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ARTICLE INFO ABSTRACT

Keywords: The present research investigated the effect of nanobubbles in Ringer’s solution on calcified plaque within ex
Atherosclerotic plaque vivo coronary and peripheral artery tissue. The goal of the work was to determine whether nanobubbles
Nanobubbles

generated using an alternating magnetic field (AMF) system can reproducibly reduce the size of plaque ob-
structions in ex vivo pericardial tissue specimens compared to that in an untreated control. Nanoparticle tracking
analysis (NTA) measurements were used to first confirm that AMF can produce nanobubbles in Ringer’s solution
as well as it does in water. Experiments were performed in which ex vivo human coronary artery and peripheral
artery tissues containing plaque were exposed to Ringer’s solution with and without the presence of AMF
generated nanobubbles. Measurements on intravascular optical coherence tomography (IVOCT) images consis-
tently indicated that plaque volume is significantly reduced in the presence of nanobubbles. A theory of induced
dissolution by nanobubble/nanoparticle cluster formation provides a causal explanation for the observed re-

Ringer’s solution
Intravascular optical coherence tomography
Induced plaque reduction

ductions in plaque size.

1. Introduction

Atherosclerosis is a chronic inflammatory disease that leads to most
heart attacks and strokes and was the root cause of approximately 32 %
of global mortalities in recent years [1]. Unstable atherosclerotic plaque
causes coronary artery disease and peripheral artery disease. Further-
more, plaque rupture or erosion causes myocardial infarctions and
strokes [2]. Some biochemistry approaches for preventing or treating
atherosclerosis by applying vaccines, nano-agents, etc., have shown
some promise but still must overcome formidable challenges to be
considered safe and effective [3,4].

Observations of nanobubbles (NBs) on hydrophobic surfaces were
first reported in 2001 [5]. Later, several reports began to appear on the
observation and properties of NBs in bulk solutions that exhibit
extraordinary stability [6,7]. Further research has indicated that the
long-term stability of NBs is associated with an electrically charged
liquid-gas interface resulting in a relatively high zeta potential [7,8].
Recently, Satpute and Earthman [9] showed how NB stability can be
attributed to the concentration of hydroxyl ions on the surface during
shrinkage of microbubbles that ultimately produce repulsive forces that
can balance the surface tension once the bubble size reaches the

nanoscale. Unlike previous attempts, this first-principles theory for
nanobubble stability requires no unconfirmed assumptions or
conditions.

Nanobubbles have been investigated for water treatment [10-12]
and surface antifouling treatment [13-15] because of their extremely
small size and ability to bind to nanoparticles [12]. Recent studies on in
vivo applications of NBs, are focusing on utilizing them carriers for ul-
trasound contrast agents [16-18] and ultrasound-triggered drug de-
livery [19-22], taking advantage of their slow decay rate, high
intercellular permeability, and ultrasonic properties.

Uchida and coworkers have shown that nanoparticles in saline and
wastewater bind to nanobubbles using a freeze-fracture replica method
in conjunction with transmission electron microscopy (TEM) [12].
Quach and colleagues [23] recently reported evidence that nanobubbles
bind to calcium carbonate nanoparticles at the solubility limit of CaCO3
in neutral water. They also showed how this binding process could
explain observed dissolution of compounds that deposited on walls of
service water piping. This binding process was attributed to the fact that
NBs have a significantly negative zeta potential [12] and, because they
provide a small but widely dispersed gas-water interface, they offer a
favorable binding site to hydrophobic nanoparticles. It follows that NBs
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could also bind to nanoparticles of calcium compounds in other aqueous
solutions including intravenous fluid.

Atherosclerotic calcification involves complex signaling pathways
and bone-like genetic processes [24]. During atherosclerosis, calcifica-
tion can be initiated by vascular smooth muscle cells within the arterial
wall that obtain an osteoblast-like phenotype and release hydroxyapa-
tite (HA), Cas(PO4)3OH [25]. Macrophage apoptosis is another promi-
nent source of calcification within atherosclerotic plaque [26]. It is
possible that NBs can bind to unstable Cas(PO4)3OH nanoparticles
(embryos) that would keep these embryos from dissolving back into
solution. Therefore, it follows that formation of NB/nanoparticle clus-
ters could then lower the concentration of dissolved CaPQy4 to levels well
below its solubility limit. This process is depicted schematically in Fig. 1.
It is reasonable to assume that Cas(PO4)3OH in plaque could start to
dissolve as the concentration of CaPOy in the surrounding medium falls
below the solubility limit. Accordingly, the central hypothesis of the
present work is that the stability of atherosclerotic calcification may be
affected by the administration of sufficient numbers of nanobubbles.
This research consisted of experiments that were designed to test this
hypothesis with ex vivo tissue samples.

2. Methods
2.1. Nano-bubble generation and measurement

An alternating magnetic field (AMF) NB generating system was used
in the present work [23]. Ringer’s solution circulated through the AMF
NB generator at a rate of 270 mL/min and pressure of 13.8 kPa. The
composition of the Ringer’s solution (Fisher Scientific, Fair Lawn, NJ)
used in the present work in g/L is 9.2 sodium chloride, 1.5 sodium bi-
carbonate, 0.4 potassium chloride, 0.2 calcium chloride in water. We
note that while some calcium is present in Ringer’s solution, this solu-
tion used in the present work does not also contain phosphate ions.

Unaltered and AMF treated Ringer’s solution samples were analyzed
using a NanoSight NS300 (Malvern Panalytical Ltd, Malvern, UK) for
NB/nanoparticle size distribution and relative scattering intensity. The
size calculated by NanoSight is the equivalent spherical hydrodynamic
diameter of the objects scattering light. The relative light scattering
intensity is directly measured by a CCD camera, and it is primarily
related to index of refraction and size of the objects (particles or bub-
bles) in the solution. According to Rayleigh scattering theory for objects
smaller than the wavelength of the incident light [27], light scattering
intensity, I, in water is positively correlated with the relative index of
refraction, n, of the nano-objects as:

Nanobubble/Nanoparticle Clustering

CaPO, Embryos CaPO, Embryos, Nanobubbles and Clusters

R ERI ™ \E Generation . o
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Fig. 1. Schematic of the effective reduction in dissolved calcium phosphate
concentration by the clustering of CaPO4 nanoparticles (embryos) with nano-
bubbles. As the concentration of dissolved CaPO4 drops below the solubility
limit, dissolution of Cas(PO4)30H in calcified plaque could then be induced.
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where n, is the index of refraction of the nanoscale object and n,, is
the refractive index of water. Thus, it should be possible to distinguish
nanoscale objects of similar size that have different relative indices of
refraction by comparing the scattered light intensity they exhibit. The
index of refraction for water is 1.33. Bunkin and coworkers [28] re-
ported a refractive index for nanobubbles of about 1.26, which is
somewhat higher than that for a gas (n; = 1.0). However, it is possible
that the relatively high concentration of ions on the surface of nano-
bubbles could be responsible for the greater than expected refractive
index of nanobubbles observed [9]. The resulting value of n for nano-
bubbles in water is then about 0.95. By comparison, the index of
refraction for calcium phosphate is approximately 1.63 and, therefore,
its value of n in water is 1.23. We note that the value of n for other salts
such as NaCl would also be in this range. Compared to that for salt
nanoparticles in Ringer’s solution, NBs of similar size should then
correspond to a substantially lower light scattering intensity according
to Eq. (1). Nanoparticle Tracking Analysis (NTA) software that accom-
panies the NanoSight NS300 instrument was used to determine relative
light scattering intensity for each sample analyzed. Each sample run in
this instrument was conducted for 60 s.

The Z test was used to assess the number of duplicate Nanosight runs
necessary to achieve representative data distributions for nanobubbles
and nanoparticles. An approach approximated to power analysis was
used to assess this number of duplicate NTA runs (N). In this approach,
the averages and standard deviations of all possibilities from combining
up to a total of 10 runs were calculated. Two proportion Z test was used
to calculate the Z score for the one-to-one combinations of all these
possibilities. It was found that when N = 5, approximately 90 % of these
combinations have no significant difference, at a confidence level at 95
% (Z < 1.96). We note that a rate of 80 % is the power typically accepted
as sufficient in power analyses. Thus, results from averaging five
duplicate runs in NTA were considered sufficient in the present work to
be considered statistically significant.

2.2. Experimental system

A circular flow test system (CFTS) was used in the present that
consists of a pump, three-way valve, AMF system, pressure gauges, flow
meters, reservoir with immersion heater, and pinch valve for controlling
flow rate. A schematic of the present CFTS is shown in Fig. 2.

2.3. Tissue sample preparation

Fresh coronary arteries and peripheral arteries were obtained from
cadavers, rinsed with Ringer’s solution and frozen in a — 19 °C freezer.
Coronary artery samples were supplied by Willed Body Program at the
University of California, Irvine, while peripheral artery samples were
supplied by Medtronic Inc. All methods were carried out in accordance
with the University of California, Irvine (UCI) Institutional Review
Board (IRB) and the Institutional Biosafety Committee (IBC). All
experimental protocols were approved by the UCI IBC under protocol
#2016-1570.

2.4. Nanobubble exposure experiments

The Ringer’s solution was pumped through the CFTS in bypass mode
(no NBs) until its temperature reached 37 °C. Each artery sample was
mounted at the side stream outlet to the reservoir (see Fig. 2). A side
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Fig. 2. Schematic of the present circular flow test system (CFTS).

stream was used to reduce the flow rate through the artery sample to be
consistent with physiological flow rates. For test conditions, nano-
bubbles were added to the system by switching the diverter valve shown
in Fig. 2. Another valve in main flow path was used to adjust the flow
pressure from 10.0 kPa to 10.7 kPa with a fixed flow rate of ~240 mL/
min. Exposure to flowing Ringer’s solution for most samples was per-
formed for 4 h. Exceptions were samples S6A and S6B that were treated
for 6h in total, and intravascular optical coherence tomography
(IVOCT) was performed every 2h during interruptions of the
experiments.

2.5. Intravascular optical coherence tomography

IVOCT was performed before and after treatment experiments on the
present ex vivo samples. The IVOCT system was developed at the
Beckman Laser Institute, at the University of California, Irvine [29]. This
system uses a laser with a 1310 nm center wavelength and has an axial
resolution of 12 ym and a transverse resolution of 30 um. The pullback
speed of the probe was set to 3 mm/s, with an acquisition rate of 50
frames per second. Thus, the corresponding distance between two
frames is 60 pm. This method is ideal for arterial samples since the probe
can image plaque over the entire surrounding artery wall at each frame
position. IVOCT images of the entire arterial tissue sample were ob-
tained before and after exposure to the Ringer’s solution in the CFTS for
three hours. Once all of the IVOCT images for a given sample were ac-
quired, plaques in the images were located and tracked in all of the
frames in which each plaque was observed, neighboring plaques and
other morphological features. There are primarily three types of
atherosclerotic plaques: fibrous, lipid and calcified types, where the
calcified type of plaque has the lowest backscattered light coefficient
(ubcaicium = 4.9 £ 1.5 mm™}, compared to ubgiproys = 18.6 + 6.4 mm™},
pbripia = 28.1 £+ 8.9 mm™?) in OCT [30].

Backscattering is positively related to the grayscale on the IVOCT
images. The lowest backscattering results for calcium containing pla-
ques. Since other surrounding soft tissues in the arterial wall give rise to
relatively high levels of backscattering, the calcified plaques tend to give
rise to more contrast with the surrounding tissues compared to the other

plaque types. If not stated in the results, the default plaque type
measured using IVOCT in the present work was calcified plaque.

Six heart coronary artery samples (CAS) and two peripheral super-
ficial femoral artery samples (PAS) were treated in the CFTS with
Ringer’s solution, with or without NBs. One or two plaques were iden-
tified using IVOCT in each sample except in the case of sample CAS 1, for
which three plaques were identified. The volume of each plaque was
measured over multiple frames before and after the treatment using
ImageJ image analysis software (National Institutes of Health, Bethesda,
Maryland, USA). Test specimens CAS 1, CAS 2, CAS 5, and PAS 1 were
exposed to Ringer’s solution containing nanobubbles (NBs), while con-
trol samples CAS 3, CAS 4, and CAS 6 were exposed to unaltered Ringer’s
solution.

3. Results and discussion
3.1. Nanoparticle/nanobubble measurements

Fig. 3 shows NTA data for Ringer’s solution treated in the present
CFTS both with and without the addition of NBs, as 3D plots of nanoscale
object concentration as a function of size and light scattering intensity.
In the test groups (NB Treated), two distinct peaks with comparable
object concentration and size but different light scattering intensity were
observed. For the control replicates, there is only one prominent peak
shown in Fig. 3 (Untreated).

There are both calcium ions and bicarbonate ions in the present
Ringer’s solution (Table 1). For the present conditions of 37 °C, 1 bar of
air pressure and a pH of 7.3, the solubility of calcium carbonate is
approximately 2 mmol/L [25]. This concentration is close to that for
calcium ions in of Ringer’s solution. Thus, it follows that calcium car-
bonate embryo nanoparticles were forming and dissolving in the liquid
phase during the present experiments. The peaks in Fig. 3 with higher
light scattering intensity for the test groups could be produced by
nanoparticle clusters assuming that the embryo nanoparticle becomes
stable once it binds to a NB, which reduces its surface energy. The peaks
at lower light scattering intensity in the test replicates have smaller
average size compared to the peaks at higher light intensity. It follows
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Fig. 3. Replicate sets of NTA data plotted as size and relative light intensity (arbitrary units) plotted as a function of object concentration for Ringer’s solution treated

with NBs (Test 1 and 2), and that without NB addition (Control 1 and 2). The results were obtained from four separate solution samples that were circulated through
the present CFTS system for 3 h. Each replicate was run five times in the NanoSight NS300 and the results were averaged.

that the lower intensity peaks should correspond to light scattering by
Table 1, . L . . NBs, that have significantly lower index of refraction compared to cal-
Composition of the Ringer’s solution used in the present research (/L). cium carbonate nanoparticles. These results are consistent with the
Sodium Sodium Potassium Calcium assertion that NBs can be generated using an alternating magnetic field
Chloride Bicarbonate Chloride Chloride [23].
9.2 1.5 0.4 0.2

NanoSight NTA has also been applied to the Ringer’s solution sam-
ples collected after testing ex vivo tissue samples CAS 1 (Test) and CAS 3
(Control) in the present CFTS. Three dimensional plots of concentration
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Fig. 4. NTA data plotted as size versus relative light intensity and object concentration for Ringer’s solution after treatment in the presence of ex vivo coronary artery
samples CAS 1 (Test with NB addition) and CAS 3 (Control without NB addition). Each sample was run 10 times in the NanoSight NS300 and the results
were averaged.
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versus size and relative intensity are shown in Fig. 4. For these plots,
each sample was run 10 times in the NanoSight NS300 and the results
were averaged. Fig. 4 indicates that the overall concentration of nano-
scale objects in the solution for CAS 1 is less than 50 % of the concen-
tration in the control (CAS 3). This lower overall concentration with the
addition of nanobubbles can be explained by the formation of NB-
nanoparticle clusters that can substantially reduce the total number of
both individual NBs and nanoparticles in solution.

Ex vivo tissue sample CAS 1 exhibited two concentration peaks for
two different relative intensities for sizes below about 340 nm as shown
in Fig. 4. The concentration peak at higher scattering intensity should
correspond to nanoparticles while the concentration peak at lower
scattering intensity should correspond to NBs. For CAS 3, control with
no NBs, single peak for the nanoparticles present is present at a size of
about 370 nm (Fig. 4). The peaks corresponding to NBs in test samples 1
and 2 shown in Fig. 3 were observed at object sizes of 193 nm and
161 nm, respectively. We then take the average of these measurements
(177 nm) as an estimate of mean diameter for the NBs. The minimum
diameters of a single NB-single nanoparticle cluster and, based on the
apparent higher concentration of nanoparticles than NBs, a cluster of
nanoparticles bound to a single NB can be approximated by the
following:

Aminimum clusier = AN+ dnanoparlic]e = 177nm + 370nm = 547 nm
3

dsingle NB cluster = AN+ 2 dnanoparlicle = 917 nm (4)

where d is the corresponding diameter. The assumptions made here
are that the shape of nanoparticles, as well as that for the NBs, is roughly
spherical and clusters form between one NB and either one or multiple
nanoparticles. We note that the size of 516 nm corresponding to a
concentration peak for CAS 1 is only slightly smaller than the estimate
for a small dual object cluster structure predicted by Eq. (1). Further, the
peak corresponding to a size of 854 nm agrees reasonably well with the
estimate of 917 nm given by Eq. (2). We note that Egs. (3) and (4)
predict an upper limit for the measured hydrodynamic diameter of these
clusters due to asymmetry and spaces between nanoparticles. By com-
parison, there are no peaks larger than the single peak at about 370 nm
in the plots for the untreated control (CAS 3) in Fig. 4. In sum, the NTA
evidence in these figures clearly supports the formation of clusters by
NB/nanoparticle binding.

3.2. Plaque measurements

IVOCT images are shown in Fig. 5 of a calcified plaque (a), and a lipid
plaque (b) that were discovered in specimens CAS 3 and CAS 2,
respectively. Both plaques are discernible because the calcified plaque
corresponds to mostly lower (darker) grayscale value compared to the
surrounding tissue while that for the plaque with a lipid character cor-
responds to predominantly higher (lighter) grayscale value compared to
the surrounding tissue. However, both light and dark regions can be seen
within both types of plaques in Fig. 5.

Colloids and Surfaces B: Biointerfaces 217 (2022) 112666

Representative IVOCT images of plaque sample CAS 1 III taken
before and after NB treatment are shown in Fig. 6 at approximately the
same location. A reduction in volume can be seen by comparing these
images. We note that several stacked images for each plaque were used
to measure its entire volume as opposed to just the one image (slice)
shown here for each.

IVOCT results plotted in Fig. 7 indicate that plaque volume in the
coronary decreased by approximately 36 % on average with a NB
treatment of four hours (CAS. 1 I, CAS 1 II CAS III, CAS 2 and CAS 5). By
comparison, control group CAS 3, CAS41, CAS41I, CAS6Iand CAS6 11
exhibited a mean plaque reduction of only about 7 % after four hours
exposure to untreated Ringer’s solution with the same flow rate for four
hours. We note that the plaque in CAS 2 appeared to have a more lipid
character compared to the other plaques which were the calcified type.
Despite this appearance, it also exhibited a volume reduction that was
greater than those observed for the control specimens.

A Student’s T-test was performed to determine the difference be-
tween the NB treated and control groups shown in Fig. 7. The resulting p
value for this T-Test is 0.0027, which is well below the often used cri-
terion of p < 0.05 to indicate a statistically significant difference in
mean values. Thus, the presence of NBs consistently and significantly led
to a greater reduction in plaque volume compared to Ringer’s solution
without NBs.

We note that a small reduction in plaque volume in control experi-
ments was expected since Ringer’s solution does not contain phosphate
which is typically a component of calcified plaque. Thus, some disso-
lution of CaPOy4 in each specimen would occur until the solubility limit
of CaPOy is reached in the surrounding liquid, which is very low (~ 9 x
1078 mol/L).

IVOCT results for two superficial femoral arteries, PAS 1 exposed to
Ringer’s solution containing NBs and PAS 2 exposed only to control
solution, are illustrated in Fig. 8. The plaque size measurement before
and after these experiments indicated that both plaques had much
higher volume deduction than observed for the coronary artery samples,
though the NB treatment with PAS 1 gave rise to a volume reduction that
was 50 % more than that for the control PAS 2.

Change in volume results for CAS 5 (NB Treated) and CAS 6 (Control)
determined using IVOCT are plotted in Fig. 9 with two additional time
points, 2 h and 6 h. These experiments were interrupted at three time
points (2, 4, and 6 h) for plaque measurement. The measured plaque
volumes indicate that the present NB treatment consistently reduced a
greater volume of plaque for a given time duration compared to that for
the control solution without NBs.

The present findings indicate that an AMF NB treatment uniformly
led to a greater reduction of plaque volume in ex vivo artery specimens.
This finding is consistent with NB induced destruction of hard tubercle
deposits that contain CaCOs3 as a principal component [23]. By com-
parison, the primary mineral component found in arterial plaque is
typically hydroxyapatite (HA) [31]. Given the reductions in concentra-
tion that resulted from the addition of nanobubbles indicated in Fig. 4, it
appears that AMF generated nanobubbles may also bind to other
nanoparticles that form in Ringer’s solution and in the presence of ex

Fig. 5. IVOCT images of (a) calcified plaque CAS 3 and (b) lipid plaque CAS 2.



A. Lietal

Colloids and Surfaces B: Biointerfaces 217 (2022) 112666

Fig. 6. Representative IVOCT images of a plaque (CAS 1 III) before and after four hours of exposure to NB treated Ringer’s solution.
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Fig. 7. Change in volume results for coronary artery samples (CAS) determined
from IVOCT images. CAS 1 contained three plaques (I, II and III), CAS 4 and
CAS 6 contained two plaques (I and II), and the other samples contained only
one plaque. The p value is 0.0027 for a Student’s T-test for the NB treated and
control groups. The mean change in volume for each group is indicated by a
dashed line.
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Fig. 8. Volume reduction measurements for peripheral artery samples PAS 1,
which was exposed to Ringer’s solution containing NBs, and PAS 2 which was a
control sample exposed to unaltered Ringer’s solution.

vivo tissues. This assertion is consistent with the freeze fracture TEM
observations of Uchida and coworkers who showed that nanobubbles
can bind to nanoparticles in both saline and wastewater [12]. Although
the chemical compositions of nanoparticles in the Ringer’s solution were
not analyzed, it is reasonable to assume that some of them contained
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Fig. 9. IVOCT results for CAS 5 (NB treated) and CAS 6 (control) after 2, 4 and
6 h under flow conditions.

calcium, a constituent of Ringer’s solution as shown in Table 1.

A reduction in volume was also measured for a lipid-type plaque that
was greater than that consistently measured for plaques under control
conditions, as illustrated in Fig. 7 for CAS 2. While lipid-type plaques
generally contain a relatively large amount of lipid, they may not be
completely devoid of HA [31]. The presence of HA in CAS 2 is evident
from the dark region that can also be seen in the bottom portion of this
plaque in Fig. 5(b). Although this dark area is smaller than the lighter
area for this lipid type plaque, it does suggest the presence of a modest
amount of HA. We note that the percent volume reduction in volume for
CAS 2 was among the lowest values observed for a plaque exposed to NB
treated Ringer’s solution at about 25 %. This relatively low value is
consistent with this lipid type plaque having a relatively low HA content
compared to that for the calcified plaques.

The apparent presence of nanobubble/nanoparticle clusters with a
size of about 850 nm (Fig. 4) for the test solutions supports the theory
that nanobubbles can bind to unstable Ca containing embryos in solu-
tions before they have time to completely dissolve back into solution
[23]. We note that any clusters that reach a size larger than 1 ym would
not be detected using NTA. Therefore, larger clusters may have been
produced in the present work that were not detected. It is also not known
how nanobubbles or the clusters produced may affect various parts of
the human anatomy. In vivo animal studies are needed to determine how
nanobubbles might be safely administered as well as how to optimize
and improve the performance of NBs for reducing plaque in pericardial
tissues.

4. Conclusion

Nanoparticle tracking analysis measurements for Ringer’s solution
and Ringer’s solution containing NBs were found to be consistent with
the assertion that nanobubbles bind to nanoparticles to form clusters in
this solution and in the presence of ex vivo arterial tissues. Accordingly,
we assert nanoparticles binding to nanobubbles can induce the
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dissolution of in plaques, which consist of the calcium compound that is
in the embryo nanoparticles clustered with NBs.

Several experiments were performed in which ex vivo human coro-
nary artery tissues and heart valve tissues containing plaque were
exposed to Ringer’s solution with and without nanobubbles. Ex vivo
measurements using IVOCT consistently indicated that plaque volume
was significantly reduced in the presence of nanobubbles. The observed
NB effect for reducing plaque appeared to be more distinct for coronary
artery samples while the greatest reduction in plaque size was observed
for the peripheral superficial femoral artery specimens. Overall, the
present results indicate that there is potential for the use of nanobubbles
to treat atherosclerosis.
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