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Abstract

The endosomal barrier is a major bottleneck for the effective intracellular delivery of siRNA by 

nonviral nanocarriers. Here, we report a novel amphotericin B (AmB)-loaded, dual pH-responsive 

micelleplex platform for siRNA delivery. Micelles were self-assembled from poly(2-

(dimethylamino)ethyl methacrylate)-block-poly(2-(diisopropylamino)ethyl methacrylate) (PDMA-

b-PDPA) diblock copolymers. At pH 7.4, AmB was loaded into the hydrophobic PDPA core, and 

siRNA was complexed with a positively charged PDMA shell to form the micelleplexes. After 

cellular uptake, the PDMA-b-PDPA/siRNA micelleplexes dissociated in early endosomes to 

release AmB. Live cell imaging studies demonstrated that released AmB significantly increased 

the ability of siRNA to overcome the endosomal barrier. Transfection studies showed that AmB-

loaded micelleplexes resulted in significant increase in luciferase (Luc) knockdown efficiency 

over the AmB-free control. The enhanced Luc knockdown efficiency was abolished by 

bafilomycin A1, a vacuolar ATPase inhibitor that inhibits the acidification of the endocytic 

organelles. These data support the central hypothesis that membrane poration by AmB and 

increased endosomal swelling and membrane tension by a “proton sponge” polymer provided a 

synergistic strategy to disrupt endosomes for improved intracellular delivery of siRNA.
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Small interfering RNA (siRNA)-mediated RNA interference (RNAi) has received 

considerable attention since the discovery of the RNAi mechanism in 1998.1,2 RNAi holds 

great promise in molecular therapy of intractable and genetic-related human diseases by 

silencing the target mRNA (mRNA).3–5 For systemic siRNA delivery, naked siRNA is 

vulnerable to serum and endogenous nuclease degradations. Furthermore, siRNA does not 

easily cross cellular membranes because of its large size and negatively charged potential. 

Nonviral carriers have been extensively investigated to improve the siRNA stability, 

bioavailability, and delivery efficiency to the target tissues or cells.6–8 Endosomal escape is 

one of the major barriers for nonviral siRNA delivery, since siRNA trapped in endosomes is 

typically trafficked into lysosomes where siRNA is degraded.5,8 To overcome the 

endosomal barrier, a variety of stimuli-responsive nonviral vectors have been 

exploited.9–15Among these, pH-responsive vectors utilizing the acidic intracellular 

environment via proton buffer effect (e.g., poly(ethyleneimine) (PEI), poly(L-histidine), and 

poly(β-amino esters))15–17 or reversible PEG shielding were extensively investigated.18–20 

Furthermore, amphiphilic peptides (AMP) or virus-derived proteins were covalently 

conjugated with the polycationic vectors to enhance siRNA endosomal release by forming 

transmembrane pores or fusing with endosome membranes.11,21,22 Despite these remarkable 

advances, timely and efficient siRNA endosomal escape remains a considerable challenge.

Recently, we reported a new set of pH-activatable micellar (pHAM) nanoparticles with 

tunable pH-responsive properties.23 These nanoparticles were produced from a series of 

diblock copolymers with an ionizable block with controlled hydrophobicity. One such 

polymer, poly(ethylene glycol)-block-poly(2-(diisopropylamino) ethylmethacrylate) (PEG-

b-PDPA), had a pH transition at 6.3.23 The PEG-b-PDPA micelles were specifically 

activated/dissociated in early endosomes (pH = 5.9–6.2)24 via protonation of the PDPA 

segment in the first 30 min after cellular uptake and displayed an excellent “proton sponge” 

effect due to the presence of the diisopropyl-substituted tertiary amines. PEG-b-PDPA 

nanoparticles are a good candidate for endosome-targeted delivery of hydrophobic small 

molecules or siRNA. When the nanoparticles were applied for cell culture study, we 

observed that protonated PEG-b-PDPA unimers were entrapped in late endosome or 
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lysosome vesicles over time, resulting in vesicle enlargement but no visible bursting.23 

These data agreed with the theoretical prediction that the “proton sponge” effect alone is not 

sufficient for endosomal disruption.25

Amphotericin B (AmB), a hydrophobic antifungal drug, is known to transiently increase 

membrane permeability at sublethal concentrations by forming transmembrane pores.26–28 

Bolard et al. reported a cationic lipid AmB derivative with membrane penetration ability for 

antisense oligonucleotide delivery.29 In this study, we hypothesize that combination of 

membrane poration by AmB and endosome swelling by polycations can synergistically 

facilitate the efficient siRNA endosomal escape by disrupting the endosome membrane, 

thereby improving target gene knockdown efficiencies using specific siRNAs. To test this 

hypothesis, we established dual pH-responsive poly(2-(dimethylamino)ethyl methacrylate)-

block-poly(2-(diisopropylamino)ethyl methacrylate) (PDMA-b-PDPA) micelles for AmB 

and siRNA co-delivery. The PDPA segment self-assembled into hydrophobic cores for 

AmB encapsulation at pH 7.4, whereas the PDMA segment formed a positively charged 

shell that allowed for siRNA complexation (Figure 1). We refer to this micelle-mediated 

formation of a siRNA complex as a “micelleplex” to differentiate from other compaction 

forms (e.g., polyplexes where siRNA directly complexes with cationic polymers).30

RESULTS

Characterization of Dual pH-Responsive PDMA-b-PDPA Copolymer and Micelles

PDMA-b-PDPA copolymer was synthesized by atom transfer radical polymerization 

(ATRP).31 Several other diblock copolymers (e.g., poly(ethylene glycol)-block-poly(2-

(diisopropylamino)ethyl methacrylate) (PEG-b-PDPA), polystyrene-block-poly(2-

(dimethylamino)ethyl methacrylate) (PSt-b-PDMA), and poly-(ethylene glycol)-block-

poly(2-(dimethylamino)ethyl methacrylate) (PEG-b-PDMA)) were also synthesized by the 

ATRP method as various controls (Figure 2A for chemical structures, Supporting 

Information Figure SI 1 and Table SI 1 for polymer syntheses and characterizations).

pH titration of PDMA-b-PDPA copolymer showed dual pH transitions: one coincided with a 

PDPA segment (pKa = 6.3) and the other with PDMA (pKa = 7.4) (Figure 2B). PEG-b-

PDPA and PEG-b-PDMA copolymers are shown for comparison. As previously 

demonstrated, hydrophobic PDPA segments led to cooperative deprotonation of PDPA 

tertiary ammonium groups, resulting in a dramatically sharpened pH transition.23 More 

specifically, a majority of the deionization (e.g., α = 10% to 90%, where α is defined as the 

mole fraction of neutral amines: α = [R3N]/([R3N] + [R3NH+])) for PEG-b-PDPA 

copolymer occurs within 0.5 pH unit, compared to approximately 2 pH units for the 

hydrophilic PEG-b-PDMA copolymer. PDMA-b-PDPA copolymer showed a composite 

behavior, where initial titration (α < 0.6) illustrated ultra-pH-sensitive behaviors from the 

PDPA segment, and later titration (α > 0.6) was similar to that of PDMA. These data 

suggested a strong buffer capacity of PDMA-b-PDPA copolymers.

Supporting Information Available: This material is available free of charge via the Internet at http://pubs.acs.org.
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To examine the dual pH-responsive properties of the PDMA-b-PDPA micelles, we applied 

dynamic light scattering (DLS) and zeta-potential analyses to examine their pH-dependent 

swelling and dissociation properties. As shown in Figure 2C and D, at pH > 6.3, PDMA-b-

PDPA micelles were formed, and the micelle size and zeta potential decreased with the 

increase of pH, primarily due to the deprotonation of the PDMA shells (pKa = 7.4). More 

specifically, the surface potential decreased from +41 mV at pH 6.4 to +8 mV at pH 8.2. At 

pH 7.4, the surface charge is around +30 mV, still highly positive for siRNA compaction. In 

the pH range of 6.4 to 8.2, the inverse correlation of particle size and zeta potential for 

PDMA-b-PDPA micelles with pH was similar to that from the PSt-b-PDMA micelles. Since 

the hydrophobic PSt core is pH-insensitive, the decrease of particle size and surface charge 

of the PSt-b-PDMA micelles should be caused by the deprotonation of the PDMA shell. In 

contrast, PEG-b-PDPA micelles displayed relatively the same particle size and zeta-potential 

in this pH range because of the presence of a neutral PEG layer. At pH < 6.3 (i.e., the pKa of 

the PDPA segment), no PDMA-b-PDPA or PEG-b-PDPA micelles were detected by DLS 

due to the protonation of the PDPA segment and dissociation of the nanoparticles.

AmB Loading and siRNA Complexation

We controlled the AmB loading density in the PDMA-b-PDPA micelles at 0.5, 1.0, and 2.0 

wt % (see Supporting Information Table SI 2). The AmB loading efficiency was over 95%, 

as determined by UV–vis spectra, suggesting good miscibility between AmB and PDPA 

block. This in turn contributed to the high stability of the AmB-loaded micelles (e.g., no 

observable AmB precipitation within 24 h storage at room temperature). The particle size 

and surface charge of the AmB-encapsulated micelles were investigated by DLS and zeta-

potential measurement, respectively (see Table SI 3). The micelles with 2.0 wt % AmB 

loading were 13 nm larger than the AmB-free ones. This phenomenon agreed well with our 

previous observation that loading of hydrophobic drug in polymeric micelles led to 

increased particle size. The surface charge of the AmB-loaded micelles was approximately 

+32 mV at different AmB loading densities. After siRNA complexation, particle size and 

zeta-potential were found comparable to that of the AmB-loaded micelles at a weight ratio 

above 7.5 (Figure SI 2A and B).

The stability of the siRNA-loaded PDMA-b-PDPA micelleplexes was examined by gel 

electrophoresis assay. At a polymer to siRNA weight ratio of 5.0 or above (“N/P” ratio of 

2.0, calculated using the nitrogens from dimethyl amino groups only), the shift of the siRNA 

band was completely retarded, suggesting high siRNA binding affinity by the PDMA-b-

PDPA micelles (Figure 2E).

The PDPA-protonation-induced dissociation of the AmB-loaded micelleplexes was 

confirmed by TEM examination. At pH 7.4, the AmB-free and AmB-loaded micelles were 

both found to be spherical. At pH 6.0, only amorphous aggregates of the siRNA/polymer 

complexes or PDMA-b-PDPA unimers were present, suggesting complete micelle 

dissociation at endosomal pH (Figure 2F).
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Evaluation of the Endosomal Escape Capability of AmB-Free PDMA-b-PDPA Micelleplexes

To investigate the endosomal destabilization capability of the PDMA-b-PDPA micelleplexes 

in vitro, we introduced a PEG-b-PDPA copolymer where the PDPA segment was covalently 

labeled with tetramethylrhodamine (TMR) dyes. As demonstrated previously, PEG-b-

(PDPA-TMR) micelle assembly at neutral pH resulted in the self-quenching of the TMR 

fluorescence signal.23 At pH 6.2, the TMR signal of the TMR-labeled PDMA-b-PDPA 

micelleplex recovered dramatically due to the increased fluorophore distance as a result of 

micelle dissociation (Figure SI 3). Alexa647-labeled scrambled siRNA (AlexasiRNA-Scr) 

was complexed to the micelle corona layer, and the intracellular uptake of the resulting 

micelleplexes A549 human lung cancer cells (with stable luciferase expression, referred as 

“A549-Luc”) was monitored by confocal laser scanning microscopy (CLSM) examination. 

As shown in Figure 3A, after 12 h incubation, considerable TMR fluorescent signal was 

observed owing to the dissociation of the PDMA-b-PDPA micelles. The red dots belonging 

to TMR colocalized with those of Alexa, indicating the complexation of the protonated 

PDMA-b-PDPA unimers with siRNA. It should be noted that only a small fraction of the 

TMR/Alexa fluorescent dots colocalized in the Rab5a-GFP-labeled early endosomes (top 

panel). Instead, the majority of the TMR/Alexa dots overlapped with the Lamp1-GFP 

(bottom panel), owing to the trafficking of the micelleplexes from early endosomes into later 

endosomes or lysosomes. Similar results were obtained at extended incubation time (24 h) 

because of late endosome/lysosome entrapment of the copolymer/siRNA complexes (Figure 

SI 4A).

Next, to verify that the micelleplex dissociation was endosome acidification-induced, A549-

Luc cells were pretreated with bafilomycin-A1 (Baf-A1), a potent inhibitor for vacuolar-

type H+-ATPase (V-ATPase) proton pump. The V-ATPase is responsible for the 

acidification of the intracellular vesicles (i.e., endosomes or lysosomes).32,33 As shown in 

Figure 3B, A549-Luc cells displayed “silenced” TMR signals without affecting the emission 

of Alexa fluorophores after 12 h Baf-A1 treatment. This result is consistent with the 

inhibition of endosome/lysosome acidification and corresponding lack of dissociation of the 

PDPA core. Extending the incubation time to 24 h, comparable a TMR fluorescence signal 

appeared in the Baf-A1-treated cells to that in the untreated cell controls, which was 

attributed to the reduced intracellular Baf-A1 concentration and recovery of low lysosomal 

pH (Figure SI 4B). These data were further corroborated by flow cytometry analysis. As 

shown in the Supporting Information, after 4 h micelleplex incubation, no TMR positive 

cells were detected in Baf-A1-pretreated cell populations, in significant contrast with the 

Baf-A1-untreated cells (>50% TMR positive). On the other hand, Baf-A1-treated or 

untreated cells displayed 63% or 68% Alexa positive percentages, respectively (Figure SI 5), 

indicating Baf-A1-induced inhibition of vesicle acidification did not interfere with the 

cellular uptake of micelleplexes.

AmB-Enhanced Endosomal Escape of siRNA

To test our hypothesis that AmB can facilitate the efficient siRNA endosomal escape, we 

examined the intracellular trafficking of the AmB-loaded micelleplexes by CLSM. To do 

that, TMR-dextran, a fluidic phase endocytosis marker, was selected to label the intracellular 

vesicles of A549-Luc cells.34 In contrast to the TMR-conjugated PEG-b-PDPA copolymer, 
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the fluorescence signal of pH-insensitive TMR-dextran can stay ON after endosomal escape 

into the cytoplasm. Figure 4 shows that the AmB-free micelleplexes had TMR signals (red 

spots) colocalized well with the Alexa dye (blue spots) due to siRNA trapping in the late 

endosome or lysosome. When the cells were treated with 0.5 wt % AmB-loaded 

micelleplexes, the TMR-dextran and Alexa-siRNA diffused throughout the cells, suggesting 

endosome disruption and release of dextran and siRNA into the cytoplasm. At a high AmB-

loading density of 1.0 wt %, a more diffusive siRNA distribution pattern was found (Figure 

4 and Figure SI 6). The diffusive pattern of siRNA distribution is consistent with a recent 

literature report that scrambled siRNA was distributed throughout the cytoplasm and 

nucleus.35

AmB-Enhanced Target Gene Knockdown in A549-Luc Cells

Transfection studies were conducted to investigate the correlation between AmB-enhanced 

siRNA endosomal escape and specific target gene (i.e., luciferase (Luc)) knockdown 

efficiency. PDMA50-b-PDPA65 copolymer with optimized composition was selected for the 

preparation of AmB-loaded micelleplexes and siRNA transfection studies. As shown in 

Figure 5A, 1.0 wt % AmB-loaded micelleplexes (w/w 7.50) silenced >80% Luc protein 

expression as measured by Luc activity, 1.8-fold higher than the AmB-free control. At an 

AmB-loading density of 0.5 wt %, the micelleplexes knocked down >90% of Luc protein 

expression (w/w 10.0), 1.3-fold more efficient than the AmB-free control. The relative cell 

viability of transfected cells was evaluated by MTT assay, and no statistical difference 

between the cytotoxicity of the AmB-loaded versus AmB-free micelleplexes was noted 

(Figure 5B). The AmB-enhanced Luc knockdown was also found in PC-3-Luc prostate and 

MBA-MD-231-Luc breast cancer cells (data not shown), suggesting that the AmB-enhanced 

siRNA endosomal escape can serve as a general mechanism to improve siRNA delivery in a 

variety of cancer cell types.

To investigate the siRNA dosage effect on Luc knockdown, A549-Luc cells were treated by 

1.0 wt % AmB-loaded micelleplexes at the three siRNA concentrations of 19, 38, and 75 

nM. As shown in Figure 5C, AmB loading significantly reduced the effective siRNA 

concentrations for sufficient Luc knockdown. That is, at the same siRNA concentration of 

19nM and polymer to siRNA weight ratio of 10, AmB-loaded micelleplexes silenced 70% 

of Luc protein expression, 2.1-fold more efficient than the AmB-free control. Similar trends 

were observed at increased siRNA concentrations and polymer to siRNA weight ratios.

To validate the advantage of endosome-targeted AmB and siRNA co-delivery, a mixed 

solution of free AmB and PDMA-b-PDPA micelleplex was further applied in a transfection 

study. Free AmB exhibited no positive effect on the Luc knockdown, while elevated 

cytotoxicity was observed compared to AmB-loaded micelleplexes (Figure 5A and Figure SI 

7). This might be caused by free AmB, which induces Na+/K+ ion leakage via formation of 

transmembrane ion channels in the extracellular membrane.36

AmB Synergizes with PDMA-b-PDPA Unimers in Membrane Disruption

In an attempt to understand the mechanism for AmB-enhanced siRNA endosomal escape, 

we examined the membrane destabilization capability of the AmB-loaded PDMA-b-PDPA 
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micelles by an erythrocyte lysis assay.37 Figure 5D illustrated that no hemoglobin was 

released from the red blood cells (RBC) when treated with free AmB at either pH (7.4 and 

6.2). This could be explained by the smaller AmB-induced membrane pore size than that of 

hemoglobin protein.36,38 Hemoglobin was also not released from RBC when treated with 

AmB-free or AmB-loaded PDMA-b-PDPA micelles at pH 7.4. In contrast, at pH 6.2, 50% 

or 60% of hemoglobin was dramatically released from RBC treated with 0.5 or 1.0 wt % 

AmB-loaded micelles, 2.3- and 2.6-fold higher than the cells exposed to AmB-loaded 

PDMA-b-PDPA micelles at pH 7.4, respectively.

AmB-Enhanced Luc Knockdown Can Be Abolished by Baf-A1

To investigate the influence of endosomal acidification on Luc knockdown, we pretreated 

the A549-Luc cells with Baf-A1 1 h before micelleplex addition. As shown in Figure 6A, 

after Baf-A1 treatment, although AmB-loaded micelleplexes showed higher Luc expression 

knockdown than the AmB-free control, both types of micelleplexes silenced <20% of Luc 

protein expression (w/w 10), much lower than the Baf-A1-untreated control. This could be 

explained by Baf-A1-inhibited micelleplex dissociation and, thereby, AmB release from the 

PDPA core.

To further elucidate the role of AmB on Luc knockdown, we delayed the Baf-A1 addition 

time post micelleplex addition to allow AmB release. When Baf-A1 was added 3 h later 

after micelleplex addition, AmB-loaded micelleplexes silenced >80% of Luc protein 

expression, which was 2.7-fold more efficient than AmB-free ones in the same cells (Figure 

6B). A similar pattern was found when the cells were treated with Baf-A1 at longer delayed 

time after micelleplex addition (e.g., 6 or 12 h post micelleplex addition).

DISCUSSION

RNAi is recognized as a promising strategy for treatment of genetic-related human diseases. 

Here, we established a PDMA-b-PDPA micelleplex platform for siRNA delivery. The 

PDMA-b-PDPA micelles displayed dual pH-responsive and strong proton buffer properties 

(pH 6.3–7.4) owing to the stepwise protonation of the PDMA shell and PDPA core. Given 

the positive charges at neutral pH, PDMA polyplexes or PDMA-modified quantum dots 

were previously examined for siRNA complexation and delivery.39,40 In contrast, the PDPA 

segment, which is readily protonated at endosomal pH, serves as a “proton sponge” to 

destabilize the endosome membrane.41,42 However, neither PEG-b-PDPA micelles nor 

PDMA-b-PDPA micelleplexes resulted in observable endosome disruptions, as shown in our 

previous and current studies, despite their selective activation in early endosomes. In this 

study, we hypothesized that incorporation of AmB, a membrane poration agent, can 

synergize with the “proton sponge” properties of PDMA-b-PDPA copolymers to overcome 

the endosomal barrier. As demonstrated in Figure 4 and the Supporting Information (Figure 

SI 6), AmB-loaded PDMA-b-PDPA micelleplexes displayed much improved ability for 

siRNA endosomal escape, which was more notable over extended incubation time. AmB-

prompted, efficient siRNA cytosol release positively correlated with the Luc knockdown 

efficiency (Figure 5A).
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The Luc knockdown activity of both AmB-loaded and AmB-free micelleplexes was blocked 

by Baf-A1 pretreatment (Figure 6A). Thus, inhibition of PDMAb-PDPA protonation and 

micelleplex dissociation prevented siRNA-Luc efficacy. The acidic vesicular pH recovered 

and PDMA-b-PDPA micelleplexes dissociated 24 h after Baf-A1 incubation (Figure SI 4B); 

however, this did not lead to silence of Luc protein expression. This was most probably 

caused by the lysosome degradation of siRNA since all micelleplexes were found to 

accumulate in late endosomes or lysosomes 12 h postcellular uptake. This information 

suggests that timely siRNA endosomal escape is crucial for efficient target gene 

knockdown.43 Cells were treated at different time points after micelleplex addition to allow 

micelleplex dissociation and AmB release. As predicted, when the cells were treated by Baf-

A1 3 h after micelleplex addition, AmB-loaded micelleplexes displayed recovered Luc 

expression knockdown ability like the Baf-A1-untreated control, presumably due to the 

AmB-induced, cytoplasmic delivery of siRNA (Figure 6B). In contrast, AmB-free 

micelleplex-induced Luc protein expression knockdown was blocked by Baf-A1 post-

treatment (<20%) regardless of Baf-A1 addition time (i.e., 3, 6, or 12 h), suggesting low 

efficiency of siRNA intracellular release without AmB incorporation. These data supported 

the hypothesis that AmB increased/accelerated the siRNA endosomal escape at an early 

stage of endocytosis.

We proposed an AmB-enhanced siRNA endosomal escape mechanism in Figure 1. Upon 

endocytosis and micelleplex dissociation, the AmB molecules were released, then inserted 

into the endosome membrane, which causes dramatic destabilization of the endosome 

membrane by forming transmembrane pores.26–28 Meanwhile, protonation of PDMA and 

PDPA tertiary amines led to increased osmotic pressure, and protonated PDMA-b-PDPA 

unimers attached onto the endosome membrane may further increase membrane 

tension.44,45 We propose that these three factors synergistically caused disruption of the 

endosome membranes to release siRNA (Figure 1B). In contrast, AmB-free micelleplexes 

were entrapped in late endosomes/lysosomes and caused vesicle swelling due to the lack of 

membrane disruption capacity (Figure 1C).

Compared to conventional siRNA vectors, the AmB-loaded dual pH-responsive PDMA-b-

PDPA micelleplex platform possesses several advantages. The PDMA-b-PDPA micelles are 

composed of a positively charged PDMA shell and a hydrophobic PDPA core at 

physiological conditions, thereby allowing sequential loading of AmB and siRNA into the 

micelleplex core and shell, respectively. The PDPA core can be selectively activated in early 

endosomes, leading to AmB release for endosome membrane destabilization. The 

nanoparticle-templated PDMA corona can increase the stability of siRNA complexation, as 

demonstrated by the low N/P ratio (i.e., N/P = 2.0) for the efficient compaction of siRNA 

(Figure 2E). The AmB-loaded micelleplex platform we presented here can also be applied 

for simultaneous co-delivery of therapeutic siRNA and water-insoluble anticancer drugs 

(e.g., paclitaxel) to exploit the maximal synergy for cancer therapy.46,47

CONCLUSION

In summary, we report the development of a novel AmB-loaded micelleplex platform for 

siRNA delivery into mammalian cells. The micelleplexes exhibited a dual pH-responsive 
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property to changes of physiological and endosomal pH's. Upon endocytosis, the PDMA-b-

PDPA micelleplexes dissociated to release AmB into endocytic vesicles to destabilize the 

endosome membranes. AmB loading did not show additional toxicity or affect the 

intracellular micelleplex uptake. Instead, AmB increased siRNA endosomal escape and 

enhanced siRNA-Luc knockdown efficiency caused by the PDMA-b-PDPA micelleplexes. 

We proposed a synergistic membrane disruption mechanism through AmB-mediated pore 

formation, PDMA-b-PDPA-induced increase in osmotic pressure and membrane tension. 

The described method provides a useful strategy to overcome the endosomal barrier for 

siRNA delivery and help to realize the potential of targeted RNAi therapy.

EXPERIMENTAL PROCEDURES

Materials

Diblock copolymers PDMA-b-PDPA, PEG-b-PDPA, PEG-b-PDMA, and PSt-b-PDMA 

were all synthesized by the ATRP method as described in the Supporting Information. 

Tetramethyl rhodamine-conjugated PEG-b-PDPA copolymer (PEG114-b-P(DPA60-r-

TMR6)) was synthesized following our published procedure.23 Amphotericin B and 

bafilomycin A1 were ordered from Sigma-Aldrich. Ultracentrifugal units (molecular weight 

cutoff (MWCO) 100 kDa) and dialysis tubing (MWCO 3.5 kDa) were ordered from Fisher 

Scientific, Inc. Diethyl pyrocarbonate-treated Milli-Q water was autoclaved and used for 

siRNA dissolving. All other solvents and reagents were used as received from Sigma-

Aldrich or Fisher Scientific, Inc. The CellLight Reagents for early endosome (Rab5a-GFP) 

or late endosome/lysosome (Lamp1-GFP) labeling were purchased from Invitrogen.

Ready to use siRNA duplexes, GL3 luciferase specific siRNA (siRNA-Luc), [5′-GAU UAU 

GUC CGG UUA UGU AUU-3′ (sense)], and scrambled RNA (siRNA-Scr) nonspecific to 

any human gene, [5′-CGG UGA GCC AGG CGU GCA AUU-3′ (sense)], were custom 

ordered from Dharmacon (Lafayette, Co., USA). siRNA-Scr with AlexaFluor647 labeling at 

the 5′ end (Alexa-siRNA-Scr) was ordered from QIAGEN Inc. (Valencia, CA, USA).

Micelle Preparation

Micelle stock solution (10 mg· mL−1) in Hepes-buffer glucose solution (HBG, 20 mM 

Hepes-HCl buffer, 5.0 w/v % glucose, pH 7.4) was prepared by a solvent evaporation 

method (see Supporting Information for details). PEG114-b-P(DPA60-r-TMR6) was mixed 

with PDMA-b-PDPA at 20/80 weight ratios for preparation of the TMR-labeled micelles. To 

prepare AmB-loaded micelles, PDMA-b-PDPA copolymer and a certain amount of AmB 

were dissolved in THF and DMSO, respectively, and the micelles were prepared by the 

solvent evaporation method. The PDMA-b-PDPA micelle stock solution was diluted to 0.5 

mg · mL−1 in HBG for siRNA complexation.

AmB loading percentage and encapsulation efficiency were determined by UV–Vis spectra 

(λ = 384 nm). The particle size and zeta-potential of the micelles or siRNA-loaded 

micelleplexes were determined by dynamic light scattering with a Zetasizer Nano ZS 

(Malvern Instruments, Worcestershire, U.K.). All the measurements were conducted using at 

a He–Ne laser (λ = 633 nm) at 25 °C. The zeta-potential was measured using a folded 
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capillary cell (Malvern Instruments, Herrenberg, Germany). The presented data were 

averaged from three independent measurements.

Erythrocyte Lysis Assay

The erythrocyte lysis assay was conducted following a literature method with minor 

adaption.37 Briefly, human erythrocytes were isolated from fresh citrate-treated mouse 

blood, washed first in phosphorus buffer saline (PBS) solution and then in lysis assay 

buffers (20 mM Hepes-HCl buffer, 150 mM NaCl, pH 7.4 or pH 6.2). The erythrocyte 

pellets were diluted with 10-fold lysis assay buffer. A certain amount of AmB-free or AmB-

loaded micelle solution was added into 135 µL of lysis assay buffer in a 96-well tissue 

culture plate, mixed with 15 µL of erythrocyte suspension. The tissue culture plates were 

then incubated at 37 °C for 1 h under constant shaking. The hemoglobin release was 

determined using a microplate UV–vis spectra reader (Abs450). Complete erythrocyte lysis 

was determined by 10% Triton X-100-treated erythrocyte solution. The Abs450 of the lysis 

assay buffer was set as a negative control.

Cell Culture

Cell culture medium (DMEM or Opti-MEM) was obtained from Invitrogen or Gibco. A549 

human non-small-cell lung cancer (NSCLC) cells were kindly provided by Dr. John Minna 

(UT Southwestern Medical Center, Dallas, TX). A549 cells stably expressing CMV-driven 

luciferase protein (A549-Luc) were generated by lentiviral vector-mediated transfection.48 

Both A549 and A549-Luc cells were tested to be mycoplasma free and cultured in DMEM 

with 5% FBS supplement in a humidified 10% CO2 atmosphere at 37 °C.

Live Cell Imaging

A549-Luc cells expressing Rab5a-GFP (early endosome marker) or Lamp1-GFP (late 

endosome/lysosome marker) were produced by transfection with the CellLight Reagents 

following the manufacture's protocol. The transfected A549-Luc cells were seeded in 35 mm 

glass-bottom dishes in 2.0 mL of DMEM medium at a density of 5 × 104 per dish. After 24 

h culture, the medium was replaced with fresh Opti-MEM, and 10.0 µg of TMR-labeled 

micelleplexes containing 1.0 µg of siRNA was added. The cells were incubated at 37 °C and 

imaged at designated times using a Nikon TE2000-E confocal laser scanning microscope 

equipped with a far-red filter and 60× objective lens. The GFP, TMR, and Alexa dyes were 

excited at 488, 543, and 575 nm and detected at 515, 595, and 675 nm (far-red), 

respectively.

To investigate AmB-enhanced siRNA endosomal escape, A549-Luc cells were seeded in a 

35 mm cell culture dish and grown for 24 h in DMEM medium. The medium was replaced 

by 1.0 mL of Opti-MEM containing 2.0 mg of TMR-dextran. After 15 min incubation at 37 

°C, 10.0 µg of micelleplex solution containing 1.0 µg of Alexa-siRNA was added. The cells 

were imaged with CLSM at designated time points.

Luc Knockdown Efficiency in Vitro

The Luc knockdown studies were performed in A549-Luc cells. Cells were seeded into 96-

well tissue culture plates at a density of 5000 cells per well and cultured for 24 h. The 

Yu et al. Page 10

ACS Nano. Author manuscript; available in PMC 2016 March 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DMEM growth medium was replaced by Opti-MEM medium, and 20 µL of micelleplex 

HBG solution was added into each well. After 24 h incubation, Opti-MEM medium was 

replaced by DMEM medium. The cells were cultured for an additional 24 h and lysed. The 

Luc activity was measured using a microplate luminometer (Centro LB 960, Berthold 

Technologies GmbH., Bad Wildbad, Germany). All the measurements were done in 

triplicates and repeated twice.

Influence of Baf-A1 Treatment on Micelleplex Dissociation and siRNA Transfection

To investigate the influence of Baf-A1 treatment on micelleplex dissociation, A549-Luc 

cells expressing Rab5a-GFP or Lamp1-GFP were cultured in fresh Opti-MEM medium 

containing 200 nM Baf-A1 and 10 µg of TMR-labeled micelleplexes (containing 1.0 µg 

siRNA, 75 nM). The cells were imaged by CLSM at different time points. After live cell 

imaging, part of the cells were collected for flow cytometry analysis.

To investigate the Baf-A1 effect on siRNA transfection, the A549-Luc cells were treated 

with 200 nM Baf-A1 at different time points after micelleplex addition. After 24 h 

incubation, the Opti-MEM medium was replaced by DMEM medium (with 5% FBS 

supplement). The cells were continually cultured for an additional 24 h and lysed for Luc 

activity analysis.

Statistical Analysis

Data were presented as the mean ± standard deviation. The statistical significance was 

determined using the analysis of variance (ANOVA) and two-tail Student's t test. p values < 

0.05 were considered statistically significant.
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Figure 1. 
Schematic diagram of AmB-loaded dual pH-responsive micelleplexes for siRNA delivery 

with enhanced siRNA endosomal escape ability. (A) Production of AmB-loaded PDMA-b-

PDPA micelleplexes. AmB was loaded in the hydrophobic PDPA core, and siRNA was 

complexed with the PDMA corona shell. (B) AmB-facilitated endosome disruption and 

siRNA cytoplasmic release (a: AmB-loaded micelleplexes dissociated in early endosomes 

after cell uptake, and AmB molecules are inserted into endosomal membranes; b: protonated 

PDMA-b-PDPA unimers complexed with siRNA and trafficked from early endosomes into 

late endosome/lysosomes, causing vesicle swelling; c: AmB-enhanced siRNA release from 

endosomes into cytoplasm via membrane destabilization). (C) In the case of AmB-free 

micelleplexes, polymer/siRNA complexes were entrapped in late endosomes or lysosomes 

without efficient cytoplasmic siRNA release.
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Figure 2. 
Physical characterization of the dual pH-responsive PDMA-b-PDPA micelles and 

micelleplexes. (A) Chemical structures of the diblock copolymers used in this study. (B) 

Titration curves of PDMA-b-PDPA, PEG-b-PDPA, and PEG-b-PDMA copolymers. Change 

of hydrodynamic diameter (C) and zeta-potential (D) of the PDMA-b-PDPA micelles as a 

function of buffer pH (*no particles were detected by DLS for PEG-b-PDPA and PDMA-b-

PDPA micelles at pH 6.2, indicating their dissociation at acidic pH). The surface charge of 

PSt-b-PDMA micelles reached a plateau at pH 6.2 owing to the complete protonation of the 
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PDMA segment. (E) Gel shift assay shows the siRNA binding stability by the PDMA50-b-

PDPA65 micelleplexes. (F) TEM images of AmB-free or 1.0 wt % AmB-loaded PDMA-b-

PDPA micelleplexes at pH 7.4 and 6.0, respectively (scale bars = 200 nm).
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Figure 3. 
CLSM examination of intracellular dissociation of TMR-labeled PDMA-b-PDPA 

micelleplexes. (A) Intracellular dissociation of PDMA-b-PDPA micelleplexes in A549-Luc 

cells containing Rab5a-GFP-labeled early endosomes (top panel) or Lamp1-GFP-labeled 

late endosomes/lysosomes (middle panel). Dissociation of micelleplexes resulted in the 

activation of TMR signal (red), which showed colocalization with late endosomes/

lysosomes. (B) Baf-A1 inhibited the intracellular dissociation of the PDMA-b-PDPA 

micelleplexes in A549-Luc cells, as indicated by the lack of TMR fluorescence from the pH-

activatable micelles (bottom panel) (scale bar = 10 µm). siRNA molecules were labeled with 

Alexa dye and are shown as the blue color.
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Figure 4. 
CLSM examination of siRNA endosomal escape in the cells treated with AmB-loaded 

micelleplexes. The images were taken 12 h after micelleplex incubation. Compared to the 

AmB-free micelleplexes, AmB-loaded micelleplexes significantly increased the siRNA 

endosomal escape, as indicated by the diffusive distribution of Alexa-labeled siRNA 

molecules (control: untreated cells; AmB-0: AmB-free micelleplex-treated cells; AmB-0.5: 

0.5 wt % AmB-loaded micelleplexes; AmB-1.0: 1.0 wt % AmB-loaded micelleplexes, scale 

bar = 20 µm). TMR-dextran polymers were used as an endosomal marker.
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Figure 5. 
siRNA transfection study of AmB-loaded PDMA-b-PDPA micelleplexes in A549-Luc cells. 

(A) Influence of AmB loading on Luc knockdown efficiency by the PDMA-b-PDPA 

micelleplexes (siRNA concentration = 75 nM, or 100 ng per well). The Rel Luc knockdown 

was determined by normalizing the decreased Luc activity in siRNA-Luc-treated cells over 

that of the siRNA-Scr-treated control. (B) Relative cell viability of A549-Luc cells 

transfected by AmB-loaded micelleplexes as determined by the MTT assay. (C) Comparison 

of AmB-free vs AmB-loaded siRNA/micelleplexes as a function of micelleplex dose and 

PDMA-b-PDPA/siRNA ratio. Significant increase in Luc knockdown efficiency was 

observed with AmB loading. (D) Erythrocytic activity of AmB-loaded micelleplexes. At 

lower pH (6.2), significantly increased hemolytic activities were observed with the 

combination of AmB and PDMA-b-PDPA copolymer, demonstrating the synergistic effect 

in membrane destabilization.
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Figure 6. 
Influence of Baf-A1 treatment on Luc knockdown efficiency by the AmB-loaded PDMA-b-

PDPA micelleplexes. (A) Relative Luc knockdown efficiency of AmB-loaded micelleplexes 

in Baf-A1-pretreated A549-Luc cells. (B) Relative Luc knockdown efficiency vs Baf-A1 

addition times. The cells were first treated with micelleplex, and then Baf-A1 was added at 

different time points (0, 3, 6, or 12 h) after micelleplex addition (1.0 wt % AmB loading, 

w/w 10, and siRNA concentration of 75 nM were applied) (*p < 0.05, **p < 0.01). Rel Luc 

knockdown was determined by normalizing the decreased Luc activity in siRNA-Luc-

treated cells over that of the siRNA-Scr-treated control.
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