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Abstract

Cancer cells have high rates of glycolysis and lactic acid fermentation in order to fuel accelerated 

rates of cell division (Warburg effect). Here, we present a strategy for merging cancer and yeast 

metabolism to remove pyruvate, a key intermediate of cancer cell metabolism, and produce the 

toxic compound acetaldehyde. This approach was achieved by administering the yeast enzyme 

pyruvate decarboxylase to triple negative breast cancer cells. To overcome the challenges of 

protein delivery, a nanoparticle-based system consisting of cationic lipids and porous silicon was 

employed to obtain efficient intracellular uptake. The results demonstrate that the enzyme therapy 

decreases cancer cell viability through production of acetaldehyde and reduction of lactic acid 

fermentation.
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1. Introduction

Approximately half a million people are annually expected to die of cancer in the United 

States, making this disease the second leading cause of death [1]. Although cancer is an 

umbrella term for over one hundred diseases, there exist common characteristics shared by 

all cancers, often referred to as the hallmarks of cancer [2, 3]. These hallmarks include self-

sustained growth, evasion of apoptosis, unlimited replication, invasion, angiogenesis, 

abnormal metabolism, evasion of the immune system, genomic instability, and 

inflammation. Many strategies have been employed to target these hallmarks, including 

cytotoxic drugs, natural compounds, hormonal therapies, antibodies, oncolytic viruses, 

immune system modulators, photothermal therapies, and small interfering RNA (siRNA) [4–

16]. The majority of these cancer therapeutics aims to halt cancer progression by initiating 

programmed cell death or preventing cell division. The major challenge in developing 

therapeutics lies in finding ways to specifically target cancer cells without detrimentally 

affecting normal cells. Moreover, the prevalence of drug resistance necessitates the 

development of new therapeutics and strategies so that patients may continue to receive 

efficacious therapies [4]. A promising but less commonly used strategy for suppressing 

cancer growth involves targeting abnormal metabolic pathways.

Here, we have devised a strategy for merging metabolic pathways in cancer and yeast cells 

for therapeutic purposes. Namely, the yeast enzyme pyruvate decarboxylase has been used to 

interfere with cancer cell metabolism through the consumption of pyruvate and the 

production of acetaldehyde (Figure 1), a reaction that does not typically occur in mammals 

[17]. Pyruvate is the substrate for both the citric acid cycle (aerobic metabolism) and lactic 

acid fermentation (anaerobic metabolism). These respiratory pathways are essential for cell 

survival as they produce energy in the form of adenosine triphosphate (ATP) and precursors 

for biomolecules utilized to generate new cells [18]. Despite lower energy yields, cancer 

cells have been shown to favor high rates of lactic acid fermentation even in the presence of 

oxygen [19]. This phenomenon, termed the Warburg effect, is thought to occur because 
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cancer cells are less dependent on efficient energy production than the generation of 

biological precursors that can serve as building blocks for new cells [20]. In fact, the process 

of converting pyruvate to lactate produces a supply of intermediate metabolites, which can 

be used to construct lipids, nucleic acids, and proteins that are essential materials for cells. 

The Warburg effect also entails higher levels of glycolysis, resulting in increased production 

of the glycolytic metabolite pyruvate [20, 21]. Since pyruvate decarboxylase specifically 

targets pyruvate, which is produced in high amounts in cancer cells, the resulting therapeutic 

effects are likely to be more pronounced in malignant cells. In addition to suppressing lactic 

acid fermentation, the conversion of pyruvate to acetaldehyde could also have detrimental 

effects on cancer cells due to the toxic effects of acetaldehyde, which include increased 

membrane permeability and reduced cell viability [22]. In particular, exposure to 

acetaldehyde has been shown to cause polymerization of microtubules, lipid peroxidation, 

collagen production, and adverse mitochondrial effects [23].

Pyruvate decarboxylase has not been used in cancer treatment since 1966 when it was 

proven to successfully inhibit tumor cell glycolysis by competitive enzyme inhibition, 

resulting in significant reduction of tumor growth [24]. Despite the study’s promising 

results, it is likely that the therapeutic effects were drastically limited as the authors lacked 

strategies for intracellular delivery of the enzyme into cancer cells. Notably, the cellular 

internalization of therapeutic peptides and proteins is an area of great interest in drug 

delivery research today [25]. Moreover, even if proteins are able to enter the cells through 

receptor-mediated endocytosis, entry through endosomal uptake usually concludes with 

enzymatic degradation in the lysosome [26]. Protein delivery is now possible with current 

technologies, and studies have demonstrated varying success with liposomal vehicles [27, 

28] and cell-penetrating peptides [29–31]. In fact, nanomedicine has shown great promise in 

recent years and several nanodrugs have received clinical approval, including various 

liposomal and polymer-based carriers [32, 33]. Nanoparticles offer an approach to overcome 

transport obstacles in the body, consequently increasing therapeutic efficacy and reducing 

side effects. In particular, multistage delivery platforms that have several components are 

well-equipped to navigate biological barriers [34–36].

In this study, the commercial cationic lipid-based protein delivery vehicle PULSin was used 

in combination with a multistage vector (MSV) system to facilitate cellular internalization of 

pyruvate decarboxylase. PULSin works by forming a protein-lipid complex that can enter 

cells through endocytosis and then escape from the lysosome into the cytosol [37]. PULSin 

consists of the cationic lipid dioctadecylamido-glycylspermine (DOGS) [37]. Since DOGS 

and other cationic lipids frequently display charge-induced toxicity [38], PULSin was 

assembled with the MSV delivery system to increase biocompatibility. The MSV is a porous 

silicon-based microparticle that can be loaded with a wide variety of nanoparticles [39–48]. 

Cell culture studies have shown that MSV particles are internalized through endocytosis [39, 

49–51]. Additionally, multiple animal studies have demonstrated that the MSV carrier is 

non-toxic [39, 52–55]. Previously, we have also demonstrated that the MSV can eliminate 

the toxicity of positively-charged polymeric nanoparticles [39]. In addition to increasing the 

safety of nanotherapeutics, the MSV protects the cargo from degradation, preferentially 

binds to tumor vasculature, and enables sustained release of cargo [35]. Previous studies 

investigating the degradation of the MSV have demonstrated that the particles disintegrate 
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within 48 h, leading to the gradual release of cargo [56–59]. In particular, studies have 

shown that the MSVs degrade faster in cell culture media (24 h) than in saline (48 h) [57]. 

Taken together, these characteristics make the MSV carrier an ideal candidate for protein 

delivery.

2. Materials and methods

2.1. Materials

Materials were acquired from the following sources: penicillin-streptomycin solution, M-

PER mammalian protein extraction reagent, phosphate buffered saline (PBS; Hyclone), and 

fetal bovine serum (FBS; Hyclone) from Thermo Fisher Scientific; Dulbecco’s modified 

Eagle’s Medium (DMEM; 4 mM L-glutamine, 4.5 g/L glucose, sodium pyruvate; Hyclone) 

from GE Healthcare Life Sciences; PULSin protein delivery kit (with R-phycoerythrin and 

HEPES buffer) from Polyplus-transfection; pyruvate decarboxylase from baker’s yeast (S. 
cerevisiae) from Sigma Aldrich; MDA-MB-468 and MDA-MB-231 human breast cancer 

cells from ATCC; L-lactate assay kit (colorimetric) and aldehyde quantification assay kit 

(colorimetric) from Abcam; CellTiter 96 AQueous non-radioactive cell proliferation assay 

from Promega.

2.2. Particle assembly and characterization

A PULSin/protein complex was formed according to the manufacturer’s instruction. Briefly, 

pyruvate decarboxylase or R-phycoerythrin were diluted in 20 mM Hepes buffer at a 

concentration of 15 μg/ml and mixed with PULSin at a concentration of 4 μl/μg protein. The 

PULSin/protein complex was separated from free protein through centrifugation (21,100 × 

g, 1 h). The supernatant was analyzed with dynamic light scattering (DLS) to ensure that the 

PULSin/protein complex was pelleted. The protein encapsulation efficiency was determined 

by measuring the fluorescence intensity of R-phycoerythrin in the supernatant using a 

Synergy H4 Hybrid microplate reader (BioTek, Ex 488 nm/Em 575 nm). The size of 

pyruvate decarboxylase, PULSin, and PULSin/pyruvate decarboxylase in HEPES buffer was 

measured with DLS using a Zetasizer Nano ZS (ZEN 3600) from Malvern Instruments.

MSV particles were fabricated using electrochemical etching and photolitography as 

previously reported [60]. The particles were oxidized in a 30% solution of hydrogen 

peroxide at 95 °C for 2 h, washed, and counted following previously established protocols 

[41]. Scanning electron microscopy (SEM) images of the MSVs were obtained as previously 

described [57]. For MSV loading, the PULSin/protein complex was mixed with MSV 

particles (7 × 104 – 1.06 × 106 MSV particles/μg protein) using a benchtop shaker (750 rpm, 

30 min, room temperature). The MSV particle/PULSin/protein complex was separated from 

free PULSin and protein through centrifugation (900 × g, 3 min). The supernatant was 

analyzed with DLS to ensure that the PULSin/protein complex remained in the supernatant, 

while the MSV particle/PULSin/protein complex was pelleted. The PULSin loading 

efficiency in the MSV was determined by measuring the fluorescence intensity of R-

phycoerythrin (Ex 488 nm/Em 575 nm) in the supernatant as described above and 

accounting for the protein encapsulation efficiency in PULSin. For further studies, a ratio of 

1.3 × 105 MSV particles/μg protein was used. The zeta potential of pyruvate decarboxylase, 
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PULSin, PULSin/pyruvate decarboxylase, MSV particles, MSV particle/PULSin, and MSV 

particle/PULSin/pyruvate decarboxylase in distilled water was measured by laser doppler 

microelectrophoresis (Smoluchowski’s theory) using a Zetasizer Nano ZS (ZEN 3600).

2.3. Cell culture

MDA-MB-231 and MDA-MB-468 cells were cultured in DMEM supplemented with 10% 

fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomycin. Cells were 

maintained in a humidified incubator at 37°C and 5% CO2.

2.4. Cellular uptake efficiency

Protein delivery with the PULSin protein delivery kit was performed as per manufacturer’s 

directions. MDA-MB-468 cells were seeded overnight in 96-well plates at a density of 4 × 

103 cells/well. The cells were exposed to PULSin (1.2 μl/well) or PULSin/R-phycoerythrin 

(0.3 μg protein/1.2 μl PULSin/well) in serum-free media for 4 h, after which the media was 

replaced with complete growth media. The fluorescence intensity of the cells was measured 

after 24 h and 72 h using a Synergy H4 Hybrid microplate reader (BioTek, Ex 488 nm/Em 

575 nm). For studies of R-phycoerythrin uptake and MSV particle/PULSin/R-phycoerythrin 

uptake, MDA-MB-468 cells were seeded as described above and particles were added to 

complete media and incubated with cells for 24 h, 48 h, or 72 h (0.3 μg protein/well). The 

fluorescence intensity was measured as described above. The cellular uptake of R-

phycoerythrin delivered with the MSV/PULSin complex was also visualized in live cells 

using an Eclipse Ti inverted fluorescence microscope (Nikon).

2.5. Cell viability studies

MDA-MB-468 cells were seeded in 96-well plates overnight at a density of 4 × 103 cells/

well. The cells were exposed to PULSin (1.2 μl/well), pyruvate decarboxylase (0.3 μg/well), 

or PULSin/pyruvate decarboxylase (0.3 μg protein/1.2 μl PULSin/well) in serum-free media 

for 4 h, after which the media was replaced with complete media. Cell viability was 

measured with the CellTiter 96AQueous non-radioactive cell proliferation assay according to 

the manufacturer’s instructions. Absorbance was measured with a Synergy H4 Hybrid 

microplate reader (BioTek, λ = 490 nm). Results were normalized to control cells. For 

studies of cell viability upon exposure to MSV particle/PULSin, MDA-MB-468 and MDA-

MB-231 cells were seeded as described above. The cells were then treated with MSV 

particles (5.6 × 104 particles/well), PULSin (1.2 μl/well), or MSV particles/PULSin (1.2 μl 

PULSin/5.6 × 104 particles/well) for 24 h, 48 h, or 72 h. MDA-MB-468 cells were also 

exposed to MSV particles/PULSin/pyruvate decarboxylase (0.3 μg protein/well). Cell 

viability was measured as described above.

2.6. Measurements of lactate and acetaldehyde

For measurements of lactate concentration, MDA-MB-468 cells were seeded overnight in 

96-well plates at a density of 6.6 × 103 cells/well. The cells were exposed to PULSin (1.2 μl/

well), pyruvate decarboxylase (0.3 μg/well), or PULSin/pyruvate decarboxylase (0.3 μg 

protein/1.2 μl PULSin/well) in serum-free media for 4 h, after which the media was replaced 

with media containing 1% FBS. After 24, the cell culture media was analyzed using the 
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colorimetric L-lactate assay kit according to the manufacturer’s instructions. The absorbance 

was read with a Synergy H4 Hybrid microplate reader (BioTek, λ = 450 nm). For 

measurements of acetaldehyde concentration, cells were seeded and treated as described 

above. Following treatment, the media was replaced with complete media. After 24 h, cells 

were lysed with the M-PER mammalian protein extraction reagent and the lysates were 

analyzed using the colorimetric aldehyde quantification assay kit according to the 

manufacturer’s instructions. The absorbance of the lysates was measured at various time 

points using a Synergy H4 Hybrid microplate reader (BioTek, λ = 405 nm).

2.7. Statistical analysis

T-test comparisons (two-tailed, unpaired) were conducted to evaluate statistical significance 

between two groups.

3. Results and discussion

3.1. PULSin assembly and characterization

A crucial determinant of the success of pyruvate decarboxylase therapy is successful 

delivery of this enzyme. Notably, protein delivery is usually challenging due to the size and 

instability of these biomolecules [25]. Enzymes are especially vulnerable, since minor 

alterations in protein structure can lead to loss of activity. PULSin was selected as a delivery 

vehicle, since this lipid formulation has previously been shown to form a complex with 

proteins without affecting protein activity [37]. Moreover, while most protein delivery 

strategies require complex conjugation procedures, a protein-PULSin complex can be 

formed with a simple mixing step. Additionally, PULSin has been shown to permit cellular 

internalization and endosomal escape of proteins [37]. In this study, pyruvate decarboxylase 

was complexed with PULSin in order to enable intracellular delivery. The size and zeta 

potential of the free enzyme, PULSin, and the PULSin/enzyme complex were measured 

with DLS and laser doppler microelectrophoresis. The results reveal that PULSin 

nanoparticles (64 ± 14 nm) undergo a slight increase in size upon forming a complex with 

the enzyme (70 ± 28 nm) (Figure 2A). Moreover, the zeta potential of PULSin decreases 

from +53.2 mV (± 0.8 mV) to +27.2 mV (± 0.5 mV) after protein complexation (Figure 2B). 

Analysis of the protein encapsulation efficiency demonstrated that 70.7% of the added 

protein amount was complexed with the PULSin carrier (Figure 2C). The corresponding 

loading capacity was 8.8%

3.2. Enzyme delivery

The treatment strategy of merging cancer and yeast metabolism is particularly well suited 

for triple-negative breast cancer (TNBC), since this type of cancer displays increased levels 

of glucose uptake [61, 62] and glycolysis [63], the metabolic pathway that converts glucose 

to pyruvate. Moreover, the treatment options for TNBC are limited and the disease usually 

has worse outcomes compared to other types of breast cancer, necessitating the development 

of new therapeutic strategies [64]. Here, the anticancer effect of pyruvate decarboxylase 

therapy was assessed in the TNBC cell line MDA-MB-468, since this cell line was 

previously reported to have the highest rates of glucose consumption and lactate production 

in a panel of six breast cancer cell lines [65]. To assess the cellular uptake efficiency of the 
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PULSin complex, the fluorescent protein R-phycoerythrin was used as a model protein. The 

results indicate that intracellular protein delivery in MDA-MB-468 cells was effective using 

the PULSin transfection method. In particular, the fluorescence intensity of cells exposed to 

the PULSin/protein complex was significantly higher than the background fluorescence of 

cells (Figure 3A).

3.3. Anticancer effects of pyruvate decarboxylase

Upon confirming that the PULSin carrier could be used to deliver proteins to MDA-MB-468 

cells, a cell viability assay was performed to assess the anticancer activity of pyruvate 

decarboxylase. The results demonstrate that the enzyme caused an ~80% reduction in cell 

viability after 72 h, while no statistically significant difference between control cells and 

treated cells could be seen after 24 h (Figure 3B). Notably, cells treated with the free 

enzyme, did not display any loss of viability at 24 h or 72 h, indicating that intracellular 

delivery of the protein is necessary for therapeutic activity (Figure 3B). To confirm that 

enzyme activity was maintained following intracellular delivery the levels of acetaldehyde, 

the product in the enzyme reaction, was measured in protein lysates of cells exposed to the 

PULSin/pyruvate decarboxylase complex. Since the enzyme caused the majority of cells to 

undergo cell death in response to treatment after 72 h, the levels of acetaldehyde were 

measured after 24 h. Analysis of lysates from cells treated with PUSLin/pyruvate 

decarboxylase showed that the levels of acetaldehyde increased for 44 h, after which a 

plateau was observed, potentially due to depletion of pyruvate (Figure 3C). In fact, no 

detectable levels of acetaldehyde could be observed in the samples during the first 4 h of 

analysis, indicating that the production of acetaldehyde was initiated after cell lysis when 

samples were brought to room temperature. Therefore, it is plausible that cells use efflux 

pumps to rapidly expel acetaldehyde, a phenomenon that has previously been proposed to 

take place in yeast cells [66]. These results provide evidence that complexation with PULSin 

and exposure to an intracellular environment does not impair enzyme function.

Moreover, since glycolysis-derived pyruvate is primarily diverted to lactate fermentation in 

cancer cells, the levels of lactate in MDA-MB-468 cells were measured. Exposure to the 

PULSin/pyruvate decarboxylase complex caused the lactate levels in the cell culture media 

to decrease from 0.82 mM to 0.5 mM after 24 h (Figure 3D). Interestingly, the free enzyme 

also caused a slight decrease in lactate levels (Figure 3D), which could be due to depletion 

of pyruvate from the cell culture media.

3.4. MSV delivery

The MSV platform has previously been used for the delivery of liposomes [44, 47, 52, 53, 

67, 68], micelles [69], and various polymeric nanoparticles [39, 41, 54, 70]. Here, the 

PULSin/pyruvate decarboxylase complex was assembled with the MSV in order to facilitate 

delivery. SEM revealed that the discoidal MSV had a diameter of 1 μm and a height of 400 

nm (Figure 4A). The zeta potential of the oxidized MSV, the MSV/PULSin complex, and 

the MSV/PULSin/enzyme complex were −22.5 mV (± 5.6 mV), +35.6 mV (± 2.4 mV), and 

+20.8 mV (± 0.6 mV), respectively (Figure 4B). The PULSin loading efficiency in the MSV 

was assessed at various MSV particle/μg protein ratios. At 7 × 104 particles/μg protein the 

PULSin loading efficiency was 46.6% (Figure 4C). Upon increasing the particle amount to 
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1.3 × 105, the loading efficiency increased to 70.4% (Figure 4C). Further increasing the 

number of particles resulted in marginal improvements in loading efficiency. Therefore, a 

ratio of 1.3 × 105 MSV sparticles/μg protein was used for experimental studies. It is worth 

noting that the reported increase in loading efficiency does not indicate that the amount of 

encapsulated PULSin in a single particle increases.

Since cationic particles frequently display toxicity, the effects of the empty PULSin carrier 

on MDA-MB-468 cells were assessed. The results demonstrate that PULSin did not reduce 

cell viability following a 24 h, 48 h, or 72 h incubation period (Figure 5A), suggesting that 

the anticancer effects observed with the PULSin/puruvate decrboxylase complex were solely 

due to enzyme activity. As responses to nanoparticles often vary among cell lines [71], the 

potential toxicity of the PULSin carrier was also evaluated in MDA-MB-231 human breast 

cancer cells. On the contrary to the MDA-MB-468 cells, MDA-MB-231 cells displayed a ~ 

40% reduction in cell viability in response to PULSin (Figure 5B). Notably, one of the many 

benefits of the MSV delivery system, is its capability to reduce the toxicity of cationic 

nanoparticles, as previously demonstrated [39]. Here, we evaluated whether MSV loading 

could lower the toxicity of PULSin in MDA-MB-231 cells. Indeed, the results demonstrate 

that the MSV completely eliminated the toxicity of PULSin after 24 h and 48 h, while 

toxicity was reduced after 72 h (Figure 5B). To confirm that the MSV-mediated 

improvement in cell viability was not a result of lower levels of PULSin uptake, the cellular 

internalization of the fluorescent control protein R-phycoerythrin was assessed. Accordingly, 

levels of protein uptake were similar upon delivery with PULSin or MSV/PULSin (Figure 

5C). It is worth noting that since these uptake studies were performed in complete media, 

protein internalization was substantially lower than that observed in serum-free media 

(Figure 3A).

Next, the uptake levels of free protein and protein delivered with MSV/PULSin were 

measured in MDA-MB-468 cells. While the free enzyme displayed low levels of cellular 

internalization, MSV delivery substantially increased protein uptake (Figure 5D). 

Furthermore, fluorescent microscopy confirmed that the protein accumulated inside cells as 

a result of MSV/PULSin delivery (Figure 5D). Moreover, MSV/PULSin delivery of 

puruvate decarboxylase caused a ~30% and ~50% reduction in cell viability after 48 h and 

72 h, respectively (Figure 5E). This observation suggests that enzyme function is maintained 

following MSV delivery.

4. Conclusion

The majority of cancer drugs are designed to prevent replicative processes, thus focusing 

outcomes due to drug resistance and toxic side effects, different strategies for suppressing 

tumor growth could prove highly beneficial. Indeed, therapeutic agents that target invasion, 

angiogenesis, abnormal metabolism, immune surveillance, genomic instability, and 

inflammation could provide new solutions for reducing the cancer death toll. Here, we 

present a novel approach designed to exploit cancer metabolism. In particular, cancer cells 

produce increased levels of pyruvate, which is shunted into the lactic acid fermentation 

pathway in order to generate precursors for materials that can be used to build new cells. The 

proposed therapeutic strategy is to use the yeast enzyme pyruvate decarboxylase to convert 
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pyruvate into acetaldehyde. The benefits from this approach are twofold, since the 

consumption of pyruvate reduces the production of biomolecules and the generation of 

acetaldehyde causes cancer cell death.

Notably, enzyme delivery is usually challenging, as proteins do not readily cross the cell 

membrane. In this study, a multistage nanodelivery platform consisting of porous silicon and 

cationic lipids was used to successfully obtain enzyme uptake in cancer cells. The results 

demonstrated that cancer cell viability was reduced in response to enzyme therapy. 

Measurements of acetaldehyde in cell lysates confirmed that enzyme function was preserved 

in the intracellular environment following nanoparticle uptake. Moreover, the levels of 

lactate, the end product of the lactic acid fermentation pathway, were decreased in response 

to enzyme exposure. The initial investigations described in this study support the anticancer 

potential of nanoparticle-mediated delivery of pyruvate decarboxylase.
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Figure 1. 
Schematic representation of select metabolic pathways in cancer cells and yeast cells. The 

figure demonstrates how the enzyme pyruvate decarboxylase can be used to converge cancer 

and yeast metabolic pathways. The exposure of cancer cells to this enzyme prevents 

pyruvate from efficiently being utilized for lactic acid fermentation. In addition, pyruvate 

decarboxylase produces the toxic compound acetaldehyde. This therapeutic strategy aims to 

reduce cancer cell viability through a dual approach: the suppression of critical metabolic 

pathways and the generation of a toxic substance.
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Figure 2. 
Characterization of the enzyme delivery system. A) The size of the enzyme (pyruvate 

decarboxylase), PULSin, and the PULSin/enzyme complex were determined using dynamic 

light scattering. Data is presented as mean ± s.d. of five measurements (10 runs each). B) 

The zeta potential was measured with laser doppler micro-electrophoresis. Data is presented 

as mean ± s.d. of five measurements (10 runs each). C) Protein encapsulation efficiency was 

determined utilizing the fluorescent protein R-phycoerythrin. Data is presented as mean ± 

s.d. of triplicates.
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Figure 3. 
Biological effects of the PULSin/pyruvate decarboxylase complex in MDA-MB-468 breast 

cancer cells. A) Cellular uptake of PULSin/protein (R-phycoerythrin). Untreated cells were 

used as a control. B) Cell viability after 24 h and 72 h. Values were normalized to those of 

cells exposed to PULSin. C) Measurements of acetaldehyde concentration in cell culture 

lysates after 24 h. Time points represent the reaction time after initiating the assay. D) 

Measurements of lactate concentration in cell culture media after 24 h. Data is presented as 

mean ± s.d. of triplicates. **P < 0.01; ***P < 0.001.
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Figure 4. 
Characterization of the multistage vector (MSV) particle/PULSin/enzyme system. A) 

Scanning electron microscopy image of the MSV particle. Scale bar, 500 nm. B) Zeta 

potential measurements of the MSV particle, MSV particle/PULSin, MSV particle/PULSin/

enzyme. Data is presented as mean ± s.d. of five measurements (10 runs each). C) PULSin 

loading efficiency inside MSV particles. Data is presented as mean ± s.d. of triplicates.
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Figure 5. 
Biological effects of the MSV particle/PULSin/enzyme platform. A,B) Cell viability in 

response to the MSV particles, PUSLin, and the MSV particle/PULSin complex in MDA-

MB-468 cells (A) and MDA-MB-231 cells (B). C) Uptake of PULSin/protein (R-

phycoeythrin) and MSV particle/PULSin/protein (R-phycoeythrin) in MDA-MB-231 cells. 

Fluorescence intensity was normalized to that of control cells. D) Uptake of protein (R-

phycoeythrin) and MSV particle/PULSin/protein (R-phycoeythrin) in MDA-MB-468 cells. 

Fluorescence intensity was normalized to that of control cells. Representative image of R-

phycoerythrin uptake was captured with a fluorescent microscope following MSV/PULSin 

delivery. Scale bar, 50 μm. C) Cell viability in response to the MSV particle/PULSin/enzyme 

platform in MDA-MB-468 cells. Data is presented as mean ± s.d. of triplicates. *P < 0.05; 

**P < 0.01; ***P < 0.001.
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