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Abstract

Despite the promise of RNAi therapeutics, the delivery of oligonucleotides selectively to diseased 

tissues in the body, and specifically to the cellular location in the tissues needed to provide optimal 

therapeutic outcome, remains a significant challenge. Here, key material properties and biological 

mechanisms for delivery of siRNAs to effectively silence target-specific cells in vivo are 

identified. Using porous silicon nanoparticles as the siRNA host, tumor-targeting peptides for 

selective tissue homing, and fusogenic lipid coatings to induce fusion with the plasma membrane, 

we show that the uptake mechanism can be engineered to be independent of common receptor-

mediated endocytosis pathways. Two examples of the potential broad clinical applicability of this 
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concept in a mouse xenograft model of ovarian cancer peritoneal carcinomatosis are provided: 

silencing the Rev3l subunit of polymerase Pol ζ to impair DNA repair in combination with 

cisplatin; and reprogramming tumor-associated macrophages into a pro-inflammatory state.

Graphical Abstract

Fusogenic porous silicon nanoparticles enable RNAi therapeutics by effectively delivering its 

siRNA payload to selectively targeted cells in vivo to induce significant gene silencing. The 

fusogenic particles offer a generalizable platform technology that can be modified in a facile 

manner into different formulations; two model therapeutics (gene therapy and immunotherapy) are 

demonstrated to treat ovarian cancer.
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1. Introduction

Of the ~100 FDA-approved anticancer drugs, about 40% are cytotoxic agents and 60% are 

inhibitors of oncogenic pathways[1]. As the discovery of key oncogenic markers and 

pathways has progressed, siRNAs have emerged as a promising class of drugs to transiently 

silence oncogenic mutations. Despite the worldwide effort expended in the development of 

siRNA-based therapeutics over more than 15 years, substantial challenges have limited their 

clinical translation. The first siRNA-based drug was approved only in the last year, and that 

only for treatment of a rare hereditary disease[2]; there is currently no approved cancer 

therapeutic based on siRNA. A primary obstacle in this endeavor has been the lack of 
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delivery vehicles that can overcome in vivo clearance and cellular degradation via 

endocytosis[3, 4].

One of the early proposed solutions to the problem of endocytotic sequestration and 

subsequent lysosomal degradation of siRNA was delivery via fusogenic liposomes[5]. 

Fusogenic liposomes directly fuse with the cell membrane, bypassing endocytotic uptake 

pathways[6]. While they have shown promise as delivery vehicles for RNAi therapeutics[7], 

liposomes suffer from a generally low carrying capacity for nucleic acid therapeutics[8] and 

leakage of their payloads either during storage or in vivo[9]. We recently demonstrated a 

delivery system that harnessed together a fusogenic lipid and a solid porous silicon 

nanoparticle (pSiNP) core. The system capitalized on the relatively high loading of 

siRNA[10] into pSiNPs that can be accomplished via a calcium ion precipitation strategy[11] 

that stabilizes the siRNA payload and minimizes leakage. When grafted with the appropriate 

homing peptide, the fusogenic nanoparticles (FNPs) showed a strong in vivo gene silencing 

effect specific to macrophages[8]. Here, we evaluate the mechanism of action of the FNPs, 

and conclude that it is generalizable to other cell types, provided the targeting peptide is 

sufficiently specific. We then validate its clinical applicability as a platform technology by 

demonstrating the activity of two separate siRNA therapeutics against ovarian cancer 

peritoneal carcinomatosis, intercepting two very different oncogenic pathways: (1) a cancer 

cell-targeting fusogenic nanoparticle (C-FNP) that sensitizes cells to platinum (Pt)-based 

chemotherapy by suppressing their DNA repair machinery; and (2) a tumor-associated 

macrophage (TAM)-targeting fusogenic nanoparticle (T-FNP) that reprograms the immune 

system to enhance T-cell infiltration and downregulate immunosuppression.

2. Results and Discussion

2.1. Structure and composition of fusogenic nanoparticles (FNPs)

The FNPs (Figure 1a) consisted of a porous silicon nanoparticle core loaded with siRNA 

(pSiNP), and a fusogenic lipid coating decorated with pendant targeting peptides. The 

porous silicon nanoparticle cores were prepared by electrochemical etch of silicon wafers, 

and the siRNA payload was loaded into the nanoparticle with the assistance of calcium ion 

as previously described[11, 12]. The calcium ion serves two functions in this preparation. 

First, it acts to neutralize the negative charge of the silicon oxide surface of the pSiNP and 

the negative charge of the nucleic acid[13], in a role similar to that played by the cationic 

polymers or lipids commonly deployed in nucleic acid delivery systems[7, 14]. Second, 

partial dissolution of the silicon skeleton during the loading procedure generates silicic acid 

that then forms a precipitate with Ca (II) ions, generating a calcium silicate phase that 

effectively seals the nanostructure and traps the nucleic acid payload[11]. This sealing 

chemistry is remarkably efficient in that it can load up to 25% nucleic acid by mass; in the 

present case the mass loading of siRNA was 10% (defined as mass of siRNA loaded relative 

to mass of siRNA-containing nanoparticle). Figure S1 shows the transmission electron 

microscope (TEM) images of the pSiNPs before (Figure S1a) and after (Figure S1b) siRNA 

loading with the calcium sealing method; the pSiNPs before loading show open and empty 

pore structures, whereas the pSiNPs after calcium sealing show closed pores with a dense 

coating around the pSiNP skeleton. The nanoparticle was then coated with the fusogenic 
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lipid coating and the targeting peptide of interest was coupled to the PEG component of this 

coat via a terminal maleimide group; for non-targeted particles we used PEG with a methoxy 

terminus (mPEG). The overall hydrodynamic diameter of the resulting FNPs was 170 nm, 

and the zeta potential was +9 mV when mPEG was used. For the formulations that contained 

a peptide targeting group, the zeta potential was closer to neutral (Table S1). The siRNA-

loaded particles were stable when stored at -80°C for > 1 month with no loss of 

functionality[12].

2.2. Factors favoring cellular membrane fusion vs. endocytosis

The lipids that comprised the fusogenic coating were selected based on the known ability of 

liposomes with the composition used to fuse with the cellular membrane and avoid 

endocytosis[7, 8, 15]; we assumed that the composition would behave similarly if the final 

liposomal construct contained a core of solid nanoparticles. Each lipid component plays a 

role in plasma membrane fusion (Table S2)[8]. First, DMPC is the major structural 

component, with a phase transition temperature (24°C) below the physiological temperature 

(37°C). This property allows the lipids to be in a fluidic liquid crystal phase (Lα) in vivo, 

which is the phase to which endogenous extracellular vesicles transition when fusing[16]. We 

selected DSPC (Tph= 55°C) and DLPC (Tph= -2°C) as alternative lipids to test for the 

importance of lipid phase in the fusion process. Second, cationic DOTAP serves to attract 

the negatively charged plasma membrane; another widely used cationic lipid, DOTMA, was 

selected as an alternative. The key difference is that, while DOTAP becomes completely 

protonated and more cationic at the physiologic pH of 7.4, DOTMA does not[16]. Finally, 

polyethylene glycol (PEG) is hypothesized to interact with cellular surface proteins in a 

manner akin to the endogenous SNARE proteins[17]. To test the influence of the PEG 

component, one alternative test formulation contained no PEGylated lipid.

The above formulations were used to probe the mechanism of cellular uptake in vitro, using 

CAOV-3 human ovarian adenocarcinoma cells. For these tests we used a methoxy group 

rather than a specific targeting peptide conjugated to the PEGylated lipid component. 

Figures 1b–f show confocal images of CAOV-3 cells treated with FNPs or with the 

alternative lipid compositions. When loaded with the lipophilic DiI fluorophore as a stain for 

the lipid membrane, FNPs demonstrated fusion and transfer of DiI into the plasma 

membrane (Figure 1b). When the cells were stained with LysoTracker Green, we observed 

minimal co-localization between the DiI lipid stain and the lysosomes (Pearson’s correlation 

coefficient, or PCC = 0.08), indicating that the FNPs did not undergo endocytosis. However, 

when we replaced the DMPC component with DSPC (which has a higher Tph and is in the 

Lβ gel phase at 37°C), we observed endocytosis and co-localization between the lysosomes 

and the lipid stain (PCC= 0.51; Figure 1c). On the other hand, when DLPC (which has lower 

Tph and is in the Lα liquid crystalline phase at 37°C) was used, we observed an overall lower 

level of DiI loading into the particle coating (data not shown). This result can be ascribed to 

the lower stability of the particles, as the DLPC lipids are expected to remain in a more 

fluidic state at during particle synthesis and at physiologic temperature due to their low 

phase transition temperature (Tph= -2°C). Despite the lower degree of dye loading, 

membrane fusion was still observed, although the formulation showed substantial co-

localization between the lysosomes and the lipid stain compared with the FNP formulation 
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(PCC=0.20; Figure 1d). Taken together, the data indicate that the fluidity of the lipid is 

important for effective membrane fusion; if the lipid is in the more rigid gel phase it is 

readily endocytosed and if it is in a more fluid state the entire construct is less stable during 

synthesis.

Next, we observed the uptake of particles where DOTAP was replaced by DOTMA. Due to 

the decrease in degree of protonation of the lipid, the overall zeta potential of the final 

particle was less positive. As a result, there was a marked reduction in particle uptake, 

although the particles that were taken up underwent fusion, as determined by the relatively 

low degree of co-localization observed between the lysosomes and the lipid stain (PCC= 

0.14; Figure 1e). Thus, consistent with much prior work, the higher positive charge 

facilitates uptake and fusion due to the electrostatic attraction between the cationic FNPs and 

the anionic plasma membrane[18].

Finally, the formulation lacking DSPE-PEG was observed to have a high degree of co-

localization between the lysosomes and the lipid stain suggesting extensive endocytosis 

(PCC=0.46; Figure 1f). As has been described previously for PEGylated nanoparticles and 

akin to the endogenous SNARE mechanism[17], the data are consistent with the hypothesis 

that PEG assists in dehydrating the gap between the fusogenic lipid coating on the 

nanoparticle and the plasma membrane on the cell, making lipid fusion energetically and 

structurally favorable.

From the above studies we can conclude that there are at least three factors favoring fusion 

of the FNPs with the plasma membrane: (1) a substantial portion (>70% molar ratio) of the 

composition must have a moderately low phase transition point near room temperature; (2) 

the overall zeta potential of the lipid composition must be cationic (~10 mV); and (3) PEG 

or an equivalent dehydrating agent must be present in the lipid formulation.

2.3. Cellular uptake of FNPs

We next investigated the impact of inhibition of the major endocytic pathway mediators[3] 

— caveolin (Cav1), clathrin (Cltc), and macropinocytosis (Rac1) — on cellular uptake of 

FNPs (Figure S6, pathway #1). The degree of uptake of the FNPs was compared to a non-

fusogenic nanoparticle construct (NNPs; identical structure as FNPs, but with a lipid coating 

that is not fusogenic, see Methods section). The data are shown in Figure 2a and the 

corresponding confocal images are shown in Figure S2. For all three markers, we found that 

while non-fusogenic nanoparticles showed a significant decrease in uptake, the fusogenic 

nanoparticles were taken up at levels equivalent to the non-transfected control, and at 

significantly higher quantities than the NNPs (paired t-test; p= 0.024 (Cav1); = 0.031 (Cltc); 

and = 0.002 (Rac1)). Thus, we conclude that fusogenic FNPs are taken up via pathways that 

are independent of endocytosis.

In order to determine whether specific biological markers and pathways exert influence on 

the fusogenic uptake of the FNPs, the effect of disabling other proteins that play important 

roles in cellular uptake and metabolism of lipids were studied (Figure S6). A summary of 

the pathways investigated is given in the table shown in Figure S6, and the detailed results 

are discussed in the Supplementary Results and Discussion. Overall, we observed that FNPs 
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were able to undergo fusogenic uptake in a manner independent of the major known 

endocytosis or vesicle traffic pathways, but their uptake was highly dependent on mediators 

of intracellular vesicle fusion. It should be stressed that these results remain primarily 

phenomenological, because while the biological mechanism of these proteins on a molecular 

scale are elucidated (e.g. SNARE protein interaction), the interactions between the selected 

pathways and lipid dynamics are not known at this time, and there may be additional cellular 

uptake pathways as yet unidentified. However the data clearly show that the FNPs enter the 

cell in a manner that bypasses endocytosis.

2.4. Intracellular fate of FNP components

We evaluated the fate of the three major components of the FNP platform: (1) the fusogenic 

lipid coating; (2) the porous silicon nanoparticles in the core; and (3) the siRNA payload. 

We started with the hypothesis that the particles dissolve and release their siRNA payload 

upon shedding their lipid coats. When immersed in PBS solution, calcium silicate-coated 

pSiNPs are vulnerable to dissolution, releasing their payload and generating silicic acid as a 

degradation product[19]. This dissolution reaction is faster in PBS buffer solution than it is in 

pure (deionized) water, and the rate of dissolution roughly scales with increasing surface 

area to volume ratio[20] of the particles. The pSiNPs in the present study behaved similarly; 

nanoparticles that lacked a lipid coating (pSiNPs) dissolved and released 70% of their 

siRNA payload within the first 30 min of incubation in PBS at 37°C, which increased to 

90% after 6h of incubation (Figure 2b). In contrast, the lipid-coated nanoparticles (either 

FNPs or NNPs) released very little (5%) siRNA in the first 30 min, and only 25% was 

released in 24 h. The particles released ~75% of their total siRNA payload after 168 h (7 

days) of incubation, a factor of >300 fold slower than what was observed for the particles 

without a lipid coat. Complete release from the lipid-coated nanoparticles was achieved by 

336 h (14 days). Thus, the lipid coating substantially impedes porous silicon dissolution and 

siRNA release under physiological conditions. This is a striking result considering the 

substantial leakage that is typically observed from conventional liposomal formulations that 

contain an aqueous core[21], and illustrates the advantage of locking the otherwise highly 

soluble siRNA payload into a solid core[22].

We next tracked the intracellular fate of the components, using CAOV-3 cells in a series of in 
vitro experiments. Cells were treated with DiO-loaded fusogenic (FNP; Figure 2c) or non-

fusogenic (NNP; Figure 2d) lipid-coated pSiNPs that contained an siRNA payload. DiO is a 

lipophilic green fluorescent dye, used here to track the lipid component of the FNPs, and the 

siRNA was tracked with a pendant red Cy3 tag. The pSiNPs were tracked using their 

intrinsic red to NIR photoluminescence, which derives from quantum-confined silicon[23]. 

This provided a direct measure of the extent of dissolution of the silicon nano-carrier, as the 

photoluminescence disappears when the nanoparticles dissolve[24]. The FNPs showed clear 

dispersion of the Cy3-tagged siRNA in the cell cytosol post-fusion, whereas the DiO 

affiliated with the lipid components was retained in the cell membrane (Figure 2c). A similar 

experiment was performed using an siRNA payload without the red Cy3 tag and monitoring 

the red emission from the pSiNPs. Signals from the pSiNPs, readily observable in cell-free 

media, were not visible after fusion with the cells (Figure 2c). This indicates that the nano-

carrier was rapidly degraded upon encounter with the cells, presumably a result of shedding 
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of its fusogenic lipid coating. In contrast, signals from the pSiNPs were prominent in cells 

treated with non-fusogenic NNPs (Figure 2d), which enter the cell via endocytosis. The non-

fusogenic NNPs showed strong co-localization of the red pSiNP signal with the DiO signal 

from the lipid, indicating that the lipid coat around the pSiNPs was retained upon 

endocytosis (Figure 2d). In separate experiments the DiO signal was found to co-localize 

with the Cy3 signal from a suitably labeled siRNA payload, showing that the endocytosed 

NNPs were not able to release the siRNA payload into the cytosol. These data indicate 

successful sequesteration of the siRNA and pSiNPs within the liposomes, and support the 

mechanism proposed in Figure 1a, in which the fusogenic coating is shed upon encounter 

with the cell membrane, and the pSiNPs carrying their siRNA payload are delivered directly 

into the cellular cytoplasm. Once they lose their protective lipid coating, the pSiNPs dissolve 

rapidly, releasing their siRNA payload. When a non-fusogenic coating is used, the particles 

become endocytosed, which permits the lipid coat to remain intact and prevents pSiNP 

degradation and siRNA release. Thus, the conditional shedding of the lipid coating around 

the pSiNP core via fusogenic uptake is critical to cytosolic release of siRNA.

2.5. In vitro validation of FNPs for therapeutic applications

In order to evaluate whether or not the FNPs offer a generalizable solution for siRNA 

therapies, we evaluated two different approaches (Figure 3a): a chemosensitizing siRNA (C-

FNPs) that inhibits the DNA repair mechanism in cancer cells, and an immunosuppressing 

siRNA (T-FNPs) that reprograms tumor-associated macrophages to enhance the immune 

system’s ability to clear these aberrant cells. We selected the first therapeutic (C-FNPs) to 

sensitize cancer cells to cisplatin, as Pt-resistant or Pt-refractory ovarian cancer is seen in 

over 70% of patients at advanced stages; chemoresistant tumors cause high morbidity, and 

has been an unsolved problem for over two decades[25, 26]. Cisplatin crosslinks cellular DNA 

which trigger apoptosis in the absence of adequate DNA repair[27]. Cancer cells that can 

repair the modified DNA well exhibit chemoresistance[26, 28]. While key predictors of Pt-

drug response have been identified[26, 28], there is no preventative measure against the 

development of resistance, or reliable strategy to induce chemosensitivity. To this end, we 

chose to deliver siRNA against Rev3l (subunit of DNA repair polymerase, Pol ζ) to disable a 

component of the DNA repair pathway known to enhance chemosensitivity in the CAOV-3 

human ovarian adenocarcinoma[29]. For this model we specifically targeted the FNPs to 

ovarian cancer cells using the iRGD peptide (Table S3)[30].

The second therapeutic tested (T-FNPs) was designed to reprogram tumor-associated 

macrophages (TAMs) to inhibit their oncogenic pathways[31]. PI3kγ is a key regulator of 

immunosuppression, and its downregulation has shown benefits in increasing both CD8+ T-

cell recruitment to the tumor and sensitivity of immunosuppressive myeloid cells to 

checkpoint inhibitors[32]. In order to target TAMs selectively, we used the LyP-1 peptide 

(Table S3), which homes to TAMs and tumor-associated lymphatic vessels[33, 34]. The 

LyP-1-conjugated FNPs were loaded with siRNA against Pi3kγ, with the goal of eliciting 

tumoricidal behavior in TAMs.

First, we verified that FNPs retained their fusogenic nature after conjugation with targeting 

peptides (Figure 3b). For both CAOV-3 cancer cells and J774a.1 macrophages, FNPs 
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without targeting peptides successfully fused with the plasma membrane. In CAOV-3 cells 

treated with iRGD-conjugated, DiI-loaded nanoparticles (C-FNPs), we saw uniform 

distribution of the DiI signals on the cell plasma membrane indicating successful fusion, and 

the FAM-tagged iRGD peptides segregated into the cytoplasm. We saw the same trend in 

J774a.1 cells when the LyP-1-conjugated, DiI-loaded nanoparticles (T-FNPs) were used, 

indicative of successful fusion to this macrophage cell line. The insertion of the iRGD or 

LyP-1 targeting peptides into the cytosol of their respectively targeted cells is consistent with 

the established CendR mechanism[35] where the peptide initially binds to the target receptor 

to undergo peptide cleavage, then transfers to a secondary receptor to undergo receptor-

mediated endocytosis (Table S3)[34, 35, 36]. In some of the cells, co-localization between the 

DiI and the FAM-LyP-1 peptides on the plasma membrane was observed, suggestive of the 

intermediate stage prior to migration of the peptide to its secondary receptor. Based on these 

results, we believe that fusion occurs immediately after the peptide binds to its primary 

cellular receptor, and that by the time the peptide transfers to its secondary receptor, 

fusogenic uptake has occurred. This hypothesis is further supported by experiments with 

non-fusogenic constructs; in that case both C-NNPs and T-NNPs were endocytosed, and 

their DiI and FAM-peptide signals were strongly co-localized within the cell cytoplasm. 

Additionally, the successful fusion to the J774a.1 cells by FNPs are significant, as 

macrophages are highly phagocytic compared to other cell types. We observed that 

macrophages induced a faster fusogenic uptake at a rate that was approximately three-times 

faster than that of CAOV-3 cells. Overall, the FNPs retain their ability to fuse with cellular 

membranes even when a cell-specific targeting peptide is deployed on the exterior of the 

nanoparticle’s lipid membrane.

Next, we determined the efficiency of knockdown of the Rev3l gene target in CAOV-3 

cancer cells (Figure 3c) that could be achieved using the cancer cell-targeting iRGD peptide. 

Both fusogenic and non-fusogenic nanoparticles (C-FNPs and C-NNPs) were compared. We 

serially diluted the siRNA dose starting from a maximum dose of 100 nM, based on 

previous work (FNPs attained >95% relative knockdown efficiency in RAW264.7 

macrophages at this concentration of siRNA)[8]. The dose-response curve for C-FNPs was 

similar to that of Lipofectamine (Lf), and over 90% knockdown efficiency was attained with 

a dose of 50 nM siRNA. In contrast, C-NNPs reached a plateau of only ~50% knockdown 

efficiency under similar conditions.

We next compared the efficiency of silencing of Pi3kγ in J774a.1 cells (Figure 3d), using 

the macrophage-targeting LyP-1 peptide on the fusogenic or non-fusogenic nanoparticles (T-

FNPs or T-NNPs). Based on the above results from the cancer cell studies, we selected 50 

and 100 nM siRNA doses. When the fusogenic T-FNPs were used, both 50 nM and 100 nM 

doses were able to induce significantly higher knockdown of Pi3kγ compared with the non-

fusogenic T-NNPs (p <0.01) or with Lipofectamine (p<0.05), based on One-way ANOVA 

([F(6, 36)=113.6, p=1.9×10−21]) and Tukey HSD test. Although J774a.1 is a difficult cell 

line to transfect[37], T-FNPs were able to attain approximately 75% knockdown efficiency at 

50 nM of siRNA, and 85% at 100 nM of siRNA.

The chemosensitizing effect of the Rev3l siRNA payload was evaluated using the C-FNPs. 

We pre-transfected the CAOV-3 tumor cells with siREV3L formulations, then treated the 
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cells with increasing concentrations of cisplatin (cDDP; 0–100 μg/mL). Figure 3e shows the 

dose-response curve of cDDP in transfected cells, and Figure S7 shows the IC50 values 

quantified from the dose-response data. While the IC50 of cDDP in cells treated with PBS or 

sham siRNA-loaded C-FNP (C-FNP/siLuc) were 72.1 μg/mL and 74.9 μg/mL, respectively, 

the IC50 in non-fusogenic C-NNP and Lipofectamine (Lf) treatments decreased to 54 μg/mL 

and 50.6 μg/mL, respectively. However, C-FNPs induced a greater increase in cDDP-

sensitivity, with IC50 of only 29.9 μg/mL, which was significantly lower than all other 

transfectant groups (p<0.004). Thus, transfection with 50 nM siREV3L using C-FNPs was 

able to increase the susceptibility of CAOV-3 cells to a dose of cDDP that was more than 

two-fold lower than what was needed in the absence of Rev3l silencing.

2.6. Biosafety, biodistribution, and selective targeting of FNPs

Prior to therapeutic application, we verified the biosafety of C- and T-FNPs. Figures S8a and 

b show cytotoxicity assays of the formulations in CAOV-3 and J774a.1 cells, respectively. At 

an siRNA dose of 50 nM, neither the targeting peptide-conjugated FNPs nor the siRNA 

against Rev3l and Pi3kγ induced any in vitro cytotoxicity. Moreover, hematoxylin and eosin 

(H&E) stains of the major organs in healthy mice intravenously injected with T-FNPs or C-

FNPs showed normal morphology and no lesions (Figure S9).

Next, we looked at biodistribution of the FNPs in a mouse model of peritoneal 

carcinomatosis, established by intraperitoneal (IP) injection of CAOV-3 human ovarian 

adenocarcinoma cells in 6–8 week old female athymic nude mice. We allowed the tumor 

nodules grow for 3 weeks, then IP injected PBS, non-conjugated FNPs, T-FNPs, or C-FNPs 

loaded with lipophilic DiI. At 1h and 24h post-injection, we harvested the major organs and 

selected tumor nodules of similar size, approximately 100 mm3. For animals where tumor 

nodules were smaller than 100 mm3, the largest nodules were selected. The tissues were 

assayed for DiI signal localizations. Fluorescence imaging revealed that the DiI-loaded 

particles were localized primarily in the tumor nodules regardless of the accumulation time 

(Figure 4a, b). Both T-FNPs and C-FNPs showed significant increase in tumor accumulation 

from 1 h to 24 h (p<0.01 for T-FNPs; p<0.05 for C-FNPs), and both formulations 

accumulated in the tumor more effectively than the PBS and non-targeted FNP groups 

(p<0.05 for T-FNPs; p<0.01 for C-FNPs).

A second mouse model was established as a xenograft tumor model by subcutaneously 

injecting CAOV-3 cells with matrigel. As the CAOV-3 line has difficulty forming xenografts, 

tumor masses were <15 mm3 in size[38]. When the therapeutic formulations were 

intravenously injected, a similar biodistribution trend was seen in the xenograft model as 

was seen with the local IP injection in peritoneal carcinomatosis model: primary 

accumulation in tumors, increased DiI accumulation from 1 h to 24 h of circulation, and 

superior tumor homing by T- and C-FNPs compared to non-targeted FNPs (Figure S10).

Flow cytometry was used to quantify cell-specificity of T- and C-FNPs. We IP injected PBS, 

non-targeted FNPs, T-FNPs, C-FNPs, and a 50:50 cocktail of C- and T-FNPs, and waited 24 

h prior to sample collection. Immune cells were collected by intraperitoneal lavage and the 

tumor nodules were harvested and homogenized. Macrophages from both the lavage and 

homogenized tumor nodules were eluted by magnetic separation using Anti-F4/80 beads. 

Kim et al. Page 9

Adv Mater. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The purified macrophages (Figure 4c–f) and the homogenized tumor nodules (after 

extraction of macrophages, Figure 4g–j) were subjected to flow cytometry analysis, 

detecting the DiI signal channel. The non-targeted FNPs showed minimal homing to either 

macrophages (4.19%; Figure 4c) or tumor cells (1.13%; Figure 4g). In contrast, the T-FNPs 

(which deployed the TAM-homing LyP-1 peptide) successfully homed to macrophages 

(21.40%; Figure 4d) and not to the macrophage-free tumor nodule cells (0.01%; Figure 4h). 

Conversely, C-FNPs (which deployed the tumor cell-homing iRGD peptide) did not bind to 

macrophages (0.00%; Figure 4e) while it strongly accumulated in tumor cells (6.79%; 

Figure 4i). When co-injected, the T-FNPs and C-FNPs homed to both macrophages (29.6%; 

Figure 4f) and tumor nodules (11.2%; Figure 4j). Observing the FAM signal channel on 

FAM-conjugated targeting peptides showed a similar trend of selective targeting (Figure 

S11), and the accumulation ratios are reported in Table S4. Thus, we confirmed that pendant 

homing peptides can effectively target FNPs to their intended cells.

2.7. In vivo therapeutic efficacy of FNPs

With the ability of the peptide-conjugated FNPs to selectively target cells in vivo 
established, we next evaluated if FNPs could induce significant gene silencing in vivo. After 

3 weeks of tumor growth, we IP injected PBS, T-FNPs, or C-FNPs. After 24 h, we 

quantified gene expression using the quantitative reverse transcription polymerase chain 

reaction (qRT-PCR) on macrophages and tumor cells (Figs 5a and b).

The TAM-targeting T-FNPs loaded with siRNA against Pi3kγ were able to induce 81% 

knockdown efficiency in the macrophages (purified from both the peritoneal lavage and 

tumor homogenates), while the chemo-sensitizing C-FNPs loaded with siRNA against Rev3l 
had no effect (Figure 5a). Conversely, in tumor cells the C-FNPs induced a silencing 

efficiency for Rev3l expression by 76%, while T-FNPs showed no effect (Figure 5b). Thus, 

only targeted FNPs with siRNA appropriate for the cell type were able to induce a potent in 
vivo gene silencing effect, and there were no detectable off-target acute toxicities.

Lastly, we conducted combination therapy experiments using cisplatin (cDDP) with: (1) 

immunotherapy by reprogramming macrophages to their tumoricidal phenotype (using T-

FNPs); and (2) gene therapy by sensitizing cancer cells to cDDP (using C-FNPs). A week 

after IP tumor innoculation, we IP injected PBS, cDDP at 2 mg/kg, a cocktail of cDDP and 

T-FNPs, a co-injection of cDDP and C-FNPs, or a co-injection of cDDP, T-FNPs, and C-

FNPs. Cisplatin was injected once every three days at the 2 mg/kg dose, and the T- and C-

FNP formulations were injected once a week, based on literature protocols[39].

After 30 days of treatment, Figure 5c shows that while cDDP treatment alone was able to 

reduce the tumor nodule count by half, the difference was not statistically significant from 

the PBS control. However, combination treatment of cDDP with T-FNPs, cDDP with C-

FNPs, and all three together (cDDP with T-FNPs and C-FNPs) significantly reduced the 

total number of tumor nodules (One-way ANOVA, [F (4,30)=64.7, p=2.5×10−14], Tukey’s 

HSD p<0.05). In particular, the group given cDDP with both T-FNPs and C-FNPs was 

significantly more effective than cDDP with only C-FNPs (p=0.019), and showed a notable 

trend compared with the cDDP and T-FNP group (p=0.051). Size distribution of tumor 

nodules showed similar findings (Figure 5d). While the PBS control group had a wide size 
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distribution range of nodules from 1.3–9.4 mm, we saw a small decrease with the cDDP-

only treatment group (2.2–7.4 mm), and a greater decrease in the groups given either cDDP 

+ T-FNP (1.3–4.4 mm), or cDDP + C-FNP (1.4–6.2 mm). Remarkably, the triple 

combination (cDDP + T-FNP + C-FNP) produced complete elimination of detectable tumors 

in 6 of the 7 members of the treatment group; the seventh member of this group had only a 

single nodule with a size of 2.8 mm.

The above results demonstrated the utility of the FNP platform for siRNA-based treatment--

in the form of immunotherapy and gene therapy. They further showed that combination 

therapy to target multiple aspects of cancer can yield an improved therapeutic outcome 

relative to singular chemotherapy.

3. Conclusions

The fusogenic porous silicon nanoparticles (FNPs) demonstrated three materials aspects that 

are crucial for effective siRNA-mediated gene therapy. First, peptide targeting moieties 

enabled the FNPs to selectively home to and transfect the desired cell target; in this work we 

focused on cancer cell types (tumor associated macrophages and tumor cells) and we 

previously demonstrated that another peptide can home FNPs to and transfect 

macrophages[8], establishing this as a relatively general approach. Second, effective delivery 

of the gene payload to the interior of the cell was afforded by the fusogenic lipid coating, 

which allowed the nanoparticles to avoid the endocytosis pathway. The fusogenic nature of 

these lipid coatings enabled a third crucial aspect: the specific, triggered release of the 

nucleic acid payload. The lipid stabilized the calcium silicate nanoparticle chemistry until 

cellular fusion had stripped the lipids, at which point rapid dissolution of the porous silicon 

nanoparticle ensued such that free siRNA was released into the cytosol. A strong gene 

silencing effect was observed both in vitro (> 90%) and in vivo (> 80%), which compares 

favorably to the average of 57.4 ± 21% in vitro (N=54) and 55.0 ± 17% in vivo (N=13) for 

gene therapy found across the literature[40].

A primary goal of this study was to understand the mechanism by which the FNPs operate. 

We showed that the lipid composition has a direct influence on its behavior, and that a 

combination of properties (fluidity, cationic charge, and PEGylation) allows for plasma 

membrane fusion and endocytic bypass. Biological inhibitor studies showed that FNPs enter 

cells independently of typical endocytic pathways and intracellular vesicle traffic routes. 

However, vesicle fusion and certain exocytosis pathways were found to influence the fate of 

FNPs. The exact mechanism by which the fusogenic coating interacts with these pathways 

remains to be studied, as the extent of existing knowledge regarding these cellular pathways 

is limited.

The general nature of this approach was established and exemplified using two therapeutic 

formulations: (1) gene therapy (C-FNPs) to sensitize cancer cells to chemotherapy; and (2) 

immunotherapy (T-FNPs) to polarize macrophages toward the tumorigenic M2 phenotype. 

Each used a different targeting peptide for cell specificity and a different siRNA to program 

the desired genetic outcome. Combining homing specificity with high in vivo gene 

knockdown capabilities, the system showed a strong synergy in combination with a first-line 
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chemotherapeutic, cisplatin, that showed significant reduction (and in some cases, complete 

elimination) of tumors in an ovarian cancer mouse model.

4. Experimental Section

Materials:

Highly boron-doped p-type silicon wafers (~1 mΩ-cm resistivity, polished on the (100) face) 

were obtained from Virginia Semiconductor, Inc or Siltronix, Inc. Hydrofluoric acid (48% 

aqueous, ACS grade) was obtained from Fisher Scientific. Anhydrous calcium chloride was 

obtained from Spectrum Chemicals (Gardena, CA). Deionized (18 mΩ) water was used for 

all aqueous dilutions. For lipids, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000], 

(DSPE-mPEG), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[maleimide(polyethylene glycol)-2000] (DSPE-PEG-maleimide), and 1,2-dioleoyl-3-

trimethylammonium-propane (DOTAP) were purchased from Avanti Polar Lipids 

(Alabaster, AL) and stored at -4°C. The fluorescent lipophilic dyes 1,1’-dioctadecyl-3,3,3’,

3’-tetramethylindocarbocyanine perchlorate (DiI) and 3,3’-dioctadecyloxacarbocyanine 

perchlorate (DiO) were obtained from Life Technologies, and Lipofectamine® 2000 

transfection reagent was obtained from Thermo Fisher Scientific. Custom siRNA against 

luciferase (siLuc) was purchased from Dharmacon (Lafayette, CO), and primers were 

purchased from IDT DNA (San Diego, CA). Silencer ® Pre-designed siRNA encoding for 

PI3Kγ (siPI3Kγ; sequence: GGACCACGAGAGUGUGUUCtt) was purchased from Life 

Technologies, and siGENOME Human REV3L siRNA (siREV3L; sequence: 

CUGCAGAGAGAAUAACCCUGAdTdT) was purchased from Dharmacon. The siRNAs 

against Cav1 (10297), Cltc (107565), Rac1 (120601), Rab11 (122729), Rab5a (120371), 

Stx6 (121571), T-snare (127901), Rab27b (120374) were purchased from Thermo Fisher 

Scientific (Waltham, MA). Targeting peptides (LyP-1 and iRGD) were custom synthesized 

by CTC Scientific (Sunnyvale, CA). For in vitro studies, J774a.1 cells were purchased from 

ATCC (Manassas, VA) within 6 months prior to all experiments. DMEM cell media was 

purchased from GE Healthcare Life Sciences (HyClone, Pittsburg, PA), with supplemental 

fetal bovine serum (HyClone, Pittsburg, PA) and penicillin/streptomycin (HyClone, 

Pittsburg, PA). The Cell counting kit-8 (CCK-8) was purchased from Dojindo Molecular 

Technologies, Inc. (Rockville, MD). Corning Matrigel Membrane Matrix was purchased 

from Fisher Scientific. Six week-old female athymic nu/nu mice were purchased from 

Envigo (Placentia, CA).

Preparation of porous silicon nanoparticles:

Porous silicon (pSi) samples were prepared as previously established by electrochemical 

etching of silicon wafers by applying a square waveform current density of 50 mA/cm2 for 

0.6s and high current density of 400 mA/cm2 for 0.36s, repeated for 200 cycles (CAUTION: 

HF is highly toxic and proper care should be exerted to avoid contact with skin or lungs)
[8, 12]. After detaching the porous layer, the porous silicon nanoparticles (pSiNPs) were 

generated by ultrasonic fracture (50T ultrasonic bath, VWR International) of porous silicon 

(0.8 mg) in RNAse-free water (2 mL) for 12h. The siRNA payloads were loaded into 

pSiNPs by calcium silicate sealing, as described previously[8, 11]. The oligonucleotide 
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payload was hydrated in RNAse-free water to generate a 20 μM solution. 150 μL of siRNA 

was pipetted gently into a solution prepared from 150 μL of the pSiNP dispersion and 700 

μL of 2M calcium chloride and the mixture was subjected to ultrasonication for 15 min. We 

used siREV3L (GAG AGU ACC UCC AGA UUU A), siPI3Kg (GGA CCA CGA GAG 

UGU GUU Ctt) and siLuc (CUU ACG CUG AGU ACU UCG A) for all relevant 

experiments.

Fusogenic coating:

Fusogenic (FNP) and non-fusogenic (NNP) coatings were prepared using estbalished 

methods[8, 12]. Briefly, lipid films of DMPC, DSPE-PEG, and DOTAP at molar ratios of 

76.2:3.8:20 (FNP) and 96.2:3.8:20 (NNP) were prepared by evaporating the organic solvent, 

and we added 20 μL of DiI or DiO (1.25 mg/ml in 100% ethanol) for lipophilic dye 

incorporation. The films were then hydrated and extruded with the siRNA-loaded pSiNPs. 

Next, 100 μL of 1 mg/mL of targeting peptides (iRGD and LyP-1) were added to the 

extruded product to conjugate the peptides to maleimide-terminated DSPE-PEG overnight at 

4°C. Particles were washed three times at each step by centrifugation in a Microcon-30kDa 

Centrifugal Filter Unit (EMD Millipore) by spinning at 5,000g at 25°C. A video protocol of 

FNP synthesis available from [12].

The alternative formulations to the fusogenic nanoparticles were synthesized in the exact 

same manner as the fusogenic nanoparticles, albeit with different lipid compositions in the 

coating. In the DSPC particle, the composition was DSPC:DOTAP:DSPE-PEG at molar 

ratio of 76.2:3.8:20; in the DLPC particle, the composition was DLPC:DOTAP:DSPE-PEG 

at molar ratio of 76.2:3.8:20; in the DOTMA particle, the composition was 

DMPC:DOTMA:DSPE-PEG at molar ratio of 76.2:3.8:20; and in the non-PEGylated 

particle, the composition was DMPC:DOTAP at molar ratio of 76.2:20. Again, we added 

26.3 μg of DiI (1.25 mg/mL in 100% ethanol) to incorporate lipophilic DiI into the films. All 

lipids were mixed at concentration of 10 mg/mL and the organic solvent was evaporated. 

The films were then hydrated with a solution of the payload-containing pSiNPs and prepared 

by the same abovementioned film hydration/extrusion method.

Nanoparticle size and zeta-potential were measured by dynamic light scattering (DLS, 

Zetasizer ZS90, Malvern Instruments), and structural morphology was visualized with a 

JEOL 1200 EX II TEM or FEI Tecnai Spirit G2 BioTWIN TEM, as indicated in figure 

captions. Samples were prepared by dropping 5 μL of the sample on the TEM grid, drying 

off excess solvent after 1 min, and dropping 5 μL of uranyl acetate for negative staining. The 

siRNA loading was quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher 

Scientific, ND-2000) to measure the total siRNA released, and it was purified from the 

formulations after suspending the particles in ethanol for lipid dissassembly and dispersion 

(or lysing the lipid coating using 0.1% Triton-X 100), isolating the core particles into pellets 

by centrifugation at 13,000g, and dissolving all pSiNPs by resuspension of the pellet in PBS 

and shaking on a vortexer overnight.
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In vitro siRNA release:

Porous silicon core nanoparticles without lipid coating (pSiNPs), FNPs, and NNPs 

containing 11.9 μg of siPI3Kγ were incubated at 37°C in 400 μL of PBS. The particles were 

removed from incubation and centrifuged in a Microcon-30kDa Centrifugal Filter Unit 

(EMD Millipore) by spinning at 5,000g at 25°C for 30 min. The released siRNA 

concentration was quantified by measuring the supernatant with a NanoDrop 2000 

spectrophotometer. Upon removal of the supernatant, 400 μL of fresh PBS was used to 

resuspend the particle pellets. The particles were kept in the incubator until each time point 

when the above measurement steps were repeated. The total siRNA release was summed up 

and averaged over six independent trials.

Cell culture:

CAOV-3 human ovarian adenocarcinoma and J774a.1 murine macrophage lines were 

cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin, and were 

incubated at 37°C in 5% CO2.

Confocal microscopy:

All confocal microscopy images are representative of at least three independent trials and of 

at least 1 × 106 cells per slide. Fusion of DiI-loaded or siRNA-loaded particles was observed 

by seeding 0.3 × 106 cells on top of 22 mm round coverslips (BD Biocoat Collagen 

Coverslip, 22 mm) in a 6-well plate, growing to 80% confluence, and treating the cells with 

10 μL of nanoparticles. The particle-treated CAOV-3 cells were incubated at 37℃ in 5% 

CO2 for 15 min, whereas the particle-treated J774a.1 cells were incubated for 5 min. After 

incubation, the cells were washed in PBS three times to remove any particles that were not 

taken up. The cells were fixed in 1% paraformaldehyde (PFA, Santa Cruz Biotechnology) 

for 10 min at 4°C, then washed with PBS three times. The coverslips were mounted on glass 

slides with ProLong® Diamond Antifade Mountant with DAPI (Life Technologies), dried 

and kept in the dark until examined by confocal microscopy (Zeiss LSM 710 NLO).

For studies involving lysosome staining, 0.3 × 106 cells were seeded on 35 mm petri dishes, 

and grown to 80% confluence. The cells were pre-stained with LysoTracker Green (Thermo 

Fisher Scientific) for 1h at 37°C in 5% CO2 according to manufacturer’s instructions. The 

cells were then washed with PBS three times, and then treated with 10 μL of DiI-loaded 

particles for 15 min (CAOV-3) or 5 min (J774a.1) at 37℃ in 5% CO2. The cells were 

washed with PBS three times to remove any particles that were not taken up, and the wells 

were filled with 1 mL of PBS and immediately subjected to live-cell imaging by confocal 

microscopy (Zeiss LSM 710 NLO). Pearson’s correlation coefficient (PCC) for co-

localization was calculated using the Coloc2 plugin from the ImageJ software package 

(NIH). At least ten representative images were analyzed to obtain the average coefficient.

For imaging porous silicon core nanoparticles or Cy3-tagged siIRF5 as a model siRNA, 0.3 

× 106 cells were seeded on 35 mm petri dishes, and grown to 80% confluence. The cells 

were treated with 10 μL of DiO-loaded fusogenic or non-fusogenic particles with either 

Cy3-tagged or non-tagged siIRF5-loaded pSiNP cores for 15 min at 37℃ in 5% CO2. The 

cells were washed with PBS three times to remove any particles that were not taken up, then 
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fixed in 1% paraformaldehyde (PFA, Santa Cruz Biotechnology) for 10 min at 4°C, then 

washed with PBS three times. The coverslips were mounted on glass slides with ProLong® 

Diamond Antifade Mountant with DAPI (Life Technologies), dried and kept in the dark until 

examined by confocal microscopy (Zeiss LSM 710 NLO). For Cy3 imaging, λex = 550 nm 

and λem = 580–630 nm band-pass was used, and for pSiNP imaging, λex = 370 nm and λem 

= 650 nm long-pass was used.

In vitro biomarker studies:

For the mechanistic studies involving cellular uptake and intracellular trafficking of the DiI-

stained lipids on the fusogenic nanoparticles, we seeded 6-well plates with 0.3 × 106 

CAOV-3 cells on top of coverslips. At 70% confluence, we transfected the cells with 100 

pmol of siRNAs (against Cav1, Cltc, Rac1, Rab11, Rab5a, Stx6, T-snare, or Rab27b) and 5 

μL of Lipofectamine 2000 transfection agent per well, as per the manufacturer’s 

instructions. The cells were incubated with the transfectant for 4h at 37°C in 5% CO2, then 

washed three times with PBS. The wells were replaced with 2 mL of fresh DMEM 

supplemented with 10% FBS and 1% penicillin/streptomycin, and further incubated for 48h. 

The cells were then treated with 10 μL of nanoparticles and incubated at 37°C in 5% CO2 

for 15 min, then washed with PBS three times, then fixed, dried, and mounted with DAPI as 

described above. For experiments with lysosome staining, the cells were stained with 

LysoTracker Green for 1h at 37°C in 5% CO2 according to the manufacturer’s instructions, 

prior to particle treatment and live-cell imaging by confocal microscopy.

To determine the exocytosis pathway for fusogenic nanoparticles, we used a transwell 

culture system. We seeded 0.1 × 106 CAOV-3 cells in the top well, and placed them on top 

of an empty 6-well plate, and 0.3 × 106 CAOV-3 cells on coverslips were seeded in another 

6-well plate to serve as the lower well post-inhibition. At 60% confluence, we treated the 

cells in the top wells with 10 μM of Bisindolymaleimide I (BIM I), or 10 μM of GW4869 for 

24h at 37°C in 5% CO2, or 100 pmol of siRNA against Rab27b with 5 μL of Lipofectamine 

2000 for 4h at 37°C in 5% CO2, then washed with PBS three times to be further incubated 

for 48h. Post-inhibition of exocytosis, the cells were treated with particles (10 μL) for 30 

min at 37°C in 5% CO2, then washed with PBS three times. The top wells were then 

transferred to the lower wells in the 6-well plate with CAOV-3 cultured on the coverslips 

with fresh DMEM supplemented with 10% FBS and 1% penicillin/streptomycin, and further 

incubated for 48h. The lower well cells were washed with PBS three times, fixed and 

mounted with DAPI and analyzed by confocal microscopy as described above.

For all particle uptake quantifications, we used Image J software to quantify the brightness 

and area taken up by the DiI signals for each condition. The values were averaged over 12 

measurements per 10 representative images taken per well. Statistics were performed using 

Student’s paired t-test with α-level of 0.05.

In vitro siRNA silencing:

In vitro knockdown efficiencies of the nanoformulations were quantified using two-step 

quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR, Roche 

LightCycler 96).

Kim et al. Page 15

Adv Mater. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For the dose-response of the siRNA against rev3l (siREV3L), we seeded 0.25 × 106 CAOV-3 

cells per well in a 24 well-plate. At 50% confluence, we treated the cells at 0, 0.5, 2.5, 5, 

12.5, 25, 50, and 100 nM siREV3L doses of Lipofectamine, fusogenic nanoparticles (FNPs) 

and non-fusogenic nanoparticle (NNPs). While the Lipofectamine formulations were 

incubated for 4h, the FNPs and NNPs were treated for 1h, then washed with PBS three 

times. The wells were replaced with fresh DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin, and further incubated for 48h. Post-incubation, RNA purification, 

cDNA synthesis, and RT-PCR analysis were conducted as previously published[8]. cDNA 

was mixed with REV3L primers, or the control HPRT primers (REV3L forward: 

AGGACTCGAAGTCACCTATGC; REV3L reverse: AGAGGTAACCCCAGGAATGC; 

HPRT forward: GTCAACGGGGGACATAAAAG; HPRT reverse: 

CAACAATCAAGACATT-CTTTCCA) and iQ SYBR Green Supermix according to the 

manufacturer’s instructions. The quantification was performed at n=8 and in RNAse- and 

DNAse-free laminar flow hood dedicated to RNA work.

For quantification of in vitro knockdown efficiency of siRNA against PI3Kγ (siPI3Kγ), we 

seeded 0.25 × 106 J774a.1 cells per well in a 24-well plate. At 50% confluence, we treated 

the cells at 50 and 100 nM siPI3Kγ doses of Lipofectamine, fusogenic nanoparticles (FNPs) 

and non-fusogenic nanoparticle (NNPs). The transfection and qRT-PCR protocol were 

identical to the dose-response study described above, with primers for PI3Kγ (PI3Kγ 
forward: GGCTCAAAGAAAAATCCCCTA; PI3Kγ reverse: 

AGCCTGCACAGGAATAAACAA).

Cell viability assay:

Cell viability was determined by seeding 96 well-plates with 0.01 × 106 CAOV-3 or J774a.1 

cells per well. At 50% confluence, we treated each well at the 50 nM siRNA dose of 

Lipofectamine (0.25 μL per well), FNPs, FNPs loaded with siLuc, NFPs, or PBS as the 

control group. The formulations were incubated for 1h (4h for Lipofectamine group) at 37°C 

in 5% CO2, then washed with PBS three times and further incubated for 48h. The CCK-8 

cytotoxicity assay was performed according to manufacturer’s instructions. In brief, the 

CAOV-3 cells were treated with 10 μL of the CCK-8 solution per well, and incubated for 2h. 

The absorbance at 450 nm was measured using the UV-Vis microplate reader for 

quantification of cell viability. The cell viability was averaged over 10 wells per group, and 

normalized to the viability of the PBS control treatment group. Single-way ANOVA was 

used with α-level of 0.01 to determine significant differences between the formulations.

For the in vitro CDDP-siREV3L interaction study, we seeded a 96 well-plate with 0.01 × 

106 CAOV-3 cells per well. At 50% confluence, we treated each well at the 50 nM siRNA 

dose of Lipofectamine (0.25 μL per well), FNPs, FNPs loaded with siLuc, NFPs, or PBS as 

the control group. The formulations were incubated for 1h (4h for Lipofectamine group) at 

37°C in 5% CO2, then washed with PBS three times and further incubated for 48h. Post-

transfection, the media was removed, and the cells were treated with increasing doses of 

CDDP (0, 0.01, 0.1, 1, 10, 25, 50, and 100 μg/mL in PBS) per treatment group. The cells 

were incubated with CDDP for 24h at 37°C in 5% CO2, then washed with PBS three times. 

The CCK-8 cytotoxicity was assay was used as described above to quantify the cell viability 
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of each treatment group at the treated CDDP doses. Cell viability for the 0 μg/mL CDDP 

treatment in the PBS control group was used as the normalization control, and each result 

was averaged over 10 independent trials. The IC50 of each treatment was extrapolated from 

the results.

Mouse Model:

Ovarian cancer xenografts were established in athymic nude mice (6–8 week old, female) by 

subcutaneously injecting 5 × 106 CAOV-3 cells in PBS and Matrigel media mixed at 1:1 

ratio. For the peritoneal carcinomatosis model, we performed intraperitoneal injection of 3 × 

106 CAOV-3 cells in PBS. Only female mice were used in this study, as ovarian cancer is 

only relevant for the female population. All animals for the in vivo studies were handled, 

anesthetized, and euthanized according to the Institutional Animal Care and Use Committee 

(IACUC) guidelines. All animal experiments were performed independent of each other 

with different cohorts of mice.

Statistics:

All statistical analyses were performed using single way ANOVA and post hoc comparisons 

using Tukey’s HSD test at p < 0.05, unless otherwise stated. Power analysis was performed 

to estimate the total mouse sample size required for the tumor growth and survival studies 

using the GPower 3.1 software. The analysis was performed using a priori, ANOVA: 

repeated measures, between factors, as the study looks at tumor growth by each therapeutic 

formulation over time. Based on a published study[8] (N=32), where the fusogenic 

nanoparticles were intravenously injected for siRNA knockdown in Balb/C mice with 

bacterial infection, the effect size (ES) was calculated to be 11.5, thus set to ‘large’ (0.40) in 

the software’s parameter settings. With α error probability of 0.05 and Power of 0.80, 5 test 

groups, 15 measurements (for tumor size), and correlation of 0.3, we determined that a 

sample size of 35 mice was adequate for the experiments investigating the therapeutic 

efficacy of the formulations.

Biosafety of fusogenic nanoparticles:

For in vivo biosafety evaluation, healthy athymic nu/nu mice were intravenously injected 

with T-FNP or C-FNP at 100 μmol/kg lipid, corresponding to 62.5 μg/kg siRNA, and 641 

μg/kg pSi in 100 μL PBS. After 24h circulation, the mice were sacrificed under deep 

isofluorane anesthesia (no response to toe pinch) by cardiac perfusion, and brain, heart, 

lungs, liver, kidneys, and spleen were harvested. Organs were fixed immediately in 4% PFA, 

and sent to the University of California, San Diego (UCSD)’s histology core to be 

paraffinized and sectioned for hematoxylin and eosin (H&E) staining. The stained slides 

were histopathologically evaluated by Dr. Kent Osborn (Associate Director, Animal Care 

Program, UCSD).

Nanoparticle biodistribution:

After establishment of the tumor mouse model, the tumor nodules were allowed to grow for 

3 weeks. The mice were then IP injected with PBS, FNP, T-FNP, or C-FNP formulations 

loaded with DiI at 100 μmol/kg lipid corresponding to 641 μg/kg pSi in 100 μL PBS. After 
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1h or 24h, the mice were sacrificed following a standard perfusion protocol using 50 mL of 

4% PFA, and the major organs (heart, lungs, liver, spleen, kidneys) and the tumor nodules 

were harvested and immediately fixed in 4% PFA. The organs were imaged for DiI 

fluorescence using an IVIS 200 imaging system (Perkin-Elmer) with 0.1s exposure time and 

excitation/emission filters set at 500/520 nm. The DiI accumulation was quantified based on 

five mouse images per formulation and time group using Image J analysis. The quantified 

uptake was statistically analyzed using one-way ANOVA with Tukey’s post hoc analysis. 

The same experiment was performed with xenograft mice by intravenous injection of the 

particles.

Flow Cytometry:

After establishment of the mouse tumor model, the tumor nodules were allowed to grow for 

3 weeks. The mice were then IP injected with PBS, FNP, T-FNP, C-FNP, or a 50:50 cocktail 

mix of T-FNP and C-FNP formulations loaded with DiI (peptides were tagged with FAM) at 

100 μmol/kg lipid corresponding to 641 μg/kg pSi in 100 μL PBS. After 24h, the mice were 

sacrificed for macrophage and tumor collection. First, we performed intraperitoneal lavage 

using 3–5 mL of 4% PFA in a 20G syringe. After aspirating cells from the peritoneal cavity, 

we opened up the cavity for tumor nodule collection. We then homogenized the tumor 

nodules for further cell separation. Both the lavage and tumor homogenates were treated 

with Dead Cell Removal MicroBeads (Miltenyi Biotec) for magnetic separation on an LS 

column according to the manufacturer’s instructions. The collected cells were then treated 

with Anti-F4/80 microbeads (Miltenyi Biotec) for magnetic separation on an LS column 

according to the manufacturer’s instructions to collect only the macrophages. The 

macrophages from the lavage and tumor homogenates, as well as the tumor cells were run 

through a LSRFortessa flow cytometer (BD Biosciences) to analyze the number of cells 

containing either the particles’ DiI signals (ex: 561 nm/50 mW; em: 582/15 nm) or the 

peptides’ FAM signals (ex: 488 nm/50 mW; em: 510/25 nm). The results were analyzed and 

presented using FlowJo v10 software (FlowJo, LLC).

In vivo siRNA silencing:

After establishment of the mouse tumor model, the tumor nodules were allowed to grow for 

3 weeks. The mice were then IP injected with PBS, T-FNP or C-FNP at 100 μmol/kg lipid, 

corresponding to 62.5 μg/kg siRNA, and 641 μg/kg pSi in 100 μL PBS. After 48h, the mice 

were sacrificed for macrophage and tumor collection. First, we performed intraperitoneal 

lavage using 3–5 mL of 4% PFA in a 20G syringe. After aspirating cells from the peritoneal 

cavity, we opened up the cavity for tumor nodule collection. We then homogenized the 

tumor nodules for further cell separation. Both the lavage and tumor homogenates were 

treated with Dead Cell Removal MicroBeads (Miltenyi Biotec) for magnetic separation on 

an LS column according to the manufacturer’s instructions. The collected cells were then 

treated with Anti-F4/80 microbeads (Miltenyi Biotec) for magnetic separation on an LS 

column according to the manufacturer’s instructions to collect only the macrophages. The 

macrophages from the lavage and tumor homogenates, as well as the tumor cells were 

collected by centrifugation post-magnetic separation by centrifugation at 300g for 5 min at 

4°C.
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The degree of knockdown of pi3kγ in the macrophages and of rev3l in the tumor cells was 

quantified using two-step qRT-PCR (Roche LightCycler 96). The cells were lysed for RNA 

purification using QIAshredder and RNeasy Mini Kit (Qiagen, Valencia, Ca). cDNA was 

transcribed from the purified RNA using the BIORAD iScript cDNA Synthesis Kit and heat-

treated in the Eppendorf Vapo.protect Mastercycler thermal cycler. cDNA was mixed with 

PI3Kγ primers for macrophages and REV3L primers for the tumor cells, with HPRT 

primers as control for both cells (PI3Kγ forward: GGCTCAAAGAAAAATCCCCTA; 

PI3Kγ reverse: AGCCTGCACAGGAATAAACAA; REV3L forward: 

TGAGTTCAAATTTGGCTGTACCT; REV3L reverse: 

TCTAGTCTTCAAAATTTCTTCAAGCA; HPRT forward: 

GTCAACGGGGGACATAAAAG; HPRT reverse: CAACAATCAAGACATTCTTTCCA) 

and iQ SYBR Green Supermix according to the manufacturer’s instructions. qRT-PCR 

analysis was performed in BIORAD 96-well white Multiplate PCR Plates using the Roche 

LightCycler 96. The quantification was performed at n=6 and in a RNAse- and DNAse-free 

laminar flow hood dedicated to RNA work. Relative knockdown was statistically evaluated 

using one-way ANOVA with Tukey’s HSD post-hoc analysis.

In vivo therapeutic efficacy of fusogenic nanoparticles:

After establishment of the mouse tumor model, the tumor nodules were allowed to grow for 

1 week. The mice were then IP injected with PBS, CDDP (2 mg/kg), 1:1 cocktail of CDDP 

(2 mg/kg) with T-FNP, 1:1 cocktail of CDDP (2 mg/kg) with C-FNP, or a 1:1:1 cocktail of 

CDDP (2 mg/kg) with T-FNP and C-FNP at 70.2 μmol/kg lipid, corresponding to 36.1 μg/kg 

siRNA, and 451 μg/kg pSi in 100 μL PBS. The mice were IP injected with 2 mg/kg of 

CDDP every 3 days, and the T- and C-FNP formulations every 7 days. After 30 days, the 

mice were sacrificed and opened for tumor nodule collection. The number of tumor nodules 

were counted and the size of tumor nodules were measured on the longest dimension using a 

caliper. The results were analyzed by one-way ANOVA with Tukey’s HSD post-hoc 

analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Fusogenic nanoparticles (FNPs) are able to deliver payloads directly into the cytoplasm 
by fusion with the cellular plasma membrane.
(a) Schematic of FNP structure and hypothesized uptake pathway in cells. pSiNP stands for 

porous silicon nanoparticles, siRNA represents a double stranded RNA construct, RNAi 

stands for ribonucleic acid interference, and PEG is a polyethylene glycol oligomer. Inset 

shows transmission electron microscope image of FNPs with 2% uranyl acetate negative 

staining. Scale bar represents 100 nm; (b-f) confocal microscope images showing the effect 

of replacing various lipid constituents on the ability of the nano-constructs to infiltrate 

CAOV-3 cells: (b) FNPs, the optimized lipid formulation used in this study; (c) DMPC 

replaced with DSPC; (d) DMPC replaced with DLPC; (e) DOTAP replaced with DOTMA; 

and (f) elimination of DSPE-PEG. For these experiments no targeting peptide was used; 

instead, the terminus of the PEGylated lipid component was methoxy (mPEG) rather than a 

peptide. All formulations contained the DiI membrane dye in the lipid coat, and cells were 

stained with either DAPI nuclear stain or the LysoTracker Green lysosomal compartment 

stain (“Lyso”). Scale bar represents 10 μm.
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Figure 2. Lipid coating of FNPs protect siRNAs from leakage, and allow for cytosolic release 
upon fusion and pSiNP degradation.
(a) Uptake quantification of DiI-loaded FNPs and NNPs administered to CAOV-3 cells that 

were depleted of major markers of endocytosis (cav1, cltc, rac1); (b) in vitro cumulative 

release over time of siPI3Kγ from pSiNPs (porous silicon nanoparticles loaded with 

siPI3Kγ without lipid coating), NNPs (non-fusogenic nanoparticles loaded with siPI3Kγ), 

and FNPs (fusogenic nanoparticles loaded with siPI3Kγ). Cumulative release measured by 

siRNA absorbance measured in the supernatant after centrifugal separation of nanoparticles. 

Error bars represent n=6; (c) confocal microscope images of CAOV-3 cells treated with 

FNPs. Left panel shows cells treated with FNPs loaded with lipophilic DiO (green) in the 

lipid shell and cy3-siIRF5 (red) in the porous silicon core. Right panel shows cells treated 

with FNPs loaded with lipophilic DiO (green) and (non-labeled) siIRF5-loaded porous 

silicon core (red indicates intrinsic photoluminescence from the Si core); (d) confocal 

microscope images of CAOV-3 cells treated with NNPs. Left panel shows cells treated with 

NNPs loaded with lipophilic DiO (green) in the lipid shell and cy3-siGFP (red) in the porous 

silicon core, and right panel shows cells treated with NNPs loaded with lipophilic DiO 

(green) and siGFP-loaded porous silicon core (red indicates intrinsic photoluminescence 

from the Si core). Error bars represent standard deviation of n=6; Scale bar represents 5 μm.
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Figure 3. FNPs induce potent gene silencing effect in vitro and can sensitize cancer cells to 
chemotherapy.
(a) Schematic showing intended mode of action of the two formulations. The chemo-

sensitizing fusogenic nanoparticles (C-FNPs) are loaded with siRNA against Rev3l and are 

targeted to cancer cells via the iRGD peptide, and the TAM-reprogramming fusogenic 

nanoparticles (T-FNPs) are loaded with siRNA against Pi3kγ and are targeted to TAMs via 
the LyP-1 peptide; (b) confocal microscope images of CAOV-3 cancer cells (top row) and 

J774a.1 macrophages (bottom row) treated with DiI-loaded FNPs or non-fusogenic NNPs 

that were non-targeted (FNPs), targeted with iRGD (C-FNPs and C-NNPs) or with LyP-1 

(T-FNPs and T-NNPs). The peptides were tagged with FAM (green in the images) and cell 

nuclei were stained with DAPI (blue). Red channel is the DiI membrane dye. Scale bar 

represents 10 μm; (c) dose-response curve of CAOV-3 cells treated with increasing doses of 

siRNA against Rev3l using Lipofectamine (Lf), iRGD-conjugated non-fusogenic particles 

(C-NNPs), or iRGD-conjugated fusogenic particles (C-FNPs). Bars represent standard 
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deviation with n=8; (d) Pi3kγ knockdown quantification in J774a.1 macrophages treated 50 

or 100 nM of siRNA against Pi3kγ using Lipofectamine (Lf), LyP-1-conjugated non-

fusogenic particles (T-NNPs), or LyP-1-conjugated fusogenic particles (T-FNPs). Bars 

represent standard deviation with n=8. *represents p<0.05 using One-way ANOVA with 

Tukey HSD test; (e) chemosensitivity test in CAOV-3 cells with Rev3l silencing using PBS, 

Lipofectamine with siRNA against Rev3l (Lf/siREV3L), C-NNPs, C-FNPs with siRNA 

against luciferase, and C-FNPs. Cells were treated with increasing doses of cisplatin (cDDP) 

as indicated. Bars represent standard deviation with n=10.
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Figure 4. T- and C-FNPs selectively home to their target cells in vivo with minimal off-target 
accumulation.
(a) ex vivo IVIS 200 fluorescence images of organs harvested from mice bearing peritoneal 

carcinomatosis of CAOV-3 cells. Mice were IP-injected with PBS, DiI-loaded non-targeted 

FNPs, DiI loaded LyP-1 conjugated T-FNPs (fusogenic nanoparticles targeted to tumor 

associated macrophages, or TAMs, via the LyP-1 peptide), and DiI-loaded iRGD-conjugated 

C-FNPs (chemosensitizing fusogenic nanoparticles, targeted to tumor cells via the iRGD 

peptide) for 1h or 24h accumulation time. Image representative of n=5; (b) Image J 

quantification of DiI fluorescence signals from IVIS 200 images. Bars represent standard 

deviation with n=5. * represents One-way ANOVA with Tukey’s HSD test with p<0.05, *** 

represents the same with p <0.01, and N.S. represents no significance; (c-j) DiI signal 

quantification using flow cytometry of macrophages purified from IP lavage fluid and tumor 

nodule homogenates (c-f), or tumor cells (g-j) from the nodule homogenates. Samples were 
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harvested from mice IP injected with DiI loaded FNPs, T-FNPs, C-FNPs, or a 1:1 cocktail of 

C- and T-FNPs. Data is representative of n=4.
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Figure 5. T- and C-FNPs are effective as immuno- and gene therapy formulations for 
combination treatment with chemotherapy.
(a) Pi3kγ expression quantified in macrophages purified from IP lavage fluid and tumor 

nodule homogenates using qRT-PCR. Mice bearing CAOV-3 human ovarian 

adenocarcinoma tumors were IP injected with PBS, LyP-1 conjugated FNPs carrying siRNA 

against Pi3kγ (T-FNP), or iRGD conjugated FNPs carrying siRNA against Rev3l (C-FNP). 

Bars represent standard deviation with n=6. *** represents One-way ANOVA with Tukey’s 

HSD test with p<0.01; (b) Rev3l expression quantified in tumor cells from tumor nodule 

homogenates using qRT-PCR. Mice were IP injected with PBS, T-FNP, or C-FNP. Bars 

represent standard deviation with n=6. *** represents One-way ANOVA with Tukey’s HSD 

test with p<0.01; (c) number of tumor nodules found in mice peritoneum after 30 days of 

treatment with PBS, cisplatin (cDDP) at 2 mg/kg, 1:1 cocktail of cDDP with T-FNPs, 1:1 

cocktail of cDDP with C-FNPs, or 1:1:1 cocktail of cDDP, T-FNPs, and C-FNPs. Bars 

represent standard deviation with n=7. * represents One-way ANOVA with Tukey’s HSD 

test with p<0.05, and *** represents the same with p<0.01; (d) size distribution of tumor 

nodules found mice from (c). Bars and boxes represent each quartile and dots represent 
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outliers, with nPBS= 72, ncDDP= 37, ncDDP+T-FNP= 15, ncDDP+C-FNP= 17, and 

ncDDP+T-FNP+C-FNP= 1.
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