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In the absence of sufficient cleaning of medical instruments, contamination and infection can result in

serious consequences for the health sector and remains a significant unmet challenge. In this paper we

describe a novel cleaning system reliant on cavitation action created in a free flowing fluid stream where

ultrasonic transmission to a surface, through the stream, is achieved using careful design and control of

the device architecture, sound field and the materials employed. Cleaning was achieved with purified
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water at room temperature, moderate fluid flow rates and without the need for chemical additives or
the high power consumption associated with conventional strategies. This study illustrates the potential
in harnessing an ultrasonically activated stream to remove biological contamination including brain

tissue from surgical stainless steel substrates, S. epidermidis biofilms from glass, and fat/soft tissue

www.rsc.org/pccp

1. Introduction

The cleaning of surfaces, and in particular the removal of
biological materials from an interface, is highly important in
many aspects of human activity, While there are many
approaches to this task, the application of ultrasonic fields®
has had marked success particularly with regard to immersion of
items within ‘bath’ like enclosures. However, this conventional
approach has some limitations where immersion of the object to
be cleaned is typically required.” This disrupts the sound field
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t Electronic supplementary information (ESI) available: Movie S1 Video sequence
showing the generation of bubble activity in a free flowing jet as part of the UAS
system reported in the main text. Note the images were recorded through a clear
flat glass plate and the stream directed horizontally at the transparent interface.
Hence these images were shot ‘up the stream’. Frame rate 10 kfps, shutter speed
0.1 ms. Movie S2 Video sequence showing the cleaning action of bubbles
activated by sound in a free flowing jet as part of the UAS system reported in
the main text. Note the images were recorded through an epoxy resin cast of a
fingerprint and the stream directed horizontally at the transparent interface. The
print was loaded with 0.3 pm diameter Al,O; which can be seen to be removed by
the bubbles present at the solid/liquid interface. Frame rate 3 kfps, shutter speed
0.33 ms. See DOI: 10.1039/c5¢cp02406d
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matter from bone structures with considerable basic and clinical applications.

generated in the system employed®* and leads to the possible
re-deposition of material from the essentially stagnant fluid onto
uncontaminated surfaces. An alternative is the employment of a
stream of fluid directed at a surface. Such an approach is
described here where an ultrasonically activated stream (UAS)
efficiently removes multiple biological materials from a number
of different surfaces including surgical stainless steel, glass and
bone. This system relies on the acoustic activation of bubbles
within a fluid stream and the resultant cleaning action® at the
solid/liquid interface. Note this approach is not susceptible
to the typical issues associated with conventional ultrasonic
cleaning. However, the fundamental mechanism, cavitation,® is
extremely appealing. It is able to remove material from struc-
tured interfaces,” requires relatively low energy input,” can be
deployed in a range of fluids, acts locally around the active
bubbles, can generate extreme physical® and chemical®™** con-
ditions and is an effective surface cleaning tool. Hence, if
this phenomenon can be controlled"*' it has high potential for
cleaning in industry, academia and the medical arena. The approach
reported here harnesses this cavitation action and has a number of
key features. First, the dimensions'>"® and the acoustic properties’”
of the materials employed were chosen to provide efficient acoustic
transfer through the structure and stream to a substrate. Second, a
moderate fluid flow rate (33-45 cm® s™') was employed to allow
removal of material detached from the surface and maintain a
continuous acoustic pathway to the substrate. Third, cleaning of the
interfaces was achieved in water alone under ambient conditions
(20-25 °C).
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2. Experimental
2.1 The activated stream

Each UAS system consisted of a nozzle (or main section),
control electronics and flow system. The UAS system was
invented and developed by the University of Southampton'®
and has been commercialized, under licence by Ultrawave Ltd.
The complete StarStream system (F0030001) can be obtained
from Ultrawave Ltd. The devices used here consisted of bench-
top prototypes (operating at 135 kHz) built by the University,
with electronic amplifiers and signal generation using either
off-the-shelf units (for example a TTi TGA12101 function
generator and an E & I Type 240L power amplifier for the
results of Section 3.1), or more compact electronics built by
Ultrawave Ltd (for the results of Sections 3.2-3.4). During
operation the liquid from the tank was gravity fed to a centrifugal
pump (either Totton Pumps NDP 14/2 or Charles Austen HX8840)
and then pumped through a flow meter (GEMS FT-110 Series)
and into the nozzle (~10 mm diameter). In the cases of
surgical instrument decontamination and biofilm removal,
the nozzles also featured a copper cooling coil. For bone
debridement work this was omitted. For decontamination
studies the nozzles were mounted near-vertical such that liquid
flowed onto the substrates from above.

High-speed images of the output flow were recorded using a
Photron Fastcam APX RS camera. For the images presented the
device was mounted horizontally and the flow was directed
onto a piece of glass. For characterisation experiments the
pressure in the stream was measured using a hydrophone
(Briiel & Kjeer Type 8103) and charge amplifier (Briiel & Kjeer
Type 2635). The hydrophone is relatively large compared with
the stream diameter and so a specialised mount was con-
structed using a rho-c polymer. This was a block of polymer
measuring 100 mm X 64 mm x 25 mm. There was a cylindrical
hole (10 mm diameter and 40 mm deep) in one of the long faces
(100 mm x 25 mm face), positioned such that the centre of the
hole was 7 mm from the front face (100 x 64 mm face). The
hydrophone was placed in the hole and surrounded with water.
The block was placed under the nozzle so that the hydrophone
was near to horizontal and the stream impinged on the front
face of the block above the acoustic centre of the hydrophone.
The distance between the nozzle exit and the top of the block
was 10 mm meaning the distance between the nozzle exit and
the centre of the hydrophone was 16.8 £ 0.3 mm (there is an
uncertainty in the exact position of the hydrophone in the hole
as it is slightly smaller than the hole itself).

During decontamination studies the acoustic output of the
devices was routinely monitored using a bespoke sensor system.
This consisted of a piezoceramic disc sealed in rho-c polymer
with an acoustic impedance matched to water. The output
stream from the nozzle was directed at the surface of the disc
and the voltage generated monitored as a function of time while
the ultrasound was turned on. The voltage-to-pressure conver-
sion from each sensor was quantified before use by comparison
with the pressure measured using calibrated hydrophones
under similar conditions. The acoustic zero-to-peak pressure
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amplitudes of the UAS devices used in the decontamination
studies was found to be in the range 120-250 kPa. All deconta-
mination experiments where performed in 1 dm? purified water
under aerobic conditions at 20-25 °C.

2.2 Decontamination of brain protein

Murine-normal brain homogenate (NBH) from C57BL mice
(TSE Resource Centre, Roslin Institute, University of Edinburgh,
Scotland, UK) was standardized to 1 mg ml ™' in phosphate
buffered saline (PBS, Gibco) with 0.1% (v/v) Tween 20 (Sigma-
Aldrich). Pristine unpolished 316L surgical grade stainless steel
tokens were contaminated with 1 ul (1 pg protein equivalent)
drops of NBH which were allowed to dry for 24 h (~20 °C) prior
to testing. Once dry the tokens were subjected to decontamina-
tion using the UAS system with two different parameters.
Tokens were processed with purified H,O, at room temperature
running between (33-41 cm® s™) with no ultrasound for 5, 10,
20 and 30 s contact times. The second set of tokens were
processed with purified H,O at room temperature running
between (33-41 cm® s~') with the ultrasound on for 5, 10, 20
and 30 s contact times. In both cases the stream to substrate
distance was set to ~1 cm. Once processed the tokens were
dried at 37 °C for 1 hour prior to staining and analysis. Total
residual tissue protein on the control and processed surfaces
was analysed in situ using the total protein blot stain, SYPRO
Ruby (SR; Invitrogen, UK). The fluorescent signal was visualised
using episcopic differential interference contrast (EDIC)
microscopy coupled with epifluorescence (EF - Best Scientific,
Wroughton, UK). Full X/Y scans of the contaminated areas
were acquired at x10 objective magnification showing the
SYPRO Ruby (excitation: 470 nm; emission: 618 nm) signal.
The captured images where analysed using Image] software
(National Institutes of Health) to count the total pixels of
positive SR signal.

2.3 Decontamination of biofilms

Biofilms of S. epidermidis ATCC 35984, were grown on micro-
scope glass slides in a petri plate on brain heart infusion (BHI)
broth (Oxoid), at 37 °C in a humidified incubator for 72 h with
media changes performed every 24 h. After the growth period
the slides were removed from the petri plate, dip-rinsed twice
with phosphate buffer and positioned ~1 c¢m from the nozzle
of the UAS device. The biofilm was exposed to a water flow of
38 em® s~ for 10 seconds with and without ultrasonic activation.
Untreated biofilms (dip-rinsed) served as a negative control.
Remaining biofilm was assessed qualitatively by scanning electron
microscopy (SEM) and quantitatively by confocal microscopy (CM)
and COMSTAT 3D image analysis of biofilm volume per unit
surface area and mean biofilm thickness.

2.4 Debridement of trabecular bone

Human femoral heads were obtained from hematologically
normal patients undergoing routine total hip replacement
surgery, with approval from the Southampton Hospital Ethics
Committee (LREC 194/99) and appropriate patient consent.
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The femoral heads were stored at —80 °C prior to sample
preparation. A block of trabecular bone (approximately
20 mm?®) was excised from the centre of the femoral head from
which 1 mm thin sections were cut using a Buehler Isomet low
speed precision saw. The blade of the saw was immersed in
water to prevent heat-induced necrosis of the tissue sample.
The slices were finally prepared as approximately 1 mm x
5 mm X 5 mm squares using a scalpel blade and stored in
phosphate buffered saline (PBS, Sigma-Aldrich Co., Ltd) over-
night prior to treatment. The samples (n = 3) were exposed for
periods of 5, 10 and 20 minutes to a stream of distilled water
pumped at a rate of 33 cm® s~ from a circulating reservoir.
Pulsed ultrasonic activation (100 ms active, 45 ms silent) was
applied in this case to the test samples and pumped water
without ultrasonic activation was applied as a control along
with unwashed samples. The standard clinical protocol was
approximated as a further control as follows: samples were
suspended in 5 cm® 6% H,0, using a tube roller (Stuart Digital,
Bibby Scientific Inc.) for 5, 10 and 20 minutes before lavage in
2 x 5 ml volumes of PBS. A further subset of samples were left
in 5 cm® 6% H,0, on a tube roller for 1 week followed by lavage
in saline so as to remove virtually all soft tissue (>95%) and
serve as a positive control for staining. Following washing,
samples were fixed in 4% paraformaldehyde (Sigma Aldrich)
in PBS and stored at 4 °C prior to staining. Residual connective-
tissue and fat following exposure to the cleaning regimes was
assessed using whole tissue histological stains. Each washed
replicate from the various regimes was quartered and two
samples from each replicate stained with haematoxylin (target-
ing cellular material) or lipid detection protocols. Weigert’s
haematoxylin stain was prepared using standard protocols and
filtered prior to addition to samples. Samples were immersed
in the stain for 10 minutes followed by a 5 minute rinse in a
running water bath. The stain was differentiated by 5 rinses in
acid/alcohol solution (1% HCl in 50% methanol, Sigma
Aldrich) over 30 seconds and rinsed again in water before air
drying. Saturated oil red O in 99% isopropanol (Sigma Aldrich)
was filtered, diluted by 40% in water and filtered again before
use. Samples were rinsed in 60% isopropanol for 5 minutes
before immersion in oil red O working solution for 15 minutes.
Samples were rinsed three times in water before immersion in
PBS for imaging. Imaging was conducted using a stereomicro-
scope with an attached digital camera (Canon Powershot G2).

3. Results

3.1 Removal of alumina particles from a fingerprint

The first experimental result is chosen as an example to
illustrate the importance of the design of the UAS cone. The
choice of design and materials, and principles of operation, for
the UAS device are described at length in ref. 18. The dimen-
sions of the stream and ultrasonic frequency were chosen to
allow acoustic transfer from the cone to the free stream.'>'°
The cone is made of rho-c polymer and matched to the acoustic
impedance of water, which allows efficient transmission of the
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Fig. 1 (a) Materials and geometry of the ultrasonically activated stream
nozzle. (b) Acoustic pressure measured in the free flowing stream in two
cases: (1) using all rho-c material (—) and (2) using an aluminium end piece
(==). (c) Images taken ‘up the stream’ (UTS) with the fluid flowing onto a
sheet of glass. Scale bar 2.5 mm. The dashed circle indicates the outer
edge of the flow as it impinges on the glass. (d) UTS Images of fluid flowing
onto a transparent cast of a fingerprint loaded with alumina powder
(0.3 um). Numerals (bottom left of each image, c and d) show the time
relative to ultrasound turning on at t = 0. Scale bar 2 mm.

ultrasound from the water in the cone into the water in the
stream (both the polymer and the stream being surrounded by
air on the outside). If such acoustic matching is disturbed, the
pressure in the stream is greatly reduced. For example if the tip
of the nozzle is replaced with an aluminium section (as shown
in red in Fig. 1(a)), the zero-to-peak acoustic pressure in the
stream reduces from ~300 kPa to ~80 kPa (Fig. 1(b)). The
effect of the higher (~ 300 kPa zero-to-peak) acoustic pressures
amplitudes on gas bubbles within the stream is shown in
Fig. 1(c). Prior to ultrasonic irradiation, some gas bubbles,
entrapped in the liquid as a result of the flow system, are just
visible at this magnification (see Fig. 1(c), —10 ms and Movie
S1, ESIf). However, after UAS activation, distinct cavitation
clouds were noted (see +10 ms). Of particular interest are
clouds of bubbles generated close to the surface (see +26 ms),
which impinge on the substrate and spread laterally to cover a
significant portion of the solid/liquid interface through which
the images are taken (~5 mm in diameter, Fig. 1(c) +55 ms). It
is these cavitation clouds which generate the cleaning action
detailed in this study.

Fig. 1(d) shows just such a cleaning demonstration where
a transparent impression of a fingerprint was loaded with
alumina particles (0.3 um) and exposed to the fluid flow (see
Fig. 1(d), —25 ms). The alumina particles remain essentially
stationary in the fluid flow until acoustically excited cavitation
bubbles impinge on the surface resulting in the rapid removal
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of the particles (observed streaming away from the interface,
see Fig. 1(d), +40 ms and Movie S2, ESIT). After the removal of
the alumina, active bubble clusters can be clearly seen on the
surface of the substrate (see Fig. 1(d) +80 ms arrows). The
potential of the UAS to clean a variety of biological materials,
with increasing complexity, will now be examined.

3.2 Decontamination of brain protein

In the first example, the decontamination of surfaces pertinent to
surgical instruments has been investigated. Conventional deconta-
mination protocols for reusable surgical instruments are very
efficient against microbiological contaminants. However, highly
hydrophobic proteins such as prions implicated in the transmis-
sion of variant Creutzfeldt Jakob disease (vCJD) are readily
adsorbed by surgical stainless steel surfaces and are difficult to
remove using common decontamination protocols, resulting in a
risk of potential iatrogenic infection."®* Furthermore, the trans-
mission of prion infectivity from surgical surfaces has been
experimentally reproduced in both animal and cell bioassays.** >
Therefore, improvements in the reprocessing of surgical instru-
ments are required to reduce the risk of iatrogenic CJD infec-
tion. For this purpose, a large number of new specialised
approaches have been developed for potential use within sterile
service departments (SSDs);>**° however these show (i) discre-
pancies in their efficacy, (ii) may be damaging to instrument
surfaces or the washer disinfectors and, (iii) some advocated
protocols would be too expensive or difficult to implement in
current practices. In order to test the UAS technology in this
arena, protein contaminated surgical surfaces were investi-
gated. Brain tissue proteins were dried onto test 316 grade
surgical stainless steel surfaces to mimic a worst case scenario
where surgical instruments had been left to dry prior to
decontamination. A sensitive analytical fluorescent microscopy
technique®' was chosen to detect the remaining contamination.
Fig. 2(a and c) shows that the flow alone had a negligible effect
on the removal of these proteins (~40% removed after 30 s
treatment) while the activated stream system was highly effi-
cient removing 96-99% of proteins after only a 5 second contact
time (see Fig. 2(a and e)). These results are similar to those
obtained with the best chemical systems currently available
tested under the same conditions; however, chemical solutions
require heating and have been demonstrated to still not com-
pletely eliminate prion infectivity.>**> This study unequivocally
demonstrates the efficient removal of protein from surgical
stainless steel surfaces using the UAS system. Although further
work is required to confirm the effect of the system on prion
infectivity, this study has highlighted the potential of this
system as a cost-effective, rapid, facile and environmentally
friendly alternative for surgical instrument decontamination.

3.3 Decontamination of biofilms

While the removal of proteins from surfaces is important, other
more complex matrices were considered. In the next example,
removal of S. epidermidis,®® a Gram positive bacterium that is
normally found on the skin of healthy individuals, was exam-
ined. This species can become pathogenic if it crosses the skin
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Fig. 2 (a) Assessment of protein attachment to surgical stainless steel
surfaces before and after treatment with UAS. Epi-fluorescence analysis to
determine the amount of residual protein and % removal as a function of
time applying the water flow alone (N, ®) or UAS (N, ™). Error bars
represent the standard error mean, n = 4-12, *** = P < 0.001 when
compared to the unwashed samples. Images (b—e) demonstrate the
SYPRO Ruby stained residual protein on the surgical stainless steel surfaces
of untreated samples (b and d), water flow alone (5 s) (c), and UAS (5 s) (e).
Scale bars represent 50 pm.

barrier through accidental or surgical wound creation. It is
particularly problematic for infection of orthopaedic devices.**
Fig. 3(a and d) show images of S. epidermidis biofilms grown for
72 hours to generate dense clusters of bacteria held together by
extracellular polymeric slime (EPS). The mean biomass was
5.3 um®> pm™? of surface area with a thickness of 12.6 um.
Exposure to the water stream alone reduced mean biofilm
biomass and thickness by approximately 40 and 30% respectively
(see Fig. 3g). However, this reduction was not statistically signi-
ficant and a substantial amount of biofilm remained (biofilm
biomass: P = 0.117; thickness: P = 0.114). In contrast the biofilms
exposed to the activated stream were almost completely (~97%
reduction in mean biomass, see Fig. 3g) removed compared to
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Fig. 3 (a—c) Images showing the confocal scanning laser microscopy
(CSLM) following Syto 9 staining of S. epidermidis ATCC 35984 biofilms
prior to treatment (control), after exposure to flow alone and after
exposure to UAS respectively. (d—f) Scanning electron microscopy (SEM)
images demonstrating the effectiveness of biofilm removal using UAS
(f) compared to water alone (e) and the control (d). Scale bar in images
(a—f) represents 25 pm. (g) Analysis of CSLM images (n = 6/treatment group)
showing reduction in both mean biofilm thickness (MBT, i) and mean total
biomass (MTB, ll) compared to the water stream alone and untreated control
groups. The error bars indicate the standard error in each case.

the non-treated control with relatively few clusters apparent on
the substrate post treatment and a statistically significant
reduction of the biomass and thickness to 0.16 pm® pm >
(P =0.002) and 0.4 um (P = 0.001) respectively (see Fig. 3(g)).

3.4 Debridement of trabecular bone

Finally we have also explored the utility of the activated stream to
remove soft tissue from excised bone graft. Here shortfalls in bone
stock, in cases of revision arthroplasty and for void filling in
various disease conditions such as avascular necrosis of the
femoral head® " are, typically, met through the use of donor
bone (allograft). Allograft preparation has been shown to be of
both biological and mechanical importance.*® For example, resi-
dual fat and soft-tissue typically removed through dissection,
hydrogen peroxide treatment and saline wash®*' results in
greater necrosis within the remodelled graft'' and reduction in
shear strength and in situ stability of the initial graft prepara-
tion.”®** In order to examine the application of a UAS device for
removal of fat and soft tissue in the preparation of allogeneic bone
graft, freshly excised trabecular bone slices (1 mm thickness,
Fig. 4) were washed using the device for up to 20 minutes.
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Fig. 4 (a and b) Images showing a comparison of soft-tissue removal from
freshly excised human bone material using 6% H,O, (a) and the UAS (b).
Numbers in parenthesis show the exposure time (min) of each row of repeat
samples to each treatment (relevant to both a and b). (c) Shows three
examples of a negative control. (d) Shows three samples exposed to 6%
H,O, for 1 week. The scale bars for a—d = 1 mm (=). (e—h) Shows staining
for cellular material (haematoxylin). (e) represents a negative control,
(f) a positive control (1 week, 6% H,0O,), (g) exposure to 20 minutes 6% H,O,
and (h) exposure of a sample to 20 minutes UAS treatment. (i—1) Shows lipid
(using oil red O staining). (i) Represents negative control, (j) a positive control
(1 week, 6% H,0,), (k) exposure to 20 minutes 6% H,O, and (1) exposure of a
sample to 20 minutes UAS treatment. The scale bar for e-l = 0.5 mm (—).

Fig. 4(b) shows residual connective-tissue and fat following this
procedure as a function of exposure time. This can be compared to
preparations using standard clinical protocols (6% H,O, followed
by lavage in saline, Fig. 4a).*®*° UAS treatment removed signifi-
cantly greater amounts of soft-tissue from the allograft compared
with the current clinical standard and was comparable to 1 week
exposure to 6% H,0, (Fig. 4d, f and j). Effective removal of both fat
and cellularised connective tissue from within the trabecular bone
matrix was confirmed through histological analysis (Fig. 4e-1). In
all cases the reduction in positive staining for soft tissue after
20 minutes UAS treatment approached that observed for samples
exposed to a week-long incubation in H,O, (see Fig. 4f and j)
exemplifying the clinical potential of the UAS approach for the
preparation of bone graft and the utility of UAS for the removal of
tissue from micro-porous three-dimensional structures.

4. Conclusions

The work shown here demonstrates the versatility and diversity
of the UAS approach to the decontamination of surfaces with
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biological and, ultimately, clinical significance. The UAS device
can create the conditions for efficient surface cleaning (e.g.
appropriate acoustic pressure amplitude and a suitable bubble
population) at the end of a low velocity flowing stream. These
conditions were shown to remove brain proteins, biofilms and
cell matrices from a variety of surfaces. The approach compares
favourably with the current techniques used in the individual
systems explored. In addition, this cleaning strategy avoids
unnecessary chemical or thermal input to the system and
operates, for the systems reported here, in water alone without
the need for additives under ambient conditions.
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