol Ther 82, 204–209, 

doi:10.1038/sj.clpt.6100247 (2007).
 13. Qian, Z., Sagers, R. D. & Pitt, W. G. �e e�ect of ultrasonic frequency upon enhanced killing of P-aeruginosa bio�lms. Annals of 

biomedical engineering 25, 69–76, doi:10.1007/BF02738539 (1997).
 14. McLean, R. J. C., Whiteley, M., Stickler, D. J. & Fuqua, W. C. Evidence of autoinducer activity in naturally occurring bio�lms. Fems 

Microbiol Lett 154, 259–263, doi:10.1111/j.1574-6968.1997.tb12653.x (1997).
 15. Ruttimann, S., Keck, B., Hartmeier, C., Maetzel, A. & Bucher, H. C. Long-term antibiotic cost savings from a comprehensive 

intervention program in a medical department of a university-a�liated teaching hospital. Clin Infect Dis 38, 348–356, doi:10.1086/
cid.2004.38.issue-3 (2004).

 16. Bjarnsholt, T., Ciofu, O., Molin, S., Givskov, M. & Hoiby, N. Applying insights from bio�lm biology to drug development - can a new 
approach be developed? Nature Reviews Drug Discovery 12, 791–808, doi:10.1038/nrd4000 (2013).

 17. Norris, P. et al. Ultrasonically controlled release of cipro�oxacin from self-assembled coatings on poly(2-hydroxyethyl methacrylate) 
hydrogels for Pseudomonas aeruginosa bio�lm prevention. Antimicrob Agents Ch 49, 4272–4279, doi:10.1128/AAC.49.10.4272-
4279.2005 (2005).

 18. �ibon, P., Le Coutour, X., Leroyer, R. & Fabry, J. Randomized multi-centre trial of the e�ects of a catheter coated with hydrogel and 
silver salts on the incidence of hospital-acquired urinary tract infections. J Hosp Infect 45, 117–124, doi:10.1053/jhin.1999.0715 
(2000).

 19. Lv, Y. H. et al. Antibiotic glass slide coated with silver nanoparticles and its antimicrobial capabilities. Polym Advan Technol 19, 
1455–1460 (2008).

 20. Bower, C. K. et al. Protein antimicrobial barriers to bacterial adhesion: in vitro and in vivo evaluation of nisin-treated implantable 
materials. Colloid Surface B 25, 81–90, doi:10.1016/S0927-7765(01)00318-6 (2002).

 21. Lee, J. M. et al. Biofilm accumulation on endotracheal tubes following prolonged intubation. J Laryngol Otol 126, 267–270, 
doi:10.1017/S0022215111002969 (2012).

 22. Sauer, K. & Camper, A. K. Characterization of phenotypic changes in Pseudomonas putida in response to surface-associated growth. 
J Bacteriol 183, 6579–6589, doi:10.1128/JB.183.22.6579-6589.2001 (2001).

 23. Loike, J. D. et al. Surface Acoustic Waves Enhance Neutrophil Killing of Bacteria. Plos One 8, e68334, doi:10.1371/journal.
pone.0068334 (2013).

 24. Nishikawa, T. et al. A study of the e�cacy of ultrasonic waves in removing bio�lms. Gerodontology 27, 199–206, doi:10.1111/j.1741-
2358.2009.00325.x (2010).

 25. Pitt, W. G., Mcbride, M. O., Lunceford, J. K., Roper, R. J. & Sagers, R. D. Ultrasonic Enhancement of Antibiotic Action on Gram-
Negative Bacteria. Antimicrob Agents Ch 38, 2577–2582, doi:10.1128/AAC.38.11.2577 (1994).

 26. Carmen, J. C. et al. Treatment of bio�lm infections on implants with low-frequency ultrasound and antibiotics. Am J Infect Control 
33, 78–82, doi:10.1016/j.ajic.2004.08.002 (2005).

 27. Gazis, D. C. 3-Dimensional Investigation of the Propagation of Waves in Hollow Circular Cylinder. 1. Analytical Foundation. J 
Acoust Soc Am 31, 568–573, doi:10.1121/1.1907753 (1959).

 28. Philtron, J. H. & Rose, J. L. Mode perturbation method for optimal guided wave mode and frequency selection. Ultrasonics 54, 
1817–1824, doi:10.1016/j.ultras.2014.02.005 (2014).

 29. Tang, L. G. & Cheng, J. C. Numerical analysis on laser-generated guided elastic waves in a hollow cylinder. J Nondestruct Eval 21, 
45–53, doi:10.1023/A:1021016425141 (2002).

 30. An, Y. H., Dickinson, R. B. & Doyle, R. J. in Handbook of Bacterial Adhesion: Principles, Methods, and Applications (eds Yuehuei H. 
An & Richard J. Friedman) 1–27 (Humana Press, 2000).

 31. Carpentier, A. et al. Clinical trial of blood-brain barrier disruption by pulsed ultrasound. Sci Transl Med 8, 343re2–343re2, 
doi:10.1126/scitranslmed.aaf6086 (2016).

 32. Guo, X. S., Zhang, D. & Zhang, J. Detection of fatigue-induced micro-cracks in a pipe by using time-reversed nonlinear guided 
waves: A three-dimensional model study. Ultrasonics 52, 912–919, doi:10.1016/j.ultras.2012.02.014 (2012).

 33. Guo, X. S. et al. Quantitative evaluation of fracture healing process of long bones using guided ultrasound waves: A computational 
feasibility study (L). J Acoust Soc Am 125, 2834–2837, doi:10.1121/1.3106526 (2009).

http://dx.doi.org/10.1128/AAC.01178-13
http://dx.doi.org/10.1007/s001340051014
http://dx.doi.org/10.1126/science.284.5418.1318
http://dx.doi.org/10.1164/rccm.201312-2208OC
http://dx.doi.org/10.2174/092986706777935212
http://dx.doi.org/10.1002/bit.21838
http://dx.doi.org/10.1128/AAC.00418-06
http://dx.doi.org/10.1080/08927014.2011.597051
http://dx.doi.org/10.1038/nrd1008
http://dx.doi.org/10.1038/nrd1008
http://dx.doi.org/10.1038/sj.clpt.6100247
http://dx.doi.org/10.1007/BF02738539
http://dx.doi.org/10.1111/j.1574-6968.1997.tb12653.x
http://dx.doi.org/10.1086/cid.2004.38.issue-3
http://dx.doi.org/10.1086/cid.2004.38.issue-3
http://dx.doi.org/10.1038/nrd4000
http://dx.doi.org/10.1128/AAC.49.10.4272-4279.2005
http://dx.doi.org/10.1128/AAC.49.10.4272-4279.2005
http://dx.doi.org/10.1053/jhin.1999.0715
http://dx.doi.org/10.1016/S0927-7765(01)00318-6
http://dx.doi.org/10.1017/S0022215111002969
http://dx.doi.org/10.1128/JB.183.22.6579-6589.2001
http://dx.doi.org/10.1371/journal.pone.0068334
http://dx.doi.org/10.1371/journal.pone.0068334
http://dx.doi.org/10.1111/j.1741-2358.2009.00325.x
http://dx.doi.org/10.1111/j.1741-2358.2009.00325.x
http://dx.doi.org/10.1128/AAC.38.11.2577
http://dx.doi.org/10.1016/j.ajic.2004.08.002
http://dx.doi.org/10.1121/1.1907753
http://dx.doi.org/10.1016/j.ultras.2014.02.005
http://dx.doi.org/10.1023/A:1021016425141
http://dx.doi.org/10.1126/scitranslmed.aaf6086
http://dx.doi.org/10.1016/j.ultras.2012.02.014
http://dx.doi.org/10.1121/1.3106526


www.nature.com/scientificreports/

9Scientific RepoRts | 7: 616  | DOI:10.1038/s41598-017-00705-8

 34. Verma, B., Mishra, T. K., Balasubramaniam, K. & Rajagopal, P. Interaction of low-frequency axisymmetric ultrasonic guided waves 
with bends in pipes of arbitrary bend angle and general bend radius. Ultrasonics 54, 801–808, doi:10.1016/j.ultras.2013.10.007 
(2014).

 35. Silk, M. G. & Bainton, K. F. Propagation in Metal Tubing of Ultrasonic Wave Modes Equivalent to Lamb Waves. Ultrasonics 17, 
11–19, doi:10.1016/0041-624X(79)90006-4 (1979).

 36. Rose, J. L. A baseline and vision of ultrasonic guided wave inspection potential. J Press Vess-T Asme 124, 273–282 (2002).
 37. Nishino, H., Takashina, S., Uchida, F., Takemoto, M. & Ono, K. Modal analysis of hollow cylindrical guided waves and applications. 

Japanese Journal of Applied Physics Part 1-Regular Papers Short Notes & Review Papers 40, 364–370 (2001).
 38. Harb, M. S. & Yuan, F. G. A rapid, fully non-contact, hybrid system for generating Lamb wave dispersion curves. Ultrasonics 61, 

62–70, doi:10.1016/j.ultras.2015.03.006 (2015).

Acknowledgements
�is work was partially supported by the National Natural Science Foundation of China (Grant Nos 11474161, 
81627802, 11374155, 11574156, 81503299, 11474001 and 11674173), the General Program of Department of 
Education of Zhejiang Province (Grant No. Y201635561), and QingLan Project.

Author Contributions
H.W., F.T., X.G. and D.Z. conceived the idea. H.W. and X.G. fabricated the device and performed theoretical 
analysis. H.W., F.T., X.Y., X.G. and C.Z. conducted the experiments. H.W., F.T., X.G., J.T. and C.Z. analysed the 
data and prepared the �gures. X.G., J.T. and D.Z. wrote the paper.

Additional Information
Competing Interests: �e authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2017

http://dx.doi.org/10.1016/j.ultras.2013.10.007
http://dx.doi.org/10.1016/0041-624X(79)90006-4
http://dx.doi.org/10.1016/j.ultras.2015.03.006
http://creativecommons.org/licenses/by/4.0/

	Preventing microbial biofilms on catheter tubes using ultrasonic guided waves
	Results
	UGW-ET prototype. 
	UGWs Propagation without wedge and coupling. 
	Improvements from wedge and coupling. 
	In vitro results of reduced bacteria aggregation. 
	Microscopic proof of biofilm prevention. 

	Discussion
	Conclusion
	Methods
	Material parameters of UGW-ET. 
	Dispersive nature of UGWs. 
	Frequency selection. 
	UGW excitation. 
	Bacteria cultivation. 
	Bacteria counting and microscopic inspection. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 (a) Schematic illustration of UGW-ET (b) in vitro configuration of UGW-ET.
	Figure 2 Representative UGW displacements detected at the pre-selected locations.
	Figure 3 Attenuation of UGW displacement amplitudes as functions of propagation distance.
	Figure 4 (a) Timeline of the experiments.
	Figure 5 Microscopic images of biofilms for Groups 1–5, corresponding to D50-1 = 0 (sham group), 0.
	Figure 6 Group velocity dispersion curves of longitudinal UGW modes along the ET.


