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Abstract

Melanoma is one of the most aggressive types of cancer and the incidence has increased rapidly in 

the past few decades. In this study, we investigated a novel treatment approach using a low-

intensity-ultrasound (2.3W/cm2 at 1MHz) mediated Optison microbubble (MB) destruction 

(UMMD) in the treatment of melanoma in a flank tumor model. The effect of UMMD was first 

evaluated in a melanoma cell line, B16F10 (B16) in vitro, and then in mice inoculated with B16 

cells. MB+B16 were exposed to US in vitro resulting in significant cell death proportionally to 

duty cycle (R2=0.74); approximately 30, 50, 80 and 80 % cell death at 10, 30, 50 and 100% DC 

respectively. Tumors treated with direct implantation of MB followed by sonication resulted in 

retarded tumor growth along with improved survival (p=0.0106). Immunohistochemical analyses 

confirmed the significant changes in cell proliferation marker expression, Ki67 (p=0.037) and a 

microtubule-associated protein 2 (p=0.048) following US+MB treatment. These results suggest 

that UMMD could be used as a possible treatment approach in isolated melanoma and has the 

potential to translate to clinical trials.
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Introduction

Cutaneous melanoma is the sixth most common cancer in the United States.(Miller, et al. 

2016, Siegel, et al. 2016) The incidence of cutaneous melanoma has increased over the past 

decades and is associated with ultraviolet radiation exposure that may result in genetic 

mutation in the melanocytes in the basal layer of the epidermis.(Lazovich, et al. 2010, 

Parkin, et al. 2011) Melanoma can be treated by surgical excision, immunotherapy and 

chemotherapy; however, there are potential morbidity and adverse events associated with 

these approaches.(Lee, et al. 1995, Rosenberg, et al. 1994, Weber, et al. 2012) Although 

wide surgical excision when possible is currently used to treat isolated melanoma lesions, it 

would be advantageous to have alternative or additional therapeutic approaches to effectively 

eradicate or limit the tumor progression.

Low intensity ultrasound (US), typically less than 5W/cm2 (Wood and Sehgal 2015, Xin, et 

al. 2016), has been used as a diagnostic and therapeutic modality and when coupled with an 

infusion of US contrast agent biocompatible gas-filled microbubbles (MB) can increase 

image contrast in lesion detection or as a method to enhance drug or gene delivery when 

coupled with therapeutic or focused ultrasound.(Blomley, et al. 2001, Miwa, et al. 2012, 

Timbie, et al. 2015) The acoustic response of MBs is highly dependent on the level of US 

pressure as well as the size, stability, diffusion, and surface tension of MBs.(Chen, et al. 

2013, Emmer, et al. 2009) Recent studies have demonstrated that the mechanical effects of 

dynamic interactions between US and MBs can be utilized for tumor treatment.(Hernot and 

Klibanov 2008, Liu, et al. 2014, Pu, et al. 2014) MBs oscillate linearly by changing their 

size and shape in a manner that is inversely proportional to the US pressure amplitude when 

exposed to low peak negative pressure (PNP) (i.e., mechanical index (MI) < 0.05). MBs 

exposed to high PNP, undergo inertial oscillating non-linearly that can lead to complete 

destruction. MB fragmentation occurs secondary to inertial cavitation that produces 

mechanical shock waves, elevates local microenvironment temperature, and can induce free 

radical formation.(Chomas, et al. 2001, Chomas, et al. 2000, de Jong, et al. 2009, Hernot and 

Klibanov 2008) For these reasons, the behavior of non-linear MB oscillation has been 

extensively investigated for the tumor treatment.(Carson, et al. 2012, Chen and Hwang 2013, 

Feril, et al. 2003, Hassan, et al. 2009) However, few studies have investigated the effect of 

directly injected MBs into tumors for the targeted drug delivery with applied US mediated 

MB destruction (UMMD) on the tumor treatment.(Sonoda, et al. 2007, Watanabe, et al. 

2008) In addition, the direct injection of MBs alone into tumors with the intent of increasing 

cell kill following US exposure has not been thoroughly evaluated.

The purpose of this study was to test the hypothesis that UMMD in the melanoma flank 

tumors would suppress the growth. We evaluated the effects of duty cycle (DC)-modulated 

US on the MB destruction and their effects inducing tumor cell death in vitro and evaluated 

the efficacy of UMMD in the treatment of melanoma in a mouse model.
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Materials and Methods

Low intensity ultrasound system

Versatile sweep function generator (BK Precision, Yorba Linda, CA, US) was used to 

generate 1MHz sinusoidal continuous or pulsed (pulse repetition frequency (PRF) fixed at 

1KHz) waveforms. Input pulses (pulse length = 1μsec) with the modulation of DC at 0, 1, 

10, 30, 50 and 100% (total on time was 0, 10, 100, 300, 500 and 1,000 msec/sec 

respectively) were generated by adjusting a number of cycles per US burst (total number of 

cycles was 0, 1×104, 1×105, 3×105, 5×105, 1×106 cycles respectively). DC with 0% and 

100% are equivalent to no-US serving as control and continuous US respectively. The pulses 

were amplified by radio frequency power amplifier (Electronic Navigation Industries Inc., 

Rochester, NY) and transferred to an ultrasonic transducer (unfocused linear, 3cm in outer 

diameter and center frequency at 1MHz) (Ultrasonic S-Lab, Concord, CA). The output 

power of US was determined by radiation force balance (RFB) technique and it was 

regarded as spatial averaged and temporal averaged (SATA).(Preston 1986, Preston 1986, 

Zeqiri and Bickley 2000) US intensity at 0, 10, 50 and 100% DC was determined as 0, 0.03, 

0.15 and 0.27 W/cm2, respectively.

In vitro MB destruction by US

Two hundred microliter of culture medium containing 10% (v/v) biologically safe MBs 

(Optison, GE Healthcare, Princeton, NJ) was prepared and was exposed to DC-modulated 

US at 0, 1, 10, 30, 50 and 100% for 10sec. Entire volume of cells/MBs suspension was 

exposed to US that traveled through degassed water. Immediately after US exposure, the 

number of remaining MBs in suspension was counted using hemocytometer and light 

microscope.

In vitro cytotoxicity by UMMD

The melanoma cell line, B16F10 (B16) was purchased (ATCC, Manassas, VA) and cultured 

in 90% Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Waltham, MA) 

supplemented with 10% Fetal Bovine Serum (FBS) (Atlanta Biologicals, Lawrenceville, 

GA, US), 10mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) (Gibco), 

50μg/mL Gentamycin (Cellgro, Manassas, VA), 1mM GlutaMAX (Gibco), and 1mM 

sodium pyruvate (Gibco) at 37°C and 5% CO2.(Overwijk and Restifo 2001) For in vitro 

cytotoxic evaluation of UMMD, intermediate cells/MBs suspension (0.2 × 106 cells/mL 

containing 10% (v/v) Optison MBs) was prepared by mixing Optison MBs with B16 cells 

by gently pipetting up and down several times. The 200ul of cells/MBs suspension was then 

transferred to into a PCR tube (BR781326, Sigma) and the tube was placed at the bottom of 

a sterile specimen container (Medsupply partners, GA) filled with degassed water. During 

the placement of a PCR tube from upright to a horizontal position, there was no cells/MBs 

suspension movement due to surface tension suggesting that there was no interference of 

ultrasound propagation between air bubbles and cells/MBs suspension. A 1MHz un-focused 

water-immersible transducer with 30mm outer diameter was placed at 1cm in distance in 

near field zone and the effective area of the transducer was greater enough to cover the entire 

volume of cells/MBs. The cells/MBs were exposed to DC-modulated US for 10sec using 

(n=3–9 per group). This procedure was performed as quickly as possible to maximize the 
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interactions among ultrasound, MBs and cells due to the fact that MBs tend to float up and 

cells tend to sink down in the tubes. Following sonication cells in suspension were labeled 

with 1μM Calcein-AM, a live cell indicator (Invitrogen Life Technologies, Waltham, MA), 

and 1μM ethidium homodimer-2 (EthD-2), a dead cell indicator (Invitrogen Life 

Technologies), and were counted by a hemocytometer using a fluorescence microscope 

(BX60, Olympus, Center Valley, PA, US). Cell viability was determined as the percentage of 

live cells over total cells.

In vivo UMMD treatment

All animal experimental procedures were approved and performed according to the 

guidelines established by the Institutional Animal Care and Use Committee (IACUC) at the 

University of Iowa. Eight-week-old female C57BL/6J mice (n=30) were purchased from 

Harlan Laboratories (Indianapolis, IN, US) and housed with free access to food and water. 

Total of 3 cohort studies was performed and B16 cells (0.1 × 106 cells suspended in 100μL 

of PBS) were subcutaneously injected into flank in mice at day 0. Mice were divided into 4 

groups: SHAM (saline infusion on days on 11, 14 and 16), 1X UMMD (Optison MB 

infusion followed by US at days on 11, 14 and 16), SHAM (saline infusion on days on 7, 8, 

9, 11 and 13) and 2X UMMD (Optison MB infusion followed by US at days on 7, 8, 9, 11 

and 13) (n=5–13 per groups). Mice were anesthetized with intraperitoneal injection of 

100μL of ketamine (17.5mg/mL)/xylazine (2.5mg/mL) dissolved in saline and either 75μL 

Optison MBs (Optison vial contains 5–8 × 108 MBs/ml (1X concentration) and 2X 

concentrated MBs were obtained by removing half volume of MB suspending liquid in the 

Optison vial) or saline was directly injected into the tumor. Following direct intra-tumor 

injection, the US transducer was coupled to the skin with ultrasonic coupling gel and 

sonicated at 1MHz; 100% DC, 2.3W/cm2 for 10 sec. UMMD treatments (MB infusion 

followed by sonication) were performed on days 7, 8, 9, 11 and 13 and the tumor growth 

was monitored and measured everyday using a digital caliper (See S3 Figure). Mice were 

euthanized when flank tumors reached 20 mm × 10 mm (width and height) according to the 

IACUC guidelines and we decided to follow tumor burden for mice up to 30 days of post 

B16 cell inoculation.

Histological Analysis

Mice (n=3 per group of 2X UMMD and SHAM group) were euthanized at day 15 and the 

tumors were harvested and fixed using 10% (w/v) neutral buffered formalin buffer. For 

histologic examination, the tumors were embedded with paraffin and tissues sections (10μm) 

were prepared. Tissue sections were stained with hematoxylin and eosin (H&E) in order to 

evaluate tumor morphology and were scanned using a bright field scanner (Aperio SC2, 

Leica Biosystem Inc.). For fluorescent immunohistochemical (fIHC) analyses, paraffin 

embedded tissue sections (10μm) were permeabilized with 0.1% Tween-20 in 1X PBS 

(TPBS) following an antigen retrieval with proteinase-K (Life Technologies, Frederick, 

MD). The tissues were then rinsed with TPBS, blocked using SuperBlock (ThermoFisher 

Scientific), incubated with a primary antibody using anti-ki67 and anti-microtubule-

associated protein 2 (MAP2) (10 μg/mL) (Abcam, Cambridge, MA, US) for 1 hour at room 

temperature, conjugated by DyLight Fluor (488 nm) conjugated Goat anti-mouse IgG 

secondary antibody (10 μg/mL), and incubated for 1 hour at room temperature.(Burks, et al. 
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2015) The slides were then coverslipped with a DAPI-containing mounting medium and 

tissue sections were scanned using an immunofluorescence slide scanner (Aperio FL, Leica 

Biosystem Inc., Buffalo Grove, IL, US).

Statistical analysis

All data are presented as the mean ± standard deviation. One-way analysis of variance 

(ANOVA) with the Tukey post hoc was performed to test all possible pairwise comparisons. 

Gehan-Breslow-Wilcoxon test was performed for the in vivo survival analysis between 

groups. The level of statistical significance was set at p < 0.05. Data analyses and data 

presentation were performed using Prism6 (GraphPad Software, Inc., La Jolla, CA).

Results

In this study, the major findings are as follows: (i) Low intensity ultrasound exposure with 

varying DC resulted in decrease in the percentage of MB; (ii) Sonication of melanoma cells 

mixed with MB in vitro resulted in DC-dependent cell death; and (iii) Tumor growth 

suppression was achieved in a B16 melanoma tumor model in vivo by combining low 

intensity US and intra-tumor implanted MBs.

MB destruction by DC-modulated US

US exposure at 1MHz using a 100% DC was determined to have a calculated intensity 

spatially and temporally averaged (ISATA) of 0.27 W/cm2 based on radiation force balance 

analysis (see S2 Figure.). Sonication of Optison (10% v/v) MB mixed with culture media 

with a PRF of 1kHz and various duty cycles resulted in significant MB destruction of 

approximately 32% at 1% DC (p<0.01) that incrementally increased to ~80% at 100% DC 

(p<0.001) (60% at 5% DC, 65% at 10% DC, 70% at 30% DC, 77% at 50 DC) based on 

direct visualization and MB counts by hemocytometer (Figure. 1). There was statistical 

significance (p<0.05 by ANOVA) of MB destruction between groups when compared to 1% 

DC. Based on these results we decided to evaluate the US at various DC to determine the 

effects of MB mixed melanoma on cell lysis.

US MB destruction of B16 melanoma in vitro

B16 cells (0.2 × 106 cells/mL) mixed with MB suspension (10% Optison (v/v)) to determine 

the effect of US exposure at various DC based on hemocytometer counts of cell viability 

using live (Calcein-AM) and dead (ethidium homodimer-2) cell indicator uptake. The 

viability of B16 cell + MB mixture (n=3–9 per group) without sonication (0% DC, sham 

control) was determined to be 95%. When B16 cells mixed with MB were sonicated with 

increasing DC we observed significant decreases in viability to 70% at 10% DC, 51% at 

30% DC, 22% at 50% DC and 26% at 100% DC (p<0.0001) (Figure. 2). We observed also 

linear correlation (R2 = 0.7417, slope = 0.69) between the percentage of MB destruction and 

cell death (Figure. 3) indicating that there was a correlation between MB fragmentation and 

tumor cell death.
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In vivo tumor treatment by UMMD

Seven days after B16 melanoma cell implantation in mice flank, PBS (control group) or 1X 

or 2X concentrated MBs (75μL Optison) was directly injected into tumor immediately 

followed by sonication (2.3W/cm2 at 100% DC for 10sec). We initially performed an 

experiment to determine the timing of US in combination with the concentration of MB 

injected into tumors would suppress tumor growth. To determine if the concentration of 

injected MB and the time of injection would alter flank tumor growth, tumors with and 

without Optison were sonicated on days 11, 14 and 16. Little effect was observed in the 

combination of US+MB (50% v/v) on the alteration of tumor growth compared to animals 

that only received US out to 16 days (see S1 Figure.). Based on our initial results, we altered 

the in vivo experiment by increasing both the amount of MB (75μL of 2X concentrated 

(two-fold greater number of MB inoculated)) and frequency of MB injection/sonications to 

the tumors (i.e., days 7, 8, 9, 11 and 13) and compared the results with those in animals 

receiving PBS (75μL) to the B16 flank tumors. In PBS injected control group, the tumors 

continued to increase in volume with rapid tumor growth starting at day 12 until they 

reached criteria (20mm × 10mm in size) for euthanasia at 18 days. Mice treated with 

multiple courses of UMMD showed delayed tumor growth to 21days post inoculation and 

had significantly prolong survival (p<0.0106) compared to control animals (Figure. 4) The 

mean survival for PBS group was 15.3±2.1 and 24.4±4.3 days for US+MB group.

Histologic Analyses

Animals from each cohort were randomly selected (n=3/group) for histological examination 

of the tumors on day 15 post tumor implantations. H&E staining revealed significantly 

greater regions with hemorrhages in UMMD treated melanoma compared to control group 

(Figure. 5). Fluorescence IHC analysis was performed to compared the expression of cell 

proliferation markers, Ki-67 and Microtubule-associated protein-2 (MAP2). UMMD 

treatment of flank tumors had significantly decreased Ki-67 expression (p=0.037 by 

unpaired t-test) when compared to untreated control (Figure. 6A and B). B16 cell damage 

was clearly evident on MAP2 fIHC staining (p=0.048 by unpaired t-test) in mice treated 

with UMMD compared to control animals (Figure. 6C and D).

Discussion and Conclusion

The main purpose of this study was to determine if intra-tumor injection of MB coupled 

with sonication would result in greater cell kill in vitro and prolong survival in mice with 

implanted B16 melanoma flank tumors. In order to confirm the production of cytotoxicity by 

UMMD, we first performed in vitro experiment to investigate the interactions of US on MB 

destruction and evaluated the effect of duty cycle on tumor cell death. It has previously been 

reported(Feril, et al. 2003) that there was a relationship between ultrasound intensity 

mediated microbubble destruction in the presence of tumor cells and cytotoxicity. Acoustic 

response of Optison has been widely investigated that they exhibit linear oscillation or 

undergoing destruction dependent on US parameters.(Feril, et al. 2003, Hernot and Klibanov 

2008) Thus, in the current study, Optison ultrasound contrast agent was chosen and mixed 

with B16 melanoma in culture media was sonicated at 1MHz for 10sec at various DC 

resulting in a linear correlation between the amount of MB destruction and cell death in 
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vitro. Although it could be possible that different behavior of MB destruction by US may 

occur that is dependent on the total exposure time, such as longer US duration with shorter 

DC or vice versa, we chose for the short sonication duration for in vivo application. These 

results suggest that tumor cell kill in vitro was presumably due to mechanical shock waves 

generated from interaction of the US pressure and MB inducing inertial cavitation and 

altering survival in nearby B16 cells.(Kodama, et al. 2006, Zhang, et al. 2015) It is clear that 

greater tumor cell death occurs at higher DC US exposure in the presence of MB.

To assess the cytotoxic effect of UMMD in vivo, we directly injected Optison into B16 flank 

tumors followed by an US exposure at 1MHz and 2.3 W/cm2 for 10sec using a fixed DC at 

100% in order to maximize the MB destruction. No other DC-modulated sonications were 

evaluated in this study because the MB dynamics and microenvironment of MBs in vitro and 

in vivo setup were probably different(Brujan and Vogel 2006). In addition, there was a 

potential loss of MBs with an in vivo application into the systemic circulation during intra-

tumoral injection with an in vivo application. Nonetheless, we surmised that the most of 

MBs were retained inside of the tumor because US was started immediately after injection. 

All control animals that were treated with direct injection of PBS into tumors reached 

euthanasia criteria by day 18 whereas mice that received the combination of intra-tumor 

injection of MB+US exposure had met the delayed euthanizing criteria. We observed that 

suppression of tumor growth was both dependent on the initial concentration of MB injected 

into tumor and the timing post implantation of the tumor in the flanks of mice when US was 

administered. Although we observed with delayed euthanizing criteria in the US+MB cohort 

of mice, there was clear evidence on histological examination of residual viable tumor cells 

in the UMMD cohort. We chose to analyze at day 15 since it was the most proliferative 

phase of tumor growth in this study. UMMD treated tumors exhibited greater amount of 

hemorrhage and fewer Ki-67 positive cells with more MAP2 positive staining consistent 

with greater cell death when compared to control animals. The decrease in Ki-67 and MAP2 

staining in the UMMD cohort would suggest that there was suppression of tumor cell 

proliferation(Henrique, et al. 2000, Ladstein, et al. 2010, Soltani, et al. 2005, Song, et al. 

2010, Straume, et al. 2000) compared to animals receiving intra-tumor injection of PBS 

alone. It is clear however that once the combination of MB+US treatment in the flank 

tumors was stopped on day 13 post-inoculation, there was a time delay in the progression of 

tumor growth accompanied by a significant improvement in mean survival (i.e., reaching 

euthanasia criteria). Although US-mediated IV-infused MB destruction also retards the 

tumor growth via inhibition of angiogenesis(Huang, et al. 2013), MB supply through IV is 

highly dependent on vascularization of tumors. Thus, we suggest that direct MB injection 

could be considered as one of the clinical treatment options based on tumor vascularization.

There are several limitations of this study that need to be discussed. This study was 

performed in easily to reach single flank tumors that allowed for direct injection of MB 

followed by direct ultrasound exposure resulting in only partial cell death. Isolated 

melanoma tumors would normally be surgically excised in the clinic removing all visible 

tumor deep to the dermal layers if needed and would include surgical resection of local 

lymph nodes for evaluation of metastatic disease.(Morton, et al. 1992, Mun 2012) In this 

study, all sonicated tumors were superficial and it is unclear how effective the UMMB 

approach would be for isolated metastasis deep in the body. The inability of UMMD to only 
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retard the growth of B16 tumor cells is also a limitation and would indicate that multiple 

treatments would be required to continue the suppression of tumor growth. Future studies 

should consider the combination of using US hyperthermia or ablation therapy followed by 

US+MB exposure to determine if that would result in greater cell kill to micrometastases 

and prolong time to tumor recurrence. Moreover, we did not evaluate if the UMMD 

approach to treating the B16 tumor resulted in increased metastases to other organs. In 

summary, the results of this study would indicate that it is possible to suppress tumor growth 

and improve survival in a flank tumor model when combining intra-tumor injection of 

clinically approved ultrasound contrast agent with high duty cycle short duration low 

intensity ultrasound. Further research would be needed to determine if this technique could 

be applied for treating micrometastatic satellite tumors following tumor resection or ablation 

in improving recurrent disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The higher duty cycle (DC) destroys the more microbubbles (MBs). MB suspension was 

exposed to DC-modulated ultrasound (US) and the number of MBs was counted using a 

hemocytometer. (A, B and C) Light microscopy shows that the greater number of MBs was 

destroyed by the sonication with the longer DC (0.27 W/cm2 for 10sec at 100% DC); (A) 

0%, (B) 10% and (C) 100%. (D) Normalized percentage of remaining MBs after US 

exposure revealed that approximately 30% of MBs was destroyed at 1% DC and the 

percentage gradually increased when increasing DC. Data are presented as mean ± SD 

(n=4–10) and asterisks represent statistical significance compared with 0% DC and 

ampersands represent statistical significance compared with 1% DC (& p<0.05, ** and && 

p<0.01, &&& p<0.001 and ****p<0.0001). Bars = 100μm.
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Figure 2. 
Cell viability in the presence of MBs decreases when increasing DC in an in vitro setup. (A) 

US transducer was immersed in a sterile specimen container containing culture medium and 

US was applied to cell suspension in a PCR tube containing MBs (10% (v/v) Optison) with 

approximately 1 cm in distance. Acoustic absorber (Precision Acoustics, UK) was placed at 

the bottom at all times. (B) Duty cycle (DC)-modulated US exposure to cells/MBs 

suspension resulted in controlled cytotoxicity; cell viability was gradually decreased with 

increasing DC. Data are presented as mean ± SD (n=3–9) Asterisk (*) represents statistical 

significance compared with control (0% DC) (****p<0.0001).
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Figure 3. 
The percentage of cell death linearly correlates with the percentage of MB destruction. 

Under US exposure linearly correlated relationship was observed between the percentage of 

MB destruction and cell death when fitting a linear regression; R2 = 0.7417. (n=3–9).
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Figure 4. 
UMMD treatment suppresses the melanoma growth and prolongs survival. (A–B) The 

volume of melanoma tumors was gradually increased in PBS injected control mice until day 

12 and started to increase exponentially from day 12. However, UMMD treatment 

performed at days 7, 8, 9, 11 and 13 significantly suppressed the melanoma growth resulting 

in delayed euthanizing criteria. Arrows indicate the days of treatment, either PBS or 

UMMD. Statistical significance was set at p < 0.05 and error bars represent sample 

variations (n=7–13).
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Figure 5. 
Gross histologic examination by H&E staining shows the greater amount of 

microhemorrhage in UMMD treated melanoma. (A and B) Tumors were harvested at day 15 

and were stained with H&E for gross morphological examination. Compared with the PBS-

treated control group (A and B), UMMD treatment resulted in the appearance of 

significantly greater region of microhemorrhage (C and D). C and D show a higher 

magnification of A and C, respectively. Bars = 2mm (A and C) and = 100μm (B and D).
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Figure 6. 
Fluorescent IHC analysis reveals that UMMD treatment reduces Ki-67 expression and 

increases MAP2 expression. (A and B) Ki-67 staining shows that UMMD treatment (B) 

significantly reduced the expression of Ki-67 compared to untreated control (A) and the 

difference was statistically significant (E). (C and D) The treatment of UMMD significantly 

enhanced MAP2 expression (D), whereas little was found in the untreated control (C) and 

the difference was statistically significant (F). Bars = 100 μm. Asterisk (*) represents 

statistical significance compared with control (*p<0.05 by unpaired T test).
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