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Abstract 

Malignant pleural mesothelioma (MPM) is a highly aggressive form of cancer, with a median survival of less than 

one year. It is well known that the hyaluronan (HA) receptor CD44 is highly expressed by MPM cells and is reported 

to be correlated with a poor prognosis. We herein report on the development of a new type if drug delivery system 

against CD44 that involves the use of lipid nanoparticles (LNPs) equipped with a new type of HA derivative. In this 

study, we evaluated HA-lipid conjugation (HAL) via the end of the HA molecule through reductive amination, a 

process that allowed the carboxylate group to remain intact. As a result, the HAL-modified LNP appears to be a 

potent nanoparticle for dealing with MPM. Surprisingly, the use of a combination of a cationic lipid and HAL had a 

synergistic effect on cellular uptake in MPM and consequently permitted an anti-cancer drug such as cis-

diamminedichloro-platinum(II) (CDDP). Intrapleural injection of CDDP-loaded HAL-LNP (1.5 mg/kg as CDDP) 

per week significantly suppressed the progression of this type of cancer in a MPM orthotopic model. These results 

suggest that HAL-modified LNP represents a potent delivery system for MPM cells that express high levels of CD44. 
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1. Introduction 

  Malignant pleural mesothelioma (MPM) is a rare, but aggressive form of cancer, that originates in mesothelial 

cells of the pleura. MPM is mainly caused by a long exposure (typically 30-40 years) to asbestos.1 While the disease 

is predicted to peak in approximately 2025 in the EU, Australian and Japan.2,3, asbestos is still consumed in 

developing Asian countries4 In addition, the median survival is 9 to 12 months from the first diagnosis.5 Given these 

facts, developing an innovative therapy for MPM has become an urgent issue. 

  Several therapies, including, chometherapy, surgery and radiation therapy have been explored for MPM patients. 

Historically, extra-plural pneumonectomy (EPP) or extended pleurectomy decortication (EPD) was frequently 

performed on MPM patients. However, in the American Society of Clinical Oncology (ASCO), such only surgical 

resections of solid tumor is not recommended due to the high risk and difficulty associated with operation, plus the 

fact that these procedures are largely insufficient.6 Instead, they recommend multimodal therapy, for example surgery 

with pre- or post-chemotherapy (neo-adjuvant or adjuvant). The latest studies revealed that a combination therapy 

involving an anti-vascular endothelial cell growth factor (VEGF)-A antibody (bevacizumab) and an immune 

checkpoint inhibitory antibody against programmed cell death (PD)-1 (nivolumab) and PD-L1 (ipilimumab) in 

addition of surgery and neo-adjuvant therapy can significantly improve clinical outcomes for MPM patients.7-10 

  Although the chemotherapy plays an important role in MPM treatment, the response ratio of even the currently 

most popular regimen for MPM (cis-diamminedichloro-platinum(II) (CDDP)-pemetrexed combined chemotherapy) 

is only 41.3%.11 Despite a large extent of progress in therapy for MPM, clinical outcome is significant, but limited 



and there is no second line treatment.12,13 Therefore, a more effective type of chemotherapy would be required for the 

treatment of MPM patients.  

To efficiently deliver therapeutics, such as small molecules and nucleic acids, we recently developed a series of 

actively targeting-type lipid nanoparticles (LNPs), which are equipped with a ligand that specifically recognizes target 

cells using peptides and biomolecules.14-17 Such ligand-equipped LNPs can specifically deliver them to cancer cells 

and are highly selective for specific target cells and consequently circumvent adverse effects derived from the 

unintended accumulation of anti-cancer therapeutics in off-target organs.18,19 Thus, targeted-LNPs have shown 

prominent therapeutic outcomes in a mouse model.20 To target MPM, we focused on hyaluronan (HA) as a specific 

ligand.  Hyaluronan is a negatively charged polysaccharide comprised of N-acetylglucosamine (GlcNAc) and 

glucuronic acid (GlcUA) units.21 CD44 is a well-known receptor for HA22,23 Although a high expression level of 

CD44 is known to occur in a wide range of cancers,24 CD44 expression is significantly relevant to the diagnosis and 

prognosis of MPM.25,26 It therefore appears that HA would be a potent ligand for targeting MPM. 

A number of groups have reported on the use of HA-decorated LNPs for targeting cancer cells that express high 

levels of CD44. The modification of LNPs with HA follows two possible pathways; electrostatic interaction and 

covalent bond formation via the carboxylic acid groups in HA. To associate LNPs with negatively charged HA, 

cationic lipids, such as 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP), are used. Typically, the prepared 

cationic LNPs are simply incubated in a HA solution in order to coat the LNPs with HA.27,28 In the other route, 

prepared LNPs containing lipids with primary amine are incubated with HA in the presence of carbodiimide and N-

hydroxysuccinimide to form an amide bond between the amine group and the carboxylate group in HA.29-32 In both 



cases, the carboxylic acid group in HA is utilized to develop non-covalent or covalent binding. In a previous report, 

however, an X-ray crystal structure analysis of an HA-CD44 complex indicated that the oxygen atoms of the 

carboxylic acid groups in HA were associated with Ala102, Ala103 and Tyr83, which play a key role in the 

recognition process.33 To circumvent this interaction via carboxylate groups, we designed HA-derivatives that are 

conjugated to the lipid through reductive amination at the reducing end of the HA molecule (HAL). We then optimized 

the resulting HAL-containing LNPs in terms of intracellular uptake and delivery efficiency to target MPM cells that 

express high levels of HA in an in vivo model mouse. 

  



2. Materials and Methods 

2.1 Materials 

HA (MW 50,000) was generously provided by the Kewpie Corporation. Distearoyl-sn-

glycerophosphoethanolamine (DSPE), 1-Stearoyl-2-oleoyl-sn-glycerophosphoethanolamine (SOPE), Dioleoyl-sn-

glycerolphosphoethanolamine (DOPE) and poly(ethyleneglycol) (PEG)2000-DSPE were purchased from NOF 

Corporation (Tokyo, Japan). DOTAP, 1,2-distearoyl-3-trimethylammoniumpropane (DSTAP) and 

dimethyldioctadecylammonium (DDAB) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). The WST-

8 reagent was obtained from Dojindo (Kumamoto, Japan). 3,3-Dioctadecyloxacarbocyanine perchlorate (DiO) and 

1,1'-dioctadecyl-3,3,3',3'- tetramethylindodicarbocyanine (DiD) were purchased from PromoKine (Heidelberg, 

Germany). Cholesteryl 3β-N-(di-methyl-amino-ethyl)-carbamate hydrochloride (DC-chol) was obtained from 

Sigma-Aldrich (St. Louis, MO, USA). Cis-diamminedichloro-platinum(II) (CDDP) and DMEM/Ham’s F-12 medium 

were purchased from Wako Pure Chemical Industries (Osaka, Japan). All other chemicals used were commercially 

available reagent-grade products. 

 

2.2 Synthesis of hyaluronic acid – lipid conjugate (HAL) 

The conjugation of lipid to HA was carried out according to a previous report as shown in Fig. 1.34 Typically, HA 

(0.10 mmol) was stirred in a solution of 100 mL of dry dimethyl sulfoxide (DMSO) and 10 mL of acetic acid at 60 °C 

for 2 hours. Triacetoxyborohydride (0.40 mmol, 4 equiv.) was then gradually added to the mixture over a period of 

40 min after the addition of phosphoethanolamine (0.20 mmol, 2 equiv.). The mixture was stirred for 96 hours, and 



the solvent was then removed at 100 °C in vacuo. The crude product was purified by reverse-phase liquid 

chromatography (gradient water/MeOH), and the solvent was then removed by freeze-drying. The degree of 

conjugation was evaluated by calculating integration ratio of acetyl group (hyaluronan) and methylene group by 1H 

nucleic magnetic resonance.  

 

2.2. Cell culture 

  H226 cells were obtained from the American Type Culture Collection. HMM1 and HMM3 were established 

from one patient (57-year-old) and the other (65-year-old) as previously reported.35,36 Cells were maintained in 

DMEM/Ham’s F-12 medium supplemented with 10% fetal bovine serum and 100U/mL penicillin and 100 μg/mL 

streptomycin under a 5% CO2 atmosphere.  

 

2.3. Evaluating expression of hyaluronan receptor 

  After trypsinizing the cells, they were seeded on 6-well plates at a density of 1.0 × 105 cells/well. Cells were 

treated with Alexa Fluor 647-anti-mouse/human CD44 antibody (Biolegend, San Diego, CA, U.S.A., 103008) for 30 

min on ice. After washing the cells twice with phosphate-buffered saline without Mg2+ nor Ca2+ (PBS (−)) containing 

1.0% bovine serum albumin and 0.05% NaN3, they were analyzed with a flow cytometer Gallios (Tokyo, Japan)   

 

2.4. LNP preparation 

  The lipids in ethanol (total 4,000 nmol) were first added to a glass tube at indicated lipid ratio and the solvent 



was then removed by a stream of N2 gas. The lipid thin layer was hydrated by 1.5 mL of PBS (−), and sonicated using 

a bath-type sonicator for 30 sec. The obtained LNP was then processed through an Extruder (Avanti Polar Lipids). 

HA or HAL was incorporated into the LNPs by incubating them with HA or HAL in 10% ethanol for 30 min at 60°

C at 0.5 mol% to 2.0 mol% against total lipid amount. To encapsulate CDDP, CDDP was dissolved at 3 mg/mL in 

PBS (−) by heating, and then used at the hydration step. Unencapsulated CDDP was removed by Amicon Ultra-15 

filtration (Merck-Millipore, Darmstadt, Germany). The recovery ratio of CDDP was measured by inductively 

Coupled Plasma – Atomic Emission Spectrometry (ICP-AES) ICPE-9000 (Shimadzu, Kyoto, Japan). Standard curve 

was plotted by sequential dilution of 1.0 mg/mL CDDP Standard solution. 

 

2.5. Cell viability assay 

The CDDP-loaded LNP was added to cells at 0.1 – 20 μg/mL of CDDP 24 hours after the cells had been seeded in 

a 96-well plate at a density of 1.0 × 104 cells/well. At twenty-four hours after the addition, 10 μL of WST-8 reagent 

in 90 μL of DMEM/Ham’s/F12 were added to wells and the suspension then incubated for 1 hour. The absorbance of 

the culture medium was measured at 450 nm with a plate reader Infinite M200 (Tecan, Männedorf, Switzerland). Cell 

viability was calculated by setting the non-treated cells as 100% viable. 

 

2.6. Analysis of in vivo distribution and therapeutic effect of intrapleural injected LNPs. 

To label LNPs with a radio isotope (RI), approximately 1,000,000 dpm of [3H]-cholesteryl hexadecyl ether was 

added to the lipid mixture. The RI-labeled LNPs were intrapleurally administered to the MPM model mouse mice. 



The MPM model mice were intrapleurally inoculated with 1.0 × 107 H226 cells. Cancer, lung, heart, kidney, liver 

and spleen tissues were collected at 24 hours after the injection, and were dissolved in 2 mL of Soluene-350 

(PerkinElmer, Waltham, MA, USA). Hionic-Fluor (20 mL) was added to the dissolved organ solution at 55°C.  After 

storing the solutions overnight, the radio activity was measured by a, LSC6100 scintillation counter (Hitachi-Aloka 

Medical, Tokyo, Japan). 

For an evaluation of therapeutic effect of CDDP-loading HAL-LNP, MPM-bearing athymic mice were treated 4 

times per week with 1.5 mg/kg HAL-LNP as the CDDP dosage. The progression of MPM was visually evaluated 45 

days after the inoculation. 

 

2.7. Statistical Analysis 

The Student’s t-test was carried out for pairwise comparison. For comparison among three or more groups, non-

repeated analysis of variance (nrANOVA), followed by Bonferroni test or SNK test. P value < 0.05 was regarded as 

a statistically significant difference. Interaction effects were analyzed by Two-way ANOVA using the SigmaPlot 

software. 

  



3. Results & Discussion 

3.1 Optimization of HAL-modified LNPs with CD44-positive MPM cells 

  In initial experiments, CD44 expression in 3 cell lines of MPM cells was evaluated by flow cytometry. The 

results indicated that the HMM3 and H226 cells expressed high levels of CD44 and the HMM1 expressed moderate 

levels (Fig. 2). The HMM3 and H226 cells were subsequently used as CD44 positive cell lines, while HMM1 cells 

were used as a CD44 negative cell line. We then investigated the effect of HA and HAL on the cellular uptake of LNP. 

In previous reports, LNP was modified with HA by electrostatic interaction between cationic LNP and anionic HA 

molecules 21,37,38. Data on the characterization of these carriers are shown in Table 1. The inversion of Z-potential 

from positive to negative indicates that HA was successfully associated with the surface of the LNPs. On the other 

hand, the diameter of the LNPs was not changed substantially as the result of the HA modification. Despite the 

previous reports on the success with simply coating HA on an LPN, the cellular uptake of such a HA/cationic LNP 

complex did not increase, at least in MPM cells (Fig. 3A and 3B). Previous study involving computational simulations 

revealed that the carboxylic acid group in HA is important for successfully achieving an interaction between HA and 

CD44.33 This explains why, when a carboxylic acid group is utilized to achieve an interaction between nanoparticles 

and HA, an enhancement in cellular uptake might not be observed. On the other hand, modification of the HA-lipid 

conjugate with HAL significantly enhanced the uptake of the cationic liposome, but not the neutral liposome in both 

cell lines (Fig. 4A and B). It is noteworthy that the characterization of the HA/LNP and HAL-LNP was not 

significantly different as shown in Table 2. Synergistic interactions between the cationic lipid DOTAP and HAL was 

observed within 10 mol% of DOTAP, which was statistically significant by a two-way ANOVA test, but not 15 mol%. 



Previous reports also showed that the combination of a cationic peptide and a specific ligand had a synergistic effect 

on cellular uptake.18,39 In addition, Xia QS et al. (in a computational analysis) reported that nanoparticles with two 

ligands were synergistically taken up by cells through unknown mechanisms.40 It is speculated that cationic 

component would facilitate endocytosis after approaching target cells through interaction between HA and CD44. 

However, the underlying mechanisms for synergistic uptake have been unveiled yet. Further studies should be 

required for an elucidation of such synergistic uptake mechanism. In this study, the incorporation of 10 mol% cationic 

lipids into the HAL-modified LNP was regarded as the optimum condition. 

To investigate which cationic lipid was the most efficacious for synergistically improving the cellular uptake of 

the HAL-conjugated LNP, 4 commercially available cationic lipids (DOTAP, DSTAP, DDAB, DC-chol) were 

incorporated into lipid envelope of HAL-LNP. In both H226 and HMM3, a similar enhanced uptake was observed 

(Fig. 5A). Consequently, we used HAL-modified LNP that contained DOTAP in subsequent experiments. The 

optimum density of HAL was next examined. Cellular uptake was evaluated by flow cytometry for a preparation of 

HAL containing 0.5 ~ 6.0 mol% total lipid, As shown in Fig. 5B, the highest cellular uptake was observed when 2.0 

mol% of HAL was incorporated into the LNP. Therefore, 2.0 mol% of HAL modification was considered to be the 

optimum concentration. The cellular uptake of the HAL-conjugated LNP in HMM3 cells was lower than that in H226 

cells. This can be attributed to the relatively lower expression of CD44 in HMM3 cells than that in H226 cells. Then, 

we evaluated the cellular uptake of HAL-LNP after the addition of free HA (10 mg/mL). As shown in Supplemental 

Figure 1, the cellular uptake of HAL-LNP was moderately inhibited. However, as medium was too viscous in the 

presence of over 10 mg/mL of HA, we didn’t evaluate the inhibitory effect of free HA at higher concentration. These 



results suggest that the HAL-modified LNP is an efficient, selective system for delivery to CD44 cells. 

 

3.2 Evaluation of in vitro pharmacological effects 

  To confirm whether the LNP simply becomes attached to the cell surface or if it actually enters the cytosol, 

CLSM images was observed after the addition of DiI labeled LNP (Fig. 6). When the non modified LNP was added 

to H226 cells, a small amount of LNP was taken up by cells. On the other hand, HAL-LNP was observed throughout 

the cells, including the perinucleus. 

To evaluate the therapeutic effect of HAL-LNP, CDDP was used as a cytotoxic reagent. CDDP was encapsulated 

by the lipid thin layer method because CDDP is currently used as a standard therapy for the treatment of MPM.41 The 

recovery ratio of CDDP in the LNP particles was 1.51 ± 0.50 % (151.9 ± 41.6 μg/mL). The characterization of HAL-

LNP loading-CDDP was performed by a ZetaSizer. The diameter of HAL-LNP was 262 ± 29 nm, zeta-potential was 

-36 ± 3 mV. The CDDP-loaded HAL-LNP was equal to the free CDDP in terms of cell killing activity, which was 

approximately 2-fold lower than that for the CDDP-loaded LNP (Fig. 7). The encapsulation of anti-cancer 

therapeutics into PEGylated nanoparticles generally decreases the overall cell killing effect, perhaps because of 

weakened cellular uptake and endosomal escape. 42-44 Whereas, the HAL-LNP with encapsulated CDDP was superior 

to free CDDP, specifically in CD44-high H226 cells. These observations indicate that HAL-modification of a cationic 

LNP has the potential to deliver therapeutics to CD44-positive MPM cells. 

 

3.3 Evaluation of in vivo accumulation in the MPM model via intrapleural injection 



Currently, a number of clinical studies on local chemotherapy via the intrapleural injection of anti-cancer agents, 

such as CDDP, after the surgery are underway, because the toxicity of the intrapleural injection of the therapeutics 

is more tolerable than that of the systemic injection because less drug leaks into the circulation.45-47 Accordingly, 

we used the intrapleural injection of HAL-LNP as the route of administration. To evaluate the issue of whether the 

HAL-LNP is applicable for in vivo experiments, the accumulation of the preparation in lung, heart, kidney, liver, 

spleen and tumor at 24 hours after the left intrapleural injection of RI-labeled LNP and HAL-LNP was measured 

(Fig. 8A). Concerning the tumor, HAL-LNP tended to accumulate in tumor tissue more heavily compared to LNP 

(13.5 ± 10.2 %ID/organ vs. 23.2 ± 7.8 %ID/organ). On the other hand, the amount of LNP that accumulated in lung 

and liver was higher than that of the HAL-LNP. In addition, the extent of leakage in the blood from the pleural 

cavity for the HAL-LNP was just 3.1 ± 1.2 %ID/mL blood. These results suggest that the pleural injection of HAL-

LNP could induce an adverse effect against normal tissues because of the low leakage to the blood circulation and 

subsequent accumulation in normal tissues. We also observed the accumulation of HAL-LNP in the lung and heart, 

which are in close proximity to the MPM solid tumor using CLSM (Fig. 8B). As a result, no significant signals in 

heart and left and right lung were detected, suggesting that the HAL-LNP had some degree of selectivity for MPM 

tumors. However, the enhancement of in vivo cellular uptake was not drastic as well as in vitro experiment. This 

discrepancy might be attributed to an active production of HA by MPM cells.25 Relatively higher concentration of 

HA in the pleural cavity might inhibit the cellular uptake of HAL-LNP. 

 Finally, we assessed the therapeutic effect of the system by loading the HAL-LNP with CDDP. The CDDP-loaded 

HAL-LNP was intrapleurally administered into the cavity at a CDDP dosage of 1.5 mg/kg at 7, 14, 21, 28 days after 



the inoculation. In mice treated with PBS (−), MPM progressed not only on the ventral side but also on the dorsal 

side of lung and the pleural cavity (Fig. 9). Concerning free CDDP, MPM progressed in the pleural cavity to a 

smaller extent than PBS (−) (Average survival of CDDP and PBS (−) was 26.0 days and 36.5 days, respectively). 

On the other hand, the injection of the CDDP-loaded HAL-LNP substantially suppressed the progression of MPM 

(All mice survived 45 days after the injection). No evidence of solid tumor tissue was observed either in the dorsal 

side or the ventral side. These observations suggest that the HAL-modified LNP efficiently delivered therapeutics 

to MPM cells. Other groups have also developed nanoparticles for MPM therapy. For example, Ando et al. 

developed a cationic NNP without cholesterol and reported that it was an efficacious therapy for MPM.48,49 In other 

cases, Kinoh et al., reported that micelles releasing drugs that are responsive to acidification encapsulating 

staurosporine and epirubicin exhibited a marked therapeutic effect in an MPM model.48 Accordingly, nanoparticles-

based therapy appeared to be potent. In the near future, nanoparticle-based chemotherapy might be used in the 

therapeutic treatment of MPM patients. 

  



4. Conclusion 

We report herein on the design of a HA-conjugated lipid derivative (HAL) and show that the use of a combination 

of HAL and a cationic lipid nanoparticle (LNP) resulted in a selective, synergistic cellular uptake by CD44-positive 

malignant pleural mesothelioma (MPM) cells. An LNP containing 10 mol% of a cationic lipid modified with 2.0 

mol% HAL was found to have the highest ability to target MPM cells. The optimized HAL-LNP encapsulating cis-

diamminedichloro-platinum(II) (CDDP) achieved successful therapy for MPM-bearing mice.  
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6. Table 

Table 1 Characterization of DOTAP-containing LNPs.  

DOTAP (mol%) Sample Diameter (nm) Ζ-potential (mV) 

0 LNP 144.1 ± 2.6 -8.5 ± 3.2 

HA + LNP 138.3 ± 0.4 -15.1 ± 2.8 

HAL-LNP 151.5 ± 1.0 -31.9 ± 0.4 

5 LNP 119.7 ± 0.8 27.5 ± 3.0 

HAL-LNP 139.0 ± 1.8 -28.4 ± 2.2 

10 LNP 123.2 ± 2.0 34.4 ± 1.6 

HA + LNP 129.0 ± 1.4 -28.8 ± 1.0 

HAL-LNP 141.3 ± 1.5 -29.2 ± 3.4 

15 LNP 128.4 ± 1.8 37.8 ± 1.0 

HA + LNP 163.0 ± 4.2 -29.0 ± 0.3 

HAL-LNP 155.0 ± 0.3 -30.2 ± 1.9 

Lipid composition: DSPC/chol/DOTAP, 50-x/50/x (molar ratio), Data indicates mean ± standard deviation (n=3) 

 

 

  



7. Figure legends 

 

Figure 1. Schematic diagram showing the synthesis of HA-conjugated lipid derivatives (HAL). To display HA on the 

surface of the LNP, HA was conjugated with lipid by reductive amination. 

 

 

Figure 2. The expression level of the HA receptor CD44 in HMM1, HMM3 and H226 cells. The expression of the 

HA receptor CD44 was examined by flow cytometry. Upper panels show un-treated control. Lower panels indicate 

cells treated with Alexa 647-labeled anti-CD44 antibody in HMM1 (left), HMM3 (middle) and H226 (right). 



 

Figure 3. Failure of the cellular uptake of the HA-decorated LNP. The cellular uptake of HA-decorated cationic LNP 

in H226 and HMM3 was evaluated by flow cytometry. Fluorescent LNPs were added to cells and the cells were then 

subjected to flow cytometry analysis 2 hours after the addition. Y-axis indicates the mean fluorescent intensity (MFI). 

Bars indicate the mean ± standard deviation (SD) (n=3). 

  

 

Figure 4. The synergistic effect on the cellular uptake of HAL and cationic LNP. The cellular uptake of the HAL-

modified LNP was systematically analyzed by flow cytometry. When a conventional cationic lipid, DOTAP, was 

incorporated into LNPs at 0~10 mol% of the total lipid, the LNP was non-modified or modified with HA and HAL 

at 0.5 mol% of total lipid. The fluorescence intensity in cells was determined 2 hours after the addition of LNPs. Bars 

indicate the mean ± SD (n=3). 

 

 

 



 

Figure 5. Optimization of HAL-LNP. A) Four LNPs containing different cationic lipids (DOTAP, DSTAP, DDAB 

and DC-chol) were evaluated in terms of cellular uptake by H226 and HMM3 cells. Bars indicate the mean ± SD 

(n=3). B) When the density of HAL was varied from 0.5 to 6.0 mol%, cellular uptake in H226 and HMM3 was 

evaluated by flow cytometry. Data indicate the mean ± SD (n=3). 

 

 

Figure 6. Intracellular localization of HAL-LNP. Cells were treated with DiI-labeled HAL-LNP and observed by 

CLSM. Blue and red dots indicate Hoechst33342 (nucleus) and DiI (HAL-LNP), respectively. Scale bars indicate 25 

μm. 

 

 

 

 



 

Figure 7. Cytotoxic effect by CDDP-loading HAL-LNP. CDDP was encapsulated into LNPs by the lipid thin layer 

method. Amount of CDDP encapsulated was determined by ICP-AES. Cell viability were determined by a WST-8 

assay at 24 hours after the addition of CDDP at the indicated dosages (0.1 ~ 20 μg/mL). Data indicate the mean ± SD 

(n=3). 

 

 

Figure 8. In vivo distribution of HAL-LNP after intrapleural injection. A) The distribution of LNP and HAL-LNP 24 

hours after intrapleural injection was determined. Radioactivity derived from LNPs in tumor, lung, heart, kidney, 

liver and spleen tissue was detected by liquid scintillation counting. White and black columns indicate LNP and HAL-

LNP, respectively. Bars indicate mean ± SD (n=3~6). B) Heart and lungs were observed after the intrapleural 

injections of DiI-labeled HAL-LNP. Green and red dots indicate Alexa488-labeled CD31-antibody (vessels) and DiI 

(LNP), respectively. Scale bars indicate 100 μm. 



 

Figure 9. The therapeutic effect by CDDP-loading LNP against MPM-bearing mice. CDDP and CDDP-loading LNPs 

were intrapleurally administered a CDDP dosage of 1.5 mg/kg at 7, 14, 21 and 28 days using 2 independent mice 

after intrapleurally inoculating H226 cells into the cavity. At Day 45, lungs were excised and MPM progression was 

visually evaluated. 
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