
Abstract. Background/Aim: The early stage of atherosclerosis
(AS) demonstrates a lipid-driven inflammatory cytokine
increase. In the present study, we aimed to use ultrasound-
targeted microbubble delivery (UTMD) therapy with the
Endostar-loaded target microbubbles (MBs) to reduce AS-
related inflammatory response. Materials and Methods:
Normal and lipopolysaccharide (LPS) induced human
umbilical vein endothelial cells (HUVECs) were placed in a
parallel-plate flow chamber. MBs were perfused through the
parallel-plate flow chamber to mimic physiological blood flow.
Five groups were set up: G1: Negative control (normal
HUVECs); G2: LPS control (LPS induced HUVECs); G3:
ICAM-1-loaded-MBs (MBi); G4: Endostar-loaded-MBs (MBe)
and G5: Endostar-ICAM-1-loaded-MBs (MBei). mRNA
expression of inflammatory factors and release of inflammatory
cytokines were detected by RT-PCR and ELISA, respectively.
Results: After treatment with MBei, the mRNA expression of
cell adhesion molecule-1 (CD31) (p=0.004), endothelin-1 (ET-
1) (p=0.010), von willebrand factor (vWF) (p=0.018),
extracellular regulated protein kinases (ERK) (p=0.046) and
nuclear factor kappa B (NF-ĸB) (p=0.003) were significantly
reduced compared to LPS-induced HUVECs. Release of
inflammatory cytokines including tissue factor (TF) (p=0.033),
tissue factor pathway inhibitor (TF-PI) (p=0.019), ET-1
(p=0.014), vWF (p=0.030) and blood-coagulation factor VIIα
(FVIIα) (p=0.000) were also significantly reduced compared
to LPS-induced HUVECs. Conclusion: UTMD therapy can

inhibit the inflammatory response by reducing atherosclerotic-
related inflammatory factors, suggesting a potential treatment
at the early-stage of AS. 

Atherosclerosis (AS) is a lipid-driven inflammatory disease.
Formation of atherosclerotic plaques is widely believed to be
associated with hyperlipidemia, endothelial dysfunction,
inflammation and neoangiogenesis in the plaque (1-5). In our
previous study, we reported the inhibitory effect of an
ultrasound-targeted microbubble delivery (UTMD) therapy
in an atherosclerotic APOE-deficient mouse model. The
drug-loaded microbubbles (MBs) targeted intraplaque
neovascularization by conjugating microbubbles with an
angiogenesis inhibitor Endostar and an antibody against
ICAM-1 (intercellular adhesion molecule-1) and inhibited
the formation of atherosclerotic plaque in vivo (6). 

The parallel-plate flow chamber is a common platform to
mimic blood vessel wall shear stress in vitro (7), which can
be used to monitor the dynamics of flow through the
microfluidic flow chamber in real time. In recent years,
researchers have realized that wall shear stress is a key factor
in mediating exercise-induced endothelial function variations
(8). In the present study, we seeded the lipopolysaccharide
(LPS) induced human primary umbilical vein endothelial
cells (HUVECs) in a parallel-plate flow chamber (9) to
mimic the physiological conditions of neovascularization and
inflammation in the endothelial cells (ECs) at the early stage
of AS in vivo. Endostar-loaded-MBs with targeting ICAM-1
antibody were used to treat LPS induced HUVECs by
UTMD. Anti-inflammation efficacy was evaluated by
detection of atherosclerotic-related inflammatory factors. 

Materials and Methods

Ligand conjugation of microbubbles. One vial (800 μL) of
streptavidin-labeled ultrasound microbubbles (MBs) USphere™
Labeler-LS (TRUST Bio-sonics, Zhubei, Taiwan, ROC) was
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activated by agitation for 40-seconds using an agitator (TD-1001,
UltraMix™, Zhubei, Taiwan, ROC). Endostar (Simcere
Pharmaceutical, Nanjing, P.R.C.) was labeled with biotin and
fluorophore rhodamine (Thermo Fisher, Waltham, MA, USA).
ICAM-1 (Abcam, Cambridge, MA, USA) was labeled with biotin
and fluorophore FICT (Thermo Fisher). FICT-biotin-labeled ICAM-
1 (50 μg) and rhodamine-biotin-labeled Endostar (50 μg) were
injected into the Labeler-LS vial and incubated at 4˚C for 30 min
with gentle rotation to mix the solutions well. The incubated solution
was centrifuged at 1,000 × g for 3 min. A syringe with a long needle
was then used to remove the non-conjugated solution on the lower
layer and replace it with fresh phosphate buffer saline (PBS). The
ratio of MBs conjugated with both Endostar and ICAM-1 was
determined using fluorescence microscopy and flow cytometry. 

Cell culture and lipopolysaccharide (LPS) induction. Human
umbilical vein endothelial cells (HUVECs) were obtained from
ATCC (Manassas, VA, USA). Cells were cultured on slide plate and
maintained in vascular-cell basal medium (ScienCell™, CAS #:
1001, Carlsbad, CA, USA) supplemented with 10% heat-inactivated
fetal- bovine serum (Lonsera Inc., CAS #: S711-001S, Canelones,
Uruguay) and 1% streptomycin (NCM Biotech, CAS #: C125C5,
Suzhou, Jiangsu, PR China). The cells were incubated at 37°C with
a 5% CO2. The cells were treated with lipopolysaccharide (LPS)
(Sigma, CAS #: C201005, Louis, MO, USA) at 5 μg/ml for 4 h. 

Microbubble adhesion and cavitation therapy using a parallel-plate
flow chamber. The parallel-plate flow chamber system (GlycoTech,
Gaithersburg, MD, USA) consists of three parts as are described by
Lawrence et al. (10) (Figure 1). The parallel-plate flow chamber
contains (i) a base plate with an entrance and exit port through which
cells and media are perfused, and a vacuum outlet so that the

apparatus can be held in place; (ii) a plastic slide plate on which the
substrate is placed and (iii) a gasket that controls the chamber
diameter. The polycarbonate shear deck supports a glass slide held in
place by a vacuum applied through holes in a silastic spacing gasket.
Fluid flow occurs through a slotted manifold to maintain a fully
uniform laminar flow over the entire length of the chamber (11). 

The parallel-plate flow chamber was pre-warmed to 37˚C before
the flow assay. The slide plate was seeded with normal or LPS
induced HUVECs and placed in the flow chamber. Naked-MBs,
MBe, MBi or MBei were injected through the inlet lane at a shear
stress of 2.0 dynes/cm². The real-time perfusion of MBs was
monitored by contrast-enhanced ultrasound imaging (CEUS) using
a Vevo 2100 ultrasound scanner (VisualSonics, Toronto, ON,
Canada) with a linear transducer. Microbubble adhesion to HUVECs
was examined using a microscope (TE2000, Nikon, Tokyo, Japan),
and the number of bonded microbubbles in each group was counted. 

Ultrasound cavitation was performed using a sonicator machine
with a 1 cm² cavitation tip. The tip was placed towards the bottom
of the parallel-plate flow chamber and coupled using an acoustic
coupling gel. The parameter of cavitation was set up at a frequency
of 238 kHz, 500 mV, 0.5 MPa 60-s sonication duration, 10 pulses
with 10-ms pulse length and 50% duty cycle (Figure 2).

Five groups were set up for the flow assay. G1: Negative control
(normal HUVECs); G2: LPS control; G3: ICAM-1-loaded-MBs (MBi);
G4: Endostar-loaded-MBs (MBe); G5: Endostar-ICAM-1-loaded-MBs
(MBei). The images before- and post-cavitation were captured and
analyzed using Vevo 2100 ultrasound scanner and its software. 

Reverse transcription-polymerase chain reaction (RT-PCR). Trizol
(Invitrogen, Carlsbad, CA, USA) was used to isolate RNA from the
HUVECs according to the manufacturer’s protocol. The VazymE
reverse transcription kit (R123-01, Vazyme Biotech, Nanjing, Jiangsu,

ANTICANCER RESEARCH 41: 4761-4769 (2021)

4762

Figure 1. Presentation of the parallel-plate flow chamber. (A) Schematic diagram of the parallel-plate flow chamber; (B) Parallel-plate flow chamber
equipment.



PR China) was used to reversely transcribe RNA into cDNA. The
following specific primers for each gene were used for PCR
amplification: Platelet endothelial cell adhesion molecule-1 (CD31),
endothelin-1 (ET-1), von Willebrand factor (vWF), extracellular
regulated protein kinases (ERK) and protein of nuclear factor kappa B
(NF-ĸB). Primer sequences are as following: CD31 (F: 5’-
GGCTTGTAGTTTTGGCTAGTCCTTG-3’; R: 5’-TGCTTGTTCCA
CCTTCATTTTCTG-3’); ET-1 (F: 5’-AAGGTCCTAAGGGAGTGTT
TGTGTC-3’; R: 5’-TTGCATGTTTGTCTTTTGAGTGTGT-3’); vWF
(F: 5’-CCGATGCAGCCTTTTCGGA-3’; R: 5’-TCCCCAAGATA
CACGGAGAGG-3’); ERK (F: 5’-GAAGGCCCGAAACTACCT
ACAG-3’; R: 5’-TAAAGGTTAACATCCGGTCCAG-3’); NF-KB (F:
5’-TGTCCTTTCTCATCCCATCTTTG-3’; R: 5’-TGTCCTCTTTC
TGCACCTTGTC-3’). Quantitative RT-PCR was carried out using the
Step One Plus ™ real-time PCR system [Applied Biosystems
(Waltham, MA, USA)]. Relative RNA expression was calculated with
the 2−ΔΔCt method.

Enzyme-linked immunosorbent assay (ELISA). The supernatant of
each group was collected to detect and quantitate the release of
inflammation-related cytokines including tissue factor (TF), tissue
factor pathway inhibitor (TF-PI), ET-1, vWF and blood-coagulation
factor VIIα (FVIIα), before and after ultrasound cavitation. Micro-
titer plates coated with the monoclonal antibodies were incubated

with supernatants and washed, before the second enzyme-linked
polyclonal antibodies were added. Following incubation, the plates
were washed to remove unbound antibodies. A color substrate was
added and allowed to react with horseradish peroxidase (HRP) for
20 min. The reaction was stopped with HCl. Absorbance was read
at 450 nm to measure protein concentrations with a sensitivity of
12.5 or 25 pg/ml. All treatments were performed in triplicate and
each experiment was performed at least 3 times.

ELISA kits specification: TF (DCF300, R&D Systems, Inc.,
Minneapolis, MN, USA); TF-PI (DTFP10, R&D Systems, Inc.);
vWF (DY2764-05, R&D Systems, Inc.); ET-1 (ab158332, Abcam,
Cambridge, MA, USA); FVIIα (ab272771, Abcam).

Statistical analysis. All statistical analyses were performed using
GraphPad Prism 8.0 (GraphPad Software, Inc. La Jolla, CA, USA).
Significant differences between groups were calculated using one-
way variance (ANOVA) followed by the Tukey correction. The data
are expressed as the mean±standard deviation (SD). A p-value of
<0.05 was considered to indicate statistical significance.

Results
Microbubble conjugation. Microbubbles were conjugated with
ICAM-1 antibody and analyzed by epifluorescence microscopy
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Figure 2. Schematic diagram of ultrasound monitoring and cavitation. An ultrasound cavitation is performed when the MBs flow through the parallel-
plate flow chamber with a sonicator. The images before and after cavitation are recorded with an ultrasound scanner. 



and flow cytometry. As shown in Figure 3A-C, fluorescently-
labeled ICAM-1 antibody and Endostar were visualized on the
surface of the microbubbles by epifluorescence microscopy.
Flow-cytometric analysis showed the conjugation rate of MBe
(86.3%), MBi (92.3%) and MBei (74.5%) (Figure 3D).

Adhesion of conjugated microbubbles to LPS-induced vein
endothelial cells. To determine the targeting efficiency of
conjugated MBs to LPS-induced HUVECs, the adhesion
assay was performed. As shown in Figure 4, significantly
more ICAM-1-labeled MBs were bonded to the LPS-induced
HUVECs compared to the naked MBs (MBi: p=0.035;
MBei: p=0.032).

Effects of targeted microbubbles on mRNA expression of
CD31, ET-1, vWF, ERK and NF-ĸB in LPS-induced
HUVECs. mRNA expression of the AS-related inflammatory
markers in the LPS-induced HUVECs was significantly up-
regulated compared to the non-induced HUVECs (p<0.05).
As shown in Figure 5, the MBei treated group showed
significantly downregulated mRNA expression of ERK
compared to the LPS control (p=0.046) and MBe treatment
group (p=0.009). No significant difference was found
between the LPS control and the MBe treatment group. Both
MBe and MBei treatment significantly down-regulated
mRNA expression of vWF compared to the LPS control
(MBe: p=0.046; MBei: p=0.018). No significant difference
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Figure 3. Representative images of ICAM-1- or Endostar-loaded microbubbles. A: Naked-MBs; B: ICAM-1-loaded MBs; C: Endostar-loaded MBs;
D: Flow cytometric analysis of conjugated microbubbles; E: Conjugation rate of MBe (86.3%), MBi (92.3%) and MBei (74.5%). 
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Figure 4. Adhesion of conjugated microbubbles to LPS-induced vein endothelial cells. A: Representative images of adhesion of conjugated
microbubbles (red arrows) to LPS-induced HUVECs; B: Number of bonded MBs in each group. Significant differences between groups were
calculated using one-way analysis of variance (ANOVA), followed by Tukey’s correction. Data are presented as mean±SD. Statistical significance
at *p<0.05.



was found between the MBe and the MBei treatment groups.
Both MBe and MBei treatment significantly down-regulated
mRNA expression of ET-1 (MBe: p=0.012; MBei: p=0.011),
CD31 (MBe: p=0.004; MBei: p=0.004) and NF-ĸB (MBe:
p=0.007; MBei: p=0.003) compared to the LPS control.
Furthermore, MBei showed significantly higher inhibitory
efficacy compared to the MBe treatment group (ET-1:
p=0.001; CD31: p=0.046; NF-ĸB: p=0.021).

Effects of targeted microbubbles on release of TF, TF-PI, ET-
1, vWF and FVIIα in LPS induced HUVECs. LPS induction
significantly increased the release of the AS-related
inflammatory cytokines (p<0.05). After treatment with the
MBs, the concentration of TF, TF-PI and vWF was

significantly decreased in the MBei treatment group
compared to the LPS control (TF: p=0.033, TF-PI: p=0.019
and vWF: p=0.030) and MBe (TF: p=0.012, TF-PI: p=0.046
and vWF: p=0.030) treatment groups, but no statistically
significant differences were found between the LPS control
and the MBe treatment group. FVIIα was significantly
decreased in both MBe (p=0.004) and MBei (p=0.000)
treatment groups compared to the LPS control, while MBei
showed significantly higher inhibitory efficacy than the MBe
treatment group (p=0.033). ET-1 was significantly decreased
in both MBe (p=0.035) and MBei (p=0.014) treatment
groups compared to the LPS control. No significant
differences were found between the MBe and MBei groups
(p>0.05) (Figure 6).
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Figure 5. Effect of targeted microbubbles on mRNA expression of atherosclerosis-related inflammatory biomarkers in LPS-induced HUVECs. mRNA
expression was determined using RT-PCR. A: ERK; B: vWF; C: CD31; D: ET-1; E: NF-ĸB. Significant differences between groups were calculated
using one-way analysis of variance (ANOVA), followed by Tukey’s correction. Data are presented as mean±SD. *p<0.05 and **p<0.01.



Discussion

Inflammatory cells and cytokines were known to have an
essential role in the development of atherosclerotic lesions
(5) as well as accumulated plasma lipids (cholesterol and
triglycerides) and lipoproteins (12-14). In hyperlipidemic
plasma, oxidized-LDL (low density lipoprotein) binds with
the endothelium and leads to a decrease of the NO
concentration and endothelial activation (15, 16). This marks
the onset of an inflammatory process, that further causes
endothelial extravasation through the production of selectins
and integrins such as P-selectin, E-selectin and ICAM-1 (17,
18). Following this, chemokines, such as interleukin (IL)-8,
IL-6, angiotensin II and matrix-metalloproteinases (MMPs)

are released at the inflammatory location and eventually lead
to plaque formation (19-21).

We previously reported that treatment with UTMD
targeting Endostar and ICAM-1 inhibited atherosclerotic
plaques in animal models (6). Endostar is a modified version
of recombinant human endostatin, which is a strong inhibitor
of angiogenesis (22) and plaque neovascularization (23).
ICAM-1 is an endothelial adhesion molecule that is up-
regulated in AS and is a target for UTMD therapy (24, 25).
Villanueva et al. (26) reported that gas-filled microbubbles
conjugated with anti–ICAM-1 antibody on their shell
specifically bound to activated ECs overexpressing ICAM-
1, using a parallel-plate flow chamber. In the present study,
we established a monolayer of activated HUVECs to mimic
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Figure 6. Effect of targeted microbubbles on release of atherosclerosis-related inflammatory cytokines in LPS-induced HUVECs. Cytokine levels
were determined using ELISA. A: TF; B: TF-PI; C: vWF; D: ET-1; E: FVIIα. Significant differences between groups were calculated using one-
way analysis of variance (ANOVA) followed by Tukey’s correction. Data are presented as mean±SD. *p<0.05, **p<0.01 and ****p<0.0001.



the inflammation of early-stage AS. The anti-ICAM-1-
Endostar-loaded MBs were perfused into a parallel-plate
flow chamber. MBs were lysed by high acoustic pressure on
the HUVECs and the Endostar was released directionally
(27). The decreased expression of anti-angiogenesis and
inflammatory cytokines in the treated HUVECs indicated
that UTMD is an effective therapeutic for AS disease.

In conclusion, this is the first demonstration of anti-
inflammatory efficacy of targeted microbubbles on an early-
stage AS model in vitro. In combination with our previous
in vivo experiment (6), we believe that UTMD therapy has
clinical potential for AS treatment. 
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